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Preface 
This book is an introductory presentation meant for both students and 

practicing engineers interested in the field of wastewater treatment. Most 
of the earlier books discuss the subject industry by industry, providing 
solutions to specific treatment problems. More recently, a scientific ap
proach to the basic principles of unit operations and processes has been 
utilized. I have used this approach to evaluate all types of wastewater 
problems and to properly select the mode of treatment and the design of 
the equipment required. 

In most cases, the design of specific wastewater treatment processes, 
e.g., the activated sludge process, is discussed following (1) a summary 
of the theory involved in the specific process, e.g., chemical kinetics, 
pertinent material and energy balances, discussion of physical and chemi
cal principles; (2) definition of the important design parameters involved 
in the process and the determination of such parameters using laboratory-
scale or pilot-plant equipment; and (3) development of a systematic design 
procedure for the treatment plant. Numerical applications are presented 
which illustrate the treatment of laboratory data, and subsequent design 
calculations are given for the wastewater processing plant. The approach 
followed, particularly in the mathematical modeling of biological treat
ment processes, is based largely on the work of Eckenfelder and as
sociates. 

Clarity of presentation has been of fundamental concern. The text 
should be easily understood by undergraduate students and practicing 
engineers. The book stems from a revision of lecture notes which I used 
for an introductory course on wastewater treatment. Not only engineering 
students of diverse backgrounds but also practicing engineers from 
various fields have utilized these notes at the different times this course 
was offered at Laval University and COPPE/UFRJ (Rio de Janeiro, 
Brazil). Favorable acceptance of the notes and the encouragement of 
many of their users led me to edit them for inclusion in this work. 

I wish to express my appreciation to the secretarial staff of the Chemi
cal Engineering Department of Laval University, Mrs. Michel, Mrs. 
Gagne, and Mrs. McLean, and to Miss Enidete Souza (COPPE/UFRJ) 
for typing the manuscript. I owe sincere thanks to Mr. Alex Legare for 
the artwork, to Dr. and Mrs. Adrien Favre for proofreading the manu
script, and to Mr. Roger Theriault for his assistance in the correction of 
the galleys. The valuable suggestions made by Dr. M. Pelletier (Laval 
University) and Dr. C. Russo (COPPE/UFRJ) are gratefully acknowledged. 

R. S. Ramalho 
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1. Introduction 
I t w a s on ly d u r i n g the d e c a d e of t h e 1960's t h a t t e r m s such as " w a t e r a n d 

a i r p o l l u t i o n , " " p r o t e c t i o n of t h e e n v i r o n m e n t , " a n d " e c o l o g y " b e c a m e 
h o u s e h o l d w o r d s . P r i o r t o t h a t t ime , t hese t e r m s w o u l d e i the r p a s s u n 
recognized b y t h e ave rage ci t izen, o r a t m o s t , w o u l d c o n v e y h a z y ideas t o h i s 
m i n d . Since t h e n m a n k i n d h a s b e e n b o m b a r d e d b y t h e m e d i a ( n e w s p a p e r s , 
r a d i o , te levis ion) , w i th t h e d readfu l i dea t h a t h u m a n i t y is effectively w o r k i n g 
for its se l f -des t ruct ion t h r o u g h t h e sys temat i c p roces s of p o l l u t i o n of t h e 
e n v i r o n m e n t , for t h e s ake of ach iev ing m a t e r i a l p rog re s s . I n s o m e cases , 
p e o p l e h a v e b e e n a r o u s e d nea r ly t o a s ta te of m a s s hys te r i a . A l t h o u g h po l lu 
t ion is a se r ious p r o b l e m , a n d it is, of c o u r s e , des i r ab le t h a t t h e c i t izenry b e 
c o n c e r n e d a b o u t it, it is q u e s t i o n a b l e t h a t " m a s s h y s t e r i a " is in a n y w a y 
just i f iable. T h e ins t inc t of p r e s e r v a t i o n of t h e species is a very bas ic d r iv ing 
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2 1. Introduction 

force of humanity, and man is equipped to correct the deterioration of his 
environment before it is too late. In fact, pollution control is not an exceedingly 
difficult technical problem as compared to more complex ones which have 
been successfully solved in this decade, such as the manned exploration of the 
moon. Essentially, the basic technical knowledge required to cope with 
pollution is already available to man, and as long as he is willing to pay a 
relatively reasonable price tag, the nightmare of self-destruction via pollution 
will never become a reality. Indeed, much higher price tags are being paid by 
humanity for development and maintenance of the war-making machinery. 

This book is primarily concerned with the engineering design of process 
plants for treatment of wastewaters of either domestic or industrial origin. 
It is only in the last few years that the design approach for these plants has 
changed from empiricism to a sound engineering basis. Also, fundamental 
research in new wastewater treatment processes, such as reverse osmosis and 
electrodialysis, has only recently been greatly emphasized. 

2. The Role of the Engineer in 
Water Pollution Abatement 

2.1. T H E N E C E S S I T Y OF A M U L T I D I S C I P L I N A R Y 
A P P R O A C H T O T H E W A T E R P O L L U T I O N 
A B A T E M E N T P R O B L E M 

Although it has been stated previously that water pollution control is not 
an exceedingly difficult technical problem, the field is a broad one, and of 
sufficient complexity to justify several different disciplines being brought 
together for achieving optimal results at a minimum cost. A systems approach 
to water pollution abatement involves the participation of many disciplines: 
(1) engineering and exact sciences [sanitary engineering (civil engineering), 
chemical engineering, other fields of engineering such as mechanical and 
electrical, chemistry, physics]; (2) life sciences [biology (aquatic biology), 
microbiology, bacteriology]; (3) earth sciences (geology, hydrology, oceanog
raphy); and (4) social and economic sciences (sociology, law, political 
sciences, public relations, economics, administration). 

2.2. A S U R V E Y O F T H E C O N T R I B U T I O N OF 
E N G I N E E R S TO W A T E R P O L L U T I O N 
A B A T E M E N T 

The sanitary engineer, with mainly a civil engineering background, has 
historically carried the brunt of responsibility for engineering activities in 
water pollution control. This situation goes back to the days when the bulk of 
wastewaters were of domestic origin. Composition of domestic wastewaters 
does not vary greatly. Therefore, prescribed methods of treatment are rela
tively standard, with a limited number of unit processes and operations 
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involved in the treatment sequence. Traditional methods of treatment in
volved large concrete basins, where either sedimentation or aeration were 
performed, operation of trickling filters, chlorination, screening, and occa
sionally a few other operations. The fundamental concern of the engineer 
was centered around problems of structure and hydraulics, and quite naturally, 
the civil engineering background was an indispensable prerequisite for the 
sanitary engineer. 

This situation has changed, at first gradually, and more recently at an 
accelerated rate with the advent of industrialization. As a result of a new 
large variety of industrial processes, highly diversified wastewaters requiring 
more complex treatment processes have appeared on the scene. Wastewater 
treatment today involves so many different pieces of equipment, so many unit 
processes and unit operations, that it became evident that the chemical 
engineer had to be called to play a major role in water pollution abatement. 
The concept of unit operations, developed largely by chemical engineers in 
the past fifty years, constitutes the key to the scientific approach to design 
problems encountered in the field of wastewater treatment. 

In fact, even the municipal wastewaters of today are no longer the "domestic 
wastewaters" of yesterday. Practically all municipalities in industrialized 
areas must handle a combination of domestic and industrial wastewaters. 
Economic and technical problems involved in such treatment make it very 
often desirable to perform separate treatment (segregation) of industrial waste
waters, prior to their discharge into municipal sewers. 

Even the nature of truly domestic wastewaters has changed with the advent 
of a whole series of new products now available to the average household, 
such as synthetic detergents and others. Thus, to treat domestic wastewaters 
in an optimum way requires modifications of the traditional approach. 

In summary, for treatment of both domestic and industrial wastewaters, 
new technology, new processes, and new approaches, as well as modifications 
of old approaches, are the order of the day. The image today is no longer 
that of the "large concrete basins," but one of a series of closely integrated 
unit operations. These operations, both physical and chemical in nature, must 
be tailored for each individual wastewater. The chemical engineer's skill in 
integrating these unit operations into effective processes makes him admirably 
qualified to design wastewater treatment facilities. 

2.3. A C A S E H I S T O R Y O F I N D U S T R I A L 
W A S T E W A T E R T R E A T M E N T 

An interesting case history, emphasizing the role of the chemical engineer 
in the design of a wastewater treatment plant for a sulfite pulp and paper mill, 
is discussed by Byrd [2] . This pulp and paper plant was to discharge its waste
waters into a river of prime recreational value, with a well-balanced fish 
population. For this reason, considerable care was taken in the planning and 



4 1. Introduction 

de ta i l ed des ign of t h e w a s t e w a t e r t r e a t m e n t facilities. A s tudy of ass imi la t ive 
c a p a c i t y of t he r iver w a s u n d e r t a k e n a n d m a t h e m a t i c a l m o d e l s were d e v e l o p e d . 

D e s i g n of t h e t r e a t m e n t p l a n t invo lved a s tudy t o d e t e r m i n e w h i c h w a s t e 
w a t e r effluents s h o u l d b e segregated for t r e a t m e n t , a n d wh ich ones s h o u l d be 
c o m b i n e d . F o r t h e t r e a t m e n t p rocesses a select ion of a l t e rna t ives is d iscussed 
[ 2 ] . S o m e of t h e un i t o p e r a t i o n s a n d processes involved in t he t r e a t m e n t 
p l a n t , o r cons ide r ed a t first b u t af ter fu r the r s t u d y rep laced b y o t h e r a l ter 
na t ives , were t h e fo l lowing : s e d i m e n t a t i o n , d issolved a i r flotation, equa l i za 
t ion , n e u t r a l i z a t i o n , f i l t rat ion ( ro t a ry filters), cen t r i fuga t ion , reverse o s m o s i s , 
flash d ry ing , fluidized b e d o x i d a t i o n , mu l t i p l e h e a r t h inc ine ra t ion , we t 
o x i d a t i o n , a d s o r p t i o n in ac t iva ted c a r b o n , ac t iva ted s ludge p rocess , a e r a t e d 
l a g o o n s , flocculation w i th polye lec t ro ly tes , c h l o r i n a t i o n , landfill , a n d s p r a y 
i r r iga t ion . 

I n t e g r a t i o n of all these u n i t o p e r a t i o n s a n d processes i n to a n op t ima l ly 
des igned t r e a t m e n t facility c o n s t i t u t e d a very cha l l eng ing p r o b l e m . T h e 
t r e a t m e n t p l a n t invo lved a cap i t a l cos t o f over $10 mil l ion a n d a n o p e r a t i n g 
cos t in excess of $1 mi l l ion p e r year . 

2.4. T H E C H E M I C A L E N G I N E E R I N G C U R R I C U L U M 
A S A P R E P A R A T I O N FOR T H E FIELD OF 
W A S T E W A T E R T R E A T M E N T [5] 

C h e m i c a l eng ineers h a v e cons ide r ab l e b a c k g r o u n d t h a t is app l i cab l e t o 
w a t e r p o l l u t i o n p r o b l e m s . T h e i r k n o w l e d g e of m a s s t ransfer , c h e m i c a l 
k ine t ics , a n d sys tems analys is is special ly v a l u a b l e in w a s t e w a t e r t r e a t m e n t 
a n d c o n t r o l . T h u s , t r a in ing in chemica l eng inee r ing r ep resen t s g o o d p r e p a r a 
t i on for en te r ing th is t ype of act iv i ty . I n t h e pas t , t h e ma jo r i t y of eng inee r s 
w o r k i n g in th i s field h a v e been s an i t a ry eng ineers wi th a civil eng inee r ing 
b a c k g r o u n d . 

T h e mul t id i sc ip l ina ry n a t u r e of t h e field s h o u l d b e r ecogn ized . C h e m i c a l 
eng inee r ing g r a d u a t e s env i s ion ing m a j o r ac t iv i ty in t h e field o f w a s t e w a t e r 
t r e a t m e n t a r e adv ised t o c o m p l e m e n t the i r b a c k g r o u n d by s t u d y i n g m i c r o 
b io logy , o w i n g t o t h e g rea t i m p o r t a n c e of b io logica l w a s t e w a t e r t r e a t m e n t 
p rocesses , a n d a l so hydrau l i c s [ s ince top ics such as o p e n c h a n n e l a n d stratif ied 
flow, m a t h e m a t i c a l m o d e l i n g of bod ie s of w a t e r ( r ivers , es tuar ies , l akes , 
in le ts , etc.) a r e n o t e m p h a s i z e d in fluid m e c h a n i c s cou r ses n o r m a l l y offered t o 
c h e m i c a l eng ineer ing s t u d e n t s ] . 

2.5. " I N P L A N T " A N D E N D - O F - P I P E " 
W A S T E W A T E R T R E A T M E N T [6] 

2.5.1. Introduction 
F r e q u e n t l y o n e m a y b e t e m p t e d t o t h i n k of i ndus t r i a l w a s t e w a t e r t r e a t m e n t 

in t e r m s of a n " e n d - o f - p i p e " a p p r o a c h . T h i s w o u l d involve des ign ing a p l a n t 
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w i t h o u t m u c h r ega rd t o w a t e r p o l l u t i o n a b a t e m e n t , a n d t h e n c o n s i d e r i n g 
separa te ly t h e des ign of w a s t e w a t e r t r e a t m e n t facilit ies. S u c h a n a p p r o a c h 
s h o u l d n o t be p u r s u e d since it is, in genera l , h igh ly u n e c o n o m i c a l . 

T h e r igh t a p p r o a c h for a n indus t r i a l w a s t e w a t e r p o l l u t i o n a b a t e m e n t 
p r o g r a m is o n e w h i c h u n c o v e r s all o p p o r t u n i t i e s for i n p l a n t w a s t e w a t e r 
t r e a t m e n t . T h i s m a y seem a m o r e c o m p l i c a t e d a p p r o a c h t h a n h a n d l i n g was t e 
w a t e r s a t t h e final outfa l l . H o w e v e r , such a n a p p r o a c h c a n b e ve ry prof i tab le . 

2.5.2. W h a t Is Involved in Inplant Wastewater 
Control 

Essent ia l ly , i n p l a n t w a s t e w a t e r c o n t r o l involves t h e t h r ee fo l lowing s t e p s : 
Step 1. P e r f o r m a de ta i led survey of al l effluents in t h e p l a n t . Al l p o l l u t i o n 

sources m u s t b e a c c o u n t e d for a n d ca t a loged . T h i s involves , for e a c h p o l l u t i n g 
s t r e a m , t h e d e t e r m i n a t i o n of (a) flow r a t e a n d (b) s t r e n g t h of t h e p o l l u t i n g 
s t r e ams . 

(a) Flow rate. F o r c o n t i n u o u s s t r e a m s , d e t e r m i n e flow ra t e s (e.g., g a l / m i n ) . 
F o r i n t e r m i t t e n t d i scha rges , e s t i m a t e t o t a l da i ly (o r h o u r l y ) out f low. 

(b) Strength of the polluting streams. T h e " s t r e n g t h " of t h e po l l u t i ng 
s t r e a m s ( c o n c e n t r a t i o n of p o l l u t i n g s u b s t a n c e s p r e s en t in t h e s t r e a m s ) is 
expres sed in a va r i e ty of ways , w h i c h a r e d iscussed in la te r c h a p t e r s . F o r 
o r g a n i c c o m p o u n d s w h i c h a r e subject t o b i o c h e m i c a l o x i d a t i o n , t h e b i o 
c h e m i c a l oxygen d e m a n d , B O D (which is defined in C h a p t e r 2, Sec t ion 2.3) 
is c o m m o n l y e m p l o y e d . I n t h e case h i s t o ry s u m m a r i z e d in Sec t ion 2.5 .3 of 
th is c h a p t e r , B O D is u sed t o m e a s u r e c o n c e n t r a t i o n of o rgan ic s . 

Step 2. Rev iew d a t a o b t a i n e d in S tep 1 t o find all poss ib le i n p l a n t a b a t e 
m e n t t a rge t s . S o m e of these a r e (1) inc reased recyc l ing in c o o l i n g w a t e r 
s y s t e m s ; (2) e l im ina t i on of c o n t a c t c o o l i n g for off v a p o r s , e.g., r e p l a c e m e n t of 
b a r o m e t r i c c o n d e n s e r s b y she l l - and - tube e x c h a n g e r s o r a i r - coo l ing s y s t e m s ; 
(3) recovery of po l l u t i ng c h e m i c a l s : Prof i t m a y of ten b e rea l ized b y r ecove r ing 
such chemica l s , wh ich a r e o the rwi se d i s c h a r g e d i n t o t h e p l a n t sewers . A by
p r o d u c t s p l a n t m a y be des igned t o r ecove r these c h e m i c a l s ; (4) r euse of w a t e r 
f r o m o v e r h e a d a c c u m u l a t o r d r u m s , v a c u u m c o n d e n s e r s , a n d p u m p g l ands . 
Devise m o r e consecu t ive o r mu l t ip l e w a t e r u s e s ; (5) des ign a h e a t r e cove ry 
un i t t o e l imina te q u e n c h i n g s t r e a m s ; a n d (6) e l imina t e l eaks a n d i m p r o v e 
h o u s e k e e p i n g p rac t i ces . A u t o m a t i c m o n i t o r i n g a n d a d d i t i o n a l p e r s o n n e l 
t r a in ing m i g h t be prof i tab le . 

Step 3. E v a l u a t e p o t e n t i a l savings in t e r m s of cap i t a l a n d o p e r a t i n g cos t s 
for a p r o p o s e d " e n d - o f - p i p e " t r e a t m e n t , if e a c h of t h e s t r e a m s c o n s i d e r e d in 
Steps 1 a n d 2 a r e e i ther e l imina t ed o r r e d u c e d ( r e d u c t i o n in flow ra t e s o r in 
t e r m s of s t r eng th of p o l l u t i n g s t r eams) . T h e n des ign t h e " e n d - o f - p i p e " t r ea t 
m e n t facilities t o h a n d l e th is r e d u c e d l o a d . C o m p a r e cap i t a l a n d o p e r a t i n g 
cos ts of such t r e a t m e n t facilities wi th t h a t of a n " e n d - o f - p i p e " facili ty des igned 
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t o h a n d l e t h e o r ig ina l full l oad , i.e., t h e p o l l u t a n t s t r e a m s f r o m a p l a n t w h e r e 
i n p l a n t w a s t e w a t e r c o n t r o l is n o t p rac t i ced . T h e t w o case h is tor ies desc r ibed 
in Ref. [ 6 ] a r e qu i t e revea l ing in th is respec t . 

F o r p r a c t i c i n g i n p l a n t w a s t e w a t e r c o n t r o l , a d e e p k n o w l e d g e of t h e p r o c e s s 
a n d ab i l i ty t o modi fy it, if necessary , a r e r equ i red . T h e ch emi ca l eng ineer is 
a d m i r a b l y well su i ted t o h a n d l e th i s j o b . 

2.5.3. Case Histories of Inplant Wastewater 
Control 

T w o in te res t ing case h i s to r ies a r e d iscussed b y M c G o v e r n [ 6 ] . O n e o f these , 
p e r t a i n i n g t o a p e t r o c h e m i c a l p l a n t , is s u m m a r i z e d nex t . 

A p e t r o c h e m i c a l p l a n t a l r e a d y in o p e r a t i o n c o n d u c t e d a n effluent a n d 
i n p l a n t survey whi le e v a l u a t i n g a t r e a t m e n t p l a n t t o be des igned a n d bu i l t , 
w h i c h w o u l d h a n d l e 20 mi l l ion g a l / d a y of w a s t e w a t e r w i th a B O D l o a d of 
52,000 l b / d a y . T h e p l a n ca l led fo r a n ac t iva t ed s ludge u n i t t o r e m o v e o v e r 
9 0 % of t h e B O D load . T h i s inc luded v a c u u m fi l t rat ion a n d inc ine ra t ion of t h e 
s ludge , a n d c h l o r i n a t i o n of t h e t o t a l effluent. 

C a p i t a l cos t of t h e t r e a t m e n t facility w a s e s t ima ted a t $10 mi l l ion . O p e r a t i n g 
a n d m a i n t e n a n c e cos t s were a l so e s t ima ted . Al l cos t d a t a were c o n v e r t e d t o 
a n a n n u a l bas i s , u s i n g a 20-year p ro jec t life a n d 1 5 % in te res t r a t e . 

T h e n a s tudy of t h e poss ibi l i ty of r e d u c i n g b o t h t h e flow a n d t h e s t r eng th of 
t h e w a s t e w a t e r s w a s u n d e r t a k e n . T h i s s t udy fo l lowed t h e s teps ou t l i ned u n d e r 
Sec t ion 2.5.2, w i th a n u m b e r o f c h a n g e s b e i n g p r o p o s e d for t h e p roces s flow
sheet . T h e r e d u c t i o n a c c o m p l i s h e d in flow r a t e a n d s t r eng th resu l ted in s u b 
s tan t ia l savings in t h e t o t a l cos t of t h e p r o p o s e d t r e a t m e n t p l a n t . F i g u r e 1.1 
shows a g r a p h , p r e p a r e d for th is case h i s to ry , i l lus t ra t ing t h e effect o f r e d u c t i o n 
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Fig. 1.1. Effect of waste load reductions on capital cost of treatment 
plant [6]. (Excerpted by special permission from Chemical Engineering, May 14, 1973. 
Copyright by McGraw-Hill, Inc., New York, 10020.) 
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TABLE 1.1 
Savings from Inplant Wastewater 
Reductions 8 

Inplant savings $/year 
F low reduction (1424 gal/min) $410,000 
B O D reduction (2000 lb/day) 302,000 
Water use reduction 

Treated water (0.24 M G D ) 34,000 
River water (1.37 M G D ) 14,000 

Product recovery 14,000 

Total inplant saving $774,000 

Cost o f inplant control $/year 
Engineering $ 15,000 
Capital investment 150,000 
Operating and maintenance 33,000 

Total cost of inplant control $ 198,000 

Net savings: $ 7 7 4 , 0 0 0 - $ 1 9 8 , 0 0 0 = $576,000/year 

a Excerpted by special permission from Chemical 
Engineering, May 14, 1973; Copyright by McGraw-
Hill, Inc., N e w York, 10020. 

in B O D o r flow r a t e u p o n the cap i t a l cos t of t h e t r e a t m e n t facilities. T h i s g r a p h 
is va l id t o a p p r o x i m a t e l y 6 0 % r e d u c t i o n in flow o r B O D . A n y fu r the r r e d u c t i o n 
p r o b a b l y requ i res a s ignif icantly different t r e a t m e n t sys tem. 

Savings f rom i n p l a n t was t ewa te r c o n t r o l a r e t a b u l a t e d in T a b l e 1.1. W a s t e 
wa t e r flow was c u t t o 8 5 % of its va lue p r i o r t o i n p l a n t c o n t r o l a n d B O D l o a d 
w a s c u t t o 50%. M o r e o v e r , t h e cos t o f these i n p l a n t c o n t r o l s w a s m o r e t h a n 
offset by e c o n o m i e s in t h e t r e a t m e n t p l a n t . A s s h o w n in T a b l e 1.1 t h e p r o g r a m 
real ized a ne t sav ing of $576,000/year . 

2.6. A N E W C O N C E P T IN P R O C E S S D E S I G N : 
T H E F L O W S H E E T OF T H E F U T U R E 

T h e c o n s i d e r a t i o n s in Sec t ion 2.5 a r e l ead ing eng ineers t o a n e w c o n c e p t in 
p rocess des ign . T h e flowsheet of t h e fu tu re will n o longe r s h o w a l ine w i t h a n 
a r r o w h e a d s t a t ing " t o w a s t e . " Essent ia l ly eve ry th ing will b e recycled, by
p r o d u c t s will be r ecovered , a n d w a t e r will be reused . F u n d a m e n t a l l y t h e on ly 
s t r e a m s in a n d o u t of t h e p l a n t will b e r a w ma te r i a l s a n d p r o d u c t s . T h e on ly 
permiss ib le was tages will be c lean o n e s : n i t r ogen , oxygen , c a r b o n d iox ide , 
wa te r , a n d s o m e ( b u t n o t t o o m u c h ! ) h e a t . I n th i s c o n n e c t i o n , i t is a p p r o p r i a t e 
t o recal l t h e gu ide l ines of t h e U n i t e d S ta t e s F e d e r a l W a t e r P o l l u t i o n C o n t r o l 
A c t of 1972: (1) bes t practical c o n t r o l t e c h n o l o g y , b y Ju ly 1, 1977 ; (2) bes t 
available t e chno logy , b y Ju ly 1, 1983 ; a n d (3) ze ro d i scha rge b y Ju ly 1, 1985. 
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3. Degrees of Wastewater 
Treatment and Water Quality 

Standards 
T h e degree of t r e a t m e n t r equ i r ed for a w a s t e w a t e r d e p e n d s m a i n l y o n 

d i scha rge r e q u i r e m e n t s for t he effluent. T a b l e 1.2 p re sen t s a c o n v e n t i o n a l 
classif icat ion for w a s t e w a t e r t r e a t m e n t p rocesses . P r i m a r y t r e a t m e n t is 
e m p l o y e d for r e m o v a l of s u s p e n d e d sol ids a n d floating ma te r i a l s , a n d a l so 

TABLE 1.2 
Types of Wastewater Treatment 

Primary treatment 
Screening 
Sedimentation 
Flotation 
Oil separation 
Equalization 
Neutralization 

Secondary treatment 
Activated sludge process 
Extended aeration (or total oxidation) process 
Contact stabilization 
Other modifications of the conventional activated 

sludge process: tapered aeration, step aeration, 
and complete mix activated sludge processes 

Aerated lagoons 
Wastewater stabilization ponds 
Trickling filters 
Anaerobic treatment 

Tertiary treatment (or "advanced treatment") 
Microscreening 
Precipitation and coagulation 
Adsorption (activated carbon) 
Ion exchange 
Reverse osmosis 
Electrodialysis 
Nutrient removal processes 
Chlorination and ozonation 
Sonozone process 

c o n d i t i o n i n g t h e was t ewa te r for e i ther d i scha rge t o a receiving b o d y of w a t e r 
o r t o a s e c o n d a r y t r e a t m e n t facility t h r o u g h neu t r a l i z a t i on a n d / o r equa l i z a 
t ion . S e c o n d a r y t r e a t m e n t c o m p r i s e s c o n v e n t i o n a l b io logica l t r e a t m e n t 
processes . Te r t i a ry t r e a t m e n t is i n t ended p r imar i ly for e l imina t ion of p o l l u t a n t s 
n o t r e m o v e d by c o n v e n t i o n a l b io logica l t r e a t m e n t . 
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T h e s e t r e a t m e n t p rocesses a r e s tud ied in fo l lowing c h a p t e r s . T h e a p p r o a c h 
ut i l ized is b a s e d o n t h e c o n c e p t s of u n i t p rocesses a n d o p e r a t i o n s . T h e final 
object ive is d e v e l o p m e n t of des ign pr inc ip les of gene ra l app l i cab i l i ty t o any 
w a s t e w a t e r t r e a t m e n t p r o b l e m , l ead ing t o a p r o p e r select ion of p roces s a n d 
t h e des ign of r equ i r ed e q u i p m e n t . C o n s e q u e n t l y , de sc r ip t i on o f w a s t e w a t e r 
t r e a t m e n t sequences for specific indus t r i e s , e.g., p e t r o l e u m refineries, steel 
mil ls , m e t a l - p l a t i n g p l a n t s , p u l p a n d p a p e r indus t r i e s , b rewer ies , a n d t a n 
ner ies , is n o t i nc luded in th is b o o k . F o r i n f o r m a t i o n o n specific w a s t e w a t e r 
t r e a t m e n t p rocesses , t h e r e a d e r s h o u l d c o n s u l t Eckenfe lde r [ 3 ] a n d N e m e r o w 
[ 7 ] . 

W a t e r qua l i ty s t a n d a r d s a r e usua l ly b a s e d o n o n e of t w o c r i t e r i a : s t r e a m 
s t a n d a r d s o r effluent s t a n d a r d s . Stream standards refer t o qua l i t y of rece iv ing 
w a t e r d o w n s t r e a m f r o m t h e or ig in of sewage d i scha rge , w h e r e a s effluent 
standards p e r t a i n t o qua l i ty of t he d i s cha rged w a s t e w a t e r s t r e a m s themse lves . 

A d i s a d v a n t a g e of effluent s t a n d a r d s is t h a t i t p r o v i d e s n o c o n t r o l ove r 
to t a l a m o u n t of c o n t a m i n a n t s d i scha rged in t h e receiving wa te r . A la rge 
indus t ry , for e x a m p l e , a l t h o u g h p r o v i d i n g t h e s a m e degree of w a s t e w a t e r 
t r e a t m e n t as a smal l o n e , m i g h t c a u s e c o n s i d e r a b l y g r ea t e r p o l l u t i o n o f t h e 
receiving wa te r . Effluent s t a n d a r d s a r e eas ier t o m o n i t o r t h a n s t r e a m s t a n d a r d s , 
w h i c h requ i re de ta i led s t r e a m analys is . A d v o c a t e s of effluent s t a n d a r d s 
a r g u e t h a t a large indus t ry , d u e t o its e c o n o m i c va lue t o t h e c o m m u n i t y , 
shou ld be a l lowed a larger sha re of t h e ass imi la t ive capac i t y of t h e rece iv ing 
wa te r . 

Qua l i t y s t a n d a r d s selected d e p e n d o n i n t e n d e d use of t h e wa te r . S o m e of 
these s t a n d a r d s i n c l u d e : c o n c e n t r a t i o n of d i sso lved oxygen ( D O , mg / l i t e r ) , 
p H , co lo r , t u rb id i ty , h a r d n e s s (mg/ l i te r ) , t o t a l d issolved sol ids ( T D S , mg/ l i t e r ) , 
s u s p e n d e d sol ids (SS, mg/ l i t e r ) , c o n c e n t r a t i o n of tox ic (o r o the rwi se ob jec 
t ionab le ) ma te r i a l s (mg/ l i t e r ) , o d o r , a n d t e m p e r a t u r e . Ex tens ive t a b u l a t i o n o f 
wa t e r qua l i ty s t a n d a r d s for v a r i o u s uses a n d for several s ta tes in t h e U n i t e d 
S ta tes is p re sen ted b y N e m e r o w [ 7 ] . 

4. S o u r c e s of W a s t e w a t e r s 
F o u r m a i n sources of w a s t e w a t e r s a r e (1) d o m e s t i c sewage , (2) i ndus t r i a l 

was t ewa te r s , (3) ag r i cu l tu ra l runoff, a n d (4) s t o r m w a t e r a n d u r b a n runoff. 
A l t h o u g h t h e p r i m a r y c o n s i d e r a t i o n i n th is b o o k is t h e s t u d y of t r e a t m e n t of 
d o m e s t i c a n d indus t r i a l was t ewa te r s , c o n t a m i n a t i o n d u e t o ag r i cu l tu r a l a n d 
u r b a n runoffs is b e c o m i n g increas ingly i m p o r t a n t . A g r i c u l t u r a l runoffs 
ca r ry ing fertilizers (e.g., p h o s p h a t e s ) a n d pes t ic ides c o n s t i t u t e a m a j o r c a u s e 
of e u t r o p h i c a t i o n of l akes , a p h e n o m e n a w h i c h is d i scussed in Sec t ion 7 of th is 
chap te r . S t o r m runoffs in h ighly u r b a n i z e d a r ea s m a y cause significant 
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p o l l u t i o n effects. Usua l l y was t ewa te r s , t r e a t e d o r u n t r e a t e d , a r e d i s c h a r g e d 
i n t o a n a t u r a l b o d y of w a t e r (ocean , r iver, l ake , etc.) w h i c h is referred t o a s 
t h e receiving wa te r . 

5. Economics of W a s t e w a t e r 
T r e a t m e n t and Economic Balance 

for W a t e r Reuse 

In t he U n i t e d S ta tes ave rage cos t p e r t h o u s a n d ga l lons of w a t e r is a p p r o x i 
m a t e l y $0.20, w h i c h c o r r e s p o n d s t o $0 .05 / ton . I t is a relat ively c h e a p c o m 
m o d i t y , a n d as a resul t t h e e c o n o m i c s of w a s t e w a t e r t r e a t m e n t is very cr i t ica l . 
I n pr inc ip le , by ut i l iz ing soph i s t i ca t ed t r e a t m e n t p rocesses , o n e c a n o b t a i n 
p o t a b l e w a t e r f r o m sewage . E c o n o m i c c o n s i d e r a t i o n s , howeve r , p r e v e n t t h e 
p rac t i ca l app l i ca t i on of m a n y ava i lab le t r e a t m e n t m e t h o d s . I n c o u n t r i e s 
w h e r e w a t e r is a t a p r e m i u m (e.g. , I s rae l , S a u d i A r a b i a ) s o m e soph i s t i ca ted 
w a t e r t r e a t m e n t facili t ies, w h i c h a r e n o t e c o n o m i c a l l y just if ied in N o r t h 
A m e r i c a , a r e n o w in o p e r a t i o n . I n e v a l u a t i n g a specific w a s t e w a t e r t r e a t m e n t 
p roces s , i t is i m p o r t a n t t o e s t i m a t e a cost-benefit ratio b e tween t h e benefit 
de r ived f r o m the t r e a t m e n t t o o b t a i n w a t e r of a specified qua l i ty , a n d t h e c o s t 
for a c c o m p l i s h i n g th is u p g r a d i n g of qua l i ty . 

R e u s e of w a t e r b y recycl ing h a s b e e n m e n t i o n e d in c o n n e c t i o n w i th i n p l a n t 
w a s t e w a t e r c o n t r o l (Sect ion 2.5). Selec t ion of a n o p t i m u m recycle r a t i o for a 
specific a p p l i c a t i o n involves a n e c o n o m i c b a l a n c e in w h i c h t h r e e fac to r s m u s t 
b e cons ide red [ 3 ] : (1) cos t of r a w w a t e r ut i l ized in t h e p l a n t ; (2) cos t of was t e 
w a t e r t r e a t m e n t t o su i tab le p roces s qua l i t y r e q u i r e m e n t s (in E x a m p l e 1.1, 
th i s is t h e cos t of w a s t e w a t e r t r e a t m e n t p r eced ing recycl ing t o t h e p l a n t for 
r e u s e ) ; a n d (3) cos t of w a s t e w a t e r t r e a t m e n t p r i o r t o d i scha rge i n t o a rece iv ing 
wa te r , e.g., in a r iver. 

T h i s e c o n o m i c b a l a n c e is i l lus t ra ted b y E x a m p l e 1.1. 

E x a m p l e 1.1 [3 ] 

A p l a n t uses 10,000 g a l / h r of p roces s w a t e r w i th a m a x i m u m c o n t a m i n a n t 
c o n c e n t r a t i o n of 1 lb p e r 1000 gal . T h e r a w w a t e r supp ly h a s a c o n t a m i n a n t 
c o n c e n t r a t i o n o f 0.5 lb /1000 gal . O p t i m i z e a w a t e r reuse sys tem fo r th i s p l a n t 
b a s e d o n r a w w a t e r cos t of $0 .20/1000 gal . Ut i l ize d a t a in F i g . 1.2 t o e s t i m a t e 
cos t s for t h e t w o w a t e r t r e a t m e n t p rocesses involved in t h e p l a n t . T h e c o n 
t a m i n a n t is n o n v o l a t i l e . 

T h e fo l lowing c o n d i t i o n s a p p l y : (1) e v a p o r a t i o n a n d p r o d u c t loss ( s t r e a m 
Ε in F ig . 1.3): 1000 g a l / h r of w a t e r ; (2) c o n t a m i n a n t a d d i t i o n ( s t r e a m Y 
in F ig . 1.3): 100 l b /h r of c o n t a m i n a n t ; a n d (3) m a x i m u m d i scha rge a l l owed 
t o receiving w a t e r : 20 l b /h r of c o n t a m i n a n t . 
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5 0 h 

% Removal of contaminant 
Fig. 1.2. Relationship between total cost and type of treatment [ 3 ] . 

S O L U T I O N A b lock flow d i a g r a m for t he p rocess is p re sen ted in F ig . 1.3. 
Va lues e i ther a s s u m e d o r ca lcu la ted a r e u n d e r l i n e d in F ig . 1.3. Va lues 
n o t u n d e r l i n e d a r e bas ic d a t a for t h e p r o b l e m . V o l u m e t r i c flow ra t e s of 
s t r e a m s 9, 10, a n d 11 a r e negl igible . 

T h e p r o c e d u r e for so lu t i on cons is t s of a s s u m i n g several va lues for t h e w a t e r 
recycle R (ga l /h r ) . F o r e a c h a s s u m e d va lue , t h e m a t e r i a l b a l a n c e is c o m p l e t e d 
a n d t h e e c o n o m i c e v a l u a t i o n is m a d e . 

Step 1. S t a r t a s s u m i n g a 7 0 % recycle, i.e., R/A = 0.7 (recycle r a t io ) , 
w h e r e R is t he recycle, i.e., s t r e a m 2 (ga l /h r ) , a n d A is t h e c o m b i n e d feed, i.e., 
s t r e a m 3 (10,000 ga l /h r ) . T h e n , ca lcu la te t h e recyc le : 

R = (0.7)(Λ) = (0.7)(10,000) = 7000 gal/hr [stream 2] 

T h u s , s t r e a m 5 in F ig . 1.3 a l so c o r r e s p o n d s t o a flow r a t e of 7000 g a l / h r s ince 
t he v o l u m e t r i c flow ra t e of c o n t a m i n a n t r e m o v e d [ s t r e a m 11] is negl igible . 

Step 2. F o r th is a s s u m e d recycle, t h e r a w w a t e r feed [ s t r e a m 1] is 

F = A - R = 10,000 - 7000 = 3000 gal/hr 
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Step 3. Effluent f rom the p l a n t [ s t r e a m 4 ] is 

A - Ε = 10,000 - 1000 = 9000 gal/hr 

Step 4. F r o m t h e m a t e r i a l b a l a n c e it fol lows t h a t since s t r e a m 4 is spl i t 
i n t o s t r e a m s 5 a n d 6, 

Stream 6: 9000 - 7000 = 2000 gal/hr 
Stream 7 : 2000 gal/hr 

T h u s for 7 0 % recycle, vo lume t r i c flow ra tes for all s t r e a m s in F ig . 1.3 a r e n o w 
d e t e r m i n e d . 

Step 5. M a s s flow r a t e of c o n t a m i n a n t in r a w w a t e r [ s t r e a m 1] is 

F x (0.5/1000) = 3000(0.5/1000) = 1.5 lb/hr 

Step 6. M a s s flow r a t e of c o n t a m i n a n t in s t r e a m 3 is 

(1/1000) χ 10,000 = 10 lb/hr 

Step 7. M a s s flow ra t e of c o n t a m i n a n t in t h e recycle [ s t r e a m 2 ] is 

1 0 - 1 . 5 = 8.5 lb/hr 

Θ 

Loss-. lOOO ga l /hr 
of water 

F- 3 0 0 0 gal/hr raw water 
/ 0 . 5 lb contaminant per 

/ 1000 gal; contaminant: 
\ \ 5 lb/hr 

Contaminant 
addition 
100 lb/hr 

A = 10,000 gal/hr 
I lb contaminant per 1000 gal 
.·. 10 lb contaminant/hr 

R, recycle 
R ga l /h r 
7 0 0 0 gal /hr 
contaminant: 
8.5 lb/hr Treatment 

for 
reuse 

Contaminant 
removed 
D lb/hr 
D=77 lb/hr 

7000 gal /hr 
contaminant; 
85.5 lb/hr-7 

-Plant effluent: 
9 0 0 0 gal/hr 
110 lb of contaminant 

Contaminant 
removed 
Β lb /hr 
Β=4.5 lb/hr 

2 0 0 0 gal/hr 
24.5 lb/hr of 
contaminant 

Treatment 
for discharge 
to receiving 

water 

Water d ischarged—η 
to river 
W ga l /h r 
W=2000 gal/hr 

(20 lb/hr of contaminant) 

Fig. 1.3. Flow diagram for Example 1.1. Encircled numbers are streams. 
(Adaptedfrom Eckenfelder [3].) 
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Step 8. M a s s flow r a t e of c o n t a m i n a n t in t h e p l a n t effluent [ s t r e a m 4 ] is 

10 [from stream 3] + 100 [from stream 9] = 110 lb/hr 

Step 9. M a s s flow r a t e of c o n t a m i n a n t in s t r e a m s 5 a n d 6 is 

Stream 5 : (7000/9000) χ 110 = 85.5 lb/hr 
Stream 6: 110 - 85.5 = 24.5 lb/hr 

Step 10. Since t h e m a s s flow r a t e of c o n t a m i n a n t in s t r e a m 7 is 20 l b /h r , 
t h a t fo r c o n t a m i n a n t in s t r e a m 10 is 

24.5 - 20.0 = 4.5 lb/hr 

Step 11. M a s s flow r a t e of c o n t a m i n a n t r e m o v e d in t h e t r e a t m e n t for 
reuse [ s t r e a m 11] is 

85.5 - 8.5 = 77.0 lb/hr 

Step 12. T h e % r e m o v a l of c o n t a m i n a n t in t h e t w o t r e a t m e n t s is 

Treatment for reuse: (77/85.5) χ 100 = 90% 
Treatment for discharge to receiving water : (4.5/24.5) χ 100 = 18.4% 

Step 13. T h e t y p e of t r e a t m e n t r e q u i r e d is essent ia l ly e s t ab l i shed f r o m 
these % r e m o v a l s of c o n t a m i n a n t (F ig . 1.2). I n t h e t r e a t m e n t for r euse ( 9 0 % 
r e m o v a l ) , i o n e x c h a n g e is ind ica ted . F o r d i s cha rge t o rece iv ing w a t e r ( 18 .4% 
r e m o v a l ) , F ig . 1.2 ind ica tes t h a t p r i m a r y t r e a t m e n t is sufficient. C o s t s for these 
t r e a t m e n t s a r e r e a d f r o m F ig . 1.2. 

Treatment for reuse (90% removal) : $0.42/1000 gal 
Treatment for discharge to receiving water (18.4% removal) : $0.05/1000 gal 

Step 14. D a i l y cos t for 7 0 % recyc le : 

gal $0.20 hr 
Raw water : 3000^— χ — — — - χ 2 4 — = $14.40/day 

h r 1000 gal day 

Cost 

Effluent t reatment for discharge to river: 

gal $0.05 hr 
2 0 0 0 f - χ — — χ 2 4 — = $ 2.40/day 

h r 1000 gal day 

gal $0.42 hr 
Treatment for reuse: 7 0 0 0 — χ — — — · χ 2 4 — = $70.56/day 

hr 1000 gal day 

To ta l : $87.36/day 

Step 15. T h i s cos t is p lo t t ed in F i g . 1.4 vs . 7 0 % reflux. A s imi la r series of 
ca l cu l a t i ons is m a d e for f reshwate r i n p u t s v a r y i n g f r o m 10,000 t o 2000 ga l /h r , 
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Fig. 1.4. Relationship between total daily water cost and treated waste 
recycle for reuse [3]. 

w i t h recycles va ry ing , respect ively , f r o m 0 - 8 0 % . F i g u r e 1.4 is o b t a i n e d , w h i c h 
ind ica tes t h a t t h e o p t i m u m recycle is a p p r o x i m a t e l y 6 0 % for a cos t o f a b o u t 
$83 .00/day . 

6. Effect of W a t e r Pollut ion on 
Environment and Biota 

Bar t s ch a n d I n g r a m [ 1 ] m a d e a n in te res t ing s tudy of t h e effect o f w a t e r 
p o l l u t i o n o n e n v i r o n m e n t a n d b i o t a . T h e s e effects a r e i l lus t ra ted b y Figs . 
1.5-1.10, a n d a s u m m a r y of the i r w o r k is p r e sen t ed nex t . T h e s o u r c e of po l 
lu t i on cons ide red w a s r a w d o m e s t i c sewage for a c o m m u n i t y of 40 ,000 peop le , 
flowing t o a s t r e a m wi th a v o l u m e flow of 100 f t 3 / s ec . L o w e r i n g of t h e c o n 
c e n t r a t i o n of d issolved oxygen ( D O ) a n d f o r m a t i o n of s ludge depos i t s a r e t he 
m o s t c o m m o n e n v i r o n m e n t a l d i s t u r b a n c e s w h i c h m a y d a m a g e a q u a t i c b io t a . 

6.1. O X Y G E N S A G C U R V E 

T h e cu rve in F ig . 1.5, referred t o a s d issolved oxygen cu rve , is a p l o t o f 
d isso lved oxygen c o n c e n t r a t i o n (mg/ l i te r ) for a s t r e a m . I t is referred t o hence 
a s oxygen sag cu rve . Sewage is d i s cha rged a t t h e p o i n t identified as z e r o (0) 
o n t h e abscissa axis . T h e va lues t o t h e r igh t of p o i n t z e r o r ep re sen t mi les 
d o w n s t r e a m of t h e p o i n t of sewage d i scha rge . C o m p l e t e m i x i n g is a s s u m e d , 
a n d t h e w a t e r t e m p e r a t u r e is 25°C . A n a l t e rna t ive scale for t h e absc issa , in 
t e r m s of days of flow, is s h o w n in F ig . 1.5. 
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Fig. 1.5. DO and BOD curves for a stream [1 ] . 

O r d i n a t e of t h e D O sag cu rve is in t e r m s of mg/ l i t e r of d i sso lved oxygen . 
T h e s h a p e of t h e D O sag cu rve , d o w n s t r e a m of t he p o i n t of sewage d i scha rge , 
is u n d e r s t o o d f r o m e x a m i n a t i o n of F ig . 1.6. T h e D O sag c u r v e is t h e n e t 
r e su l t an t of t w o c u r v e s : o n e c o r r e s p o n d i n g t o dep l e t i on of d issolved oxygen 
d u e t o its u t i l i za t ion for o x i d a t i o n of o r g a n i c ma te r i a l s f r o m t h e sewage d is 
c h a r g e , a n d the o t h e r c o r r e s p o n d i n g t o oxygen ga in by n a t u r a l r e a e r a t i o n . 
F i g u r e 1.5 shows t h a t t he D O sag c u r v e r eaches a low p o i n t a b o u t 27 miles 
d o w n s t r e a m of t h e p o i n t of sewage d i scha rge , c o r r e s p o n d i n g t o 2\ d ays of 
flow a n d a D O of a b o u t 1.5 mg/ l i te r . 

Net oxygen-sag curve 

Ε 
Ο 
Q 

Miles (days) 

Fig. 1.6. Oxygen sag curve. 
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T h i s p roces s of d e o x y g e n a t i o n w o u l d r e d u c e t h e D O t o ze ro in a b o u t \ \ 
d a y s flow, if t he re were n o fac tors in o p e r a t i o n t h a t co u l d r e s to re oxygen t o 
w a t e r . T h e r iver r e a c h w h e r e D O w o u l d be comple t e ly g o n e w o u l d o c c u r 
a b o u t 18 miles d o w n s t r e a m f r o m t h e d i scha rge of sewage . Af ter r e a c h i n g i ts 
m i n i m u m , D O level rises aga in t o w a r d a r e s t o r a t i o n , even tua l ly r e a c h i n g a 
va lue near ly e q u a l t o t h a t for t h e u p s t r e a m u n p o l l u t e d wa te r , i.e., a D O of 
a p p r o x i m a t e l y 7 mg/ l i t e r . 

If p o p u l a t i o n o f t h e ci ty r e m a i n s fairly c o n s t a n t t h r o u g h o u t t h e year , a n d 
flow r a t e is re la t ively c o n s t a n t , t h e low p o i n t of t h e D O sag c u r v e m o v e s u p 
o r d o w n t h e s t r e a m wi th fluctuations in t e m p e r a t u r e . D u r i n g t h e w in t e r t h e 
r a t e of o x i d a t i o n is lower a n d ga in o f oxygen by r e a e r a t i o n is g rea te r , as 
solubi l i ty of oxygen in w a t e r increases a t lower t e m p e r a t u r e s . T h e s e t w o 
fac tors c o m b i n e d cause t h e low p o i n t of t h e oxygen sag cu rve t o m o v e f a r the r 
d o w n s t r e a m . D u r i n g the s u m m e r , o n t h e o t h e r h a n d , t h e r a t e of o x i d a t i o n is 
h ighe r a n d ga in of oxygen by r e a e r a t i o n is less p r o n o u n c e d . T h e s e t w o fac tors 
c o m b i n e d cause t h e low p o i n t of t he oxygen sag cu rve t o m o v e u p s t r e a m . 

T h e r e a c h of a n y s t r e a m w h e r e t he D O sag cu rve a t t a i n s its low p o i n t 
r epresen t s t he s t r e a m e n v i r o n m e n t p o o r e s t in D O resources . L iv ing spec imens 
t h a t n e e d a h i g h D O , such as co ld w a t e r fish, suffocate a n d m o v e t o o t h e r 
s t r e a m a reas w h e r e the D O resources a r e grea te r . 

T h e o t h e r cu rve s h o w n in F ig . 1.5 c o r r e s p o n d s t o t h e biochemical oxygen 
demand ( B O D ) . T h i s i m p o r t a n t p a r a m e t e r is d iscussed in C h a p t e r 2, Sec t ion 
2 .3 . T h e b iochemica l oxygen d e m a n d is used as a m e a s u r e of t h e q u a n t i t y of 
oxygen r equ i r ed for o x i d a t i o n by a e r o b i c b iochemica l ac t ion of t h e d e g r a d a b l e 
o r g a n i c m a t t e r p r e sen t in a s a m p l e of wa te r . T h e B O D is low in t h e u p s t r e a m 
u n p o l l u t e d wa t e r ( a b o u t 2 mg/ l i t e r ) , s ince t he re is n o t m u c h o r g a n i c m a t t e r 
p r e s e n t t o c o n s u m e oxygen . T h e n B O D increases a b r u p t l y a t p o i n t ze ro 
(sewage d i scha rge ) , a n d g radua l ly decreases d o w n s t r e a m f r o m th is p o i n t , as 
o r g a n i c m a t t e r d i scha rged is progress ively oxidized, un t i l r e a c h i n g even tua l ly 
a va lue of a p p r o x i m a t e l y 2 mg/ l i t e r , ind ica t ive of u n p o l l u t e d wa te r . A t th is 
p o i n t t he r a w sewage is s tabi l ized. A s ind ica ted in F ig . 1.5, s t ab i l i za t ion is 
ach ieved a t a p p r o x i m a t e l y 100 miles d o w n s t r e a m f r o m t h e sewage d i scha rge . 
B O D a n d D O a re so in te r re la ted t h a t d issolved oxygen c o n c e n t r a t i o n is low 
w h e r e B O D is h igh , a n d t h e converse a lso is t r u e . 

F o u r d is t inct zones a re s h o w n in F ig . 1.5 u n d e r n e a t h the D O c u r v e : (1) 
c l ean wa te r z o n e ; (2) z o n e of d e g r a d a t i o n ; (3) z o n e of act ive d e c o m p o s i t i o n ; 
a n d (4) z o n e of recovery . 

6.2. EFFECT OF LIGHT 
In F ig . 1.6 t he effects of oxygen dep le t ion by ox ida t ion of o r g a n i c m a t e r i a l s 

a n d oxygen gain b y r eae r a t i on a r e t h e on ly ones cons ide red in exp la in ing t h e 
s h a p e of t he oxygen sag cu rve . F o r a m o r e c o m p l e t e analys is of t h e p r o b l e m 
o n e needs , in add i t i on , t o cons ide r t he effect of l ight . 
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A t a n y selected p o i n t in t h e s t r e a m , t he re is a v a r i a t i o n in c o n c e n t r a t i o n of 
d isso lved oxygen d e p e n d i n g o n t h e t ime of day . D u r i n g day l igh t h o u r s , a lgae 
a n d o t h e r p l a n t s give off oxygen in to t he w a t e r t h r o u g h t h e p roces s of p h o t o 
synthes is . T h i s a m o u n t of oxygen m a y b e so cons ide r ab l e t h a t t h e w a t e r 
usua l ly b e c o m e s s u p e r s a t u r a t e d a t s o m e t i m e d u r i n g day l igh t h o u r s . I n 
a d d i t i o n t o g iv ing off oxygen , t h e p roces s of p h o t o s y n t h e s i s resu l t s in t h e 
m a n u f a c t u r e of suga r t o serve as t he bas is of s u p p o r t for all s t r e a m life. T h i s 
c o r r e s p o n d s t o t h e chemica l r e ac t i on s h o w n in E q . (1.1). 

W h i l e p h o t o s y n t h e s i s occur s , so d o e s r e sp i r a t i on , w h i c h c o n t i n u e s for 24 h r 
a d a y , i r respect ive of i l l umina t ion . D u r i n g r e sp i r a t i on 0 2 is t a k e n in a n d C 0 2 

is g iven off. D u r i n g dayl igh t , a lgae m a y yield oxygen in excess of t h a t n e e d e d 
for r e sp i r a t i on , as well as in excess of t h a t r e q u i r e d for r e s p i r a t i o n b y o t h e r 
a q u a t i c life, a n d for sa t is fact ion of a n y b i o c h e m i c a l oxygen d e m a n d . T h i s 
c o u l d be t r ue in t h e recovery z o n e pa r t i cu la r ly . U n d e r these c o n d i t i o n s , supe r -
s a t u r a t i o n of oxygen m a y occur , a n d su rp lus oxygen m a y b e los t t o t h e 
a t m o s p h e r e . 

D u r i n g t h e n igh t , p h o t o s y n t h e s i s d o e s n o t o c c u r a n d t h e su rp lus D O is 
g r a d u a l l y used u p by r e sp i r a t ion of all f o rms of a q u a t i c life, as well as for t he 
sa t i s fac t ion of b iochemica l oxygen d e m a n d . The re fo re , c o n c e n t r a t i o n of 
dissolved oxygen is a t its m i n i m u m d u r i n g ear ly m o r n i n g h o u r s . T o t a k e i n t o 
a c c o u n t such D O va r i a t ions , s a m p l i n g of s t r e a m s for s an i t a ry surveys is c o n 
d u c t e d ove r a 24-hr pe r iod . 

6.3. D E C O M P O S I T I O N OF C A R B O N A C E O U S 
A N D N I T R O G E N O U S O R G A N I C M A T T E R 

Acce le ra ted bac te r ia l g r o w t h is a r e sponse t o r ich f o o d suppl ies in t he 
d o m e s t i c sewage. D u r i n g r ap id u t i l i za t ion of food , bac te r i a l r e p r o d u c t i o n is 
a t an o p t i m u m , a n d u t i l i za t ion of D O b e c o m e s fairly p r o p o r t i o n a l t o t h e r a t e 
of food u t i l i za t ion . F igu re 1.7 i l lus t ra tes t h e progress ive d o w n s t r e a m c h a n g e s 
of o rgan ic n i t r o g e n t o a m m o n i a , n i t r i te , a n d finally n i t r a t e . A h i g h ini t ial 
c o n s u m p t i o n of oxygen by bac te r ia l feeding o n p r o t e i n a c e o u s c o m p o u n d s 

6 C 0 2 + 6 H 2 0 C 6 H i 2 0 6 + 6 0 2 (1.1) 

^ O r g a n i c nitrogen 
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Fig. 1.7. Aerobic decomposition of nitrogenous organic matter [ 1 ] , 
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ava i lab le in u p s t r e a m w a t e r s t a k e s p lace d u e t o t h e freshly d i scha rged d o m e s t i c 
sewage . W i t h fewer a n d fewer of these c o m p o u n d s left in d o w n s t r e a m w a t e r s , 
t h e D O c o n c e n t r a t i o n is p rogress ive ly r ecovered , r e a c h i n g even tua l ly its 
in i t ia l va lue of a p p r o x i m a t e l y 7 mg/ l i t e r . 

A s imi la r p roces s t a k e s p lace w i t h fat a n d c a r b o h y d r a t e foodstuffs . T h e 
final p r o d u c t s of a e r o b i c a n d a n a e r o b i c d e c o m p o s i t i o n of n i t r o g e n o u s a n d 
c a r b o n a c e o u s m a t t e r a r e 

1. D e c o m p o s i t i o n of n i t r o g e n o u s o r g a n i c m a t t e r 
A e r o b i c (final p r o d u c t s ) : N 0 3 ~ , C 0 2 , H 2 0 , S O j " 
A n a e r o b i c (final p r o d u c t s ) : m e r c a p t a n s , i ndo le , ska to le , H 2 S , p lu s 
misce l l aneous p r o d u c t s 

2. D e c o m p o s i t i o n of c a r b o n a c e o u s m a t t e r 
A e r o b i c : C 0 2 , H 2 0 
A n a e r o b i c : ac ids , a l coho l s , C 0 2 , H 2 , C H 4 , p lus misce l l aneous 
p r o d u c t s 

N i t r o g e n a n d p h o s p h o r u s i n sewage p r o t e i n s c a u s e special p r o b l e m s in s o m e 
rece iv ing wa te r s . H i g h c o n c e n t r a t i o n s of these e l emen t s in w a t e r c r ea t e c o n 
d i t ions especial ly f avorab le for g r o w i n g green p l a n t s . If t he w a t e r is free 
f lowing (r ivers , b r o o k s ) , g reen velvety coa t i ngs g r o w o n t h e s tones a n d poss ib ly 
l eng thy s t r e a m e r s , p o p u l a r l y k n o w n as m e r m a i d ' s t resses, w a v e in t h e c u r r e n t . 
T h e s e g r o w t h s a r e n o t u n a t t r a c t i v e a n d a lso c o n s t i t u t e a m i n i a t u r e j u n g l e in 
wh ich a n i m a l life of m a n y k i n d s p r ey o n e a c h o the r , w i th t h e su rv ivors g r o w i n g 
t o b e c o m e even tua l fish food . If, howeve r , t h e w a t e r is qu i e t (e.g., l akes) , 
g r o w t h of very undes i r ab l e types of a lgae is s t imu la t ed . T h e s e a lgae m a k e the 
w a t e r p e a green , smelly, a n d u n a t t r a c t i v e . T h i s p h e n o m e n o n is d i scussed in 
Sec t ion 7 of th is c h a p t e r . S o m e t i m e s , these b lue-green a lgae deve lop p o i s o n s 
c a p a b l e of ki l l ing l ivestock, wildlife, a n d fish. 

6.4. S L U D G E D E P O S I T S A N D A Q U A T I C P L A N T S 
A profile s h o w i n g s ludge d e p t h vs. d i s t ance f r o m t h e outfal l of t h e sewage 

is s h o w n in t h e b o t t o m p a r t o f F ig . 1.8. M a x i m u m d e p t h occu r s n e a r t h e 
outfa l l , a n d t h e n t h e s ludge is g r adua l ly r e d u c e d b y d e c o m p o s i t i o n t h r o u g h 
t h e ac t i on of bac t e r i a a n d o t h e r o r g a n i s m s , un t i l it b e c o m e s insignif icant 
a b o u t 30 miles be low t h e munic ipa l i ty . 

A l s o a t t h e outfa l l t he re is g rea t t u rb id i ty d u e t o t h e p resence of fine sus 
p e n d e d sol ids . A s these so l ids set t le , t h e w a t e r b e c o m e s c lear a n d a p p r o a c h e s 
t he t r a n s p a r e n c y of u p s t r e a m wa te r , a b o v e t h e p o i n t of sewage d i scha rge . 

D i s t r i b u t i o n of a q u a t i c p l a n t s is i nd ica t ed in t h e u p p e r p a r t o f F i g . 1.8. 
Shor t ly after t he d i scharge , m o l d s a t t a in m a x i m u m g r o w t h . T h e s e m o l d s a n d 
filamentous bac te r i a (Sphaerotilus) a r e assoc ia ted wi th t h e s ludge d e p o s i t i o n 
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Fig. 1.8. Sludge deposits and aquatic plants [1 ] . 

s h o w n in t h e lower cu rve . F r o m mi le 0 t o mi le 36, h igh t u r b i d i t y is n o t c o n 
duc ive t o p r o d u c t i o n of a lgae , s ince t hey n e e d sun l igh t in o r d e r t o g r o w a n d 
l ight c a n n o t p e n e t r a t e t he w a t e r effectively. T h e o n l y type of a lgae t h a t m a y 
g r o w a re b lue-green a lgae , cha rac te r i s t i c of po l l u t ed wa te r s . T h e y m a y c o v e r 
m a r g i n a l r o c k s in s l ippery layers a n d give off foul o d o r s u p o n seasona l 
d e c o m p o s i t i o n . 

A lgae begin t o increase in n u m b e r a t a b o u t mi le 36. P l a n k t o n o r free-
floating fo rms b e c o m e s teadi ly m o r e a b u n d a n t . T h e y c o n s t i t u t e a n excel lent 
food supp ly for a q u a t i c a n i m a l s a n d a l so p r o v i d e shel ter for t h e m . T h u s , a s 
p l a n t s r e s p o n d d o w n s t r e a m in deve lop ing a diversified p o p u l a t i o n in t h e 
recovery a n d c lean w a t e r zones , a n i m a l s fol low a para l le l d e v e l o p m e n t , 
p r o d u c i n g a g rea t var ie ty of species. 

6.5. B A C T E R I A A N D C I L I A T E S 

F i g u r e 1.9 i l lus t ra tes t h e in t e r re l a t ion be tween bac te r i a a n d o t h e r f o r m s of 
a n i m a l p l a n k t o n such as ci l ia ted p r o t o z o a n s , rot i fers , a n d c r u s t a c e a n s . T w o 
die-off cu rves a r e s h o w n , o n e for t o t a l sewage bac t e r i a a n d t h e o t h e r for 
co l i fo rm bac te r i a on ly . T h e t w o be l l - shaped cu rves p e r t a i n t o c i l ia ted 
p r o t o z o a n s a n d rot i fers a n d c r u s t a c e a n s . 

After en te r ing t h e s t r e a m wi th t h e sewage , bac t e r i a r e p r o d u c e a n d b e c o m e 
a b u n d a n t , feeding o n t h e o r g a n i c m a t t e r of sewage . Ci l ia ted p r o t o z o a n s , 
initially few in n u m b e r , p rey o n the bac te r i a . Bac te r i a p o p u l a t i o n dec reases 
g radua l ly , b o t h by a n a t u r a l p rocess of "die-off ," a n d f r o m t h e p r e d a t o r y 
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Fig. 1.9. Bacteria thrive and finally become prey of the ciliates, which, in 
turn, are food for the rotifers and crustaceans [1 ] . 

feeding by p r o t o z o a n s . Af te r a b o u t 2 days flow, a p p r o x i m a t e l y 24 mi les 
d o w n s t r e a m of p o i n t z e r o , t h e e n v i r o n m e n t b e c o m e s m o r e su i tab le for 
ci l iates, wh ich f o r m t h e d o m i n a n t g r o u p of a n i m a l p l a n k t o n . Af ter a b o u t 7 
days , 84 mi les d o w n s t r e a m of p o i n t ze ro , ci l iates fall v ic t im t o rot i fers a n d 
c r u s t a c e a n s , w h i c h b e c o m e t h e d o m i n a n t species. T h u s , th i s s ewage -con 
s u m i n g b io logica l p r o c e s s d e p e n d s o n a closely in te r re la ted success ion of 
species of a n i m a l p l a n k t o n , o n e k i n d o f o r g a n i s m c a p t u r i n g a n d e a t i n g a n o t h e r . 

T h i s r e l a t i onsh ip be tween bac te r i a ea te rs a n d the i r p rey is f o u n d in t h e 
o p e r a t i o n of a m o d e r n sewage t r e a t m e n t p l an t . In fact, t h e s t r e a m c a n be 
t h o u g h t of a s a n a t u r a l sewage t r e a t m e n t p l a n t . 

S tab i l i za t ion of sewage in a p l a n t is m o r e r a p i d w h e n fe roc ious bac t e r i a -
ea t i ng cil iates a r e p re sen t t o k e e p t h e bac t e r i a p o p u l a t i o n a t a low b u t r ap id ly 
g r o w i n g s ta te . In s o m e sewage t r e a t m e n t p l a n t s , m i c r o s c o p i c e x a m i n a t i o n is 
m a d e rou t ine ly t o obse rve t h e ba t t l e l ines be tween bac te r i a ea te r s a n d the i r 
p rey . 

6.6. H I G H E R F O R M S O F A N I M A L S P E C I E S 

F i g u r e 1.10 i l lus t ra tes these types of o r g a n i s m s a n d the i r p o p u l a t i o n a l o n g 
t h e c o u r s e of t h e s t r eam. C u r v e (a) r ep resen t s t h e var ie ty , i.e., t h e n u m b e r s of 
species of o r g a n i s m s f o u n d u n d e r va ry ing degrees of p o l l u t i o n . C u r v e (b) 
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Fig. 1.10. Curve (a) shows the fluctuations in numbers of species; (b) the 
variations in numbers of each species [1 ] . 

r ep resen t s t he p o p u l a t i o n in t h o u s a n d s of ind iv idua l s of e a c h species p e r 
s q u a r e foot . 

In t he c lean wa te r , u p s t r e a m of p o i n t z e ro , a g rea t var ie ty of o r g a n i s m s is 
f o u n d wi th very few of e ach k ind p resen t . A t t he p o i n t of sewage d i scha rge , 
the n u m b e r of different species is g rea t ly r e d u c e d a n d the re is a d ras t i c c h a n g e 
in t he species m a k e u p of t h e b io t a . T h i s c h a n g e d b i o t a is r ep re sen ted b y a few 
species , b u t t he re is a t r e m e n d o u s increase in t h e n u m b e r s of i nd iv idua l s of 
each k i n d as c o m p a r e d wi th t h e dens i ty of p o p u l a t i o n u p s t r e a m . 

In c lean w a t e r u p s t r e a m the re is a n a s soc ia t ion of s p o r t s fish, v a r i o u s 
m i n n o w s , cadd i s w o r m s , mayflies, s tonefl ies , he l l g r ammi t e s a n d g i l l -b rea th ing 
snai ls , e ach k ind r ep resen ted by a few ind iv idua l s . In b a d l y po l l u t ed z o n e s 
th is b i o t a is r ep laced b y a n a s soc i a t i on of r a t t a i l ed m a g g o t s , s ludge w o r m s , 
b l o o d w o r m s , a n d a few o t h e r species, r ep re sen t ed b y a g rea t n u m b e r of 
ind iv idua l s . W h e n d o w n s t r e a m c o n d i t i o n s a g a i n r e s e m b l e t h o s e o f t h e u p 
s t r e a m clean w a t e r z o n e , t he c l e an w a t e r a n i m a l a s soc ia t ion t ends t o r e a p p e a r 
a n d the p o l l u t i o n - t o l e r a n t g r o u p of a n i m a l s b e c o m e suppres sed . 

Po l l u t i on - to l e r an t a n i m a l s a r e especial ly well a d a p t e d t o life in th i ck 
s ludge depos i t s a n d t o c o n d i t i o n s of low dissolved oxygen . T h e ra t t a i l ed 
m a g g o t , for e x a m p l e , possesses a " s n o r k l e l i k e " te lescopic a i r t u b e w h i c h is 
p u s h e d t h r o u g h the surface film t o b r e a t h e a t m o s p h e r i c oxygen . T h u s , even 
in to t a l absence of d issolved oxygen it survives . T h e s e types of a n i m a l s a r e 
f o u n d c o m m o n l y a r o u n d sewage t r e a t m e n t p l a n t s n e a r t he s u p e r n a t a n t 
s ludge beds . 
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The relationship between the number of species and the total population 
is expressed in terms of a species diversity index (SDI), which is defined in 
Eq. (1.2). 

SDI = ( 5 - l ) / l o g / (1.2) 

where 5, number of species; /, total number of individual organisms counted. 
From the preceding discussion it is clear that the SDI is an indication of the 

overall condition of the aquatic environment. The higher its value the more 
productive is the aquatic system. Its value decreases as pollution increases. 

7. Eut rophica t ion [4] 
Eutrophication is the natural process of lake aging. It progresses irrespective 

of man's activities. Pollution, however, hastens the natural rate of aging and 
shortens considerably the life expectancy of a body of water. 

The general sequence of lake eutrophication is summarized in Fig. 1.11. It 
consists of the gradual progression ("ecological succession") of one life stage 
to another, based on changes in the degree of nourishment or productivity. 
The youngest stage of the life cycle is characterized by low concentration of 
plant nutrients and little biological productivity. Such lakes are called oligo-
tropic lakes (from the Greek oligo meaning "few" and trophein meaning "to 
nourish," thus oligotropic means few nutrients). At a later stage in the succes
sion, the lake becomes mesotrophic (meso = intermediate); and as the life 
cycle continues the lake becomes eutrophic (eu = well) or highly productive. 
The final life stage before extinction is a pond, marsh, or swamp. 

Enrichment and sedimentation are the principal contributors to the aging 
process. Shore vegetation and higher aquatic plants utilize part of the in
flowing nutrients, grow abundantly, and, in turn, trap the sediments. The lake 
gradually fills in, becoming shallower by accumulation of plants and sediments 
on the bottom, and smaller by the invasion of shore vegetation, and eventually 
becoming dry land. The extinction of a lake is, therefore, a result of enrich
ment, productivity, decay, and sedimentation. The effect of nitrogen- and 
phosphorus-rich wastewater discharges on accelerating eutrophication has 
been discussed in Section 6 of this chapter. 

8. Types of W a t e r Supply and 
Classification of W a t e r 

C o n t a m i n a n t s 
According to their origin, water supplies are classified into three categories: 

(1) surface waters, (2) ground waters, and (3) meteorological waters. Surface 
waters comprise stream waters (e.g., rivers), oceans, lakes, and impoundment 
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w a t e r s . S t r e a m w a t e r s subject t o c o n t a m i n a t i o n exhib i t a va r i ab le q u a l i t y 
a l o n g t h e cou r se of t h e s t r e a m , as d iscussed in Sec t ion 6. W a t e r s in l akes a n d 
i m p o u n d m e n t s , o n t h e o t h e r h a n d , a r e of a re la t ively u n i f o r m qua l i ty . G r o u n d 
w a t e r s s h o w , in genera l , less t u r b i d i t y t h a n surface w a t e r s . M e t e o r o l o g i c a l 
w a t e r s ( ra in) a r e of g rea te r chemica l a n d phys ica l p u r i t y t h a n e i the r sur face 
o r g r o u n d wa t e r s . 

W a t e r c o n t a m i n a n t s a r e classified i n t o t h r e e c a t e g o r i e s : (1) c h e m i c a l , 
(2) phys ica l , a n d (3) b io logica l c o n t a m i n a n t s . C h e m i c a l c o n t a m i n a n t s c o m 
pr i se b o t h o r g a n i c a n d i n o r g a n i c chemica l s . T h e m a i n c o n c e r n r e su l t i ng f r o m 
p o l l u t i o n b y o r g a n i c c o m p o u n d s is oxygen dep le t i on resu l t ing f r o m u t i l i za t ion 
of D O in t h e p roces s of b io logica l d e g r a d a t i o n of these c o m p o u n d s . A s d is 
cussed in Sec t ion 6, th is dep le t i on of D O leads t o u n d e s i r a b l e d i s t u r b a n c e s o f 
t h e e n v i r o n m e n t a n d the b i o t a . I n t h e case of p o l l u t i o n resu l t ing f r o m t h e 
p resence of i n o r g a n i c c o m p o u n d s t h e m a i n c o n c e r n is the i r poss ib le tox ic 
effect, r a t h e r t h a n oxygen dep le t i on . T h e r e a r e , howeve r , cases in w h i c h in
o r g a n i c c o m p o u n d s exer t a n oxygen d e m a n d , so c o n t r i b u t i n g t o o x y g e n 
d e p l e t i o n . Sulfites a n d ni t r i tes , for e x a m p l e , t a k e u p oxygen , be ing ox id ized 
t o sulfates a n d n i t r a t e s , respect ively [ E q s . (1.3) a n d (1 .4 ) ] . 

H e a v y m e t a l i ons wh ich a re tox ic t o h u m a n s a r e i m p o r t a n t c o n t a m i n a n t s . 
T h e y occu r in indus t r i a l w a s t e w a t e r s f rom p la t ing p l a n t s a n d p a i n t a n d pig
m e n t indus t r i es . T h e s e inc lude H g 2 + , A s 3 + , C u 2 + , Z n 2 + , N i 2 + , C r 3 + , P b 2 + , 
a n d C d 2 + . E v e n the i r p resence in t r ace quan t i t i e s (i .e., m i n i m u m de tec t ab le 
c o n c e n t r a t i o n s ) causes se r ious p r o b l e m s . 

C o n s i d e r a b l e press cove rage h a s been given t o c o n t a m i n a t i o n of w a t e r by 
m e r c u r y . M i c r o o r g a n i s m s c o n v e r t t h e m e r c u r y ion t o m e t h y l m e r c u r y 
( C H 3 H g ) o r d i m e t h y l m e r c u r y [ ( C H 3 ) 2 H g ] . T h e d i m e t h y l c o m p o u n d , be ing 
vola t i le , is even tua l ly lost t o t h e a t m o s p h e r e . M e t h y l m e r c u r y , h o w e v e r , is 
a b s o r b e d by fish t issue a n d m i g h t r e n d e r it u n s u i t a b l e for h u m a n c o n s u m p t i o n . 
M e r c u r y c o n t e n t in fish t issue is to l e rab le u p t o a m a x i m u m of 15 -20 p p m . 
M e t h y l m e r c u r y p re sen t in fish is a b s o r b e d b y h u m a n t issues a n d even tua l ly 
c o n c e n t r a t e s in ce r t a in vi tal o r g a n s such as the b r a i n a n d the liver. I n t h e case 
of p r e g n a n t w o m e n it c o n c e n t r a t e s in t he fetus . Recen t ly in J a p a n , t h e r e were 
several r e p o r t e d cases of d e a t h s f r o m m e r c u r y p o i s o n i n g , d u e t o h u m a n 
c o n s u m p t i o n of m e r c u r y - c o n t a m i n a t e d fish. Ana lys i s of fish t issue revea led 
m e r c u r y c o n c e n t r a t i o n s of a p p r o x i m a t e l y 110-130 p p m . T h e s e h i g h m e r c u r y 
c o n c e n t r a t i o n s , c o u p l e d wi th t h e la rge fish i n t a k e in t h e typica l J a p a n e s e 
diet , c aused th is t r agedy . 

so|- + *o2 -> soj- (1.3) 

N 0 2 - + ± 0 2 -> N 0 3 - (1.4) 
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C o n t a m i n a t i o n b y n i t ra tes is a l so d a n g e r o u s . F l u o r i d e s , o n t h e o t h e r h a n d , 
seem ac tua l ly beneficial , the i r p resence in p o t a b l e w a t e r s be ing r e spons ib l e for 
app rec i ab l e r e d u c t i o n in t h e e x t e n t of t o o t h decay . T h e r e is, h o w e v e r , c o n 
s iderab le c o n t r o v e r s y c o n c e r n i n g fluoridization of p o t a b l e wa te r . 

S o m e phys ica l c o n t a m i n a n t s inc lude (1) t e m p e r a t u r e c h a n g e ( t h e r m a l 
p o l l u t i o n ) . T h i s is t h e case of relat ively w a r m w a t e r d i s c h a r g e d b y indus t r i a l 
p l a n t s af ter use in h e a t exchange r s ( coo le r s ) ; (2) c o l o r (e.g. , c o o k i n g l i quo r s 
d i scha rged b y chemica l p u l p i n g p l a n t s ) ; (3) t u r b i d i t y (caused b y d i scha rges 
c o n t a i n i n g s u s p e n d e d so l ids ) ; (4) f o a m s [ d e t e r g e n t s such as a l k y l b e n z e n e 
su l fona te (ABS) cons t i t u t e i m p o r t a n t c a u s e of f o a m i n g ] ; a n d (5) r ad ioac t iv i ty . 

Biological c o n t a m i n a n t s a r e r e spons ib l e for t r a n s m i s s i o n of d iseases b y 
wa te r suppl ies . S o m e of t h e diseases t r a n s m i t t e d by b io log ica l c o n t a m i n a t i o n 
of w a t e r a re cho l e r a , t y p h o i d , p a r a t y p h o i d , a n d sh i s tosomias i s . 
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F o r th is r e a s o n , a n u m b e r of empi r i ca l m e t h o d s for e v a l u a t i o n of c o n 
c e n t r a t i o n of c o n t a m i n a n t s in w a s t e w a t e r s h a v e b e e n devised, t h e a p p l i c a t i o n 
of w h i c h does n o t r equ i r e k n o w l e d g e o f t h e chemica l c o m p o s i t i o n of t h e 
specific w a s t e w a t e r u n d e r c o n s i d e r a t i o n . T h e m o s t i m p o r t a n t s t a n d a r d 
m e t h o d s for analys is of o r g a n i c c o n t a m i n a n t s a r e descr ibed in Sec t ions 2 a n d 
3. F o r d i scuss ion of ana ly t i ca l m e t h o d s for specific i n o r g a n i c c o n t a m i n a n t s 
in w a s t e w a t e r s , d e t e r m i n a t i o n of phys ica l p a r a m e t e r s ( to ta l so l ids , co lor , 
o d o r ) , a n d b ioassay tests (co l i fo rms , toxic i ty tests) , t h e r e a d e r is refer red t o 
Ref. [ 1 3 ] . 

Special a t t e n t i o n is g iven in th is c h a p t e r t o t h e b iochemica l oxygen d e m a n d 
of w a s t e w a t e r s ( B O D ) . A m a t h e m a t i c a l m o d e l for typ ica l B O D curves is 
d iscussed, as well as t he e v a l u a t i o n of feasibil i ty of b io log ica l t r e a t m e n t for 
a n i nd u s t r i a l was t ewa te r (Sec t ions 4 - 9 ) . A v e r a g e charac te r i s t i cs of m u n i c i p a l 
sewage a n d t h e p r o c e d u r e fo l lowed in i n d u s t r i a l w a s t e w a t e r surveys a r e 
descr ibed in Sec t ions 10 a n d 11 . Since b o t h flow r a t e a n d sewage s t r eng th m a y 
fol low a n a l e a t o r y p a t t e r n of v a r i a t i o n , it m a y b e des i rab le t o p e r f o r m a 
s ta t i s t ica l c o r r e l a t i o n of such d a t a . T h i s subject is d iscussed in Sec t ion 12. 

Ana ly t i ca l m e t h o d s for o r g a n i c c o n t a m i n a n t s a r e classified i n t o t w o g r o u p s : 
Group 1. O x y g e n p a r a m e t e r m e t h o d s 

1. Theore t i ca l oxygen d e m a n d ( T h O D ) 
2. C h e m i c a l oxygen d e m a n d ( C O D ) [ s t a n d a r d d i c h r o m a t e o x i d a t i o n 

m e t h o d ; p e r m a n g a n a t e o x i d a t i o n tes t ; r a p i d C O D tes t s ; i n s t r u m e n t a l C O D 
m e t h o d s ( " A q u a R a t o r " ) ] 

3. B iochemica l oxygen d e m a n d ( B O D ) (d i lu t ion m e t h o d s ; m a n o m e t r i c 
m e t h o d s ) 

4 . T o t a l oxygen d e m a n d ( T O D ) 
Group 2. C a r b o n p a r a m e t e r m e t h o d s 

1. Theore t i ca l o r g a n i c c a r b o n ( T h O C ) 
2. T o t a l o rgan ic c a r b o n ( T O C ) (wet o x i d a t i o n m e t h o d ; c a r b o n 

ana lyze r d e t e r m i n a t i o n s ) 

2. M e a s u r e m e n t of Organic 
C o n t e n t : Group 1—Oxygen 

P a r a m e t e r M e t h o d s 
2 . 1 . T H E O R E T I C A L O X Y G E N D E M A N D (ThOD) 

Theore t i ca l oxygen d e m a n d ( T h O D ) c o r r e s p o n d s t o t he s to i ch iome t r i c 
a m o u n t of oxygen r equ i r ed t o oxidize comple t e ly a given c o m p o u n d . U s u a l l y 
expressed in mi l l ig rams of oxygen r equ i r ed pe r l i ter o f so lu t ion , it is a ca l 
cu la t ed va lue a n d c a n on ly be eva lua t ed if a c o m p l e t e chemica l ana lys i s of t he 
was tewa te r is ava i lab le , wh ich is very ra re ly t he case . The re fo re , its u t i l i za t ion 
is very l imi ted. 
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T o i l lus t ra te t h e ca l cu la t ion of T h O D , cons ide r t h e s imple case of a n 
a q u e o u s so lu t ion of a p u r e s u b s t a n c e : a so lu t i on of 1000 mg/ l i t e r o f l ac tose . 
E q u a t i o n (2.1)* c o r r e s p o n d s t o t he c o m p l e t e o x i d a t i o n of lac tose . 

( C H 2 0 ) + 0 2 - C 0 2 + H 2 0 (2.1) 
Molecular weight: 30 32 

T h O D va lue is readi ly o b t a i n e d f r o m a s to i ch iome t r i c ca l cu la t ion , ba sed 
o n E q . (2 .1) : 

30 (wt. lactose) _ 32 (wt. 0 2 ) 
Ϊ000 ~ T h O D 

.'. T h O D = (32/30)1000 = 1067 mg/liter 

2.2. C H E M I C A L O X Y G E N D E M A N D ( C O D ) 

C h e m i c a l oxygen d e m a n d ( C O D ) c o r r e s p o n d s t o t h e a m o u n t of oxygen 
r equ i r ed t o oxidize t h e o rgan i c f rac t ion of a s a m p l e w h i c h is suscept ib le t o 
p e r m a n g a n a t e o r d i c h r o m a t e o x i d a t i o n in an acid s o l u t i o n . Since o x i d a t i o n 
p e r f o r m e d in a C O D l a b o r a t o r y test does n o t necessar i ly c o r r e s p o n d t o t h e 
s to i ch iomet r i c E q . (2.1), C O D va lue is n o t expec ted t o e q u a l T h O D . 

S t a n d a r d C O D tests (Sect ions 2.2.1 a n d 2.2.2) yield va lues wh ich v a r y 

TABLE 2.1 
Average Values of Oxygen Parameters 
for Wastewaters as a Fraction of the 
Theoretical Oxygen Demand (Taken as 
100)* 

T h O D 100 
T O D 92 
C O D (standard method) 83 
C O D (rapid tests) 70 
B O D 2 0 

With nitrification 65 
Nitrification suppressed 55 

B O D 5 

With nitrification 58 
Nitrification suppressed 52 

a For carbon parameters the T O C represents an 
average of about 95% of the theoretical organic 
carbon (ThOC). Relationships between T h O D 
and T h O C are discussed in Section 3 . 

* For simplicity in Eq. (2.1), lactose was represented by one sugar unit ( C H 2 0 ) . 
Multiplying this unit by a factor of 12 one obtains Q 2 H 2 4 O 1 2 , which is the molecular 
formula for lactose. 
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f r o m 8 0 - 8 5 % of t h e T h O D , d e p e n d i n g o n t h e chemica l c o m p o s i t i o n of t h e 
w a s t e w a t e r be ing tes ted. R a p i d C O D tests , d iscussed in Sec t ion 2 .2 .3 , yield 
va lues e q u a l t o a p p r o x i m a t e l y 7 0 % of T h O D va lue . 

A p p r o x i m a t e r e l a t ionsh ips be tween t h e v a r i o u s oxygen a n d c a r b o n p a r a m 
eters a r e p re sen t ed in T a b l e 2 . 1 , as e s t i m a t e d f r o m a g r a p h in Eckenfe lde r 
a n d F o r d [ 4 ] . Va lues ind ica ted in T a b l e 2.1 a r e typica l ave rage v a l u e s ; co r r ec t 
r e l a t ionsh ips s h o u l d be d e t e r m i n e d for t h e w a s t e w a t e r in q u e s t i o n , as t hey a r e 
d e p e n d e n t u p o n i ts chemica l c o m p o s i t i o n . T h u s , va lues in T a b l e 2.1 a r e on ly 
u t i l ized for r o u g h es t ima tes in t h e absence of a c t u a l d a t a . F o u r types of C O D 
tests a r e descr ibed nex t . 

2.2.1. Standard Dichromate Oxidation 
M e t h o d [5, 8,13] 

T h e s t a n d a r d d i c h r o m a t e C O D test is wide ly used for e s t i m a t i n g t h e c o n 
c e n t r a t i o n of o r g a n i c m a t t e r in w a s t e w a t e r s . T h e tes t is p e r f o r m e d b y h e a t i n g 
u n d e r to t a l reflux c o n d i t i o n s a m e a s u r e d s a m p l e w i th a k n o w n excess of 
p o t a s s i u m d i c h r o m a t e ( K 2 C r 2 0 7 ) , in t h e p resence of sulfuric ac id ( H 2 S 0 4 ) , 
for a 2 -hr p e r i o d . O r g a n i c m a t t e r in t h e s a m p l e is ox id ized a n d , as a resul t , 
ye l low d i c h r o m a t e is c o n s u m e d a n d rep laced b y g reen c h r o m i c [ E q . ( 2 . 2 ) ] . 
Silver sulfate ( A g 2 S 0 4 ) is a d d e d as ca ta lys t . 

C r 2 0 ? ~ + 14H+ + 6e ^ 2 C r 3 + + 7 H 2 0 (2.2) 

M e a s u r e m e n t is p e r f o r m e d b y t i t r a t ing t h e r e m a i n i n g d i c h r o m a t e o r b y 
d e t e r m i n i n g co lor imet r ica l ly t he g reen c h r o m i c p r o d u c e d . T h e t i t r a t i o n 
m e t h o d is m o r e a c c u r a t e , b u t m o r e t e d i o u s . T h e co lo r ime t r i c m e t h o d , w h e n 
p e r f o r m e d wi th a g o o d p h o t o e l e c t r i c c o l o r i m e t e r o r s p e c t r o p h o t o m e t e r , is 
m o r e r ap id , easier , a n d sufficiently a c c u r a t e for all p rac t i ca l p u r p o s e s . 

If ch lo r ides a r e p r e sen t in t h e w a s t e w a t e r , t hey in terfere w i th t h e C O D test 
s ince ch lo r ides a r e oxid ized by d i c h r o m a t e a c c o r d i n g t o E q . (2 .3) . 

6C1" + C r 2 0 ? ~ + 1 4 H + - 3 C l 2 4- 2 C r 3 + + 7 H 2 0 (2.3) 

T h i s in ter ference is p r even t ed by a d d i t i o n of m e r c u r i c sulfate ( H g S 0 4 ) t o t h e 
m i x t u r e , as H g 2 + c o m b i n e s wi th C I " t o f o r m m e r c u r i c ch lo r i de ( H g C l 2 ) , 
w h i c h is essent ia l ly n o n i o n i z e d . A 10:1 r a t i o of H g S 0 4 : C l " is r e c o m m e n d e d . 
Th i s c o r r e s p o n d s t o the fo l lowing chemica l r e a c t i o n [ E q . (2 .4 ) ] . 

H g 2 + + 2C1- - H g C l 2 j (2.4) 

T h e p resence of t h e A g 2 S 0 4 ca ta lys t is r equ i r ed for o x i d a t i o n of s t r a igh t -
c h a i n a lcoho l s a n d ac ids . If insufficient q u a n t i t y of H g S 0 4 is a d d e d , t he excess 
C l~ p rec ip i t a tes t h e A g 2 S 0 4 ca ta lys t , t h u s l ead ing t o e r r o n e o u s l y low va lues 
for the C O D test . Th i s c o r r e s p o n d s t o t h e fo l lowing chemica l r e a c t i o n 
[ E q . (2 .5 ) ] . 

A g + + C 1 " - A g C l i (2.5) 
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S t a n d a r d fe r rous a m m o n i u m sulfate [ F e ( N H 4 ) 2 ( S 0 4 ) 2 - 6 H 2 0 ] is u sed 
for t he t i t r a t i o n m e t h o d . Ord ina r i l y , s t a n d a r d fe r rous sulfate loses s t r e n g t h 
wi th age , d u e t o a i r ox ida t i on . D a i l y s t a n d a r d i z a t i o n a n d m a t h e m a t i c a l 
c o r r e c t i o n in t he ca l cu la t ion of C O D t o a c c o u n t for th is d e t e r i o r a t i o n a r e 
r e c o m m e n d e d [ 1 3 ] . C a d m i u m a d d i t i o n t o t h e s tock bo t t l e o f f e r rous su l fa te 
c o m p l e t e l y p reven t s d e t e r i o r a t i o n . F e r r o u s sulfate ava i l ab le f r o m H a c h 
C h e m i c a l C o m p a n y for t h e C O D tes t is p rese rved in th i s m a n n e r , so t h a t n o 
fu r the r s t a n d a r d i z a t i o n checks a r e r equ i r ed . 

T h e r e c o m m e n d e d p r o c e d u r e is t o c o o l t h e s a m p l e after t h e 2 -hr d iges t ion 
wi th K 2 C r 2 0 7 , a d d five d r o p s of fer roin i nd i ca to r , a n d t i t r a t e w i t h t h e s t a n d a r d 
fe r rous a m m o n i u m sulfate so lu t ion un t i l a r e d - b r o w n c o l o r is o b t a i n e d . T h e 
e n d p o i n t is very s h a r p . F e r r o i n i n d i c a t o r so lu t i on m a y be p u r c h a s e d a l r e a d y 
p r e p a r e d (it is a n a q u e o u s so lu t i on of 1 ,10-phenan th ro l ine m o n o h y d r a t e a n d 
F e S 0 4 - 7 H 2 0 ) . T h e r e d - b r o w n c o l o r c o r r e s p o n d i n g t o t h e e n d p o i n t is d u e t o 
f o r m a t i o n of a c o m p l e x of f e r rous ion wi th p h e n a n t h r o l i n e . E q u a t i o n (2.6) 
c o r r e s p o n d s t o o x i d a t i o n of fe r rous a m m o n i u m sulfate b y d i c h r o m a t e . 

E q u a t i o n (2.7) c o r r e s p o n d s t o f o r m a t i o n of t h e f e r r o u s - p h e n a n t h r o l i n e 
c o m p l e x , wh ich t akes p lace as s o o n as all d i c h r o m a t e is r e d u c e d t o C r 3 + , a n d 
the re fo re fur ther a d d i t i o n of fe r rous a m m o n i u m sulfate resul ts in a n excess 
of F e 2 + ( fer rous ion ) . 

De ta i l s c o n c e r n i n g p r e p a r a t i o n a n d s t a n d a r d i z a t i o n of r e a g e n t s a n d ca l 
c u l a t i o n p r o c e d u r e a r e given in Refs . [ 5 ] , [ 8 ] , a n d [ 1 3 ] . R e p r o d u c i b i l i t y of 
t h e C O D tes t is affected b y t h e reflux t i m e . C O D va lue o b t a i n e d increases 
wi th reflux t i m e u p t o a b o u t 7 h r a n d t h e n r e m a i n s essent ia l ly c o n s t a n t [ 4 ] . 
I n s t e a d o f ref luxing for 7 h r o r m o r e , a p rac t i ca l reflux t i m e of 2 h r is r e c o m 
m e n d e d in t h e s t a n d a r d p r o c e d u r e . 

2.2.2. Permanganate Oxidation Test 

R e c o m m e n d e d as t h e s t a n d a r d m e t h o d unt i l 1965, th is test h a s been r e p l a c e d 
b y the d i c h r o m a t e test j u s t descr ibed . Th i s tes t ut i l izes p o t a s s i u m p e r m a n 
g a n a t e ( K M n 0 4 ) i n s t ead of d i c h r o m a t e as t h e ox id iz ing agen t . 

T h e w a s t e w a t e r s a m p l e is bo i led wi th a m e a s u r e d excess o f p e r m a n g a n a t e 
in ac id so lu t ion ( H 2 S 0 4 ) for 30 m i n . T h e p i n k so lu t ion is coo l ed a n d a k n o w n 
excess of a m m o n i u m oxa la t e [ ( N H 4 ) 2 C 2 0 4 ] is a d d e d , t h e so lu t ion b e c o m i n g 
color less . Excess oxa la t e is t h e n t i t r a t ed w i th K M n 0 4 so lu t ion un t i l t h e p i n k 

C r 2 0 ? " + 1 4 H + + 6 F e 2 + ^ 2 C r 3 + + 6 F e 3 + + 7 H 2 0 (2.6) 

F e ( C 1 2 H 8 N 2 ) i + + e ^ F e ( C 1 2 H 8 N 2 ) § + 

phenanthroline-ferric phenanthrol ine-ferrous 
(pale blue) (red-brown) 

(2.7) 
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co lo r r e t u r n s . O x a l a t e used is ca lcu la ted b y difference, a n d p e r m a n g a n a t e 
ut i l ized is ca lcu la ted f rom s imple s t o i ch iome t ry . E q u a t i o n (2.8) c o r r e s p o n d s 
t o ox ida t ion of t he oxa la t e . 

5 C 2 O i - + 2 M n 0 4 " + 1 6 H + 1 0 C O 2 + 2 M n 2 + + 8 H 2 0 (2.8) 

2.2.3. Rapid C O D Tests 

Several r a p i d C O D tests h a v e been p r o p o s e d involv ing d iges t ion wi th 
d i c h r o m a t e for pe r i ods of t ime s h o r t e r t h a n the 2 h r p resc r ibed in t h e s t a n d a r d 
test . In o n e of these t echn iques , t h e w a s t e w a t e r is d iges ted wi th t h e K 2 C r 2 0 7 -
H 2 S 0 4 - A g S 0 4 so lu t ion a t 165°C for 15 m i n . T h e so lu t i on is d i lu ted w i t h 
dist i l led wa t e r a n d t i t r a t ed wi th fe r rous a m m o n i u m sulfate, as in t h e s t a n d a r d 
m e t h o d . 

In th is test , C O D yield for d o m e s t i c s ludge c o r r e s p o n d s t o a p p r o x i m a t e l y 
6 5 % of t he va lue o b t a i n e d by the s t a n d a r d m e t h o d . F o r o t h e r w as t ew a t e r s , 
C O D yield r a t i o be tween the r a p i d a n d the s t a n d a r d test var ies d e p e n d i n g o n 
the n a t u r e of the was tewa te r . 

2.2.4. Instrumental C O D M e t h o d s [11,14,15] 

I n s t r u m e n t a l C O D m e t h o d s a r e very fast a n d yield r e p r o d u c i b l e resul t s . In 
th is sect ion, t he Prec i s ion A q u a R a t o r deve loped by t h e D o w C h e m i c a l 
C o m p a n y a n d l icensed t o t h e Prec is ion Scientific C o m p a n y is desc r ibed . T h e 
C O D m e a s u r e m e n t requ i res on ly a b o u t 2 m i n a n d d a t a a r e r e p r o d u c i b l e t o 
wi th in ± 3 % o r be t te r . Resu l t s co r re l a t e well wi th t h o s e of t h e s t a n d a r d C O D 
m e t h o d a n d a r e m u c h m o r e cons i s t en t t h a n B O D tes ts , w h i c h typica l ly v a r y 
by ± 1 5 % . 

T h e A q u a R a t o r is des igned t o m e a s u r e oxygen d e m a n d in t h e r a n g e of 
10-300 mg/ l i te r . S a m p l e s of h ighe r c o n c e n t r a t i o n a r e h a n d l e d b y p r e l i m i n a r y 
d i lu t ion of t he s a m p l e . A flow d i a g r a m of t h e Prec i s ion A q u a R a t o r is s h o w n 
in F ig . 2 . 1 . 

A 20-μ1 s a m p l e (20 χ 1 0 " 6 l i ter » 0 . 0 2 c m 3 ) , h o m o g e n i z e d if necessa ry , is 
injected by a syr inge i n t o t h e Prec i s ion A q u a R a t o r . (See s a m p l e in ject ion 
p o r t , SIP . ) T h e s a m p l e is swept t h r o u g h a p l a t i n u m ca ta ly t ic c o m b u s t i o n 
furnace ( S F ) by a s t r e a m of d r y C 0 2 , w h i c h oxidizes t h e c o n t a m i n a n t s t o C O 
a n d H 2 0 . W a t e r is s t r ipped o u t in a d r y i n g t u b e ( D T ) , a n d r eac t i on p r o d u c t s 
a r e t h e n passed t h r o u g h a s econd p l a t i n u m ca ta ly t i c t r e a t m e n t . T h e C O c o n 
c e n t r a t i o n is m e a s u r e d b y a n in tegra l nond i spe r s ive inf ra red ana lyze r ( IA) , 
sensi t ized for c a r b o n m o n o x i d e . T h e r e su l t an t r e a d i n g is d i rec t ly c o n v e r t e d t o 
C O D by use of a ca l ib ra t i on cha r t . 

C a r b o n d iox ide flow is set a t a p p r o x i m a t e l y 130 c m 3 / m i n by t h e flow 
c o n t r o l sys tem. A n y t r ace of oxygen p r e sen t in t he feed gas is r e d u c e d b y a 
" p u r i f y i n g " c a r b o n fu rnace ( P C F ) , y ie ld ing a b a c k g r o u n d gas s t r e a m of C O 
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Fig. 2.1. Flow diagram of Precision AquaRator [ 1 1 ] . (Courtesy of Precision 
Scientific Company.) 

a n d C 0 2 wh i ch is i nd ica t ed as a n o r m a l base l ine of t h e r e c o r d e r . T h e s a m p l e 
is injected in to the s a m p l e fu rnace (SF) , w h e r e c o n t a m i n a n t s a n d C 0 2 r eac t 
t o f o r m a typica l m i x t u r e o f C O , C 0 2 , a n d H 2 0 . T h e in f ra red a n a l y z e r ( IA) 
d e t e r m i n e s t he increase of C O c o n t e n t in t he gas s t r e a m , wh ich is d i rec t ly 
re la ted t o C O D of t h e s a m p l e . E x h a u s t gas is t hen d i scha rged t h r o u g h a 
s a m p l e inlet p u r g i n g man i fo ld . 

T h e A q u a R a t o r t h e o r y is d iscussed in S tenger a n d V a n Ha l l [14 , 15] . 
E q u a t i o n s (2.9) a n d (2.10) ind ica t e t h e types of r e ac t i ons t h a t t a k e p lace 
w h e n o rgan i c ma te r i a l is c o m b u s t e d in a t m o s p h e r e s of oxygen a n d c a r b o n 
d iox ide , respect ively. 

Ο , Η , , Ν , Ο , + ( w / 2 ) 0 2 - a C 0 2 + (6/2) H 2 0 + ( c / 2 ) N 2 (2.9) 

C e H „ N c O d + m C 0 2 - (m + a ) C O + ( 6 / 2 ) H 2 0 + ( c / 2 ) N 2 (2.10) 

If oxygen r equ i red in E q . (2.9) c o u l d be d e t e r m i n e d exact ly , it w o u l d r ep re 
sent t he T h O D of t he s a m p l e . Idea l ly , t h e d i c h r o m a t e C O D d e t e r m i n a t i o n 
a p p r o a c h e s th is va lue , b u t s o m e c o m p o u n d s a r e difficult t o oxidize by t h e 
d i c h r o m a t e t r e a t m e n t . O x i d a t i o n wh ich t akes p lace in t he A q u a R a t o r is m o r e 
v igo rous t h a n d i c h r o m a t e ox ida t i on , a n d t h u s resul ts r ep re sen t a m o r e 
realist ic level of oxygen d e m a n d of t he c o n t a m i n a n t s p resen t . 

T h e o r i g ina to r s of t he m e t h o d used in t he A q u a R a t o r [ 1 4 , 1 5 ] d e m o n s t r a t e d 
t h a t (m + a) in E q . (2.10) is equa l t o η in E q . (2 .9) ; t h a t is, t h e n u m b e r of m o l e s 
of c a r b o n m o n o x i d e p r o d u c e d is t he s a m e as t he n u m b e r of oxygen a t o m s 
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r equ i r ed . The re fo re , i n s t r u m e n t r ead ings of c a r b o n m o n o x i d e f o r m e d a r e 
di rect ly re la ted t o chemica l oxygen d e m a n d . C a l i b r a t i o n is ca r r i ed o u t b y 
inject ing s t a n d a r d so lu t ions of s o d i u m ace t a t e t r i h y d r a t e , for w h i c h oxygen 
d e m a n d in mi l l ig rams pe r liter c a n b e ca lcu la ted . A g r a p h of oxygen d e m a n d 
vs. r e c o r d e r o u t p u t ( cha r t d iv is ions) is all t h a t is r e q u i r e d for d e t e r m i n i n g the 
u n k n o w n c o n t a m i n a n t d e m a n d . 

2.3. B I O C H E M I C A L O X Y G E N D E M A N D ( B O D ) 

Biochemica l oxygen d e m a n d is used as a m e a s u r e of t h e q u a n t i t y of oxygen 
r e q u i r e d for o x i d a t i o n of b i o d e g r a d a b l e o r g a n i c m a t t e r p r e s en t in t h e w a t e r 
s a m p l e b y a e r o b i c b i o c h e m i c a l a c t i on . O x y g e n d e m a n d of w a s t e w a t e r s is 
exe r t ed by th ree classes of m a t e r i a l s : (1) c a r b o n a c e o u s o r g a n i c m a t e r i a l s 
u sab le as a sou rce of f ood by a e r o b i c o r g a n i s m s ; (2) ox id i zab le n i t r o g e n 
der ived f r o m n i t r i t e , a m m o n i a , a n d o r g a n i c n i t r o g e n c o m p o u n d s w h i c h serve 
as food for specific bac t e r i a (e.g., Nitrosomonas a n d Nitrobacter). T h i s t ype 
of o x i d a t i o n (ni t r i f icat ion) is d iscussed in Sec t ion 8 ; a n d (3) c h e m i c a l r e d u c i n g 
c o m p o u n d s , e .g. , fe r rous i o n ( F e 2 + ) , sulfites ( S O 2 - ) , a n d sulfide ( S 2 ~ ) , 
wh ich a re ox id ized by dissolved oxygen . 

F o r d o m e s t i c sewage , nea r ly all oxygen d e m a n d is d u e t o c a r b o n a c e o u s 
o rgan i c ma te r i a l s a n d is d e t e r m i n e d by B O D tests desc r ibed in Sec t ions 
2.3.1 a n d 2.3.2. F o r effluents subjec ted t o b io logica l t r e a t m e n t , a c o n s i d e r a b l e 
p a r t of t h e oxygen d e m a n d m a y be d u e t o n i t r i f ica t ion (Sec t ion 8 of th is 
c h a p t e r ) . 

2.3.1. B O D Dilution Test 
D e t a i l e d desc r ip t ion of t h e d i l u t i o n tes t as well as p r e p a r a t i o n of r eagen t s 

is given in Ref. [ 1 3 ] . P r o c e d u r e is given be low. 
1. P r e p a r e several d i lu t ions of t he s a m p l e t o be ana lyzed wi th dis t i l led 

wa t e r of h igh pu r i ty . R e c o m m e n d e d d i lu t ions d e p e n d o n e s t i m a t e d c o n c e n 
t r a t i o n of c o n t a m i n a n t s r e spons ib le for oxygen d e m a n d . F o r h ighly c o n t a m 
ina t ed w a t e r s , d i l u t i o n r a t ios (ml of d i lu ted s a m p l e / m l of or ig ina l s a m p l e ) 
m a y b e of 100 :1 . F o r r iver wa te r s , t he s a m p l e m a y be t a k e n w i t h o u t d i lu t ion 
for low p o l l u t i o n s t r e a m s , a n d in o t h e r cases d i lu t i on r a t i o s of 4 :1 m a y b e 
ut i l ized. 

2. I n c u b a t i o n bo t t l e s (250- t o 300-ml capac i ty ) , w i th g round -g l a s s 
s t oppe r s a r e ut i l ized. I n t he B O D bo t t l e o n e p laces (a) t h e d i lu t ed s a m p l e 
(i.e., t he " s u b s t r a t e " ) , (b) a seed of m i c r o o r g a n i s m s (usual ly t h e s u p e r n a t a n t 
l i quor f rom d o m e s t i c sewage) , a n d (c) n u t r i e n t so lu t i on for t h e m i c r o 
o rgan i sms . Th i s so lu t ion c o n t a i n s s o d i u m a n d p o t a s s i u m p h o s p h a t e s a n d 
a m m o n i u m ch lo r ide ( n i t r o g e n a n d p h o s p h o r u s a r e e l emen t s n eed ed as 
nu t r i en t s for m i c r o o r g a n i s m s ) . 

T h e p H of t he s o l u t i o n in t he B O D b o t t l e s h o u l d be a b o u t 7.0 (neu t ra l ) . 
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P h o s p h a t e so lu t ion ut i l ized is a buffer. F o r s a m p l e s c o n t a i n i n g caus t i c 
a lka l in i ty o r acidi ty , n e u t r a l i z a t i o n t o a b o u t p H 7 is m a d e wi th d i lu te H 2 S 0 4 

o r N a O H p r i o r t o t h e B O D test . 
F o r e a c h B O D bo t t l e a c o n t r o l b o t t l e , w h i c h does n o t c o n t a i n t h e s u b s t r a t e , 

is a l so p r e p a r e d . 
3. Bot t les a re i n c u b a t e d a t 20°C. E a c h succeed ing 24-hr p e r i o d , a s a m p l e 

b o t t l e a n d a c o r r e s p o n d i n g c o n t r o l bo t t l e a r e t a k e n f r o m t h e i n c u b a t o r , a n d 
d issolved oxygen in b o t h is d e t e r m i n e d as descr ibed a t t he e n d of th i s sec t ion . 
T h e difference b e t w e e n c o n c e n t r a t i o n s of d issolved oxygen (mg/ l i t e r ) in 
c o n t r o l bo t t l e a n d i n s a m p l e b o t t l e c o r r e s p o n d s t o t h e oxygen ut i l ized in 
b iochemica l o x i d a t i o n of c o n t a m i n a n t s [ E q . (2 .11) ] . 

y (mg/liter) = D O (control bottle) - D O (sample bottle) (2.11) 

Va lues of y ( B O D , mg/ l i te r ) a r e p l o t t e d vs. i n c u b a t i o n t i m e t (days) . A typica l 
B O D cu rve for o x i d a t i o n of c a r b o n a c e o u s ma te r i a l s is s h o w n in F ig . 2 .2 . 
Cu rves for cases w h e r e ni t r i f icat ion t akes p lace a r e d iscussed in Sec t ion 8. 

b-BODy 

t: Incubation time (days) 

Fig. 2.2. Typical BOD curve for oxidation of carbonaceous materials. 

Oxygen u t i l i za t ion in t he B O D test is very s low. A typica l c u r v e (F ig . 2.2) 
on ly reaches t h e l imi t ing B O D in a b o u t 2 0 days o r m o r e . T h i s v a l u e is cal led 
ultimate BOD, d e n o t e d as B O D M . 

I t is imprac t i ca l t o m o n i t o r c o n t i n u o u s l y a p roces s s t r e a m in t e r m s of B O D 
because of t h e t i m e fac tor involved in t h e test . I n p rac t i ce , B O D is r e p o r t e d 
in t e r m s o f 5-day B O D , d e n o t e d a s B O D 5 (F ig . 2.2). E v en 5 d a y s is t o o l o n g 
a pe r iod of t i m e t o wa i t for t h e resul t of a test . 

I t is i m p o r t a n t t o no t i ce t h a t t h e va lue of B O D M is n o t e q u a l t o T h O D , 
because in t h e B O D bo t t l e n o t all subs t r a t e is oxid ized . R a t i o s of va lues of 
B O D M (o r B O D 5 ) t o T h O D d e p e n d o n t h e chemica l c o m p o s i t i o n o f t h e was t e 
wa te r . A v e r a g e va lues a r e given in T a b l e 2 . 1 . 

T h e r a t i o of B O D 5 t o B O D M a l so var ies a c c o r d i n g t o t h e s u b s t r a t e . F o r 
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domestic sewage, this ratio is approximately 0.77 [Eq. (2.12)]. 

B O D 5 / B O D M = 0.77 (2.12) 

Considerable experience is required to obtain reliable results in the BOD 
dilution test. In general, reproducibility of results is not better than ±15%. 
Some of the difficulties involved in the BOD dilution test are discussed in the 
next sections. Because of these fluctuations it is recommended that several 
BOD bottles be taken from the incubator every 24 hr and that statistical 
averaging of results be performed. 

a. Ratio of COD and BODu 

It has just been stated that values of BOD M and ThOD are not equal. 
Similarly, the value of BODM is generally lower than that for COD obtained 
by the standard dichromate oxidation method, as indicated in Table 2.1. The 
reasons are that (1) many organic compounds which are oxidized by K 2 C r 2 0 7 

are not biochemically oxidizable and (2) certain inorganic ions such as sulfides 
(S 2 ") , thiosulfates (S 2 03~) , sulfites (SO3") , nitrites ( N 0 2 " ) , and ferrous ion 
( F e 2 + ) are oxidized by K 2 C r 2 0 7 , thus accounting for inorganic COD, which 
is not detected by the BOD test. 

b. Effect of Seeding and Acclimation of Seed on 
the BOD Test 

One of the most frequent reasons for unreliable BOD values is utilization 
of an insufficient amount of microorganism seed. Another serious problem 
for industrial wastes is acclimation of seed. For many industrial wastes, the 
presence of toxic materials interferes with growth of the microorganism 
population. BOD curves obtained exhibit a time lag period (Fig. 2.3). 

Low BOD values are obtained if adequate corrective action is not taken. 
It becomes necessary to acclimate the microorganism seed to the specific 

t (days) 

Fig. 2.3. Lag period in BOD test. 
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waste. This is achieved by starting with a sample of settled domestic sewage 
which contains a large variety of microorganisms, and adding a small amount 
of industrial effluent. Air is bubbled through this mixture. The operation is 
performed in bench scale reactors of either continuous or batch type. These 
reactors are described in Chapter 5, Section 6.1. 

The process is repeated with gradual increase in the proportion of industrial 
waste to domestic sewage, until a microbial culture acclimated to the specific 
industrial waste is developed. This may be a long and difficult procedure for 
very toxic industrial wastewaters. When an acclimated culture has been 
developed, the BOD curve does not present a lag period, thus becoming a 
typical BOD curve of the general shape shown in Fig. 2.2. 

c. Effect of Presence of Algae on the BOD Test 

Presence of algae in the wastewater being tested affects the BOD test. If 
the sample is incubated in the presence of light, low BOD values are obtained 
owing to production of oxygen by photosynthesis, which satisfies part of the 
oxygen demand. On the other hand, if incubation is performed in darkness, 
algae survive for a while. Thus, short-term BOD determinations show the 
effect of oxygen on them. After a period in the dark, algae die and algal cells 
contribute to the increase of total organic content of the sample, thus leading 
to high BOD values. Therefore, the effect of algae on the BOD test is difficult 
to evaluate. 

d. Glucose-Glutamic Acid Check 

The quality of dilution water, which if contaminated leads to incorrect 
BOD values, the effectiveness of the seed, and the analytical technique are 
checked periodically by using pure organic compounds for which BOD is 
known or determinable. One of the most commonly used is a mixture of 
glucose ( C 6 H 1 2 0 6 ) and glutamic acid [ H O O C C H 2 C H 2 C H ( N H 2 ) C O O H ] . 
A mixture of 150 mg/liter of each is recommended. Pure glucose has an 
exceptionally high oxidation rate with relatively simple seeds. When used with 
glutamic acid, the oxidation rate is stabilized and is similar to that of most 
municipal wastewaters. BOD of the standard glucose-glutamic acid solution 
is 220 ± 1 1 mg/liter. Any appreciable divergence from these values raises 
questions concerning quality of the distilled water or viability of the seeding 
material. If a variation greater than ± 2 0 - 2 2 mg/liter occurs more frequently 
than 5% of the time, this indicates a faulty technique. 

e. Determination of Dissolved Oxygen (DO) 

The BOD dilution method requires determinations of the amount of dis
solved oxygen. These determinations are performed by either titration or 
instrumental methods. The basic titration method is that of Winkler. Waste-
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wate r s m a y c o n t a i n several i ons a n d c o m p o u n d s w h i c h in ter fere w i t h t h e 
or ig ina l D O d e t e r m i n a t i o n . T o e l imina t e these in te r fe rences , several m o d i 
fications of t h e bas ic m e t h o d h a v e b e e n p r o p o s e d [ 1 3 ] . A br ief de sc r ip t i on 
fol lows of t h e az ide modi f i ca t ion of W i n k l e r ' s m e t h o d , w h i c h effectively 
r e m o v e s in ter ference caused b y n i t r i tes . T h i s is t h e m o s t c o m m o n in te r fe rence 
f o u n d in p rac t i ce . O t h e r modi f i ca t ions t o r e m o v e in ter ferences a r e desc r ibed 
in Ref. [ 1 3 ] . 

W i n k l e r ' s m e t h o d is b a s e d o n o x i d a t i o n of i o d i d e i o n ( I " ) , w h i c h is c o n 
t a ined in t h e a l k a l i - i o d i d e - a z i d e r eagen t , t o i o d i n e ( I 2 ) b y d i s so lved oxygen 
of t h e s a m p l e , a n d t i t r a t i o n of t h e i o d i n e b y s o d i u m th iosu l fa te ( N a 2 S 2 0 3 ) , 
u t i l iz ing s t a r ch as i nd ica to r . O x i d a t i o n is p e r f o r m e d in ac id m e d i u m ( H 2 S 0 4 ) 
in t h e p resence of m a n g a n e s e sulfate ( M n S 0 4 ) . T h e a l k a l i - i o d i d e - a z i d e 
r eagen t is a s o l u t i o n of N a O H , N a l , a n d N a N 3 ( s o d i u m az ide ) . 

E q u a t i o n (2.13) c o r r e s p o n d s t o t h e o x i d a t i o n of I " t o I 2 . 

2 1 - -> I 2 + 2e (2.13) 

In te r fe rence of n i t r i tes is d u e t o the i r o x i d a t i o n t o N O w i t h f o r m a t i o n of I 2 

[ E q . (2 .14) ] . 

2 N 0 2 " + 2 1 - + 4 H + - 2 N O + I 2 + 2 H 2 0 (2.14) 

T i t r a t i o n of I 2 b y th iosu l fa te c o r r e s p o n d s t o E q . (2.15) [ t h iosu l f a t e ( S 2 0 | " ) 
is oxidized t o t e t r a t h i o n a t e ( S 4 0 6 ) " ] . 

2 S 2 0 § - + I 2 S 4 O i " + 2 1 - (2.15) 

S t a r c h yields a b lue c o l o r in t h e p resence of i od ine . T i t r a t i o n w i t h s o d i u m 
th iosu l fa te is c o n t i n u e d un t i l t h e b lue c o l o r d i s a p p e a r s . 

A v a r i a t i o n of th is p r o c e d u r e uti l izes a n e w r e a g e n t (pheny la r s ine ox ide , 
P A O ) ins t ead of s o d i u m th iosu l fa te . T h i s r e a g e n t h a s t h e a d v a n t a g e of be ing 
s table , w h e r e a s s o d i u m th iosu l fa te de t e r io ra t e s r a p i d l y a n d s h o u l d b e r e -
s t a n d a r d i z e d before e a c h d e t e r m i n a t i o n . A desc r ip t i on of th i s i m p r o v e d 
p r o c e d u r e is f o u n d in Ref. [ 8 ] . 

I n s t r u m e n t a l d e t e r m i n a t i o n of d i s so lved oxygen is p e r f o r m e d b y D O 
a n a l y z e r s . A d i a g r a m of a typica l m o d e l of t h e i n s t r u m e n t is s h o w n in F ig . 
2 .4 . T h e D O a n a l y z e r is a ga lvan ic sys tem w h i c h ut i l izes a cy l i nde r - shaped 
lead a n o d e s u r r o u n d i n g a r o d - s h a p e d silver c a t h o d e . B o t h e lec t rodes a r e 
cove red by a layer of K O H elec t ro ly te c o n t a i n e d in a t h i n e lec t ro lyt ic p a d . A 
p las t i c m e m b r a n e covers t h e e l ec t rodes a n d e lec t ro ly te a n d serves as a selective 
diffusion b a r r i e r w h i c h is p e r m e a b l e t o al l gases , i nc lud ing m o l e c u l a r oxygen , 
b u t is v i r tua l ly i m p e r m e a b l e t o ion ic species w h i c h m a y b e p r e s e n t in t h e w a s t e 
wa t e r s . T o m e a s u r e D O t h e p r o b e is d i p p e d i n t o t h e s a m p l e . A cell c u r r e n t 
wh ich is p r o p o r t i o n a l t o t h e oxygen c o n c e n t r a t i o n in t h e s a m p l e is m e a s u r e d 
direct ly in t e r m s of mg/ l i t e r o f d isso lved oxygen b y t h e need le in t h e oxygen 



38 2. Characterization of Domestic and Industrial Wastewaters 

Fig. 2.4. Dissolved oxygen analyzer. 

mete r . T h e s a m p l e is c o n s t a n t l y s t i r red d u r i n g m e a s u r e m e n t , s ince on ly u n d e r 
these c o n d i t i o n s is t h e c u r r e n t d i rect ly p r o p o r t i o n a l t o t h e oxygen c o n c e n t r a 
t i on in t h e bu lk of the tes t s a m p l e . C a l i b r a t i o n of t h e D O ana lyze r is p e r f o r m e d 
b y m e a s u r i n g t h e D O of a s a m p l e of k n o w n oxygen c o n t e n t , w h i c h is de te r 
m i n e d by s t a n d a r d ana ly t ica l m e t h o d s (name ly , t he W i n k l e r m e t h o d ) [ 1 3 ] . 

2.3.2. B O D Manometr ic M e t h o d s 

T h e m a n o m e t r i c a p p a r a t u s descr ibed in th is sec t ion is t h e H a c h M o d e l 
2173 [ 7 ] . T h e H a c h B O D a p p a r a t u s h a s been c o m p a r e d wi th t h e s t a n d a r d 
d i lu t ion m e t h o d u n d e r con t ro l l ed l a b o r a t o r y c o n d i t i o n s . I n r o u t i n e analys is 
it gives nea r ly e q u i v a l e n t resul ts a n d prec i s ion . Since a phys ica l c h a n g e is 
obse rved , chemica l l a b o r a t o r y ana lys i s is n o t r equ i red . A d i a g r a m s h o w i n g 
on ly o n e bo t t l e is dep ic ted in F ig . 2 . 5 . T h e pr inc ip le of o p e r a t i o n is as fo l lows : 
A m e a s u r e d s a m p l e of sewage o r w a s t e w a t e r is p l a c e d in a bo t t l e o n t he 
a p p a r a t u s , w h i c h is c o n n e c t e d t o a c losed-end m e r c u r y m a n o m e t e r . A b o v e 
t h e sewage o r w a t e r s a m p l e is a q u a n t i t y of air (which c o n t a i n s a p p r o x i m a t e l y 
2 1 % oxygen b y v o l u m e ) . Ove r a p e r i o d of t ime bac te r i a in t h e sewage uti l izes 
t h e oxygen t o oxidize o r g a n i c m a t t e r p r e sen t in t h e s a m p l e , a n d t h u s d issolved 
oxygen is c o n s u m e d . A i r in t he c losed s a m p l e b o t t l e rep len ishes t h e ut i l ized 
oxygen , t h u s resu l t ing in a d r o p of a i r p re s su re in t h e s a m p l e bo t t l e . M e r c u r y 
in t h e leg o f t h e m a n o m e t e r c o n n e c t e d t o t h e bo t t l e m o v e s u p w a r d , as i nd i ca t ed 
b y t h e a r r o w in F ig . 2 .5 . T h u s , t h e p re s su re d r o p is regis tered o n t h e m e r c u r y 
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m a n o m e t e r a n d r ead direct ly in mg / l i t e r B O D . P r i o r t o s t a r t i ng t h e test , set 
screws o n the m a n o m e t e r scale a r e l oosened a n d the ze ro m a r k is set a t t h e t o p 
of t he m e r c u r y c o l u m n . 

D u r i n g t h e tes t p e r i o d (5 d a y s for B O D 5 ) , t h e sys tem is i n c u b a t e d a t 2 0 ° C 
a n d the s a m p l e c o n t i n u a l l y ag i t a t ed b y a m a g n e t i c s t i r r ing b a r , w h i c h is 
r o t a t e d by a pul ley sys tem c o n n e c t e d t o a m o t o r . C a r b o n d iox ide is p r o d u c e d 
by o x i d a t i o n of o rgan i c m a t t e r , a n d m u s t b e r e m o v e d f r o m the sys tem so t h a t 
it does n o t deve lop a posi t ive gas p res su re w h i c h w o u l d resul t in a n e r ro r . 
Th i s is a c c o m p l i s h e d b y a d d i t i o n of a few d r o p s of p o t a s s i u m h y d r o x i d e 
so lu t ion in t h e seal c u p of e ach s a m p l e bo t t l e . B O D read ings a r e per iod ica l ly 
c h e c k e d b y ut i l iz ing t h e s t a n d a r d g l u c o s e - g l u t a m i c ac id s o l u t i o n . 

W h e n h igh oxygen d e m a n d s a r e e n c o u n t e r e d t h e s a m p l e m u s t b e d i lu ted . 
A c c u r a c y of t he m a n o m e t r i c test is c l a i m e d as c o m p a r a b l e t o t h a t of t h e 
d i lu t ion test . 

2.4. T O T A L O X Y G E N D E M A N D (TOD) [6, 9,17 ] 
Usefulness of t he s t a n d a r d C O D m e t h o d is d u e t o t h e fact t h a t resul ts a r e 

o b t a i n e d in 2 hr , r a t h e r t h a n t h e 5 d a y s t a k e n for t h e c o m m o n B O D m e a s u r e 
m e n t . H o w e v e r , t he C O D m e t h o d is k n o w n not t o oxidize c o n t a m i n a n t s as 
pyr id ine , benzene , a n d a m m o n i a , a l t h o u g h for m a n y o rgan i c c o m p o u n d s 
ox ida t ion h a s been r e p o r t e d as 9 5 - 1 0 0 % of t h e theore t i ca l . 
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There fo re , t h e sea rch for i m p r o v e d ana ly t ica l m e t h o d s for d e t e r m i n a t i o n 
of oxygen d e m a n d h a s focused o n t e chn iques [ 6 ] w h i c h a r e (1) mean ing fu l 
a n d co r r e l a t e w i t h t h e accep ted p a r a m e t e r s for c o n t r o l a n d su rve i l l ance ; 
(2) r a p i d , so resul ts a r e k n o w n in m i n u t e s , n o t h o u r s o r d a y s ; a n d (3) t ru ly 
a d a p t a b l e t o a u t o m a t i o n a n d c o n t i n u o u s m o n i t o r i n g . 

T h e I o n i c s m o d e l 225 T o t a l O x y g e n D e m a n d ( T O D ) A n a l y z e r d e t e r m i n e s 
t o t a l oxygen d e m a n d wi th in 3 m i n . F i g u r e 2.6 sho w s t h e func t iona l e l emen t s 
of t he sys tem w h i c h inc ludes t h e in jec t ion sys tem, t h e c o m b u s t i o n un i t , t h e 
oxygen sensor a s sembly , a n d t h e r eco rde r . 

CATALYST 

C O M B U S T I O N 
T U B E 

S C R U B B E R -
D E T E C T O R C E L L 

A S S E M B L Y 

R E C O R D E R 

Fig. 2.6. Flow diagram for the TOD analyzer [ 6 ] . (Reprinted with permission. 
Copyright by The American Chemical Society.) 

T h e w a s t e w a t e r s a m p l e is t r a n s m i t t e d b y a n a i r - o p e r a t e d a s p i r a t o r t o t h e 
l iqu id inject ion valve . U p o n a c t u a t i o n , t h e valve del ivers a 20-μ1 (0.02 c m 3 ) 
s a m p l e i n t o t h e c o m b u s t i o n c h a m b e r . T h e s a m p l i n g sys tem is c o n t r o l l e d b y a n 
ad jus tab le p r o g r a m t i m e r o r b y a m a n u a l p u s h b u t t o n . A ca r r i e r gas (n i t rogen ) 
c o n t a i n i n g a smal l a m o u n t of oxygen o f t h e o r d e r of 200 p p m is i n t r o d u c e d 
s imu l t aneous ly w i th t h e w a s t e w a t e r s a m p l e i n t o t h e c o m b u s t i o n c h a m b e r . 
T h e s a m p l e is v a p o r i z e d a n d t h e c o m b u s t i b l e c o m p o n e n t s a r e ox id ized in a 
c o m b u s t i o n t u b e . T h e t u b e , c o n t a i n i n g a p l a t i n u m screen ca ta lys t , is m o u n t e d 
in a n electr ic fu rnace wh ich is m a i n t a i n e d a t 900°C. A s a resu l t o f t h e o x y g e n 
u t i l i za t ion in t h e c o m b u s t i o n p rocess , a m o m e n t a r y d e p l e t i o n o f o x y g e n 
occu r s in t h e ine r t gas s t r e a m . T h i s d e p l e t i o n is accura t e ly m e a s u r e d b y p a s s i n g 
t h e effluent t h r o u g h a p l a t i n u m - l e a d fuel cell. Before e n t e r i n g t h e cell , t h e gas 
is s c r u b b e d a n d humidi f ied . S c r u b b i n g is d o n e b y pa s s ing t h e gas t h r o u g h a n 
a q u e o u s caus t i c so lu t ion wh ich r e m o v e s ca r r i e r gas impur i t i e s h a r m f u l t o t h e 
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d e t e c t o r cell a n d humidif ies t h e ga seous s a m p l e . T h e fuel cell a n d s c r u b b e r 
a re loca ted in a t he rmos t a t i ca l l y c o n t r o l l e d a n d i n su l a t ed c h a m b e r . 

F u e l cell c u r r e n t o u t p u t is a func t ion of oxygen c o n c e n t r a t i o n . T h i s is 
g raph ica l ly m o n i t o r e d o n a p o t e n t i o m e t e r r e c o r d e r , w i th c h a n g e s in c u r r e n t 
t a k i n g the f o r m of r e c o r d e r p e a k s . T h e r e c o r d e r sys tem inc ludes a n a u t o m a t i c 
z e r o c i rcui t t o m a i n t a i n a c o n s t a n t base l ine . P e a k s r e c o r d e d a r e l inear ly 
p r o p o r t i o n a l t o t h e r e d u c e d oxygen c o n c e n t r a t i o n in t h e ca r r i e r gas a n d t h e 
s a m p l e t o t a l oxygen d e m a n d . T O D m e a s u r e m e n t for u n k n o w n s a m p l e s is 
d e t e r m i n e d b y c o m p a r i s o n of t h e r e c o r d e d p e a k he igh t s w i t h a s t a n d a r d 
ca l ib ra t i on cu rve . A typica l c a l i b r a t i o n c u r v e for s t a n d a r d so lu t i on ana lys i s 
is s h o w n in F ig . 2 .7 , w h i c h d e m o n s t r a t e s t h e l inea r i ty of p e a k he igh t vs. T O D . 
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Fig. 2.7. Typical calibration curve for TOD analyzer [9]. (Courtesy of Ionics 
Incorporated.) 

T h e T O D m e t h o d m e a s u r e s t h e a m o u n t of oxygen c o n s u m e d b a s e d o n t h e 
fo l lowing chemica l r e ac t i ons for t h e ca ta ly t i c c o m b u s t i o n p roces s [ E q s . 
( 2 .16 -2 .18 ) ] . 

C + 0 2 - C 0 2 (2.16) 

H 2 + K > 2 - H 2 0 (2.17) 

Ν (combined) + ± 0 2 - N O (2.18) 

Su l fu rous c o m p o u n d s a r e ox id ized t o a s t ab le c o n d i t i o n cons i s t i ng o f a fixed 
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r a t i o of S 0 2 t o S 0 3 . M o l e c u l a r n i t rogen , n o r m a l l y used as t he ca r r i e r gas , 
does n o t r eac t in t h e c o m b u s t i o n p rocess . 

E q u a t i o n (2.19) c o r r e s p o n d s t o a typica l theore t i ca l o x i d a t i o n (for t h e case 
of u r e a ) . 

2 N H 2 C O N H 2 + 5 0 2 2 C 0 2 + 4 N O + 4 H 2 0 (2.19) 

Resu l t s of T O D analys is for a n u m b e r of different c o m p o u n d s ind ica t e t h a t 

1 2 3 4 5 6 7 8 9 IO « 12 13 14 15 16 17 18 
WEEK 

Fig. 2.8. Weekly analyses of a raw wastewater [17 ] . (Reprinted with permission. 
Copyright by The American Chemical Society.) 
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m e a s u r e d oxygen d e m a n d is usua l ly c loser t o t h e theore t ica l ly ca l cu l a t ed t h a n 
is the case for c h e m i c a l m e t h o d s . T h e s e resu l t s a r e p r e s e n t e d in G o l d s t e i n 
et al. [ 6 ] . N o n e of t h e c o m m o n ions n o r m a l l y f o u n d in w a t e r a n d w a s t e w a t e r s 
causes se r ious in ter ference wi th T O D ana lyses [ 6 ] . 

C o r r e l a t i o n of T O D ana lyses wi th C O D h a s been c h e c k e d for a n u m b e r of 
typica l was te s t r e a m s [2 , 3 ] . F i g u r e 2.8 s h o w s c o r r e l a t i o n s of T O D , C O D , a n d 
B O D 5 for a r a w was tewa te r . Va lues of C O D vs. T O D f r o m F ig . 2.8 a r e p lo t t ed 
in F ig . 2 .9 , w h i c h s h o w s a l inear r e l a t i onsh ip . T h e r e l a t i onsh ip of T O D t o 
C O D o r B O D 5 d e p e n d s ent i re ly o n c o m p o s i t i o n of t h e was t ewa te r . C o n 
sequent ly , these r a t ios va ry d e p e n d i n g o n t h e degree of b io log ica l t r e a t m e n t 
t o wh ich the was t ewa te r is subjected. 

υ 

2,000 

T O D ( m g / | ) 

Fig. 2.9. The COD and TOD relationship of a raw wastewater [ 17 ] . (Reprinted 
with permission. Copyright by The American Chemical Society.) 
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3. M e a s u r e m e n t of Organic 
C o n t e n t : Group 2—Carbon 
P a r a m e t e r M e t h o d s [2, 3] 

T o t a l o rgan i c c a r b o n ( T O C ) tests a r e based o n o x i d a t i o n of t h e c a r b o n of 
t h e o r g a n i c m a t t e r t o c a r b o n d iox ide , a n d d e t e r m i n a t i o n of C 0 2 e i the r by 
a b s o r p t i o n in K O H o r i n s t r u m e n t a l ana lys is ( inf rared ana lyze r ) . S ince 
theore t i ca l oxygen d e m a n d ( T h O D ) m e a s u r e s 0 2 a n d theore t i ca l o r g a n i c 
c a r b o n ( T h O C ) m e a s u r e s c a r b o n , t h e r a t i o of T h O D t o T h O C is r ead i ly 
ca lcu la ted f r o m t h e s t o i c h i o m e t r y of t h e o x i d a t i o n e q u a t i o n . 

E q u a t i o n (2.20) c o r r e s p o n d s t o to ta l o x i d a t i o n of sucrose . 

C 1 2 H 2 2 0 1 1 + 1 2 0 2 -» 1 2 C 0 2 + 1 1 H 2 0 (2.20) 
( 1 2 x 1 2 ) ( 1 2 x 3 2 ) 

Λ T h O D / T h O C = (12 χ 32)/(12 χ 12) = 2.67 (2.21) 

T h e r a t i o of m o l e c u l a r weigh ts of oxygen t o c a r b o n is 2 .67. 
T h u s , t he theore t i ca l r a t i o of oxygen d e m a n d t o o r g a n i c c a r b o n c o r r e s p o n d s 

t o t h e s t o i ch iom e t r i c r a t i o of oxygen t o c a r b o n for t o t a l o x i d a t i o n o f t h e 
o r g a n i c c o m p o u n d u n d e r c o n s i d e r a t i o n . T h e ac tua l r a t i o o b t a i n e d f r o m C O D 
(or B O D ) tests a n d T O C d e t e r m i n a t i o n s var ies cons ide r ab ly f r o m th is 
theore t i ca l r a t i o (Sect ion 3.3). E x p e r i m e n t a l d e t e r m i n a t i o n of T O D is pe r 
f o r m e d b y e i ther m a n u a l (wet o x i d a t i o n ) o r i n s t r u m e n t a l m e t h o d s . 

3.1. W E T O X I D A T I O N M E T H O D FOR T O C 

T h e m a n u a l o r wet o x i d a t i o n m e t h o d for T O C cons is t s of o x i d a t i o n of t h e 
s a m p l e in a so lu t ion of p o t a s s i u m d i c h r o m a t e ( K 2 C r 2 0 7 ) , f uming sulfuric 
ac id ( H 2 S 0 4 ) , p o t a s s i u m i o d a t e ( K I 0 3 ) , a n d p h o s p h o r i c ac id ( H 3 P 0 4 ) . 
O x i d a t i o n p r o d u c t s a r e passed t h r o u g h a t u b e c o n t a i n i n g K O H , w h e r e t h e 
c a r b o n d iox ide col lected is d e t e r m i n e d b y we igh ing t h e a b s o r p t i o n t u b e 
before a n d after t h e expe r imen t . 

3.2. C A R B O N A N A L Y Z E R D E T E R M I N A T I O N S [1] 
T h e f u n d a m e n t a l o p e r a t i n g pr inc ip le of T O C ana lyzers is c o m b u s t i o n of 

o r g a n i c m a t t e r t o c a r b o n d iox ide a n d wa te r . C o m b u s t i o n gases a r e t h e n 
pas sed t h r o u g h a n inf ra red ana lyzer , sensi t ized for c a r b o n d iox ide , a n d t h e 
r e s p o n s e is r e c o r d e d o n a s t r ip c h a r t . A d i a g r a m of t h e B e c k m a n m o d e l 
915-A T o t a l O r g a n i c C a r b o n ( T O C ) A n a l y z e r is s h o w n in F ig . 2.10. T h i s 
i n s t r u m e n t p e r m i t s s epa ra t e m e a s u r e m e n t s for t o t a l c a r b o n a n d i n o r g a n i c 
c a r b o n . T o t a l c a r b o n inc ludes t h e c a r b o n of o r g a n i c ma te r i a l s a n d i n o r g a n i c 
c a r b o n in t h e f o r m of c a r b o n a t e s ( C 0 3 ~ ) , b i c a r b o n a t e s ( H C 0 3 ~ ) , a n d C 0 2 

dissolved in t he s a m p l e . T h e r e a r e t w o s e p a r a t e r e ac t i on t u b e s : o n e o p e r a t e d 
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a t h igh t e m p e r a t u r e (950°C) for m e a s u r e m e n t of t o t a l c a r b o n a n d a n o t h e r 
o p e r a t e d a t low t e m p e r a t u r e (150°C) for m e a s u r e m e n t of i n o r g a n i c c a r b o n . 

D e p e n d i n g o n r a n g e of ana lys is , a 2 0 - 2 0 0 μΐ w a t e r s a m p l e is syr inge injected 
i n t o a f lowing s t r e a m of a i r a n d swep t i n t o a ca ta ly t ic c o m b u s t i o n t u b e c o n 
t a i n i n g a c o b a l t o x i d e - i m p r e g n a t e d p a c k i n g . T h e sou rce of a i r wh ich is used 
as ca r r i e r /ox id ize r shou ld be a low h y d r o c a r b o n , low C 0 2 c o n t e n t cy l inder . 
T h e c o m b u s t i o n t u b e (h igh t e m p e r a t u r e c o m b u s t i o n t ube ) is enc losed in a n 
e lectr ic fu rnace t h e r m o s t a t e d a t 950°C. W a t e r is v a p o r i z e d a n d all c a r b o n a 
c e o u s m a t e r i a l is oxid ized t o C 0 2 a n d s t e a m . Air f low car r ies th i s c l o u d o u t 
of t he fu rnace w h e r e t h e s t e a m is c o n d e n s e d a n d r e m o v e d . T h e C 0 2 is swep t 
i n t o t h e nond i spe r s ive inf rared ana lyzer . 

T r a n s i e n t C 0 2 is ind ica ted as a p e a k o n a s t r ip c h a r t r eco rde r . P e a k he igh t 
is a m e a s u r e of C 0 2 p resen t , w h i c h is direct ly p r o p o r t i o n a l t o t h e c o n c e n t r a 
t i o n of to t a l c a r b o n in t h e or ig ina l s a m p l e a n d inc ludes o r g a n i c c a r b o n , 
i n o r g a n i c c a r b o n , a n d C 0 2 d issolved in t h e s a m p l e . By us ing s t a n d a r d 
so lu t ions , t he c h a r t is ca l ib ra t ed in mi l l ig rams to t a l c a r b o n pe r l i ter of s a m p l e . 

I n a second o p e r a t i o n , a s a m p l e of s imi lar size is a l so syr inge injected i n t o a 
s t r e a m of a i r a n d swept i n t o t h e second r eac t i on t u b e ( low t e m p e r a t u r e 
r eac t i on tube ) , c o n t a i n i n g q u a r t z ch ips we t t ed w i th 8 5 % p h o s p h o r i c ac id . 
T h i s t u b e is enc losed in a n electr ic hea t e r t h e r m o s t a t e d a t 150°C, w h i c h is 
be low the t e m p e r a t u r e a t w h i c h o rgan i c m a t t e r is oxid ized . T h e ac id - t r ea t ed 
p a c k i n g causes re lease of C 0 2 f r o m i n o r g a n i c c a r b o n a t e s , a n d the w a t e r is 
vapor i zed . Airf low car r ies the c l o u d of s t e a m a n d C 0 2 o u t of t h e fu rnace , 
w h e r e s t e a m is c o n d e n s e d a n d r e m o v e d . By p r e v i o u s r epos i t i on ing of a d u a l 
c h a n n e l selector valve , t h e C 0 2 is swept i n t o t h e inf ra red ana lyzer . 

Th i s q u a n t i t y of C 0 2 is a l so ind ica ted o n the s t r ip c h a r t r e c o r d e r as a 
t r ans i en t p e a k . P e a k he igh t is a m e a s u r e of t he C 0 2 p resen t , w h i c h is p r o p o r 
t i ona l t o t he c o n c e n t r a t i o n of i n o r g a n i c c a r b o n a t e s p lus C 0 2 d issolved in t he 
or ig ina l s a m p l e . By us ing s t a n d a r d so lu t ions , t he c h a r t is ca l ib ra t ed in mil l i 
g r a m s i n o r g a n i c c a r b o n p e r l i ter of s a m p l e . S u b t r a c t i n g resul ts o b t a i n e d in 
t he second o p e r a t i o n f r o m those in t he first yields to t a l o rgan i c c a r b o n in 
mi l l ig rams T O C p e r liter of s a m p l e . 

3.3. OXYGEN D E M A N D - O R G A N I C CARBON 
CORRELATION 

T h e r a t i o T h O D / T h O C , wh ich theore t ica l ly is equa l t o t he s to i ch iome t r i c 
r a t i o of oxygen t o c a r b o n for to t a l o x i d a t i o n of t he o rgan i c c o m p o u n d u n d e r 
cons ide r a t i on , r anges in p rac t i ce f rom nea r ly ze ro , w h e n the o r g a n i c m a t t e r 
is res i s tan t t o d i c h r o m a t e o x i d a t i o n (e.g., pyr id ine ) , t o va lues of t h e o r d e r of 
6.33 for m e t h a n e o r even sl ightly h ighe r w h e n i n o r g a n i c r e d u c i n g ag en t s a r e 
p resen t . T a b l e 2.2 p resen t s r e l a t ionsh ips be tween oxygen d e m a n d a n d t o t a l 
c a r b o n for several o rgan i c c o m p o u n d s . 
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Table 2.2 
Relationships between Oxygen Demand and 
Total Carbon for Organic Compounds [3] 

ThOD/ThOC COD/TOC 
Substance (calculated) (measured) 

Acetone 3.56 2.44 
Ethanol 4.00 3.35 
Phenol 3.12 2.96 
Benzene 3.34 0.84 
Pyridine 3.33 — 
Salicylic acid 2.86 2.83 
Methanol 4.00 3.89 
Benzoic acid 2.86 2.90 
Sucrose 2.67 2.44 

C or re l a t i on of B O D wi th T O C for indus t r i a l w a s t e w a t e r s is difficult because 
of the i r cons ide r ab l e va r i a t i on in chemica l c o m p o s i t i o n . F o r d o m e s t i c was t e 
wa te r s a re la t ively g o o d co r r e l a t i on h a s been o b t a i n e d , wh ich is r ep re sen t ed 
by the s t r a igh t l ine r e l a t ionsh ip given by E q . (2 .22) . 

B O D 2 = 1 . 8 7 ( T O C ) - 17 (2.22) 

4. Mathemat ica l Model for t h e 
BOD Curve 

I t is des i rab le t o r ep resen t t he B O D c u r v e (F ig . 2.2) by a m a t h e m a t i c a l 
m o d e l . F r o m kinet ic c o n s i d e r a t i o n s ( C h a p t e r 5, Sec t ion 3), t h e m a t h e m a t i c a l 
m o d e l ut i l ized t o p o r t r a y t he r a t e of oxygen u t i l i za t ion is t h a t of a f i rs t -order 
r eac t ion . F i g u r e 2.2 revea ls t h a t t h e r a t e of oxygen u t i l i za t ion , given b y t h e 
t a n g e n t t o t he cu rve a t a given i n c u b a t i o n t i m e , decreases as c o n c e n t r a t i o n of 
o rgan ic m a t t e r r e m a i n i n g u n o x i d i z e d b e c o m e s g r adua l l y smal ler . S ince t he re 
is a p r o p o r t i o n a l i t y be tween the r a t e of oxygen u t i l i za t ion a n d t h a t of de s t ruc 
t i o n of o r g a n i c m a t t e r b y b io logica l ox ida t i on , r a t e e q u a t i o n [ E q . (2 .23) ] is 
wr i t t en in t e r m s of o r g a n i c m a t t e r c o n c e n t r a t i o n ( L ; mg/ l i t e r ) . 

dL/dt=-k1L (2.23) 

w h e r e L is c o n c e n t r a t i o n of o r g a n i c m a t t e r (mg/ l i te r ) a t t i m e t\ dL/dt9 r a t e of 
d i s a p p e a r a n c e of o rgan ic m a t t e r by a e r o b i c b io log ica l o x i d a t i o n (dL/dt < 0 ) ; 
r, t ime of i n c u b a t i o n (days ) ; a n d k u r a t e c o n s t a n t ( d a y - 1 ) . 

S e p a r a t i n g var iab les L a n d /, a n d in t eg ra t ing f rom t i m e z e r o c o r r e s p o n d i n g 
t o init ial c o n c e n t r a t i o n of o r g a n i c m a t t e r , L 0 , t o a t i m e t c o r r e s p o n d i n g t o 
c o n c e n t r a t i o n L [ E q . ( 2 . 2 4 ) ] : 

l n ( L / L 0 ) = - k 1 t (2.24) 
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C h a n g i n g t o dec ima l l o g a r i t h m s [ E q . (2 .25)] 

l o g ( L / L 0 ) = - * i //2.303 (2.25) 

let fci/2.303 = k. T h e n [ E q . (2 .26)] 

L/L0 = 10"*' (2.26) 

o r 

L = L0 · 1 0 " k i (2.27) 

Le t j be t h e o r g a n i c m a t t e r oxid ized u p t o t ime r, i.e., 

y = L0 - L (2.28) 

Conve r se ly , y a l so m e a s u r e s t he oxygen c o n s u m p t i o n u p t o t ime i.e., t h e 
o r d i n a t e of t he B O D cu rve in F ig . 2.2 a t t i m e C o m b i n i n g E q s . (2.28) a n d 
(2.27), 

y = L o O - 1 0 - * ' ) (2.29) 

wh ich is t he m a t h e m a t i c a l m o d e l for t h e B O D curve . F r o m E q . (2.29) it 
fo l lows t h a t for a very l o n g o x i d a t i o n pe r iod (i.e., t-> oo), y = L0. The re fo r e , 
k a n d L0 m e a s u r e , respect ively, t he r a t e of b iochemica l s t ab i l i za t ion a n d t h e 
t o t a l a m o u n t of pu t r e sc ib l e m a t t e r p resen t . 

F r o m Eq . (2.27) 

l o g L = logLo - kt (2.30) 

E q u a t i o n (2.30) ind ica tes t h a t c o n s t a n t s k a n d L0 c a n be o b t a i n e d f rom a 
s emi loga r i t hmic p l o t of L vs . f. Typ ica l va lues of t he r a t e c o n s t a n t k a r e 
p resen ted in C h a p t e r 5 for several types of was t ewa te r s (Tab le 5.2, Sec t ion 5). 

5. De te rmina t ion of P a r a m e t e r s 
k and L 0 

In app l i ca t i on of Eq . (2.29) o n e usual ly h a s ava i l ab le a series of B O D 
m e a s u r e m e n t s (y) a t a s equence (n= 1,2, 3 , . . . ,x) days . I t is des i red t o de te r 
m i n e the o p t i m u m va lues of p a r a m e t e r s k a n d L0 w h i c h satisfy E q . (2.29) for 
t h e set o f d a t a . T h u s , it is f u n d a m e n t a l l y a curve-f i t t ing p r o b l e m . 

Several m e t h o d s for ca lcu la t ing p a r a m e t e r s k a n d L0 h ave been p r o p o s e d . 
T h r e e of these , r e c o m m e n d e d by Eckenfe lder [ 3 ] , a r e (1) log-difference 
m e t h o d , (2) m e t h o d of m o m e n t s [ 1 0 ] , a n d (3) T h o m a s ' g r aph i ca l m e t h o d . 

5.1. L O G - D I F F E R E N C E M E T H O D 
T h i s m e t h o d is based o n the fo l lowing c o n s i d e r a t i o n s . Dif ferent ia t ing E q . 

(2.29) wi th respec t t o / : 

dyjdt = r = L 0 ( - 1 0 - k i ) ( l n 10)(-A:) (2.31) 
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or 

dy/dt = r = l.mLok · IO"*' (2.32) 

whe re r is t h e r a t e of oxygen u t i l i za t ion . T a k i n g dec ima l l o g a r i t h m s 

log r = log(2.303L oA:) - kt (2.33) 

E q u a t i o n (2.33) ind ica tes t h a t k a n d L0 c a n be o b t a i n e d f r o m a semi log p l o t 
of r vs . t. 

Step 1. P lo t y (oxygen u t i l i za t ion) vs . / o n ca r t e s i an c o o r d i n a t e p a p e r . 
D r a w a s m o o t h best-fit cu rve t h r o u g h t h e p o i n t s , d i s c a r d i n g d a t a w h i c h 
seem t o be in e r ro r . 

Step 2. P l o t da i ly differences, Ay/At vs . t ime (on semi log g r a p h p a p e r ) . 
T i m e in te rva ls a r e usua l ly t a k e n as 0 , 1 , 2 , 3 , . . . d a y s , so t h a t Δ ί = 1. Va lues 
of Ay's a r e conven t iona l l y p l o t t e d vs . t h e t i m e t c o r r e s p o n d i n g t o t he m i d d l e 
of e a c h in te rva l (e.g., t h e va lue of Ay c o r r e s p o n d i n g t o in te rva l 0 - 1 is p l o t t e d 
vs . ? = 0 . 5 ) . 

D r a w the best-fit s t r a igh t l ine t h r o u g h these p o i n t s . 
Step 3. C a l c u l a t i o n of k a n d L0. F r o m t h e s t r a igh t l ine d r a w n in S tep 2 , 

E q . (2.33) y i e lds : 

k = - ( s l o p e ) (2.34) 

Intercept = 2.303L 0A: (2.35) 

Λ L0 = intercept/(2.303A:) = in tercept / (2 .303)( -s lope) (2.36) 

The re fo re , k a n d L0 a r e ca l cu la t ed f r o m E q s . (2.34) a n d (2.36) , respect ively. 

E x a m p l e 2.1 

T h e d a t a in T a b l e 2.3 o n oxygen u t i l i za t ion a r e ava i lab le f r o m B O D tests 
of a was t ewa te r . 

O b t a i n the va lues of k a n d L0 in t h e B O D e q u a t i o n . 

TABLE 2.3 
B O D Tests of Wastewater 

/ (days) >> (mg/l i ter of B O D ) 

0 0.0 
1 9.2 
2 15.9 
3 20.9 
4 24.4 
5 27.2 
6 29.1 
7 30.6 
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S O L U T I O N 

Step 1. D a t a a r e p l o t t e d in F ig . 2 .11 . T h e cu rve is fairly s m o o t h a n d t h e 
r a w d a t a a r e u sed in S tep 2. If needed , s m o o t h i n g is d o n e b y t h e bes t s t r a igh t -
l ine fit. 

Ο 1 2 3 4 5 6 7 
Time (days) 

Fig. 2.11. Plot γ vs. t (Example 2.1). 

Step 2. C o n s t r u c t t he difference t ab le (Tab le 2 .4) . Va lues in c o l u m n (3) 
a r e p l o t t e d vs. t h o s e in c o l u m n (4) o n semi log p a p e r . T h i s p l o t is s h o w n in 
F ig . 2.12. 

TABLE 2.4 
Log-Difference Values from Table 2.3 

(J) (4) 
U) (2) Ay (mg/liter) = Ay/At; Mid-interval 

t (days) y (mg/liter) since Δ/ = 1 values of t 

0 0 — — 
1 9.2 9.2 0.5 
2 15.9 6.7 1.5 
3 20.9 5.0 2.5 
4 24.4 3.5 3.5 
5 27.2 2.8 4.5 
6 29.1 1.9 5.5 
7 30.6 1.5 6.5 
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0 I 2 3 4 5 6 7 
Time (days); [Column ® , table 2.4] 

Fig. 2.12. Calculation of k and L0 by the log-difference method. 

Step 3. Ca l cu l a t e k a n d L0. 
(a) Calculation ofk. Base ca l cu l a t i ons o n the c o o r d i n a t e s of t w o p o i n t s 

o n t he s t r a igh t l ine (7, 1.2; 0, 10.9) a n d E q . (2.34). 

Slope = ( l o g l 0 . 9 - l o g l . 2 ) / ( 0 - 7 ) = - 0 . 1 3 7 

. · . k = 0.137 d a y " 1 

(b) Calculation of L0. F r o m E q . (2.36) 

L0 = 10.9/(2.303x0.137) = 34.5 mg/liter 

5.2. M E T H O D OF M O M E N T S [10] 

T h i s m e t h o d is of s imple a p p l i c a t i o n o n c e d i a g r a m s of v s - ^ a n d 
Σ y/Σ ty vs . k a r e c o n s t r u c t e d for a n « -day s equence of B O D m e a s u r e m e n t s . 
E q u a t i o n s a r e der ived nex t for c o n s t r u c t i o n of M o o r e ' s d i a g r a m s for a n « -day 
sequence of B O D m e a s u r e m e n t s . T h e s e e q u a t i o n s a r e app l i ed t o 7-, 5-, a n d 
3-day sequences , y ie ld ing F igs . 2 .13 -2 .15 , respect ively . 

C o n s i d e r B O D m e a s u r e m e n t s t a k e n ove r a n η -day sequence , as ind ica ted 
in T a b l e 2 .5 . F i rs t , ca lcu la te r a t i o Σ y/^o- T h e s u m m a t i o n of en t r ies in c o l u m n 
(2) of T a b l e 2.5 is [ E q . (2.37)] 

= L 0 [ ( l + 1 + 1 + ··· + l ) - ( 1 0 - * + 1 0 - 2 f c + 1 0 - 3 k + ·· -MO" 1 *)] 
(2.37) 

o r 
= L 0 [ / i - ( 1 0 - f c + 1 0 - 2 k + 1 0 - 3 f c + . . + 1 0 - n k ) ] (2.38) 
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TABLE 2.5 
B O D Measurements, / i -Day Sequence 

U) 
t (days) 

(2) 
Eq. (2.29); 

/ = 1 , 2 , 3 , . . . , Λ ; 
^ = L o ( l - 1 0 - * 0 

(J) = (7)x(2) 
ty 

1 L o ( l - 1 0 - * ) L o ( l - 1 0 - * ) 
2 L o ( l - 1 0 - 2 k ) 2 L 0 ( l - 1 0 - 2 f c ) 
3 L o O - l O " 3 * ) 3 L 0 ( l - 1 0 - 3 f c ) 
4 L o d - l O - 4 * ) 4 L o ( l - 1 0 - 4 k ) 
5 L o O - l O " 5 * ) 5 L 0 ( 1 - 1 0 - 5 * ) 
6 L o O - l O " 6 * ) 6 L 0 ( l - 1 0 - 6 f c ) 
7 L o ( l - 1 0 - 7 * ) 7 L 0 ( l - 1 0 - 7 k ) 

L 0 ( l - 1 0 - M f c ) nLo(l-\0-"k) 

Zy/Zty| 

0.240 

0.235 

0.230 

0.225 

k (day*1) 
Fig. 2.13. Moore's method (7-day sequence). 
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Zy/Zty| 

0.310 

0.300 

0.290 

0.280 

0.1 0.2 0.3 
k (day'1) 

Fig. 2.14. Moore's method (5-day sequence). 

0.4' 

T h e t e r m s wi th in p a r e n t h e s e s in E q . (2.38) f o r m a geome t r i ca l p r o g r e s s i o n 
for wh ich t h e s u m of t e r m s is [ E q . (2 .39)] 

S = [ ( 1 0 - * ) ( 1 0 - n * - 1 ) ] / ( 1 0 - * - 1) (2.39) 

Subs t i t u t ing th is va lue in E q . (2.38) a n d solv ing for t h e r a t i o Y,yjL0: 

Y^y/Lo = η — [ 1 0 - f c ( 1 0 - n k — l)/(10~ f e— 1)] (2.40) 

F r o m E q . (2.40) it fol lows t h a t for a g iven s equence of η d a y s , t h e r a t i o 
X y/L0 is on ly a func t ion of k. T h u s for a fixed n, o n e a s s u m e s va lues of k a n d 
p lo t s a cu rve of Σ y/L0 vs . k. 

N o w ca lcu la t e r a t i o Σ y/Έ 0>· Σ y is o b t a i n e d f r o m E q . (2.40), a n d Σ ty 
c o r r e s p o n d s t o s u m m a t i o n of en t r ies in c o l u m n (3) o f T a b l e 2 .5 . 

X ty = L 0 [ ( l + 2 + 3 + · · +n) - (10"* + 2 χ 1 0 " 2 f c + 3 χ 1 0 " 3 Λ + ··· + Λ Χ 10" n f c )] 
(2.41) 

o r 
/ i = n i=n \ 

(2.42) 
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0 .440 

0.434 

Fig. 2.15. Moore's method (3-day sequence). 

There fo re , f r o m E q s . (2.40) a n d (2.42), r a t i o Σ ^ / Σ ^ is 

Λ - [ ι 0 - * ( 1 0 - " * - 1 ) / ( 1 0 - * - 1 ) ] 

Σ!=ΐ''-Σί=ΐ ' 'χ ιο-
(2.43) 

F r o m E q . (2.43) it fo l lows t h a t fo r a g iven s equence o f η days , r a t i o Σ y/Έ ty 
is on ly a func t ion of k. T h u s for a fixed n, o n e a s s u m e s va lues of k a n d p l o t s a 
cu rve of Σ y/Σ ty vs . * f r o m E q . (2.43). 

F o r specific cases such as t h e 7-day sequence , E q s . (2.40) a n d (2.43) yield 
E q . (2.44). 
F o r η = 7 

Σγ/Lo = 7 - [ 1 0 - * ( 1 0 - 7 * - l ) / ( 1 0 - * - l ) ] (2.44) 

v / v , 7 - [ i o - f c ( i o - 7 f c - i ) / ( i o - f c - i ) ] 

Σ y/Σ ty = ~ — ^ r : — (2.45) 2 8 - Σ ί = ϊ''* 1 0 ' ' * 

w h e r e , in E q . (2.45) 

i = 7 

X ι = Σ 1 = 1 + 2 + 3 + 4 + 5 + 6 + 7 = 28 

^ y / L 0 
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a n d 

£ ,· χ i o ~ i f c = 10"* + 2 χ I O " 2 * + 3 χ I O " 3 * + 4 χ 1 0 " 4 * 
t= ι 

+ 5 χ 10~ 5 f c + 6 x I O " 6 * + 7 χ 1 0 " 7 f c 

Figures 2 . 1 3 - 2 . 1 5 p re sen t g r a p h s of Σ ^ / ^ ο v s - & a n d Σ^/ΣΟ7 v s - & f ° r 7-, 
5-, a n d 3-day sequences , respect ively. T h e s e figures a r e c o n s t r u c t e d f r o m 
E q s . (2.40) a n d (2.43), respect ively, b y a s s u m i n g va lues of η (7 , 5, 3) a n d k a n d 
ca lcu la t ing t h e c o r r e s p o n d i n g r a t io s . 

A p p l i c a t i o n of M o o r e ' s d i a g r a m for c a l c u l a t i o n of p a r a m e t e r s k a n d L0 is 
i l lus t ra ted by E x a m p l e 2.2. 

Example 2.2 

D e t e r m i n e va lues of k a n d L0 f r o m t h e set of B O D d e t e r m i n a t i o n s of 
E x a m p l e 2 . 1 . 

S O L U T I O N 

Step L C o n s t r u c t T a b l e 2.6. 

TABLE 2.6 
Application of Moore's Method (Example 2.2) 

t (days) y (mg/liter B O D ) ty 

0 0.0 0.0 
1 9.2 9.2 
2 15.9 31.8 
3 20.9 62.7 
4 24.4 97.6 
5 27.2 136.0 
6 29.1 174.6 
7 30.6 214.2 

Ey= 157.3 Σ 0> = 726.1 

Step 2. Ca l cu l a t e r a t i o Σ.ν/ΣΟ'· 
YjfLty = 157.3/726.1 = 0.217 

Step 3. F r o m F ig . 2.13 (n = 7) r e a d for ΣyflLty = 0.217. 

k = 0.140 d a y " 1 (Abscissa of lower curve) 

F r o m the o r d i n a t e of u p p e r cu rve r e a d 

X ^ / L 0 = 4.62 

•'· Lo = L W 4 - 6 2 = 157.3/4.62 = 34.05 mg/liter 
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T h e s e va lues of k a n d L0 agree c losely wi th t h o s e ca lcu la ted by the log-
difference m e t h o d in E x a m p l e 2.1 (k = 0.137 d a y " 1 a n d L0 = 34.5 mg/ l i t e r ) . 

5.3. T H O M A S ' G R A P H I C A L M E T H O D [16] 

T h i s is a n a p p r o x i m a t e m e t h o d wh ich is just if ied since prec is ion of t h e 
expe r imen ta l resul ts is often l imi ted . T h e m e t h o d is based o n the s imi lar i ty of 
t h e funct ion 

( l - 1 0 " f t t ) (2.46) 

w h i c h is a f ac to r of E q . (2.29), a n d the func t ion 

2.3A:/[l + ( 2 . 3 / 6 ) t o ] - 3 (2.47) 

Th i s s imi lar i ty is seen in the i r respect ive series e x p a n s i o n s , wh ich a r e 

( l - 1 0 - f c i ) = (2.3A:/)[ l -( l /2)(2.3A:/) + ( l / 6 ) ( 2 . 3 A : 0 2 - ( l / 2 4 ) ( 2 . 3 / c r ) 3 + · · · ] 

(2.48) 

a n d 

2.3A:/[l + ( 2 . 3 / 6 ) / c i ] - 3 = (2.3kt)[l-(\/2)(23kt) + (\/6)(2.3kt)2 

- ( l /21.6)(2.3A:r) 3 + · · ·] (2.49) 

C o m p a r i s o n of t he r i g h t - h a n d m e m b e r s of E q s . (2.48) a n d (2.49) reveals 
t h a t t h e first t h r ee t e r m s in t he t w o series wi th in b r a c k e t s a r e iden t ica l , a n d 
t h a t t h e difference be tween the fou r th t e r m s is smal l . R e p l a c i n g the func t ion 
be tween pa r en the se s in Eq . (2.29) by its a p p r o x i m a t i o n given by E q . (2.47) 
yields Eq . (2.50). 

y = L0 (2.3A:/) [ 1 + (2.3/6) kt]~ 3 (2.50) 

f rom wh ich , t a k i n g the inverse a n d r e a r r a n g i n g , 

t\y = [1 + (2.3/6) kty/23kL0 (2.51) 

T a k i n g the c u b e r o o t of b o t h m e m b e r s of E q . (2.51) a n d r e a r r a n g i n g , 

(t/yyt* = l/(2.3A:Lo) 1 / 3 + [ (2 .3A: ) 2 / 3 / 6L 0

1 / 3 ] / (2.52) 

F r o m Eq . (2.52), a p lo t of (t/y)1/3 vs . t yields a s t ra igh t l ine (F ig . 2.16 for 
E x a m p l e 2.3) f rom which 

Slope = Β = ( 2 . 3A: ) 2 / 3 / 6L 0

1 / 3 (2.53) 

Intercept = A = 1/(2.3A:L 0) 1 / 3 (2.54) 

F r o m E q s . (2.53) a n d (2.54) o n e o b t a i n s E q s . (2.55) a n d (2.56). 

k = 6£/2.3Λ = 2.61 (£/Λ) (2.55) 

L0 = \/(2.3kA3) (2.56) 
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0.4 

0.3 

0 2 4 6 8 
t (days) 

Fig. 2.16. Application of Thomas' method [14 ] . 

A p p l i c a t i o n of th is m e t h o d is i l lus t ra ted by E x a m p l e 2 .3 . 

E x a m p l e 2 .3 [ 1 6 ] 

T h e B O D resul ts t a b u l a t e d be low a r e obse rved o n a s a m p l e of r a w sewage 
a t 23°C. Ca l cu l a t e p a r a m e t e r s k a n d L0. 

t (days) y ( B O D , mg/liter) 

0 0 
1 32 
2 57 
4 84 
6 106 
8 111 

S O L U T I O N 

Step 1. C o n s t r u c t T a b l e 2.7. 

TABLE 2.7 
Application of Thomas' Method (Example 2.3) 

(2) (5) = ( 7 ) - ( 2 ) ( 4 ) = [ ( 5 ) ] i / 3 

/ y r/y 

0 0 
1 32 0.03125 0.315 
2 57 0.03509 0.327 
4 84 0.04762 0.362 
6 106 0.05660 0.384 
8 111 0.07207 0.416 
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P l o t (t/y)l/3 vs . u T h e p l o t is s h o w n in F ig . 2.16. F r o m F ig . 2.16 

A = 0.30 (intercept) 

Β = ( 0 . 416 -0 .300 ) / (8 .0 -0 .0 ) = 0.0145 (slope) 

F r o m E q s . (2.55) a n d (2.56), o b t a i n k a n d L0. 

k = 2.61(0.0145/0.30) = 0.13 d a y " 1 

LQ = l / [2 .3x0 .13(0 .30) 3 ] = 124 mg/liter 

6. Relat ionship b e t w e e n k and 
Ratio BOD 5 /BOD„ 

E q u a t i o n (2.29) is wr i t t en as in E q . (2.57) for / = 5 days , le t t ing y = B O D 5 

a n d L0 = B O D M . 

B O D 5 = B O D M ( l - 1 0 " 5 f c ) (2.57) 

f r o m w h i c h 

B O D 5 / B O D u = 1 - 1/105* (2.58) 

A s s u m i n g va lues of k, a c u r v e of B O D 5 / B O D M vs . k is p lo t t ed f r o m E q . 
(2.58). Th i s c u r v e rises w i t h inc reas ing &'s, r e a c h i n g a p l a t e a u c o r r e s p o n d i n g 
t o a n o r d i n a t e B O D 5 / B O D t t a p p r o a c h i n g un i t y for va lues of k b e y o n d 0.3 [ 3 ] . 

F r o m E q . (2.58) for la rge va lues of k, B O D 5 / B O D M a p p r o a c h e s un i ty . T h i s 
m e a n s t h a t for a g iven subs t r a t e , if t h e r a t e of b iochemica l o x i d a t i o n is very 
h igh , t h e va lue of B O D 5 is essent ia l ly e q u a l t o t h a t of t h e u l t i m a t e B O D . 

7. Environmental Effects on 
t h e BOD Test 

T h e B O D test is affected b y t e m p e r a t u r e a n d p H . 

7.1. EFFECT OF T E M P E R A T U R E 

T h e r eac t i on r a t e c o n s t a n t k is d i rec t ly affected by t e m p e r a t u r e . T h e t e m 
p e r a t u r e d e p e n d e n c e of k is g iven by t h e v a n ' t H o f f - A r r h e n i u s e q u a t i o n 
[ E q . (2 .59) ] . 

d\nkldT= E/RT2 (2.59) 

w h e r e k is r eac t i on r a t e c o n s t a n t ; Γ , a b s o l u t e t e m p e r a t u r e ; R9 un iversa l gas 
c o n s t a n t ; a n d E, a c t i va t ion ene rgy for t h e r eac t i on ( c o m m o n va lues for 
w a s t e w a t e r t r e a t m e n t p rocesses a r e in t h e r a n g e of 2000 -20 ,000 ca l /g m o l e ) . 
I n t e g r a t i n g be tween l imits [ E q . (2 .60)] : 

Step 2. 
o b t a i n 

Step 3. 

InikJkJ = [EiK-TMKRT^) (2.60) 
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Since m o s t w a s t e w a t e r t r e a t m e n t p rocesses t a k e p lace a t nea r ly r o o m 
t e m p e r a t u r e , t h e t e r m EIRTX T2 is nea r ly c o n s t a n t . Le t i t be d e n o t e d as C. 
T h e n [ E q . (2.61)] 

l n ( * 2 / * , ) = C ( r 2 - r x ) (2.61) 

k2/k1 = e c ^ ~ T l ) (2.62) 

Let ec = θ = t e m p e r a t u r e coefficient. T h e n 

k2/k1 = Θ(Τ2~Τ^ (2.63) 

T h e m o s t u sua l a p p l i c a t i o n cons i s t s of e s t i m a t i o n of c o n s t a n t k a t a t e m 
p e r a t u r e Τ f r o m its va lue d e t e r m i n e d expe r imen ta l ly a t 20°C. F r o m E q . 
(2.63) we o b t a i n E q . (2.64). 

kT = £ 2 O 0 ( r - 2 O ) (2.64) 

w h e r e kT is r eac t i on r a t e a t T°C; k 2 0 , r e a c t i o n r a t e a t 20°C; a n d Γ, t e m p e r a 
t u r e (°C). A l t h o u g h θ is a p p r o x i m a t e l y c o n s t a n t , it va r ies sl ightly w i t h t e m 
p e r a t u r e a n d its a p p r o p r i a t e va lue s h o u l d b e se lec ted . V a l u e s g iven b e l o w a r e 
those r e c o m m e n d e d b y Schroepfe r [12]. 

θ = 1.135 (4°-20°C) 

θ = 1.056 (20°-30°C) 

F r o m E q . (2.64) it fol lows t h a t for a 10° rise in t e m p e r a t u r e t h e r e a c t i o n r a t e 
near ly d o u b l e s . 

7.2. EFFECT OF pH 
T h e s t a n d a r d B O D test specifies a p H of 7.2. If t he p H is n o t 7.2, va lues o f 

B O D 5 o b t a i n e d a r e lower . I t is r e c o m m e n d e d , the re fore , t o ad jus t t h e p H t o 
7.2. A typica l cu rve of pe rcen t age of n o r m a l 5-day B O D vs. p H is p r e s e n t e d 
by Eckenfe lder a n d F o r d [ 4 ] ; its m a x i m u m (100%) c o r r e s p o n d i n g t o p H 7.2. 

8. Nitrif ication 
E q u a t i o n (2.29) descr ibes t h e o x i d a t i o n of c a r b o n a c e o u s m a t t e r . O x i d a t i o n 

of n i t r o g e n o u s ma te r i a l a l so c o n t r i b u t e s t o oxygen d e m a n d if i n c u b a t i o n is 
ca r r i ed o u t for a sufficiently l o n g p e r i o d of t ime . T h i s o x i d a t i o n (referred t o as 
ni t r i f ica t ion) t akes p lace in t w o s t e p s : 

1. A m m o n i u m ion , N H 4

+ , is oxid ized t o ni t r i tes in t h e p resence of 
Nitrosomonas m i c r o o r g a n i s m s [ E q . (2.65)]. 

2 N H 4 + + 3 0 2

 W ' " T 2 N 0 2 " + 2 H 2 0 + 4H+ (2.65) 

2. N i t r i t e s a r e t h e n oxidized t o n i t r a t e s in t he p resence of Nitrobacter 
m i c r o o r g a n i s m s [ E q . (2.66)]. 

2 N 0 2 - + 0 2 2 N 0 3 - (2.66) 
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R a t e c o n s t a n t s , k, for ni t r i f icat ion a r e m u c h lower t h a n t h o s e for o x i d a t i o n 
of c a r b o n a c e o u s m a t t e r . A l t h o u g h o x i d a t i o n of c a r b o n a c e o u s a n d n i t r o g e n o u s 
m a t t e r m a y occu r s imu l t aneous ly , ni t r i f icat ion n o r m a l l y d o e s n o t beg in un t i l 
t h e c a r b o n a c e o u s oxygen d e m a n d is par t ia l ly satisfied. 

A typica l B O D curve for a w a s t e w a t e r s h o w i n g c a r b o n a c e o u s o x i d a t i o n 
a n d ni t r i f icat ion p h a s e s is s h o w n in F ig . 2.17. Ni t r i f ica t ion is suppres sed b y 

Ε 

γ=Ι_ο(Ι-Ι0-Μ) j γ=Ι_ο(Ι-Ι0-Μ) j 
/^Combined demand 

. / curve-.(without 
> l n / suppression of 

/ nitrification) y f 

/^Carbonaceous! 
/oxygen demand j 

/ curve ! 

f ι 

" (Nitrification suppressed) 

Fig. 2.17. Carbonaceous and nitrogenous BOD. 

a d d i t i o n of ce r t a in chemica l s (e.g., m e t h y l e n e b lue , t h i o u r e a ) . If th i s is d o n e , 
t h e B O D curve t h u s o b t a i n e d a p p r o a c h e s a l imi t ing o r d i n a t e L0 ( u l t i m a t e 
c a r b o n a c e o u s d e m a n d ) , as ind ica ted in F ig . 2.17. B e y o n d t i m e fc, t h e ca r 
b o n a c e o u s oxygen d e m a n d is essent ia l ly satisfied, s o t h e o r d i n a t e va lue 
b e c o m e s c o n s t a n t a t L0. If, o n t h e o t h e r h a n d , ni t r i f icat ion is n o t supp re s sed 
b e y o n d t = t c , t he effect of n i t r i f icat ion is s u p e r i m p o s e d o n t h e c a r b o n a c e o u s 
oxygen d e m a n d t o yield t h e c o m b i n e d oxygen d e m a n d cu rve ( c a r b o n a c e o u s + 
ni t r i f icat ion d e m a n d ) . 

T h e c a r b o n a c e o u s oxygen d e m a n d cu rve is desc r ibed b y E q . (2.29). If a 
t r a n s l a t i o n of c o o r d i n a t e axes is p e r f o r m e d so t h a t t h e or ig in of t h e n e w sys tem 
of c o o r d i n a t e s co inc ides w i t h p o i n t C ( sys tem Ay vs . t'), t h e e q u a t i o n for t h e 
ni t r i f icat ion oxygen d e m a n d c u r v e [ E q . (2 .67)] is wr i t t en as 

Ay = LN(\-\0-kNt) (t>tc) (2.67) 

w h e r e t' = t - t c . T h u s 

= L ^ l - l O - * " " - ^ ] (2.68) 

w h e r e kN is t h e r a t e c o n s t a n t for n i t r o g e n o u s d e m a n d a n d LN t h e u l t i m a t e 
n i t r o g e n o u s d e m a n d . T h e absc issa axis of t h e c o o r d i n a t e sys tem Ay vs . t' 
essent ia l ly co inc ides w i th t he c a r b o n a c e o u s oxygen d e m a n d cu rve b e y o n d 
t = t c . 
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E q u a t i o n s (2.29) a n d (2.69) for c o m b i n e d oxygen d e m a n d c u r v e a r e 

Fo r t < tc (carbonaceous oxygen demand only) 

y = L 0 ( l - 1 0 - f c t ) (2.29) 
Fo r t > tc 

y = L 0 ( l - 10- f c i ) + LN[1 - l()-*» ( t-'<>] (2.69) > ^ 
for t > tc, increment Ay 

L 0 ( l — IO -*') L 0 due to nitrogenous 
demand 

V a l u e s of p a r a m e t e r s kN a n d LN a r e d e t e r m i n e d by a n y of t h e m e t h o d s p r e 
v ious ly d iscussed w i t h reference t o t h e n e w sys tem of c o o r d i n a t e s [ i .e . , E q . 
(2 .68) ] . 

9. Evaluation of Feasibility of 
Biological T r e a t m e n t for an 

Industrial W a s t e w a t e r 
9.1. I N T R O D U C T I O N 

F r e q u e n t l y , it is necessa ry t o c o n d u c t t r ea tab i l i ty s tud ies for s t r e a m s o f 
indus t r i a l w a s t e w a t e r s , s ince t h e y m a y c o n t a i n tox ic subs t ances w h i c h h a v e 
a n adver se effect o n b io logica l sys tems . T h e p r o b l e m of a c c l i m a t i o n of m i c r o 
o r g a n i s m seed t o tox ic subs t ances is d i scussed in Sec t ion 2 . 3 . 1 . T w o types of 
tes ts t o eva lua t e t he feasibil i ty of b io log ica l t r e a t m e n t for i ndus t r i a l w a s t e 
w a t e r [ 4 ] a r e (1) m a n o m e t r i c t e c h n i q u e s (Warburg respirometer), a n d (2) 
b a t c h r e a c t o r eva lua t i on . 

9.2. W A R B U R G R E S P I R O M E T E R 
A s c h e m a t i c d i a g r a m of t h e W a r b u r g r e s p i r o m e t e r is s h o w n in F ig . 2 .18. 

T h e pr inc ip le of o p e r a t i o n , w h i c h cons is t s in r e sp i r ing a w a s t e w a t e r s a m p l e in 
a c losed a i r a t m o s p h e r e a t c o n s t a n t t e m p e r a t u r e , is ident ica l t o t h a t o f t h e B O D 
m a n o m e t r i c a p p a r a t u s (Sect ion 2.3.2) . O x y g e n ut i l ized is m e a s u r e d w i th 
respec t t o t ime b y n o t i n g t h e decrease in p r e s su re of t h e sys tem a t c o n s t a n t 
v o l u m e . T h e C 0 2 evolved is a b s o r b e d b y a so lu t i on of K O H ; t h u s t h e dec rease 
in p re s su re is a m e a s u r e of oxygen c o n s u m p t i o n only . 

S teps in t he o p e r a t i o n a l p r o c e d u r e a r e g iven b e l o w [ 4 ] . 
1. T h e w a s t e w a t e r s a m p l e is p l aced in t h e s a m p l e flask w i t h t h e r e q u i r e d 

v o l u m e of b io logica l seed. T h e s a m p l e flask is i m m e r s e d in a c o n s t a n t t e m 
p e r a t u r e b a t h a n d ag i t a t ed b y a s h a k i n g m e c h a n i s m . 

2 . A 2 0 % so lu t i on of K O H is p l a c e d i n t h e c e n t e r well ( a b o u t o n e - q u a r t e r 
full). I n se r t a s t r ip of fo lded filter p a p e r ins ide t h e cen t e r well t o e n h a n c e t h e 
a lkal i a b s o r p t i o n of c a r b o n d iox ide . T h e p a p e r s o a k s u p K O H so lu t i on a n d 
in th is w a y a la rger a lka l i surface b e c o m e s ava i l ab le for a b s o r p t i o n of c a r b o n 
d ioxide . 
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(by adjustment with the screw clamp) 
Note: This is also the / I£ 
initial level of Brodie / ι 
fluid in the inner arm; / h 
thus volume of g a s e o u s / J 
system is the same at / - t 
the start of the / 
experiment as that / Brodie -
just before a / fluid 
reading is taken. / 

Initial level of 
Brodie fluid in 
both arms of 
manometer 

Final level 

Outer 
arm 

^ \ Motion (shaking mechanism) 

-Center well filled 
with KOH solution 

C O 2 evolved 

Sample 

Fig. 2.18. Schematic diagram of Warburg respirometer. 

3. Set u p a reference flask ( " t h e r m o b a r o m e t e r " ) b y a d d i n g t o a s a m p l e 
flask on ly disti l led wa te r . T h e v o l u m e of dist i l led w a t e r equa l s t h e t o t a l w a s t e 
seed v o l u m e in each of t he test flasks. Th i s reference flask is used for c o r r e c t i o n 
d u e t o c h a n g e s of a t m o s p h e r i c p re s su re d u r i n g t h e t i m e of t h e e x p e r i m e n t , 
hence t he n a m e " t h e r m o b a r o m e t e r . " 

4 . S h a k e t h e sys tem* wi th t he gas ven t p o r t o p e n for a p p r o x i m a t e l y 5 
m i n . T h e level of t h e m a n o m e t r i c fluid (Brod ie ' s fluid) is t he s a m e in b o t h 
a r m s of t h e m a n o m e t e r w h e n e q u i l i b r i u m is r eached . Ad jus t t h e m a n o m e t e r 
fluid t o t h e reference m a r k in t h e i n n e r a r m of t h e m a n o m e t e r , w i th t h e g a s 
ven t p o r t o p e n . A d j u s t m e n t of t h e level of t h e m a n o m e t r i c fluid is m a d e by 
m e a n s of a screw c l a m p , t h u s p e r m i t t i n g a d j u s t m e n t of t he he igh t of m a n o 
me t r i c l iquid w i t h i n t h e t w o a r m s of t h e m a n o m e t e r . S t o p t h e s h a k i n g a n d 
check all fi t t ings. 

5. Close t he gas ven t p o r t , t u r n o n t h e s h a k i n g assembly , a n d t a k e r ead ings 
a t selected t ime in terva ls . P r i o r t o a r ead ing , t u r n t h e s h a k e r off a n d ad jus t 
level o f B rod i e ' s fluid in t h e i n n e r a r m t o t h e reference m a r k . T h u s , t h e v o l u m e 
of t h e gaseous sys tem is t h e s a m e a t t h e s t a r t of t he e x p e r i m e n t a s t h a t j u s t 
before a r e a d i n g is t a k e n . 

6. T h e reference flask r ead ings serve t h e p u r p o s e of c o r r e c t i n g for a t m o 
spher ic p ressu re c h a n g e s d u r i n g t h e test . If t h e fluid in t he o u t e r a r m of t h e 

* Shaking is necessary because a film with a depleted oxygen concentration forms at the 
interface between the gas phase and the liquid sample if there is no agitation. This s lows 
down the rate of oxygen utilization. Shaking provides for film renewal so that the liquor is 
always in contact with a gas phase rich in oxygen. 
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m a n o m e t e r a t t a c h e d t o t he t h e r m o b a r o m e t e r flask rises, t he re h a s been a 
decrease in a t m o s p h e r i c p re s su re , a n d t h e obse rved r e a d i n g m u s t be a d d e d t o 
t he test va lue . If, o n t h e o t h e r h a n d , t he fluid in t he o u t e r a r m of t h e m a n o 
m e t e r falls, t he re h a s been a n increase in a t m o s p h e r i c p re s su re , a n d t h e 
obse rved r e a d i n g m u s t be s u b t r a c t e d f rom the test va lue . 

Sample reading (h) = Pat - Psi (2.70) 

w h e r e Pat is t he va lue of a t m o s p h e r i c p r e s su re a t s t a r t of e x p e r i m e n t . D u r i n g 
a n e x p e r i m e n t if t h e a t m o s p h e r i c p r e s su re ( P a t ) r ises, t h e ca lcu la t ed h [ E q . 
(2 .70)] w o u l d be h ighe r t h a n t h e t r u e va lue unless t he a p p r o p r i a t e c o r r e c t i o n 
is s u b t r a c t e d . 

7. O n c e the subs t r a t e h a s been ut i l ized, oxygen u p t a k e stabi l izes a n d t h e 
test series is t e r m i n a t e d . 

T h e c u m u l a t i v e oxygen u p t a k e s (mi l l ig rams of oxygen pe r liter o f so lu t i on ) 
a r e t h e n p lo t t ed vs. t i m e (hr ) . A typical g r a p h o b t a i n e d for a tox ic w a s t e w a t e r 
s t r e a m is s h o w n in F ig . 2 .19. Th i s s t r e a m is a d d e d t o d o m e s t i c sewage ( indi 
c a t e d as " s e e d " in F ig . 2.19) in increas ingly la rger p r o p o r t i o n s . 

"Seed"*5% waste 
Seed" H O % waste 

Seed"*2% waste 

Seed only 
Seed" • more 

than 10% waste 

Time (hours) 

Fig. 2.19. Oxygen uptakes at different wastewater concentrations. 

F i g u r e 2.19 ind ica tes t h a t th is specific w a s t e w a t e r is tox ic o r i n h i b i t o r y w h e n 
its c o n c e n t r a t i o n exceeds 10% in v o l u m e , in wh ich case t h e oxygen u p t a k e 
suffers a large d r o p . 

Calculation of Oxygen Uptake (mg Ο2/Liter of Sample) from the Reading 
h (cm) 

In th is c a l cu l a t i on p r o c e d u r e , it is a s s u m e d t h a t a t m o s p h e r i c p re s su re h a s 
n o t c h a n g e d d u r i n g t h e t i m e of e x p e r i m e n t [if it d o e s , co r r ec t as i nd ica t ed in 
S tep 6, E q . (2 .70) ] . A t t h e b e g i n n i n g of t h e expe r imen t , t h e idea l gas law is 
app l i ed t o t h e a i r in t h e c losed sys tem, i.e., 

PiV = NiRT (2.71) 



64 2. Characterization of Domestic and Industrial Wastewaters 

w h e r e Px is t h e a t m o s p h e r i c p ressu re a t s t a r t of e x p e r i m e n t ( cm of B r o d i e ' s 
fluid)*; Κ t h e gas v o l u m e in c losed sys tem ( m l ) ; Γ t h e t e m p e r a t u r e of c o n s t a n t 
t e m p e r a t u r e b a t h ( ° K ) ; Nt t h e g m o l e s of a i r a t t he b e g i n n i n g of e x p e r i m e n t 
in c losed sy s t em; a n d R t he universa l gas c o n s t a n t . f 

F r o m E q . (2.71) we der ive E q . (2.72). 

Ni = Λ VIRT (2.72) 

A t t h e t i m e a r e ad ing (A) is t a k e n (Fig . 2.18) 

P2V=N2RT (2.73) 

w h e r e P2 is t h e sys tem p res su re (P2 < Λ ) ί f t h e v o l u m e of gas p h a s e in sys tem 
(kep t c o n s t a n t by a d j u s t m e n t w i t h t he screw c l a m p ) ; a n d N2 t h e g m o l e s o f 
gas p h a s e in c losed sys tem a t t ime of r ead ing . F o r N2 < Nl d u e t o oxygen 
a b s o r p t i o n , t h e n 

N2 = Ν,- χ (2.74) 

w h e r e χ is g m o l e s of 0 2 a d s o r b e d . 
F r o m E q . (2.73) 

N2 = P2 VIRT (2.75) 

E q u a t i n g E q s . (2.74) a n d (2.75) a n d solving for x: 

χ = Νχ — (P2 VIRT) (2.76) 

Subs t i t u t ing in E q . (2.76) Nx by its va lue given by E q . (2 .72) : 

x = (V!RT)(PY-P2) (2.77) 

w h e r e {Ρχ-Ρ2) equa l s the he igh t h of Brod ie ' s fluid (F ig . 2.18). The re fo re , 

x = (V/RT)h (g moles 0 2 ) (2.78) 

If Vs is t h e v o l u m e of t he w a s t e w a t e r s a m p l e in ml , oxygen u t i l i za t ion in 
mg/ l i t e r is 

Oxygen utilization = (Vh/RT) g moles Q 2 x 1 

(Vsx 1 0 - 3 ) liter 

3 2 g x l O ^ 
g m o l e 0 2 " g 

* Specific gravity of Brodie's fluid is 1.001 at 0°C (with respect to water at 4°C). There
fore, normal atmospheric pressure is equivalent to a column of Brodie's fluid (at 0°C) of 
height equal to 

76.0 cm Hg χ 13.6 cm water/cm Hg χ cm Brodie's fluid/1.001 cm water 

= (76.0 x 13.6)/(1.001) = 1032.6 cm Brodie's fluid at 0°C 

(1032.6 cm Brodie) (22,412 ml/g mole) 
t R = PoVolT0 = 

273.2°K 
= 84,709 (cm Brodie) (ml)/(g mole)(°K) 
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or 
Oxygen utilization = 32 χ \06(VIVs)(hlRT) (mg/liter) (2.79) 

w h e r e Κ is t he gas v o l u m e in c losed sys tem ( m l ) ; Vs t h e v o l u m e of w a s t e w a t e r 
s a m p l e ( m l ) ; h t he r e a d i n g (cm of B r o d i e ' s fluid) (Fig . 2 .18) ; R t h e un iversa l 
gas c o n s t a n t [84 ,709 (cm Brod ie ) (ml ) / (g m o l e ) ( ° K ) ] ; a n d Τ t h e t e m p e r a t u r e 
of b a t h ( °K) . 

9.3. BATCH REACTOR EVALUATION 
A series of b a t c h b io logica l r e ac to r s (bench scale) a r e used t o a c c o m p l i s h 

essent ial ly t h e s a m e object ive as t h e W a r b u r g r e sp i rome te r . A b a t t e r y of 
b a t c h r eac to r s r e c o m m e n d e d for th is t ype of w o r k is s h o w n in F ig . 5.2 a n d 
descr ibed in Sec t ion 3.1 of C h a p t e r 5. 

A n acc l ima ted seed is a d d e d t o t he series of r eac to r s . V a r i o u s c o n c e n t r a t i o n s 
of a w a s t e w a t e r a r e t h e n a d d e d t o each r eac to r . T h e m i x e d c o n t e n t s a r e a e r a t e d 
for 2 - 3 days . T h e a p p a r e n t toxici ty is eva lua t ed , s amp le s a r e w i t h d r a w n a t 
the e n d of 1, 2, 4 , 8, 12, a n d 24 h r of a e r a t i o n , a n d C O D o r B O D r e m o v a l 
tests a r e p e r f o r m e d . Typ ica l B O D curves o b t a i n e d in th is m a n n e r a r e s imi la r 
t o t he ones s h o w n in F ig . 2 .19. 

10. Charac te r i s t i c s of 
Municipal S e w a g e 

M u n i c i p a l sewage is c o m p o s e d m a i n l y of o r g a n i c m a t t e r , e i ther in so lub le 
o r co l lo ida l f o r m o r as s u s p e n d e d sol ids . Eckenfe lder [ 3 ] r e p o r t s of ana lys i s 
of d a t a o n m u n i c i p a l sewage for a survey w h i c h inc luded 73 cit ies in 27 s t a tes 
of t h e U n i t e d Sta tes . S o m e ave rage pe r c a p i t a va lues f r o m th is su rvey a r e 

F low: 135 gal/(capita) (day) 

B O D 5 : 0.2 lb/(capita)(day) = 90.7 g/(capita) (day) 

Suspended solids: 0.23 lb/(capita) (day) = 104 g/(capita) (day) 

F o r a city of o n e mi l l ion peop le , t h e fo l lowing va lues a r e o b t a i n e d b y p r o r a t i n g 
th is pe r c a p i t a d a t a . 

F low: 135 Mgal/day χ 8.34 lb/gal = 1126 Mlb/day 

B O D 5 : 200,000 lb/day 

o r in t e rms of mg/ l i t e r 

B O D 5 : 200,000 lb/day χ day/1126 Mlb = 178 lb /Mlb = 178 ppm * 178 mg/liter* 

* Since most wastewaters contain small concentrations of soluble (and/or insoluble) 
matter, wastewater density is taken hence as equal to that for pure water, i.e., approximately 
1 mg/liter. Consequently, mg/liter becomes essentially equivalent to parts per million 
(ppm), since 1.0 mg/liter « 1.0 mg /10 3 g = 1.0 g /10 6 g = 1.0 ppm. 
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Presence o f indus t r i a l was tes in a m u n i c i p a l sewage sys tem m a y c h a n g e these 
va lues cons ide rab ly . 

11 . Industrial W a s t e w a t e r Surveys 
T h e p r o c e d u r e t o b e fo l lowed in indus t r i a l w a s t e w a t e r surveys h a s been 

desc r ibed in C h a p t e r 1 (Sec t ion 2.5.2, S tep 1). A c o m p l e t e sewer m a p of t h e 
p l a n t is deve loped . F o r a c c o m p l i s h i n g th is object ive, s a m p l i n g a n d m e a s u r i n g 
s t a t i ons a r e loca ted in t h e p l a n t , i nc lud ing all significant sources of w a s t e 
wa t e r s . Ana lyses t o b e r u n a r e selected a n d s a m p l i n g a n d ana lyses schedu les 
carefully p l a n n e d . M a t e r i a l ba l ances , i nc lud ing b o t h p roces s a n d sewer l ines, 
a r e wr i t t en . 

Sta t is t ica l p lo t s for all significant charac te r i s t i cs a r e p r e p a r e d . W h e n e v e r 
poss ib le , these s tat is t ical p lo t s a r e re la ted t o p r o d u c t i o n , t h a t is, g a l / t o n of 
p r o d u c t o r lb B O D / t o n of p r o d u c t . T h i s p e r m i t s e x t r a p o l a t i o n t o o t h e r 
p r o d u c t i o n schedules . Sources for w a s t e w a t e r s eg rega t ion , reuse , a n d re 
c i r cu la t ion a r e identified. 

F l o w m e a s u r e m e n t s of w a s t e w a t e r s t r e a m s a r e p e r f o r m e d by a var ie ty of 
m e t h o d s , wh ich a r e s u m m a r i z e d b y Eckenfe lder [ 3 ] . 

1. Ins t a l l a t ion of weirs for flow in o p e n c h a n n e l s a n d par t i a l ly filled sewers 
2. Bucke t a n d s t o p w a t c h m e t h o d , su i tab le for low flow ra tes a n d / o r 

i n t e r m i t t e n t d i scharges . I n t he la t te r case , flow r a t e a n d d u r a t i o n of o p e r a t i o n 
a r e d e t e r m i n e d 

3. P u m p i n g d u r a t i o n a n d r a t e . F l o w is e s t ima ted f r o m t h e cha rac t e r i s t i c 
cu rves of t he p u m p 

4. T i m i n g a floating objec t be tween t w o fixed p o i n t s a l o n g t h e c o u r s e . 
T h i s m e t h o d is app l i ed t o par t i a l ly filled sewers . D e p t h of flow in t h e sewer is 
a l so m e a s u r e d . A v e r a g e veloci ty is e s t ima ted f r o m surface veloci ty , w h i c h is 
t h e o n e direct ly m e a s u r e d . F o r l a m i n a r flow t h e ave rage veloci ty is a p p r o x i 
m a t e l y 0.8 t imes t h e surface veloci ty . F l o w is t h e n eva lua t ed f rom the 
k n o w l e d g e of th is ave rage veloci ty 

5. E x a m i n a t i o n of p l a n t w a t e r use r e c o r d s . T a k i n g i n t o a c c o u n t w a t e r 
losses in p r o d u c t o r d u e t o e v a p o r a t i o n , th is m e t h o d leads t o a p p r o x i m a t e 
es t imates 

6. T i m i n g c h a n g e of level in t a n k s o r r eac to r s , used p r imar i l y for b a t c h 
o p e r a t i o n d i scharges 

12. S ta t i s t ica l Corre la t ion of 
Industrial W a s t e Survey Data 

Indus t r i a l w a s t e w a t e r d i scharges a r e h igh ly va r i ab le in v o l u m e a n d c o m 
pos i t ion a n d a r e a p p r o p r i a t e l y t r ea t ed by stat is t ical ana lys is . P r o b a b i l i t y 
p lo t s a r e used w h e n dea l ing wi th stat is t ics of even ts w h i c h fall i n t o t h e bel l -
s h a p e d p r o b a b i l i t y cu rve so fami l ia r t o s ta t i s t ic ians . A p lo t of d a t a o n p r o b -
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abi l i ty - type g r a p h p a p e r s t r a igh tens o u t t h e p r o b a b i l i t y c u r v e , l e ad ing t o a 
s t r a igh t l ine p l o t ( l inear iza t ion of t he d a t a ) . T h e s t r a igh t l ine t h u s o b t a i n e d is 
referred t o as H e n r y ' s l ine. The re fo re , if a series of e x p e r i m e n t a l d a t a is p l o t t e d 
o n th is p a p e r a n d t h e resul t is a s t r a igh t l ine, th i s ind ica tes a r a n d o m d i s t r ibu 
t ion of e x p e r i m e n t a l d a t a . 

P robab i l i t y g r a p h p a p e r ut i l ized in th i s w o r k is i l lus t ra ted in F ig . 2 .20. 
T h e abscissa is a p r o b a b i l i t y scale a n d t h e o r d i n a t e is a l o g a r i t h m i c o n e . 

2 0 0 0 1 1 1 j j — ι — | — | — ι 1 1 1 1 

I 0 0 0 -
- 8 0 0 1 

Ξ 6 0 0 -

£ 4 0 0 Γ 

Q 
Ο 
CD 

2 0 0 [ 

1001 I I I I ι 1 1 I I I I ι 
2 5 10 3 0 5 0 7 0 9 0 9 5 9 8 
% of time that BOD value is equal to or less than the one 

indicated at ordinate 

Fig. 2.20. Probability plot for Example 2.4 (Method f). 

T w o m e t h o d s for s ta t is t ical co r r e l a t i on of indus t r i a l was t e survey d a t a a r e 
r e c o m m e n d e d by Eckenfe lder [ 3 ] . 

M e t h o d (1) is r e c o m m e n d e d for smal l a m o u n t s of d a t a (i .e. , less t h a n 20 
d a t u m po in t s ) . 

Step 1. A r r a n g e d a t a in i nc reas ing o r d e r o f m a g n i t u d e . 
Step 2. Le t η be t he to ta l n u m b e r of p o i n t s a n d m t h e ass igned serial 

n u m b e r f r o m 1 t o n. T a b u l a t e d a t a (in inc reas ing o r d e r of m a g n i t u d e ) vs. m. 
Step 3. P l o t t i n g p o s i t i o n s (abscissas of t h e p r o b a b i l i t y p lo t ) a r e de te r 

m i n e d f rom 
Frequency = (100//*) ( w - 0 . 5 ) 

T h i s q u a n t i t y is equ iva len t t o t he p e r c e n t o c c u r r e n c e of t h e va lue p l o t t e d in 
t h e o r d i n a t e , i.e., pe r cen t of t ime t h a t t h e va lue in q u e s t i o n is e q u a l t o o r less 
t h a n t h e r e a d i n g of t h e o r d i n a t e . T h e pos i t i on of t h e best-fit l ine is j u d g e d by 
eye o r t he leas t - squares m e t h o d is used . A p p l i c a t i o n of m e t h o d (1) is i l lus t ra ted 
by E x a m p l e 2.4. 

Example 2.4 

T h e fol lowing B O D d a t a (mg/ l i te r ) a r r a n g e d in increas ing o r d e r of m a g n i 
t u d e was o b t a i n e d for a n indus t r ia l s t r e a m [ c o l u m n ( / ) of T a b l e 2 . 8 ] . P lo t 
H e n r y ' s l ine b y t h e m e t h o d descr ibed . 
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TABLE 2.8 
Calculations for Example 2.4 

U) 
Step 1, 

B O D (mg/liter) 

(2) 
Step 2 

(/i = 8 , m = l , 2 , . . . , 8 ) , 
values o f m 

(3) 
Frequency = ( 1 0 0 / / i ) ( m - 0 . 5 ) , 

% time equal to or less than 

400 1 6.25 
450 2 18.75 
520 3 31.25 
630 4 43.75 
700 5 56.25 
730 6 68.75 
860 7 81.25 

1100 8 93.75 

SOLUTION The procedure is indicated in Table 2.8 and Fig. 2.20. The 
probability of occurrence of any value is now estimated. For example, 
from Fig. 2.20 the BOD is equal to or less than 1000 mg/liter 90% of 
the time. 

A statistical analysis of the various waste characteristics provides a basis 
for choice of design values. For example, the hydraulic capacity of a plant is 
selected in excess of the 99% frequency (here the ordinate is flow rate). On the 
other hand, sludge-handling facilities are usually designed on the basis of 
the 50% frequency. 

Method (2) is employed when a large number of data (more than 20 
datum points) have to be analyzed. Calculate the plotting position [column 
(5) of Table 2.8] from 

Frequency = m/(n+\) 

Otherwise, the procedure is the same as in method (1). 

Problems 
I. The following B O D data are given: 

t (days) B O D (mg/liter) 

1 6.5 
2 11.0 
3 15.0 
4 18.0 
5 20.0 
6 22.0 
7 23.0 
8 24.0 
9 25.0 

10 26.0 
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1. Plot the B O D curve. 
2. Calculate the values o f parameters k and L 0 by the following methods: 

(a) Log-difference method 
(b) Moore's method of moments , utilizing 3- , 5-, and 7-day sequences 
(c) Thomas' graphical method 

Tabulate values obtained under (a), (b), and (c). Compare values o f L0 with that obtained 
by visual extrapolation of the curve. 

II. For a wastewater, k = 0.1 (decimal log basis) and the 5-day B O D is 200 mg/liter. 
Estimate the 1-day B O D and the ultimate demand ( L 0 ) . What is the 5-day B O D if the in
cubation is at 30°C instead of the conventional temperature o f 20°C? 
ΙΠ. Determine T h O D for alanine [ C H 3 C H ( N H 2 ) C O O H ] (in g 0 2 / g mole o f alanine) 
using the following assumptions: 

1. Carbon atoms are oxidized to C 0 2 while nitrogen is converted to ammonia. 
2. Ammonia is then oxidized to H N 0 2 in the presence o f nitrite-forming bacteria. 
3. Finally, H N 0 2 is oxidized to H N 0 3 in the presence of nitrate-forming bacteria. 

T h O D is the sum of the oxygen required for these three steps. 
IV. Nine determinations of suspended solids (ppm) in a waste stream yield the fol lowing 
results, arranged in order of increasing magnitude: 4 8 , 8 3 , 8 5 , 1 0 2 , 1 3 0 , 1 3 4 , 1 5 3 , 1 6 7 , and 180. 

1. Linearize the distribution by a probability plot. 
2. What is the probability of occurrence of a suspended solid (SS) value equal to or less 

than 200 ppm? 
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1. In t roduct ion 
Select ion of a w a s t e w a t e r t r e a t m e n t p roces s o r s equence o f p rocesses 

d e p e n d s o n a n u m b e r of fac tors , i.e., (1) charac te r i s t i cs of t h e w a s t e w a t e r , 
e.g., B O D , % of s u s p e n d e d sol ids , p H , p resence of tox ic m a t e r i a l s ; (2) r equ i r ed 
effluent q u a l i t y ; (3) cos t a n d avai lab i l i ty of l and , e.g., ce r t a in b io log ica l 
processes ( s tab i l iza t ion p o n d s ) a re on ly e c o n o m i c a l l y feasible if low cos t 
l a n d is ava i l ab l e ; a n d (4) c o n s i d e r a t i o n of a poss ib le fu ture u p g r a d i n g of w a t e r 
qua l i t y s t a n d a r d s , necess i ta t ing des ign o f a m o r e soph i s t i ca t ed t ype o f t r ea t 
m e n t for fu tu re use . 

P r e t r e a t m e n t of w a s t e w a t e r impl ies r e m o v a l of s u s p e n d e d sol ids o r c o n -

70 
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d i t ion ing of w a s t e w a t e r for d i scha rge i n t o e i ther a rece iv ing b o d y of w a t e r o r 
a s e c o n d a r y t r e a t m e n t facility t h r o u g h n e u t r a l i z a t i o n a n d / o r e q u a l i z a t i o n . 
Types of p r i m a r y t r e a t m e n t d iscussed in th is c h a p t e r a r e (1) sc reen ing , (2) 
s e d i m e n t a t i o n , (3) flotation, a n d (4) n e u t r a l i z a t i o n a n d e q u a l i z a t i o n . 

2. Sc reen ing 
Screen ing is e m p l o y e d for r e m o v a l of s u s p e n d e d sol ids of v a r i o u s sizes. 

Screen o p e n i n g s r a n g e in size d e p e n d i n g o n the i r p u r p o s e , a n d c l ean ing of 
screens is d o n e e i the r m a n u a l l y o r mechan ica l l y . Screen ings a r e d i sposed o f 
b y bu r i a l , i nc ine r a t i on , o r a n a e r o b i c d iges t ion . Screens a r e classified a s fine 
a n d coa r se . 

F i n e screens h a v e o p e n i n g s of 3/16 in . o r smal ler . T h e y a r e usua l ly m a d e of 
steel m e s h o r pe r fo ra t ed s teel p la tes a n d s o m e t i m e s used ins t ead of s e d i m e n t a 
t i o n t a n k s . H o w e v e r , w h e r e a s they r e m o v e f r o m 5 t o 2 5 % of s u s p e n d e d so l ids , 
4 0 - 6 0 % is r e m o v e d b y s e d i m e n t a t i o n . F o r th is r e a s o n , a n d a l so b e c a u s e 
c logging is f requent ly a p r o b l e m , use of fine screens is n o t ve ry c o m m o n . 

C o a r s e screens h a v e open ings r a n g i n g f r o m 1.5 t o 3.0 in. T h e y a r e u s e d a s 
p r o t e c t i n g devices so t h a t large s u s p e n d e d sol ids d o n o t d a m a g e p u m p s a n d 
o t h e r e q u i p m e n t . 

S o m e t i m e s sh r edde r s a r e used i n s t e a d of coa r se screens . T h e s e devices t e a r 
d o w n s u s p e n d e d sol ids , w h i c h a r e t h e n r e m o v e d by s e d i m e n t a t i o n . 

3. Sed imen ta t i on 
3.1. I N T R O D U C T I O N 

S e d i m e n t a t i o n is u t i l ized in w a s t e w a t e r t r e a t m e n t t o s e p a r a t e s u s p e n d e d 
sol ids f r o m was t ewa te r s . R e m o v a l by s e d i m e n t a t i o n is b a s e d o n t h e difference 
in specific grav i ty be tween solid par t ic les a n d t h e b u l k of t h e l i qu id , w h i c h 
resul ts in se t t l ing of s u s p e n d e d sol ids . 

In s o m e cases , s e d i m e n t a t i o n is t h e on ly t r e a t m e n t t o w h i c h t h e w a s t e w a t e r 
is subjected. S e d i m e n t a t i o n is a l so ut i l ized in o n e o r m o r e s teps of a t r e a t m e n t 
sequence . I n a typical ac t iva ted s ludge p l a n t , s e d i m e n t a t i o n is ut i l ized in t h r e e 
of t h e t r e a t m e n t s t e p s : (1) in gr i t c h a m b e r s , in w h i c h i n o r g a n i c m a t t e r (e.g. , 
s and ) is r e m o v e d f r o m t h e w a s t e w a t e r ; (2) in t h e p r i m a r y clarifier, w h i c h 
p recedes t he b io logica l r eac to r , sol ids (o rgan i c a n d o the r s ) a r e s e p a r a t e d ; a n d 
(3) in t he s e c o n d a r y clarifier, wh ich fo l lows t h e b io logica l r eac to r , t h e b io logica l 
s ludge is s epa ra t ed f r o m the t r ea ted effluent. 

3.2. T Y P E S OF S E T T L I N G 

T h r e e types of set t l ing a r e r ecogn ized d e p e n d i n g o n t h e n a t u r e of sol ids 
p resen t in t he suspens ion . 
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1. Discrete settling. Par t ic les be ing set t led k e e p the i r ind iv idua l i ty , i.e., 
they d o n o t coalesce wi th o t h e r par t ic les . T h u s , t he phys ica l p rope r t i e s of t h e 
par t i c les (size, s h a p e , specific g rav i ty ) a r e u n c h a n g e d d u r i n g t h e p rocess . 
T h e set t l ing of s a n d par t i c les in gr i t c h a m b e r s is a typica l e x a m p l e of d iscre te 
set t l ing. 

2. Flocculent settling. A g g l o m e r a t i o n of t he set t l ing par t ic les is a c c o m 
p a n i e d b y c h a n g e s in dens i ty a n d set t l ing veloci ty. T h e s e d i m e n t a t i o n occur 
r i n g in p r i m a r y clarifiers is a n e x a m p l e . 

3. Zone settling. Par t ic les f o r m a lat t ice (or b l a n k e t ) wh ich sett les as a 
m a s s exhib i t ing a d is t inct in ter face wi th t he l iquid p h a s e . E x a m p l e s inc lude 
s e d i m e n t a t i o n of ac t iva ted s ludge in s e c o n d a r y clarifiers a n d t h a t of a l u m 
floes in w a t e r t r e a t m e n t p rocesses . 

3.3. T H E O R Y OF D I S C R E T E S E T T L I N G 

T h e f u n d a m e n t a l r e l a t ionsh ip for set t l ing of discrete par t ic les is N e w t o n ' s 
l aw, wh ich is ba sed o n t h e a s s u m p t i o n t h a t par t ic les a r e spher ica l w i t h a 
u n i f o r m d i a m e t e r . W h e n a par t i c le sett les, it accelera tes un t i l t h e forces 
p r o m o t i n g set t l ing, i.e., t h e par t i c le effective weight , a r e b a l a n c e d by t h e d r a g 
o r f r ic t ional res is tance of t h e l iquid . W h e n th is equa l i ty is ach ieved , t h e 
par t i c le r eaches a c o n s t a n t set t l ing veloci ty cal led t he t e r m i n a l o r se t t l ing 
veloci ty of t he par t i c le .* 

C o n s i d e r t he par t i c le in F ig . 3 .1 , wh ich h a s r e a c h e d its t e r m i n a l ve loci ty , 
a n d wr i te t h e a p p r o p r i a t e force b a l a n c e . T h e force p r o m o t i n g s e d i m e n t a t i o n , 
i.e., t h e effective weigh t of t h e par t i c le , is t h e difference be tween its a c tua l 
we igh t a n d t h e h y d r o s t a t i c lift: 

w h e r e Fs is t h e par t ic le effective w e i g h t ; ps t he par t i c le dens i ty ; pL t h e l iquid 
dens i t y ; g t h e acce le ra t ion of g r av i ty ; a n d ν t h e par t ic le v o l u m e , \nd3, w h e r e 
d is t he d i a m e t e r of the spher ica l par t ic le . 

T h e d r a g force i m p e d i n g s e d i m e n t a t i o n is 

w h e r e FD is t h e d r a g fo rce ; CD t h e d r a g coefficient; A t h e p ro jec ted a r e a of 
t h e par t ic le , A = \nd2; a n d V t h e re la t ive veloci ty be tween pa r t i c l e a n d fluid. 

F o r t h e c o n d i t i o n defining t h e t e r m i n a l veloci ty , e q u a t e E q s . (3.1) a n d (3.2). 

FS = vpsg - vpLg = (ps-pdgv (3.1) 

FD — CDA(pLV2/2) (3.2) 

(Ps-pL)gv = CDA(pLVs2/2) 

w h e r e 

V = vs = settling velocity 

* This results from force = (mass) (acceleration). Thus zero acceleration corresponds to 
a net force of zero, i.e., a perfect balance of forces. 
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Fig. 3.1. Discrete settling of a particle. 

S u b s t i t u t i n g ν = \nd3, A = bnd2, a n d so lv ing for t he t e r m i n a l veloci ty , Vs 

[ E q . ( 3 . 3 ) ] : 

Vs = 
PL 

1/2 
(3.3) 

wh ich is N e w t o n ' s law. 
F o r spher ica l par t i c les , t h e d r a g coefficient CD is re la ted t o t h e R e y n o l d s 

n u m b e r NR defined in E q . (3.4). 

NR = dVspL/pL (3.4) 

w h e r e d is t h e d i a m e t e r of sphe re , Vs t h e t e r m i n a l veloci ty (se t t l ing veloci ty) , 
a n d pL a n d pL t h e dens i ty a n d viscosi ty of l iqu id . T h i s r e l a t i onsh ip is s h o w n 
in F ig . 3.2.* 
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Fig. 3.2. Correlation for drag coefficient for spherical particles. 

* For nonspherical particles Fig. 3.2 is plotted as a family of curves, each curve corre
sponding to specified value of a parameter defined as sphericity [sphericity, φ = (surface 
area of a sphere having same volume as particle)/(surface area of particle)]. See Waddel [8]. 
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I n genera l , t he d r a g coefficient CD is a p p r o x i m a t e d by 

CD = b/NR

n (3.5) 

w h e r e coefficients b a n d η for t h e different r eg ions of F ig . 3.2 a r e ind ica ted in 
T a b l e 3 .1 . T h e a p p r o x i m a t e r e l a t i onsh ip be tween CD a n d NR g iven by E q . 

TABLE 3.1 
Drag Coefficient Ci 

Region b η CD = b/NR

n 

Stokes' law 
NR<2 24 1.0 CD = 24/NR 

Transition 
2 < NR < 500 18.5 0.6 CD=\$.5/NR

06 

Newton's 
NR> 500 0.4 0.0 CD = 0.4 

(3.5) is wr i t t en in l o g a r i t h m i c f o r m for t h e t h r ee reg ions ind ica ted in F ig . 3.2. 

Stokes ' region: CD = 24/NR 

: . l o g C D = - l o g J V * + log 24 

Transi t ion region: CD = 18.5/JV K

0 ' 6 

. · . l o g C D = - 0 . 6 logiV R + l o g 18.5 

Newton ' s region: CD = 0.4 

.*. l o g C D = log 0.4 = 0 .01og^ / K + log 0.4 

T h u s t he cu rve in F ig . 3.2 is a p p r o x i m a t e l y r ep laced b y t h r ee s e g m e n t s of 
s t r a igh t l ine wi th s lopes of, respect ively, — 1, —0.6, a n d 0.0. 

M a n y s e d i m e n t a t i o n p r o b l e m s in w a s t e w a t e r t r e a t m e n t o c c u r in S t o k e s ' 
r eg ion . Subs t i t u t i ng CD = 24/NR = 24pL/dVspL in E q . (3.3) a n d s impli fying, 
S t o k e s ' l aw is o b t a i n e d . 

Vs = 1/18- P-±^-gd2 (3.6) 
ML 

F o r a specific p r o b l e m in S t o k e s ' r eg ion ( p s , p L , a n d pL fixed) E q . (3.6) is 
wr i t t en as [ E q . (3.7)] 

Vs = Kd2 (3.7) 

(whe re AT is a c o n s t a n t ) , wh ich in l o g a r i t h m i c f o r m b e c o m e s [ E q . (3 .8)] 

logKs = 2 log*/ + l o g # = 2 log*/ + C (C is a constant) (3.8) 
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T h u s , a l o g a r i t h m i c p l o t of Vs vs . d yields a s t r a igh t l ine of s lope e q u a l t o 2.0 
for S t o k e s ' reg ion . 

F o r a specific p r o b l e m in N e w t o n ' s r eg ion , since CD is a c o n s t a n t 
(CD = 0.4), E q . (3.3) yields E q . (3.9). 

(where K' — a c o n s t a n t ) wh ich in l o g a r i t h m i c f o r m b e c o m e s E q . (3.10). 

w h e r e C is a c o n s t a n t . T h u s , a l o g a r i t h m i c p l o t of Vs vs . d y ie lds a s t r a igh t 
l ine of s lope e q u a l t o \ for N e w t o n ' s r eg ion . 

F o r t h e t r ans i t i on reg ion , CD = 1 8 . 5 / i V ^ 6 = (\%^0

L-6)l(d0'6V°s'6p0

L-6). 
Subs t i t u t ing th is va lue in E q . (3.3) a n d s impl i fy ing , o n e o b t a i n s E q . (3.11). 

Vs = [ ( 4 ^ / 5 5 . 5 ) ( / 7 L

0 - 6 / / / L

0 - 6 ) ( / ? s - / ? L ) / / > J 1 ^ 1 1 4 3 = K*dl 1 4 3 (3.11) 

w h e r e K" is a c o n s t a n t . I n l o g a r i t h m i c f o r m th i s b e c o m e s [ E q . (3 .12)] 

w h e r e C " is a c o n s t a n t . T h u s , a l o g a r i t h m i c p l o t of Vs vs . d y ie lds a s t r a igh t 
l ine of s lope 1.143 for t h e t r ans i t i on r eg ion . T h e l o g a r i t h m i c p l o t of Vs vs . d 
for t h e t h r e e r eg ions is s h o w n in F ig . 3 .3 . E v e n in t h e case o f gr i t c h a m b e r s , 
t h e t h e o r y j u s t ou t l i ned suffers f rom t w o se r ious l i m i t a t i o n s : (1) gr i t pa r t i c l e s 
a r e s e ldom spher ica l , a n d (2) gr i t pa r t i c les d o n o t h a v e u n i f o r m dens i ty . 

A g r a p h c o r r e s p o n d i n g t o E q . (3.3) is p lo t t ed in F ig . 3.4, g iv ing t h e r e l a t i on 
sh ip be tween par t i c le d i a m e t e r a n d veloci ty Vs. Par t ic les of specific gravi t ies 
1.001, 1.01, a n d 2.65 a r e cons ide red in p lo t t i ng F ig . 3.4. V a l u e 2.65 c o r r e s p o n d s 
t o t he specific gravi ty of typica l s and . T h e l iquid used is wa t e r a t t e m p e r a t u r e s 
ind ica ted , c o r r e s p o n d i n g t o respect ive va lues of p L , μ £ . Va lues of CD a r e 
o b t a i n e d f rom Fig . 3.2 by a t r ial a n d e r r o r p r o c e d u r e : (1) for specified par t i c le 

Vs = K'd1/2 (3.9) 

logKs = i l o g r f + l o g i T = i l o g < / + C (3.10) 

logKs = 1.143 \ogd+ l o g * " = 1.143 \ogd + C" (3.12) 

Stokes' 
region 

iTransi-
,' tion 

Newton's 
region 

log d 

Fig. 3.3. Logarithmic plot of Vs vs. d. 
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10 10 10"' K) 

Velocity of fall, c m / s e c 

Fig. 3.4. Relation between settling velocity and particle diameter [4]. 

d i a m e t e r a n d t e m p e r a t u r e (pL a n d pL fixed) a s s u m e a set t l ing veloci ty Vs; 
(2) Ca l cu l a t e NR b a sed u p o n th is a s s u m e d ve loc i ty ; (3) F r o m F ig . 3.2 r e a d 
CD; a n d (4) F r o m E q . 3.3 reca lcu la te Vs. If it agrees wi th t h e va lue a s s u m e d 
in (1) ca l cu l a t ions a r e cons i s ten t . O the rwi se , i t e ra t ion is c o n t i n u e d unt i l 
a g r e e m e n t is o b t a i n e d . 

F i g u r e 3.4 is c o n s t r u c t e d in th is m a n n e r . Since c o n s t r u c t i o n is b a s e d u p o n 
t h e ac tua l cu rve of CD vs. NR ( i .e. , F ig . 3.2), t h e l ines in F ig . 3.4 exh ib i t s o m e 
c u r v a t u r e , by c o n t r a s t w i th t h e t h r ee s t r a igh t l ine segmen t s in F ig . 3.3 [ c o n 
s t ruc t ion of wh ich is ba sed o n t h e a p p r o x i m a t e r e l a t ionsh ips given by E q s . 
(3.8), (3.10), a n d (3 .12) ] . A s a n a p p r o x i m a t i o n , howeve r , cu rves in F ig . 3.4 
a re r ep laceab le b y th ree s t r a igh t l ine segmen t s . 

3.4. T H E I D E A L S E D I M E N T A T I O N T A N K C O N C E P T 

Thi s c o n c e p t , deve loped b y H a z e n [ 5 ] a n d C a m p [ 1 ] , is t h e bas is for 
a r r iv ing a t r e l a t ionsh ips ut i l ized in t h e des ign of s e d i m e n t a t i o n t a n k s . T h e 
m o d e l c h o s e n for a s e d i m e n t a t i o n t a n k cons is t s of four zones (Figs . 3.5 a n d 
3.6). 

1. In le t zone . H e r e t he flow b e c o m e s qu iescen t . I t is a s s u m e d t h a t a t t h e 
l imi t of th is z o n e (i .e. , a l o n g ver t ical l ine xt) par t ic les a r e un i fo rmly d i s t r i bu t ed 
ac ross t h e inf luent c ross sect ion. 

2. S e d i m e n t a t i o n z o n e . A par t i c le is a s s u m e d t o be r e m o v e d f r o m sus
p e n s i o n once it h i t s t he b o t t o m of th is z o n e ( h o r i z o n t a l l ine ty). 
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Fig. 3.5. Model of a sedimentation tank with discrete settling particles 
(Cases 1 and 2). 
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Fig. 3.6. Model of a sedimentation tank with discrete settling particles 
(Cases 3 and 4). 

3. Ou t l e t z o n e . W a s t e w a t e r is col lec ted he re p r i o r t o t rans fe r t o t h e nex t 
t r e a t m e n t . 

4 . S ludge z o n e . Th i s z o n e is p r o v i d e d for s ludge r e m o v a l . 
Set t l ing p a t h s of par t ic les en t e r ing t h e s e d i m e n t a t i o n z o n e a t p o i n t s χ a n d 

x' for d iscrete set t l ing a r e i nd ica t ed by l ines xy a n d x'y' in F ig . 3.5 a n d l ines 
xy" a n d x'y in F ig . 3.6. T h e s e set t l ing p a t h s a r e t h e ne t resul t of t w o veloci ty 
vec to r c o m p o n e n t s : 

1. F l o w - t h r o u g h veloci ty V [ E q . (3 .13)] 

V = Q/A' = QIWH (3.13) 

w h e r e Κ is t he flow-through veloci ty (f t /sec) ; Q t he flow r a t e ( f t 3 / s e c ) ; A' t h e 
ver t ica l c ross -sec t iona l a r e a of s e d i m e n t a t i o n z o n e , n a m e l y A' = WH ( f t 2 ) 
(refer t o F ig . 3 .7) ; W t h e w id th of s e d i m e n t a t i o n z o n e (ft) ; a n d Η t h e d e p t h 
of s e d i m e n t a t i o n z o n e (ft). 

2. Set t l ing veloci ty , i nd ica ted by e i the r vec to r s Vs o r Vx in F igs . 3.5 a n d 
3.6, respect ively. 

F o r d iscre te set t l ing t he set t l ing veloci ty is c o n s t a n t for a n y specific se t t l ing 
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Fig. 3.7. Geometry of the sedimentation zone. 

path, i.e., Vs and Vt do not vary along their respective paths. This is due to the 
fact that a discrete particle is unhindered by neighboring ones (no coales
cence), so it settles with a uniform velocity, read from Fig. 3.4, as a function 
of the particle diameter. 

For flocculent settling the situation is different. Figure 3.8 illustrates a 
typical sedimentation path of flocculent settling (Section 3.5). As coalescence 

Sludge zone 

Fig. 3.8. Model of a sedimentation tank for flocculent settling. 

with neighboring particles takes place, the effective diameter of the particle 
increases, and thus its settling velocity Vs also increases. The net result is that 
settling paths are curved in contrast with straight line paths for discrete 
settling. 

Consider the following cases with reference to Figs. 3.5 and 3.6, keeping 
in mind that a particle is assumed to be removed from the suspension once it 
hits the bottom of the sedimentation zone. 

Case 1 (Fig. 3.5). A particle which at time zero (r = 0) is located at point 
χ and possesses a settling velocity Vs (and diameter ds read from Fig. 3.4). 
This particle is removed, since it touches the bottom of the sedimentation 
zone at y (path xy). 

Case 2 (Fig. 3.5). A particle which at t = 0 is located at xf on the same 
vertical line as χ but below x, and has a settling velocity Vs (or greater than Vs). 
This particle is also removed since it hits the bottom of the sedimentation zone 
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t o t he left of p o i n t y ( a t / ) - If t he set t l ing veloci ty is g r ea t e r t h a n Vs t h e par t i c le 
t o u c h e s t he b o t t o m of t he s e d i m e n t a t i o n z o n e t o t he left of y'. F i g u r e 3.6 
p o r t r a y s t he case of pa r t i c les w i th a d i a m e t e r dx (dx < ds), possess ing a se t t l ing 
veloci ty Vx (Vt < Vs). (Set t l ing veloci ty Vl is r e a d f r o m F ig . 3.4 for d = dv) 
T h e s e par t ic les a r e s h o w n separa te ly in F ig . 3.6 s imply t o avo id o v e r c r o w d i n g 
of t h e d i a g r a m . I n fact t hey a r e t o g e t h e r in t h e s lu r ry wi th par t ic les of set t l ing 
veloci ty Vs. 

Case 3 (F ig . 3.6). A par t ic le w h i c h a t t = 0 is l oca t ed a t χ a n d h a s a 
set t l ing veloci ty Vx (where Vt < Vs). T h i s par t i c le is n o t r e m o v e d s ince it d o e s 
n o t r e a c h t h e b o t t o m of t h e s e d i m e n t a t i o n z o n e (i.e., l ine ty) in t i m e for 
r e m o v a l ( s e d i m e n t a t i o n p a t h xy"). 

Case 4 (F ig . 3.6). A par t ic le wi th set t l ing veloci ty Vx (where Vt < Vs) a n d 
s i tua ted a t x' a t t = 0. Th i s par t ic le is r e m o v e d ( s e d i m e n t a t i o n p a t h x'y). 
C o n s i d e r n o w the set t l ing veloci ty Vs. F r o m E q . (3.13) 

Q = VA' = VWH (3.14) 

F r o m c o n s i d e r a t i o n of s imi lar t r iangles in F ig . 3.5 

V= Vs(L/H) (3.15) 

S u b s t i t u t i o n of E q . (3.15) in E q . (3.14) a n d s impl i f ica t ion leads t o 

Q = VSLW = VSA (3.16) 

w h e r e A = LW= h o r i z o n t a l c ross -sec t iona l a r e a of t h e s e d i m e n t a t i o n z o n e 
( f t 2 ) (F ig . 3.7). 

F r o m E q . (3.16) 

Vs = QILW= Q/A (3.17) 

F r o m E q . (3.17) it fol lows t h a t t he set t l ing efficiency is a func t ion o f t h e 
h o r i z o n t a l c ross -sec t iona l a rea , r a t h e r t h a n of t h e d e p t h H. T h u s , in p r inc ip le , 
it is adv i sab l e t o uti l ize s e d i m e n t a t i o n t a n k s of h i g h surface a r e a A a n d l ow 
d e p t h s . T h e on ly r e a s o n s for us ing a r e a s o n a b l e d e p t h a r e (1) t o satisfy d e p t h 
r e q u i r e m e n t s in o r d e r t o p r o v i d e for m e c h a n i c a l r a k e s u t i l ized for r e m o v a l 
of set t led s ludge , a n d (2) t h e h o r i z o n t a l c o m p o n e n t of veloci ty ( f low- th rough 
veloci ty V) m u s t be k e p t wi th in ce r t a in l imi ts t o p r e v e n t s co u r i n g t h e par t ic les 
wh ich h a v e set t led. 

F r o m E q . (3.13) it fol lows t h a t Η s h o u l d n o t b e t o o low since Κ w o u l d rise 
a b o v e t h e s cou r veloci ty . T h e subjec t of s c o u r veloci ty is d i scussed in th i s 
sec t ion . S c o u r occu r s w h e n flow-through veloci ty V is sufficient t o s u s p e n d 
p rev ious ly set t led par t ic les . S c o u r is n o t usua l ly a p r o b l e m in la rge se t t l ing 
t a n k s , b u t it c a n b e a n i m p o r t a n t fac to r in gr i t c h a m b e r s a n d n a r r o w c h a n n e l s . 

T h e t w o f u n d a m e n t a l p remises of t he idea l t a n k c o n c e p t a r e (1) u n i f o r m 
d i s t r i bu t ion of par t ic les ac ross t h e inf luent c ross sec t ion (i .e. , a l o n g ver t ica l 
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l ine xt) a n d (2) a s s u m p t i o n t h a t a par t i c le is cons ide red r e m o v e d w h e n it 
r eaches t h e b o t t o m of t h e s e d i m e n t a t i o n z o n e (i .e. , h o r i z o n t a l l ine ty). 

K e e p i n g in m i n d these t w o p remises , t w o coro l la r ies fo l low: (1) A l l 
pa r t i c les w i t h a se t t l ing veloci ty e q u a l t o o r g rea te r t h a n Vs a r e r e m o v e d ; a n d 
(2) al l pa r t i c les w i th a set t l ing veloci ty less t h a n Vs ( such as Vx in F ig . 3.6) a r e 
r e m o v e d in a p r o p o r t i o n given by the r a t i o VJVS. 

F r o m g e o m e t r i c c o n s i d e r a t i o n of t h e par t i c le p a t h (F igs . 3.5 a n d 3.6) 
t o u c h i n g p o i n t y a t t h e b o t t o m of t h e s e d i m e n t a t i o n t a n k (par t ic les w i th 
se t t l ing veloci ty Vs in F ig . 3.5 fo l lowing p a t h xy, a n d pa r t i c l e s wi th se t t l ing 
veloci ty Kx in F ig . 3.6 fo l lowing p a t h x'y), o n e wr i tes [ E q . (3 .18)] 

Vi/Vs = h/H (3.18) 

F o r e x a m p l e , if Η = 100 in. a n d h = 75 in. , t h e n 

VJVs = 75/100 = 0.75 

o r 7 5 % of t he par t ic les wi th a set t l ing veloci ty Vx a r e r e m o v e d , i.e., t h o s e 
w h i c h a t t i m e t = 0 a r e a t a h e i g h t x' o r be low. T h e r e m a i n i n g par t ic les w i t h 
se t t l ing veloci ty Vu i.e., t hose s i tua ted be tween χ a n d x' a t t i m e / = 0, a r e 
not r e m o v e d . 

T h e overf low r a t e defined as 

QjA = f t 3 / ( f t 2 ) (hr) = ft/hr 

is defined as t he set t l ing veloci ty Vs o f a par t i c le t h a t sett les t h r o u g h a d i s t ance 
exact ly e q u a l t o t h e effective d e p t h of t he t a n k d u r i n g t h e theore t i ca l d e t e n t i o n 
p e r i o d . Th i s resul t s f r o m the defini t ion of d e t e n t i o n p e r i o d : 

/ = detention period = (volume of tank) /Q = HA/Q (A = LW) (3.19) 

F r o m E q . (3.19) it fol lows t h a t a set t l ing veloci ty Vs defined as Vs = H/t is 
equ iva l en t t o t h e overflow r a t e , s ince 

Vs = Hit = H/(HA/Q) = Q/A 

w h i c h is E q . (3.17). 
T h e scour velocity Vc is t h e va lue of t h e flow-through veloci ty V [ E q . (3 .20) ] , 

V = Vc = Q/A' = QIWH (3.20) 

for w h i c h " p r e v i o u s l y s e t t l ed" par t ic les a r e s cou red a w a y . * 

* The words "previously settled" are placed in quotes because a particle which is scoured 
away never actually settles. Mentally one separates the processes of settling and scouring 
and imagines that a particle settles and subsequently is scoured away. This reasoning is 
compatible with the hypothetical resolution of the velocity trajectory into vectors V (flow-
through velocity) and Vs (settling velocity). 
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T h e s c o u r veloci ty is e s t i m a t e d b y t h e fo l lowing e m p i r i c a l e q u a t i o n [ E q . 
(3 .21)] [ 1 ] : 

Vc = [ 8 / f r < / ( 5 - l ) / / ] 1 / 2 (3.21) 

w h e r e Vc is t h e veloci ty of s cou r ( m m / s e c ) ; i .e., flow-through veloci ty r e q u i r e d 
t o s cou r all pa r t i c l es of d i a m e t e r d o r s m a l l e r ; β t h e c o n s t a n t (0.04 for u n i -
g r a n u l a r s and , 0 .06 for n o n u n i f o r m s t icky m a t e r i a l ) ; / t h e W e i s b a c h - D ' A r c y 
fr ic t ion fac to r (0.03 for c o n c r e t e ) ; g t h e acce l e ra t ion of g rav i ty ( m m / s e c 2 ) 
( n o r m a l : 9800 m m / s e c 2 ) ; dthe par t i c le d i a m e t e r ( m m ) (par t ic les w i th d i a m e t e r 
d o r less t h a n d a r e s c o u r e d a w a y ) ; a n d s t h e specific g rav i ty of pa r t i c l e . 

Example 3 .1 

C o n s i d e r a suspens ion of s a n d (s = 2.65) in w a t e r a t 2 0 ° C wi th a u n i f o r m 
par t i c l e size (d = 0.07 m m ) . F l o w is 1.0 M g a l / d a y . 

1. C a l c u l a t e t h e se t t l ing t a n k surface ( h o r i z o n t a l c ross sec t ion) for 
o b t a i n i n g r e m o v a l o f 7 0 % of t h e par t i c les . 

2. S u p p o s e t h a t ins tead of a u n i f o r m par t i c l e d i a m e t e r , t he r e is, bes ides 
par t i c les ofd= 0.07 m m , a n o t h e r set w i t h a u n i f o r m l y la rger d i a m e t e r , w h i c h 
a r e comple t e ly r e m o v e d in t h e se t t l ing t a n k des igned for 7 0 % r e m o v a l of t h e 
par t i c les w i th d = 0.07 m m . D e t e r m i n e w h a t is t h e m i n i m u m par t i c l e d i a m e t e r 
for t o t a l r e m o v a l . 

3 . F o r case (2), d e t e r m i n e t h e flow-though veloci ty Vc so t h a t all pa r t i c les 
of lower set t l ing ve loc i ty t h a n t h o s e comple t e ly r e m o v e d a r e s c o u r e d a w a y . 
W h a t c o m b i n a t i o n of l eng th , w i d t h , a n d d e p t h for t h e se t t l ing t a n k m e e t s 
t hese r e q u i r e m e n t s ? 

S O L U T I O N : P a r t 1 

Step 1. F r o m F ig . 3.4 [ for d = 0.07 m m a n d s = 2 .65 (a t 2 0 ° C ) ] , r e a d 

Vs = 0.45 cm/sec 

o r 

Vs = 0.45 cm/sec χ ft/30.48 cm χ 3600 sec/hr 

Vs = 53.1 ft/hr = 53.1 f t 3 / ( f t 2 ) (hr ) 

T h e overflow r a t e in g a l / ( d a y ) ( f t 2 ) is 

53.1 f t 3 / ( f t 2 ) (hr) χ 7.48 gal/ft 3 χ 2 4 h r / d a y 

Λ Vs = 9533 gal/(day)(ft 2 ) 

Step 2. T h e h o r i z o n t a l c ross -sec t iona l a r e a is (for 100% r e m o v a l ) 

1,000,000 gal/day 
A = Q'V* = 9533 gal/(day)(ft 2 ) = 1 0 5 * 
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W i t h th is a rea , 100% r e m o v a l is o b t a i n e d . F o r 7 0 % r e m o v a l t h e res idence 
t ime ( a n d t h u s t h e c ross-sec t iona l a r ea ) is r e d u c e d b y 3 0 % . T h e c ross -sec t iona l 
a r e a is 

A = 105 χ 0.7 = 73.5 f t 2 

U n d e r these c i r cums tances , t h e set t l ing veloci ty for 100% r e m o v a l is 

1,000,000/73.5 = 13,605 gal/(day)(ft 2 ) 
Note: C h e c k o n p e r c e n t r e m o v a l . Since t h e set t l ing veloci ty is 9533 

g a l / ( d a y ) ( f t 2 ) , fixed b y t h e pa r t i c l e d i a m e t e r as d e t e r m i n e d f r o m F ig . 3.4, 
p e r c e n t a g e r e m o v a l is 9533/13,605 = 0.70 (70%). Refe r r ing t o F ig . 3.6 t h e 
par t ic les r e m o v e d a r e t h o s e w h i c h a t t he e n d of inlet z o n e , a l o n g ver t ica l l ine 
xt, a r e a l r e a d y a t d i s t ance h (o r less t h a n h) f rom t h e b o t t o m of t h e s e d i m e n 
t a t i o n z o n e , w h e r e [ f r o m E q . (3 .18)] 

Vs = 13,605 gal/(day)(ft 2 ) (100% removal) 

Vi = 9533 gal/(day)(ft 2 ) (70% removal) 

. · . h/H = 0.70 

S O L U T I O N : P a r t 2 If t he re is a d i s t r i bu t ion of par t i c le d i a m e t e r s i n s t ead 
of u n i f o r m d i a m e t e r d = 0.07 m m , o n e r ead s f r o m F ig . 3.4 t h e d i a m e t e r , 
w h i c h is la rger t h a n 0.07 m m , for w h i c h t h e set t l ing veloci ty c o r r e s p o n d s 
t o 13,605 g a l / ( d a y ) ( f t 2 ) . The re fo re , t h e abscissa in F ig . 3.4 is 

(13,605/9533) χ 0.45 cm/sec = 0.45/0.7 = 0.642 cm/sec 

F r o m Fig . 3.4 [ for Vs = 0.642 cm/ sec a n d s = 2.65 (t = 2 0 ° Q ] , r e a d d = 0 .085 
m m (100% r e m o v a l ) . If d i s t r i bu t ion of par t i c le d i a m e t e r in t h e inf luent is 
k n o w n , o n e c a n ca lcu la te t he % r e m o v a l c o r r e s p o n d i n g t o e ach g r o u p of 
par t ic les for a given d i a m e t e r ( E x a m p l e 3.2). 

S O L U T I O N : P a r t 3 T h e s c o u r veloci ty t o sweep all par t ic les of lower 
set t l ing veloci ty t h a n t h o s e t o be comple t e ly r e m o v e d is ca lcu la ted f r o m 
E q . (3.21). 

Vc = [8 χ 0.04 x 9800 χ 0.07(2.65 - 1 ) / 0 . 0 3 ] 1 / 2 = 110 mm/sec 

A s s u m i n g t h a t t h e s a n d c o n t a i n s on ly t w o par t i c le sizes, e.g., 0.07 a n d 0.085 
m m , the s cou r ve loci ty Vc = 110.0 m m / s e c sweeps a w a y all par t ic les of 
d = 0.07 m m , leaving b e h i n d t hose of d = 0 .085 m m . T h e va lue of Vc in 
p rac t i ca l un i t s is 

Vc = 110 mm/sec χ ft/304.8 m m = 0.36 ft/sec 

T h e ver t ical c ross -sec t iona l a r e a is ca lcu la t ed f r o m E q . (3.13). 

__ 1,000,000 gal/day χ day/86,400 sec χ ft 3 /7.48 gal = 4 3 ft2 

0.36 ft/sec 
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A n y p rac t i ca l c o m b i n a t i o n of l eng th , w i d t h , a n d d e p t h is u sed t o satisfy t h e 
r e q u i r e m e n t s A = 73.5 f t 2 = LW a n d A' = 4 .3 f t 2 = WH. 

Example 3.2 

S u p p o s e t h a t for E x a m p l e 3.1 ins t ead of a u n i f o r m par t i c l e size, t he re is a 
d i s t r i bu t i on of d i a m e t e r s . A s s u m e t h e s a m e specific g rav i ty a n d t e m p e r a t u r e 
as in E x a m p l e 3 .1 , i.e., s = 2.65 a n d t = 20°C . A s s u m e t h a t for e a c h 100 l b of 
gr i t t h e fo l lowing d i s t r i bu t i on of pa r t i c l e sizes app l ies (see t a b u l a t i o n be low) 

(2) (3) 
lb of each Particle size, 

Group no . particle size d (mm) 

1 50 0.085 
2 20 0.070 
3 20 0.060 
4 10 0.050 

TOO 

T h e set t l ing veloci t ies for e ach g r o u p of par t ic les a r e r ead f r o m F ig . 3.4. 
T h i s is i nd ica ted in c o l u m n (4) o f T a b l e 3.2. Pe rcen t r e m o v a l s a r e t h e n ca l 
cu la t ed [ c o l u m n (5)] a n d expressed as f rac t ions of un i ty in c o l u m n (r5). T h e 

TABLE 3.2 
Calculations for Example 3.2 

(2) 
lb of 

( / ) each 
Group particle 

no. size 

(3) 
Particle 
size, d 
(mm) 

(4) 
Vs 

(Fig. 3.4) 

(5) 

/ 0 r e m o v a l - 0 6 4 2 x 100 

(6) 
Fraction 

removed = 
( 5 ) - 1 0 0 

(7) 
lb removed 

(7) = (2) χ (6) 

1 50 0.085 0.642 (0.642/0.642)100 = 100" 1.00 50.0 
2 20 0.070 0.450 (0.45/0.642)100 = 70 f l 0.70 14.0 
3 20 0.060 0.350 (0.35/0.642)100 = 54.5 0.545 10.9 
4 10 0.050 0.220 (0.22/0.642)100 = 34.3 0.343 3.43 

100 78.3 

" Already calculated in Example 3.1. 

weight of s a n d r e m o v e d by set t l ing for e a c h g r o u p of par t ic les is c o m p u t e d in 
c o l u m n (7) . The re fo re 7 8 . 3 % of t he we igh t of t h e or ig ina l par t ic les is r e m o v e d 
by set t l ing. 
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I n this e x a m p l e , if t he ver t ical c ross sect ion A' is t a k e n equa l t o 4.3 f t 2 (va lue 
ca lcu la t ed in E x a m p l e 3.1), all par t ic les of < / = 0 . 0 7 m m a n d sma l l e r a r e 
s c o u r e d a w a y ( g r o u p s 2, 3, a n d 4). The re fo re , t he ne t r e m o v a l is of on ly 50 lb 
p e r 100 lb of to ta l gri t , i.e., t he par t ic les wi th d = 0 .085 ( g r o u p 1). T h i s ind ica tes 
a ne t r e m o v a l by weigh t of 50%. 

If A' is t a k e n larger t h a n 4.3 f t 2 t he ne t r e m o v a l is g rea te r , s ince t h e r e is less 
s cour ing . E x a m i n i n g ca lcu la t ions for E x a m p l e 3 .1 , it fol lows t h a t if A' is t a k e n 
as 8.6 f t 2 ( twice 4.3 f t 2 ) t he va lue of Vc is 0.18 ft/sec ( ins tead of 0.36 ft/sec). 
Th i s c o r r e s p o n d s t o 

Vc = 55 mm/sec (instead of 110.0 mm/sec) 

Since f rom E q . (3.21), Vc is p r o p o r t i o n a l t o d l / 2 , it f o l lows t h a t d is 0 .07/4 = 
0.0175 m m , so as t o yield Vc = 55 m m / s e c (hal f of 110.0 m m / s e c ) . T h e r e f o r e , 
on ly par t ic les wi th d = 0.0175 m m o r smal le r a r e r e m o v e d by scour ing . S ince 
for t he given d i s t r i bu t ion the smal les t par t ic le d i a m e t e r is 0.05 m m , the re is 
n o r e m o v a l by scour ing . C o n s e q u e n t l y , t he ne t r e m o v a l is 78.3 lb f r o m every 
100 lb of s and , o r 7 8 . 3 % by weight . 

If th is va lue is a d o p t e d , 

A = 73.5 f t 2 = LW 

A' = 8.6 f t 2 = WH 

Selec t ing Η = 4 ft, t h e n 

W = 8.6/4 = 2.15 ft 

L = 73.5/2.15 = 34.2 ft 

T h i s ind ica tes specif icat ion o f a n a r r o w set t l ing c h a n n e l 34.2 ft l ong , 2.15 ft 
wide , a n d 4 ft deep . 

3.5. F L O C C U L E N T S E T T L I N G 
Floccu l en t set t l ing t akes p lace w h e n set t l ing veloci ty of t he par t ic les in

creases d u e t o coa lescence wi th o t h e r par t ic les . A d i a g r a m of f locculent 
s e d i m e n t a t i o n profiles is s h o w n in F ig . 3.8. T h e set t l ing p a t h s of t h e par t i c les 
a re curves , r a t h e r t h a n s t r a igh t lines as for d iscre te set t l ing. 

D e s i g n cr i ter ia for sys tems exh ib i t ing flocculent set t l ing a r e es tab l i shed by 
a l a b o r a t o r y set t l ing ana lys i s . A typica l l a b o r a t o r y set t l ing c o l u m n is s h o w n 
in F ig . 3.9. 

C o n c e n t r a t i o n of s u s p e n d e d sol ids is k e p t u n i f o r m t h r o u g h o u t t h e c o l u m n 
a t t h e beg inn ing of t h e tes t b y m e a n s of a p o r t a b l e s t i r rer . T h e d e p t h of t h e 
c o l u m n is a p p r o x i m a t e l y t h e s a m e as t h a t of t h e set t l ing t a n k t o b e des igned . 
T e m p e r a t u r e is k e p t c o n s t a n t d u r i n g t h e test . A p rac t i ca l des ign of a se t t l ing 
c o l u m n (F ig . 3.9) is 8 ft d e e p , w i th s a m p l i n g p o r t s a t d e p t h s of 2, 4, 6, a n d 8 ft. 
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Fig. 3.9. Laboratory settling column. 

D a t a t a k e n a t 2-, 4- , a n d 6-ft d e p t h s a r e ut i l ized t o d e t e r m i n e set t l ing veloci ty 
a n d d e t e n t i o n t ime re l a t ionsh ips . D a t a f r o m t h e 8-ft p o r t a r e u sed for s ludge 
c o n c e n t r a t i o n a n d c o m p a c t i o n d e t e r m i n a t i o n s . 

Step 1. Fil l t he c o l u m n wi th was t ewa te r , m a i n t a i n i n g a u n i f o r m c o n 
c e n t r a t i o n of s u s p e n d e d sol ids t h r o u g h o u t . A p o r t a b l e s t i r rer is used for th is 
p u r p o s e . 

Step 2. R e m o v e t h e s t i r rer f r o m t h e cyl inder . A t e a c h s a m p l i n g p o r t , t h e 
c o n c e n t r a t i o n s of s u s p e n d e d sol ids a r e m e a s u r e d a t p r e d e t e r m i n e d t imes . 

E x a m p l e s 3.3 a n d 3.4 i l lus t ra te t he p r o c e d u r e f r o m d a t a t r e a t m e n t t o t h e 
des ign o f a clarifier. 

Example 3.3 

T h e suspens ion be ing tes ted h a s a n ini t ial s u s p e n d e d sol ids c o n c e n t r a t i o n 
of 430 mg/ l i t e r ( S S 0 ) . T h e s u s p e n d e d sol ids (hence a b b r e v i a t e d as SS) c o n 
c e n t r a t i o n s in T a b l e 3.3 a re m e a s u r e d a t t h e ind ica t ed t imes a t t he 2- , 4- , a n d 
6-ft s a m p l i n g p o r t s . P e r f o r m t r e a t m e n t of t h e d a t a a r r iv ing a t cu rves for 
(a) % SS r e m o v a l vs. d e t e n t i o n t ime (min ) , (b) % SS r e m o v a l vs. overf low r a t e 
[ g a l / ( d a y ) ( f t 2 ) ] , a n d (c) % SS r e m a i n i n g ( f ract ion of par t ic les w i th less t h a n 
s ta ted veloci ty) vs. set t l ing veloci ty (f t /hr) . 

Step 1. Ca lcu la t e f rac t ion of sol ids r e m a i n i n g in s u s p e n s i o n for e ach 
s a m p l e [ E q . (3 .22)] . 

χ = SS/SSo 
o r i n % 

y = SS/SSo x 100 (3.22) 
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TABLE 3.3 
Laboratory Sedimentation Data (Example 3.3) 

Time 
(min) 

SS concentrations 
at indicated depths 

Time 
(min) 

2 ft 
(Tap 1) 

4 ft 
(Tap 2) 

6 ft 
(Tap 3) 

5 356.9 387.0 395.6 
10 309.6 346.2 365.5 
20 251.6 298.9 316.1 
30 197.8 253.7 288.1 
40 163.4 230.1 251.6 
50 144.1 195.7 232.2 
60 116.1 178.5 204.3 
75 107.5 143.2 180.6 

T h e n ca lcu la te for e ach s a m p l e t he f rac t ion of so l ids r e m o v e d 

1 - x 
o r in % 

ζ = 100 - y (3.23) 

A s a m p l e of these ca lcu la t ions (for a 2-ft d e p t h ) is s h o w n in T a b l e 3.4. S imi la r 
c a l cu l a t i ons a r e p e r f o r m e d for 4- a n d 6-ft d e p t h s . 

TABLE 3.4 
Calculation of Fraction of Solids Remaining and Removed for a 2-ft Depth 

(2) 
ω SS remaining (3) (4) 

Time (mg/liter) Solids remaining (%) Solids removed (%) 
(min) (Table 3.3) y = (SS/SSo) x 100 ζ = 100->> 

5 356.9 83.0 17.0 
10 309.6 72.0 28.0 
20 251.6 58.5 41.5 
30 197.8 46.0 54.0 
40 163.4 38.0 62.0 
50 144.1 33.5 66.5 
60 116.1 27.0 73.0 
75 107.5 25.0 75.0 

Step 2. I n o r d e r t o s m o o t h the e x p e r i m e n t a l d a t a c o n s t r u c t a g r a p h o f 
% SS r e m o v e d vs . t ime . Th i s p l o t is s h o w n in F ig . 3.10 for t he 2- , 4- , a n d 6-ft 
d e p t h s . 
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Fig. 3.10. Suspended solids (%SS) removed vs. time. 

Step 3. F r o m Fig . 3.10 c o n s t r u c t a set t l ing profile g r a p h (F ig . 3.11). T h i s 
is d o n e by r e a d i n g f rom t h e s m o o t h e d cu rves of F ig . 3.10 t h e absc issas (/, m i n ) 
c o r r e s p o n d i n g t o selected va lues of % SS r e m o v e d (e.g. , 5, 10, 2 0 , 7 0 , 75%) 
for e a c h o n e of t he th ree d e p t h s . T h e s e va lues a r e t a b u l a t e d (Tab l e 3.5) a n d 
ut i l ized for c o n s t r u c t i o n of F ig . 3 .11 . 

Step 4. Ca lcu la t e % r e m o v a l of SS a n d overf low r a t e [ g a l / ( d a y ) ( f t 2 ) ] . 
Before t he p r o c e d u r e descr ibed he re is fully u n d e r s t o o d , s o m e p r e l i m i n a r y 
c o n s i d e r a t i o n s m u s t be m a d e . A n effective se t t l ing veloci ty Vs is defined as t h e 
effective d e p t h (6 ft in th is e x a m p l e ) d iv ided b y t h e t ime (de t en t ion t ime , t) 
r equ i r ed for a given par t i c le t o t rave l th is d i s t ance , i.e. [ E q . (3 .24) ] , 

Vs = Hit (3.24) 

If a suspens ion c o n t a i n s par t ic les w i th different se t t l ing veloci t ies , t h e 
efficiency of r e m o v a l b y s e d i m e n t a t i o n is o b t a i n e d b y p e r f o r m i n g a set t l ing 
c o l u m n tes t as j u s t desc r ibed . L e t SS b e t h e c o n c e n t r a t i o n of sol ids r e m a i n i n g 
for o n e specific s a m p l e a n d t ime . T h u s 

x0 = SS/SSo = fraction of solids remaining 

a n d 

1 — * 0 = 1 - SS/SSo = yo = fraction of solids removed 
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40 60 80 
t (minutes) 

Fig. 3.11. Settling profile. Encircled numbers are % SS removed. 

TABLE 3.5 
Values for Plotting Fig. 3.11 

% S S 

/ (min) 

removed 2 ft 4 ft 6 f t 

5 1.2 2.5 3.7 
10 2.5 5.0 6.5 
20 6.7 11.0 14.5 
30 11.7 19.0 25.0 
40 18.0 30.0 39.0 
50 27.0 44.0 56.5 
60 38.5 61.5 77.5 
70 55.0 87.5 — 
75 75.0 — — 

Par t ic les w i t h a set t l ing veloci ty Vs o r h ighe r (where Vs = H/t) a r e c o m 
ple te ly r e m o v e d . Par t ic les wi th a lower set t l ing veloci ty V1 (Vt < Vs) a r e 
r e m o v e d a t a r a t i o g iven b y E q . (3.18). 

A typica l g r a p h like t h e o n e in F ig . 3.12 is p lo t t ed b y ana lys is of d a t a 
o b t a i n e d wi th t he s e d i m e n t a t i o n c o l u m n . T h e deta i ls for c o n s t r u c t i o n of such 
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Fig. 3.12. Determination of overall removal. 

a g r a p h f r o m e x p e r i m e n t a l d a t a a r e d i scussed la te r in S t ep 4 ( d ) . H o w e v e r , 
for u n d e r s t a n d i n g t h e ca l cu l a t ion p r o c e d u r e descr ibed next , it is c o n v e n i e n t 
t o a s s u m e t h a t th i s g r a p h is a l r eady ava i lab le . 

F i g u r e 3.12 is a p lo t of t he f rac t ion of par t ic les wi th less t h a n t h e s t a t ed 
veloci ty vs . t h e set t l ing veloci ty in q u e s t i o n . N o t i c e t h a t t h e f rac t ion of p a r 
ticles wi th less t h a n the s ta ted veloci ty (if Vs = Hjt) c o r r e s p o n d s t o t h e f rac t ion 
of par t ic les not comple t e ly r e m o v e d . F o r e x a m p l e , if 4 0 % of t h e par t i c les in 
a specific case a r e comple t e ly r e m o v e d , t h e n x0 = 0.6 is t h e o r d i n a t e c o r r e 
s p o n d i n g t o t h e set t l ing veloci ty Vs = Hjt. 

F o r par t i c les wi th set t l ing veloci t ies b e t w e e n V1 a n d Vx+dV (whe re 
V1 < Vs), t h e f rac t ion r e m o v e d is VJVS. S imi lar ly , for par t i c les w i t h se t t l ing 
veloci t ies b e t w e e n Vx + dVand Vx+2 dV, t h e f rac t ion r e m o v e d is (Vi+dV)/Vs. 

T h e overa l l r e m o v a l of s u s p e n d e d sol ids is 

Overall removal = (1 - x0) + J'Vi/Ps) dx (3.25) 

In E q . (3.25) Vx is a va r i ab le (0 < Vx < Vs) w i th Vx = / ( * ) p o r t r a y e d b y t h e 
cu rve in F ig . 3.12. T e r m (1 — x0) is t h e f rac t ion comple t e ly r e m o v e d , c o r r e 
s p o n d i n g t o par t ic les wi th velocit ies ^ Vs. T h e s econd t e r m in E q . (3.25) , i.e., 

(KIVs)dx=i/Vs\ Kdx 
ο Jo 
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w h i c h is t h e f ract ion of r e m o v a l c o r r e s p o n d i n g t o par t ic les w i th veloci t ies less 
t h a n Vs ( ca lcu la ted b y g r a p h i c a l i n t eg ra t i on as ind ica ted b y t h e h a t c h e d a r e a 
in F i g . 3.12). T h e differential a r e a of w i d t h dx, i nd i ca t ed in F ig . 3.12, c o r r e 
s p o n d s t o par t ic les w i th set t l ing veloci t ies be tween Vt a n d V1-\-dV. 

C o m b i n i n g E q s . (3.18) a n d (3.25) t h e final express ion for t he overa l l r e m o v a l 
is o b t a i n e d [ E q . (3 .26) ] . 

J mxo fxo 

(Vi/Vs) dx = (1 - jc 0 ) + (l/Vs) Vi dx 
0 Jo 

= ( l - * o ) + JX\h/H)dx (3.26) 

Af ter these c o n s i d e r a t i o n s r e t u r n t o d i scuss ion of S t ep 4. 
Step 4(a). F r o m F ig . 3.11 for a d e p t h of 6 ft r e a d t h e va lues t (min ) 

c o r r e s p o n d i n g t o 5, 10, 20 , 30, 40 , 50, a n d 6 0 % r e m o v a l , a n d ca lcu la te t h e 
c o r r e s p o n d i n g set t l ing velocit ies Vs ( f t /hr) . T h e s e va lues a r e t a b u l a t e d in 
T a b l e 3.6. 

TABLE 3.6 
Settling Velocities (H = 6 ft) 

Constant 
% 

removal 

t (min) 
i / = 6 ft 

Settling velocity (ft/hr) 
Vs = Hjt = 6/(//60) = 360/ / 

5 3.7 97.2 
10 6.5 55.2 
20 14.5 24.8 
30 25.0 14.4 
40 39.0 9.2 
50 56.5 6.35 
60 77.5 4.64 

Step 4(b). C a l c u l a t e % r e m o v a l o f SS . Ca l cu l a t i ons for % r e m o v a l o f SS 
a n d overf low r a t e for a 25 -min set t l ing t i m e ( four th ent r ies in T a b l e 3.6) a r e 
i l lus t ra ted next . S imi la r c a l cu l a t i ons a r e a lso p e r f o r m e d for t he o t h e r se t t l ing 
t imes listed in t h e second c o l u m n of T a b l e 3.6. F o r t = 25 m i n for t h e se t t l ing 
d e p t h Η = 6 ft, 3 0 % of t he s u s p e n d e d sol ids a r e comple t e ly r e m o v e d . C o n 
sider n e x t t h e par t ic les in e ach a d d i t i o n a l 10% r a n g e . S t a r t w i th t h o s e in t h e 
r a n g e 3 0 - 4 0 % r e m o v a l in F ig . 3 .11 . Par t ic les in th i s r a n g e a r e r e m o v e d in t h e 
p r o p o r t i o n VJVS o r in t h e p r o p o r t i o n of ave rage set t led d e p t h (A t ) t o t h e t o t a l 
set t l ing d e p t h (H). T h e ave rage set t led d e p t h (ht) is e s t i m a t e d b y d r a w i n g (by 
i n t e rpo l a t i on ) a cu rve c o r r e s p o n d i n g t o 3 5 % c o n s t a n t r e m o v a l in F ig . 3 .11 , 
a n d r e a d i n g f r o m it t h e d e p t h hl c o r r e s p o n d i n g t o t = 25 m i n . T h e r e f o r e for 
th is first in te rva l , t h e % sol ids r e m o v a l is (hJH) χ 10 = (4.2/6) χ 10 = 7 .0%. 
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I n a s imi lar m a n n e r for succeed ing 10% in te rva ls , t h e cu rves for c o n s t a n t 
% r e m o v a l of 45 , 55, 65 , a n d 7 5 % a re d r a w n a n d t h e ave rage set t led d e p t h s o f 
2.4, 1.4, 0.84, a n d 0.28 ft a r e r ead for t = 25 m i n . T h e ca l cu la t ions for t = 25 
m i n a r e ind ica ted be low. 

Settling velocity: Vs = Hjt = 6.0/(25/60) = 14.4ft/hr 
Percent solids removal (for t — 25 min) 
100% removal @ 30% 30.00% 
1st interval (35%): (4.2/6.0) χ 10 = 7.00% 
2nd interval (45%): (2.4/6.0) χ 10 = 4.00% 
3rd interval (55%): (1.4/6.0) χ 10 = 2.33% 
4th interval (65%): (0.84/6.0) χ 10 = 1.40% 
5th interval (75%): (0.28/6.0) χ 10 = 0.46% 

45.19% 
Total removed after 25 min 45.2% 

B e y o n d the fifth in te rva l t h e % r e m o v a l s a r e negl igible , so ca l cu l a t i ons a r e 
s t o p p e d a t t h a t p o i n t . I n genera l , if 10% in te rva ls a r e selected, t h e t o t a l % 
r e m o v a l is given by 

Total % removal = Xtotal + (hJH) χ 10 + (h2/H) χ 10 + (h3/H) χ 10 + · · 
(3.27) 

E q u a t i o n (3.27) is s imply a n a p p r o x i m a t i o n of E q . (3.26). (\—x0) c o r r e s p o n d s 
t o Xtolal a n d the in tegra l Jg° (h/H) dx is r ep laced by a finite s u m m a t i o n of 
t e r m s , 

£ (haJH) χ Ax 

w h e r e A a v e is t he ave rage set t led d e p t h for e a c h selected in te rva l . T h e Ax's in 
th i s e x a m p l e a r e selected a rb i t r a r i ly as a 10% r a n g e . T h e smal le r t h e Ax 
selected, t h e c loser t he a p p r o x i m a t i o n b e t w e e n t h e finite s u m m a t i o n a n d t h e 
in tegra l . 

S imi la r ca l cu la t ions a r e p e r f o r m e d for t h e o t h e r res idence t imes listed in 
t h e second c o l u m n of T a b l e 3.6. T h e final resul ts a r e s u m m a r i z e d in T a b l e 3.7. 

TABLE 3.7 
S S (%) Removed vs. Detention Time 

( / ) (2) 
t (min) % SS remova l 

3.7 13.4 
6.5 20.1 

14.5 33.9 
25.0 45.2 
39.0 55.0 
56.5 64.3 

577.5 71.1 
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F r o m T a b l e 3.7 a g r a p h of % SS r e m o v e d vs. d e t e n t i o n t ime is p r e p a r e d (F ig . 
3.13). 

Step 4(c). P r e p a r e a p lo t of % SS r e m o v e d vs . overflow ra t e . C a l c u l a t i o n s 
n e e d e d t o p r e p a r e this p l o t a re p resen ted in T a b l e 3.8. 

80 

70 

ro 
O) 60 
.Ω 
Ο 

θ 50 
C 
Ε 
Ο 4 0 

, Ο , 

ov
al

 

30 
ε 
α> 

CO 20 
CO 

δ * 
10 

0 

J 

f / 
\ τ- H.5 mir 

10 20 30 40 50 60 70 80 
Detention time (min) [Column®,table 3.7] 

Fig. 3.13. Suspended solids removal (% SS) vs. detention time. 

TABLE 3.8 
S S {%) Removed vs. Overflow Rate 

t (min) 

(2) 
Settling 

velocity, Vs 

(ft/hr) 
(Table 3.6) 

(3) 

Overflow rate 

_, Γ ft 24 
F 4 h r X * 

gal 
(day)(ft 2 ) 

hr 7.48 gal 
day X f t 3 

Vs x 24 χ 7.48 = 179.5 Vs 

{4) 
% SS removal 
[column (2) of 

Table 3.7] 

3.7 97.2 17,450 13.4 
6.5 55.2 9,908 20.1 

14.5 24.8 4,452 33.9 
25.0 14.4 2,585 45.2 
39.0 9.2 1,651 55.0 
56.5 6.35 1,140 64.3 
77.5 4.64 833 71.1 
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Fig. 3.14. Suspended solids removal (% SS) vs. overt low rate. 

t (min) 

Fig. 3.15. Suspended solids removal (% SS) vs. detention time for different 
initial SS concentrations. 
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T h e p l o t of % SS r e m o v e d vs. overflow ra t e is p r e sen t ed in F ig . 3.14. All 
ca l cu la t ions a re p e r f o r m e d for a n ini t ia l s u s p e n d e d sol ids c o n c e n t r a t i o n S S 0 

of 430 mg/ l i te r . If s imi lar ca lcu la t ions a re p e r f o r m e d for o t h e r va lues of these 
c o n c e n t r a t i o n s (Cl9 C2, C 3 , . . . ) , t h e d a t a p lo t t ed in F igs . 3.13 a n d 3.14 yield 
families of curves , as ind ica ted in F igs . 3.15 a n d 3.16. 
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Fig. 3.16. Suspended solids removal (% SS) vs. overflow rate for different 
initial SS concentrations. 

Fig. 3.17. Percentage of particles with less than stated velocity vs. settling 
velocity. 
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Step 4(d). P r e p a r e a p lo t of pe rcen t age of par t ic les wi th less t h a n s t a t ed 
veloci ty (pe rcen tage n o t r e m o v e d ) vs . se t t l ing veloci ty ( f t /hr) . C a l c u l a t i o n s 
n e e d e d t o p r e p a r e F ig . 3.17 a r e p re sen ted in T a b l e 3.9. F i g u r e 3.17 is n o t 
r e q u i r e d for t h e des ign c a l c u l a t i o n s ; it is s h o w n because a typica l g r a p h of th i s 
t y p e was ut i l ized in deve lop ing E q . (3.26) . T h e p lo t is p r e sen t ed in F ig . 3 .17. 

TABLE 3.9 
Percentage of Particles with Less Than Stated Velocity 
vs. Settling Velocity 

ω 
t (min) 

(2) 
Vs (ft/hr) 

(Table 3.6) 

(3) 

%ss 
removal 

(Table 3.7) 

(4) 
Percentage 

not removed: 
1 0 0 - ( % SS removal) 

3.7 97.2 13.4 86.6 
6.5 55.2 20.1 79.9 

14.5 24.8 33.9 66.1 
25.0 14.4 45.2 54.8 
39.0 9.2 55.0 45.0 
56.5 6.35 64.3 35.7 
77.5 4.64 71.1 28.9 

3.5.1. Design Calculations f rom Laboratory Data 
F o r p u r p o s e s of sca le -up , t h e fact t h a t t he efficiency of t he p roces s in a n 

a c t u a l se t t l ing t a n k is r e d u c e d o w i n g t o t he effect of p a r a m e t e r s such as 
t u r b u l e n c e , s h o r t c i rcu i t ing , a n d in ter ference of t h e inlet a n d ou t l e t m u s t be 
t a k e n i n t o a c c o u n t . T h e ne t effect of these fac tors resul ts in a dec rease of t h e 
overflow r a t e a n d a n increase in t h e d e t e n t i o n t i m e over va lues de r ived f r o m 
t h e l a b o r a t o r y ana lys is . F o r des ign p u r p o s e s , it is c u s t o m a r y t o d iv ide t h e 
overf low r a t e o b t a i n e d f rom the l a b o r a t o r y analys is by a f ac to r r a n g i n g 
b e t w e e n 1.25 a n d 1.75, a n d t o mu l t ip ly t he d e t e n t i o n t i m e by a f ac to r in t h e 
s a m e r a n g e [ 3 ] . T a b l e 3.10 p resen t s s o m e c o m m o n l y used des ign va lues . 

TABLE 3.10 
Design Values (Primary Clarifiers) 

Depth: 7 -12 ft 
Detention time: 1-2 hr 
Flow-through velocity, V= 1-5 ft/min 
Overflow rate: 900-1200 gal / (day)(ft 2 ) 
Efficiencies 

SS removal: 40 -60% 
B O D removal: 30-50% 
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Des ign p r o c e d u r e of a p r i m a r y clarifier is i l lus t ra ted b y E x a m p l e 3.4. 

E x a m p l e 3.4 

I t is d e t e r m i n e d b y field o b s e r v a t i o n t h a t a r a w w a s t e w a t e r h a s a n ave rage 
of 430 mg/ l i t e r s u s p e n d e d sol ids a t a flow of 1.0 M g a l / d a y . D a t a s h o w n in 
T a b l e 3.3 a r e o b t a i n e d f r o m l a b o r a t o r y se t t l ing tes ts . 

1. Des ign a se t t l ing t a n k of c i rcu la r c ross sec t ion, i.e., ca lcu la te its d i a m 
e te r a n d effective d e p t h , t o r e m o v e 5 0 % of t h e s u s p e n d e d sol ids a t t h e flow 
r a t e of 1.0 M g a l / d a y . 

2 . F o r t h e t a n k des igned in (1), w h a t is t he r e m o v a l if flow is d o u b l e d 
t o 2.0 M g a l / d a y ? 

3. F o r t h e flow of 1.0 M g a l / d a y , ca lcu la te t h e da i ly a c c u m u l a t i o n o f 
s ludge in l b / d a y a n d t h e ave rage p u m p i n g r a t e in g a l / m i n . S ludge c o n c e n t r a 
t i on is e s t ima ted as 1.5% sol ids f rom tests m a d e w i t h s ample s w i t h d r a w n 
f rom T a p 4 of t h e l a b o r a t o r y set t l ing c o l u m n (F ig . 3.9). A p lo t of % sol ids 
for t he c o m p a c t e d s ludge vs . set t l ing t i m e is c o n s t r u c t e d f r o m d a t a o b t a i n e d 
f r o m samples w i t h d r a w n f r o m T a p 4 (F ig . 3.9). A typica l p lo t of th is t ype is 
s h o w n in F ig . 3.18. 

Settling time (min) 

Fig. 3.18. Typical plot of % so/ids in the sludge vs. detention time. 

S O L U T I O N : P a r t 1 

Step 1. D e t e r m i n e t h e ma te r i a l b a l a n c e for SS (see F ig . 3.19). 
Influent: 430 mg/liter 
R e m o v a l : (0.50)(430) = 215 mg/li ter 
Effluent: 430 - 215 = 215 mg/liter 

Step 2. D e t e r m i n e t h e overf low r a t e . F r o m F ig . 3.14 r e a d overf low r a t e 
c o r r e s p o n d i n g t o a 5 0 % r e m o v a l , 2000 g a l / ( d a y ) ( f t 2 ) . U s i n g a 1.75 sca le -up 
fac tor , t a k e a des ign overflow r a t e of 2000/1 .75 = 1143 g a l / ( d a y ) ( f t 2 ) . 
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Inf luent: 
Set t l ing tank 

E f f l u e n t : 

S S = 4 3 0 mg / l i t e r 
Set t l ing tank 

S S = 2 I 5 m g / l i t e r 

j R e m o v a l of S S = 2 I5 m g / l i t e r 

Fig. 3.19. Material balance for primary clarifier (Example 3.4). 

Step 3. D e t e r m i n e t h e d e t e n t i o n t ime . F r o m F ig . 3.13 r e a d d e t e n t i o n 
t i m e c o r r e s p o n d i n g t o a 5 0 % r e m o v a l va lue , t = 31.5 m i n . * U s i n g a 1.75 
sca le-up fac tor , t a k e t = (31.5)(1.75) = 55.1 m i n o r t = 55.1 /60 = 0.92 h r . 

Step 4. Ca l cu l a t e r e q u i r e d h o r i z o n t a l c ross sec t ion of clarifier a n d i ts 
d i a m e t e r . H o r i z o n t a l c ross sec t ion of clarifier is 

1 x 1 0 * gal/day _ 

1143gal/(day)(f t 2 ) 

a n d d i a m e t e r is 

D = ( 4 Λ / π ) 1 / 2 = (874.9 /0 .785) 1 / 2 = 33.4 ft 

Step 5. Ca l cu l a t e effective d e p t h of t h e clarifier. 

Η = vo lume /^ = Qt/A 

1 χ 10 6 gal/day χ ft 3 /7.48 gal χ 0.92/24 day 
H = 8 7 4 ^ f V = 5 ' 9 f t 

S O L U T I O N : P a r t 2 R e m o v a l for a flow r a t e of 2 M G D wi th t h e s a m e 
clarifier 

T h i s a m o u n t s t o d o u b l i n g t h e des ign overf low ra t e , i .e., 

New design overflow rate (2)(1143) = 2286 gal/(day)(ft 2 ) 

F r o m F ig . 3.14 th is c o r r e s p o n d s t o a r e m o v a l o f 4 7 . 5 % of t h e s u s p e n d e d 
sol ids . 

S O L U T I O N : P a r t 3 D a i l y a c c u m u l a t i o n of s ludge a n d ave rage p u m p i n g 
r a t e for flow of 1.0 M G D 

Step 1. D e t e r m i n e t h e da i ly a c c u m u l a t i o n o f s ludge . 

Removal of SS 215 mg/liter -> 215 χ 1 0 " 6 lb SS/lb l iquor 

The re fo re , t h e dai ly a c c u m u l a t i o n of s ludge in l b / d a y is 

1 χ 10 6 gal l iquor/day x 8.34 lb liquor/gal l iquor χ 215 χ 1 0 ~ 6 lb SS/lb l iquor 

= 1793 lb SS/day 
* From this value of the residence time (/ = 31.5 min), the % solids in the sludge is estimated 

as 1.5% from a curve of the type in Fig. 3.19. 
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Step 2. Ca lcu la t e t he ave rage p u m p i n g r a t e . N o t i c e t h a t 1.5% sol ids 
c o r r e s p o n d s t o 1.5 g SS/100 g of l i q u o r = 15 g SS/1000 g of l i quo r « 15 g S S / 
l i ter = 15,000 mg/ l i t e r = p p m = 15,000 χ 1 0 " 6 lb SS/ lb l i quo r = 15,000 χ 8.34 
χ 1 0 " 6 lb SS/gal l iquor . Since a c c u m u l a t i o n is 1793 lb SS /day , p u m p i n g r a t e 

in g a l / d a y is 

1793 lb SS/day 

(15,000 χ 8.34χ 10~ 6 ) lb SS/gal l iquor 
= 0.0143 χ 10 6 gal/day 

o r 
(0.0143 χ 10 6)/(24 χ 60) = 9.93 gal/min 

Since p u m p i n g r a t e is low, i n t e r m i t t e n t p u m p i n g is used . 

3.6. Z O N E S E T T L I N G 

Z o n e set t l ing occu r s in clarifiers of ac t iva ted o r chemica l ly c o a g u l a t e d 
s ludge w h e n the c o n c e n t r a t i o n exceeds 500 mg/ l i te r . T h e s ludge b l a n k e t 
exhib i t s several d is t inc t z o n e s . E a c h z o n e is cha rac t e r i zed by a specific s ludge 
c o n c e n t r a t i o n a n d set t l ing veloci ty. C o n s i d e r w h a t h a p p e n s w h e n a su spens ion 
w h i c h ini t ial ly h a s a u n i f o r m s ludge c o n c e n t r a t i o n C 0 (mg/ l i te r ) is p laced in a 
set t l ing cy l inder (F ig . 3.20). 

S ludge begins t o settle o u t a n d a n in terface ( interface 1) is e s t ab l i shed 
b e t w e e n the surface of t he b l a n k e t of set t l ing s ludge a n d t h e clarified l iquid 
a b o v e . T h e z o n e be low t h e clarified l iquid is ca l led t h e interfacial z o n e . C o n 
c e n t r a t i o n of t h e s ludge in th is z o n e is u n i f o r m , a n d it sett les as a b l a n k e t 
w i th a c o n s t a n t veloci ty (Vs). S i m u l t a n e o u s l y w i th f o r m a t i o n of in ter face 1 
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Fig. 3.20. Zone settling. 
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a n d interfacial z o n e , c o m p a c t i o n of s u s p e n d e d sol ids s t a r t s a t t h e b o t t o m of 
t he cy l inder ( c o m p a c t i o n zone ) . I n th is z o n e c o n c e n t r a t i o n of SS is a l so 
u n i f o r m , a n d t h e in terface b o r d e r i n g th is z o n e ( interface 2) r ises in t h e cy l inde r 
wi th a c o n s t a n t veloci ty (V). 

Between t h e in terfacia l a n d c o m p a c t i o n zones t h e r e is a t r a n s i t i o n z o n e . 
T h e r e , t h e veloci ty of se t t l ing sol ids dec reases o w i n g t o inc rease o f v iscos i ty 
a n d dens i ty of t he suspens ion . I n th is s a m e z o n e , s ludge c h a n g e s g r a d u a l l y 
in c o n c e n t r a t i o n f rom t h a t of t h e in ter fac ia l z o n e t o t h a t o f t h e c o m p a c t i o n 
z o n e . 

C o n s i d e r interfaces 1 a n d 2 in F ig . 3 .20(b) . In te r face 1 m o v e s d o w n w a r d 
w i t h a c o n s t a n t veloci ty Vs, w h e r e a s in ter face 2 m o v e s u p w a r d w i th a c o n s t a n t 
veloci ty V. Even tua l ly , in terfacia l a n d c o m p a c t i o n zones mee t , a t w h i c h t i m e 
( r 2 ) t h e t r a n s i t i o n z o n e fades a w a y [ F i g . 3 . 20 (c ) ] . A t th is t i m e , t h e se t t led 
s ludge exhib i t s a u n i f o r m c o n c e n t r a t i o n C2, w h i c h is t e r m e d t h e cr i t ical 
c o n c e n t r a t i o n . C o m p a c t i o n s ta r t s a n d t h e s ludge beg ins t o t h i cken , even tua l ly 
r e a c h i n g a n u l t i m a t e c o n c e n t r a t i o n Cu [ F i g . 3 . 2 0 ( d ) ] . S e d i m e n t a t i o n veloci ty 
a t t ime t2 c o r r e s p o n d s t o a va lue V2, wh ich is g iven b y t h e s lope of t h e t a n g e n t 
t o t h e se t t l ing c u r v e a t C 2 , a s i nd i ca t ed in F ig . 3.21 w h e r e V2 < Vs. 

P r o c e d u r e for des ign ing clarifiers o p e r a t i n g u n d e r c o n d i t i o n s o f z o n e 
se t t l ing : 

1. C a l c u l a t e t h e m i n i m u m surface a r e a r equ i r ed t o a l low for c lar i f ica t ion 
of s ludge. 

2. Ca l cu l a t e t h e m i n i m u m surface a r e a r equ i r ed t o p r o v i d e for t h i c k e n i n g 
of s ludge t o t he des i red under f low c o n c e n t r a t i o n . 

3. T a k e the la rger of these t w o a r ea s as t h e des ign a r e a for t h e clarifier. 

t, Β t 2 

t,settling time (min) 

Fig. 3.21. Sludge settling curve. 
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3.6.1. Laboratory Measurements 

T o o b t a i n t he p a r a m e t e r s necessary for des ign of t h e clarifier, a se t t l ing 
tes t for t h e s ludge is p e r f o r m e d in t h e l a b o r a t o r y u s ing a 1000-ml g r a d u a t e d 
cy l inde r (a s t a n d a r d g r a d u a t e cy l inder h a s a he igh t of 1.12 ft). T h e cy l inder is 
filled w i th t he s lur ry t o be s tud ied . A t t h e beg inn ing of t he e x p e r i m e n t (/ = 0 ) , 
s lu r ry c o n c e n t r a t i o n is u n i f o r m t h r o u g h o u t t he cy l inder . H e i g h t of in te r face 1 
is r e c o r d e d a t selected t i m e in terva ls . Th i s yields t he type of se t t l ing c u r v e 
s h o w n in F ig . 3 .21 . 

I t is i m p o r t a n t t o stir t he suspens ion a t a r a t e of a b o u t 5 r p h . T h i s s t i r r ing 
s imula tes t he a c t i o n of t h e m e c h a n i c a l r ake s ut i l ized in s ludge r e m o v a l a n d 
p reven t s s t ra t i f ica t ion of t he s ludge . 

F i g u r e 3.21 s h o w s t h a t f r o m t h e s t a r t o f t h e e x p e r i m e n t u p t o a t i m e t l 9 

in ter face 1 falls wi th a c o n s t a n t veloci ty Vs g iven by the s lope of t h e t a n g e n t , 
w h i c h essent ia l ly co inc ides w i th t h e set t l ing cu rve f rom t = 0 t o t = t v Af ter 
t = tx th i s veloci ty decreases apprec i ab ly . A t t ime / = r 2 , t h e veloci ty is V2 

g iven by t h e s lope of t he t a n g e n t a t C 2 . A t t2 c o m p a c t i o n s ta r t s a n d t h e 
veloci ty is fu r the r r educed un t i l it b e c o m e s essent ia l ly ze ro , the t a n g e n t be ing 
para l le l t o t he abscissa . 

Z o n e set t l ing veloci ty (ZSV) c o r r e s p o n d s t o t h e veloci ty a t wh ich t h e 
suspens ion sett les p r i o r t o r e a c h i n g t h e cri t ical c o n c e n t r a t i o n C 2 , a n d is g iven 
b y t h e s lope o f t h e t a n g e n t A B in F ig . 3.21 [ E q . (3 .28) ] . 

Vs = O A / O B = HQjt = 1.12ft/min (3.28) 

3.6.2. Determination of M i n i m u m Surface Area 
Required to A l low Clarification of the 
S ludge 

M i n i m u m surface a r e a Ac r equ i r ed for c lar i f icat ion d e p e n d s o n veloci ty 
Vs a t w h i c h the s u s p e n s i o n sett les before r e a c h i n g t h e interfacial cr i t ical c o n 
c e n t r a t i o n C2. U n d e r c o n t i n u o u s flow c o n d i t i o n s , veloci ty of t he l i q u o r ove r 
t h e overflow weir c a n n o t exceed Vs if c lar i f icat ion is t o t a k e p lace . T h i s fo l lows 
direct ly f rom the bas ic c o n c e p t of t he idea l s e d i m e n t a t i o n t a n k [Sec t ion 3.4, 
E q s . (3.17) a n d (3 .19) ] . 

There fo re , 
Ac = QIVS (3.29) 

w h e r e Q is t h e flow r a t e ( f t 3 / m i n ) ; Vs t h e set t l ing veloci ty ( f t /min ) ; a n d Ac t h e 
m i n i m u m surface a r e a r equ i r ed for clar if icat ion ( f t 2 ) . 

T h e va lue o f t h e z o n e se t t l ing veloci ty Vs is d e t e r m i n e d f r o m F ig . 3.21 a n d 
E q . (3.28). V a l u e of t is r e a d direct ly f r o m t h e abscissa of F ig . 3.21 (po in t B). 
Vs is t h e n ca lcu la ted f rom E q . (3.28) a n d Ac o b t a i n e d f rom E q . (3.29). 
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3.6.3. Determination of M i n i m u m Surface Area 
Required for Thickening of the S ludge 

C o n s i d e r se t t l ing of a s ludge u n d e r z o n e se t t l ing c o n d i t i o n s in a cy l inder 
(F ig . 3.20). A t s t a r t of t he expe r imen t , let C 0 b e t h e u n i f o r m s ludge c o n c e n t r a 
t i on t h r o u g h o u t t he cy l inder . T o t a l we igh t of sol ids in t h e cy l inder is C0AH09 

w h e r e A is t he c ross -sec t iona l a r e a of t h e cy l inder . Le t t2 be t h e t i m e c o u n t e d 
f r o m t h e beg inn ing of t he expe r imen t , w h e n interfacia l a n d c o m p a c t i o n zones 
m e r g e t o g e t h e r [ F i g . 3 .20(c ) ] . Le t C2 b e t h e cr i t ical c o n c e n t r a t i o n w h i c h is 
u n i f o r m t h r o u g h o u t this s ludge z o n e f o r m e d b y t h e m e r g i n g of in ter fac ia l 
a n d c o m p a c t i o n zones . 

A g r a p h i c a l p r o c e d u r e h a s been p r o p o s e d [ 7 ] for d e t e r m i n i n g t 2 . C o n 
sider t he set t l ing cu rve in F ig . 3.22. D r a w t w o t a n g e n t s ( A B a n d C D ) t o t h e 
t w o b r a n c h e s of t h e cu rve . T a n g e n t A B c o r r e s p o n d s t o t he c o n s t a n t veloci ty 

A | 1 

Settling time (t) 

Fig. 3.22. Determination of t2. 

of set t l ing Vs for t he interfacial z o n e (zone set t l ing veloci ty , Z S V ) , a n d t a n g e n t 
C D c o r r e s p o n d s t o t he set t l ing veloci ty for t h e c o m p a c t e d s ludge . P o i n t C2 

( c o r r e s p o n d i n g t o t ime t2) is o b t a i n e d by b isec t ing t h e ang le f o r m e d by t a n g e n t s 
A B a n d C D . T h e absc issa of t he p o i n t w h e r e t he b isec t ing l ine cu t s t h e se t t l ing 
cu rve c o r r e s p o n d s t o t h e des i red va lue of t 2 . 

C o n s i d e r n o w the t h i cken ing p rocess . 
1. S t a r t of t h i cken ing [ F i g . 3 .20 (c ) ] . T i m e , t2 \ c o n c e n t r a t i o n of SS in 

s ludge zone , C 2 ; he igh t of s ludge z o n e , H2. 
2. E n d of t h i cken ing [ F i g . 3 . 2 0 ( d ) ] . T h e c o m p a c t e d s ludge r eaches 

des i red under f low c o n c e n t r a t i o n Cu. T h e t i m e a t w h i c h th is occu r s is desig
n a t e d as tu. H e i g h t of t h e s ludge z o n e is Hu. 

C o n s i d e r separa te ly t he s ludge z o n e a t t h e s t a r t a n d e n d of t h i c k e n i n g 
(Fig . 3.23). Since t he to ta l m a s s of s ludge in t he cy l inder is c o n s t a n t , t he 
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H u 

J 

{—Volume 
i of water 

squeezed out 

at t = t„ at t= t 2 M , . , u 

Fig. 3.23. Thickening process. 

fo l lowing m a t e r i a l ba l ance e q u a t i o n [ E q . (3 .30)] is wr i t t en , neglec t ing t h e 
a m o u n t of s u s p e n d e d sol ids in t h e clarified w a t e r z o n e . 

o r 

C 0 A H 0 = C 2 A H 2 = C U A H U 

CQHQ = C 2 H 2 — C U H U 

(3.30) 

(3.31) 

C o n s i d e r F ig . 3.23. T h e v o l u m e of w a t e r w h i c h is squeezed o u t a n d d is 
c h a r g e d ove r t h e overf low weir is ca lcu la ted f r o m E q . (3.32). 

V = A ( H 2 - H U ) (3.32) 

T h e t ime in te rva l r equ i r ed t o d i scharge th is v o l u m e of w a t e r is tu — t 2 . 
A v e r a g e r a t e of flow Q' ( f t 3 / m i n ) over t h e weir is [ E q . 3.33)] 

Solv ing for tu — t 2 , 

Q' = Vj(tu-t2) = A(H2-Hu)l(tu-t2) 

/ . - f a = A ( H 2 - H u ) I Q f 

(3.33) 

(3.34) 

C o n s i d e r n o w t h e set t l ing cu rve a n d d e t e r m i n e g raph ica l ly t he se t t l ing 
veloci ty V2 a t t ime t2 ( t angen t a t p o i n t C 2 ) . Th i s is s h o w n in F ig . 3.24. 

Le t H± be t h e in te rcep t of th is t a n g e n t . Set t l ing veloci ty a t t2 is s h o w n in 
E q . (3.35). 

V2 = t a n a = {HY-H2)lt2 (3.35) 

ι r 
S H , - H 2 

s J.. r 

'2 

Settling time (min) 

Fig. 3.24. Determination of velocity V2. 
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U n d e r c o n t i n u o u s flow c o n d i t i o n s t he veloci ty of t he l i q u o r ove r t h e weir 
c a n n o t be g rea te r t h a n V2 if t h i cken ing is t o t a k e p lace . The re fo re , t he flow 
r a t e Q' a t t i m e t2 w h e n th i cken ing s ta r t s is 

Q = AV2 = A\_(H1-H2)lt2\ = f t 3 /min (3.36) 

S u b s t i t u t i o n of Q' g iven by E q . (3.36) in E q . (3.34) yields after s impl i f icat ion 
a n d r e a r r a n g e m e n t E q . (3.37). 

(H2 - Hu)l(tu -12) = (H, - H2)/t2 (3.37) 

T h i s e q u a t i o n is t he bas is for t h e g r a p h i c a l p r o c e d u r e for d e t e r m i n a t i o n of tu 

i l lus t ra ted b y F ig . 3.25. 

Settling time (min) 

Fig. 3.25. Determination of tu. 

T o s u m m a r i z e t he s teps in t h e g r a p h i c a l p r o c e d u r e for d e t e r m i n a t i o n of tu: 
1. D r a w the t a n g e n t t o t he set t l ing cu rve a t C2. 
2. F r o m mate r i a l ba l ance [ E q . (3 .31)] 

Hu = HoColCu (3.38) 

Ca lcu la t e Hu f rom Eq . (3.38). 
3 . M a r k d i s t ance Hu o n t h e o r d i n a t e axis of F ig . 3.25. D r a w t h e 

h o r i z o n t a l d o t t e d line f r o m Hu un t i l i ts in te r sec t ion wi th t h e t a n g e n t t o C2. 
T h e absc issa of th is in te r sec t ion is t h e va lue of t u . T h i s c a n be seen b y in spec t ion 
of E q . (3.37) a n d c o n s i d e r a t i o n of t h e t w o c r o s s - h a t c h e d s imi lar t r i angles in 
F ig . 3.25. 

M i n i m u m surface a r e a r equ i r ed for t h i c k e n i n g (At) is o b t a i n e d f r o m t h e 
fo l lowing cons ide ra t i ons . A v e r a g e r a t e a t w h i c h the layer of c o n c e n t r a t i o n 
Cu f o rms (in l b / m i n ) is 

CuHuAt/tu (3.39) 
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Since f r o m E q . (3.31) CUHU = C0H09 t h e n E q . (3.39) is r ewr i t t en as 

Co Ho At/tu (3.40) 

U n d e r c o n d i t i o n s o f c o n t i n u o u s flow a n d s t eady s ta te , t h e r a t e a t wh ich t h e 
layer of c o n c e n t r a t i o n Cu is f o r m e d m u s t e q u a l t h a t a t wh ich s u s p e n d e d sol ids 
en t e r in t he influent (QC0). The re fo re 

QCo = C0H0At/tu (3.41) 

Solving for At 

At = QtJHo (3.42) 

w h e r e i / 0 = 1.12 ft. 
T h e des ign p r o c e d u r e for clarifiers u n d e r zone set t l ing c o n d i t i o n s is i l lus

t r a t ed by E x a m p l e 3.5. 

Example 3.5 

D e s i g n a s e c o n d a r y set t l ing t a n k t o p r o d u c e a n under f low c o n c e n t r a t i o n 
of 10,900 mg/ l i t e r f r o m a n influent c o n t a i n i n g 2510 mg/ l i t e r of s u s p e n d e d 
sol ids . W a s t e w a t e r flow is 1.2 M G D . Ca lcu l a t e t he clarifier a r e a r equ i r ed . 

T h e d a t a t a b u l a t e d be low a re o b t a i n e d in a l a b o r a t o r y test of t h e s lurry . 

Interface height 
/ (min) Η (ml) 

0 1000 
1 850 
2 725 
3 600 
5 450 
8 350 

12 280 
16 240 
20 220 
25 210 

S O L U T I O N 

Step 7. Set t l ing c u r v e is p l o t t e d f r o m ava i lab le d a t a (F ig . 3.26). 
Step 2 . M i n i m u m surface a r e a r equ i r ed for clarif icat ion (Ac) is d e t e r m i n e d . 

1. D r a w t a n g e n t A B . R e a d t = 7.5 m i n . T h e n Vs = H0/t = 1.12/7.5 = 

0.149 f t /min . 
2 . A r e a r equ i r ed for c lar i f ica t ion: 
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Fig. 3.26. Graph for Example 3.5. 

Step 3. M i n i m u m surface a r e a r e q u i r e d for t h i c k e n i n g (At) is ca lcu la ted . 
1. D e t e r m i n e t2 by t h e g r aph i ca l p r o c e d u r e s tud ied . F r o m F ig . 3.26 

r ead t2 = 8.0 m i n . 
2. D e t e r m i n e t ime t u . D r a w the t a n g e n t t o t h e set t l ing cu rve a t C 2 a n d 

ca lcu la te Hu f rom E q . (3.28). 

Hu = (1000x2510)/10,900 = 230 ml 

3 . D e t e r m i n e tu b y t h e g r a p h i c a l p r o c e d u r e descr ibed . F r o m F ig . 
(3.26) r e a d tu = 13 m i n . 

4. C a l c u l a t e At f rom E q . (3.42). 

1,200,000 gal/day χ ft 3 /7.48 gal χ day/1440 min χ 13 min 
At = 

1.12 ft 
= 1293 f t 2 

Step 4. T a k e A = At = 1293 f t 2 . R e q u i r e d d i a m e t e r for a s e d i m e n t a t i o n 
t a n k of c i rcu la r c ross sec t ion is 

d = (4Α/π)ί/2 = (1293/0 .785) 1 / 2 = 40.6 ft 

3.7. T Y P E S OF C L A R I F I E R S 
Clarifiers a re classified a c c o r d i n g t o g e o m e t r y of the i r h o r i z o n t a l c ross 

sect ion as (1) r e c t a n g u l a r a n d (2) c i r cu l a r : (a) cen te r a n d (b) p e r i p h e r a l feed. 
Ske tches of typica l clarifiers a r e s h o w n in F igs . 3 .27(a) , (b) , a n d (c). 
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Clear 
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Rotary-hoe type scraping mechanism 

— Clear zone T 
| ^ J > * - I n f l u e n t 
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(a) Rectangular clarifier 
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Feed 
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^Rotating mechanism 

Overflow 
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(b) Circular clarifier (center feed) 
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Clear solution 
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scraping 
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•Discharge of thickened sludge 

(c) Circular clarifier (peripheral feed) 

Fig. 3.27 Types of clarifiers (a), (b). and (c). 
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1. R e c t a n g u l a r clarifier [ F i g . 3 .27(a ) ] 
I n t he t ype s h o w n in F ig . 3 .27(a) , s c r aped s ludge is m o v e d t o w a r d t h e 

inlet e n d of t he t a n k . S o m e o t h e r des igns m o v e s ludge t o w a r d t h e effluent 
e n d of t he t a n k . 

Sc rap ing m e c h a n i s m s h o w n is of r o t a r y - h o e type , cons i s t ing of a series of 
s h o r t s c r ape r s m o u n t e d o n a n endless c h a i n , w h i c h m a k e c o n t a c t w i th t h e 
b o t t o m of t h e t a n k . I t m o v e s s lowly a t speeds of a p p r o x i m a t e l y 1 f t /min . 

2a . C i r c u l a r clarifier wi th cen te r feed [ F i g . 3 .27 (b ) ] 
F e e d is a t t h e cen te r a n d c lear so lu t i on overf lows t o a co l lec t ing c h a n n e l a t 

t h e p e r i p h e r y . T h e b o t t o m of t h e clarifier h a s a m i n i m u m s lope of 1 in./f t . 
Sc rap ing m e c h a n i s m is of p l o w type t o o v e r c o m e iner t i a a n d p r e v e n t a d h e r e n c e 
of s ludge t o t he b o t t o m of t h e t a n k . 

2 b . C i r cu l a r clarifier w i th pe r i phe ra l feed [ F i g . 3 .27(c) ] 
T h e feed is a t t h e pe r iphe ry a n d t h e c lear so lu t i on overf lows t o a co l lec t ing 

c h a n n e l a t t he cen ter . T h e o t h e r deta i l s a r e s imi lar t o t h o s e for t h e t ype s h o w n 
in F ig . 3 .27(b) . 

T h e inlet sec t ion shou ld be carefully des igned for a u n i f o r m flow d i s t r i b u t i o n 
ac ross t he w i d t h a n d d e p t h of t he t a n k . Similar ly , t he ou t l e t sec t ion s h o u l d be 
des igned t o col lect t h e effluent un i fo rmly . 

A g o o d des ign of inlet a n d ou t le t sec t ions r educes poss ibi l i t ies of flow s h o r t 
c i rcui t ing , w h i c h lead t o p o o r p e r f o r m a n c e of t h e clarifier. P r o p e r p o s i t i o n i n g 
of weirs a n d baffles, as ind ica ted in F ig . 3.27, p reven t s s h o r t c i rcu i t ing . 

4. Flotat ion 
4.1 . I N T R O D U C T I O N 

F l o t a t i o n is a p rocess for s epa ra t i ng low dens i ty sol ids o r l iqu id par t ic les 
f r o m a l iquid phase . S e p a r a t i o n is b r o u g h t a b o u t by i n t r o d u c t i o n of gas 
(usual ly a i r ) b u b b l e s i n t o t he l iquid p h a s e . T h e l iquid p h a s e is p ressu r i zed t o 
a n o p e r a t i n g p ressure r a n g i n g f rom 30 t o 60 ps ia ( 2 - 4 a t m ) in p resence o f 
sufficient a i r t o p r o m o t e s a t u r a t i o n of a i r in t h e wa te r . T h e n , th is a i r - s a t u r a t e d 
l iquid is depressur ized t o a t m o s p h e r i c p re s su re by passage t h r o u g h a p r e s su re -
r e d u c i n g valve . M i n u t e a i r b u b b l e s a r e re leased f r o m t h e so lu t ion b e c a u s e of 
dep res su r i za t ion . S u s p e n d e d sol ids o r l iquid par t ic les , e.g., oil , a r e floated by 
these m i n u t e a i r b u b b l e s , c aus ing t h e m t o rise t o the surface of t h e t a n k . C o n 
cen t r a t ed s u s p e n d e d sol ids a r e s k i m m e d off by m e c h a n i c a l m e a n s f r o m t h e 
t a n k surface. Clarified l i quor is w i t h d r a w n n e a r t he b o t t o m , a n d p a r t of it 
m a y be recycled [ F i g . 3 . 2 8 ( b ) ] . A flotation sys tem w i t h o u t recycle is s h o w n 
d i a g r a m m a t i c a l l y in F ig . 3 .28(a) . 

In t he field of was t ewa te r t r e a t m e n t , flotation is used for t h e fo l lowing 
p u r p o s e s : (1) s epa ra t i on of greases , oils, fibers, a n d o t h e r low dens i ty sol ids 
f rom w a s t e w a t e r s ; (2) t h i cken ing of t h e s ludge f rom the ac t iva ted s ludge 
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(b) Flotation system with recycle 

Fig. 3.28. Flotation systems (a) and (b). 

p r o c e s s ; a n d (3) t h i cken ing of flocculated chemica l s ludges resu l t ing f r o m 
chemica l c o a g u l a t i o n t r e a t m e n t . S u p e r i o r effluent qua l i ty , i.e., effluent c o n 
t a in ing lower p e r c e n t a g e o f s u s p e n d e d sol ids , a n d e c o n o m y in p o w e r a r e 
ach ieved b y flotation sys tems wi th recycle . 

Basic c o m p o n e n t s of a flotation sys tem a r e (1) p ressur iz ing p u m p ; (2) a i r 
in jec t ion faci l i t ies; (3) r e t e n t i o n t a n k ( to p r o v i d e a i r - l i q u i d c o n t a c t ) ; (4) 
p r e s su re - r educ ing v a l v e ; a n d (5) flotation t a n k . 

4.2. E V A L U A T I O N OF FLOTATION V A R I A B L E S 
FOR P R O C E S S D E S I G N 

4.2.1. Parameter A / S 

F o r des ign of flotation sys tems, a f u n d a m e n t a l p a r a m e t e r c o m m o n l y 
ut i l ized is a d imens ion less a i r t o sol ids r a t i o (A/S) defined b y E q . (3.43). 

^ ^ lb/day of air released by depressurization ^ 
lb/day of solids in the influent 
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T h i s p a r a m e t e r is e s t i m a t e d f r o m s tud ies w i t h a l a b o r a t o r y - s c a l e flotation 
cell of p i l o t -p l an t d a t a . T h e va lue of A is o b t a i n e d f r o m d e t e r m i n a t i o n s of 
d isso lved a i r (mg/ l i t e r ) a t s a m p l i n g l o c a t i o n s i n d i c a t e d as (1) a n d (2) in F i g . 
3 .28(a) a n d (b) . T h u s [ E q . (3 .44)] 

A = A, - A2 (3.44) 

w h e r e A is t h e l b / d a y of a i r re leased b y d e p r e s s u r i z a t i o n ; Ax t h e l b / d a y of 
d issolved a i r a t (1) [ F i g . 3 .28(a) a n d ( b ) ] ; a n d A2 t h e l b / d a y of d i sso lved a i r 
a t (2) [ F i g . 3 .28(a) a n d ( b ) ] . 

F o r flotation sys tems w i t h o u t recycle [ E q . (3 .45 ) ] ,* 

Mgal l iquor _ lb air lb l iquor η ^ Λ ^ „ ,„ . x 

Ax = Q ~ L ^ L — x Ci — — x 8.34 — ? = 8.34QC! (lb air/day) 
day Mlb liquor gal l iquor 

(3.45) 

S imi la r ly [ E q . (3 .46)] 

A2 = $34QC2 (lb air /day) (3.46) 

The re fo r e 

A = A1 - A2 = 8.34G(Cj - C2) (lb/day of air released) (3.47) 

F o r flotation sys tems w i t h recycle t h e c o r r e s p o n d i n g e q u a t i o n is 

A = A, - A2 = S34R(C1 - C2) (lb/day of air released) (3.48) 

If St is t h e c o n c e n t r a t i o n of s u s p e n d e d sol ids (mg/ l i te r ) in t h e inf luent , t h e 
va lue of S [ d e n o m i n a t o r of E q . (3 .43)] is 

Λ Mgal l iquor 8.34 lb l iquor o lb SS β / l f 0 0 / J , 
S = Q * A — x 7~r. x St —— = 8.34QS, (lb SS/day) 

day gal l iquor Mlb l iquor 

(3.49) 

S u b s t i t u t i o n of E q s . (3.47) [ o r E q . (3 .48)] a n d (3.49) in E q . (3.43) l eads t o 

Flotat ion systems without recycle 

A/S=(Cl-C2)/Sl (3.50) 

Flotat ion systems with recycle 

AIS = {RIQKCx-C2)ISt (3.51) 

4.2.2. Correlation of Flotation Variables 
to Parameter A / S 

By use of a l a b o r a t o r y flotation cell o r p i l o t -p l an t d a t a , i t is poss ib le t o 
co r re l a t e mg/ l i t e r of s u s p e n d e d sol ids c o n t a i n e d in l iqu id effluent t o p a r a m 
eter A/S. A typica l c o r r e l a t i o n cu rve for a w a s t e w a t e r h a s t h e s h a p e ind ica t ed in 
F ig . 3.29. 

* Not ice that Cx mg of air/liter of liquor = Cx lb of air/Mlb of liquor. 
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0.06 

I ! ι I 

0 50 I00 
mg/ l i ter of S S in e f f luent 

Fig. 3.29. Typical correlation of parameter A/S vs. concentration of SS in 
effluent. 

For a given influent, the lb/day of suspended solids (term S in ratio A/S) 
is fixed. Ratio A/S increases by operating at higher air rates, which results in 
increase of air released (A). From Fig. 3.29 it follows that a higher quality 
effluent is obtained. 

Graphs like Fig. 3.29 permit selection of the A/S ratio for a required degree 
of effluent clarification. These curves indicate that increasing the A/S ratio 
beyond an optimum value does not result in substantial reduction in effluent 
suspended solids. 

Judicious selection of the A/S ratio involves an economical balance between 
equipment and maintenance costs and desired effluent quality. Typical range 
of A/S ratios for thickening of sludges in wastewater treatment is 0.005-
0.060. 

4.2.3. Alternative Expressions for Parameter A / S [2] 

Consider Eq. (3.46) for A 2 , where C2 is the solubility of air in water in mg/ 
liter. Frequently, the solubility of air is expressed in terms of c m 3 of air/liter of 
water. It is assumed that conditions at (2) [Figs. 28(a) and (b)] are atmos
pheric pressure and ambient temperature. Solubility of air in water in c m 3 of 
air/liter of water [hence denoted as S J is presented in Table 3.11 for atmos
pheric pressure at several temperatures. 

This concentration of dissolved air in c m 3 of air/liter of water is converted 
to the value C2 (mg air/liter of water) [Eq. (3.52)]. 

S0 cm 3 air/liter water χ ρ α mg air/cm3 air = C2 (mg air/liter water) 
(3.52) 
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TABLE 3.11 
Solubility of Air in Water at Atmospheric 
Pressure at Several Temperatures [6] 

Temperature (°C) Sa (cm3/liter) 

0 29.2 
10 22.8 
20 18.7 
30 15.7 

Uti l ize for t h e dens i ty of a i r pa 2l m e a n va lue of 1.2 m g / c m 3 . (Th i s c o r r e s p o n d s 
t o t h e va lue a t 1 a t m a n d 20°C. ) T h e n [ E q . (3 .53)] 

C2 = \2Sa (3.53) 

C o n s i d e r n o w E q . (3.45), w h e r e Cl is t h e solubi l i ty of a i r in mg/ l i t e r . T h e 
c m 3 of a i r / l i ter of w a t e r a t t h e r e t e n t i o n t a n k [ p o i n t (1)] is s h o w n in E q . (3.54). 

<pSa ( c m 3 air/liter water) (3.54) 

w h e r e φ is t h e r a t i o of solubi l i ty of a i r in w a t e r a t t h e p re s su re in t h e r e t e n t i o n 
t a n k [ a t (1)] t o t he solubi l i ty a t a t m o s p h e r i c p re s su re [ a t (2) in F igs . 2 8 ( a ) a n d 
(b ) ] [ E q . (3 .55) ] . 

<P=ClIC2 ( p > 1 . 0 ) (3.55) 

I t is f o u n d expe r imen ta l ly t h a t for a specific des ign of t he r e t en t i on t a n k , 
a n d w i th in o r d i n a r y p re s su re r a n g e s u t i l ized in flotation o p e r a t i o n s , r a t i o φ is 
p r o p o r t i o n a l t o t h e p ressu re 

<P=fP (3.56) 

w h e r e / is t h e p r o p o r t i o n a l i t y fac to r a n d Ρ t he p res su re in r e t e n t i o n t a n k in 
a t m o s p h e r e s . 

A t 20°C for p ressu re r a n g e 3 0 - 6 0 ps ia ut i l ized in m o s t flotation sys tems a n d 
for baffled r e t en t i on t a n k s , t he va lue o f / i n E q . (3.56) is a p p r o x i m a t e l y 0 .5 . 
C o n s e q u e n t l y , va lues of φ v a ry f r o m 

30 psia ( = 30/14.7 = 2.04 a tm) = 0.5 χ 2.04 = 1.02 

60 psia ( = 60/14.7 = 4.08 a tm) = 0.5 χ 4.08 = 2.04 

T h e r e f o r e for t h e p re s su re r a n g e f r o m 30 t o 60 ps i a a t 20°C , solubi l i ty o f a i r 
in baffled r e t en t i on t a n k s var ies f rom 1.02 t o 2.04 t imes its s a t u r a t i o n va lue a t 
20°C a n d 1 a t m . Since f r o m E q . (3.55) 

Ci = φ€2 (3.57) 
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subs t i t u t ion of φ a n d C2 b y the i r va lues given b y E q s . (3.56) a n d (3.53) yields 

d = fP(\2Sa) (3.58) 

S u b s t i t u t i o n of va lues of Cx a n d C2 g iven, respect ively, b y E q s . (3.58) a n d 
(3.53) in E q s . (3.50) a n d (3.51) l eads t o 

Flotat ion systems without recycle 

A/S = \2Sa(fP-\)/Sl (3.59) 

Flotat ion systems with recycle 

A/S = (R/Q)\2Sa(fP- (3.60) 

4.3. D E S I G N P R O C E D U R E FOR FLOTATION 
U N I T S W I T H O U T A N D W I T H R E C Y C L E 

4.3.1. Flotation Sys tems wi thout Recycle 

F r o m E q . (3.59) it fol lows t h a t if a r a t i o A/S is s e l e c t e d , / b e i n g fixed for a 
selected type of r e t en t i on t a n k a n d St f r o m charac te r i s t i cs of t he influent , th i s 
a m o u n t s t o specif icat ion of o p e r a t i n g p res su re P, w h i c h is ca lcu la t ed f r o m 
E q . (3.59) as 

P = (llf)[(A/S)Sl/\2Sa+\l (3.61) 

Des ign of flotation sys tems w i t h o u t recycle involves ca lcu la t ing t h e r eq u i r ed 
o p e r a t i n g p ressu re [ E q . (3 .61)] a n d d e t e r m i n i n g the c ross -sec t iona l a r e a of t h e 
flotation un i t . Th i s a r e a is ca lcu la t ed f rom a selected va lue of t h e overf low 
ra t e , usua l ly a va lue be tween 2 a n d 4 g a l / ( m i n ) ( f t 2 ) ( E x a m p l e 3.6). 

Example 3.6 

L a b o r a t o r y flotation tests for a given w a s t e w a t e r ind ica te o p t i m u m air / 
sol ids r a t i o (A/S) a s 0.04 lb a i r / lb sol ids . F l o w of w a s t e w a t e r is 1.0 M G D a n d 
it c o n t a i n s 250 mg/ l i t e r of s u s p e n d e d sol ids . L a b o r a t o r y flotation tests ( w i t h o u t 
recycle) ind ica te for a r a t i o A/S = 0.04 a n o p t i m u m effluent c o n t a i n i n g 25 
mg/ l i t e r o f s u s p e n d e d sol ids . T a k e / = 0 .50 for r e t en t ion t a n k a n d a n o p e r a t i n g 
t e m p e r a t u r e of 20°C. Des ign a flotation sys tem w i t h o u t recycle for th is service. 

S O L U T I O N 

Step 1. Select A/S = 0.04, as s ta ted . 
Step 2. Ca lcu la t e Ρ f rom E q . (3.61). 

Ρ = (l/0.5)(0.04 χ 250/1.2 χ 18 .7+1) = 2.9 a tm 

Step 3. Select a n overf low ra t e , 

OR = 3 gal/(min)(ft 2 ) 
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or 

Step 4. Ca lcu la t e r equ i r ed surface a r ea , 

Q = 1.0 M G D 

Q = 1,000,000 gal/day χ day/24 hr χ hr/60 min = 695 gal/min 

Surface area (ft 2) = Q/OR = . ™\^,m™ = 2 3 2 ft* 
3.0 gal/(min)(ft 2 ) 

4 . 3 . 2 . F l o t a t i o n S y s t e m s w i t h R e c y c l e 

I t fo l lows f rom E q . (3.60) t h a t for a specific a p p l i c a t i o n (i .e. , for fixed va lues 
o f / a n d S() o n e m u s t specify n o t on ly t he A/S r a t i o b u t a l so t h e recycle be fore 
t h e o p e r a t i n g p re s su re Ρ b e c o m e s fixed. T h e u s u a l p r o c e d u r e is t o specify 
a n o p e r a t i n g p res su re Ρ a n d a n A/S r a t i o a n d ca lcu la t e t h e r equ i r ed recycle 
f r o m E q . (3.60), wh ich solved for R y ie lds E q . (3.62). 

R = (A/S) QSi/l.lSaUP- 1) (3.62) 

T h e des ign p r o c e d u r e for flotation sys tems wi th recycle is i l lus t ra ted by 
E x a m p l e 3.7. 

Example 3.7 

F o r t he a p p l i c a t i o n in E x a m p l e 3.6 des ign a flotation sys tem wi th recycle , 
t a k i n g a n o p e r a t i n g p ressu re of 2.9 a t m . 

S O L U T I O N 

Step J. Select A/S = 0.04, as s ta ted . 
Step 2 . Ca l cu l a t e R f rom E q . (3.62). 

R = (0.04)(1.0)(250)/1.2 χ 1 8 . 7 ( 0 . 5 x 2 . 9 - 1 ) = 0.99 M G D * 1.0 M G D 

Th i s m e a n s t h a t recycle r a t i o R/Q is a p p r o x i m a t e l y un i ty . 
Step 3. Select a n overf low r a t e 

OR = 3 gal/(min)(ft 2 ) 

Step 4. R e q u i r e d surface a r e a is defined as 

Q + R « 2.0 M G D 

o r 

2,000,000 gal/day χ day/24 hr χ hr/60 min = Q + R = 1390 gal/min 

Surface area (ft 2 ) = (Q + R)/OR = 1390/3.0 = 464 f t 2 

Surface a r e a is twice as large as for t h e u n i t w i t h o u t recycle . H o w e v e r , a n 
effluent of supe r io r qua l i ty (i.e., SS < 25 mg/ l i t e r ) is o b t a i n e d . 
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5. Neutral izat ion (and Equalization) 
5.1. N E U T R A L I Z A T I O N IN T H E FIELD OF 

W A S T E W A T E R T R E A T M E N T 

N e u t r a l i z a t i o n t r e a t m e n t is often ut i l ized in t h e fo l lowing cases a r i s ing in 
w a s t e w a t e r t r e a t m e n t : 

1. P r i o r t o d i scha rge of t he w a s t e w a t e r i n t o a receiving wa te r . T h e j u s t i 
f icat ion for neu t r a l i za t i on is t h a t a q u a t i c life is sensi t ive t o p H v a r i a t i o n s 
b e y o n d a n a r r o w r a n g e a r o u n d p H 7. 

2. P r i o r t o d i scharge of indus t r i a l was t ewa te r s t o t he m u n i c i p a l sewer 
sys tem. Specif icat ion of t h e p H of indus t r i a l d i scharges i n t o m u n i c i p a l sewer 
sys tems is f requent ly m a d e . I t is m o r e e c o n o m i c a l t o neu t ra l i ze i n d u s t r i a l 
w a s t e w a t e r s t r e a m s p r i o r t o t h e d i scha rge i n t o t he m u n i c i p a l sewer, r a t h e r 
t h a n a t t e m p t i n g t o p e r f o r m n e u t r a l i z a t i o n of the l a rger v o l u m e of c o m b i n e d 
d o m e s t i c a n d indus t r i a l sewage. 

3. P r i o r t o chemica l o r b io log ica l t r e a t m e n t . F o r b io logica l t r e a t m e n t , 
p H of t h e sys tem is m a i n t a i n e d wi th in t h e r a n g e 6 .5-8 .5 t o e n s u r e o p t i m u m 
bio log ica l act ivi ty . T h e b io logica l p roces s itself p r o v i d e s a n e u t r a l i z a t i o n a n d 
buffer capac i ty as a resul t of p r o d u c t i o n of C 0 2 , wh ich f o r m s c a r b o n a t e s a n d 
b i c a r b o n a t e s in so lu t ion . T h e degree of p r e n e u t r a l i z a t i o n r eq u i r ed for b i o 
logical t r e a t m e n t d e p e n d s o n t w o f a c t o r s : (1) t h e a lka l in i ty o r ac id i ty p r e s en t 
in t h e w a s t e w a t e r a n d (2) t he mg/ l i t e r B O D t o be r e m o v e d in t he b io logica l 
t r e a t m e n t . T h e la t te r is re la ted t o t h e p r o d u c t i o n of C 0 2 , wh ich m a y p r o v i d e 
for pa r t i a l neu t r a l i za t i on of a lka l ine was tes . 

5.2. M E T H O D S FOR N E U T R A L I Z A T I O N 
OF W A S T E W A T E R S 

M e t h o d s for neu t r a l i z a t i on of was t ewa te r s inc lude (1) equa l i za t i on , w h i c h 
cons is t s of m ix ing acidic a n d a lka l ine was t e s t r e a m s ava i lab le in t he p l a n t a n d 
(2) d i rec t p H c o n t r o l m e t h o d s , wh ich cons is t of a d d i t i o n of ac ids (o r bases ) 
fo r neu t r a l i z a t i on of a lka l ine (o r acidic) w a s t e w a t e r s t r e a m s . 

5.3. E Q U A L I Z A T I O N 
W h e n ut i l ized for p u r p o s e of n e u t r a l i z a t i o n , equa l i z a t i on involves mix ing 

w a s t e w a t e r s t r e a m s of ac idic a n d a lka l ine n a t u r e in a n e q u a l i z a t i o n bas in . 
E q u a l i z a t i o n is often used for p u r p o s e s o t h e r t h a n neu t r a l i z a t i on such as 
(1) t o s m o o t h o u t ind iv idua l w a s t e w a t e r s t r e a m flow va r i a t i ons , so t h a t a 
c o m p o s i t e s t r e a m of relat ively c o n s t a n t flow r a t e is fed t o t h e t r e a t m e n t p l a n t ; 
a n d (2) t o s m o o t h o u t va r i a t i ons in inf luent B O D t o t h e t r e a t m e n t facilit ies. 
C o n s t a n t a n d va r i ab l e level equa l i za t i on bas ins a r e ut i l ized. 

1. Constant level equalization basins. Th i s a r r a n g e m e n t is i l lus t ra ted in 
F ig . 3.30. T h e level in t he equa l i z a t i on bas in is he ld c o n s t a n t . T h e r e f o r e as 
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Influent 
Qi = f(t) 

Effluent 

Acid and alkaline streams 

Fig. 3.30. Constant level equalization basin. 

t h e r a t e of flow of inf luent var ies , t h a t of effluent is equa l ly affected. C o n 
sequent ly , th is is n o t a t e c h n i q u e of flow equa l i za t i on , s imply a m e t h o d of 
neu t r a l i z a t i on . If fluctuations in t h e flow r a t e a r e t o o g rea t , t h e effluent f r o m 
t h e c o n s t a n t level e q u a l i z a t i o n bas in is fed t o a n o t h e r e q u a l i z a t i o n ba s in 
h a v i n g a s object ive flow equa l i z a t i on . 

2. Variable level equalization basins. I n th is m e t h o d of equa l i z a t i on , t h e 
effluent is t a k e n o u t a t a c o n s t a n t r a t e , a n d since t he flow r a t e of inf luent 
var ies wi th t ime , t h e level of t h e e q u a l i z a t i o n bas in is va r i ab le . T h i s m e t h o d is 
a l so ut i l ized for t h e p u r p o s e of flow equa l i z a t i on , as well as p r o v i d i n g for 
neu t r a l i za t i on . A d i a g r a m of a va r i ab l e level e q u a l i z a t i o n bas in is s h o w n in 
F ig . 3 .31 . 

Influent 
Q, - f(t) 

Effluent 

ΓΤΤΤ 
Acid and alkaline 

streams 

Fig. 3.31. Variable level equalization basin. 

Influent 

Excess Holding pond Holding pond 

Bleed stream 

Equalization tank 

I 
Fig. 3.32. "Holding pond" method of equalization. 
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A n o t h e r m e t h o d of equa l i za t i on cons is t s of d iver t ing t he " e x c e s s " of t h e 
i n c o m i n g s t r e a m t o a h o l d i n g p o n d , f r o m wh ich a bleed s t r e a m is fed t o t h e 
equa l i z a t i on t a n k . Th i s m e t h o d is n o t used for neu t r a l i z a t i on p u r p o s e s , b u t 
on ly for e q u a l i z a t i o n of B O D c o n t e n t o r flow ra t e . Th i s is i l lus t ra ted by F ig . 
3.32. 

5.4. D I R E C T pH C O N T R O L M E T H O D S : 
N E U T R A L I Z A T I O N OF A C I D I C W A S T E S B Y 
D I R E C T pH C O N T R O L M E T H O D S 

T h e fo l lowing m e t h o d s of d i rec t neu t r a l i z a t i on of ac id ic was tes a r e t h e 
m o s t c o m m o n l y e m p l o y e d : (1) l imes tone beds , (2) s lurr ied l ime neu t r a l i z a t i on , 
(3) caus t i c s o d a ( N a O H ) neu t r a l i za t i on , (4) s o d i u m c a r b o n a t e neu t r a l i z a t i on , 
a n d (5) a m m o n i a neu t r a l i za t i on . 

A few specific c o m m e n t s a b o u t these m e t h o d s a r e as fo l lows : 
S lur r ied l ime n e u t r a l i z a t i o n is t he m o s t c o m m o n m e t h o d a n d is d iscussed 

in Sect ion 5.6. Des ign of l imes tone b e d s is descr ibed in Sect ion 5.5. 
Caus t i c s o d a ( N a O H ) is m o r e expens ive t h a n l ime. I t offers a n a d v a n t a g e 

w i t h respec t t o un i fo rmi ty of the r eagen t , ease of s to rage a n d feeding, r a p i d 
r e a c t i o n r a t e , a n d the fact t h a t t he e n d p r o d u c t s of neu t r a l i z a t i on ( s o d i u m 
salts) a r e s o l u b l e . 

S o d i u m c a r b o n a t e ( N a 2 C 0 3 ) is n o t a s reac t ive a s caus t i c s o d a a n d 
p re sen t s f ro th ing p r o b l e m s o w i n g t o re lease of c a r b o n d iox ide . 

A m m o n i a ( N H 4 O H ) p resen t s t h e d i s a d v a n t a g e of be ing a c o n t a m i n a n t ; 
c o n s e q u e n t l y i ts use m a y be ru led o u t b y p o l l u t i o n c o n t r o l s t a n d a r d s . 

F a c t o r s gu id ing select ion of a n e u t r a l i z a t i o n r eagen t a r e (1) p u r c h a s e cos t , 
(2) n e u t r a l i z a t i o n capac i ty , (3) r e a c t i o n r a t e , a n d (4) s t o r age a n d d i sposa l o f 
n e u t r a l i z a t i o n p r o d u c t s . 

5.5. L I M E S T O N E B E D S 

5.5.1. Types of Equipment 
B o t h upf low a n d downf low types of l imes tone b e d s a r e e m p l o y e d . F o r 

w a s t e w a t e r s c o n t a i n i n g H 2 S 0 4 , l imes tone b e d s s h o u l d n o t b e u sed if c o n 
c e n t r a t i o n of H 2 S 0 4 exceeds 0 .6%. T h e r e a s o n for th is l im i t a t i on is t h a t t h e 
l imes tone b e c o m e s cove red w i th a n inso lub le c o a t of C a S 0 4 , r e n d e r i n g it 
ineffective. I n a d d i t i o n , evo lu t i on o f C 0 2 causes f ro th ing p r o b l e m s . 

Upf low type a r r a n g e m e n t is p re fe rab le t o downf low type since in upf low 
un i t s , C a S 0 4 t e n d s t o b e flushed o u t before p r ec ip i t a t i on o n t h e l i m e s t o n e . 
A l s o , e scape of C 0 2 gene ra t ed b y t h e n e u t r a l i z a t i o n r e a c t i o n is eas ier in 
upf low type u n i t s . F o r these r e a s o n s , m a x i m u m h y d r a u l i c r a t e for downf low 
sys tems is l imi ted t o a p p r o x i m a t e l y 50 g a l / ( h r ) ( f t 2 ) . 

P resence of me ta l l i c i ons (e.g., A l 3 + , F e 3 + ) in t h e w a s t e w a t e r r e d u c e s 



5. Neutralization (and Equalization) 117 

effectiveness of t he l imes tone b e d o w i n g t o c o a t i n g of l imes tone w i t h p rec ip i 
t a t ed hyd rox ides . F ina l ly , if d i l u t i on of t h e acid in t h e w a s t e w a t e r is inc reased , 
h ighe r res idence t imes a r e r equ i r ed for n e u t r a l i z a t i o n . 

5 . 5 . 2 . D e s i g n P r o c e d u r e f o r L i m e s t o n e B e d s 

I n th is sec t ion , t h e l a b o r a t o r y p r o c e d u r e r e c o m m e n d e d b y Eckenfe lde r a n d 
F o r d [ 3 ] for o b t a i n i n g the bas ic des ign d a t a is desc r ibed . A n u m e r i c a l e x a m p l e 
is p r e sen t ed t o i l lus t ra te des ign of a n a c t u a l l imes tone c o l u m n . A m o d e l of a 
l a b o r a t o r y l imes tone n e u t r a l i z a t i o n c o l u m n is s h o w n in F ig . 3 .33. B e n c h -
scale c o l u m n s o p e r a t e wi th he igh t s of l i m e s t o n e of 1.0-5 ft, w h i c h is t h e a c t u a l 
r a n g e of he igh t s for p lan t - sca le u n i t s . C o l u m n d i a m e t e r is a p p r o x i m a t e l y 
6 in . , a n d ra tes of flow [ g a l / ( h r ) ( f t 2 ) ] a r e c o m p a r a b l e t o t h o s e for p l a n t 
o p e r a t i o n . 

Fig. 3.33. Laboratory model of limestone neutralization column. 

Step 1. Fi l l neu t r a l i z a t i on c o l u m n s w i t h l imes tone (after w a s h i n g a n d 
screening) t o d e p t h s of 1, 2 , 3 , 4 , a n d 5 ft (5 c o l u m n s ) . 

Step 2. Ad jus t u p w a r d flow r a t e of ac id w a s t e w a t e r for e a c h c o l u m n . 
F l o w r a t e s v a r y i n g f r o m 50 t o 1000 g a l / ( h r ) ( f t 2 ) a r e used . 

Step 3. C h e c k effluent p H f rom each c o l u m n a t e a c h flow r a t e ut i l ized 
un t i l i t is s tabi l ized. 

Step 4. Af te r each r u n rep lace l i m e s t o n e used in t h e c o l u m n s . 
Step 5. P l o t t e r m i n a l p H as a func t ion of r a t e of flow [ g a l / ( h r ) ( f t 2 ) ] for 

e ach d e p t h of l imes tone . A typica l p l o t of th i s t ype is s h o w n in F ig . 3.34. 
P u r p o s e s of t h e des ign p r o c e d u r e a r e (1) t o select t h e m o s t e c o n o m i c a l 

he igh t of c o l u m n for a specified p H of t h e effluent. T h i s is t h e c o l u m n he igh t 
c o r r e s p o n d i n g t o a m a x i m u m a l lowab le flow r a t e , expressed in t e r m s o f 
v o l u m e of l imes tone ut i l ized, i.e., ga l of l i q u o r / ( h r ) ( f t 3 of l i m e s t o n e ) ; a n d 
(2) t o ca lcu la te a n n u a l r e q u i r e m e n t of l imes tone u n d e r these c o n d i t i o n s , 
wh ich c o r r e s p o n d s t o a m i n i m u m r e q u i r e m e n t of l imes tone . 
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Fig. 3.34. Limestone neutralization data. 

Example 3.8 

I t is des i red t o neu t r a l i ze a w a s t e w a t e r ac id s t r e a m c o n t a i n i n g 0.1 Ν H C I 
t o a p H of 7.0 t h r o u g h a l imes tone b e d . L a b o r a t o r y tests w i th t h e w a s t e w a t e r 
yield d a t a p l o t t e d in F ig . 3.34. D e s i g n a neu t r a l i z a t i on sys tem for 100 g a l / m i n 
(6000 ga l /h r ) o f w a s t e w a t e r a n d e s t ima te a n n u a l l imes tone r e q u i r e m e n t for 
t h e m o s t e c o n o m i c a l o p e r a t i o n . 

S O L U T I O N 

Step 1. F o r p H 7 r e a d f r o m F ig . 3.34 ra t e s of flow [ g a l / ( h r ) ( f t 2 ) ] c o r r e 
s p o n d i n g t o each c o l u m n d e p t h . T h e n ca lcu la te c ross -sec t iona l a r e a , v o l u m e 
of l imes tone b e d r equ i r ed , a n d flow r a t e in g a l / ( h r ) ( f t 3 o f l i m e s t o n e b e d ) 
(Tab l e 3.12). 

TABLE 3.12 
Calculations for Example 3.8 

ω 
Depth 

(ft) 

(2) 
Flow rate 

[gal/(hr)(ft 2 )] 
[From Fig. 

3.34 for p H 7] 

(3) 
Cross section 

6000 gal/hr 
{ ) ~ (2) 

(4) 
Volume o f 

limestone ( f t 3 ) 
(4) = ( / ) x ( 5 ) 

(5) 
F l o w rate 

[gal /(hr)(ft 3 )] 
6000 gal/hr 

( ) ~ (4) 

1.0 118 51 51 118 
2.0 492 12.2 24.4 246 
3.0 845 7.1 21.3 282 
4.0 1047 5.73 22.9 262 

5.0 1200 5.0 25.0 240 
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Fig. 3.35. Determination of optimum bed depth. 

Step 2. P l o t flow ra tes [ g a l / ( h r ) ( f t 3 ) ] f r o m c o l u m n (5) of T a b l e 3.12 vs. 
d e p t h s [ c o l u m n (7 ) ] . Th i s p l o t is s h o w n in F ig . 3.35 a n d ind ica tes t h a t a 3-ft 
l imes tone b e d is t h e m o s t e c o n o m i c a l , c o r r e s p o n d i n g t o a m a x i m u m o n t h e 
cu rve . T h e c ross -sec t iona l a r e a in th is case (see T a b l e 3.12 for a d e p t h of 3.0 ft) 
is 7.1 f t 2 , c o r r e s p o n d i n g t o a d i a m e t e r of 3.0 ft. 

Step 3. Ca lcu la t e t he lb of ac id t o be neu t ra l i zed pe r d a y (acid c o n t a i n e d 
in t h e 6000 g a l / h r of t h e 0.1 Ν so lu t i on of H C I ) . Since th is is a d i lu te ac id 
so lu t ion , ca l cu l a t ion is ba sed o n the dens i ty of wa te r , t a k e n as 8.34 lb /ga l . 
A 0.1 Ν so lu t ion of H C I c o n t a i n s 3.65 g/ l i ter of H C I , o r a p p r o x i m a t e l y 3.65 lb 
of ac id pe r 1000 lb of so lu t i on . The re fo re 

Mass flow ra te : 6000 gal/hr χ 24 hr /day χ 8.34 lb/gal = 1.2 Mlb/day 

Acid content : 3.65 χ (1,200,000/1000) = 4380 lb/day 

Step 4. Ca l cu l a t e l imes tone ( C a C 0 3 ) r equ i red . T h e n e u t r a l i z a t i o n 
e q u a t i o n is 

2HC1 + C a C 0 3 -» C a C l 2 + C 0 2 + H 2 0 
Molecular weight: (2 χ 36.5 = 73) (100) 

There fo re l imes tone r equ i r ed is 

4380 χ 100/73 = 6000 lb/day of limestone 

Th i s is t he theore t i ca l a m o u n t of l imes tone a s s u m i n g 100% react iv i ty . F o r 
des ign p u r p o s e s , a s s u m e a n 8 0 % react iv i ty . L i m e s t o n e r e q u i r e d is t h e n 

6000/0.8 = 7500 lb/day or 2.738 χ 10 6 lb/year 
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5.6. S L U R R I E D L I M E T R E A T M E N T 

5.6.1. Equipment for Slurried Lime Sys tems 

Slur r ied l ime is t h e m o s t c o m m o n l y used r e a g e n t for n e u t r a l i z a t i o n of ac id 
was t ewa te r s , t h e low cos t of l ime be ing t h e m a i n r e a s o n for its w i d e s p r e a d 
u t i l i za t ion . A flowsheet of a two-s t age s lurr ied l ime n e u t r a l i z a t i o n sys tem is 
s h o w n in F ig . 3.36. 

Quicklime Water 

pH controllerQ-ra 

Recirculation line Slurry 
storage 

tank 
(agitated 

vessel) 

for slurried lime 

Slurried lime Λ 

Slurry 
storage 

tank 
(agitated 

vessel) 

pH controller^ 
rJ<H 

^ I 

Recirculation pump' 

; 

Slurry 
storage 

tank 
(agitated 

vessel) 

pH controller^ 
rJ<H 

^ I 

Recirculation pump' 

; 

By-pass line 

Alkaline wastewater 

Fig. 3.36. Flow diagram of a two-stage slurried lime neutralization system. 

Stepwise a d d i t i o n of l ime is r e c o m m e n d e d . F o r h ighly ac idic was tes a 
m i n i m u m of t w o s tages is des i rab le , t h e first (bu lk neu t r a l i za t i on ) t o ra ise p H 
t o a va lue of 3 .0 -3 .5 , a n d the second (fine t un ing ) t o ad jus t p H t o des i red 
effluent va lue . S o m e t i m e s a th i rd s tage is des i rab le . 

A u t o m a t i c c o n t r o l of th is p rocess is n o t s imple because t h e r e l a t i o n s h i p 
b e t w e e n p H a n d a m o u n t of l ime a d d e d is h ighly non l inea r , pa r t i cu la r ly in t h e 
vicini ty of t h e neu t r a l i za t i on p o i n t ( p H 7). Th i s is app rec i a t ed b y inspec t ion of 
a typica l neu t r a l i z a t i on c u r v e of a n indus t r i a l was t ewa te r , s h o w n in F ig . 
3.37. 

I n t he vicini ty of t h e neu t r a l i z a t i on p o i n t , t h e p H b e c o m e s exceedingly 
sensi t ive t o smal l a d d i t i o n s of l ime, va ry ing in a n o r d i n a r y o p e r a t i o n of s lur
r ied l ime sys tems a t a r a t e as fast as o n e p H un i t pe r m i n u t e . A l s o , fluctuation 
in flow ra t e of influent compl i ca t e s o p e r a t i o n of t h e p rocess . U s e of a n e q u a l 
i za t ion t a n k is ind ica ted t o d a m p e n fluctuations, as s h o w n in F ig . 3.36. A 
relat ively smal l a m o u n t of r e a g e n t is t h o r o u g h l y mixed w i t h a la rge l iqu id 
v o l u m e in a s h o r t t i m e in te rva l . M e c h a n i c a l mixers a r e p r o v i d e d for th i s 
p u r p o s e . 
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Fig. 3.37. Typical neutralization curve for an industrial wastewater. 

5.6.2. Design Procedure for Slurried Lime 
Neutralization Sys tems 

T h e p r o c e d u r e r e c o m m e n d e d by Eckenfe lde r a n d F o r d [ 3 ] is s u m m a r i z e d 
in th is sec t ion a n d i l lus t ra ted b y a n u m e r i c a l e x a m p l e . Basic i n f o r m a t i o n 
r e q u i r e d is (1) n e u t r a l i z a t i o n cu rve for t h e w a s t e w a t e r (see F ig . 3.37), a n d 
(2) p o w e r c o n s u m p t i o n d a t a , i.e., a c u r v e of level of ag i t a t i on vs . d e t e n t i o n 
t i m e for a des i red t e r m i n a l p H (see F ig . 3.38). T h i s bas ic i n f o r m a t i o n is o b t a i n e d 
by s imple l a b o r a t o r y p r o c e d u r e s [ 3 ] . 

P u r p o s e s of t he des ign p r o c e d u r e i l lus t ra ted b y E x a m p l e 3.9 a r e (1) t o 
select t he n u m b e r of s tages of n e u t r a l i z a t i o n a n d t o size n e u t r a l i z a t i o n r e a c t o r s , 
a n d (2) t o select a p p r o p r i a t e m i x i n g e q u i p m e n t . 

Example 3 .9 

200 g a l / m i n of a n ac idic indus t r i a l w a s t e w a t e r a r e neu t r a l i zed t o p H 7.0. 
F r o m l a b o r a t o r y tes ts , t h e n e u t r a l i z a t i o n cu rve is p l o t t e d (F ig . 3.37). A l s o , a 
cu rve of level of ag i t a t i on vs. d e t e n t i o n t i m e is o b t a i n e d for th is n e u t r a l i z a t i o n 
(F ig . 3.38). Des ign a l ime s lur ry n e u t r a l i z a t i o n sys tem. 

S O L U T I O N 

Step 1. F r o m the n e u t r a l i z a t i o n c u r v e in F ig . 3.37, l ime s lur ry r e q u i r e 
m e n t for neu t ra l i z ing t h e w a s t e w a t e r t o a p H of 7 is r e a d as 3600 mg/ l i t e r . 

Step 2. Ca l cu l a t e l ime s lur ry r e q u i r e m e n t for 200 g a l / m i n w a s t e w a t e r 
flow. Since 

3600 mg lime/liter waste = 3600 χ 1 0 " 6 lb lime/lb waste 

7 

I 
1 

1 
1 

V 
--3,600 
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Fig. 3.38. Level of agitation vs. detention time. 

t h e n 

200 gal waste/min χ 60 min/hr χ 24 hr /day χ 8.34 lb waste/gal waste 

χ 3600 χ 1 0 " 6 lb lime/lb waste = 8647 lb lime/day 

Step 3. N e u t r a l i z e ac id in t w o s teps a s i nd ica t ed b y flow d i a g r a m in F ig . 
3.36, t h e first s tage for b u l k neu t r a l i z a t i on , a n d t h e s econd for fine t u n i n g . 

Step 4. Select a d e t e n t i o n t i m e a n d size t h e r eac to r s . 

Volume of reactor (gal) = Q (gal/min) χ / (min) (3.63) 

Selec t ion of t h e o p t i m u m d e t e n t i o n t i m e is a r r ived a t b y a n e c o n o m i c a l 
b a l a n c e . 

1. A s s u m e a res idence t i m e (usual ly a va lue be tween 5 a n d 10 m i n ) . 
2 . Size t h e r e a c t o r [ E q . (3 .63) ] . 
3 . F r o m F ig . 3.38 for t h e a s s u m e d res idence t ime , d e t e r m i n e p o w e r 

level r equ i r ed . 
4 . Select mixe r s (as s h o w n in S tep 5) f r o m k n o w l e d g e of p o w e r level 

[ i t em (3 ) ] . 
5. E s t i m a t e t o t a l cos t s (capi ta l a n d o p e r a t i n g ) c o r r e s p o n d i n g t o th i s 

a s s u m e d res idence t ime . M a i n i t ems in t h e c o l u m n of cap i t a l cos t s a r e t h e 
r eac to r s themse lves ( a n d aux i l i a ry e q u i p m e n t ) a n d t h e mixers . E n e r g y r e q u i r e 
m e n t is t h e va r i ab le i t em a m o n g o p e r a t i n g cos t s . 
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6. R e p e a t i n g s teps ( l ) - ( 5 ) , a cu rve of t o t a l cos t p e r yea r vs . a series of 
selected res idence t imes is p lo t t ed . T h i s c u r v e passes t h r o u g h a m i n i m u m 
which c o r r e s p o n d s t o t h e o p t i m u m d e t e n t i o n t ime . C a p i t a l cos t s a r e expressed 
o n a year ly bas is b y e s t i m a t i n g e q u i p m e n t life a n d ut i l iz ing t h e c u r r e n t va lue 
for in teres t r a t e . 

A s s u m e for E x a m p l e 3.9 t h a t o p t i m u m res idence t i m e is e s t i m a t e d b y th is 
p r o c e d u r e as 5 m i n . T h e n 

Volume of each reactor (gal) = 200 gal/min χ 5 min = 1000 gal 
o r 

1000 gal χ ft 3 /7.48 gal = 134 f t 3 

Selec t ing a r e a c t o r d e p t h of 5 ft, r e q u i r e d c ross - sec t iona l a r e a is 

Area = 134f t 3 /5 ft = 26.8 f t 2 

c o r r e s p o n d i n g t o a d i a m e t e r of 5.84 ft. 
Step 5. Select mixers . F r o m F i g . 3.38, p o w e r level r eq u i r ed for 5 -min 

d e t e n t i o n t i m e is 
0.15 HP/1000 gal 

Since e a c h t a n k has a v o l u m e of 1000 gal , specify o n e 0 . 1 5 - H P mixe r for e a c h 
t a n k . 

5 . 7 . N E U T R A L I Z A T I O N OF A L K A L I N E W A S T E S 
I n p r inc ip le , a n y s t r o n g acid c a n be used t o neu t ra l i ze a lka l ine w a s t e w a t e r s . 

C o s t c o n s i d e r a t i o n s l imi t cho ice t o H 2 S 0 4 ( the m o s t c o m m o n ) a n d H C I . 
R e a c t i o n r a t e s a r e essent ia l ly i n s t a n t a n e o u s . T h e bas i c des ign p r o c e d u r e f o r 
a lka l ine was tes is s imi la r t o t h a t for ac id ic was tes desc r ibed in Sec t ion 5.6. 

F l u e gases c o n t a i n i n g 14% o r m o r e of C 0 2 a r e u sed for n e u t r a l i z a t i o n of 
a lka l ine was t ewa te r s . W h e n b u b b l e d t h r o u g h t h e w a s t e w a t e r t h e C 0 2 f o r m s 
c a r b o n i c ac id , wh ich reac ts w i th t he base . R e a c t i o n r a t e is s low b u t sufficient 
if p H need n o t be ad jus ted be low 7 o r 8. E i t h e r b u b b l i n g t h r o u g h a p e r f o r a t e d 
p ipe o r u s ing s p r a y t ower s is sa t i s fac tory . 

Problems 
I. Sedimentation {discrete settling). A particle size distribution is obtained from a sieve 
analysis of sand particles. For each weight fraction an average settling velocity is calculated. 
Data [6] are presented in the following tabulation. 

Settling velocity Weight fraction 
(ft/min) remaining 

10.0 0.55 
5.0 0.46 
2.0 0.35 
1.0 0.21 
0.75 0.11 
0.50 0.03 
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% suspended solids removed 
Time at indicated depth 

Time (min) 2 ft 4 ft 6 ft 

10 40 25 16 
20 54 37 28 
30 62 47 37 
45 71 56 46 
60 76 65 53 

1. Perform analysis of the data and arrive at curves for % SS removal vs. detention time 
(min), and % SS removal vs. overflow rate [gal / (day)(f t 2 ) ] . 

2. If the initial concentration of the slurry is 430 ppm, design a settling tank (i.e., calculate 
diameter and effective depth of the tank) to remove 70% of the suspended solids for a 
1 Mgal/day flow. 

3. What removal is attained if flow if increased to 2 Mgal/day? 
4. For the flow of 1 Mgal/day calculate daily accumulation of sludge in lb/day and 

average pumping rate in gal/min. Assume sludge concentration to be 1.5% solids 
( « 1 5 , 0 0 0 mg/liter). 

III. Sedimentation (zone settling). It is desired to design a secondary settling tank to produce 
an underflow concentration of 15,000 mg/liter from a mixed liquor solids content of 3750 
mg/liter in the influent. Wastewater flow is 2.0 Mgal/day. Calculate clarifier area re
quired. Data below are obtained in a laboratory test of the slurry. 

/ (min) Interface height, Η (ml) 

0 1000 
2 920 
4 840 
6 760 
8 690 

10 600 
15 400 
20 300 
25 280 
30 270 

IV. Flotation. A pilot-plant flotation operation indicated opt imum air/solid ratio to be 
0.04 lb air/lb of solids. 

1. Prepare a plot of fraction of particles with less than stated velocity vs. settling velocity 
(ft/min). 

2. For an overflow rate of 100,000 gal / (day)(ft 2 ) , calculate overall removal utilizing 
Eq. (3.26). 
II. Sedimentation (flocculent settling). A laboratory settling analysis gave the results tab
ulated below. 
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1. If a wastewater to be treated has 250 ppm suspended solids, compute the % recycle 
to be pressurized to 60 psia at 20°C. Take / = 0.68. 

2. For a wastewater flow of 1.0 Mgal /day and an overflow rate o f 4.0 gal / (min)( f t 2 ) 
compute surface area required. 
V. Neutralization. For the 3-ft l imestone bed designed in Example 3.8 prepare a plot of 
volume of l imestone required vs. a range of selected values of p H for the effluent (select 
p H = 5, 6, 7, 8, 9, and 10). 
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1. In t roduc t ion 
Thi s c h a p t e r is c o n c e r n e d wi th t he t ransfer of oxygen f rom ai r t o a was te 

wa t e r subjected t o b io log ica l a e r o b i c t r e a t m e n t . K n o w l e d g e of t h e r a t e of 
oxygen t ransfer is essent ia l for specif icat ion of a e r a t o r s t o be ut i l ized in t h e 
p rocess . T h e o r y for oxygen t ransfer is d iscussed , a n d the d e t e r m i n a t i o n of 
t rans fe r coefficients f rom l a b o r a t o r y e x p e r i m e n t s descr ibed . C o m m o n types 
of a e r a t o r s a n d the p r o c e d u r e for specifying a e r a t o r sys tems for a e r o b i c 
w a s t e w a t e r t r e a t m e n t p rocesses a r e a l so desc r ibed . 

T h e bes t k n o w n e x p l a n a t i o n for t h e m e c h a n i s m of gas t ransfe r t o a l iquid 
is g iven b y t h e two-fi lm theo ry . A c c o r d i n g t o th is t heo ry , it is t h e p resence of 
t w o films, o n e l iquid a n d o n e gas , a t t h e g a s - l i q u i d in terface w h i c h p r o v i d e s 
t he res i s tance t o t he pas sage of gas molecu le s f rom t h e b u l k of t h e gas p h a s e 
t o t h a t of t h e l iqu id p h a s e . 

F o r gases of h igh solubi l i ty in t h e l iquid p h a s e , e.g., a b s o r p t i o n of S 0 2 b y 
wa te r , t he m a j o r res is tance t o a b s o r p t i o n is t h a t offered by the gas film. F o r 
gases of low solubi l i ty in t he l iquid p h a s e , e.g., a b s o r p t i o n of oxygen by a n 
a q u e o u s l iquor , t he con t ro l l i ng res is tance resides in t he l iquid film. F o r in ter 
m e d i a t e solubi l i t ies , b o t h films offer significant res i s tance . 

O x y g e n s a t u r a t i o n va lues ( C s ) for dis t i l led w a t e r a t s t a n d a r d c o n d i t i o n s 
(1 a t m ) a re p r e sen t ed in T a b l e 4 . 1 . F o r a m o r e c o m p l e t e t ab le w i th 1°C 
inc remen t s , c o n s u l t Ref. [ 7 ] . 

TABLE 4.1 
Oxygen Saturation Values (C $ ) for Distilled 
Water at Standard Conditions (1 atm) [7] 

Temperature 
(°Q 

Temperature 
(°F) 

o 2 

(mg/liter) 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 

32.0 
41.0 
50.0 
59.0 
68.0 
77.0 
86.0 
95.0 

104.0 
113.0 
122.0 

14.6 
12.8 
11.3 
10.2 

9.2 
8.4 
7.6 
7.1 
6.6 
6.1 
5.6 
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2. S t e p s Involved in t h e 
Oxygen-Transfer P roces s 

T h e p rocess of oxygen t ransfer f r o m a ga seous t o a n a q u e o u s p h a s e occu r s 
in t h r ee s teps . 

Step 1. S a t u r a t i o n of t h e l iquid surface b e t w e e n t h e t w o phase s (let Cs be 
th i s s a t u r a t i o n c o n c e n t r a t i o n of oxygen) . T h i s r a t e of oxygen t ransfer is very 
r a p i d since t he res is tance of t he gas film is negl igible , a n d t h u s S tep 1 is neve r 
t h e con t ro l l i ng o n e . 

Step 2. Pas sage of t h e oxygen mo lecu l e s t h r o u g h t h e l iquid in te r face 
film b y m o l e c u l a r diffusion. A t very low mix ing levels t he r a t e of oxygen 
a b s o r p t i o n is c o n t r o l l e d b y S tep 2. A t h ighe r t u r b u l e n c e levels, t h e in ter face 
film is b r o k e n u p a n d t h e r a t e o f r enewa l of t h e film c o n t r o l s t h e a b s o r p t i o n o f 
oxygen . Surface r enewa l r a t e is t he f requency a t w h i c h l iquid wi th a n oxygen 
c o n c e n t r a t i o n CL (oxygen c o n c e n t r a t i o n in t h e b u l k of t he l iquid phase ) 
rep laces t h a t f r o m t h e interface wi th a n oxygen c o n c e n t r a t i o n e q u a l t o Cs. 

Step 3. Oxygen is t rans fe r red t o t h e b u l k of t he l iquid by diffusion a n d 
convec t ion . 

3. Oxygen-Transfer Rate Equat ion 
T h e bas ic e q u a t i o n for oxygen- t rans fe r r a t e is 

N= KLA(CS-CL) (4.1) 

w h e r e Ν is t h e m a s s o f oxygen t rans fe r red p e r u n i t t i m e ( lb 0 2 / d a y ) ; KL t h e 
l iquid film coefficient [ l b 0 2 / ( d a y ) ( f t 2 ) ( u n i t A C ) ] ; A t h e interfacial a r e a for 
t ransfer ( f t 2 ) ; Cs t he s a t u r a t i o n c o n c e n t r a t i o n of oxygen (mg/ l i t e r ) ; a n d CL t h e 
c o n c e n t r a t i o n of oxygen in t he b o d y of t he l iqu id (mg/ l i te r ) . 

E q u a t i o n (4.1) is usua l ly r ewr i t t en in c o n c e n t r a t i o n u n i t s by d iv id ing by 
v o l u m e V of t he sys tem. T h e n [ E q . (4.2)] 

N/V = dCJdt = KL(A/V)(CS-CL) = KLa(C5-CL) (4.2) 

w h e r e a = A/V = interfacial a r e a pe r un i t v o l u m e ( f t 2 / f t 3 ) ; a n d KLa is t h e 
overa l l coefficient of oxygen t rans fe r [ l b 0 2 / ( d a y ) ( f t 3 ) ( u n i t A C ) ] . 

In t h e d e t e r m i n a t i o n of t he mass - t r ans fe r coefficient, t he overa l l coefficient 
KLa is o b t a i n e d w i t h o u t a t t e m p t i n g t o s epa ra t e t he fac tors KL a n d a. I t is 
a d m i t t e d l y imposs ib l e t o m e a s u r e t he interfacial a r ea A. 

T h e difference (CS — CL) be tween s a t u r a t i o n va lue a n d ac tua l c o n c e n t r a t i o n 
of oxygen ( C L ) in the b o d y of t he l iquid p h a s e is cal led oxygen deficit (hence 
d e n o t e d as O D ) . F o r a e r o b i c t r e a t m e n t processes des igned for r e m o v a l of 
o r g a n i c B O D , t h e r a n g e for o p e r a t i n g dissolved oxygen level CL is b e t w e e n 
0.5 a n d 1.5 mg/ l i te r . W h e n ni t r i f icat ion is t o be ach ieved , d issolved oxygen 
level is in excess of 2 .0 mg/ l i te r . 
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4. Dete rmina t ion of t h e Overall 
Mass-Transfer Coefficient KLa 
by Uns teady S t a t e Aera t ion of 

Tap W a t e r 
Studies of t he t ransfer coefficient a r e usua l ly m a d e o n t a p w a t e r a n d t h e n 

co r rec t ed for t he was t ewa te r , as desc r ibed in Sec t ion 11 of th is c h a p t e r . T h e 
p r o c e d u r e m o r e c o m m o n l y used for d e t e r m i n a t i o n of KLa is t h e u n s t e a d y 
s ta te a e r a t i o n of t a p wa te r . T h e four s teps invo lved in th i s d e t e r m i n a t i o n a r e 
given be low. 

Step 1. D e o x y g e n a t e t h e w a t e r t o a n essent ia l ly z e r o c o n c e n t r a t i o n of 
d issolved oxygen . Th i s is d o n e b y a d d i t i o n of d e o x y g e n a t i o n c h e m i c a l s , t h e 
m o s t c o m m o n l y used be ing s o d i u m sulfite ( N a 2 S 0 3 ) . C o b a l t ch lo r i de ( C o C l 2 ) 
is a d d e d as a ca ta lys t for t he d e o x y g e n a t i o n r eac t ion . 

c o c i 2 

N a 2 S 0 3 + i02 > N a 2 S 0 4 

T h e s t o i ch iome t r i c r a t i o is 

N a 2 S 0 3 / ± 0 2 = 126/16 = 7.9 

T h i s m e a n s t h a t theore t ica l ly 7.9 p p m of N a 2 S 0 3 a r e r equ i r ed t o r e m o v e 
1 p p m of D O . Based o n the D O of t h e test t a p wa te r , t he a p p r o x i m a t e N a 2 S 0 3 

r e q u i r e m e n t s a r e e s t i m a t e d (a 1 0 - 2 0 % excess is u sed) . Sufficient c o b a l t 
c h l o r i d e is a d d e d t o p r o v i d e a m i n i m u m C o 2 + c o n c e n t r a t i o n of 1.5 p p m . A n 
a l t e rna t ive d e o x y g e n a t i o n p r o c e d u r e cons i s t s of r e m o v a l of d issolved o x y g e n 
by p u r g i n g wi th n i t r o g e n gas . 

Step 2. Af ter D O c o n c e n t r a t i o n b e c o m e s essent ia l ly ze ro , s t a r t a e r a t i o n , 
m e a s u r i n g t h e inc reas ing c o n c e n t r a t i o n s of D O a t selected t i m e in te rva l s . 
Since D O c o n c e n t r a t i o n increases w i t h t i m e , th is m e t h o d is t e r m e d u n s t e a d y 
s ta te a e r a t i o n . S t eady s ta te m e t h o d s , in w h i c h D O c o n c e n t r a t i o n is k e p t c o n 
s t an t , a r e d iscussed in Sect ion 7. Disso lved oxygen m e a s u r e m e n t s a r e prefer
ab ly p e r f o r m e d by i n s t r u m e n t a l m e t h o d s . A p r o p e r l y ca l i b r a t ed ga lvan ic cell 
oxygen ana lyze r a n d p r o b e is t he m o s t re l iab le m e t h o d . E x p e r i m e n t a l de te r 
m i n a t i o n of D O by th is t e c h n i q u e is de sc r ibed in Sec t ion 2.3.1 of C h a p t e r 2 . 
C h e m i c a l ana lys i s of d issolved oxygen ( W i n k l e r m e t h o d ) is a l so e m p l o y e d [ 7 ] . 
T h e a e r a t i o n device is loca ted a t t h e cen t e r of t he tes t ba s in . W h e n c i rcu la r 
bas ins a r e e m p l o y e d , baffles a r e p l aced a t t h e q u a r t e r p o i n t s of t h e bas in , as 
ind ica ted in F ig . 4 . 1 , in o r d e r t o p r e v e n t vo r t ex ing . 

W h e n tes t ing is p e r f o r m e d in a c i r cu la r t a n k for p i l o t o r full scale tes t s , 
s a m p l i n g d e p t h s for t he D O d e t e r m i n a t i o n s a r e 1 ft f r o m t h e surface a n d 1 ft 
f rom the b o t t o m , a t t he m i d - a n d e n d - p o i n t s of t h e rad i i t r i sec t ing t h e bas in . 
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Thi s yields a t o t a l of 12 s a m p l i n g p o i n t s , as i l lus t ra ted by F ig . 4 .2 . S a m p l e s 
f r o m v a r i o u s test l oca t i ons a r e ana lyzed for D O , a n d t h e resul ts a r e a v e r a g e d 
a n d r e c o r d e d for t h e p a r t i c u l a r s a m p l i n g t ime . 

Baf f l es 

Aeration 
device 

Fig. 4.1. Baffle arrangement. 

(For each of the six locations Cross section of tank: 
indicated by dots on cross section at right) 

Fig. 4.2. Location of sampling points. 

Step 3. Resu l t s a r e t a b u l a t e d as s h o w n b y s a m p l e d a t a in T a b l e 4 .2 . 

TABLE 4.2 
Data for Example 4.1 

w 
Test time (min) 

(2) 
CL (mg/liter) 

(3) 
C s - C L ( m g / l i t e r ) e 

0 0.2 10.0 
10 2.6 7.6 
20 4.8 5.4 
30 6.0 4.2 
40 7.1 3.1 
50 7.8 2.4 
60 8.5 1.7 

α Cs = 10.2 mg/liter. 
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Step 4. F r o m E q . (4.2) it fol lows t h a t a p l o t o f (Cs - CL) vs . t i m e in semi log 
scale yields a s t r a igh t l ine, t h e s lope of w h i c h e q u a l s ( — KLa). T a k e E q . 
(4.2), 

dCJdt = KLa(Cs-CL) 

S e p a r a t i n g va r iab les , i n t eg ra t ing , a n d a s s u m i n g KLa t o b e i n d e p e n d e n t of 
t h e t i m e of s a m p l i n g [ E q . ( 4 . 3 ) ] : 

In ( C s - CL) = - KL at + const. (4.3) 

T h e p l o t of l n ( C s - CL) vs . t i m e is s h o w n in F ig . 4 .3 for d a t a in T a b l e 4 .2 . F o r 
a c c u r a c y t h e s t r a igh t l ine is p l o t t e d b y t h e l eas t - squares m e t h o d . 

D e t e r m i n a t i o n of t h e overa l l mass - t r ans fe r coefficient KLa b y t h e m e t h o d 
of u n s t e a d y s t a te a e r a t i o n of t a p w a t e r is i l lus t ra ted b y E x a m p l e 4 . 1 . 

0 20 40 60 
Time (min) 

Fig. 4.3. Determination of KLa (Example 4.1). 
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Example 4.1 

D a t a p re sen t ed in T a b l e 4.2 a r e o b t a i n e d by ut i l iz ing a n 8 - H P surface 
a e r a t o r in a 150,000 gal c i rcu la r tes t t a n k u n d e r t h e fo l lowing c o n d i t i o n s : 

Water temperature : 15°C 

Atmospheric pressure: 28 in. H g 

Cs: 10.2 mg/liter (at 15°C, Ρ = 28 in. Hg) 

T e s t w a t e r is d e o x y g e n a t e d u s ing s o d i u m sulfite a n d a c o b a l t ca ta lys t . 
Ca l cu l a t e 

1. C h e m i c a l r e q u i r e m e n t s ( lb N a 2 S 0 3 / l b l i quo r ) t o d e o x y g e n a t e tes t 
w a t e r w i th 9 p p m of D O a n d t o t a l lb N a 2 S 0 3 

2. C o C l 2 r e q u i r e m e n t s ( lb) 
3. V a l u e of KLa lb 0 2 / ( h r ) ( f t 3 ) Δ (mg/ l i te r ) 

S O L U T I O N 

Step 1. Es tab l i sh t h e c h e m i c a l r e q u i r e m e n t s . Theore t i ca l ly , 7.9 p p m of 
N a 2 S 0 3 a r e r equ i r ed t o r e m o v e 1 p p m D O . T h u s 

7.9 χ 9.0 = 71.1 ppm of N a 2 S 0 3 

Uti l iz ing a 2 0 % excess 

20/100 χ 71.1 = 14.22 ppm (take 15 ppm excess) 

R e q u i r e m e n t s 

Theoretical 71.1 ppm 
Excess 15.0 ppm 

86.1 ppm o f N a 2 S 0 3 

Requirements = 86.1 ppm = 86.1 χ 1 0 " 6 lb N a 2 S 0 3 / l b liquor 

Total required: 86.1 χ 1 0 " 6 lb N a 2 S 0 3 / l b liquor χ 8.34 lb liquor/gal l iquor 

χ 150,000 gal l iquor = 108 lb of N a 2 S 0 3 

Step 2. D e t e r m i n e t h e C o C l 2 r e q u i r e m e n t s ( lb) . 

Basis: 1.5 ppm of C o 2 + 

Molecular weight of C o C l 2 : 130 

Atomic weight of C o : 59 

T h u s 

1.5 ppm C o 2 + or 1.5 χ 130/59 = 3.3 ppm C o C l 2 = 3.3 χ 1 0 " 6 lb C o C l 2 / l b l iquor 
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There fo re , t h e lb of C o C l 2 r e q u i r e d a r e 

3.3 χ 1 0 " 6 lb C o C l 2 / l b l iquor χ 8.34 lb liquor/gal l iquor χ 150,000 gal l iquor 

= 4.13 lb C o C l 2 (minimum) 

T a k e 5 lb C o C l 2 . 

Step 3. Asce r t a in t h e va lue of KLa(hr~l). By p l o t t i n g in semi log scale 
g r a p h c o l u m n (5) vs. c o l u m n (1) of T a b l e 4 .2 o n e o b t a i n s F ig . 4 . 3 . T h e n a t 15°C 

KLa = - ( s l o p e ) = - 2 . 3 0 3 [ ( l o g 1 0 - l o g 3 . 1 ) / ( 0 - 4 0 ) ] χ 60 
= 1 .761b0 2 / (h r ) ( f t 3 )A(mg/ l i t e r ) 

5. In tegra t ion of t h e Differential 
Equat ion for Oxygen Transfer 

b e t w e e n Limits 
I n t e g r a t i o n of E q . (4.2) be tween t imes t l a n d t 2 , c o r r e s p o n d i n g t o D O 

c o n c e n t r a t i o n s C L > 1 a n d C L 2 , yields 

l n [ ( C , - C L e a ) / ( C e - C L i l ) ] = -KLa(t2-h) 
or 

KLa = 2.303 l a g [ ( C . - C L i l ) / ( C s - C L i 2 ) ] / ( / 2 - / 1 ) (4.4) 

F r o m E q . (4.4) t h e va lue of KLa is ca l cu la t ed f r o m on ly t w o e x p e r i m e n t a l 
d e t e r m i n a t i o n s of D O . H o w e v e r , it is p re fe rab le t o uti l ize t h e s emi log l inear 
p l o t m e t h o d wi th several e x p e r i m e n t a l p o i n t s , s ince th is p e r m i t s s ta t i s t ica l 
ave rag ing of e r ro r s . 

6. Uns teady S t a t e Aera t ion of 
Act iva ted S ludge Liquor 

I n a e r a t i o n of ac t iva ted s ludge l iquor , oxygen u t i l i za t ion ( r e sp i r a t i on r a t e ) 
by t h e m i c r o o r g a n i s m s is t a k e n i n t o a c c o u n t . E q u a t i o n (4.2) is modi f ied as 
fo l lows : 

dCJdt = KLa(Csw -CL)-r (4.5) 

w h e r e r is t h e r a t e of oxygen u t i l i za t ion b y t h e m i c r o o r g a n i s m s ; C s w t h e 
s a t u r a t i o n c o n c e n t r a t i o n of oxygen for t h e w a s t e w a t e r ; a n d CL t h e o p e r a t i n g 
c o n c e n t r a t i o n of d i sso lved o x y g e n in t h e a e r a t o r l i quo r . V a l u e s of dCJdt a r e 
o b t a i n e d b y p lo t t i ng CL ( m e a s u r e d b y D O tests) vs . t i m e a n d d e t e r m i n i n g 
s lopes a t se lected t i m e in te rva l s (F ig . 4 .4) . 

E q u a t i o n (4.5) is r e a r r a n g e d t o yield 

dCJdt = (KLaCsw-r) - KLaCL (4.6) 
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E q u a t i o n (4.6) ind ica tes t h a t a p l o t of dCJdt (values of s lopes o b t a i n e d f r o m 
F ig . 4.4) vs . CL yields a s t r a igh t l ine, as i nd ica t ed in F ig . 4 .5 . T h e s lope of th i s 
l ine yields KLa, a n d r e sp i r a t i on r a t e r is d e t e r m i n e d f r o m t h e in te rcep t . 

Time (t) 
Fig. 4.4. Determination of dCJdt. 

Fig. 4.5. Determination of KLa (unsteady state aeration of activated sludge 
liquor). 

7. S t eady S t a t e Dete rmina t ion 
of KLa for t h e Act ivated S ludge 

Liquor 
A c t i v a t e d s ludge l i q u o r is a e r a t e d a t a r a t e j u s t sufficient t o s u p p l y t h e 

oxygen r equ i r ed for r e sp i r a t ion of t h e m i c r o o r g a n i s m s . I n E q . (4.5) 
dCJdt = 0, a n d therefore 

KLa = rl(Csw-CL) (4.7) 
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R e s p i r a t i o n r a t e is m e a s u r e d (e.g., by t h e W a r b u r g r e s p i r o m e t e r ) w h e n t h e 
dissolved oxygen c o n c e n t r a t i o n b e c o m e s s tabi l ized. E q u a t i o n (4.7) yields KLa. 

8. Oxygenat ion Capaci ty (OC) 
I n e v a l u a t i o n of a n a e r a t o r t h e oxygen t rans fe r red is e s t i m a t e d u n d e r 

s t a n d a r d c o n d i t i o n s (SC) , c o r r e s p o n d i n g t o a t e m p e r a t u r e of 2 0 ° C a n d s t an 
d a r d a t m o s p h e r i c p res su re . R a t e o f oxygen t r ans fe r red by t h e a e r a t o r is 
r e p o r t e d as i ts o x y g e n a t i o n capac i ty ( O C ) , w h i c h is defined as t h e r a t e of 
oxygen t ransfer dCjdt a t a n ini t ial o x y g e n c o n c e n t r a t i o n CL = 0 a n d s t a n d a r d 
c o n d i t i o n s . F r o m E q . (4.2) 

O C [lb 0 2 / ( h r ) ( u n i t volume)] = dCJdt = (KLa)2o°c(C5-0) = (KLa)20oCCs 

(4.8) 

o r if V is t he v o l u m e of a e r a t i o n bas in , 

O C (lb 0 2 / h r ) = (KLa)20°c C5 V (4.9) 

Since the test is p e r f o r m e d u n d e r c o n d i t i o n s o t h e r t h a n s t a n d a r d , t h e va lue of 
KLa o b t a i n e d is co r r ec t ed for t e m p e r a t u r e a n d p re s su re before a p p l i c a t i o n of 
E q . (4.9). T h e s e c o r r e c t i o n s a re d iscussed in Sec t ion 9. 

9. Cor rec t ions for KLa and 
Oxygenat ion Capaci ty (OC) w i t h 

T e m p e r a t u r e and P res su re 

9.1. T E M P E R A T U R E C O R R E C T I O N 

T h e oxygen- t rans fe r coefficient KLa inc reases wi th t e m p e r a t u r e . T h e fol
lowing t e m p e r a t u r e co r r ec t i on is used t o d e t e r m i n e KLa a t 2 0 ° C : 

KLaiT) = KLai20°C) x 1 .024 ( T - 2 O > (4.10) 

w h e r e Τ is t he t e m p e r a t u r e in ° C . 

9.2. P R E S S U R E C O R R E C T I O N 

A b a r o m e t r i c c o r r e c t i o n for o x y g e n s a t u r a t i o n v a l u e Cs in E q . (4.8) o r 
(4.9) is app l i ed as ind ica ted by E q . (4.11), w h i c h a s s u m e s t h a t Cs is d i rec t ly 
p r o p o r t i o n a l t o t he b a r o m e t r i c p res su re . 

C s (corrected) = Cs (test) χ 29.92 in. Hg/(in. H g at test conditions) (4.11) 

Since oxygen s a t u r a t i o n is re la ted t o p a r t i a l p r e s su re of oxygen in t he gas 
p h a s e ( H e n r y ' s law) , a co r r ec t i on is m a d e for s a t u r a t i o n in s u b m e r g e d a e r a t i o n 
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devices ( b u b b l e a e r a t i o n ) , w h e r e pa r t i a l p r e s su re a t t he p o i n t of d i scha rge 
exceeds a t m o s p h e r i c p re s su re d u e t o h y d r o s t a t i c p res su re . O l d s h u e [ 5 ] 
p r o p o s e d t he fo l lowing c o r r e c t i o n : 

C s , w = C, . , [ ( f t /29.4) + (O f /42)] (4.12) 

w h e r e C s m is t he s a t u r a t i o n of oxygen a t a e r a t i o n t a n k m i d - d e p t h (mg / l i t e r ) ; 
CS5 t h e s a t u r a t i o n of oxygen a t s t a n d a r d c o n d i t i o n s (mg/ l i t e r ) ; Pb t h e p r e s s u r e 
(ps ia) a t t h e d e p t h of a i r r e lease ; a n d Ot t h e oxygen in exit gas (%). 

F o r a e r a t i o n , Ot = 2 1 % of 0 2 , a n d E q . (4.12) yields 

CStm = CStS χ [ ( Λ / 2 9 . 4 ) + 0.5] (4.13) 

T h u s , t h e va lue for t h e o x y g e n a t i o n capac i ty for surface a e r a t o r s ( n o 
h y d r o s t a t i c co r r ec t i on r equ i r ed ) is given b y E q . (4.9) , wh ich is modif ied as 
fol lows [ E q . ( 4 . 1 4 ) ] : 

O C = (KLa)20°c x Cs (corrected) χ V (4.14) 

w h e r e (KLa)20°c is ca lcu la t ed f r o m E q . (4.10), a n d Cs ( cor rec ted) is g iven b y 
E q . (4.11). The re fo re , for surface a e r a t o r s 

O C = KLaiT) χ 1.024< 2 0 - τ > χ Cs (test) χ 2 9 ? * i n ' H * χ V 
(in. H g at test conditions) 

(4.15) 

F o r b u b b l e a e r a t o r s , o n e uti l izes E q . (4.16). 

O C = (KLa)20'C x CStS χ V (4.16) 

w h e r e (KLa)20<>c is ca lcu la ted f rom E q . (4.10) a n d C5S f rom E q . (4.12) [ o r 
E q . (4 .13) ] . The re fo re , for b u b b l e a e r a t o r s 

O C = J W > x 1.024<—> x [ W 2 ^ ; + Q 5 ] χ V (4.17) 

Example 4 .2 

F o r t he surface a e r a t o r in E x a m p l e 4 . 1 , ca lcu la te 
1. V a l u e of KL a co r r ec t ed t o 2 0 ° C 
2. V a l u e of Cs co r rec t ed t o n o r m a l a t m o s p h e r i c p re s su re 
3 . O x y g e n a t i o n capac i ty (lb 0 2 / h r ) 

S O L U T I O N 

Step 1. (KLa)20oC is ca lcu la ted f rom E q . (4.10). 

(KLa)20«c = 1.76 x ( 1 . 0 2 4 ) ( 2 0 - 1 5 ) = 1.98 h r " 1 

Step 2. Cs ( cor rec ted) is ca lcu la ted f rom E q . (4.11). 

Cs (corrected) = 10.2(29.92/28.0) = 10.9 mg/liter = 10.9 χ 1 0 " 6 lb 0 2 / l b l iquor 
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Step 3. O x y g e n a t i o n capac i ty is ca l cu la t ed f r o m E q . (4.14). 

O C = 1.98 1/hr χ 10.9 χ 1 0 " 6 lb 0 2 / l b l iquor χ 150,000 gal χ 8.34 lb liquor/gal 

= 27.0 lb 0 2 / h r 

10. Transfer Efficiency of 
Aera t ion Uni ts 

Trans fe r efficiency ( T E ) of a e r a t i o n un i t s is c o m m o n l y expressed in t e r m s 
of m a s s of oxygen ac tua l ly t r ans fe r red p e r ( H P χ h r ) of w o r k e x p e n d i t u r e , i.e. 
[ E q . (4 .18) ] , 

T E = lb 0 2 t ransferred/(HP χ hr) (4.18) 

S o m e t i m e s , n o m i n a l H P ( n a m e p l a t e H P ) of t h e a e r a t o r is ut i l ized for 
s implic i ty in eva lua t ing T E . I t is m o r e a c c u r a t e t o base ca l cu l a t i on u p o n 
a c t u a l H P (b lade H P ) m e a s u r e d d u r i n g t h e tes t b y a w a t t m e t e r o r a n ene rgy 
c o u n t e r . W h e n the p o w e r fac tor (cos P F ) is k n o w n , b l a d e H P is ca l cu la t ed 
f rom E q . (4.19) [ 2 ] . 

Blade H P = (line voltage) χ (line amperage) χ [cos P F ( 3 ) 1 / 2 J 
(4.19) 

χ (1/746) χ (motor efficiency) χ (gear efficiency) 

w h e r e 1/746 is t h e c o n v e r s i o n fac tor H P / W . Va lues of T E u p t o 7 lb 0 2 / 
( H P χ h r ) a r e r e p o r t e d for surface a e r a t o r s , a l t h o u g h for m o s t un i t s t h e va lues 
of T E r a n g e f rom 2 t o 4 lb 0 2 / ( Η Ρ χ h r ) . F o r t u r b i n e a e r a t o r s t h e u s u a l r a n g e 
is 2 - 3 lb 0 2 / ( H P x h r ) . 

E x a m p l e 4.3 

F o r t he a e r a t o r in E x a m p l e s 4.1 a n d 4 .2 , r e p o r t a e r a t o r efficiency in t e r m s 
of n a m e p l a t e H P a n d b l a d e H P . T h e fo l lowing d a t a a r e ava i l ab le in a d d i t i o n 
t o t h o s e f r o m E x a m p l e s 4.1 a n d 4 . 2 : 

Drawn voltage: 225 V (average) 
Amperage : 20 A (average) 
cos P F (measured): 0.85 
Moto r efficiency (estimated): 90% 
Gear efficiency (estimated): 90% 

S O L U T I O N O x y g e n t r ans fe r red h a d b e e n d e t e r m i n e d in E x a m p l e 4 .2 as 
27 .0 lb 0 2 / h r . The re fo re 

T E = 27.0/8.0 = 3.38 lb 0 2 / Η Ρ χ hr (nameplate) 

F r o m E q . (4.19) 

Blade H P = (225) (20) [0.85 χ (3) 1 / 2 ] ( 1/746) (0.9) (0.9) = 7.19 
T h e n 

T E = (27.0/7.19) = 3.76 lb 0 2 / Η Ρ χ hr (blade) 
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11 . Effect of W a s t e w a t e r 
Charac te r i s t i c s on Oxygen Transfer 

W h e n oxygen is supp l i ed for a e r o b i c b io logica l t r e a t m e n t of w a s t e w a t e r , 
it is necessa ry t o define a c o r r e c t i o n fac to r wh ich re la tes oxygen t rans fe r t o 
t h e n a t u r e of t h e was te . T h i s c o r r e c t i o n fac tor α re la tes t h e overa l l m a s s -
t r ans fe r coefficient (KLa) of t he w a s t e w a t e r t o t h a t o f t h e t a p w a t e r [ E q . (4 .20 ) ] . 

T h e r e a r e m a n y va r i ab les w h i c h affect t h e m a g n i t u d e of oc. T h e s e i nc lude 
(1) t e m p e r a t u r e of t h e m i x e d l i q u o r ; (2) n a t u r e of t h e d issolved o r g a n i c a n d 
m i n e r a l c o n s t i t u e n t s ; (3) level of ag i t a t i on of a e r a t i o n ba s in , u sua l ly expressed 
in t e r m s of H P p e r 1000 gal of ba s in v o l u m e ; (4) charac te r i s t i cs of t h e a e r a t i o n 
e q u i p m e n t ; a n d (5) l iquid d e p t h a n d g e o m e t r y of a e r a t i o n bas in . 

T h e t e m p e r a t u r e effect is a t t r i b u t a b l e t o t e m p e r a t u r e d e p e n d e n c e o f t h e 
l iquid film coefficient KL. F i g u r e 4.8 i l lus t ra tes typ ica l t e m p e r a t u r e effect o n 
va lues of a. 

Since t h e n a t u r e of d i s so lved o r g a n i c a n d m i n e r a l c o n s t i t u e n t s affects a, 
i ts va lue is expec ted t o inc rease d u r i n g t h e c o u r s e of b io log ica l o x i d a t i o n , 
because dissolved o r g a n i c ma te r i a l s affecting t h e t ransfer r a t e a r e r e m o v e d in 
t h e b io logica l p roces s . A typica l s i t ua t i on is s h o w n in F ig . 4 .6 . A s t h e final 
effluent a p p r o a c h e s p u r i t y of t a p wa te r , t h e va lue of α a p p r o a c h e s u n i t y 
a sympto t i ca l ly . 

Effect o f mix ing in t ens i ty in a e r a t i o n bas in (usua l ly expressed in t e r m s of 
H P / 1 0 0 0 gal ) is i l lus t ra ted by F ig . 4 .7 , w h i c h is a typica l c u r v e for a was t e 
w a t e r c o n t a i n i n g surface-act ive agen t s . A s exp la ined in Sec t ion 2, a t l ow 
mix ing in tensi t ies t h e r a t e of oxygen t ransfe r is c o n t r o l l e d b y the pa s sage o f 
t h e oxygen molecu les t h r o u g h t h e l iquid in terface film b y m o l e c u l a r diffusion. 
T h e p resence of surface-act ive agen t s inh ib i t s m o l e c u l a r diffusion t h r o u g h 

α = KLa ( w a s t e w a t e r ) / ^ a ( tap water) (4.20) 

1.0 

α 

0 . 5 

0 % BOD removed 1 0 0 % 
Raw waste 

Fig. 4.6. Plot of a vs. % BOD removed. 
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Low Moderate High 
turbulence turbulence turbulence S 

I.O 

0.5 

H P / I O O O gal 

Fig. 4.7. Plot of a vs. mixing intensity. 

t he in terface , a n d t h u s α decreases . A t h i g h m i x i n g in tensi t ies , h o w e v e r , t h e 
oxygen t ransfe r is con t ro l l ed by t h e r a t e of sur face r e n e w a l , a n d t h u s a t c o n 
d i t ions of h igh t u r b u l e n c e , α increases w i t h t h e degree of m i x i n g in tens i ty . 
F i g u r e 4.8 s h o w s s imu l t aneous ly t he effect o f t e m p e r a t u r e a n d m i x i n g in ten
sity o n the va lue o f α for a typ ica l was t ewa te r . 

I.O 

0.9 
α 

0.8 

0.7 

0.6 

0 0.05 0.I5 0.25 0.35 

Power level; HP/IOOO gal 

Fig. 4.8. Plot of a vs. power level at two different temperatures [3]. 

A n in te res t ing i l lus t ra t ion of t h e effect o f charac te r i s t i c s of a e r a t i o n e q u i p 
m e n t o n t he va lue of α is b u b b l e a e r a t i o n (air diffusion o r t u r b i n e un i t s ) in t h e 
p r e sence of surface-act ive agen t s . P resence of these agen t s decreases b u b b l e 
size, a n d t h u s increases interfacia l a r e a p e r u n i t v o l u m e . * U n d e r these c o n 
d i t ions t he KLa va lue of t he w a s t e w a t e r usua l ly increases , because increase in 
a exceeds dec rease of KL c aused by the surface ba r r i e r . T h i s inc rease in KLa 
of t he w a s t e w a t e r resul ts in a c o r r e s p o n d i n g increase of α [ E q . (4 .20) ] . 

* Since a — A/V= kir2/k2r3 = K(\/r), thus as radius (r) of the bubble decreases, a (and 
therefore KLa) increases. 
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12. Laboratory De te rmina t ion 
of Oxygen-Transfer Coefficient α 

T h i s d e t e r m i n a t i o n is based direct ly o n t he def ini t ion of α given by E q . 
(4.20). Va lues of KLa of w a s t e w a t e r a n d t a p w a t e r a r e d e t e r m i n e d as desc r ibed 
in Sec t ion 4. I t is i n t e res t ing t o m a k e para l le l d e t e r m i n a t i o n s for w a s t e w a t e r 
a n d t a p w a t e r a t different m i x i n g in tens i t ies a n d a t different t e m p e r a t u r e s , 
in o r d e r t o o b t a i n curves such as t he ones s h o w n in F ig . 4 .8 . 

13. Classification of Aera t ion 
Equipment—Oxygen-Transfer Efficiency 

A e r a t i o n e q u i p m e n t c o m m o n l y e m p l o y e d in w a s t e w a t e r t r e a t m e n t is 
classified i n t o t h r ee ca t ego r i e s : (1) a i r diffusion un i t s , (2) t u r b i n e a e r a t i o n 
un i t s , a n d (3) surface a e r a t i o n un i t s . W h e n c o m p a r i n g a e r a t i o n devices o r 
eva lua t ing a b s o r p t i o n of oxygen in v a r i o u s was t ewa te r s , it is useful t o c o n 
sider t he oxygen- t rans fe r efficiency, wh ich is defined as [ E q . (4 .21)] 

weight of 0 2 absorbed/unit time 
e = — , . . — x 1 0 0 (4.21) 

weight of <J 2 supplied/unit t ime 
T h i s defini t ion is n o t app l i cab le t o surface a e r a t i o n un i t s since t he oxygen 

suppl ied c o m e s f r o m s u r r o u n d i n g air , a n d t h u s i t is n o t poss ib le t o d e t e r m i n e 
t he we igh t of oxygen supp l i ed pe r un i t t ime . I n a e r o b i c b io log ica l p rocesses , 
a e r a t o r s p e r f o r m t w o bas ic f u n c t i o n s : (1) p rov i s ion of t h e r equ i r ed oxygen 
t ransfer n e e d e d for o x i d a t i o n of o r g a n i c m a t t e r in t h e w a s t e w a t e r ; a n d (2) 
m a i n t e n a n c e of a n a d e q u a t e level o f ag i t a t i on in t h e b io logica l r eac to r , in 
o r d e r t o yield relat ively u n i f o r m c o n c e n t r a t i o n s of d issolved oxygen a n d 
b io logica l m a s s t h r o u g h o u t . 

F o r the ac t iva ted s ludge p rocess , m o s t of t h e p o w e r e x p e n d i t u r e by t h e 
a e r a t o r s is for t he p u r p o s e of p r o v i d i n g oxygen t ransfer . F o r la rge v o l u m e 
b io logica l un i t s (namely , a e r a t e d l agoons ) , t h e la rger sha re of t h e p o w e r 
e x p e n d i t u r e is for m a i n t e n a n c e o f a n a d e q u a t e level of ag i t a t ion . C h a r a c t e r 
istics a n d specif icat ions for t h e t h r ee ca tegor ies of a e r a t i o n e q u i p m e n t a r e 
d iscussed ind iv idua l ly in t h e nex t t h r ee sec t ions . 

14. Air Diffusion Uni ts 
14.1. T Y P E 1 . F INE B U B B L E D I F F U S E R S 

Smal l orifice diffusion un i t s such as p o r o u s m e d i a , p la t e s , o r t u b e s a r e 
c o n s t r u c t e d of si l icon d iox ide ( S i 0 2 ) o r a l u m i n u m ox ide ( A 1 2 0 3 ) g r a in s , he ld 
in a p o r o u s m a s s w i t h a c e r a m i c b inde r . O t h e r u n i t s e m p l o y e d cons i s t of 
S a r a n , D a c r o n , o r n y l o n - w r a p p e d t ubes . 
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Smal l b u b b l e s , h a v i n g a h igh surface a r e a p e r u n i t v o l u m e , p r o v i d e g o o d 
o x y g e n - l i q u i d c o n t a c t , l ead ing t o re lat ively h i g h va lues of t h e oxygen- t rans fe r 
efficiency. D i a m e t e r of t h e b u b b l e s re leased f r o m these diffusers a r e 2 .0 -2 .5 
m m , t h e oxygen- t rans fe r efficiency d e p e n d i n g o n b u b b l e size, (e's f r o m 5 t o 
1 5 % a r e c o m m o n . ) S t a n d a r d p o r o u s diffuser un i t s a r e des igned t o del iver 
4 - 1 5 S C F M of a i r p e r un i t . 

A d i s a d v a n t a g e of smal l orifice diffusion un i t s is t h e h igh m a i n t e n a n c e cos t s 
in s o m e app l i ca t i ons o w i n g t o orifice c logg ing . A i r filters a r e c o m m o n l y used 
t o c lean a n d e l imina te d u s t par t ic les t h a t m i g h t c log t h e diffusers. A ske tch of 
a fine b u b b l e a i r diffusion sys tem is s h o w n in F ig . 4 .9 . 

Porous ceramic diffuser units (tubes) 

Fig. 4.9. Sketch of a fine bubble air diffusion system consisting of a series 
of porous ceramic diffusers. 

14.2. T Y P E 2. L A R G E B U B B L E D I F F U S E R S 

T h e s e un i t s e m p l o y large orifice o r h y d r a u l i c s h e a r devices . L a r g e b u b b l e 
un i t s h a v e lower oxygen- t rans fe r efficiency t h a n fine b u b b l e un i t s , s ince t h e 
interfacial a r e a for oxygen t ransfer is c o n s i d e r a b l y less. T h e y h a v e t h e a d v a n 
t age , howeve r , of n o t r e q u i r i n g a i r filters a n d of genera l ly r e q u i r i n g less 
m a i n t e n a n c e . Ske tches of t w o typica l large b u b b l e a i r diffuser un i t s a r e s h o w n 
in F ig . 4 .10. 

Air 

Fig. 4.10. Sketches of typical large bubble diffuser units. 
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14.3. P E R F O R M A N C E OF A I R D I F F U S I O N U N I T S 

P e r f o r m a n c e d a t a for a i r diffusion un i t s a re ava i lab le as g r a p h s for t h e lb 
of 0 2 t r an s f e r r ed /h r pe r a e r a t i o n u n i t vs . t h e a i r flow p e r un i t . A s a m p l e o f 
typ ica l d a t a for a S a r a n - w r a p p e d t u b e (smal l b u b b l e ) is s h o w n in F ig . 4 . 1 1 . 

2 5 10 20 
Air f low/unit ( S C F M ) 

Fig. 4.11. Oxygen-transfer data from Saran tubes in water [2]. {Reprinted 
with permission, copyright by the University of Texas Press.) 

Eckenfe lde r [ 1 ] r e c o m m e n d s t h e fo l lowing empi r i ca l e q u a t i o n for c o r r e 
la t ing p e r f o r m a n c e of a i r diffusion un i t s , a n d t a b u l a t e s va lues of c h a r a c t e r 
istic c o n s t a n t s fo r several types of diffusers. 

Ν = CG^-n)(HmIWp){Csw-CL) χ 1 .024 ( Γ - 2 0 > χ a (4.22) 

w h e r e Ν is t h e lb of 0 2 t r a n s f e r r e d / ( h r ) ( a e r a t i o n u n i t ) ; Gs t h e a i r flow 
( S C F M / a e r a t i o n u n i t ; S C F M a r e m e a s u r e d a t 1 a t m a n d 6 0 ° F ) ; Η t h e l iquid 
d e p t h (f t) ; Wthe a e r a t i o n t a n k w i d t h (f t) ; C s w t h e s a t u r a t i o n c o n c e n t r a t i o n 
of D O in w a s t e w a t e r (mg/ l i ter , a t t a n k m i d - d e p t h ) ; CL t h e o p e r a t i n g c o n c e n 
t r a t i o n of D O (mg/ l i te r , u sua l ly 0 .5 -1 .5 m g / l i t e r ) ; Τ t h e t e m p e r a t u r e ( ° C ) ; 
α t h e oxygen- t rans fe r coefficient of t h e w a s t e w a t e r [def ined b y E q . ( 4 . 2 0 ) ] ; 
a n d C,n,m,p t h e c o n s t a n t s cha rac te r i s t i c o f t h e a e r a t i o n device . 
F r o m E q . (4 .2) , 

N= KLaV(CSw-CL) (4.23) 

By c o m p a r i n g E q s . (4.22) a n d (4.23) t h e resul t is 

KLaV = CG<1-n\HmIWp) χ 1 . 0 2 4 ( Γ - 2 0 ) χ α (f t 3 /hr) (4.24) 

T e r m KLa h a s un i t s of h r - 1 a n d Κ is t h e v o l u m e of t h e a e r a t i o n t a n k in f t 3 . 
If (Csw — CL) is given in mg/ l i t e r it is mu l t ip l i ed b y a c o n v e r s i o n fac to r t o 
express it in l b / f t 3 , so t h a t Ν is o b t a i n e d in lb /h r . 
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(Csw-CL) = mg/liter χ g/1000 mg χ lb/454 g χ 28.3 liter/ft 3 

(CSw-CL) χ 6.23 χ I O " 5 = lb/f t 3 

F a c t o r 6.23 χ 1 0 " 5 is conven ien t ly inc luded in c o n s t a n t C in E q . (4.22), so 
t h a t (CSW — CL) en te r s the e q u a t i o n direct ly in mg/ l i te r , a n d Ν is o b t a i n e d in 
lb /h r . 

14.4. D E S I G N P R O C E D U R E FOR A E R A T I O N 
S Y S T E M S UTIL IZ ING A I R D I F F U S I O N U N I T S 

F u n d a m e n t a l i n f o r m a t i o n r equ i r ed is as fo l lows : 
1. V o l u m e of a e r a t i o n t a n k (V), ca l cu la t ed f r o m bio logica l r e a c t o r 

r e q u i r e m e n t s ( C h a p t e r 5, Sec t ion 7) 
2. O x y g e n r e q u i r e m e n t s ( lb 0 2 / h r ) , a l so ca lcu la ted f r o m b io log ica l 

r e a c t o r r e q u i r e m e n t s ( C h a p t e r 5, Sec t ion 7) 
3. O p e r a t i n g t e m p e r a t u r e 
4 . O p e r a t i n g D O ( C L , mg/ l i t e r ) , usua l ly 0 .5 -1 .5 mg/ l i t e r excep t for 

ni t r i f icat ion un i t s , w h e n va lues a b o v e 2 mg/ l i t e r a r e e m p l o y e d 
5. Oxygen- t rans fe r coefficient α 
6. P e r f o r m a n c e d a t a for t he a i r diffuser u n i t s [ ava i l ab le a s g r a p h s , see 

F ig . 4 . 1 1 , o r expressed in t e r m s of va lues for c o n s t a n t s C, n, m, a n d ρ in E q . 
(4 .22)] 

Step I. Select a t a n k d e p t h Η u sua l ly be tween 10 a n d 15 ft. 
Step 2. Cross - sec t iona l a r e a is t h e n A = VjH. 
Step 3. F o r a e r a t i o n t a n k s wi th r e c t a n g u l a r c ross sec t ion , select a w i d t h 

W of a p p r o x i m a t e l y twice t h e t a n k d e p t h . T h i s is necessary in o r d e r t o m a i n 
t a in a d e q u a t e mix ing . T h e n t a n k length L = A\W. F o r a e r a t i o n t a n k s w i t h 
c i rcu la r c ross sec t ion, ca lcu la te d i a m e t e r f r o m D = (4Α/π)ί/2. 

Step 4. Select a i r flow r a t e Gs pe r a i r diffusion un i t . U s u a l r a n g e for va lues 
of Gs is 4 - 8 S C F M / u n i t a n d 4 - 1 6 S C F M / u n i t for fine a n d la rge b u b b l e 
diffusers, respect ively. 

Step 5. V a l u e C s w [ u sed in E q . (4 .22)] is c o m p u t e d a t t a n k m i d - d e p t h 
f r o m E q . (4.12) [ o r E q . (4 .13) ] , i.e., C s w = C s > m . 

Step 6. O x y g e n a t i o n capac i ty pe r a e r a t i o n un i t \_N = lb 0 2 t r ans fe r r ed / 
( h r ) ( u n i t ) ] is e s t ima ted f rom m a n u f a c t u r e r ' s d a t a (e.g., F ig . 4.11) o r c o m p u t e d 
f r o m E q . (4.22). 

Step 7. F r o m oxygen r e q u i r e m e n t s ( lb 0 2 / h r ) ca lcu la t ed in C h a p t e r 5, 
Sec t ion 7 a n d va lue of Ν ca l cu la t ed in S tep 6, ca lcu la te t h e n u m b e r of a e r a t i o n 
un i t s r equ i r ed t o t ransfer r equ i r ed a m o u n t of oxygen . 

lb 0 2 / h r (required) 
N o . of units = 

Ν 

Step 8. P r e p a r e a l a y o u t of t he a e r a t i o n t a n k a n d d e t e r m i n e t h e spac ing 
be tween t h e a e r a t i o n un i t s . M i n i m u m spac ing is a b o u t 6 in. a n d m a x i m u m 
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be tween 24 a n d 30 in. T h i s is necessa ry in o r d e r t o m a i n t a i n so l ids in suspen
s ion a n d t o m i n i m i z e coalescence of a i r b u b b l e s . If spac ings ca l cu la t ed fall 
ou t s i de th is r a n g e , d o u b l e r o w s o r a d j u s t m e n t in t h e n u m b e r of un i t s (select ion 
of different a i r flow r a t e Gs) a r e m a d e . 

Step 9. C o m p u t e to ta l a i r flow. 

Total air flow = Gs x (no. units) (SCFM) 

Step 10. C o m p u t e r equ i r ed h o r s e p o w e r o f t h e b lower . 

H P = [(pressure drop, psi) χ (SCFM) χ 144]/(33,000)(εΜ) 

w h e r e 33,000 a n d 144 a r e t h e conve r s ion fac tors for ( f t l b f /min ) /HP a n d 
i n . 2 / f t 2 , respect ively, a n d em is t h e m e c h a n i c a l efficiency (es t imated) . U s u a l l y 
a 6 - 1 0 psi p re s su re d r o p is a d o p t e d for t h e b lower . 

Step 11. C o m p u t e o x y g e n a t i o n efficiency f rom Eq . (4.21), w h e r e t h e 
n u m e r a t o r w a s ca lcu la ted in S tep 6 a n d t h e d e n o m i n a t o r o b t a i n e d f r o m 
va lues of Gs selected in S tep 4 (it equa l s a p p r o x i m a t e l y 2 3 . 2 % of t h e we igh t 
o f a i r c o r r e s p o n d i n g t o Gs). T h e weigh t of a i r c o r r e s p o n d i n g t o Gs is ca lcu la t ed 
f rom t h e ideal gas e q u a t i o n . F r o m 

PV = NRT = (weight/molecular weight) χ RT 
t h e n 

Weight of air = (molecular weight) (PV)jR Τ 

w h e r e m o l e c u l a r weigh t = 29 lb / lb m o l e (average m o l e c u l a r weigh t of a i r ) 
Ρ = 1 a t m , V= GS9 R = 0 . 7 3 ( a t m ) ( f t 3 ) / ( l b m o l e ) ( ° R ) , a n d T= 520°R (60°F) . 
The re fo re 

Weight of air = (29 χ 1 χ G s)/(0.73 χ 520) = 0.076G, lb/min 

a n d [ E q . (4 .25)] 

Weight of 0 2 / m i n = 0.232 χ 0.076G, = 0.0176G, (4.25) 

15. Turbine Aerat ion Units 

15.1. D E S C R I P T I O N OF UNIT 
A ske tch of a typica l t u r b i n e a e r a t i o n un i t is s h o w n in F ig . 4 .12. T h e s e u n i t s 

e n t r a i n a t m o s p h e r i c oxygen by surface a e r a t i o n a n d d isperse c o m p r e s s e d a i r 
b y a shea r ing ac t ion e m p l o y i n g a r o t a t i n g t u r b i n e o r ag i t a to r . A i r b u b b l e s 
d i scha rged f r o m a p ipe o r spa rge r be low the a g i t a t o r a r e b r o k e n d o w n by t h e 
shea r ing ac t ion of t he h igh speed r o t a t i n g b lades of t he ag i t a to r . F o r sys tems 
of low oxygen u t i l i za t ion r a t e , oxygen is suppl ied by the flow of a i r self-
i n d u c e d f rom a nega t ive h e a d p r o d u c e d by t h e r o t o r ( suc t ion effect). F o r 
sys tems of h ighe r oxygen u t i l i za t ion r a t e a b l o w e r o r c o m p r e s s o r is n e e d e d . 
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Rotor-^i, ι ^-Liquid level 

Bottom 

Fig. 4.12. Turbine aeration unit. 

15.2. P E R F O R M A N C E OF T U R B I N E A E R A T I O N 
U N I T S 

M a i n var iab les t o be cons ide red a r e a i r flow, d i a m e t e r (D), a n d speed of 
impel le r . T h e s e var iab les d e t e r m i n e b u b b l e size a n d degree of ag i t a t i on in 
the t a n k , t h u s affecting t h e overa l l oxygen- t rans fe r coefficient KLa. P e r f o r m 
a n c e d a t a for t u r b i n e a e r a t i o n un i t s a r e ava i l ab l e f r o m m a n u f a c t u r e r ' s 
i n f o r m a t i o n t a k i n g these var iab les i n t o c o n s i d e r a t i o n . Eckenfe lder [ 1 ] 
r e c o m m e n d s t h e fo l lowing empi r i ca l e q u a t i o n for co r r e l a t i ng p e r f o r m a n c e 
of t u r b i n e a e r a t i o n u n i t s : 

Ν = CGs

nSxDy(Csw - CL) 1 .024 ( r " 2 0 ) a (4.26) 

w h e r e Ν is t h e lb 0 2 t r a n s f e r r e d / ( h r ) ( a e r a t i o n u n i t ) ; Gs t h e a i r flow ( S C F M / 
a e r a t i o n u n i t ) ; S t h e p e r i p h e r a l speed of t h e impel le r ( f t /sec) ; D t h e impe l l e r 
d i a m e t e r (ft, see F ig . 4 . 1 2 ) ; C s w t he s a t u r a t i o n D O c o n c e n t r a t i o n in was t e 
w a t e r (mg/ l i t e r ) ; CL t he o p e r a t i n g D O c o n c e n t r a t i o n (mg/ l i t e r ) ; a n d C, n, x, y 
t h e c o n s t a n t s cha rac te r i s t i c of t h e a e r a t i o n dev ice .* 

C o m p a r i n g E q s . (4.23) a n d (4.26) t he resu l t is E q . (4.27). 

KLaV = CGs

nSxDy χ 1 . 0 2 4 ( Γ - 2 0 ) α (f t 3 /hr) (4.27) 

w h e r e t e r m KLa h a s un i t s of h r " *, a n d V is t h e v o l u m e of t h e a e r a t o r t a n k in 
f t 3 . If (Csw— CL) in E q . (4.26) is g iven in mg/ l i t e r , i ts v a l u e is mu l t i p l i ed b y 
fac to r 6.23 χ 1 0 " 5 t o o b t a i n Ν in lb /h r , as s h o w n in Sec t ion 14.3. 

15.3. P O W E R R E Q U I R E M E N T S FOR T U R B I N E 
A E R A T O R S 

P o w e r is r equ i r ed for t w o p u r p o s e s : (1) o p e r a t i o n of r o t o r ( c o r r e s p o n d i n g 
h o r s e p o w e r is des igna ted hence as HPr)9 a n d (2) o p e r a t i o n of c o m p r e s s o r o r 

* Typical values for n, JC, and y (depending on impeller geometry) [ 4 ] : n, 0 .4 -0 .9 ; x, 
1.2-2.4; and y, 0 .6-1 .8 . 
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b lower ( c o r r e s p o n d i n g h o r s e p o w e r is des igna ted hence as HPC). P o w e r 
d r a w n by the r o t o r is c o m p u t e d f rom t h e r e l a t ionsh ip [ 4 ] 

HPr = C'DmSp (4.28) 

C , m, a n d ρ a r e c o n s t a n t s charac te r i s t i c of t he a e r a t i o n device. A c t u a l d r a w n 
h o r s e p o w e r decreases a s a i r flow is inc reased u n d e r the impel ler d u e t o 
dec reased dens i ty of t h e a e r a t e d m i x t u r e . F o r th i s r e a s o n , h o r s e p o w e r ca lcu
la ted f r o m E q . (4.28) is referred t o as ungas sed h o r s e p o w e r . E q u a t i o n (4.28) 
is r ewr i t t en as 

HPr = C"Dmn* (4.29) 

w h e r e η is expressed in revo lu t ions / sec . Since S is t h e pe r iphe ra l speed in 
ft /sec, η a n d S a r e re la ted as [ E q . (4 .30)] 

η = S/πϋ = (ft/sec)/(ft/rev) = rev/sec (4.30) 

w h e r e %D is t he pe r ime te r of t h e c i r cumference descr ibed by the r o t a t i o n of 
t h e impel le r . 

Typ ica l va lues of e x p o n e n t s m a n d ρ a r e [ 4 ] 

4.8 ^ m ^ 5.3 

2.0 < ρ ^ 2.5 

U n g a s s e d h o r s e p o w e r is co r r e l a t ed t o a c t u a l h o r s e p o w e r . A c o r r e l a t i o n is 
p r e s e n t e d in F ig . 4 . 1 3 . P o w e r d r a w n b y the c o m p r e s s o r is ca lcu la ted f rom 

HPC = (pressure drop , psi) χ (SCFM) χ 144/(33,000)(em) (4.31) 

w h e r e s m is t he e s t i m a t e d t u r b i n e efficiency. 

Legend 

HP a : actual HP 
HP r : ungassed HP 

[equations (4 .28 ) , (4 .29 ) ] 

G s : air flow, S C F M 

A R : area of circle described 
by the rotation of the 
impeller = ( I / 4 ) T T D 2 

0 2 0 4 0 6 0 8 0 100 

G S / A R 

Fig. 4.13. Effect of air rate on turbine horsepower [ 4 ] , 

N e x t d e t e r m i n e t h e o p t i m u m p o w e r spli t be tween r o t o r a n d c o m p r e s s o r . 
A co r r e l a t i on be tween oxygen- t rans fe r efficiency [expressed as ( lb 0 2 t r a n s 
f e r r e d ) / ^ χ h r ) ] a n d a fac tor Pd defined as [ E q . (4 .32)] 

Pd = HPrIHPc (4.32) 
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h a s been deve loped by Q u i r k [ 6 ] , a n d its u t i l i za t ion is s u m m a r i z e d b y 
Eckenfe lder [ 1 ] . Pd r ep resen t s t he p o w e r spli t b e tween r o t o r a n d c o m p r e s s o r . 
A typica l co r r e l a t i on cu rve is s h o w n in F ig . 4 .14. 

Maximum 
(Optimum split) 

/ High air Low air \ 
/ rates rates \ 

Γ Ρ 3 = . .Ο 

P d = H P r / H P c 

Fig. 4.14. Correlation for power split for turbine aeration units. 

T h e va lue ind ica ted in F ig . 4.14 as Pd* is t he o p t i m u m p o w e r spl i t c o r r e 
s p o n d i n g t o t h e m a x i m u m oxygen- t rans fe r efficiency. In m o s t cases P* is 
a p p r o x i m a t e l y un i ty , th is imp ly ing a n e q u a l p o w e r e x p e n d i t u r e by t h e t u r b i n e 
a n d the c o m p r e s s o r . A t ex t r eme ly h igh a i r r a t e s (h igh va lues of HPC)9 va lues 
of Pd a r e less t h a n 1.0, i.e., HPC > HPr a n d Pd < 1.0. U n d e r these c o n d i t i o n s , 
large a i r b u b b l e s a n d flooding of t h e impel le r yield p o o r o x y g e n a t i o n efficien
cies. O n t h e o t h e r h a n d , a t very low a i r r a t e s Pd > 1.0 a n d t o o m u c h t u r b i n e 
h o r s e p o w e r is spen t in mix ing t h e l iquor . 

15.4. D E S I G N P R O C E D U R E FOR A E R A T I O N 
S Y S T E M S UTIL IZ ING T U R B I N E A E R A T I O N 
U N I T S 

F o r f u n d a m e n t a l i n f o r m a t i o n r equ i r ed see i t ems 1-5 for a i r diffusion un i t s 
(Sect ion 14.4), t h e n o b t a i n p e r f o r m a n c e d a t a for t h e t u r b i n e a e r a t i o n u n i t s 
ava i lab le f rom m a n u f a c t u r e r ' s i n f o r m a t i o n , o r expressed in t e r m s of va lues 
for t h e c o n s t a n t s in E q . (4.26). 

Step I. Select a t a n k d e p t h / / , usua l ly be tween 15 a n d 20 ft. In s o m e cases 
deepe r l iquid d e p t h s a r e e m p l o y e d . 

Step 2. Cross -sec t iona l a r e a is t h e n A = V/H. 
Step 3. Select a r a t i o r = D/T, w h e r e D is d i a m e t e r of t h e t u r b i n e a n d Τ 

t he " d i a m e t e r " of t he t a n k . F o r t a n k s of c i rcu la r c ross sec t ion , t h e m e a n i n g of 
r a t i o D/T is s t r a igh t fo rward . F o r t a n k s w i t h r e c t a n g u l a r o r s q u a r e c ross 
sec t ions , select a va lue for Τ ba sed o n g e o m e t r y of t he sys tem. Select ion of Τ 
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for a r e c t a n g u l a r t a n k wi th t w o t u r b i n e a e r a t o r s is i l lus t ra ted by F ig . 4 .15 
(T equa l s t h e d i a m e t e r of influence of t h e a e r a t i o n un i t ) . Typ ica l D/T r a t i o s 
a r e 0 .1 -0 .2 . 

ι ι 
ι I 

Fig. 4.15. Ratio r = D/T for a rectangular tank with two turbine aerators. 

Step 4. Select a t a n k w i d t h Τ a p p r o x i m a t e l y twice t he t a n k d e p t h . T h e r e 
fore t u r b i n e d i a m e t e r is D = Τ χ r. 

Step 5. F r o m F ig . 4 .14 ( m a n u f a c t u r e r ' s d a t a ) d e t e r m i n e o p t i m u m p o w e r 
spl i t Pd*. 

Step 6. Select a i r flow r a t e pe r un i t Gs ( S C F M / a e r a t i o n un i t ) . T y p i c a l 
va lues a r e be tween 200 a n d 1500 S C F M . 

Step 7. Va lue C s w [ t o be used in E q . (4 .26)] is c o m p u t e d a t t a n k m i d -
d e p t h f r o m E q . (4.12) [ o r E q . (4 .13) ] , i.e., C s w = C s > m . 

Step 8. O x y g e n a t i o n capac i ty p e r a e r a t i o n u n i t [N = lb 0 2 t r ans fe r r ed / 
( h r ) ( u n i t ) ] is e s t ima ted f r o m m a n u f a c t u r e r ' s d a t a o r c o m p u t e d f rom E q . (4.26). 

Step 9. F r o m oxygen r e q u i r e m e n t s ( lb 0 2 / h r ) ca lcu la ted in C h a p t e r 5, 
Sec t ion 7 a n d va lue of Ν ca lcu la ted in S tep 8, ca l cu la t e t h e n u m b e r of a e r a t i o n 
un i t s n e e d e d t o t ransfer r equ i r ed a m o u n t of oxygen . 

N o . of units = lb 0 2 / h r ( r equ i r ed ) / ^ 

T h e r e shou ld b e o n e t u r b i n e u n i t for every 9 0 0 - 2 5 0 0 f t 2 . By v a r y i n g a i r r a t e 
p e r u n i t Gs, o n e ad jus ts ca l cu la t ions so t h a t spac ing falls w i th in th i s r a n g e . 

Step 10. C o m p u t e t o t a l a i r flow. 

Total air flow = Gs χ (no. of units) (SCFM) 

Step 11. C o m p u t e o p e r a t i n g c o m p r e s s o r h o r s e p o w e r f r o m E q . (4.31). 
Step 12. D e t e r m i n e t u r b i n e h o r s e p o w e r f r o m o p t i m u m p o w e r spli t 

es tab l i shed in S tep 5. 
HPr = (Pd*)(HPc) 

Step 13. C o m p u t e o x y g e n a t i o n efficiency f r o m E q . (4.21), w h e r e n u m e r 
a t o r w a s o b t a i n e d in S tep 8. Ca lcu l a t e d e n o m i n a t o r f r o m E q . (4.25). 
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16. Sur face Aera t ion Uni ts 
16.1. D E S C R I P T I O N OF U N I T 

Surface a e r a t i o n un i t s a r e b a s e d solely on e n t r a i n m e n t of oxygen f r o m 
a t m o s p h e r i c air . U n l i k e a i r diffusion a n d t u r b i n e a e r a t o r s t h e r e is no s t r e a m 
of a i r involved in this sys tem. 

I m p r o v e d des ign of surface a e r a t o r s h a s r e su l t ed in i m p r o v e m e n t of oxygen-
t rans fe r capac i ty , a n d the i r use h a s inc reased r ap id ly in t h e p a s t few year s . 
T h e y a r e widely used in ac t iva ted s ludge p l a n t s a n d a e r a t e d l a g o o n s . 

T h e pr inc ip le of o p e r a t i o n of surface a e r a t o r s is i l lus t ra ted b y t h e ske t ch in 
F ig . 4 .16. L i q u i d is d r a w n f r o m u n d e r n e a t h t h e u n i t a n d sp rayed u p w a r d a n d 
o u t w a r d b y a p rope l l e r ins ide a ver t ica l t u b e . 

Fig. 4.16. Cross-sectional diagram of a surface aerator. 

M o s t c o n v e n t i o n a l surface a e r a t o r s a r e fixed t o p iers m o u n t e d ac ros s t h e 
a e r a t i n g t a n k s . F l o a t i n g un i t s a r e a lso ava i lab le , t h e w h o l e un i t b e i n g s u p 
p o r t e d o n a re inforced fiberglass float filled wi th p las t ic f o a m t o m a k e it 
u n s i n k a b l e . 

O x y g e n t ransfe r in surface a e r a t o r s occu r s a c c o r d i n g t o t w o m e c h a n i s m s : 
(1) t ransfer a t the t u r b u l e n t l iquid surface , a n d (2) t ransfe r t o d r o p l e t s s p r a y e d 
b y t h e b l ades of t h e un i t . 

16.2. C O R R E L A T I O N B E T W E E N T R A N S F E R 
E F F I C I E N C Y A N D LEVEL OF A G I T A T I O N 

A c o r r e l a t i o n h a s been deve loped [ 1 ] be tween t ransfer efficiency [expressed 
a s lb of Ο 2 t r a n s f e r r e d / ( H P χ h r ) ] a n d level o f a g i t a t i o n of t h e b a s i n (in 
H P / 1 0 0 0 ga l bas in ) . T h e r e is a n a p p r o x i m a t e l inear r e l a t i o n s h i p b e t w e e n 
these t w o p a r a m e t e r s , as ind ica ted b y the s t r a igh t l ine in F ig . 4 .17 , w h i c h is a 
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typical e x a m p l e of t h i s co r r e l a t i on for a specific surface a e r a t o r un i t . C o r r e 
l a t ion be tween d i a m e t e r of influence a n d u n i t h o r s e p o w e r , w h i c h is a l so p l o t t e d 
in F ig . 4 .17, is d iscussed in th is sec t ion . O r d i n a t e N0 eq u a l s t h e lb of 0 2 

t r ans fe r red t o t a p w a t e r a t s t a n d a r d c o n d i t i o n s (20°C a n d 1 a t m , w i t h in i t ia l 
z e ro d issolved oxygen) pe r ( H P χ h r ) . A c o r r e c t i o n t o o b t a i n oxygen t rans fe r 
(TV) for a w a s t e w a t e r u n d e r o p e r a t i n g c o n d i t i o n s is p re sen ted in th i s sec t ion 
[ E q . (4 .34) ] . 

T h e l inear c o r r e l a t i o n ind ica t ed in F ig . 4 .17 is expressed by t h e r e l a t i onsh ip 

[ 1 ] 
No = KPV + Ns (4.33) 

w h e r e N0* is t he t o t a l oxygen t rans fe r red t o t a p w a t e r u n d e r s t a n d a r d c o n 
d i t ions p e r u n i t [ l b 0 2 / ( H P x h r ) ] ; Pv t h e H P pe r 1000 gal of ba s in l i q u i d ; 
Κ t he c o n s t a n t cha rac te r i s t i c of t h e a e r a t i o n device (in F ig . 4 .17 th is c o r r e 
s p o n d s t o s lope o f t h e s t r a i g h t l ine ) ; a n d Ns t h e oxygen t r ans fe r red t o t a p 
w a t e r a t s t a n d a r d c o n d i t i o n s p e r un i t h o r s e p o w e r χ h r a t z e r o t u r b u l e n c e (in 
F ig . 4.17 th is c o r r e s p o n d s t o o r d i n a t e of t h e s t r a igh t l ine a t t h e o r ig in ) . 

I n E q . (4.33), Ns c o r r e s p o n d s t o oxygen t r ans fe r red a t s t a n d a r d c o n d i t i o n s 
(N0) for c o n d i t i o n s of z e r o t u r b u l e n c e ( i .e . , Pv = 0) . F o r a given a e r a t o r th i s 

• F o r the specific surface aerator unit corresponding to Fig. 4.17, this relationship is 

# 0 = 3APV + 2.65 
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c o r r e s p o n d s t o its o p e r a t i o n in a bas in of infinite v o l u m e . I n such cases , all 
oxygen t ransfer is a c c o m p l i s h e d b y t h e s p r a y m e c h a n i s m a l o n e , s ince t u r 
bu lence is negl igible . 

P e r f o r m a n c e of surface a e r a t o r s is r e l a t ed t o t h e fo l lowing f a c t o r s : (1) s u b 
mergence of impel ler , a n d (2) d i a m e t e r a n d speed of r o t o r . Va lues for t r ans fe r 
efficiency [ lb 0 2 t r a n s f e r r e d / ( H P χ h r ) ] a r e 2 - 4 for m o s t sur face a e r a t o r s , 
a l t h o u g h va lues as h igh as 7 a r e r e p o r t e d . T rans f e r efficiency r e m a i n s essen
tial ly c o n s t a n t a t a n o p t i m u m s u b m e r g e n c e regard less of size of t h e un i t . 

F o r des ign of surface a e r a t o r sys tems , s t a n d a r d t ransfe r efficiency N0 

o b t a i n e d f r o m F ig . 4 .17, for e x a m p l e , is co r r ec t ed for a c t u a l w a s t e w a t e r 
c o n d i t i o n s a n d t e m p e r a t u r e . T h i s is d o n e by a p p l i c a t i o n of t h e fo l lowing 
r e l a t ionsh ip [ 1 ] : 

Ν = N0 

C s w C l χ 1 .024 ( T - 2 0 ) al (4.34) 
9.2 

w h e r e Ν is t h e oxygen- t rans fe r efficiency u n d e r field c o n d i t i o n s [ l b 0 2 / 
( H P x h r ) ] ; t h e oxygen- t rans fe r efficiency a t s t a n d a r d c o n d i t i o n s [ t a p 
wa t e r a t 2 0 ° C wi th ini t ial z e ro d i sso lved oxygen a t a t m o s p h e r i c p r e s s u r e ; 
lb 0 2 / ( Η Ρ χ h r ) ] ; C s w t h e s a t u r a t i o n c o n c e n t r a t i o n of d issolved oxygen in 
t he w a s t e w a t e r ; CL t he o p e r a t i n g D O level in a e r a t i o n b a s i n ; Γ t h e t e m p e r a t u r e 
of t h e bas in ( °C) ; a n d α = KLa (wastewater) /AT L a ( t a p wa te r ) . 

In E q . (4.34), CSW — CL is t h e a c t u a l d r iv ing force for oxygen t rans fe r u n d e r 
field c o n d i t i o n s . D r i v i n g force a t s t a n d a r d c o n d i t i o n s w i th in i t ia l z e r o d is 
solved oxygen is 9 .2—0.0 = 9.2, w h e r e 9.2 is t h e oxygen s a t u r a t i o n v a l u e a t 
20°C in mg / l i t e r ( T a b l e 4.1). T h u s , in E q . (4.34) a p r o p o r t i o n a l i t y b e t w e e n Ν 
a n d N0 a n d t h e c o r r e s p o n d i n g d r iv ing forces is a s s u m e d . 

16.3. D E S I G N P R O C E D U R E FOR A E R A T I O N 
S Y S T E M S UTIL IZ ING S U R F A C E 
A E R A T I O N U N I T S 

F o r f u n d a m e n t a l i n f o r m a t i o n r equ i r ed see i t ems 1-5 for a i r diffusion u n i t s 
(Sect ion 14.4). O b t a i n charac te r i s t i c s for t h e a e r a t o r . T h i s inc ludes (1) c o r r e 
l a t ion of No vs . H P / 1 0 0 0 gal , a n d (2) c o r r e l a t i o n be tween u n i t h o r s e p o w e r 
a n d d i a m e t e r o f influence for so l ids in suspens ion (ft). 

F o r t he specific des ign i l lus t ra ted b y E x a m p l e 4 .5 , these t w o c o r r e l a t i o n s 
a r e p re sen ted in F ig . 4 .17. D e p t h s of a e r a t o r ba s in s for surface a e r a t o r s 
a r e usua l ly lower t h a n for diffusion o r t u r b i n e a e r a t i o n , r a n g i n g f r o m 8 t o 
12 ft. 

Step 1. T a k e E q . (4.34) a n d ca lcu la te t h e t e r m be tween b r a c k e t s for s u m 
m e r a n d win te r c o n d i t i o n s t o d e t e r m i n e w h i c h is t h e c o n t r o l l i n g o n e . N o t e 
t h a t [ C S f r ] s u m m e r < [ C S f r ] w i n t e r [ t h u s (CSW-CL) is l a rger for t h e w in t e r 
c o n d i t i o n s ] whe rea s T s u m m e r > T w i n t e r [ t h u s 1 . 0 2 4 ( r ~ 2 0 ) is l a rger for s u m m e r 
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c o n d i t i o n s ] . Le t t h e resul t s of t h i s ca l cu l a t ion be 

Ν = K&ummcr χ N0 (4.35) 

N= tfwinter χ N0 (4.36) 

w h e r e K's a r e va lues of t h e t e r m b e t w e e n b r a c k e t s in E q . (4.34). T h e lower Κ 
c o r r e s p o n d s t o c o n t r o l l i n g c o n d i t i o n ( lower t ransfer of oxygen) . 

Step 2. S ince p o w e r level (abscissa of F ig . 4.17) is n o t k n o w n , a t r ia l a n d 
e r r o r so lu t i on is necessa ry for d e t e r m i n a t i o n of N0 ( a n d N) b a sed o n c o r r e 
l a t ion of N0 vs . p o w e r level. 

(1) A s s u m e a p o w e r level H P / 1 0 0 0 ga l . 
(2) F r o m F ig . 4.17 r e a d N0. 
(3) Ca lcu l a t e Ν f r o m E q . (4.35) [ o r E q . (4 .36 ) ] , wh icheve r is t h e c o n 

t ro l l ing o n e . 
(4) P o w e r r e q u i r e m e n t s a r e ca lcu la ted for a s s u m e d p o w e r level f r o m 

0 2 required (lb 0 2 / h r ) 
Power requirements = — ^ — — — = H P 

J V ( l b 0 2 / H P x h r ) 

w h e r e t h e oxygen r e q u i r e m e n t h a s been p rev ious ly ca lcu la ted f r o m bio logica l 
r e a c t o r r e q u i r e m e n t s ( i tem 2 o n " F u n d a m e n t a l i n f o r m a t i o n r e q u i r e d , " 
Sect ion 14.4) 

(5) Select H P pe r u n i t a n d ca lcu la te n u m b e r of un i t s . 
(6) Reca l cu l a t e p o w e r level. 

Power level = H P [Step 2(4)]/volume of aeration basin 

w h e r e v o l u m e of t he a e r a t i o n bas in is ca lcu la ted f r o m b io log ica l r e a c t o r 
r e q u i r e m e n t s ( i tem 1 o n " F u n d a m e n t a l i n f o r m a t i o n r e q u i r e d , " Sec t ion 14.4). 
Expres s reca lcu la ted p o w e r level in t e r m s of H P / 1 0 0 0 gal a n d c o m p a r e it 
w i t h t h e va lue a s s u m e d in S tep 2 (1 ) . If a g r e e m e n t is wi th in 5%, ca l cu l a t ions 
a r e s t o p p e d . O the rwi se , i t e ra te S teps 2(1)—(6) unt i l a g r e e m e n t is o b t a i n e d . 

Step 3. Spac ing b e t w e e n ag i t a to r s is d e t e r m i n e d f r o m t h e c o r r e l a t i o n 
ind ica ted in F ig . 4 .17. T h e p r o c e d u r e for t h e a e r a t o r bas in l a y o u t is i l lus t ra ted 
in E x a m p l e 4 .5 . 

Example 4.5 

Surface a e r a t o r s a re specified for a n ac t iva ted s ludge p l a n t t r ea t i ng a n 
indus t r i a l was tewa te r . O x y g e n r e q u i r e m e n t s a n d v o l u m e of t h e b io log ica l 
r e a c t o r a r e ca lcu la t ed b y t h e p r o c e d u r e desc r ibed in C h a p t e r 5, Sec t ion 7 
( E x a m p l e 5.7), y ie ld ing t h e fo l lowing resul ts . 

Oxygen requirements: 665 lb 0 2 / h r 
Volume of reactor : 1,200,000 gal 
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T h e fo l lowing a d d i t i o n a l i n f o r m a t i o n is ava i lab le . 

Wastewater temperature ( summer) : 30°C, Csw = 7.4 mg/liter 
Wastewater temperature (winter): 18°C, CSw = 10.3 mg/liter 

T a k e the o p e r a t i n g D O level a t t h e bas in as CL = 1.0 mg/ l i te r , a n d α = 0.72. 
Charac te r i s t i c s of t he surface a e r a t o r selected a r e given by F ig . 4 .17 . D e s i g n 

t h e a e r a t i o n sys tem for th is app l i ca t i on . 

S O L U T I O N 

Step 1. Ut i l ize E q . (4.34). 

Summer : t = 30°C, Csw = 7.4 mg/liter 
Winter : / = 18°C, Csw = 10.3 mg/liter 

T h u s for s u m m e r c o n d i t i o n s 

The re fo re , s u m m e r c o n d i t i o n s c o n t r o l des ign (lower oxygen- t rans fe r efficiency). 
Step 2. 

(1) A s s u m e a p o w e r level, e.g., 0.25 H P / 1 0 0 0 ga l . 
(2) F r o m F ig . 4 .17 r e a d N0 = 3.5 lb 0 2 / ( Η Ρ χ h r ) . 
(3) T h e n Ν = 0 . 635 ; N0 = 0 .635 χ 3.5 = 2.22 lb 0 2 / ( Η Ρ χ h r ) . 
(4) P o w e r r e q u i r e m e n t s a r e t h e n ca lcu la t ed . 

Oxygen requirement : 665 lb 0 2 / h r 

Power requirements: 665 lb 0 2 / h r χ ( H P χ hr) / 2.22 lb 0 2 = 299.5 H P 

(5) Select six un i t s of 50 H P each ( to ta l H P = 6 χ 50 = 300 H P ) . 
(6) P o w e r level is t h e n 

300 HP/1200 thousands of gal = 0.25 HP/1000 gal 

wh ich agrees wi th a s s u m e d va lue . T h u s des ign is sa t i s fac tory . 
Step 3. D i a m e t e r of inf luence for 50 H P u n i t s (see F i g . 4.17) is 60 ft (o r 

r a d i u s of influence of 30 ft). Spac ing d i s t ance of 56 ft is selected t o p r o v i d e a 
m i n i m u m o v e r l a p . A r r a n g e a e r a t o r s a c c o r d i n g t o l a y o u t in F ig . 4 .18 . 

Cross - sec t iona l a r e a of t h e bas in is 168 χ 112 = 18,816 f t 2 , a n d its v o l u m e 
in f t 3 is 

a n d for w in te r c o n d i t i o n s 

1,200,000 gal χ ft 3 /7.48 gal = 161,000 f t 3 

There fo re d e p t h is 
161,000/18,816 = 8.6 ft 
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F/flr. 4.18. Layout of aerator tank (Example 4.5). 

Several se lect ions of a e r a t o r un i t s a r e pos s ib l e for a g iven a p p l i c a t i o n , 

l ead ing t o v a r i o u s l ayou t s . Eng inee r ing j u d g m e n t a n d e c o n o m i c c o n s i d e r a 

t ions d e t e r m i n e final se lec t ion of a e r a t o r un i t s a n d the i r l ayou t . 

Problems 
I. The following results are obtained in an unsteady state aeration test utilizing a 5-HP 
surface aerator. C5 = 9.2 ppm (measured at 20°C; Ρ = 27 in Hg) . Aerator is a 100,000-gal 
circular test tank. 

Time (min) CL (ppm) 

0 0 
12 2.6 
24 4.5 
36 5.8 
48 6.7 
60 7.4 

Calculate 
1. Chemical requirements (lb N a 2 S 0 3 / l b liquor) for deoxygenation of test water with 

8 ppm of D O 
2. Value of ^ ( h r " 1 ) 
3. If aeration tank has a capacity o f 100,000 gal, calculate the lb/hr of oxygen transferred 

at standard conditions 
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4. If a e r a to r has a n o m i n a l H P of 5, r epor t a e r a t o r efficiency [lb 0 2 / ( h r ) ( H P ) ] in t e rms 
of n a m e p l a t e H P a n d b lade H P . 

T h e following in fo rma t ion is avai lable for the a e r a t o r : 
D r a w n vo l t age : 220 V (average) 
A m p e r a g e : 13.5 A (average) 
cos P F ( m e a s u r e d ) : 0.8 
M o t o r efficiency (e s t ima ted) : 8 5 % 
G e a r efficiency (es t imated) : 8 5 % 

II. Uns t eady s ta te ae ra t ion d a t a is ob ta ined in a diffused a e r a t o r system for wa te r a t 6.5°C 
a n d a was tewate r a t 0 °C , a n d is t abu la t ed be low. Ca lcu la te coefficient α (at 20°C) . 

TABLE 1a 
Water at 6.5°C, C s = 12.3 mg/liter 

T i m e (min) CL (mg/l i ter) 

3 0.6 
6 1.6 
9 3.1 

12 4.3 
15 5.4 
18 6.0 
21 7.0 

TABLE 1b 
Wastewater at 0°C, C s = 14.3 mg/liter 

T i m e (min) CL (mg/l i ter) 

3 0.9 
6 1.7 
9 2.5 

12 3.2 
15 3.9 
18 4.6 
21 5.2 

III. A tub ine ae ra to r in a n ae ra t ion t a n k 30 χ 50 χ 15 ft t ransfers oxygen accord ing to the 
re la t ionship 

KLaV = 2 5 G S ° - 4 5 S 1 - 5 / ) 1 - 8 ( f t 3 / h r ) 

where KLa is in l i ter /hr ; V is the t ank vo lume ( f t 3 ) ; Gs the air flow ( S C F M ) ; S the per i 
phera l speed of impeller (ft/sec); and D the impeller d i ame te r (ft). Power d r a w n by the 
tu rb ine is defined by the re la t ionship 

HPr = 0 . 0 2 D 5 2 5 / ? 2 7 5 

where D is the impeller d iamete r (ft) and η the revolut ions /sec of ro to r . F o r ca lcula t ion of 
compresso r horsepower , t ake a pressure d r o p of 5.55 psi and an efficiency ε„, = 0.65 (65%). 
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1. Compute KLa(hr~l). Turbine is 40 in. in diameter, rotating at 15 ft/sec peripheral 
speed, with an air flow of 300 S C F M . 

2. Calculate 0 2 transfer (lb/hr) under standard conditions. Saturation solubility of oxygen 
in the sewage liquid at 20°C is 8.45 ppm. 

3. Calculate turbine horsepower corrected from Fig. 4.13. 
4. Calculate blower horsepower. 
5. Calculate transfer efficiency in terms of lb of 0 2 transferred per H P χ hr. 
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1. In t roduct ion 
T h e h e a d i n g s e c o n d a r y t r e a t m e n t e n c o m p a s s e s all b io log ica l t r e a t m e n t 

p rocesses o f was t ewa te r s , b o t h a e r o b i c a n d a n a e r o b i c . I n th is c h a p t e r t he 
ac t iva t ed s ludge p rocess is s tud ied in de ta i l , a n d t h e m a t h e m a t i c a l m o d e l s 
deve loped a r e app l i cab le , w i th m i n o r c h a n g e s , t o al l a e r o b i c p rocesses 
desc r ibed in C h a p t e r 6. 

T h e ac t iva t ed s ludge p roces s h a s b e e n ut i l ized for t r e a t m e n t of b o t h 
d o m e s t i c a n d indus t r i a l was t ewa te r s for a p p r o x i m a t e l y ha l f a c en tu ry . D e s i g n 
of ac t iva ted s ludge p l a n t s was ca r r i ed o u t t o a la rge ex ten t in a n emp i r i ca l 
m a n n e r . I t w a s o n l y after t h e ear ly 1960's t h a t a m o r e r a t i o n a l a p p r o a c h t o 
t h e des ign of ac t iva ted s ludge sys tems w a s deve loped . T h i s p rocess o r ig ina t ed 
f rom t h e o b s e r v a t i o n m a d e a l o n g t i m e a g o t h a t w h e n e v e r w a s t e w a t e r , e i the r 
d o m e s t i c o r indus t r i a l , is a e r a t e d for a p e r i o d of t ime , t he c o n t e n t of o r g a n i c 
m a t t e r is r educed , a n d a t t h e s a m e t i m e a flocculent s ludge is f o r m e d . 

M i c r o s c o p i c e x a m i n a t i o n of th is s ludge reveals t h a t it is f o r m e d by a 
h e t e r o g e n e o u s p o p u l a t i o n of m i c r o o r g a n i s m s , w h i c h c h a n g e s c o n t i n u a l l y in 
n a t u r e in r e sponse t o va r i a t i on in t h e c o m p o s i t i o n of t h e w a s t e w a t e r a n d 
e n v i r o n m e n t a l c o n d i t i o n s . M i c r o o r g a n i s m s p re sen t a re un ice l lu la r bac te r i a , 
fungi , a lgae , p r o t o z o a , a n d rot i fers . O f these , bac t e r i a a r e poss ib ly t h e m o s t 
i m p o r t a n t , be ing f o u n d in all types of b io logica l t r e a t m e n t p rocesses . 

T h e p u r p o s e o f th is c h a p t e r is t o d iscuss t h e des ign pr inc ip les for t h e 
ac t iva ted s ludge p rocess a n d t o a p p l y t h e m t o des ign of t r e a t m e n t p l a n t s . T h i s 
involves d e v e l o p m e n t of f u n d a m e n t a l des ign i n f o r m a t i o n f rom l a b o r a t o r y 
scale r eac to r s . T h e a p p r o a c h ut i l ized is b a s e d m a i n l y o n t h e w o r k of E c k e n 
felder a n d assoc ia tes . 

T h e ac t iva ted s ludge p rocess h a s been deve loped as a c o n t i n u o u s o p e r a t i o n 
by recycl ing t he b io logica l s ludge . A flow d i a g r a m of th is c o n t i n u o u s p r o c e s s 
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Fig. 5.1. Conventional activated sludge process, 
definition of symbols.) 

(See Table 5.1 for a 

is s h o w n in F ig . 5 .1 . Al l i m p o r t a n t p rocess va r iab les a r e i nd i ca t ed in F ig . 5.1 
a n d defined in T a b l e 5 .1 . T h e s e s h o u l d be carefully e x a m i n e d b y t h e r eade r . 

In F ig . 5 .1 , c o m p o s i t i o n s of t he different s t r e a m s ( n u m b e r e d 1-7) a r e 
c h a r a c t e r i z e d by th ree types of c o n c e n t r a t i o n s : 

1. Concentration of soluble BOD. D e n o t e d by the s y m b o l Si9 w h e r e 
subsc r ip t i refers t o t he specific s t r eam u n d e r c o n s i d e r a t i o n , as i nd ica t ed in 
T a b l e 5 .1 . So lub le B O D c o m p r i s e s ma in ly c a r b o n a c e o u s ma te r i a l s in so lu t i on . 

2. Concentrations of volatile suspended solids (VSS). T h e s e a r e d e n o t e d 
by s y m b o l XVii9 w h e r e subscr ip t ν s t a n d s for vola t i le , a n d subsc r ip t / refers t o 
t he specific s t r e a m in ques t i on ( T a b l e 5.1). VSS c o r r e s p o n d t o t he b io logica l 
s ludge , cons t i t u t ed by the h e t e r o g e n e o u s p o p u l a t i o n of m i c r o o r g a n i s m s . 
E x p e r i m e n t a l d e t e r m i n a t i o n of VSS is p e r f o r m e d by m e a s u r i n g the loss of 
weight of t o t a l s u s p e n d e d so l ids (TSS) , after i nc ine ra t ion in a l a b o r a t o r y oven 
a t 600°C. T h i s loss of weigh t c o r r e s p o n d s m a i n l y t o vo la t i l i za t ion of b i o 
logical s ludge . R e m a i n i n g sol ids after i n c i n e r a t i o n a t 600°C a re referred t o 
as nonvo la t i l e s u s p e n d e d sol ids . The i r n a t u r e is d i s t inc t f r o m t h o s e in t he 
b io logica l s ludge , be ing cons t i t u t ed of n o n l i v i n g m a t t e r of b o t h i n o r g a n i c a n d 
o r g a n i c n a t u r e . 

3. Concentrations of nonvolatile suspended solids (NVSS). T h e s e a r e 
d e n o t e d by s y m b o l XNVfi, w h e r e NV s t a n d s for nonvo la t i l e , a n d / refers t o 
t h e specific s t r eam in ques t i on . 
The re fo re 

TSS = VSS + NVSS 

Total suspended solids = Volatile suspended solids + Nonvolati le suspended solids 
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TABLE 5.1 
Definition of Symbols Used in Fig. 5.1 

Key 
For suspended solids double subscripts are utilized, e.g., XVt t , XNv,i> 
The first subscript (v or NV) designates volatile and nonvolatile suspended solids, 

respectively. The second subscript (/) refers to the specific stream in question: 
F, fresh feed [stream 1] 
0, combined feed [stream 2] 
a, reactor effluent [stream 3] 
e, net effluent [stream 4 ] 
u, underflow from secondary clarifier [stream 5] 

Symbols 
1. F low rates 

QF, fresh feed; M G D (million gallons per day) [stream 1] 
QR, recycle; M G D [stream 7] 
r, recycle ratio; dimensionless (r = QRIQF) 
Q, combined feed; M G D ; Q = QF + QR = QF(l +/-) [stream 2] 

( M G D of combined feed = M G D of reactor effluent, i.e., β [stream 2] = β 
[stream 3]) 

β ' , net effluent; M G D [stream 4] 
Q\ wastage; M G D [stream 6] (Not ice that QF = β ' + β " ) 
β „ , clarifier underflow; M G D ; β„ = β " + β * = Q" + rQF [stream 5] 

2. Concentrations (mg/liter) o f soluble B O D 
SFi soluble B O D of fresh feed 
S0, soluble B O D of combined feed 
Sei soluble B O D of effluent 

3. Concentrations (mg/liter) of volatile suspended solids (VSS) 
A V . F , VSS in fresh feed 
X V T 0 9 VSS in combined feed 
Xv.a, VSS in reactor. This also is equal to concentration of VSS in reactor effluent 
Xv,u, VSS in secondary clarifier underflow 
XVttt VSS in net effluent (take Xv,e » 0) 

4. Concentrations (mg/liter) of nonvolatile suspended solids (NVSS) 
XHV.F, N V S S in fresh feed 
XNV,o, N V S S in combined feed 
Xsv.a, N V S S in reactor (XNV.a = XNV.o)- This also equals concentration of N V S S 

in reactor effluent 
XNV.u, N V S S in secondary clarifier underflow 
XNV.O N V S S in net effluent 

5. Wastage (lb/day) 
AXV, net yield of MLVSS in reactor (wastage of MLVSS) 
AXNV, wastage of N V S S 
AXt, total sludge yield: AXt = AXV+AXNV + QFXV,F 

6. Reactor volume 
K, reactor volume, M G (million gallons) 
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A desc r ip t ion o f t h e flowsheet i n F ig . 5.1 fo l lows, w i t h e m p h a s i s o n c o n c e n 
t r a t i o n s of (1) so lub le B O D , (2) vola t i le s u s p e n d e d sol ids , a n d (3) n o n v o l a t i l e 
s u s p e n d e d sol ids for t h e different s t r e a m s . 

1. Soluble BOD. F r e s h feed, i .e., t h e w a s t e w a t e r t o b e t r e a t e d [ s t r e a m 1 ] , 
en te r s t h e p rocess w i t h a va lue of so lub le B O D d e n o t e d a s SF. P u r p o s e of t h e 
t r e a t m e n t is t o r e d u c e this va lue t o Se (effluent B O D in s t r e a m 4) b y o x i d a t i o n 
t h r o u g h a e r o b i c b io logica l d e g r a d a t i o n o f o r g a n i c m a t t e r in t h e w as t ew a t e r . 

I n t h e c o n v e n t i o n a l ac t iva ted s ludge p rocess , a r e d u c t i o n o f so lub le B O D 
t o 5 - 1 0 % of its va lue in t h e fresh feed is usua l ly a c c o m p l i s h e d , i.e., Se = 5 - 1 0 % 
of SF. T h i s m e a n s a so lub le B O D r e m o v a l efficiency of 9 0 - 9 5 % . 

F r e s h feed is c o m b i n e d w i t h recycled s ludge [ s t r e a m 7 ] a n d en t e r s t h e 
a e r a t o r ( c o m b i n e d feed, s t r e a m 2). Bio logica l s ludge is c o n t i n u o u s l y f o r m e d 
in t h e a e r a t o r . I t is usua l ly des i rab le t o o p e r a t e t h e r e a c t o r a t s t eady s ta te a n d 
u n d e r c o m p l e t e mix ing c o n d i t i o n s . T h e s e t w o a s s u m p t i o n s a r e m a d e in m o s t 
m a t h e m a t i c a l m o d e l s hence . C o n c e n t r a t i o n of so lub le B O D in t h e r e a c t o r 
l i quo r is d e n o t e d as Se. U n d e r s t eady s ta te a n d c o m p l e t e m i x i n g c o n d i t i o n s 
t h e c o n c e n t r a t i o n of so lub le B O D in r e a c t o r effluent [ s t r e a m 3 ] a l so e q u a l s Se. 

R e a c t o r effluent en te r s t he s e c o n d a r y clarifier as i nd i ca t ed in F ig . 5 .1 . 
C o n c e n t r a t i o n of so lub le B O D is t h e s a m e in clarif ier under f low [ s t r e a m 5 ] 
a n d ne t effluent [ s t r e a m 4 ] , i.e., Se. Clarif ier unde r f low is spli t i n t o t w o 
s t r e a m s : w a s t a g e [ s t r e a m 6 ] a n d recycled s ludge [ s t r e a m 7 ] . F o r b o t h these 
s t r e a m s , t h e c o n c e n t r a t i o n of so lub le B O D h a s t h e s a m e va lue , Se. T h e 
recycled s ludge s t r e a m is t h e n c o m b i n e d w i t h fresh feed t o f o r m t h e c o m b i n e d 
feed. C o n c e n t r a t i o n of so lub le B O D in c o m b i n e d feed, d e s i g n a t e d a s S09 is 
ca lcu la ted b y a ma te r i a l b a l a n c e a t t h e j u n c t i o n p o i n t o f s t r e a m s 1, 2, a n d 7. 
T h i s b a l a n c e is wr i t t en in Sec t ion 7.3. 

2 . Volatile suspended solids (VSS). A t s t eady s ta te , c o n c e n t r a t i o n o f 
b io logica l s ludge in t h e r e a c t o r is k e p t c o n s t a n t a t all t imes . I n t h e c o n v e n 
t i o n a l ac t iva t ed s ludge p roces s th is c o n c e n t r a t i o n , de s igna t ed as Xva9 w h e r e 
t h e s econd subsc r ip t a refers t o t h e a e r a t o r , is usua l ly selected b e t w e e n 2000 
a n d 3000 mg/ l i te r . Since c o m p l e t e m i x i n g c o n d i t i o n s a r e p o s t u l a t e d t o exist in 
t he r eac to r , vola t i le s u s p e n d e d sol ids in it a r e re fer red t o as M L V S S (mixed 
l i q u o r vola t i le s u s p e n d e d sol ids) . S imi lar ly , n o n v o l a t i l e s u s p e n d e d sol ids in 
t h e r eac to r , be ing a l so comple t e ly m i x e d , a r e refer red t o a s M L N V S S (mixed 
l i q u o r nonvo la t i l e s u s p e n d e d sol ids) . T o t a l s u s p e n d e d so l ids in t h e r e a c t o r 
a r e des igna ted as M L T S S (mixed l i q u o r t o t a l s u s p e n d e d sol ids) . 
The re fo re 

MLTSS = MLVSS + M L N V S S 

Mixed liquor total suspended solids = mixed liquor volatile suspended solids 

+ mixed l iquor nonvolati le suspended solids 
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C o n c e n t r a t i o n of V S S in fresh feed ( X V , F ) * s negl igible in m a n y cases , s ince 
n o app rec i ab l e a m o u n t of a e r a t i o n h a s t a k e n p lace a t t h i s s tage . VSS is p r o 
d u c e d c o n t i n u o u s l y in t he a e r a t o r , o w i n g t o synthes is of b i o l o g i c a l m a t t e r , 
a n d w i t h d r a w n c o n t i n u o u s l y wi th r e a c t o r effluent. 

I n o r d e r t o m a i n t a i n a c o n s t a n t c o n c e n t r a t i o n o f M L V S S in t h e r e a c t o r , 
m o s t of t h e clarifier under f low is recycled b a c k . Recyc le r a t i o r is ca l cu la t ed 
b y m a t e r i a l b a l a n c e (Sect ion 7.2) in o r d e r t o m a i n t a i n a c o n s t a n t selected 
c o n c e n t r a t i o n XVta o f M L V S S wi th in t h e r e a c t o r a t all t imes . O w i n g t o 
syn thes i s of b io logica l m a t t e r t he re is a net yield of M L V S S in t h e r e a c t o r 
(AXV, l b /day ) . The re fo re t o m a i n t a i n c o n s t a n t c o n c e n t r a t i o n o f M L V S S in 
t h e r e a c t o r a t all t imes , it is necessa ry t o r e m o v e f rom t h e sys tem a m a s s of 
M L V S S ( lb /day) e q u a l t o th is ne t yield AXV. T h i s is d o n e b y w a s t a g e of s ludge 
[ s t r e a m 6 ] . A l t h o u g h c o n t i n u o u s w a s t a g e is i nd i ca t ed in F ig . 5 .1 , in p rac t i ce 
i t is usua l ly a n i n t e r m i t t e n t o p e r a t i o n . I t is s imple r t o wr i t e m a t e r i a l ba l ances 
for a s t eady s ta te o p e r a t i o n ; t h u s c o n t i n u o u s w a s t a g e is a s s u m e d in t h e 
r e m a i n d e r of th is c h a p t e r . I n t e r m i t t e n t w a s t a g e imp l i e s t h e a s s u m p t i o n o f 
u n s t e a d y s ta te o p e r a t i o n . Since t h e w a s t a g e s t r e a m is usua l ly smal l by c o m 
p a r i s o n wi th t h e recycle, a s s u m p t i o n of c o n t i n u o u s w a s t a g e d o e s n o t i n t r o d u c e , 
in genera l , a n a p p r e c i a b l e e r r o r in t h e overa l l ma te r i a l ba l ance . C o n c e n t r a t i o n 
of VSS in t he r e a c t o r effluent [ s t r e a m 3 ] is a l so Xv$a, s i n c e c o m p l e t e m i x i n g 
a n d s teady s ta te c o n d i t i o n s a r e a s s u m e d . 

R e a c t o r effluent flows i n t o t h e s e c o n d a r y clarifier. U n d e r f l o w f rom t h e 
la t te r [ s t r e a m 5] is a s lur ry c o n t a i n i n g a c o n c e n t r a t i o n of V S S des igna t ed as 
Xv,u (Xv,u > Xv,a)> T h e va lue of XVtU is selected b y t h e des igner , w i t h clarifier 
be ing sized t o yield th is specified va lue . Usua l l y XVtU is selected be tween 10,000 
a n d 15,000 mg/ l i t e r o f M L V S S . C o n c e n t r a t i o n s of V S S in w a s t a g e a n d r e 
cycled s ludge a r e a l so e q u a l t o XVtU. I n t h e ne t effluent f rom t h e s e c o n d a r y 
clarifier, c o n c e n t r a t i o n of V S S (XVt6) is neglec ted in d e v e l o p m e n t o f m a t e r i a l 
ba l ances in th is c h a p t e r . T h i s impl ies t h a t c o m p l e t e s e p a r a t i o n of V S S is 
a s s u m e d t o t a k e p lace in t h e s e c o n d a r y clarifier ( i .e . , XVfC « 0) . T h i s is usua l ly 
a g o o d a s s u m p t i o n . C o n c e n t r a t i o n of V S S in c o m b i n e d feed, XVt0, is ca l 
cu l a t ed by a m a t e r i a l b a l a n c e a t t he j u n c t i o n p o i n t of s t r e a m s 1, 2, a n d 7. T h i s 
b a l a n c e is w r i t t e n in Sec t ion 4 .5 . 

3. Nonvolatile suspended solids (NVSS). C o n c e n t r a t i o n of M L N V S S in 
t h e a e r a t o r is d e n o t e d as XNVta a n d is e q u a l t o t h o s e in b o t h c o m b i n e d feed 
a n d r e a c t o r effluent. Th i s is so because c o m p l e t e mix ing is a s s u m e d a n d the re 
is n o p r o d u c t i o n of N V S S in t h e a e r a t o r (un l ike t h e ne t yield of VSS) . 
T h u s 

XNV,c = XNV,o 

C o n c e n t r a t i o n of N V S S in fresh feed is des igna ted as XNVtF a n d t h a t in t h e 
recycled s ludge as XNV,U ( s ame as in under f low f rom s e c o n d a r y clarif ier) . I n 
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t he c o m b i n e d feed th is c o n c e n t r a t i o n is d e n o t e d as X N V T 0 a n d is ca l cu la t ed by 
a m a t e r i a l b a l a n c e w h i c h is wr i t t en in Sec t ion 4 .5 . 

S o m e of the N V S S in t h e r e a c t o r effluent is a l so s e p a r a t e d by s e d i m e n t a t i o n 
in the s e c o n d a r y clarifier. C o n c e n t r a t i o n of N V S S in clarifier unde r f low is 
d e n o t e d as X N V T U a n d t h a t in ne t effluent a s X N V > E . 

In w a s t e d s ludge , bes ides t h e A X V l b / d a y of V S S the r e is a l s o s o m e n o n 
vola t i le s ludge ( A X N V l b /day ) r e su l t ing f r o m pa r t i a l s e d i m e n t a t i o n of N V S S 
in t h e s e c o n d a r y clarifier. I n a d d i t i o n , t he r e is t h e b io log ica l s ludge i n t r o d u c e d 
c o n t i n u o u s l y wi th the fresh feed ( Q F X V , F ) - F r e q u e n t l y , t e r m Q F X V , F * S 

negligible since X V F is usua l ly very smal l . T o t a l s ludge was ted , A X T l b / d a y , 
i s [ E q . ( 5 . 1 ) ] 

AXT = AXV + A X N V + QF XV, F (5.1) 

Respec t ive c o n c e n t r a t i o n s of VSS , N V S S , a n d so lub le B O D a re t h e s a m e for 
clarifier under f low, w a s t a g e s t r e a m , a n d recycle s ludge , be ing d e n o t e d , 
respect ively, as X V T U , X N V T U , a n d S E . 

In s u m m a r y , c o n c e n t r a t i o n s of VSS , N V S S , a n d so lub le B O D in c o m b i n e d 
feed ( X V > 0 , X N V > 0 , a n d S 0 , respect ively) a r e o b t a i n e d by m a t e r i a l b a l a n c e s 
a r o u n d the j u n c t i o n p o i n t of fresh feed a n d recycled s ludge s t r e a m s . T h e s e 
m a t e r i a l b a l a n c e s a r e wr i t t en in Sec t ions 4 .5 a n d 7 .3 . 

F r o m a n overa l l b a l a n c e for t h e w a s t e w a t e r [ E q . (5 .2 ) ] , 

QF = ΰ + β " (5.2) 

W a s t e w a t e r flows a r e usua l ly expressed in mi l l ions of ga l lons pe r d a y ( M G D ) . 
Recycle r a t i o r is defined a s 

r = QR/QF = recycle wastewater, MGD/fresh wastewater, M G D (5.3) 

Λ QR = rQF (5.4) 

S ince c o m b i n e d feed Q is equa l t o fresh feed plus recycle, 

Q = QF + Q R = QF(\+r) (5.5) 

H e n c e , t he dens i ty of all l i quo r s t r e a m s in F ig . 5.1 is a s s u m e d e q u a l t o t h a t 
o f w a t e r a t a m b i e n t t e m p e r a t u r e (8.34 lb /ga l ) .* T h i s is a g o o d a p p r o x i m a t i o n 
since relat ively d i lu t e a q u e o u s so lu t ions a r e involved . 

2. Mathemat i ca l Model ing of 
Act ivated S ludge P rocess 

I t is des i rab le t o p o r t r a y this p rocess by a m a t h e m a t i c a l m o d e l a n d t h e n t o 
d e t e r m i n e p a r a m e t e r s ut i l ized in m a t h e m a t i c a l e q u a t i o n s f rom e x p e r i m e n t a l 
d a t a o b t a i n e d u t i l iz ing a series of b e n c h sca le l a b o r a t o r y r eac to r s . R e l a t i o n 
ships wh ich a r e pe r t i nen t t o t he d e v e l o p m e n t of th is m a t h e m a t i c a l m o d e l fall 

* This value is approximate ly 10.0 lb/gal when imperial gal lons a re utilized. 
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i n t o t h r ee g r o u p s : (1) k ine t ics r e l a t i o n s h i p s ; (2) m a t e r i a l b a l a n c e r e l a t i o n 
s h i p s — m a t e r i a l b a l a n c e for d e t e r m i n a t i o n o f oxygen u t i l i za t ion a n d of n e t 
yield of M L V S S ; a n d (3) r e l a t i onsh ip for o p t i m u m set t l ing c o n d i t i o n s o f 
s ludge . 

3. Kinetics Rela t ionships 

3.1. I N T R O D U C T I O N 

S t u d y of k ine t i c s of a e r o b i c b io logica l t r e a t m e n t yields t h e r a t e a t w h i c h 
m i c r o o r g a n i s m s d e g r a d e a specific was t e , a n d the re fore p r o v i d e s t h e bas i c 
i n f o r m a t i o n r equ i r ed for sizing b io log ica l a e r o b i c r e a c t o r s . T h i s s t u d y is 
conven ien t ly p e r f o r m e d in a l a b o r a t o r y scale b a t c h r eac to r . F i g u r e 5.2 s h o w s 

Fig. 5.2. Batch reactor. 

a d i a g r a m of fou r un i t s o p e r a t i n g in pa ra l l e l , e ach wi th a capac i ty of a p p r o x i 
ma te ly 2.0 li ters [ 3 ] . R e a c t o r s a r e bu i l t of p lexiglass . W a s t e w a t e r c o n t a i n i n g 
a seed of m i c r o o r g a n i s m s * is i n t r o d u c e d i n t o t he r eac t o r s , a n d c o m p r e s s e d 
a i r is b l o w n i n t o t h e sys tem. T h e b io logica l s ludge ( M L V S S ) is k e p t in a s ta te 
o f c o m p l e t e m i x i n g d u e t o ag i t a t i on p r o v i d e d by a i r b l o w n i n t o t h e sys tem. 

* Seed is either a mass of biological sludge taken from an operating activated sludge 
plant, or settled sewage. 
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B O D of w a s t e w a t e r (o r C O D , T O D , T O C ) is d e t e r m i n e d a t selected t i m e 
in te rva ls by w i t h d r a w i n g s a m p l e s for t he ana lys i s . T h e m a s s of a c c u m u l a t e d 
b io log ica l s ludge ( M L V S S ) is a l so d e t e r m i n e d a t these s a m e t i m e in t e rva l s b y 
m e a s u r i n g t h e c o n c e n t r a t i o n of M L V S S in w i t h d r a w n s a m p l e s a n d r e a d i n g 
the v o l u m e o f l i q u o r in t h e r e a c t o r as i n d i c a t e d by t h e v o l u m e scale. Typ ica l 
cu rves for dec rease of B O D a n d v a r i a t i o n of t h e a m o u n t of M L V S S w i t h t i m e 
a r e p r e sen t ed in F ig . 5.3. 

Fig. 5.3. Typical BOD and ML VSS curves for a batch reactor. 

B O D of t h e was t ewa te r , w h i c h is a m e a s u r e o f o r g a n i c b i o d e g r a d a b l e 
m a t t e r c o n c e n t r a t i o n , decreases wi th t i m e as t h e o r g a n i c m a t t e r is ox id ized . 
A p l a t e a u is even tua l ly r e a c h e d c o r r e s p o n d i n g t o t h e a m o u n t o f n o n b i o 
d e g r a d a b l e m a t t e r (Sn). 

C o n c e n t r a t i o n of M L V S S increases a t first ( f rom t i m e 0 t o t i m e i x ) d u r i n g 
t h e p e r i o d w h e n a subs t an t i a l c o n c e n t r a t i o n of s u b s t r a t e (relat ivley h i g h B O D ) 
is p r e sen t t o p r o v i d e a b u n d a n t food t o sus ta in g r o w t h of m i c r o o r g a n i s m s . 
T h i s g r o w t h c o r r e s p o n d s t o t h e synthes is of n e w m i c r o o r g a n i s m cells , 
i nd ica t ed in F ig . 5.3 as " s y n t h e s i s p h a s e . " Af te r t i m e tx w h e n s u b s t r a t e c o n 
c e n t r a t i o n is cons ide r ab ly dep le ted , t h e r e is n o t e n o u g h food left t o sus ta in 
g r o w t h of m i c r o o r g a n i s m s . A t th is t ime , m i c r o o r g a n i s m s s t a r t c o n s u m i n g 
the i r " fe l low m i c r o o r g a n i s m s " as food . A s th is " c a n n i b a l i s t i c f e a s t " p r o c e e d s , 
c o n c e n t r a t i o n of M L V S S d r o p s w h e n t h e r a t e of d e s t r u c t i o n of m i c r o 
o r g a n i s m cells exceeds t h a t o f syn thes i s of n e w cells. T h i s c o r r e s p o n d s t o t h e 
" e n d o g e n o u s r e sp i r a t i on p h a s e . " T h e m a x i m u m o n t h e M L V S S c u r v e c o r r e 
s p o n d s t o t i m e t l 9 w h e n these t w o ra t e s a r e exact ly e q u a l . D i s t a n c e AX 
c o r r e s p o n d s t o t h e net r e d u c t i o n of M L V S S c o n c e n t r a t i o n f rom tx t o r 2 -

T h e r e a r e t w o f u n d a m e n t a l differences b e t w e e n o p e r a t i o n of c o n t i n u o u s 
(F ig . 5.1) a n d b a t c h r eac to r s (F ig . 5.2): (1) C o n t r a r y t o w h a t h a p p e n s in t h e 
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b a t c h r eac to r , B O D of t h e w a s t e w a t e r in t h e c o n t i n u o u s r e a c t o r o p e r a t i n g a t 
s t eady s ta te c o n d i t i o n s r e m a i n s c o n s t a n t (Se). T h i s c o r r e s p o n d s genera l ly t o 
a l o w s u b s t r a t e c o n c e n t r a t i o n , s ince t h e b io log ica l r e a c t o r is usua l ly des igned 
for r e m o v i n g m o s t of t h e inf luent B O D . (2) C o n t r a r y t o w h a t h a p p e n s in t h e 
b a t c h r eac to r , c o n c e n t r a t i o n of M L V S S in t he c o n t i n u o u s r e a c t o r o p e r a t i n g 
a t s t eady s ta te is k e p t c o n s t a n t (XVta) a t a selected va lue . M a i n t e n a n c e o f th i s 
c o n s t a n t Xv>a is o b t a i n e d by p r o v i d i n g t h e ca lcu la ted a m o u n t of c o n c e n t r a t e d 
r e t u r n s ludge . T h e m a t e r i a l b a l a n c e for M L V S S , necessary t o a r r ive a t r e q u i r e d 
recycle r a t i o for th is p u r p o s e , is p r e sen t ed in Sec t ion 7.2. 

K i n e t i c d a t a o b t a i n e d f r o m t h e b a t c h r e a c t o r is p o r t r a y e d by t h e M i c h a e l i s -
M e n t e n r e l a t i onsh ip , w h i c h is s tud ied in Sec t ion 8. T w o i m p o r t a n t c o r o l l a r i e s 
of th is r e l a t i onsh ip a r e p o s t u l a t e d nex t , t h e s econd o n e b e i n g ut i l ized for 
des ign of t he c o n t i n u o u s b io log ica l r eac to r . 

1. A t h igh subs t r a t e c o n c e n t r a t i o n s , B O D r e m o v a l fol lows z e r o - o r d e r 
k ine t ics . T h i s m e a n s t h a t t h e r a t e o f r e m o v a l is essent ia l ly c o n s t a n t , i n d e 
p e n d e n t of subs t r a t e c o n c e n t r a t i o n . T h i s s i t ua t ion is f o u n d in ear ly s tages o f 
t h e b a t c h r e a c t o r o p e r a t i o n , w h e n s u b s t r a t e c o n c e n t r a t i o n is still very h igh 
(h igh B O D ) . T h i s c o r r e s p o n d s t o t h e sec t ion of t h e B O D cu rve (F ig . 5.3) f r o m 
t i m e z e r o t o a p p r o x i m a t e l y t i m e Λ I n th i s r eg ion , t h e t a n g e n t t o t h e B O D 
cu rve , w h i c h equa l s t h e r a t e of subs t r a t e r e m o v a l , co inc ides essent ia l ly w i th 
t h e c u r v e itself ( c o n s t a n t s lope) . 

2 . B O D r e m o v a l a t l ow s u b s t r a t e c o n c e n t r a t i o n s ( c o r r e s p o n d i n g t o 
B O D va lues be low 500 mg/ l i t e r ) fol lows first-order k ine t ics . T h i s m e a n s t h a t 
r a t e of r e m o v a l is p r o p o r t i o n a l t o r e m a i n i n g s u b s t r a t e c o n c e n t r a t i o n . T h i s 
c o r r e s p o n d s t o t h e sec t ion of t h e B O D curve b e y o n d t i m e t'. S lope of t h e B O D 
c u r v e (which equa l s r a t e of s u b s t r a t e r e m o v a l ) decreases wi th t ime as t h e B O D 
va lue is lowered . A p l o t o f these s lopes vs . c o r r e s p o n d i n g B O D va lues yields 
a s t r a igh t l ine r e l a t i onsh ip , w h i c h is d iscussed in Sec t ion 3.2. T h u s in th i s 
r eg ion , r a t e o f s u b s t r a t e r e m o v a l is d i rec t ly p r o p o r t i o n a l t o its c o n c e n t r a t i o n 
(f i rs t -order k inet ics) . 

3.2. F O R M U L A T I O N O F T H E C O N T I N U O U S 
R E A C T O R 

Since for t he c o n t i n u o u s r e a c t o r o p e r a t i n g subs t r a t e c o n c e n t r a t i o n s (Se) 
a r e cons ide rab ly be low 500 mg/ l i t e r ( B O D 5 ) , first-order k ine t ics is a s s u m e d 
in t h e f o r m u l a t i o n . C o n s i d e r t h e c o n t i n u o u s r e a c t o r o p e r a t i n g u n d e r s t eady 
s ta te a n d c o m p l e t e mix ing c o n d i t i o n s . Th i s s i t ua t ion is i l lus t ra ted b y F ig . 5.4. 

A s s u m i n g t h a t r a t e of s u b s t r a t e r e m o v a l dS/dt fol lows first-order k ine t ics ,* 

dSjdt = -KS (5 .6 ) 

I t is c u s t o m a r y t o express subs t r a t e r e m o v a l r a t e pe r mg/ l i t e r of M L V S S 

* Minus sign in Eq. (5.6) is required since dS/dt < 0, whereas 5 > 0. 
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Q . S 0 Q , s e Q . S 0 

V 
Q , s e Q . S 0 

* ~ - X v ,a — — 

Q , s e 

* ~ - X v ,a — — 

Fig. 5.4. Simplified diagram for continuous reactor. 

presen t in t h e r eac to r . Le t Χυα be th i s M L V S S c o n c e n t r a t i o n . E q u a t i o n (5.6) 
is t h e n rewr i t t en 

(\IXv,a)(dSldt) = -kS 

T h e r e l a t i o n s h i p be tween Κ a n d k is 

F r o m E q . (5.7) 

Κ = kXv 

dS/dt = -kXv,aS 

(5.7) 

(5.8) 

(5.9) 

k is t he s u b s t r a t e r e m o v a l r a t e c o n s t a n t . F o r t i m e t e q u a l t o res idence t i m e in 
t h e c o n t i n u o u s r eac to r , c o n c e n t r a t i o n S c o r r e s p o n d s t o 5 e , a n d E q . (5.9) 
b e c o m e s 

(dS/dt)cont. f a c t o r = ~ kXVt a Se (5.10) 

T h e fo l lowing ma te r i a l b a l a n c e for s u b s t r a t e is wr i t t en for t h e r e a c t o r in 
F ig . 5.4. 

Change of substrate in reactor = increase due to influent flow 

- decrease due to effluent flow 

- decrease due to reaction (5.11) 

U n d e r s t eady s ta te c o n d i t i o n s , 

Change of substrate in reactor = 0 (5.12) 

Increase due to influent flow = QSQ (5.13) 

a n d 

Decrease due to effluent flow = QSe (5.14) 

A c c o r d i n g to E q . (5.10) , t he decrease in t h e a m o u n t of s u b s t r a t e d u e t o t h e 
r eac t ion is kXvaSe [ m i n u s sign a l r e a d y i nc luded in E q . (5 .11) ] . Before s u b 
s t i tu t ing in E q . (5.11) this va lue is mul t ip l i ed by r e a c t o r v o l u m e Vy s ince 
kXv aSe r ep resen t s decrease pe r u n i t v o l u m e . 

Decrease due to reaction = kXVtaSeV (5.15) 
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Subs t i t u t i on of va lues g iven b y E q s . (5 .12)- (5 .15) in E q . (5.11) yields after 
m a n i p u l a t i o n 

(QIV)l(S.-S.)IX9.J = kS. (5.16) 

H o w e v e r , 

t = VIQ = 
Mgal 

(Mgal/day) 

C o n s e q u e n t l y , E q . (5.16) is 

(S0-Se)IX0tat = kSe 

= day = residence time (/) in the reactor (5.17) 

(5.18) 

T e r m (S0-~Se)/XVtat w h i c h a l so a p p e a r s in o t h e r f o r m u l a t i o n s is t h e s u b 
s t ra te r e m o v a l r a t e . I t c o r r e s p o n d s t o r a t e of r e m o v a l of s u b s t r a t e in t h e 
c o n t i n u o u s r e a c t o r pe r mg/ l i t e r o f M L V S S presen t . U n i t s a r e 

(S0-Se)IXv,at = 
mg/liter of B O D removed 

(mg/liter of MLVSS) (day) 

= mg B O D removed/(day)(mg MLVSS) 

= lb B O D removed/(day)(lb MLVSS) 

ω co 
5 

Equation: 

( V S e ) / X v , a t = k S e (5.18) 

Reactor No. 2 

•Reactor No. 3 

-Reactor No. 4 

Se;mg/liter (effluent) 

Fig. 5.5. Graphical determination of k (four continuous lab scale reactors). 
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E q u a t i o n (5.18) ind ica tes t h a t t h e s u b s t r a t e r e m o v a l r a t e is p r o p o r t i o n a l t o 
s u b s t r a t e c o n c e n t r a t i o n Se ( f i rs t -order k ine t ics ) . S u b s t r a t e r e m o v a l r a t e c o n 
s t an t k ( d a y - 1 ) is d e t e r m i n e d a c c o r d i n g t o E q . (5.18) f r o m a p l o t of 
(S0-Se)/XVtat vs . Se. F i g u r e 5.5 s h o w s a g r a p h o f d a t a o b t a i n e d f r o m four 
c o n t i n u o u s l a b o r a t o r y r e a c t o r s o p e r a t i n g a t s t eady s ta te c o n d i t i o n s . A 
n u m e r i c a l a p p l i c a t i o n is p r e s e n t e d in Sec t ion 6.4 ( E x a m p l e 5.5). 

D a t a p l o t t e d in F ig . 5.5 yield a s t r a igh t l ine pas s ing t h r o u g h t h e or ig in , 
a s s u m i n g appl icab i l i ty of t h e m a t h e m a t i c a l m o d e l in E q . (5.18). T h e le f t -hand 
m e m b e r , (S0 — Se)/XVfat, van i shes as t a p p r o a c h e s infinity (infinite r es idence 
t ime) . C o n s e q u e n t l y , t e r m Se in t h e r i g h t - h a n d m e m b e r a p p r o a c h e s z e r o 
since k Φ 0. T h i s c o r r e s p o n d s t o complete r e m o v a l of subs t r a t e , w h i c h is n o t 
a lways t h e case since s o m e subs t r a t e s c a n n o t b e comple t e ly d e g r a d e d b y t h e 
a e r o b i c b io log ica l p rocess , even a t infini te res idence t i m e . I n these cases , t h e 
s t r a igh t l ine cu t s t h e absc issa a t a va lue o f Se > 0 c o r r e s p o n d i n g t o t h e c o n 
c e n t r a t i o n of n o n b i o d e g r a d a b l e m a t t e r . A n e x a m p l e of th i s s i t ua t i on is s h o w n 
in F ig . 5.14 (Sec t ion 6.4, E x a m p l e 5 .5) . 

W h e n n o n b i o d e g r a d a b l e m a t t e r is p r e sen t , E q . (5 .18) is modi f i ed t o 
E q . (5.19) . 

(S.-SJIX9.mt = k(Se-Sn) (5.19) 

w h e r e Sn is t h e c o n c e n t r a t i o n o f n o n b i o d e g r a d a b l e m a t t e r . 

4. Mater ial Balance Rela t ionships 
4.1. D E S I G N P A R A M E T E R S C O R R E S P O N D I N G 

TO NET Y I E L D OF M L V S S A N D O X Y G E N 
R E Q U I R E M E N T S FOR A E R O B I C B I O L O G I C A L 
D E G R A D A T I O N OF W A S T E S 

4.1.1. Introduction: Mechan ism of Aerobic 
Biological Degradation 

A c c u m u l a t i o n of M L V S S a n d u t i l i za t ion o f oxygen a r e t w o i m p o r t a n t 
e l emen t s n e e d e d for des ign of a e r o b i c b io log ica l r e a c t o r s . T o o b t a i n m a t h e 
ma t i ca l m o d e l s w h i c h yield these t w o va lues , several des ign p a r a m e t e r s 
de s igna t ed b y s y m b o l s a', a,a,b, a n d V a r e def ined in th is sec t ion . T h e a p p r o a c h 
fo l lowed is t h a t p r o p o s e d b y Eckenfe lder a n d assoc ia tes [ 1 - 3 ] . 

E v a l u a t i o n of these p a r a m e t e r s is a c c o m p l i s h e d b y us ing b e n c h scale 
c o n t i n u o u s b io log ica l r e a c t o r s (Sect ion 6). I n t h e d i scuss ion w h i c h fo l lows , 
n u m e r i c a l va lues for these p a r a m e t e r s a r e ut i l ized for c lar i f ica t ion of s o m e 
concep t s . T h e s e va lues a r e o b t a i n e d b y t e c h n i q u e s d iscussed in Sec t ion 6. 

T o a r r ive a t t h e def ini t ion of these p a r a m e t e r s , t h e bas ic m e c h a n i s m of 
a e r o b i c d e g r a d a t i o n of a s u b s t r a t e m u s t b e u n d e r s t o o d . C o n s i d e r t h a t a s u b 
s t ra te is c h a r g e d t o a b a t c h r e a c t o r (F ig . 5.2), a n d t h a t cu rves for B O D 
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r e m o v a l a n d M L V S S c o n c e n t r a t i o n a r e o b t a i n e d (F ig . 5.3). F o r c lar i f ica t ion, 
t a k e t h e h y p o t h e t i c a l case of p u r e l ac tose as subs t r a t e . A s s u m e t h a t a l ac tose 
s o l u t i o n is c h a r g e d t o t h e b a t c h r e a c t o r w i th a seed o f m i c r o o r g a n i s m , a n d 
t h a t c o m p r e s s e d a i r is b u b b l e d t h r o u g h t h e so lu t ion . Le t in i t ia l c o n c e n t r a t i o n 
o f l ac tose be e q u a l t o 1050 mg/ l i t e r . S u p p o s e t h a t af ter a t i m e t th i s c o n c e n 
t r a t i o n is r e d u c e d t o 50 mg/ l i te r . T h u s subs t r a t e r e m o v e d is 1050— 50 = 1000 
mg/ l i t e r . A s s u m e t h a t T h O D is ut i l ized as a m e a s u r e of lac tose c o n c e n t r a t i o n . * 
T h e chemica l e q u a t i o n c o r r e s p o n d i n g t o T h O D for l ac tose is [ E q . ( 5 . 2 0 ) ] f 

( C H 2 0 ) + 0 2 -» C 0 2 + H 2 0 (5.20) 

Molecular weight: 30 32 

T h u s , t h e in i t ia l T h O D of t h e so lu t ion is (32/30) χ 1050 = 1120 mg/ l i t e r . 
Af ter t i m e t, r e m a i n i n g T h O D is (32/30) χ 50 = 53.3 mg/ l i t e r . The re fo re , 
T h O D r e m o v e d is 

1 1 2 0 - 53.3 = 1066.7 mg/liter 
o r 

(32/30) ( 1 0 5 0 - 5 0 ) = 1066.7 mg/liter (5.21) 

T h u s , T h O D a n d s u b s t r a t e r e m o v e d a r e p r o p o r t i o n a l , t he p r o p o r t i o n a l i t y 
c o n s t a n t be ing 32/30 = 1.07. Since T h O D is co r r e l a t ed t o C O D , B O D , e tc . , 
o n e m a y a l so express s u b s t r a t e r e m o v a l in t e r m s of these p a r a m e t e r s . 

Substrate oxidation 

for energy production 
, Design parameter : a* 

End products: 
C 0 2 , H 2 0 , N 2 , P . . . 

Substrate 
(e.g. lactose) 

Synthesis 
phase 

Endogenous 
respiration 

End products: 
C 0 2 , H 2 0 , N H 3 , P 
nonbiodegradable 

products 

Synthesis 
phase 

New cells 

Endogenous 
respiration 

End products: 
C 0 2 , H 2 0 , N H 3 , P 
nonbiodegradable 

products Design 
parameters: 

New cells 
Design 

parameters: 

End products: 
C 0 2 , H 2 0 , N H 3 , P 
nonbiodegradable 

products Design 
parameters: 

Design 
parameters: 

End products: 
C 0 2 , H 2 0 , N H 3 , P 
nonbiodegradable 

products 

Fig. 5.6. Mechanism of aerobic biological degradation. 

* A s discussed in Chapter 2, T h O D is only utilized in rare cases when complete analysis 
of the wastewater is known. 

t For simplicity in Eq. (5.20), lactose is represented by one sugar unit ( C H 2 0 ) . Multiplying 
this unit by a factor of 12 one obtains 

1 2 ( C H 2 0 ) = C 1 2 H 2 2 0 „ · H 2 0 

which is the molecular formula for lactose. 
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M e c h a n i s m of a e r o b i c b io log ica l d e g r a d a t i o n o f a s u b s t r a t e is r e p r e s e n t e d 
d i a g r a m m a t i c a l l y b y F ig . 5.6. D e s i g n p a r a m e t e r s (α ' , a, a, b, a n d b') i n d i c a t e d 
in F ig . 5.6 a r e defined in Sec t ions 4 .1 .2 -4 .1 .9 . T h e s e va lues a r e ca l cu la t ed 
f r o m l a b o r a t o r y d a t a (Sec t ion 6). 

F i g u r e 5.6 ind ica tes t h a t s u b s t r a t e is r e m o v e d d u r i n g t h e b io log ica l p roces s 
in t w o w a y s . 

1. P a r t o f t h e subs t r a t e , after b e i n g c o n s u m e d as food b y m i c r o o r g a n i s m s , 
is ut i l ized t o synthes ize n e w m i c r o o r g a n i s m cells. T h i s c o r r e s p o n d s t o t h e 
synthes is p h a s e . F o r t h e lac tose e x a m p l e , th i s synthes is c o r r e s p o n d s to* 

synthesis 

5 ( C H 2 0 ) > C 5 H 7 N 0 2 (5.22) 

113 
Molecular weight: 5 χ 30 = 150 / W T , 7 0 0 . 

( M L V S S ) 

I n t e r m e d i a t e s teps in E q . (5.22) a r e c o m p l i c a t e d a n d i r re levant . T h e empi r i ca l 
f o r m u l a C 5 H 7 N 0 2 c o r r e s p o n d s t o t h e a v e r a g e c o m p o s i t i o n of M L V S S cells. 
N i t r o g e n is n e e d e d for synthes is a n d m u s t b e p r o v i d e d . F r o m t h e a p p r o x i m a t e 
empi r i ca l f o r m u l a C 5 H 7 N 0 2 i t fol lows t h a t % of n i t r o g e n in t h e M L V S S cells 
is ( 1 4 / 1 1 3 ) x 100 = 12.4%. 

2. T h e r e m a i n d e r of t h e s u b s t r a t e is ox id ized , t e r m i n a l p r o d u c t s b e i n g 
CO2 a n d H 2 0 . In t h e lac tose e x a m p l e , th i s s u b s t r a t e o x i d a t i o n c o r r e s p o n d s 
t o E q . (5.20) . T h i s t e r m i n a l o x i d a t i o n p roces s is ex t remely i m p o r t a n t in t h e 
p r o d u c t i o n of ce l lu lar energy ut i l ized by t h e cells t o m a i n t a i n t he i r n o r m a l 
func t ions , such as synthes is , r e p r o d u c t i o n , a n d mobi l i ty . A s s u m e t h a t 6 5 % of 
t h e lac tose r e m o v e d ( i .e . , 6 5 % of 1000 mg/ l i t e r = 650 mg/ l i t e r ) is d iox i zed t o 
p r o v i d e ene rgy r e q u i r e m e n t s , a n d t h a t 3 5 % (i .e . , 350 mg / l i t e r ) is u t i l ized in 
t h e synthes i s o f n e w cell m a t t e r . S ince t he r e is a p r o p o r t i o n a l i t y c o n s t a n t 
r e l a t ing s u b s t r a t e a n d T h O D r e m o v a l s [ f ac to r (32/30) in E q . (5.20) for l a c t o s e ] , 
it fo l lows t h a t 6 5 % of t h e T h O D r e m o v e d is u t i l ized for ene rgy g e n e r a t i o n 
a n d 3 5 % for syn thes i s of n e w cells. S imi la r s t a t e m e n t s a r e va l id in t e r m s of 
C O D a n d o t h e r p a r a m e t e r s defined in C h a p t e r 2 (Sec t ions 2 a n d 3). 

t Phosphorus is also utilized in the synthesis and becomes a constituent o f cell matter. 
The % of phosphorus in the MLVSS cells is approximately 2%, so a more accurate empirical 
formula for the MLVSS cells is C 5 H 7 N 0 2 / > n where η is given by (atomic weight o f 
phosphorus = 31) 

31/i/(113 + 31/i) = 2/100 

.·. η = 0.074 

or C 5 H 7 N 0 2 P o . o 7 4 - Nitrogen and phosphorus needed are provided by addition of am
monium phosphate to the wastewater, if it does not already contain the nitrogen and 
phosphorus required. 
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4.1.2. Definition of Parameter a 
(Synthesis Phase) 

Le t α b e t h e f rac t ion o f s u b s t r a t e r e m o v e d t h a t is u t i l ized for syn thes i s 
( n a m e l y , α = 0 .35 in lac tose e x a m p l e ) . D u e t o t h e p r o p o r t i o n a l i t y b e t w e e n 
r e m o v a l o f s u b s t r a t e a n d t h o s e o f T h O D , C O D , o r B O D , α a l so r ep re sen t s 
f rac t ions o f T h O D (o r C O D , B O D ) ut i l ized for synthes is o f n e w cells. 
The re fo r e , 

α = lb of substrate removed utilized for synthesis/lb of total substrate 
removed 

= lb T h O D removed for synthesis/lb of total T h O D removed (5.23) 
= lb C O D removed for synthesis/lb total C O D removed 
= lb B O D removed for synthesis/lb total B O D removed 

T h e n u m e r i c a l va lue o f α is i n d e p e n d e n t of p a r a m e t e r s u t i l i zed for express 
ing s u b s t r a t e r e m o v a l , s ince α r ep resen t s t h e f rac t ion o f s u b s t r a t e r e m o v e d 
ut i l ized for syn thes i s , a n d is t he re fo re a d imens ion l e s s q u a n t i t y . T h e s a m e 
c o n v e r s i o n fac to r for c h a n g i n g p a r a m e t e r s in w h i c h s u b s t r a t e r e m o v a l is t o 
b e expressed a p p e a r s s i m u l t a n e o u s l y in t h e n u m e r a t o r a n d d e n o m i n a t o r o f 
E q . (5.23) , a n d the re fo re cance l s o u t . 

P a r a m e t e r α does not a p p e a r in t h e final f o r m u l a t i o n of a e r o b i c p rocesses 
deve loped in Sec t ion 6. I n s t e a d p a r a m e t e r a, w h i c h is r e l a t ed t o a , is u t i l ized. 

4.1.3. Definition of Parameter a ' (Oxidation) 

Let a' b e t h e f rac t ion of s u b s t r a t e r e m o v e d u t i l ized for ene rgy p r o d u c t i o n 
(name ly , a' = 0.65 in l ac tose e x a m p l e ) . 
The re fo re , 

α + α ' = 1 . 0 (5.24) 

w h e r e 

a' = lb of substrate removed utilized for energy/lb of total substrate 
removed 

= lb T h O D removed for energy/lb total T h O D removed (5.25) 
= lb C O D removed for energy/lb total C O D removed 
= lb B O D removed for energy/lb total B O D removed 

T h e n u m e r i c a l va lue o f a' defined b y E q . (5.25) is i n d e p e n d e n t o f t h e p a 
r a m e t e r s ut i l ized for express ing s u b s t r a t e r e m o v a l . T h e s a m e o b s e r v a t i o n s 
m a d e for a a r e app l i cab l e he re . 

S U M M A R Y F o r t h e l ac tose e x a m p l e 

T o t a l subs t r a t e r e m o v e d : 1000 mg/ l i t e r 
T o t a l T h O D r e m o v e d : 3 2 / 3 0 χ 1000 = 1066.7 mg/ l i t e r . T h e s e r e m o v a l s t a k e 

p l a c e in t w o w a y s : 
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(1) S y n t h e s i s : 

5 ( C H 2 0 ) - C 5 H 7 N 0 2 

S u b s t r a t e r e m o v e d u t i l ized for syn thes i s : 

(0.35)(1000) = 350 mg/li ter 

T h O D r e m o v e d for syn thes i s : 

(0.35)(1066.7) = 373.3 mg/liter 

[ R a t i o s , 350/1000 = 373.3/1066.7 = 0.35 = a] 

(2) E n e r g y p r o d u c t i o n : 

( C H 2 0 ) + 0 2 -> C 0 2 + H 2 0 

S u b s t r a t e r e m o v e d ut i l ized for ene rgy p r o d u c t i o n : 

(0.65)(1000) = 650 mg/liter 

T h O D r e m o v e d for energy p r o d u c t i o n : 

(0.65)(1066.7) = 693.4 mg/liter 

[ R a t i o s , 650/1000 = 693.4 /1066.7 = 0.65 = α ' ] 

F r o m E q . (5.20) T h O D r e m o v e d for ene rgy p r o d u c t i o n e q u a l s t h e lb of 
oxygen ut i l ized for o x i d a t i o n of s u b s t r a t e . T h e r e f o r e t h e def ini t ion of a' (in 
t e r m s of T h O D ) given b y E q . (5.25) is r e f o r m u l a t e d as 

a' = 0 T H O D = lb of 0 2 utilized in oxidation of substrate/lb of total T h O D removed 
(5.26) 

i .e. , a' is e q u a l t o t h e lb of oxygen ut i l ized in ene rgy p r o d u c t i o n p e r lb o f t o t a l 
T h O D r e m o v e d . 

T h e r e f o r e f r o m E q . (5.26), 

lb 0 2 (for energy) = a'(lb total T h O D removed) 

= flThoD(lb total T h O D removed) (5.27) 

W r i t i n g t h e r i g h t - h a n d m e m b e r of E q . (5.27) in t e r m s of C O D , B O D , a n d T O C 
by u t i l i z ing r a t io s T h O D / C O D , T h O D / B O D , e tc . , yields 

lb 0 2 (for energy) = a\\b total C O D removed) ( T h O D / C O D ) 

= a\\b total B O D removed) (ThOD/BOD) (5.28) 

Def ine subsc r ip t va lues o f a' a s 

acoo = a ( T h O D / C O D ) (5.29) 

Λ Β Ο Ο = a ' (ThOD/BOD) (5.30) 

(where a' w i t h o u t t h e subsc r ip t s t a n d s for va lue a' = a'Th0l^). 
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C o m b i n i n g E q s . (5.27) a n d (5.28) wi th E q s . (5.29) a n d (5.30), 

lb 0 2 (for energy) = flThooOb total T h O D removed) 

= tfcoDOb total C O D removed) 

= 0BOD ( lb total B O D removed) (5.31) 

H e n c e , wheneve r p a r a m e t e r a' is ut i l ized for c a l cu l a t i on of oxygen r e q u i r e 
m e n t s , n o subsc r ip t s a r e ind ica ted . A n a p p r o p r i a t e va lue o f a' is c h o s e n t o b e 
c o m p a t i b l e wi th p a r a m e t e r s for express ing s u b s t r a t e r e m o v a l . F r o m E q . 
(5.31) it fol lows t h a t a' equa l s t h e l b o f oxygen ut i l ized for ene rgy p r o d u c t i o n 
pe r lb o f subs t r a t e r e m o v e d ( r e m o v a l in t e r m s o f T h O D , C O D , a n d T O D ) . 

U t i l i za t ion of subsc r ip t s C O D a n d B O D for a' m a y seem incons i s t en t s ince 
a! is t h o u g h t of as a r a t i o , a n d there fore i ts n u m e r i c a l va lue s h o u l d b e inde
pendent o f p a r a m e t e r s ut i l ized for expres s ing r e m o v a l . H o w e v e r , th i s i n d e 
p e n d e n c e appl ies on ly t o va lues o f a' a s defined by E q . (5.25). I n E q . (5.25) t h e 
s a m e c o n v e r s i o n fac tor for p a r a m e t e r s express ing r e m o v a l a p p e a r s s imu l 
t aneous ly in t h e n u m e r a t o r a n d d e n o m i n a t o r , a n d the re fo re cance ls o u t . F r o m 
E q . (5.31), howeve r , it fo l lows t h a t a modif ied def ini t ion of a' is be ing ut i l ized, 
i .e., 

flThOD = a' = lb 0 2 (for energy)/lb total T h O D removed (5.32) 

a'coD = lb 0 2 (for energy)/lb total C O D removed (5.33) 

aBoD = lb 0 2 (for energy)/Ib total B O D removed (5.34) 

T h e n u m e r i c a l va lue of t he n u m e r a t o r s in E q s . (5.32), (5.33), a n d (5.34) is 
t h e s a m e ( lb of oxygen ut i l ized for ene rgy r equ i r emen t s ) . V a l u e s o f d e n o m i 
n a t o r s , howeve r , va ry d e p e n d i n g o n cho ice of p a r a m e t e r s for exp re s s ing 
s u b s t r a t e r e m o v a l . C o n s e q u e n t l y , n u m e r i c a l va lues of a' f rom E q s . (5.32) , 
(5.33), a n d (5.34) a r e different f r o m each o the r . The re fo r e , u t i l i za t ion of 
subsc r ip t s is just if ied. 

F u r t h e r m o r e , only t he va lue o f a' g iven by E q . (5.32) is numer i ca l l y e q u a l 
t o t h e r a t io s defined b y E q . (5.25), i.e., a j h O D = a ' · Va lues of a' g iven b y E q s . 
(5.33) a n d (5.34) a re n o t on ly different f rom each o t h e r , b u t a l so ne i the r 
equa l s t h e f rac t ion of subs t r a t e r e m o v e d u t i l i zed in energy p r o d u c t i o n . 

4.1.4. Definition of Parameter a 
(Synthesis Phase) 

P a r a m e t e r a, r e l a t ed t o a , is def ined a s 

a = lb of MLVSS produced/lb of total substrate removed (5.35) 

C o n s e q u e n t l y , a r ep resen t s yield of b io log ica l s ludge p e r lb o f t o t a l s u b s t r a t e 
r e m o v e d . 
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T h e r e l a t i onsh ip be tween p a r a m e t e r s a a n d a is a r r ived a t by c o n s i d e r a t i o n 
o f t h e lac tose e x a m p l e [ E q . (5 .22) ] . I t is a s s u m e d t h a t 350 mg/ l i t e r ( 3 5 % of t h e 
t o t a l 1000 mg/ l i t e r o f lac tose r e m o v e d ) a r e u t i l ized for t h e synthes i s i nd i ca t ed 
by E q . (5.22). Yie ld of M L V S S is ca l cu la t ed a s 

MLVSS produced per 1000 mg of total substrate removed 

= [(0.35)(1000)] (113/150) 

= 263.7 mg/liter (5.36) 

The re fo re , f r o m E q . (5.36) o n e o b t a i n s 

a = lb MLVSS produced/lb of total substrate removed 

= [(0.35)(1000)] (113/150)/1000 = 263.7/1000 = 0.2637 (5.37) 

i.e., 263.7 mg/ l i t e r of M L V S S a r e p r o d u c e d pe r 1000 mg/ l i t e r o f l ac tose 
r e m o v e d ; t h u s a = 263 .7 /1000 = 0 .2637. 

T h e r e l a t i onsh ip be tween a a n d ά f rom E q . (5.37) for t h e lac tose e x a m p l e is 

w h e r e 113/150 is t he s to i ch iome t r i c r a t i o for E q . (5.22). S u b s t i t u t i o n o f th i s 
va lue of a in E q . (5.24) yields 

P a r a m e t e r a m a y be wr i t t en in t e r m s of t o t a l T h O D r e m o v e d . Le t a T H 0 D O E 

t h e n u m e r i c a l va lue of a expressed in th is m a n n e r . 

R a t i o a/aThOO f rom E q s . (5.35) a n d (5 .39) , t a k i n g i n t o a c c o u n t t h e s to i ch io 
me t r i c r a t i o 32/30 in E q . (5.20), is 

a/aThQD = Eq. (5.35)/Eq. (5.39) 

= lb total T h O D removed/lb total substrate removed 

a = a(l 13/150) 

.'. a = fl(150/113) 

(150/113)fl + a ' = 1.0 (5.38) 

tfThOD = lb MLVSS produced/lb of total T h O D removed (5.39) 

= 32/30 (5.40) 
o r 

a = flThoD(32/30) (5.41) 

E q u a t i o n (5.38) wr i t ten in t e r m s of % H 0 D D V u t i l iz ing E q . (5.41) is 

(150 /113) (32 /30)a T h O D + a' = 1.0 

a 

or 
1.42fl T h oD + a' = 1.0 (5.42) 

a 
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M L V S S yield (synthesis) is o b t a i n e d f rom E q . (5.39). 

lb MLVSS produced = a T h O D ( l b total T h O D removed) (5.43) 

E q u a t i o n (5.43) m a y be r ewr i t t en express ing subs t r a t e r e m o v a l i n t e r m s o f 
C O D , B O D , e tc . , by ut i l iz ing ra t ios T h O D / C O D , T h O D / B O D , e t c . : 

lb MLVSS produced = a T h o D ( l b total C O D removed) ( T h O D / C O D ) 

= 0 T h o D ( l b total B O D removed) (ThOD/BOD) (5.44) 

Def ine 

flcoo = flxnoD ( T h O D / C O D ) (5.45) 

aBoD = tfihOD (ThOD/BOD) (5.46) 

The re fo re 

lb MLVSS produced = aCOD(\b total C O D removed) 

= flBoD(lb total B O D removed) (5.47) 

N o subscr ip t s a r e ut i l ized for t h e p a r a m e t e r a hence . I t is u n d e r s t o o d t h a t 
t h e a p p r o p r i a t e va lue of p a r a m e t e r a is c h o s e n t o b e c o m p a t i b l e w i th t h e 
p a r a m e t e r s for express ing subs t r a t e r e m o v a l . 

4.1.5. A n Observation Concerning Factor 1.42 

A l t h o u g h fac tor 1.42 in E q . (5.42) is o b t a i n e d in Sec t ion 4 .1 .4 f r o m c o n 
s ide ra t ion of t h e specific lac tose e x a m p l e , it is s h o w n nex t t h a t it app l i e s t o 
all subs t r a t e s , p r o v i d e d the ave rage empi r i ca l f o r m u l a for t h e M L V S S is t a k e n 
as C 5 H 7 N 0 2 . C o n s i d e r t he specific l ac tose e x a m p l e . W r i t e E q s . (5.20) a n d 
(5.22), mu l t ip ly ing t h e first o n e by a fac tor o f 5, i.e., 

5 ( C H 2 0 ) + 5 0 2 -+ 5 C 0 2 + 5 H 2 0 (5.48) 

Molecular weight: 5 χ 30 5 x 3 2 

R e c a l l t h a t f ac to r 1.42 o r ig ina t ed f r o m [ E q . (5 .42) ] . 

(150/113) (32/30) = 1.42 

o r (5.49) 

[5(30)]/113 χ 32/30 = 1.42 

T h e " m o l e c u l e " of subs t r a t e is defined he re a s a suga r g r o u p ( C H 2 0 ) c o n 
t a in ing one c a r b o n a t o m , wh ich c o r r e s p o n d s t o a " m o l e c u l a r w e i g h t " of 30. 
N o t i c e t h a t in E q . (5.49), t h e m o l e c u l a r weigh t of subs t r a t e (30 in th is case) is 
cance led ou t . F o r a n y s u b s t r a t e of m o l e c u l a r we igh t Af, E q . (5.49) is 

5A//113 χ 32 /M = (5x32) /113 = 1.42 (5.50) 
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T h u s , E q . (5 .42) is a n approximate e q u a t i o n for m o s t subs t r a t e s , t h e on ly 
res t r ic t ion be ing t h e a s s u m p t i o n t h a t t h e ave rage empi r i ca l f o r m u l a for 
M L V S S is C 5 H 7 N 0 2 . I n Sec t ion 4 .1 .9 , it is s h o w n t h a t va lue 1.42 c o r r e s p o n d s 
t o lb o f oxygen r equ i r ed t o oxidize 1 lb o f M L V S S d u r i n g t h e p roces s o f 
e n d o g e n o u s r e sp i r a t ion . 

4 . 1 . 6 . S u m m a r y 

Note: A p p r o x i m a t e va lues of t h e r a t i o b e t w e e n p a r a m e t e r s for express ing 

oxygen d e m a n d a r e t a k e n f rom T a b l e 2 . 1 . 

a. Parameter a' in Different Units 
(See Tabulation Below) 

aThOO 

tfcOD 
(standard C O D test) 

aBOD 

(5-day B O D ) 

lb 0 2 = axhOD ( l b total T h O D removed) 
(energy) 

where a'ThOD = a' = fraction of substrate removed 
utilized for energy production 

lb 0 2 = flcoDGb total C O D removed) 
(energy) 

where αόοο = a ' ( T h O D / C O D ) = a'(10O/83) = 1.20a' 

lb 0 2 = a i o D f l b total B O D removed) 
(energy) 

where a'BOD = a ' (ThOD/BOD) = α'(1Ο0/58) = 1.72a' 

R e l a t i o n s h i p s for o t h e r oxygen a n d c a r b o n p a r a m e t e r s s tud ied in C h a p t e r 2 
a re readi ly wr i t t en . 

b. Parameter a in Different Units 
(See Tabulation Below) 

# T h O D 

# C O D 

(standard C O D test) 

(5-day B O D ) 

lb M L V S S produced = a T h 0 D ( l b total T h O D removed) 
where a T h 0 D = 5/1.42; a — fraction of substrate removed 
utilized for synthesis 

lb MLVSS produced = a C O D ( l b total C O D removed) 
where a C O D = A t h o d ( T h O D / C O D ) = a T h O D ( 1 0 0 / 8 3 ) 

= (α/1.42)(100/83) = 0.85a 

lb M L V S S produced = a B o D ( l b total B O D removed) 
where αΒΟΌ = A t h o d ( T h O D / B O D ) = α Τ ποο(100/58) 

= (α/1.42)(100/58) = 1.21α 

R e l a t i o n s h i p s for o t h e r oxygen a n d c a r b o n p a r a m e t e r s defined in C h a p t e r 2 
are readi ly wr i t t en . 
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c. Equation (5.24) Written with Different Units for 
the Parameters (See Tabulation Below) 

a' = fraction of the total substrate removed utilized for energy = α χ π ο ο ; o. = fraction o f 
total substrate removed utilized for synthesis. Then a+a' = 1.0. 

T h O D 1 . 4 2 a T h O D + < i T h O D = 1.0 
or 1.42flThOD + « / = 1.0 

C O D flThoo = u t c o o ( C O D / T h O D ) = α«>ο(83/100) 
(standard C O D test) « T h o D = flcoo(COD/ThOD) = αόοο(83/100) 

.· . 1 .42(83/100)a C oD + (83/100)acoD = 1.0 
1 . 1 8 a C o D + 0.83acoD= 1 0 

B O D tfrhOD = a B o D ( B O D / T h O D ) = 0 B OD ( 5 8 / 1 OO) 
(5-day B O D ) a' = flxhoo = ^BOD ( B O D / T h O D ) = O B OD (58/100) 

.'. 1.42(58/100)flBOD + ( 5 8 / 1 0 0 ) f l B o D = 1.0 
0.82ΛΒΟΟ + 0 . 5 8 Λ Β Ο Ο = 1 0 

E q u a t i o n (5.24) is readi ly wr i t t en in t e r m s of o t h e r oxygen a n d c a r b o n p a 
r a m e t e r s defined in C h a p t e r 2. 

4.1.7. Design Parameters Corresponding to 
Endogenous Respirat ion: Introduction 

T w o des ign p a r a m e t e r s , b a n d b', a r e defined c o r r e s p o n d i n g t o t h e e n d o 
g e n o u s r e sp i r a t i on p h a s e . E n d o g e n o u s r e sp i r a t i on involves o x i d a t i o n o f 
cel lular m a t t e r in o r d e r t o p r o v i d e food for t he m i c r o o r g a n i s m s w h e n t h e 
c o n c e n t r a t i o n o f subs t r a t e h a s dec reased cons ide rab ly . I t c o r r e s p o n d s t o t h e 
" c a n n i b a l i s t i c f e a s t " desc r ibed in Sect ion 3 .1 . 

A s s u m i n g t h a t t h e chemica l f o r m u l a for t he M L V S S is C 5 H 7 N 0 2 , o x i d a t i o n 
of cells c o r r e s p o n d i n g t o e n d o g e n o u s r e sp i r a t i on is g iven by E q . (5.51). 

C 5 H 7 N 0 2 + 5 0 2 - • 5 C 0 2 + N H 3 + 2 H 2 0 (5.51) 
Molecular weight: 113 5 χ 32 = 160 

4.1.8. Definition of Parameter b 
(Endogenous Respiration) 

P a r a m e t e r b is defined as f rac t ion of M L V S S pe r u n i t t i m e (day ~ \ h o u r " S 
etc.) ox id ized d u r i n g p roces s of e n d o g e n o u s r e sp i r a t ion . F o r e x a m p l e , a va lue 
o f b = 0.1 d a y " 1 m e a n s t h a t 10% of t h e t o t a l lb of M L V S S p re sen t in t h e 
r e a c t o r a t a n y t i m e is ox id ized p e r d a y . The re fo re , e n d o g e n o u s r e sp i r a t i on 

b = lb MLVSS oxidized/(day)(lb MLVSS in reactor) (5.52) 

C o n s e q u e n t l y , t h e lb of M L V S S oxid ized pe r d a y a r e 

lb MLVSS oxidized/day = b(\b MLVSS in reactor) (5.53) 
(endogenous respiration) 
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M L V S S p re sen t in r e a c t o r a t a n y t i m e a s s u m i n g s t eady s ta te o p e r a t i o n is 
c o n s t a n t , b e i n g given b y 

lb MLVSS in reactor = Xv,aV (5.54) 

w h e r e XVta is t h e c o n c e n t r a t i o n of M L V S S , i.e., lb M L V S S pe r u n i t v o l u m e of 
r e a c t o r ; a n d Κ t h e r e a c t o r v o l u m e . 
T h u s E q s . (5.53) a n d (5.54) yield 

lb MLVSS oxidized/day = bXVf a V (5.55) 
(endogenous respiration) 

4.1.9. Definition of Parameter b' 

P a r a m e t e r V is defined as t he lb of oxygen ut i l ized pe r d a y pe r lb o f M L V S S 
in t h e r e a c t o r for t h e p roces s o f e n d o g e n o u s r e sp i r a t i on , i.e., [ E q . (5 .56) ] 

b> = lb 0 2 / ( d a y ) ( l b MLVSS inreactor) (5.56) 

T h u s , oxygen u t i l i za t ion for e n d o g e n o u s r e sp i r a t i on is 

lb 0 2 / d a y = b'(\b MLVSS in reactor) (5.57) 
(endogenous respiration) 

o r f r o m E q . (5.54) 
l b 0 2 / d a y = b'X^aV (5.58) 

(endogenous respiration) 

T h e a p p r o x i m a t e r e l a t i onsh ip b e t w e e n b a n d b' is w r i t t e n a s s u m i n g t h a t 
ave rage empi r i ca l f o r m u l a for M L V S S is C 5 H 7 N 0 2 , a n d t h a t e n d o g e n o u s 
r e sp i r a t i on c o r r e s p o n d s t o chemica l e q u a t i o n (5.51) . F r o m E q s . (5.52) a n d 
(5.56) r a t i o b'/b is [ E q . (5.59)] 

b'\b = lb 0 2 / l b MLVSS oxidized (5.59) 

F r o m E q . (5.51) th is r a t i o is 
b'\b = 1.42 (5.60) 

C o n s e q u e n t l y , it t a k e s a p p r o x i m a t e l y 1.42 lb of oxygen t o oxid ize 1 lb o f 
M L V S S . T h i s va lue is used as a n a p p r o x i m a t i o n for a e r o b i c d e g r a d a t i o n o f 
m o s t subs t r a t e s . 

W h e r e a s p a r a m e t e r s a a n d a' a r e r a t i o s [ E q s . (5 .25) , (5.32), (5.33), a n d 
(5.34) for a'; a n d E q s . (5.35) a n d (5.39) for a ] , b a n d b' a r e r a t e s . T i m e is n o t 
invo lved in t h e def ini t ions of a a n d abut it is in t h o s e of b a n d b'. 

4.2. M A T E R I A L B A L A N C E FOR D E T E R M I N A T I O N 
OF O X Y G E N UTIL IZATION 

K n o w l e d g e o f oxygen r e q u i r e m e n t s t o effect a specified B O D r e m o v a l is 
necessary for specif icat ion of a e r a t i o n e q u i p m e n t . F r o m d iscuss ions in 
Sec t ions 4.1.3 a n d 4.1.9 it fo l lows t h a t oxygen is r e q u i r e d for t w o p u r p o s e s : 
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(1) t o oxidize subs t r a t e in o r d e r t o p r o v i d e ene rgy r e q u i r e m e n t s for cells [ E q . 
(5 .20)] a n d (2) for t h e e n d o g e n o u s r e sp i r a t i on p roces s [ E q . (5 .51) ] . 

1. Oxygen required for energy. T h e lb of oxygen r eq u i r ed p e r d a y a r e 
ca l cu l a t ed f rom E q . (5.31). Refe r r ing t o F ig . 5.1 a n d s y m b o l s defined in T a b l e 
5 .1 , 

l b 0 2 / d a y = a\S0-Se)Q (5.61) 
(for energy) 

A p p r o p r i a t e va lues of a' c o m p a t i b l e w i th p a r a m e t e r s in w h i c h t o t a l s u b s t r a t e 
r e m o v a l (S0 — Se) is expressed a r e ut i l ized in E q . (5.61). 

Example 5 .1 

Calcu l a t e t h e oxygen r e q u i r e d for energy . 

aBOD = 0.79 lb 0 2 (for energy)/lb total B O D 5 removed* 

S0 = 893 mg/liter 

Se = 40 mg/liter 

Q = 2.04 M G D (2.04 χ 10 6 gal/day) 

T h e n 

S0 - Se = 893 - 40 = 853 mg/liter = Sr (total substrate removed) 

The re fo re 

5 o _ 5 e = 5 p = 8 5 3 i ^ = 853 m g B O D ' 
liter l iquor 10 3 g liquor 

g B O D . Λ g B O D r 

= 853 * . r = 853 ppm = 853 χ 1 0 ~ 6 - — 10 6 g liquor g l iquor 

l b B O D r o _ l b B O D r 

= 853 χ Ι Ο " 6 — = 853-
lb liquor Mlb liquor 

F r o m E q . (5.61), 

lb 0 2 lb B O D r 

l b 0 2 / d a y = 0.79 χ 853 χ 1 0 ~ 6 — - -
, c \ l b B O D r lb l iquor 
(for energy) n 

, l iquor lb l iquor 
χ 2.04 χ 1 0 6 g a l - ~ — * 8 . 3 4 - — ^ 

day gal liquor 
= 11,500 lb 0 2 / d a y 

* Experimental determination of parameter a' is described in Section 6.3.2. Example 5.1 
is simply an illustration of unit conversion. Value a' = 0.79 is determined experimentally 
(Example 5.5, Section 6.4). 
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If Sr is in mg/ l i t e r a n d Q in M G D o w i n g t o cance l l a t ion of fac tors 10 6 

a n d 1 0 6 , E q . (5.61) b e c o m e s E q . (5.62). 

I b 0 2 / d a y = a'SrQ χ 8.34 (5.62) 
(for energy) 

2. Oxygen required for endogenous respiration. E q u a t i o n (5.58) is ut i l ized 
for th is ca l cu la t ion , i l lus t ra ted by E x a m p l e 5.2. 

Example 5.2 

Calcu l a t e t he oxygen r equ i r ed for e n d o g e n o u s r e sp i r a t ion . Le t 

bf = 0.15 lb 0 2 / ( d a y ) ( l b MLVSS in reactor)* 

XVt a = 300 mg/liter (of MLVSS) 

V = 1.2 M G (1.2 χ 10 6 gal) (reactor volume) 

By a s imi lar p r o c e d u r e t o t h a t in E x a m p l e 5.1 it fol lows t h a t [ E q . (5 .63)] 

lb 0 2 / d a y = b'XVt a V χ 8.34 (5.63) 
(endogenous respiration) 

w h e r e V is t he lb 0 2 / ( d a y ) ( l b M L V S S in r eac to r ) , XVyQ t h e mg/ l i t e r o f M L V S S , 
a n d Κ t h e r e a c t o r v o l u m e ( M G ) . 
C o n s e q u e n t l y , 

lb 0 2 / d a y = 0.15 χ 3000 χ 1.2 χ 8.34 = 4500 lb 0 2 / d a y 
(endogenous respiration) 

S U M M A R Y T o t a l oxygen u t i l iza t ion is g iven by the s u m of E q s . (5.61) a n d 
(5.58) as 

lb 0 2 / d a y = a\Sa -Se)Q + b'X^ aV = a'SrQ + b'xv, a V (5.64) 

F o r E x a m p l e s 5.1 a n d 5.2, 

lb 0 2 / d a y = 11,500 + 4500 = 16,000 lb 0 2 / d a y 

4.3. MATERIAL BALANCE FOR DETERMINATION 
OF NET YIELD OF BIOLOGICAL SLUDGE 
(MLVSS) 

F r o m Sect ions 4.1.4 a n d 4.1.8 it fol lows t h a t (1) a f rac t ion of t h e s u b s t r a t e 
r e m o v e d is ut i l ized in p r o d u c t i o n of M L V S S , t h e lb of M L V S S p r o d u c e d 
be ing given b y E q . (5.47), a n d t h a t (2) p a r t o f t h e s ludge p r o d u c e d is d e s t r o y e d 
by o x i d a t i o n ( e n d o g e n o u s r e sp i r a t i on ) , t h e lb of s ludge ox id ized be ing given 
by E q . (5.55). 

* Experimental determination of parameter b' is described in Section 6.3.2. Example 5.2 
is simply an illustration of unit conversion. Value b' = 0.15 is determined experimentally 
(Example 5.5, Section 6.4). 
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1. Sludge produced from substrate removal. S ludge p r o d u c e d in l b / d a y 
is ca l cu la t ed f rom E q . (5.47), w h e r e t o t a l s u b s t r a t e r e m o v a l refers t o o n e - d a y 
p r o d u c t i o n . Refe r r ing t o F ig . 5.1 a n d s y m b o l s defined in T a b l e 5 .1 , 

A p p r o p r i a t e va lues of a c o m p a t i b l e w i th p a r a m e t e r s in w h i c h t o t a l s u b s t r a t e 
r e m o v a l (S0 — Se) is expressed a r e ut i l ized in E q . (5.65). 

Example 5.3 

Calcu la t e M L V S S p r o d u c e d b y s u b s t r a t e r e m o v a l . Le t 

a = 0.575 lb MLVSS produced/lb total B O D 5 removed* 

S0 = 893 mg/liter 

Se = 40 mg/liter 

Q = 2.04 M G D (2.04 χ 10 6 gal/day) 

C o n v e r s i o n of un i t s for E q . (5.65) is s imi la r t o t h a t for E q . (5.61) ( E x a m p l e 
5 .1 , Sec t ion 4.2) . T h e final resul t is E q . (5.66). 

w h e r e .S r is in mg/ l i t e r a n d Q in M G D . 
There fo re , 

lb/day MLVSS produced = 0 .575 (893-40 ) χ 2.04 χ 8.34 

= 8342 lb/day of MLVSS 

2. Sludge destroyed by endogenous respiration. S ludge d e s t r o y e d b y 
e n d o g e n o u s r e sp i r a t ion is o b t a i n e d f rom E q . (5.55). T h i s ca l cu l a t ion is 
i l lus t ra ted by E x a m p l e 5.4. 

Example 5.4 

Calcu la t e M L V S S d e s t r o y e d b y e n d o g e n o u s r e sp i r a t ion . Le t 

b = 0.075 lb MLVSS oxidized/(day)(lb MLVSS in reactor) = d a y 1 * 

XVt0 = 3000 mg/liter 

V = 1.2 M G (1.2 χ 10 6 gal ; reactor volume) 

* Experimental determination of parameter a is described in Section 6.3.4. Example 5.3 
is simply an illustration of unit conversion. Value a = 0.575 is determined experimentally 
(Example 5.5, Section 6.4). 

f Experimental determination of the parameter b is described in Section 6.3.4. Example 
5.4 is simply an illustration of unit conversion. Value b = 0.075 is determined experimentally 
(Example 5.5, Section 6.4). 

lb/day of MLVSS produced = a(S0-Se)Q = aSrQ (5.65) 

lb/day MLVSS produced = aSrQ x 8.34 (5.66) 
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C o n v e r s i o n of un i t s for E q . (5.55) is s imi lar t o t h a t for E q . (5.58) ( E x a m p l e 
5.2, Sec t ion 4.2) . T h e final resul t is E q . (5.67). 

whe re XVtQ is in mg/ l i t e r a n d K i n M G . 
The re fo re 

lb MLVSS oxidized/day = 0.075 χ 3000 χ 1.2 χ 8.34 = 2252 lb/day of MLVSS 

S U M M A R Y N e t yield of M L V S S is o b t a i n e d by t h e difference b e t w e e n 
M L V S S p r o d u c e d [ E q . (5 .65)] a n d M L V S S oxid ized ( e n d o g e n o u s 
r e sp i r a t i on ) , g iven b y E q . (5.55). T h i s ne t yield in l b / d a y is d e n o t e d a s 
ΑΧυ [ E q . (5 .68) ] . 

lb MLVSS/day = AXV = a(S0-Se)Q - bXVta V = aSrQ - bXv,a V (5.68) 
(net yield) 

F o r e x a m p l e s 5.3 a n d 5.4 

4.4. T O T A L S L U D G E Y I E L D 

S o far, on ly t h e yield of b io logica l s ludge ( M L V S S ) h a s b e e n cons ide red . 
N o w , e x a m i n e t h e d i a g r a m for t he r e a c t o r sys tem in F ig . 5 .1 . T h e fresh feed 
m a y c o n t a i n n o n v o l a t i l e s u s p e n d e d sol ids ( N V S S ) . L e t X N V , F b e t h e c o n 
c e n t r a t i o n (mg/ l i t e r ) o f these N V S S . 

R e a c t o r c o n t e n t s a r e u n d e r c o n d i t i o n s o f c o m p l e t e mix ing , t he re fo re n o 
set t l ing of M L N V S S (or M L V S S ) t a k e s p lace . C o n s e q u e n t l y , c o n c e n t r a t i o n 
of N V S S in r e a c t o r effluent is t h e s a m e as t h a t in c o m b i n e d feed ( X N V T 0 ) . I n 
the s e c o n d a r y clarifier, howeve r , p a r t o f t h e N V S S as well as m o s t o f V S S 
sett les. Le t X N V T U be t h e c o n c e n t r a t i o n of N V S S in under f low f r o m t h e clarifier 
( s a m e a s in w a s t a g e Q a n d recycle Q R ) . C o n c e n t r a t i o n of N V S S in ne t effluent 
f r o m clarifier (Q') is X N V T B . 

W a s t a g e of s ludge c o r r e s p o n d s t o 
1. N e t yield of b io logica l s ludge ( M L V S S ) f rom the r eac to r . T h i s is A X V 

[ E q . (5 .68) ] . Since t h e r e a c t o r o p e r a t e s a t s t eady s ta te , th i s w a s t a g e is e q u a l t o 
ne t yield o f M L V S S , so t h a t t o t a l lb of M L V S S in t h e r e a c t o r r e m a i n t h e s a m e 
a t all t imes . In a d d i t i o n , was t age i nc ludes vola t i le sol ids e n t e r i n g wi th fresh 
feed ( Q F X V , F ) 9 a s s e e n from a n overa l l b a l a n c e of vola t i le sol ids ( l o o p in 
F ig . 5.1). There fo re , t o t a l was t age of M L V S S is s h o w n in E q . (5.69) [u t i l i z ing 
E q . (5.68) for ΑΧυ~\. 

lb MLVSS oxidized/day = bXv,aV χ 8.34 (5.67) 

ΑΧυ = 8342 - 2252 = 6090 lb/day 

AXv+QFXVtF = a(S0-Se)Q-bXv,aV+ QFXV,F (5.69) 

2. Set t led N V S S d e n o t e d as A X N V ( l b /day) . Th i s va lue is d e t e r m i n e d b y 
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a n overa l l m a t e r i a l b a l a n c e for N V S S over l o o p in F ig . 5 .1 . 

NVSS, I N : QFXNV,F 

NVSS, O U T : Q'XNV, e + Q ' X N V T „ = Q'XNV, e + AXNV (since AXNV = Q"XNV, „) 
(5.70) 

T h u s t h e overa l l ba l a nc e is [ E q . (5 .71)] 

QFXNV,F = Q'XNV, e + AXNV 

AXNV = Q F X N V , F - Q'XNV, e (5.71) 

E l im ina t i ng Q' a n d ut i l iz ing E q . (5.2), 

AXNv — Q"XNV,u = QFXNV,F — (QF~ Q")XNV,e = QF(XNV, F ~ XNV, e) + Q"XNV, e 
(5.72) 

Subs t i t u t i on of AXV a n d Δ Α ^ Κ in E q . (5.1) b y the i r va lues given b y E q s . (5.68) 
a n d (5.72) yields t o t a l s ludge yield AXt [ E q . (5 .73) ] . 

AXt = a(So-Se)Q - bXv>aV+QFXv,F + QF(XNV,F~~XNV,e) + Q'XNv,e 
(5.73) 

w h e r e 

a(SQ -Se)Q- bXVt a V = AXV = net yield of MLVSS [Eq. (5.68)] 

Q F X V , F = MLVSS in fresh feed 

QF(XNV,F-Xsv,e) + Q'XNV, e = AXNV = net yield of sludge due to settling 
NVSS from influent [Eq. (5.72)] 

4.5. M A T E R I A L B A L A N C E S FOR X N V t 0 A N D XVr 0 

T h e va lue of XNVt0, i.e., c o n c e n t r a t i o n of N V S S in c o m b i n e d feed, is e s t a b 
l ished b y a ma te r i a l b a l a n c e a r o u n d t h e j u n c t i o n of t he fresh feed w i th t h e 
recycle t o f o r m c o m b i n e d feed (F ig . 5 .1 , l o o p ). 

NVSS, I N = QFXNVtF + QRXNv,u 

NVSS, O U T = QXNV,o 

T h e n 

QFXNV,F + QRXNV,u 

Ut i l i z ing E q s . (5.4) a n d (5.5) a n d so lv ing for X N V < „ , 

Xsv, ο = (XNV. r + rXNV, „)/(l + r) (5.74) 

A s imi lar m a t e r i a l ba l a nc e is wr i t t en for Xvo, t h e c o n c e n t r a t i o n of V S S in 
c o m b i n e d feed. F i n a l resul t is 

Xv, ο = (Xv. F + rXv, „)/(! + r) (5.75) 
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4 . 6 . T Y P I C A L V A L U E S OF A E R O B I C B I O L O G I C A L 
W A S T E W A T E R T R E A T M E N T P A R A M E T E R S 
FOR D I F F E R E N T T Y P E S OF W A S T E W A T E R S 

Typ ica l va lues of these p a r a m e t e r s a r e p re sen t ed in T a b l e 5.2. 

TABLE 5.2 
Aerobic Biological Waste—Treatment Parameters*' * 

Wastewater a a' b b'c k 

Domest ic 0.73 0.52 0.075 0.106 0.017-0.03 
Refinery 0.49-0.62 0.40-0.77 0.10-0.16 0.142-0.227 0.074 
Chemical and 

petrochemical 0 .31-0.72 0.31-0.76 0.05-0.18 0.071-0.255 0.0029-0.018 
Brewery 0.56 0.48 0.10 0.142 — 
Pharmaceutical 0.72-0.77 0.46 — — 0.018 
Kraft pulping 

and bleaching 0.5 0 .65-0.8 0.08 0.114 — 

"Adapted from Ref. [2 ] . 
"Uni t s : a, lb MLVSS produced/lb total B O D 5 removed; by lb MLVSS oxidized/(day) 

(lb MLVSS in reactor) = d a y - 1 ; a\ lb 0 2 (for energy)/lb total B O D 5 removed; b\ lb 0 2 / 
(day)(lb MLVSS in reactor) = d a y " 1 ; k, d a y " l . 

c Values of b' estimated from b' = 1.426. 

5. Rela t ionship for Op t imum 
Set t l ing Condi t ions of S ludge 

F o r a d e q u a t e o p e r a t i o n of t he ac t iva ted s ludge p rocess , M L V S S in t h e 
r e a c t o r effluent s h o u l d be readi ly s e p a r a t e d in t h e s e c o n d a r y clarifier. T h e 
c o n d i t i o n occu r r i ng w h e n s ludge is l ight a n d fluffy a n d t h u s difficult t o set t le 
is t e r m e d bu lk ing . Bu lky s ludge flakes over s e p a r a t i n g weirs a n d c o m e s o u t 
w i th t he s e c o n d a r y clarifier effluent. Since c o n c e n t r a t i o n of s u b s t r a t e in t h e 
effluent is smal l , t h e r e is n o t e n o u g h food m a t e r i a l t o sus ta in t he g r o w t h of t h e 
m i c r o o r g a n i s m s wh ich cons t i t u t e t he s ludge . The re fo r e t h e m i c r o o r g a n i s m s 
a re d r iven t o e n d o g e n o u s r e sp i r a t ion . O w i n g t o t he c o n s u m p t i o n of oxygen 
for e n d o g e n o u s r e sp i r a t ion , t h e effluent h a s a relat ively h igh B O D , wh ich is 
undes i r ab le . 

Set t l ing charac te r i s t i cs of s ludge a r e e v a l u a t e d f rom s e d i m e n t a t i o n tes ts 
p e r f o r m e d in t h e l a b o r a t o r y . F o r th is e v a l u a t i o n t w o p a r a m e t e r s a r e ut i l ized. 

1. Zone settling velocity (ZSV). T h i s p a r a m e t e r a n d i ts e x p e r i m e n t a l 
d e t e r m i n a t i o n a r e d iscussed in C h a p t e r 3 , Sec t ion 3.6. A n easily se t t l ing s ludge 
h a s a h igh Z S V of a b o u t 20 f t /hr . 
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2. Sludge volume index (SVI). S ludge v o l u m e i n d e x is defined a s v o l u m e 
(in c m 3 ) occup ied by 1 g of d r y s ludge sol ids after se t t l ing for 30 m i n . T h e 
smal le r t h e SVI , t h e eas ier is t he se t t l ing o f t he s ludge . 

Severa l a u t h o r s h a v e co r re l a t ed se t t l ing charac te r i s t i c s of s ludge (in t e r m s 
o f Z S V o r SVI) wi th a p a r a m e t e r de s igna t ed a s f ood t o m i c r o o r g a n i s m r a t i o 
(hence d e n o t e d as F/M). Th i s p a r a m e t e r is defined a s [ E q . (5 .76)] 

FjM = lb of substrate in influent/(day)(lb MLVSS in reactor) (5.76) 

Va lues of F a n d Μ a r e given by 

F = (QSo) χ 8.34 (lb/day) (5.77) 

Μ = (XVtaV) χ 8.34 (lb) (5.78) 

w h e r e Q is in M G D a n d (S0, Xva) in mg/ l i te r . The re fo r e 

F/M = QS0/Xv,aV (5.79) 

Since V/Q = t = r e s idence t ime , 

F/M = S0/Xv, a t (day" *) (5.80) 

I n o r d e r t o a r r ive a t co r r e l a t i ons for set t l ing charac te r i s t i c s of a s ludge , a 
series of b e n c h scale c o n t i n u o u s r e a c t o r s a r e o p e r a t e d , e a c h a t a selected FjM 
r a t i o . S ludge o b t a i n e d in e a c h r e a c t o r is subjec ted t o se t t l ing tes ts ( Z S V a n d 
SVI) . If these t w o p a r a m e t e r s , wh ich a r e a m e a s u r e of t h e abi l i ty o f t h e s ludge 
t o set t le , a re p lo t t ed vs . t h e c o r r e s p o n d i n g FjM r a t i o s , cu rves l ike t h e o n e s 
s h o w n in F ig . 5.7 a r e o b t a i n e d . 

Since for o p t i m u m set t l ing t he s ludge s h o u l d h a v e a h igh Z S V a n d a low 
SVI , t h e o p t i m u m FjM r a t i o a s i nd i ca t ed in F ig . 5.7 c o r r e s p o n d s t o t h e 
m a x i m u m for t he Z S V c u r v e a n d t h e m i n i m u m for t h e SVI curve . F o r m o s t 
w a s t e w a t e r s th is o p t i m u m va lue of t h e FjM r a t i o falls be tween t h e fo l lowing 
l imits [ E q . ( 5 . 8 1 ) ] : 

0.6 > FjM > 0.3 (5.81) 

w h e r e FjM is expressed in lb B O D 5 i n f luen t / (day) ( lb M L V S S ) . A n e x p l a n a 
t i on for t h e co r r e l a t i on be tween F/M r a t i o a n d s e d i m e n t a t i o n ch a rac t e r i s t i c s 
of t h e s ludge is given be low. 

1. A t low F/M r a t i o s (e.g. , be low F/M = 0.3) t h e a m o u n t o f f o o d ( s u b 
s t ra te ) p r e sen t in t h e sys tem is insufficient t o m a i n t a i n t h e g r o w t h of t h e 
m i c r o o r g a n i s m s . The re fo re , they a r e d r iven t o e n d o g e n o u s r e sp i r a t i on . A 
typica l bac te r ia l cell is s h o w n in F ig . 5.8. C y t o p l a s m i c m a t e r i a l is r ich in 
p ro t e in s a n d r ibonuc le ic ac id ( R N A ) , a n d it is t he m a i n p o r t i o n of t h e cell 
wh ich is m e t a b o l i z e d d u r i n g t h e p roces s of e n d o g e n o u s r e sp i r a t ion . T h e 
res idue left f rom e n d o g e n o u s m e t a b o l i s m is cons t i t u t ed m a i n l y by cell c apsu le s , 
wh ich a r e very l ight a n d resist s e d i m e n t a t i o n . Th i s is w h y a t low F/M r a t i o s , 
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t he s ludge h a s p o o r se t t l ing charac te r i s t i c s . S ludge o b t a i n e d u n d e r these 
c o n d i t i o n s is referred t o as d i spersed floe, a n d a m i c r o s c o p i c view of it is 
s h o w n in F ig . 5.7 for t h e r eg ion of low F/M r a t i o s . 

2. A t h igh F/M r a t i o s (e.g., F/M > 0.6) t h e r e is p r e d o m i n a n c e of a t ype 
of m i c r o o r g a n i s m wh ich is f i l amen tous in n a t u r e (Sphaerotilus). T h i s t ype of 
g r o w t h does n o t sett le well , r e m a i n i n g in su spens ion a l m o s t indefini tely. 
S ludge u n d e r these c o n d i t i o n s is referred t o as a b u l k i n g s ludge . 

3. A t va lues of t h e F/M r a t i o be tween these t w o ex t r emes , s ludge w i t h 
g o o d set t l ing charac te r i s t i c s is o b t a i n e d . S ludge u n d e r these c o n d i t i o n s is 
referred t o as flocculating s ludge . 

F r o m E q . (5.80) t h e res idence t i m e t t o yield a n o p t i m u m flocculating s ludge 
is o b t a i n e d . W r i t t e n for t h e o p t i m u m F/M r a t i o as d e t e r m i n e d f r o m F ig . 5.7, 
E q . (5.80) is 

Solv ing for /, 

( F / M W = SJX9tUt 

t = S0/[Xv,a(F/M)OPT] 

(5.82) 

(5.83) 

T h e g e o m e t r y of t he sys tem a n d t h e m a n n e r in w h i c h w a s t e w a t e r is fed t o t h e 
a e r a t o r h a v e a n effect o n flocculating charac te r i s t i cs of t he s ludge . F o r 
e x a m p l e , if t h e a e r a t o r is a l o n g r e c t a n g u l a r t a n k w i th re la t ively p o o r mix ing , 
M L V S S is ini t ial ly c o n t a c t e d a t t h e feed e n d w i th en t e r ing sewage , a n d the re 
fore a h igh F/M r a t i o preva i l s a t t h e e n t r a n c e . F i l a m e n t o u s g r o w t h deve loped 
u n d e r these c o n d i t i o n s pers is ts t h r o u g h o u t t h e a e r a t i o n pe r iod , a n d s ludge 
w i th p o o r set t l ing charac te r i s t ics is o b t a i n e d (F ig . 5.9). T h e s a m e s i t ua t i on 

High F / M 

""Effluent Feed c 
Filamentous 

growth 

Fig. 5.9. Effect of geometry in settling characteristics of MLVSS (plug 
flow model). 

occu r s in a b a t c h r eac to r , since a h igh F/M r a t i o prevai l s a t the s t a r t o f t h e 
o p e r a t i o n . T h e r e a c t o r dep ic ted in F ig . 5.9 is t h e p l u g flow c o n t i n u o u s r eac to r . 
A genera l d iscuss ion of t he k inet ics of a c o n t i n u o u s t r e a t m e n t sys tem (p lug 
flow, c o m p l e t e mix , a n d a r b i t r a r y flow reac to r s ) is p re sen ted in Sec t ion 10. 

If t he re is c o m p l e t e mix ing in t h e sys tem, t h e F/M r a t i o is u n i f o r m t h r o u g h 
ou t , poss ib ly fall ing wi th in t h e o p t i m u m r a n g e . U n d e r s t eady s ta te a n d c o m 
ple te mix c o n d i t i o n s , s ludge is a lways in c o n t a c t w i th a B O D c o n c e n t r a t i o n 
e q u a l t o t h a t in t h e effluent. The re fo re a dense s ludge is l ikely t o b e o b t a i n e d . 
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I t is i m p o r t a n t t o o b t a i n expe r imen ta l ly t h e g r a p h in F ig . 5.7 for the specific 
subs t r a t e u n d e r s tudy , s ince cons ide r ab l e v a r i a t i o n occu r s d e p e n d i n g o n 
subs t r a t e charac te r i s t i c s . Subs t r a t e s wh ich a r e easily d e g r a d a b l e (e.g. , so lub le 
sugars ) b e c o m e immed ia t e ly ava i lab le as food t o t h e m i c r o o r g a n i s m s , a n d 
therefore the resul t is a fast g r o w t h r e sponse . O n t h e o t h e r h a n d , c o m p l e x 
o rgan i c subs t r a t e s (e.g., was t ewa te r s f rom p e t r o l e u m a n d p e t r o c h e m i c a l 
p lan t s ) m u s t u n d e r g o chemica l b r e a k d o w n before be ing ava i l ab le as food t o 
the m i c r o o r g a n i s m s , g r o w t h r e sponse be ing there fore s lower . 

6. Experimental De te rmina t ion of 
P a r a m e t e r s Needed for Design of 

Aerobic Biological Reac to r s 

6.1. B E N C H S C A L E C O N T I N U O U S R E A C T O R S 

A b e n c h scale c o n t i n u o u s r e a c t o r ut i l ized for these d e t e r m i n a t i o n s is 
desc r ibed in th is sect ion. P a r a m e t e r s t o be d e t e r m i n e d a r e defined in Sec t ions 
4 .1 .2 t o 4 .1 .9 , i.e., for k ine t ic r e l a t i o n s h i p : k; for m a t e r i a l b a l a n c e r e l a t ion 
s h i p s : a, a\ b9 a n d b'. A d i a g r a m of t he c o n t i n u o u s flow r e a c t o r is s h o w n in 
F ig . 5.10. Th i s un i t is des igned a n d bui l t by B i o - D e v e l o p m e n t Assoc ia t e s , 
A u s t i n , T e x a s . T h e r e a c t o r is m a d e of plexiglass a n d d iv ided i n t o t w o s e c t i o n s : 
t he a e r a t i o n a n d set t l ing c h a m b e r s . T h e s e s imu la t e t h e r e a c t o r a n d t h e 
s e c o n d a r y clarifier for a n ac tua l p l an t . 

C a p a c i t y of the a e r a t i o n c h a m b e r is a p p r o x i m a t e l y 7 l i ters. A i r is supp l i ed 
a s i nd ica t ed in t h e d i a g r a m . B u b b l i n g a i r keeps t h e c o n t e n t s o f t h e a e r a t i o n 
c h a m b e r in a comple t e ly mixed c o n d i t i o n . W a s t e w a t e r is fed c o n t i n u o u s l y 
f rom a c o n s t a n t h e a d feed reservoi r by m e a n s of a S i g m a m o t o r p u m p , a n d 
overf lows c o n t i n u o u s l y i n t o t he effluent bo t t l e . T h e a e r a t i o n a n d s e d i m e n t a t i o n 
c h a m b e r s a r e s e p a r a t e d by a s l iding baffle wh ich c a n be comple t e ly r e m o v e d if 
des i red. 

S t a r t - u p is p e r f o r m e d by p lac ing in t h e a e r a t i o n c h a m b e r a seed o f d o m e s t i c 
ac t iva ted s ludge col lected f rom a n o p e r a t i n g p l an t , a n d g r a d u a l l y acc l ima t ing 
it t o t h e w a s t e w a t e r u n d e r s tudy . F o r w a s t e w a t e r s of indus t r i a l o r ig in c o n 
t a in ing c o m p o u n d s wh ich a r e tox ic t o t h e m i c r o o r g a n i s m s , m i x t u r e s of 
indus t r i a l w a s t e w a t e r a n d d o m e s t i c sewage a r e fed t o t he r e a c t o r w i th a 
g r adua l ly inc reased p r o p o r t i o n of indus t r i a l was t ewa te r . Even tua l ly , feed is 
100% indus t r i a l w a s t e w a t e r w i t h o u t de le te r ious effects o n t he m i c r o o r g a n i s m s . 

F l o w ra t e is var ied by p r o p e r se t t ing of t h e S i g m a m o t o r p u m p , a n d b y 
ut i l iz ing different i n t e rna l d i a m e t e r s for t h e T y g o n t u b i n g . A S i g m a m o t o r 
p u m p ope ra t e s by " s q u e e z i n g " t he w a s t e w a t e r t h r o u g h t h e T y g o n t u b i n g b y 
m e a n s of mechan i ca l " f i n g e r s , " t h e speed of wh ich is set. O n e p u m p p r o m o t e s 
was t ewa te r flow t h r o u g h several r e a c t o r un i t s in para l le l , e ach o n e p r o v i d e d 
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Fig. 5.10. Continuous flow reactor (bench scale model). Insert: detail of 
Sigma pump setup for operation of five reactors in parallel. 

with its o w n T y g o n feed l ine [ F i g . 5.10 ( inse r t ) ] . T h e " f i n g e r s " s i m u l t a n e o u s l y 
squeeze these several T y g o n t u b i n g s , p r o m o t i n g different flow r a t e s for e a c h 
l ine d e p e n d i n g o n t h e in t e rna l d i a m e t e r of e ach t u b i n g . * 

F l o w ra t e s a r e d e t e r m i n e d by ca l ib ra t ion , e i ther we igh ing o r m e a s u r i n g t h e 
v o l u m e of effluent o b t a i n e d d u r i n g a t i m e d p e r i o d c o r r e s p o n d i n g t o a selected 
set t l ing of t h e p u m p a n d a c h o s e n in t e rna l d i a m e t e r of t u b i n g . F l o w ra t e s a r e 
r e p r o d u c i b l e w i th in less t h a n 1% fluctuation. 

F l o w ra tes va ry cons ide rab ly , e.g., f rom 350 d o w n t o a b o u t 1.0 l i t e r /day . 
F o r a n a e r a t o r c h a m b e r v o l u m e of 7.0 l i ters , these r a t e s c o r r e s p o n d t o res idence 
t imes of 

Q = 350 liters/day, t = V/Q = 7/(350/24) = 0.48 hr * 30 min 

Q = 1 liter/day, t = V/Q = 7/1 = 7 days 

A s t h e sec t ion of T y g o n t u b i n g subjec ted t o this c o n t i n u o u s squeez ing 

* Sigmamotor pump model T-8 (manufactured by Sigmamotor Inc., Houston , Texas) 
an be used to operate five units in parallel. 
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a c t i o n w e a r s o u t , it sof tens a n d flow ra t e s c h a n g e . I t is adv i sab le t o sl ide t h e 
t u b i n g a l o n g a t pe r i od i c in te rva l s , so t h a t a n e w sec t ion o f it b e c o m e s e x p o s e d 
t o t h e squeez ing a c t i o n . F r e q u e n t ca l i b r a t i on is p e r f o r m e d t o e n s u r e conf idence 
in t h e resu l t s . T u b i n g is r ep l aced after it is w o r n o u t . 

T h e m a i n difference in o p e r a t i n g p r inc ip le b e t w e e n th is b e n c h scale r e a c t o r 
a n d t h e o n e in p l a n t scale (F ig . 5.1) is t h a t n o c o n t r o l l e d recycle o f s ludge is 
p r o v i d e d in t h e b e n c h scale un i t . S ludge is r e t u r n e d t o a e r a t i o n c h a m b e r f r o m 
t h e se t t l ing c h a m b e r t h r o u g h t h e o p e n i n g b e t w e e n t h e baffle a n d t h e b o t t o m 
of t he un i t . T h i s r a t e of r e t u r n c a n n o t b e con t ro l l ed . I t is des i rab le t o m a i n t a i n 
t h e c o n c e n t r a t i o n of M L V S S in t h e a e r a t i o n c h a m b e r a p p r o x i m a t e l y c o n s t a n t 
(a t a selected va lue usua l ly b e t w e e n 2000 a n d 3000 mg/ l i t e r ) . I n o r d e r t o 
ach ieve th is c o n s t a n t M L V S S c o n c e n t r a t i o n , t h e p r o c e d u r e is 

1. D e t e r m i n e per iod ica l ly t h e M L V S S c o n c e n t r a t i o n in t h e a e r a t o r 
l i quo r f rom s a m p l e s w i t h d r a w n t h r o u g h t h e d r a i n l ine. 

2 . W i t h d r a w ca lcu la ted weigh ts o f M L V S S in o r d e r t o k e e p th i s c o n 
c e n t r a t i o n a t t h e selected va lue for a given e x p e r i m e n t . F o r a r e a c t o r o p e r a t i n g 
w i th M L V S S u n d e r e n d o g e n o u s r e sp i r a t i on c o n d i t i o n s , it is necessa ry t o a d d 
s ludge in s t ead o f w i t h d r a w i n g it, in o r d e r t o k e e p a c o n s t a n t M L V S S 
c o n c e n t r a t i o n . 

W h e n t h e s l id ing baffle is inse r ted , t h e b e n c h scale r e a c t o r is u t i l ized t o 
s imu la t e t h e ac t iva ted s ludge u n i t as desc r ibed . By r e m o v i n g t h e s l id ing baffle, 
s i m u l a t i o n o f a n a e r a t e d l a g o o n is o b t a i n e d ( C h a p t e r 6, Sec t ion 5). 

6.2. E X P E R I M E N T A L P R O C E D U R E 

E a c h e x p e r i m e n t r equ i res 2 - 4 weeks before s t eady s ta te c o n d i t i o n s a r e 
ach ieved . F o r th is r e a s o n it is c o n v e n i e n t t o o p e r a t e s i m u l t a n e o u s l y fou r o r 
five r e a c t o r s in para l le l . 

S teps in t h e e x p e r i m e n t a l p r o c e d u r e a r e [ 3 ] 
1. E a c h un i t is filled wi th seed s ludge u p t o a p r e d e t e r m i n e d v o l u m e . 

D i l u t i o n is m a d e wi th w a s t e w a t e r in o r d e r t o o b t a i n a M L V S S c o n c e n t r a t i o n 
of 2 0 0 0 - 3 0 0 0 mg/ l i te r . 

2. A i r is t u r n e d o n a n d c o n t e n t s of t h e a e r a t i o n c h a m b e r a r e c o m p l e t e l y 
m i x e d b y t h e t u r b u l e n c e t h u s p r o d u c e d . T h e s l iding baffle is ad jus t ed t o leave 
a n o p e n i n g of J t o i in . a t t h e b o t t o m . D u r i n g o p e r a t i o n of t h e r eac to r , 
fur ther baffle a d j u s t m e n t s a r e m a d e in o r d e r t o p r o v i d e a des i red b l a n k e t 
he igh t of s ludge in t h e set t l ing c h a m b e r a n d a n i n t e r c h a n g e of s ludge b e t w e e n 
t h e t w o c h a m b e r s (F ig . 5.11). 

3 . S t a r t t h e S i g m a m o t o r p u m p a t a flow r a t e necessary t o o b t a i n t h e 
des i red res idence t ime in t h e a e r a t i o n c h a m b e r . A c c l i m a t i o n of s ludge , if 
r equ i r ed , is p e r f o r m e d as p rev ious ly desc r ibed . 

4 . O p e r a t e t h e r e a c t o r un t i l s t eady s ta te c o n d i t i o n s a r e ach ieved . A t t a i n 
m e n t of s t eady s ta te is a s s u m e d w h e n t w o cr i te r ia a r e sat isf ied: (a) oxygen 
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' — ^ E f f l u e n t 

Fig. 5.11. Side view (section) of aeration and settling chambers. 

u p t a k e r a t e o f r e a c t o r c o n t e n t s r e m a i n s u n c h a n g e d ( d e t e r m i n a t i o n o f o x y g e n 
u p t a k e r a t e is desc r ibed in Sec t ion 6.3.3) a n d (b) B O D o f effluent b e c o m e s 
s tab le . 

5. C o n c e n t r a t i o n of M L V S S is m e a s u r e d da i ly a n d ad jus ted t o a nea r ly 
c o n s t a n t va lue for t h e d u r a t i o n of a n expe r imen t . T o check ne t inc rease o f 
M L V S S , p l u g overf low weir , ra ise baffle, a n d w i t h d r a w a s a m p l e f rom m i x e d 
t a n k c o n t e n t s . If Vt is t h e t o t a l v o l u m e ( a e r a t i o n c h a m b e r p lus se t t l ing c h a m b e r ) 
a n d t w o d e t e r m i n a t i o n s o f M L V S S a r e m a d e , e.g., 24 h r a p a r t y ie ld ing va lues 
Xl a n d X2, respect ively , t h e n e t inc rease o f M L V S S is 

AXV =VtX2~ VtX1 = Vt(X2-Xx) (24-hr growth) (5.84) 

Va lues (Xl9 X2) r ep r e sen t " a v e r a g e d " c o n c e n t r a t i o n s of M L V S S for t h e t o t a l 
v o l u m e of t h e t a n k , s ince t h e baffle h a s been ra i sed a n d t h e c o n t e n t s o f a e r a t i o n 
a n d s e d i m e n t a t i o n c h a m b e r s mixed . Essent ia l ly , n o s ludge g r o w t h o c c u r s in 
t h e s e d i m e n t a t i o n c h a m b e r b e c a u s e t he re is n o d i rec t a e r a t i o n t he r e . T h e r e 
fore , t h e va lue of AXV ca l cu la t ed f rom E q . (5.84) r ep resen t s t h e ne t g r o w t h 
o c c u r r i n g in t h e a e r a t o r . 

F o r a p p l i c a t i o n o f E q . (5.68), i t is r e c o m m e n d e d t o t a k e XVtU a s t h e M L V S S 
c o n c e n t r a t i o n d e t e r m i n e d af ter t h e baffle is ra i sed . T h i s m a y seem c o n t r o v e r 
sial s ince in E q . (5.68) Χυα s t a n d s for M L V S S c o n c e n t r a t i o n in a e r a t i o n 
c h a m b e r d u r i n g t h e o p e r a t i o n (V is t h e v o l u m e of a e r a t i o n c h a m b e r ) . T h e 
c o n c e n t r a t i o n of M L V S S in t h e s e d i m e n t a t i o n c h a m b e r is p r o b a b l y different 
f rom t h a t in t h e a e r a t o r . A t t h e b o t t o m of t h e s e d i m e n t a t i o n c h a m b e r t h e r e 
is a s ludge b l a n k e t o f very h i g h M L V S S c o n c e n t r a t i o n , a n d a t t h e t o p a supe r 
n a t a n t l iquid w i t h negl igible M L V S S c o n c e n t r a t i o n . Af te r t h e baffle is r a i s ed , 
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th i s h e t e r o g e n e o u s m a s s in t h e s e d i m e n t a t i o n c h a m b e r is m i x e d w i t h t h e 
c o n t e n t s of t h e a e r a t o r . T h e w h o l e v o l u m e is t h o r o u g h l y m i x e d b y t h e b u b b l i n g 
ai r be fore t h e s a m p l e is t a k e n . T h e des igners of th is l a b o r a t o r y r e a c t o r c l a im 
t h a t t h e r e is n o significant difference b e t w e e n M L V S S c o n c e n t r a t i o n in t h e 
a e r a t i o n c h a m b e r d u r i n g o p e r a t i o n a n d t h a t in t h e w h o l e m i x e d c o n t e n t o f t h e 
t w o c h a m b e r s . I n a n y event , it is p rac t ica l ly imposs ib l e t o w i t h d r a w r e p r e 
sen ta t ive s ample s f rom t h e a e r a t i o n c h a m b e r d u r i n g t h e o p e r a t i o n for ana lys i s 
of Xva. Reca l l a l so t h a t t h e v o l u m e of t h e s e d i m e n t a t i o n c h a m b e r is m u c h 
smal le r t h a n t h a t of t h e a e r a t i o n c h a m b e r ( r a t i o o f a b o u t 3/7). T h e r e f o r e , 
M L V S S c o n c e n t r a t i o n in t h e m i x e d c o n t e n t s of t h e t w o c h a m b e r s is n o t t o o 
different f rom t h a t of t h e a e r a t i o n c h a m b e r d u r i n g o p e r a t i o n . 

6. O n c e s t eady s ta te o p e r a t i o n is a t t a i n e d , t h e s a m p l i n g s chedu l e p r e 
sen ted in T a b l e 5.3 is fo l lowed. 

TABLE 5.3 
Sampling Schedule [3] 

Analysis Frequency Raw waste" Mixed liquor* Effluent' 

1. C O D , B O D , o r T O C 
(mg/liter) (filtered and 3/week X — X 

unfiltered composi te (So) OS.) 
samples) 

2. p H daily X X X 

3. SS, MLVSS (mg/liter) 
(also determine sludge 
settling curves and 3/week — X X 

sludge volume index of (Xv.a) (keep low) 
mixed liquor at the end 
of test run) 

4. Dissolved oxygen 
(DO) (mg/liter) daily — X — 

5. Oxygen uptake rate 3/week — X — 
6. Microscopic analysis 

(gram stain) 1/week — X — 
7. Color, turbidity 3/week — — X 

8. Significant ions, 
compounds 3/week X — X 

a Sample withdrawn from influent feed line or raw waste containers. 
b Sample withdrawn from the unbaffled tank. 
c Sample withdrawn from effluent bottle. 

6.3. C A L C U L A T I O N O F D E S I G N P A R A M E T E R S 

C a l c u l a t i o n of p a r a m e t e r s k9 a, a', b, a n d V is m a d e f rom o b t a i n e d d a t a . 
P r o c e d u r e is desc r ibed in Sec t ions 6 .3 .1-6 .3 .4 . 
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6.3.1. Determination of Substrate Removal 
Rate (k) 

T h i s d e t e r m i n a t i o n , ba sed o n E q . (5.18) o r E q . (5.19), is desc r ibed in 
Sec t ion 3.2. 

6.3.2. Determination of Oxygen Utilization 
Parameters a' and b' 

T h i s d e t e r m i n a t i o n is ba sed on E q . (5.64) in w h i c h t h e le f t -hand m e m b e r is 
wr i t t en as RrV, i.e., 

Rr V = a\SQ -Se)Q + b'XVt a V (5.85) 

w h e r e Rr is t h e oxygen u p t a k e r a t e , i.e., oxygen ut i l ized p e r d a y p e r u n i t 
v o l u m e of r e a c t o r ; a n d Κ the r e a c t o r v o l u m e . 
E x p e r i m e n t a l d e t e r m i n a t i o n of Rr is d iscussed in Sec t ion 6 .3 .3 . D i v i d i n g E q . 
(5.85) by Xv a K a n d le t t ing V/Q = t ( res idence t ime) yields 

Rr/Xv, a = a'[(S0 - Se)/Xv, a t] + V (5.86) 

E q u a t i o n (5.86) is t he bas ic r e l a t i onsh ip for d e t e r m i n a t i o n of oxygen ut i l iza
t i on p a r a m e t e r s a' a n d V. N o t i c e t h e p resence of t e r m (S0 — Se)/Xvat ( s u b 
s t r a t e r e m o v a l r a t e ) , wh ich a l so occu r s in E q s . (5.18) a n d (5.19) for de te r 
m i n a t i o n of k. 

U n i t s for Rr o b t a i n e d f rom l a b o r a t o r y scale d e t e r m i n a t i o n s a r e m e t r i c , 
i .e. , m g 0 2 / ( d a y ) ( l i t e r ) . Since 

mg 0 2 / l i t e r l iquor = lb 0 2 / M l b liquor (Section 4.2, Example 5.1) 

t hen 

Rr = lb 0 2 / ( d a y ) ( M l b liquor) 

Similar ly , for XVta 

Xv,a = mg MLVSS/liter l iquor = lb MLVSS/Mlb l iquor 

T h e r e f o r e in E q . (5.86) 

lb 0 2 / ( d a y ) ( M l b liquor) 
RrlXv,a = ΐ Κ ' T V Q Q / M I K R = » > 0 2 / ( d a y ) ( l b MLVSS) 

lb MLVSS/Mlb liquor 

T h u s Rr/XVia is a m e a s u r e o f u t i l iza t ion o f oxygen p e r d a y a n d p e r lb o f 
b io log ica l s ludge p re sen t in t h e r eac to r . 

A s s h o w n in Sec t ion 3.2, 

(S0-Se)IXOtat = l b B O D r e m o v e d / ( d a y ) ( l b MLVSS) 

A c c o r d i n g t o E q . (5.86) a p l o t of Rr/XVta vs . (S0-Se)/XVtat yields a s t r a igh t 
l ine f rom the s lope a n d in te rcep t of w h i c h oxygen u t i l i za t ion p a r a m e t e r s a' 
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a n d b' a r e o b t a i n e d . A typica l p lo t is s h o w n in F ig . 5.16, a n d a n u m e r i c a l 
i l lus t ra t ion of i ts c o n s t r u c t i o n f rom l a b o r a t o r y d a t a is p r e s e n t e d in E x a m p l e 
5.5 (Sect ion 6.4). 

6.3.3. Experimental Determination of the 
Oxygen Uptake Rate (Rr) 

Poss ib ly t h e s imples t w a y t o d e t e r m i n e t h e oxygen u p t a k e r a t e is by ga lvan ic 
cell oxygen m e a s u r e m e n t s . T h i s is t h e on ly m e t h o d desc r ibed in th i s sec t ion . 
O t h e r m e t h o d s a r e p o l a r o g r a p h i c a n d W a r b u r g t e c h n i q u e s a n d off-gas 
ana lys i s . O f all these m e t h o d s , ga lvan ic cell m e a s u r e m e n t is t h e s imples t , a n d 
its a ccu racy is usua l ly a d e q u a t e . T h e a p p a r a t u s for th is m e a s u r e m e n t is t h e 
d isso lved oxygen ana lyze r ( D O ana lyze r ) desc r ibed in C h a p t e r 2 (Sec t ion 
2.3.1) a n d s h o w n in F ig . 2.4. 

E x p e r i m e n t a l t e c h n i q u e for m e a s u r i n g oxygen u p t a k e r a t e (Rr) is [ 6 ] 
1. Fi l l B O D bo t t l e wi th a e r a t e d m i x e d l i q u o r f rom test so lu t ion . 
2. Inse r t p r o b e i n t o bo t t l e , a l l owing d i sp laced l iquid t o overf low. C a r e 

is t a k e n t o p r e v e n t a c c u m u l a t i o n of a i r b u b b l e s ins ide bo t t l e . 
3 . M i x t h e c o n t e n t s us ing a m a g n e t i c s t i r r ing a p p a r a t u s . 
4 . R e c o r d g a l v o n o m e t e r r ead ings a t v a r i o u s t i m e in te rva ls , usua l ly every 

30 sec. 
5. C o r r e c t r ead ings b a s e d o n a p r e d e t e r m i n e d sensi t ivi ty fac tor (for 

de ta i l s refer t o [ 6 ] ) , a n d p lo t d isso lved oxygen level ( o r d i n a t e ) vs . t i m e 
(abscissa) (F ig . 5.12). 
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Fig. 5.12. Determination of oxygen uptake rate. 
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6. I n F ig . 5.12, t h e s lope of t h e l ine is oxygen u p t a k e r a t e in mg/ ( l i t e r ) 
(min) . A specific u p t a k e r a t e (Rr/Xva) is t h e n d e t e r m i n e d by d iv id ing t h i s 
va lue b y M L V S S c o n c e n t r a t i o n in t h e test s a m p l e . I n F ig . 5.12, t h e first d a t a 
p o i n t s i m m e d i a t e l y after / = 0 a r e not t o be t a k e n i n t o a c c o u n t in e v a l u a t i n g 
t h e s lope . T h e h ighe r s lope of this sect ion of t h e l ine is d u e t o loss of e n t r a i n e d 
a i r f r o m t h e l iquor . Af ter a few m i n u t e s t h e s lope b e c o m e s s tab i l ized , a n d it 
is t a k e n as t h e u p t a k e r a t e . 

A t e m p e r a t u r e co r r ec t i on ava i lab le f rom n o m o g r a p h s furn i shed by t h e 
m a n u f a c t u r e r is app l i ed t o t h e r ead ings . P r o b e r ead ings a r e i n a c c u r a t e a t 
D O c o n c e n t r a t i o n s be low 0.5 mg/ l i te r . T rans fe r of t h e mixed l i q u o r f r o m t h e 
r eac to r t o t h e D O ana lyze r bo t t l e s h o u l d be r a p i d , a n d t h e tes t s t a r t e d as 
s o o n as poss ib le fo l lowing s a m p l e w i t h d r a w a l . If oxygen dep l e t i on is t o o 
r ap id , t h e s a m p l e is d i lu ted in o r d e r t o r educe M L V S S c o n c e n t r a t i o n . I t is 
adv i sab le t o ca l i b r a t e t he p r o b e in a s a m p l e of w a t e r s imi lar t o t h a t in w h i c h 
the D O ana lyze r is used , in o r d e r t o e l imina te e r r o r s d u e t o t h e sal t effect. 

6.3.4. Determination of Parameters for 
S ludge Yield (a and b) 

D e t e r m i n a t i o n o f p a r a m e t e r s a a n d b is b a s e d o n E q . (5.73). F o r t h e b e n c h 
scale r e a c t o r t he re is n o recycle of s ludge , c o n t r a r y t o w h a t h a p p e n s for t h e 
r eac to r in F ig . 5 .1 , for w h i c h E q . (5.73) is wr i t t en . 

A simplified d i a g r a m of t h e b e n c h scale r e a c t o r is s h o w n in F ig . 5.13. By 
c o m p a r i n g F ig . 5.13 wi th F ig . 5 .1 , t e r m s in E q . (5.73) a r e modif ied for app l i ca 
t i on t o t h e l a b o r a t o r y un i t . 

Q V Q 

X v , o 
X N V , o 1 

X v , e 
X N V , e 

X v , o 
X N V , o 1 

X v , e 
X N V , e 

So ( s l u d g e deposi ted) 
S e 

Fig. 5.13. Simplified diagram of the bench scale continuous reactor. 

Fig. 5.1 Fig. 5.13 

QF Q 
Q" zero 
Xy,F Χν,ο 
XNV, F XNV, ο 
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There fo re , E q . (5.73) for t he l a b o r a t o r y r e a c t o r b e c o m e s 

AXt = a(S0-Se)Q-bXv,aV+ QXV,0 + Q(XNVt0-XNV,e) 
(5.87) 

AXV AXN 

E q u a t i o n (5.87) is r e a r r a n g e d as 

AXt - Q(XNv,o-XNv,e + Xv,o) = AXV = a(S0-Se)Q- bXv,aV (5.88) 

D i v i d i n g t h r o u g h by Χνα V a n d n o t i c i n g t h a t V/Q = t ( res idence t ime) , 

AXt/V- (XNV,0-XNv,e + Xv,o)lt (AXJV) 
Xv, 

= a[(S0-Se)/Xv,at]-b (5.89) 

I n t h e n u m e r a t o r o f t h e lef t -hand m e m b e r o f E q . (5.89) , t e r m AXJV e q u a l s 
t h e ne t yield of t o t a l s ludge pe r un i t v o l u m e [ i .e . , m g t o t a l s l udge / (day ) ( l i t e r ) ] . 
T e r m AXJV c o r r e s p o n d s t o t h e ne t yield o f M L V S S pe r u n i t v o l u m e . If c o n 
c e n t r a t i o n s of N V S S a n d M L V S S in t h e inf luent a r e negl igible (i .e. , XNVt0 « 
X N V t e « XVf0 ~ 0 ) , th is e q u a t i o n r educes t o 

AXJV AXJV 

Xv, 
= a[(S0-Se)/Xv,at]-b (5.90) 

E q u a t i o n (5.89) [ o r E q . (5 .90)] is t h e bas ic r e l a t i onsh ip for d e t e r m i n a t i o n 
o f s ludge yield p a r a m e t e r s a a n d b. N o t i c e a g a i n t he p resence o f t e r m 
(S0 — Se)/XVtat ( subs t r a t e r e m o v a l r a t e ) , w h i c h a l so o c c u r r e d in E q s . (5.18), 
(5.19) , a n d (5.86) for d e t e r m i n a t i o n of p a r a m e t e r s k, a\ a n d b'. 

Note on units for Eq. (5.89) lor Eq. ( 5 . 9 0 ) ] : F r o m l a b o r a t o r y d e t e r m i n a 
t i ons , t h e va lue of AXJV is o b t a i n e d in me t r i c un i t s , i.e., AXJV = m g t o t a l 
s ludge y ie ld / (day) (liter of l i quor ) . F r o m s imi la r c o n s i d e r a t i o n s as t h o s e for 
Rr (Sec t ion 6.3.2), it fol lows t h a t th is va lue is numer i ca l l y e q u a l t o t h a t 
expressed in Engl i sh un i t s , i.e., AXJV = lb s ludge y i e l d / ( d a y ) ( M l b l i quo r ) . 

T h e r e f o r e t e r m (AXJV)/XVta in Engl i sh un i t s is 

AXJV _ lb total sludge yield/(day)(Mlb liquor) 

X0ta ~ lb MLVSS/Mlb l iquor 

= lb total sludge yield/(day)(lb MLVSS) 

Similar ly , 

AXt/V - (XNy, ο - XNV, e + Xv, 0)/t 

Xv, a 
= lb MLVSS yield/(day)(lb MLVSS) 

A c c o r d i n g t o E q . (5.89) [ o r E q . (5 .90)] a p l o t of ( a c c o u n t i n g for p resence o f 
N V S S ) 

\ AXt/V-(XNv,0-XNV,e + Xv,o)/t AXJV] 
γ = — — vs. (S0-Se)IXVtat 

|_ -^ν,α -^υ,α J 
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o r s imply (if N V S S is negligible) 

AXJV 
— — vs. (S0-Se)IXViat 

yields a s t r a igh t l ine f rom t h e s lope a n d i n t e r cep t o f wh ich des ign p a r a m e t e r s 
a a n d b a r e o b t a i n e d . A typica l p l o t is s h o w n in F ig . 5.17, a n d its c o n s t r u c t i o n 
f rom l a b o r a t o r y d a t a is i l lus t ra ted in Sec t ion 6.4, E x a m p l e 5.5. 

T h e absc issa in t e rcep t in F ig . 5.17 c o r r e s p o n d s t o a z e r o va lue for t h e 
o r d i n a t e . Th i s occu r s for a c o n d i t i o n of ne t z e r o yield of M L V S S , i.e., 
AXV = 0. Re fe r r ing t o E q . (5.68), for AXV = 0 it fo l lows t h a t p r o d u c t i o n o f 
M L V S S b y synthes is , i.e., a(S0 — Se)Q9 is exact ly b a l a n c e d b y loss of M L V S S 
oxid ized by e n d o g e n o u s r e sp i r a t ion , i .e., bXvaV. T h e r e f o r e 

a{S0-Se)Q = bXv,aV 

T h u s , t h e l eng th o f absc issa i n t e r cep t is (S0-Se)/Xvat = b/a, a s i n d i c a t e d i n 
F ig . 5.14. 

I n s u m m a r y , t he m o s t i m p o r t a n t i n f o r m a t i o n de r ived f r o m b e n c h scale 
s tudies u s i n g th is l a b o r a t o r y r e a c t o r is t h e o r g a n i c r e m o v a l c apac i t y o f a n 
acc l ima ted b io logica l s ludge receiving a predef ined was t ewa te r . Fu l l scale 
p l a n t s o p e r a t i n g o n des ign cr i ter ia deve loped us ing th is r e a c t o r p r o d u c e a n 
effluent wh ich a p p r o x i m a t e s t h e p red ic t ed qua l i ty . M o r e o v e r , oxygen ut i l iza
t i o n r a t e s a r e scaled u p wi th re la t ive a c c u r a c y f rom b e n c h scale r e a c t o r s t o 
full scale un i t s . T h e r e is s o m e difficulty, howeve r , in sca l ing u p a n d a p p l y i n g 
coefficients a a n d b deve loped f rom b e n c h scale r eac to r s t o a full scale un i t 
b e c a u s e of l imi ta t ions d u e t o low a c c u r a c y of t h e V S S test , a n d t h e difficulty 
of es tab l i sh ing a sol ids b a l a n c e in smal l scale s i m u l a t i o n s tud ies . U s i n g la rger 
r e a c t o r s of p i l o t -p l an t scale e n h a n c e s t h e a c c u r a c y of these coefficients. 
F o r t u n a t e l y , t h e accu racy o f coefficients a a n d b is less i m p o r t a n t for t h e 
des igner t h a n t hose for r e m o v a l r a t e c o n s t a n t (k) a n d oxygen d e m a n d 
coefficients (a\b'). 

6.4. N U M E R I C A L E X A M P L E S : D E T E R M I N A T I O N 
OF D E S I G N P A R A M E T E R S FOR A N 
A C T I V A T E D S L U D G E S Y S T E M 

Example 5.5 

A n indus t r i a l p l a n t is cons ide r ing a n ac t iva ted s ludge sys tem for t r e a t m e n t 
o f the i r was t ewa te r s . P r e l im ina ry tes ts a r e p e r f o r m e d in l a b o r a t o r y scale 
c o n t i n u o u s r eac to r s (F ig . 5.10). T h e v o l u m e of t h e a e r a t i o n c h a m b e r in 
l a b o r a t o r y r eac to r s is 7 l i ters . F o u r r e a c t o r s a r e o p e r a t e d in para l le l u n t i l 
s t eady s ta te c o n d i t i o n s a r e o b t a i n e d . D a t a t a k e n a r e p re sen t ed in T a b l e 5.4. 

T h e influent c o n t a i n s a n ave rage of 30 mg/ l i t e r o f N V S S . In effluent, c o n -
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c e n t r a t i o n of N V S S is a p p r o x i m a t e l y 20 mg/ l i t e r . T h e difference, 3 0 — 2 0 = 
10 mg/ l i t e r , c o r r e s p o n d s t o N V S S set t led in t h e s e c o n d a r y clarifier. S ludge 
unde r f low f rom t h e s e c o n d a r y clarifier cons i s t s of th i s N V S S set t led plus ne t 
yield of V S S f rom r e a c t o r o p e r a t i o n . 

F r o m d a t a in T a b l e 5.4 d e t e r m i n e des ign p a r a m e t e r s k, a, a\ b, a n d V. A l s o 
e s t ima te n o n b i o d e g r a d a b l e m a t t e r c o n c e n t r a t i o n Sn (mg/ l i t e r ) . F r o m T a b l e 
5.5 d e t e r m i n e k a n d Sn. A l s o p l o t c o l u m n (9) o f t h e t ab l e vs . c o l u m n (5). A 
g r a p h of th i s p l o t is s h o w n in F ig . 5.14. 

1 1 I I I I 

Slope;k = ( l .6l-0.0)/( I IO-IO) 

1 1 1 1 1 1 

= 0.0161 day - 1 

= 0 .00067 hr' 1 

1.6 
Equation: 

( S 0 - S e ) / X V f Q t = k ( S e - S n ) IQ\ O^Reactor ID . iy; * N q , 

1.2 
/ 3 n

 = l ° mg/liter 

0.8 
O^Reactor No. 2 

0.4 
X^-Reactor No. 3 

! >d*-Reactor No. 4 
W 1 1 1 1 1 1 1 1 1 1 1 

0 10 50 100 
S e (mg/liter) 

Fig. 5.14. Graphical determination of k and S„ (Example 5.5). 

Est imc ted mir imu m 
(at F/l 1=0 .6) 

0 0.2 0 . 4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
F /M 

Fig. 5.15. Plot of SVI vs. F/M (Example 5.5). 
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Step 1. D e t e r m i n e t h e r e m o v a l r a t e c o n s t a n t k (k inet ics of B O D r e m o v a l ) 
[ E q . (5 .19) ] . 

k = 0.0161 d a y " 1 (0.00067 h r " 1 ) 

Sn = 10 mg/liter 
A p l o t of SVI vs. F/M r a t i o is s h o w n in F ig . 5.15. E s t i m a t e d m i n i m u m SVI 
o c c u r s a t a va lue of F/M r a t i o « 0 .6 . 

Step 2. D e t e r m i n e oxygen u t i l i za t ion p a r a m e t e r s a' a n d b' [ E q . (5 .86) ] . 
F r o m T a b l e 5.6 d e t e r m i n e a' a n d b'. 
P l o t c o l u m n (4) vs . c o l u m n (5) (Tab le 5.6). T h e g r a p h is s h o w n in F ig . 5.16. 
T h e n 

a' = 0.79 mg 0 2 / m g B O D r = 0.79 lb 0 2 / l b B O D r 

b' = 0.15 d a y " 1 

TABLE 5.6 
Oxygen Utilization Parameters 

Laboratory data Calculated data 

(2) (3) W (5) 
U) Xv, a Rr (S0-Se)/XVtat 

Reactor (mg/liter) [mg 0 2/(liter)(day)] RrlXv,a ( d a y - 1 ) 
no. (Table 5.4) (Table 5.4) (day" 1 ) (Table 5.5) 

1 3100 4025 1.298 1.440 
2 2800 1800 0.643 0.620 
3 3000 1292 0.431 0.350 
4 2900 780 0.269 0.145 

1.5 

1.0 

χ 

est 

0.5 

-τ—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—r~ 
Slope;a' = (i.O-0.5)/(l.07-0.44) 

= 0.79 lb 0 2,energy/lb total B 0 D 5 

Equation 

Intercept; 
b'=O.I5 lb 02/(day)(lb ML\ 

removed 

(5.86) 

^Reactor No. I 

J^-Reactor No. 2 

^-Reactor No. 3 

^-Reactor No. 4 

^"Intercept; b'=O.I5 
Ju ι ι Τ ι—ι ι ι ' I I I I — I — L _ 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 

Fig. 5.16. Graphical determination of a' and b' (Example 5.5). 
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Step 3. D e t e r m i n e s ludge yield p a r a m e t e r s a a n d b [ E q . (5 .89) ] . 

(XNV, ο - XNVt e = 3 0 - 2 0 = 10 mg SS/liter) XVt 0 = 0 

F r o m T a b l e 5.7 d e t e r m i n e a a n d b. P l o t c o l u m n (7) vs. c o l u m n (8) ( T a b l e 
5.7). T h e g r a p h is s h o w n in F ig . 5.17. 

a = 0.575 lb MLVSS/lb total B O D 5 removed 

b = 0.075 lb MLVSS/(day)( lb MLVSS) 

S U M M A R Y D e s i g n p a r a m e t e r s ( E x a m p l e 5.5) 

k = 0.0161 d a y " 1 (0.00067 h r " 1 ) 

S„ = 10 mg/liter 

ω 
ω 
> 

- ι 1 1 1 1 
Equation; 

Δ Χ , / V - ( X N V , 0 - X N V , e * X w ) / 1 _ A X V / V 

Λ ν , α ν , α 

= a [ ( S 0 - S e ) / X V | Q t ] - b (5.89) 

^-Reactor 
No. I J 

Slope;a = (0.73-O.I55)/(l.4-0.4) 
=0.575 lb MLVSS/lb total BODsrernoved 

_J 1 L 1 JL 

0.4 0.8 
(So-SeiVX^t (day' 1) 

b/a=0.075/0.575=O.I3 

2.0 

Fig. 5.17. Graphical determination of a and b (Example 5.5). 
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a = 0.575 lb MLVSS/lb total B O D 5 removed 

a' = 0.79 lb 0 2 / l b total B O D 5 removed 

b = 0.075 lb MLVSS/(day)( lb MLVSS) 

b' = 0.15 lb 0 2 / ( d a y ) ( l b MLVSS) 

E x a m p l e 5 .6 

If for a w a s t e w a t e r t h e lb 0 2 / d a y r e q u i r e d for a e r o b i c b io log ica l t r e a t m e n t is 

lb 0 2 / d a y = 0.4(lb B O D 5 removed/day) + 0.1 (lb MLVSS) 

wr i t e a n a p p r o x i m a t e e q u a t i o n for b io logica l s ludge yield in l b /day . 

S O L U T I O N H e r e 

a' = 0.4 (basis B O D 5 , i.e., α'ΒοΌ5) 

b' = 0.1 

T h e des i red e q u a t i o n f rom E q . (5.68) is 

AX„(\b MLVSS/day) = a ( lb B O D 5 removed/day) - b(\b MLVSS) 

A p p r o x i m a t e r e l a t ionsh ips for a [Sec t ion 4 .1 .6 (c ) ] a n d b [ f r o m E q . (5 .60)] as 
func t ions o f a' a n d b' 

0 . 8 2 a B oD 5 + 0.58flioD5 = 1.0 

b = b'\\A2 

There fo r e , t h e a p p r o x i m a t e va lue of tfBOD5 * S 

flBOD5 = ( l - 0 . 5 8 ^ O D 5 ) / 0 . 8 2 = [ l - (0 .58) (0 .4 ) ] /0 .82 = 0.94 

T h e a p p r o x i m a t e va lue of b is 

b = 671.42 = 0.1/1.42 = 0.07 

T h e a p p r o x i m a t e e q u a t i o n for M L V S S yield is 

AXV = 0.94(lb B O D 5 removed/day) - 0.07(lb MLVSS) 

7. Design P rocedu re for an 
Act ivated S ludge Plant 

7.1. I N T R O D U C T I O N 

F r o m k n o w l e d g e of des ign p a r a m e t e r s k, a, b, a\ a n d b\ des ign of t he 
ac t iva ted s ludge p l a n t is u n d e r t a k e n . F o r t h e l a b o r a t o r y r e a c t o r in F ig . 5.10 
t h e r e is n o recycle of s ludge . N e t s ludge yield is w i t h d r a w n in t e rmi t t en t l y t o 
m a i n t a i n a n ave rage c o n s t a n t c o n c e n t r a t i o n (XVf0) o f M L V S S in t h e a e r a t i o n 
c h a m b e r . F o r t h e ac tua l p l a n t , s ludge is recycled as s h o w n in F ig . 5 .1 . 
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A p r i m a r y va r i ab le selected b y t h e des igner is c o n c e n t r a t i o n Xva o f M L V S S 
in t h e a e r a t o r . R a t e of recycle s ludge QR is ca lcu la t ed t o p r o v i d e th is c o n c e n 
t r a t i o n . U s u a l l y Xv%a is selected be tween 2000 a n d 4 0 0 0 mg/ l i t e r o f M L V S S . 
A n o t h e r p r i m a r y va r i ab le w h i c h is selected by t he des igner is t h e c o n c e n t r a t i o n 
XVfU of M L V S S in recycle s ludge ( s t r eam 7 in F ig . 5.1), w h i c h is a l so e q u a l t o 
M L V S S c o n c e n t r a t i o n in under f low f rom t h e s e c o n d a r y clarifier [ s t r e a m 5 ] . 
C o n c e n t r a t i o n XVfU is a l so t he s a m e as t h a t in s t r e a m 6 (was tage) . G o o d 
set t l ing s ludge is expec ted t o a t t a i n a c o n c e n t r a t i o n Xvu b e tween 10,000 a n d 
15,000 mg/ l i t e r o f M L V S S . 

A t s t eady s ta te c o n d i t i o n s t he re is n o a c c u m u l a t i o n of s ludge . T h u s , n e t 
yield o f s ludge in t he a e r a t o r m u s t b e r e m o v e d in was t age s t r e a m 6. F o r 
p u r p o s e s of ma te r i a l b a l a n c e ca lcu la t ions was t age is a s s u m e d t o b e c o n 
t i n u o u s . I n p rac t i ce , it is usua l ly p e r f o r m e d in t e rmi t t en t ly by t h e a r r a n g e m e n t 
s h o w n in F ig . 5.18, since it is o rd ina r i ly t o o smal l t o just ify c o n t i n u o u s wi th 
d r a w a l . 

R e t u r n a n d was t age lines a r e va lved as ind ica ted . Valves a re a c t u a t e d b y a 
t i m e c lock for i n t e r m i t t e n t s ludge w a s t a g e (e.g., 5 m i n every h o u r ) . 

7.2. M A T E R I A L B A L A N C E FOR D E T E R M I N A T I O N 
OF R E C Y C L E R A T I O OF M L V S S 

W r i t e a m a t e r i a l b a l a n c e for M L V S S a r o u n d the s e c o n d a r y clarifier in F ig . 

5.1 ( l oop · · ) . 

MLVSS, I N MLVSS, O U T 

1. MLVSS in reactor effluent [stream 3] 1. MLVSS in net effluent [stream 4] 
QXv,a(S34) (lb/day) zero (assuming complete sedimentation 
or [from Eq. (5.5)] of MLVSS in secondary clarifier) 

QF(l+r)XV,A(S.34) (lb/day) 2. MLVSS in wastage [stream 6] 
AXv+QFXV.F (8.34) (lb/day) 

3. MLVSS in recycled sludge [stream 7] 
Q R X V T U ( Z M ) = rQFXVtU(S34) (lb/day) 

T h e n 

QF(\+r)Xv,a(S34) = 0+AXv + QF XV,F(S.34) + rQF ^ , « ( 8 . 3 4 ) 

So lv ing for t he recycle r a t i o , 

r = ^MQFX^a-AX^^MQrXv^mMQAX^u-X^a)] (5.91) 

If ne t s ludge yield (AXV) a n d M L V S S c o n c e n t r a t i o n in fresh feed (XVtF) a r e 
negl igible by c o m p a r i s o n w i th t e r m 8 . 3 4 2 ^ ^ , E q . (5.91) simplifies t o yield 
E q . (5.92). 

r = Xv,aKXv,u-XV,a) (5.92) 
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ω ® 
Fresh Combined 
feed feed 

Aerator 

© 
Reactor 
effluent 

Secondary 
clarifier 

© 
Net 

effluent 

© 
Timing device-η 

© \-
Recycle sludge 

Xlarifier 
underflow 

-^-Recycle and 
wastage pump 

© 
^ Wastage ^ 

Fig. 5.18. Arrangement for sludge wastage. 

W a s t a g e flow Q" is ca lcu la ted by n o t i n g t h a t it m u s t c o n t a i n t h e AXV l b / d a y 
of ne t yield of M L V S S plus t h e M L V S S f rom fresh feed (QFXV,F)- T h e r e f o r e , 
s ince c o n c e n t r a t i o n of M L V S S in s t r e a m Q" is XVtU, 

AXV + QFXV,F(8.34) = β ' % , „ ( 8 . 3 4 ) (5.93) 

Q" = (AXV + S.34QF Xv, F)/S.34XVt „ (5.94) 

Q is o b t a i n e d by c o m b i n i n g E q s . (5.2) a n d (5 .94) : 

Q ' = Q F ~ Q" = Q F ~ (AXv + 8.34QXv,F)/8.34XutU (5.95) 

7.3. M A T E R I A L B A L A N C E FOR C A L C U L A T I O N 
O F S 0 

B O D of c o m b i n e d feed (S0) is ca l cu la t ed by a B O D b a l a n c e a r o u n d t h e 
j u n c t i o n of fresh feed a n d recycle s ludge t o fo rm c o m b i n e d feed, i .e., l o o p 

in F ig . 5 .1 . 
T h i s m a t e r i a l b a l a n c e is as fo l lows : 

B O D I N : QFSF + QRSe 

or 
QFSF + rQFSe 

B O D O U T : QS0 

or 
Qr{\+r)S0 

T h e n 

The re fo re 

QFSF + rQFSe = QF(l+r)S0 

S0 = ( S F + r S . ) / ( l + r ) (5.96) 

F r o m E q . (5.96) t he difference (S0 — Se) b e t w e e n inf luent a n d effluent 
so lub le B O D for t h e a e r a t o r is 

o r 

S o - S e = [ ( S F + r S . ) / ( l + r ) ] - S . 

S o - S e = ( S F - S . ) / ( l + r ) (5.97) 
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7.4. A L T E R N A T I V E E X P R E S S I O N S FOR NET 
Y I E L D OF B I O L O G I C A L S L U D G E A N D 
O X Y G E N UTIL IZATION IN T H E A E R A T O R 

1. Net yield of MLVSS. Subs t i t u t i on of Q a n d (S0-Se) in E q . (5.68) b y 
the i r va lues given b y E q s . (5.5) a n d (5.97) yields after s impl i f icat ion 

ΔΧυ = a(SF-Se)QF - bXVtaV ( 5 . 9 8 ) 

E q u a t i o n (5.98) is a n a l t e rna t ive express ion for AXV. I t is m o r e c o n v e n i e n t 
t h a n E q . (5.68), s ince it c o n t a i n s p r i m a r y va r i ab les SF a n d QF r a t h e r t h a n SQ 

a n d Q. [ 5 0 a n d Q a r e ca lcu la ted f rom k n o w l e d g e of SF, QF, Se, a n d r f r o m 
E q s . (5.96) a n d (5.5) . ] 

T h e phys ica l significance of t h e synthes is t e r m a(SF — Se)QF is c lear . C o m 
b i n e d feed Q (F ig . 5.13) is t h o u g h t o f as t w o h y p o t h e t i c a l s e p a r a t e s t r e a m s 
(F ig . 5.19). F o r s t r e a m QF so lub le B O D is r e d u c e d f rom SF t o Se, a n d 
b io log ica l s ludge synthes ized as a resu l t of th is B O D r e d u c t i o n is a(SF — Se) QF. 
T h e o t h e r s t r e a m (QR) en te r s a n d leaves t h e r e a c t o r w i th t h e s a m e u n c h a n g e d 
c o n c e n t r a t i o n of so lub le B O D , i.e., Se. The re fo r e it does not c o n t r i b u t e t o 
synthes is of b io logica l s ludge . 

Q = Q F + Q R 

= Q F ( I +r) 

Q F , S F Q F , S e 

Q R = r Q F , S e Q R . S e 

Fig. 5.19. Diagram corresponding to Eq. (5.98). 

2. Oxygen utilization in the aerator. O n subs t i t u t i on of (S0 — Se) a n d Q b y 
the i r va lues given by E q s . (5.97) a n d (5.5) , respect ively, E q . (5.64) yields 

lb 0 2 / d a y = a\SF - Se) QF + b'Xv, a V ( 5 .99 ) 

Significance o f ene rgy t e r m a\SF — Se)QF is para l le l t o t h a t o f t h e synthes i s 
t e r m in E q . (5.98). O n l y s t r e a m QF c o n s u m e s oxygen since s t r e a m QR en t e r s 
a n d leaves t h e r e a c t o r u n c h a n g e d . E q u a t i o n (5.99) is m o r e c o n v e n i e n t t h a n 
E q . (5.64), s ince it c o n t a i n s p r i m a r y va r iab les SF a n d QF r a t h e r t h a n S0 a n d Q. 

7.5. C A L C U L A T I O N OF R E S I D E N C E 
T I M E IN R E A C T O R 

Res idence t ime in t he r e a c t o r is ca lcu la t ed f rom t w o cr i te r ia in o r d e r t o 
d e t e r m i n e w h i c h o n e c o n t r o l s t h e des ign . T h e s e t w o cr i ter ia a r e 

1. Effluent qua l i ty , wh ich m e e t s r e g u l a t o r y a u t h o r i t y specif icat ions . 
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Effluent qua l i t y d e p e n d s o n s u b s t r a t e r e m o v a l r a t e given by E q . (5.19), w h i c h 
so lved for t yields 

t = (S0-Se)/[kXuta(Se-Sn)] (5.100) 

2. O r g a n i c l oad ing , e v a l u a t e d f r o m F/M r a t i o for o p t i m u m f l o c c u l a t i o n 
a n d set t l ing of s ludge . T h i s is given by E q . (5.80), w h i c h so lved for t yields 

* = S0l[Xv,a(FIM)] (5.101) 

R e q u i r e d res idence t ime is ca lcu la ted f r o m E q s . (5.100) a n d (5.101), t h e l a rger 
of t h e t w o va lues of t t h u s o b t a i n e d be ing a d o p t e d for des ign . F o r was t e s w h i c h 
a r e easily d e g r a d a b l e (e.g. , suga r refinery, da i ry , b r ewery ) , t h e o p t i m u m 
flocculation c o n d i t i o n is con t ro l l i ng for r es idence t i m e ca l cu l a t i ons . F o r o t h e r 
was t e s , e.g., in p e t r o l e u m refineries a n d p e t r o c h e m i c a l p l a n t s , t h e effluent 
qua l i t y c r i t e r ion c o n t r o l s res idence t i m e r e q u i r e m e n t s s ince b io log ica l 
d e g r a d a t i o n is very s low. 

7.6. E Q U A T I O N S FOR S L U D G E R E C Y C L E 
R A T I O r IN C A S E S W H E N E F F L U E N T 
Q U A L I T Y A N D O R G A N I C L O A D I N G 
C O N T R O L R E S I D E N C E T I M E 

C o n s i d e r E q . (5.91) for t he s ludge recycle r a t i o . AXV is g iven by E q . (5.68) , 
w h i c h is r ewr i t t en inc lud ing the fac tor 8.34 for use w i th Q in M G D ; V in 
M G ; a n d S0, Se9 a n d Xv%a in mg/ l i t e r as 

AXV = S.34a(S0-Se)Q - S.34bXVt0V (5.102) 

Ut i l i z ing E q . (5.5), 

AXV = S34a(S0-Se)QF(\ + r ) - 8.34bXv,aV (5.103) 

Since r e a c t o r v o l u m e Κ is a va lue ca lcu la ted by t h e des igner , it is des i rab le 
t o rewr i te E q . (5.103) as a func t ion of res idence t i m e f, w h i c h is g iven by e i the r 
E q . (5.100) o r (5.101). T e r m V in E q . (5.103) is o b t a i n e d by c o m b i n i n g E q s . 
(5.17) a n d (5 .5 ) : 

V= Qt = QFV+r)t (5.104) 

S u b s t i t u t i n g in E q . (5.103) V by its va lue given by E q . (5.104), 

AXV = S.34a(S0-Se)QF(l+r) - S.34bXv,aQF(1 +r)t (5.105) 

S u b s t i t u t i o n of ΔΑ^ given by E q . (5.105) in E q . (5.91) yields after 
s impli f icat ion 

r = [XVta-a(S0-Se)(\+r) + bXv,a(\+r)t- Xv,,]/(*,,„-Xv,.) (5.106) 
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Res idence t ime t o n t h e n u m e r a t o r o f E q . (5.106) is given by e i the r E q . 
(5.100) o r (5.101), d e p e n d i n g o n w h e t h e r res idence t i m e is g o v e r n e d b y 
subs t r a t e r e m o v a l r a t e o r o p t i m u m flocculation c o n d i t i o n s . E q u a t i o n s (5.100) 
a n d (5.101) a re wr i t t en in a genera l ized fo rm as 

t = (S0-a)/Xv,afi (5.107) 

W h e r e effluent qua l i ty c o n t r o l s des ign (Case 1), 

α = S e (5.108) 

fi = k(Se-Sn) (5.109) 

W h e r e o p t i m u m flocculation c o n d i t i o n s c o n t r o l des ign (Case 2) , 

<x = 0 (5.110) 

β = ΠΜ (5.111) 

Subs t i t u t i ng res idence t i m e t in t h e n u m e r a t o r of E q . (5.106) by its va lue f r o m 
E q . (5.107) yields 

Xv,a-a(S0-Se)(l + r) + 6 ^ A l + r)-Xv,F 

Ρ 
(Xv,u-Xv,a) (5.112) 

Since S0 is not a. p r i m a r y va r i ab le it is des i rab le t o e l imina te it f rom t h e 
n u m e r a t o r o f E q . (5.112). Subs t i t u t i ng (S0 — Se) b y its va lue given in E q . 
(5.97) , a n d t h e va lue o f S0 in t e r m ( S 0 - a ) by its va lue given in E q . (5.96) , 

Xv,a-a(SF-Se) + b S F + r S e

p * ( l + r ) - X V f F l(XVtU-Xv,a) (5.11 3) 

N o w wr i t e E q . (5.113) specifically for Cases (1) a n d (2). 
For Case ( / ) . Subs t i t u t i ng in E q . (5.113) α a n d β given by E q s . (5.108) a n d 

(5.109) a n d simplifying, 

Χν,ο - a(SF-Se) + b S f ~ S ° - XVtF (Xv,u-Xv,a) (5.114) 

Recycle ratio, Case (1): Effluent qua l i ty c o n t r o l s des ign 
For Case (2). Subs t i t u t i ng in E q . (5.113) α a n d β g iven by E q s . (5.110) a n d 

(5.111), so lving t he resu l t ing express ion for r , a n d simplifying [ E q . (5 .115) ] , 

_ {Xv,a-a(SF-Se)-](FIM)^bSF-Xv,F(FIM) 

" (Xv,u-Xv,a)(FIM)-bSe 

Recycle ratio, Case (2): O p t i m u m flocculation c o n d i t i o n s c o n t r o l des ign 

7.7. N E U T R A L I Z A T I O N R E Q U I R E M E N T S 
O p t i m u m act ivi ty for bac t e r i a occu r s a t p H va lues o f 6 - 8 . I t s h o u l d b e 

c h e c k e d if neu t r a l i z a t i on is n e e d e d p r e c e d i n g b io logica l t r e a t m e n t . F o r 
a lka l ine was t e s , i t is t a k e n as a ru l e o f t h u m b t h a t u p t o 0.5 lb o f a lka l in i ty (as 
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C a C 0 3 ) is r e m o v e d p e r lb of B O D r e m o v e d . T h i s h a p p e n s because t h e C 0 2 

evo lved f rom bac te r ia l was t e d e g r a d a t i o n reac t s w i th a lka l in i ty ( O H ~ ) p r e s en t 
in t h e w a s t e t o f o rm b i c a r b o n a t e ( H C 0 3 ~ ) , w h i c h buffers t h e sys t em a t a p H 
of a b o u t 8. T h u s , n e u t r a l i z a t i o n p r e c e d i n g b io log ica l t r e a t m e n t m a y n o t b e 
r e q u i r e d for s o m e a lka l ine w a s t e w a t e r s . 

7 . 8 . N U T R I E N T R E Q U I R E M E N T S 

T h e a p p r o p r i a t e a m o u n t o f ce r t a in n u t r i e n t s is r e q u i r e d for b o t h synthes i s 
a n d r e s p i r a t i o n p h a s e s of a e r o b i c b io log ica l d e g r a d a t i o n o f was t e s . R e q u i r e d 
n u t r i e n t s i nc lude n i t rogen , p h o s p h o r u s , c a l c ium, m a g n e s i u m , a n d v i t a m i n s . 
M o s t of these n u t r i e n t s , w h i c h a r e r e q u i r e d on ly in t r a ce q u a n t i t i e s , a r e 
usua l ly p r e s e n t in w a s t e w a t e r s . H o w e v e r , m a n y i n d u s t r i a l w a s t e w a t e r s a r e 
deficient in n i t r o g e n a n d p h o s p h o r u s . R e q u i r e d a m o u n t s of n i t r o g e n a n d 
p h o s p h o r u s a r e e s t i m a t e d by t h e p r o c e d u r e d iscussed in th is sec t ion . I f 
deficiency exists , it is co r r ec t ed by a d d i n g t o t h e w a s t e w a t e r c a l cu l a t ed we igh t s 
of c o m p o u n d s c o n t a i n i n g n i t r o g e n a n d p h o s p h o r u s . 

A n e s t i m a t e of r e q u i r e m e n t s for n i t r o g e n a n d p h o s p h o r u s is b a s e d o n t h e 
fact t h a t w a s t e d M L V S S (ΔΑ^ l b / d a y ) c o n t a i n s a p p r o x i m a t e l y 2 % of i ts d r y 
we igh t a s p h o s p h o r u s a n d 12% as n i t r o g e n . A n e s t i m a t e of we igh t s o f n i t r o g e n 
a n d p h o s p h o r u s t o be a d d e d c o m p r i s e s 

1. W e i g h t s of these n u t r i e n t s w h i c h a r e los t b y w a s t a g e of M L V S S , i .e . , 

Ni t rogen: 0.12 AXV lb/day 

Phosphorus : 0.02 AXV lb/day 

2. W e i g h t s o f these n u t r i e n t s w h i c h a r e los t in t h e effluent. ( T o t a l 
effluent = Q' + Q" = QF.) C o n c e n t r a t i o n s of so lub le n i t r o g e n a n d p h o s p h o r u s 
p r e s e n t in effluent a r e usua l ly e s t i m a t e d t o be 1.0 a n d 0.5 mg/ l i t e r , respect ively . 
T h u s , t h e a m o u n t s of n i t r ogen a n d p h o s p h o r u s los t in t h e effluent a r e 

Ni t rogen: fiF χ 1.0 χ 8.34 lb/day 

Phosphorus : QF χ 0.5 χ 8.34 lb/day 

w h e r e QF is t h e effluent in M G D . The re fo r e , t h e t o t a l r e q u i r e m e n t s o f n i t r o g e n 
a n d p h o s p h o r u s a re given by the s u m of t h e e s t ima tes m a d e u n d e r (1) a n d (2) 
[ E q s . (5.116) a n d ( 5 . 1 1 7 ) ] : 

Ni t rogen: 0.12 AXV + QF χ 1.0 χ 8.34 lb/day (5.116) 

Phosphorus : 0.02 AXV + QF χ 0.5 χ 8.34 lb/day (5.117) 

I n ac t iva ted s ludge p l a n t s , n i t r o g e n a n d p h o s p h o r u s r e q u i r e m e n t s a r e 
p r o v i d e d by the a d d i t i o n of a n h y d r o u s o r a q u e o u s N H 3 , H 3 P 0 4 , o r 
( N H 4 ) 3 P 0 4 . 
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7.9. D E S I G N P R O C E D U R E FOR A C T I V A T E D 
S L U D G E P L A N T S 

Step L C a l c u l a t e t h e recycle r a t i o of M L V S S . Select va lues for Xva a n d 
XVtU, u sua l ly wi th in t h e r a n g e s o f 2 0 0 0 - 4 0 0 0 a n d 10 ,000-15 ,000 mg/ l i t e r , 
respect ive ly . 

F r o m s e d i m e n t a t i o n a n d SVI d a t a (F ig . 5.7) select a n a p p r o p r i a t e va lue for 
t h e F/M r a t i o . O p t i m u m F/M is usua l ly in t h e r a n g e 0 .3 -0 .7 . 

T h e recycle r a t i o is ca lcu la t ed (1) f rom E q . (5.114), w h i c h a s s u m e s t h a t 
effluent qua l i ty c o n t r o l s t he des ign , a n d (2) f rom E q . (5.115), w h i c h a s s u m e s 
t h a t o p t i m u m f loccula t ion c o n d i t i o n s c o n t r o l t h e des ign . T h e dec i s ion o n 
w h i c h c o n d i t i o n c o n t r o l s des ign is a r r ived a t in S t ep 3 . 

Step 2. C a l c u l a t e B O D o f t h e c o m b i n e d feed (S0). S0 is ca l cu la t ed f rom 
E q . (5.96) ut i l iz ing both va lues of r ca l cu la t ed in S tep 1(1) a n d S t e p 1(2) . 
T h e s e t w o para l le l ca l cu la t ions a r e refer red t o h e n c e a s S teps 2 ( 1 ) a n d 2 ( 2 ) , 
respect ively. 

Step 3. C a l c u l a t e res idence t i m e in t h e r eac to r . 
Case (1) A s s u m i n g subs t r a t e r e m o v a l r a t e c o n t r o l s des ign [ E q . 

(5 .100) ] , w h e r e S0 is t h e va lue ca l cu la t ed in S t e p 2 (1 ) . 
Case (2) A s s u m i n g o p t i m u m flocculation c o n d i t i o n s c o n t r o l des ign 

[ E q . (5 .101) ] , w h e r e S0 is t h e va lue ca lcu la t ed in S t ep 2 (2 ) . 
Poss ib ly* t h e la rger o f these t w o ca lcu la ted res idence t imes is t h e o n e 

selected for des ign. Recyc le r a t i o a n d B O D of c o m b i n e d feed for t he specific 
case w h i c h c o n t r o l s des ign a r e t h e n a d o p t e d . C a l c u l a t e d va lues for t h e o t h e r 
case a r e d i sca rded . 

Step 4. Ca l cu l a t e t h e r e a c t o r v o l u m e . R e a c t o r v o l u m e is t h e n ca l cu la t ed 
f rom E q . (5.104) ut i l iz ing t h e va lue of t h e res idence t i m e selected in S t ep 3 . 
A t th i s s tage , d e p t h o f t a n k is selected. Selec t ion d e p e n d s o n t y p e o f a e r a t o r 
ut i l ized ( C h a p t e r 4 , Sec t ions 14 .4 ,15 .4 , a n d 16.3). Cross - sec t iona l a r e a is t h e n 
ca lcu la ted . 

Step 5 . Ca l cu l a t e t h e ne t yield of M L V S S . N e t yield of M L V S S AXV is 
ca lcu la ted f rom E q . (5.105) o r E q . (5.98). 

Note: A check o n t h e m a t e r i a l b a l a n c e for M L V S S is m a d e a t th is po in t . 
(See E x a m p l e 5.7 for detai ls . ) 

Step 6. Ca l cu l a t e Q" a n d g ' . Q" a n d Q' a r e t h e n ca lcu la t ed f rom E q s . 
(5.94) a n d (5.95). 

Step 7. Ca lcu l a t e ΔΧΝν a n d AXt. ΔΧΝν is ca lcu la ted f rom E q . (5.72) a n d 
t o t a l s ludge yield is o b t a i n e d f rom E q . (5.1), w h e r e ΑΧυ a n d AXNV a r e t h e 
va lues ca lcu la ted in S teps 5 a n d 7, respect ively . 

* The reason for the word possibly is that frequently a compromise is made in selection of 
residence time, so that not only reasonable B O D reduction is achieved (i.e., a low value o f 
Se), but also good flocculation conditions for the sludge (although not necessarily the 
opt imum) are obtained. 
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Note: A check on t h e overa l l m a t e r i a l b a l a n c e for N V S S is m a d e a t th is 
po in t . (See E x a m p l e 5.7 for deta i ls . ) 

Step 8. Ca l cu l a t e oxygen r e q u i r e m e n t s ( l b /day ) f rom E q . (5.64) o r E q . 
(5.99). 

Step 9. Specify a e r a t i o n e q u i p m e n t . A e r a t i o n e q u i p m e n t is selected f rom 
oxygen r e q u i r e m e n t s d e t e r m i n e d in S tep 8 a n d m a n u f a c t u r e r ' s specif icat ions 
for a e r a t o r s . Th i s p r o c e d u r e is desc r ibed in C h a p t e r 4 , Sec t ions 14, 15, a n d 
16. C a l c u l a t e d va lues needed a r e (1) t o t a l H P a n d n u m b e r of a e r a t i o n u n i t s ; 
(2) p o w e r level, H P / 1 0 0 0 g a l ; a n d (3) spac ing be tween a e r a t o r s . A l a y o u t for 
a e r a t o r s in t h e t a n k is selected. (De ta i l s a r e given in E x a m p l e 4.5.) 

Step 10. C h e c k neu t r a l i za t ion r e q u i r e m e n t s . Verify if n e u t r a l i z a t i o n is 
r e q u i r e d p r i o r t o b io logica l t r e a t m e n t . F o r a lka l ine was tes , t h e ru le of t h u m b 
s t a t ing t h a t u p t o 0.5 lb of a lka l in i ty (as C a C 0 3 ) is r e m o v e d pe r lb of B O D 
r e m o v e d is f requent ly e m p l o y e d (Sec t ion 7.7). 

Step 11. E v a l u a t e n u t r i e n t r e q u i r e m e n t s . R e q u i r e m e n t s for n i t r o g e n a n d 
p h o s p h o r u s ( lb /day) a r e e v a l u a t e d as desc r ibed in Sec t ion 7.8 f rom E q s . 
(5.116) a n d (5.117). 

7.10. N U M E R I C A L E X A M P L E : D E S I G N O F A N 
A C T I V A T E D S L U D G E P L A N T 

Example 5.7 

A n indus t r i a l p l a n t ( E x a m p l e 5.5) cons ide r s a n ac t iva ted s ludge sys tem for 
t r e a t m e n t of the i r was t ewa te r s . Base des ign o n t h e fo l lowing d a t a in a d d i t i o n 
t o i n f o r m a t i o n given in E x a m p l e 5 .5 : 

F low: 1.5 M G D (1,500,000 gal/day) 
Influent B O D 5 : 1200 mg/liter 
Effluent B O D 5 : 40 mg/liter 
O H " alkalinity of raw wastewater: 90 mg/liter (as C a C 0 3 ) 
Total Kjeldahl nitrogen and phosphorus in fresh feed: 85 and 3 mg/liter, respectively 
Csw' Saturat ion D O of wastewater at the temperature and barometr ic pressure of 

the test 
Csw (summer conditions at 30°C): 7.4 mg/liter 
Csw (winter conditions at 18°C): 10.3 mg/liter 

α = A^aiwastewaterJ/t^Laiwater)] = 0.72 
Assume operating D O (level in aeration basin « 1.0 mg/liter) 
Characteristics of surface aera tors : given by Fig. 4.17 
Select for design purposes: 
XVt a = 3000 mg/liter of MLVSS 
X0, u = 10,000 mg/liter of MLVSS 
Neglect VSS concentration in effluent from secondary clarifier and in fresh feed 

S O L U T I O N A flowsheet for t he p r o p o s e d ac t iva t ed s ludge p l a n t is s h o w n 
in F ig . 5.20. F o l l o w des ign p r o c e d u r e s u m m a r i z e d in Sec t ion 7.9. 
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Step 1. Ca l cu l a t e t h e recycle r a t i o of M L V S S . 

(1) A s s u m e s u b s t r a t e r e m o v a l r a t e c o n t r o l s des ign [ E q . (5 .114) ] . H e r e 

XVtQ = 3000 mg/liter 

a(SF-Se) = 0 .575(1200-40) = 0.575 χ 1160 = 665 mg/liter 

Xv.u ~ Xv,a = 10,000 - 3000 = 7000 mg/liter 

Xv,a - a(SF-Se) = 3000 - 665 = 2335 mg/liter 

Xv.F = 0 

T h u s E q . (5.114) yields 

r = [2335 + b(SF-Se)/k(Se-SnWOOO 

Calcu la t e separa te ly t e r m b(SF — Se)/k(Se — Sn), wh ich is t h e on ly different 
t e r m in e q u a t i o n s for r in S t ep 1(1) a n d S t ep 1 (2). 

b(SF-Se)lk(Se-Sn) = 0 .075(1200-40) /0 .0161(40-10) = 180 

r = (2335+180)/7000 = 0.36 

(2) A s s u m e o p t i m u m flocculation c o n d i t i o n s c o n t r o l des ign [ E q . 
(5 .115) ] . H e r e 

[Xv,a-a(SF- Se)] = 2335 [calculated Step 1 (1)] 

(XVt u - Xv, a) = 7000 [also calculated Step 1(1)] 

XVtF(F/M) = 0 since XVtF = 0 

a n d 

(F/M) = 0.6 

b = 0.075 

Se = 40 

T h u s E q . (5.115) yields 

r = (2335 x 0.6 +0 .075 x 1200)/(7000x 0 . 6 - 0 . 0 7 5 x 4 0 ) = 0.353 

Step 2. Ca l cu l a t e SQ f rom E q . (5.96). 
(1) A s s u m e s u b s t r a t e r e m o v a l r a t e c o n t r o l s des ign (i.e., r = 0.36). 

S0 = (1200 + 0.36 x 4 0 ) / ( l + 0 . 3 6 ) = 893 mg/liter 

(2) A s s u m e o p t i m u m flocculation c o n d i t i o n s c o n t r o l des ign (i .e. , 
r = 0.353). 

S0 = (1200 + 0.353 x 4 0 ) / ( l + 0 . 3 5 3 ) = 900 mg/liter 
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Step 3. Ca l cu l a t e res idence t ime . 
(1) A s s u m e subs t r a t e r e m o v a l r a t e c o n t r o l s des ign (SQ = 893 mg/ l i t e r ) . 

F r o m E q . (5.100) 

/ = (893-40) / [0 .0161 χ 3 0 0 0 ( 4 0 - 1 0 ) ] = 0.59 day 

o r 

24 χ 0.59 = 14.2 hr 

(2) A s s u m e o p t i m u m flocculation c o n d i t i o n s c o n t r o l des ign (S0 = 
900 mg/ l i t e r ) . 
F r o m E q . (5.101) 

t = 900/3000 χ 0.6 = 0.5 day 

o r 

24 χ 0.5 = 12 hr 

T h u s subs t r a t e r e m o v a l r a t e c o n t r o l s des ign , a n d ca l cu la t ions in p a r t (2) for 
S teps 1-3 a r e d i sca rded . F/M r a t i o for t h e r e a c t o r is [ f r o m E q . (5 .80)] 

F/M = 893/3000 χ 0.59 = 0.504 

F r o m F ig . 5.15, th is va lue of F/M is c o m p a t i b l e w i t h g o o d flocculation c o n 
d i t i ons for t he s ludge . The re fo re , n o a d j u s t m e n t of selected res idence t i m e 
(14.2 h r ) is r equ i r ed t o ach ieve compa t ib i l i t y be tween B O D r e d u c t i o n a n d g o o d 
flocculation c o n d i t i o n s . 

Step 4. Ca l cu l a t e r e a c t o r v o l u m e . T h r o u g h p u t r a t e [ E q . ( 5 . 5 ) ] : 

Q = 1.5(1+0.36) = 2.04 M G D 

R e a c t o r v o l u m e [ E q . ( 5 . 1 0 4 ) ] : 

V = 2.04 χ 0.59 = 1.2 M G 

o r 

1,200,000 gal χ f t 3 /7.48 gal = 161,000 f t 3 

F o r d e p t h s of 10 a n d 15 ft, for e x a m p l e , c o r r e s p o n d i n g c ross -sec t iona l a r e a s 
a r e 

F o r d = 10 ft A = 161,000/10 = 16,100 f t 2 

o r 

16,100 f t 2 χ acre/43,500 f t 2 = 0.37 acre 

Fo r d = 15 ft A = 161,000/15 = 10,700 f t 2 

o r 

10,700/43,500 = 0.246 acre 

Para l l e l ba s in s m i g h t b e r e c o m m e n d e d . 
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Step 5. C a l c u l a t e ne t yield o f M L V S S . F r o m E q . (5.105) (a, b f r o m 
E x a m p l e 5.5), 

AXV = 0 .575 (893 -40 ) χ 2.04 χ 8.34 - 0.075 χ 3000 χ 1.2 χ 8.34 

ΑΧν = 8342 - 2252 = 6090 lb/day 

O r f r o m E q . (5.98) , 

ΑΧυ = 0 .575(1200-40) χ 1.5 χ 8.34 - 0.075 χ 3000 χ 1.2 χ 8.34 

ΑΧν = 8342 - 2252 = 6090 lb/day 

Note: A t th is p o i n t a check o n m a t e r i a l b a l a n c e ca l cu l a t i ons is m a d e . 
C a l c u l a t e c o n c e n t r a t i o n of V S S in c o m b i n e d feed t o t h e r e a c t o r (XVt0) f r o m 
E q . (5.75), w h e r e XVtF = 0. 

Χν,ο = (0 + 0.36 χ 10,000)/(1 + 0.36) = 2647 mg/liter 

T h e difference be tween c o n c e n t r a t i o n s o f M L V S S in r e a c t o r effluent (3000 
mg/ l i t e r ) a n d the va lue 2647 mg/ l i t e r in r e a c t o r inf luent m u s t c o r r e s p o n d t o 
t h e ne t yield of M L V S S (i.e., AXV = 6090 lb /day ) . The re fo re , 3 0 0 0 - 2 6 4 7 = 
353 mg/ l i t e r , i.e., 353 m g of M L V S S a re p r o d u c e d pe r liter o f l i q u o r flowing 
t h r o u g h t h e r eac to r . T h e n based o n flow Q = 2.04 M G D , ne t p r o d u c t i o n of 
M L V S S is 353 χ 2.04 χ 8.34 « 6006 lb /day , wh ich agrees a p p r o x i m a t e l y w i th 
t h e va lue 6090 l b / d a y of ca lcu la ted in S t ep 5 (wi th in 1.4%). 

Step 6. Ca l cu l a t e Q" a n d Q' [ E q s . (5.94) a n d (5.95), r e spec t ive ly ] . 

Q" = 6090/8.34 χ 10,000 = 0.073 M G D for XV,F = 0 
o r 

β " = 73,000 gal/day (9.9 gal/min) 
a n d 

Q = 1,500,000 - 73,000 = 1,427,000 gal/day 

Step 7. Ca lcu la t e AXNV a n d AXt. F r o m E q . (5 .72) , 

AXNV = 1 .5 (30-20) χ 8.34 + 0.073 χ 20 χ 8.34 = 125 + 12.2 « 137 lb/day 

T h e to t a l s ludge yield AXt is [ f r o m E q . (5.1), w h e r e XVF = 0 ] 

AXt = 6090 + 137 = 6227 lb/day 

Note: C h e c k o n ma te r i a l b a l a n c e for N V S S in t he influent. 

I N = QFXNVfF = 1.5 χ 30 χ 8.34 = 376 lb/day 

O U T = Q"XNVtU = AXNV = 137 lb/day 
Q'XNV,e = 1.427 χ 20 χ 8.34 = 239 lb/day (checks) 

XNVtU = Δ Α ^ κ / 8 . 3 4 β , / = 137/8.34 χ 0.073 = 225 mg/liter 

F r o m E q . (5.74), 

XNy, ο = (30 + 0.36 x 2 2 5 ) / ( l + 0 . 3 6 ) = 82 mg/liter 
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Step 8. Ca l cu l a t e oxygen r e q u i r e m e n t s f rom e i ther E q . (5.64) o r E q . 
(5.99). F r o m E q . (5.64) (a\ V f r o m E x a m p l e 5.5) 

lb 0 2 / d a y = 0 . 7 9 ( 8 9 3 - 4 0 ) χ 2.04 χ 8.34 + 0.15 χ 3000 χ 1.2 χ 8.34 

= 11,500 + 4500 = 16,000 

F r o m E q . (5.99) 

lb 0 2 / d a y = 0 .79 (1200-40) χ 1.5 χ 8.34 + 0.15 χ 3000 χ 1.2 χ 8.34 

= 11,500 + 4500 = 16,000 

o r 
16,000/24 = 665 lb 0 2 / h r 

Step 9. Specify a e r a t i o n e q u i p m e n t . Specif icat ion of a e r a t i o n e q u i p m e n t 
a n d l a y o u t for a e r a t o r s in th is app l i ca t i on a r e p re sen t ed in C h a p t e r 4 ( E x a m p l e 
4.5) . 

Step 10. C h e c k neu t r a l i z a t i on r e q u i r e m e n t s . Ut i l ize ru le of t h u m b : 
0.5 lb of a lka l in i ty (as C a C 0 3 ) a r e r e m o v e d pe r lb of B O D r e m o v e d . C a l c u l a t e 
lb o f B O D r e m o v e d p e r d a y . 

(1200 - 40) χ 1.5 χ 8.34 = 14,512 lb/day 

T h u s 14,512/2 = 7256 l b / d a y of a lka l in i ty a r e r e m o v e d . C a l c u l a t e t h e l b / d a y 
of a lka l in i ty in fresh feed. 

90 χ 1.5 χ 8.34 = 1126 lb/day 

Since 1126 < 7256, n o neu t r a l i za t i on is r equ i r ed p r i o r t o t he b io log ica l 
p rocess . 

Step 11. E v a l u a t e n u t r i e n t r e q u i r e m e n t s . 
N i t r o g e n 

1. N i t r o g e n lost f r o m sys tem t h r o u g h was t age of s l u d g e : 

0.12 AXV = 0.12 χ 6090 = 730 lb/day 

2. N i t r o g e n los t in effluent (1.0 m g / l i t e r ) : 

1 χ 1.5 χ 8.34 (total nitrogen required) 
13 lb/day 

743 lb/day 

N i t r o g e n ava i lab le is (85 mg/ l i t e r ) 

85 χ 1.5 χ 8.34 = 1070 lb/day 

T h u s a d d i t i o n of n i t r ogen is not r equ i r ed . 
P h o s p h o r u s 

1. P h o s p h o r u s lost f rom sys tem t h r o u g h was t age of s l u d g e : 

0.02 AX0 = 0.02 χ 6090 = 121.8 lb/day 
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2. P h o s p h o r u s los t in t h e effluent 0.5 m g / l i t e r ) : 

0.5 χ 1.5 χ 8.34 6 lb/day 
128 lb/day 

P h o s p h o r u s ava i lab le is (3 mg/ l i t e r ) 

3 χ 1.5 χ 8.34 = 37.6 lb/day 

T h u s 1 2 8 - 3 7 . 6 « 91.0 l b /day of p h o s p h o r u s s h o u l d be a d d e d . 

8. The M i c h a e l i s - M e n t e n 
Rela t ionship 

8.1. D E R I V A T I O N OF M I C H A E L I S - M E N T E N 
R E L A T I O N S H I P 

F o r m u l a t i o n of t h e M i c h a e l i s - M e n t e n r e l a t i o n s h i p is b a s e d o n s tud ies o f 
p u r e cu l tu res . H o w e v e r , it is used in d e t e r m i n i n g k ine t ics of s u b s t r a t e d e g r a 
d a t i o n b y a h e t e r o g e n e o u s p o p u l a t i o n of m i c r o o r g a n i s m s , w h i c h is t h e case 
for t he ac t iva ted s ludge p roces s . 

D e g r a d a t i o n of was tes by m i c r o o r g a n i s m s is a c c o m p l i s h e d t h r o u g h a 
c o m p l e x series o f chemica l r eac t ions . T h e s e r eac t i ons a r e ca ta lyzed b y o r g a n i c 
ca ta lys t s ( enzymes ) p r e sen t in t he m i c r o o r g a n i s m s . E n z y m e s a r e l a rge m o l e c 
u l a r weigh t c o m p o u n d s . Usua l l y e n z y m e s a r e qu i t e specific in the i r func t ions 
a s ca ta lys ts , i .e., a given e n z y m e o rd ina r i l y ca ta lyzes a specific ch emi ca l 
r eac t ion . Bac te r ia c o n t a i n s a g rea t var ie ty of e n z y m e s , e a c h o n e b e i n g r e s p o n 
sible for a m i n o r s tep in t h e c o m p l e x p roces s of b io log ica l m e t a b o l i s m . 

T h e a c t i o n of e n z y m e s is r ep re sen t ed b y t h e fo l lowing chemica l e q u a t i o n : 

Substrate + Enzyme ^ Enzyme-Subst ra te complex ^ Enzyme + Products 

o r symbol ica l ly 

w h e r e &'s s t a n d for t he r eac t i on r a t e c o n s t a n t s . A s ind ica ted b y E q . (5 .118) , 
subs t r a t e a n d e n z y m e un i t e t o f o rm a n e n z y m e - s u b s t r a t e c o m p l e x . T h i s is 
fo l lowed b y the b r e a k i n g d o w n of th is c o m p l e x , resu l t ing in t h e e n d p r o d u c t s . 
T h e e n z y m e r e m a i n s u n c h a n g e d a n d is r e a d y t o r een te r t h e r eac t ion , a c t i ng 
there fore as a ca ta lys t . 

T h e r a t e of subs t r a t e r e m o v a l is o b t a i n e d f rom E q . (5.118) by m a k i n g t h e 
a s s u m p t i o n t h a t the b r e a k i n g d o w n of t h e e n z y m e - s u b s t r a t e c o m p l e x is 
i r revers ible . T h e n E q . (5.118) is r ewr i t t en as 

[S] + [E] ^ [E-S] ^=f [Ε] + [P] (5.118) 

[S] + [Ε] τ=± [E-S] [Ε] + [P] (5.119) 
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T h i s a s s u m p t i o n is essent ia l ly co r r ec t if m e a s u r e m e n t s a r e t a k e n sho r t ly af ter 
i n t r o d u c t i o n o f subs t r a t e , wh ich m e a n s t h a t very li t t le p r o d u c t h a s b e e n 
a l lowed t o fo rm. U n d e r these c i r c u m s t a n c e s , s ince t he r a t e of t h e inverse 
r e a c t i o n 

[Ε] + [P] [E-S] 

is g iven by* 
* - 2 [ E ] [ P ] 

a n d since [ P ] « 0, i t m a y be a s s u m e d t h a t t h e b r e a k i n g d o w n o f t h e e n z y m e -
subs t r a t e c o m p l e x is i r revers ible . T h e r e f o r e E q . (5.118) is r ewr i t t en a s s h o w n 
[ E q . (5 .119) ] . T h e r a t e of r eac t ion m e a s u r e d u n d e r these c o n d i t i o n s is t h a t 
o c c u r r i n g i m m e d i a t e l y o n c o n t a c t of s u b s t r a t e a n d m i c r o o r g a n i s m , a n d is 
re fer red t o as t h e ini t ia l r a t e of r eac t ion . T o deve lop k ine t ic d a t a it is necessa ry 
t o m e a s u r e a ser ies o f such ini t ia l r a t e s , c o r r e s p o n d i n g t o different c o n c e n t r a 
t ions of subs t r a t e shor t ly after t h e s u b s t r a t e s amples a r e b r o u g h t i n t o c o n t a c t 
w i th t h e m i c r o o r g a n i s m . 

S u b s t r a t e r e m o v a l r a t e is d e n o t e d h e r e b y V. F o r a b a t c h r eac to r , i t c o r r e 
s p o n d s t o t h e s lope of t h e B O D cu rve in F ig . 5.3 (Sec t ion 3.1) a t a n y specified 
t i m e /, c o r r e s p o n d i n g t o a c o n c e n t r a t i o n S o f s u b s t r a t e . A specific s u b s t r a t e 
r e m o v a l r a t e p e r mg/ l i t e r o f M L V S S is ut i l ized, i.e. [ E q . (5 .120) ] , 

K = -(l/XVtaXdSldt) (5.120) 

( M i n u s sign is necessa ry since dS/dt < 0 a n d V > 0.) 
F o r t h e c o n t i n u o u s r e a c t o r a s s h o w n in Sec t ion 3.2, th i s c o r r e s p o n d s t o 

[ in finite r a t h e r t h a n differential f o r m ] 

(S0-Se)/Xv,at 

w h e r e t is t h e res idence t i m e in t h e c o n t i n u o u s r eac to r . T h e s u b s t r a t e r e m o v a l 
r a t e is e q u a l t o t h e r a t e o f f o r m a t i o n of p r o d u c t P , a n d is g iven b y E q . (5 .121) . 

V=k2[E-S] (5.121) 

Similar ly , t he r a t e of f o r m a t i o n o f t h e e n z y m e - s u b s t r a t e c o m p l e x ( E - S ) is 

Ra te of formation of (E-S) = &i [S] [E] (5.122) 

T h e r a t e of conve r s ion of e n z y m e - s u b s t r a t e c o m p l e x t o Ε a n d S is [ E q . (5 .123)] 

Ra te of conversion of (E-S) = fc_i[E-S] (5.123) 

The re fo re , t h e n e t c h a n g e of c o n c e n t r a t i o n of e n z y m e - s u b s t r a t e c o m p l e x is 

d[E-SVdt= kx [S] [E] - ^ [ E - S ] - A: 2 [E-S] (5.124) 

formation destruction destruction 

* In the formulation to follow, symbols [ S ] , [ E ] , [ E - S ] , and [P] are used to denote con
centrations of substrate, enzyme, enzyme-substrate complex, and products, respectively. 
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Let t h e t o t a l c o n c e n t r a t i o n of e n z y m e in t h e r eac t ing sys tem b e d e n o t e d a s 
E , . T h i s inc ludes n o t on ly free e n z y m e (E) b u t a l so e n z y m e in c o m b i n e d fo rm 
as e n z y m e - s u b s t r a t e c o m p l e x ( E - S ) , i.e. [ E q s . (5.125) a n d (5 .126) ] , 

[E f ] = [E] + [E-S] (5.125) 

. · . [E] = [ E J - [E-S] (5.126) 

Subs t i t u t i ng [ E ] in E q . (5.124) by its va lue given in E q . (5.126) yields 

d[E-S]/dt = A ^ t f E J - [ E - S ] ) [ S ] - k-, [E-S] - k2[E-S] (5.127) 

A t s t eady s ta te c o n d i t i o n s it is usua l ly a s s u m e d t h a t c o n c e n t r a t i o n of 
i n t e r m e d i a t e complexes ( e n z y m e - s u b s t r a t e c o m p l e x in th i s case) r e m a i n s 
u n c h a n g e d . Th i s a s s u m p t i o n is cal led t he s t eady s ta te a p p r o x i m a t i o n . T h e r e 
fore 

d[E-S]/dt = 0 (5.128) 

a n d E q . (5.127) b e c o m e s E q . (5.129). 

& i ( [ E J - [ E - S ] ) [ S ] - [E-S] - A; 2[E-S] = 0 (5.129) 

So lv ing for [ E - S ] , 

[ E t ] [S] 
[E-S] = J (5.130) 

T e r m (k_t + k2)/kl is cal led t he M i c h a e l i s - M e n t e n c o n s t a n t a n d is de s igna t ed 
as Ks. 

Ks = (k.^^/kt (5.131) 

T h e n , E q . (5.130) is r ewr i t t en as E q . (5.132). 

[ E J [S] 
[E-S] = (5.132) 

Subs t i t u t i ng th is va lue in E q . (5.121), t h e fo l lowing express ion for t h e s u b 
s t ra te r e m o v a l r a t e Κ is o b t a i n e d : 

[ E J [S] 
V = & 2 — (Michael is-Menten relationship) (5.133) 

[S] + Ks 

8.2. C O R O L L A R I E S OF M I C H A E L I S - M E N T E N 
R E L A T I O N S H I P 

T h e t w o coro l la r ies s t a ted in Sec t ion 3.1 a r e o b t a i n e d f rom E q . (5.133) . 

Corollary 1 : H i g h subs t r a t e c o n c e n t r a t i o n s 

A t h igh s u b s t r a t e c o n c e n t r a t i o n s , 

[S] > Ks (5.134) 



222 5. Secondary Treatment: The Activated Sludge Process 

Neglec t ing Ks in t h e d e n o m i n a t o r o f E q . ( 5 . 1 3 3 ) a s c o m p a r e d t o [ S ] a n d 
simplifying, 

V= * 2 [ E J = K M A X ( 5 . 1 3 5 ) 

E q u a t i o n ( 5 . 1 3 5 ) ind ica tes t h a t a t h igh s u b s t r a t e c o n c e n t r a t i o n s , r e m o v a l o f 
s u b s t r a t e t akes p lace a t a m a x i m u m ra t e (VMAX) i n d e p e n d e n t of c o n c e n t r a t i o n . 
I t is a s s u m e d t h a t a t these h igh s u b s t r a t e c o n c e n t r a t i o n s all ac t ive sites o f t h e 
e n z y m e s a r e s a t u r a t e d wi th subs t r a t e , a n d so r e a c t i o n p r o c e e d s a s fast a s 
poss ib le i n d e p e n d e n t o f s u b s t r a t e c o n c e n t r a t i o n ( z e r o - o r d e r r e ac t i on ) . T h i s 
c o r r e s p o n d s t o t h e sec t ion of t he B O D c u r v e in F ig . 5 . 3 (Sec t ion 3 . 1 ) f r o m t i m e 
ze ro u p t o t i m e t \ w h e r e t h e t a n g e n t t o t h e B O D c u r v e essent ia l ly co inc ides 
wi th t h e cu rve itself ( c o n s t a n t s lope) . 

[s];from ordinate of BOD curve, figure 5.3, section 3.1 

Fig. 5.21. Plot of V vs. [S]. 

F r o m Fig . 5.3, a p lo t o f s lopes of t he B O D curve (K ' s o r s u b s t r a t e r e m o v a l 
ra tes ) vs . t h e c o r r e s p o n d i n g B O D va lues ( [ S ] ) c a n be c o n s t r u c t e d (F ig . 5.21). 
T h e reg ion of h igh subs t r a t e c o n c e n t r a t i o n e n c o m p a s s e s va lues f r o m t h e 
r i g h t - h a n d ex t remi ty of t he g r a p h d o w n t o a c o n c e n t r a t i o n S' ( c o r r e s p o n d i n g 
t o t ime t' in F ig . 5.3). T h i s is t he r eg ion w h e r e V = VMAX = c o n s t a n t i r re 
spect ive of subs t r a t e c o n c e n t r a t i o n . 

F r o m E q . (5.135) E q . (5.133) is r ewr i t t en a s 

V = K M A X [ S ] ( 5 . 1 3 6 ) 
M A X [ S ] + # S 

Corollary 2: L o w subs t r a t e c o n c e n t r a t i o n s 

A t low s u b s t r a t e c o n c e n t r a t i o n s , 

[S] <̂  K5 ( 5 . 1 3 7 ) 
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Neglec t ing [ S ] in t he d e n o m i n a t o r o f E q . ( 5 . 1 3 6 ) a s c o m p a r e d t o K S , 

[ S G / A . ( 5 . 1 3 8 ) 

Since V M A X a n d KS a r e b o t h c o n s t a n t for a specific was t e , E q . ( 5 . 1 3 8 ) is re 
wr i t t en as 

V=K[S] ( 5 . 1 3 9 ) 

w h e r e 

K = VMAX/K, ( 5 . 1 4 0 ) 

E q u a t i o n ( 5 . 1 3 9 ) ind ica tes t h a t a t l ow s u b s t r a t e c o n c e n t r a t i o n s , s u b s t r a t e 
r e m o v a l fol lows first-order k inet ics . I n F ig . 5 . 2 1 th is c o r r e s p o n d s t o t h e sec t ion 
of t h e cu rve f rom a va lue of t he absc issa S = 0 u p t o a va lue S". I n th is sec t ion , 
t h e cu rve is essent ia l ly r ep laced by a s t r a igh t l ine pas s ing t h r o u g h t h e or ig in 
(wi th s lope = K ) . Th i s s i tua t ion c o r r e s p o n d s t o t h a t e n c o u n t e r e d in c o n 
t i n u o u s b io logica l r e ac to r s o p e r a t i n g a t s t eady s ta te c o n d i t i o n s . I n fact , F ig . 
5 . 2 1 u p t o [ S ] = S" is ident ica l t o F ig . 5 . 5 (Sec t ion 3 . 2 ) , w h i c h w a s ut i l ized for 
d e t e r m i n a t i o n of t he r e m o v a l r a t e c o n s t a n t f rom a series o f c o n t i n u o u s 
l a b o r a t o r y r e a c t o r s o p e r a t i n g in para l le l . H a d these e x p e r i m e n t s b e e n c o n 
t i n u e d o n h ighe r c o n c e n t r a t i o n s of subs t r a t e , t he s t ra igh t l ine w o u l d h a v e 
b e c o m e a c u r v e like t he o n e in F ig . 5 . 2 1 . H o w e v e r , o p e r a t i o n of c o n t i n u o u s 
r e a c t o r s is a lways c o n d u c t e d a t s u b s t r a t e c o n c e n t r a t i o n s m u c h b e l o w 5 0 0 
mg/ l i t e r (expressed a s B O D 5 ) . U n d e r these c o n d i t i o n s t h e s t r a igh t l ine 
r e l a t ionsh ip app l i e s . 

8.3. S I G N I F I C A N C E OF M I C H A E L I S - M E N T E N 
C O N S T A N T K s 

F r o m E q . ( 5 . 1 3 6 ) it is s h o w n t h a t K S is e q u a l t o t he s u b s t r a t e c o n c e n t r a t i o n 
w h e n s u b s t r a t e r e m o v a l r a t e V e q u a l s half t he m a x i m u m , i.e., w h e n V = 
VMAX/2. T h i s is s h o w n by le t t ing V = VMAX/2 in E q . ( 5 . 1 3 6 ) a n d so lv ing for 
[ S ] . T h e final resul t is 

[S] = KS (for V=VMAX/2) 

Thi s is i nd i ca t ed in F ig . 5 . 2 1 . 

8.4. D E T E R M I N A T I O N OF \ Z M A X : 

T H E L I N E W E A V E R - B U R K PLOT 

T h e va lue of V M A X e s t i m a t e d f rom F ig . 5 . 2 1 is i n a c c u r a t e s ince it is a n 
a s y m p t o t i c va lue . A be t t e r w a y o f d e t e r m i n i n g K M A X is as fol lows. T a k e t h e 
inverse of E q . ( 5 . 1 3 6 ) , 

l/V = ( A « / K M A X ) ( 1 / [ S ] ) + ( 1 / K M A X ) ( 5 . 1 4 1 ) 

Based o n E q . ( 5 . 1 4 1 ) a l inear p l o t o f l / V vs . 1 / [ S ] is c o n s t r u c t e d , f rom w h i c h 
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t h e cha rac te r i s t i c c o n s t a n t s VMAX a n d Ks a r e d e t e r m i n e d f r o m t h e s lope a n d 
i n t e r cep t o f t h e s t ra igh t l ine. T h i s g r a p h , wh ich is s h o w n in F ig . 5.22, is k n o w n 
as t h e L i n e w e a v e r - B u r k p lo t [ 5 ] . A s ind ica t ed t h e in t e rcep t a t t h e absc i s sa 
c o r r e s p o n d s t o (— l/Ks), s ince for l/V= 0 o n e o b t a i n s 1/[S] = — l/Ks f r o m 
E q . (5.141) . 

x> 

> 

y^— Slope: K S / V M A X 

J—l/K8 

intercept = l / V M A X 

i/[s] 

Fig. 5.22. Lineweaver-Burk plot. 

8.5. M ICHAELIS-MENTEN RELATIONSHIP 
WHEN NONBIODEGRADABLE MATTER IS 
PRESENT IN THE SYSTEM 

I f t h e c o n c e n t r a t i o n o f n o n b i o d e g r a d a b l e m a t t e r is i nd ica t ed a s [ 5 J , it is 
a c c o u n t e d for b y subs t i t u t i ng t h e va lue o f [ S ] b y ( [ S ] — [ S J ) in E q . (5 .136) . 
A s imi lar subs t i t u t i on in Sec t ion 3.2 led t o E q . (5.19) f rom E q . (5 .18) . 

T h e r e f o r e , modif ied E q . (5.136) is 

y = V ^ K s + [ s ] _ [ S n ] (5-142) 

T h e t w o coro l la r ies s tud ied in Sec t ion 8.2 der ived f r o m E q . (5.133) a r e a l so 
o b t a i n e d f rom E q . (5 .142) . S imi la r ly , F ig . 5.21 is r e p l o t t e d w h e n n o n b i o 
d e g r a d a b l e m a t t e r is p r e s e n t (F ig . 5.23). 

F r o m E q . (5.142), i t is s h o w n t h a t 

Ks = [ S ] - [ 5„ ] 

w h e n V= VMAX/2 

T h e L i n e w e a v e r - B u r k e q u a t i o n w h e n n o n b i o d e g r a d a b l e m a t t e r is p r e s e n t 
is wr i t t en b y rep lac ing [ S ] in E q . (5.141) b y ( [ S ] - [ £ „ ] ) . T h e c o r r e s p o n d i n g 
L i n e w e a v e r - B u r k p l o t fol lows direct ly f rom t h e e q u a t i o n t h u s o b t a i n e d . 
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V (day" 

r-[Sn]-T-K8—I [S] 

Fig. 5.23. Plot of V vs. [S] when nonbiodegradable matter is present. 

8.6. M I C H A E L I S - M E N T E N R E L A T I O N S H I P IN 
T E R M S O F S P E C I F I C G R O W T H R A T E 
OF S L U D G E 

T h e M i c h a e l i s - M e n t e n r e l a t i onsh ip [ E q . (5 .136)] is wr i t t en a s a func t ion 
of t h e specific s u b s t r a t e r e m o v a l r a t e [ E q . (5 .120) ] . A n equ iva l en t f o r m is 
wr i t t en as a func t ion o f t he specific g r o w t h r a t e o f s ludge , defined a s 

W h e r e a s va lues of dSjdt in E q . (5.120) c o r r e s p o n d t o s lopes of t h e B O D 
c u r v e in F ig . 5.3, va lues of dX/dt in E q . (5.143) c o r r e s p o n d t o s lopes of t h e 
M L V S S curve . 

A s s u m i n g t h a t t he specific g r o w t h r a t e of s ludge is p r o p o r t i o n a l t o t h e 
specific s u b s t r a t e r e m o v a l r a t e , i.e., t h a t a c o n s t a n t f rac t ion of t h e s u b s t r a t e 
r e m o v e d is c o n v e r t e d t o cells (μ = aV), E q . (5.136) is r ewr i t t en a s 

F r o m E q . (5.144) it is s h o w n , fo l lowing the s a m e p r o c e d u r e uti l ized in Sec t ion 
8.3 for E q . (5.136), t h a t Ks is e q u a l t o t h e s u b s t r a t e c o n c e n t r a t i o n w h e n t h e 
specific g r o w t h r a t e o f t h e s ludge is e q u a l t o ha l f t h e m a x i m u m specific g r o w t h 
r a t e , i.e., Ks = [ S ] , w h e n μ — μ Μ Α χ / 2 · Al l coro l la r i es , de r i va t i ons , a n d 
g raph i ca l c o n s t r u c t i o n s s tud ied in Sec t ions 8.2 t o 8.5 ba sed o n t h e specific 
subs t r a t e r e m o v a l r a t e a r e a l so app l i cab l e in t e r m s of t he specific g r o w t h r a t e 
of t he s ludge . 

μ = (l/Xv,a)(dXldt) (5.143) 
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9. The Concep t of S ludge Age 
Sludge age is defined a s t h e m e a n res idence t ime of M L V S S in t h e r eac to r . 

F o r t h e ac t iva ted s ludge p l a n t s h o w n in F ig . 5.1 th is c o r r e s p o n d s t o 

lb MLVSS in reactor/net output of VSS from the system (lb/day) 
(5.145) 

o r 

ts = (5.146) 
total lb/day of VSS wasted, i.e., _ input of VSS in fresh 

output of VSS (lb/day) feed (lb/day) 

o r 

t s = (AX*+Qi°J-QFXr,F

 ( d a y S ) ( 5 U 7 ) 

In E q . (5.147) n u m e r a t o r (XVf0V) equa l s t o t a l lb o f M L V S S in t h e r e a c t o r 
a t a n y t i m e (a c o n s t a n t va lue a t s t eady s t a te c o n d i t i o n s ) . T e r m s be tween 
p a r e n t h e s e s in t h e d e n o m i n a t o r r ep resen t t o t a l V S S was t ed , i nc lud ing s ludge 
w a s t e d p u r p o s e l y (ΔΧν) a n d t h a t los t in effluent f rom t h e s e c o n d a r y clarifier 
(Q'XVte). T e r m QFXVF c o r r e s p o n d s t o i n p u t of s ludge in fresh feed. T h e 
difference b e t w e e n t h e t e r m s wi th in p a r e n t h e s e s a n d th is va lue QFXV,F 

r ep resen t s ne t o u t p u t o f V S S f rom th is sys tem. 
Since in t he f o r m u l a t i o n of t h e ac t iva ted s ludge p rocess c o n c e n t r a t i o n o f 

V S S in effluent f rom t h e s e c o n d a r y clarifier is neg lec ted (i.e., XVtB« 0) , E q . 
(5.147) r educes t o E q . (5.148). 

ts = Xv,aV/(AXv-QFXv,F) (Xv,e = 0) (5.148) 

F ina l ly , w h e n c o n c e n t r a t i o n o f V S S in fresh feed is a l so negl igible (i .e. , 

ts = Xv, a V/AXv (Xv, e*09Xv,FK 0) (5.149) 

S ludge age is a l so referred t o as m e a n cell res idence t i m e o r sol ids r e t e n t i o n 
t i m e . T h e r e l a t i onsh ip be tween s ludge a g e a n d h y d r a u l i c o r l iqu id r e t e n t i o n 
t i m e (t = V/Q) is p r e sen t ed for t w o types of c o m p l e t e mix r e a c t o r s : (1) c o m 
p le te m i x — n o recycle r e a c t o r ; a n d (2) c o m p l e t e m i x r e a c t o r w i th recycle 
(a) w i t h was t age direct ly f rom r e a c t o r (or r e a c t o r effluent), a n d (b) w i th 
w a s t a g e f rom t h e s ludge recycle l ine. 

1. Complete mix—no recycle reactor. I n th is m o d e l , l i q u o r in t h e r e a c t o r 
u n i t is comple te ly mixed a n d t he r e is n o recycle. T h i s does not c o r r e s p o n d t o 
t h e c o n v e n t i o n a l ac t iva ted s ludge p roces s , b u t r a t h e r t o flow-through devices 
such a s a e r a t e d l a g o o n s ( C h a p t e r 6, Sec t ion 5), a s s u m i n g c o m p l e t e m i x i n g t o 
o c c u r in t h e l a g o o n . T h e s i tua t ion is dep ic t ed b y F ig . 5.24. 
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Q 
Reactor 

ν̂,ο ν̂,α 
Fig. 5.24. Complete mix reactor without recycle. 

H y d r a u l i c o r l iquid r e t e n t i o n t i m e is t = V/Q, a n d t h e s ludge a g e is [ f r o m 
E q . (5 .145) ] 

ts = Xv.aVlQ(Xv,a-Xv,o) = ( X , J&v. a ~ Xv, .)] / (5.150) 

F r e q u e n t l y , c o n c e n t r a t i o n of V S S in inf luent is negl igible (i .e. , Xvo&0). 
T h e n , E q . (5.150) r educes t o 

ts = Xv,aV\QXv,a = V/Q = t (XVt0 « 0) (5.151) 

T h u s for t he c o m p l e t e mix r e a c t o r w i t h o u t recycle w h e n c o n c e n t r a t i o n of 
VSS in inf luent is negl igible , s ludge age e q u a l s h y d r a u l i c (o r l iqu id r e t e n t i o n ) 
t ime . C o n c e n t r a t i o n o f s ludge in t h e r e a c t o r is k e p t a t a c o n s t a n t va lue XVta. 
Since c o n c e n t r a t i o n of s ludge in effluent a l so e q u a l s Xva, it fo l lows t h a t 
res idence t i m e is such t h a t s ludge is n o t w a s h e d o u t f r o m t h e sys tem fas ter 
t h a n it c a n r e p r o d u c e . I n fact, s ince s t eady s ta te is a s s u m e d ( c o n s t a n t Xva in 
r e a c t o r a n d effluent), res idence t i m e is such t h a t s ludge w a s h e d o u t in effluent 
is exactly replaced b y a n e q u a l m a s s of ne t s ludge yield for t h e s a m e t i m e 
in te rva l . 

2. Complete mix reactor with recycle. T h i s m o d e l c o r r e s p o n d s t o t h e 
c o n v e n t i o n a l ac t i va t ed s ludge p roces s (F ig . 5.1). W a s t a g e of s ludge is usua l ly 
a c c o m p l i s h e d (F ig . 5.1) by d r a w i n g off f r o m t h e s ludge recycle l ine. H o w e v e r , 
t he possibi l i ty of was t ing s ludge direct ly f rom t h e r e a c t o r (o r r e a c t o r effluent) 
is a l so cons ide red . 

Q F Q Χν,α V Q Secondary Q'=Qp -Q" 

^ν,ο 

6 Reoctor S e 

clarifier S e 

*v,e ^ν,ο 
S e S e 

*v,e 

s e 
X V , 0 

, Q U = Q R 

Λ 
Λν,υ 

Fig. 5.25. Diagram of complete mix reactor with recycle, and wastage 
directly from the reactor. 
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Ό" 
S E 

Q χ ν , α V Q 
X v , a Secondary Q'= Q F - Q " 

s F 
X V,F 

^ e Reactor s e 
clarifier 

S E 

|R 

s F 
X V,F 

QR 

s e 

Q U = C 

- s e 

X v , u 

S E 

|R 

S E 

Fig. 5.26. Diagram of complete mix reactor with recycle, and wastage 
directly from the reactor effluent. 

a. C o m p l e t e mix r e a c t o r wi th recycle, a n d w a s t a g e d i rec t ly f r o m r e a c t o r 
(o r r e a c t o r effluent). T h i s c o r r e s p o n d s t o d i a g r a m s s h o w n in F igs . 5.25 a n d 
5.26, t h e f o r m e r w i th w a s t a g e t a k e n di rect ly f r o m r e a c t o r a n d t h e l a t t e r w i t h 
was t age t a k e n f rom r e a c t o r effluent. T h e h y d r a u l i c o r l iqu id r e t e n t i o n t i m e 
for the m o d e l s in these figures is / = V/Q9 w h e r e a s s ludge is [ f r o m E q . (5 .145)] 

t s = lb/day VSS wasted in Q"+lb/day VSS _ input of VSS in fresh ( 5 1 5 2 ) 

lost in effluent from secondary clarifier feed (lb/day) 

o r 

t S = [β"*, ,« + (QF-Q")Xv,e] - QfXv,F 
I f t he c o n c e n t r a t i o n of V S S in t he effluent f rom t h e s e c o n d a r y clarifier is 

negl igible (i .e. , XVfC « 0) , E q . (5.153) yields 

ts = X.,*VHQrx9..-QwXv.w) (Xv,e * 0) (5.154) 

Fina l ly , w h e n t h e c o n c e n t r a t i o n of V S S in fresh feed is a l so negl igible (i .e. , 

XVtF*0), 

ts = X...VIQTX,.. = Κ/β" * 0; XV,F * 0) (5.155) 

C o m p a r i n g E q s . (5.17) a n d (5.155), i t fo l lows t h a t since Q" <̂  β , t h e n 

ts > t (5.156) 

b . C o m p l e t e mix r e a c t o r wi th recycle, a n d was t age f r o m recycle l ine. 
T h i s c o r r e s p o n d s t o t h e flow d i a g r a m in F ig . 5 .1 . Since c o n c e n t r a t i o n o f s ludge 
in t h e w a s t a g e s t r e a m is e q u a l t o XVtU, w h e r e a s i t is X„fa(XVta < ^ , « ) w h e n 



9. The Concept of Sludge A g e 229 

w a s t a g e is t a k e n direct ly f rom t h e r e a c t o r o r r e a c t o r effluent (F igs . 5.25 a n d 
5.26), it fo l lows t h a t t h e v o l u m e t r i c w a s t a g e flow Q" ( w h i c h c o n t a i n s a t o t a l 
o f AXVt0 l b / h r o f s ludge) is less for t h e case o f F ig . 5 .1 . T h i s is o n e a d v a n t a g e 
of t a k i n g w a s t a g e direct ly f rom t h e recycle l ine. H y d r a u l i c o r l iquid r e t e n t i o n 
t i m e is / = V/Q9 w h e r e a s s ludge age is g iven f r o m E q . (5.152) a s 

Xv,aV ,- * 
t S " [<2'X.« + (QF-Q")Xv,el - QfXv.F 

I f t h e c o n c e n t r a t i o n o f V S S in t h e effluent f rom t h e s e c o n d a r y clarifier is 
negl igible (i .e. , Xve « 0 ) , E q . (5.157) yields 

ts = Xv,aVl(Q"X»,u-QFXv.F) (Xv.e * 0) (5.158) 

Fina l ly , w h e n c o n c e n t r a t i o n of V S S in fresh feed is a l so negl igible (i .e. , 
XV,F*0), 

ts = Xv,aV/Q"Xv,u (Xv,e * 0 ; Xv,F * 0) (5.159) 

C o n s e q u e n t l y , w h e n w a s t a g e is t a k e n f rom t h e recycle l ine, k n o w l e d g e o f 
b o t h mixed l i quo r a n d recycled s ludge m i c r o o r g a n i s m c o n c e n t r a t i o n s a r e 
r e q u i r e d for ca lcu la t ion o f s ludge age . 

F o r t h e c o m p l e t e mix r e a c t o r wi th recycle (F igs . 5.25, 5.26, a n d 5.1), 
res idence t i m e is such t h a t s ludge is n o t w a s t e d f rom t h e sys tem faster t h a n i t 
r e p r o d u c e s . I n fact, s ince a s t eady s ta te c o n d i t i o n is a s s u m e d , w a s t a g e (ΑΧυ) 
equa l s exact ly t h e ne t s ludge yield for t he s a m e t i m e in te rva l if loss of V S S in 
t h e effluent f rom t h e s e c o n d a r y clarifier is negl igible . 

Example 5 .8 

F o r t h e ac t iva ted s ludge p l a n t des igned in E x a m p l e 5.7 ca lcu la t e t h e s ludge 
age . 

S O L U T I O N T h i s is a case o f a c o m p l e t e mix r e a c t o r wi th recycle , w a s t a g e 
be ing t a k e n f rom t h e recycle l ine. C o n c e n t r a t i o n of VSS in t h e s e c o n d a r y 
clarifier effluent is negl igible (i .e. , Xve&0), a n d a l so XVF = 0. E q u a t i o n 
(5.159) is t h e n ut i l ized t o ca lcu la te t h e s ludge age . H e r e 

XVta = 3000 mg/liter 

XVyU = 10,000 mg/liter 

V = 1.2 M G 

Q" = 0.073 M G D 

T h e n f rom E q . (5.159) 

t s = 3000 χ 1.2/0.073 χ 10,000 = 4.43 days 

H y d r a u l i c res idence t i m e t is 14.2 h r ( E x a m p l e 5.7, Sec t ion 7.10). 
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A re l a t i onsh ip be tween s ludge age , s u b s t r a t e r e m o v a l r a t e \_(S0-S^IXvat\ 
a n d p a r a m e t e r s a a n d b for s ludge yield is w r i t t e n f r o m E q . (5.149) for t h e 
c o m p l e t e mix r e a c t o r w i th recycle. [ I n E q . (5.149) i t is a s s u m e d t h a t c o n c e n 
t r a t i o n s of V S S in t h e effluent f rom the s e c o n d a r y clarifier a n d in fresh feed 
a r e negl igible . ] 

If in E q . (5.149) ne t s ludge yield AXV is r ep laced for t he va lue given by 
E q . (5.68), 

h = Xv,aVI[a(S0-Se)Q-bXv,aV} 

a n d 

= ia(s0-se)Q-bxv,avyxv.av 

Since V/Q = t, t h e n 

l / ' s = a[(S0-Se)/Xv,at] - b (5.160) 

10. Kinetics of Con t inuous 
T r e a t m e n t S y s t e m s : Plug Flow, 

Comple t e Mix, and Arbi t rary 
Flow Reac to r s 

In the f o r m a t i o n of t h e ac t iva ted s ludge p roces s , t h e m o d e l ut i l ized for t h e 
c o n t i n u o u s r e a c t o r w a s t h a t of a c o m p l e t e m i x vessel. T h e p l u g flow c o n t i n u o u s 
r e a c t o r m o d e l w a s o n l y briefly m e n t i o n e d in Sec t ion 5 (F ig . 5.9). I n th is 
sec t ion t h r e e m o d e l s for t h e c o n t i n u o u s r e a c t o r (F ig . 5.27) a r e d e s c r i b e d : 
(1) p l u g flow reac to r , (2) c o m p l e t e mix r eac to r , a n d (3) a r b i t r a r y flow r eac to r . 

1. Plug flow reactor. In the p l u g flow r e a c t o r fluid par t ic les t rave l t h r o u g h 
the vessel w i t h o u t mix ing a n d the re fore a r e d i s cha rged in t h e s a m e s e q u e n c e 
in wh ich they en te r . I f a c o n t i n u o u s t r ace r is i n t r o d u c e d s t a r t i ng a t t i m e 
t = 0 ( c o n c e n t r a t i o n of t r ace r in t h e inf luent be ing C0), n o t r ace r a p p e a r s in 
effluent un t i l a t ime / r , e q u a l t o theore t i ca l res idence t i m e of t he fluid in t h e 
vessel, h a s e lapsed . T h e n , t h e c o n c e n t r a t i o n of t r ace r in t he effluent j u m p s 
f rom a ze ro va lue t o t he va lue C 0 a n d r e m a i n s a t t h a t va lue as l o n g as c o n t i n 
u o u s in ject ion of t r ace r is m a i n t a i n e d . 

If a first dose of s lug t r ace r is i n t r o d u c e d a t t i m e t = 0, n o n e of it a p p e a r s in 
t h e effluent unt i l a t i m e tr h a s e lapsed . A t / = t r i c o n c e n t r a t i o n o f t r a ce r in t h e 
effluent j u m p s f rom ze ro t o C 0 . A t t i m e (tr + dt) it is b a c k a g a i n t o z e r o . I t 
j u m p s aga in t o C 0 a t t ime tr + At9 w h e r e Δ / is t h e t i m e in te rva l b e t w e e n t h e 
first t w o d i s c o n t i n u o u s inject ions o f t r ace r . 

2. Complete mix reactor. I n th is r e a c t o r i m m e d i a t e d i spe r s ion o f pa r t i c l es 
t akes p lace as they en te r t he vessel. F o r a c o n t i n u o u s t race r , i ts c o n c e n t r a t i o n 



10. Kinetics of Continuous Treatment Systems 231 

(a) (b) (c) 
Plug flow Complete mix Arbitrary flow 

Pattern of continuous tracer input 

C C C 

Pattern of slug tracer input 

Fig. 5.27. Continuous reactor models {adapted from Ref. [7]). 

in t h e effluent as a func t ion of t i m e is d e t e r m i n e d b y the fo l lowing m a t e r i a l 
b a l a n c e for t r ace r a r o u n d the r e a c t o r : 

Rate of change in amount of tracer in reactor 
= rate of input of tracer to reactor - rate of output of tracer from reactor 

o r 

(dC/dt) V = QC0 — QC (5.161) 

w h e r e C i s t he effluent c o n c e n t r a t i o n of t r ace r a t a n y t ime t\ Κ t he v o l u m e of t h e 
r e a c t o r ; Q t h e flow r a t e ; a n d C 0 t he c o n c e n t r a t i o n of t r ace r in t h e inf luent . 
F r o m E q . (5.161), 

dC/dt = (Q/V) ( C 0 - C ) (5.162) 

Since V/Q = tr ( hyd rau l i c res idence t ime , wh ich is d e n o t e d he re as tr so a s t o 
d is t inguish it for t ime va r i ab le t), E q . (5.162) yields 

dC/dt = (\ltr)(C0-C) 
o r 

dC/{Co-C) = (\/tr)dt (5.163) 

I n t e g r a t i n g E q . (5.163) a n d solv ing for C, 

C = c 0 [ l - * - < ' " ' > ] (5.164) 
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T h i s c o r r e s p o n d s t o t h e cu rve for t h e c o n c e n t r a t i o n o f c o n t i n u o u s t r a c e r 
s h o w n in F ig . 5 .27(b) . A s s t eady s ta te c o n d i t i o n s a r e a p p r o a c h e d ( t h e o 
ret ical ly a t / = o o ) , E q . (5 .164) yields 

C = Co 

T h u s , t h e cu rve a p p r o a c h e s a sympto t i ca l l y t h e o r d i n a t e C = C 0 . I f a d d i t i o n 
o f t r ace r s tops w h e n a s t eady s ta te c o n d i t i o n is r e ached , t h e c o r r e s p o n d i n g 
va lue for t r a ce r c o n c e n t r a t i o n in t he effluent d r o p s g r a d u a l l y fo l lowing c u r v e 
C = C0e(~t/tr\ a l so s h o w n in F ig . 5 .27(b) . T h i s c o r r e s p o n d s t o a r e a c t o r 
be ing p u r g e d of t r ace r . A s t oo ( s t eady s ta te) , t h e c o n c e n t r a t i o n of t r a c e r in 
effluent a p p r o a c h e s ze ro . 

3 . Arbitrary flow reactor. T h e s e r e a c t o r s c o r r e s p o n d t o a pa r t i a l m i x 
c o n d i t i o n be tween p l u g flow a n d c o m p l e t e mix types . Typ ica l p a t t e r n s for 
c o n t i n u o u s a n d s lug t r ace r i n p u t for a r b i t r a r y flow r e a c t o r s a r e s h o w n in F i g . 
5.27(c) . M a t h e m a t i c a l ana lys is of th i s t ype of r e a c t o r is c o n s i d e r a b l y m o r e 
c o m p l i c a t e d t h a n p l u g o r c o m p l e t e mix types , a n d for th is r e a s o n these t w o 
m o d e l s a r e usua l ly c h o s e n t o descr ibe r e a c t o r p e r f o r m a n c e . 

I t is in te res t ing t o c o m p a r e efficiency of B O D r e m o v a l for c o n t i n u o u s 
r eac to r s wi th recycle ( typical ac t iva ted s ludge p l an t ) , a d o p t i n g c o m p l e t e mix 
a n d p l u g flow m o d e l s t o descr ibe t he r e a c t o r in ques t i on . C o m p a r i s o n is m a d e 
b y c o m p u t i n g for a given w a s t e w a t e r (i .e., k a n d Sn fixed) t h e effluent B O D 
(Se) for fixed va lues of flow r a t e Q, inf luent B O D (SF\ recycle r a t i o ( r ) , a n d 
M L V S S c o n c e n t r a t i o n (XVt0) for v a r i o u s a s s u m e d res idence t i m e s t. F o r t h e 
c o m p l e t e mix r eac to r , t he k ine t ic m o d e l is g iven by E q . (5.19). If in E q . (5.19) 
S0 is e l imina ted ut i l iz ing E q . (5 .96) , t h e resu l t is 

(SF-Se)/[(l+r)Xv,at] = k(Se-Sn) (5.165) 

So lv ing for Se, 

Se = [SF + kSn(\+r)Xv,at~\IV + kXv,a(l+r)t~\ (5.166) 

A typica l p l o t o f Se vs . t o b t a i n e d f rom E q . (5.166) is s h o w n b y t h e c u r v e 
labeled " c o m p l e t e mix m o d e l " ind ica ted in F ig . 5.28. ( F o r t = 0, Se = SF a n d 
for t = o o , Se = Sn.) 

A kine t ic m o d e l for t h e c o n t i n u o u s r e a c t o r w i th recycle u n d e r p l u g flow 
c o n d i t i o n s is m a t h e m a t i c a l l y qu i t e difficult t o der ive . A m o d e l h a s b e e n 
o b t a i n e d , however , by L a w r e n c e a n d M c C a r t h y [ 4 ] . T h i s m o d e l p red ic t s for 
a given res idence t i m e t a l ower va lue o f effluent B O D t h a n t h a t for t h e c o r r e 
s p o n d i n g c o m p l e t e mix m o d e l . T h i s is i nd ica t ed by t h e d o t t e d cu rve in F ig . 
5.28. T h u s , t he p l u g flow recycle sys tem is theore t ica l ly m o r e efficient t h a n t h e 
c o m p l e t e mix recycle sys tem for s t ab i l i za t ion of so lub le was tes . I n p r ac t i c e , 
howeve r , t he p l u g flow m o d e l is difficult t o o b t a i n because o f l o n g i t u d i n a l 
d i spe r s ion . A l s o , t he c o m p l e t e mix sys tems h a n d l e s u d d e n c h a n g e s in inf luent 
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t 

Fig. 5.28. Plot ofS9 vs. t for continuous flow reactors with recycle (complete 
mix and plug flow models). 

B O D ( shock loads ) m u c h m o r e sa t i s fac tor i ly t h a n p l u g flow sys tems . I n 
a d d i t i o n , t h e r e is t h e u n f a v o r a b l e s i t u a t i o n o f v a r i a b l e F/M r a t i o s a l o n g p l u g 
flow r e a c t o r s , a n d its poss ib le u n d e s i r a b l e effect o n t h e se t t l ing cha rac te r i s t i c s 
of the s ludge d iscussed in Sec t ion 5. Al l these fac to rs t e n d t o r e d u c e differences 
in a c t u a l efficiency of B O D r e m o v a l for t h e t w o m o d e l s . 

F i g u r e 5.29 s h o w s t h e p rogress ive B O D r e d u c t i o n o c c u r r i n g in a p l u g flow 
r e a c t o r f rom va lue S0 a t t h e inlet t o t h e final va lue Se. By d iv id ing t h e a e r a t i o n 
t a n k i n t o a series o f c o m p l e t e mix r e a c t o r s ( a s s u m e a u n i f o r m so lub l e B O D 
va lue for t h e l i q u o r be tween a n y t w o d o t t e d p a r t i t i o n s in F ig . 5.29), a n i m p r o v e 
m e n t in t r e a t m e n t p e r f o r m a n c e is o b t a i n e d w i t h o u t a m a j o r loss in ab i l i ty o f 
t h e sys tem t o h a n d l e s h o c k l oads . T h i s is t h e idea b e h i n d t h e s t ep a e r a t i o n 
s cheme ( C h a p t e r 6, Sec t ion 4 . 1 , F ig . 6.6). 

Fig. 5.29. BOD reduction in a plug flow reactor. 
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P r o b l e m s 

I. Determination of design parameters for an activated sludge project. A n industrial plant 
considers an activated sludge system for disposal of wastewaters. Preliminary tests are per
formed in laboratory scale continuous reactors. Four reactors are operated in parallel until 
steady state conditions are obtained. Data taken are presented in the following tabulations. 

TABLE 1 
For Removal Kinetics 

Average Average Average 
B O D 5 of BOD5 of MLVSS Residence 

Reactor influent effluent concentration time 
no . (mg/liter) (mg/liter) (mg/liter) (hr) 

1 850 100 2000 4.81 
2 800 50 2500 7.32 
3 750 25 3100 12.7 
4 700 15 3100 18.4 

TABLE 2 
Oxygen Utilization and Sludge Production 

Reactor Oxygen uptake rate Sludge yield AXV/V 
no . Rr [mg 0 2 / ( l i t e r ) (day)] [mg sludge/(liter)(day)] 

1 3200 2500 
2 2187 1450 
3 1425 780 
4 1008 403 

F r o m these data determine design parameters k ( h r - 1 and d a y - 1 ) * S„, a, a', b, and b'. 

II . A n organic chemical wastewater is to be treated by a proposed activated sludge plant to 
produce an effluent B O D of 50 mg/liter during summer conditions (20°C). Wastewater 
characteristics are 

Flow = 2.0 M G D 
Influent B O D = 1000 mg/liter 

Treatment parameters are 

k = 0.0005 h r " 1 at 20°C 
a = 0.50 lb MLVSS/ lb B O D P 

a' = 0.55 lb 0 2 / l b B O D r 

b = 0.1 lb MLVSS/(day)( lb MLVSS) 
b' = 0.14 lb 0 2 / ( d a y ) ( l b MLVSS) 

F/M = 0.6 
s„ = 0.0 mg/liter 
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Take 
Xa = 3000 mg/liter 
Xu = 12,000 mg/liter 

Neglect influent suspended solids. 

Calculate 
1. Reactor volume (Mgal) and sludge return rate (Mgal/day) 
2. Oxygen required Ob 0 2 / h r ) 
3. Ne t sludge yield (lb MLVSS/day) 
4. H P required for surface aeration. Characteristics of the aerator are given by Fig. 4.17. 

Base calculation on 20°C operation and take 

Csw = 8.0 mg/liter 
CL = 1.0 mg/liter 

α = 0.8 

Calculate required power level in HP/1000 gal 
5. Nutrient requirements (lb/day) for nitrogen and phosphorus 
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C h a p t e r 5, Sec t ion 4 . 1 . 1 . T h e c o n v e n t i o n a l ac t i va t ed s ludge p r o c e s s is a l so 
s tud ied in de ta i l in C h a p t e r 5. 

I n Sec t ions 2 - 4 o f th is c h a p t e r , several mod i f i ca t ions of t h e ac t iva t ed s ludge 
p roces s a r e desc r ibed . O t h e r types of w a s t e w a t e r t r e a t m e n t ( a e r a t e d l a g o o n s , 
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F o r b o t h a e r o b i c a n d a n a e r o b i c p rocesses t he a p p r o a c h ut i l ized for t h e 
m a t h e m a t i c a l f o r m u l a t i o n , as well as t h e p r o c e d u r e fo l lowed t o o b t a i n des ign 
d a t a f rom b e n c h scale u n i t s , a r e t h o s e deve loped by Eckenfe lder a n d assoc ia tes . 

2. Extended Aerat ion (or Total 
Oxidat ion Process) 

2.1. I N T R O D U C T I O N 

T h i s p roces s , a l so referred t o as t o t a l o x i d a t i o n , is a mod i f i ca t ion o f t h e 
ac t iva ted s ludge p rocess . T h e f u n d a m e n t a l idea in e x t e n d e d a e r a t i o n as 
c o m p a r e d t o t h e c o n v e n t i o n a l ac t iva ted s ludge p rocess is t o m i n i m i z e t h e 
a m o u n t of excess s ludge . Th i s is ach ieved b y inc reas ing res idence t i m e ; t h u s 
t he r e a c t o r v o l u m e is c o m p a r a t i v e l y l a rge r t h a n t h a t r eq u i r ed in t h e c o n v e n 
t i o n a l ac t iva ted s ludge p rocess . A s a resul t , essent ia l ly all d e g r a d a b l e s ludge 
f o r m e d is c o n s u m e d by e n d o g e n o u s r e sp i r a t i on . Refe r r ing t o E q . (5.68), t h e 
c o n d i t i o n for ze ro ne t yield of s ludge is 

AXV « 0 (6.1) 

o r 

aSrQ = bXv,aV (6.2) 

Theo re t i c a l res idence t i m e t o achieve ze ro ne t yield of M L V S S is o b t a i n e d 
f rom E q . (6.2) . 

/ = ν/Q = aSrlbXv,a (6.3) 

T h e m a i n a d v a n t a g e o f t he e x t e n d e d a e r a t i o n p rocess is t h a t s ludge h a n d l i n g 
facilities a r e m i n i m a l c o m p a r e d t o t h o s e r equ i r ed for t he ac t iva ted s ludge 
p rocess . 

2.2. C O M P A R I S O N O F E X T E N D E D A E R A T I O N 
A N D A C T I V A T E D S L U D G E P R O C E S S E S 

T h e r e a r e fou r bas ic fea tures w h i c h d i s t inguish e x t e n d e d a e r a t i o n f rom t h e 
c o n v e n t i o n a l ac t iva ted s ludge p r o c e s s : 

1. L o n g e r d e t e n t i o n t i m e in a e r a t o r 
2. L o w e r o r g a n i c load ings . F o r t h e ex t ended a e r a t i o n p roces s o r g a n i c 

l o a d i n g , expressed in t e r m s o f food t o m i c r o o r g a n i s m r a t i o (F/M) ( C h a p t e r 
5, Sec t ion 5), is usua l ly be tween 0.10 a n d 0 .25 , as c o m p a r e d t o va lues of 
0 . 3 - 0 . 7 for t h e c o n v e n t i o n a l ac t iva ted s ludge p rocess . 

3 . H i g h e r c o n c e n t r a t i o n of b io logica l sol ids in t h e a e r a t o r . T h e s e va lues 
r a n g e f rom 3500 t o 5000 mg/ l i t e r for e x t e n d e d a e r a t i o n , a s c o m p a r e d t o 
2 0 0 0 - 4 0 0 0 mg/ l i t e r for t h e ac t iva ted s ludge p rocess . C o m b i n a t i o n of fea tu res 
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cons ide red u n d e r (2) a n d (3) ( i .e. , less food for g rea te r m i c r o o r g a n i s m p o p u l a 
t i o n ) resul ts in s t a r v a t i o n c o n d i t i o n s for t h e m i c r o o r g a n i s m s . R e s u l t i n g 
" c a n n i b a l i s m " ( e n d o g e n o u s r e sp i r a t ion c o n d i t i o n s ) r educes c o n c e n t r a t i o n o f 
M L V S S , a n d t h u s a m i n i m i z a t i o n of s ludge a c c u m u l a t i o n is ach ieved . 

4. H i g h e r c o n s u m p t i o n of oxygen in e x t e n d e d a e r a t i o n p roces s . F o r 
d o m e s t i c w a s t e w a t e r t r e a t m e n t , Pasvee r [ 1 1 ] r e p o r t s for t h e e x t e n d e d a e r a t i o n 
p rocess a n oxygen c o n s u m p t i o n a p p r o x i m a t e l y twice t h a t for t h e c o n v e n 
t i o n a l ac t iva ted s ludge p rocess , n a m e l y 18 vs . 9 k w h / ( c a p i t a ) ( y e a r ) . W i t h 
this c o m p a r a t i v e l y sma l l ex t ra cos t for energy , subs t an t i a l savings in cap i t a l 

TABLE 6.1 
Comparison of Conventional Activated Sludge and Extended 
Aeration Processes 

Activated Extended 
Characteristics sludge aeration 

F o o d to microorganism ratio 
[lb B O D 5 / ( d a y ) ( l b MLVSS)] 0 .3-0 .7 0.10-0.25 

MLVSS concentration in reactor (mg/liter) 2000-4000 3500-5000 
Overall B O D 5 removal efficiency (% includes 

both soluble and suspended B O D 5 ) 90-95 85-98 
Effluent characteristics 

Soluble B O D 5 (mg/liter) 10-20 10-20 
Total B O D 5 (suspended + colloidal + soluble) 

(mg/liter) 15-25 2 0 - 4 0 
Suspended solids (mg/liter) < 2 0 < 7 0 

Sludge yield (lb/lb B O D 5 removed) « 0 . 0 3 « 0 . 0 1 
0 2 requirement (as % of B O D 5 removed) 90-95 120 

e x p e n d i t u r e m a y be ach ieved . T a b l e 6.1 p re sen t s a c o m p a r i s o n of t h e m a i n 
charac te r i s t i cs o f c o n v e n t i o n a l ac t iva t ed s ludge a n d e x t e n d e d a e r a t i o n 
processes . 

2.3. A P P L I C A T I O N OF E X T E N D E D A E R A T I O N 
T h e e x t e n d e d a e r a t i o n p r o c e s s h a s been app l i ed mos t l y in t r e a t m e n t of 

w a s t e w a t e r s w h e n dai ly v o l u m e is less t h a n 2000 ga l /day . T h i s inc ludes t r e a t 
m e n t of d o m e s t i c sewage for smal l c o m m u n i t i e s , h o u s i n g d e v e l o p m e n t s , 
r ec rea t iona l a r e a s , a n d s o m e indus t r i a l was tes . E x t e n d e d a e r a t i o n p a c k a g e 
un i t s a r e commerc i a l l y ava i lab le . I f wel l des igned a n d o p e r a t e d , t hey s h o u l d 
n o t p r e sen t o d o r p r o b l e m s a n d t h u s c a n be l oca t ed wi th in p o p u l a t e d a r e a s . 

2.4. E X T E N D E D A E R A T I O N U N I T S 
Figu re s 6.1 a n d 6.2 i l lus t ra te a c o n v e n t i o n a l e x t e n d e d a e r a t i o n un i t a n d a 

va r i a t i on k n o w n as t h e o x i d a t i o n d i t ch . I n t h e c o n v e n t i o n a l a e r a t i o n u n i t 
(F ig . 6.1), t h e influent passes first t h r o u g h a screen t o r e m o v e la rge s u s p e n d e d 
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Q=Qp+Qp 

Waste Screen 
or 

shredder 
QF \ 

influent 
OF 

Screen 
or 

shredder 

Sludgy recycle; Q R ^ P Y p S l u d g e wastage 

Fig. 6.1. Conventional extended aeration process. 

sol ids , in o r d e r t o p r o t e c t t h e a e r a t o r un i t f rom d a m a g e resu l t ing f rom c logging . 
In s o m e u n i t s a s h r e d d e r is p r o v i d e d in s t ead o f a screen. T h e flow d i a g r a m of 
t he c o n v e n t i o n a l u n i t is essent ia l ly iden t ica l t o t h a t o f t he ac t iva t ed s ludge 
p rocess . Effluent f rom t h e clarifier m a y be c h l o r i n a t e d p r i o r t o d i s c h a r g e in 
t h e receiving w a t e r . 

Waste ^Aeration rotor 

wastage 

Fig. 6.2. Oxidation ditch. 

F i g u r e 6.2 shows a d i a g r a m of t he o x i d a t i o n d i tch . A n essent ia l p a r t o f th is 
sy s t em is a n a e r a t i o n d i t ch p r o v i d e d wi th a n a e r a t i o n r o t o r . T h i s r o t o r h a s 
t w o f u n c t i o n s : a e r a t i o n a n d p rov i s ion o f a flow veloci ty t o t h e mixed l i q u o r in 
t h e d i t ch . L iqu id flow veloci ty is o f t h e o r d e r of 1 ft /sec. T h e m i x t u r e of sewage 
a n d ac t iva ted s ludge repea ted ly passes over t h e a e r a t i o n r o t o r a t s h o r t in te r 
va ls . A typica l r o t o r h a s a d i a m e t e r o f a p p r o x i m a t e l y 30 in . , revolves a t a b o u t 
75 r p m , h a s a d e p t h of i m m e r s i o n of a b o u t 6 in. , a n d a n o x y g e n a t i o n c a p a c i t y 
( O C ) of t he o r d e r of 6 l b /h r . 
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2.5. S E T T L I N G OF S L U D G E F R O M 
E X T E N D E D A E R A T I O N 

A l t h o u g h theore t ica l ly s ludge yield is ni l for t h e e x t e n d e d a e r a t i o n p roces s , 
in p rac t i ce th is is n o t t h e case s ince p a r t o f t h e s ludge is n o t b i o d e g r a d a b l e a n d 
the re fore a c c u m u l a t e s . T h e n e t s ludge yield m u s t b e w a s t e d . 

F i g u r e 5.7 ( C h a p t e r 5) reveals t h a t for va lues o f F/M in t h e r a n g e u t i l ized 
for t h e e x t e n d e d a e r a t i o n p r o c e s s (0 .10 -0 .25 ) , t h e m i c r o o r g a n i s m s a r e d r i v en 
t o e n d o g e n o u s r e sp i r a t i on a n d m e t a b o l i z e t h e c y t o p l a s m i c m a t e r i a l o f t he i r 
" f e l l o w " m i c r o o r g a n i s m s . T h e r e m a i n s o f t h i s " c a n n i b a l i s t f e a s t " a r e n o n -
d e g r a d a b l e cel lular shells w h i c h a r e re la t ive ly l ight c o m p a r e d t o c y t o p l a s m i c 
m a t e r i a l a n d sett le w i th difficulty. Se t t l ing t a n k s for e x t e n d e d a e r a t i o n sys t ems 
s h o u l d the re fo re p r o v i d e longer r e t e n t i o n t i m e t h a n for t h e c o n v e n t i o n a l 
ac t iva ted s ludge p rocess . R e t e n t i o n t i m e is a p p r o x i m a t e l y 4 vs . 2 h r for t h e 
c o n v e n t i o n a l ac t iva ted s ludge p roces s . 

2.6. N I T R I F I C A T I O N IN E X T E N D E D A E R A T I O N 

A s o r g a n i c l o a d i n g (F/M r a t i o ) is l o w in e x t e n d e d a e r a t i o n a n d s ince a l a rge 
excess o f a i r is supp l ied , ni t r i f icat ion m a y o c c u r t o a n a p p r e c i a b l e e x t e n t 
invo lv ing t h e conve r s ion o f a m m o n i a n i t r o g e n t o n i t r i te a n d n i t r a t e . A p r o b l e m 
re la ted t o ni t r i f icat ion is a d r o p in p H for t h e sys tem d u e t o f o r m a t i o n o f 
n i t r i c ac id . T h e p H m a y d r o p a s low as 4 .5 , in w h i c h case t h e b io log ica l p r o c e s s 
m a y b e adverse ly affected. 

2.7. D E S I G N C R I T E R I A FOR E X T E N D E D A E R A T I O N 

2.7.1. Calculation of Residence Time for 
Extended Aeration Units 

Since t he d e t e n t i o n p e r i o d r e q u i r e d for B O D r e m o v a l is m u c h s h o r t e r t h a n 
t h a t for a u t o x i d a t i o n of s ludge , a e r a t o r v o l u m e is c o n t r o l l e d b y t h e r a t e o f 
s ludge o x i d a t i o n . 

F o r m u l a t i o n o f des ign p r o c e d u r e for e x t e n d e d a e r a t i o n is b a s e d o n E q . 
(6.2), wh ich m u s t b e sl ightly modif ied p r i o r t o its a p p l i c a t i o n . T h e modi f ica 
t ions a r e a s fo l lows : in E q . (6.2), t h e le f t -hand m e m b e r p r e s u p p o s e s t h a t all 
s ludge f o r m e d (aSrQ) is b i o d e g r a d a b l e . E x p e r i m e n t a l d a t a i nd i ca t e t h a t 
a p p r o x i m a t e l y 7 7 % of t he s ludge p r o d u c e d is b i o d e g r a d a b l e , t h e r e m a i n i n g 
2 3 % c o m p r i s i n g n o n b i o d e g r a d a b l e ce l lu lar shel ls . The re fo re , t h e le f t -hand 
m e m b e r o f E q . (6.2) is r ewr i t t en as E q . (6.4). 

aaSrQ =faSrQ (6.4) 

w h e r e aQ is t h e lb of b i o d e g r a d a b l e M L V S S p r o d u c e d / l b t o t a l B O D 5 r e m o v e d 
o r fa; f t he lb b i o d e g r a d a b l e M L V S S p r o d u c e d / l b t o t a l M L V S S p r o d u c e d « 
0 .77 ; a n d a t h e lb t o t a l M L V S S p r o d u c e d / l b t o t a l B O D 5 r e m o v e d . 
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I n the r i g h t - h a n d m e m b e r of E q . (6.2), M L V S S c o n c e n t r a t i o n c o r r e s p o n d s 
on ly t o b i o d e g r a d a b l e s ludge , i.e., Xva t o be subs t i t u t ed by fXVta (mg/ l i t e r o f 
b i o d e g r a d a b l e s ludge) . A s wr i t t en in E q . (5.68) p a r a m e t e r b r ep re sen t s t h e 
f rac t ion of t o t a l M L V S S oxidized p e r d a y . 

b = lb MLVSS oxidized/(day)(lb total MLVSS in reactor) 

Define p a r a m e t e r b0 referred t o lb of b i o d e g r a d a b l e s ludge . 

bQ = lb MLVSS oxidized/(day)(lb biodegradable MLVSS in reactor) 

T h e r e l a t i onsh ip be tween bQ a n d b i s 

b0 = lb MLVSS oxidized/(day)[ / ( lb total MLVSS in reactor)] = b/f 

I f in t h e r i g h t - h a n d m e m b e r of E q . (6.2) b a n d Xva a r e subs t i t u t ed b y b0 

a n d fXVta, respect ively , 

b0(fXv,a)V= ΦΙ/)(/Χυ,α)ν= bXv,aV (6.5) 

The re fo re , t h e r i g h t - h a n d m e m b e r of E q . (6.2) is left u n c h a n g e d . 

C o n s e q u e n t l y , t he modif ied E q . (6.2) is o b t a i n e d b y e q u a t i n g E q . (6.4) t o 
E q . (6.5). 

faSrQ = a0SrQ = bXv,aV (6.6) 

Res idence t i m e is t h e n s h o w n in E q . (6.7). 

t = V/Q = a0SrlbXv,a = faSr/bXv,a = fa(S0-Se)/bXv,a (6.7) 

I t is c o n v e n i e n t t o wr i te t he express ion for res idence t i m e in t e r m s of B O D 
for t h e fresh feed, 5 F . I f in E q . (6.7) (S0-Se) is subs t i t u t ed b y t h e va lue g iven 
in E q . (5.97), o n e o b t a i n s 

t = (fa/bXv,amSF-Se)K\ + r ) ] ( / * 0.77) (6.8) 

2.7.2. Expression for Recycle Ratio r 

C o n s i d e r E q . (5.91) for recycle r a t i o r ( le t t ing XVF « 0 ) : 

r = (SMQFXv,a-AXv)ll834QF(Xv,u-Xv,a)] (6.9) 

F o r ex t ended a e r a t i o n , was t age AXV c o r r e s p o n d s t o n o n b i o d e g r a d a b l e cells 
w h i c h a re a p p r o x i m a t e l y 2 3 % of t he s ludge f o r m e d . 

ΑΧυ = 8.34(1 -f)a(S0-Se) Q - (effluent loss) (6.10) 

w h e r e 

1 - / « 1 - 0 . 7 7 « 0.23 
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N e g l e c t i n g effluent loss in E q . (6 .10) ,* a n d subs t i t u t i ng AXV in E q . (6.9) b y 
its va lue f r o m E q . (6.10) yields after s impl i f ica t ion 

r = \.QFXv,a-i\-f)a(S0-Se)Q\IQF(Xv,u-XVta) (6.11) 

S u b s t i t u t i o n of Q a n d (S0 — Se) in E q . (6.11) by the i r v a l u e s f r o m E q s . (5.5) 
a n d (5.97) yields after s impl i f ica t ion 

r = [Xv,a- (1 -f)a'Sr-SMKXv.u-Xp.J (6.12) 

2.7.3. Expression for Reactor Vo lume 
S u b s t i t u t i o n of t h e res idence t i m e t in E q . (5.104) b y t h e va lue given in E q . 

(6.8) l e a d s t o E q . (6.13). 

V= QFfa(SF-Se)/bXv,a (6.13) 

T h e des ign p r o c e d u r e for a n e x t e n d e d a e r a t i o n u n i t is i l lus t ra ted b y 
E x a m p l e 6 . 1 . 

Example 6 .1 

26,000 g a l / d a y of a n indus t r i a l w a s t e w a t e r a r e t o be t r e a t e d b y e x t e n d e d 
a e r a t i o n . Inf luent B O D 5 is SF = 1200 mg/ l i t e r , a n d it is des i red t o r e d u c e it 
t o a va lue n o t over 50 mg/ l i t e r in t h e effluent (Se). T a k e XVta a n d XVtU a s 4000 
a n d 12,730 mg/ l i te r , respect ively. V a l u e s o f des ign p a r a m e t e r s a, b, a', a n d V 
h a v e been e s t ima ted as 0 .7, 0 . 1 , 0 .5 , a n d 0 .142, respect ively ( u n i t s : B O D 5 , 
day ) . A s s u m e t h a t 7 7 % of t he M L V S S f o r m e d is b i o d e g r a d a b l e a n d neg lec t 
XVyF. C a l c u l a t e (1) recycle r a t i o , (2) res idence t i m e in h r , (3) B O D 5 o f c o m 
b i n e d feed, (4) c o m b i n e d feed in ga l /day , (5) F/M r a t i o , (6) r e a c t o r v o l u m e in 
gal , a n d (7) oxygen r e q u i r e m e n t s in l b /day . 

S O L U T I O N 

1. Recyc le r a t i o f rom E q . (6 .12) : 

r = [ 4 0 0 0 - ( l - 0 . 7 7 ) ( 0 . 7 ) ( 1 2 0 0 - 4 0 ) ] / ( 1 2 , 7 3 0 - 4 0 0 0 ) = 0.437 

2. Res idence t i m e f rom E q . (6 .8) : 

t = [(0.77 χ 0.7)/(0.1 χ 4000)] [ ( 1 2 0 0 - 50)/(l +0.437)] = 1.078 days (26 hr) 

3. B O D 5 o f c o m b i n e d feed f rom E q . (5 .96) : 

S0 = [1200 + (0.437) (50) ] / ( l+ 0.437) = 850.3 mg/liter 

4 . C o m b i n e d feed f rom E q . (5 .5 ) : 

Q = 26,000(1+0.437) = 37,360 gal/day 

* Effluent loss in extended aeration is more significant than in the conventional activated 
sludge process because as explained in Section 2.5, nonbiodegradable material is difficult to 
settle. 
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5. F/M r a t i o f rom E q . (5 .80) : 

F/M = 850.3/(4000 χ 1.078) = 0.197 

6. R e a c t o r v o l u m e f rom E q . (5 .104) : 

V = 37,360 χ 1.078 = 40,290 gal 

7. Oxygen r e q u i r e m e n t s f rom E q . (5 .85 ) : 

RrV = 0.5 ( 8 5 0 . 3 - 5 0 ) (0.03736) (8.24) + (0.142) (4000) (0.04029) 8.34 

RrV = 124.7 + 190.9 = 315.6 lb/day. 

3. C o n t a c t Stabi l izat ion 
3.1. I N T R O D U C T I O N 

C o n t a c t s t ab i l i za t ion is a n o t h e r modi f i ca t ion o f t h e ac t iva ted s ludge p r o c e s s . 
A flow d i a g r a m for t h e sys tem is s h o w n in F ig . 6 .3 . 

Inf luent w a s t e w a t e r is m ixed wi th s tabi l ized s ludge , a n d th i s m i x t u r e is 
a e r a t e d in t h e in i t ia l c o n t a c t t a n k for w h i c h d e t e n t i o n t i m e is on ly 2 0 - 4 0 m i n . 
D u r i n g ini t ial c o n t a c t a n app rec i ab l e f rac t ion of s u s p e n d e d a n d d i s so lved 
B O D is r e m o v e d by b i o s o r p t i o n after c o n t a c t w i th t he wel l -ae ra ted a c t i v a t e d 
s ludge . T h e mixed effluent f rom t h e ini t ial c o n t a c t t a n k flows i n t o a clarifier. 
Clarif ied effluent is r e m o v e d a n d under f low f r o m t h e clarifier is t a k e n t o a 
s tab i l i za t ion t a n k , w h e r e it is a e r a t e d for a p e r i o d o f 1.5-5 h r . 

D u r i n g th is s tab i l i za t ion p e r i o d , b i o s o r b e d o rgan ic s a r e b r o k e n d o w n by 
a e r o b i c d e g r a d a t i o n . S tabi l ized s ludge leaving t h e s tab i l i za t ion t a n k is in a 
" s t a r v e d " c o n d i t i o n a n d r e a d y t o a d s o r b o r g a n i c was te . 

3.2. A D V A N T A G E O F C O N T A C T 
S T A B I L I Z A T I O N V S . C O N V E N T I O N A L 
A C T I V A T E D S L U D G E P R O C E S S 

Since on ly recycled s ludge is subjec t t o l eng thy a e r a t i o n , th i s s y s t e m p e r m i t s 
app rec i ab l e r e d u c t i o n in a e r a t i o n bas in v o l u m e . T h i s is t h e m a i n a d v a n t a g e o f 
c o n t a c t s t ab i l i za t ion vs . t h e c o n v e n t i o n a l ac t iva ted s ludge p roces s . F o r a 
w a s t e w a t e r flow QF ( f t 3 / h r ) a n d a s ludge recycle of 0.3QF, a p p r o x i m a t e t a n k 
v o l u m e s for t h e c o n v e n t i o n a l ac t iva ted s ludge p roces s a n d c o n t a c t s t ab i l i za 
t i o n a r e l\QF a n d 4QF, respec t ive ly . T h i s c o r r e s p o n d s t o a nea r ly th ree fo ld 
t a n k r e d u c t i o n . Overa l l r e m o v a l efficiencies a r e usua l ly lower t h a n in t h e 
c o n v e n t i o n a l ac t iva ted s ludge p roces s , b u t c o u l d easily r each 8 5 - 9 0 % B O D 5 

r e m o v a l . 
T h e c o n t a c t s tab i l i za t ion p rocess is su i tab le w h e n t h e w a s t e w a t e r c o n t a i n s 

a h igh p r o p o r t i o n o f B O D in s u s p e n d e d a n d co l l o i d a l f o r m s . C o n t a c t s tabi l iza
t i on p l a n t s m a y o p e r a t e w i t h o u t n e e d of p r i m a r y clar if icat ion. 
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Q =Q F +Q R =Qp (l + r) , A j r 

Influent Initial contact tank Clarifier 
Effluent 

Typical f X v a =4000 mg/liter 
values \\ 1 =20 to 40 min 
(Initial contact) 

I Air 

Stabilized 
sludge 

Stabilization tank 
t w 1.5 to 5 hr 

I Clarifier underflow 
Typical: 
X v u = 8 0 0 0 mg/liter 

m Sludge 
recycle 

Q R 

Wastage 

Fig. 6.3. Flow diagram of contact stabilization system. 

3.3. S O L U B I L I T Y I N D E X (SI ) A N D 
O V E R A L L E F F I C I E N C Y 

T h e solubi l i ty i ndex (SI) of a w a s t e w a t e r is defined a s 

SI = soluble BOD/ to ta l B O D (6.14) 

w h e r e 0 < SI ^ 1.0. 
A s SI a p p r o a c h e s ze ro t o t a l B O D t e n d s t o b e o f s u s p e n d e d o r co l lo ida l f o r m , 

a n d t h e w a s t e w a t e r b e c o m e s su i t ab le for t r e a t m e n t b y c o n t a c t s t ab i l i za t ion 
since m o s t B O D c a n be r e m o v e d w i th in a s h o r t in i t ia l c o n t a c t p e r i o d . A s SI 
a p p r o a c h e s o n e , t o t a l B O D t e n d s t o b e of so lub le f o r m , a n d t h e c o n v e n t i o n a l 
ac t i va t ed s ludge p roces s is m o r e efficient. 

jr-Typical residence time 
1/ for initial contact tank 

Detention time for initial contact tank (hours) 

Fig. 6.4. Relationship of SI, BOD removal, and initial contact time. 
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T h e r e l a t i onsh ip of SI , B O D r e m o v a l , a n d ini t ial c o n t a c t t i m e is s h o w n in 
F ig . 6.4. F o r typ ica l res idence t imes in t h e ini t ia l c o n t a c t t a n k , c o n s i d e r a b l y 
g r e a t e r B O D r e d u c t i o n of effluent is a ch i eved w h e n the va lue of SI a p p r o a c h e s 
un i ty . T h e rise in t h e curve for SI = 0 fo l lowing t h e ini t ial d r o p is d u e t o ove r -
ox ida t i on , a c o n c e p t wh ich is d iscussed in Sec t ion 3.4. 

3.4. D E S I G N OF C O N T A C T S T A B I L I Z A T I O N 
S Y S T E M S 

3.4.1. Selection of Residence Times for 
Contact and Stabilization 

T h e m a i n objec t ive in des ign of c o n t a c t s t ab i l i za t ion sys tems is t h e se lec t ion 
of res idence t imes for ini t ial c o n t a c t a n d s tab i l i za t ion t a n k s . F o r a specific 
was t ewa te r , l a b o r a t o r y tests a re p e r f o r m e d t o d e t e r m i n e t h e effect o f a c o m 
b i n a t i o n of va r i ous res idence t imes for ini t ia l c o n t a c t a n d s t ab i l i za t ion t a n k s 
o n the % B O D r e m o v a l . A typical set o f cu rves o b t a i n e d for a specific w a s t e 
w a t e r is s h o w n in F ig . 6 .5 . E a c h cu rve c o r r e s p o n d s t o a fixed ini t ia l c o n t a c t 
d e t e n t i o n t ime . T h e absc issa is s tab i l iza t ion t i m e a n d the o r d i n a t e is t h e % B O D 
r e m o v a l . 

I f t h e des i red B O D r e m o v a l c a n n o t be o b t a i n e d in t h e ini t ial c o n t a c t t a n k 
(i.e., a t s t ab i l i za t ion t ime = 0) , s t ab i l i za t ion t i m e m u s t be e x t e n d e d t o r e a c h 
the des i red r e m o v a l . F o r e a c h c o n t a c t t ime ( t ha t is , for e ach cu rve in F ig . 6.4) 
t he re is a n o p t i m u m s tab i l i za t ion t i m e as ind ica ted , c o r r e s p o n d i n g t o a 
m a x i m u m % B O D r e m o v a l . F o r s tab i l iza t ion t imes longer t h a n t h o s e c o r r e -

Fig. 6.5. Relationship of contact time, stabilization time, and % BOD 
removal [3]-
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s p o n d i n g t o these m a x i m a , s ludge d e g r a d a t i o n ( e n d o g e n o u s p h a s e ) resul ts in 
such a b r e a k i n g d o w n t h a t s ludge effluent f rom the s t ab i l i za t ion t a n k is n o t 
a d e q u a t e t o p e r f o r m b i o s o r p t i o n in t he ini t ial c o n t a c t . T h e r e f o r e , % B O D 
r e m o v a l d r o p s . T h i s is k n o w n as o v e r o x i d a t i o n . 

3.4.2. Determination of Recycle Ratio 
T h e recycle r a t i o is d e t e r m i n e d f rom E q . (5.92) , neglec t ing w a s t a g e . Typ ica l 

va lues of XVyQ a n d XVtU a r e 4000 a n d 8000 mg/ l i t e r , respect ively, in w h i c h case 
r = 0 .5 . O n c e t he recycle r a t i o a n d d e t e n t i o n t imes h a v e b e e n d e t e r m i n e d , 
s izing o f c o n t a c t a n d s tab i l i za t ion t a n k s is s t r a igh t fo rward . 

3.4.3. Determination of Oxygen Requirements 
O x y g e n r e q u i r e m e n t s a r e ca lcu la ted f rom E q . (5.64). C o n t a c t a n d s tabi l iza

t ion t a n k s a r e cons ide red separa te ly a n d t h e c o r r e s p o n d i n g va lues o f a' a n d b' 
a re used in t he ca l cu la t ions . 

4. Othe r Modif ica t ions of 
Convent ional Act iva ted S ludge 

P r o c e s s : S t e p Aera t ion , Comple t e 
Mix Act ivated S ludge Process , and 

Tapered Aera t ion 
4.1. S T E P A E R A T I O N 

Step a e r a t i o n is a modi f ica t ion of t h e c o n v e n t i o n a l ac t iva ted s ludge p r o c e s s 
in wh ich fresh feed is i n t r o d u c e d a t several p o i n t s a l o n g t h e a e r a t i o n t a n k . T h i s 
a r r a n g e m e n t p r o v i d e s for a n e q u a l i z a t i o n of t h e F/M r a t i o s a l o n g t h e t a n k . 

Primary 
clarifier 

Tank length 

Fig. 6.6. Step aeration process [8]. 
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T h e a e r a t i o n t a n k is d iv ided b y baffles i n t o several para l le l ch an n e l s . E a c h 
c h a n n e l cons t i tu t e s o n e s t ep o f t h e p roces s , a n d t h e s teps a r e l inked t o g e t h e r 
in series. T h i s p r o c e s s , as well as oxygen supp ly a n d d e m a n d a l o n g t h e t a n k 
l eng th , a r e i l lus t ra ted by F i g . 6.6. 

4.2. C O M P L E T E M I X A C T I V A T E D S L U D G E 
P R O C E S S 

I n th is modi f i ca t ion of t h e ac t iva ted s ludge p roces s , fresh feed a n d recycled 
s ludge a r e c o m b i n e d a n d t h e n i n t r o d u c e d a t several p o i n t s in t h e a e r a t i o n 
t a n k f r o m a cen t r a l c h a n n e l . A e r a t e d l i quo r leaves t h e r e a c t o r f rom effluent 
channe l s o n b o t h sides of t h e a e r a t i o n t a n k (F ig . 6.7). 

Primary 
clarifier 

Reactor 

Recycled sludge 

Q) Ο 

Ο ο c ο 

Supply 

Demand 

Secondary 
clarifier 

\Effluent 

Pump 

Wastage 

Tank length (or width) 

Fig. 6.7. Complete mix activated sludge process [8]. 

Oxygen supp ly a n d d e m a n d a r e u n i f o r m a l o n g t h e t a n k , as i n d i c a t e d by t h e 
g r a p h a c c o m p a n y i n g F ig . 6.7. T h e m a t h e m a t i c a l m o d e l for t h e c o n v e n t i o n a l 
ac t iva ted s ludge p rocess deve loped in C h a p t e r 5, Sec t ion 3.2 a s s u m e s c o m p l e t e 
mix ing . If p l u g flow c o n d i t i o n s a r e a s s u m e d , oxygen d e m a n d decreases a l o n g 
the length of t h e a e r a t i o n t a n k , w h e r e a s t he oxygen supp ly r e m a i n s c o n s t a n t 
(F ig . 6.8). 

4.3. T A P E R E D A E R A T I O N 
T h e p u r p o s e of t a p e r e d a e r a t i o n is t o m a t c h t h e a m o u n t of a i r supp l i ed 

wi th the oxygen d e m a n d a l o n g t h e a e r a t i o n t a n k . Since a t t he inlet oxygen 
d e m a n d is t h e h ighes t , a e r a t o r s a re spaced m o r e closely t o p r o v i d e a h ighe r 
o x y g e n a t i o n r a t e . Spac ing be tween a e r a t o r s is inc reased t o w a r d the ou t l e t as 
oxygen d e m a n d decreases . 

file:///Effluent
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Primary 
clarifier 

Secondary 
clarifier 

Plug flow reactor 
Effluent 

Recycled sludge Γ 
Wastage 

Pump 

Tank length 

Fig. 6.8. Conventional activated sludge process with plug flow reactor [8]. 

5. Aera ted Lagoons 
5.1. I N T R O D U C T I O N 

A e r a t e d l a g o o n s a r e bas ins h a v i n g d e p t h s v a r y i n g f r o m 4 t o 12 ft in w h i c h 
o x y g e n a t i o n o f w a s t e w a t e r s is a c c o m p l i s h e d b y a e r a t i o n u n i t s . T h e f u n d a 
m e n t a l difference be tween a e r a t e d l a g o o n s a n d t h e ac t iva t ed s ludge sys t em is 
t h a t recycl ing of t h e s ludge is p r o v i d e d in t h e l a t t e r a s a m e a n s o f c o n t r o l l i n g 
the a m o u n t of b io logica l s ludge in t h e a e r a t o r . A e r a t e d l a g o o n s a r e flow-
t h r o u g h devices , i.e., n o recycle o f s ludge is p r o v i d e d . Sol ids c o n c e n t r a t i o n in 
t h e l a g o o n is a func t ion of w a s t e w a t e r cha rac te r i s t i c s a n d d e t e n t i o n t ime . I t is 
usua l ly be tween 80 a n d 200 mg/ l i t e r , i.e., m u c h lower t h a n t h a t for ac t i va t ed 
s ludge u n i t s ( 2000 -4000 mg/ l i t e r ) . 

5.2. M I X I N G R E G I M E S FOR A E R A T E D L A G O O N S 
T u r b u l e n c e level in l a g o o n s is t h e bas i s for the i r classif icat ion i n t o t w o types . 

5.2.1. Completely Mixed Lagoons 

T h e t u r b u l e n c e level is sufficient t o m a i n t a i n sol ids in su spens ion . D e t e n t i o n 
t imes a r e usua l ly less t h a n 3 d a y s , a n d p o w e r levels a r e h i g h e r t h a n 25 H P p e r 
mi l l ion ga l lons of ba s in v o l u m e . P o w e r levels for a c t i va t ed s ludge u n i t s a r e 
in t h e vicini ty o f 0.25 H P / 1 0 0 0 gal (o r 250 H P p e r mi l l ion ga l lons ) , i .e. , a b o u t 
t en t i m e s h ighe r t h a n for a e r a t e d l a g o o n s . A s s u m p t i o n o f c o m p l e t e mix ing , 
w h i c h even for ac t i va t ed s ludge un i t s is a n idea l ized a p p r o x i m a t i o n , is 
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q u e s t i o n a b l e for a e r a t e d l a g o o n s . Neve r the l e s s , th is a s s u m p t i o n is of ten m a d e , 
l ead ing t o a s imple m a t h e m a t i c a l m o d e l for t h e l a g o o n . Ut i l i z ing a p p r o p r i a t e 
safety fac tors , th i s ideal ized a p p r o a c h is useful . 

5.2.2. Facultative Lagoons 

T h e t u r b u l e n c e level is insufficient t o m a i n t a i n all sol ids in suspens ion . 
P a r t of t h e sol ids sett le t o t he b o t t o m of t h e l a g o o n , w h e r e t hey u n d e r g o 
a n a e r o b i c d e c o m p o s i t i o n . D e t e n t i o n t imes a r e usua l ly over 6 d a y s a n d p o w e r 
levels a r e 4 - 2 5 H P p e r mi l l ion ga l lons o f bas in v o l u m e . T h e r e is a g r a d u a l 
b u i l d u p of res idue w h i c h h a s t o be d e s l u d g e d a t p e r i o d s of 1-10 yea r s . 

Se lec t ion of m i x i n g r eg ime is t h e resu l t o f a n e c o n o m i c b a l a n c e b e t w e e n 
p o w e r r e q u i r e m e n t s (g rea t e r in comple t e ly mixed reg ime) a n d ac reage cos t 
( m o r e a c r e a g e r equ i r ed for facu l ta t ive l agoons ) . T h e s e t w o m i x i n g reg imes a r e 
i l lus t ra ted in F ig . 6.9. 

»% r Γ"β~7 % , • 
Influent \ / — / * ± /Effluent 

* χ (Lj /IV 

Completely mixed lagoon 
(a) 

lnfluent\ 
J k 
— 2 3 — v \ /Effluent ^ ~/ J <V 

^ J ^ - ^ ^ - S o l i d s 
' — - — f^ffffiffigy deposition 

Facultative lagoon 
(b) 

Fig. 6.9. Mixing regimes for aerated lagoons. 

5.3. K I N E T I C S OF B O D R E M O V A L 
A s s u m i n g a p p r o p r i a t e e n v i r o n m e n t a l c o n d i t i o n s ( p H , p r e s e n c e o f n u t r i e n t s , 

e tc . ) , t h e r a t e o f B O D r e m o v a l is a func t ion o f d e t e n t i o n t i m e , t e m p e r a t u r e , 
n a t u r e of was t ewa te r , a n d c o n c e n t r a t i o n of s u s p e n d e d vola t i le so l ids . 

U s u a l l y B O D r e m o v a l r a t e is a s s u m e d t o fo l low first-order k ine t ics , a n d t h e 
f o r m u l a t i o n for t h e c o n t i n u o u s r e a c t o r a s s u m i n g c o m p l e t e mix ing ( C h a p t e r 5 , 
Sec t ion 3.2) is ut i l ized. The re fo re , E q . (5.18) is t a k e n as t h e k ine t i c m o d e l for 
t h e l a g o o n . I t is c o n v e n i e n t t o rewr i te E q . (5.18) in t e r m s of t h e r a t i o SJS09 

i .e., t h e pe rcen t age of B O D r e m a i n i n g in t h e effluent. L e t t i n g kXVta = K, 
r e a r r a n g e m e n t of E q . (5.18) yields 

SJS0 = 1/(1 +Kt) (6.15) 
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w h e r e S0 is t h e so lub le B O D of t h e inf luent , Se t h e so lub le B O D of t h e effluent, 
Κ t h e r e m o v a l r a t e c o n s t a n t , a n d 

In E q . (6.16), Κ is t h e l a g o o n v o l u m e , Q t h e flow r a t e , A t h e h o r i z o n t a l c ross -
sec t ional a r e a o f t h e l a g o o n , a n d D t h e d e p t h of t h e l a g o o n . 

I t s h o u l d be e m p h a s i z e d t h a t th is m a t h e m a t i c a l m o d e l is b a s e d o n t w o 
f u n d a m e n t a l a s s u m p t i o n s , t h o s e o f first-order k ine t ics a n d t o t a l m i x i n g 
c o n d i t i o n s . N e i t h e r a s s u m p t i o n is va l id in al l cases , never the less , th i s f o r m u l a 
t i o n is useful for des ign p u r p o s e s . 

Va lues of A^can b e d e t e r m i n e d f rom b e n c h scale d a t a . A r e a c t o r l ike t h e o n e 
s h o w n in F ig . 5.10 ( C h a p t e r 5, Sec t ion 6.1) is u sed t o s i m u l a t e a n a e r a t e d 
l a g o o n . T h e s l iding baffle is r e m o v e d for th i s s i m u l a t i o n . T h e va lue o f Κ is 
d e t e r m i n e d f rom l inear p lo t s s imi la r t o t h o s e in F ig . 5.5 ( C h a p t e r 5, Sec t ion 
3.2) b a s e d o n E q . (5.18) . Κ va lues s h o u l d b e co r r ec t ed for t h e l a g o o n t e m 
p e r a t u r e ( s u m m e r a n d w i n t e r c o n d i t i o n s ) b y t h e p r o c e d u r e de sc r ibed in 
Sec t ion 5.4. Va lues of Κ c a n a l so b e d e t e r m i n e d f r o m p i l o t - p l a n t d a t a o r 
e s t i m a t e d f r o m d a t a o n o p e r a t i n g l a g o o n s . 

5.4. E S T I M A T E OF L A G O O N T E M P E R A T U R E (Tw) 

T h e r a t e o f B O D r e m o v a l nea r ly d o u b l e s for every 10°C of t e m p e r a t u r e 
rise ( C h a p t e r 2 , Sec t ion 7.1). T h u s i t is necessa ry t o e s t i m a t e l a g o o n t e m p e r a 
t u r e u n d e r ave rage s u m m e r a n d win te r c o n d i t i o n s . T h i s is d o n e b y p e r f o r m i n g 
a h e a t b a l a n c e . C o n s i d e r t h e l a g o o n r e p r e s e n t e d b y F ig . 6.10. T e m p e r a t u r e 
va lues s h o w n a r e t h o s e for t h e s u m m e r c o n d i t i o n s i n E x a m p l e 6.2. 

/ (detention time) = V/Q = AD/Q (6.16) 

Le t 

Tt = temperature of the influent 

Tw = lagoon (and effluent) temperature (°F) 

Τa = atmospheric temperature (°F) 

T a (a i r ) 

( 8 0 ° F ) 

A 

T: ( IOO°F) T w (87.I°F) 

Q 
T w (87.I°F) 

Fig. 6.10. Heat balance for aerated lagoon. 
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h = heat transfer coefficient [BTU/(day)(f t 2 ) (°F)] between lagoon and a tmosphere 
(should take into account such factors as wind and humidity effects). In the 
absence of more accurate information a value of 100 BTU/(day) ( f t 2 ) ( °F) may 
be utilized for estimate purposes 

Q = flow rate (Mgal/day) 

A = lagoon surface (f t 2 ) 

C = specific heat of wastewater [ take as 1.0 BTU/( lb)(°F)] 

T h e e n t h a l p y c h a n g e o f t h e inf luent is 

Λ Mgal Λ „ , 4 Λ Λ lb l iquor B T U 
Q—r— x 8.34 χ 10* χ C χ ( 7 | - r w ) ° F 

* day Mgal l iquor (lb liquor) (°F) v 1 w } 

= β ( Γ , - 7^)8.34 x 10 6 (BTU/day) (6.17) 

Th i s s h o u l d e q u a l h e a t loss t o s u r r o u n d i n g a i r given b y 

h BTU/(day)( f t 2 ) (°F) χ A f t 2 χ (Tw-T0)°F = hA(Tw-Ta) (BTU/day) 
(6.18) 

E q u a t i n g E q s . (6.17) a n d (6.18) , 
2 ( 7 , - 7 ^ ) 8 . 3 4 χ 10 6 = hA(Tw-Ta) (6.19) 

L e t 
h χ 1 0 - 6 / 8 . 3 4 = / 

Note: I f h » 100 B T U / ( d a y ) ( f t 2 ) ( ° F ) , t h e n / « 12 χ 1 0 " 6 . 

O n e t h e n wr i tes 

Q(T^TW)=/A(TW- Ta) (6.20) 

Solv ing for T w , 

Tw = (AfTa+QTi)/(Af+ Q) (6.21) 

E q u a t i o n (6.21) p e r m i t s a n e s t ima te of l a g o o n t e m p e r a t u r e . 
T h e effect o f l a g o o n t e m p e r a t u r e (Tw) o n B O D r e m o v a l r a t e Κ is g iven b y 

t h e e m p i r i c a l e q u a t i o n 

KTw = Κ20ΘΤ»-20 (6.22) 

w h e r e KTyv is t he B O D r e m o v a l r a t e a t t e m p e r a t u r e T w , K20 t h e B O D r e m o v a l 
r a t e a t 20°C , a n d θ t h e t e m p e r a t u r e coefficient 1.056 ( 2 0 - 3 0 ° C ) a n d 1.135 
( 4 - 2 0 ° C ) . 

C o n s i d e r E q s . (6.15) , (6.16) , (6.21) , a n d (6 .22) . S u b s t i t u t i n g i n E q . (6 .15) 
va lues of / , KTw, a n d Tw g iven b y E q s . (6.16) , (6.22), a n d (6.21), o n e o b t a i n s 

SJS0 = l/{l + ( / i / > / ( 2 ) ^ 2 o ^ / r - + < 2 r ' ) / u / + < 2 ) ] - 2 0 } (6.23) 

E q u a t i o n (6.23) p e r m i t s e v a l u a t i o n of t h e effect of t e m p e r a t u r e o n pe r 

cen t age of B O D r e m a i n i n g in t h e effluent. 
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5.5. O X Y G E N R E Q U I R E M E N T S FOR 
A E R A T E D L A G O O N S 

O x y g e n r e q u i r e m e n t s for a e r o b i c o x i d a t i o n p rocesses a r e given by E q . 
(5.64) . S ince t h e c o n c e n t r a t i o n o f M L V S S (XVta) is l ow for a e r a t e d l a g o o n s , 
t h e t e r m b'XvaVis u sua l l y neglec ted . T h e r e f o r e 

lb 0 2 / d a y « a'Sr Q « a\\b B O D removed/day) (6.24) 

Va lues of a' for a e r a t e d l a g o o n s v a r y f r o m 0.9 t o 1.4 d e p e n d i n g o n t h e n a t u r e 
of was t e , m i x i n g r eg ime , a n d t e m p e r a t u r e . 

5.6. S O L U B L E EFFLUENT B O D FOR A N 
A E R A T E D L A G O O N 

T h e so lub le effluent B O D for a n a e r a t e d l a g o o n is c a l cu l a t ed f r o m E q . 
(6.15) . So lv ing for Se, 

Se = S0/(l+Kt) (6.25) 

T h i s e q u a t i o n d o e s n o t t a k e i n t o a c c o u n t B O D feedback t o t h e l a g o o n d u e t o 
a n a e r o b i c d e g r a d a t i o n o f d e p o s i t e d sol ids . U s u a l l y a c o r r e c t i o n fac to r t o 
a c c o u n t for th is is i n t r o d u c e d in E q . (6.25) . Since a n a e r o b i c B O D f e e d b a c k is 
g rea te r d u r i n g t h e s u m m e r , t w o modi f ied f o r m s of E q . (6.25) a r e r e c o m 
m e n d e d by Eckenfe lde r a n d F o r d [ 5 ] . 

Summer condi t ions : Se = \2S0/(\ + Kt) (6.26) 

Winter condi t ions: Se = \.05S0I(1+Kt) (6.27) 

F o r ac t iva t ed s ludge p l a n t s , des ign p r o c e d u r e cons i s t s o f specifying a 
des i red effluent qua l i t y (Se) a n d t h e n ca l cu l a t i ng res idence t i m e ( / ) necessa ry 
t o achieve th is specified qua l i ty . F o r a e r a t e d l a g o o n s t h e des ign a p p r o a c h is 
n o r m a l l y t h e reverse of t h a t for a c t i v a t e d s ludge p l a n t s . U u s u a l l y w h e n a n 
a e r a t e d l a g o o n is be ing cons ide red , o n e h a s ava i l ab l e a g iven a c r e a g e o f l a n d 
p r e s u m a b l y a t a r e a s o n a b l y low cos t . T h e des ign p r o c e d u r e s t a r t s f r o m t h e 
k n o w n v a l u e o f t h e surface a r e a A a n d a n a s s u m e d r e a s o n a b l e d e p t h . T h e r e 
fore , t he v o l u m e of t h e l a g o o n a n d c o n s e q u e n t l y r e s idence t i m e a r e fixed. 
Effluent qua l i t y Se ach ieved for th is r e s idence t i m e is ca l cu la t ed f r o m E q . 
(6.25) [ o r E q s . (6.26) a n d (6 .27 ) ] . F o r t h e ac t iva t ed s ludge p l a n t i t is u n 
i m p o r t a n t t o wr i t e E q . (6.25), s ince Se is a primary specification, r a t h e r t h a n a 
calculated v a l u e . 

5.7. M L V S S C O N C E N T R A T I O N IN 
A E R A T E D L A G O O N S 

C o n s i d e r a n a e r a t e d l a g o o n for c o m p l e t e m i x c o n d i t i o n s i n d i c a t e d b y 
F ig . 6 .11 . Le t XVt0 b e t h e c o n c e n t r a t i o n o f V S S in t h e inf luent (mg/ l i t e r ) a n d 
Xva t h e c o n c e n t r a t i o n of M L V S S for t h e l a g o o n ( s a m e as t h a t in effluent, 
mg/ l i t e r ) . 
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V 

Q 
X 

Q 

ν,α X 

ν,α 
Fig. 6.11. Material balance for ML VSS. 

A m a t e r i a l b a l a n c e for V S S yields 

(Solids in) + (net synthesis in lagoon) = (solids out) 

o r 

QXVt0 + (aSrQ-bXVt0V) = QXV> 

Div id ing t h r o u g h by Q, le t t ing V/Q = / = d e t e n t i o n t i m e , a n d so lv ing for 

F o r facul ta t ive l a g o o n s , Xva is l ower t h a n t h e va lue e s t i m a t e d f rom E q . (6.28) 
d e p e n d i n g o n l a g o o n g e o m e t r y , a e r a t o r spac ing , p o w e r level, a n d t h e n a t u r e 
of inf luent sol ids . 

R e m a r k s s imilar t o t h o s e m a d e in Sect ion 5.6 c o n c e r n i n g t he difference in 
des ign a p p r o a c h b e t w e e n ac t iva ted s ludge p l a n t s a n d a e r a t e d l a g o o n s a r e 
app l i cab l e t o E q . (6.28) . F o r ac t iva ted s ludge p l a n t s , M L V S S c o n c e n t r a t i o n 
in t he a e r a t o r ( i .e . , Xva) is specified by t h e des igner . F o r a e r a t e d l a g o o n s , 
XVta is a ca l cu l a t ed q u a n t i t y ( f rom t h e specified res idence t i m e / f r o m w h i c h 
Se is ca lcu la ted , a n d t h e va lue for Sr = S0 — Se is t h u s es tab l i shed) . E q u a t i o n 
(6.28) is t h e n u t i l ized t o ca lcu la te XVta. F o r ac t iva t ed s ludge p l a n t s i t is u n 
i m p o r t a n t t o wr i te E q . (6.28), s ince Xv>a is a p r i m a r y specif icat ion r a t h e r t h a n 
a ca lcu la t ed q u a n t i t y . 

5.8. R E T E N T I O N P E R I O D R E Q U I R E D FOR A 
S P E C I F I E D EFFLUENT S O L U B L E B O D 

F r o m the des ign a p p r o a c h in Sec t ion 5.6, r e t e n t i o n p e r i o d is u sua l ly a 
p r i m a r y va r i ab le w h i c h is indi rec t ly specified by t h e des igner . C o n s e q u e n t l y , 
o b t a i n i n g a n e q u a t i o n for / for t h e a e r a t e d l a g o o n is less i m p o r t a n t t h a n it w a s 
for t he ac t iva ted s ludge p l a n t . Never the le s s , a n e q u a t i o n for r e s idence t i m e is 
der ived wh ich m a y be ut i l ized t o eva lua t e res idence t imes for a specified va lue 
o f Se for several poss ib le selected va lues o f l a g o o n d e p t h . T a k e E q . (5.18) a n d 
subs t i t u t e Xv>a by its va lue given in E q . (6.28). S impl i fy ing a n d so lv ing for 
res idence t i m e t, o n e o b t a i n s 

Χν,α = (X„,o + aSr)/(\+bt) (6 .28 ) 

t = SMXv.o + aSr)kSe-bSr] (6 .29 ) 
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w h e r e Sr = S0 — Se. I f t he c o n c e n t r a t i o n o f V S S in t he inf luent (XVt0) is negl i 
gible , E q . (6 .29) simplifies t o yield 

t = XI(akSe-b) (Xv,ο * 0) (6.30) 

If in th is e q u a t i o n t h e un i t s t o be ut i l ized a r e t (days ) , a ( lb M L V S S / l b B O D r ) , 
k ( h r " 1 ) , Se (mg/ l i te r ) , a n d b [ l b M L V S S / ( d a y ) ( l b M L V S S ) ] , a c o n v e r s i o n 
fac tor of 24 h r / d a y is used . T h e r e f o r e , E q . (6.29) is r ewr i t t en as E q . (6.31) . 

t = \/(24akSe-b) (XVt0* 0) (6.31) 

5.9. T O T A L EFFLUENT B O D FOR A N 
A E R A T E D L A G O O N 

S o far, on ly so lub le B O D of t h e effluent (Se) h a s b e e n cons ide red . T o th i s , 
o n e m u s t a d d the B O D c o n t r i b u t i o n c o r r e s p o n d i n g t o vola t i le s u s p e n d e d 
sol ids p r e s e n t in t h e effluent.* A s s u m i n g c o m p l e t e mix ing , t h e c o n c e n t r a t i o n 
of VSS in t he effluent is e q u a l t o t h a t in t he l a g o o n . B O D c o n t r i b u t i o n d u e t o 
VSS d e p e n d s o n s ludge age , w h i c h for a e r a t e d l a g o o n s is ca l cu la t ed f rom E q . 
(5.150) [ ( o r E q . (5.151) if Xvo = 0 ) ] . A s s ludge s tabi l izes w i t h age , i ts c o n t r i 
b u t i o n t o effluent B O D lowers . C o r r e l a t i o n b e t w e e n s ludge age a n d B O D 
c o n t r i b u t i o n by V S S is s h o w n in F ig . 6.12. T h e t o t a l B O D of t h e effluent is 
[ E q . (6 .32)] 

Total B O D of effluent = Se + ψΧυ,α (mg/liter) (6.32) 

0 0.1 0 . 2 0 . 3 0 . 4 0 .5 

^ = B 0 D 5 / V S S = (lb B 0 D 5 / l b VSS) 

Fig. 6.12. Correlation for insoluble BOD [5]. 

* For the activated sludge process, complete settling o f M L V S S in the secondary clarifier 
is assumed. Therefore only soluble B O D is accounted for in the net effluent (refer to Fig. 5.1}, 
where Xv%e« 0) . 
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w h e r e Se is ca l cu la t ed f rom E q . (6.26) [ o r E q . (6 .27) ] , φ is d e t e r m i n e d f r o m 
F i g . 6.12, a n d XVtu is ca lcu la ted f r o m E q . (6.28). 

5.10. D E S I G N P R O C E D U R E FOR A E R A T E D 
L A G O O N S 

T h e p r o c e d u r e p r o p o s e d b y Eckenfe lde r a n d assoc ia tes is i l lus t ra ted b y 
E x a m p l e 6.2. 

Example 6.2 

A n a e r a t e d l a g o o n is c o n t e m p l a t e d for t r ea t ing a n indus t r i a l w a s t e w a t e r . 
A n a r e a of 5 acres is ava i lab le . T h e fo l lowing i n f o r m a t i o n is t a k e n as a bas is 
for de s ign : 

Q = 1.5 M G D (average flow rate) 

So = 600 mg/liter ( B O D 5 of influent) 

Χυ> ο = 20 mg/liter (VSS in influent) 

Τa = average air temperature, 80°F (summer) ; 35°F (winter) 

Tt = 100°F (influent temperature) 

D a t a o b t a i n e d f rom b e n c h scale e q u i p m e n t : 

Κ = 0.06 h r " 1 = 1.44 d a y " 1 (at 20°C) 

a = 0.5 lb VSS/lb B O D r 

b = 0.06 d a y - 1 

a' = 1.1 l b 0 2 / l b B O D r 

h = 100BTU/(day)( f t 2 ) (°F) 

Ca lcu la t e 

1. Effluent so lub le B O D 5 for s u m m e r a n d win te r c o n d i t i o n s . Base 
ca lcu la t ions o n a l a g o o n d e p t h of 8 ft. 

2. M L V S S c o n c e n t r a t i o n a t e q u i l i b r i u m for a comple te ly mixed l a g o o n 
Xva for s u m m e r a n d win te r c o n d i t i o n s . 

3. T o t a l B O D 5 in t h e effluent for s u m m e r a n d win te r c o n d i t i o n s . 
4 . Surface a e r a t i o n r e q u i r e m e n t s : lb 0 2 / d a y , r eq u i r ed H P , a n d p o w e r 

level in H P / M g a l of bas in v o l u m e . 

S O L U T I O N : P a r t 1 B O D 5 of effluent 

Step 1. E s t i m a t e Tw for s u m m e r a n d win te r c o n d i t i o n s [ E q . (6 .21) ] . H e r e 

A = 5 acre χ 43,560 f t 2 /acre = 217,800 f t 2 

a n d 
/ = 12 χ I O " 6 
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c o r r e s p o n d i n g t o 

h = 100BTU/(day) ( f t 2 ) ( °F) 

Summer : Tw = (217,800 χ 12 χ 1 0 ~ 6 χ 8 0 + 1.5 χ 100)/(217,800χ 12 χ Ι Ο " 6 +1 .5 ) 

= 87.1°F (30.6°C) 

Win te r : Tw = (217,800 χ 12 χ 1 0 ~ 6 χ 3 5 + 1 . 5 χ 100)/(217,800χ 12 χ 1 0 " 6 + 1.5) 

= 58.7°F (14.8°C) 

Step 2. E s t i m a t e B O D r e m o v a l r a t e Κ for s u m m e r a n d w in t e r c o n d i t i o n s 
[ E q . (6 .22) ] . 

Summer : K30.6*c = 1.44 χ 1 . 0 5 6 ( 3 0 · 6 - 2 0 ) = 2.57 d a y 1 

Winter : # 1 4 . 8 . c = 1.44 χ 1 . 1 3 5 < 1 4 · 8 - 2 0 ) = 0.745 d a y 1 

Step 3. Ca l cu l a t e d e t e n t i o n t i m e [ E q . (6 .16) ] . 

217,800 f t 2 χ 8 ft χ 7.48 gal/ft 3

 Λ m Λ 

t = = 8.7 days 
1,500,000 gal/day y 

Step 4. Ca l cu l a t e Se ( so lub le B O D 5 o f effluent) for s u m m e r a n d w i n t e r 
c o n d i t i o n s . 

Summer : F r o m Eq. (6.26) Se = 1.2 χ 600/(1 + 2.57 χ 8.7) = 30.8 mg/liter 

% soluble B O D removal : [(600 - 30.8)/600] χ 100 = 9 5 % 

Winter : F r o m Eq. (6.27) Se = 1.05 χ 600/ (1+0.745 χ 8.7) = 84.2 mg/liter 

% soluble B O D removal : [ (600-84 .2) /600] χ 100 = 86% 

S O L U T I O N : P a r t 2 M L V S S c o n c e n t r a t i o n [ E q . (6 .28)] 

Summer : X0,a = [20 + 0 . 5 ( 6 0 0 - 3 0 . 8 ) ] / [ l + (0.06)(8.7)] = 200 mg/liter 

Winter : Xv,a = [20 + 0 . 5 ( 6 0 0 - 8 4 . 2 ) ] / [ l + (0.06)(8.7)] = 182.6mg/li ter 

S O L U T I O N : P a r t 3 T o t a l B O D 5 for effluent 

So lub le B O D 5 o f t h e effluent h a s b e e n ca lcu la t ed in S o l u t i o n , P a r t 1, S t e p 4 . 

Summer : Se = 30.8 mg/liter 

Winter : Se = 84.2 mg/liter 

Step 1. E s t i m a t e ψ f rom F ig . 6.12. F i r s t ca l cu la t e s ludge age [ E q . (5 .150) ] . 

Summer : ts = [200/(200 - 20)]8.7 = 9.67 days 

Winter : / s = [182.6/(182.6-20)] 8.7 = 9.77 days 
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T h e n f r o m F i g . 6.12, 

Summer : F o r ts = 9.67 days, read ψ = 0.332 

Winter : F o r ts = 9.77 days, read φ = 0.330 

Step 2 . E s t i m a t e V S S c o n t r i b u t i o n t o effluent B O D 5 . 

Summer : ψΧν,α = 0.332 χ 200 = 66.4 mg/liter 

Winter : ψΧυ>α = 0.330 χ 182.6 = 60.3 mg/liter 

Step 3. Ca l cu l a t e t o t a l B O D 5 in effluent. 

Summer : Soluble B O D 5 30.8 mg/liter 

B O D 5 (VSS) 66.4 mg/liter 

97.2 mg/liter 

Winter : Soluble B O D 5 84.2 mg/liter 

BOD5 (VSS) 60.3 mg/liter 

144.5 mg/liter 

S O L U T I O N : P a r t 4 Surface a e r a t i o n r e q u i r e m e n t s 

Step L E s t i m a t e oxygen r e q u i r e m e n t s [ E q . (6 .24) ] . 

Summer : B O D r = 600 - 30.8 = 569.2 mg/liter = 569.2 χ 10" 6 lb B O D r / l b liquor 

B O D r / d a y = 569.2 χ 1 0 " 6 lb B O D r / l b liquor χ 1.5 χ 10 6 gal l iquor/day 

χ 8.34 lb liquor/gal l iquor = 7121 lb BOD P / day 

lb 0 2 / d a y = 1.1 lb 0 2 / l b B O D r χ 7121 lb B O D r / d a y = 7833 lb 0 2 / d a y 

= 326 lb 0 2 / h r 

Winter : B O D r = 600 - 84.2 = 515.8 mg/liter = 515.8 χ I O " 6 lb B O D r / l b l iquor 

BOD r / day = 515.8 χ 1 0 " 6 lb BOD r / l b l iquor χ 1.5 χ 10 6 gal l iquor/day 

χ 8.34 lb liquor/gal l iquor = 6453 lb B O D r / d a y 

= 269 lb B O D r / h r 

lb 0 2 / d a y = 1.1 lb 0 2 / l b B O D r χ 6453 lb B O D r / d a y = 7098 lb 0 2 / d a y 

= 296 lb 0 2 / h r 

Step 2. E s t i m a t e lb 0 2 / ( H P x h r ) [ E q . (4 .34 ) ] . Base e s t ima te o n t h e 
fo l lowing v a l u e s : 

N0 = 2.5 lb 0 2 / Η Ρ χ hr 

α = 0.8 

Csw = 7.0 mg/liter (summer) ; 9.5 mg/liter (winter) 

CL = 1.0 mg/liter 
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T h e n 

Summer : F o r Tw = 30.6°C (Part 1, Step 1) 

Ν — 2 .5[ (7 .0-1 .0) /9 .2]0 .8 χ 1 . 0 2 4 ( 3 0 · 6 - 2 0 ) = 1.68 lb 0 2 / ( H P x hr) 

Winter : Fo r Tw = 14.8°C (Part 1, Step 1) 

Ν = 2 .5[ (9 .5-1 .0) /9 .2]0 .8 χ 1 . 0 2 4 ( 1 4 · 8 - 2 0 ) = 1.63 lb 0 2 / ( H P x hr) 

Step 3. Ca l cu l a t e t h e r e q u i r e d H P . 

l b P 2 / h r 
lb 0 2 / H P x h r 

w h e r e t he n u m e r a t o r a n d d e n o m i n a t o r h a v e b e e n ca lcu la t ed in P a r t 4 (S teps 
1 a n d 2 , respect ively) . 

Summer : H P = 326/1.68 = 194 H P 

Winter : H P = 296/1.63 = 182 H P 

Summer operat ion controls design. 

Step 4. E s t i m a t e t he p o w e r level b a s e d o n 194 H P . T h e l a g o o n h a s a 
v o l u m e of 217,800 f t 2 χ 8 ft = 1,742,400 f t 3 , o r 

1,742,400 f t 3 χ 7.48 gal/ft 3 = 13,033,152 gal 

Λ HP/Mga l = 194/13.03 = 14.9 HP /Mga l (faculative lagoon level) 

6. W a s t e w a t e r Stabi l iza t ion P o n d s 
6.1. I N T R O D U C T I O N 

T h e bas ic difference be tween the w a s t e w a t e r t r e a t m e n t p roces s desc r ibed in 
th is sect ion a n d t hose p rev ious ly s t ud i ed is t h a t n o a e r a t i o n e q u i p m e n t is 
e m p l o y e d in s tab i l iza t ion p o n d s . O x y g e n needs for p o n d s a r e p r o v i d e d b y 
n a t u r a l surface a e r a t i o n a n d b y a lgae , w h i c h p r o d u c e oxygen b y p h o t o 
syn thes i s . O x y g e n re leased b y a lgae a s a resu l t o f p h o t o s y n t h e s i s is u t i l ized b y 
b a c t e r i a for a e r o b i c d e g r a d a t i o n o f o r g a n i c m a t t e r . P r o d u c t s o f th is d e g r a d a 
t i on ( c a r b o n d iox ide , a m m o n i a , p h o s p h a t e s ) a r e in t u r n ut i l ized b y a lgae . 
T h i s cycle symbio t i c r e l a t i onsh ip b e t w e e n a lgae a n d b a c t e r i a is s h o w n d ia -
g r a m m a t i c a l l y in F ig . 6 .13 . 

W a s t e w a t e r s t ab i l i za t ion p o n d s a r e feasible w h e n la rge l a n d a r e a s a r e 
ava i l ab le a t low cos t a n d h igh qua l i t y effluent is n o t r e q u i r e d . I f B O D of t h e 
influent is h igh , oxygen d e m a n d is a b o v e t h a t p r o v i d e d by p h o t o s y n t h e s i s a n d 
n a t u r a l sur face a e r a t i o n . U n d e r these c i r c u m s t a n c e s D O c o n c e n t r a t i o n in t h e 
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N e w -
bacteria 

Bacteria 
r Organic 

matter 

C 0 2 , N H 3 

Algae 
Solar 

energy New 
algae 

Fig. 6.13. Cyclic symbiotic relationship between algae and bacteria. 

w a s t e w a t e r d r o p s t o a very low level a n d a n a e r o b i c d e c o m p o s i t i o n p reva i l s . 
T e r m i n a l p r o d u c t s for a n a e r o b i c d e c o m p o s i t i o n a r e C H 4 + H 2 0 , in c o n t r a s t 
t o C 0 2 + H 2 0 for a e r o b i c d e c o m p o s i t i o n . C h e m i c a l e q u a t i o n s p e r t i n e n t t o 
a n a e r o b i c d e c o m p o s i t i o n a r e s tud ied in Sect ion 8 .1 . 

P o n d s in wh ich t h e u p p e r layers a r e a e r o b i c a n d t h e lower a r e a n a e r o b i c 
a r e referred t o as facul ta t ive p o n d s . M o s t s tab i l i za t ion p o n d s fall in th i s 
ca t egory . 

W h e n e v e r o r g a n i c l o a d i n g is very h igh , oxygen d e m a n d m a y be s u c h t h a t 
p o n d o p e r a t i o n is a n a e r o b i c . W h e n several p o n d s a r e o p e r a t i n g in series , t h e 
first o n e receiving r a w w a s t e w a t e r d i s cha rge is a n a e r o b i c a n d t h e s econd , 
wh ich receives pa r t i a l ly s tabi l ized w a s t e w a t e r f rom t h e first, m a y be a facu l ta 
t ive p o n d . T h e last o n e receiving relat ively l ow B O D w a s t e w a t e r d i s c h a r g e 
f rom the p reced ing o n e m i g h t func t ion as a n a e r o b i c p o n d . 

Because of h igh d e t e n t i o n t i m e , f requent ly a b o u t 2 m o n t h s , r e m o v a l of 
re f rac tory o r g a n i c ma te r i a l s w h i c h c a n n o t b e a c c o m p l i s h e d b y ac t i va t ed 
s ludge o r a e r a t e d l a g o o n processes m a y b e c o m e poss ib le in s t ab i l i za t ion 
p o n d s . T h u s , a conven i en t a r r a n g e m e n t m a y be t o p r o v i d e s tab i l i za t ion p o n d s 
fo l lowing a n ac t iva ted s ludge (or a e r a t e d l a g o o n ) u n i t t o c o m p l e t e 
s tab i l iza t ion . 

6.2. K I N E T I C S O F B O D R E M O V A L FOR 
S T A B I L I Z A T I O N P O N D S 

A n ideal ized a p p r o a c h s imi lar t o t h a t ut i l ized for a e r a t e d l a g o o n s is of ten 
e m p l o y e d for s tab i l i za t ion p o n d s . C o n c e n t r a t i o n o f M L V S S is n o t a r e l evan t 
p a r a m e t e r in s tab i l iza t ion p o n d s , a n d t h u s t h e t e r m XVf0 d o e s n o t a p p e a r in 
t h e m a t h e m a t i c a l m o d e l . E q u a t i o n 5.18 is r ewr i t t en as 

E q u a t i o n (6.33) ind ica tes t h a t a p lo t o f (S0-Se)/t vs . Se yields a s t r a i g h t 
l ine, a n d the va lue of Κ is d e t e r m i n e d f rom t h e s lope . Typ ica l g r a p h s of th i s 
t ype a r e s h o w n in F igs . 6.18 a n d 6.19. 

(S0-Se)lt = KSe 
(6.33) 
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6.3. L A B O R A T O R Y S I M U L A T I O N OF 
S T A B I L I Z A T I O N P O N D S 

Batch o r c o n t i n u o u s m o d e l s of s tab i l i za t ion p o n d s h a v e b e e n u s e d o n 
b e n c h o r p i lo t scale. T w o of these m o d e l s , r e c o m m e n d e d by Ecken fe lde r a n d 
F o r d [ 5 ] , a re s h o w n in F ig . 6.14. 

Light system 

Light (JJjsys tern <J5~ 

Influentr 

"δ" 

r 

Effluent 

Batch model 
(a) 

Continuous model 
(b) 

Fig. 6.14. Laboratory models for wastewater stabilization ponds. 

F r o m d a t a o b t a i n e d f rom these m o d e l s , g r a p h s such as F igs . 6.18 a n d 6.19 a r e 
cons t ruc t ed , a n d a n e s t ima te o f Κ va lues is m a d e . 

6.4. M A T H E M A T I C A L F O R M U L A T I O N FOR 
S E V E R A L S T A B I L I Z A T I O N P O N D S IN S E R I E S 

Sta r t f rom t h e modif ied f o r m of t h e first-order k ine t i c s r e m o v a l e q u a t i o n 
for o n e p o n d . Solv ing E q . (6.15) for / y i e lds : 

t = (l-SJS.)/K(SJS.) (6.34) 

R a t i o SJS0 r ep resen t s t h e % B O D r e m a i n i n g in t h e effluent. 
F o r t w o s tab i l iza t ion p o n d s in series (F ig . 6.15), o n e c a n wr i t e [ E q . (6 .15)] 

S 0 

Pond No. 1 
•l 

s; 
Pond No. 2 

*2 

s e Pond No. 1 
•l 

Pond No. 2 
*2 

(6.35) 

(6.36) 

Fig. 6.15. Diagram for two stabilization ponds in series. 

For pond N o . 1: S/IS0 = 1/(1 +KX i i ) 

F o r pond N o . 2 : Se/Se' = 1/(1+ K2t2) 

C o m b i n i n g E q s . (6.35) a n d (6.36) b y mu l t i p l i ca t i on , 

SJS0 = 1/(1 + Klt1)(\ +K2t2) (6.37) 

W h e n r e t en t i on p e r i o d t a n d r e m o v a l r a t e c o n s t a n t Κ a r e t h e s a m e for b o t h 
p o n d s , E q . (6.37) yields 

SJSo = 1/(1 +Kt)2 (6.38) 



262 6. Secondary Treatment: Aerobic and Anaerobic Processes 

w h e r e t i = t2 = t a n d Kt = K2 = K. So lv ing E q . (6.38) for /, 

/ = [1 - (Se/S0)1/2]/K(Se/Soy>2 (6.39) 

F o r η p o n d s in series, E q s . (6.38) a n d (6.39) yield 

S J S 0 = 1/(1+Kt)n (6.40) 

t = [1 - (SeIS0)lln]/K(SeISo)1,n (6.41) 

F u r t h e r s implif icat ion is poss ib le w h e n e v e r t h e p r o d u c t Kt is m u c h less t h a n 
un i ty . E x p o n e n t i a l eKt is g iven b y t h e p o w e r series in E q . (6.42). 

eKt = 1 + Kt + (Kt)2/2l + (Kt)3/3l + ··· (6.42) 

If ATr <̂  1, o n e c a n wr i te a s a n a p p r o x i m a t i o n 

eKt = 1 + Kt (6.43) 

Subs t i t u t i ng in t h e d e n o m i n a t o r o f E q . (6.40) (1 +Kt) by t h e e x p o n e n t i a l eKt, 
gives E q . (6.44), 

SjSo = llenKt = e~nKt (6.44) 
f rom w h i c h 

SolSe = (6.45) 
o r 

(S0/Se)1,n = (6.46) 

6.5. EFFECT OF T E M P E R A T U R E O N R E A C T I O N 
R A T E C O N S T A N T Κ 

T h i s effect is ca l cu la t ed f rom a n empi r i ca l r e l a t i onsh ip r e c o m m e n d e d b y 
Ecken fe lde r a n d F o r d [ 5 ] . 

Kt = Κ25Θχ-25 (6.47) 

w h e r e Kt is t h e r eac t i on r a t e a t t°C; K25 t he r eac t i on r a t e a t 2 5 ° C ; t t h e t e m 
p e r a t u r e ( ° C ) ; a n d θ t h e t e m p e r a t u r e c o n s t a n t (1 .06—1.09 ; t a k e θ = 1.07). 

6.6. O X Y G E N P R O D U C T I O N IN A E R O B I C P O N D S 
A e r o b i c s tab i l i za t ion p o n d s d e p e n d o n a lgae t o p r o v i d e t h e oxygen necessa ry 

t o satisfy B O D r e q u i r e m e n t s . Since th is oxygen is p r o d u c e d b y p h o t o s y n t h e s i s , 
sun l igh t is r equ i r ed . T h i s res t r ic ts t he d e p t h of a e r o b i c p o n d s t o a r a n g e of 
6 - 1 8 in. 

T h e a m o u n t o f oxygen p r o d u c e d b y a lgae is e s t ima ted f r o m O s w a l d ' s 
e q u a t i o n [ E q . (6 .48)] [ 9 ] . 

O P = 0.25FIL (6.48) 

whe re O P is t he oxygen p r o d u c t i o n [ lb 0 2 / ( a c r e ) ( d a y ) ] ; F t h e l ight c o n v e r 
s ion efficiency (%) ; a n d IL t h e l ight in tens i ty [ c a l / ( c m 2 ) ( d a y ) ] . 
F is usua l ly a s s u m e d t o be 4 % . T h u s F = 4 a n d 

O P « lL (6.49) 



6 . Wastewater Stabilization Ponds 263 

IL var ies f rom a b o u t 100 t o 300 c a l / ( c m 2 ) ( d a y ) d u r i n g w in t e r a n d s u m m e r , 
respect ively, for a l a t i t ude of 30°. T h i s m e a n s t h a t t he m a x i m u m B O D l o a d i n g 
for a e r o b i c o p e r a t i o n o f s tab i l i za t ion p o n d s t o t a k e p lace var ies f rom 100 t o 
3001b B O D 5 / ( a c r e ) ( d a y ) . 

6.7. D E P T H OF O X Y G E N P E N E T R A T I O N IN 
S T A B I L I Z A T I O N P O N D S 

D e p t h o f oxygen p e n e t r a t i o n h a s b e e n co r r e l a t ed by O s w a l d [ 1 0 ] t o surface 
load ing , expressed as lb B O D 5 / ( a c r e ) ( d a y ) (F ig . 6.16). T h e g rea t e r t h e l oad ing , 
t h e sha l lower t h e d e p t h of oxygen p e n e t r a t i o n since oxygen d e m a n d is h igher . 

12 
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.2 8 
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ν 

ί 4 
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Loading ;lb B0D 5 / (acre) (day) 

Fig. 6.16. Correlation for depth of oxygen penetration in stabilization ponds 
(adapted from Oswald [10]). (Reprinted with permission, copyright by the University of 
Texas Press). 

6.8. F A C U L T A T I V E P O N D S : H E R M A N N A N D 
G L O Y N A ' S E Q U A T I O N 

T h e des ign f o r m u l a t i o n for s t ab i l i za t ion p o n d s desc r ibed in Sec t ions 6.2 
a n d 6.4 app l i e s t o facul ta t ive p o n d s . F a c u l t a t i v e p o n d d e p t h s v a r y f r o m 3 t o 
8 ft. 

A n empi r i ca l e q u a t i o n for facul ta t ive p o n d s h a s b e e n d e v e l o p e d b y H e r m a n n 
a n d G l o y n a [ 6 ] . T h i s f o r m u l a is b a s e d o n several a s s u m p t i o n s a n d d e v e l o p e d 
by ana lys is o f resul ts f r o m b e n c h scale, p i l o t - p l a n t , a n d field p o n d s . I t is 
app l i cab le t o d o m e s t i c sewage for a 8 5 - 9 5 % B O D r e d u c t i o n [ E q . (6 .50 ) ] . 

V = 10.7 x 1 0 - 8 Q S o ( 1 . 0 8 5 3 5 - * ) (6.50) 

whe re V is t he p o n d v o l u m e (acre χ f t ) ; Q t h e w a s t e w a t e r flow ( g a l / d a y ) ; SQ 

t he B O D M o f inf luent ( m g / l i t e r ) ; a n d t t h e p o n d t e m p e r a t u r e ( °C) . 
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6.9. A N A E R O B I C P O N D S 

L o a d i n g of a n a e r o b i c p o n d s is such t h a t a n a e r o b i c c o n d i t i o n s p reva i l 
t h r o u g h o u t t h e l iquid . O r g a n i c l oad ings r a n g e be tween 250 a n d 4000 l b 
B O D 5 / ( a c r e ) ( d a y ) . R e m o v a l efficiencies va ry be tween 50 a n d 80%. Since th i s 
degree of B O D 5 r e m o v a l is u sua l ly n o t a d e q u a t e for d i s c h a r g i n g t h e effluent, 
a n a e r o b i c p o n d s a r e usua l ly fo l lowed b y facula t ive a n d a e r o b i c o n e s . D e p t h s 
f rom 8 t o 15 ft a r e c o m m o n , b u t g rea te r d e p t h s a r e r e c o m m e n d e d t o p r o v i d e 
m a x i m u m h e a t r e t en t ion , bes ides t he resu l t ing e c o n o m y in t e r m s of l a n d cos t . 

6.10. S U M M A R Y OF D E S I G N C R I T E R I A FOR 
W A S T E W A T E R S T A B I L I Z A T I O N P O N D S 

Des ign cr i ter ia a re s u m m a r i z e d in T a b l e 6.2. 

TABLE 6.2 
Summary of Design Criteria for Wastewater Stabilization Ponds ' 

Ponds 

Criteria Aerobic Facultative Anaerobic 

Depth (ft) 0 .5-1.5 3-8 8-15 
Detention time (days) 2 - 6 7 -50 5 -50 
Loading 

lb BOD 5 / (acre ) (day) 100-200 200-500 250-4000 
% B O D removal 80-95 70-95 50 -80 

Algae concentration (mg/liter) 100 10-50 

a Adapted from Eckenfelder [4J. 

6.11. D E S I G N C A L C U L A T I O N S FOR 
S T A B I L I Z A T I O N P O N D S 

D e s i g n for s tab i l iza t ion p o n d s is i l lus t ra ted b y E x a m p l e 6 .3 . T h e des ign 
p r o c e d u r e is t h a t r e c o m m e n d e d by Eckenfe lder a n d assoc ia tes . 

Example 6.3 

W a s t e w a t e r s tab i l iza t ion p o n d s a r e c o n s i d e r e d for t r e a t m e n t of o r g a n i c 
chemica l s was te . T o t a l des ign flow is 1.0 M G D , a n d e s t i m a t e d p o n d t e m p e r a 
tu res a re 15° a n d 30°C for w in te r a n d s u m m e r o p e r a t i o n s , respect ively . 

I t is des i red t o r educe w a s t e w a t e r C O D f rom 2000 t o 400 mg / l i t e r u s i n g t w o 
a n a e r o b i c p o n d s in series of e q u a l d e t e n t i o n t i m e , a n d t h e n t o lower t h e C O D 
of t he effluent f rom t h e second a n a e r o b i c p o n d t o 50 mg/ l i t e r by m e a n s o f a n 
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a e r o b i c p o n d . B e n c h scale tests a r e p e r f o r m e d w i t h w a s t e w a t e r for b o t h 
a n a e r o b i c a n d a e r o b i c p o n d c o n d i t i o n s , a n d t h e l a b o r a t o r y d a t a o b t a i n e d a t 
2 5 ° C a re t a b u l a t e d be low. 

Detention time 
S0 (mg/liter C O D ) Se (mg/liter C O D ) (days) 

Anaerobic pond 
Run 1 3000 1000 40 
Run 2 2000 667 40 
Run 3 1200 400 40 

Aerobic pond 
Run 4 700 49 40 
Run 5 400 28 40 
Run 6 300 21 40 

Des ign the t r e a t m e n t sys tem. 

S O L U T I O N See F igs . 6 .17-19 . 

Step 1. O b t a i n c o n s t a n t Κ a t 2 5 ° C for t h e a n a e r o b i c a n d a e r o b i c p o n d s , 
f rom p lo t s of l a b o r a t o r y d a t a [ ( 5 0 - Se)/t vs . SJ s h o w n in t a b u l a t i o n be low . 

S0 Se Detention time 
(mg/liter C O D ) (mg/liter C O D ) (days) (S0-Se)/t 

Anaerobic 
Run 1 3000 1000 4 0 50 
Run 2 2000 667 4 0 33.3 
Run 3 1200 400 40 20 

Aerobic 
Run 4 700 49 4 0 16.3 
Run 5 400 28 40 9.3 
Run 6 300 21 40 7.0 

I n s u m m a r y 
Κ (anaerobic ponds) = 0 .05 d a y " 1 

# (aerobic pond) = 0.335 d a y " 1 

Step 2. O b t a i n va lues o f Κ a t 15°C since w in t e r c o n d i t i o n s c o n t r o l t h e 
design [ E q . (6 .47) ] . 
F o r t h e a n a e r o b i c p o n d s 

Kls = 0.05 χ 1 . 0 7 ( 1 5 - 2 5 ) = 0.0254 d a y " 1 

(was 0.05 d a y " 1 a t 2 5 ° C , l a b o r a t o r y c o n d i t i o n s ) . 
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Fig. 6.17. Diagram for Example 6.3. 
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Fig. 6.18. Determination of Κ (anaerobic ponds) for Example 6.3. 
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Fig. 6.19. Determination of Κ (aerobic pond) for Example 6.3. 

F o r t h e a e r o b i c p o n d 

Kl5 = 0.335 χ 1 . 0 7 ( 1 5 - 2 5 ) = 0.17 d a y " 1 

(was 0.335 d a y " 1 a t 25°C , l a b o r a t o r y cond i t i ons ) . 

Step 3. Ca lcu la t e d e t e n t i o n t imes . 

F o r the t w o a n a e r o b i c p o n d s in series [ E q . (6 .39)] 

/ = [1 - ( 4 0 0 / 20ω ) 1 / 2 ] / 0 . 0 2 5 4 ( 4 0 0 / 2 0 0 0 ) 1 / 2 = 48.7 days (each pond) 
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Since for t he t w o a n a e r o b i c p o n d s in E x a m p l e 6.3 ^ = # 2 = ^ 1 5 = 0 .0254 
d a y " 1 a n d t1 = t2 = t = 48.7 d a y s , i t fo l lows t h a t f rom E q s . (6.35) a n d (6.36) , 

Se fSQ — Se/Se 

Λ Se

f = (S0Se)112 = ( 2 0 0 0 x 4 0 0 ) 1 / 2 = 894 mg/liter 

( C O D of effluent from anaerobic pond 1) 

F o r t he a e r o b i c p o n d [ E q . (6 .34) ] 

/ = ( l - 5 0 / 4 0 0 ) / 0 . 1 7 (50/400) = 41.2 days 

Step 4. Ca l cu l a t e p o n d a r e a (acres) . F o r t h e t w o a n a e r o b i c p o n d s a s s u m e 
a d e p t h of 12 ft. Since / = V/Q = Ah/Q, w h e r e / is t h e res idence t i m e ( d a y ) ; 
Κ t h e v o l u m e of p o n d ( f t 3 ) ; Q t he flow r a t e ( f t 3 / d a y ) ; A t h e a r e a o f p o n d ( f t 2 ) ; 
a n d h t he d e p t h o f p o n d (ft), t h e n A = tQ/h o r 

A = 48.7 days χ (1 χ 10 6 gal/day χ ft 3 /7.48 gal χ 1/12 ft x acre/43,560 f t 2 ) 

= 12.5 acres per pond 

There fo re , des ign t w o 12.5 ac re p o n d s , e a c h 12 ft d e e p . Sur face l o a d i n g [ l b 
B O D 5 / ( a c r e ) ( d a y ) ] for each of t he a n a e r o b i c p o n d s is s h o w n be low . 

Anaerobic pond 1 

Since 2000 mg/ l i t e r = 2000 χ 1 0 " 6 l b C O D / l b l i q u o r 

lb C O D / d a y = 1 χ 10 6 gal l iquor/day χ 8.34 lb liquor/gal l iquor 

χ 2000 χ 1 0 - 6 lb C O D / l b l iquor 

= 1 χ 8.34 χ 2000 = 16,680 lb C O D / d a y 

A s s u m e B O D 5 / C O D « 0.7. T h e n lb B O D 5 / d a y = (0 .7)(16,680) = 11,676 
a n d lb B O D 5 / ( a c r e ) ( d a y ) = 11,676/12.5 = 934 (surface l o a d i n g for 
a n a e r o b i c p o n d 1). 

Anaerobic pond 2 

lb COD/day = 1 χ 8.34 χ 894 = 7456 

l b B O D s / d a y = (0.7)(7456) = 5219 

lb BOD 5 / ( ac re ) (day) = 5219/12.5 = 418 (surface loading for anaerobic 
pond 2) 

F o r t he a e r o b i c p o n d , t he des ign p r o c e d u r e is as fo l lows : 
1. A s s u m e a d e p t h o f oxygen p e n e t r a t i o n , e.g., h = 3 ft. 
2. F r o m k n o w l e d g e of res idence t i m e a n d flow r a t e , ca l cu la t e a first 

a p p r o x i m a t i o n of the p o n d a r e a ( ac res ) : A = tQ/h. 
3. Ca lcu l a t e surface l o a d i n g in lb B O D 5 / ( a c r e ) ( d a y ) b a s e d o n t h e 

a s s u m e d va lue of h. 
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4. F r o m F ig . 6.16 d e t e r m i n e t h e d e p t h of oxygen p e n e t r a t i o n a n d c o m p a r e 
it w i th t he a s s u m e d va lue u n d e r (1). F o r a e r o b i c o p e r a t i o n , t h e d e p t h of oxygen 
p e n e t r a t i o n shou ld be at least e q u a l t o t h e a s s u m e d d e p t h . If necessary , 
a s s u m e a n o t h e r va lue of h a n d i t e ra te s teps ( l ) - ( 4 ) . 

5. O x y g e n p r o d u c t i o n by a lgae is checked t o a s su re t h a t i t is sufficient t o 
satisfy t h e surface l o a d i n g [ E q . (6 .49) ] . 
C a l c u l a t i o n s a r e as fo l lows : 

1. A s s u m e h = 3 ft. 
2 . Ca l cu l a t e A in acres . 

A = 41.2 days χ (1 χ 10 6 gal/day χ ft 3 /7.48 gal χ 1/3 ft χ acre/43,560 f t 2 ) 

= 42.1 acres 

3. Surface l oad ing . F i r s t ca lcu la te l o a d i n g in t e r m s of lb C O D / ( a c r e ) (day) . 
Since 400 mg/ l i t e r = 400 χ 1 0 " 6 lb C O D / l b l iquor , 

lb C O D / d a y = 1 χ 10 6 gal l iquor/day χ 8.34 lb liquor/gal l iquor 

χ 400 χ I O " 6 lb C O D / l b liquor 

= 3336 lb COD/day 

There fo re , 

lbCOD/(ac re ) (day) = 3336/42.1 = 79.2 lb COD/(acre)(day) 

A s s u m e B O D 5 / C O D « 0.7. T h e n t h e surface l o a d i n g in t e r m s of B O D 5 is 

l b B O D 5 / ( a c r e ) ( d a y ) = 0.7 χ 79.2 « 55 lb BOD 5 / ( ac re ) (day) 

F r o m F ig . 6.16 for th is l oad ing , r e ad h « 3 ft. The re fo re , the a s s u m e d d e p t h is 
a p p r o p r i a t e a n d n o fu r the r t r ia l is necessary . 

4. C h e c k oxygen p r o d u c t i o n by a lgae . F r o m E q . (6.49) it fol lows t h a t 
oxygen p r o d u c t i o n res t r ic ts m a x i m u m load ings f rom 100 t o 300 lb B O D 5 / 
(acre) (day) . Since ac tua l l o a d i n g is on ly 55 lb B O D 5 / ( a c r e ) ( d a y ) , a n excess 
of oxygen over B O D 5 r e q u i r e m e n t s is ava i lab le . 

7. Trickling Filters 
7.1. I N T R O D U C T I O N 

T h e t r ick l ing filter is a p a c k e d m e d i a cove red wi th b io logica l s l ime t h r o u g h 
w h i c h w a s t e w a t e r is pe rco la t ed . T h e s l ime layer , wh ich usua l ly h a s a t o t a l 
th ickness be tween 0.1 a n d 2.0 m m , cons i s t s o f o n e a e r o b i c a n d o n e a n a e r o b i c 
sub layer , as s h o w n d i a g r a m m a t i c a l l y in F ig . 6.20. 

T h e b io logica l a e r o b i c p roces s w h i c h t a k e s p lace in t h e a e r o b i c sub l aye r 
is typ ica l ( C h a p t e r 5, Sec t ion 4 . 1 . 1 , F ig . 5.6). T h e s u b s t r a t e is pa r t i a l ly ox id ized 
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BOD Oo (air) 

" ^ j - Aerobic 
Ν \ layer 

/ 

r , ! 
—f-Slime layer 

/ / (0.1-2.0 mm) 

-*\—J-Anaerobic 
/ / layer 

/ ι 

-Organic acids 

Fig. 6.20. Diagram of aerobic and anaerobic sublayers for a trickling filter. 

t o p r o v i d e energy for t h e b io logica l p roces s . A n o t h e r p a r t o f t h e s u b s t r a t e is 
ut i l ized t o synthes ize n e w s l ime m a t e r i a l . 

I n t h e a n a e r o b i c sub laye r d e c o m p o s i t i o n t akes p lace w i t h f o r m a t i o n o f 
o r g a n i c ac ids , C H 4 , a n d H 2 S (Sec t ion 8.1). I n t h e t r i ck l ing filter, o r g a n i c a n d 
co l lo ida l m a t t e r a r e r e m o v e d by a e r o b i c o x i d a t i o n , b i o s o r p t i o n , c o a g u l a t i o n , 
a n d a n a e r o b i c d e c o m p o s i t i o n . Essent ia l ly t h e r e is n o r e m o v a l b y m e c h a n i c a l 
filtration. T h e t e r m " t r i c k l i n g filter" is m i s l ead ing in th is respec t . 

7.2. T H I C K N E S S OF S L I M E LAYER 

Usua l ly , t he th i ckness o f t he s l ime layer is be tween 0.1 a n d 2.0 m m . I t h a s 
a n adve r se effect o n t h e o p e r a t i o n of t h e t r i ck l ing filter if i t is t h i cke r t h a n 
2.0 m m . C logg ing of m e d i a m a y occur , t h u s i m p a i r i n g t h e w a s t e w a t e r flow 
a n d t h e t rans fe r of oxygen t o a e r o b i c m i c r o o r g a n i s m s . 

O p e r a t i o n a l h y d r a u l i c l oad ings a r e l ow [ 0 . 4 - 4 . 0 g a l / ( m i n ) ( f t 2 ) ] a n d a r e 
n o t sufficient t o k e e p t h e s l ime layer s c o u r e d off. T h u s , h y d r a u l i c l o a d i n g 
c a n n o t be used in con t ro l l i ng t h e th i ckness of t h e s l ime layer . T h i s c o n t r o l 
is exe r t ed m o s t l y b y l a rvae a n d w o r m s , w h i c h th r ive o n t h e a c c u m u l a t e d s l ime. 

A s t h e s l ime layer increases in th i ckness , o r g a n i c m a t t e r i n t he w a s t e w a t e r 
is m e t a b o l i z e d before i t c a n r e a c h t h e layer of m i c r o o r g a n i s m s c l ing ing t o t h e 
surface of t he m e d i a . T h e s e m i c r o o r g a n i s m s a r e left w i t h o u t sufficient f o o d 
a n d t e n d t o e n t e r t h e e n d o g e n o u s r e s p i r a t i o n p h a s e . T h u s , t h e s l ime layer 
loses its ab i l i ty t o c l ing t o t h e m e d i a surface a n d is w a s h e d a w a y . T h i s 
p h e n o m e n a , cal led s lough ing , is a func t ion o f o r g a n i c a n d h y d r a u l i c l o a d i n g 
of t he filter. 

7.3. C O M P A R I S O N B E T W E E N T R I C K L I N G 
F ILTERS A N D A C T I V A T E D S L U D G E P R O C E S S 

F o r B O D r e m o v a l efficiencies o f a b o u t 6 0 % , it is usua l ly f o u n d t h a t t r i ck l ing 
filters a r e m o r e e c o n o m i c a l t h a n t h e ac t iva ted s ludge p roces s , in p a r t i c u l a r for 
smal l flow ra t e s of was t ewa te r . F o r h ighe r B O D r e m o v a l efficiencies ( 9 0 % o r 
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a b o v e ) , t h e ac t iva ted s ludge p rocess is m o r e e c o n o m i c a l b e c a u s e p a c k i n g 
ma te r i a l cos t s w o u l d be t o o h igh . T h e s e c o n s i d e r a t i o n s suggest a poss ib le 
t w o s tep o p e r a t i o n : t r i ck l ing filters fo l lowed by a n ac t iva t ed s ludge p l a n t , a 
c o m b i n a t i o n wh ich in s o m e cases m a y p r o v e a d v a n t a g e o u s . 

S o m e a d v a n t a g e s of t r ick l ing filters ove r t h e a c t i v a t e d s ludge p r o c e s s a r e 
(1) n o p o w e r r e q u i r e m e n t s for a e r a t i o n , (2) s imple o p e r a t i o n , a n d (3) s lower 
r e s p o n s e a n d q u i c k e r recovery t o s u d d e n c h a n g e s of inf luent B O D . 

7.4. P H Y S I C A L A R R A N G E M E N T OF 
T R I C K L I N G F ILTERS 

Tr ick l ing filters a r e beds f rom 3 t o 4 0 ft d e e p filled wi th p a c k i n g such as 
b r o k e n rock , c l inkers , o r syn the t i c m e d i a ( t r ade n a m e s Sur fpac , F l o c o r , 
Actifil). T h e s e p las t ic m a t e r i a l p a c k i n g s a r e ava i l ab l e c o m m e r c i a l l y ( D o w 
C h e m i c a l C o . , E t h y l C o r p o r a t i o n , B . F . G o o d r i c h , N o r t o n C o . ) in h o n e y c o m b 
a n d o t h e r shapes . Inf luent w a s t e w a t e r is usua l ly d i s t r i b u t e d over t h e filter 
by a m e c h a n i c a l r o t a t i n g a r m m e c h a n i s m a n d pe rco la t e s t h r o u g h t h e p a c k i n g , 
c o m i n g in c o n t a c t w i th t h e b io logica l s l ime layer. 

W h e r e a s beds filled w i th r o c k s , c l inke r s , o r o t h e r ma te r i a l s a r e l imi ted in 
d e p t h f rom 3 t o 8 ft, b e d s of syn the t i c ma te r i a l s a r e c o m m o n l y 2 0 - 4 0 ft d e e p . 
T h e h igher p e r c e n t a g e o f vo id space for syn the t ic p a c k i n g a l l ows a n eas ier 
flow a n d r educes t h e r isk of flooding. 

F o r o r d i n a r y p a c k i n g ( rocks , c l inkers , e tc .) t h e fo l lowing charac te r i s t i c s 
a r e t yp ica l : d i a m e t e r s : 1̂ —2 i n . ; sur face a r e a : 2 4 - 3 4 f t 2 / f t 3 of b u l k v o l u m e ; 
vo id % : 4 5 - 5 5 % ; a n d m a x i m u m h y d r a u l i c l o a d i n g s : 0.5 g a l / ( m i n ) ( f t 2 ) . 

A d v a n t a g e s of syn the t i c p a c k i n g s a r e t h a t they (1) a l low p a c k i n g d e p t h u p 
t o 40 f t ; (2) a l low h igher h y d r a u l i c l oad ings , u p t o 4 g a l / ( m i n ) ( f t 2 ) ; (3) h a v e 
sur face a r e a s u p t o 70 f t 2 / f t 3 o f b u l k v o l u m e ; a n d (4) a r e less l ikely t o be 
c logged b y w a s t e w a t e r s ca r ry ing la rge a m o u n t s of s u s p e n d e d sol ids . 

D i s a d v a n t a g e s of syn the t ic p a c k i n g s a r e t h a t they a r e (1) relat ively e x p e n s i v e ; 
a n d (2) i n a p p r o p r i a t e for w a s t e w a t e r t r e a t m e n t t o a r r ive a t a re la t ively h igh 
effluent qua l i ty a s c o m p a r e d t o o r d i n a r y p a c k i n g . 

7.5. T R I C K L I N G FILTER S Y S T E M S 
M o s t c o m m o n a r r a n g e m e n t s for t r i ck l ing filters a r e s h o w n in F ig . 6 . 21 . 

(a) Single filter system—May be o p e r a t e d wi th o r w i t h o u t recycle. Recyc l ing 
is i nd ica ted for h ighe r effluent qua l i ty . If influent B O D is g rea t e r t h a n 500 
mg/ l i t e r , recycl ing is usua l ly r e c o m m e n d e d , (b) Alternating double filtration— 
T h e first filter is r e spons ib le for m o s t B O D r e m o v a l ; t h e s e c o n d o n e is a n 
effluent po l i she r . C o n s e q u e n t l y , m o s t s l ime g r o w t h occu r s in t h e first filter. 
T h e cycle is reversed per iod ica l ly (dai ly o r weekly) as ind ica ted by d o t t e d l ines 
in F ig . 6.21 (b) . I n th is m a n n e r c o n t r o l o f t h e s l ime layer t h i ckness is ach ieved , 
m a i n t a i n i n g a u n i f o r m sl ime th i ckness in b o t h un i t s . H i g h e r B O D effluent 
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Fig. 6.21. Trickling filter systems. 

qua l i ty is o b t a i n e d by th i s sys tem as c o m p a r e d t o t h e single filters, (c) Two 
stage filtration—The first filter is a coa r se o n e , usua l ly filled w i t h syn the t i c 
p a c k i n g wh ich r e m o v e s 6 0 - 7 0 % of t h e B O D . T h e s econd filter, w h e r e s l ime 
g r o w t h is cons ide r ab ly less, ac t s as t h e effluent po l i sher . 

7 . 6 . P R E T R E A T M E N T FOR T R I C K L I N G 
F ILTRATION 

A p r e t r e a t m e n t s imi lar t o t h a t for t h e ac t iva ted s ludge p r o c e s s m a y b e 
r equ i r ed for t r ick l ing filtration. I t m a y be necessa ry t o ad jus t t h e p H b y 
n e u t r a l i z a t i o n t o a n o p t i m u m r a n g e f r o m 7 t o 9, b e c a u s e excess a lka l in i ty o r 
ac idi ty d i s t u r b s t he b io logica l p roces s . 

7 . 7 . D E S I G N F O R M U L A T I O N FOR T R I C K L I N G 
F ILTERS 

T h e p u r p o s e of des ign f o r m u l a t i o n is t o o b t a i n a r e l a t i onsh ip a m o n g B O D 
r e m o v a l , d e p t h o f t h e filter, a n d h y d r a u l i c l o a d i n g . T h e fo l lowing f o r m u l a t i o n 
is t he o n e deve loped by Eckenfe lder a n d assoc ia tes . B O D r e m o v a l is usua l ly 
expressed as % B O D r e m a i n i n g in t h e effluent. 

Se/S0 = effluent B O D (mg/liter)/influent B O D (mg/liter) 

T h e t r ick l ing filter d e p t h is d e n o t e d b y D (ft) a n d h y d r a u l i c l o a d i n g b y L 
[ g a l / ( m i n ) ( f t 2 ) ] . A s s u m i n g B O D r e m o v a l t o fol low first-order k ine t ics [ E q . 
(6 .51) ] , 

dS/dt = -k'XvS = -K'S (6.51) 

w h e r e K' = k'X0. 
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R e a r r a n g i n g a n d in teg ra t ing , 

\n(SelS0) = -k'Xvt = -K't 

o r 
Se/S0 = e-kx»* = (6.52) 

w h e r e Se is t h e effluent B O D (mg/ l i t e r ) ; S0 t h e inf luent B O D (mg/ l i t e r ) ; k' t h e 
r e m o v a l r a t e c o n s t a n t ( n o vola t i le sol ids i n c l u d e d ) ; Xv t h e vola t i le so l i d s ; 
K' t he r e m o v a l r a t e c o n s t a n t (volat i le sol ids inc luded , K' = k'Xv); a n d t t h e 
r e s idence t ime . 

R e s i d e n c e t i m e / is wr i t t en a s 

t = CD/L" (6.53) 

w h e r e D is t h e filter d e p t h (f t) ; L t h e h y d r a u l i c l o a d i n g [ g a l / ( m i n ) ( f t 2 ) ] ; a n d 
C, η t h e c o n s t a n t s wh ich a re func t ions of t h e filter m e d i a a n d specific surface . 
Specific surface is defined as f t 2 of p a c k i n g surface pe r f t 3 of b u l k v o l u m e . 
S u b s t i t u t i o n of t [ E q . (6 .53)] in E q . (6.52) yields 

SeIS0 = e - K C D i L n = e-KD/L" (6.54) 

w h e r e A: = K'C. 
E q u a t i o n (6 .54) is t he bas ic m a t h e m a t i c a l m o d e l [ 4 ] for t r ick l ing filters. I t 

re la tes % B O D r e m a i n i n g (SJS0) t o d e p t h o f t h e filter (D) a n d h y d r a u l i c 
l o a d i n g (L) . P a r a m e t e r Κ ( r a t e c o n s t a n t ) is a func t ion of t h e ease of d e g r a d -
abi l i ty of t he s u b s t r a t e . P a r a m e t e r η d e p e n d s o n t h e charac te r i s t i c s of t h e 
p a c k i n g m e d i a . 

7.8. A P P L I C A T I O N OF B A S I C M A T H E M A T I C A L 
M O D E L TO T R I C K L I N G F ILTERS 
W I T H O U T A N D W I T H R E C Y C L E 

S t r e a m s involved in o p e r a t i o n of t r ick l ing filters w i t h o u t a n d wi th recycle 
a r e s h o w n in t he F i g . 6.22. Recycle i m p r o v e s efficiency of B O D r e m o v a l a n d 
d i lu tes inf luent B O D t o a level c o m p a t i b l e wi th m a i n t e n a n c e o f a e r o b i c 
c o n d i t i o n s . W h e n the re is n o recycle, E q . (6.54) app l ies di rect ly . F o r t r i ck l ing 
filters w i th recycle, inf luent B O D (SF) is d i lu ted t o a va lue SQ p r i o r t o e n t e r i n g 
the filter. T h e r e l a t ionsh ip a m o n g S09 5 F , Se9 a n d the recycle r a t i o is o b t a i n e d 
by a m a t e r i a l ba l ance for t he B O D [ l o o p ( ) of F ig . 6 . 2 2 ( b ) ] . 

S J S 0 = e-KD'LH (6.55) 

QFSF + QRSe = (QF + Q R ) S 0 

S0 = (QFSF + QRSE)KQF + QR) 

D i v i d i n g b o t h n u m e r a t o r a n d d e n o m i n a t o r by QF a n d let t ing QR/QF = r = 
recycle r a t i o [ E q . (6 .56) ] , 

So = ( S F + r S e ) / ( l + r ) (6.56) 
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Q F . S F 

i Q = Q F . Q R . S 0 

Recyc le 

Q R=rQ F 

No r e c y c l e : ( 6 . 5 4 ) 

S e / S 0 = e - K D / L " [S 0 = S F ] 

(a) 

S e / S 0 = e - K O / L " 

Fig. 6.22. Trickling filter without recycle (a) and with recycle (b). 

Subs t i t u t i ng th is va lue in E q . (6.55), 

Se/[(SF + rSeW + r)] = e-KD'La (6.57) 

F o r s implic i ty , let KB/ Π = X. D i v i d i n g b o t h n u m e r a t o r a n d d e n o m i n a t o r 
by SF a n d solving for SJSF, 

SJSF = e-xl(\ +r-re-x) (6.58) 

F o r d o m e s t i c sewage , a n empi r i ca l r e l a t i o n s h i p h a s b e e n d e v e l o p e d b y 
B a l a k r i s h n a n [ 2 ] b a s e d o n E q . (6 .58) : 

SeIS0 = e x p ( - 0 . 0 0 3 ^ ° - 6 4 4 5 * e

0 - 5 4 D / L n ) (6.59) 

7.9. P R O C E D U R E FOR D E S I G N O F T R I C K L I N G 
F ILTERS W H E N B E N C H S C A L E O R 
P I L O T - P L A N T D A T A A R E A V A I L A B L E 

T h r e e i t ems will be d i scus sed : (1) A m o d e l o f b e n c h scale t r i ck l ing filter a n d 
p r o c e d u r e for o b t a i n i n g des ign d a t a f r o m th is m o d e l , (2) t r e a t m e n t o f d a t a 
o b t a i n e d in o r d e r t o d e t e r m i n e c o n s t a n t s η a n d Kin E q . (6 .54) ; a n d (3) a p p l i 
ca t i on of these resul ts t o des ign of a p l a n t scale t r i ck l ing filter. B o t h cases , 
w i t h o u t a n d w i th recycle, a r e s tud ied . T h e a p p r o a c h fo l lowed is t h a t p r o p o s e d 
by Eckenfe lder a n d F o r d [ 5 ] . E x a m p l e 6.4 p r e sen t s a n u m e r i c a l i l l u s t r a t ion . 

7.9.1. Mode l of Bench Scale Trickling Filter 
A ske tch of a b e n c h scale m o d e l o f a t r i ck l ing filter d e v e l o p e d by Eckenfe lde r 

a n d assoc ia tes is s h o w n in F ig . 6 .23. W a s t e w a t e r c o n t a i n e d in t h e feed rese rvo i r 
is p u m p e d b y a S i g m a m o t o r p u m p t o a p e r f o r a t e d p l a t e for flow d i s t r i b u t i o n . 
T h e r e it is m ixed w i th t h e recycle s t r e a m f r o m t h e se t t l ing t a n k . 
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Fig. 6.23. Bench scale trickling filter. 

A s a p r e l i m i n a r y s tep , it is necessary t o gene ra t e a n acc l ima ted s l ime o n t h e 
filter m e d i a . T h i s m a y t a k e f r o m a few d a y s t o several weeks , d e p e n d i n g o n t h e 
n a t u r e of t h e w a s t e w a t e r . S a m p l e s a r e t a k e n per iod ica l ly a t t h e m e d i a a n d 
l iqu id s a m p l i n g p o r t s , a n d B O D d e t e r m i n a t i o n s a r e p e r f o r m e d . S t eady s t a t e 
B O D values a r e r e c o r d e d . P i lo t -p l an t un i t s m a y a l so be ut i l ized. 

T h e p r o c e d u r e t o o b t a i n bas ic d a t a is (1) select t h r e e o r fou r h y d r a u l i c 
l oad ings [ g a l / ( m i n ) ( f t 2 ) ] . F o r d e e p filters (D > 10 ft) w i th p las t i c p a c k i n g , 
flow ra tes of 0 . 5 - 4 g a l / ( m i n ) ( f t 2 ) a r e selected. F o r t h e p i l o t -p l an t un i t ( E x a m p l e 
6.4), h y d r a u l i c l o a d i n g s o f 1, 2 , 3 , a n d 4 g a l / ( m i n ) ( f t 2 ) a r e ut i l ized ( T a b l e 6.3). 
(2) F o r each flow r a t e , s a m p l e a t least t h r ee d e p t h s . F o r E x a m p l e 6.4, f ou r 

TABLE 6.3 
Data for Example 6.4* 

D, depth 
(ft) 

L, hydraulic loading [gal / (min)(ft 2 ) ] 

L = 1 L = 2 L = 3 L = 4 

5 57.5 67.5 73.0 76.0 
10 33.5 46.0 53.0 57.0 
15 19.5 31.0 38.7 43.0 
20 11.3 21.0 28.2 32.8 

" Values in 4 χ 4 matrix are those for (Se/S0) χ 100. 
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d e p t h s (5 , 10, 15, a n d 20 ft) a r e s a m p l e d . A n a l y s e s of s a m p l e s a r e usua l ly 
expressed a s % B O D r e m a i n i n g , i.e., SJS0 χ 100. Since in E x a m p l e 6.4 fou r 
h y d r a u l i c l oad ings (L ) a n d four s a m p l i n g d e p t h s a r e selected, t h e SJS0 va lues 
f o rm a 4 χ 4 m a t r i x (Tab l e 6.3). A n a l y s e s c a n a l so b e m a d e in t e r m s of C O D o r 
T O C . D e t e r m i n a t i o n s o f p H , Kje ldah l n i t r o g e n , a n d w a t e r t e m p e r a t u r e a r e 
a l so p e r f o r m e d . 

7.9.2. Treatment of Data Obtained in Order to 
Determine Constants η and Κ 

Step 1. O n semi log p a p e r , p l o t t h e % B O D r e m a i n i n g (SJS0) χ 100) vs . 
d e p t h (D) for e a c h va lue of h y d r a u l i c l o a d i n g s (L). F r o m E q . (6.54) , it fo l lows 
t h a t [ E q . (6 .60)] 

ln(5 e/S 0) = -KD/L" = —(KILn)D (6.60) 

There fo re a family o f s t r a igh t l ines is o b t a i n e d . T h e a b s o l u t e va lue of t he i r 
s lopes c o r r e s p o n d s t o K/I?. F o r E x a m p l e 6.4, th is p l o t is s h o w n in F ig . 6.24, 
w h e r e fou r l ines c o r r e s p o n d t o four r u n s [ L = 1, 2 , 3 , a n d 4 g a l / ( m i n ) ( f t 2 ) ] . 

9 0 r 

15 2 0 
D, depth (ft) 

Fig. 6.24. Plot of % BOD remaining vs. depth. 
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Step 2. O n l o g - l o g p a p e r , p lo t t he a b s o l u t e va lues of t he s lopes for e a c h 
of t he lines f rom S tep 1 vs . L (Tab le 6.4 a n d F ig . 6.25). Since 

t h e n 
|Slope| = K/Ln 

log |s lope | = logK- nlogL 

0.2 

K / L n 

0.1 

0.08 j 
0.06 

0.04 

0.03 

ι—ι 1 — ι — I I I I I 
|Slope| = η = (log 0.1085 -log 0.056)/(log l-log 4) 

η =0.478 

(6.61) 

(6.62) 

0.02 

I 1.5 2 3 4 5 6 7 8 9 10 
L 

Fig. 6.25. Plot ofK/Ln vs. L. 

TABLE 6.4 
K/L" vs. L 

L [gal / (min)(f t 2 ) ] "Absolute value o f slopes,A7L r t 

1 0.1085 
2 0.0779 
3 0.0634 
4 0.0560 

a From Fig. 6.24. 

O n e s t ra igh t l ine is o b t a i n e d , e a c h p o i n t o f w h i c h c o r r e s p o n d s t o o n e exper i 
m e n t . I t s s lope yields the va lue of η in a c c o r d a n c e wi th E q . (6.62). F o r E x a m p l e 
6.4 this p lo t is s h o w n in F ig . 6.25, w h e r e fou r p o i n t s a r e u t i l ized for t h e 
c o n s t r u c t i o n . * 

* The value o f i f f may be estimated from the ordinate intercept (for abscissa L = 1) o f Fig. 
6.25 as 0.11. It is preferable, however, to determine Κ from the slope of the straight line in 
Fig. 6.26, as described in Step 4. 
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Step 3. P e r f o r m t h e fo l lowing c a l c u l a t i o n s : 
1. D e t e r m i n e t h e va lues of L n for e a c h e x p e r i m e n t a l r u n u t i l iz ing t h e 

va lue of η d e t e r m i n e d in S t ep 2 (Tab l e 6.5). 

TABLE 6.5 
Values of Ln = Ι β · 4 7 β vs. L 

Run no. L(ga l / (min) ( f t 2 ) ] L n _ £ 0 . 4 7 8 

1 1 1.0 
2 2 1.393 
3 3 1.690 
4 4 1.941 

2. Ca l cu l a t e t h e va lues of DjU for e a c h e x p e r i m e n t a l r u n a t e a c h 
d e p t h . F o r E x a m p l e 6.4 th is resul t s in t h e 4 χ 4 m a t r i x ( T a b l e 6.6). 

TABLE 6.6 
Matrix for Values of D/Ln = D/L9 

D, depth 
Values of L 

(ft) 
L = l L = 2 L = 3 L = 4 

5 5.0 3.59 2.96 2.57 
10 10.0 7.17 5.91 5.15 
15 15.0 10.75 8.87 7.71 
20 20.0 14.35 11.83 10.30 

3. C o n s t r u c t a t ab l e of D/U vs . (SJS0) χ 100 f r o m in spec t i on of T a b l e s 
6.3 a n d 6.6. F o r E x a m p l e 6.4, th i s is s h o w n in T a b l e 6.7. V a l u e s o f D/Π a r e 
r e a d f rom T a b l e 6.6 f rom left t o r igh t a n d f r o m t o p t o b o t t o m , a n d c o r r e 
s p o n d i n g va lues of (SJS0) χ 100 a r e r e a d f rom T a b l e 6.3 in t h e s a m e w a y . F o r 
E x a m p l e 6.4, a s u m m a r y o f ca l cu la t ed va lues is s h o w n as a c o n v e n i e n t a r r a y 
in T a b l e 6.8. 

Step 4. O n semi log p a p e r p l o t t h e va lues o f (SJS0) χ 100 vs . D/Ln ( T a b l e 
6.7). F r o m E q . (6.60) o b t a i n 

ln (SJSo) = - K(DIL") (6.63) 

T h e s lope of t he s t r a igh t l ine t h u s o b t a i n e d yields t h e va lue of K. F o r E x a m p l e 
6.4, th is p l o t is s h o w n in F ig . 6.26. Since in th is e x a m p l e t he re is a 4 χ 4 m a t r i x , 
16 p o i n t s a re ut i l ized in t h e c o n s t r u c t i o n of th i s l ine. T h e r e f o r e , t h e va lues o f 
c o n s t a n t s η a n d Κ for t he bas ic m a t h e m a t i c a l m o d e l h a v e n o w b e e n o b t a i n e d . 
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TABLE 6.7 
D/Ln = D/L0 4 7 9 vs. (SJS0) X100 

D\Ln = D/L0418 (Sel S0) x 100 

5 57.5 
3.59 67.5 
2.96 73.0 
2.57 76.0 

10.0 33.5 
7.17 46.0 
5.91 53.0 
5.15 57.0 

15.0 19.5 
10.75 31.0 

8.87 38.7 
7.71 43 .0 

20.0 11.3 
14.35 21.0 
11.83 28.2 
10.30 32.8 

TABLE 6.8 
Summary of Calculated Values for Example 6.4 

D, depth (ft) L [gal/(min) ( f t 2 ) ] L 0 4 7 8 D/L0-*78 (Se/S0) χ 100 

5 1.0 1.0 5.0 57.5 
10 1.0 1.0 10.0 33.5 
15 1.0 1.0 15.0 19.5 
20 1.0 1.0 20.0 11.3 

5 2.0 1.393 3.59 67.5 
10 2.0 1.393 7.17 46.0 
15 2.0 1.393 10.75 31.0 
20 2.0 1.393 14.35 21.0 

5 3.0 1.690 2.96 73.0 
10 3.0 1.690 5.91 53.0 
15 3.0 1.690 8.87 38.7 
20 3.0 1.690 11.83 28.2 

5 4.0 1.941 2.57 76.0 
10 4.0 1.941 5.15 57.0 

15 4 .0 1.941 7.71 43 .0 
20 4.0 1.941 10.30 32.8 
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Fig. 6.26. Plot of (SJSQ) X 1 0 0 vs. D/L9 

7.9.3. Application of Results to the Des ign of a 
Plant Scale Trickling Filter 

Case 1. T r i ck l ing filters w i t h o u t recycle [ F i g . 6 .22 (a ) ] 
D e s i g n is b a s e d o n E q . (6.54), for w h i c h va lues of Κ a n d η a r e d e t e r m i n e d 

as descr ibed in Sec t ion 7.9.2. 
Step 1. Ca l cu l a t e r equ i r ed h y d r a u l i c l o a d i n g L for specified B O D 

r e m o v a l c o r r e s p o n d i n g t o r equ i r ed SJS0. A s s u m e a va lue for d e p t h D a n d 
solve for h y d r a u l i c l o a d i n g L [ g a l / ( m i n ) ( f t 2 ) ] . So lv ing E q . (6.54) for L , 

L = [-KDI\n(Se/S0)yln (6.64) 

E q u a t i o n (6.64) yields t h e r equ i r ed h y d r a u l i c l o a d i n g L in g a l / ( m i n ) ( f t 2 ) . 
Step 2. T h e r equ i r ed filter a r e a A is 

(6.65) 
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Step 5 . F i l t e r d i a m e t e r is given in E q . (6.66). 

d = (4Α/π)1/2 = (Λ /0 .785) 1 / 2 ft (6.66) 

Case 2. T r i ck l ing filters wi th recycle [ F i g . 6 .22(b) ] 
Step 1. Ca l cu l a t e S0 f rom E q . (6.56) for a specified va lue of t he recycle 

r a t i o r. 

Step 2. So lv ing E q . (6.55) for L , o n e o b t a i n s a n e q u a t i o n s imi lar t o E q . 
(6.64), f rom which t h e h y d r a u l i c l o a d i n g is ca lcu la ted . S teps 1 a n d 2 m a y be 
c o m b i n e d by solving E q . (6.58) di rect ly for L. F i n a l resul t is 

L = 
-KD 

t (SJSF)(\+r) 
In 

(6.67) 

\+r(Se/SF) J 
Step 3. T h e r equ i r ed filter a r e a A is s h o w n in E q . (6.68). 

A = Q/L = QF(r+ 1)/L (ft 2 ) (6.68) 

Step 4. F i l t e r d i a m e t e r is ca lcu la ted f rom E q . (6.66). 

E x a m p l e 6 .4 

D a t a p r e sen t ed in T a b l e 6.3 for % B O D r e m a i n i n g vs. d e p t h a re o b t a i n e d 
f rom a p i l o t -p l an t t r ick l ing filter t r ea t ing a n indus t r i a l was tewa te r . 

1. D e t e r m i n e va lues of p a r a m e t e r s η a n d Κ a n d wr i te t he c o r r e l a t i o n o f 
B O D r e m a i n i n g t o d e p t h a n d h y d r a u l i c l oad ing . 

2. Ca lcu la t e t r i ck l ing filter d i a m e t e r necessary t o o b t a i n B O D r e d u c t i o n 
of 8 0 % if w a s t e w a t e r flow is 2.0 M G D . A filter d e p t h of 20 ft is p r o v i d e d w i t h 
recycle r a t i o of 0 . 3 . Base ca lcu la t ions o n a n influent B O D of 300 mg/ l i te r . 

3 . If n o recycle is u sed for t h e filter des igned in P a r t 2 , ca lcu la te t h e 
m a x i m u m w a s t e w a t e r flow permiss ib le in M g a l / d a y t o r e a c h t h e des i red B O D 
r e d u c t i o n of 8 0 % . 

S O L U T I O N : P a r t 1 F o l l o w p r o c e d u r e descr ibed in Sect ion 7.9.2. 

Step 1. P l o t o f (SJS0) χ 100 vs . D for a set o f four va lues of L. T h i s g r a p h 
is s h o w n in F ig . 6.24. 

Step 2. T a b l e 6.4 p resen t s t h e a b s o l u t e va lues of t h e s lopes r e a d f rom F ig . 
6.24 vs. L. F ig . 6.25 is a p l o t o f these va lues . F r o m F ig . 6.25 o b t a i n η = 0 .478. 

Step 3. 
1. Va lues of U = L 0 , 4 7 8 for e ach expe r imen ta l r u n a re p re sen t ed in 

T a b l e 6.5. 
2. M a t r i x for va lues o f D / L ? = D / L 0 , 4 7 8 for e a c h e x p e r i m e n t a l r u n a t 

e ach d e p t h is s h o w n in T a b l e 6.6. 
3 . V a l u e s o f / ) / ! " = D / L 0 , 4 7 8 vs . (SJS0) χ 100 a r e p re sen ted in T a b l e 6.7. 
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A s u m m a r y of ca lcu la t ed va lues is g iven in T a b l e 6.8. 
Step 4. P l o t l o g [ ( 5 e / S 0 ) χ 100] vs . D / L 0 ' 4 7 8 (F ig . 6.26). F r o m t h e s lope o f 

t he s t ra igh t l ine in F ig . 6.26 o n e o b t a i n s # = 0 .109. F r o m E q . (6.54) for 
η = 0.478 a n d # = 0 . 1 0 9 , 

Se/S0 = ^-0109D/L°*7e 

which is t he co r r e l a t i on of B O D r e m a i n i n g t o d e p t h a n d h y d r a u l i c l oad ing . 

S O L U T I O N : P a r t 2 T r i ck l ing filter d i a m e t e r 

F o l l o w p r o c e d u r e descr ibed in Sec t ion 7.9.3 (Case 2). 
Step 1. C a l c u l a t e S0 [ E q . (6 .56 ) ] . 

H e r e , 
S e = (0.2) (300) = 60 mg/liter 

Λ S 0 = [300 + (0 .3) (60)] / ( l+0 .3) = 244.6 mg/liter 

Step 2. Ca l cu l a t e L [ E q . (6 .64) ] . 
H e r e , 

SelS0 = 60/244.6 = 0.245 

ln 0.245 = - 1 . 4 0 5 
a n d 

η = 0.478 

There fo re , 

L = ( - 0 . 1 0 9 χ 2 0 / - 1 . 4 0 5 ) 1 / 0 · 4 7 8 = 2.506 gal/(min) (f t 2 ) 
o r 

2.506 gal/(min)(ft 2 ) χ 6 0 m i n / h r χ 2 4 h r / d a y = 3609 gal/(day)(f t 2 ) 

Alternative calculation procedure [ E q . (6 .67)] 

H e r e , SJSF = 60 /300 = 0.2, Κ = 0 .109, η = 0 .478, D = 20 ft, a n d r = 0 .3 . 
The re fo re , 

Λ L = 
0 . 1 0 9 x 2 0 I Q Ί 1 / 0 . 4 7 8 

'T^m\ = 2 - 5 0 6 ^ ( m i n ) ( f t 2 ) l n [ ( 0 . 2 ) ( l + 0 . 3 ) ] / [ l -

Step 3. D e t e r m i n e t he filter a r e a [ E q . (6 .68 ) ] . 

A = 2,000,000(0.3 + l ) / 3 6 0 9 = 720 f t 2 

Step 4. D e t e r m i n e t h e filter d i a m e t e r [ E q . (6 .66) ] . 

d = (720/0 .785) 1 / 2 = 30.3 ft 

S O L U T I O N : P a r t 3 N o recycle 

A = 720 f t 2 

SJSo = 0.2 
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Step 1. Ca l cu l a t e t h e a l l owab le h y d r a u l i c l o a d i n g [ E q . (6 .64) ] . 
H e r e , 

S0 = SF = 300 mg/liter 

L = ( - 0 . 1 0 9 x 2 0 / l n 0 . 2 ) 1 / 0 4 7 8 = 1.89 gal/(min)(ft 2 ) 
o r 

1.89 gal/(min)(ft 2 ) χ 60 min/hr χ 24 hr /day = 2722 gal /(day)(f t 2 ) 

Step 2. D e t e r m i n e t he m a x i m u m w a s t e w a t e r flow [ E q . (6 .65) ] . 

QF = AL = 720 f t 2 x 2722gal / (min)(f t 2 ) = 1,960,000 gal/day 

o r 
QF = 1.960 M G D 

(was 2.0 M G D wi th r = 0.3). 

7.10. D E S I G N P R O C E D U R E W H E N 
E X P E R I M E N T A L D A T A A R E N O T 
A V A I L A B L E 

E x p e r i m e n t a l d a t a necessary t o d e t e r m i n e p a r a m e t e r s η a n d Κ by t h e 
p r o c e d u r e descr ibed in Sec t ion 7.9.2, i.e., a n e t w o r k of d a t a as s h o w n in 
T a b l e 6 .3 , a r e often unava i l ab l e . I t m a y n o t b e feasible t o c o n d u c t t h e t e d i o u s 
e x p e r i m e n t a l w o r k r equ i r ed t o o b t a i n th is n e t w o r k of d a t a . If th is is t h e case 
p a r a m e t e r η is e s t ima ted f rom ava i lab le d a t a for different types of filter m e d i a 
(n d e p e n d s only o n t h e charac te r i s t i cs of p a c k i n g ) . P a r a m e t e r K, w h i c h is o n l y 
a func t ion of t he n a t u r e of t h e was t ewa te r , is a l so e s t ima ted f rom ava i l ab le 
d a t a for was t ewa te r s f rom several sources . Eckenfe lder [ 4 ] p re sen t s a t a b u l a 
t ion of Κ va lues for Sur fpac filter m e d i a (n = 0.5) for several i ndus t r i a l 
was t ewa te r s . 

8. Anaerob ic T r e a t m e n t 
8.1. I N T R O D U C T I O N 

A n a e r o b i c t r e a t m e n t is uti l ized for t r e a t m e n t of w a s t e w a t e r s a s well as for 
d iges t ion of s ludges . A n a e r o b i c t r e a t m e n t of w a s t e w a t e r s is desc r ibed in th is 
sect ion. A n a e r o b i c d iges t ion of s ludges is s tud ied in C h a p t e r 7 (Sec t ions 2.6 
a n d 2.7). T h e e n d p r o d u c t s of a n a e r o b i c d e g r a d a t i o n a r e gases , mos t l y m e t h a n e 
( C H 4 ) , c a r b o n d iox ide ( C 0 2 ) , a n d smal l quan t i t i e s of h y d r o g e n sulfide 
( H 2 S ) a n d h y d r o g e n ( H 2 ) . T h e p roces s compr i s e s t w o s t ages : (1) ac id fer
m e n t a t i o n a n d (2) m e t h a n e f e r m e n t a t i o n . 

In t he acid f e r m e n t a t i o n s tage , o r g a n i c ma te r i a l s a r e b r o k e n d o w n t o 
o r g a n i c ac ids , ma in ly acet ic ( C H 3 C O O H ) , p r o p i o n i c ( C H 3 C H 2 C O O H ) , a n d 
bu ty r i c ( C H 3 C H 2 C H 2 C O O H ) . I n t h e m e t h a n e f e r m e n t a t i o n s tage , " m e t h a n e 
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m i c r o o r g a n i s m s " c o n v e r t t h e longer c h a i n ac ids t o m e t h a n e , c a r b o n d iox ide , 
a n d a n ac id h a v i n g a s h o r t e r c a r b o n c h a i n . T h e ac id mo lecu l e is r e p e a t e d l y 
b r o k e n d o w n in t he s a m e m a n n e r . T h e resu l t ing ace t ic ac id is d i rec t ly c o n 
ver ted t o C 0 2 a n d C H 4 . 

C H 3 C O O H ? ^ C 0 2 + C H 4 

organisms 

T h e m e t h a n e f e r m e n t a t i o n s tage c o n t r o l s t h e r a t e of a n a e r o b i c d e g r a d a t i o n . 
In Sect ion 8.3.1 it is s h o w n t h a t a p l o t o f (S0- Se)/Xvt vs . Se ( F i g . 6.28) yields 
r a t e c o n s t a n t k. T h i s is s imi lar t o t h e s i t u a t i o n f o u n d in a e r o b i c t r e a t m e n t 
[ E q . (5.18) a n d F ig . 5 .5] . H o w e v e r , o n e s t r a igh t l ine is o b t a i n e d in a e r o b i c 
t r e a t m e n t , w h e r e a s t w o resu l t f rom a n a e r o b i c d a t a . T h e r a t e c o n s t a n t s c a n 
be eva lua t ed f rom the s lopes of these s t r a igh t l ines . F r o m F ig . 6 .28, t h e s lope 
c o r r e s p o n d i n g t o t h e ac id f e r m e n t a t i o n s tage is m u c h g rea t e r t h a n t h a t for 
t h e m e t h a n e f e r m e n t a t i o n s tage . If t h e t w o lines a r e p l o t t e d o n t h e s a m e scale 
as in F ig . 6 .28, the o n e c o r r e s p o n d i n g t o t h e ac id f e r m e n t a t i o n is nea r ly 
ver t ica l by c o m p a r i s o n w i th t h e o the r . T h i s ind ica tes t h a t t h e m e t h a n e fer
m e n t a t i o n s tage c o n t r o l s t h e p roces s r a t e . T h e r e f o r e , for des ign p u r p o s e s o n e 
s h o u l d a d o p t t he k va lue a n d o t h e r p a r a m e t e r s e v a l u a t e d f r o m t h e m e t h a n e 
f e r m e n t a t i o n s tage . Since m e t h a n e f e r m e n t a t i o n c o n t r o l s t h e p roces s r a t e , i t 
is i m p o r t a n t t o m a i n t a i n c o n d i t i o n s of effective m e t h a n e f e r m e n t a t i o n . 
D e t e n t i o n t i m e for m e t h a n e m i c r o o r g a n i s m s m u s t be a d e q u a t e , o r t h e y a r e 
w a s h e d a w a y f rom the sys tem. E x p e r i m e n t a l d a t a s h o w t h a t t h e r e q u i r e d 
d e t e n t i o n t i m e var ies f rom 2 t o 20 d a y s . O p t i m u m p H r a n g e is 6 .8 -7 .4 . 

A n a e r o b i c t r e a t m e n t is relat ively inexpens ive b e c a u s e a e r a t i o n e q u i p m e n t 
is n o t ut i l ized. O n the o t h e r h a n d , res idence t imes r e q u i r e d a r e m u c h longe r 
t h a n for a e r o b i c p rocesses . B a d o d o r s a s soc ia t ed w i t h a n a e r o b i c p rocesses , 
d u e m a i n l y t o p r o d u c t i o n of H 2 S a n d m e r c a p t a n s , m a y c o n s t i t u t e a se r ious 
l imi t a t i on , p a r t i c u l a r l y in u r b a n a r ea s . 

8.2. A Q U A N T I T A T I V E S T U D Y OF A N A E R O B I C 
D E G R A D A T I O N OF A N O R G A N I C W A S T E 

A q u a n t i t a t i v e s tudy of a n a e r o b i c d e g r a d a t i o n o f o r g a n i c w a s t e w a t e r s h a s 
b e e n m a d e by A n d r e w s [ 1 ] , a n d resul ts a r e s u m m a r i z e d in F ig . 6.27. 

T h e fo l lowing o b s e r v a t i o n s m a y be m a d e : 
1. pH. A t t h e beg inn ing of a n a e r o b i c d e g r a d a t i o n (acid f e r m e n t a t i o n ) , 

t h e p H d r o p s d u e t o f o r m a t i o n of o r g a n i c ac ids . Since a t a la ter s t age ( m e t h a n e 
f e r m e n t a t i o n ) these ac ids a r e b r o k e n d o w n , p H increases . T h e rise s t a r t s 
after a b o u t 2 d a y s , a s dep ic t ed in F ig . 6.27. 

2. COD remaining. T h i s cu rve is re la t ively flat d u r i n g t h e first 2 d a y s o f 
t he acid f e r m e n t a t i o n s tage , since a t th is t i m e o r g a n i c c o m p o u n d s a r e mere ly 
c o n v e r t e d t o so lub le f o r m ; so t he re is n o C O D r e d u c t i o n . C O D d r o p s m a r k e d l y 
after th i s ini t ial s tage . 



284 6. Secondary Treatment: Aerobic and Anaerobic Processes 

Detention time (days) 

Fig. 6.27. Anaerobic degradation of an organic waste [1 ] . (Data obtained 
with a batch reactor.) 

3. Methane percentage and volatile acids. T h e r e is a r a p i d inc rease in 
m e t h a n e p r o d u c t i o n wi th a c o r r e s p o n d i n g decrease in vola t i le ac ids a n d a n 
increase in p H after t he first 2 d a y s . 

F o r l o n g d e t e n t i o n t imes , nea r ly all vola t i le ac ids a r e c o n v e r t e d t o C H 4 

a n d C 0 2 . S ince n o t all vola t i le sol ids a r e b i o d e g r a d a b l e , t he cu rve for C O D 
r e m a i n i n g a p p r o a c h e s a l imi t ing o r d i n a t e for la rge va lues of res idence t ime . 

8.3. M A T H E M A T I C A L F O R M U L A T I O N FOR 
A N A E R O B I C D I G E S T I O N P R O C E S S 

T h e m a t h e m a t i c a l f o r m u l a t i o n descr ibed is t he o n e p r o p o s e d by Eckenfe lder 
a n d assoc ia tes [ 5 ] . 

8.3.1. B O D Removal Rate for Anaerobic Process 
If B O D r e m o v a l is a s s u m e d t o fol low first-order k ine t ics , o n e m a y uti l ize 

the f o r m u l a t i o n p re sen t ed in C h a p t e r 5, Sec t ion 3.2 for t h e a e r o b i c p rocess . 
E q u a t i o n (6.69), wh ich is s imi lar t o E q . (5.18), is o b t a i n e d . * 

(S0-Se)IXvt = kSe ( 6 . 6 9 ) 

O w i n g t o t he p resence of n o n r e m o v a b l e B O D a n d fo l lowing c o n s i d e r a t i o n s 
s imi lar t o t h o s e in C h a p t e r 5, Sec t ion 3.2, o n e m a y wr i t e a modif ied fo rm of 
E q . (6.69). 

(S0-Se)/Xvt = k(Se-Sn) ( 6 . 7 0 ) 

* Notat ion Xv is utilized in Eq. (6.69) instead of Xv,a used in Eq. (5.18). Since subscript a 
refers to the aerator, it is omitted in the formulation of the anaerobic process. 
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Fig. 6.28. Determination of BOD removal rate for anaerobic degradation. 

E q u a t i o n (6.70) is s imi lar t o E q . (5.19). F r o m E q . (6.70) a p l o t o f (S0- Se)/Xvt 
vs . Se yields t w o s t ra igh t l ines, as s h o w n in F ig . 6 .28. F o r design p u r p o s e s , t h e 
va lue of k o b t a i n e d f rom the s lope o f t he l ine c o r r e s p o n d i n g t o t h e m e t h a n e 
f e r m e n t a t i o n s tage is t he o n e a d o p t e d . I n F ig . 6.28 a s in F ig . 5.14, t h e absc i ssa 
a t t h e or ig in of the o r d i n a t e axis c o r r e s p o n d s t o t he n o n b i o d e g r a d a b l e s u b 
s t ra te (Sn). 

F i g u r e 6.28 c a n b e r ep lo t t ed b y c h o o s i n g a s absc i ssa on ly t h e b i o d e g r a d a b l e 
p o r t i o n of t h e effluent, Se'. 

S . ' = S e - S n (6.71) 

T h i s c o r r e s p o n d s t o a t r a n s l a t i o n of t he axes i nd i ca t ed in F ig . 6.29, so t h a t t h e 
s t ra igh t l ine c o r r e s p o n d i n g t o m e t h a n e f e r m e n t a t i o n passes t h r o u g h t h e 
or ig in . 

T h e m a t h e m a t i c a l m o d e l c o r r e s p o n d i n g t o F ig . 6.29 is 

(S0 - Se)/Xv t = Sr/Xv t = kSe' (6.72) 

If t he re is n o n o n b i o d e g r a d a b l e m a t t e r , Sn = 0, a n d Se' = Se9 t h e n E q . (6.72) 
r educes t o E q . (6.69). 

8.3.2. Volatile So l ids in the Anaerobic Reactor 

C o n s i d e r t he a n a e r o b i c r e a c t o r dep ic ted b y F ig . 6.30. Le t XVtQ a n d X0 b e 
the V S S c o n c e n t r a t i o n s in t h e inf luent a n d in t h e r eac to r , respect ively. 
A s s u m i n g s teady s ta te o p e r a t i o n a n d perfect m i x i n g c o n d i t i o n s , V S S c o n 
c e n t r a t i o n in the effluent is a l so e q u a l t o Xv. A m a t e r i a l b a l a n c e for V S S leads 
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Fig. 6.29. Modified plot for determination of BOD removal rate for 
anaerobic degradation. 

Waste 
Anaerobic 

reactor 

S l u d g e out 

Λ ν , ο " ν 

Fig. 6.30. Material balance for volatile solids in anaerobic reactor. 

t o a n e q u a t i o n s imi lar t o E q . (6.28) in Sec t ion 5.7, excep t for omi s s ion o f 
subsc r ip t α in t e r m Xv. 

Xv = (Xv, ο + aSrW + bt) (6.73) 

E q u a t i o n (6.73) is t he express ion for t h e c o n c e n t r a t i o n of V S S in t h e a n a e r o b i c 
r eac to r . If t h e c o n c e n t r a t i o n of V S S in t he inf luent is negl igible (i .e. , XVy0 « 0) , 
th is e q u a t i o n is simplified t o yield 

Xv = aSrl(\+bt) (Xv,o*0) (6.74) 

P a r a m e t e r s a a n d b in E q . (6.73) a r e d e t e r m i n e d b y wr i t i ng it in l inear f o r m . 
By c ross mul t ip ly ing , d iv id ing t h r o u g h b y aXV9 a n d r e a r r a n g i n g , E q . (6.74) 
yields 

( l / a ) ( l -X9.JX9) + (b/a)t = Sr/Xv (6.75) 

E q u a t i o n (6.75) is t h e bas i s for d e t e r m i n a t i o n o f p a r a m e t e r s a a n d b. A p l o t 
of Sr/Xv = (S0 — Se)/Xv vs . t yields a set o f t w o s t ra igh t l i nes : t h e first o n e , for 
lower f ' s , c o r r e s p o n d i n g t o t h e ac id f e r m e n t a t i o n s tage , a n d t h e s econd , for 
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h igher / ' s , c o r r e s p o n d i n g t o t he m e t h a n e f e r m e n t a t i o n s tage . A typica l p l o t 
is s h o w n in F ig . 6 .31 . T h e d e t e r m i n a t i o n of p a r a m e t e r s a a n d b is i nd ica ted in 
this g r a p h . 

(s 0-s e )/x v 

Methane 
fermentation: 
lntercept = 

( l / a ) ( l - X V f 0 / X v ) 

Note: 
If X v o «0, then: 
Intercept* l/a 

λ . 

Residence time,t (days) 

Fig. 6.31. Determination of parameters a and b. 

W h e n the c o n c e n t r a t i o n of V S S in t h e inf luent is negl igible (i .e. , X v o « 0) 
as s h o w n in F ig . 6.35, Sec t ion 8.5, E q . (6.75) yields E q . (6.76). 

1/a + (b/o) t = Sr/Xv (XVt ο * 0) (6.76) 

F o r ca l cu l a t i on of d e t e n t i o n t ime , t h e va lues of p a r a m e t e r s α a n d b c o r r e 
s p o n d i n g t o t he m e t h a n e f e r m e n t a t i o n a r e t h e o n e s t o b e a d o p t e d s ince th is 
is t he con t ro l l i ng s tage . 

8.3.3. Calculation of Detention Time for 
Anaerobic Treatment 

C o n s i d e r E q . (6.72) for B O D r e m o v a l a n d E q . (6.73) for V S S c o n c e n t r a t i o n . 
F r o m E q . (6.72), 

/ = SrlkXvSe' (6.77) 
F r o m E q . (6.73) , 

S r = | X ( 1 + bt) - XVt 0]/a (6.78) 

Subs t i t u t i ng S r in E q . (6.77) b y its va lue f r o m E q . (6.78) a n d so lv ing for t, 

t = (Xv- Χυ, 0)l(akXv S e ' - bX0) (6.79) 

In E q . (6.79), S J is g iven b y E q . (6.71). W h e n t h e c o n c e n t r a t i o n of V S S in 
t h e inf luent is negligible ( i .e . , Xvo w 0) , E q . (6.79) is simplif ied t o yield 

/ = 1 l(akSe' - b) (Xv, ο * 0) (6.80) 
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8.3.4. G a s Production in Anaerobic Treatment 

G a s p r o d u c e d b y a n a e r o b i c d e g r a d a t i o n is c o m p o s e d of C H 4 , C 0 2 , a n d 
sma l l quan t i t i e s of H 2 S a n d H 2 . L a w r e n c e a n d M c C a r t h y [ 7 ] h a v e s h o w n 
t h a t m e t h a n e gas p r o d u c t i o n c a n b e e s t ima ted as 5.62 f t 3 ( a t S T P ) * p e r lb o f 
C O D r e m o v e d , excluding t h e C O D r e m o v e d w h i c h is c o n v e r t e d t o cells. T h e 
p r o p o s e d r e l a t i onsh ip t o e s t ima te gas p r o d u c t i o n is t h e n 

G = 5 . 6 2 ( β 5 Γ - \ A 2 Q X V ) = 5 .62Q( .S r - 1.42Α;) (6.81) 

w h e r e G is t h e f t 3 o f ga s (a t S T P ) p r o d u c e d p e r d a y ; QSr t h e lb C O D r e m o v e d / 
d a y ; a n d \A2QXV t he lb V S S in r e a c t o r eff luent /day. [ R a t i o 1.42 c o r r e s p o n d s 
t o lb C O D / l b V S S ; see C h a p t e r 5, E q . (5 .60) . ] 

A t t e n t i o n s h o u l d b e g iven t o t he un i t s in ut i l iz ing E q . (6.81). If t h e fo l lowing 
un i t s a r e e m p l o y e d , w h e r e G is t h e f t 3 g a s / d a y (a t S T P ) ; Q t h e M G D ; Sr t h e 
m g C O D / l i t e r ( « l b C O D / M l b l i q u o r ) ; a n d Xv t he m g VSS/ l i te r ( * lb V S S / 
M l b l i q u o r ) , t h e n 

„ * „ ft3 / ^ M S a l l i ( l u o r ο l b C O D n ^ lb l iquor 
G = 5.62 I Q—- — χ Sr χ 8.24 

lb C O D \ day Mlb liquor gal l iquor 
lb C O D Λ Mgal l iquor v lb VSS o _ lb liquor \ 

- 1.42 χ Q—- — χ Xv χ 8.24 
lb VSS day Mlb liquor gal l iquor / 

o r finally [ E q . (6 .82) ] , 

G = 46 .87e (S r -1 .42A r

l , ) f t 3 /day (STP) (6.82) 

8.4. L A B O R A T O R Y A N A E R O B I C R E A C T O R S 
FOR O B T A I N I N G B A S I C D E S I G N I N F O R M A T I O N 

T w o m o d e l s of a l a b o r a t o r y a n a e r o b i c r e a c t o r a r e s h o w n in F igs . 6.32 a n d 
6.33. T h e r e a c t o r in F ig . 6.32 is a b a t c h type a n d t h e o n e in F ig . 6.33 is 
c o n t i n u o u s . 

T h e o p e r a t i o n a l p r o c e d u r e fo l lowed t o o b t a i n bas ic des ign d a t a is 
1. T o p r o v i d e a seed of m i c r o o r g a n i s m s , o b t a i n a s a m p l e of se t t led s ludge 

f rom a m u n i c i p a l w a s t e w a t e r t r e a t m e n t p l a n t a n d p lace it in t h e l a b o r a t o r y 
r eac to r . A d d t h e w a s t e w a t e r t o be t r e a t e d a n d m a i n t a i n a t e m p e r a t u r e o f 3 5 ° C 
t h r o u g h o u t t he test pe r iod . 

2. I f significant a m o u n t s of a i r a r e t r a p p e d in t h e r e a c t o r , p u r g e t h e 
sys tem w i t h a n ine r t gas . 

3 . T h e m i x t u r e is mixed c o n t i n u o u s l y , e i ther mechan ica l l y (F ig . 6.32) o r 
b y rec i rcu la t ion of t h e gas p r o d u c e d , b y m e a n s of a gas p u m p (F ig . 6.33). D o 
n o t s t a r t feeding t h e w a s t e w a t e r o r w i t h d r a w i n g t h e mixed l i q u o r un t i l gas 
p r o d u c t i o n is a sce r t a ined . 

* S T P stands for standard temperature and pressure, taken as Ρ = 1 atm and t = 60°F. 
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Feed tube and gas sampling cock 

Withdrawal tube 

Mixer 
Digester 

Rubber tubing—J 

Fig. 6.32. Bench scale batch feed digester. 

Feed-pump Gas^pumpp Gas to waste 

F e e d - * = f l 
(gravity flow) 

Feed-*-
reservoir^ 

(constant head) 
Overflow*-^ 

Condensate trap 

Withdrawal tube Digester 

Fig. 6.33. Continuous feed digester. 

4. O n c e gas p r o d u c t i o n is no t i ced , feed p o r t i o n s o f w a s t e w a t e r , w i th 
d r a w i n g e q u a l p o r t i o n s of m i x e d l i quo r . 

5. D u r i n g the en t i re s t a r t - u p p e r i o d p H is o b s e r v e d closely, a n d if i t 
falls be low 6.6, a lka l in i ty is a d d e d t o m a i n t a i n t h e r e c o m m e n d e d r a n g e , i .e., 
p H 6 .6 -7 .6 . 

6. C o n t i n u e t o feed a n d w i t h d r a w dai ly un t i l effluent B O D (o r C O D ) 
stabi l izes. A n a l y z e a n d r e c o r d t he d a t a : r a w w a s t e w a t e r : p H a n d C O D (o r 
B O D 5 ) ; effluent: p H , C O D (or B O D 5 ) , a n d V S S . 

8.5. D E S I G N P R O C E D U R E FOR 
A N A E R O B I C D I G E S T E R S 

T r e a t m e n t of t h e d a t a o b t a i n e d in t h e l a b o r a t o r y t o a r r ive a t des ign p a r a 
m e t e r s a n d u t i l i za t ion of th is i n f o r m a t i o n in t h e des ign o f a n a n a e r o b i c 
d iges ter a r e i l lus t ra ted b y E x a m p l e 6.5. 
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Example 6.5 

200,000 ga l /day of a w a s t e w a t e r a r e t o be t r ea t ed b y a n a e r o b i c d e g r a d a t i o n . 
T h e m e a n va lue for inf luent C O D is 10,000 mg/ l i t e r . Effluent C O D s h o u l d be 
r e d u c e d t o a t t h e m o s t 2000 mg/ l i t e r . C o n c e n t r a t i o n of V S S in t h e inf luent is 
negl igible . 

A b e n c h scale r e a c t o r is ut i l ized t o s imu la t e t h e p rocess , a n d M L V S S c o n 
c e n t r a t i o n is m a i n t a i n e d a t a p p r o x i m a t e l y 500 mg/ l i t e r in all e x p e r i m e n t a l 
r u n s . D a t a o b t a i n e d a r e p re sen t ed in T a b l e 6.9. 

TABLE 6.9 
Laboratory Data for Example 6.5 

Residence time Influent COD Effluent COD 
Run no. (days) (mg/liter) (mg/liter) 

1 5 8,550 3,800 
2 10 8,400 2,400 
3 15 9,190 1,940 
4 20 10,200 1,700 
5 30 12,470 1,470 

1. O b t a i n des ign p a r a m e t e r s k, a, a n d b. 
2. Ca lcu la t e d iges te r v o l u m e r equ i r ed (gal ) . 
3. Ca lcu la t e M L V S S c o n c e n t r a t i o n for t h e a n a e r o b i c d iges ter (mg/ l i t e r ) . 
4 . E s t i m a t e gas p r o d u c t i o n ( f t 3 / d a y a t S T P ) . 

S O L U T I O N : P a r t 1 

Step 1. O b t a i n va lues of (S0-Se)/X0 a n d (S0-Se)/Xvt necessary t o p l o t 
F igs . 6.34 a n d 6.35. T h i s is s h o w n in T a b l e 6.10. 

Step 2. P r e p a r e a p lo t o f (S0 — Se)/Xvt vs . Se a n d d e t e r m i n e k f r o m t h e 
s lope o f t h e l ine for t h e m e t h a n e f e r m e n t a t i o n s tage . T h i s is s h o w n in F i g . 
6.34. Since all res idence t imes cons ide red a r e longer t h a n 5 d a y s , on ly t he 
s t r a igh t l ine c o r r e s p o n d i n g t o t h e m e t h a n e f e r m e n t a t i o n s tage is s h o w n in 
F ig . 6.34. F r o m t h e s lope o f th is l ine o n e o b t a i n s k = 0 .0005 d a y - 1 a n d 
Sn « 0 ( s t ra igh t l ine passes t h r o u g h or ig in ) . 

Step 5 . D e t e r m i n e p a r a m e t e r s a a n d b. P l o t (S0 — Se)/Xv v s . t: T h i s p l o t 
is s h o w n in F ig . 6 .35. A s i nd i ca t ed in S t ep 2 , on ly t h e s t r a igh t l ine c o r r e 
s p o n d i n g t o t h e m e t h a n e f e r m e n t a t i o n s tage is o b t a i n e d . 

Intercept = 1/a = 7.0 

. · . fl=l/7 = 0.143 

Slope = b/a = 0.5 

Λ b = a0.5 = 0.143 χ 0.5 = 0.0715 
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Fig. 6.34. Plot of (SQ — S9)/Xv t vs. S0 for Example 6.5. 

S O L U T I O N : P a r t 2 Diges te r v o l u m e (gal) 

Step 1. Ca l cu l a t e the res idence t i m e f rom E q . (6.80). Since « 0, t h e n 

Se' = Se — Sn α Se.) 

/ = 1 / (0 .143x0 .0005x2000-0 .0715) = 14 days 

Step 2. D iges te r v o l u m e is t h e n ca lcu la ted . 

V = Qt = 200,000 gal/day χ 14 days = 2,800,000 gal 

S O L U T I O N : P a r t 3 M L V S S c o n c e n t r a t i o n in a n a e r o b i c d iges ter [ E q . 
(6 74) ] 

χ ν = 0.143(10,000 - 2000) / ( l+0 .0715 χ 14) = 572 mg/liter 

S O L U T I O N : P a r t 4 G a s p r o d u c t i o n f rom E q . (6.82) 
Since 

Q = 200,000 gal/day = 0.2 Mgal/day 

t h e n 

G = 46.87 x 0.2 [(10,000 - 2000) - 1.42 χ 572] = 67,380 f t 3 /day at STP 



4 

2 

Ο 5 10 15 20 25 30 35 4 0 45 
t (days) 

Fig. 6.35. Plot of (SQ — S,)/Xv vs. t for Example 6.5. 

Problems 
I. A n aerated lagoon is being considered for treatment of an industrial wastewater flow of 
1.0 M G D . 

The following data are available: 
Influent soluble B O D 5 = 200 mg/liter 
Influent suspended solids concentration is negligible 
Effluent soluble B O D 5 ^ 20 mg/liter 
Wastewater temperature = 60°F 
Since in most situations summer conditions control required aerator horsepower, base 
design upon an air temperature of 85°F 
Take h = 100 BTU/(day) ( f t 2 ) ( °F) 
Data obtained from laboratory simulation k = 0.025 d a y - 1 (at 2 0 ° Q , α = 0.65 lb VSS/ 
lb B O D r day, b = 0.07 d a y " a n d α' = 1.2 lb 0 2 / l b B O D 5 

Lagoon depth = 10 ft 
Oxygen concentration to be maintained in liquid is 1.5 mg/liter 
Determine 

1. Lagoon surface in acres 
2. Total effluent B O D (soluble + insoluble) 
3. Oxygen requirements [lb 0 2 / ( H P ) ( h r ) ] and total required H P and power level 

(HP/Mgal ) . Take Csw = 8 mg/liter and α = 0.85. Assume aerators are conservatively rated 
at N0 = 3.0 lb 0 2 / ( H P ) ( h r ) . 
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II. It is proposed to treat an industrial wastewater (flow, 1.0 M G D ) utilizing stabilization 
ponds. Plan the operation in three stages. Influent B O D 5 (2000 mg/liter) should be reduced 
to a value not higher than 40 mg/liter (effluent from third stage). 

Stage 1—Anaerobic pond. It should be designed for the purpose of reducing influent 
B O D 5 ( 2 0 0 0 mg/liter) to a value of 500 mg/liter in the effluent. Take K= 0.1 d a y - 1 . Plan on 
a 10-ft depth. Calculate the area of the pond in acres. Calculate surface loading in lb B O D 5 / 
(acre)(day). 

Stages 2 and 3—Facultative ponds. Des ign stages 2 and 3 for same residence time in each. 
Take Κ = 0.2 d a y " 1 for both stages. For stage 2, the design is to be based on a surface loading 
of 500 lb BOD 5 / (acre ) (day) . Calculate the area in acres and the depth in ft. Estimate depth 
of oxygen penetration in ft. For stage 3, the design is to be based on a surface loading of 
250 lb BOD 5 / (acre) (day) . Calculate the area in acres and the depth in ft. Estimate depth of 
oxygen penetration in ft. 

III. The data tabulated below for % B O D 5 remaining (i.e., Se/S0 x 100) were obtained in a 
pilot-plant trickling filter treating an industrial wastewater. 

Z>, depth 
Hydraulic loading [gal / (min)(ft 2 ) ] 

(ft) (ft) 
1 2 3 4 

6 62 70 75 80 
12 36 46 57 63 
18 24 32 43 48.5 
24 14 22 32 39 

1. Correlate the data and develop a relationship between B O D removal, depth, and 
hydraulic loading. 

2. Design a filter to obtain 80% B O D reduction from 5 M G D of settled wastewater 
with an initial B O D 5 o f 250 mg/liter, using a depth o f 30 ft (a) without recycle; (b) with 
recycle ratio of 1.5. 

IV. A wastewater for which the mean influent C O D may be taken as 10,000 mg/liter is to be 
treated by anaerobic degradation. Laboratory tests indicated that the nondegradable C O D 
is approximately 2000 mg/liter. Average MLVSS influent concentration is 15 mg/liter. 
Bench scale determinations yield the following values for design parameters: k = 0.0004 
d a y " 1 , α = 0.14 lb MLVSS yield/lb C O D removed, and 6 = 0.02 lb M L V S S oxidized/ 
(day)( lb MLVSS in reactor). Calculate % C O D removal for residence times of 80, 60, 40, 
and 20 days, and plot % removal vs. residence time. O n the same graph plot the corre
sponding values of % C O D removal, neglecting the MLVSS in the influent. 
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Problems 
References 

1. In t roduc t ion 
M o s t p r i m a r y t r e a t m e n t p rocesses ( C h a p t e r 3) a s well a s s e c o n d a r y t r ea t 

m e n t sequences ( C h a p t e r s 5 a n d 6) yield s ludges w h i c h m u s t b e d i s p o s e d of in 
s o m e a d e q u a t e w a y . S ludges resu l t ing solely f r o m s o l i d - l i q u i d s e p a r a t i o n 
processes ( s e d i m e n t a t i o n , flotation) a r e refer red t o h e n c e a s p r i m a r y s ludges , 
a n d t h o s e resu l t ing f rom bio logica l p rocesses a r e des igna t ed a s s e c o n d a r y 
s ludges . 

O n e poss ib i l i ty in t h e t r e a t m e n t s equence is r e d u c t i o n of t h e t o t a l a m o u n t 
o f o r g a n i c a n d vola t i le c o n t e n t by s u b m i t t i n g t h e s ludge t o d iges t ion . A e r o b i c 
a n d a n a e r o b i c d iges t ion of s ludges a r e d i scussed in Sec t ion 2 . 

A n o t h e r a p p r o a c h is t o inc rease t h e p e r c e n t a g e of sol id c o n t e n t s in t h e 
s ludge before final d i sposa l by a s equence of p rocesses w h i c h fall u n d e r t h e 
h e a d i n g s o f t h i cken ing a n d d e w a t e r i n g , s t ud i ed in Sec t ions 3 - 7 . F i g u r e 7.1 
i l lus t ra tes t he increase in sol id c o n t e n t w h i c h m i g h t be expec ted in s u c h 
t r e a t m e n t sequences . 

Special t r e a t m e n t p r e c e d i n g d e w a t e r i n g b e c o m e s necessa ry for c e r t a in 
s ludges w h i c h a r e difficult t o dewa te r . T h e s e i n c l u d e chemica l c o a g u l a t i o n a n d 
h e a t - t r e a t m e n t p rocesses , desc r ibed in Sec t ion 8. 

T h e e n d of t he t r e a t m e n t s equence involves d i sposa l of t h e r e m a i n i n g s ludge , 
wh ich is d iscussed in Sec t ion 9. S ludge d i sposa l m e t h o d s fall i n t o t w o schemes 
invo lv ing e i ther l and d i sposa l o r i nc ine ra t i on . Al l these a l t e rna t ives a r e 
i nd i ca t ed in F ig . 7 .1 , w h i c h is t h e overa l l p l a n of s t u d y for th is c h a p t e r . 

2.1. I N T R O D U C T I O N TO A E R O B I C D I G E S T I O N 
OF S L U D G E S 

A e r o b i c d iges t ion is a p roces s in w h i c h a m i x t u r e of p r i m a r y diges t ib le 
s ludge f rom p r i m a r y clar i f icat ion a n d ac t i va t ed s ludge f r o m a e r o b i c b i o 
logical t r e a t m e n t is a e r a t e d for a n e x t e n d e d p e r i o d o f t i m e . T h i s resu l t s in 
ce l lu lar d e s t r u c t i o n w i t h a dec rease of vola t i le s u s p e n d e d sol ids (VSS) . 

2. Aerobic and Anaerob ic 
Digest ion of S ludges 
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T h e p u r p o s e of a e r o b i c d iges t ion is t o r e d u c e t h e a m o u n t o f s ludge w h i c h 
is t o b e d i sposed of subsequen t ly . T h i s r e d u c t i o n resul t s f r o m c o n v e r s i o n b y 
o x i d a t i o n of a subs t an t i a l p a r t o f t he s ludge i n t o vola t i le p r o d u c t s ( C 0 2 , 
N H 3 , H 2 ) . I f bac te r ia l cells a r e r ep re sen t ed b y t h e f o r m u l a C 5 H 7 N 0 2 , o x i d a 
t i on t a k i n g p lace in a e r o b i c d iges t ion is g iven b y E q . (5.51). T h i s o x i d a t i o n 
occu r s w h e n the subs t r a t e in a n a e r o b i c sys tem is insufficient for ene rgy a n d 
synthes is . I t c o r r e s p o n d s t o the e n d o g e n o u s r e s p i r a t i o n p h a s e ( F i g . 5.3). 

Wastewater Primary 
clarifier 

Aerator 
(Activated 

sludge process) 

Recycled sludge 

Primary sludge 

Secondary 
clarifier 

Effluent 

Volatile 
matter* 

-a 
Wastage 

Secondary 
sludge) _ 

Aerobic 
digester 

of sludge 

Stabilized 
sludge— 

Fig. 7.2. Flow diagram showing aerobic digester of sludge. 

F i g u r e 7.2 s h o w s a flow d i a g r a m of a c o n t i n u o u s a e r o b i c d iges te r for t h e 
t r e a t m e n t s equence involv ing p r i m a r y s e d i m e n t a t i o n , t h e ac t iva t ed s ludge 
p r o c e s s , a n d a e r o b i c d iges t ion of s ludge . W h e n t h e r e is a smal l a m o u n t o f 
s ludge t o be d iges ted , b a t c h o p e r a t i o n is u t i l ized w i t h i n t e r m i t t e n t d i s c h a r g e 
o f d iges ted s ludge . T h e a e r o b i c d iges ter s h o w n in F ig . 7.2 h a n d l e s a m i x t u r e 
of p r i m a r y a n d s e c o n d a r y s ludge . 

D e s t r u c t i o n r a t e of cells usua l ly decreases w h e n the food t o m i c r o o r g a n i s m 
r a t i o (F/M) increases . The re fo r e , t he g r ea t e r t h e p r o p o r t i o n o f p r i m a r y s ludge 
ut i l ized in t he p rocess , t h e s lower is t h e d iges t ion b e c a u s e p r i m a r y s ludge h a s 
relat ively h igh B O D (high F) a n d l ow M L V S S c o n t e n t ( low Μ), t h u s l e ad ing 
t o h igh F/M r a t i o s . 

2.2. S C H E M A T I C R E P R E S E N T A T I O N O F A E R O B I C 
B I O L O G I C A L T R E A T M E N T OF S L U D G E S 

F i g u r e 5.3 s h o w s t w o var iab les ( m a s s o f ac t i va t ed s ludge a n d r e m a i n i n g 
so lub le B O D ) p lo t t ed vs . a e r a t i o n t ime . T h e c u r v e for r e m a i n i n g so lub le B O D 
b e c o m e s nea r ly flat as t he m a s s of M L V S S reaches its m a x i m u m . Since a e r o b i c 
d iges t ion of s ludge occu r s in t he e n d o g e n o u s r e s p i r a t i o n p h a s e r eg ion , t h e r e is 
essent ial ly n o so luble B O D r e m o v a l . T h e f u n d a m e n t a l object ive o f a e r o b i c 
d iges t ion is r e d u c t i o n of t h e m a s s o f s ludge for d i s p o s a l , a n d n o t r e m o v a l o f 
so lub le B O D . 
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2.3. C O N C E P T OF S L U D G E A G E FOR T H E 
C A S E OF S L U D G E D I G E S T E R S 

T h e c o n c e p t of s ludge age is d iscussed in C h a p t e r 5, Sec t ion 9 a n d is g iven 
by E q . (5.145), in wh ich t h e d e n o m i n a t o r is t h e ne t o u t p u t of V S S f rom t h e 
sys t em. F o r all cases d iscussed so far , c o n c e n t r a t i o n o f s ludge in t h e r e a c t o r 
effluent was g rea te r t h a n t h a t in t he influent . A s a resul t , t he re w a s a pos i t ive 
ne t o u t p u t of V S S for t he sys tem. F o r s ludge d iges ters , h o w e v e r , t h e r e is less 
s ludge leaving t h a n en t e r ing , t h e difference c o r r e s p o n d i n g t o s ludge w h i c h is 
b i o d e g r a d e d . A s a resul t , t h e d e n o m i n a t o r in E q . (5.145) is nega t ive , c o r r e 
s p o n d i n g t o a ne t i n p u t of V S S t o t he sys tem. T h e r e f o r e , for s ludge d iges te r s 
th is e q u a t i o n is r ewr i t t en as 

lb MLVSS in the digester 
ts = > 0 (7.1) 

net input of VSS to the system (lb/day) 

F r o m E q . (7 .1) , s ludge age c o r r e s p o n d s t o t he ave rage l eng th of t i m e t h e 
n e t i n p u t of s ludge is subjected t o d iges t ion . A n u m e r i c a l e x a m p l e will clarify 
th is c o n c e p t (va lues f rom E x a m p l e 7 .1) : 5000 l b / d a y o f s ludge a r e fed t o a n 
a e r o b i c digester . L a b o r a t o r y tes ts ind ica te t h a t 5 5 % of th is s ludge is n o n -
d e g r a d a b l e . T h i s a m o u n t s t o (0 .55)(5000) = 2750 lb . T h u s , t h e d e g r a d a b l e 
p o r t i o n is 5 0 0 0 - 2 7 5 0 = 2250 lb . 

T h e a e r o b i c d iges te r is des igned for the p u r p o s e of ox id iz ing 9 0 % of th i s 
d e g r a d a b l e V S S . T h e V S S w h i c h is n o t oxid ized is 10% of 2250 lb o r 
(0.10) (2250) = 225 lb . A s s u m e t h a t t he d iges ter is c o n t i n u o u s , o p e r a t i n g a t 
s teady s ta te c o n d i t i o n s , a n d t h a t t h e c o n c e n t r a t i o n of VSS is m a i n t a i n e d a t 
4000 mg/ l i t e r . Diges te r v o l u m e is 1,185,000 gal . T h e s e va lues a r e s h o w n in 
F i g . 7 .3 (a ) . 

T h u s , t he t o t a l o u t p u t of s ludge is 

2750 + 225 = 2975 lb/day 

Since these 2975 l b / d a y en t e r a n d leave t he d iges ter w i t h o u t a n y c h a n g e , t h e 
ne t s ludge i n p u t (s ludge w h i c h is ac tua l ly oxid ized in t h e d iges ter ) is 

5000 - 2975 = 2025 lb/day 

The re fo re , F ig . 7 .3 (a ) is r e d r a w n [ F i g . 7 .3 (b ) ] s h o w i n g t h e ne t i n p u t . 
S ludge age ts f rom E q . (7.1) is der ived f rom E q . (7.2). 

ts (days) = Xv, a F/(sludge input - sludge output) = XVt a V/(AX)Mt (7.2) 

Since Xv%a = 4000 mg/ l i t e r = 4000 χ 1 0 " 6 lb s ludge / lb l i quor , t h e n 

ts (days) 

_ 4000 χ 1 0 " 6 lb sludge/lb liquor χ 8.34 lb liquor/gal l iquor χ 1,185,000 gal l iquor 

2025 lb sludge/day 
= 19.5 days 
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V= 1,185,000 gal 

Aerobic digester 

X v a = 4 0 0 0 mg/liter 

Part of degradable sludge 

Input: 

Aerobic digester 

X v a = 4 0 0 0 mg/liter 

which is not oxidized-.225 lb/day 

5000 lb/day sludge Sludge oxidized: 

(0.9)(2250)=2025 lb/day Nondegradable sludge: 
2750 lb/day 

(a) 

V= 1,185,000 gal 

Aerobic digester 

Net input: X v a = 4 0 0 0 mg/liter 

2025 lb/day Sludge oxidized: 

2025 lb/day 

(b) 

Fig. 7.3. Diagrams to illustrate concept of sludge age. 

F o r h ighe r va lues of s ludge age c o r r e s p o n d i n g t o a l a rger v o l u m e for t h e 
a e r o b i c digester , it is poss ib le t o oxid ize ove r 9 0 % of t h e d e g r a d a b l e V S S . 
Th i s m e a n s less s ludge for d i sposa l , t h o u g h a t t h e expense o f a h ighe r inves t 
m e n t for t h e digester . A n e c o n o m i c s t u d y c a n b e m a d e t o d e t e r m i n e t h e 
o p t i m u m f rac t ion of d e g r a d a b l e sol ids t o b e ox id ized in t h e diges ter . 

2.4. L A B O R A T O R Y S C A L E B A T C H R E A C T O R 
TO O B T A I N B A S I C D E S I G N D A T A FOR 
A E R O B I C D I G E S T E R S 

A typica l b a t c h l a b o r a t o r y scale r e a c t o r ut i l ized for o b t a i n i n g des ign d a t a 
for a e r o b i c d iges ters is s h o w n in F i g . 5.2. E v e n w h e n des ign ing a c o n t i n u o u s 
a e r o b i c d iges ter a s s h o w n in F ig . 7.2, t h e l a b o r a t o r y scale b a t c h r e a c t o r is 
n e e d e d t o o b t a i n des ign i n f o r m a t i o n , because res idence t imes r e q u i r e d for 
a e r o b i c d iges t ion of s ludges a r e h igh . R e q u i r e d flow r a t e s for c o n t i n u o u s 
o p e r a t i o n a r e imprac t i ca l ly smal l for t h e low v o l u m e l a b o r a t o r y r e a c t o r a n d 
c a n n o t b e m e a s u r e d wi th r e a s o n a b l e accu racy . T h e r e f o r e , c o n t i n u o u s l a b o r a 
to ry scale r e a c t o r s as in F ig . 5.10 a r e n o t r e c o m m e n d e d . 

A c o n t i n u o u s d iges ter o p e r a t e s , a s s u m i n g s t eady s t a te c o n d i t i o n s , w i th a 
c o n s t a n t c o n c e n t r a t i o n o f s u s p e n d e d sol ids . F o r t h e b a t c h l a b o r a t o r y scale 
u n i t u t i l ized t o s imu la t e t h e p l a n t scale c o n t i n u o u s r e a c t o r , c o n c e n t r a t i o n of 
s u s p e n d e d sol ids decreases wi th t i m e b e c a u s e o f t h e g r a d u a l o x i d a t i o n o f V S S . 
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F o r e x t r a p o l a t i o n o f b a t c h l a b o r a t o r y scale d a t a t o a p l a n t scale c o n t i n u o u s 
r e a c t o r , o n e s h o u l d w o r k w i t h a n ave rage va lue of t he V S S c o n c e n t r a t i o n t o 
s imu la t e t h e p reva i l ing c o n s t a n t V S S c o n c e n t r a t i o n in t h e c o n t i n u o u s d iges ter 
o p e r a t i n g a t s t eady s ta te c o n d i t i o n s . Similar ly , t he oxygen u p t a k e r a t e for t h e 
b a t c h r e a c t o r decreases wi th t ime . A n ave rage va lue is t a k e n t o s i m u l a t e t h e 
p reva i l ing c o n s t a n t oxygen u p t a k e r a t e in t h e c o n t i n u o u s d iges ter o p e r a t i n g a t 
s t eady s ta te c o n d i t i o n s . T h e ca l cu la t ion t e c h n i q u e for ut i l iz ing b a t c h r e a c t o r 
d a t a in des ign ing a c o n t i n u o u s d iges ter is i l lus t ra ted in E x a m p l e 7 .1 . 

F u n d a m e n t a l des ign i n f o r m a t i o n o b t a i n e d f rom t h e b a t c h l a b o r a t o r y scale 
r e a c t o r is (1) s u s p e n d e d sol ids vs . s ludge age (days) a n d (2) oxygen u p t a k e r a t e 
[ m g / ( l i t e r ) ( h r ) ] vs . s ludge age (days) . Several un i t s e a c h wi th a c a p a c i t y o f 
a b o u t 2 l i ters a r e u sed s imu l t aneous ly , a n d resul ts o b t a i n e d a r e ave raged . T h e 
un i t s a r e filled wi th s ludge w i t h a n ini t ia l c o n c e n t r a t i o n w h i c h e n c o m p a s s e s 
t he r a n g e w h i c h m i g h t be expec ted in t h e p r o p o s e d d iges ter un i t . S a m p l e s a r e 
w i t h d r a w n a t selected t i m e in te rva ls , a n d V S S c o n c e n t r a t i o n s a n d oxygen 
u p t a k e r a t e s a r e d e t e r m i n e d . 

C a l c u l a t e d des ign va lues a r e (1) r equ i r ed res idence t i m e ( a n d v o l u m e of t he 
diges ter) a n d (2) oxygen r e q u i r e m e n t s ( lb /h r ) f r o m wh ich n e e d e d H P is 
ca lcu la ted a n d a e r a t o r s specified. 

2.5. D E S I G N P R O C E D U R E FOR A E R O B I C 
D I G E S T E R S OF S L U D G E [1] 

T h e p r o c e d u r e for ut i l iz ing l a b o r a t o r y d a t a for th i s des ign is p r e s e n t e d in 
E x a m p l e 7 .1 . Des ign for a c o n t i n u o u s diges ter is i l lus t ra ted f rom d a t a o b t a i n e d 
in a l a b o r a t o r y b a t c h r eac to r . F o r t h e des ign of a b a t c h r e a c t o r t he p r o c e d u r e 
is s impler , because t he l a b o r a t o r y scale b a t c h un i t is a n a c t u a l m i n i a t u r e of t h e 
p l a n t scale digester . 

T h e r a t e of d e g r a d a t i o n of s ludge is t e m p e r a t u r e d e p e n d e n t . F o r a c o n 
servat ive des ign , l a b o r a t o r y d a t a s h o u l d be o b t a i n e d a t t he lowes t t e m p e r a t u r e 
an t i c ipa t ed in t h e field. 

Example 7 .1 
D a t a in T a b l e 7.1 were o b t a i n e d f rom a l a b o r a t o r y b a t c h r eac to r . 5000 

l b /day of s ludge a r e t o be d iges ted a n d it is des i red t o des t roy 9 0 % of d e g r a d a b l e 
V S S . A s s u m e a n o p e r a t i n g s teady s ta te c o n c e n t r a t i o n of 4000 mg/ l i t e r o f V S S 
for t he c o n t i n u o u s digester t o be des igned . Ca lcu la t e (1) d iges ter v o l u m e (gal) 
a n d (2) oxygen r e q u i r e m e n t ( l b /day ) . 

S O L U T I O N : P a r t 1 Diges te r v o l u m e (gal) 

Step 1. P lo t V S S (mg/ l i te r ) [ c o l u m n (2), T a b l e 7.1] vs . t i m e o f a e r a t i o n 
[ c o l u m n (7), T a b l e 7 .1 ] , as s h o w n in F ig . 7.4. T h e curve is a s y m p t o t i c t o a V S S 
va lue e s t ima ted a t 3050 mg/ l i te r , wh ich c o r r e s p o n d s t o n o n d e g r a d a b l e V S S 
in t h e s ludge. 
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TABLE 7.1 
Data for Example 7.1 

ω 
Time of aeration 

(days) 

(2) (3) 
VSS Rr, oxygen uptake rate 

(mg/liter) [mg/(liter)(hr)] 

0 
1 
2 
5 
7 

10 
15 
20 
25 

5550 
5200 
4950 
4420 
4170 
3870 
3500 
3260 
3200 

35.0 
28.0 
19.0 
16.0 
12.5 

8.8 
6.1 
4.2 

8000i 

7000 

Κ 6000 

@ 5 0 0 0 
c 
ε 
ο 4000 

, ο , 

I 3000 ο» 
Ε 
co 
£ 2 0 0 0 

1000 

[Labon itory da1 a] 

ί 
i If 1 
§ m ρ m m Μ 

5 10 15 20 25 30 
Aeration time (days) [Column φ , table 7l] 

35 

Fig. 7.4. VSS concentration vs. aeration time (Example 7.1). 

Step 2. O b t a i n t he ox id izab le V S S r e m a i n i n g a t a n y t i m e b y s u b t r a c t i n g 
3050 mg/ l i t e r f rom the va lues in c o l u m n (2) o f T a b l e 7 .1 . T h e resu l t is s h o w n in 
T a b l e 7.2 [ c o l u m n (2 ) ] . 
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TABLE 7.2 
Degradable V S S Remaining vs. Time of Aeration 
(Example 7.1) 

ω 
Time of aeration 

(days) 

(2) 
Degradable VSS remaining 

(mg/liter) 

0 2500 
1 2150 
2 1900 
5 1370 
7 1120 

10 820 
15 450 
20 210 
25 150 

F r a c t i o n o f n o n d e g r a d a b l e s ludge is 3050/5550 = 0.55 (o r 55 .0%), a n d t h a t 
of d e g r a d a b l e s ludge is 1—0.55 = 0.45 (o r 45 .0%) . A t t i m e ze ro , c o n c e n t r a t i o n 
of d e g r a d a b l e s ludge is 2500 mg/ l i t e r [first en t ry in c o l u m n (2), T a b l e 7 . 2 ] . I t 
is des i red t o oxidize 9 0 % of th is s ludge , w h i c h m e a n s t h a t the d e g r a d a b l e V S S 
r e m a i n i n g is 10% of 2500 mg/ l i t e r , o r (0 .1) (2500) = 250 mg/ l i te r . 

Step 3. D e t e r m i n e s ludge age (days) for ox id izab le V S S r e m a i n i n g t o be 
250 mg/ l i te r . F o r conven i en t i n t e r p o l a t i o n p l o t c o l u m n (2) vs. c o l u m n ( / ) 
(of T a b l e 7.2) o n semi log p a p e r , as s h o w n in F ig . 7 .5. F o r a n o r d i n a t e of 250 
mg/ l i t e r , a s ludge age of 19.5 d a y s is r ead . 

Step 4. F r o m i n f o r m a t i o n o b t a i n e d in t h e p r ev ious s teps (ut i l iz ing 
l a b o r a t o r y d a t a on ly ) , t h e m a t e r i a l b a l a n c e for t h e p l a n t scale a e r o b i c d iges ter 
is wr i t t en as fo l lows : 

S l u d g e I N : 5 0 0 0 l b / d a y 
S l u d g e O U T : 

N o n d e g r a d a b l e V S S : ( 0 . 5 5 ) ( 5 0 0 0 ) = 2 7 5 0 
F r a c t i o n o f d e g r a d a b l e s ludge w h i c h is not o x i d i z e d : d e g r a d a b l e 

s ludge = 5 0 0 0 - 2 7 5 0 = 2 2 5 0 l b / d a y 

F r a c t i o n n o t o x i d i z e d : (0 .1) ( 2 2 5 0 ) = 2 2 5 

T o t a l s ludge o u t p u t : 2 9 7 5 l b / d a y 

T h i s m a t e r i a l b a l a n c e is s h o w n in F ig . 7 .3 , wh ich w a s used t o i l lus t ra te t h e 
c o n c e p t of s ludge age . 

Step 5. Ca l cu l a t e the d iges ter v o l u m e f rom E q . (7.2), w h e r e 

AXnet = ( s ludge i n p u t - s l u d g e o u t p u t ) = 5 0 0 0 - 2 9 7 5 = 2 0 2 5 l b / d a y 
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w h e r e -Xw%a = 4000 mg/ l i t e r a n d t = 19.5 d a y s . 

T h e r e f o r e , 

K - 19.5 days χ 2025 lb sludge/day = m 

4000 χ 10" 6 lb sludge/lb liquor χ 8.34 lb liquor/gal l iquor 

S O L U T I O N : P a r t 2 O x y g e n r e q u i r e m e n t ( l b /day ) 

Before m a k i n g a n e s t ima te o f oxygen r e q u i r e m e n t s for t h e c o n t i n u o u s 
d iges ter , ca lcu la te ave rage va lues for V S S c o n c e n t r a t i o n a n d oxygen 
u p t a k e r a t e for t h e l a b o r a t o r y u n i t ove r a p e r i o d of 19.5 d a y s . 
Step 1. Ca l cu l a t e t h e ave rage V S S c o n c e n t r a t i o n for a l a b o r a t o r y un i t . 

A v e r a g e V S S c o n c e n t r a t i o n is ca l cu la t ed f rom F ig . 7.4. F i r s t d e t e r m i n e b y 
g raph i ca l i n t e g r a t i o n t h e a r e a b o u n d b y t h e c u r v e f r o m t h e absc i ssa z e r o t o 
19.5 d a y s . 

J*f = 19.5days 
(VSS concentrat ion) dt = 78,400 (mg/liter) χ day 

*=o 
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A v e r a g e V S S c o n c e n t r a t i o n is t h e n 

/ V = 1 9 . 5 d a y s 

Average VSS concentrat ion = [ l / ( / - 0 ) ] (VSS concentration)*// 
Jt=o 

JV = 19 .5days 
(VSS concentration)*// 

f = 0 

= (1/19.5)78,400 = 4020 mg/liter 

Step 2. Ca l cu l a t e t h e ave rage oxygen u p t a k e r a t e for a l a b o r a t o r y un i t . 
O x y g e n u p t a k e r a t e [ c o l u m n (3) o f T a b l e 7 .1] is p l o t t e d vs . t i m e of a e r a t i o n 
[ c o l u m n (7) of T a b l e 7 .1 ] . T h i s is s h o w n in F ig . 7.6. D e t e r m i n e b y g r a p h i c a l 
i n t eg ra t i on t he a r e a b o u n d b y the cu rve f rom t h e absc issa z e r o t o 19.5 d a y s . 

/•/ = 19 .5days 
Area = Rrdt = 303 mg 0 2 / ( l i t e r ) (hr) χ days 

Jt=o 

45i 1 1 1 1 1 1 1 

Ο 5 10 15 20 25 30 35 
Time of aeration [Column®, table 7.0 

Fig. 7.6. estimate of average oxygen uptake rate (Example 7.1). 
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o r 

χ days χ 24 hr /day = 7272 mg 0 2 / l i t e r 

A v e r a g e dai ly oxygen u p t a k e r a t e is t h e n 

»r = 19 .5days »i = 19 .5days 
A v e r a g e s = [ l / ( i - 0 ) ] Rrdt = Rrdt 

]t = 0 Jt=o 

= 1/19.5 days χ 7272 mg 0 2 / l i t e r 

= 373 m g 0 2 / ( l i t e r ) ( d a y ) 

Step 3. E s t i m a t e oxygen r e q u i r e m e n t s for a c o n t i n u o u s a e r o b i c d iges te r . 
A v e r a g e oxygen u t i l i za t ion r a t e for t h e l a b o r a t o r y b a t c h u n i t is 

373 mg 0 2 / ( l i t e r ) (day) 

= 373 χ 1 0 - 6 l b O 2 / ( l b l i q u o r ) ( d a y ) 

= 373 χ 1 0 ~ 6 lb 0 2 / ( l b l iquor)(day) χ 8.34 lb liquor/gal l iquor 

= 3.11 χ 10" 3 lb 0 2 / ( g a l l iquor)(day) 

C a l c u l a t e d ave rage V S S c o n c e n t r a t i o n for t h e l a b o r a t o r y b a t c h u n i t is 4020 
mg/ l i t e r (So lu t ion , P a r t 2 , S t ep 1), w h e r e a s V S S c o n c e n t r a t i o n a t s t eady s t a t e 
c o n d i t i o n s for t h e c o n t i n u o u s a e r o b i c d iges te r is 4000 mg/ l i t e r . O x y g e n 
r e q u i r e m e n t s for t h e c o n t i n u o u s a e r o b i c r e a c t o r a r e e s t i m a t e d a s s u m i n g 
p r o p o r t i o n a l i t y be tween oxygen u t i l i za t ion a n d V S S c o n c e n t r a t i o n . 

3.11 χ Ι Ο " 3 lb 0 2 / ( g a l l iquor)(day) χ 1.185 χ 10 6 gal l iquor χ 4000/4020 

= 3667 lb 0 2 / d a y 

w h e r e 4000/4020 is t h e co r r ec t ion fac to r r e q u i r e d for t r a n s l a t i n g d a t a o b t a i n e d 
wi th t h e l a b o r a t o r y b a t c h r e a c t o r t o a c t u a l o p e r a t i o n a l c o n d i t i o n s w i th t h e 
c o n t i n u o u s r eac to r . H o r s e p o w e r r e q u i r e m e n t s a n d l a y o u t for a e r a t o r s a r e 
o b t a i n e d b y t h e p r o c e d u r e d i scussed in C h a p t e r 4 , Sec t ions 14 -16 . 

2.6. I N T R O D U C T I O N T O A N A E R O B I C 
S L U D G E D I G E S T I O N 

I t h a s b e e n k n o w n for a t leas t a c e n t u r y t h a t if se t t led sewage sol ids a r e k e p t 
in a c losed t a n k for a p e r i o d of t i m e , t h e y a r e c o n v e r t e d t o a l iquid s t a t e a n d a 
c o m b u s t i b l e gas c o n t a i n i n g m e t h a n e is g e n e r a t e d . A p a t e n t w a s i ssued t o 
ImhofT in 1904 for t h e des ign of a n a e r o b i c d iges t ion vessels, w h i c h a r e k n o w n 
a s Imhof f t a n k s . M o s t s ludge d iges t ion p rocesses in u se t o d a y a r e a n a e r o b i c , 
a l t h o u g h a e r o b i c d iges t ion is increas ingly m o r e p o p u l a r , especial ly for smal l 
un i t s . 



308 7. Sludge Treatment and Disposal 

A n a e r o b i c s ludge diges ters a r e usua l ly of t w o t y p e s : (1) s ingle-s tage d iges ters 
a n d (2) two-s t age d iges ters . A typical s ingle-s tage s ludge d iges ter is s h o w n in 
F ig . 7.7. 

Gas removal 

Raw sludge 
feed 

Gas 

Supernatant layer 

.Actively digesting 
—-—~ sludge 

^ Digested sludge;^ 

Supernatant layer 

outlet 

Sludge 
heater 

Fig. 7.7. Single-stage anaerobic sludge digester. 

R a w s ludge is fed t o t h e z o n e w h e r e t h e s ludge is act ively d iges t ing a n d gas is 
p r o d u c e d . A s t he gas rises, i t lifts s ludge par t ic les a n d o t h e r ma t e r i a l s (grease , 
oil , fats) , f o r m i n g a s u p e r n a t a n t layer wh ich is d r a w n off f rom t h e d iges ter . 
D iges t ed s ludge is w i t h d r a w n f rom t h e b o t t o m of t he t a n k . 

T h e d iges t ion p roces s is f avored b y h igh t e m p e r a t u r e (usual ly f rom 8 5 ° -
105°F) , so d iges t ing s ludge is h e a t e d e i ther b y s t e a m coils w i th in t h e vessel o r 
by m e a n s of a n ex te rna l s ludge h e a t e r (F ig . 7.7). G a s is r e m o v e d f r o m t h e t o p 
o f t h e d iges te r a n d of ten ut i l ized a s fuel, o w i n g t o i ts h igh c o n t e n t o f m e t h a n e . 
T h e p u r p o s e of t h e two- s t age un i t is f u n d a m e n t a l l y t o p r o v i d e a be t t e r v o l u m e 

Row sludge_ 
feed 

-ι 
.1 

Gas 

XI 
f 

iV.-

Ί -
Sludge 
heater 

Gas removal 

Gas 

Supernatant 
— layer 

Digested _ 
sludge 

Supernatant 
layer outlet 

outlet 

Stage I Stage 2 

Fig. 7.8. Two-stage anaerobic sludge digester. 
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ut i l i za t ion . V o l u m e u t i l i za t ion for t h e s ingle-s tage un i t is p o o r , o w i n g t o 
s t ra t i f icat ion a n d p o o r mix ing . S tage 1 is u s e d for d iges t ion . I t is h e a t e d a n d 
mix ing is p r o v i d e d e i ther mechan i ca l l y o r b y m e a n s of gas r ec i r cu la t ion . 
S tage 2 is u sed for s t o r a g e a n d s e p a r a t i o n of d iges ted s ludge a n d t h e super 
n a t a n t layer . 

2.7. S I Z I N G OF A N A E R O B I C S L U D G E D I G E S T E R S 

L a b o r a t o r y s i m u l a t i o n for a n a e r o b i c d iges t ion of s ludges c a n b e m a d e b y 
t h e s a m e p r o c e d u r e desc r ibed for a e r o b i c d iges ters , except t h a t a e r a t i o n is n o t 
p r o v i d e d . C u r v e s s imi lar t o t h e o n e s h o w n in F ig . 7.4 a r e o b t a i n e d f r o m 
l a b o r a t o r y s imu la t i on , a n d t h e d iges te r v o l u m e is ca l cu la t ed b y a p r o c e d u r e 
s imi la r t o t h a t for a e r o b i c d iges te rs ( E x a m p l e 7.1). 

E m p i r i c a l m e t h o d s a r e usua l ly e m p l o y e d for s izing a n a e r o b i c s ludge 
d iges ters . S o m e of these m e t h o d s a r e b a s e d o n t h e p o p u l a t i o n served b y t h e 
sewage sys tem (for d o m e s t i c s ludge) o r o n r e c o m m e n d e d va lues of s ludge age . 
T h e la t te r va lues a r e t e m p e r a t u r e d e p e n d e n t , dec reas ing w i t h inc rease o f 
o p e r a t i n g t e m p e r a t u r e . T a b l e 7.3 p r e sen t s sugges ted s ludge age v a l u e s a s a 
func t ion of t e m p e r a t u r e . V o l u m e ( S C F M ) o f gas g e n e r a t e d is e s t i m a t e d f r o m 
E q . (6.82). 

TABLE 7.3 
Recommended Values of Sludge Age for 
Anaerobic Sludge Digester [3] 

Temperature 
(°F) 

Suggested sludge age 
ts (days) 

65 28 
75 20 
85 14 
95 10 

105 10 

3. Thickening of S ludges 
3.1. I N T R O D U C T I O N 

T h i c k e n i n g is t he u sua l first s tep in s ludge d i sposa l p rocess ing . I t c a n b e 
d o n e (1) by grav i ty a n d (2) b y d isso lved a i r flotation. 

3.2. A D V A N T A G E S OF T H I C K E N I N G 

1. I t i m p r o v e s d iges ter o p e r a t i o n a n d r educes cap i t a l cos t w h e n e v e r 
s ludge d iges t ion is ut i l ized. 
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2. I t r educes s ludge v o l u m e p r i o r t o l and or sea d i sposa l . 
3 . I t increases e c o n o m y of s ludge d e w a t e r i n g sys tems (centr i fuges , 

v a c u u m filters, p r e s su re filters, e tc . ) . 

3.3. G R A V I T Y T H I C K E N E R 

T h i c k e n e r s a r e t a n k s of c i rcu lar c ross sect ion p r o v i d e d wi th a r o t a t i n g r a k e 

m e c h a n i s m s imi lar t o t he clarifiers d iscussed in C h a p t e r 3, Sec t ion 3.7. 

3.4. D E S I G N P R I N C I P L E S FOR G R A V I T Y 
T H I C K E N E R S 

T h e p u r p o s e of t h i ckene r s is t o p r o v i d e a c o n c e n t r a t e d s ludge under f low. 
A f u n d a m e n t a l p a r a m e t e r is t h i ckene r a r e a r equ i r ed for a specific unde r f low 
c o n c e n t r a t i o n . Th i s is expressed in t e r m s o f t he un i t a r e a UA, defined a s 
[ E q . (7 .3)] 

υ A = ft 2 /( lb/day) = (ft 2 )(day)/(lb) (7.3) 

[ i .e . , t h e a r e a ( f t 2 ) r equ i r ed p e r l b / d a y of s ludge in t he in f luen t ] . T h e rec ip roca l 
of t h e un i t a r e a , wh ich is t e r m e d m a s s l o a d i n g (ML) is 

ML = l/UA = (lb/day)/ft 2 = lb/(day)(ft 2 ) (7.4) 

T h e f u n d a m e n t a l des ign p r o b l e m cons is t s of ca lcu la t ing t he t h i c k e n e r a r e a 
f rom the k n o w l e d g e of (1) flow r a t e ( M g a l / d a y ) of s ludge of ini t ial c o n c e n t r a 
t ion C 0 (mg/ l i te r ) a n d (2) des i red final under f low c o n c e n t r a t i o n Cu (mg/ l i t e r ) . 
O n c e t h e va lue of UA (o r ML) is d e t e r m i n e d , t h e a r e a ( f t 2 ) o f t h e t h i ckene r is 
given in E q . (7.5) . 

Area (ft 2 ) = (lb/day of influent) χ UA [from Eq. (7.3)] (7.5) 

o r 

Area (ft 2 ) = (lb/day of influent/ML) [from Eq. (7.4)] (7.6) 

T h e p r o c e d u r e d iscussed in C h a p t e r 3, Sec t ion 3.6 m a y be ut i l ized for 
des ign of th i ckene r s . A specific m e t h o d for t h i ckene r des ign b a s e d o n a n 
emp i r i ca l e q u a t i o n p r o p o s e d b y E d d e a n d Eckenfe lder is desc r ibed in 
Sec t ion 3.5. 

3.5. E D D E A N D E C K E N F E L D E R ' S E Q U A T I O N [2] 
T h e degree t o wh ich s ludges c a n b e t h i ckened d e p e n d s o n m a n y va r iab les . 

A co r r e l a t i on deve loped b y Eckenfe lder a n d E d d e is 

[ ( C . / C o ) - 1 ] = KI(ML)» = K/d/UAT (7.7) 

w h e r e Cu is t h e under f low c o n c e n t r a t i o n (mg / l i t e r ) ; C 0 t h e ini t ia l feed c o n 
c e n t r a t i o n (mg/ l i t e r ) ; ML t h e m a s s l o a d i n g [ ( l b / d a y ) / f t 2 ] ; UA t h e u n i t a r e a 
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[ f t 2 / ( l b / d a y ) ] ; a n d Κ a n d η c o n s t a n t s . C o n s t a n t η is on ly a func t ion of t h e 
rheo log ica l p rope r t i e s o f t h e s ludge . C o n s t a n t Κ is r e la ted n o t on ly t o t h e 
ini t ia l c o n c e n t r a t i o n C 0 b u t a l so t o t he he igh t o f se t t l ing c o l u m n . 

E q u a t i o n (7.7) is wr i t t en in l inear f o r m by t a k i n g l o g a r i t h m s of b o t h 
m e m b e r s . 

l o g [ ( C u / C 0 ) - l ] = log A: - A*log(ML) = XogK - n\og(\IUA) (7.8) 

F r o m E q . (7.8) a p lo t o n l o g - l o g p a p e r o f [ ( C M / C 0 ) - 1 ] vs . (l/UA) [ o r 
( M L ) ] yields a s t ra igh t l ine of s lope = — η a n d in t e rcep t = K. A p r o c e d u r e for 
des ign of grav i ty th ickeners s t a r t ing f rom d a t a o b t a i n e d f rom b e n c h scale 
un i t s a n d based o n E d d e a n d Eckenfe lde r ' s e q u a t i o n is desc r ibed b y E c k e n 
felder a n d F o r d [ 1 ] . 

3 . 6 . FLOTATION T H I C K E N I N G 
F l o t a t i o n th i cken ing c a n be ut i l ized for s ludges a n d is specifically r e c o m 

m e n d e d for ge l a t i nous o n e s such a s t h o s e f r o m t h e ac t iva ted s ludge p rocess . 
Des ign of flotation e q u i p m e n t is d iscussed in C h a p t e r 3 , Sec t ion 4. 

4. Dewate r ing of S ludges by 
Vacuum Fil trat ion 

4.1. I N T R O D U C T I O N 
V a c u u m fi l t rat ion is t he m o s t widely used p r o c e d u r e for d e w a t e r i n g w a s t e 

w a t e r s ludges . I n v a c u u m fi l t rat ion, w a t e r is r e m o v e d u n d e r a p p l i e d v a c u u m 
t h r o u g h a p o r o u s m e d i a wh ich re t a ins sol ids b u t a l lows l iquids t o p a s s t h r o u g h . 
Several types of m e d i a a r e used , such a s n y l o n a n d d a c r o n c lo th , steel m e s h , 
a n d t ight ly w o u n d stainless steel coil sp r ings . 

T h e cen t r a l un i t is a r o t a r y d r u m w h i c h revolves in a s lu r ry t a n k ( F i g . 7.9). 
V a c u u m is app l i ed t o t h e s u b m e r g e d p a r t o f t h e d r u m a n d sol ids a r e r e t a ined 

Fig. 7.9. Diagram of rotary filter. 
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o n t h e d r u m surface. T h e c a k e s t a r t s bu i ld ing u p a t p o i n t A as the d r u m dives 
i n t o t h e s lur ry t a n k , a n d r eaches full t h i ckness a t p o i n t Β as t h e d r u m emerges . 
T i m e e lapsed f rom A t o Β (i .e. , s u b m e r g e n c e t ime) is des igna ted a s f o r m t i m e 
(tf). F r o m Β t o A t h e c a k e is d e w a t e r e d , a n d t i m e e lapsed is des igna ted a s d r y 
t i m e (td). T h e t o t a l cycle t i m e (tc) is 

tc = tf + td (7.9) 

Since t h e d r u m revolves a t a c o n s t a n t speed, t h e fo l lowing r e l a t i o n s h i p 
app l i e s [ E q . ( 7 . 1 0 ) ] : 

tfltc = tfl(tf + td) = (% submergence)/100 (7.10) 

Usua l ly d r u m s u b m e r g e n c e be tween 10 a n d 6 0 % is e m p l o y e d , i.e., 

0 .6/ c > tf> 0.1/c (7.11) 

There fo re , f o rm t i m e is usua l ly be tween 10 a n d 6 0 % of t o t a l cycle t ime . 
After be ing d r i ed by l iqu id t ransfe r t o a i r d r a w n t h r o u g h the c a k e by t h e 

app l i ed v a c u u m , t h e c a k e is r e m o v e d by a knife edge o n t o a c o n v e y o r be l t t o 
d i sposa l facilities. T h e filter m e d i a is t h e n w a s h e d by a w a t e r s p r a y p r i o r t o 
b e i n g i m m e r s e d aga in in the s lur ry t a n k . 

4.2. V A R I A B L E S IN V A C U U M F ILTRATION 

Var iab les t o be cons ide red fall i n t o t w o g r o u p s : t h o s e re la ted t o s ludge 
charac te r i s t i cs a n d t h o s e p e r t a i n i n g t o filter o p e r a t i o n . Var i ab le s re la ted t o 
s ludge charac te r i s t i cs a re as fo l lows : 

1. Sol ids c o n c e n t r a t i o n in t he s ludge . Th i s is d e t e r m i n e d by t h e n a t u r e 
of t he s ludge (i.e., p r i m a r y o r s econda ry , d o m e s t i c o r i ndus t r i a l ) a n d by 
t h i c k e n i n g p rocesses p r e c e d i n g t h e filtration s tep . 

2. Viscosi ty of s ludge a n d filtrate, t he la t te r be ing a p p r o x i m a t e l y t h e s a m e 
as t h a t for w a t e r a t s imi lar t e m p e r a t u r e s . 

3 . S ludge compress ib i l i ty , w h i c h is re la ted t o t h e n a t u r e o f t h e s ludge 
par t ic les . 

4 . C h e m i c a l a n d phys ica l c o m p o s i t i o n , inc lud ing par t ic le size a n d s h a p e , 
w a t e r c o n t e n t . 

F i l te r o p e r a t i o n var iab les a r e 
1. Operating vacuum. U s u a l l y f rom 10 t o 20 in. o f m e r c u r y . H i g h e r 

v a c u u m s a r e m o r e effective wi th i ncompres s ib l e cakes . F o r very compres s ib l e 
cakes , a p p l y i n g h igher v a c u u m s m a y resul t in c logging t h e filter m e d i a . 

2 . Drum submergence. T h i s var ies f rom 10 t o 6 0 % , h igh p o r o s i t y s ludges 
p e r m i t t i n g h igher submergences . S ludges of low po ros i t y m u s t b e filtered wi th 
low s u b m e r g e n c e , o the rwi se t h e resu l t ing c o m p a c t a n d th ick c a k e d o e s n o t 
a l low a n a d e q u a t e flow of filtrate. 
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3. Sludge conditioning by chemical addition. M a n y s ludges r equ i r e 
c o a g u l a n t s (e .g. , F e C l 3 , l ime, po lye lec t ro ly tes ) t o c o a g u l a t e smal le r par t ic les 
w h i c h m i g h t o the rwi se c log t h e filter m e d i a , resu l t ing in r e d u c t i o n of filtration 
r a t e . 

4 . Type and porosity of the filter media. H i g h p o r o s i t y m e d i a resul ts in 
h ighe r filtration r a t e s . 

4.3. D E F I N I T I O N O F P A R A M E T E R c 
F i l t r a t i o n e q u a t i o n s in Sec t ion 4.4 e m p l o y a p a r a m e t e r c, w h i c h is def ined 

a s t h e m a s s o f sol ids depos i t ed o n t h e filter p e r u n i t v o l u m e of filtrate. A n 
express ion for c is de r ived as fo l lows : L e t c f b e t h e c o n c e n t r a t i o n of sol ids in 
t h e i n c o m i n g s lur ry , expressed as g r a m s o f sol ids p e r m l o f s lu r ry . S lu r ry is 
filtered in a l a b o r a t o r y B u c h n e r filter (F ig . 7.10). F u r t h e r m o r e , a s s u m e t h a t 
for t h e filtrate t he c o n c e n t r a t i o n of sol ids is r e d u c e d t o a va lue i n d i c a t e d a s 
cf (a lso expressed as g r a m s of sol ids p e r mil l i l i ter) . P r e s u m a b l y cf <ζ c{. 

Since t h e s lur ry is relat ively d i lu ted , a s s u m e t h a t t h e dens i ty is a p p r o x i m a t e l y 
t h a t o f wa te r , i.e., 1 g p e r ml . T h u s , 1 g o f feed t o t h e filter c o n t a i n s c f g r a m 
of sol id a n d (1 — ct) g r a m o f wa te r . T h e m l o f w a t e r p e r g r a m of sol ids in t h e 
i n c o m i n g s lur ry a r e t h e n (1 - q ) / ^ (ml w a t e r / g so l id) . S imi lar ly for t h e filtrate 
o n e h a s (l—cf)/cf (ml w a t e r / g sol id) . T h e difference b e t w e e n these t w o va lues 
is 

T h e inverse o f th is q u a n t i t y c o r r e s p o n d s t o p a r a m e t e r c, i .e., m a s s of sol ids 
depos i t ed p e r un i t v o l u m e o f filtrate [ E q . (7 .12 ) ] . 

C = l / [ ( I - C f ) / C f - ( l - c , ) / c , ] 

Fig. 7.10. Diagram to illustrate derivation of Eq. (7.12). 

(\-c,)lcf-{\-c,)lct (ml water/g solid) 

c = l / [ ( l - c , ) / c r - ( l - c ( ) / o ] (7.12) 
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4.4. F ILTRATION E Q U A T I O N S 

T h e bas ic f i l t rat ion e q u a t i o n der ived f rom t h e Poiseui l le a n d d ' A r c y law is 
p r e s e n t e d in E q . (7.13). 

w h e r e Κ is t he v o l u m e of f i l t ra te ; t t h e t i m e ; dV/dt t h e r a t e of filtration; AP t h e 
d r iv ing force = p r e s s u r e difference. I f expressed in psi AP is n u m e r i c a l l y 
e q u a l t o app l i ed v a c u u m in g a u g e un i t s , because AP = V a c u u m - ^ a t m o s p h e r i c · 

H e n c e , it is i nd ica t ed a s Ρ = app l i ed v a c u u m (ps i ) ; Rcake t h e res is tance offered 
by c a k e t o t h e flow of filtrate; a n d ^ m e d i a t he res i s tance offered b y m e d i a t o 
t h e flow o f filtrate. 

Th i s e q u a t i o n is r ewr i t t en as [ 5 ] 

w h e r e V is t h e v o l u m e o f filtrate; t t h e t i m e ; Ρ t h e a p p l i e d v a c u u m ; A t h e 
filter a r e a ; c t h e p a r a m e t e r defined in Sec t ion 4 .3 , i.e., m a s s of sol ids d e p o s i t e d 
pe r un i t v o l u m e o f filtrate. C o n s e q u e n t l y p r o d u c t cV is t h e m a s s o f c a k e ( lb) 
c o r r e s p o n d i n g t o v o l u m e V of filtrate; r t h e specific res i s tance o f c a k e t o t h e 
flow of filtrate (i .e., res i s tance pe r lb of cake ) . Phys ica l significance o f r a n d i ts 
un i t s is d iscussed in th is s ec t ion ; Rm t h e ini t ial res i s tance o f t h e filter m e d i a . 
T h i s res is tance is usua l ly negl igible as c o m p a r e d t o t h a t deve loped by t h e 
filter c a k e ; a n d μ t h e viscosi ty o f t h e filtrate. 

T h e phys ica l significance of p a r a m e t e r r c a n b e a p p r e c i a t e d if in E q . (7.14) 
m e d i a res is tance Rm is neglec ted . So lv ing for r , 

F r o m E q . (7.15) it fol lows t h a t r is numer i ca l l y e q u a l t o t h e p re s su re difference 
( app l i ed v a c u u m P) r equ i r ed t o p r o d u c e a u n i t r a t e of filtrate flow (i.e. , 
dVjdt = 1.0) t h r o u g h a u n i t m a s s of c a k e (i .e. , cV = 1.0) a n d a un i ty filter a r e a 
(A = 1), if filtrate viscosi ty is u n i t y (μ = 1, e.g., 1 c P ) o r r = Ρ if dV/dt = 1.0, 
cV = 1.0, μ = 1.0, a n d A = 1.0. T h u s , t h e specific res i s tance r m e a s u r e s t h e 
abi l i ty of t he s ludge t o b e filtered; t h e h ighe r t h e va lue , t h e m o r e difficult is t h e 
filtration. 

I n t e g r a t i o n of E q . (7.14) is usua l ly p e r f o r m e d a s s u m i n g t h a t specific 
r es i s t ance is c o n s t a n t t h r o u g h o u t f o r m t ime . F r o m E q . (7.14) if a t / = 0, 
V = 0 a n d a t t = t, V = K, i n t eg ra t i on o f E q . 7.14 yields 

dVldt = AP/(Rcake + i?m e d l a) (7.13) 

dV/dt = PA2/fr(rcV+RmA)] (7.14) 

r = PA2/UicV(dV/dt)] (7.15) 

A s s u m i n g the specific res i s tance of c a k e t o be c o n s t a n t , 
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o r 
(p/A2P)[rc(V2/2) + RmAV] = t 

D i v i d i n g b o t h m e m b e r s by V a n d r e a r r a n g i n g , 

tjV = (prc/2PA2)V+ pRJAP (7.16) 

F r o m E q . (7.16) it fol lows t h a t a p l o t o f t/V vs . V yields a s t r a igh t l ine . V a l u e s 
of specific c a k e res i s tance r a n d m e d i a res i s tance Rm a r e e v a l u a t e d f r o m t h e 
s lope a n d in te rcep t of th is l ine, respect ively . 

w h e r e s a n d / d e n o t e t he s lope a n d the in te rcep t of t h e s t r a igh t l ine. A typ ica l 
p l o t o f (t/V) vs . Vis s h o w n in F ig . 7 .13 . Specific res i s tance is p r imar i l y useful 
for c o m p a r i n g filtration charac te r i s t i c s of different s ludges a n d d e t e r m i n i n g 
o p t i m u m c o a g u l a n t r e q u i r e m e n t s t o p r o d u c e a c a k e offering a m i n i m u m 
res is tance (Sec t ion 4.5) . 

4.5. L A B O R A T O R Y D E T E R M I N A T I O N O F 
S P E C I F I C R E S I S T A N C E r A N D O P T I M U M 
C O A G U L A N T D O S A G E 

L a b o r a t o r y d e t e r m i n a t i o n of specific res i s tance r is b a s e d o n c o n s t r u c t i o n 
of a p lo t o f t/V vs . V a n d ca l cu la t ion o f r f rom E q . (7.17). T h e l a b o r a t o r y 
e q u i p m e n t n e e d e d is a n o r d i n a r y B u c h n e r funnel a p p a r a t u s (F ig . 7.11). 

T h e p r o c e d u r e [ 1 ] is as fo l lows : 
1. P r e p a r e t he B u c h n e r funnel a n d filter p a p e r . 
2. W e t filter p a p e r a n d ad jus t v a c u u m t o 15 o r 20 in . o f H g . 

r = (2PA2/pc)s (7.17) 

Rm = iAP/μ (7.18) 

Buchner funnel-f 

Filter paper Λ 
Vacuum gaugey 

Pig. 7.11. Buchner funnel apparatus. 
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3. R e c o r d filtrate v o l u m e s a t selected t i m e in te rva ls un t i l t h e v a c u u m 
b r e a k s . V a c u u m exists a s l o n g as t h e r e is a p o o l of l i qu id over t h e c a k e . A s 
s o o n as t he l iquid is d r a i n e d off, a i r is sucked in a n d t h e v a c u u m b r e a k s . 

4. M e a s u r e so l ids c o n t e n t in i n c o m i n g s lur ry a n d filtrate by e v a p o r a t i o n 
a n d weigh ing . Le t these be va lues c{ ( ini t ial c o n c e n t r a t i o n , g /ml ) a n d cf ( c o n 
c e n t r a t i o n in filtrate, g /ml ) . P a r a m e t e r c is t h e n ca l cu la t ed f rom E q . (7.12). 

5. Ca lcu l a t e r f rom a p l o t of tjV vs . Κ ut i l iz ing E q . (7.17). 
6. R e p e a t S teps 1-5 us ing v a r i o u s c o n c e n t r a t i o n s of c o a g u l a n t . D e 

p e n d i n g o n the n a t u r e o f t h e s ludge , F e C l 3 a n d / o r l ime d o s a g e s a r e 2 - 1 0 % by 
we igh t a n d polye lec t ro ly te dosages 0 . 1 - 1 . 5 % by weight . 

7. C o m p u t e specific res i s tance o f all s a m p l e s a s i nd i ca t ed in S t e p 5. 
D e t e r m i n e o p t i m u m c o a g u l a n t d o s a g e f r o m a p l o t o f specific res i s tance vs . 
c o a g u l a n t d o s a g e . O p t i m u m d o s a g e c o r r e s p o n d s t o t h e m i n i m u m o n t h e 
specific res i s tance cu rve (F ig . 7.12). 

Coagulant dosage (lb/ton) 

Fig. 7.12. Typical curve for the effect of coagulant dosage on sludge 
specific resistance. 

4 . 6 . U N I T S FOR S P E C I F I C R E S I S T A N C E O F 
C A K E (r) 

T h e fo l lowing o b s e r v a t i o n s s h o u l d b e m a d e : 
1. A p p l i e d v a c u u m (in. H g ) is usua l ly c o n v e r t e d t o g / c m 2 be fore ut i l iza

t i o n in E q . (7.17). T h e conve r s ion fac tor is 

(in. Hg)(34.5) = g / cm 2 (7.19) 

If app l i ed v a c u u m is expressed in ps i , t h e c o n v e r s i o n fac tor is 

(psi)(70.1) = g /cm 2 (7.20) 
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2. Specific res i s tance r is usua l ly expressed in c m 2 / g . F r o m F ig . 7 .13, 
un i t s for s lope s a r e (for t = sec, V = ml ) 

s = (t/V)IV = (sec/ml)/ml « ( sec /cm 3 ) / cm 3 = sec /cm 6 

U n i t s for c a r e 
c = g/ml « g / c m 3 

a n d t h o s e for μ a r e 
μ = g/(cm)(sec) = Poise 

I f Ρ is expressed in g / c m 2 u t i l iz ing t h e c o n v e r s i o n fac tors i n d i c a t e d in E q s . 
(7.19) a n d (7.20), a n d t h e a r e a is in c m 2 , t h e n f r o m E q . (7.17) u n i t s for r a r e 

g / cm 2 χ c m 4 

r = " 7 7 — 7 7 — χ ; — 5 * sec /cm 6 = sec 2 /g 
g / ( cm) ( sec )xg /cm 3 

4.7. N U M E R I C A L E X A M P L E : D E T E R M I N A T I O N 
OF S P E C I F I C C A K E R E S I S T A N C E U S I N G 
T H E B U C H N E R F U N N E L 

Example 7.2 

T h e d a t a t a b u l a t e d be low a re o b t a i n e d f r o m a filtration l a b o r a t o r y tes t for 
a n ac t iva ted s ludge ut i l iz ing a B u c h n e r funnel a p p a r a t u s . 

Volume of filtrate (ml) Time (sec) 

25 48 
50 150 
75 308 

100 520 
125 788 
150 1118 

O p e r a t i n g v a c u u m is 20 in . o f H g a n d t e m p e r a t u r e is 2 5 ° C . A r e a o f t h e 
filter is 500 c m 2 . A s s u m e t h a t t h e filtrate h a s t h e p r o p e r t i e s o f w a t e r a t 2 5 ° C 
(μ = 0.8953 cP) . T a k e c = 0.2 g / c m 3 . D e t e r m i n e t h e specific c a k e res i s t ance 
in s e c 2 / g . 

Step 1. Set u p t h e fo l lowing t a b u l a t i o n f r o m t h e d a t a given a b o v e . 

V (ml) / (sec) tVj (sec/ml) 

25 48 1.92 
50 150 3.00 
75 308 4.11 

100 520 5.20 
125 788 6.30 
150 1118 7.45 
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25 50 75 I00 I25 I50 
V (ml) 

Fig. 7.13. Plot of t/V vs. V (Example 7.2). 

Step 2. P r e p a r e a p l o t o f t/V vs . V. T h i s is s h o w n in F ig . 7 .13 . 

Step 3. F r o m F ig . 7 .13, 

Slope = s = (5.23 - 0 . 8 ) / ( 1 0 0 - 0.0) = 0.0443 sec/cm 6 

Since Ρ = (20)(34.5) = 690 g / c m 2 , t h e n r is ca lcu la ted f rom E q . (7.17). 

2 χ 690 g /cm 2 χ 500 2 c m 4 χ 0.0443 sec/cm 6 

0.008953 g/(cm)(sec) χ 0.2 g / cm 3 
8.53 χ 10 9 sec 2 /g 

4.8. S P E C I F I C R E S I S T A N C E FOR 
C O M P R E S S I B L E C A K E S 

M o s t indus t r i a l w a s t e w a t e r s ludges f o r m compres s ib l e cakes for w h i c h 
filtration r a t e a n d specific res i s tance a r e func t ions of t h e p r e s su re difference 
ac ros s t h e c a k e . T h i s effect is r ep re sen t ed b y E q . (7.21). 

r = rQPs (7.21) 

w h e r e s is t h e coefficient o f compress ib i l i ty . T h e la rger is s9 t h e m o r e c o m p r e s 
sible is t h e s ludge . W h e n s = 0, t h e specific res i s tance is i n d e p e n d e n t o f p r e s s u r e 
a n d t h e s ludge is i ncompres s ib l e . E q . (7.21) yields 

r = rQ = constant (7.22) 

S o m e genera l i za t ions o n filtration charac te r i s t i cs o f s ludges a r e a s fo l lows : 
1. E a s e of filterability of w a s t e w a t e r s ludges decreases w i t h deg ree o f 

t r e a t m e n t . 
r < r < r 

raw primary secondary 
sewage sludge sludge 
sludge 
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R a w sewage s ludge is t h e easies t t o filter ( lower specific res i s tance) , w h e r e a s 
s e c o n d a r y s ludge is t h e m o s t difficult. 

2. F i l te rabi l i ty is inf luenced b y par t i c le size, s h a p e , a n d dens i ty , a n d b y 
electr ical c h a r g e o n t h e pa r t i c le . T h e la rger t h e pa r t i c l e size, t h e h ighe r t he 
filtration r a t e ( lower specific res i s tance) , a n d t h u s t h e final c a k e m o i s t u r e is 
lower . A d d i t i o n o f c o a g u l a n t s p r o m o t e s a g g l o m e r a t i o n o f par t i c les , t h u s 
inc reas ing filtration r a t e . 

4.9. F ILTRATION D E S I G N E Q U A T I O N 

F o r p u r p o s e o f filter des ign it is c o n v e n i e n t t o modi fy E q . (7.16) . N e g l e c t i n g 
res i s tance of m e d i a (Rm « 0) a n d reca l l ing t h a t t is t h e f o r m t i m e (t = t f \ 

tfjV= <jirc/2PA2)V ( 7 .23 ) 

I t is c o n v e n i e n t t o wr i te t he e q u a t i o n in t e r m s of filter l o a d i n g (Lf)9 i .e., lb o f 
depos i t ed c a k e / ( f t 2 ) ( h r ) . Since p r o d u c t cV r ep re sen t s t h e we igh t of c a k e 
(Sec t ion 4.4) , filter l o a d i n g (Lf) b a s e d o n f o r m t i m e ( fo rm l o a d i n g ) is 

Lf = cV/Atf = lb of deposited cake/(f t 2 )(hr) ( 7 . 24 ) 

Subs t i t u t i ng in E q . (7.23) r by its va lue given in E q . (7.21) a n d r e a r r a n g i n g , 

V2/A2 = (ZPi-'tJIQir.c) ( 7 . 2 5 ) 

Subs t i t u t ing in t h e r i g h t - h a n d m e m b e r of E q . (7.25) t h e ident i t ies tf = tf

2/tf 
a n d c = c2/c a n d r e a r r a n g i n g , 

(cV/Atf)2 = W-*c)l<jir0tr) ( 7 . 26 ) 

T h e le f t -hand m e m b e r o f E q . (7.26) is t h e s q u a r e o f f o r m l o a d i n g [ E q . (7 .24) ] . 
The re fo re , 

Lf = [ ( ^ - • c V O i r . ' / ) ] 1 ' 2 ( 7 . 27 ) 

TABLE 7.4 
Units for Form Loading Equation 

ω (2) (3) 
Practical units Metric units Conversion factors 

Lf = lb/ ( f t 2 ) (hr) g / (cm 2 ) ( sec ) Lf l b / ( f t 2 ) ( h r ) x 4 5 4 g/lb 
χ f t 2 / 3 0 . 5 2 c m 2 χ hr/3600 sec 
= 1.356 x l O " 4 ! , / 

P = psi g / c m 2 Ρ (psi) χ 70.1 g /cm 2 /ps i = Ρ χ 70.1 
[Eq. (7.20)] 

c = g/ml = g / c m 3 g / c m 3 — 
μ = cP g/(cm)(sec) = Poise μ (cP) x P o i s e / 1 0 2 cP = μ x 1 0 " 2 

r o = ( s e c 2 / g ) x l 0 - 7 

= practical unit s e c 2 / g r o x l 0 7 

/ / (min) sec / / (min) χ 60 sec/min = / / χ 60 
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w h i c h is t he e q u a t i o n for f o rm load ing . If m e t r i c un i t s a r e used ( E x a m p l e 7.2), 
t h e set o f un i t s for p a r a m e t e r s in E q . (7.27) is p r e sen t ed in c o l u m n (2), T a b l e 7.4. 

F o r des ign p u r p o s e s it is c o n v e n i e n t t o express f o rm l o a d i n g in t e r m s of lb 
o f c a k e / ( f t 2 ) ( h r ) a n d o t h e r p a r a m e t e r s in t h e p rac t i ca l un i t s i nd i ca t ed in 
c o l u m n ( / ) , T a b l e 7.4. C o n v e r s i o n fac tors f rom c o l u m n ( / ) t o c o l u m n (2) a r e 
i nd ica t ed in c o l u m n (5). Subs t i t u t i on of these c o n v e r s i o n fac tors in E q . (7.27) 
l eads t o E q . (7 .28) , w h e r e all p a r a m e t e r s a re in t h e p rac t i ca l un i t s l isted in 
c o l u m n ( / ) o f T a b l e 7.4. 

Lf = 35.7 [ ( c P 1 -s)l(Mr0 tf)]1'2 (7.28) 

Since m o s t s ludges have specific charac te r i s t i cs , E q . (7.28) is modif ied for 
p r ed i c t i on of filtration p e r f o r m a n c e . 

Lf = 35J(P1-Slpr0)ll2(cmltf

n) (7.29) 

[ F o r un i t s see T a b l e 7.4, c o l u m n ( / ) . ] 

E q u a t i o n 7.29 is referred t o as t he fo rm l o a d i n g e q u a t i o n . T h e usua l r a n g e s 
of va lues for p a r a m e t e r s η a n d m a r e 1.0 > η > 0.4, o w i n g t o v a r i a t i o n in c a k e 
pe rmeab i l i t y whi le a d d i t i o n a l c a k e is be ing f o r m e d [ E q . (7.28) c o r r e s p o n d s t o 
a va lue of η = 0 . 5 ] ; a n d 1.0 > m > 0 .25 , o w i n g t o effect of v a r i a t i o n in sol ids 
c o n t e n t fed t o filter. [ E q . (7.28) c o r r e s p o n d s t o a va lue of m = 0 .5 . ] 

D e t e r m i n a t i o n of p a r a m e t e r s n, s, m, a n d r0 is d iscussed in Sec t ion 4 .10 . 
E x p e r i m e n t a l t e c h n i q u e ut i l ized is desc r ibed in Sect ion 4 . 1 1 . E x a m p l e 7.3 
(Sec t ion 4.12) i l lus t ra tes t he ca lcu la t ion p r o c e d u r e . 

4.10. D E T E R M I N A T I O N OF P A R A M E T E R S 
n. s, m. A N D rQ IN Eq. (7.29) 

1. Determination of n. If Ρ a n d c a r e he ld c o n s t a n t (μ a n d r0 a r e c o n s t a n t 
for a specific expe r imen ta l r u n ) , E q . (7.29) b e c o m e s 

Lf = K1(Vtf

n) (7.30) 
w h e r e 

Kl = 35J(P1-slMr0)lf2cm = constant (7.31) 

W r i t i n g E q . (7.30) in l oga r i t hmic fo rm, 

l o g L f = -n l o g t f + l ogK, (7.32) 

F r o m E q . (7.32), a l o g a r i t h m i c p l o t of Lf vs . tf yields a s t r a igh t l ine o f s lope 
— Α ϊ . A typica l p lo t is p r e sen t ed in F ig . 7.16. 

2. Determination of s. I f tf a n d c a r e he ld c o n s t a n t (μ a n d rQ a r e c o n s t a n t 
for a specific expe r imen ta l r u n ) , E q . (7.29) b e c o m e s 

Lf = K2P^-S)/2 (7.33) 
w h e r e 

K2 = 3 5 . 7 ( l / / / r 0 ) 1 / 2 ( c M / / / ) = constant (7.34) 



4. Dewatering of Sludges 321 

W r i t i n g E q . (7.34) in l o g a r i t h m i c fo rm, 

log Lf = [(1 - j ) /2] log Ρ + log K2 (7.35) 

F r o m E q . (7.35), a l o g a r i t h m i c p l o t of Lf vs . Ρ yields a s t r a igh t l ine o f s lope 
(1 —s)/2. A typica l p l o t is p r e sen t ed in F ig . 7.17. 

3. Determination of m. I f tf a n d Ρ a r e he ld c o n s t a n t (μ a n d r0 a r e c o n s t a n t 
for a specific e x p e r i m e n t a l r u n ) , E q . (7.29) b e c o m e s 

Lf = K3cm (7.36) 
w h e r e 

# 3 = 3 5 . 7 ( / > 1 - 7 / " V ) 1 / 2 ( l / i / ) (7.37) 

W r i t i n g E q . (7.37) in l o g a r i t h m i c fo rm, 

log Lf = m logc + log ^ 3 (7.38) 

F r o m E q . (7.38) , a l o g a r i t h m i c p l o t of Lf vs . c y ie lds a s t r a igh t l ine o f s lope m. 
A typica l p l o t is p r e s e n t e d in F ig . 7.18. 

4. Determination ofr0. F r o m E q . (7.29) a p l o t o f L r vs . 3 5 . 7 ( Ρ 1 _ 7 μ ) 1 / 2 

(cm/t/) yields a s t r a igh t l ine of s lope ( l / r 0 ) 1 / 2 . A typ ica l p l o t is p r e s e n t e d in 
F ig . 7.19. Since rQ is on ly a func t ion o f t h e n a t u r e o f t h e s ludge , i t is a c o n s 
t a n t for all e x p e r i m e n t s p e r f o r m e d wi th t h e s a m e s ludge . 

4.11. LEAF T E S T L A B O R A T O R Y P R O C E D U R E 
FOR D E T E R M I N A T I O N O F T H E 
P A R A M E T E R S IN T H E L O A D I N G E Q U A T I O N 

Eckenfe lde r a n d F o r d [ 1 ] r e c o m m e n d a leaf tes t a p p a r a t u s a s s h o w n in 
F ig . 7.14 for d e t e r m i n a t i o n of t h e p a r a m e t e r s in t h e l o a d i n g e q u a t i o n . I t is 
o p e r a t e d by a l te rna t ive ly s u b m e r g i n g t h e tes t leaf in t h e s ludge t o s i m u l a t e 

Fig. 7.14. Leaf test apparatus. 
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f o rm t i m e t f , a n d t a k i n g it o u t t o s i m u l a t e d r y t ime t d . F r o m E q . (7.10) i t 
fo l lows t h a t i t is poss ib le t o s i m u l a t e o p e r a t i o n o f a r o t a r y filter o f k n o w n 
s u b m e r g e n c e b y p r o p e r cho ice of tf a n d t d . Usua l ly , t o t a l cycle t ime (tc) r a n g e s 
f r o m 1 t o 6 m i n . 

I n p rac t i ce , o n e selects a n o p e r a t i n g v a c u u m ( 1 0 - 2 0 in . H g ) a n d a s u b 
m e r g e n c e ( 1 0 - 6 0 % ) . T h e n a d r y t ime is selected t o yield t he des i red % m o i s t u r e 
for t he c a k e . T h i s is d o n e b y u s i n g t h e leaf test a p p a r a t u s a n d p r e p a r i n g a n 
e x p e r i m e n t a l g r a p h o f % m o i s t u r e for t he c a k e vs . d r y t ime . A s a m p l e g r a p h 
is s h o w n in F ig . 7 .15. A va lue of td is t h e n selected (F ig . 7.15) c o r r e s p o n d i n g 
t o t he des i red % m o i s t u r e for t h e c a k e . 

T h e p r o c e d u r e [ 1 ] for d e t e r m i n a t i o n o f p a r a m e t e r s in t h e l o a d e q u a t i o n is 
1. Select td f r o m F ig . 7 .15. 
2 . U s i n g t h e o p t i m u m c o a g u l a n t d o s a g e a s d e t e r m i n e d in Sec t ion 4 .5 , 

r u n a series of leaf tes ts re la t ing filter l o a d i n g t o f o r m t ime (tf), ini t ia l so l ids 
c o n c e n t r a t i o n (c), a n d v a c u u m (P). A series of 7 - 8 tes t r u n s s h o u l d yield 
sufficient des ign d a t a . T o t a l cycle t i m e is 1-6 m i n , w i th a r a n g e of d r u m s u b 
m e r g e n c e of 1 0 - 6 0 % . T h i s c o r r e s p o n d s t o va lues o f tf f rom 0.1 t o 3.6 m i n 
(Tab le 7.5). 
A poss ib le series of r u n s is s h o w n in T a b l e 7.6, w h i c h c o r r e s p o n d s t o d a t a in 
E x a m p l e 7 .3 . 
T h e fo l lowing r e m a r k s a re p e r t i n e n t t o T a b l e 7 .6 : (a) for d e t e r m i n a t i o n o f η 
(Ρ a n d c c o n s t a n t ) , r u n s 1 -3 ; (b) for d e t e r m i n a t i o n o f s (tf a n d c c o n s t a n t ) , 
r u n s 6 - 8 ; (c) for d e t e r m i n a t i o n o f m (tf a n d Ρ c o n s t a n t ) , r u n s 2 , 4 , a n d 5 ; a n d 
(d) for d e t e r m i n a t i o n o f r0, r u n s 1-8. 

φ 

σ 
( J 

Dry t ime, t d (min) 

Fig. 7.15. Selection of td. 
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TABLE 7.5 
Usual Range of Values for tf and td 

tc tf = tc(% submergence/100) U = t c - t f 

(min) % submergence (min) (min) 

6 60% 3.6 2.4 
6 10% 0.6 5.4 
1 60% 0.6 0.4 
1 10% 0.1 0.9 

TABLE 7.6 
Leaf Test Data 

(2) (3) (5) 
ω Form Dry Applied vacuum (6) 

R u n time, time, (4) Loading, 
no. tf (min) td (min) c Ρ (in. H g ) P(t>si) Lf [lb/(ft 2)(hr)] 

1 0.25 1.5 0.03 20 9.80 73.0 
2 0.50 1.0 0.03 20 9.80 47.0 
3 1.00 0.5 0.03 20 9.80 29.2 
4 0.50 1.5 0.04 20 9.80 70.0 
5 0.50 1.5 0.05 20 9.80 90.0 
6 1.50 1.0 0.03 10 4.90 21.0 
7 1.50 1.0 0.03 15 7.35 22.5 
8 1.50 0.5 0.03 20 9.80 23.5 

3. P r o c e d u r e for e a c h r u n is a s fo l lows. 
(a) A d d t h e o p t i m u m c o a g u l a n t d o s a g e as d e t e r m i n e d in Sec t ion 4 .5 . 
(b) F loccu l a t e t he m i x t u r e for 30 sec. I n s o m e cases a series o f tes ts a r e 

m a d e t o d e t e r m i n e o p t i m u m flocculation t ime . 
(c) S u b m e r g e t h e leaf in flocculated s ludge m i x t u r e for t h e specified 

f o r m t i m e (tf) (Tab l e 7.5). M a i n t a i n gent le m i x i n g t o av o i d d e p o s i t i o n o f 
s ludge. 

(d) R e m o v e leaf f rom s ludge a n d h o l d it ver t ical ly for t h e specified d r y 
t ime , keep ing i t u n d e r full v a c u u m . 

(e) T rans fe r en t i re c a k e f rom t h e filter leaf t o a t a r e d d i sh . C o m p r e s s e d 
a i r m a y be gent ly app l i ed t o loosen t h e c a k e f r o m t h e leaf. 

(f) W e i g h wet cake , d r y a t 103°C, a n d r e w e i g h ; m e a s u r e a n d r e c o r d 
c a k e th ickness . 

(g) T h e l o a d i n g in l b / ( f t 2 ) ( h r ) is 

Lf = dry weight of sludge in g χ (cycles/hr)/[454 χ test leaf area (ft 2 )] 
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4. P r e p a r e t he fo l lowing g r a p h s : 
(a) \ogLf vs. log tf (P a n d c a r e c o n s t a n t s ) (F ig . 7.16). S lope of t he 

s t r a igh t l ine yields p a r a m e t e r η in E q . (7.29). 
(b) l o g L y vs . log Ρ (tf a n d c a r e c o n s t a n t s ) (F ig . 7.17). S lope o f t he 

s t r a igh t l ine is (11 — s)/2, f rom w h i c h p a r a m e t e r s is ca lcu la ted . 
(c) \ogLf vs . l o g c (tf a n d Ρ a r e c o n s t a n t s ) (F ig . 7.18). S lope o f t he 

s t r a igh t l ine is p a r a m e t e r m in E q . (7.29). 
(d) Lf vs . 35.7(Ρ1-3/μ)ι/2(οη/ί/

η) (F ig . 7.19). S lope of t h e s t r a igh t l ine 
is ( l / 0 1 / 2 > fr°m w h i c h p a r a m e t e r r0 is ca lcu la ted . 

4.12. I L L U S T R A T I O N O F C A L C U L A T I O N 
P R O C E D U R E FOR P A R A M E T E R S n, s, m, 
A N D rQ 

Example 7 .3 
L a b o r a t o r y tests o n a leaf filter c o n d u c t e d for a s ludge yield resul t s p r e s e n t e d 

in T a b l e 7.6. O b t a i n the va lues for p a r a m e t e r s n, m, s, a n d r0 in t h e f o r m 
load ing e q u a t i o n . 

S O L U T I O N 

(a) Determination of n. T h e l o g a r i t h m i c p l o t of Lf vs . tf is s h o w n in F ig . 
7.16, f rom w h i c h s lope = —n = —0.653 , η = 0 .653. 

3001 1 1 1 π—Γ ι ι ι ι 1 1 

I 0 L 
0.1 0.2 0.4 0.6 0.8 1.0 2.0 3.0 

t f (min) 

Fig. 7.16. Determination of η (Example 7.3). 
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Fig. 7.17. Determination of s (Example 7.3). 
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Fig. 7.18. Determination of m (Example 7.3). 
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(b) Determination of s. T h e l o g a r i t h m i c p l o t of Lf vs . Ρ is s h o w n in F ig . 
7.17. F r o m F ig . 7.17 r e a d s lope = (1 -s)/2 = 0 .1635. The re fo re , s = 
1 - 2 ( 0 . 1 6 3 5 ) = 0 .673 . 

(c) Determination of m. T h e l o g a r i t h m i c p l o t o f Lf vs . c is s h o w n in F ig . 
7.18. F r o m F ig . 7.18 r e a d s lope = m = 1.265. 

100 

9 0 

80 

70 

- 60 

Ξ 50 
η 

j f 4 0 

30 

20 

10 

Runs: 1 throi gh 8 

Run NO. 

ι A 
Run N( ι. 1 

Run Ν 

-Slope = ( l /r 0 ) 
1/2 

-Run 1 Jo. 2 

£=Run 
tun No 
η No. 7 

Nu. 3 
8 

^-Run No. 6 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
35.7(p '" s / /x ) , / 2 (c m / ty ) 

F/flr. 7.19. Determination of r0 (Example 7.3). 

TABLE 7.7 
Calculations for Determination of rc (Example 7.3) 

R u n no. j p l - 0 . 6 7 3 _ p 0 . 3 2 7 c 1 . 2 6 5 , 0 , 6 5 3 
lf 35J(P1-sMlJ2(cm/tf

n) 

1 73.0 2.109 0.0119 0.404 1.525 
2 47.0 2.109 0.0119 0.635 0.970 
3 29.2 2.109 0.0119 1.000 0.615 
4 70.0 2.109 0.0172 0.635 1.395 

5 90.0 2.109 0.0227 0.635 1.850 
6 21.0 1.683 0.0119 1.303 0.425 
7 22.5 1.921 0.0119 1.303 0.451 

8 23.5 2.109 0.0119 1.303 0.472 
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(d) Determination of r0. T h e p l o t o f Lf vs. 35J(Pi's/p)i/2(cm/t/) is 
s h o w n in F ig . 7 .19 ; t h e necessary ca l cu l a t i ons a r e p r e s e n t e d in T a b l e 7.7. 
T a k e μ = 1 c P . 
F r o m F ig . 7.19 s lope = ( l / r 0 ) 1 / 2 = 48 .5 . The re fo re , r0 = ( 1 / 4 8 . 5 ) 2 = 0 .000425. 

In s u m m a r y , filtration p a r a m e t e r s for t h e f o r m l o a d i n g e q u a t i o n for E x a m p l e 
7.3 a r e η = 0 .653 , s = 0 .673, m = 1.265, a n d r0 = 0 .000425. 

4.13. P R O C E D U R E FOR R O T A R Y FILTER 
D E S I G N [1] 

Step 1. F r o m F ig . 7.15 select a n a p p r o p r i a t e va lue o f t h e d r y t i m e td for a 
des i red c a k e m o i s t u r e . 

Step 2. F o r a selected % s u b m e r g e n c e a n d t h e c h o s e n va lue o f td> ca l 
cu la te f o rm t i m e tf f rom E q . (7.39), o b t a i n e d b y c o m b i n i n g E q s . (7.10) a n d 
(7.9). Solv ing for t f , 

tf = WKlOO/% submergence) - 1 ] (7.39) 

I f des i red , ad jus t t he va lues o f tf [ c a l cu l a t ed f rom E q . (7 .39 ) ] , t c , a n d % s u b 
mergence ut i l iz ing E q s . (7.9) a n d (7.10). T h i s is i l lus t ra ted in E x a m p l e 7.4. 

Step 3. Ca l cu l a t e f o r m l o a d i n g Lf f r o m E q . (7.29) . F o r ca l cu l a t i on o f Lf 

use (a) va lues of p a r a m e t e r s n, m, s, a n d r0 d e t e r m i n e d f r o m l a b o r a t o r y d a t a 
( E x a m p l e 7 .3) ; (b) selected va lue of t h e o p e r a t i n g v a c u u m ; (c) f o r m t i m e tf 

f rom S tep 2 ; a n d (d) μ a n d c f rom d a t a o n charac te r i s t i cs of s ludge . O r d i n a r i l y 
t a k e μ = 1 c P . 

Step 4. Ca l cu l a t e cycle l oad ing Lc f r o m 

Lc = Lf(% submergence/100) χ 0.8 [ lb/(ft 2 )(hr)] (7.40) 

I n E q . (7.40), fac tor 0.8 c o m p e n s a t e s for t h e sec tor o f t h e filter d r u m w h e r e 
cake is r e m o v e d a n d m e d i a w a s h e d (F ig . 7.9). 

Step 5 . Ca lcu l a t e r equ i r ed filter a r e a f r o m 

lb/hr of solids to be removed 
Filter area = n , / m 2 u . (f t 2 ) (7.41) 

Lc [ lb/(f t 2 )(hr)] 

E x a m p l e 7.4 i l lus t ra tes th is des ign p r o c e d u r e . 

E x a m p l e 7.4 

L a b o r a t o r y tests for t he s ludge in E x a m p l e 7.3 i n d i c a t e d a d r y t i m e td = 1.25 
m i n t o b e a n a p p r o p r i a t e cho ice .* I t is des i red t o des ign a v a c u u m filter t o 
d e w a t e r 30,000 l b / d a y of s ludge (d ry weigh t ) . P a r a m e t e r c is 0 .03 . F i l t e r 
o p e r a t e s 100 h r /week . Select a s u b m e r g e n c e of 2 5 % a n d a n o p e r a t i n g v a c u u m 
of 15 in . o f H g . D e t e r m i n e t h e r e q u i r e d filter a r e a in f t 2 . 

* Details o f these tests, including the graph (similar to Fig. 7.15) utilized for selection of 
td, are not shown in the text. 
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S O L U T I O N 

Step 1. td = 1.25 m i n . 
Step 2. Ca l cu l a t e tf f rom E q . (7.39). 

tf = 1 .25/[ (100/25)- l ] = 0.417 min 

T a k e tf = 0 .5 m i n a n d ad jus t a cco rd ing ly va lues o f tc a n d % s u b m e r g e n c e , 
i.e. [ f r o m E q . (7 .9 ) ] , 

tc = h + td = 0.5 + 1.25 = 1.75 min 

F r o m E q . (7.10), t h e ad jus ted % s u b m e r g e n c e is 

% submergence = 100(/ / / i c ) = 100(0.5/1.75) = 28.6% 

Step 3. Ca l cu l a t e f o rm l o a d i n g Lf f r o m E q . (7.29) , w h e r e p a r a m e t e r s 
η = 0 .653, s = 0 .673 , m = 1.265, a n d r0 = 0 .000425 ( E x a m p l e 7.3). O t h e r d a t a : 
Ρ = 15 in . H g ( = 7.35 ps i ) , μ = 1 c P , c = 0 .03 , a n d tf = 0.5 m i n . 

Lf = 3 5 . 7 [ 7 . 3 5 1 - ° · 6 7 ^ ( 1 . 0 ) ( 0 . 0 ( ^ 2 5 ) ] 1 / 2 ( 0 . 0 3 1 · 2 6 5 / 0 . 5 0 · 6 5 3 ) = 44.7 lb/(f t 2 )(hr) 

Step 4. Ca l cu l a t e cycle l o a d i n g Lc [ E q . (7 .40) ] . 

Lc = 44.7(28.6/100) χ 0.8 = 10.23 lb/(f t 2 )(hr) 

Step 5. D e t e r m i n e t he r equ i r ed filter a r e a [ E q . (7 .41) ] . 

30,000 lb/day χ 7 days/week χ week/100 hr 
F , , t e r ^ = 10.23 lb/(ft*)(hr) = 2 0 5 3 ft2 

5. P ressure Fil trat ion 
F i l t r a t i o n o f s ludges in filter p resses is e conomica l ly feasible w h e n e v e r 

l a b o r cos t s a r e relat ively low, o w i n g t o t he difficulty of full a u t o m a t i o n o f t h e 
o p e r a t i o n . Recen t ly , sys tems wi th fully a u t o m a t i c o p e r a t i o n h a v e b e e n 
ava i lab le commerc i a l l y wi th a u t o m a t i c o p e n i n g of t h e press , c a k e d i s cha rge , 
a n d w a s h i n g of t he filter m e d i a be tween cycles. T h e s e n e w d e v e l o p m e n t s t e n d 
t o m a k e filter presses des i rab le for use m o r e f requent ly in t h e fu ture . 

T h e m a i n a d v a n t a g e of filter presses over r o t a r y v a c u u m filters is t h a t a 
d r i e r c a k e c a n be o b t a i n e d . T h i s is especial ly a d v a n t a g e o u s if filtration is 
fo l lowed by inc ine ra t ion . 

6. Centr i fugat ion 
D e w a t e r i n g of s ludges b y cen t r i fuga t ion h a s been app l i ed w i th i nc reas ing 

f requency in t h e last few years . A ske tch o f a typica l centr i fuge for th is service 
(a c o n t i n u o u s solid b o w l type) is s h o w n in F ig . 7.20. 

T h e c o m p o n e n t s of t h e centr i fuge a r e (1) fixed cas ing , (2) r o t a t i n g b o w l , 
(3) r o t a t i n g i nne r conveyor , (4) d r iv ing c o m p o n e n t s ( m o t o r a n d gea r sys t em) , 
(5) s lur ry inlet p o r t , (6) sol ids d i scha rge p o r t , a n d (7) l iquid d i scha rge p o r t . 
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Fig. 7.20. Bird continuous solid bowl centrifuge. (Courtesy of Bird Machine 
Company, Inc.) 

Sludge sol ids a r e c o m p a c t e d b y cent r i fugal force aga in s t t h e i n n e r wal l s o f 
t he r o t a t i n g b o w l , t h e n p i cked u p by t h e c o n v e y o r a n d t a k e n t o t h e so l ids 
d i scha rge p o r t . L i q u i d is d i s cha rged a t t h e o p p o s i t e e n d o f t h e b o w l . N o 
es tab l i shed des ign p r o c e d u r e is ava i l ab le f r o m l a b o r a t o r y d a t a , b u t feasibil i ty 
of cen t r i fuga t ion for a specific s ludge m a y b e e v a l u a t e d f r o m tes ts e m p l o y i n g 
l a b o r a t o r y cent r i fuges . 

7. Bed Drying of S ludges 
7.1. I N T R O D U C T I O N 

A i r d r y i n g o f s ludges o n s a n d b e d s is o n e o f t h e m o s t e c o n o m i c a l m e t h o d s 
for dewa te r i ng . I t is t h e m o s t c o m m o n m e t h o d for smal l t r e a t m e n t p l a n t s , for 
b o t h d o m e s t i c a n d indus t r i a l w a s t e w a t e r s . 
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E c o n o m i c feasibili ty of t h e p rocess d e p e n d s grea t ly o n (1) ava i lab i l i ty o f 
l a n d a t a r e a s o n a b l e cos t , a n d (2) f avo rab l e c l ima t i c c o n d i t i o n s (d ry a n d w a r m 
c l imate) c o n d u c i v e t o o p t i m u m e v a p o r a t i o n c o n d i t i o n s . T h e a r e a n e e d e d is a 
func t ion of (1) rainfal l a n d e v a p o r a t i o n r a t e s , a n d (2) s ludge charac te r i s t i c s 
(for e x a m p l e , ge l a t inous s ludges r equ i r e a la rger a r e a ) . 

7.2. M E C H A N I S M S OF D E W A T E R I N G S L U D G E S 
O N S A N D B E D S 

D e w a t e r i n g o f s ludges occu r s by t w o m e c h a n i s m s : 
1. P e r c o l a t i o n of w a t e r t h r o u g h t h e s a n d bed . T h e p r o p o r t i o n of w a t e r 

r e m o v e d b y p e r c o l a t i o n var ies f r o m 20 t o 5 5 % d e p e n d i n g o n ini t ia l so l ids 
c o n t e n t o f s ludge a n d charac te r i s t i c s o f sol ids . P e r c o l a t i o n is genera l ly c o m 
ple te in 1-3 d a y s , r e su l t i ng in so l ids c o n c e n t r a t i o n a s h igh a s 1 5 - 2 5 % . 

2. E v a p o r a t i o n of wa te r . E v a p o r a t i o n occu r s by m e c h a n i s m s of r a d i a t i o n 
a n d convec t ion . T h e r a t e of e v a p o r a t i o n is s lower t h a n t h a t of d e w a t e r i n g b y 
pe rco l a t i on , a n d it is re la ted t o t e m p e r a t u r e , re la t ive h u m i d i t y , a n d a i r veloci ty . 
A typica l e v a p o r a t i o n r a t e cu rve is s h o w n in F i g . 7.21 a n d exhib i t s t w o d i s 
t i n c t sec t ions c o r r e s p o n d i n g t o c o n s t a n t a n d fall ing r a t e pe r iods . 

M o i s t u r e (%) 

Fig. 7.21. Evaporation rate curve. 

D u r i n g t h e c o n s t a n t r a t e pe r i od , the s ludge surface is wet , a n d r a t e of 
e v a p o r a t i o n is relat ively i n d e p e n d e n t of t h e n a t u r e of t h e s ludge . T h i s r a t e is 
less t h a n t h a t w h i c h is obse rved f rom a free w a t e r surface (free w a t e r e v a p o r a 
t i o n ) , o w i n g to t he fact t h a t t he p l a n e of v a p o r i z a t i o n is b e l o w the surface o f 
t h e sol id. E v a p o r a t i o n p r o c e e d s a t a c o n s t a n t r a t e un t i l a cri t ical m o i s t u r e 
c o n t e n t is r e a c h e d (F ig . 7.21). 

W h e n the cr i t ical m o i s t u r e c o n t e n t is r e a c h e d , w a t e r n o longe r m i g r a t e s t o 
t h e surface of t he s ludge a s r ap id ly as i t e v a p o r a t e s , a n d t h e fall ing r a t e p e r i o d 
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occur s . R a t e of d r y i n g d u r i n g th is p e r i o d is r e l a t ed t o t h i cknes s o f t h e s ludge , 
i ts phys ica l a n d chemica l p r o p e r t i e s , a n d a t m o s p h e r i c c o n d i t i o n s . S u b 
surface d r y i n g c o n t i n u e s un t i l a n e q u i l i b r i u m m o i s t u r e c o n t e n t is r e a c h e d 
(F ig . 7.21). 

7 . 3 . C O N S T R U C T I O N OF S A N D D R Y I N G B E D S 

Typ ica l s a n d b e d c o n s t r u c t i o n is i n d i c a t e d in F ig . 7.22, w h i c h s h o w s a 
ver t ica l sec t ion o f a d r y i n g bed . U n d e r d r a i n p i p i n g m a y b e of vitrified clay, 
w i th a m i n i m u m d i a m e t e r o f 4 in . a n d a m i n i m u m s lope o f 1%. T h e filtrate is 
r e t u r n e d t o t h e t r e a t m e n t p l an t . 

.Size: 0.3-1.2 mm 
'· · diameter 

-Gravel 

-··.·•!· Sand 
: ' : ' : a to 9" 

Gravel 
8 to 18" 

Size: 1/8 to I inch 
diameter 

Underdrain » » Filtrate 

p i p i n g - ' 

Fig. 7.22. Sand drying bed. 

Sludge is usua l ly app l i ed t o d r y i n g b e d s a t d e p t h s o f 8 -12 in . I t is left t o 
d r y unt i l it r eaches a sol ids c o n t e n t b e t w e e n 30 a n d 5 0 % . I t is r e m o v e d w h e n 
sol ids r e a c h a liftable s ta te , wh ich var ies wi th i n d i v i d u a l j u d g e m e n t a s well a s 
t h e final d i sposa l m e a n s . 

T h e p e r i o d of t i m e be tween a p p l i c a t i o n of s ludge t o s a n d b e d a n d i ts r e m o v a l 
in a l iftable s ta te is cal led b e d t u r n o v e r t ime . I t var ies b e t w e e n 20 a n d 75 d a y s , 
d e p e n d i n g o n t h e n a t u r e of t h e s ludge . I t is poss ib le t o r e d u c e subs t an t i a l ly 
t h e b e d t u r n o v e r t i m e by p r i o r t r e a t m e n t w i th chemica l c o a g u l a n t s , for 
e x a m p l e , a l u m a n d polye lec t ro ly tes . By chemi ca l p r e t r e a t m e n t it is poss ib le 
t o r educe d r y i n g t i m e by as m u c h as 5 0 % , a n d it is feasible t o a p p l y t h e s ludge 
in a th i cke r l ayer . Bed yield is r e p o r t e d t o v a r y l inear ly w i t h c o a g u l a n t 
d o s a g e . 

7.4. D R Y I N G B E D D E S I G N 

In t h e pas t , d r y i n g b e d s h a v e b e e n des igned o n a n emp i r i ca l bas is of f t 2 o f 
bed a r e a / c a p i t a o r lb o f d r y so l id s / ( f t 2 ) (yea r ) . Va lues o f these p a r a m e t e r s 
e m p l o y e d in t he U n i t e d S ta tes a r e given in Ref. [ 7 ] . 
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A r a t i o n a l m e t h o d of des ign h a s been deve loped recent ly by S w a n w i c k [ 6 ] 
a n d is r e c o m m e n d e d by Eckfe lder a n d F o r d [ 1 ] . T h e p r o c e d u r e is a s fo l lows, 
a n d E x a m p l e 7.5 i l lus t ra tes its app l i ca t ing . 

Step 1. Fill a glass cy l inder ( 1 - 2 in. d i a m e t e r ) c o n t a i n i n g a s a n d b a s e wi th 
tes t s ludge t o a d e p t h of 8 -12 in. ( d e p t h env is ioned for t he a c t u a l u n i t t o b e 
des igned) . 

Step 2. A l l o w c o m p l e t e d r a i n a g e of w a t e r f rom s ludge . T h i s r equ i r e s a 
d r a i n a g e p e r i o d of 1-3 d a y s , d e p e n d i n g o n s ludge charac te r i s t i c s a n d ini t ia l 
m o i s t u r e c o n t e n t . T h i s c o r r e s p o n d s t o t h e p e r c o l a t i o n p h a s e of t h e d r y i n g 
m e c h a n i s m . 

Step 3. O n c e d r a i n a g e is c o m p l e t e d , r e m o v e t h e s ludge c o r e f rom cyl inder . 
Ut i l ize a smal l f rac t ion o f i t t o d e t e r m i n e m o i s t u r e c o n t e n t (by oven d r y i n g 
a n d we igh ing before a n d af ter) . 

Step 4. P lace t h e s ludge c o r e in a n o p e n d i sh t o a l low e v a p o r a t i o n t o 
occur . C h e c k t h e s a m p l e per iod ica l ly un t i l des i red m o i s t u r e c o n t e n t is r e a c h e d 
(mo i s tu r e c o n t e n t w h e n s ludge c a k e is l if table). 

Step 5. T h e difference b e t w e e n weigh ts o f w a t e r ( m o i s t u r e c o n t e n t ) a t t h e 
e n d of S teps 3 a n d 4 c o r r e s p o n d s t o t h e w a t e r t o b e e v a p o r a t e d ( e v a p o r a t i o n 
p h a s e in t he d r y i n g m e c h a n i s m ) . W a t e r t o b e e v a p o r a t e d is expressed in in . 
e v a p o r a t e d / f t 2 o f b e d a r e a (deta i ls o f ca l cu l a t i on in S t e p 5, E x a m p l e 7.5). 

Step 6. O b t a i n local m e t e o r o l o g i c a l r e c o r d s for ra infal l ( in.) a n d e v a p o r a 
t i on (in.) t a b u l a t e d o n a m o n t h l y bas i s . 

Step 7. P r e p a r e in t a b u l a r f o r m a r e c o r d of inches of ra infal l mu l t ip l i ed b y 
a fac tor 0.57 vs. m o n t h . T h i s is b a s e d o n e x p e r i m e n t a l ev idence t h a t 4 3 % of 
t he rainfal l d r a i n s t h r o u g h t h e c a k e , leaving 5 7 % t o be e v a p o r a t e d . Ra in fa l l 
f rac t ion t o be e v a p o r a t e d var ies a c c o r d i n g t o rainfal l p a t t e r n s a n d in tens i ty . 
A va lue of less t h a n 5 7 % , for e x a m p l e , m i g h t b e expec ted in r eg ions w h e r e 
ra infal l is i n t ense a n d o f s h o r t d u r a t i o n . P r e p a r e a l so in t a b u l a r f o r m a r e c o r d 
of inches of e v a p o r a t i o n mul t ip l i ed b y a fac to r 0.75 vs . m o n t h . T h i s is b a s e d 
o n e x p e r i m e n t a l ev idence t h a t ave rage e v a p o r a t i o n of we t s ludge is 7 5 % of t h a t 
fo r free wa te r . 

Step 8. Ca l cu l a t e ave rage e v a p o r a t i o n r a t e (days / in . ) for e a c h m o n t h . 
Step 9. Based o n va lues ca lcu la ted in S tep 8, d e t e r m i n e t i m e r e q u i r e d t o 

e v a p o r a t e inches of w a t e r ca lcu la ted in S t ep 5 for e a c h m o n t h . 
Step 10. Based o n va lues ca lcu la ted in S t ep 8 a n d inches o f ra infa l l 

mul t ip l i ed by fac tor 0 .57, ca lcu la te t i m e r equ i r ed t o e v a p o r a t e rainfal l (days ) 
for each m o n t h . 

Step 11. T h e t o t a l t i m e for e v a p o r a t i o n o f w a t e r ca lcu la ted in S t e p 9 p lu s 
t h a t t o e v a p o r a t e ra infal l (S tep 10) is t h e n o b t a i n e d for e a c h m o n t h . 

Step 12. T a k e t he larges t o f t h e t o t a l t imes o b t a i n e d in S tep 11 as t h e des ign 
r e q u i r e m e n t . Ca l cu l a t e t h e f t 2 o f b e d a r e a r equ i r ed a s i nd i ca t ed i n E x a m p l e 
7.5 (S tep 12). 
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E x a m p l e 7.5 

S ludge d r y i n g b e d s a r e c o n s i d e r e d t o d e w a t e r 4000 l b / d a y (d ry we igh t ) o f 
a s ludge p r o d u c e d in a n i ndus t r i a l w a s t e w a t e r t r e a t m e n t p l a n t . T h e s ludge is 
app l i ed t o b e d s in 10-in. lifts. 

A l a b o r a t o r y s tudy s h o w s t h a t p e r c o l a t i o n inc reased sol ids c o n c e n t r a t i o n 
f rom its ini t ia l va lue of 5 % t o 2 0 % in 25 h r . S ludge is cons ide r ed l if table f r o m 
d ry ing b e d s a t 25%sol ids . M e t e o r o l o g i c a l r e c o r d s for t h e r eg ion a r e i n d i c a t e d 
in T a b l e 7.8. D e t e r m i n e t h e r e q u i r e d a r e a o f b e d s . 

TABLE 7 . 8 
Rainfall and Evaporation Record (Example 7 . 5 ) 

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. N o v . D e c . 

Rainfall (in.) 4.0 3.0 3.1 4.1 4.0 3.5 2.1 3.0 3.2 3.0 2.7 2.8 

Evaporation (in.) 5.8 6.5 7.5 8.7 11.2 11.0 13.2 11.3 9.1 6.5 4.6 3.1 

10 in. l i f t — 10/12 = 0 . 8 3 f t 

(I f t 2 ) χ ( 0 . 8 3 f t ) (62.4 I b / f t 3 ) = 5 l .8 lb 

Fig. 7.23. Basis of calculations for Example 7.5. 

S O L U T I O N T a k e s ludge dens i ty a s 62.4 l b / f t 3 . Base ca l cu la t ions o n t o t a l 
lb of we t s ludge app l i ed in a lift p e r f t 2 o f bed , a s i n d i c a t e d in F i g . 7 .23. 
Steps 1 and 2. P e r f o r m l a b o r a t o r y tes ts a s desc r ibed . 
Step 3. Sol ids c o n t e n t a t b e g i n n i n g o f p e r c o l a t i o n e q u a l s 5 % as s t a t ed . 

Based o n a 10-in. lift p e r f t 2 o f bed , th i s c o r r e s p o n d s t o (51.8 lb ) (0 .05) = 2.6 
l b / f t 2 (d ry sol ids) . Af ter d r a i n a g e t o 2 0 % sol ids t h e t o t a l we igh t o f we t c a k e 
pe r f t 2 o f a r e a (10-in. lift) is 2.6 l b / f t 2 / 0 . 2 = 13 l b / f t 2 . 

Step 4. E v a p o r a t i o n p r o c e e d s t o a final c a k e c o n t a i n i n g 2 5 % sol ids . T h i s 
c o r r e s p o n d s t o a t o t a l we igh t o f we t c a k e p e r f t 2 o f a r e a (10-in. lift) = 2.6 
lb /0 .25 = 10.4 l b / f t 2 . 
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Step 5. W a t e r e v a p o r a t e d p e r f t 2 o f a r e a (10-in. lift) is 

13.0 - 10.4 = 2.6 lb of water evaporated/f t 2 of bed area 
(Step 3) (Step 4) 

W a t e r e v a p o r a t e d is expressed in t e r m s o f inches e v a p o r a t e d p e r f t 2 o f bed 
a rea . V o l u m e of w a t e r e v a p o r a t e d ( f t 3 / f t 2 of bed a r ea ) is 

2.6 lb/ft 2 χ f t 3 /62.41b = 0.0417 f t 3 / f t 2 

o r 
0.0417 f t 3 / f t 2 χ 12 in./ft = 0.5 in. of water to be evaporated/f t 2 of bed area 

Step 6. M a i n t a i n me teo ro log i ca l r e c o r d s (Tab l e 7.8). 
Step 7. R e c o r d inches of rainfal l χ 0 .57 ; see c o l u m n s (2) a n d (3) o f T a b l e 

7.9. R e c o r d inches of e v a p o r a t i o n χ 0 . 7 5 ; see c o l u m n s (4) a n d (5) o f T a b l e 7.9. 
Step 8. T a k e t h e a v e r a g e e v a p o r a t i o n r a t e ( days / i n . ) for e a c h m o n t h . 

T h i s ca lcu la t ion is i nd ica t ed in c o l u m n s (6) a n d (7) of T a b l e 7.9. 
Step 9. D e t e r m i n e t h e t ime r e q u i r e d t o e v a p o r a t e 0.5 in . o f w a t e r (see 

S t e p 5). T h i s ca l cu l a t ion is i nd ica t ed i n c o l u m n (8) o f T a b l e 7.9. 
Step 10. Ca l cu l a t e t he t ime r e q u i r e d t o e v a p o r a t e rainfal l (days ) . T h i s 

ca l cu l a t ion is i nd ica t ed in c o l u m n (9) o f T a b l e 7.9. 
Step 11. E s t i m a t e t h e t o t a l t i m e r e q u i r e d t o e v a p o r a t e 0.5 in . o f w a t e r plus 

ra infal l . See c o l u m n (10), T a b l e 7.9. 
Step 12. T a k e D e c e m b e r a s t h e c o n t r o l m o n t h [ la rges t va lue of t o t a l 

t i m e , i .e. , 27 .95 d a y s , c o l u m n (70) o f T a b l e 7 .9 ] . R e q u i r e d a r e a o f s a n d b e d is 
t h e n 

4000 lb dry sludge/day χ f t 2 /2 .6 lb dry sludge χ 27.95 days 

= 43,000 f t 2 of bed area required 

8. P r e -dewa te r i ng T r e a t m e n t 
of S ludges 

F r e q u e n t l y , d e w a t e r i n g of s ludges is difficult, especial ly w h e n of ge l a t inous 
cons is tency . D e w a t e r i n g these types o f s ludges b y v a c u u m filtration, for 
e x a m p l e , is exceedingly difficult, a n d p r e - d e w a t e r i n g t r e a t m e n t m a y b e 
r e c o m m e n d e d . T w o types of p r e d e w a t e r i n g t r e a t m e n t a r e d iscussed in this 
s ec t i on : (1) chemica l c o a g u l a t i o n a n d (2) h e a t t r e a t m e n t . 

8.1. C H E M I C A L C O A G U L A T I O N 
A d d i t i o n of chemica l c o a g u l a n t s p r o m o t e s coa lescence of s ludge par t i c les 

a n d t h u s i m p r o v e s the i r abi l i ty t o b e filtered. I t m a y be p r e c e d e d b y w a s h i n g 
of t he s ludge , a n o p e r a t i o n w h i c h is k n o w n as e lu t r i a t ion . E l u t r i a t i o n r e d u c e s 
a lka l in i ty , a n d the re fore min imizes c o a g u l a n t r e q u i r e m e n t s . F e C l 3 , l ime , a n d 
polye lec t ro ly tes a r e t h e m o s t c o m m o n c o a g u l a n t s . 
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8.2. H E A T T R E A T M E N T OF S L U D G E S 
T h r e e processes of h e a t t r e a t m e n t a re desc r ibed in th is s ec t ion : (1) P o r t e u s , 

(2) Z i m p r o , a n d (3) N i c h o l s p rocesses . T h e s e processes involve we t o x i d a t i o n 
of s ludge . T h i s cons i s t s of chemica l o x i d a t i o n o f o r g a n i c sol ids in a n a q u e o u s 
p h a s e b y d issolved oxygen in r eac to r s o p e r a t i n g a t h igh t e m p e r a t u r e s a n d 
p re s su re s . A d v a n t a g e s o f h e a t t r e a t m e n t a r e t h a t s ludge is s teri l ized, de 
o d o r i z e d , a n d c a n be easily filtered e i the r in v a c u u m o r p re s su re filters. A 
c o m b i n e d flow d i a g r a m for the P o r t e u s a n d Z i m p r o processes is s h o w n in 
F ig . 7.24. 

Fig. 7.24. Combined flow diagrams for the Porteus and Zimpro processes. 

T h e P o r t e u s p rocess involves c o n t i n u o u s o p e r a t i o n u n d e r p re s su res o f 
180-210 psig a n d t e m p e r a t u r e s of a p p r o x i m a t e l y 4 0 0 ° F . Af ter pas s ing t h r o u g h 
a g r inder , t h e s ludge is p u m p e d f rom the a c c u m u l a t o r t h r o u g h a h e a t ex
c h a n g e r , w h e r e it is p r e h e a t e d b y h o t s ludge effluent f rom t h e r eac to r . H i g h 
p re s su re s t e a m is injected i n t o t h e r eac to r . R e t e n t i o n t ime in t h e r e a c t o r is 
a p p r o x i m a t e l y 30 m i n . A n 8 0 - 9 0 % r e d u c t i o n o f o r g a n i c m a t t e r c a n b e 
a c c o m p l i s h e d ; t h u s s o m e o r g a n i c m a t t e r a n d a m m o n i a a re f o u n d a m o n g t h e 
e n d p r o d u c t s . 

T h e Z i m p r o p roces s differs f rom the P o r t e u s p r i m a r i l y in t h e fact t h a t a i r 
( ins tead of s t eam) is injected by a n a i r c o m p r e s s o r (F ig . 7.24). M a x i m u m 
o p e r a t i n g t e m p e r a t u r e s a r e 3 0 0 ° - 6 0 0 ° F , a n d des ign o p e r a t i n g p re s su re s a r e 
150-3000 ps ig . C o m b u s t i o n is 8 0 - 9 0 % c o m p l e t e . H e a t re lease pe r lb of a i r is 
1200-1400 B T U . 

Coagulated sludge 

Sludge inlet 

X 

Sludge outlet 
(To thickening and/or 

filtration/or drying beds) 
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T h e N i c h o l s h e a t - t r e a t m e n t p roces s [4] is a t h e r m o m e c h a n i c a l sys tem t h a t 
c o n d i t i o n s all types o f sewage s ludge for effective d e w a t e r i n g . S ludge is s u b 
j ec t ed t o a t e m p e r a t u r e of 3 9 5 ° F for a p e r i o d of 30 m i n , b r e a k i n g d o w n 
ge la t inous cell s t ruc tu re s t o re lease e n t r a i n e d w a t e r . Af te r t h i s t h e r m a l a g i n g 
s tep , specific res i s tance a n d cap i l la ry s u c t i o n t i m e o f t h e s ludge a r e l o w e r e d t o 
a p o i n t w h e r e it c a n easi ly be d e w a t e r e d mechan ica l l y t o a h igh sol ids c o n 
c e n t r a t i o n w i t h o u t a d d i t i o n o f chemica l s . 

H e a t t r e a t m e n t c a n be u s e d t o c o n d i t i o n al l t ypes of c o m b i n a t i o n s of o r g a n i c 
w a s t e w a t e r s ludge , i n c l u d i n g t h e difficult t o h a n d l e w a s t e a c t i v a t e d s ludge . 
T h e p resence of i ndus t r i a l was tes h a s n o t b e e n f o u n d t o affect s ludge c o n 
d i t i o n i n g . 

A s s h o w n i n F i g . 7 .25, s ludge first passes t h r o u g h g r inde r s , t h e n i n t o h i g h 
p r e s s u r e feed p u m p s . I n t e r l o c k s p r e v e n t i m p r o p e r flow levels a n d r a t e s a n d 
a s s u r e c o n t i n u o u s feed. S ludge t rave ls d i rec t ly t o t h e h e a t e x c h a n g e r sec t ion , 
w h e r e it is b r o u g h t t o p r o c e s s t e m p e r a t u r e i n t w o s t a g e s ; i t t h e n flows c o n 
t i n u o u s l y t h r o u g h the r e a c t o r a l o n g s e r p e n t i n e t u b e s , w h e r e t h e r m a l a g i n g 
t a k e s p lace . T h e t r ea t ed s ludge t h e n t rave l s b a c k t h r o u g h t h e h e a t e x c h a n g e r , 
t h i s t i m e giving u p i ts h e a t , a n d i n t o a vessel t h a t c o n t r o l s p r e s su re a n d 
b a l a n c e s t h e sys tem o u t p u t aga ins t i n p u t . H e a t - t r e a t e d s ludge is t h e n d i s 
c h a r g e d i n t o a d e c a n t i n g t a n k . T h i c k e n e d s ludge is d r a w n c o n t i n u o u s l y o u t o f 
t h e d e c a n t i n g t a n k i n t o a c o n d i t i o n e d s ludge t a n k e q u i p p e d w i t h m i x e r s . 
F i n a l l y , c o n d i t i o n e d , t h i ckened , a n d h o m o g e n i z e d s ludge is p u m p e d t o t h e 
d e w a t e r i n g e q u i p m e n t . 

T h e p r i m a r y s ludge h e a t e r e m p l o y s w a t e r t o t rans fe r h e a t f r o m o u t g o i n g t o 
i n c o m i n g s ludge . T h i s m e t h o d p e r m i t s all s ludge t o flow u n h i n d e r e d t h r o u g h 
t h e h e a t e x c h a n g e r a l o n g p i p i n g des igned t o e l imina te t h e h i g h m a i n t e n a n c e 
cos t s a s soc i a t ed w i th p lugg ing . T h e s e c o n d a r y h e a t e r a l so m a k e s u s e o f w a t e r 
t o t r ans fe r h e a t t o s ludge. Since i t is a n ind i rec t " c l o s e d l o o p " sys t em, w a t e r is 
r e t a ined , a n d all h e a t t h a t r e m a i n s af ter t h e s ludge h a s b e e n h e a t e d t o p r o c e s s 
t e m p e r a t u r e is recycled t o t h e h o t w a t e r g e n e r a t o r for reuse . I n a d d i t i o n , w i t h 
ind i rec t h e a t i n g the re is n o increase in t h e v o l u m e o f s ludge t o b e d e w a t e r e d . 
W h e n r equ i r ed , t h e N i c h o l s sys tem c a n c o m b i n e d i rec t h e a t i n g for q u i c k 
s t a r t - u p a n d ind i rec t h e a t i n g t o p r o v i d e m a x i m u m day- in , d a y - o u t efficiency. 
Because o f a u t o m a t i c c o n t r o l s , safety i n t e r locks , levels, t e m p e r a t u r e p r o b e s , 
a n d c e n t r a l i z e d va lv ing , t he en t i re N i c h o l s h e a t - t r e a t m e n t s y s t e m c a n b e 
c o n t r o l l e d b y o n e o p e r a t o r . N e a r l y all sys t em c o m p o n e n t s c a n b e l o c a t e d 
ou t s ide , effectively c u t t i n g d o w n o n i n d o o r space r e q u i r e m e n t s . 

T h e a u t o m a t i c p re s su re c o n t r o l sys t em p reven t s b o i l i n g o f s ludge a n d 
r e s u l t a n t c o r r o s i o n o f p i p i n g , in sp i te o f flow c o n t r o l va lve o p e n i n g s o r 
e q u i p m e n t fa i lures . T h i s a r r a n g e m e n t a l so a l l ows t h e sys tem t o r e a c h o p e r a t i n g 
p res su re a u t o m a t i c a l l y , a s s o o n as t he feed p u m p s a r e t u r n e d o n . 

W h e r e a N i c h o l s - H e r r e s h o f f mu l t ip l e h e a r t h fu rnace (F ig . 7.26) is u sed , t h e 
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h e a t - t r e a t m e n t sys tem is o p e r a t e d , excep t for e lec t r ica l p o w e r , f r o m t h e w a s t e 
h e a t r ecovered f rom the fu rnace . I n a d d i t i o n , t h e c o n d i t i o n e d s ludge c a n b e 
d e w a t e r e d t o such a n ex ten t t h a t fuel for t h e fu rnace is r e q u i r e d on ly a t fu rnace 
w a r m - u p . 

Fig. 7.26. Burning flow diagram of Nichols-Herreshoff multiple hearth 
furnace for sludge incineration. (Courtesy of Nichols Engineering & Research 
Corporation.) 
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9. S ludge Disposal 
T w o f u n d a m e n t a l a p p r o a c h e s a r e ut i l ized in s ludge d i s p o s a l : l and d i s p o s a l 

o r i nc ine ra t ion . 

9.1. L A N D D I S P O S A L OF S L U D G E S 
T w o types o f l and d i sposa l of s ludges a re m e n t i o n e d h e r e : (1) l a g o o n i n g 

a n d (2) o x i d a t i o n p o n d s . L a g o o n i n g m a y be a n e c o n o m i c a l d i sposa l m e t h o d 
w h e n large l and a r e a s a re ava i lab le a t low cos t . S u p e r n a t a n t l i q u o r is r e m o v e d 
c o n t i n u o u s l y , a n d even tua l ly t he l a g o o n b e c o m e s filled wi th so l ids . In a 2- t o 
3-year p e r i o d a 5 0 - 6 0 % m o i s t u r e c o n t e n t c a n b e a t t a i n e d . T h e n t h e l a g o o n is 
a b a n d o n e d a n d a n e w l o c a t i o n is selected. 

O x i d a t i o n p o n d s s imi la r t o t h o s e d i scussed for was t ewa te r s in C h a p t e r 6, 
Sec t ion 6 c a n be ut i l ized. A n a e r o b i c c o n d i t i o n is m a i n t a i n e d o n t h e sur face , 
d u e m a i n l y t o t he p resence of a l g a e . A n a e r o b i c c o n d i t i o n s preva i l in d e e p e r 
layers . 

9.2. S L U D G E I N C I N E R A T I O N 
Sludge i nc ine r a t i on is a f requent ly e m p l o y e d d i sposa l m e t h o d . Self-

sus ta in ing c o m b u s t i o n is s o m e t i m e s poss ib le af ter b u r n i n g a n aux i l i a ry fuel 
wh ich raises t h e t e m p e r a t u r e of t h e i n c i n e r a t o r a b o v e ign i t i on p o i n t . T h e 
c o m b u s t i o n p r o d u c t s a re ma in ly c a r b o n d iox ide , sul fur d i o x i d e , a n d a s h . 

T w o types of i nc ine r a t i on o p e r a t i o n s a r e (1) mu l t ip l e h e a r t h furnaces a n d 
(2) fluidized b e d d r y i n g a n d b u r n i n g . A d i a g r a m of a mu l t i p l e h e a r t h fu rnace 
for i nc ine ra t ion of s ludges ( N i c h o l s - H e r r e s h o f f furnace) is s h o w n in F ig . 7.26. 

. Fluidized 
: bed .. 

Concentrated 

Combustion gases 

sludge 
Auxiliary 

+ ash 

Cyclone-W 

ScrubberH 

air blower 

Fig. 7.27. Sketch of a fluidized bed disposal system. 
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Sludge passes d o w n w a r d t h r o u g h a series o f h e a r t h s . V a p o r i z a t i o n of m o i s 
t u r e occu r s in t h e u p p e r h e a r t h s , fo l lowed b y i n c i n e r a t i o n in t h e l o w e r o n e s . 
A s h e s f rom t h e b o t t o m of t h e fu rnace a r e co l l ec t ed b y a d r y a sh h a n d l i n g 
sys tem. A n a l t e rna t ive w a t e r s c r u b b i n g sys t em c a n a l s o b e p r o v i d e d . 

E x h a u s t gases c o m i n g f r o m t h e u p p e r sec t ion o f t h e fu rnace flow i n t o a 
V e n t u r i h igh ene rgy type s c r u b b e r for r e m o v a l o f fly a sh . F u r n a c e t e m p e r a t u r e 
is 1000° -1800°F . T h e furnace is a i r c o o l e d , a i r b e i n g b l o w n b y a fan . C o o l i n g 
a i r is r ec i rcu la ted t h r o u g h t h e a i r r ec i r cu l a t i on d u c t . A f rac t ion o f t h e coo l i ng 
a i r is w a s t e d t o t h e a t m o s p h e r e . 

A ske tch o f a fluidized b e d d i s p o s a l sys tem is s h o w n in F ig . 7.27. S ludge is 
fed i n t o a b e d o f s a n d fluidized by ai r . T h e t e m p e r a t u r e of t h e fluidized b e d is 
1400° -1500°F . T h e r e is r a p i d d r y i n g a n d c o m b u s t i o n o f t h e s ludge . A s h is 
ca r r i ed u p f rom the b e d b y t h e c o m b u s t i o n gases a n d s e p a r a t e d b y w a t e r 
s c r u b b i n g a n d cyc lon ing . Aux i l i a ry fuel is u t i l ized a t least fo r s t a r t i n g t h e 
c o m b u s t i o n p roces s . 

Problems 
I. The following data are obtained from bench scale aeration of a sludge for which a con
tinuous digester is to be designed. 

Time of aeration 
(days) 

Suspended solids 
(mg/liter) 

Oxygen uptake rate 
[mg/(liter)(hr)] 

0 6750 50 
5 5650 21 

10 4750 11 
15 4200 7 
20 3750 6 
25 3600 5.5 
30 3550 5.5 

6000 lb/day of this sludge are to be treated in an aerobic digester which is designed to achieve 
80% reduction of degradable volatile suspended solids. Assume a steady state concentration 
of 3500 mg/liter of suspended solids in the digester. Estimate basin volume (gal) and oxygen 
requirements (lb 0 2 / h r ) for the aerobic digester. 

II. Air drying is being considered to dewater 1500 lb/day (dry weight) o f a sludge utilizing 
8-in. lifts. A laboratory study has shown that percolation increased solids concentration from 
its initial value of 2% to 20% solids in 20 hr. Calculate the areas o f drying beds ( f t 2 ) required 
for liftable sludges with 30 and 35% solids, respectively. Base calculations o n 3 in. of rainfall 
and 4.5 in. evaporation for a 30-day period. 
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1. In t roduct ion 
Ter t i a ry t r e a t m e n t (a lso referred as " a d v a n c e d w a s t e w a t e r t r e a t m e n t " ) 

cons i s t s of p rocesses wh ich a r e des igned t o achieve h ighe r effluent qua l i t y t h a n 
c o n v e n t i o n a l s e c o n d a r y t r e a t m e n t s desc r ibed in C h a p t e r s 5 a n d 6. T h e fo l low
ing t ypes o f t e r t i a ry t r e a t m e n t a r e de sc r ibed in th is c h a p t e r : (1) s u s p e n d e d 
sol ids r e m o v a l , (2) c a r b o n a d s o r p t i o n ( o r g a n i c r e m o v a l ) , (3) i o n e x c h a n g e , 
(4) reverse osmos i s , (5) e lec t rodia lys is , (6) chemica l o x i d a t i o n ( c h l o r i n a t i o n 
a n d o z o n a t i o n ) , (7) n u t r i e n t r e m o v a l m e t h o d s (n i t rogen a n d p h o s p h o r u s 
r e m o v a l ) , a n d (8) s o n o z o n e w a s t e w a t e r pur i f ica t ion p rocess . T h e s e p rocesses 
a r e n o t ut i l ized extensively in w a s t e w a t e r t r e a t m e n t t o d a y , b u t the i r use o n a n 
increas ing ly la rger scale is an t i c ipa t ed as effluent qua l i ty r e q u i r e m e n t s b e c o m e 
m o r e s t r i ngen t in t he fu ture . 

S u s p e n d e d sol ids wh ich h a v e n o t b e e n r e m o v e d by c o n v e n t i o n a l p r i m a r y 
a n d s e c o n d a r y o p e r a t i o n s m a y cons i t u t e a m a j o r p a r t o f t h e B O D of effluents 
f r o m w a s t e w a t e r t r e a t m e n t p l an t s . T h e fo l lowing r e m o v a l p rocesses for these 
s u s p e n d e d sol ids a re ava i l ab l e : (1) mic rosc reen ing , (2) f i l t ra t ion, a n d (3) 
c o a g u l a t i o n . 

M i c r o s c r e e n s a re w o u n d a r o u n d r o t a t i n g d r u m s . W a s t e w a t e r is fed c o n 
t i n u o u s l y t o the ins ide of t he d r u m , flowing t o a c lear w a t e r s to rage c h a m b e r 
o n t h e ou t s ide . C l e a n i n g of t h e i nne r surface of t he d r u m is p e r f o r m e d by 
s p r a y s o f c lear wa te r , w a s h i n g r e q u i r e m e n t s u sua l l y b e i n g a b o u t 5 % of feed 
v o l u m e . M i c r o s c r e e n i n g resu l t s in 7 0 - 9 0 % r e m o v a l of s u s p e n d e d so l ids . 
F i l t r a t i o n is c o m m o n l y used for s u s p e n d e d sol ids r e m o v a l y ie ld ing r e m o v a l 
efficiencies u p t o 9 9 % . S a n d , a n t h r a c i t e , a n d d i a t o m a c e o u s e a r t h a r e t h e m o s t 
c o m m o n l y e m p l o y e d filter m e d i a . C o a g u l a t i o n is p e r f o r m e d u t i l iz ing a l u m , 
po lye lec t ro ly tes , l ime, a n d o t h e r chemica l agen t s . 

2. Suspended Solids Removal 
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3. Carbon Adsorp t ion 
3.1. I N T R O D U C T I O N 

A d s o r p t i o n is t h e c o n c e n t r a t i o n o f a so lu te a t t h e sur face o f a sol id . T h i s 
p h e n o m e n o n t a k e s p lace w h e n such a surface is p l aced in c o n t a c t wi th a 
so lu t ion . A layer of molecu les of so lu te a c c u m u l a t e s a t t h e surface o f t h e sol id 
d u e t o i m b a l a n c e of surface forces (F ig . 8.1). 

Nonbalanced forces 

Fig. 8.1. Representation of forces in a solid. 

In t he in te r io r o f t h e sol id, molecu les a r e comple t e ly s u r r o u n d e d b y s imi lar 
mo lecu le s a n d the re fore subjec ted t o b a l a n c e d forces, as i nd i ca t ed by t h e 
a r r o w s in F ig . 8 .1 . M o l e c u l e s a t t he surface a r e subjec ted t o n o n b a l a n c e d 
forces . Because these res idua l forces a r e sufficiently s t rong , t hey m a y i m 
p r i s o n molecu le s o f a so lu te wi th wh ich t h e so l id is in c o n t a c t . T h i s p h e n o m 
e n o n is cal led phys ica l (o r v a n de r W a a l s ) a d s o r p t i o n . T h e sol id (e.g. , a c t i va t ed 
c a r b o n ) is t e r m e d the a d s o r b e n t a n d the so lu te be ing a d s o r b e d is t h e a d s o r b a t e . 
A d s o r p t i o n capac i ty is di rect ly re la ted t o t he t o t a l surface o f a d s o r b e n t s ince 
t he la rger th is surface is , t h e m o r e res idua l ( u n b a l a n c e d ) forces a r e ava i l ab le 
for a d s o r p t i o n . 

3.2. A C T I V A T E D C A R B O N S A S A D S O R B E N T S 
A c t i v a t e d c a r b o n s h a v e been widely used a s a d s o r b e n t s in w a t e r t r e a t m e n t 

p l a n t s t o r e m o v e tas te a n d o d o r c a u s i n g o rgan i c s . I t is expec ted t h a t w i th t h e 
e m p h a s i s be ing p laced o n h ighe r qua l i t y effluents, use o f ac t iva t ed c a r b o n s in 
t e r t i a ry t r e a t m e n t o f was t ewa te r s will inc rease cons ide rab ly in t h e fu ture . 

Preparation of activated carbons. A c t i v a t e d c a r b o n s a r e p r e p a r e d f r o m 
c a r b o n a c e o u s r a w m a t e r i a l s such as w o o d , l ignite , coa l , a n d n u t shells b y a 
p rocess of t h e r m a l ac t iva t ion w h i c h yields a very p o r o u s s t r u c t u r e w i th la rge 
surface a r ea s (as h igh as 1000 m 2 / g ) . A d s o r p t i o n e q u i l i b r i u m is e s tab l i shed w h e n 
t h e c o n c e n t r a t i o n of c o n t a m i n a n t r e m a i n i n g in so lu t ion is in d y n a m i c b a l a n c e 
w i th t h a t a t t he surface o f t he so l id . 
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Reactivation of activated carbons. T h e g r e a t a d v a n t a g e of ac t iva t ed c a r b o n 
as a n a d s o r b e n t lies in t h e possibi l i ty of r eac t iva t ion ( u p t o 30 o r m o r e t imes) 
w i t h o u t app rec i ab l e loss o f a d s o r p t i v e p o w e r . U s u a l l y , r e a c t i v a t i o n is d o n e 
b y h e a t i n g s p e n t c a r b o n t o a b o u t 1700°F in a s t e a m - a i r a t m o s p h e r e ( t h e r m a l 
r eac t iva t ion ) . T h i s o p e r a t i o n c a n b e p e r f o r m e d in m u l t i p l e h e a r t h fu rnaces o r 
r o t a r y k i ln s . A d s o r b e d o rgan ic s a r e b u r n e d off, a n d ac t iva ted c a r b o n is r e 
s to red bas ica l ly t o i ts in i t ia l a d s o r p t i o n capac i ty . 

3.3. A D S O R P T I O N I S O T H E R M S 

E q u i l i b r i u m r e l a t i onsh ip s b e t w e e n a d s o r b e n t a n d a d s o r b a t e a r e d e s c r i b e d 
b y a d s o r p t i o n i s o t h e r m s . I n th i s sec t ion on ly t h e L a n g m u i r a n d F r e u n d l i c h 
i s o t h e r m s a r e m e n t i o n e d . 

3.3.1. Langmuir Isotherm 

I n t he d e v e l o p m e n t of t he L a n g m u i r i s o t h e r m it is a s s u m e d t h a t t he so lu te 
is a d s o r b e d a s a m o n o m o l e c u l a r layer a t t he sur face o f t h e a d s o r b e n t . T h i s is 
t h e m o s t of ten used a d s o r p t i o n i s o t h e r m , be ing given b y t h e r e l a t ionsh ip 

w h e r e Xis t h e we igh t o f so lu te a d s o r b e d ( a d s o r b a t e ) ( m g ) ; Μ t h e we igh t o f 
a d s o r b e n t ( g ) ; Κ t h e e q u i l i b r i u m c o n s t a n t ( c m 3 o f a d s o r b e n t / m g of a d s o r 
b a t e ) ; C t h e e q u i l i b r i u m c o n c e n t r a t i o n o f so lu te ( m g / l i t e r ) ; a n d b a c o n s t a n t 
wh ich r ep resen t s t h e m o n o l a y e r cove rage p e r u n i t we igh t o f a d s o r b e n t 
( m g o f a d s o r b a t e / g of a d s o r b e n t ) . A t y p i c a l p l o t o f X/M v s . C b a s e d o n 
E q . (8.1) is s h o w n in F ig . 8.2. 

E q u a t i o n (8 .1 ) is r ewr i t t en in l inear f o r m b y t a k i n g t he rec ip roca l o f b o t h 

m e m b e r s . 

X/M = KbCI(\+KC) (8.1) 

\KXlM) = (llKb)(llC) + (\lb) (8.2) 

X / M 

Fig. 8.2. Langmuir isotherm. 
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F r o m E q . (8.2) a p l o t o f I/(X/M) v s . 1/C yields a s t r a igh t l ine , w h i c h p e r m i t s 
d e t e r m i n a t i o n o f p a r a m e t e r s tfand b f r o m i ts s l ope a n d in te rcep t , respect ively . 

3.3.2. Freundlich Isotherm 
T h e F r e u n d l i c h i s o t h e r m is expressed b y t h e e q u a t i o n 

X/M a n d C h a v e t h e s a m e m e a n i n g as in L a n g m u i r ' s i s o t h e r m , a n d k a n d η 
a re c o n s t a n t s d e p e n d e n t o n several e n v i r o n m e n t a l f ac to r s . E q u a t i o n (8.3) is 
r ewr i t t en in l inear f o r m by t a k i n g l o g a r i t h m s o f b o t h m e m b e r s . 

E q u a t i o n (8.4) reveals t h a t a l o g a r i t h m i c p l o t of X/M vs . C yields a s t r a igh t 
l ine w h i c h p e r m i t s d e t e r m i n a t i o n o f p a r a m e t e r s η a n d k f r o m i ts s lope a n d 
in t e rcep t . 

3.4. A D S O R P T I O N O P E R A T I O N 
I n p rac t i ce , a d s o r p t i o n o f o rgan i c s in ac t iva t ed c a r b o n is c o n d u c t e d e i the r 

as a b a t c h o r c o n t i n u o u s o p e r a t i o n . I n b a t c h o p e r a t i o n , p o w d e r e d ac t iva t ed 
c a r b o n is m ixed wi th t h e w a s t e w a t e r a n d a l l owed t o set t le . C o n t i n u o u s o p e r a 
t i on is p e r f o r m e d in c o l u m n s c o n t a i n i n g g r a n u l a r c a r b o n ( 4 0 - 8 0 m e s h ) . I t is 
m o r e e c o n o m i c a l t h a n b a t c h o p e r a t i o n a n d h a s f o u n d the wides t a p p l i c a t i o n . 

R e m o v a l o f o rgan i c s in ac t i va t ed c a r b o n c o l u m n s o c c u r s by t h r e e m e c h 
a n i s m s : (1) a d s o r p t i o n of o r g a n i c mo lecu le s , (2) f i l t ra t ion of la rge par t i c les , 
a n d (3) pa r t i a l depos i t i on o f co l lo ida l ma te r i a l . P e r c e n t r e m o v a l d e p e n d s 
p r i m a r i l y o n c o n t a c t t ime be tween w a s t e w a t e r a n d ac t iva t ed c a r b o n . 

A s w a s t e w a t e r flows t h r o u g h t h e bed , c a r b o n nea re s t t o t h e feed p o i n t 
b e c o m e s s a t u r a t e d a n d m u s t be r ep laced w i t h fresh c a r b o n . T h i s is d o n e b y 
o p e r a t i n g several su i tab ly va lved c o l u m n s in series. T h e first c o l u m n is r e 
p l aced w h e n e x h a u s t e d , a n d t h e flow of w a s t e w a t e r is swi tched t o m a k e t h a t 
c o l u m n t h e last o n e in t h e ser ies . In la rge ins ta l l a t ions r e g e n e r a t i o n o f spen t 
c a r b o n is essent ia l for e c o n o m i c feasibil i ty. 

3.5. D E S I G N P R O C E D U R E FOR A C T I V A T E D 
C A R B O N A D S O R P T I O N C O L U M N S 

T h e des ign p r o c e d u r e desc r ibed is r e c o m m e n d e d by Eckenfe lde r a n d F o r d 
[ 5 ] a n d is b a s e d o n a n e q u a t i o n der ived by B o h a r t a n d A d a m s [ 1 ] . T h e fol
l o w i n g top ic s a r e d i scussed : (1) B o h a r t a n d A d a m s ' e q u a t i o n for p e r f o r m a n c e 
o f ac t iva ted c a r b o n a d s o r p t i o n c o l u m n s (Sec t ion 3 .5 .1) ; (2) l a b o r a t o r y tes ts 
w i th b e n c h scale c o l u m n s t o o b t a i n t h e necessary des ign p a r a m e t e r s (Sec t ion 
3 .5 .2) ; (3) " s c a l e - u p " o f l a b o r a t o r y d a t a a n d des ign of a p l a n t scale un i t 
(Sec t ion 3.5 .3) ; a n d (4) de r iva t i on o f B o h a r t a n d A d a m s ' e q u a t i o n (Sec t ion 
3.5.4). 

X/M = kC1,n (8.3) 

log(AVM) = (I/n) logC + log A: (8.4) 
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3.5.1. Bohart and A d a m s ' Equation 

In t h e o p e r a t i o n of a n ac t iva t ed c a r b o n a d s o r p t i o n c o l u m n , w a s t e w a t e r 
w i t h a n influent so lu te c o n c e n t r a t i o n C 0 (mg/ l i te r ) is fed i n t o t h e c o l u m n . 
I t is des i red t o r e d u c e so lu te c o n c e n t r a t i o n in t h e effluent t o a va lue n o t ex
ceed ing CE (mg/ l i te r ) , a s d e t e r m i n e d b y w a t e r qua l i t y r e q u i r e m e n t s . 

A t t he b e g i n n i n g of t h e o p e r a t i o n , w h e n ac t iva ted c a r b o n is fresh, effluent 
c o n c e n t r a t i o n is ac tua l ly lower t h a n a l lowab le c o n c e n t r a t i o n CE. A s t h e 
o p e r a t i o n p r o c e e d s a n d ac t iva ted c a r b o n a p p r o a c h e s s a t u r a t i o n , effluent c o n 
c e n t r a t i o n reaches va lue CE. Th i s c o n d i t i o n is cal led t h e b r e a k p o i n t . Le t / 
b e t h e t ime e lapsed t o r each the b r e a k p o i n t (service t i m e , h o u r s ) . A t t i m e /, 
o p e r a t i o n is d i s c o n t i n u e d a n d ac t iva ted c a r b o n is r egene ra t ed . 

A t t ime ze ro (t = 0 ) , t he theore t i ca l d e p t h of c a r b o n w h i c h is sufficient t o 
p r e v e n t effluent so lu te c o n c e n t r a t i o n f rom exceed ing va lue CE is cal led t h e 
cr i t ical b e d d e p t h D0 (ft). Ev iden t ly , D0 < D, w h e r e D is t he a c t u a l b e d d e p t h 
(ft) (F ig . 8 . 3 ) . 

S e r v i c e t ime; t 

[Break point] 

f t / h r 
C ' E > C E 

7 " " 
Do 

"0 ' 0 

Fig. 8.3. Concept of critical bed depth (D9). 

A d s o r p t i v e capac i ty (N0) is a n o t h e r i m p o r t a n t des ign va r i ab le . I t is t h e 
m a x i m u m a m o u n t of c o n t a m i n a n t so lu te t h a t c a n be a d s o r b e d by t h e c a r b o n 
( lb s o l u t e / f t 3 o f c a r b o n ) w h e n s a t u r a t i o n occu r s . T h e b r e a k p o i n t is usua l ly 
t a k e n before s a t u r a t i o n occu r s . A n o t h e r p a r a m e t e r w h i c h en te r s in B o h a r t 
a n d A d a m s ' e q u a t i o n is t h e r a t e c o n s t a n t K. T h i s a s s u m e s a f i rs t -order a d 
s o r p t i o n r a t e 

r = Kc (8.5) 
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mg of solute/(g of carbon) (hr) = Kmg of solute/liter of solution 

.'. Κ = liter of solution/(g of carbon)(hr) 

o r in Eng l i sh un i t s 

Κ = f t 3 of solution/(lb of carbon) (hr) 

P e r f o r m a n c e of c o n t i n u o u s ac t iva t ed c a r b o n c o l u m n s m a y be e v a l u a t e d by 
E q . (8 .6) , w h i c h w a s deve loped b y B o h a r t a n d A d a m s [ 1 ] . 

l n [ ( C 0 / C £ ) - 1] = \n(eKN°DiV- 1) - KC0t (8.6) 

w h e r e C 0 is t he inf luent so lu te c o n c e n t r a t i o n ( m g / l i t e r ) ; CE t he a l l o w a b l e 
effluent so lu te c o n c e n t r a t i o n (mg/ l i t e r ) ; Κ the r a t e c o n s t a n t [ f t 3 / ( l b o f c a r b o n ) 
( h r ) ] ; N0 t he adso rp t i ve capac i ty ( lb of so lu t e / f t 3 o f c a r b o n ) ; D t he d e p t h of 
c a r b o n b e d (f t) ; V t he l inear flow r a t e ( f t /h r ) ; a n d / t h e service t i m e (h r ) . 

A n e q u a t i o n for D0 is wr i t t en f rom E q . (8.6) . D0 (cri t ical d e p t h o f c a r b o n 
bed , ft) is t h e theore t i ca l d e p t h o f c a r b o n sufficient t o p r e v e n t effluent so lu te 
c o n c e n t r a t i o n f rom exceed ing va lue CE a t / = 0. D0 is o b t a i n e d f r o m E q . 
(8.6) b y le t t ing t = 0 a n d s o l v i n g for D (which e q u a l s D0 in th is case) . S ince 
t he e x p o n e n t i a l t e r m e K N o D , v is u sua l ly m u c h la rger t h a n un i ty , t h e u n i t y t e r m 
wi th in b r a c k e t s in t he r i g h t - h a n d m e m b e r o f E q . (8.6) is neglec ted . T h e final 
r e su l t is 

D0 = (V/KNo) ln [ ( C 0 / C £ ) - 1 ] (8.7) 

Expression for service time t. So lv ing E q . (8.6) for t a n d neg lec t ing t h e 
un i ty t e r m wi th in b r a c k e t s in t h e r i g h t - h a n d m e m b e r a s c o m p a r e d t o t h e 
e x p o n e n t i a l t e r m . 

t = (No/Co V)D - ln [ ( C 0 / C £ ) - \]/KC0 (8.8) 

E q u a t i o n (8.8) is t h e bas is for e x p e r i m e n t a l d e t e r m i n a t i o n of p a r a m e t e r s N0 

a n d Κ f rom b e n c h scale c o l u m n s . T h e p r o c e d u r e fo l lowed is desc r ibed in 
Sec t ion 3.5.2. 

3.5.2. Determination of Parameters N0, K, 
and D0 f rom Laboratory Data 

L a b o r a t o r y e q u i p m e n t r e c o m m e n d e d b y Eckenfe lde r a n d F o r d [ 5 ] is 
s h o w n in F ig . 8.4. R e q u i r e d d a t a for r e m o v a l of o rgan i c s a r e o b t a i n e d by 
pass ing w a s t e w a t e r c o n t a i n i n g a k n o w n c o n c e n t r a t i o n of o r g a n i c m a t e r i a l 
( C 0 ) t h r o u g h a series of c o l u m n s (e.g., t h r ee c o l u m n s in F ig . 8.4) a n d r e c o r d i n g 
the t imes t {tu t 2 , a n d t3) a t wh ich c o n c e n t r a t i o n s of effluents f rom c o l u m n s 
# 1 , # 2 , a n d # 3 r each t h e a l l owab le effluent so lu te c o n c e n t r a t i o n ( C £ ) . E a c h 
set o f e x p e r i m e n t s is p e r f o r m e d a t c o n s t a n t flow r a t e [ g a l / ( m i n ) ( f t 2 ) ] , t h e r e 
fore l inear veloci ty V (ft/sec) is he ld c o n s t a n t . Effluent f rom c o l u m n # 1 is 
t he first t o r each va lue CE ( r eco rd th is t i m e ^ ) ; s o m e t i m e after , effluent f r o m 
c o l u m n #2 r eaches va lue C £ , th is t i m e a l so b e i n g r e c o r d e d ( f 2 ) . F ina l ly , 
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Influent Column internal diameter:!" 

Φ2 # 3 
Sampl ing ports 

Fig. 8.4. Activated carbon columns (bench scale). 

effluent f rom c o l u m n # 3 r eaches c o n c e n t r a t i o n CE. T h i s t i m e is a l so r e c o r d e d 
( i 3 ) a n d t h e e x p e r i m e n t d i s con t i nued . C o n s e q u e n t l y , t h e e x p e r i m e n t is ca r r i ed 
o u t un t i l t h e b r e a k p o i n t of t h e last c o l u m n is r e a c h e d . 

T a b l e 8.1 s h o w s a typica l t a b u l a t i o n o f t vs . D va lues a t f ou r different flow 
r a t e s . F o r E x p e r i m e n t n o . 1, t h r e e c o l u m n s o f 2.5 ft o f c a r b o n d e p t h e a c h a r e 
ut i l ized, c o r r e s p o n d i n g t o t o t a l d e p t h s of 2 .5 , 5.0, a n d 7.5 ft a t s a m p l i n g p o r t s . 
F l o w r a t e is 2 .0 ga l / (min ) ( f t 2 ) . 

F o r E x p e r i m e n t n o . 2, t h e first t w o c o l u m n s c o n t a i n a d e p t h of 2 .5 ft o f 
c a r b o n each , a n d t h e t h i r d 5 ft. T o t a l d e p t h s c o r r e s p o n d i n g t o s a m p l i n g p o r t s 
a r e 2 .5 , 5.0, a n d 10 ft. F l o w r a t e is 4 .0 ga l / (min ) ( f t 2 ) . 

F o r e x p e r i m e n t s n o . 3 a n d 4 , c a r b o n d e p t h s a r e , respect ively , 5-5-5 ft a n d 
5-10-10 ft for t he t h r ee c o l u m n s , c o r r e s p o n d i n g t o t o t a l d e p t h s a t s a m p l i n g 
p o r t s o f 5-10-15 ft a n d 5-15-25 ft. F l o w ra tes a r e 8 a n d 16 ga l / (min ) ( f t 2 ) , 
respect ively. E q u a t i o n (8.8) reveals t h a t a p l o t of t vs . D yields a s t r a igh t 
l ine for w h i c h s lope (s) a n d in t e rcep t ( i ) a r e 

s = No/CoV 

.'. N 0 = CQVS (8.9) 

i = In [(Co/CJJ) — 1]/ K C Q 

Λ Κ = l n [ ( C 0 / C £ ) - 1 ] / /C 0 (8.10) 

Va lues of p a r a m e t e r s N0 a n d A ' a r e d e t e r m i n e d f r o m E q s . (8.9) a n d (8.10) , 
respect ively. F i g u r e 8.5 s h o w s four s t r a igh t l ines c o r r e s p o n d i n g t o t h e fou r 
e x p e r i m e n t s for wh ich d a t a a r e p r e sen t ed in T a b l e 8 .1 . Cr i t i ca l d e p t h D0 is 
ca lcu la ted f r o m E q . (8.7). 
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TABLE 8.1 
Data for Example 8.1 

(4) 

w (2) (i) Throughput 
Experiment Flow rate Bed depth Time, / volume 

no . [gal / (min)(f t 2 ) ] (ft) (hr) (gal) e 

1 2.0 Z>! = 2.5 740 484 
D2 = 5.0 1780 1164 
D3 = 7.5 2780 1818 

2 4.0 Dt = 2.5 180 235 
D2 = 5.0 560 732 
2>3 = 10.0 1330 1740 

3 8.0 D, = 5.0 170 445 
Z) 2 = 10.0 500 1308 
D3 = 15.0 830 2171 

4 16.0 Dt = 5.0 60 314 
£>2 = 15.0 390 2040 
D3 = 25.0 730 3819 

"Calculation procedure for column (4) of Table 8.1. Cross-sectional area is 

A = (i)nUr)2 = 0.00545 f t 2 

Throughput volume = gal /(min) ( f t 2 ) χ 0.00545 f t 2 χ ( i 60 )min 

or 
(4) = ( / ) χ (5) χ 0.327 

Example 8.1 

D a t a in T a b l e 8.1 a r e o b t a i n e d by us ing c o n t i n u o u s b e n c h scale ac t i va t ed 
c a r b o n a d s o r p t i o n c o l u m n s wi th 1-in. ins ide d i a m e t e r . F o u r sets of exper i 
m e n t s a r e p e r f o r m e d . T h e w a s t e w a t e r c o n t a i n s 20 mg/ l i t e r o f a n o r g a n i c 
so lu te r e m o v a b l e by c a r b o n a d s o r p t i o n . E x p e r i m e n t s a r e ca r r i ed o u t r e c o r d 
ing t h e t i m e t a k e n for effluents f rom the first, s econd , a n d t h i r d a d s o r p t i o n 
c o l u m n s t o r each a c o n c e n t r a t i o n CE = 1.0 mg/ l i t e r o f so lu te [ c o l u m n (3) o f 
T a b l e 8 .1] . P r e p a r e a p lo t of p a r a m e t e r s N0, K, a n d D0 vs . flow r a t e [ga l / 
( m i n ( f t 2 ) ] . 

S O L U T I O N A p lo t of / vs . D [ c o l u m n (3) vs . c o l u m n (2) of T a b l e 8.1] is 
p re sen ted in F ig . 8.5. A d s o r p t i v e capac i ty N0 is ca lcu la t ed f r o m E q . 
(8.9) , w h e r e (20 mg/ l i t e r = 20 χ 1 0 " 6 lb so lu te / lb l i quor ) 

C 0 = 20 χ 1 0 " 6 lb solute/lb liquor χ 62.4 lb l iquor/f t 3 l iquor 

= 1.248 χ 1 0 " 3 lb solute/ft 3 l iquor 

Va lues o f V ( f t /hr) a r e 

Exp. no . 1 2.0 gal/(min)(ft 2 ) χ f t 3 /7.48 gal χ 60 min/hr = 16 ft/hr 
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Exp. no . 2 4.0 gal/(min)(ft 2 ) χ ft 3 /7.48 gal χ 60 min/hr = 32 ft/hr 

Exp. no . 3 8.0 gal/(min)(ft 2 ) χ f t 3 /7.48 gal χ 60 min/hr = 64 ft/hr 

Exp. no . 4 16.0 gal/(min)(ft 2 ) χ f t 3 /7.48 gal χ 60 min/hr = 128 ft/hr 

T h e ca l cu l a t i on of N0 is p r e sen t ed in T a b l e 8.2. 
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Fig. 8.5. Plots of t vs. D for Example 8.1. 

TABLE 8.2 
Calculation of /V 0 (Example 8.1) 

Exp. 
no. 

F l o w rate 
[gal / (min)(ft 2 ) ] 

V 
(ft/hr) 

Slope (Fig. 8.5) 
(hr/ft) 

N0 = C0Vs Eq . (8 .9 ) 

(*-$•£·*-«*·) 
(Co = 1.248x 1 0 - 3 lb / f t 3 ) 

1 2.0 16 408 8.15 

2 4.0 32 153 6.11 

3 8.0 64 66 5.27 

4 16.0 128 33 5.27 
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TABLE 8.3 
Calculations of Κ and D0 (Example 8.1 ) a 

Exp. 
no. 

Flow 
rate 

[gal/(min)(ft2)] 

V 
(ft/hr) 
(Table 

8.2) 

No 
(lb/ft 3) 
(Table 

8.2) 

ι (absolute 
value of 

intercept) 
(Fig. 8.5) 

K, 
Eq. (8.10) 

[ft3/(lb)(hr)] 

D0, 
Eq. (8.7) 

(ft) 

1 2.0 16 8.15 283 8.3 0.695 
2 4.0 32 6.11 203 11.6 1.33 
3 8.0 64 5.27 151 15.6 2.29 
4 16.0 128 5.27 112 21.1 3.31 

C 0 = 1.248x 10" 3 lb/ft 3. 
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Fig. 8.6. Plots of 7V0f K. and D9 vs. flow rate (Example 8.1). 

Values of Κ a r e ca l cu la t ed f rom E q . (8.10), w h e r e ln [ ( C 0 / C £ — 1] = 
l n [ ( 2 0 / l ) - l ] = 2.94. Va lues of D0 a r e ca l cu la t ed f rom E q . (8.7) . Ca l cu l a 
t ions of Κ a n d D0 a r e p re sen t ed in T a b l e 8.3. V a l u e s of JV 0, K, a n d D0 a r e 
p l o t t e d vs . flow r a t e in F ig . 8.6. 

3.5.3. Sca le -Up of Laboratory Data and 
Design of a Plant Scale Unit 

P l a n t scale des ign is i l lus t ra ted by E x a m p l e 8.2. 

E x a m p l e 8.2 

W a s t e w a t e r ut i l ized in l a b o r a t o r y e x p e r i m e n t s ( E x a m p l e 8.1) is t r e a t e d for 
r e m o v a l of so lu te ( c o n c e n t r a t i o n = 20 mg/ l i t e r ) t o a res idua l va lue of 1 mg/ l i t e r 
in a n ac t iva ted c a r b o n bed 2.5 ft in d i a m e t e r a n d 6 ft d e e p . F l o w is 25 ,000 
ga l /day . 
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1. Ca lcu la t e service t i m e ( h o u r s p e r cycle). 
2 . Ca l cu l a t e n u m b e r o f c a r b o n c h a n g e s r e q u i r e d p e r yea r a n d a n n u a l 

c a r b o n v o l u m e ( f t 3 ) . 
3 . E s t i m a t e so lu te r e m o v a l ( lb /year ) . 
4 . Ca l cu l a t e a d s o r p t i o n efficiency b a s e d o n N0 a n d D0. 
5. E s t i m a t e % e r r o r in neg lec t ing un i ty fac to r in t e r m (eKNoD/v— 1). 

T h i s a p p r o x i m a t i o n is u t i l ized in a r r iv ing a t E q s . (8.7)—(8.10). 

S O L U T I O N P a r t 1. C a l c u l a t i o n of service t i m e 

Step 1. F l o w r a t e in g a l / m i n is (25,000)/(24) (60) = 17.4 g a l / m i n . C r o s s -
sec t iona l a r e a o f c o l u m n is A = (£) π ( 2 . 5 ) 2 = 4.9 f t 2 . F l o w r a t e in ga l / 
( m i n ) ( f t 2 ) is 17.4/4.9 = 3.6 ga l / (min ) ( f t 2 ) , o r 

V = 3.6 gal/(min)(ft 2 ) χ 60 min/hr χ f t 3 /7.48 gal = 28.9 ft/hr 

Step 2. F r o m F ig . 8.6, for flow r a t e 3.6 g a l / ( m i n ) ( f t 2 ) , o n e r ead s 

K= 10.7f t 3 / ( lb)(hr) 
a n d 

N0 = 6.35 lb/f t 3 

Step 5 . Service t i m e is ca lcu la t ed f r o m E q . (8.8) . 

/ = [6.35/(1.248 χ 1 0 " 3 χ 28.9)]6 - 2.94/(10.7 χ 1.248 χ Ι Ο " 3 ) = 836 hr/cycle 

S O L U T I O N P a r t 2 . N u m b e r o f c a r b o n c h a n g e s p e r yea r a n d a n n u a l c a r b o n 
v o l u m e 

N o . carbon changes/year = (365 χ 24)/836 = 10.5 

Annual carbon volume = (6 χ 4.9) 10.5 = 309 f t 3 

S O L U T I O N P a r t 3 . E s t i m a t i o n o f so lu te r e m o v a l ( lb /year ) 

So lu te r e m o v e d p e r cycle is ca lcu la ted f rom 

lb solute removed per cycle 
= lb solute in influent per cycle - lb solute in effluent per cycle 

Since 
Volume of wastewater per cycle 

= 25,000 gal/day χ 836 hr/cycle χ day/24 hr χ f t 3 /7.48 gal 

= 1.16 x 10 5 f t 3 / cyc le 

a n d 
Co = 20 mg/liter = 1.248 χ 1 0 " 3 lb/f t 3 

t h e n 

lb solute in influent per cycle = 1.248 χ 1 0 ~ 3 lb/f t 3 χ 1.16 χ 10 5 f t 3 /cycle 

= 144.8 lb/cycle 
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R e s i d u a l so lu te l eav ing w i th effluent p e r cycle is ca l cu la t ed f r o m 

(lb solute in effluent per cycle) = (1.16 x 10 5 ) f t 3 /cycle χ C a v e lb/f t 3 

= 1.16 χ 1 0 5 C a v e (lb/cycle) 
C a v e is g iven b y 

/ V = 8 3 6 hr 

C a v c = (1/836) Cdt 

Jt = 0 

C s t a n d s for a series o f effluent c o n c e n t r a t i o n s ( inc reas ing va lues ) , t h e h ighes t 
o n e be ing t h a t c o r r e s p o n d i n g t o CE = 1 mg / l i t e r ( o r 6 .24 χ 1 0 " 5 l b / f t 3 ) , 
wh ich occu r s af ter 836 h r of o p e r a t i o n . If i n t e r m e d i a t e va lues o f effluent c o n 
c e n t r a t i o n s f r o m t i m e ze ro ( s t a r t o f cycle) t o t = 836 h r ( e n d o f cycle) a r e 
r e c o r d e d , o n e c a n e v a l u a t e t he in teg ra l b y g r a p h i c a l o r n u m e r i c a l m e t h o d s . 
I n t h e absence o f these va lues o n e c a n m a k e a conse rva t ive ( low) e s t i m a t e o f 
so lu te r e m o v e d b a s e d o n the CE va lue of 1 mg/ l i t e r (6 .24 χ 1 0 " 5 l b / f t 3 ) . T h e 
e r r o r in s u c h a n e s t i m a t e is less t h a n 5 % (s ince in th is case C0/CE = 20) . 
T h u s , 

High estimate of lb solute in effluent per cycle 

= 1.16 χ 10 5 ft 3/cycle χ 6.24 χ 1 0 " 5 lb/f t 3 = 7.2 lb/cycle 

a n d 

Low estimate of lb solute removed per cycle = 144.8 - 7.2 = 137.6 lb/cycle 

o r 

137.6 lb/cycle x 10.5 cycle/year = 1445 lb/year 

S O L U T I O N P a r t 4. A d s o r p t i o n efficiency 

Based o n N0: 

Total solute adsorbed: 1445 lb/year (Solution, Par t 3) 
Total adsorptive capacity: (N0)(annual carbon volume) = 6.35 lb/f t 3 χ 309 f t 3 = 

1962 lb 
Efficiency: (1445/1962) χ 100 = 73.6% 

Based o n D0: f rom F ig . 8.6 for flow r a t e 3.6 g a l / ( m i n ) ( f t 2 ) , o n e r e a d s 
D0= 1.23 ft. 

Efficiency: [ ( />-D 0 ) ID] 100 = [ ( 6 - 1.23)/6] 100 = 79.5% 

S O L U T I O N P a r t 5. E r r o r in neglec t ing f ac to r o f un i ty 

KN0D/V= (10.7 χ 6.35 x6.0) /28.9 = 14.11 

^ i 4 . n = ι > 3 4 2 , 4 4 ΐ 

e i 4 . i i _ j = ΐ ) 3 4 2 , 4 4 0 

Er ror % = (1/1,342,440)100 = 7.45 χ 1 0 " 5 % 
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3.5.4. Derivation of the Bohart and A d a m s 
Equation [1] 

C o n s i d e r a m a s s of a d s o r b e n t . I t s r e s idua l capac i ty (N) d imin i shes a t a 
r a t e g iven by E q . (8.11). 

dN/dt = -KNC (8.11) 

w h e r e Ν is t he res idua l a d s o r b i n g capac i ty [ a t t = 0, Ν = N0 = a d s o r p t i v e 
capac i ty ( l b / f t 3 ) ] ; C t h e so lu te c o n c e n t r a t i o n ( l b / f t 3 ) ; t t h e t i m e ( h r ) ; a n d Κ 
t h e r a t e c o n s t a n t [ f t 3 / ( l b ) ( h r ) ] . 

C o n s i d e r n o w t h e s o l u t i o n f r o m w h i c h so lu te is r e m o v e d b y a d s o r p t i o n . 
So lu te c o n c e n t r a t i o n d imin i shes a t a r a t e given b y 

BC/dD = -KNC/V (8.12) 

w h e r e D is t h e d e p t h of a d s o r b e n t ( to ta l d e p t h , D = D0) ( f t ) ; a n d V t h e 
flow veloci ty of so lu t ion p a s t t h e a d s o r b e n t ( f t /hr) . 
T h e fo l lowing b o u n d a r y c o n d i t i o n s ( B C ) a p p l y : F o r BC-1 a t t = 0, Ν = N0 

( ini t ial so lu te capac i ty of a d s o r b e n t ) . F o r B C - 2 a t D = 0, C = C 0 ( inlet c o n 
c e n t r a t i o n ) . 
P e r f o r m the fo l lowing c h a n g e s of va r i ab le . Le t 

N' = N/No (8.13) 

. N= N0N' (8.14) 

C = C/Co (8.15) 

. c = C0C (8.16) 

D' = KN0DjV (8.17) 

D = D'V/KNo (8.18) 

t' = KC0t (8.19) 

: t = t'lKCo (8.20) 

W i t h th is c h a n g e o f va r i ab les , o n e wr i tes t w o modif ied b o u n d a r y c o n d i t i o n s : 
F o r B C - 1 ' a t f' = 0 (i .e. , t = 0) , s ince Ν = Λ^0, t h e n N' = N0/N0 = 1. F o r 
B C - 2 ' a t D' = 0 (i .e. , D = 0) , s ince C = C 0 , t h e n C = C 0 / C 0 = 1. 

E q u a t i o n s (8.11) a n d (8.12) a r e wr i t t en in t e r m s of t h e n e w va r i ab l e s N', 
C , D ' , a n d t \ subs t i t u t ing N, C, D9 a n d / by the i r va lues given by E q s . (8.14) , 
(8.16), (8.18) , a n d (8.20). T h e final resul t af ter s implif icat ion is 

F r o m Eq. (8.11) 
BN'Idt' = -N'C (8.21) 

or 
θ In N'/dt' = - C " (8.22) 
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F r o m Eq. (8.12) 
dC'IdD' = -N'C (8.23) 

or 
dlnC'/dD' = -N' (8.24) 

Different ia t ing- E q . (8.22) wi th respec t t o D' a n d E q . (8.24) w i th respec t t o 
t' l eads t o 

d2 InN'/dD' dt' = -dC'IdD' = N'C (8.25) 

3 2 In C'ldt' dD' = -dN'/dt' = N'C (8.26) 

S u b t r a c t i n g E q . (8.25) f rom E q . (8.26) , 
3 2 In C'ldt' dD' - B2 InN'/dD' dt' = 0 

o r 

d2 \n(C'/N')ldt' dD' = 0 (8.27) 

I n t e g r a t i o n of E q . (8.27) yields 

\n(C'/N') = f(D') +f(t') (8.28) 

where f {D ' ) a n d f ( t ' ) a r e , respect ively , func t ions o f D' a n d t' alone? I m p o s i n g 
b o u n d a r y c o n d i t i o n s B C - Γ a n d B C - 2 ' , it fo l lows t h a t f 

\n(C'/N') = t'-D' (8.29) 

o r 
C'/N' = e r ' D ' (8.30) 

E q u a t i o n (8.23) is r ewr i t t en as [ d C ' / i - C O l / a D ' = N'. D i v i d i n g b o t h m e m 
bers by C" a n d e m p l o y i n g E q . (8.30) , 

-(dC'IC'2)ldDf = N'/C = eD'-v (8.31) 

* Proof that Eq. (8.28) is a solution for differential equation (8.27): differentiating Eq. 
(8.28) with respect to D' and then with respect to yields Eq. (8.27), since 

dfitydD' = 0 
and 

a df(D') 
df dD' 

[since f(D') a n d / ( / ' ) are, respectively, functions of D' and / ' a lone] , 

t Application of B C - Γ and BC-2 ' to Eq. (8.29) leads to an identity 

In 1/1 = 0 - 0 = 0. 

Therefore / (DO and / ( / ' ) are satisfied by 

/ ( D O = —D' and fit') = t' 
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E q u a t i o n (8.31) in t eg ra t e s t o yield* 

l /C" = * D ' - ' - ^ ( 0 ( 8 .32 ) 

w h e r e ψ(ί') is a func t ion o f / ' a l o n e . 

F u n c t i o n \l/(t') is e v a l u a t e d b y i m p o s i n g b o u n d a r y c o n d i t i o n B C - 2 ' . f 

ψ(ί') = e~v - 1 (8 .33 ) 

T h u s E q . (8 .32) b e c o m e s 

1 / C = e0'-*' -e-*' + \ ( 8 .34 ) 

F r o m E q . (8.34) , 

C = l / i ^ ' - ' - e - ' + l ) ( 8 . 3 5 ) 

M u l t i p l y i n g b o t h n u m e r a t o r a n d d e n o m i n a t o r of E q . (8.35) b y e*\ 

a = J'Ke^-l+e*') (8 .36) 

Subs t i t u t i ng in E q . (8.36) C , D', a n d t' b y the i r v a l u e s given b y E q s . (8.15), 
(8.17), a n d (8.19) , t h e resul t is 

C/Co = e K C o 7 ( ^ o D / K - 1 + e K C o t ) ( 8 .37 ) 

Solv ing E q . (8.37) for t, t he final resu l t is 

EKN0D/V J 

E q u a t i o n (8.38) is r e a r r a n g e d t o yield E q . (8.6) . (t is t a k e n as t h e service t i m e 
a n d there fore c o n c e n t r a t i o n C equa l s CE.) 

* Proof that Eq. (8.32) is a solution for Eq. (8.31) is obtained by differentiation of Eq. 
(8.32) with respect to D ' . Notice that di/r(t')/dD' = 0, and therefore 

d ( \ I C ) l d D ' = d ^ - ^ I d D ' 
or 

- ( d C ' I d D y C 2 = e 0 ' - 1 ' 
and finally 

- ( d C ' I C ' 2 ) l d D ' = 
which is Eq. (8.31). 

f Application of BC-2' to Eq. (8.34) leads to an identity 
1/1 = e - f - e - t ' + i = χ 

Consequently, ^ ( O is satisfied by Eq. (8.33). 
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4. Ion Exchange 
4.1. INTRODUCTION 

I o n e x c h a n g e is a p roces s w h e r e i ons wh ich a r e he ld t o func t iona l g r o u p s 
o n t h e surface of a sol id by e lec t ros ta t i c forces a r e e x c h a n g e d for i ons o f a 
different species in so lu t ion . T h i s t r e a t m e n t p r o c e d u r e h a s b e c o m e increas ingly 
i m p o r t a n t in t h e field o f w a s t e w a t e r t r e a t m e n t . 

Since c o m p l e t e d e m i n e r a l i z a t i o n is ach ieved by ion e x c h a n g e , it is poss ib le 
t o use spl i t s t r e a m t r e a t m e n t p rocesses w h e r e p a r t of t h e inf luent w a s t e w a t e r 
is demine ra l i zed a n d t h e n c o m b i n e d w i t h b y p a s s e d inf luent t o p r o d u c e a n 
effluent of specified qua l i ty (e.g. , a specified h a r d n e s s ) . 

Ion exchange resins. U n t i l t h e 1940's n a t u r a l zeol i tes were t h e on ly i o n 
exchange res ins ava i lab le . E x c h a n g e capac i ty w a s relat ively low, w h i c h 
l imi ted the i r e c o n o m i c feasibil i ty in t h e field of w a s t e w a t e r t r e a t m e n t . Since 
t hen , n a t u r a l zeol i tes h a v e been r ep l aced by syn the t i c res ins . T h e s e a r e in 
so lub le p o l y m e r s t o wh ich ac id ic o r bas i c g r o u p s a r e a d d e d b y chemica l 
r eac t ion p r o c e d u r e s . T h e s e g r o u p s a r e c a p a b l e of revers ible e x c h a n g e w i th 
ions p re sen t in a so lu t ion . T h e to t a l n u m b e r of func t iona l g r o u p s p e r u n i t 
we igh t (o r u n i t v o l u m e ) of resin d e t e r m i n e s e x c h a n g e capac i ty , w h e r e a s t h e 
type of func t iona l g r o u p d e t e r m i n e s ion selectivity a n d p o s i t i o n o f e x c h a n g e 
equ i l i b r ium. Res in par t ic les h a v e d i a m e t e r s of a p p r o x i m a t e l y 0.5 m m a n d 
a r e e m p l o y e d in p a c k e d c o l u m n s wi th w a s t e w a t e r flows of 5 -12 ga l / (min ) ( f t 2 ) . 

4.2. BASIC M E C H A N I S M OF ION EXCHANGE: 
CATION A N D ANION EXCHANGERS 

T h e r e a r e t w o bas ic types of i on e x c h a n g e r s : (1) c a t i o n a n d (2) a n i o n 
exchange r s . 

Cation exchangers. C a t i o n e x c h a n g e res ins r e m o v e c a t i o n s f rom a so lu
t ion , e x c h a n g i n g t h e m for s o d i u m ions ( s o d i u m cycle) o r h y d r o g e n i ons 
( h y d r o g e n cycle) . R e m o v a l is r ep re sen ted by E q . (8.39). [ R d e n o t e s t h e res in 
a n d M 2 + t he c a t i o n (e.g. , C u 2 + , Z n 2 + , N i 2 + , C a 2 + , M g 2 + ) . ] 

Sodium cycle: N a 2 R + M 2 + ^ M R + 2 N a + (8.39a) 

o r 

Hydrogen cycle: H 2 R + Μ 2 + ^ M R + 2 H + (8.39b) 

C u 2 + , Z n 2 + , N i 2 + , C a 2 + , a n d M g 2 + a r e r e t a ined o n t h e res in a n d a soft 
effluent is p r o d u c e d . T h i s soft effluent c o n t a i n s m a i n l y s o d i u m sal ts (if s o d i u m 
cycle is e m p l o y e d ) o r ac ids (if h y d r o g e n cycle is e m p l o y e d ) . 

W h e n t h e exchange capac i ty of t h e resin is e x h a u s t e d , ion ic c o n c e n t r a t i o n 
in effluent f rom the e x c h a n g e c o l u m n exceeds t h e specified va lue . T h i s c o n 
d i t i on is cal led b r e a k t h r o u g h . T h e resin m u s t t h e n be r egene ra t ed . P r i o r t o 
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r e g e n e r a t i o n , t h e c o l u m n s h o u l d be b a c k w a s h e d t o r e m o v e sol id depos i t s . 
R e g e n e r a t i o n cons is t s of pa s s ing t h r o u g h t h e c o l u m n e i the r a b r ine so lu t i on 
( N a C l for s o d i u m cycle) o r a n ac id s o l u t i o n , usua l ly H 2 S 0 4 o r H C I (for 
h y d r o g e n cycle). 

R e g e n e r a t i o n r eac t i ons for t he s o d i u m a n d h y d r o g e n cycles a r e s h o w n 
be low. 

Regenerated Regenerant 
resin waste 

M R + 2 N a C l ^ N a 2 R 4- M C 1 2 (8.40a) 

M R + 2HC1 (or H 2 S 0 4 ) ^ H 2 R + M C 1 2 (8.40b) 
(or M S 0 4 ) 

Typica l r e g e n e r a n t c o n c e n t r a t i o n s a r e 2 - 5 % by we igh t w i th flow ra t e s of 
1-2 (ga l ) / (min) ( f t 2 ) . A s ind ica t ed by E q . (8.40) , r e g e n e r a n t was t e cons i s t s of 
c a t i o n sal ts . Th i s was t e s t r e a m a m o u n t s t o 1 0 - 1 5 % of inf luent v o l u m e t r e a t e d 
before b r e a k t h r o u g h . F o l l o w i n g r e g e n e r a t i o n t h e e x c h a n g e r b e d is r insed w i th 
w a t e r t o r e m o v e res idua l r egene ran t . 

Regenerant 
"BackwasK^aste 

TRinsing waste) 

Cation exchanger 

NaCl (sodium cycle) 
or 

HCI; H 2 S0 4 (acid cycle); 

Reactions 

Removal: 

(Sodium cycle)... N a 2 R 
or 

(Hydrogen cycle)... H 2 R 

Regeneration-. 

2 NaCl (sodium cycle) 
MR • or 

2 HC I ;H 2 S 0 4 

. (Hydrogen cycle) 

2 Na* 
• Μ 2 * * M R * or 

2 H + 

(8.39) 

Regenerated Regenerant 
resin: 
Na 2 R 

- or 
H 2 R 

waste-. 
M C I 2 

or 
MSO4 

(8.40) 

Regenerant 

waste stream 
(cation salts) 

-Backwash_ 
(and rinsing) 

Soft effluent 

Legend: 
- Wastewater streams 
-Regenerant streams 

Rinsing streams 

Sodium salts (sodium cycle) 
or 

Acids (hydrogen cycle) 

Fig. 8.7. Cation exchanger. 
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C a t i o n exchange r r eac t ions a n d d i r ec t ions of flow for different s t r e a m s 
involved in t he o p e r a t i o n of a c a t i o n e x c h a n g e r a r e i nd i ca t ed in F ig . 8.7. 
H y d r o g e n cycle c a t i o n e x c h a n g e res ins a r e w e a k o r s t r o n g ac ids . M o s t ac id ic 
res ins used in w a t e r p o l l u t i o n a b a t e m e n t a r e s t r o n g ac ids . 

Anion exchangers. A n i o n e x c h a n g e res ins r e m o v e a n i o n s f r o m a so lu t ion , 
e x c h a n g i n g t h e m for h y d r o x y l ions . R e m o v a l is r ep re sen t ed b y E q . (8.41) 
(whe re A 2 ~ r ep resen t s a n a n i o n ) . 

R ( O H ) 2 + A 2 " ^ R A + 2 0 H - (8.41) 

A n i o n s (e.g. , S O ^ " , C r O 2 . " ) a r e t h u s r e m o v e d f rom so lu t ion . 
R e g e n e r a t i o n is m a d e after b r e a k t h r o u g h , u sua l ly p r e c e d e d b y b a c k -

w a s h i n g t o r e m o v e solid depos i t s . R e g e n e r a n t s c o m m o n l y used a r e s o d i u m 
a n d a m m o n i u m h y d r o x i d e s . T h e r e g e n e r a t i o n r eac t i on is 

Regenerated Regenerant 
resin waste 

R A + 2 N a O H ^ R ( O H ) 2 + A 2 " (8.42) 
or 

2 N H 4 O H 
' N a 2 A ' 

or 
( N H 4 ) 2 A 

Typ ica l r e g e n e r a n t c o n c e n t r a t i o n s a r e 5 - 1 0 % by weight . 
U s u a l l y , c a t i on a n d a n i o n e x c h a n g e r s a r e used in series. By a d e q u a t e 

se lect ion of i o n exchange r s , a l m o s t a n y w a s t e w a t e r p r o b l e m of a n i n o r g a n i c 
n a t u r e can be h a n d l e d . Basic e x c h a n g e res ins a r e e i ther s t r o n g o r w e a k bases . 
A n i o n e x c h a n g e r r e a c t i o n s a n d d i rec t ion of flow for t h e different s t r e a m s 
involved in t h e o p e r a t i o n of a n a n i o n e x c h a n g e r a r e i nd i ca t ed in F i g . 8.8. 

4.3. D E S I G N O F I O N E X C H A N G E C O L U M N S 

T h e first s t ep in des ign ing a n ion e x c h a n g e sys tem for a specific w a s t e w a t e r 
is t o r u n a c o m p l e t e c a t i o n - a n i o n ana lys i s of t h e inf luent t o b e t r e a t e d . I n 
a d d i t i o n , d a t a o n t o t a l d isso lved sol ids ( T D S ) , d isso lved C 0 2 , S i 0 2 , a n d p H 
a r e o b t a i n e d . 

C o n c e n t r a t i o n s of i nd iv idua l i ons p r e s e n t a r e expressed in e i ther o f t w o 
w a y s : 

1. I n meq/ l i t e r (mi l l i equiva len ts p e r l i ter) , e.g., for a so lu t i on c o n t a i n i n g 
20 mg/ l i t e r of C u 2 + , t h e c o n c e n t r a t i o n in t e r m s of meq / l i t e r is 

20/(63.5/2) = 0.63 meq/liter 

w h e r e 63 .5 is t h e a t o m i c we igh t of C u a n d 2 is t h e va lence . 
2. I n t e r m s of ca l c ium c a r b o n a t e equ iva l en t s , e.g., for a so lu t i on c o n 

t a in ing 20 mg/ l i t e r o f C u 2 + a n d t h e s to i ch iome t r i c a m o u n t of C l ~ , t h e c o n 
c e n t r a t i o n of C u 2 + in t e r m s of C a C 0 3 is ca l cu la t ed a s 

20(134.5/100) = 27 mg/liter of C a C Q 3 
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Anionic waste Regenerant 

_ _Bac^was_h^waste 

(Rinsing waste) 

NaOH 
or 

NH4OH 

Anion exchanger 

Reactions 

Removal 

R(OH) 2 • A 2 " 5 = 2 : RA+ 20H~ 

Regeneration: 

RA • 2 NaOH 5 
or 

(8.41) 

2 NH4OH 

Regenerated Regenerant 
resin: waste. 

R(OH) 2 • A 2 " (8.42) 
" N a 2 A 

or 
[(NH 4 ) 2 Aj 

Legend. 
Wastewater streams 
Regenerant streams 
Rinsing streams 

Regenerant" waste] 

^-Backwash 

(and rinsing) 

Soft effluent 

Fig. 8.8. Anion exchanger. 

w h e r e 100 a n d 134.5 a r e t h e m o l e c u l a r we igh t s of C a C 0 3 a n d C u C l 2 , r e 
spectively. 

D e s i g n p a r a m e t e r s d e t e r m i n e d b y l a b o r a t o r y tests p r i o r t o des ign of a n 
i o n e x c h a n g e c o l u m n a r e 

1. Exchange capacity of resin. C a t i o n - a n i o n resin capac i t i es a r e usua l ly 
expressed as equ iva len t s o f i o n r e m o v e d p e r u n i t b e d v o l u m e (e.g. , equ iva l en t s / 
l i ter o f res in o r equ iva l en t s / f t 3 o f res in) . T h e y m a y b e a l so expressed p e r u n i t 
we igh t of b e d (e.g. , equ iva l en t s / l b of res in) . E x c h a n g e capac i t i es a r e a l so 
expressed in t e r m s of we igh t o f C a C 0 3 equ iva len t , e i ther p e r u n i t v o l u m e o r 
p e r un i t we igh t o f b e d (e.g. , lb C a C 0 3 / f t 3 o f res in , l b C a C 0 3 / l b o f res in) . 

2 . Regenerant requirements. R e g e n e r a n t r e q u i r e m e n t s a r e expressed in 
t e r m s of we igh t p e r u n i t v o l u m e o f b e d (e.g., lb H 2 S 0 4 / f t 3 ) . T h e degree of 
theore t i ca l capac i ty a t t a i n e d (wi th respec t t o fresh resin) d e p e n d s o n t h e 
weigh t of r e g e n e r a n t e m p l o y e d . A n e c o n o m i c b a l a n c e be tween degree o f 
theore t i ca l capac i ty a t t a i n e d a n d we igh t of r e g e n e r a n t ( lb r e g e n e r a n t / f t 3 of 
b e d v o l u m e ) is t a k e n i n t o c o n s i d e r a t i o n . P e r f o r m a n c e curves for r e g e n e r a n t s 
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( exchange capac i ty of r egene ra t ed res in vs . we igh t o f r e g e n e r a n t ) , d e t e r m i n e d 
f rom l a b o r a t o r y s tud ies , a r e s o m e t i m e s ava i l ab le f rom res in m a n u f a c t u r e r s . 
T h e e x c h a n g e capac i ty of t h e c o l u m n inc reases w i t h we igh t o f r e g e n e r a n t 
u t i l ized. 

3. Rinsing water requirements. F o l l o w i n g r e g e n e r a t i o n , t h e e x c h a n g e r b e d 
is r insed wi th w a t e r t o r e m o v e r e s idua l r e g e n e r a n t . R i n s i n g r e q u i r e m e n t s , 
a l so d e t e r m i n e d f rom l a b o r a t o r y s tud ies , a r e s o m e t i m e s ava i l ab le f r o m resin 
m a n u f a c t u r e r s . T h e y a r e expressed in t e r m s of ga l lons of w a t e r p e r f t 3 of 
res in ( r ange , 100-200 g a l / f t 3 ) . Cha rac t e r i s t i c s o f e x c h a n g e res ins a r e e v a l u a t e d 
f rom b e n c h scale un i t s [ 5 ] . Plexiglass c o l u m n s of 1 in . d i a m e t e r a r e u s e d a t 
u n i t flow ra t e s c o m p a r a b l e t o p l a n t scale un i t s . T a b l e 8.4 s h o w s typica l d a t a 
o b t a i n e d f rom b e n c h scale u n i t s . 

TABLE 8.4 
Characteristics of Cation and Anion Exchange Resins Utilized in 
Treatment of Plating Industry Wastewater 

Cation Anion 

Exchange capacity 70 eq / f t 3 o f resin 3.5 l b C r 0 3 / f t 3 o f resin 
Regenerant H 2 S 0 4 N a O H 

Requirement ( lb/ft 3 of resin) 11.0 ( i n l b H 2 S 0 4 ) 4.7 (in lb N a O H ) 
Concentration (%) 5.0 10.0 
F low rate [gal/(min)(ft 2 )] 1.0 1.0 

Rinsing water requirements 
(gal / f t 3 o f resin) 130.0 100.0 

A d d i t i o n a l c o n s i d e r a t i o n s c o n c e r n i n g des ign of i o n e x c h a n g e sys tems a r e 
as fo l lows: 

1. R e c o v e r y of va luab l e w a s t e w a t e r c o n s t i t u e n t s , a n i m p o r t a n t fac to r in 
d e t e r m i n i n g e c o n o m i c feasibili ty of ion e x c h a n g e , is i l lus t ra ted b y E x a m p l e 
8.3. C h r o m a t e s ( C r 0 4 ~ ) f r o m a p l a t i ng p l a n t w a s t e w a t e r a r e he ld by a n a n i o n 
exchange r a n d s u b s e q u e n t l y r ecove red as c h r o m i c ac id ( H 2 C r 0 4 ) in a h y d r o 
gen c a t i o n exchange r . N icke l i ons a re sa lvaged f rom p l a t i ng p l a n t was te s . 

2. Ca l cu l a t i on of bed d e p t h is i l lus t ra ted in E x a m p l e 8.3. A d d i t i o n a l free 
he igh t is p r o v i d e d t o a l l ow for e x p a n s i o n of t h e bed for b a c k w a s h i n g a n d 
c lean ing . A s a ru le of t h u m b a 5 0 % a l l o w a n c e is t a k e n . 

4.4. D E S I G N OF A N I O N E X C H A N G E S Y S T E M [ 5 ] 

E x a m p l e 8.3 

Des ign an ion e x c h a n g e sys tem t o t r e a t 120,000 gal of w a s t e w a t e r p e r d a y 
f rom a me ta l -p l a t i ng i ndus t ry . T h e m a i n m e t a l ions p r e sen t in t he was t e 
wa t e r a r e c h r o m i u m , equ iva l en t t o 120 mg/ l i t e r of C r 0 3 (p resen t as c h r o m a t e , 
C r O 2 " ) ; C u 2 + , 30 mg/ l i t e r ; Z n 2 + , 15 mg / l i t e r ; a n d N i 2 + , 20 mg/ l i te r . 
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I t is des i red t o r e m o v e C u 2 + , Z n 2 + , a n d N i 2 + in a h y d r o g e n cycle c a t i o n 
e x c h a n g e r (ca t ion e x c h a n g e r n o . 1) a n d C r 0 4 ~ in a n a n i o n e x c h a n g e r d o w n 
s t r e a m f rom the ca t i on exchange r . T h e h y d r o g e n cycle c a t i o n e x c h a n g e r is 
r e g e n e r a t e d by a 5 % so lu t ion o f H 2 S 0 4 . T h e a n i o n e x c h a n g e r e m p l o y e d t o 
r e m o v e C K ) 4 ~ is r egene ra t ed by a 10% so lu t ion o f N a O H . Effluent f rom th i s 
r e g e n e r a t i o n c o n t a i n s s o d i u m c h r o m a t e ( N a 2 C r 0 4 ) . V a l u a b l e C r 0 4 ~ is 
r ecove red in a n o t h e r h y d r o g e n c a t i o n e x c h a n g e r ( ca t ion e x c h a n g e r n o . 2) as 
c h r o m i c ac id ( H 2 C r 0 4 ) . T h i s c a t i o n e x c h a n g e r is a l so r e g e n e r a t e d by a 5 % 
so lu t i on o f H 2 S 0 4 . A c i d effluents f rom r e g e n e r a t i o n o f c a t i o n e x c h a n g e r s 
n o . 1 a n d 2 a r e c o m b i n e d , neu t ra l i zed , a n d t h e n d i s c a r d e d t o a sewer . F i g u r e 
8.9 s h o w s a flowsheet of t h e p r o p o s e d p rocess . 

Charac te r i s t i c s of t h e c a t i o n a n d a n i o n exchange r s t o be e m p l o y e d a r e 
p re sen ted in T a b l e 8.4. B o t h ca t i on a n d a n i o n un i t s o p e r a t e 6 d a y s b e t w e e n 
r egene ra t i ons . Des ign t h e t h r ee i o n exchange r s in t h e sys tem a n d e s t i m a t e 
r egene ra t i on a n d r inse w a t e r r e q u i r e m e n t s . 

S O L U T I O N T h e flow d i a g r a m is s h o w n in F ig . 8.9, a n d chemica l r eac t i ons 
involved a r e 

Hydrogen cycle cation—exchanger no . 1 
Removal 

H 2 R + M 2 + M R + 2 H + 

Start 

Metal-plating 
wastewater 

[ C u z ' , Z n 2 > , 
N i 2 'CrO| - ] 

To neutralization unit 

C u S 0 4 

Z n S 0 4 

|NiS0 4 

CrO£ 

Hydrogen 
cation 

exchanger 
#1 

[to remove 
C u 2 \ Z n 2 * 

S Ni 2 + ] 

(H 2 Cr0 4 ) 

_Na_2Cr_04 ^ j [Na 2 S0 4 ] 

Anion 
exchanger 

[to remove 

CrO 2"] 

Η2Ο 

NaOH 
regenerant 

Hydrogen 
cation 

exchanger 
# 2 

[to recover 

O O 2 / ] 

H 2 C r 0 4 

(recovered) 

Legend 

— Wastewater 
streams 

— Regenerant 
streams 

H 2 S 0 4 

regenerant 

Fig. 8.9. Ion exchanger flow diagram (Example 8.3). 
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where M 2 + = C u 2 + , Z n 2 + , and N i 2 + . 
Regeneration 

M R + H 2 S 0 4 -> H 2 R + M S 0 4 

Anion exchanger 
Removal 

R ( O H ) 2 + H 2 C r 0 4 ^ R C r 0 4 + 2 H 2 0 

Regeneration 

R C r 0 4 + 2 N a O H ^ R ( O H ) 2 -f N a 2 C r 0 4 

Hydrogen cycle cation—exchanger no . 2 
Removal 

H 2 R + N a 2 C r 0 4 ^ N a 2 R + H 2 C r 0 4 (recovered) 

Regeneration 
N a 2 R + H 2 S 0 4 ^ H 2 R + N a 2 S 0 4 

Design of hydrogen cycle cation—exchanger no. 1 
Step 1. C a l c u l a t e equ iva len t s of m e t a l i ons t o b e r e m o v e d (see t a b u l a t i o n 

be low) . 

Ion concentration Equivalent wt meq/liter 

30 mg/liter C u 2 + 63.5/2 = 31.7 30/31.7 = 0.95 
15 mg/liter Z n 2 + 65.4/2 = 32.7 15/32.7 = 0.46 
20 mg/liter N i 2 + 58.7/2 = 29.4 20/29.4 = 0.68 

Total = 2.09 

Step 2. D e t e r m i n e t he t o t a l e q u i v a l e n t s / d a y t o b e r e m o v e d . 

2.09 meq/liter χ 3.78 liter/gal χ 120,000 gal/day χ eq/1000 meq = 948 eq/day 

Step 3. C a l c u l a t e to t a l res in r e q u i r e m e n t s o n t he bas i s of 70 e q u i v a l e n t s / f t 3 

of res in (Tab l e 8.4) a n d 6-day o p e r a t i o n b e t w e e n r e g e n e r a t i o n s . 

948 eq/day χ 6 days/cycle 
Resin requirement = 70 eq/f t 3 = resm/cycle 

Step 4. Select a c o l u m n d i a m e t e r of 3 ft a n d ca lcu la te r e q u i r e d d e p t h o f 
resin bed . 

Cross section = (i)n32 = 7.07 ft 2 

Depth = 81/7.07 = 11.5 ft 

A l l o w i n g 5 0 % free space for b e d e x p a n s i o n for b a c k w a s h i n g a n d c lean ing , 
the he igh t of t h e r e q u i r e d c o l u m n is (1.50) (11.5) = 17.3 ft. Ut i l ize t w o c o l u m n s 
in series, each 8.5 ft in he ight , e a c h c o n t a i n i n g a 11.5/2 = 5.75-ft res in d e p t h 
(free space , 2.75 ft for each c o l u m n ; r a t i o , 8.5/5.75 = 1.48). 
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Step 5. Ca l cu l a t e r e g e n e r a n t r e q u i r e m e n t s . R e g e n e r a n t is a 5 % so lu t i on 
o f H 2 S 0 4 a s ind ica ted in T a b l e 8.4, a n d 11.0 lb H 2 S 0 4 / f t 3 of resin a r e r e 
q u i r e d . T h e lb o f H 2 S 0 4 r equ i r ed a r e 

11 lb/ft 3 χ 81 f t 3 = 891 lb of H 2 S 0 4 per cycle 

o r 
891 (100/5) = 17,820 lb of 5% solution 

Step 6. Ca l cu l a t e r inse w a t e r r e q u i r e m e n t s . F r o m T a b l e 8.4, 130 gal of 
wa t e r a r e r equ i r ed for r i n s ing each cub ic foo t of res in . R e q u i r e d r inse w a t e r is 

130 gal/ft 3 χ 81 ft 3/cycle = 10,530 gal per cycle 

Design of anion exchanger 
C h r o m i c ac id ( H 2 C r 0 4 ) pa s s ing t h r o u g h t h e c a t i o n u n i t is r e m o v e d in t h e 

a n i o n e x c h a n g e un i t , wh ich is des igned a s fo l lows : 
Step 1. T o t a l c h r o m e r e m o v e d pe r d a y (as C r 0 3 ) is 

120 mg/liter χ 3.78 liter/gal χ g /10 3 mg χ lb/454 g χ 120,000 gal/day = 120 lb/day 

Step 2. Ca l cu l a t e resin r e q u i r e m e n t s . Bas i s : 3.5 lb C r 0 3 / f t 3 o f res in 
(Tab le 8.4) a n d 6-day o p e r a t i o n be tween r egene ra t ions . 

. 120 lb/day χ 6 days/cycle ^ p , r . , t 

Resin requirement = 3 5 lb/f t 3 = resm/cycle 

Step 3. Select a c o l u m n d i a m e t e r of 3 ft a n d ca lcu la te r eq u i r ed d e p t h o f 
res in bed . 

Cross section = ( ± ) π 3 2 = 7.07 f t 2 , depth = 206/7.07 = 29 ft 

A l l o w i n g a 5 0 % free space for b e d e x p a n s i o n , t h e he igh t of t h e r e q u i r e d 
c o l u m n is (1 .50) (29 .0) = 43.5 ft. Ut i l ize four c o l u m n s in series, e ach 11 ft in 
he igh t ( 1 1 x 4 = 44) , a n d each c o n t a i n i n g 29 /4 = 7.25-ft res in d e p t h (free 
space , 3.75 ft for each c o l u m n ; r a t i o , 11/7.25 = 1.5). 

Step 4. Ca l cu l a t e r e g e n e r a n t r e q u i r e m e n t s . R e g e n e r a n t is a 10% so lu t i on 
o f N a O H as i nd i ca t ed in T a b l e 8.4, a n d 4.7 lb of N a O H so lu t i on a r e r e q u i r e d 
p e r f t 3 o f res in . T h e lb of N a O H r e q u i r e d a r e 

4.7 lb/ft 3 χ 206 f t 3 = 968 lb of N a O H per cycle 

o r 
968(100/10) = 9680 lb of 10% solution 

Step 5 . Ca l cu l a t e r inse w a t e r r e q u i r e m e n t s . F r o m T a b l e 8.4, 100 gal o f 
w a t e r a r e r equ i r ed for r ins ing e a c h cub ic foot of res in . R e q u i r e d r inse w a t e r is 

100 gal/ft 3 χ 206 f t 3 = 20,600 gal 
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Design of hydrogen cycle cation—exchanger no. 2 
C h r o m i c ac id ( H 2 C r 0 4 ) is r ecove red f r o m spen t r e g e n e r a n t l eav ing t h e 

a n i o n e x c h a n g e r (which c o n t a i n s N a 2 C r 0 4 ) b y pass ing it t h r o u g h a c a t i o n 
e x c h a n g e r (F ig . 8.9). A s ca l cu la t ed in S t ep 4 of t he des ign for t he a n i o n ex
c h a n g e r , 968 lb of N a O H a re r equ i r ed . 

Step 1. C a l c u l a t e s o d i u m h y d r o x i d e equ iva l en t s t o be r e m o v e d b y t h e 
c a t i o n exchange r . 

968 lb χ 454 g/lb χ eq/40 g = 10,987 eq 

since t h e equ iva len t we igh t of N a O H is 4 0 g. 

Step 2. Ca l cu l a t e resin r e q u i r e m e n t s o n t h e bas is of 70 e q u i v a l e n t s / f t 3 

of res in (Tab le 8.4). 

« . 10,987eq i r „ r , r . 
Resin requirement = — — — r = 157 f t 3 of resin 

70 eq/f t 3 

Step 3. Select a c o l u m n d i a m e t e r o f 3 ft, a n d ca lcu la te r e q u i r e d d e p t h o f 
t h e res in b e d . 

Cross section = (ί)π32 = 7.07 f t 2 

Depth = 157/7.07 = 22.2 ft 

A l l o w i n g 5 0 % free space for bed e x p a n s i o n , t he he igh t of t h e r e q u i r e d c o l u m n 
is (1 .50)(22 .2) = 33.3 ft. Ut i l ize t h r e e c o l u m n s in series, e ach 33 .3 /3 « 11 ft 
d e e p , e a c h c o n t a i n i n g a 22 .2 /3 = 7.4-ft resin d e p t h (free space , 3.6 ft for e a c h 
c o l u m n ; r a t i o , 1 1 / 7 . 4 = 1.48). 

Step 4. Ca l cu l a t e r e g e n e r a n t r e q u i r e m e n t s . R e g e n e r a n t is a 5 % so lu t i on 
of H 2 S 0 4 a s i nd ica t ed in T a b l e 8.4, a n d 11.0 lb of H 2 S 0 4 / f t 3 o f res in a r e 
r equ i r ed . T h e lb of H 2 S 0 4 r e q u i r e d a r e 

11 lb/ft 3 χ 157 f t 3 = 1 7 2 7 1 b H 2 S 0 4 

o r 
1727(100/5) = 34,540 lb of 5% solution 

Step 5. Ca lcu la t e r inse w a t e r r e q u i r e m e n t s . F r o m T a b l e 8.4, 130 gal of 
w a t e r a r e r equ i r ed for r ins ing each cub i c foo t of res in . R e q u i r e d r inse w a t e r 
is therefore 

130 gal/ft 3 χ 157 f t 3 = 20,410 gal 

5. Reverse Osmos i s 
5.1. O S M O S I S A N D O S M O T I C P R E S S U R E 

A l t h o u g h o s m o t i c p h e n o m e n a h a v e been k n o w n for over 200 years , t h e 
first precise expe r imen t s l ink ing o s m o t i c p r e s su re t o t e m p e r a t u r e a n d so lu te 
c o n c e n t r a t i o n were p e r f o r m e d in t h e la te 1800's b y Pfeffer. A typica l exper i 
m e n t wi th a s u c r o s e s o l u t i o n is i l lus t ra ted in F ig . 8.10. 
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Fig. 8.10. Osmosis experiment. 

T h e b a g s h o w n in F ig . 8.10 is m a d e of a m e m b r a n e p e r m e a b l e t o t he so lven t 
(wa te r in F ig . 8.10) b u t i m p e r m e a b l e t o t h e so lu te ( sucrose) . T h e s e a r e k n o w n 
as s e m i p e r m e a b l e m e m b r a n e s . Ea r ly s e m i p e r m e a b l e m e m b r a n e s u t i l ized in 
osmos i s were a n i m a l m e m b r a n e s (e.g. , p ig b l adde r s ) . Syn the t i c m e m b r a n e s were 
deve loped later , cel lulose ace ta t e m e m b r a n e s n o w be ing t h e m o s t wide ly used . 

A d i lu te so lu t i on o f suc rose (e.g. , a 0.001 Μ so lu t i on ) is p l aced ins ide t he 
s e m i p e r m e a b l e b a g , wh ich is t h e n d i p p e d in to a v a t c o n t a i n i n g p u r e wa te r . 
T h e w a t e r diffuses s p o n t a n e o u s l y f rom t h e v a t t o t h e in te r io r of t h e semi
p e r m e a b l e b a g , as i nd i ca t ed by the a r r o w . A s a resul t , a c o l u m n of l iquid 
r ises t h r o u g h t h e glass t u b e c o n n e c t e d t o t h e d i lu te suc rose so lu t ion , r e a c h i n g 
a t e q u i l i b r i u m a he igh t π a b o v e t h e level of w a t e r in t h e va t . A t th is m o m e n t , 
pa s sage of so lvent s t ops . P r e s s u r e exer ted o n p o i n t s A ' a n d A s i tua ted a t t h e 
s a m e e leva t ion differs by t h e i n c r e m e n t c o r r e s p o n d i n g t o he igh t π of l iquid . 
T h i s va lue is cal led t he o s m o t i c p r e s s u r e of t he suc rose so lu t ion . O s m o s i s is 
defined as t h e s p o n t a n e o u s pa s sage of a so lvent f rom a d i lu te so lu t ion ( p u r e 
w a t e r in t h e case of F ig . 8.10) t o a m o r e c o n c e n t r a t e d o n e t h r o u g h a semi
p e r m e a b l e m e m b r a n e . 

Le t Ρ be t h e p re s su re a t p o i n t A ( a t m o s p h e r i c p re s su re p lus p re s su re cor 
r e s p o n d i n g t o a c o l u m n of w a t e r of he igh t H). T h e p res su re a t A ' is ( Ρ + π ) . 
O s m o t i c p re s su re π is a func t ion of t he c o n c e n t r a t i o n of t he suc rose so lu t ion 
a n d t e m p e r a t u r e . T h e m a t h e m a t i c a l r e l a t i onsh ip for π as a func t ion of c o n 
c e n t r a t i o n of so lu te (c) a n d a b s o l u t e t e m p e r a t u r e (T) is given by the v a n ' t 
Hoff e q u a t i o n . 

5.2. V A N ' T H O F F E Q U A T I O N FOR O S M O T I C 
P R E S S U R E 

D e r i v a t i o n of t h e v a n ' t Hof f e q u a t i o n is f o u n d in s t a n d a r d phys ica l chemis t ry 
texts [ 3 ] . T h e e q u a t i o n is 

π = nRT/V = cRT (8.43) 
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w h e r e π is t h e o s m o t i c p r e s s u r e ( a t m ) ; η t h e g m o l e of so lu te (e.g. , s u c r o s e ) ; 
Vthe v o l u m e of t he suc rose s o l u t i o n ; n\V— c t h e c o n c e n t r a t i o n o f suc rose so lu
t ion (g mo le / l i t e r ) ; R t h e idea l gas c o n s t a n t [0 .082 ( a tm) ( l i t e r ) / (g m o l e ) ( ° K ) ] ; 
a n d Τ t h e a b s o l u t e t e m p e r a t u r e ( ° K ) . 

T h e v a n ' t Hoff e q u a t i o n s h o w s a s t a r t l ing s imi la r i ty t o t h e idea l gas law, 
t he so lven t c o r r e s p o n d i n g t o t h e e m p t y space b e t w e e n gas molecu le s a n d these 
la t te r c o r r e s p o n d i n g t o t h e molecu les of so lu te , in t h e case of o s m o s i s . T h u s , 
o n e c o u l d c o n s i d e r o s m o t i c p r e s su re t o be t h e resu l t o f b o m b a r d m e n t exer ted 
by molecu les of so lu te o n t he m e m b r a n e . D e s p i t e th is a n a l o g y , it is decep t ive 
t o cons ide r o s m o t i c p re s su re a s a so r t o f p r e s s u r e w h i c h is exer ted by the 
so lu te . R a t h e r o s m o s i s is t h e p a s s a g e of so lven t t h r o u g h t h e m e m b r a n e d u e 
t o m o m e n t a r y inequa l i ty of t h e c h e m i c a l p o t e n t i a l o n t h e t w o sides o f t h e 
m e m b r a n e [ 3 . ] O s m o t i c p re s su re resul ts f r o m this pa s sage of so lvent . 

A p p l i c a t i o n of E q . (8.43) t o a 0.001 Μ so lu t ion of suc rose (i .e. , n/V = c = 
0.001 g mole / l i t e r ) a t 2 0 °C l eads t o a v a l u e o f t h e o s m o t i c p r e s su re c a l c u l a t e d 
as 

n = CRT= 0.001 g mole/liter χ 0.082 (atm)(liter)/(g mole)(°K) χ 293.2°K 

= 0.024 a tm 

A s s u m i n g t h e specific grav i ty of t he d i lu te s o l u t i o n t o b e t h a t o f p u r e wa te r , 
th i s c o r r e s p o n d s t o a he igh t π (F ig . 8.10) e q u a l t o 

π = 0.024 a tm χ 34 ft water /a tm = 0.82 ft ( « 1 0 in.) 

If t h e v a n ' t Hof f e q u a t i o n c o u l d be app l i ed t o re lat ively c o n c e n t r a t e d 
suc rose so lu t i ons (e.g. , a 1.0 Μ so lu t ion ) , he igh t π w o u l d be 1000 t imes t h a t 
j u s t ca lcu la ted , i.e., 820 ft. I n a s m u c h as t h e idea l gas law d o e s n o t desc r ibe 
accura te ly gas b e h a v i o r a t h ighe r p r e s s u r e s , t h e v a n ' t Hof f e q u a t i o n is n o t a n 
a d e q u a t e m o d e l for o s m o t i c p r e s su re a t h ighe r so lu te c o n c e n t r a t i o n s . 

5.3. P R I N C I P L E O F R E V E R S E O S M O S I S 

T h e p r inc ip le of reverse o s m o s i s is i l lus t ra ted by F ig . 8 .11 . F i g u r e 8 .11(a) 
dep ic t s d i rec t o smos i s [e .g . , c o n d i t i o n exis t ing a t b e g i n n i n g of e x p e r i m e n t 
wi th suc rose so lu t ion (F ig . 8 .10)] . So lven t flows s p o n t a n e o u s l y throtygh t h e 
s e m i p e r m e a b l e m e m b r a n e . F i g u r e 8 .11(b) i l lus t ra tes t h e e q u i l i b r i u m c o n 
d i t i on . H e r e t h e l iquid h e a d w h i c h h a s d e v e l o p e d as a resu l t o f so lven t flow 
t h r o u g h t h e m e m b r a n e is e q u a l t o t h e o s m o t i c p re s su re . So lven t flow s tops . 
F i g u r e 8.11 (c) i l lus t ra tes w h a t h a p p e n s w h e n a force F in excess of t h e va lue 
of o s m o t i c p re s su re is app l i ed t o t h e suc rose so lu t ion . S o l v e n t flow is reversed , 
i.e., f rom the c o m p a r t m e n t c o n t a i n i n g t h e suc rose so lu t i on t o t h e w a t e r 
c o m p a r t m e n t . T h i s p h e n o m e n o n is ca l led reverse o smos i s (hence a b b r e v i a t e d 
as R O ) . 
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Fig. 8.11. Illustration of the principle of reverse osmosis. 

I n t h e t r e a t m e n t of was t ewa te r s b y reverse o smos i s , c o n t a m i n a t e d inf luent 
is p l aced in c o n t a c t w i th a su i t ab le m e m b r a n e a t a p re s su re in excess o f t h e 
o s m o t i c p re s su re o f t h e so lu t ion [ s a m e s i tua t ion as in F ig . 8 .11(c) , excep t 
t h a t t h e left c o m p a r t m e n t c o n t a i n s w a s t e w a t e r ins t ead o f suc rose s o l u t i o n ] . 
U n d e r these c o n d i t i o n s , w a t e r w i th a very smal l a m o u n t o f c o n t a m i n a n t s 
p e r m e a t e s t h e m e m b r a n e . Di s so lved c o n t a m i n a n t s a r e c o n c e n t r a t e d in t he 
w a s t e w a t e r c o m p a r t m e n t . T h i s c o n c e n t r a t e , wh ich hopeful ly is a smal l f rac
t i o n o f t h e t o t a l v o l u m e o f w a s t e w a t e r t o b e t r ea t ed , is d i sca rded . Purif ied 
w a t e r is o b t a i n e d f rom t h e o t h e r c o m p a r t m e n t . 

T h e c o m p a r t m e n t s i nd i ca t ed in F ig . 8.11 a r e a s c h e m a t i c r e p r e s e n t a t i o n o f 
R O p rocess . I n prac t i ce , t h e R O process is c o n d u c t e d in a t u b u l a r conf igura 
t ion sys tem (Fig . 8.12). R a w w a s t e w a t e r flows u n d e r h igh p re s su re (in excess 
of t h e va lue o f its o s m o t i c p re s su re ) t h r o u g h a n inne r t u b e m a d e o f a semi-
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p e r m e a b l e m e m b r a n e m a t e r i a l a n d des igned for h igh p re s su re o p e r a t i o n . 
Purif ied w a t e r is r e m o v e d f r o m t h e o u t e r t u b e , w h i c h is a t a t m o s p h e r i c p r e s 
su re a n d is m a d e of o r d i n a r y t u b u l a r m a t e r i a l . Typ ica l va lues of o p e r a t i n g 
p re s su re s , w a t e r fluxes (yield o f pur i f ied w a t e r p e r u n i t a r e a o f m e m b r a n e ) , 
a n d p r o d u c t qua l i ty a r e d i scussed in t h e fo l lowing sec t ions . 

5.4. P R E P A R A T I O N OF R O M E M B R A N E S 

Rever se o s m o s i s f o u n d its ear l ier a p p l i c a t i o n s in d e s a l i n a t i o n o f o c e a n 
wa te r . C o n s i d e r a b l e r e sea rch a n d p i l o t - p l a n t w o r k a r e be ing d o n e for ut i l iza
t i o n of R O in r e m o v a l of c o n t a m i n a n t s f rom w a s t e w a t e r s . S o m e of these 
(e.g. , n i t r ogen a n d p h o s p h o r u s c o m p o u n d s , c h r o m a t e s , a n d s o m e o r g a n i c 
c o m p o u n d s ) a r e n o t a d e q u a t e l y r e m o v e d b y o t h e r p rocesses . C o n s e q u e n t l y , 
u s u a l p rocesses m a y be c o m p l e m e n t e d b y R O , p r o v i d e d e c o n o m i c c o n 
s ide ra t ions a re f avorab le . R e s e a r c h ind ica t e s t h a t in p r inc ip le , R O c a n be 
u sed t o o b t a i n a n effluent of v i r tua l ly a n y des i red degree of p u r i t y whi le still 
m a i n t a i n i n g r e a s o n a b l e flow ra t e s . 

M a n y n a t u r a l ma te r i a l s h a v e s e m i p e r m e a b l e charac te r i s t i c s . A n i m a l a n d 
p l a n t m e m b r a n e s a r e w e l l - k n o w n e x a m p l e s . C o l l o d i o n , c e l l o p h a n e s , p o r o u s 
glass frits, finely c r a c k e d glass , a n d i n o r g a n i c p rec ip i t a t e s such as c o p p e r 
f e r rocyan ide , a n d z inc a n d u r a n y l p h o s p h a t e s h a v e b e e n used . Al l these , 
h o w e v e r , h a v e t h e s h o r t c o m i n g s of deve lop ing leaks a n d exh ib i t ing s h o r t 
l ived selectivity a n d p o o r r ep roduc ib i l i ty . 

Ce l lu lose ace ta t e m e m b r a n e s (hence d e n o t e d as C A m e m b r a n e s ) a r e t h e 
m o s t successful s e m i p e r m e a b l e m e m b r a n e s deve loped . S o u r i r a j a n a n d L o e b 
[ 9 ] deve loped a t e c h n i q u e for p r e p a r a t i o n of C A m e m b r a n e s y ie ld ing b o t h 
h igh pe rmeab i l i t i e s a n d h igh degrees of so lu te s e p a r a t i o n f rom a q u e o u s 
so lu t ions of s o d i u m ch lo r ide . T h e i r t e c h n i q u e is a s fo l lows : 

Concentrate 
removal Λ 

^ R a w 
wastewater 

in 

Purified water removal 

Fig. 8.12. Diagram of a tubular configuration system for wastewater 
treatment by reverse osmosis. 
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1. Casting step. T h e f i lm-cast ing so lu t ion c o n t a i n s cel lulose a c e t a t e 
d isso lved in a c e t o n e , t o wh ich is a d d e d a n add i t ive so lub le in w a t e r a n d n o t 
affecting t h e solubi l i ty of cel lulose a c e t a t e in a c e t o n e (e.g. , m a g n e s i u m pe r -
c h l o r a t e ) . W i t h th is so lu t ion , m e m b r a n e s a r e cas t o n flat o r t u b u l a r sur faces 
(e.g. , g lass p la tes o r t u b u l a r surfaces) , e i the r a t l a b o r a t o r y o r l ower t e m 
p e r a t u r e s ( « — 10°C). O n e of t h e m o s t significant d e v e l o p m e n t s in t he field 
of C A m e m b r a n e t e chno logy is cas t ing in t u b u l a r fo rm. T u b u l a r - s h a p e d 
m e m b r a n e s a r e ent i re ly l ined wi th in a p o r o u s fiberglass re in forced t u b e . 

2. Evaporation step. Af ter cas t ing , p a r t of t he so lven t ( ace tone ) is a l l o w e d 
t o e v a p o r a t e f rom t h e surface of t he m e m b r a n e a t ca s t ing t e m p e r a t u r e . 

3. Gelation step. T h e m e m b r a n e is i m m e r s e d in ice-cold w a t e r for a t 
least 1 hr . T h e film sets t o a gel , f rom w h i c h t h e add i t ive (e.g. , m a g n e s i u m 
pe rch lo ra t e ) a n d t h e so lven t ( ace tone ) a r e l eached o u t , leaving a t o u g h sol id 
p o r o u s film o n the flat o r t u b u l a r surface . 

4 . Shrinkage step. M e m b r a n e s f r o m t h e ge la t ion s tep exh ib i t p o r e s w h i c h 
a r e t o o large t o p e r m i t efficient o p e r a t i o n ( d i a m e t e r s « 4000 A). T h e s e la rge 
p o r e s a r e a resul t of t h e l each ing p rocess . C o n s e q u e n t l y , t h e m e m b r a n e 
receives a t h e r m a l t r e a t m e n t by s h r i n k i n g it in h o t w a t e r fo r a b o u t 10 m i n . 
Ad jus t i ng t he h o t wa t e r t e m p e r a t u r e , i t is poss ib le t o o b t a i n va r i ab l e p o r o s 
ities, wh ich resul ts in different degrees of w a s t e w a t e r s e p a r a t i o n . H i g h e r h o t 
w a t e r t e m p e r a t u r e s (usua l r a n g e is 7 0 ° - 9 8 ° C ) yield smal le r p o r e s . 

5.5. P R E F E R E N T I A L S O R P T I O N - C A P I L L A R Y F L O W 
M E C H A N I S M FOR R E V E R S E O S M O S I S 

Several m e c h a n i s m s h a v e been p r o p o s e d by different i nves t iga to r s t o ex
p la in reverse o smos i s . O f these , on ly t h e preferent ia l s o r p t i o n - c a p i l l a r y flow 
m e c h a n i s m is desc r ibed he re . T h i s m e c h a n i s m , p r o p o s e d by Sou r i r a j an [ 9 ] , 
is s u m m a r i z e d a s fo l lows : R O s e p a r a t i o n is t h e c o m b i n e d resu l t o f a n in te r 
facial p h e n o m e n o n a n d fluid t r a n s p o r t u n d e r p re s su re t h r o u g h cap i l l a ry 
po re s . F igu re 8.13 is a c o n c e p t u a l m o d e l of th is m e c h a n i s m for recovery of 
fresh w a t e r f rom a q u e o u s sal t so lu t ions (ocean wa te r ) . 

T h e so lu t i on is in c o n t a c t wi th a p o r o u s m e m b r a n e , t he surface of w h i c h 
h a s a preferent ia l s o r p t i o n for w a t e r a n d / o r preferent ia l r e p u l s i o n for t h e 
so lu te . A c o n t i n u o u s r e m o v a l of preferent ia l ly s o r b e d in ter facia l w a t e r is 
effected b y flow u n d e r p re s su re t h r o u g h t h e m e m b r a n e capi l la r ies . T h e 
preferent ia l ly s o r b e d wa t e r layer a t t h e in ter face is o f a m o n o m o l e c u l a r 
n a t u r e ( ind ica ted in F ig . 8.13 b e l o w t h e single d o t t e d l ine) , a n d resul ts f r o m 
i n t e r a c t i o n b e t w e e n interfacia l sur face t ens ion a n d a d s o r p t i o n o f so lu te . 

F o r a m a x i m u m s e p a r a t i o n a n d pe rmeab i l i t y , th i s m o d e l gives rise t o t h e 
c o n c e p t of cr i t ical p o r e d i a m e t e r , wh ich is e q u a l t o twice t he th i ckness of t h e 
preferent ia l ly s o r b e d interfacia l w a t e r layer (F ig . 8.14). F r o m a n indus t r i a l 
s t a n d p o i n t , a p p l i c a t i o n of t h e reverse o s m o s i s t e c h n i q u e for a given s e p a r a t i o n 
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Fig. 8.13. Schematic representation of preferential sorption-capillary flow 
mechanism [ 9 ] . (Reprinted with permission from Ind. Eng. Chem. Copyright by the 
American Chemical Society.) 
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Fig. 8.14. Critical pore diameter for maximum separation and permeability 
[9 ] . (Reprinted with permission from Ind. Eng. Chem. Copyright by the American Chemical 
Society.) 

p r o b l e m involves t h e cho ice of t he a p p r o p r i a t e chemica l n a t u r e of t h e film 
surface a n d d e v e l o p m e n t of m e t h o d s for p r e p a r i n g films c o n t a i n i n g the 
largest n u m b e r of p o r e s of t h e r equ i r ed size. T h i s a p p r o a c h is t h e bas is of t h e 
successful d e v e l o p m e n t of t h e S o u r i r a j a n - L o e b type of p o r o u s C A m e m b r a n e s 
for sal ine w a t e r conve r s ion a n d o t h e r a p p l i c a t i o n s . 

5.6. C H A R A C T E R I Z A T I O N OF M E M B R A N E 
P E R F O R M A N C E 

T h e t w o bas ic p a r a m e t e r s for cha rac t e r i z ing R O sys tems a r e (1) p r o d u c t i o n 
of purified w a t e r p e r un i t a r ea of m e m b r a n e (wa te r flux) a n d (2) p r o d u c t 
qua l i ty , i.e., pu r i t y of purif ied w a t e r ( re jec t ion fac to r ) . T h e s e p a r a m e t e r s a r e 
d iscussed in Sec t ions 5.7 a n d 5.8. 

file:///Porous
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5.7. W A T E R FLUX 
P r o d u c t i o n o f purif ied w a t e r is m e a s u r e d b y t h e w a t e r flux, def ined a s 

q u a n t i t y of p r o d u c t r ecovered pe r d a y pe r u n i t a r e a of m e m b r a n e . Eng l i sh 
u n i t s a r e used for w a t e r flux in field w o r k [ g a l / ( d a y ) ( f t 2 ) ] , w h e r e a s m e t r i c 
un i t s [g / (sec) ( c m 2 ) ] a r e u sed in l a b o r a t o r y tes ts . 

F l u x t h r o u g h a specific m e m b r a n e is d e t e r m i n e d by ( 1 ) phys ica l c h a r a c 
ter is t ics of t h e m e m b r a n e , e.g., t h i ckness , chemica l c o m p o s i t i o n , a n d p o r o s i t y , 
a n d ( 2 ) sys tem c o n d i t i o n s , e.g., t e m p e r a t u r e , differential p r e s su re ac ros s t h e 
m e m b r a n e , sal t c o n c e n t r a t i o n of so lu t i ons t o u c h i n g t h e m e m b r a n e , a n d 
veloci ty o f feed m o v i n g ac ros s t h e m e m b r a n e . 

I n p rac t i ce , phys ica l charac te r i s t i c s o f t h e m e m b r a n e a s well as t e m p e r a t u r e 
a n d c o n c e n t r a t i o n s of so lu te in feed a n d p r o d u c t s t r e a m s a r e fixed for a given 
p rocess . The re fo re , w a t e r flux is a func t ion of t h e differential p r e s s u r e ac ros s 
t h e m e m b r a n e , be ing given a p p r o x i m a t e l y b y 

w h e r e 
F H 2 O « Λ ( Δ Ρ - Δ π ) 

Δ Ρ = PF- Ρ Ρ 

Απ = 7Tf — η ρ 

( 8 . 4 4 ) 

( 8 . 4 5 ) 

( 8 . 4 6 ) 

a n d FHlQ is t h e w a t e r flux [ga l / (day ) ( f t 2 ) ] ; A t h e p e r m e a t i o n coefficient for a 
u n i t a r e a of m e m b r a n e [ g a l / ( d a y ) ( f t 2 ) ( a t m ) ] . T h i s t e r m inc ludes phys ica l 
va r iab les o f t h e m e m b r a n e a n d is relat ively c o n s t a n t ; AP = (PF — PP) t h e 
p re s su re exer ted o n feed so lu t ion (PF) m i n u s p res su re o n p r o d u c t (PP) ( a t m ) ; 
a n d An = (nF—nP) t h e o s m o t i c p r e s s u r e o f feed so lu t ion (nF) m i n u s o s m o t i c 
p re s su re o f p r o d u c t (nP) ( a t m ) . 

F o r a l a b o r a t o r y e x p e r i m e n t wi th a feed of p u r e w a t e r An = 0 , E q . ( 8 . 4 4 ) 
r educes t o a classical flux e q u a t i o n : 

F H 2 O = A AP ( 8 . 4 7 ) 

i.e., flux = res i s tance χ d r iv ing force. W h e n w a s t e w a t e r feed is relat ively c o n 
c e n t r a t e d in so lu te a n d p r o d u c t is a very d i lu te so lu t ion (near ly p u r e w a t e r ) , 
co r r ec t i on fac to r Δ π is s u b t r a c t e d f r o m differential p re s su re AP. Ac tua l l y , 
An s h o u l d b e e q u a l t o t h e difference in o s m o t i c p re s su re b e t w e e n s o l u t i o n s 
t o u c h i n g t h e m e m b r a n e o n each side (i .e. , feed a n d p r o d u c t s ides) . T h i s is 
not exact ly e q u a l t o nF — nP because o f c o n c e n t r a t i o n p o l a r i z a t i o n , a c o n d i t i o n 
d iscussed in Sec t ion 5 . 1 5 . Th i s is w h y E q . ( 8 . 4 4 ) is a p p r o x i m a t e . A n a c c u r a t e 
ve r s ion is wr i t t en in Sec t ion 5 . 1 5 . 

5.8. R E J E C T I O N F A C T O R 
I m p r o v e m e n t o f qua l i t y b e t w e e n feed a n d p r o d u c t s t r e a m s is expressed 

quan t i t a t i ve ly b y t he re ject ion fac tor , defined a s 

/ = (CF-CP)/CF ( 8 . 4 8 ) 
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w h e r e / i s t he re ject ion fac tor ( d imens ion l e s s ) ; CF t h e so lu te c o n c e n t r a t i o n 
in feed s o l u t i o n ; a n d CP t h e so lu te c o n c e n t r a t i o n in p r o d u c t . 
T h u s , / = 0.9 m e a n s t h a t C P = 0 . 1 C f , i .e., t h e p r o d u c t c o n t a i n s o n e - t e n t h 
t he c o n c e n t r a t i o n of so lu te in t he feed; the re fo re , 9 0 % of t h e so lu t e is rejected 
by t h e m e m b r a n e . Re jec t ion fac tor is the re fo re a m e a s u r e of m e m b r a n e 
selectivity. So lu te c o n c e n t r a t i o n s CF a n d CP a r e o b t a i n e d by d e t e r m i n a t i o n 
of t o t a l d i sso lved sol ids ( e v a p o r a t i o n t o d ryness ) . W h e n t h e so lu te is a n 
e lec t ro ly te (e.g. , N a C l ) , ana lys i s is conven ien t ly p e r f o r m e d by c o n d u c t i v i t y 
m e a s u r e m e n t s . 

T h e abi l i ty of a m e m b r a n e t o reject so lu tes is a c o m p l i c a t e d p r o b l e m 
d e p e n d i n g o n a c o m b i n a t i o n of phys i cochemica l charac te r i s t i c s o f so lu te , 
m e m b r a n e , a n d wa te r . P r o p e r t i e s o f t h e so lu te wh ich h a v e t h e m o s t inf luence 
o n re ject ion of i nd iv idua l species a r e (1) va lence cha rge—re j ec t i on increases 
w i th va lue of c h a r g e of i o n ; (2) m o l e c u l a r s ize—rejec t ion increases w i th 
m o l e c u l a r size of s o l u t e ; a n d (3) h y d r o g e n b o n d i n g t e n d e n c y — p e r m e a t i o n 
increases wi th s t r eng th of h y d r o g e n b o n d i n g . Abi l i ty o f a m e m b r a n e t o reject 
sal ts dec reases w i th o p e r a t i n g t ime . V a r i a t i o n of re ject ion wi th t i m e is i l lus
t r a t e d by F ig . 8.15. 

Fig. 8.15. Variation of salt rejection with operating time [6]. (Reprinted by 
special permission from Chemical Engineering, April 1973. Copyright by McGraw-Hill, Inc., 
New YorktN.Y.t 10020) 

A t first, dec rease is m o r e p r o n o u n c e d for smal l , un iva l en t i ons such as 
s o d i u m ( N a + ) a n d ch lo r ide ( C l ~ ) . T h e s e a r e n o r m a l l y a m o n g t h e m o s t 
p e r m e a b l e , s h o w i n g t he lowes t ini t ial re jec t ion a n d h a v e t h e h ighes t r a t e o f 
decl ine. D i v a l e n t ions such a s ca l c ium ( C a 2 + ) a n d m a g n e s i u m ( M g 2 + ) a n d 
a n i o n s such as sulfate ( S 0 4

2 ~ ) a r e ini t ial ly rejected very well a n d s h o w a very 

100 
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s low r a t e o f decl ine . Re jec t ion o f such i ons m a y ac tua l ly inc rease for a whi le 
(F ig . 8.15), b e c o m i n g n e a r l y c o n s t a n t after t h a t . Overa l l sal t re jec t ion t e n d s 
t o fol low t h e m o n o v a l e n t cu rve . 

P rogres s ive dec rease in sal t re jec t ion m a y b e caused b y hydro lys i s of t h e 
m e m b r a n e , w i th s u b s e q u e n t loss o f b o n d i n g si tes. A n o t h e r cause m a y be 
inc rease in p o r e size d u e t o m e m b r a n e swell ing. M o s t p r o b a b l y , b o t h effects 
p l ay a p a r t in t h e resul t . 

5.9. EFFECT O F S H R I N K A G E T E M P E R A T U R E O N 
P E R F O R M A N C E O F C A M E M B R A N E S 

Adjus t i ng h o t w a t e r t e m p e r a t u r e in t h e s h r i n k a g e s t ep for p r e p a r a t i o n o f 
C A m e m b r a n e s (Sec t ion 5.4) p e r m i t s c o n t r o l o f m e m b r a n e p o r o s i t y , t h u s 
l ead ing t o v a r i o u s degrees of w a s t e w a t e r s e p a r a t i o n . A t h ighe r s h r i n k a g e 
t e m p e r a t u r e s , p o r e sizes o b t a i n e d a r e smal ler , l ead ing t o g r ea t e r re jec t ion. 
W a t e r flux, howeve r , decreases a t h igher s h r i n k a g e t e m p e r a t u r e s , as expec ted . 
F o r specific R O a p p l i c a t i o n s o n e seeks a n e c o n o m i c b a l a n c e b e t w e e n w a t e r 
flux a n d reject ion. F i g u r e 8.16 s h o w s re ject ion a n d flux d a t a o b t a i n e d b y 
K o p e c e k a n d Sou r i r a j an for t h r e e types of C A m e m b r a n e s . 

Shrinkage temperature (°C) 
Fig. 8.16. Effect of shrinkage temperature on the performance of different 

CA membranes [ 9 ] . (Reprinted with permission from Ind. Eng. Chem. Copyright by the 
American Chemical Society.) 
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5.10. EFFECT O F F E E D T E M P E R A T U R E O N 
FLUX [6] 

F l u x is a l so affected b y feed t e m p e r a t u r e . W a t e r p e r m e a b i l i t y for t h e m e m 
b r a n e increases a b o u t 1.5% p e r ° F . F l u x for a m e m b r a n e is usua l ly specified 
a t 7 5 ° - 7 7 ° F , a n d a c o r r e c t i o n fac tor is a p p l i e d a t o t h e r t e m p e r a t u r e s . T h i s 
co r r ec t i on fac to r c a n be de r ived b y theo re t i ca l c o n s i d e r a t i o n s f r o m diffusivity 
a n d viscosi ty va lues , b u t expe r imen ta l ly d e t e r m i n e d co r r ec t i ons a r e m o r e 
re l iable . 

A c o r r e c t i o n fac to r wh ich is a mul t ip l i e r o f t h e r e q u i r e d m e m b r a n e a r e a is 
p r e s e n t e d in F ig . 8.17. T h i s cu rve w a s d e v e l o p e d by G u l f E n v i r o n m e n t a l 
Sys tems C o . for modif ied cel lulose a c e t a t e m e m b r a n e s . A p p l i c a t i o n of t h e 
co r r ec t i on fac tor is i l lus t ra ted in E x a m p l e 8.4. 

Feedwater temperature (°C) 

Fig. 8.17. Flux/temperature correction curve [6]. (Reprinted by special permission 
from Chemical Engineering, April 2, 1973. Copyright by McGraw-Hill, Inc., New York, 
Ν. Y., 10020.) 

Example 8.4 [6] 

I t is des i red t o specify t h e m e m b r a n e a r e a for a 100,000 g a l / d a y R O sys tem 
t o t r e a t b r a c k i s h wa te r . R e c o r d s ind ica t e t h a t t h e lowes t w a t e r t e m p e r a t u r e 
expec ted for a n y p r o l o n g e d p e r i o d is 6 8 ° F (20°C) . T h e cel lulose a c e t a t e 
m e m b r a n e c h o s e n is expec ted t o h a v e a n a v e r a g e flux o f 15 g a l / ( d a y ) ( f t 2 ) 
d u r i n g i ts 2-year life, o p e r a t i n g a t 600 ps ig . A v e r a g e flux w a s d e t e r m i n e d a t 
a b a s e t e m p e r a t u r e of 7 7 ° F . D e t e r m i n e r e q u i r e d m e m b r a n e a r e a for o p e r a t i o n 
a t 68°F . 

S O L U T I O N M e m b r a n e a r e a is s h o w n in E q . (8.49). 
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A t 7 7 ° F t h e r equ i r ed m e m b r a n e a r e a is 

100,000 gal/day 
Area (77°F) = ' 8 ' J = 6667 f t 2 

15gal / (day)(f t 2 ) 

F o r o p e r a t i o n a t 6 8 ° F (20°C) , t h e c o r r e c t i o n fac to r CF f r o m F ig . 8.16 is 
CF = 1.15. The re fo re , 

Area (68°F) = 1.15 χ 6667 = 7667 f t 2 

If a d d i t i o n a l p r o d u c t is n o t r e q u i r e d w h e n t e m p e r a t u r e is a b o v e 6 8 ° F , o p e r a t 
ing p r e s s u r e is r e d u c e d . 

5.11. FLUX D E C L I N E [6] 

A p p l i c a t i o n of p re s su re t o t h e m e m b r a n e resul t s in c o m p a c t i o n a n d c o n 
sequent ly in a decl ine of flux. C o m p a c t i o n resul ts f r o m densi f ica t ion o f t h e 
t h i n m e m b r a n e layer a n d c o r r e s p o n d s t o n a r r o w i n g of t he p o r e s t h r o u g h 
w h i c h w a t e r m u s t pa s s . A s t he c h a n n e l s n a r r o w , flow decreases . 

A n o t h e r cause o f flux decl ine is hydro lys i s o f ace ty l g r o u p s w h i c h t a k e s 
p lace d u r i n g the life of t h e m e m b r a n e . The re fo re , R O m e m b r a n e s a r e l imi ted 
t o a p H o p e r a t i n g r a n g e of 3 - 7 , ou t s ide of w h i c h r a p i d hydro lys i s a n d m e m 
b r a n e d e g r a d a t i o n occur . T h e o p t i m u m r a n g e is bel ieved t o b e p H 5 -6 . 
Hydro ly s i s o f acetyl g r o u p s resul t s in loss o f h y d r o g e n b o n d i n g si tes, w h i c h 
r educes t h e w a t e r t r a n s p o r t . T h i s hydro lys i s is a l so a sou rce o f sal t l e ak ag e 
because t h e r e a r e fewer w a t e r b r i d g e s b l o c k i n g p a s s a g e of fore ign m a t e r i a l s 
t h r o u g h t h e p o r e s . 

Loss in p r o d u c t i v i t y h a p p e n s s lowly t o every m e m b r a n e a n d is p e r m a n e n t . 
C h e m i c a l r e juvena t ion a n d low p re s su re o p e r a t i o n t o re lax a n d swell t h e 
m a t r i x h a v e been t r ied w i t h o u t success ; t h e m e m b r a n e s imply ages a n d flux 
decreases un t i l e c o n o m i c s d i c t a t e r e p l a c e m e n t . 

5.12. F O U L I N G : C A U S E S A N D C U R E S [6] 

F o u l i n g , resu l t ing in t e m p o r a r y flux r e d u c t i o n , is c a u s e d b y fore ign m a t e r i a l s 
c o a t i n g t h e m e m b r a n e sur face , a s on ly h y d r o g e n b o n d i n g subs t ances (wa te r , 
a m m o n i a ) p a s s t h r o u g h t h e d i s c r im ina t i ng p o r e s of t h e m e m b r a n e . N o n -
b o n d i n g ma te r i a l s a r e left in t h e qu iescen t film k n o w n a s t h e l iquid b o u n d a r y 
layer . 

T h e c o m p o s i t i o n o f depos i t s in b o u n d a r y layers reflects t h e c o m p o s i t i o n o f 
feedwater . A s expec ted , t h e m o s t c o m m o n c o n s t i t u e n t s a r e c a l c i u m car 
b o n a t e , sulfate scales, h y d r a t e s o f i r o n a n d a l u m i n u m oxides , s i l icates, 
m i sce l l aneous pa r t i cu la t e s , a n d b io logica l g r o w t h s . 
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F o u l i n g is m i n i m i z e d b y t a k i n g t h e fo l lowing p r e c a u t i o n s : (1) p r e t r e a t i n g 
feed t o r e m o v e i r o n a n d c o n t r o l p H , (2) l imi t ing t h e p r o c e s s t o n o n s c a l i n g 
c o n c e n t r a t i o n s of w a s t e w a t e r , (3) filtration of w a s t e w a t e r feed, a n d (4) injec
t i on of smal l a m o u n t s of b ioc ides (e .g . , ch lo r ine ) . U n f o r t u n a t e l y , n o m a t t e r 
h o w t h o r o u g h t h e p r o t e c t i o n , foul ing a l w a y s o c c u r s a n d t h e m e m b r a n e s 
s h o u l d be pe r iod ica l ly c l eaned . T h e u s u a l c l ean ing p r o c e d u r e is a s fo l l ows : 

1. F l u s h t h e m e m b r a n e w i t h feed w a t e r a t r e d u c e d p r e s s u r e o f t w o o r 
t h r ee t imes n o r m a l ve loc i ty ; t h e t u r b u l e n t a c t i o n o f t h e fluid l o o s en s foul ing 
depos i t s a n d car r ies t h e m a w a y . W a t e r flushing is t h e p r e l i m i n a r y s t ep in 
every c l ean ing o p e r a t i o n . 

2 . H a r d n e s s scales ( c a r b o n a t e s a n d sulfa tes sal ts o f c a l c i u m a n d m a g 
n e s i u m ) a r e s o m e t i m e s r e m o v e d b y s o a k i n g t h e m e m b r a n e in dist i l led w a t e r 
for l o n g p e r i o d s of t ime . Since th is is t i m e c o n s u m i n g , m o r e of ten a w a r m 
so lu t ion of 1-2% ci t r ic ac id is v igo rous ly c i r cu la t ed t h r o u g h t h e un i t , d i s 
so lv ing large a m o u n t s of meta l l i c i ons a n d k e e p i n g t h e m in s o l u t i o n b y 
che l a t i on . 

3. Mic rob io log i ca l g r o w t h s o c c u r in m o s t n a t u r a l w a t e r s , a n d a r e a 
pa r t i cu l a r p r o b l e m w h e n t r e a t i n g effluents f r o m b io log ica l p rocesses . T h e s e 
a r e often r e m o v e d by rec i r cu la t ing w a s h e s of e n z y m e de t e rgen t s . 

Theoretical flux 
Averaged flux 

C Actual flux 

Periodic cleaning 
of membrane 

- Υ Ί 

Fig. 8.18. Effect of membrane cleaning on flux [6]. (Reprinted by special permiss
ion from Chemical Engineering•, April 2 , 1973. Copyright by McGraw-Hill, Inc., New York, 
Ν. Y, 10020.) 

F l u x d e g r a d a t i o n by foul ing is a n a d d i t i o n a l loss s u p e r i m p o s e d o n t h e 
p e r m a n e n t losses d iscussed in Sec t ion 5 .11 . T h i s is s h o w n in F ig . 8.18, w h i c h 
i l lus t ra tes t h e effect of m e m b r a n e c l ean ing o n flux. A s s h o w n in F ig . 8.18, 
the a c t u a l flux cu rve fol lows a dec l in ing , s a w - t o o t h e d p a t t e r n w h e n t h e m e m 
b r a n e is c leaned per iod ica l ly . W i t h o u t c l ean ing , flux w o u l d fol low t h e lowes t 
cu rve , a p ro j ec t ion of t h e init ial s m o o t h dec l ine . F l u x f rom a h y p o t h e t i c a l 
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m e m b r a n e t h a t is neve r fouled ( theore t i ca l flux) is s h o w n b y the u p p e r l ine, 
t h e theore t i ca l flux cu rve w h i c h t o u c h e s on ly t h e p e a k s of t he s a w - t o o t h e d 
cu rve . 

5.13. P R E D I C T I O N O F FLUX [6] 
W a t e r o u t p u t f rom a m e m b r a n e beg ins t o decl ine as s o o n as p r e s s u r e is 

app l i ed , a n d c o n t i n u e s t o d e g r a d e s lowly thereaf te r . T h e loss is i r revers ib le , 
a n d if m o r e flux is r equ i r ed feed p r e s s u r e m u s t b e inc reased . T h i s a l t e rna t i ve 
is self-defeating s ince a d d i t i o n a l p r e s s u r e , whi le p r o d u c i n g m o r e w a t e r , a l so 
c o m p r e s s e s t h e m e m b r a n e fur ther a n d h a s t e n s flux dec l ine . N o r m a l p r ac t i c e 
is t o overspecify t h e m e m b r a n e a r ea sl ightly a n d t o k e e p t h e o p e r a t i n g p r e s s u r e 
c o n s t a n t as l o n g as poss ib l e , r e so r t i ng t o a d d i t i o n a l p r e s s u r e la te in t h e life 
of t h e m e m b r a n e . 

T h e o u t p u t of a m e m b r a n e is p r ed i c t ab l e because t h e dec l ine p e r u n i t a r e a 
of t h e m e m b r a n e is qu i t e u n i f o r m a n d c a n b e p ro jec ted . A p l o t o f flux vs . 
o p e r a t i n g t i m e a t a specified p res su re ( l ike t h e lower cu rve in F ig . 8.18) yields 
a cu rve wi th a n ini t ia l s teep descen t fo l lowed by a p r o l o n g e d a n d m o d e r a t e 
decl ine . A l o g a r i t h m i c p l o t y ie lds a s t r a igh t l ine wh ich is a d e q u a t e for p r e d i c 
t ion p u r p o s e s for 1 a n d p r o b a b l y 2 yea r s . T h u s , flux c a n be p r ed i c t ed f r o m 
such p l o t s o n c e t h e ini t ial flux a n d s lope a r e k n o w n . 

M a n u f a c t u r e r s p r o v i d e ini t ia l flux va lues a n d e s t ima te s of s lopes a t v a r i o u s 
o p e r a t i n g p re s su res . In i t ia l flux is t h e p r o d u c t i o n for t h e first 24 h r d i v i d e d 
by the m e m b r a n e a r e a in t he tes t un i t . Dec l ine s lope is c o m p u t e d o r de t e r 
m i n e d g raph ica l ly f rom flux va lues t a k e n a t t i m e in te rva ls such as 10, 100, 
a n d 1000 hr . T i m e in te rva l s in mul t ip les o f 10 a r e conven ien t ly selected 
because c o m p u t a t i o n is simplified. D e c l i n e r a t e is g iven b y E q . (8.50). 

m = ( l o g F i - l o g F J / G o g / i - l o g ^ ) = log(F, /F , ) / log( / , / / x ) (8.50) 

w h e r e F f is t h e in i t ia l flux [ga l / (h r ) ( f t 2 ) ] ; Fx t he flux a t t i m e χ [ga l / (h r ) ( f t 2 ) ] ; 
tt t he o p e r a t i n g t i m e (hr ) for ini t ia l flux ( o b t a i n e d by c o m p u t i n g ini t ia l flux 
a n d d e t e r m i n i n g f rom a l o g a r i t h m i c p l o t of Fx vs . t t h e t i m e tt c o r r e s p o n d i n g 
t o th is ca lcu la ted v a l u e ) ; a n d tx t h e o p e r a t i n g t i m e (h r ) . 

D e t e r m i n a t i o n of flux over t h e life of t h e m e m b r a n e is bas ic t o t h e des ign 
of R O sys tems , because these va lues a r e used t o e s t ima te m e m b r a n e a r e a 
r equ i r ed for a des i red p l a n t capac i ty by ut i l iz ing E q . (8.49). T h r e e pos s ib l e 
a p p r o a c h e s a r e 

1. T a k e a n ave rage of t h e ini t ia l a n d final flux as a c o m p r o m i s e t o o b t a i n 
a n ave rage a r e a . W h e n th is cho ice is m a d e , it is expec ted t h a t d u r i n g t h e l a te r 
life of t h e m e m b r a n e , flux will be b r o u g h t u p t o i ts ini t ia l v a l u e by inc reas ing 
t h e o p e r a t i n g p ressu re . 

2. Specify m e m b r a n e a r e a f r o m final o r smal les t flux va lue . A l t h o u g h 
fixed cos t s a r e h igher , lower sys tem p res su res decrease o p e r a t i n g cos t s . 

3 . Select ini t ia l flux as t h e des ign bas is . T h i s min imizes m e m b r a n e a r e a 
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a n d cap i t a l cos t s , b u t raises o p e r a t i n g cos t s a s p res su res a r e inc reased t o m a i n 
ta in p r o d u c t i o n . T h i s is a logical cho ice for i n t e r m i t t e n t a n d s h o r t - t e r m 
pro jec t s in w h i c h ini t ia l cos t s m u s t b e m i n i m i z e d . 

5.14. M E M B R A N E L E A K A G E [6] 
Calcu l a t ed so lu te re ject ion is a lways h ighe r t h a n e x p e r i m e n t a l va lues , even 

t h o s e t h a t a r e d e t e r m i n e d u n d e r t h e m o s t careful c o n d i t i o n s . F o r e x a m p l e , 
theore t i ca l re jec t ion o f s o d i u m c h l o r i d e f r o m a modif ied C A m e m b r a n e is 
ca lcu la t ed a s 99 .7%, b u t e x p e r i m e n t a l resu l t s s h o w n o b e t t e r t h a n 9 7 - 9 9 % 
re jec t ion. T h e difference is c a u s e d by m i n u t e imper fec t ions in t h e m e m b r a n e 
t h r o u g h w h i c h p ressur ized b r i n e c a n flow a n d c o n t a m i n a t e t h e p r o d u c t wa t e r . 

Al l m e m b r a n e s h a v e i m p e r f e c t i o n s ; these a r e p r o b a b l y n o t m a n u f a c t u r i n g 
faul ts , b u t a p r o p e r t y of t he m e m b r a n e t h a t m u s t b e ad jus t ed o r o p t i m i z e d 
t o sui t a specific service. H e n c e , ve ry p o r o u s C A m e m b r a n e s a r e u s e d t o 
screen o u t la rge molecu les ( 2 0 - 5 0 0 A d i a m e t e r ) a n d very sma l l pa r t i c les for 
u l t ra f i l t ra t ion app l i ca t i ons . Less p o r o u s m e m b r a n e s a r e selected for h i g h 
w a t e r flow a n d m o d e r a t e sal t re jec t ion service in sal t less sof teners , a n d m e m 
b r a n e s h e a t t r e a t e d t o low p o r o s i t y a r e used for a p p l i c a t i o n s r e q u i r i n g h igh 
re ject ion. 

F o r t u n a t e l y , m o s t imper fec t ions a r e smal l a n d easi ly p lugged . D i s t r i b u t i o n 
r u n s f r o m n u m e r o u s ho les wi th d i a m e t e r s 100 A a n d sma l l e r t o a few of 
l - μ ι η in d i a m e t e r . T h e m a j o r sou rce of p r o d u c t c o n t a m i n a t i o n resu l t s f r o m 
so lu te pa s sage t h r o u g h la rger ho les , s ince f r o m Poiseu i l l e ' s l aw for v i scous 
flow, sal t l eakage increases p r o p o r t i o n a t e l y t o t h e f o u r t h p o w e r o f p o r e 
d i ame te r . 

A n u m b e r of t e chn iques h a v e been t r ied t o r e d u c e m e m b r a n e l e a k a g e : 
1. Heat treating and modifying dope formula. T h i s is t he on ly p e r m a n e n t 

w a y t o r e d u c e l eakage . M e m b r a n e s for sea w a t e r m u s t b e h e a t t r e a t e d a t 
h igh t e m p e r a t u r e s t o yield a film t h a t c a n reject 9 9 . 5 % of t h e sal t in t h e feed. 

2. Addition of certain chemicals to the feed. C h e m i c a l s of la rge m o l e c u l a r 
size a d d e d t o t h e feed a r e ut i l ized t o p l u g l eak ing p o r e s . L o e b [ 7 ] d i s cove red 
t h a t t r ace a m o u n t s of a l u m i n u m sal ts o c c u r r i n g in L o s Ange le s t a p w a t e r 
p lugged l eak ing p o r e s of test m e m b r a n e s a n d i m p r o v e d sal t re jec t ion. Z e p h i r a n 
( t e t r a a l k y l a l u m i n u m ch lor ide ) w a s used a t Un ive r s i ty of Ca l i fo rn ia a t L o s 
Ange les ( U C L A ) t o ga in a s imi lar a n d m o r e r e p r o d u c i b l e effect. O t h e r ma te r i a l s 
t h a t i m p r o v e re ject ion inc lude po lyv iny l m e t h y l e the r a n d D o w f a x . 

U n f o r t u n a t e l y , l e a k - s t o p p i n g add i t ives h a v e se r ious d r a w b a c k s t h a t l imi t 
the i r u s e : (1) t hey a r e m o r e effective o n low flux t h a n o n h igh flux s t a n d a r d 
C A m e m b r a n e s , n o w a l m o s t exclusively u s e d ; (2) they d i ss ipa te qu ick ly a n d 
m u s t be regu la r ly r e p l e n i s h e d ; (3) m o s t of t h e m r e d u c e w a t e r flux a s they 
r e d u c e so lu te l e a k a g e ; a n d (4) they a r e expens ive a n d the re fo re useful on ly in 
special s i tua t ions w h e r e cos t is n o t a fac tor . 
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5.15. S O L U T E P E R M E A B I L I T Y A N D 
C O N C E N T R A T I O N P O L A R I Z A T I O N 

Theore t i ca l ly , so lu te flux is a func t ion o f m e m b r a n e p e r m e a b i l i t y a n d t h e 
difference be tween so lu te c o n c e n t r a t i o n s in t h e h igh a n d low p r e s s u r e s ides 
o f t h e m e m b r a n e , i.e., 

Fsoiuu = fi(CH-CL) = β A C « fiCH (8.51) 

w h e r e Fsolute is t h e so lu te flux [ g / ( c m 2 ) ( s e c ) ] ; β t h e so lu te p e r m e a b i l i t y c o 
efficient ( cm/ sec ) ; CH t h e c o n c e n t r a t i o n of so lu te o n h igh p r e s s u r e s ide o f 
m e m b r a n e , i .e., c o n c e n t r a t e s ide ( g / c m 3 ) ; a n d CL t h e c o n c e n t r a t i o n o f so lu t e 
o n l ow p r e s s u r e s ide of m e m b r a n e , i.e., p r o d u c t s ide ( g / c m 3 ) . 

U n l i k e w a t e r flux [ E q . (8 .44 ) ] , n o r m a l so lu te flux is i n d e p e n d e n t o f p r e s s u r e 
[ E q . (8 .51 ) ] . Theore t i ca l ly , if p r e s s u r e in t h e R O sys tem is inc reased , so lu te 
diffuses a t a c o n s t a n t r a t e whi le w a t e r flow increases . T h e resul t is g r ea t e r 
p r o d u c t i o n o f p u r e wa te r . 

S ince CL is usua l ly smal l a s c o m p a r e d t o CH, E q . (8.51) is wr i t t en a p p r o x i 
m a t e l y as ind ica ted , i.e., sal t flux is essent ia l ly g o v e r n e d by c o n c e n t r a t i o n o f 
so lu te in t he b o u n d a r y layer nex t t o t h e m e m b r a n e o n t h e c o n c e n t r a t e s ide. 
So lu te c o n c e n t r a t i o n CH c an b e subs tan t i a l ly h ighe r t h a n the c o n c e n t r a t i o n 
in t h e feed CF o w i n g t o a n effect ca l led c o n c e n t r a t i o n p o l a r i z a t i o n . I n m e m 
b r a n e processes so lu te a c c u m u l a t e s in a relat ively s tab le layer ( b o u n d a r y 
layer) nex t t o t he m e m b r a n e . C o n c e n t r a t i o n p o l a r i z a t i o n is t h e r a t i o of so lu te 
c o n c e n t r a t i o n a t th i s b o u n d a r y layer t o t h a t in t h e b u l k of t h e so lu t ion . 
Ini t ia l ly , so lu te c o n c e n t r a t i o n a t t h e b o u n d a r y l ayer is t h e s a m e as in t h e 
b u l k o f t h e so lu t ion . H o w e v e r , s ince t h e m e m b r a n e is p e r m e a b l e t o so lven t 
a n d i m p e r m e a b l e t o so lu te , t h e b o u n d a r y layer b e c o m e s heavi ly p o p u l a t e d 
w i th so lu te a s so lven t leaves t h r o u g h t h e c h a n n e l s o f t h e m e m b r a n e . T h e 
b o u n d a r y layer g r o w s th i cke r a n d m o r e c o n c e n t r a t e d , because t h e r a t e o f 
so lu te diffusion a w a y f r o m t h e m e m b r a n e c a n n o t k e e p p a c e w i th so lven t 
flow t h r o u g h t h e m e m b r a n e . 

T h e resu l t o f c o n c e n t r a t i o n p o l a r i z a t i o n fol lows f rom E q . (8.51). W r i t e 
CH = C B L , w h e r e C B L s t a n d s for t h e progress ive ly inc reas ing so lu te c o n 
c e n t r a t i o n a t t h e b o u n d a r y layer . The re fo r e 

Fso lu te * fiCBh (8.52) 

C o n s e q u e n t l y , c o n c e n t r a t i o n p o l a r i z a t i o n resul ts in a n inc reased so lu te flux 
o r a lower p r o d u c t qua l i t y . Th i s is u n d e s i r a b l e , so o n e str ives t o r e d u c e t h e 
c o n c e n t r a t i o n p o l a r i z a t i o n effect. T h i s is a c c o m p l i s h e d in t w o w a y s : 

1. Higher feed velocity. T h i s r educes th ickness a n d c o n c e n t r a t i o n of t h e 
b o u n d a r y layer a s it is s c o u r e d a w a y by t h e feed s t r e a m a t h igh veloci ty . T h e 
ex t r a flow t h r o u g h t h e un i t resu l t s in a n overa l l l ower p r o d u c t r ecove ry , i.e., 
smal le r r a t i o o f p r o d u c t t o feed. T h i s increases p o w e r c o n s u m p t i o n a n d 
a m o u n t of c o n c e n t r a t e (was te) p r o d u c e d . 
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2. Addition of turbulence promoters. T h i s is a m o r e efficient w a y t o r e d u c e 
t h e b o u n d a r y layer . T u b u l a r m e m b r a n e un i t s a r e p r o v i d e d w i t h p las t ic ba l l s 
o n t h e h igh p re s su re s ide t o b r e a k u p t h e s m o o t h flow o f feed so lu t i on . T u r b u 
lence p r o m o t e r s m a y r equ i r e pref i l t ra t ion of t h e feed so t h a t p a r t i c u l a t e s o r 
p rec ip i t a t es d o n o t ge t l odged in n a r r o w flow spaces a n d p l u g t h e m e m b r a n e . 
T h e u s u a l c o n c e n t r a t i o n p o l a r i z a t i o n r a t i o is 1.2-2.0, w h i c h m e a n s t h a t 
so lu te c o n c e n t r a t i o n a t t h e b o u n d a r y layer is 1.2-2.0 t imes t h a t in t h e b u l k 
of t h e feed. 

T h e a p p r o x i m a t e e q u a t i o n for w a t e r flux, E q . (8.44), is r ewr i t t en t a k i n g 
i n t o a c c o u n t t h e c o n c e n t r a t i o n p o l a r i z a t i o n effect, i n which case Δ π is 

Δπ = 7TBL — TCP (8.53) 

w h e r e nBL is t h e o s m o t i c p r e s su re of t h e c o n c e n t r a t e d so lu t i on a t t h e b o u n d a r y 
layer (nBL > nF). S ince Δ π , given by E q . (8.53), is h ighe r t h a n t h e va lue ca l 
cu l a t ed f rom E q . (8.46), th i s impl ies f rom E q . (8.44) a dec reased w a t e r flux 
o w i n g t o t h e c o n c e n t r a t i o n p o l a r i z a t i o n effect. S u b s t i t u t i o n o f E q s . (8.53) a n d 
(8.45) in E q . (8.44) yields 

F H 2 o = A[(PF-PP)-(nBh-nP)] (8.54) 

T h e r e is n o s imple e x p e r i m e n t a l t e c h n i q u e ava i l ab le t o d e t e r m i n e so lu te 
c o n c e n t r a t i o n a t t h e b o u n d a r y layer ( a n d the re fo re nBL). A n ind i rec t a p p r o a c h 
cons is t s o f d e t e r m i n i n g expe r imen ta l ly w a t e r flux, FH2o, a n d p e r m e a t i o n 
coefficient A (Sec t ion 5.16). T h e n nBL is t he on ly u n k n o w n in E q . (8.54), 
a n d the re fore 

* B L = nP + (PF - PP) - (FH20/A) (8.55) 

T h e c o n c e n t r a t i o n of so lu te a t t he b o u n d a r y layer is t h e n o b t a i n e d f r o m a p r e 
viously p r e p a r e d p lo t o f o s m o t i c p r e s s u r e vs . so lu te c o n c e n t r a t i o n [ π = 

f(c)l 

5.16. E X P E R I M E N T A L T E C H N I Q U E FOR 
L A B O R A T O R Y P R E D I C T I O N O F 
M E M B R A N E P E R F O R M A N C E 

A l a b o r a t o r y a p p a r a t u s for t h e p r e d i c t i o n o f m e m b r a n e p e r f o r m a n c e in 
reverse o s m o s i s is desc r ibed b y Sour i r a j an a n d A g r a w a l [ 9 ] , a n d a s c h e m a t i c 
flow d i a g r a m is s h o w n in F ig . 8.19. F e e d so lu t i on is p u m p e d t h r o u g h a su rge 
t a n k i n t o t h e cell c o n t a i n i n g t h e m e m b r a n e . P r e s su re is c o n t r o l l e d b y a p r e s s u r e 
r e g u l a t o r o p e r a t i n g o n a n i t r o g e n b a c k p r e s s u r e sys tem. 

Expe r imen ta l l y d e t e r m i n e d va r i ab les a t a specific p r e s s u r e a r e (1) re jec t ion 
fac tor [ E q . (8.48)]; (2) p r o d u c t r ecovery , i .e., r a t i o of p r o d u c t t o feed; a n d 
(3) p e r m e a t i o n coefficient A. P e r m e a t i o n coefficient A, w h i c h inc ludes phys ica l 
var iab les o f t h e m e m b r a n e , is re la t ively c o n s t a n t (Sec t ion 5.7). The re fo r e , it 
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Fig. 8.19. Schematic flow diagram of RO laboratory unit [ 9 ] . (Reprinted with 
permission from Ind. Eng. Chem. Copyright by the American Chemical Society.) 

c a n be d e t e r m i n e d o n c e a n d for all b y o p e r a t i n g t h e sys tem a t a specific p r e s 
su re w i t h p u r e w a t e r a n d m e a s u r i n g the r a t e a t w h i c h it p e r m e a t e s t h r o u g h 
t h e m e m b r a n e . E q u a t i o n (8.53) for p u r e w a t e r o p e r a t i o n yields 

Δπ = nBL — 7TP = 0 
F r o m E q . (8.54), 

A = FH20/AP (8.56) 
w h e r e 

AP = P F - PP 

a n d F H 2 o is t h e p u r e w a t e r flux [g / (h r ) ( c m 2 ) ] . P r o d u c t flow (g /h r ) in th is 
case is cal led p u r e wa t e r pe rmeab i l i t y (PWP). The re fo re f rom E q . (8.56) , 

A = Ρ WP/(Mx S χ 3600ΔΡ) (8.57) 

w h e r e A is t he p e r m e a t i o n coefficient [g m o l e of wate r / ( sec) ( c m 2 ) ( a t m ) ] ; 
PWP t he p u r e w a t e r pe rmeab i l i t y ( g / h r ) ; Μ t h e m o l e c u l a r we igh t o f w a t e r 
(18) ; S t h e effective m e m b r a n e a r e a ( c m 2 ) (7.6 c m 2 for S o u r i r a j a n ' s a p p a r a t u s 
in F ig . 8.19); a n d AP t he differential p r e s su re ( a t m ) . 

5.17. F INAL R E M A R K S O N R E V E R S E O S M O S I S 

Reverse o smos i s is still t o o expens ive for w i d e s p r e a d u t i l i za t ion in w a s t e 
w a t e r t r e a t m e n t . I t is a l so l imi ted t o t r e a t i n g so lub le was te s s ince s u s p e n d e d 
sol ids c log t h e m e m b r a n e s . C o n s e q u e n t l y , p r e t r e a t m e n t of t h e feed is re 
q u i r e d w h e n e v e r t he r e a r e s u s p e n d e d sol ids , t h u s ra i s ing cos t s . 
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O p e r a t i n g p re s su re s e m p l o y e d v a r y f r o m 600 u p t o 1500 ps ig . O n e o f t h e 
m a i n goa l s in c u r r e n t r e sea rch is t o d e v e l o p be t t e r m e m b r a n e s t h a t c a n 
o p e r a t e a t lower p re s su res ( a r o u n d 250 ps ig) a n d still yield relat ively h igh 
p r o d u c t r a t e s , o f t he o r d e r of 40 ga l / (day) ( f t 2 ) . O n c e these difficulties a r e 
o v e r c o m e , R O cou ld b e c o m e a p roces s o f w i d e s p r e a d a p p l i c a t i o n in t h e field 
o f w a s t e w a t e r t r e a t m e n t . 

6. Electrodialysis 
6.1. I N T R O D U C T I O N 

Elec t rod ia lys i s w a s or ig inal ly d e v e l o p e d for d e s a l i n a t i o n of o c e a n wa te r . 
I t is a p r o m i s i n g m e t h o d for r e m o v a l o f i n o r g a n i c n u t r i e n t s ( p h o s p h o r u s a n d 
n i t r o g e n ) f r o m w a s t e w a t e r s , a n d t h u s it is a poss ib le final s tage in w a s t e w a t e r 
t r e a t m e n t p rocesses . 

A d i a g r a m of a n e lec t rodia lys is cell is s h o w n in F ig . 8.20. T h e bas ic c o m 
p o n e n t s of t h e cell a r e a series o f m e m b r a n e s m a d e o f i o n e x c h a n g e res ins . 
T h e s e m e m b r a n e s a r e p e r m e a b l e on ly t o ion ic species a n d a r e selective t o a 
specific t ype of i o n . T h e r e a r e t w o types of m e m b r a n e s ut i l ized in a n e lec t ro 
dialysis ce l l : (1) c a t i o n m e m b r a n e s , w h i c h possess a fixed nega t ive c h a r g e , 
a l lowing c a t i o n s (posi t ive ions) t o pas s t h r o u g h t h e m b u t repe l l ing a n i o n s 
(negat ive i o n s ) ; a n d (2) a n i o n m e m b r a n e s , w h i c h possess a fixed pos i t ive 
cha rge , a l l owing a n i o n s (negat ive ions ) t o pas s t h r o u g h t h e m b u t repe l l ing 
c a t i o n s (pos i t ive ions ) . 

Pa s sage o f i ons t h r o u g h t h e m e m b r a n e s is acce le ra ted b y a p p l i c a t i o n o f a 
c o n s t a n t vo l t age ac ross a series of c a t i o n - a n d a n i o n - p e r m e a b l e m e m b r a n e s , 
as i nd i ca t ed in F ig . 8.20. T h e c a t h o d e a n d a n o d e a r e l oca t ed a t t w o e x t r e m e s 
of t h e cell, so t h a t t h e m e m b r a n e c losest t o t h e c a t h o d e is c a t i o n p e r m e a b l e 
a n d t h a t c loses t t o t h e a n o d e is a n i o n p e r m e a b l e . R a w w a s t e w a t e r is fed 
c o n t i n u o u s l y i n t o t h e c o n c e n t r a t i n g c o m p a r t m e n t s , a n d t r e a t e d w a s t e w a t e r 
is w i t h d r a w n c o n t i n u o u s l y f r o m t h e d i l u t i n g c o m p a r t m e n t s . 

6.2. V O L T A G E R E Q U I R E D FOR E L E C T R O D I A L Y S I S 

Vol tage r e q u i r e d is ca lcu la t ed f r o m O h m ' s l aw [ E q . (8 .58) ] . 

Ε = IR (8.58) 

w h e r e Ε is t h e app l i ed vo l t age (V) , / t h e c u r r e n t ( A ) , a n d R t h e t o t a l e lect r ical 
res i s tance of m e m b r a n e s a n d so lu t i ons in cells ( o h m s ) . 

6.3. C U R R E N T R E Q U I R E D FQR E L E C T R O D I A L Y S I S 

T h e c u r r e n t r equ i r ed is p r o p o r t i o n a l t o t h e ion ic s t r eng th o f so lu t i on 
(expressed in t e r m s of n o r m a l i t y ) , a n d t h e n u m b e r of cells. I t is ca l cu la t ed 
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Fig. 8.20. Diagram of an electrodialysis cell. 

f rom F a r a d a y ' s l a w : 96 ,500 A χ sec o f electr ici ty t rans fe r o n e g r a m - e q u i v a l e n t 
we igh t o f a n e lec t ro ly te f rom o n e e l ec t rode t o a n o t h e r . T h u s , c u r r e n t r e q u i r e d 
for e lec t rodia lys is for a fixed app l i ed vo l t age Ε is given in E q . (8.59). 

/ = FqNe/ηε (8.59) 

w h e r e / is t h e c u r r e n t ( A ) , F t h e F a r a d a y c o n s t a n t (96,500 A χ sec/g equ iv 
a len t ) , q t h e flow r a t e ( l i ters/sec) , TV t h e n o r m a l i t y o f so lu t i on (g equ iva l en t s / 
l i ter ) , e t h e r e m o v a l efficiency (0 < e < 1.0), η t h e n u m b e r o f cells b e t w e e n 
e lec t rodes , a n d ε t h e c u r r e n t efficiency (0 < ε < 1.0). 

I n c r e a s i n g t h e n u m b e r o f cells for a fixed app l i ed vo l t age Ε resu l t s in a n 
increase o f t h e t o t a l e lect r ical res i s tance R. C o n s e q u e n t l y , f rom O h m ' s law 
t h e c u r r e n t / dec reases . 

6.4. P R E T R E A T M E N T O F W A S T E W A T E R S 
IN E L E C T R O D I A L Y S I S 

F o r p r o p e r o p e r a t i o n o f t h e e lec t rodia lys is cell , p a r t i c u l a t e m a t t e r , l a rge 
o r g a n i c i o n s , a n d co l lo ida l m a t t e r m u s t b e r e m o v e d p r i o r t o t h e p r o c e s s . If 
th i s is n o t d o n e , these ma te r i a l s c a u s e fou l ing of m e m b r a n e s , w h i c h resul t s in 
a n inc rease o f t o t a l e lectr ical r es i s tance . F o r a c o n s t a n t app l i ed vo l t age , t h e 
c u r r e n t p a s s i n g t h r o u g h t h e cell is t h u s lowered . The re fo re , demine ra l i z i ng 
c a p a c i t y of t h e e q u i p m e n t is l owered . 
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F o u l i n g of m e m b r a n e s is t h e g rea t e s t p r o b l e m t o b e o v e r c o m e in o r d e r t o 
achieve e c o n o m i c o p e r a t i o n of e lec t rodia lys is in t r e a t m e n t o f w a s t e w a t e r s . 
F o u l i n g is m i n i m i z e d b y 

1. P r e t r e a t m e n t of r a w w a s t e w a t e r in o r d e r t o r e m o v e p a r t i c u l a t e a n d 
co l lo ida l m a t t e r a n d large o r g a n i c i ons . T h i s is d o n e by a d d i t i o n o f c o a g u l a n t s , 
filtration t h r o u g h mic rosc reens , a n d / o r a d s o r p t i o n in ac t i va t ed c a r b o n 
c o l u m n s . C o s t of p r e t r e a t m e n t m a y r e n d e r t h e p roces s u n e c o n o m i c a l . 

2 . F o u l i n g is m i n i m i z e d by p e r i o d i c p l a n t s h u t d o w n for c l ean ing . 
3 . F r e q u e n t c u r r e n t reversa ls t e n d t o m i n i m i z e t h e effects of fou l ing . 

7. Chemical Oxidat ion P roces se s 
(Chlor inat ion and Ozonat ion) 

7.1. C H L O R I N A T I O N O F W A S T E W A T E R S 

7.1.1. Utilization and Purposes of Chlorination 
C h l o r i n a t i o n is a widely used p roces s in t h e t r e a t m e n t o f d o m e s t i c a n d in

dus t r i a l was t ewa te r s . S o m e indus t r i a l effluents w h i c h a r e c o m m o n l y c h l o 
r i n a t e d p r i o r t o d i scha rge i n t o receiving w a t e r s a r e t h o s e f r o m bee t suga r , 
c a n n e r y , da i ry , p u l p a n d p a p e r , text i le , t a n n i n g , p e t r o c h e m i c a l , p h a r m a 
ceut ica l , a n d m e t a l p rocess ing ( c h r o m i u m , e l ec t rop la t ing ) p l a n t s . 

P u r p o s e s of c h l o r i n a t i o n a r e s u m m a r i z e d a s fo l lows : 
1. Disinfection. P r imar i ly a d i s in fec tan t o w i n g t o its s t r o n g ox id iz ing 

capac i ty , ch lo r ine des t roys o r inh ib i t s g r o w t h of b a c t e r i a a n d a lgae . 
2. BOD reduction. C h l o r i n e a c c o m p l i s h e s B O D r e d u c t i o n b y o x i d a t i o n 

of o r g a n i c c o m p o u n d s p r e sen t in w a s t e w a t e r s . 
3. Elimination or reduction of colors and odors. C o l o r a n d o d o r - p r o d u c i n g 

subs t ances p re sen t in was t ewa te r s a r e ox id ized by ch lo r ine . T h e ox id iz ing 
abi l i ty of ch lo r ine is e m p l o y e d for o d o r c o n t r o l a n d co lo r r e m o v a l in t r ea t 
m e n t of m a n y indus t r i a l effluents (beet suga r , c a n n e r y , da i ry , p u l p a n d p a p e r , 
texti les) . 

4 . Oxidation of metal ions. M e t a l i ons w h i c h a r e in a r e d u c e d s t a t e a r e 
ox id ized by ch lo r i ne (e.g. , f e r rous t o ferric i o n a n d m a n g a n o u s t o m a n g a n i c 
ions ) . 

5. Oxidation of cyanides to innocuous products. T h i s a p p l i c a t i o n is d e 
scr ibed in Sec t ion 7.1.4. 

7.1.2. Reactions of Chlorine in Water 
A d d e d t o w a t e r as e i ther a gas o r so lu t ion , ch lo r i ne reac t s t o f o r m h y p o -

c h l o r o u s ac id ( H O C l ) , wh ich s u b s e q u e n t l y d i ssoc ia tes a c c o r d i n g t o t h e fol
lowing chemica l e q u a t i o n s : 

C l 2 + H 2 0 ^ HOCl + H H Cl~ 

HOCl ^ H + + OCl" 
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In t h e p resence of a m m o n i a , h y p o c h l o r o u s ac id reac t s t o f o rm m o n o c h l o r -
a m i n e , d i c h l o r a m i n e , a n d n i t r ogen t r i ch lo r ide . Re la t ive p r o p o r t i o n s of these 
p r o d u c t s d e p e n d on p H a n d c o n c e n t r a t i o n of a m m o n i a p resen t . C o r r e s p o n d 
ing chemica l e q u a t i o n s a r e 

N H 3 + H O C l ^ N H 2 C 1 + H 2 0 
(monochloramine) 

N H 2 C 1 + HOCl ^ N H C 1 2 + H 2 0 
(dichloramine) 

N H C 1 2 + HOCl ^ N C 1 3 + H 2 0 
(nitrogen trichloride) 

R e a c t i o n s of ch lo r ine in w a t e r a r e i l lus t ra ted by F ig . 8 .21, wh ich s h o w s t h e 
r e l a t i onsh ip b e t w e e n ch lo r ine a d d e d a n d ch lo r ine res idua l . 
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Fig. 8.21. Reactions of chlorine in water [8]. 

T h e ini t ia l a m o u n t o f ch lo r ine a d d e d is r e d u c e d b y c o m p o u n d s w h i c h 
r eac t r ap id ly w i t h ch lo r ine (e.g. , F e 2 + a n d M n 2 + ) . T h i s c o r r e s p o n d s t o 
Z o n e 1 for w h i c h res idua l ch lo r ine is nea r ly ze ro . C o n t i n u e d a d d i t i o n of 
ch lo r ine resul ts in r e s idua l ch lo r ine in t h e fo rm of c h l o r o o r g a n i c c o m p o u n d s 
o r c h l o r a m i n e s ( c o m b i n e d res idua l ) . C h l o r i n e r e s idua l is a l w a y s less t h a n 
t h e ch lo r ine a d d e d . T h i s c o r r e s p o n d s t o Z o n e 2 o f t h e c u r v e in F i g . 8 .21 . By 
a d d i n g m o r e ch lo r ine , c h l o r o o r g a n i c c o m p o u n d s a r e f requent ly ox id i zed : 
t h e mo lecu le is b r o k e n d o w n a n d ch lo r i ne is l ibe ra ted . T h i s resul t s in a decrease 
of res idua l ch lo r ine ( Z o n e 3 in F ig . 8.21). F ina l ly , w h e n all r e d u c i n g c o m 
p o u n d s h a v e b e e n oxid ized , t h e a d d i t i o n a l q u a n t i t y o f ch lo r i ne a d d e d t o t h e 

file:///reducing
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w a t e r resul ts in a n equ iva l en t r e s idua l ch lo r ine . T h i s c o r r e s p o n d s t o Z o n e 4 
in F ig . 8 .21 , wh ich d i sp lays a 45° s t r a igh t l ine for t h e free r e s idua l , a n d a 
s t r a igh t l ine pa ra l l e l t o t h e absc i ssa for t h e c o n s t a n t c o m b i n e d re s idua l . 

7.1.3. Chlorine as a Disinfectant 
Typica l ch lo r i ne dosages r e q u i r e d for d i s infec t ion a r e s h o w n in T a b l e 8.5. 

T h e effectiveness of ch lo r ine for ki l l ing b a c t e r i a is given by C h i c k ' s l aw [ 4 ] , 
w h i c h is wr i t t en in differential f o rm as E q . (8.60) . 

dN/dt = -kN (8.60) 

TABLE 8.5 
Typical Chlorine Dosages for Disinfection [8] 

D o s a g e range 
Effluent from (mg/liter) 

Untreated wastewater (prechlorination) 6-25 
Primary sedimentation 5 -20 
Chemical precipitation plant 2 - 6 
Trickling filter plant 3-15 
Activated sludge plant 2 -8 
Multimedia filter following activated sludge plant 1-5 

w h e r e Ν is t h e bac t e r i a c o u n t , t t h e t ime , dN/dt t he r a t e of bac t e r i a kill , a n d 
k t h e r a t e o f kill c o n s t a n t . 

S e p a r a t i n g t h e va r i ab les a n d i n t eg ra t i ng f rom t i m e t = 0 t o a n y t i m e i, 

N/No = e~kt (8.61) 

w h e r e N0 is t h e bac t e r i a c o u n t a t ί = 0 a n d Ν t h e bac t e r i a c o u n t a t t i m e t. 
T h e r a t e of kill c o n s t a n t k is a func t ion of p H , t e m p e r a t u r e , a n d a p p l i e d 
c o n c e n t r a t i o n of ch lo r ine . I t is e s t ima ted f r o m t h e s lope o f a s t r a igh t l ine p l o t 
of \nN/N0 vs . t b a s e d o n E q . (8.61), w h i c h wr i t t en in l o g a r i t h m i c f o r m is 

\n(N/N0) = -kt (8.62) 

T h e effectiveness of c h l o r i n a t i o n for d e s t r u c t i o n of v a r i o u s o r g a n i s m s co r 
r e s p o n d s t o va lues of k f rom 0.24 t o 6.3 for 9 9 % kill ( i .e. , N/N0 = 1/100 = 
0.01) a t 0 ° - 6 ° C . 

C h i c k ' s law is a n ideal ized p o r t r a y a l of t h e s i t ua t ion . Usua l ly , idea l c o n 
d i t ions d o n o t exist o w i n g t o v a r i a t i o n s in cell res i s tance , dec rease in ch lo r i ne 
c o n c e n t r a t i o n , e tc . R a t e s of kill s o m e t i m e s inc rease o r dec rease w i th t ime . 
C o n s e q u e n t l y , a modif ied f o r m of E q . (8.61) c o n t a i n i n g a n ex t r a c o n s t a n t m 
t o be d e t e r m i n e d f rom e x p e r i m e n t a l d a t a is wr i t t en a s 

Ν IN0 = e~ktm (8.63) 
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If m is less t h a n 1, t h e r a t e of kill dec reases w i t h t i m e , a n d if m is g r ea t e r t h a n 1, 
i t inc reases . C o n s t a n t s in E q . (8 .63) a r e d e t e r m i n e d b y p l o t t i n g -ln(N/N0) 
vs. c o n t a c t t i m e t o n l o g a r i t h m i c p a p e r . T h e l inear r e l a t i o n s h i p is 

l o g [ - ln(N/N 0)] = l o g £ + m log / (8.64) 

T h e effect o f ch lo r i ne c o n c e n t r a t i o n is def ined b y t h e r e l a t i onsh ip 

C % = constant = Κ (8.65) 

w h e r e C is t h e c h l o r i n e c o n c e n t r a t i o n ( m g / l i t e r ) ; tp t h e t i m e r e q u i r e d for a 
g iven p e r c e n t a g e k i l l ; a n d η t h e c o n s t a n t t o b e e v a l u a t e d f rom t h e exper i 
m e n t a l d a t a . 

C o n s t a n t s in E q . (8.65) a r e d e t e r m i n e d b y p l o t t i n g o n l o g a r i t h m i c p a p e r t h e 
c o n c e n t r a t i o n o f ch lo r ine vs . t i m e for a g iven p e r c e n t a g e kil l . T h e l inear f o r m 
of E q . (8.65) is 

log C = - (\/n) log tp + (IIn) log Κ (8.66) 

T h e s lope of th i s l ine c o r r e s p o n d s t o va lue of — (1/n) . 

7.1.4. Utilization of Chlorine for 
Destruction of Cyanides 

C h l o r i n e is ut i l ized t o oxidize c y a n i d e t o i n n o c u o u s p r o d u c t s . T h i s is d o n e 
in a n a lka l ine m e d i a a t va lues o f p H g rea t e r t h a n 8.5. O x i d a t i o n t a k e s p l ace 
in t w o s tages a c c o r d i n g t o E q s . (8.67) a n d (8.68). 

First s tage: C N ~ + 2 0 H ~ + C\2 -> C N O " + 2C1" + H 2 0 (8.67) 

Second stage: 2 C N O " + 4 0 H ~ + 3 C l 2 2 C 0 2 + N 2 + 6C1~ + 2 H 2 0 (8.68) 

F r o m E q s . (8.67) a n d (8.68) t h e theore t i ca l s t o i ch iome t r i c r a t i o is 5 C 1 2 / 
2 C N " o r 2 . 5 C 1 2 / 1 C N ~ . I n p rac t i ce , a l a rge excess o f ch lo r i ne is u t i l ized, o f 
t h e o r d e r o f 7.5 p a r t s c h l o r i n e p e r o n e p a r t C N ~ . 

7.1.5. Economics of Chlorination 
of Wastewaters 

A l t h o u g h t h e use o f c h l o r i n a t i o n is w i d e s p r e a d , it s h o u l d b e p o i n t e d o u t 
t h a t ch lo r ine is a relat ively expens ive chemica l . I f e c o n o m i c s is a c o n s i d e r a t i o n 
for a given app l i c a t i on , o t h e r m e t h o d s s h o u l d b e e v a l u a t e d . C h l o r i n e ox ides 
( C 1 2 0 , C 1 2 0 5 , C 1 2 0 7 ) h a v e b e e n used in t h e d is infec t ion o f w a t e r s . A m i x t u r e 
of C 1 2 0 5 / C 1 2 0 7 is ava i lab le c o m m e r c i a l l y . 

7.2. O Z O N A T I O N O F W A S T E W A T E R S 
C h e m i c a l o x i d a t i o n w i t h o z o n e is a n effective m e t h o d for t r e a t i n g w a s t e 

wa te r s , b a s e d o n t h e fo l lowing fac tors [ 5 ] : 
1. O z o n e r eac t s readi ly w i t h u n s a t u r a t e d o rgan ic s in w a s t e w a t e r s . 
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2. F o a m i n g charac te r i s t i c s of w a s t e w a t e r s a r e r e d u c e d fo l lowing o z o n e 
t r e a t m e n t . 

3 . R i n g o p e n i n g a n d pa r t i a l o x i d a t i o n of a r o m a t i c s r e n d e r s t h e was t e 
wa t e r m o r e suscept ib le t o c o n v e n t i o n a l b io log ica l t r e a t m e n t . 

4 . O z o n e in t h e effluent qu ick ly rever t s t o oxygen o n c e it h a s served its 
p u r p o s e . T h i s d isso lved oxygen is beneficial t o t h e rece iv ing s t r e a m a n d he lps 
s u p p o r t a q u a t i c life. I n c o n t r a s t , c h l o r i n e (wh ich is t h e m o s t wide ly used 
bac t e r i a kill agen t ) l ingers in t he effluent a n d b e c o m e s a p o l l u t a n t i tself) . 
L a b o r a t o r y scale o z o n a t i o n e q u i p m e n t for e v a l u a t i n g a m e n a b i l i t y o f was t e 
w a t e r t o o z o n e o x i d a t i o n is desc r ibed by Eckenfe lder a n d F o r d [ 5 ] . 

O z o n e m a y rep lace ch lo r ine in t r e a t m e n t of c y a n i d e w a s t e w a t e r s . O x i d a t i o n 
t akes p lace in t w o s tages a c c o r d i n g t o E q s . (8.69) a n d (8.70). 

First s tage: C N " + 0 3 -+ C N O " + 0 2 (8.69) 

Second stage: 2 C N O ~ + 3 0 3 + H 2 0 - 2 H C 0 3 " + N 2 + 3 0 2 (8.70) 

8. Nut r ien t Removal 
8.1. I N T R O D U C T I O N 

R e m o v a l of n u t r i e n t s ( p h o s p h o r u s a n d n i t rogen c o m p o u n d s ) f r o m was t e 
wa te r s is a n i m p o r t a n t o p e r a t i o n , b e c a u s e these c o m p o u n d s p lay a cr i t ical 
ro le in l ake e u t r o p h i c a t i o n ( C h a p t e r 1, Sec t ion 7). E m p h a s i s h a s b e e n given 
t o p h o s p h o r u s r e m o v a l for t w o r e a s o n s : (1) p h o s p h o r u s is t h e m o s t cr i t ica l 
nu t r i en t , a n d (2) n i t r ogen r e m o v a l p rocesses a r e less efficient a n d m o r e ex
pens ive . M o s t n u t r i e n t r e m o v a l t r e a t m e n t p rocesses in o p e r a t i o n t o d a y a r e 
des igned for p h o s p h o r u s r e m o v a l a l o n e . 

8.2. P H O S P H O R U S R E M O V A L 

8.2.1. Processes for Phosphorus Removal 

Processes for p h o s p h o r u s r e m o v a l inc lude (1) chemica l p r ec ip i t a t i on , 
(2) ac t iva ted s ludge p rocess ( C h a p t e r 5), (3) s tab i l i za t ion p o n d s ( C h a p t e r 6, 
Sec t ion 6) , (4) reverse o smos i s ( C h a p t e r 8, Sec t ion 5), a n d (5) e lec t rodia lys is 
( C h a p t e r 8, Sec t ion 6). 

T h e ac t iva ted s ludge p rocess , a l t h o u g h p r imar i ly i n t e n d e d for r e m o v a l o f 
o rgan i c c o n t a m i n a n t s , r e m o v e s b o t h p h o s p h o r u s a n d n i t r ogen , s ince b io log 
ical cells c o n t a i n a p p r o x i m a t e l y 2 . 0 % p h o s p h o r u s a n d 12% n i t r o g e n b y 
weight . F o r d o m e s t i c sewage th is a m o u n t s t o a p h o s p h o r u s r e m o v a l r a t e of 
2 0 - 4 0 % (or 1-2 mg/ l i t e r ) . 

S tab i l i za t ion p o n d s yield relat ively h i g h p h o s p h o r u s a n d n i t r o g e n r e m o v a l , 
p r o v i d e d l ight a n d t e m p e r a t u r e c o n d i t i o n s a r e f avo rab l e t o t h e g r o w t h o f 
a lgae . D u r i n g t h e s u m m e r , r e m o v a l o f a b o u t 8 0 % of t h e n u t r i e n t s m a y b e 



392 8. Tertiary Treatment of Wastewaters 

o b t a i n e d , w h e r e a s d u r i n g t h e win te r it m a y d r o p t o 2 0 % o r less. Reve r se 
o s m o s i s a n d e lect rodia lys is a r e still t o o cos t ly for genera l ized use . T h e d i s 
cus s ion o f p h o s p h o r u s r e m o v a l in th is sec t ion is exclusively c o n c e r n e d wi th 
chemica l p rec ip i t a t ion processes . 

8.2.2. Chemical Precipitation Processes for 
Phosphorus Removal 

Prec ip i t an t s w h i c h h a v e been m a i n l y e m p l o y e d in p h o s p h o r u s r e m o v a l a r e 
F e 3 + (as F e C l 3 ) , C a 2 + (as l ime) , A l 3 + [ a s a l u m , A 1 2 ( S 0 4 ) 3 . 1 6 H 2 0 ] , a n d 
c o m b i n a t i o n s of F e 3 + a n d l ime. T h e m e c h a n i s m of p h o s p h o r u s r e m o v a l is 
m o s t l y p r e c i p i t a t i o n in t h e f o r m o f p h o s p h a t e s o f C a 2 + , F e 3 + , a n d A l 3 + . 

3 C a 2 + + 2 P < V - - C a 3 ( P 0 4 ) 2 i 

F e 3 + + P 0 4

3 _ -> F e P 0 4 j (8.71) 

A l 3 + + P 0 4

3 - A l P 0 4 j 

A d s o r p t i o n a lso p lays a ro le in t h e r e m o v a l of s o m e p h o s p h a t e s w h i c h a r e 
a d s o r b e d o n the p rec ip i t a t ing floe. C o n s i d e r a t i o n s o n u t i l i za t ion of different 
p rec ip i t an t s a r e as fo l lows : 

1. F e 3 + (as F e C l 3 ) . F e C l 3 (in dosages of 10 mg/ l i t e r ) is t he m o s t c o m 
m o n l y e m p l o y e d p rec ip i t a t ing agen t for p h o s p h o r u s , y ie ld ing a r o u n d 9 0 % 
r e m o v a l . 

2. C a 2 + (as l ime) . L i m e is less efficient t h a n F e C l 3 . Ut i l i zed in dosages o f 
500 -700 mg/ l i t e r yields r e m o v a l of a t m o s t 8 0 % a t p H va lues of 1 0 . 5 - 1 1 . 
A n o t h e r d r a w b a c k of l ime u t i l i za t ion res ides in t h e la rge v o l u m e s o f s ludge 
p r o d u c e d , wh ich causes a d i sposa l p r o b l e m . R e c o v e r y o f l ime by ca l c ina t ion 
of this s ludge m a y be p e r f o r m e d . Because of t h e p resence of o r g a n i c m a t e r i a l s , 
t h e s ludge m a y be c a p a b l e o f s u p p o r t i n g its o w n c o m b u s t i o n . 

3. A l 3 + [ a s a l u m , A 1 2 ( S 0 4 ) . 1 6 H 2 0 ] . A l t h o u g h a l u m p rec ip i t a t i on 
yields a p p r o x i m a t e l y 9 5 % p h o s p h o r u s r e m o v a l a t dosages of 2 0 0 - 2 5 0 m g / 
li ter, it is less f requent ly app l i ed o w i n g t o t h e h igh cos t of a l u m . R e m o v a l o f 
5 0 - 6 0 % of o r g a n i c ma te r i a l s ( c a r b o n a c e o u s a n d n i t r o g e n o u s ) is o b t a i n e d 
s imu l t aneous ly wi th p h o s p h o r u s r e m o v a l . 

4 . C o m b i n a t i o n of F e 3 + a n d l ime. C o m b i n a t i o n s of F e C l 3 s o l u t i o n s 
a n d l ime in respect ive p r o p o r t i o n s o f 100-150 mg/ l i t e r a n d 2 - 5 mg/ l i t e r h a v e 
been u sed , y ie ld ing p h o s p h o r u s r e m o v a l o f a p p r o x i m a t e l y 9 5 % . 

T h e p rec ip i t a t ion o p e r a t i o n is usua l ly ca r r i ed o u t w i th in a t r e a t m e n t 
p rocess . F i g u r e 8.22 s u m m a r i z e s t h r ee a l t e rna t ive p r e c i p i t a t i o n o p e r a t i o n s for 
p h o s p h o r u s r e m o v a l w i th in a n ac t iva ted s ludge p l an t . 

Alternative No. 1—precipitation in primary clarifier. T h e p rec ip i t an t , 
usua l ly a c o m b i n a t i o n of F e C l 3 a n d l ime wi th typica l dosages ind ica t ed p r e 
viously , is a d d e d t o r a w sewage , p h o s p h a t e s be ing p rec ip i t a t ed a n d r e m o v e d in 
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-Alternative no. I 
Precipitation in primary clarifier 

-Alternative no. 2 
Simultaneous 
precipitation 

-Alternative no. 3 
Subsequent 
precipitation 

Additional 
clarifier 

for 
Alternative 
\ n o . 3 / 

Y 
• 

Wastage 

Fig. 8.22. Alternative precipitation operations for phosphorus removal. 

t h e p r i m a r y clarifier. P h o s p h o r u s r e m o v a l is 9 0 - 9 5 % , a n d a c o n s i d e r a b l e 
a m o u n t of s ludge is o b t a i n e d . T h e a d d i t i o n of l ime in th is p roces s ra ises t h e 
p H of the effluent f rom t h e p r i m a r y clarifier t o nea r ly 10.0. T h i s is n o t a n 
obs tac le t o t he p r o p e r o p e r a t i o n of t h e b io log ica l p roces s in t h e a e r a t o r , 
wh ich requ i res a p H n e a r neu t ra l i ty . T h e n a t u r a l buffer ing capac i ty o f t h e 
ac t iva t ed s ludge p r o c e s s is sufficient t o p r o v i d e t he r eq u i r ed n e u t r a l i z a t i o n , 
o w i n g t o p r o d u c t i o n of c a r b o n d iox ide . 

Alternative No. 2—simultaneous precipitation. P r e c i p i t a n t is a d d e d d i rec t 
ly t o t he a e r a t i o n t a n k . T h e p rec ip i t a t e sett les in t h e s e c o n d a r y clarifier t o g e t h e r 
w i th t h e ac t iva ted s ludge . I t seems t h a t t h e chemica l s d o l o n g - t e r m d a m a g e t o 
t he b io logica l cells, a n d t h a t the i r o r g a n i c r e m o v a l efficiency is i m p a i r e d t o 
s o m e ex ten t . O n t h e o t h e r h a n d , a d d i t i o n o f chemica l s a ids se t t l ing a n d c o m 
p a c t i o n of t h e ac t iva t ed s ludge in t h e s e c o n d a r y clarifier. 

Alternative No. 3—subsequent precipitation. P rec ip i t a t i ng chemica l s a r e 
a d d e d t o t h e effluent f r o m the s e c o n d a r y clarifier. A n a d d i t i o n a l clarifier is 
r equ i r ed t o r e m o v e p rec ip i t a t ed p h o s p h a t e s , t h e r e b y inc reas ing cap i t a l cos t s . 
O n the o t h e r h a n d , t h e p h o s p h o r u s r e m o v a l efficiencies o b t a i n e d a r e s o m e 
w h a t h ighe r t h a n t h o s e for t h e t w o p rev ious a l t e rna t ives . 

E s t i m a t i n g chemica l r e q u i r e m e n t s for p h o s p h o r u s r e m o v a l c a n n o t b e d o n e 
f rom s imple s to i ch iomet r i c r e l a t i onsh ips , b e c a u s e t h e a c t u a l m e c h a n i s m of 
p h o s p h o r u s r e m o v a l is n o t k n o w n . E m p i r i c a l r e l a t i onsh ips h a v e b e e n d e 
ve loped for e s t ima t ing chemica l r e q u i r e m e n t s , a n d t w o of these a r e m e n t i o n e d 
next . 

1. F o r e s t ima t ing F e 3 + o r A l 3 + r e q u i r e m e n t s , 

ε = d + 0.5 l o g ( m / P i ) (8.72) 

whe re ε is t he efficiency of p h o s p h o r u s r e m o v a l [ε = (Ρι — Ρ/)/Ρί9 w h e r e P( 
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is t h e ini t ia l p h o s p h o r u s c o n c e n t r a t i o n in w a s t e w a t e r (moles o f P / l i t e r ) ; 
Pf t h e final p h o s p h o r u s c o n c e n t r a t i o n after p r ec i p i t a t i o n o p e r a t i o n (mo le s 
of P / l i t e r ) ] ; Cx a c o n s t a n t w i th a va lue o f 0 .614 for F e C l 3 a n d 0 .662 for a l u m ; 
a n d m t h e r e q u i r e d mola l i ty of p r ec ip i t an t (mo le s F e 3 + o r A l 3 + / l i t e r ) . 
So lv ing for m , 

E q u a t i o n s (8.72) a n d (8.73) a p p l y for a r a n g e 0.45 < ε < 0 .95 . 
2. F o r e s t ima t ing l ime r e q u i r e m e n t s , a ru le o f t h u m b cons i s t s in u t i l iz ing 

a q u a n t i t y of l ime (moles / l i t e r of C a 2 + ) e q u a l t o 1.5 t imes t he c a r b o n a t e 
h a r d n e s s o f t h e was t ewa te r . 

L a b o r a t o r y e v a l u a t i o n o f p h o s p h o r u s r e m o v a l c a n be p e r f o r m e d . T h e s e 
tests n o t on ly p e r m i t p l o t t i n g cu rves of p h o s p h o r u s r e m o v a l efficiency vs . 
d o s a g e o f p rec ip i t an t , b u t a l so e v a l u a t i o n o f effects o f p H a n d t e m p e r a t u r e . 
C u r v e s o f p h o s p h o r u s r e m o v a l efficiency vs . d o s a g e of p r e c i p i t a n t a r e ex
p o n e n t i a l . T h e y r e a c h a p l a t e a u b e y o n d a ce r t a in c o n c e n t r a t i o n of ch emi ca l 
a d d e d . I t is usua l ly u n e c o n o m i c a l , t he re fo re , t o a t t e m p t r e d u c i n g p h o s p h o r u s 
c o n c e n t r a t i o n b e l o w 0.10 mg/ l i t e r o w i n g t o ex t remely h igh chemica l r e 
q u i r e m e n t s . 

8.3. N I T R O G E N R E M O V A L 

8.3.1. Introduction 

N i t r o g e n t o g e t h e r w i th p h o s p h o r u s c o n t r i b u t e s t o t h e p roces s of l ake 
e u t r o p h i c a t i o n . A l s o , n i t r o g e n in t h e f o r m of N H 4

+ o r n i t r i tes ( N 0 2 ~ ) 
exer t s a n oxygen d e m a n d b e c a u s e o f i ts o x i d a t i o n t o n i t r a t es ( N 0 3 ~ ) . 

T h e s e facts jus t i fy t h e des i rab i l i ty o f n i t r o g e n r e m o v a l f r o m w a s t e w a t e r s 
p r i o r t o d i scha rge i n t o receiving w a t e r s . 

F o r d o m e s t i c w a s t e w a t e r s t h e spli t a m o n g t h e v a r i o u s f o r m s o f n i t r o g e n is 
relat ively c o n s t a n t : N H 4

+ n i t r o g e n , 5 0 - 6 0 % ; o r g a n i c n i t r o g e n , 4 0 - 5 9 % ; a n d 
n i t r i tes a n d n i t r a t e s , 0 - 5 % . I n t h e effluent f r o m ac t iva t ed s ludge t r e a t m e n t , 
m o s t n i t r o g e n is p r e s e n t e i t he r a s n i t r i tes o r n i t r a t e s , o w i n g t o t h e o c c u r r e n c e 
of ni t r i f icat ion. Ni t r i f i ca t ion inva r i ab ly o c c u r s d u r i n g ac t iva t ed s ludge t r ea t 
m e n t a t va lues of F/M r a t i o less t h a n 1.0. ( O p t i m u m r a n g e of F/M r a t i o s fo r 
t h e a c t i v a t e d s ludge p r o c e s s is f r o m 0.3 t o 0 . 7 ; see C h a p t e r 5, Sec t ion 5.) 

8.3.2. Processes for Nitrogen Removal 
Processes for n i t r o g e n r e m o v a l inc lude (1) n i t r i f i ca t ion-deni t r i f i ca t ion p r o 

ces s ; (2) a m m o n i a s t r i p p i n g ; (3) i o n e x c h a n g e ; (4) b io logica l p rocesses such 
a s ac t i va t ed s ludge a n d s tab i l i za t ion p o n d s ; a n d (5) p r e c i p i t a t i o n p rocesses . 

m = p i l o ( e - c l ) / 0 - 5 (8.73) 

N H 4

+ -» N 0 2 ~ - • N 0 3 - (8.74) 
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1. Nitrification-denitrification. T h e m a i n p roces s g e a r e d specifically for 
n i t r ogen r e m o v a l is n i t r i f i ca t ion-den i t r i f i ca t ion , w h i c h is a mod i f i ca t i on o f 
t he ac t iva ted s ludge p roces s a n d t a k e s p l ace in t w o s t e p s : 

(a) Ni t r i f ica t ion cons i s t s in a e r a t i o n e m p l o y i n g F/M r a t i o s less t h a n 
1.0, usua l ly F/M « 0 . 3 , a n d a l onge r a e r a t i o n p e r i o d t h a n for t h e c o n v e n 
t i ona l ac t iva ted s ludge p rocess . N i t r o g e n c o m p o u n d s a r e c o n v e r t e d t o 
n i t r i tes ( N 0 2 ~ ) a n d n i t r a t e s ( N 0 3 ~ ) in t h e p re sence o f Nitrosomonas a n d 
Nitrobacter m i c r o o r g a n i s m s . 

N H 4

+ " T N C V 

^ T _ Nitrobacter Tj_ 
N 0 2 - > N 0 3 -

(8.75) 

(b) Deni t r i f i ca t ion is a n a n a e r o b i c s t ep w h i c h t a k e s p l ace in t h e 
s e c o n d a r y clarifier b y e x t e n d i n g r e s idence t i m e a n d a d d i n g a n o r g a n i c c a r b o n 
s o u r c e , usua l ly m e t h a n o l . N i t r i t e s a n d n i t r a t e s a r e c o n v e r t e d t o n i t r o g e n gas 
a n d n i t r o g e n ox ide , w h i c h a r e ven t ed o u t . 

N 0 2 ~ o r N C V 
denitrification ^ T _ 

> N 2 + N 2 0 (8.76) 

S ludge age in s e c o n d a r y clarifier is a t least 2 - 3 d a y s , h i g h e r va lues b e i n g 
r equ i r ed a t l ower o p e r a t i n g t e m p e r a t u r e s . Deni t r i f i ca t ion is p e r f o r m e d even 
w i t h o u t a d d i t i o n o f t h e o r g a n i c c a r b o n s o u r c e t o h e l p m e e t den i t r i fy ing 
bac t e r i a r e q u i r e m e n t s . E n d o g e n o u s r e s p i r a t i o n p r o v i d e s these r e q u i r e m e n t s , 
b u t a d d i t i o n of t h e c a r b o n s o u r c e is helpful . A t w o - s t e p n i t r i f i ca t ion -de 
ni t r i f icat ion p roces s is s h o w n in F ig . 8.23. 

A m o r e soph i s t i ca t ed three-step nitrification-denitrification process is s h o w n 
in F ig . 8.24. T h e first s tep is a h igh r a t e ac t i va t ed s ludge p r o c e s s w h e r e 7 5 - 8 5 % 
of t h e c a r b o n a c e o u s m a t e r i a l is r e m o v e d . R e s i d e n c e t i m e in t h e a e r a t o r is 
a p p r o x i m a t e l y 2 h r . T h e s e c o n d s tep is n i t r i f icat ion in t h e p re sence o f a n 

- S T E P - S T E P 2: 
Nitrification step: 

NH4 - N O g - N C £ 

Raw sewage Primary j Aerator 
ί Secondary 

clarifier 1 ! 
Aerator 

ί clarifier 

Denitrification step: 
NOil 
NO: N 2 0 

Effluent 

Recycled ̂ sludge *l Wastage 

Fig. 8.23. Two-step nitrification-denitrification process. 
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Fig. 8.24. Three-step nitrification-denitrif/cation process. 

enr i ched cu l tu re of ni t r i fying bac te r i a . Res idence t i m e in t h e a e r a t o r is a p 
p r o x i m a t e l y 3 h r . T h e t h i r d s tep is deni t r i f ica t ion , w h i c h is a n a n a e r o b i c 
o p e r a t i o n , m e t h a n o l be ing a d d e d t o p r o v i d e a n a d e q u a t e C/N r a t i o . 

2. Ammonia stripping. T h i s p roces s cons is t s o f ad jus t ing p H of t h e 
w a s t e w a t e r t o a va lue a b o v e 10 ( l ime is ut i l ized for th is p u r p o s e ) , a n d t h e n 
a i r - s t r ipp ing t h e a m m o n i a (a t p H > 10 n i t r ogen is p r e sen t as N H 3 ) in a 
s t r i pp ing tower . N i t r o g e n r e m o v a l efficiencies o f a p p r o x i m a t e l y 9 0 % a r e 
o b t a i n e d a t a i r / l iqu id r a t i o s of 350 f t 3 / g a l a n d l iquid r a t e s of a b o u t 3.0 ga l / 
(min ) ( f t 2 ) . R e m o v a l efficiency is inc reased close t o 9 8 % wi th a n a i r / l iqu id 
r a t i o of 800 f t 3 / g a l . H o w e v e r , r e m o v a l efficiency d r o p s c o n s i d e r a b l y in co ld 
wea the r . 

A m m o n i a s t r ipp ing is e m p l o y e d e i ther before o r af ter s e c o n d a r y t r e a t 
m e n t . If t h e s t r i pp ing o p e r a t i o n is fo l lowed by b io logica l t r e a t m e n t , it is 
necessary t o lower t h e p H t o a va lue n e a r t h e n e u t r a l p o i n t . T h i s is usua l ly 
d o n e by r e c a r b o n a t i o n , i .e., b u b b l i n g t h r o u g h flue gas c o n t a i n i n g c a r b o n 
d iox ide . I t is i m p o r t a n t t o leave e n o u g h n i t r o g e n u n r e m o v e d t o satisfy n u t r i 
t iona l r e q u i r e m e n t s for t h e b io logica l p rocess . 
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S i m u l t a n e o u s l y w i th n i t r o g e n r e m o v a l , a i r - s t r i pp ing a c c o m p l i s h e s p h o s 
p h o r u s r e m o v a l , B O D r e d u c t i o n , a n d r e m o v a l o f s u s p e n d e d sol ids . T h e 
p r i m a r y va r iab les invo lved in t h e a m m o n i a - s t r i p p i n g p roces s a r e p H , a i r / l iqu id 
r a t i o , h y d r a u l i c l o a d i n g [ g a l / ( m i n ) ( f t 2 ) ] , p a c k e d he igh t , a n d cha rac t e r i s t i c s 
of t h e p a c k i n g e l emen t s . 

3 . Ion exchange. A c a t i o n e x c h a n g e res in (c l inopt i lol i le) w h i c h is selective 
for N H 4

+ is ut i l ized in t r e a t m e n t of ac t iva t ed s ludge effluents f rom t h e 
s e c o n d a r y clarifier. T h i s res in is r e g e n e r a t e d w i t h l ime, a n d t h e r e g e n e r a n t is 
r eused af ter be ing a i r - s t r ipped o f a m m o n i a in a s t r i p p i n g t o w e r . T h e c o s t o f 
o p e r a t i o n is h igh , a n d usua l ly , th i s p r o c e s s is n o t e c o n o m i c a l l y feasible. 
A n i o n e x c h a n g e res ins a r e u s e d for r e m o v a l o f n i t r a t e s ( N 0 3 ~ ) . P h o s p h a t e s 
a n d o t h e r a n i o n s a r e s i m u l t a n e o u s l y r e m o v e d . T h e res in is r e g e n e r a t e d w i t h 
b r ine a n d r e s to r ed by t r e a t m e n t w i th ac id a n d m e t h a n o l . P r e t r e a t m e n t b y 
filtration m a y b e r e q u i r e d in i o n e x c h a n g e p rocesses , t h e r e b y i nc rea s ing cos t s . 

4 . Biological processes, i.e., ac t iva ted s ludge a n d s t ab i l i za t ion p o n d s , 
h a v e a l r eady b e e n m e n t i o n e d in Sec t ion 8.2.1 in c o n n e c t i o n w i t h p h o s p h o r u s 
r e m o v a l . 

5. Precipitation processes. Sec t ion 8.2.2 descr ibes these p rocesses in c o n 
nec t i on wi th p h o s p h o r u s r e m o v a l . A s far a s n i t r o g e n r e m o v a l is c o n c e r n e d , 
p r ec ip i t a t i on m e t h o d s a r e r a t h e r inefficient, a c c o u n t i n g for less t h a n 3 0 % 
r e m o v a l o f t o t a l n i t rogen . 

8.4. A D D E D B E N E F I T S IN N U T R I E N T R E M O V A L 

A l t h o u g h ini t ia l cos t s in t he p rocesses s tud ied a r e h igh , t h e r e a r e a d d e d 
benefits in n u t r i e n t r e m o v a l p rocesses wh ich in s o m e cases jus t i fy t h e cos t s . 
A m o n g these a r e (1) B O D r e d u c t i o n , (2) s u s p e n d e d so l ids r e m o v a l , (3) b a c 
ter ia l a n d viral r e m o v a l , a n d (4) r e m o v a l of vo la t i l e o rgan ic s . 

9. S o n o z o n e W a s t e w a t e r 
Purif ication P rocess 

This t e r t i a ry t r e a t m e n t p rocess h a s b e e n deve loped a t t he Un ive r s i t y of 
N o t r e D a m e ( L o b u n d L a b o r a t o r y ) , a n d s o n o z o n e p l a n t s a r e c o m m e r c i a l l y 
ava i lab le f rom the Eco logy Div i s ion of T e l e c o m m u n i c a t i o n s Indus t r i e s , I n c . 
( L i n d e n h u r s t , N e w Y o r k ) . A p i lo t p l a n t a t t he Un ive r s i t y o f I n d i a n a w i t h a 
capac i ty of 20,000 ga l / day is be ing used as a r e sea rch m o d e l , t r e a t i n g o n -
c a m p u s sewage. A full-size p l a n t ( capac i ty , 570,000 ga l / day ) is in o p e r a t i o n 
a t I n d i a n t o w n , F l o r i d a . 

T e l e c o m m u n i c a t i o n s Indus t r i e s , Inc . c l a ims t h a t t h e s o n o z o n e p roces s 
p r o v i d e s te r t i a ry t r e a t m e n t a t cos ts c o m p a r a b l e t o s e c o n d a r y t r e a t m e n t . 
T h e s o n o z o n e p roces s c o m b i n e s u l t r a h i g h f requency s o u n d a n d o z o n e t r ea t -
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sewage 

(1) (2) (3) 
Physical-chemical section Filtration Sonozone 

section section 
Effluent 

Sludge 0 3 0 3 

Fig. 8.25. Flow diagram of sonozone process [10]. (Courtesy of Telecommuni
cations Industries, Inc.) 

m e n t . A simplified flow d i a g r a m is s h o w n in F ig . 8.25. T r e a t m e n t involves 
t h r ee s tages , o f w h i c h t h e t w o ini t ia l o n e s a r e p r e t r e a t m e n t un i t s . 

1. Physical-chemical section. S ludge is r e m o v e d b y a series o f p r i m a r y 
t r e a t m e n t c o n t a c t s ut i l iz ing c o a g u l a t i o n fo l lowed b y clar i f icat ion. 

2 . Filtration section. T h e filtration sys t em is des igned t o r e m o v e m i c r o -
sized sol ids a n d o rgan i c s f rom clarified was t ewa t e r . 

3 . Sonozone section. T h e cen t ra l u n i t is t h e o z o n e a n d sonics un i t . I t 
cons is t s o f a smal l v i b r a t i n g m e t a l d i sk a t t h e b o t t o m o f a t a n k t h r o u g h w h i c h 
w a s t e w a t e r flows. A s t eady s t r e a m of u l t r a s o n i c w a v e s is sen t o u t by t h e 
v i b r a t i n g disk , a n d s imu l t aneous ly o z o n e is b u b b l e d i n t o t h e t a n k f rom a 
n e a r b y g e n e r a t o r , w h i c h p r o d u c e s o z o n e b y s h o o t i n g electr ic a r c s t h r o u g h 
t h e a i r . 

T h e exac t m e c h a n i s m for t h e p h e n o m e n a t a k i n g p lace w h e n w a s t e w a t e r is 
subjec ted t o a c o m b i n a t i o n of o z o n e a n d u l t r a son i c waves is still u n d e r in 
ves t iga t ion . H i g h f requency s o u n d waves ra t t le bac t e r i a a n d d isso lved p a r 
ticles, b r e a k i n g t h e m i n t o s u b m i c r o n size. I n th is f o r m , t hey b e c o m e h ighly 
suscept ib le t o t h e s t r o n g oxid iz ing effect o f o z o n e , so less of i t is r equ i r ed . 
C a r b o n a c e o u s ma te r i a l s a r e oxid ized , y ie ld ing C 0 2 a n d 0 2 . T h i s c o r r e s p o n d s 
t o t h e simplified e q u a t i o n [ E q . (8 .77)] 

2 0 3 + C - C 0 2 + 2 0 2 (8.77) 

I n tests c o n d u c t e d a t t h e 20 ,000-ga l /day p i lo t u n i t a t t h e Un ive r s i ty o f 
N o t r e D a m e , less t h a n 60 sec o f s o n o z o n e t r e a t m e n t d e s t r o y e d 100% of fecal 
bac t e r i a a n d v i ruses , 9 3 % of p h o s p h a t e s , a n d 7 2 % of n i t r o g e n c o m p o u n d s . 
Effluent p u r i t y w a s j u s t s h o r t o f t h a t o b t a i n e d b y d is t i l la t ion . 

In t h e effluent, o z o n e qu ick ly rever t s t o oxygen . T h i s d i sso lved oxygen is 
beneficial t o t he receiving s t r e a m a n d he lps s u p p o r t a q u a t i c life. I n c o n t r a s t , 
ch lo r ine , t h e m o s t largely used bac t e r i a kil l , l ingers in t h e effluent a n d b e c o m e s 
a p o l l u t a n t itself. 

A C O 2 + O 2 
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Sludge f r o m t h e p h y s i c a l - c h e m i c a l sec t ion o f t h e s o n o z o n e sys tem is 

p rocessed b y a n y of t h e s t a n d a r d m e t h o d s such as s a n d b e d d ry i n g , v a c u u m 

filtration, cen t r i fuga t ion , o r i nc ine ra t i on . T h e I n d i a n t o w n p l a n t uses s a n d b e d 

d ry ing , wi th l iqu id was t e f rom t h e s ludge r ep roces sed t h r o u g h t h e s o n o z o n e 

sys tem. S ludge is col lec ted a n d per iod ica l ly t r a n s p o r t e d t o a s ludge d i s p o s a l 

a r ea . 

O n e i m p o r t a n t cha rac te r i s t i c of t h e p r o c e s s is i ts c o m p a c t n e s s . I t is e s t i m a t e d 

t h a t t h e s o n o z o n e sys tem requ i r e s a p p r o x i m a t e l y 2 0 % of t he l a n d a r e a o f 

c o n v e n t i o n a l s y s t e m s ; t h u s rea l e s ta te acqu i s i t i on cos ts a r e c o n s i d e r a b l y 

r e d u c e d . I n a d d i t i o n , t h e smal le r h o u s i n g o f t h e p l a n t is m o r e a t t r ac t ive t h a n 

t h e la rge h o r i z o n t a l a e r a t i o n a n d s e d i m e n t a t i o n t a n k s of c o n v e n t i o n a l sys tems . 

Problems 
I. For the activated carbon column in Example 8.2, calculate the residual concentration 
(CE) if depth is increased to 10 ft, keeping the same service time. Prepare a plot o f CE vs. depth 
utilizing depths o f 5 , 1 0 , 1 5 , and 20 ft. 

II. Verify if the carbon adsorption data in the tabulation below are fit by the Langmuir 
isotherm. If so , determine constants Κ and b. 

C (mg/liter) A 7 M ( g / g ) 

10 0.20 
20 0.28 
30 0.33 

III. The wastewater stream from a plating industry has the following characteristics: flow 
rate, 50 gal/min for 12 hr a day; chemical composi t ion: copper, 30 mg/liter as C u 2 + ; zinc, 
12 mg/liter as Z n 2 + ; nickel, 20 mg/liter as N i 2 + ; and chromate, 125 mg/liter as C r 0 3 . 
Characteristics of cation and anion exchange resins used are as given in the tabulation below. 

Cation Anion 

Regenerant H 2 S 0 4 N a O H 
Dosage ( lb/ft 3 ) 11.0 4.7 
Concentration (%) 5 10.0 
F low rate [gal / (min)(f t 2 ) ] 0.5 0.5 
Exchange capacity 1.5 eq/liter 3.8 lb C r 0 3 / f t 3 

Rinsing water (gal/ft 3 of resin) 130 100 

1. Design an anion exchange system to remove chromate. Calculate volume of resin 
required, N a O H for daily regeneration, and rinsing water requirements. 

2. Design a cation exchanger to remove C u 2 + , Z n 2 + , and N i 2 + . Calculate volume of 
resin required, H 2 S 0 4 for daily regeneration, and rinsing water requirements. 
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Appendix 

Convers ion Fac to r s f rom English t o M e t r i c Uni t s 
L E N G T H 

in. χ 2.54 = cm 
ft χ 30.48 = cm 
ft χ 0.3048 = cm 

A R E A 
i n . 2 χ 6.4516 = c m 2 

f t 2 χ 929.03 = c m 2 

f t 2 χ 0.092903 = m 2 

acre χ 4046.8 = m 2 (1 acre = 43,560 f t 2 ) 

V O L U M E ( U . S . G A L UTILIZED) 
i n . 3 χ 0.01638 = liter 
i n . 3 χ 16.386 = c m 3 

f t 3 χ 28.316 = liter 
f t 3 χ 0.02831 = m 3 

f t 3 χ 2.8316 χ 1 0 4 = c m 3 

gal χ 3.7854 = liter 
gal χ 3785.4 = c m 3 

F L O W R A T E ( U . S . G A L UTILIZED) 
gal/min χ 0.0631 = liter/sec 
gal/hr χ 1.052 χ 1 0 " 3 = liter/sec 
gal/day χ 4.381 χ 1 0 " 5 = liter/sec 
M G D χ 43.81 = liter/sec (Note: M G D = million gallons/day) 

F L O W R A T E PER UNIT A R E A ( U . S . G A L UTILIZED) 
g a l / ( m i n ) ( f t 2 ) X 40 .75 = l i t e r / ( m i n ) ( m 2 ) 
g a l / ( m i n ) ( f t 2 ) X 0 .679 = l i t e r / ( s e c ) ( m 2 ) 
g a l / ( m i n ) ( f t 2 ) X 0 .004075 = l i t e r / ( m i n ) ( c m 2 ) 
g a l / ( m i n ) ( f t 2 ) X 0 .2445 = l i t e r / ( h r ) ( c m 2 ) 
g a l / ( m i n ) ( f t 2 ) X 2445 = l i t e r / ( h r ) ( m 2 ) 
g a l / ( h r ) ( f t 2 ) X 0 .679 = l i t e r / ( m i n ) ( m 2 ) 
g a l / ( h r ) ( f t 2 ) X 0 .0113 = l i t e r / ( s e c ) ( m 2 ) 
g a l / ( h r ) ( f t 2 ) X 6 .79 X IO' 6 = l i t e r / ( m i n ) ( c m 2 ) 
g a l / ( h r ) ( f t 2 ) X 0 . 0 0 4 0 7 5 = l i t e r / ( h r ) ( c m 2 ) 
g a l / ( h r ) ( f t 2 ) X 40 .75 = l i t e r / ( h r ) ( m 2 ) 

F L O W R A T E PER UNIT V O L U M E ( U . S . G A L UTIL IZED) 
g a l / ( h r ) ( f t 3 ) X 2 .2277 = l i t e r / ( m i n ) ( m 3 ) 
g a l / ( h r ) ( f t 3 ) X 0 .0371 = l i t e r / ( s e c ) ( m 3 ) 

401 
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M A S S 
lb χ 453.59 = g 
lb χ 0 .45359 = kg 

Q U A N T I T Y OF H E A T 
B T U χ 0.25198 = kg calorie 
B T U χ 251.98 = g calorie 

T E M P E R A T U R E 
°C = ( l / 1 . 8 ) ( ° F - 3 2 ) 
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Carbon adsorption, 345-358 
activated carbons, 345 

preparation, 345 
reactivation, 346 

adsorptive capacity, 348 
Bohart -Adams equation, 348, 356 
break point, 348 
columns, bench-scale, 349 
critical bed depth, 349 
design procedure for activated carbon 

columns, 347, 353 
Freundlich isotherm, 347 
isotherms (adsorption), 346, 347 
laboratory simulation: determination of 

design parameters, 349 
Langmuir isotherm, 346 
operation of carbon adsorption sys tems , 

347 
Carbon parameter methods for measure

ment o f organic content, 27, 4 4 - 4 7 
Cell 

bacterial, 186 
residence time, mean, 226, 300 

Centrifugation of sludges, 328, 329 
Clarifiers, see Sedimentation 
Chemical engineering, curriculum, 4 
Chemical oxygen demand (COD), 2 8 - 3 3 



Index 405 

instrumental COD methods, 31 -33 
permanganate oxidation test, 30 
rapid C O D tests, 31 
standard dichromate oxidation method, 

29 
Chick's law, 389 
Chlorination of wastewaters , 387-390 

Chick's law, 389 
chlorine as disinfectant, 389 
cyanides , destruction by, 390 
economics of, 390 
reactions of chlorine in water, 387 
utilization and purposes of, 387 

Ciliates (and bacteria), 19 
Clarifiers, see Sedimentation 
COD, see Chemical oxygen demand 
Contact stabilization process , 244-247 

advantages vs . conventional activated 
sludge process , 244 

design of contact stabilization systems, 
246 

solubility index (SI) and overall effi
c iency, 245 

Cost-benefit ratio, 10 
Cyanides 

destruction by chlorine, 390 
by ozone , 391 

D 

Decomposit ion, of carbonaceous and ni
trogenous organic matter, 17 

Dichromate, standard method for C O D de
mand, 29 

Digesters of sludge, see Sludge 
Digestion of sludges, see Sludge 
Dissolved oxygen (DO), 3 6 - 3 8 

instrumental methods, 37 
Winkler's method, 37 

Drag coefficient, 7 2 - 7 4 

Ε 

Edde-Eckenfe lder equation, 310 
Effluent standards, 9 
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current required for, 385 
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voltage required for, 385 
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Endogenous respiration, 165, 171, 177 
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Equalization, 114-116 

constant level equalization basins, 114 
variable level equalization basins, 115 

Eutrophication, 22 
eutrophic, mesotrophic, and oligotrophic 

lakes, 22 

F 

Filters, trickling, see Trickling filters 
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311-328 
Buchner funnel test, 315 
compressible cakes , 318 
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design equations, 319-328 
dry time, 312 
equations, 314 
form time, 312 
form-loading equation, 320 
leaf tests , 321-324 
optimum coagulant dosage, 315 
pressure filtration, 328 
specific resistance of cake, 314, 316, 

317 
variables in vacuum filtration, 312 

Flotation, 107, 113 
air-to-solids ratio, 108, 110 
systems with and without recycle , 108, 

112, 113 
Fluidized-bed disposal of sludges, 340 
Food-to-microorganism ratio, 186 

optimum, 186, 238 
Freundlich isotherm, 347 

G 

Gloyna-Hermann equation, 263 
Growth rate, specific (of sludge), 225 

Η 

Henry's line, statistical correlation of 
waste survey data, 67 

Hermann-Gloyna equation, 263 
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Newton ' s law (sedimentation), 73 
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Nichols -Herreshoff furnace, 340, 341 
Nitrates, contamination, 24 
Nitrification, 5 9 - 6 1 , 241 
Nitrification-denitrification, 394-396 
Nitrobacter microorganisms, 59 
Nitrogen, 18, 394-397 
Nitrogen removal, 394-397 
Nitrosomonas microorganisms, 59 
Nutrient removal, 391-397 
Nutrient requirements, see Activated 

sludge process 

Ο 
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concentration polarization, 382 
critical pore diameter for membranes, 

372 
flux 

decl ine, 378 
effect of feed temperature, 377 
prediction, 380 
water, 374 

fouling, causes and cure, 378 
laboratory-scale studies, 383 
mechanism of reverse osmos i s , 369 
membranes 

effect of shrinkage temperature on 
performance, 376 

fouling, 378 
leakage, 381 
performance characterization, 373 
preparation, 371, 372 

osmotic pressure, 367 
preferential sorption, capillary flow 

mechanism, 372 
rejection factor, 374 
solute permeability, 382 
turbulence promoters, 383 
van't Hoff equation, 368 

Oxidation 
ditch, 239 
total oxidation process , 238-244 

Oxygen 
demand curve, 34 

carbonaceous, 60 

Industrial wastewater treatment, case his
tory, 3 

Inplant control, see Wastewater treatment, 
inplant 

Ion exchange (exchangers), 359-367 
anion exchangers, 361 
cation exchangers, 359 
design of, 3 6 1 , 3 6 3 - 3 6 7 
mechanism of, 359 
regeneration, 362 
rinsing water requirements, 363 

L 

Lagooning, of sludges, 340 
Lagoons, aerated, 249-259 

completely mixed, 249 
design procedure, 256 
effluent B O D 

soluble, 253 
total, 255 

facultative, 250 
M L V S S concentration, 253 
oxygen requirements, 253 
retention period, 254 
temperature, estimate, 251 

Langmuir isotherm, 346 
Light, effect on dissolved oxygen, 16 
Lineweaver-Burk plot, 223 

Μ 

Mercury, contamination of waters, 24 
Michael is -Menten relationship, 219-225 

corollaries, 166, 221 
Microscreens, 344 
Moore 1 s method of moments , 51 
Multiple-heart furnaces, 340, 341 

Ν 

Neutralization 114-123 
acidic wastes , by direct p H control 

methods, 116-123 
alkaline wastes , by direct pH control 

methods, 123 
curve, 120 
l ime, slurried, 116, 120-123 
limestone beds , 116-119 
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combined, 60 
nitrification, 60 

parameter methods, for measurement of 
organic content, 27 

sag curve, 14 
saturation values , 127 
transfer coefficient, determination, 

129-135 
by steady state method for activated 

sludge liquor, 134 
By unsteady state aeration of acti

vated sludge liquor, 133 
of tap water, 129 

transfer 
effect of mixing intensity, 138 

of wastewater characteristics, 138 
steps involved, 128 
two-film theory, 127 

transfer efficiency, aeration units, 140 
transfer process , 128 
transfer rate equation, 128 
transfer coefficient 

pressure correction, 135 
temperature correction, 135 

uptake rate, 195, 1% 
utilization in activated sludge process , 

see Activated sludge process 
Oxygenation capacity, 135 

corrections with temperature and pres
sure (for bubble and surface 
aerators), 135 

Ozonation, 390, 397 

Ρ 

Permanganate oxidation test , 30 
Phosphorus, 18, 171, 391 
Phosphorus removal, 391-394 
Photosynthesis , 17 
Ponds 

anaerobic, 264 
facultative, 263 
stabilization, 259-268 

anaerobic, 264 
depth of oxygen penetration, 263 
design calculations, 264 
design criteria, 264 
facultative: Hermann and Gloyna's 

equation, 263 
kinetics of B O D removal, 260 
laboratory simulation, 261 

mathematical formulation, 261 
oxygen production in aerobic, 262 
symbiotic relationship, algae and bac

teria, 259 
temperature, effect on reaction rate 

constant K, 262 
Porteus process , 336 
Pretreatment, 70 
Primary treatment, 7 0 - 1 2 3 

R 

Reactors 
arbitrary-flow, 230 
batch (bench-scale), 164 
complete-mix, 230, 248 
continuous (bench-scale) , 189-193 , 288 
plug flow, 188, 230, 233 

Recyc le ratio of sludge 
activated sludge process , 206, 209 
extended aeration process , 242 

Respiration, endogenous, 165, 171, 177 
Respirometer, see Warburg respirometer 
Reverse osmos is , see Osmosis , reverse 

S 

Scour velocity, 81 
Screening, 71 
Secondary treatment 

activated sludge process , 157-235 
other aerobic and anaerobic wastewater 

treatment processes , 236-295 
Sedimentation, 71 -107 

clarifiers, types of, 105-107 
column, laboratory, 84 
discrete settling, 7 2 - 8 4 
flocculent settling, 8 4 - 9 8 
ideal sedimentation tank concept , 76 
zone settling, 9 8 - 1 0 5 

Segregation, 3 
Sewage , characteristics of municipal, 65 
Shredders, 71 
Sludge, see also Activated sludge process 

aerobic digester, bench-scale, 301 
aerobic digestion, 297-307 
age, concept of, for sludge digesters, 300 

for complete-mix, no recycle reactors, 
226 

for complete-mix reactor with recycle , 
227 
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Anaerobic digestion, 307-309 
single state digesters, 308 
sizing of anaerobic sludge digesters, 309 
two stage digesters, 308 

centrifugation of, 328, 329 
chemical coagulation, 334 
deposits and aquatic plants, 18 
disposal, 340 
fluidized bed disposal, 340 
Heat treatment, 336-339 

Nichols process , 337 
Porteus and Zimpro processes , 336 

Incineration, 340 
fluidized bed disposal, 340 
multiple-hearth furnace (Nichols -Herre-

shoff), 340, 341 
Lagooning, 340 
Oxidation ponds, 340 
Pre-dewatering treatment, 334 
Sand-bed drying, 331-334 

Constant and falling rate periods, 330 
Construction of beds , 331 
design of beds , 331-334 
mechanisms of dewatering in sandbeds, 

330 
settling, in extended aeration, 241 
specific growth rate, 225 
thickening of, 309-311 

Edde and Eckenfelder equation, 310 
flotation thickeners, 311 
gravity thickeners, 310 

treatment and disposal, 296-342 
Solubility index, 245 
Sonozone process , 397-399 
Species diversity index, 22 
Stabilization ponds, see Ponds 
Standards for water quality, see Water, 

quality standards 
Statistical correlation of industrial waste 

survey data, 66 
Stream standards, 9 
Substrate removal rate, 166, 220 
Suspended solids 

nonvolatile, N V S S , 159 
removal (tertiary treatment), 344 
total suspended solids, T S S , 161 
volatile, V S S , 159, 161 

Τ 

Tertiary treatment of wastewaters, 8, 
343-400 

Theoretical organic carbon (ThOC), 44 
Theoretical oxygen demand (ThOD), 27 
Thickening of sludges, see Sludge 
ThOC, see Theoretical organic carbon 
ThOD, see Theoretical oxygen demand 
Thomas' graphical method, 56 
TOC, see Total organic carbon 
T O D , see Total oxygen demand 
Total organic carbon (TOC), 27, 44 

carbon analyzer, 44 
correlation with oxygen demand, 46 
wet oxidation method, 44 

Total oxygen demand (TOD), 27, 39 
T O D analyzer, 40 

Trickling filters, 268-282 
bench-scale, 273 
comparison with activated sludge 

process , 269 
data treatment to determine constants η 

and K, 275 
design formulation, 271 
design of plant-scale, 279 
design procedure when experimental data 

are not available, 282 
mathematical models , 272 
packings, ordinary and synthetic, 270 
physical arrangement of, 270 
pretreatment, 271 
slime layer, thickness of, 269 
sys tems , 270 

V 

Van't Hoff equation for osmotic pressure, 
368 

W 

Warburg respirometer, 6 1 - 6 5 
Wastewaters ) , see also Water, Waste

water treatment 
contaminants, measurement of concen

tration, 26 
flow measurements of streams, 66 
industrial surveys , 66 
sources, 9 

Wastewater treatment 
chemical Engineering curriculum as 

preparation for field, 4 
degrees of, 8 
economics of, 10 
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industrial, case history, 3 
inplant, 4-7 

case histories, 6 
"end-of-pipe" and, 4 
what is involved in, 5 

processes, selection, 70 
types of (classification), 8, 9 

Water, see also Water pollution, Waste
water 

contaminants 
biological, 25 
chemical (organic and inorganic), 24 
classification, 24 
physical, 25 

contamination by mercury, 24 
by nitrates, 24 

fluorides in water, 24 
quality standards, stream and effluent 

standards, 9 
receiving, 10 
reuse, economic balance, 10 

supply 
ground waters, meteorological waters, 

and surface waters, 22 
types, 22 

Water pollution 
abatement 

multidisciplinary approach in, 2 
role of engineer, 2 
survey of contribution of engineers, 2 
systems approach, 2 

biological, 25 
chemical, 24 
effect on environment and biota, 14-22 
physical, 25 
thermal, 25 

Winkler's method, see Dissolved oxygen 
(DO) 

Ζ 

Zimpro process, 336 
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