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Dianne D. G a t e s 

A b s t r a c t 

T h i s d i s s e r t a t i o n examines t h e s i m u l t a n e o u s 

p r e c i p i t a t i o n o f s o l u b l e orthophosphate (SOP) when alum i s 

dosed t o an a c t i v a t e d s l u d g e a e r a t i o n b a s i n . The r e s u l t s 

of b a t c h and c o n t i n u o u s f l o w e x p e r i m e n t a l s t u d i e s were used 

t o develop a model o f t h i s p r o c e s s . 

T h i s r e s e a r c h i d e n t i f i e d t h r e e r e g i o n s o f c h e m i c a l 

phosphorus r e m o v a l , i n each of w h i c h a d i f f e r e n t SOP 

removal mechanism appeared t o a p p l y : 

Region 1 e x t e n d s t o SOP r e s i d u a l c o n c e n t r a t i o n s as low as 

1.0 mg P / 1 . I n t h i s r e g i o n t h e s t o i c h i o m e t r i c 

p r e c i p i t a t i o n o f AI0.91H2PO4(OH) ̂ ,73(5) i s t h e predominate 

phosphate removal mechanism. 

Region 2 i n c l u d e s SOP r e s i d u a l c o n c e n t r a t i o n s i n t h e range 

0.1 -1.0 mg P / 1 . Phosphate removal i n t h i s r e g i o n i s 

d e s c r i b e d on t h e b a s i s o f t h e a d s o r p t i o n o f SOP on t o 

aluminum h y d r o x i d e s o l i d s u r f a c e s . 



2 
Region 3 i n c l u d e s SOP r e s i d u a l c o n c e n t r a t i o n s as low a s 

0.02 mg P/1. The minimum SOP phosphate c o n c e n t r a t i o n t h a t 

can be r e a c h e d i n t h i s r e g i o n i s c o n t r o l l e d by t h e p r e s e n c e 

of both aluminum-hydroxy-phosphate and aluminum h y d r o x i d e 

s o l i d s . 

Dianne D. Gates 
Ph.D C a n d i d a t e 
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1 . INTRODUCTION 

1.1 Problems A s s o c i a t e d w i t h Phosphates i n Sewage 

1.1.1 E u t r o p h i c a t i o n 

E u t r o p h i c a t i o n i s d e f i n e d by t h e O r g a n i s a t i o n f o r 

Economic C o - o p e r a t i o n and Development (OECD, 1970) a s " t h e 

r e s p o n s e i n w a t e r t o o v e r e n r i c h m e n t by n u t r i e n t s , 

p a r t i c u l a r l y phosphorus and n i t r o g e n . " A t y p i c a l r e s p o n s e 

i s an i n c r e a s e i n t h e f e r t i l i t y o f t h e w a t e r w h i c h c a n 

r e s u l t i n e x c e s s i v e a l g a l blooms, heavy growth of c e r t a i n 

r o o t e d a q u a t i c p l a n t s , a l g a l mats, and d e o x y g e n a t i o n . 

D r i n k i n g w a t e r s o u r c e s can be impacted by u n p l e a s a n t t a s t e 

and odors from c e r t a i n a l g a l m e t a b o l i c b y - p r o d u c t s and 

a l g a l mass from blooms can c l o g m u n i c i p a l w a t e r t r e a t m e n t 

f i l t e r s . Waters used f o r r e c r e a t i o n a l purposes can be 

degraded by t h e b u i l d - u p o f u n s i g h t l y s l i m e s on s h o r e s t h a t 

c a n c o n t r i b u t e t o v e c t o r problems. The e v e n t u a l decay o f 

a l g a l mass can l e a d t o d i s s o l v e d oxygen d e p l e t i o n i n t h e 

impacted w a t e r (OECD, 1 9 7 0 ) . T h i s d e o x y g e n a t i o n i s 

e x t r e m e l y damaging and can l e a d t o t h e e l i m i n a t i o n o f f i s h 

s p e c i e s and s e r i o u s l y damage t h e e x i s t i n g e c o l o g i c a l 

b a l a n c e . 

C u l t u r a l o r "man made" e u t r o p h i c a t i o n , i s g e n e r a l l y 

l i m i t e d t o f r e s h w a t e r s such a s l a k e s and r e s e r v o i r s , b u t 
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has been e x p e r i e n c e d i n e s t u a r i e s and n e a r s h o r e ocean 

w a t e r s . The d i s c h a r g e o f phosphorus ( P ) - c o n t a i n i n g 

w a s t e w a t e r s c o n t r i b u t e s s i g n i f i c a n t l y t o e u t r o p h i c a t i o n . 

Many methods o f combating and c o n t r o l l i n g e u t r o p h i c a t i o n 

f o c u s on t h e r e d u c t i o n of P d i s c h a r g e (OECD, 1 9 7 0 ) . 

1.1.2 R e c l a m a t i o n 

The c o m b i n a t i o n o f p o p u l a t i o n growth and i n c r e a s e d 

i n d u s t r i a l i z a t i o n have s i g n i f i c a n t l y i n c r e a s e d w a t e r 

consumption w i t h f u r t h e r i n c r e a s e s e x p e c t e d t o s e r i o u s l y 

impact t h e a v a i l a b i l i t y o f u s a b l e w a t e r f o r do m e s t i c , 

a g r i c u l t u r a l and i n d u s t r i a l p u r p o s e s i n t h e Western U n i t e d 

S t a t e s , E n g l a n d , and Western Europe ( O l s o n and P r a t t e , 

1 9 7 8 ) . C u r r e n t l y w a t e r t r e a t m e n t a l t e r n a t i v e s a r e b e i n g 

developed w h i c h would a v o i d o r l e s s e n t h e impact of w a t e r 

s h o r t a g e s . The p r i m a r y f o c u s o f many o f t h e s e e f f o r t s i s 

w a s t e w a t e r r e c l a m a t i o n , because t h e u s e o f r e c l a i m e d 

w a s t e w a t e r would reduce t h e consumption o f f r e s h w a t e r 

s u p p l i e s . The p r i n c i p a l o b j e c t i v e o f r e c l a m a t i o n i s t o 

t r e a t a w a s t e w a t e r t o an e x t e n t t h a t a l l o w s i t s s a f e and 

econ o m i c a l r e u s e (Englande, e t a i . , 1 9 7 8 ) . The p r i m a r y end 

u s e s f o r r e c l a i m e d w a t e r a r e : s u p p l e m e n t a t i o n o f i r r i g a t i o n 

w a t e r s f o r a g r i c u l t u r e , i r r i g a t i o n o f r e c r e a t i o n a l a r e a s , 

ground w a t e r r e c h a r g e and s u p p l e m e n t a t i o n o f i n d u s t r i a l 

c o o l i n g and p r o c e s s w a t e r s ( O l s o n and P r a t t e , 1 9 7 8 ) . 



Most a p p l i c a t i o n s o f r e c l a i m e d w a t e r , w i t h t h e 

p o s s i b l e e x c e p t i o n o f a g r i c u l t u r a l i r r i g a t i o n , r e q u i r e t h e 

removal o f some s o l u b l e phosphate. The e x t e n t o f phosphate 

removal r e q u i r e d depends on many t h i n g s i n c l u d i n g t h e 

w a s t e w a t e r phosphate c o n t e n t and t h e d i s c h a r g e l o c a t i o n o r 

r e u s e a p p l i c a t i o n ( F l o c k , 1 9 7 8 ) . Phosphorus removal i s 

r e q u i r e d f o r l a n d a p p l i c a t i o n s o f r e c l a i m e d w a s t e w a t e r t o 

a v o i d t h e i n t r o d u c t i o n o f phosphates i n t o s u r f a c e w a t e r s 

through r u n - o f f and under ground l e a c h a t e s . I n d u s t r i a l 

u s e s of r e c l a i m e d w a t e r r e q u i r e t h e removal o f phosphates 

t o p r e v e n t t h e f o r m a t i o n of s c a l e s w h i c h can d e p o s i t i n 

equipment and p i p i n g . 

1.2 S o u r c e s and Forms o f Phosphorus i n Sewage 

A t y p i c a l m u n i c i p a l w a s t e w a t e r c o n t a i n s between 3 t o 7 

mg/L of t o t a l phosphorus ( P ) . The p r i m a r y s o u r c e s o f P i n 

sewage a r e f e c a l m a t e r i a l , s y n t h e t i c d e t e r g e n t s and 

household c l e a n i n g p r o d u c t s , f e r t i l i z e r s , and i n d u s t r i a l 

d i s c h a r g e s ( J e n k i n s and Hermanowicz, 1 9 8 9 ) . 

Phosphorus s p e c i e s can be grouped a c c o r d i n g t o t h e i r 

c h e m i c a l form i e : o rthophosphate, condensed phosphate, and 

o r g a n i c phosphate. Orthophosphates a r e s a l t s o f 

o r t h o p h o s p h o r i c a c i d (H3PO4) and condensed phosphates a r e 

two o r more m o l e c u l e s o f orthophosphate combined w i t h t h e 

e l i m i n a t i o n o f w a t e r ( c o n d e n s a t i o n ) i n c h a i n o r r i n g 
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s t r u c t u r e t h a t c o n t a i n s phosphorus-oxygen-phosphorus bonds. 

Condensed phosphates can be h y d r o l y s e d t o o r t h o p h o s p h a t e s 

under a p p r o p r i a t e c o n d i t i o n s . T y p i c a l condensed 

phosphates found i n m u n i c i p a l w a s t e w a t e r a r e t r i -

p o l y p h o s p h a t e s and pyrophosphates, w h i c h a r e d e t e r g e n t 

a d d i t i v e s . O r g a n i c pnosphates i n c l u d e any o r g a n i c a l l y 

bound phosphorus s p e c i e s such a s s u g a r p h o s p h a t e s and 

p h o s p h o l i p i d s ( J e n k i n s and Hermanowicz, 1 9 8 9 ) . Phosphorus 

forms found i n d o m e s t i c w a s t e w a t e r and t y p i c a l 

c o n c e n t r a t i o n s a r e summarized i n F i g u r e 1.1. 

1.3 C u r r e n t R e g u l a t i o n s of Phosphorus D i s c h a r g e 

To m i n i m i z e t h e impact o f P d i s c h a r g e many r e g u l a t o r y 

b o d i e s have imposed v a r i o u s P d i s c h a r g e l i m i t s . These 

l i m i t s v a r y c o n s i d e r a b l y w i t h l o c a t i o n r a n g i n g from 0.01 mg 

P/1 t o 2.0 mg P/1 ( s e e T a b l e 1.1) ( J e n k i n s and 

Hermanowicz, 1989; EPA, 1987b). 

Wastewater r e c l a m a t i o n phosphate d i s c h a r g e l i m i t s a r e 

n o t a s c l e a r l y d e f i n e d a s w a s t e w a t e r d i s c h a r g e l i m i t s and 

v a r y c o n s i d e r a b l y depending on t h e p a r t i c u l a r r e u s e 

a p p l i c a t i o n ( E n g l a n d e , 1978) . 



F i g u r e l . i 
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Group 

Structural 
Representation 

(Typical) Species of Importance Typ i ca l C o n c . 
mgn 

H3PO4, H3PO.-, 
HPO4'-, po.^-
HPO.'- complexes 

Orthophosphate 

Polyphosphates 

0 
II 

- 0 — P — 0 -
I 

o -
0 o 
II ii 

" 0 — P — O — p — o -
1 I 

0 - 0 -

pyrophosphate 

H.PjO,, H,PjOr, 

fiPjO?^" complexes 

3 - 4 

0 
II 

0 
II 

0 
11 H,P ,0 ,o^ 

II 
— p — 0 -

1 

II 
- P — 0 -

1 

11 H ,P30 ,o ' - , 
HPoCoT P30,„»-

0 - 0 - 0 - H P j C o * " complexes 2 - 3 

tripolyphosphate 

Metaphosphates 

Organic 
phosphates 

trimetaphosphate 

OH 
I 

CH^O—P-OH 

O 

OH 

glucose 6-phosphate 

OH 
OH 

HP3O/- P30 ,^ -

Very many types, including 
phospholipids, sugar 
phosphates, nucleotides, 
phosphoamides. etc. 

1.1 Phosphorus Forms i n Raw Domestic Sewage and T y p i c a l 

Concentration Ranges 
(adapted from Snoeyink and Jenkins, 1980) 



Table 1.1 
Phosphorus Effluent Discharge Standards 

Location ma P/1 

USA 
Great Lakes 
Florida 
Chesapeake Bay Basin 

PA (lower Susquehanna) 
MD 
VA 
Washington DC 

Reno Sparks, NV 
Lake Tahoe, CA 

Switzerland 
Sweden 

1.0 
1.0 

2.0 
0.2, 1.0, 2.0 
0.2, 0.4, 0.5, 1.0 
0.23 I 

0.5 
1.0 

1.0 
<1.0 
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1.4 Methods o f Phosphorus Removal 

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 f a c i l i t y w i t h p r i m a r y 

s e d i m e n t a t i o n , c o n v e n t i o n a l b i o l o g i c a l s e c o n d a r y t r e a t m e n t 

and a n a e r o b i c d i g e s t i o n of w a s t e s l u d g e s can be e x p e c t e d t o 

remove o n l y 10 t o 3 0 p e r c e n t o f t h e t y p i c a l 3-7 mg P/1 i n 

t h e i n f l u e n t w a s t e w a t e r because P removal o n l y t a k e s p l a c e 

when s o l i d s c o n t a i n i n g P a r e w a s t e d from t h e t r e a t m e n t 

f a c i l i t y ( J e n k i n s and Hermanowicz, 1 9 8 9 ) . I n c o n v e n t i o n a l 

b i o l o g i c a l t r e a t m e n t f a c i l i t i e s t h e P c o n t e n t o f t h e w a s t e 

s l u d g e i s a p p r o x i m a t e l y 2 p e r c e n t ( J e n k i n s and Hermanowicz, 

1989; EPA, 1987b). Sludge w a s t i n g u s u a l l y a c c o u n t s f o r a 

phosphorus removal o f a p p r o x i m a t e l y 2 mg/L ( J e n k i n s and 

Hermanowicz, 1 9 8 9 ) . F o r a t y p i c a l m u n i c i p a l w a s t e w a t e r 

w i t h an i n f l u e n t P c o n c e n t r a t i o n o f 6.0 mg/L, t h i s would 

r e s u l t i n an e f f l u e n t c o n t a i n i n g 4 mg P/1. R e f e r r i n g t o 

T a b l e 1.1 i t i s a p p a r e n t t h a t t h i s c o n c e n t r a t i o n i s i n 

e x c e s s o f a l l e s t a b l i s h e d P d i s c h a r g e l i m i t s . When such 

l i m i t s must be met, one o f two t y p e s o f P removal p r o c e s s e s 

a r e employed t o improve P r e m o v a l . These a r e e i t h e r 

p h y s i c a l - c h e m i c a l methods o r enhanced b i o l o g i c a l methods. 

The p r i m a r y o b j e c t i v e o f both t y p e s o f P removal p r o c e s s e s 

i s t o c o n v e r t s o l u b l e P i n t o an i n s o l u b l e form, e i t h e r 

biomass i n enhanced b i o l o g i c a l r e moval o r a c h e m i c a l 

p r e c i p i t a t e i n c h e m i c a l / p h y s i c a l r e m o v a l , so t h a t improved 



P removal c a n be a c h i e v e d when s o l i d s a r e removed. 
8 

1.5 R e s e a r c h O b j e c t i v e s 

The g e n e r a l o b j e c t i v e o f t h i s r e s e a r c h was t o de v e l o p 

a method f o r p r e d i c t i n g t h e performance o f c h e m i c a l P 

removal p r o c e s s e s t h a t employ t h e a d d i t i o n o f aluminum 

s a l t s t o a c t i v a t e d s l u d g e a e r a t i o n b a s i n s t o form s p a r i n g l y 

s o l u b l e aluminum phosphates. T h i s p r o c e s s i s known as 

s i m u l t a n e o u s p r e c i p i t a t i o n . The s p e c i f i c o b j e c t i v e s were 

t o develop a p r e d i c t i v e model o f s i m u l t a n e o u s p r e c i p i t a t i o n 

u s i n g c o n t r o l l e d pH b a t c h aluminum phosphate e x p e r i m e n t s 

and t o v e r i f y t h e model w i t h c o n t i n u o u s f l o w a c t i v a t e d 

s l u d g e e x p e r i m e n t s . 
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2. CHEMICAL PHOSPHORUS REMOVAL 

2.1 Overview o f Chemical Phosphorus Removal 

The s p e c i f i c o b j e c t i v e o f c h e m i c a l P rem o v a l i s t o 

i n s o l u b i l i z e i n f l u e n t P and p h y s i c a l l y remove t h e 

P - c o n t a i n i n g s o l i d s from t h e t r e a t e d w a s t e w a t e r . T h i s i s 

t y p i c a l l y a c h i e v e d by d o s i n g a m e t a l s a l t t o t h e w a s t e w a t e r 

and removing t h e P - c o n t a i n i n g s o l i d s by g r a v i t y . The P-

c o n t a i n i n g s o l i d s formed d u r i n g c h e m i c a l P re m o v a l c a n be 

i n c o r p o r a t e d i n t o p r i m a r y o r sec o n d a r y s l u d g e depending on 

t h e p o i n t o f c h e m i c a l a d d i t i o n w i t h i n t h e p r o c e s s o r 

g e n e r a t e d s e p a r a t e l y i f t h e m e t a l c a t i o n i s added a f t e r 

s e c o n d a r y c l a r i f i c a t i o n . P - c o n t a i n i n g s o l i d s a r e t r e a t e d 

and d i s p o s e d o f t o g e t h e r w i t h o t h e r w a s t e w a t e r s l u d g e s 

(EPA, 1987a; J e n k i n s and Hermanowicz, 1989; Da i g g e r , 1 9 8 9 ) . 

The a d d i t i o n o f aluminum s a l t s has been shown t o have no 

a d v e r s e e f f e c t on t h e e f f e c t i v e n e s s o f a c t i v a t e d s l u d g e 

p r o c e s s e s ( L i n and C a r l s o n 1 9 7 8 ) . Chemical P removal i s 

o f t e n s e l e c t e d o v e r b i o l o g i c a l phosphorus re m o v a l because 

o f i t s e a s e o f i m p l e m e n t a t i o n , i t s r e l i a b i l i t y and i t s e a s e 

o f o p e r a t i o n (EPA, 1 9 8 7 a ) . 

P r e c i p i t a t i o n o f P from w a s t e w a t e r w i t h i r o n and 

aluminum s a l t s was f i r s t employed a p p r o x i m a t e l y 3 0 y e a r s 

ago ( J e n k i n s e t a l . , 1 9 7 1 ) . E a r l y use o f aluminum and i r o n 

s a l t s f o r P removal had o n l y one o b j e c t i v e , t h a t b e i n g t h e 
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p r e c i p i t a t i o n and removal of P. L a t e r s t u d i e s (Tenney and 

Stumm, 19 65) i n v e s t i g a t e d t h e use o f aluminum and i r o n 

s a l t s a l s o a s b i o f l o c c u l a t i o n a i d s i n a d d i t i o n t o P 

p r e c i p i t a t i o n . 

C h e m i c a l P removal p r o c e s s e s v a r y i n t h e t y p e o f 

c a t i o n u s ed f o r p r e c i p i t a t i o n and t h e l o c a t i o n o f t h e 

c h e m i c a l d o s i n g p o i n t . The most commonly used c h e m i c a l s 

f o r c h e m i c a l P removal a r e aluminum, i r o n and c a l c i u m 

s a l t s . The c h o i c e of d o s i n g c h e m i c a l i s u s u a l l y based on 

w a s t e w a t e r c o m p o s i t i o n , d e s i r e d P r e s i d u a l and c o s t s . 

2.1.1 Forms o f Aluminum Used f o r P r e c i p i t a t i o n 

The most common aluminum s a l t used f o r P p r e c i p i t a t i o n 

from w a s t e w a t e r i s aluminum s u l f a t e (AI2SO4.18H2O) , commonly 

known a s alum o r f i l t e r alum. Alum can be p u r c h a s e d i n 

e i t h e r d r y o r l i q u i d form. Dry alum i s t y p i c a l l y made i n t o 

a l i q u i d s o l u t i o n b e f o r e d o s i n g t o w a s t e w a t e r . The c h o i c e 

between d r y o r l i q u i d alum i s based on c o s t . L i q u i d alum 

i s much more e x p e n s i v e t h a n d r y alum because i t s i n c r e a s e d 

w e i g h t r e s u l t s i n h i g h e r t r a n s p o r t a t i o n c o s t s . The u s e o f 

l i q u i d alum becomes e c o n o m i c a l l y f e a s i b l e o n l y when i t s 

s o u r c e i s w i t h i n a p p r o x i m a t e l y 160 km o f t h e w a s t e w a t e r 

t r e a t m e n t f a c i l i t y (EPA, 1 9 8 7 a ) . Sodium a l u m i n a t e 

(Na2Al203) i s sometimes used f o r P removal but i s u s u a l l y 

l i m i t e d t o low a l k a l i n i t y w a s t e w a t e r s s i n c e i t a c t s a s a 



base and t e n d s t o i n c r e a s e pH and a l k a l i n i t y . Sodium 

a l u m i n a t e i s a v a i l a b l e i n e i t h e r l i q u i d o r d r y form (EPA, 

1987a; D a i g g e r , 1 9 8 9 ) . Comparative s t u d i e s o f alum and 

sodium a l u m i n a t e i n d i c a t e d t h a t alum i s a more e f f i c i e n t 

p r e c i p i t a n t t h a n sodium a l u m i n a t e ( E b e r h a r d t and N e s b i t t , 

1968; Balmer, e t a l . , 1975) 
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2.1.2 S e l e c t i o n o f Dosing P o i n t 

S e v e r a l p o i n t s o f m e t a l c a t i o n a d d i t i o n have been 

i n v e s t i g a t e d f o r c h e m i c a l P r e m o v a l . The most common 

p o i n t s a r e shown i n F i g u r e 2.1. 

2.1.2.1 P r e - p r e c i p i t a t i o n 

Dosing p r i o r t o , o r d i r e c t l y i n t o t h e p r i m a r y 

c l a r i f i e r , ( F i g u r e 2.1a) i s r e f e r r e d t o a s p r e -

p r e c i p i t a t i o n . I n p r e - p r e c i p i t a t i o n c h e m i c a l p r e c i p i t a t e s 

a r e removed t o g e t h e r w i t h t h e p r i m a r y s l u d g e s o l i d s . P r e -

p r e c i p i t a t i o n cannot c o m p l e t e l y remove i n f l u e n t P because 

t h e b a c t e r i a l l y mediated h y d r o l y s i s o f condensed phosphate 

t o orthophosphate, ( w h i c h a r e more r e a d i l y p r e c i p i t a t e d ) i s 

not a l w a y s complete u n t i l a f t e r s e c o n d a r y t r e a t m e n t 

(Sawyer, 1962; R e c h t and Ghassemi, 1 9 7 0 ) . P r e -

p r e c i p i t a t i o n can r e l i a b l y a c h i e v e t o t a l e f f l u e n t P 

c o n c e n t r a t i o n s a s low a s 1 mg P/1. One o f t h e p r i n c i p a l 

advantages o f p r e - p r e c i p i t a t i o n i s t h e r e d u c t i o n o f BOD and 

suspended s o l i d s 
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Figure 2.1 
Dose Points for Chemical P-Removal 
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l o a d i n g t o s e c o n d a r y t r e a t m e n t p r o c e s s e s r e s u l t i n g from t h e 

enhanced suspended s o l i d s removal. M e l k e r s s o n (1973) 

r e p o r t e d t h a t 60-70 p e r c e n t o f i n f l u e n t o r g a n i c m a t t e r can 

be removed w i t h p r e - p r e c i p i t a t i o n . EPA (1987a) noted t h a t 

m e t a l a d d i t i o n i n c r e a s e d BOD removal from 25-40% t o 40-65% 

and i n c r e a s e d suspended s o l i d s (SS) removal from 40-70% t o 

60-75%. P r e - p r e c i p i t a t i o n a l s o can p r o t e c t b i o l o g i c a l 

p r o c e s s e s from t o x i c m a t e r i a l s such as heavy m e t a l s and 

d i s p e r s e d o i l s w h i c h a r e removed w i t h t h e c h e m i c a l s o l i d s 

( M e l k e r s s o n , 1 9 7 3 ) . P r e - p r e c i p i t a t i o n t y p i c a l l y r e q u i r e s a 

h i g h e r c h e m i c a l dose t h a n s i m u l t a n e o u s p r e c i p i t a t i o n 

because raw sewage has a more v a r i a b l e c o m p o s i t i o n and 

h i g h e r s t r e n g t h t h a n p r i m a r y e f f l u e n t . ( E P A 1987a; 

M e l k e r s s o n , 1973) 

P r e - p r e c i p i t a t i o n i n c r e a s e s t h e volume and mass o f 

p r i m a r y s o l i d s produced. The i n c r e a s e d s l u d g e mass 

i n c l u d e s an i n o r g a n i c f r a c t i o n comprised o f aluminum 

hydroxy phosphate and aluminum phosphate s o l i d s and an 

o r g a n i c f r a c t i o n c o n t r i b u t e d by t h e c a p t u r e o f suspended 

s o l i d s i n t h e c h e m i c a l f l o e s (EPA, 1987a; Bowker and 

S t e n s e l , 1 9 9 0 ) . A s u r v e y of 22 w a s t e w a t e r t r e a t m e n t 

f a c i l i t i e s showed t h a t when p r e - p r e c i p i t a t i o n w i t h alum was 

used t o a c h i e v e t o t a l P r e s i d u a l s o f 1 mg P/1 t h e s l u d g e 

mass i n c r e a s e d by an a v e r a g e o f 40% (EPA, 1 9 8 7 b ) . An EPA 

s u r v e y of 25 w a s t e w a t e r t r e a t m e n t f a c i l i t i e s u s i n g p r e -

p r e c i p i t a t i o n found t h a t t o t a l p l a n t s l u d g e volume 
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i n c r e a s e d by a p p r o x i m a t e l y 60% from 3 000 m-̂  sludge/m^ p l a n t 

i n f l u e n t w i t h o u t alum a d d i t i o n t o 4,750 m̂  sludge/m^ p l a n t 

i n f l u e n t w i t h p r e - p r e c i p i t a t i o n and t o t a l s l u d g e mass 

i n c r e a s e d by 17% from 0.29 kg sludge/m^ p l a n t i n f l u e n t t o 

0.34 kg sludge/m^ p l a n t i n f l u e n t w i t h p r e - p r e c i p i t a t i o n 

(EPA, 1987a; Bowker and S t e n s e l , 1 9 9 0 ) . No c l e a r t r e n d i n 

t h e c h a r a c t e r and t r e a t a b i l i t y o f t h e P - c o n t a i n i n g s l u d g e s 

i s r e p o r t e d i n t h e l i t e r a t u r e . 

2.1.2.2 S i m u l t a n e o u s P r e c i p i t a t i o n 

The a d d i t i o n o f alum d i r e c t l y t o se c o n d a r y b i o l o g i c a l 

t r e a t m e n t u n i t s i s commonly r e f e r r e d t o a s s i m u l t a n e o u s 

p r e c i p i t a t i o n ( F i g u r e 2 . 1 b ) . W i t h t h i s d o s i n g regime 

c h e m i c a l p r e c i p i t a t i o n o c c u r s s i m u l t a n e o u s l y w i t h t h e 

b i o l o g i c a l d e g r a d a t i o n o f w a s t e w a t e r o r g a n i c m a t t e r , 

r e s u l t i n g i n t h e f o r m a t i o n o f a mixed c h e m i c a l / b i o l o g i c a l 

s l u d g e . F o r many w a s t e w a t e r t r e a t m e n t f a c i l i t i e s a minimum 

o f r e t r o f i t t i n g i s needed t o u s e s i m u l t a n e o u s p r e c i p i t a t i o n 

(EPA, 1987b). 

S i m u l t a n e o u s p r e c i p i t a t i o n i n c r e a s e s t h e i n e r t s o l i d s 

c o n t e n t o f t h e mixed l i q u o r suspended s o l i d s and i n c r e a s e s 

o v e r a l l s o l i d s p r o d u c t i o n . The EPA (1987b) r e p o r t s t h a t 

s i m u l t a n e o u s p r e c i p i t a t i o n i n c r e a s e s t h e s l u d g e P c o n t e n t 

from a p p r o x i m a t e l y 1.5% on a d r y s o l i d s b a s i s w i t h o u t P 

removal t o 4.5% w i t h c h e m i c a l P removal. The i n c r e a s e i n 
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i n e r t s o l i d s r e q u i r e s t h a t a h i g h e r l e v e l o f t o t a l 

suspended s o l i d s (TSS) must be m a i n t a i n e d i n t h e a e r a t i o n 

b a s i n o f a c t i v a t e d s l u d g e s y s t e m s when s i m u l t a n e o u s 

p r e c i p i t a t i o n i s used. SS removal i s c r u c i a l f o r e f f i c i e n t 

P-removal when u s i n g s i m u l t a n e o u s p r e c i p i t a t i o n , because o f 

t h e h i g h P c o n t e n t of t h e SS i n t h e e f f l u e n t (EPA, 1 9 8 7 b ) . 

M e l k e r s s o n (1973) s t u d i e d t h e performance of 195 f u l l s c a l e 

t r e a t m e n t f a c i l i t i e s employing P removal i n Sweden, 

F i n l a n d , and S w i t z e r l a n d and found t h a t t h e p l a n t s u s i n g 

s i m u l t a n e o u s p r e c i p i t a t i o n d i s c h a r g e d an e f f l u e n t w i t h SS 

r a n g i n g from 20 t o 40 mg/1 and t o t a l P c o n c e n t r a t i o n s o f 

0.8 t o 2.0 mg P/1. The e f f l u e n t q u a l i t y w i t h s i m u l t a n e o u s 

p r e c i p i t a t i o n was i n f e r i o r t o t h a t a c h i e v e d by p l a n t s 

p r a c t i c i n g p r e - p r e c i p i t a t i o n , w h i c h had e f f l u e n t SS i n t h e 

range 10-30 mg/1 and e f f l u e n t t o t a l P i n t h e range 0.3-0.7 

mg P/1. The EPA r e p o r t e d t o t a l P removal e f f i c i e n c i e s w i t h 

s i m u l t a n e o u s p r e c i p i t a t i o n s i m i l a r t o t h o s e r e p o r t e d f o r 

p r e - p r e c i p i t a t i o n w i t h e f f l u e n t t o t a l P c o n c e n t r a t i o n s o f 1 

mg P/1 b e i n g r e l i a b l y a c h i e v e d (EPA, 1 9 8 7 a ) . 

S i m u l t a n e o u s p r e c i p i t a t i o n c a n have a p o s i t i v e e f f e c t 

on o r g a n i c m a t t e r removal by b i o l o g i c a l t r e a t m e n t , due t o 

improved b i o f l o c c u l a t i o n ( O ' M e l i a , 1 9 7 8 ) . R o b e r t s (1978) 

s u g g e s t e d t h a t aluminum h y d r o l y s i s p r o d u c t s , p a r t i c u l a r l y 

aluminum h y d r o x i d e , can adsorb on t o n e g a t i v e l y charged 

c o l l o i d a l o r g a n i c p a r t i c l e s i n a c t i v a t e d s l u d g e and enhance 

t h e i r r emoval by n e u t r a l i z i n g c o l l o i d a l c h a r g e and 
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promoting c o a g u l a t i o n ( f l o e f o n n a t i o n ) . 

S e v e r a l s t u d i e s have found t h a t e f f l u e n t t u r b i d i t y 

i n c r e a s e d when alum was dosed t o t h e a e r a t i o n b a s i n o f 

a c t i v a t e d s l u d g e systems under c e r t a i n c o n d i t i o n s (Minton 

and C a r l s o n , 1972; B a r t h and E t t i n g e r 1967; E b e r h a r t and 

N e s b i t t , 1968) . The i n c r e a s e d t u r b i d i t y was a t t r i b u t e d t o 

t h e f o r m a t i o n o f d i f f i c u l t - t o - s e t t l e c o l l o i d a l aluminum-

c o n t a i n i n g p a r t i c l e s s i m i l a r t o t h o s e o b s e r v e d i n 

l a b o r a t o r y d i s t i l l e d w a t e r s t u d i e s ( R e c h t and Ghassemi, 

19 7 0 ) . Minton and C a r l s o n s u g g e s t e d t h a t t h e e f f l u e n t 

t u r b i d i t y l e v e l was determined by t h e r e l a t i o n s h i p between 

t y p e o f c h e m i c a l s o l i d p r e s e n t (aluminum phosphate and/or 

aluminum h y d r o x i d e ) and b i o l o g i c a l s o l i d s , and t h e 

d e t e n t i o n t i m e and degree o f t u r b u l e n c e i n t h e a e r a t i o n 

b a s i n . They su g g e s t e d t h a t t h e c h e m i c a l p r e c i p i t a t e s , 

b e i n g p o s i t i v e l y charged, enhanced SS removal by 

n e u t r a l i z i n g n e g a t i v e l y charged b i o l o g i c a l s o l i d s . I f t h e 

p r o p o r t i o n o f n e u t r a l aluminum h y d r o x i d e i n t h e p r e c i p i t a t e 

i s too l a r g e , i n s u f f i c i e n t b i o f l o c c u l a t i o n o c c u r s . The 

e f f e c t o f t u r b u l e n c e , which can d e s t r o y t h e 

c h e m i c a l / b i o l o g i c a l f l o e s can be a v o i d e d by s e l e c t i n g a 

s i m u l t a n e o u s p r e c i p i t a t i o n d o s i n g p o i n t where a minimum o f 

h i g h t u r b u l e n c e o c c u r s ( i e : i n l e t zone) and by m i n i m i z i n g 

t h e h y d r a u l i c d e t e n t i o n t i m e o f t h e c h e m i c a l s o l i d s formed 

i n t h e a c t i v a t e d s l u d g e system (Minton and C a r l s o n , 1 9 7 2 ) . 

Minton and C a r l s o n m i n i m i z e d c h e m i c a l s o l i d s d e t e n t i o n t i m e 
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by d o s i n g alum t o t h e mixed l i q u o r c h a n n e l o f a c t i v a t e d 

s l u d g e systems ( F i g u r e 2.1b). 

The impact o f s i m u l t a n e o u s p r e c i p i t a t i o n on t h e 

v i a b i l i t y o f a c t i v a t e d s l udge c u l t u r e has been s t u d i e d by 

s e v e r a l i n v e s t i g a t o r s (Minton and C a r l s o n , 1972; Unz and 

D a v i s , 1975; E b e r h a r t and N e s b i t t , 1968; B a r t h and E t t i n g e r 

1 9 6 7 ) . Unz and D a v i s r a n p a r a l l e l f u l l - s c a l e s t u d i e s 

comparing a c t i v a t e d s l u d g e samples from alum supplemented 

(AS) and alum unsupplemented (AUS) b i o l o g i c a l t r e a t m e n t 

s y s t e m s . Over a p e r i o d of 15 months, t h e m i c r o b i a l 

a c t i v i t y o f grab samples from both t r e a t m e n t s y s t e m s were 

monitored by c o u n t i n g v i a b l e m i c r o o r g a n i s m s , p r o t o z o a , 

t o t a l and f e c a l c o l i f o r m s , and s t r e p t o c o c c i . Unz and D a v i s 

found a g r e a t e r d e n s i t y o f v i a b l e b a c t e r i a i n t h e alum 

supplemented samples and a t t r i b u t e d t h i s t o an i n c r e a s e i n 

m i c r o b i a l c o a l e s c e n c e i n t h e p r e s e n c e o f aluminum 

h y d r o l y s i s p r o d u c t s . Unz and D a v i s f u r t h e r p o s t u l a t e d t h a t 

t h e alum p r e c i p i t a t e s (aluminum h y d r o x i d e o r aluminum 

phosphate not s p e c i f i e d ) c o n c e n t r a t e d w a s t e w a t e r o r g a n i c 

m a t t e r , i n c r e a s i n g t h e n u t r i e n t l e v e l i n 

c h e m i c a l / b i o l o g i c a l s l u d g e s w h i c h enhanced m i c r o b i a l 

growth. They c o n c l u d e d t h a t alum a d d i t i o n t o a c t i v a t e d 

s l u d g e systems had no a d v e r s e e f f e c t on t h e m i c r o b i a l 

p o p u l a t i o n and p o s s i b l y enhanced o r g a n i c m a t t e r r e m o v a l . 

Minton and C a r l s o n (1972) observed t h a t some l o s s o f 

p r o t o z o a may have o c c u r r e d as a r e s u l t s o f alum a d d i t i o n . 
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but t h a t t h i s d i d not appear t o have any impact on p r o c e s s 

e f f i c i e n c y . They noted t h a t c a u t i o n must be e x e r c i s e d when 

d o s i n g alum s i m u l t a n e o u s l y t o e n s u r e t h a t t h e a l k a l i n i t y 

(and t h e r e f o r e pH) were not l o w e r e d t o l e v e l s w h i c h would 

c a u s e t h e d e s t r u c t i o n o f t h e m i c r o b i a l c u l t u r e . E b e r h a r t 

and N e s b i t t (1968) and B a r t h and E t t i n g e r (1967) b o t h 

conducted s t u d i e s u s i n g c o n t i n u o u s f l o w p i l o t s y s t e m w i t h 

alum dosed t o t h e a e r a t i o n b a s i n and noted no change i n 

b i o l o g i c a l a c t i v i t y , a s measured by BOD r e m o v a l , a s a 

r e s u l t o f alum a d d i t i o n . 

S i m u l t a n e o u s p r e c i p i t a t i o n i n c r e a s e d TSS volumes by 

12%, from 5,110 mVitî  p l a n t i n f l u e n t w i t h o u t P r e m o v a l t o 

5,710 m^/m^ p l a n t i n f l u e n t w i t h s i m u l t a n e o u s p r e c i p i t a t i o n . 

On a mass b a s i s TSS i n c r e a s e d by 24% from 0.17 kg sludge/m^ 

p l a n t i n f l u e n t t o 0.21 kg sludge/m^ p l a n t i n f l u e n t i n 2 2 

p l a n t s p r a c t i c i n g s i m u l t a n e o u s p r e c i p i t a t i o n (EPA, 1 9 8 7 a ) . 

Other s t u d i e s (Soap and D e t e r g e n t A s s o c i a t i o n , 1989; 

B a i l l o d e t a l . , 1977; and M i n i n n i e t a l . , 1985) r e p o r t 

s i m i l a r i n c r e a s e s i n s l u d g e p r o d u c t i o n w i t h s i m u l t a n e o u s 

p r e c i p i t a t i o n . 

2.1.2.3 P o s t - P r e c i p i t a t i o n ( T e r t i a r y T r e a t m e n t ) 

I n some i n s t a n c e s p r i m a r y o r s i m u l t a n e o u s 

p r e c i p i t a t i o n a r e i n s u f f i c i e n t t o reduce phosphate 

c o n c e n t r a t i o n s t o meet v e r y low d i s c h a r g e s t a n d a r d s ,< 0.5 
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mg P/1. I n t h e s e c a s e s p o s t - p r e c i p i t a t i o n i s r e q u i r e d 

( F i g u r e 2 . 1 c ) . With p o s t - p r e c i p i t a t i o n alum i s added t o 

w a s t e w a t e r i n a s e p a r a t e s t a g e a f t e r b i o l o g i c a l t r e a t m e n t . 

C h e m i c a l a d d i t i o n i s f o l l o w e d by c l a r i f i c a t i o n and 

f i l t r a t i o n . M e l kersson (1973) found t h a t w a s t e w a t e r 

t r e a t m e n t f a c i l i t i e s u s i n g p o s t - p r e c i p i t a t i o n were a b l e t o 

remove o v e r 9 0% of i n f l u e n t t o t a l P, d i s c h a r g i n g an 

e f f l u e n t w i t h a BOD of 5-15 mg/1; SS o f 5-25 mg/1 and t o t a l 

P o f 0.1 t o 0.5 mg P/1. 

A s i g n i f i c a n t i n c r e a s e i n P-removal c o s t i s i n c u r r e d 

when t e r t i a r y t r e a t m e n t i s u s e d . The i n c r e a s e i n c o s t c a n 

be a t t r i b u t e d t o h i g h e r c h e m i c a l c o s t and t h e expense o f 

improved SS removal. C h e m i c a l c o s t s i n c r e a s e from $ 1 . 5 / l b 

t o t a l P removed w i t h p r e - o r s i m u l t a n e o u s p r e c i p i t a t i o n t o 

$ 1 . 9 1 / l b t o t a l P removed w i t h p o s t p r e c i p i t a t i o n (EPA, 

1 9 8 7 b ) . The i n c r e a s e i n c o s t r e s u l t i n g from improved SS 

r e m oval i s d i f f i c u l t t o a c c o u n t f o r and can have a 

c o n s i d e r a b l e impact on P r e m o v a l c o s t s (EPA, 1 9 8 7 a ) . 

2.1.2.4 M u l t i p l e Dosing P o i n t s 

A d d i t i o n o f alum a t s e v e r a l l o c a t i o n s i n t h e p r o c e s s 

s t r e a m i n c r e a s e s o p e r a t i o n a l f l e x i b i l i t y and i s an 

e f f e c t i v e and economical method o f c h e m i c a l P r e m o v a l . 

M u l t i p l e p o i n t d o s i n g i n c l u d e s s e v e r a l d o s i n g a l t e r n a t i v e s 

s u c h a s combining p r e - p r e c i p i t a t i o n w i t h s i m u l t a n e o u s 
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p r e c i p i t a t i o n , p r e - p r e c i p i t a t i o n and p o s t p r e c i p i t a t i o n , 

and s i m u l t a n e o u s p r e c i p i t a t i o n w i t h p o s t p r e c i p i t a t i o n . 

O p e r a t i n g d a t a from t h e O r i l l a , O n t a r i o , Canada w a s t e w a t e r 

p l a n t showed t h a t m u l t i p l e p o i n t d o s i n g r e q u i r e d l e s s 

c h e m i c a l and was l e s s c o s t l y t h a n s i n g l e p o i n t d o s i n g (EPA, 

1987a). I n a two s t a g e f u l l s c a l e a c t i v a t e d s l u d g e system 

s i m u l t a n e o u s p r e c i p i t a t i o n w i t h 64 mg/1 alum was compared 

w i t h m u l t i p l e p o i n t d o s i n g of 16 mg/1 alum t o t h e p r i m a r y 

c l a r i f i e r and 32 mg/1 alum (48 mg/1 t o t a l alum dosed) t o 

t h e a e r a t i o n b a s i n . The m u l t i p l e p o i n t alum d o s i n g 

a c h i e v e d t h e same P removal e f f i c i e n c y a s s i m u l t a n e o u s 

p r e c i p i t a t i o n w i t h a l o w er alum dose: 1.3 mg Al/mg P 

removed w i t h s i m u l t a n e o u s p r e c i p i t a t i o n and 1.1 mg Al/mg P 

removed w i t h m u l t i p l e dose p o i n t P r e m o v a l . S i m u l t a n e o u s 

p r e c i p i t a t i o n removed 92% of i n f l u e n t t o t a l P and a c h i e v e d 

e f f l u e n t t o t a l P c o n c e n t r a t i o n o f 0.65 mg P/1 w h i l e 

m u l t i p l e dose p o i n t p r e c i p i t a t i o n removed 93% o f i n f l u e n t 

t o t a l P and y i e l d e d an e f f l u e n t w i t h 0.3 6 mg P/1 t o t a l P 

( B l a c k , 1980; EPA, 1987a). 

2.2 Mechanism o f Aluminum Phosphate P r e c i p i t a t i o n 

The mechanism of c h e m i c a l P r e m o v a l has been s t u d i e d 

e x t e n s i v e l y ( F e r g u s o n and K i n g , 1977; J e n k i n s e t a l . , 1984; 

Recht and Ghassemi, 1970; Stumm, 1964; Goidshmid and R u b i n , 

1 9 7 8 ) , however, t h e e x a c t n a t u r e o f t h e c h e m i c a l p r o c e s s e s 
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i n v o l v e d i s not f u l l y u n derstood. P removal c a n r e s u l t 

from s e v e r a l i n t e r a c t i o n s w h i c h o c c u r when alum i s dosed t o 

t h e a e r a t i o n b a s i n o f an a c t i v a t e d s l u d g e s y s t e m : 

1 — i n s o l u b i l i z a t i o n o f s o l u b l e phosphate s p e c i e s 

r e s u l t i n g i n t h e f o r m a t i o n a mixed 

b i o l o g i c a l / c h e m i c a l s o l i d 

2 — u p t a k e o f s o l u b l e orthophosphate by 

m i c r o o r g a n i s m s 

3 — sweep f l o c c u l a t i o n o f c o l l o i d a l P - c o n t a i n i n g 

p a r t i c l e s 

2.2.1 C h e m i c a l Form o f Phosphorus Removed by P r e c i p i t a t i o n 

P i s found i n domestic sewage i n a v a r i e t y o f forms: 

o r g a n i c a l l y bound P, condensed phosphate and 

orthophosphate. Wastewater P can e i t h e r be i n s o l u t i o n 

( s o l u b l e ) o r p a r t i c u l a t e forrni. P s p e c i e s w h i c h can p a s s 

through a 0.45 |im p o r e - d i a m e t e r membrane f i l t e r a r e 

c l a s s i f i e d a s s o l u b l e s p e c i e s w h i l e t h o s e w h i c h do not a r e 

c l a s s i f i e d a s p a r t i c u l a t e ( o r suspended). P t h a t responds 

t o c o l o r i m e t r i c a n a l y s i s w i t h o u t a d d i t i o n a l t r e a t m e n t a r e 

termed " r e a c t i v e P" and c o n s i s t s p r i m a r i l y o f 

orthophosphate. P t h a t must be h y d r o l y s e d t o 

orthophosphate w i t h a c i d i n o r d e r t o be measured 

c o l o r i m e t r i c a l l y a r e t y p i c a l l y condensed p h o s p h a t e s . 

O r g a n i c P must undergo e x t e n s i v e o x i d a t i v e d e s t r u c t i o n 
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b e f o r e b e i n g c o n v e r t e d t o c o l o r i m e t r i c a l l y m e a s u r a b l e 

orthophosphate. ( S t a n d a r d Methods, 1985) 

R e c h t and Ghassemi (197 0) conducted a s e r i e s o f 

e x p e r i m e n t s t o deteirmine how w e l l s e v e r a l f o n n s o f P 

t y p i c a l l y found i n sewage were removed when aluminum s a l t s 

were added t o p r e p a r e d P s o l u t i o n s and f i l t e r e d s e c o n d a r y 

e f f l u e n t . Aluminum n i t r a t e (Al(NO3) 3. 9H2O) was added t o 

s o l u t i o n s of orthophosphate, pyrophosphate o r 

t r i p o l y p h o s p h a t e a t t h e t h r e e f o l l o w i n g mass r a t i o s o f 

a p p l i e d aluminum t o phosphate: (Al^"*": P04^') = 0.5:1, 1:1, and 

2:1. R e c h t and Ghassemi were a b l e t o remove a s i g n i f i c a n t 

f r a c t i o n o f orthophosphate w i t h i n t h e pH range 4 t o 8. The 

optimum pH f o r orthophosphate p r e c i p i t a t i o n w i t h aluminum 

was a p p r o x i m a t e l y 6.0, where an orthophosphate r e s i d u a l o f 

0.1 mg P/1 was r e a c h e d w i t h a 2:1 r a t i o o f aluminum t o 

i n f l u e n t orthophosphate. Condensed phosphate c o u l d not be 

p r e c i p i t a t e d as e f f e c t i v e l y a s o r t h o p h o s p h a t e . The optimum 

pH f o r condensed phosphate p r e c i p i t a t i o n was c l o s e t o 5.0 

and a t a 2:1 r a t i o o f aluminum doses t o i n f l u e n t P, 

pyrophosphate and t r i p o l y p h o s p h a t e r e s i d u a l c o n c e n t r a t i o n s 

o f 0.9 and 3.8 mg P/1 r e s p e c t i v e l y were r e a c h e d . R e c h t and 

Ghassemi found t h a t pyrophosphate and t r i p o l y p h o s p h a t e 

p r e c i p i t a t i o n o c c u r r e d o n l y i n a narrow pH r a n g e (4< pH <6) 

w i t h e s s e n t i a l l y no p r e c i p i t a t i o n o c c u r r i n g o u t s i d e t h i s 

range. A t a 1:1 r a t i o o f aluminum t o P, t r i p o l y p h o s p h a t e 

p r e c i p i t a t i o n d i d not o c c u r a t any pH between 4 and 8. 
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Sawyer (1952) found t h a t condensed phosphates were 

l e s s r e a d i l y p r e c i p i t a t e d t h a n orthophosphate i n 

e x p e r i m e n t a l s t u d i e s under c o n t r o l l e d c o n d i t i o n s . Sawyer 

conducted b a t c h s t u d i e s w i t h t r i p o l y p h o s p h a t e and 

pyrophosphate e n r i c h e d sewage dosed w i t h alum and found 

t h a t alum was e f f e c t i v e i n removing both condensed and 

o r t h o phosphate. Sawyer found t h a t under i d e n t i c a l 

c o n d i t i o n s sodium a l u m i n a t e was u n a b l e t o remove 

t r i p o l y p h o s p h a t e and pyrophosphate a t h i g h pH 

(pH > 8) v a l u e s . Sawyer's r e s u l t s w i t h sodium a l u m i n a t e 

have been i n t e r p r e t e d by o t h e r s (EPA, 1987a; Daigger, 1989; 

Heinke and Norman, 197 0; E i n s t e i n and Hunter, 19 67) t o 

i n d i c a t e t h a t condensed phosphate i s not a s r e a d i l y 

p r e c i p i t a t e d a s orthophosphate. 

H e n r i k s e n (1962) conducted l a b o r a t o r y b a t c h 

p r e c i p i t a t i o n s t u d i e s u s i n g b o t h p r e p a r e d s o l u t i o n s and 

p r i m a r y s e t t l e d sewage. I n sewage samples c o n t a i n i n g 11.5 

mg/1 orthophosphate and 5.65 mg/1 po l y p h o s p h a t e , t h e 

po l y p h o s p h a t e appeared t o be more e f f e c t i v e l y removed t h a n 

o r t h o p h o s p h a t e . H e n r i k s e n ' s s t u d y d i d not c o n s i d e r w h e t h e r 

t h e improved P removal r e s u l t e d from t h e p r e c i p i t a t i o n o f 

p o l y p h o s p h a t e o r from t h e p r e c i p i t a t i o n o f orthophosphate 

produced by t h e h y d r o l y s i s o f p o l y p h o s p h a t e . 
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2.2-2 P r o t o l y s i s o f P h o s p h o r i c A c i d 

P h o s p h o r i c a c i d ( H 3 P O 4 ) i s a t r i p r o t i c a c i d w h i c h i s 

s u c c e s s i v e l y d e p r o t o n a t e d t o P04^" a c c o r d i n g t o t h e 

f o l l o w i n g s e r i e s o f e q u i l i b r i a : 

H3PO4 + H2O <=> H2P04' + H30* pKi = -2.15 

(2.1) 

H 2 P O 4 ' + H2O <=> HP04^' + H3O* p K 2 = -7.2 0 

(2.2) 

HPO42" + H2O <=> P04^" + H3O* P K 3 = -12.3 5 

( 2 . 3 ) 

The e q u i l i b r i u m c o n s t a n t s shown above were t a k e n from S m i t h 

and M a r t e l l (1976) and where o b t a i n e d a t 25°C and a d j u s t e d 

t o 0 i o n i c s t r e n g t h . 

E q u a t i o n s 2.1-2.3 can be used t o d e t e r m i n e t h e 

d i s t r i b u t i o n o f orthophosphate s p e c i e s i n s o l u t i o n a t 

e q u i l i b r i u m f o r a g i v e n pH and t o t a l s o l u b l e o r t h o p h o s p h ate 

c o n c e n t r a t i o n . A t pH 6.5 t o 8.0, t y p i c a l o f do m e s t i c 

sewage ( S n o e y i n k and J e n k i n s , 1 9 8 0 ) , o r t h o p h o s p h a t e i s 

p r e d o m i n a t e l y p r e s e n t a s H2PO4" and HP04^'. 
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2.2.3 H y d r o l y s i s o f Condensed Phosphates 

The r o l e o f condensed phosphate i n P removal p r o c e s s e s 

i s u n c l e a r , a l t h o u g h i t seems l i k e l y t h a t condensed 

phosphate i s e i t h e r p r e c i p i t a t e d i n t h e condensed form o r 

as orthophosphate f o l l o w i n g h y d r o l y s i s . The p r i m a r y 

s o u r c e o f condensed phosphate i n d o m e s t i c w a s t e w a t e r i s 

s y n t h e t i c d e t e r g e n t s . Pyrophosphate ( H 4 P 2 O 7 ) and 

t r i p o l y p h o s p h a t e (H5P3O10) c o n s t i t u t e about 5-10% by w e i g h t 

of s y n t h e t i c l a u n d r y d e t e r g e n t s and t h e i r d i s c h a r g e 

a c c o u n t s f o r a p p r o x i m a t e l y 50 t o 60% o f sewage condensed 

phosphate ( H e n d e r s o n - S e l l e r s and M a r k l a n d , 1987; H o r t i g and 

Horv a t h , 1982) i n r e g i o n s where d e t e r g e n t phosphate c o n t e n t 

i s not r e g u l a t e d . The predominate forms o f 

t r i p o l y p h o s p h a t e and pyrophosphate a t t y p i c a l w a s t e w a t e r pH 

(approx. 6.5 - 8.0) a r e HP30io'^' and HP207'̂ '. These h y d r o l y s e 

t o orthophosphate a s f o l l o w s (Odegaard, 1 9 7 9 ) : 

HP30io'̂ " + H2O <=> HP207^" + KPO^^' + 2H3O* ( 2 . 4 ) 

HP207^" + H2O <=> 2 HP04^" + 2 H 3 O ' ' ( 2 . 5 ) 

F i n s t e i n and Hunter (1967) a n a l y z e d i n f l u e n t and 

e f f l u e n t samples from 3 f u l l s c a l e a c t i v a t e d s l u d g e p l a n t s 

and found t h a t w h i l e 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 had 

l i t t l e e f f e c t on t h e t o t a l P c o n t e n t o f w a s t e w a t e r , t h e 

f r a c t i o n o f t o t a l P c o n t r i b u t e d by or t h o p h o s p h a t e i n c r e a s e d 

from 53% i n t h e i n f l u e n t t o 83% i n t h e e f f l u e n t . The 
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i n c r e a s e i n orthophosphate was a t t r i b u t e d t o condensed 

phosphate h y d r o l y s i s . F i n s t e i n and Hunter d e t e r m i n e d t h a t 

t h e r a p i d h y d r o l y s i s o f condensed phosphate t o 

orthophosphate o n l y o c c u r r e d i n t h e p r e s e n c e o f a c t i v a t e d 

s l u d g e p a r t i c l e s . They d i d not d e s c r i b e t h e r o l e o f 

a c t i v a t e d s l u d g e p a r t i c l e s i n condensed phosphate 

h y d r o l y s i s o r i n v e s t i g a t e t h e r o l e of pH on t h e r a t e o f 

r e a c t i o n . 

The r a t e o f t r i p o l y p h o s p h a t e and pyrophosphate 

h y d r o l y s i s i s e f f e c t e d by many e n v i r o n m e n t a l f a c t o r s . 

H einke and Norman (1971) s t a t e d t h a t t h e most predominant 

o f t h e s e f a c t o r s were t e m p e r a t u r e , pH and t h e p r e s e n c e o f 

enzymes ( o r g a n i s m s ) . They c o n c l u d e d t h a t t r i p o l y p h o s p h a t e 

and pyrophosphate h y d r o l y s e t h r e e t i m e s f a s t e r a t 20°C t h a n 

a t 4^0 and t h a t t h e r a t e i s a t l e a s t one o r d e r o f magnitude 

h i g h e r i n t h e p r e s e n c e o f mi c r o o r g a n i s m s t h a n i n t h e i r 

absence. Heinke and Norman determined t h a t t h e optimum pH 

f o r t r i p o l y p h o s p h a t e and pyrophosphate h y d r o l y s i s was 7.5. 

Sn o e y i n k and J e n k i n s (1980) a l s o d i s c u s s e d t h e e f f e c t o f 

mi c r o o r g a n i s m s on t r i p o l y p h o s p h a t e and pyrophosphate 

h y d r o l y s i s and a t t r i b u t e d t h e i n c r e a s e i n h y d r o l y s i s r a t e 

i n t h e i r p r e s e n c e t o enzymes t h a t c a t a l y z e t h e h y d r o l y s i s 

r e a c t i o n s . 
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2.2.4 P r o t o l y s i s o f Aluminum I o n s 

T y p i c a l l y alum i s added t o w a s t e w a t e r f o r c h e m i c a l P 

removal a s an aqueous s o l u t i o n . The aqueous aluminum 

s p e c i e s t h a t i n t e r a c t w i t h s o l u b l e o r thophosphate a r e 

u n c l e a r . 

S e v e r a l s t u d i e s have been conducted on t h e n a t u r e o f 

t h e aluminum s p e c i e s formed i n pure w a t e r s y s t e m s (Baes and 

Mesmer, 1976; Stumm and Morgan, 1962; S u l l i v a n and S i n g l e y , 

1968; O'Melia, 1 9 7 8 ) . When aqueous aluminum s o l u t i o n s a r e 

p r e p a r e d a v a r i e t y o f mono and p o l y n u c l e a r aluminum 

h y d r o l y s i s p r o d u c t s c an be formed. The e x a c t n a t u r e o f 

t h e s e h y d r o l y s i s p r o d u c t s depends on t h e t o t a l 

c o n c e n t r a t i o n of aluminum and t h e s o l u t i o n pH ( S u l l i v a n and 

S i n g l e y , 1968; Stumm and Morgan, 1962; Stumm and Morgan, 

1 9 7 0 ) . 

S u l l i v a n and S i n g l e y (1968) c h a l l e n g e d t h e p o s t u l a t e o f 

Stumm and Morgan (1962) t h a t p o l y h y d r o x y p o l y n u c l e a r 

aluminum complexes were r e s p o n s i b l e f o r t r a d i t i o n a l 

c o a g u l a t i o n and f l o c c u l a t i o n . S u l l i v a n and S i n g l e y 

t i t r a t e d d i l u t e s o l u t i o n s o f A l ( l l l ) (10'^ t o 10"^ M) w i t h 

s t r o n g base (NaOH) i n t h e pH range 4 t o 10 and modeled 

t h e i r e x p e r i m e n t a l r e s u l t s s o l e l y w i t h mononuclear s p e c i e s . 

The a u t h o r s concluded t h a t a t moderate aluminum 

c o n c e n t r a t i o n s (10'^ t o 10"^ M) and low pH v a l u e s <4.5, 

mononuclear p r o t o l y s i s p r o d u c t s were formed w i t h t h e Al^"" 
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c a t i o n b e i n g t h e most predominant. S u l l i v a n and S i n g l e y 

r e p o r t e d t h a t aluminum h y d r o x i d e ( A l ( 0 H ) 3 ( s ) ) would be t h e 

predominant aluminum p r o t o l y s i s p r o d u c t a t moderate 

c o n c e n t r a t i o n s (10'^ t o 10'^ M) and pH v a l u e s i n t h e range 

4.5 t o 8. Above pH 8 t h e a u t h o r s c o n c l u d e d A1(0H ) 4 " was 

t h e predominant s p e c i e s . S u l l i v a n and S i n g l e y ' s f i n d i n g s 

a r e summarized i n t h e f o l l o w i n g s e r i e s o f e q u a t i o n s : 

A1(H20 )6^^ + H2O <=> Al(H20 ) 5(OH)2* + H30^ ( 2 . 6 ) 

Al(H20 ) 5(OH)2* -f H2O <=> Al(H20 ) 4(OH)2* + H3O* 

( 2 . 7 ) 

Al(H20 ) 4(OH)2* + H2O <=> Al(H20 ) 3(OH ) 3 Q ( 3 ) + H3O* 

( 2 . 8 ) 

Al(H20 ) 3(OH ) 3 ^ ( s ) + H2O <=> Al(H20)2(OH ) 4 " + H3O* 

( 2 . 9 ) 

P o l y n u c l e a r aluminum p r o t o l y s i s p r o d u c t s can be 

formed when aluminum, A l ( l l l ) , s o l u t i o n s a r e p r e p a r e d 

(Stumm and Morgan, 1962, 1970; O'Melia, 1 9 7 8 ) . Baes and 

Mesmers (1976) p r e s e n t e d e x p e r i m e n t a l r e s u l t s showing both 

t h e r a p i d and r e v e r s i b l e f o r m a t i o n o f mononuclear s p e c i e s 

and t h e s l o w e r , t r a n s i e n t f o r m a t i o n o f p o l y n u c l e a r 

h y d r o l y s i s p r o d u c t s o f aluminum and co n c l u d e d t h a t t h e most 

l i k e l y p o l y n u c l e a r aluminum p r o t o l y s i s p r o d u c t was 

Ali304(OH ) 2 4 ' " . 

Stumm and Morgan (1962, 197 0) d e c l a r e d t h a t t h e scheme 

o f c o n s e c u t i v e s t e p w i s e h y d r o x i d e b i n d i n g proposed by 
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B r o n s t e d (1938) and S u l l i v a n and S i n g l e y (1968) was too 

s i m p l i s t i c and suggested t h a t complex i n t e r m e d i a t e s t e p s 

o c c u r r e d d u r i n g aluminum p r o t o l y s i s . Stumm and Morgan 

proposed t h a t m u l t i n u c l e a r s p e c i e s such a s Al^(OH) 15̂ "*" and 

Ala (OH) 20"̂ * formed by h y d r o l y t i c and c o n d e n s a t i o n 

r e a c t i o n s . Stumm and Morgan (197 0) s u g g e s t e d t h a t t h e 

mononuclear p r o t o l y s i s p r o d u c t s s u g g e s t e d by e q u a t i o n s 2.6 

and 2.7 a r e n e g l i g i b l e under c o n d i t i o n s e n c o u n t e r e d i n 

w a s t e w a t e r t r e a t m e n t and c o n c l u d e d t h a t i n s o l u t i o n s 

o v e r s a t u r a t e d w i t h r e s p e c t t o t h e s t a b l e s o l i d , aluminum 

h y d r o x i d e ( A l (OH) 3(3)) / o r a t pH v a l u e s l o w e r t h a n t h e z e r o 

p o i n t c h a r g e o f Al(OH ) 3 ( 3 ) , p o s i t i v e l y c harged aluminum 

hydroxy p o l y m e r s predominated. Stumm and Morgan's f i n d i n g s 

a r e summarized i n F i g u r e 2.2. 

O'Melia (1978) d i s c u s s e d t h e s p e c i a t i o n o f s o l u t i o n s 

formed when alum i s added t o w a t e r t o p r e p a r e s t o c k 

s o l u t i o n s f o r c o a g u l a t i o n and e s t i m a t e d t h e d i s t r i b u t i o n o f 

aluminum p r o t o l y s i s p r o d u c t s u s i n g e q u i l i b r i u m 

c a l c u l a t i o n s . O'Melia suggested t h a t t h e hydroxo-aluminum 

polymers formed when alum s t o c k s o l u t i o n s a r e added t o 

w a s t e w a t e r c o u l d p o s s i b l y be a f u n c t i o n o f t h e s t r e n g t h o f 

t h e s t o c k alum s o l u t i o n s i n c e t h e d i s t r i b u t i o n o f 

p r o t o l y s i s p r o d u c t s depends on t o t a l c o n c e n t r a t i o n o f 

aluminum. O'Melia's proposed d i s t r i b u t i o n o f aluminum 

p r o t o l y s i s p r o d u c t s i n s t o c k alum s o l u t i o n s i s shown i n 

F i g u r e 2.3. 
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Stepwise Conversion of AI(III) to the Aluminate Ion 
(from Stumm and Morgan, 1962) 
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F i g u r e 2.3 

D i s t r i b u t i o n of Aluminum P r o t o l y s i s Products 
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2.2.5 Phosphate I n s o l u b i l i z a t i o n 

The f i r s t s t a g e o f c h e m i c a l P removal i s t h e 

i n s o l u b l i z a t i o n o f s o l u b l e orthophosphate and aluminum 

h y d r o l y s i s p r o d u c t s . Two p o s s i b l e i n s o l u b l i z a t i o n 

mechanisms w i l l be r e v i e w e d : (1) t h e p r e c i p i t a t i o n o f 

analuminum h y d r o x y phosphate s o l i d and (2) t h e a d s o r p t i o n 

o f phosphate onto a s o l i d aluminum h y d r o x i d e s u r f a c e . A 

t h i r d p o s s i b l e mechanism, c o l l o i d a l P d e s t a b i l i z a t i o n and 

c o a g u l a t i o n w i l l not be d i s c u s s e d i n d e t a i l . 

2.2.5.1 Aluminum Phosphate P r e c i p i t a t i o n 

P r e c i p i t a t i o n o c c u r s i n t h r e e d i s t i n c t s t e p s : 1) 

n u c l e a t i o n , 2) c r y s t a l growth and 3) a g g l o m e r a t i o n and 

r i p e n i n g . N u c l e a t i o n i n v o l v e s t h e spontaneous f o r m a t i o n o f 

a s o l i d phase on w h i c h s o l i d p r e c i p i t a t i o n can t a k e p l a c e . 

N u c l e a t i o n c a n be e i t h e r homogeneous w i t h t h e n u c l e u s b e i n g 

formed from o n l y component i o n s o f t h e s o l i d phase o r 

heterogeneous w i t h f o r e i g n p a r t i c l e s ( p a r t i c l e s n o t 

i n c l u d e d i n t h e c h e m i c a l c o m p o s i t i o n o f t h e s o l i d phase) 

b e i n g i n c l u d e d i n t h e n u c l e u s . C r y s t a l growth o c c u r s when 

i o n s a s s o c i a t e d w i t h t h e s o l i d phase d i f f u s e t o t h e s o l i d 

s u r f a c e and become i n c o r p o r a t e d i n t o i t . The f i n a l s t a g e 

o f p r e c i p i t a t i o n i s t h e a g g l o m e r a t i o n and r i p e n i n g s t a g e . 

I n t h i s s t a g e t h e n a t u r e o f t h e s o l i d formed can undergo 
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t r a n s f o r m a t i o n t o a more s t a b l e s o l i d . ( S n o e y i n k and 

J e n k i n s , 1980; Corey, 1981) 

Whether o r not i o n s i n s o l u t i o n s w i l l combine and form 

a p a r t i c u l a r s o l i d phase depends on both thermodynamic and 

k i n e t i c f a c t o r s . Thermodynamics d e t e r m i n e whether under a 

g i v e n s e t o f c o n d i t i o n s , a s o l i d f o r m a t i o n r e a c t i o n w i l l 

o c c u r s p o n t a n e o u s l y i e . i t w i l l d e c r e a s e s t h e o v e r a l l Gibbs 

F r e e energy o f t h e system. O f t e n a s o l i d f o r m a t i o n 

r e a c t i o n i s t h e r m o d y n a m i c a l l y f a v o r e d y e t t h e s o l i d p r o d u c t 

i s n ot formed. T h i s i n d i c a t e s t h a t t h e r a t e of t h e 

r e a c t i o n s i n v o l v e d a r e e x t r e m e l y s l o w and p r e v e n t t h e 

f o r m a t i o n o f any p r o d u c t i n t h e t i m e frame o f o b s e r v a t i o n . 

T h i s i s k i n e t i c c o n t r o l . ( S n o e y i n k and J e n k i n s , 1980) 

R e c h t and Ghassemi ( 1 9 7 0 ) , i n a s e r i e s o f k i n e t i c 

s t u d i e s , d e t e r m i n e d t h e r a t e o f aluminum phosphate 

p r e c i p i t a t i o n t o be v e r y f a s t . They measured changes i n pH 

and c o n d u c t i v i t y a f t e r aluminum n i t r a t e was added t o 

phosphate s o l u t i o n (A1:P = 1:1) and found both p a r a m e t e r s 

d e c r e a s e d i m m e d i a t e l y a f t e r aluminum a d d i t i o n and t h e n 

remained c o n s t a n t . R e c h t and Ghassemi concluded t h a t 

aluminum phosphate p r e c i p i t a t i o n r e a c t i o n s were complete 

w i t h i n 1.3 seconds of aluminum a d d i t i o n . 

Stumm and Morgan (1962) c o n d u c t e d l a b o r a t o r y s t u d i e s 

w h i c h , t h e y s t a t e d , o f f e r e d s u b s t a n t i a l p r o o f t h a t c h e m i c a l 

P removal w i t h aluminum s a l t s (aluminum p e r c h l o r a t e ) 

r e s u l t e d from t h e f o r m a t i o n o f an aluminum phosphate 
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(AlP04 ( s ) ) p r e c i p i t a t e . NaOH was us e d t o t i t r a t e t h r e e 

s e p a r a t e s o l u t i o n : 10"^-^ M p h o s p h o r i c a c i d (H3PO4) ; 10"^-^ M 

aluminuin p e r c h l o r a t e ( A l (0104)3); 10'^'^ M p h o s p h o r i c a c i d + 

10'^-^ M aluminum m p e r c h l o r a t e . They o b s e r v e d t h a t t h r e e 

e q u i v a l e n t f r a c t i o n s o f sodium h y d r o x i d e were needed t o 

t i t r a t e t h e aluminum p e r c h l o r a t e s o l u t i o n t o Al ( 0 H ) 3 ( s ) and 

proposed t h e r e a c t i o n : 

A l ^ * + 3 OH" <=> A l ( 0 H ) 3 ( s ) (2.10) 

Stumm and Morgan p o s t u l a t e d t h a t i f no c h e m i c a l r e a c t i o n s 

o c c u r r e d between aluminum and phosphate, a l a r g e r q u a n t i t y 

o f NaOH would be needed t o t i t r a t e t h e s o l u t i o n c o n t a i n i n g 

both aluminum p e r c h l o r a t e and p h o s p h o r i c a c i d because NaOH 

would be needed t o t i t r a t e t h e o r t h o p h o s p h o r i c a c i d t o P04^' 

i n a d d i t i o n t o t i t r a t i n g t h e aluminum p e r c h l o r a t e t o 

A l ( 0 H ) 3 ( s ) . I t was obser v e d t h a t t h e amount o f NaOH 

r e q u i r e d t o t i t r a t e t h e aluminum p e r c h l o r a t e / p h o s p h o r i c 

a c i d m i x t u r e was e s s e n t i a l l y t h e same a s t h a t r e q u i r e d t o 

t i t r a t e t h e aluminum p e r c h l o r a t e s o l u t i o n . T h i s 

o b s e r v a t i o n was i n t e r p r e t e d a s i n d i c a t i n g t h a t a c h e m i c a l 

i n t e r a c t i o n o c c u r r e d between A l ^ * and H3PO4 a s f o l l o w s : 

A l ^ * + H3PO4 + 3 OH" <=> AlP04 ( s ) t 3 H2O (2.11) 

Stumm and Morgan worked w i t h c h e m i c a l l y d e f i n e d d i s t i l l e d 

w a t e r s o l u t i o n s and d i d not attem p t t o determiine t h e 

c o m p o s i t i o n o f t h e aluminum phosphate p r e c i p i t a t e formed. 

With c h e m i c a l P removal from w a s t e w a t e r u s i n g alum, 

phosphate i n s o l u b l i z a t i o n r e s u l t s from t h e f o r m a t i o n o f an 
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aluminum phosphate s o l i d o f u n c e r t a i n n a t u r e and 

s t o i c h i o m e t r y . S e v e r a l p o s s i b l e s o l i d s have been suggested. 

Stumm and Morgan ( 1 9 6 2 ) suggested t h a t AlP04 (s ) i s formed. 

Cole and J a c k s o n ( 1 9 5 0 ) , i n a s e r i e s o f d i s t i l l e d w a t e r 

s t u d i e s i d e n t i f i e d v a r i s c i t e ( A l ( O H ) 2H2PO4 ( s ) ) and 

s t e r r e t t i t e ( [ A l (OH) 2]3HP04H2P04(s)) a s t h e s p e c i e s formed 

when orthophosphate and aluminum p r o t o l y s i s p r o d u c t s a r e 

combined. A r v i n and P e t e r s e n ( 1 9 8 0 ) p r e s e n t e d a model i n 

whi c h t h e p r e c i p i t a t i o n o f a multi-component s o l i d 

c o n t a i n i n g c a l c i u m and b i c a r b o n a t e i n a d d i t i o n t o aluminum 

and phosphate (CakAl^ ( H 2 P O 4 ) f ( H C O 3 ) ^ (OH) h) was proposed. 

V e i t h and S p o s i t o ( 1 9 7 7 ) added hydrous aluminum o x i d e t o 

10'-^ M sodium phosphate s o l u t i o n s a t a r a t i o o f 1 mole 

a p p l i e d aluminum t o 1 mole phosphate and i d e n t i f i e d two 

amorphous aluminum h y d r o x y phosphate s o l i d s : Al (OH)2H2P04 

and Al(0H)NaP04. Of t h e many s o l i d s proposed AlP04 (s) 

appears t o be t h e most e x t e n s i v e l y c i t e d and i s o f t e n 

assumed t o be r e p r e s e n t a t i v e o f t h e aluminum phosphate 

p r e c i p i t a t e formed when alum i s added t o w a s t e w a t e r (Stumm 

and Morgan, 1 9 6 2 ) . 

2 . 2 . 5 . 2 A d s o r p t i o n 

A d s o r p t i o n i s t h e ad h e s i o n o f a l a y e r o f m o l e c u l e s on 

t o t h e s u r f a c e o f a s o l i d i n c o n t a c t w i t h them. A d s o r p t i o n 

o f an aqueous m o l e c u l e ( t h e a d s o r b a t e ) on t o a s o l i d 
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s u r f a c e ( t h e a d s o r b e n t ) t a k e s p l a c e i n f o u r d i s t i n c t s t e p s . 

The f i r s t s t e p i s t h e t r a n s p o r t o f t h e a d s o r b a t e from t h e 

b u l k l i q u i d phase t o t h e a d s o r b e n t / l i q u i d i n t e r f a c e . T h i s 

i s f o l l o w e d by t h e d i f f u s i o n o f t h e a d s o r b a t e a c r o s s t h e 

a d s o r b e n t / l i q u i d i n t e r f a c e . T r a n s p o r t of t h e a d s o r b a t e 

w i t h i n t h e pore space o f t h e a d s o r b e n t i s t h e t h i r d s t e p . 

The f i n a l s t e p i s t h e adherence of t h e a d s o r b a t e t o t h e 

a d s o r b e n t s u r f a c e e i t h e r by s t r o n g m o l e c u l a r i n t e r a c t i v e 

f o r c e s ( c h e m i c a l a d s o r p t i o n o r c h e m i s o r p t i o n ) o r by weaker 

s h o r t range f o r c e s ( p h y s i c a l a d s o r p t i o n ) . ( S c h i n d l e r , 1 981; 

Montgomery, 1985) 

M e t a l h y d r o x i d e s u r f a c e s a r e i d e a l f o r a d s o r p t i o n 

because o f t h e i r c h e m i c a l c h a r a c t e r i s t i c s . A d s o r p t i o n o f 

i o n s a t m e t a l h y d r o x i d e / w a t e r i n t e r f a c e s has been modeled 

a s t h e f o r m a t i o n o f s u r f a c e complexes by Haung and Stumm 

( 1 9 7 3 ) , w h i l e t h e b a s i s o f o t h e r models i s c h e m i c a l co­

o r d i n a t i o n ( K i n g s t o n e t a l , 1972; P a r f i t t e t a l . , 1975) o r 

s i m p l e and extended double l a y e r mechanisms (Swenson, e t 

a l , 1948, S c h i n d l e r 1 9 8 1 ) . 

S c h i n d l e r (1981) p r e s e n t e d a u n i f i e d c o - o r d i n a t i o n 

model o f a n i o n a d s o r p t i o n on m e t a l h y d r o x i d e s u r f a c e s t h a t 

i n c l u d e d a d e s c r i p t i o n o f t h e f o r m a t i o n of h y d r o x y s u r f a c e s 

on aqueous m e t a l o x i d e s ( F i g u r e 2 . 4 ) . I n t h e p r e s e n c e o f 

w a t e r t h e s u r f a c e m e t a l i o n s c o o r d i n a t e w a t e r m o l e c u l e s 

( F i g u r e 2.4b). Next t h e c o o r d i n a t e d w a t e r m o l e c u l e s 

d i s s o c i a t e and hydrogen i o n s c h e m i c a l l y adsorb 
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Figure 2.4 
Formation of Hydroxylated Surfaces 

f A I ( 0 H)3 

a)aiuminum hydroxide solid 

= surface O 

= surface Ai 

b)coordination of water molecules at surface Al 

c)water molecules dissociate and hydrogen atom chemisorbs 
to surface oxygen resulting in hydroxylated surface 



39 

( c h e m i s o r p t i o n ) t o s u r f a c e oxygens. T h i s r e s u l t s i n t h e 

f o r m a t i o n o f s u r f a c e h y d r o x y l groups on t h e m e t a l o x i d e 

w a t e r i n t e r f a c e . S t u d i e s of t h e k i n e t i c s o f t h e 

h y d r o x y l a t i o n o f aluminum o x i d e i n d i c a t e t h i s p r o c e s s i s 

v e r y r a p i d ( S c h i n d l e r , 1 9 8 1 ) . H y d r o x y l a t e d s u r f a c e s c a n 

p a r t i c i p a t e i n c o o r d i n a t i o n r e a c t i o n s . An example o f t h i s 

t y p e o f r e a c t i o n i s t h e r e p l a c e m e n t o f a s u r f a c e h y d r o x i d e 

group by a d i s s o l v e d l i g a n d s u ch a s orthophosphate ( F i g u r e 

2.5) . 

Corey (1981) i n d i s c u s s i n g a n i o n a d s o r p t i o n on 

aluminum p r o t o l y s i s p r o d u c t s s t a t e d t h a t t h e s u r f a c e o f 

aluminum p r o t o l y s i s p r o d u c t s c a r r i e d a n e t p o s i t i v e c h a r g e . 

Both t h e c o m p o s i t i o n and t h e s u r f a c e c h a r g e o f t h e 

aluminum p r o t o l y s i s p r o d u c t depended on pH and t o t a l 

aluminum c o n c e n t r a t i o n . Corey proposed t h e p o l y n u c l e a r 

s p e c i e s AI13O4 (OH) 24 (H2O) 12̂"*"̂  a s a p o s s i b l e c h a r g e d s p e c i e s 

and s u g g e s t e d t h a t i t would p r e c i p i t a t e when t h e charge was 

n e u t r a l i z e d by t h e a d s o r p t i o n o f an a n i o n s u c h a s 

phosphate, f l u o r i d e , s e l e n a t e , o r a r s e n a t e . Hsu (1976) 

showed t h a t aluminum p r o t o l y s i s p r o d u c t s were p r e c i p i t a t e d 

when s u f f i c i e n t phosphate ( a s NaH2P04 ) was added t o 

n e u t r a l i z e t h e n e t p o s i t i v e c h a r g e o f p r e p a r e d 

A l C l 3 / d i s t i l l e d w a t e r s o l u t i o n s i n t h e pH range 3-8. 

Corey (1981) attempted t o d i s t i n g u i s h between 

p r e c i p i t a t i o n and a d s o r p t i o n and n o t e d t h a t p r e c i p i t a t i o n 

i s a t h r e e d i m e n s i o n a l p r o c e s s w h i l e a d s o r p t i o n i s a two 
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Figure 2.5 

Adsorp t ion of Orthophosphate on to 
Hydroxylated Surfaces 
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d i m e n s i o n a l p r o c e s s o c c u r r i n g p r i m a r i l y on t h e s u r f a c e o f a 

s o l i d . Corey f u r t h e r s u g g e s t e d t h a t a t h i g h a d s o r b a t e 

c o n c e n t r a t i o n , a d s o r p t i o n can e v e n t u a l l y l e a d t o t h e 

n u c l e a t i o n and p r e c i p i t a t i o n o f an a d d i t i o n a l s o l i d p hase. 

Corey s t a t e d : 

"The f a c t t h a n an i o n i s s p e c i f i c a l l y adsorbed on t h e 

s u r f a c e o f a s u b s t r a t e s u g g e s t s t h a t i t has a tendency t o 

form an i n s o l u b l e compound o r s t a b l e complex w i t h t h e i o n 

of o p p o s i t e charge i n t h e s u b s t r a t e . . . As more and more 

a d s o r b a t e i o n i s added, n u c l e a t i o n of a new s o l i d phase 

w i l l o c c u r a t some p o i n t , and t h e s o l u b i l i t y o f t h e 

a d s o r b a t e i o n would t h e n be c o n t r o l l e d by t h e s o l u b i l i t y o f 

t h e new s o l i d phase, r a t h e r t h a t by t h e a d s o r p t i o n 

r e a c t i o n . " 

I f enough a d s o r b a t e i s i n s o l u t i o n and no o t h e r i o n s i n 

s o l u t i o n form p r e c i p i t a t e s w i t h t h e a d s o r b a t e , t h e n t h e 

a d s o r b a t e w i l l e v e n t u a l l y n u c l e a t e a second s o l i d phase 

made up o f a d s o r b a t e i o n s and i o n s d e r i v e d from t h e 

d i s s o l u t i o n o f t h e a d s o r b e n t . Robarge and Carey (1979) 

conducted a s e r i e s o f e x p e r i m e n t s w i t h p o l y n u c l e a r aluminum 

p r o t o l y s i s p r o d u c t s and phosphate w h i c h c o n f i r m e d t h i s 

h y p o t h e s i s . When t h e A1:P dose r a t i o was < 2 t h e i r r e s u l t s 

i n d i c a t e d phosphate a d s o r p t i o n and a minimum H2PO4 

c o n c e n t r a t i o n o f 5 x 10"^ M c o u l d be rea c h e d . When t h e 

A1:P r a t i o was > 2:1 t h e e x p e r i m e n t a l r e s u l t s ( p a r t i c u l a r l y 

pH d e c l i n e ) suggested t h a t a second s o l i d phase 



( A l (OH) 2 (H2PO4) 3) was b e i n g formed. Robarge and Corey were 

u n a b l e t o d e f i n e t h e boundary between a d s o r p t i o n and 

a d s o r p t i o n / p r e c i p i t a t i o n , but p r e s e n t e d c o n d i t i o n s i n w h i c h 

t h e a d s o r p t i o n / p r e c i p i t a t i o n p r o c e s s would not be e x p e c t e d 

i e . i n s o l u t i o n s which were u n d e r s a t u r a t e d w i t h r e s p e c t t o 

t h e e x p e c t e d new s o l i d phase. F o r aluminum phosphate 

p r e c i p i t a t i o n , n u c l e a t i o n o f a new phase would not be 

e x p e c t e d i f t h e aqueous c o n c e n t r a t i o n o f aluminum and 

phosphate d i d not exceed t h e s o l u b i l i t y p r o d u c t of t h e 

aluminum-hydroxy-phosphate s o l i d . 

2.2.6 E f f e c t o f System C o m p o s i t i o n on Chemical P-Removal 

2.2.6.1 Age o f Alum Dosing S o l u t i o n 

Diamadopoulos and Benedek (1984a) s t u d i e d t h e e f f e c t 

of t h e degree o f aluminum h y d r o l y s i s on phosphorus r e m o v a l . 

They c o n c l u d e d t h a t t h e n a t u r e o f t h e h y d r o l y s i s p r o d u c t s , 

most s i g n i f i c a n t l y t h e degree o f p o l y m e r i z a t i o n , had a 

marked e f f e c t on phosphorus r e m o v a l . T h i s was a t t r i b u t e d 

t o a r e l a t i v e a f f i n i t y e f f e c t . They s u g g e s t e d t h a t 

phosphorus removal r e s u l t e d from a c o m p e t i t i v e complex 

f o r m a t i o n r e a c t i o n s o c c u r r i n g a t t h e aluminum c o o r d i n a t i o n 

s h e l l and c o n c l u d e d t h a t p o l y m e r i c aluminum h y d r o l y s i s 

p r o d u c t s were l e s s l i k e l y t o form complexes w i t h (and 

remove) phosphate from s o l u t i o n due t o t h e g r e a t e r a f f i n i t y 
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of h y d r o x i d e s f o r t h e aluminum i o n t h a n f o r t h e phosphate. 

S i n c e t h e degree o f p o l y m e r i z a t i o n o f aluminum p r o t o l y s i s 

p r o d u c t s i n c r e a s e s w i t h t i m e , t h i s s t u d y s u g g e s t e d t h a t t h e 

use o f f r e s h alum s o l u t i o n s would be d e s i r e d o v e r aged 

aluminum s o l u t i o n s . 

Stumm (1964) s t a t e d t h a t aluminum s o l u t i o n s 

(Al(0104)3) would h y d r o l y z e and p o l y m e r i z e w i t h a g e i n g and 

become l e s s e f f e c t i v e p r e c i p i t a n t s because t h e c o o r d i n a t i o n 

s i t e s o f t h e aluminum i o n s would be p a r t i a l l y o c c u p i e d w i t h 

OH' i o n s and become u n a v a i l a b l e f o r phosphate 

p r e c i p i t a t i o n . 

R e c h t and Ghassemi (1970) s t u d i e d t h e imp a c t o f 

p r e c i p i t a n t a g i n g by m o n i t o r i n g t h e pH, c o n d u c t i v i t y and 

removal c a p a c i t y o f aluminum n i t r a t e s o l u t i o n s (7.72 x 10"^ 

mole P/1) aged f o r p e r i o d s up t o 2 months. I n t h e s e 

e x p e r i m e n t s a g i n g o f t h e aluminum s o l u t i o n d i d n o t appear 

t o have any impact on phosphate removal c a p a c i t y (mole P 

removed/mole A l d o s e d ) . R e c h t and Ghassemi c o n c l u d e d t h a t 

aluminum s o l u t i o n s do not undergo s i g n i f i c a n t h y d r o l y s i s 

a f t e r p r e p a r a t i o n . 

2.2.6.2 E f f e c t s o f pH 

Many s t u d i e s o f c h e m i c a l P removal have a d d r e s s e d t h e 

e f f e c t o f s y s t e m pH on phosphate removal ( F e r g u s o n and 

K i n g , 1977; L e a e t a i . , 1954; H e n r i k s e n , 1962; Hsu, 
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1975,1976; R e c h t and Ghassemi, 1970; Stumm, 1964; Long and 

N e s b i t t , 1975; A r v i n and P e t e r s e n , 1980; L i n and C a r l s o n , 

1978; Minton and C a r l s o n , 1972; E b e r h a r d t and N e s b i t t , 

1968; Diamadopoulos and Benedek, 1984b) u s u a l l y w i t h t h e 

g o a l of d e t e r m i n i n g t h e optimum pH range f o r p r e c i p i t a t i o n . 

The pH a t w h i c h t h e minimum phosphate r e s i d u a l i s o b s e r v e d 

o r a t w h i c h t h e maximum amount of phosphate can be removed 

p e r u n i t dose of aluminum i s u s u a l l y c o n s i d e r e d t h e optimum 

pH. Optimum pH v a l u e s f o r aluminum phosphate p r e c i p i t a t i o n 

r e p o r t e d i n t h e l i t e r a t u r e range from 4.0 t o 8.8. Some 

v a r i a t i o n i n optimum pH v a l u e s can be a t t r i b u t e d t o t h e 

f a c t t h a t some s t u d i e s (Stumm, 1964; S n o e y i n k and J e n k i n s , 

1980) p r e d i c t e d optimum pH u s i n g c h e m i c a l e q u i l i b r i u m 

models, w h i l e o t h e r s (Hsu, 1975,1976; R e c h t and Ghassemi, 

1970; H e n r i k s e n , 1962) measured optimum pH i n d i s t i l l e d 

w a t e r s o l u t i o n s , and s t i l l o t h e r s ( E b e r h a r d t and N e s b i t t , 

1968; Minton and C a r l s o n , 1972; L i n and C a r l s o n , 1978; 

A r v i n and P e t e r s e n , 1980) o b s e r v e d optimum pH v a l u e s i n 

p i l o t and f u l l s c a l e s i m u l t a n e o u s p r e c i p i t a t i o n s y s t e m s . 

Both t h e d e t e r m i n a t i o n o f t h e optimum pH and t h e impact o f 

pH v a l u e s o u t s i d e t h e optimum range on P r e m o v a l w i l l be 

d i s c u s s e d . 



45 

2.2.6.2.1 P r e d i c t i n g Optimum pH U s i n g Chemical E q u i l i b r i a 

Stumm ( 1 9 6 4 ) , Stumm and Morgan ( 1 9 6 2 ) , and S n o e y i n k 

and J e n k i n s (198 0) e s t i m a t e d t h e optimum pH f o r aluminum 

phosphate p r e c i p i t a t i o n u s i n g c h e m i c a l e q u i l i b r i u m 

r e l a t i o n s h i p s . With t h i s method, 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 of s o l u b l e orthophosphate i n s o l u t i o n s 

s a t u r a t e d w i t h aluminum phosphate and/or aluminum h y d r o x i d e 

s o l i d i s d e termined a s a f u n c t i o n o f pH. Stumm and 

S n o e y i n k and J e n k i n s used s i m i l a r e q u i l i b r i u m r e l a t i o n s h i p s 

( T a b l e 2 . 1 ) . Both s t u d i e s c o n s i d e r e d aluminum phosphate 

(AlP04 ( s ) ) a s t h e aluminum phosphate p r e c i p i t a t e , a l t h o u g h 

S n o e y i n k and J e n k i n s n o t e d t h a t o t h e r a u t h o r s ( R e c h t and 

Ghassemi, 1970) o b s e r v e d t h e f o r m a t i o n of an aluminum-

hydroxy-phosphate s o l i d d u r i n g c h e m i c a l P removal w i t h 

aluminum n i t r a t e . Both i n v e s t i g a t o r s assumed t h a t 

aluminum-phosphate s o l u b l e complexes would not a p p r e c i a b l y 

a f f e c t AlP04 ( s ) s o l u b i l i t y . S n o e y i n k and J e n k i n s f u r t h e r 

assumed t h a t p o l y m e r i c aluminum p r o t o l y s i s p r o d u c t s were 

not formed. 

S n o e y i n k and J e n k i n s e s t i m a t e d t h e optimum pH by f i r s t 

d e t e r m i n i n g 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 of A l ^ and P04^" 

t h r o u g h r e a r r a n g i n g e q u a t i o n s 2.12 through 2.19 w i t h t h e 

f o l l o w i n g r e s u l t s : 
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T a b l e 2.1 

2.1 Chemical E q u i l i b r i a u s e d by Stumm ( 1 9 6 2 ) , 

and Snoeyink and J e n k i n s (1980) 

I . S o l u b i l i t y o f Phosp h a t e s 

A l ^ * + P04^' <=> A l P 0 4 ( s ) l o g Kso 23 [ 2 1 ] 

(2.12) 

I I . H y d r o l y s i s o f A l ^ * 

6A1^* + 150H' <=> Al60Hi3^* l o g K 163 [--•] 

(2.13) 

A l ^ * + 2H20 <=> AlOH^* + H3O* l o g Ki — [-5.0] 

(2.14) 

A l ^ * + 4H2O <=> A1(0H ) 4 ' + 4H3O* l o g K4 ~ [-21.7] 

(2.15) 

A I 3 + + 30H' <=> A l ( 0 H ) 3 ( s ) l o g Kgo 32 [ 3 3 ] 

(2.16) 
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T a b l e 2 . 1 ( c o n t . ) 

I I I . H y d r o l y s i s o f P h o s p h o r i c A c i d 

H3PO4 < = > H 2 P 0 4 - + H * 

H 2 P 0 4 ' < = > HFOd + H * 

npod <=> pod + H * 

l o g Ka,i - 1 . 9 [ - 2 . 1 ] 

( 2 . 1 7 ) 

l o g Ka,2 - 6 . 6 [ - 7 . 2 ] 

( 2 . 1 8 ) 

l o g Ka ,3 - 1 1 . 8 [ - 1 2 . 3 ] 

( 2 . 1 9 ) 

e q u i l i b r i u m c o n s t a n t s i n b r a c k e t s a r e v a l u e s u s e d b y 

S n o e y i n k a n d J e n k i n s 
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[ A l ^ * ] = Cy^AlCl + K i / [ H * ] 4- K4/[H*]^)'^ (2.20) 

[P042-] = C T ^ p o 4([H * ] V K a , l K 3,2Ka , 3 + [ ] VKa, 2Ka,3 + [ H * ] / K 3 , 3 + 1)"^ 

(2.21) 

Combination o f e q u a t i o n s 2.20 and 2.21 w i t h t h e s o l u b i l i t y 

r e l a t i o n s h i p f o r AlP04(s) (2.12) gave an e x p r e s s i o n w h i c h 

was t h e n s o l v e d t o d e t e r m i n e t h e e q u i l i b r i u m orthophosphate 

c o n c e n t r a t i o n a s a f u n c t i o n o f pH ( s e e F i g u r e 2 . 6 a ) . U s i n g 

a s i m i l a r approach Stumm developed t h e s o l u b i l i t y c u r v e 

shown i n F i g u r e 2.6b. Both i n v e s t i g a t o r s s e l e c t e d t h e pH 

of minimum phosphate c o n c e n t r a t i o n as t h e optimum pH. 

Stumm p r e d i c t e d an optimum pH f o r aluminum phosphate 

p r e c i p i t a t i o n o f 6.3 w h i l e S n o e y i n k and J e n k i n s s u g g e s t e d 

t h a t t h e optimum pH f o r aluminum phosphate p r e c i p i t a t i o n i n 

s o l u t i o n s i n e q u i l i b r i u m w i t h AlP04(s) was pH 5.5. S n o e y i n k 

and J e n k i n s s t a t e d t h a t , a t pH v a l u e s g r e a t e r t h a n 5.4, 

f r e s h A l ( 0 H ) 3 ( s ) would b e g i n t o form i n a d d i t i o n t o AlP04(s) 

and c a l c u l a t e d t h e e q u i l i b r i u m s o l u b l e o r t h o p h o s p h a t e 

c o n c e n t r a t i o n i n s o l u t i o n s c o n t a i n i n g both AlP04(s) and 

f r e s h A l ( 0 H ) 3 ( s ) . H i g h e r orthophosphate e q u i l i b r i u m 

c o n c e n t r a t i o n s ^ w e r e p r e d i c t e d by S n o e y i n k and J e n k i n s i n 

s o l u t i o n s c o n t a i n i n g AlP04(s) and A l ( 0 H ) 3 ( s ) t h a n i n s o l u t i o n s 

c o n t a i n i n g o n l y AlP04(s). T h i s s uggested t h a t c h e m i c a l P-

removal under c o n d i t i o n s t h a t a l l o w e d t h e f o r m a t i o n o f 

A l ( 0 H ) 3 ( s ) i e . pH > 5.4 and Al-^"" d oserP r a t i o s > 1 , 

a d d i t i o n a l aluminum would have t o be added t o remove 

s o l u b l e o r t h o p h o s p h a t e . 



F i g u r e 2.6 

Minimum Phosphate S o l u b i l i t y P r e d i c t e d by Stumm and 
S n o e y i n k and J e n k i n s 
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Ferguson and K i n g (1977) e s t i m a t e d t h e optimum pH f o r 

phosphate p r e c i p i t a t i o n u s i n g t h e i r model o f aluminum 

phosphate p r e c i p i t a t i o n by s o l v i n g e q u i l i b r i u m 

r e l a t i o n s h i p s and u s i n g a s o l u b i l i t y p r o d u c t f o r t h e 

aluminum phosphate p r e c i p i t a t e (Kgo = 10'^^) d e t e r m i n e d from 

t h e o p e r a t i n g r e s u l t s of f u l l s c a l e c h e m i c a l P removal 

s y s t e m s . The l o w e s t phosphate r e s i d u a l c o n c e n t r a t i o n 

(±0'^-^ M) was p r e d i c t e d f o r t h e c o n d i t i o n when s o l u b l e 

phosphate was i n e q u i l i b r i u m w i t h AlPO^^g) and A l ( 0 H ) 3 ( s ) a t a 

pH between 5.5 and 6. 

2.2.6.2.2 D e t e r m i n a t i o n o f Optimum pH f o r P-Removal U s i n g 

L a b o r a t o r y and F i e l d S t u d i e s 

R e c h t and Ghassemi ( 1 9 7 0 ) , i n b a t c h e x p e r i m e n t s , 

a d j u s t e d t h e pH of secondary e f f l u e n t and d i s t i l l e d w a t e r 

o r t h o p h o s p h a t e s o l u t i o n s t o v a l u e s i n t h e range 4.0 t o 9.0 

by adding a c i d (HCl) o r base (NaOH) p r i o r t o d o s i n g 

aluminum a t an A1:P r a t i o o f 2 : 1 . Only a s m a l l drop i n pH 

was r e p o r t e d a f t e r aluminum a d d i t i o n and no attempt was 

made t o a d j u s t pH. Under t h e s e c o n d i t i o n s , aluminum 

a d d i t i o n t o secondary e f f l u e n t produced a minimum 

orthophosphate r e s i d u a l (0.04 mg P/1) a t pH 6.0, and 

o r t h o p h o s p h a t e r e s i d u a l s o f < 0.3 mg/1 i n t h e pH range 4.6 

t o 6.8. An optimum pH of 6.0 was r e p o r t e d f o r t h e 

d i s t i l l e d w a t e r orthophosphate s o l u t i o n s . 
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Hsu (1975, 1976) concluded t h a t t h e optimum pH range 

was a f u n c t i o n o f t h e mole r a t i o (R) o f i n i t i a l phosphate 

c o n c e n t r a t i o n i n s o l u t i o n t o t h e a p p l i e d aluminum dose. 

The optimum pH range was 6-8 f o r R=0.2 and pH 4-5.7 f o r 

R>4. 

H e n r i k s e n (19 62) s t u d i e d t h e e f f e c t o f pH on P removal 

i n a s e r i e s o f j a r t e s t s u s i n g d i s t i l l e d w a t e r phosphate 

s o l u t i o n s and domestic sewage. Aluminum was added t o 

p r e p a r e d orthophosphate s o l u t i o n s (17.0 mg P/1) u s i n g 

aluminum s u l f a t e (70,100,150, and 200 mg/1) s o l u t i o n s . 

V a r i o u s amounts o f a c e t i c a c i d were added c o n c u r r e n t l y w i t h 

t h e aluminum s u l f a t e t o ensure t h a t t h e t o t a l q u a n t i t y o f 

a c i d added t o each j a r t e s t was c o n s t a n t . The pH of t h e 

s o l u t i o n s was n e i t h e r measured b e f o r e aluminum a d d i t i o n n o r 

c o n t r o l l e d d u r i n g t h e e x p e r i m e n t s . The pH o f t h e j a r t e s t 

f i l t r a t e was measured 1 h r a f t e r aluminum a d d i t i o n . The 

removal c a p a c i t y ( C ) , ( t h e amount P removed (mg) p e r u n i t o f 

aluminum (mg) dosed) f o r each j a r t e s t was determined. 

E x p e r i m e n t a l f i n d i n g s were p r e s e n t e d a s a f u n c t i o n o f 

removal c a p a c i t y , w i t h no mention o f t h e phosphate 

r e s i d u a l s a c h i e v e d . H e n r i k s e n o b s e r v e d t h a t f o r a l l 

aluminum s u l f a t e doses, t h e maximum removal c a p a c i t y was 

found i n t h e pH range 5.6 t o 6.5. The d e c r e a s e i n removal 

c a p a c i t y above pH 7 was a t t r i b u t e d t o t h e f o r m a t i o n o f 

a l u m i n a t e (A102") w h i c h d i d not remove phosphate 

e f f i c i e n t l y . S e t t l e d sewage samples, w i t h 11.45 mg P/1 
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orthophosphate and 5.7 5 mg P/1 condensed phosphate and 

i n i t i a l pH o f 7.8, were i n v e s t i g a t e d u s i n g t h e same j a r 

t e s t p r o c e d u r e . The optimum pH f o r P r e m o v a l w i t h aluminum 

s u l f a t e i n t h e sewage samples was 6.0 t o 7.1. H e n r i k s e n 

(1962) was u n a b l e t o e x p l a i n t h e upward s h i f t o f t h e 

optimum pH range i n t h e s e t t l e d sewage s t u d y compared t o 

t h e e x p e r i m e n t a t i o n on d i s t i l l e d w a t e r phosphate s o l u t i o n s . 

Diamadopoulos and Benedek ( 1 9 8 4 ) , c i t i n g t h e work of 

Hsu ( 1 9 7 5 ) , s u g g e s t e d t h a t phosphate p r e c i p i t a t i o n r e s u l t e d 

from c o m p e t i t i v e i n t e r a c t i o n s between phosphate, h y d r o x y l 

and o t h e r i o n s f o r c o o r d i n a t i o n s i t e s on aluminum 

p r o t o l y s i s p r o d u c t s and t h a t t h e optimum pH range depended 

on t h e aluminum dose and t h e c o n c e n t r a t i o n and t y p e s o f 

i o n s p r e s e n t i n s o l u t i o n . Diamadopoulos and Benedek (1984) 

conducted a s e r i e s o f e x p e r i m e n t s u s i n g p r o c e d u r e s s i m i l a r 

t o t h o s e o f H e n r i k s e n ( 1 9 6 2 ) . I n s y n t h e t i c sewage s t u d i e s 

(5 mg P/1) w i t h alum a d d i t i o n , t h e pH o f maximum 

p r e c i p i t a t i o n was 4.7 a t an A1:P dose r a t i o o f 1 and pH 4.2 

t o 5.5 a t A1:P o f 2.75. S t u d i e s w i t h d o m e s t i c sewage 

showed maximum P removal i n t h e pH range 6.0 t o 7.5. They 

concluded t h a t t h e l o w e r optimum pH range o b s e r v e d a t 

h i g h e r alum doses was due t o t h e e f f e c t o f s u l f a t e i o n 

w h i c h h e l p e d t o n e u t r a l i z e t h e c h a r g e o f t h e aluminum-

ph o s p h a t e - h y d r o x i d e complexes formed r e s u l t i n g i n enhanced 

c o a g u l a t i o n and phosphate p r e c i p i t a t i o n . 

Minton and C a r l s o n (1972) noted t h a t most p r e v i o u s 



l a b o r a t o r y and f u l l s c a l e s t u d i e s ( H e n r i k s e n , 1962; Stumm, 

1964; Recht and Ghassemi, 1970;) o n l y r e p o r t e d t h e f i n a l 

e f f l u e n t pH and not t h e pH a t t h e p o i n t of aluminum 

a d d i t i o n ; f u r t h e r t h e y d i d not t a k e i n t o c o n s i d e r a t i o n t h e 

pH drop t h a t w i l l r e s u l t from aluminum a d d i t i o n . The work 

of L i n (1972) i n d i c a t e d t h a t a pH drop as l a r g e as 0.65 

u n i t s o c c u r r e d between t h e pH o f mixed l i q u o r a t t h e dose 

p o i n t of s i m u l t a n e o u s p r e c i p i t a t i o n and t h e e f f l u e n t . L i n 

and C a r l s o n (1975) compared t h e r e s u l t s o f b a t c h 

e x p e r i m e n t s and f i e l d s t u d i e s on a c o n t i n u o u s f l o w 

w a s t e w a t e r p l a n t p r a c t i c i n g aluminum phosphate 

p r e c i p i t a t i o n . I n b a t c h s t u d i e s t h e a d d i t i o n o f 10 mg/1 A l 

(A1:P = 1.7) reduced t h e pH from an i n i t i a l v a l u e o f 

a p p r o x i m a t e l y 7 t o 6.1. L i n and C a r l s o n (1975) found i n 

f i e l d s t u d i e s t h a t t h e orthophosphate r e s i d u a l appeared t o 

depend more on t h e alum dose t h a n on t h e A1:P r a t i o and 

a t t r i b u t e d t h i s t o t h e pH r e d u c t i o n t h a t o c c u r r e d when alum 

was added. L i n and C a r l s o n e x p e c t e d t h e optimum pH f o r 

aluminum phosphate p r e c i p i t a t i o n t o c o i n c i d e w i t h t h e pH 

minimum s o l u b i l i t y o f AlP04 ( s ) r e p o r t e d by Stumm (1964) (pH 

6.3) and suggested t h a t t h e maximum phosphate r e m o v a l s 

found a t h i g h alum doses r e s u l t e d from alum i n d u c e d pH 

r e d u c t i o n t o t h e optimum pH range. 

A r v i n and P e t e r s e n (1980) noted a s i g n i f i c a n t 

d i f f e r e n c e i n t h e optimum pH d e t e r m i n e d i n b a t c h 

e x p e r i m e n t s where alum was added t o a c t i v a t e d s l u d g e mixed 
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l i q u o r (pH = 7.1-8.0) and t h o s e r e p o r t e d i n t h e l i t e r a t u r e 

(pH= 5.5-6.5) (Stumm, 1964; H e n r i k s e n , 1962; R e c h t and 

Ghassemi,1970; Ferguson and K i n g , 1 9 7 7 ) . A r v i n and 

P e t e r s e n concluded t h a t t h e optimum pH was a f u n c t i o n o f 

o p e r a t i o n a l c o n d i t i o n s , p a r t i c u l a r l y t h e i n i t i a l pH, 

a l k a l i n i t y and system c o m p o s i t i o n . A r v i n and P e t e r s e n 

r e f e r r e d t o t h e optimum pH d e s c r i b e d by e q u i l i b r i u m 

r e l a t i o n s h i p s as t h e " e m p i r i c a l pH" optimum and t h a t 

o b s e r v e d i n b a t c h s t u d i e s a t f i x e d a l k a l i n i t y a s t h e 

" s y s t e m pH" optimum. 

2.2.6.2.3 Impact of pH on P-Removal 

Stumm (1964) p o s t u l a t e d t h a t h y d r o x i d e i o n s were more 

s t r o n g l y a t t r a c t e d t o aluminum t h a n phosphate i o n s and t h a t 

t h e e x t e n t o f AlP04 ( s ) p r e c i p i t a t i o n depended on t h e r a t i o 

o f P O 4 3 . /(OH") ̂ . Thus aluminum phosphate p r e c i p i t a t i o n was 

enhanced a t l o w e r pH v a l u e s where t h e (OH") c o n c e n t r a t i o n 

would be l o w e r . 

F erguson and K i n g (1977) s u g g e s t e d t h a t P r e m o v a l 

i n c r e a s e d a s t h e pH d e c r e a s e d f o r a c o n s t a n t A1:P r a t i o and 

c o n s t a n t i n f l u e n t phosphate c o n c e n t r a t i o n u n t i l t h e 

s o l u b i l i t y l i m i t of t h e aluminum hydroxide/aluminum 

phosphate two p r e c i p i t a t e s y s t e m was r e a c h e d . F o r s y s t e m s 

a t e q u i l i b r i u m w i t h aluminum h y d r o x i d e and aluminum 

phosphate s o l i d s , r e s i d u a l phosphate c o n c e n t r a t i o n s g r e a t e r 
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t h a n t h e minimum v a l u e s would be e x p e c t e d i f t h e pH were 

reduced t o v a l u e s beyond t h e optimum range. Ferguson and 

K i n g s t a t e d t h a t under c e r t a i n c o n d i t i o n s ( h i g h a l k a l i n i t y , 

low alum dose) i t would be a d v i s a b l e t o add a c i d t o a 

w a s t e w a t e r t o lower t h e pH w i t h i n t h e optimum range. L i n 

and C a r l s o n (1975) p o s t u l a t e d t h a t a g r e a t e r t h a n minimum 

phosphate r e s i d u a l would be o b t a i n e d a t h i g h e r alum doses 

i f alum a d d i t i o n r e s u l t e d i n a pH r e d u c t i o n t o v a l u e s l o w e r 

t h a n 6.0. 

Hsu (1975) proposed t h a t t h e pH dependency of aluminum 

phosphate p r e c i p i t a t i o n was r e l a t e d t o t h e s u r f a c e c h a r g e 

of t h e p r e c i p i t a t e formed and b e l i e v e d t h a t h y d r o x i d e i o n s 

p l a y e d a s i g n i f i c a n t r o l e i n n e u t r a l i z i n g t h e charge o f 

aluminum phosphate c o l l o i d a l p a r t i c l e s . Hsu ( 1 9 7 5 ) , i n 

e x p e r i m e n t s on c h e m i c a l l y d e f i n e d d i s t i l l e d w a t e r s y s t e m s , 

suggested t h a t a s t h e pH was i n c r e a s e d towards i t s optimum 

v a l u e t h e p o s i t i v e s u r f a c e c h a r g e o f c o l l o i d a l aluminum 

phosphate was n e u t r a l i z e d and t h e p a r t i c l e s d e s t a b i l i z e d 

and s e t t l e d . Beyond t h e optimum pH range t h e c o l l o i d a l 

p a r t i c l e s became n e g a t i v e l y c h a r g e d and r e s t a b i l i z e d . 

R e c h t and Ghassemi (1970) o b s e r v e d t h a t a t t h e optimum 

pH, l a r g e s e t t l e a b l e f l o e s were formed, but o u t s i d e o f t h i s 

range (pH<5 o r pH>7) c o l l o i d a l s u s p e n s i o n s were formed t h a t 

were d i f f i c u l t t o remove. The a u t h o r s s u g g e s t e d t h a t t h e 

f o r m a t i o n o f d i f f i c u l t - t o - s e t t l e p r e c i p i t a t e s o u t s i d e t h e 

optimum ra n g e c o u l d have r e s u l t e d from t h e a d s o r p t i o n o f 
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i o n s onto t h e aluminum phosphate p r e c i p i t a t e s u r f a c e w h i c h 

c r e a t e d c h a r g e d c o l l o i d a l p a r t i c l e s . R e c h t and Ghassemi 

(1970) o b s e r v e d a s t r o n g pH dependence i n s t u d i e s o f 

t r i p o l y p h o s p h a t e and pyrophosphate p r e c i p i t a t i o n , w i t h t h e 

optimum pH b e i n g 5.0 and v e r y l i t t l e r e moval o b s e r v e d 

beyond t h e optimum pH. 

2.2.6.3 E f f e c t o f A l k a l i n i t y 

The r o l e o f a l k a l i n i t y i n c h e m i c a l P r emoval i s 

a d d r e s s e d i n some p r e v i o u s s t u d i e s o f c h e m i c a l phosphorus 

removal ( F e r g u s o n and K i n g , 1977; L i n and C a r l s o n , 1975; 

A r v i n and P e t e r s e n , 1 9 8 0 ) . L i n and C a r l s o n (1975) and 

Ferguson and K i n g (1977) c o n s i d e r e d t h e impact o f 

a l k a l i n i t y t o be l i m i t e d t o i t s e f f e c t on e q u i l i b r i u m pH 

due t o i t s b u f f e r i n g c a p a c i t y . F erguson and K i n g gave a 

s e r i e s o f e q u a t i o n s t h a t can be s o l v e d t o d e t e r m i n e t h e pH 

r e d u c t i o n t h a t w i l l o c c u r when alum i s added t o a w a t e r 

w i t h known a l k a l i n i t y and phosphate c o n c e n t r a t i o n . 

Ferguson and K i n g p r e d i c t e d t h e e f f e c t o f a l k a l i n i t y u s i n g 

t h e i r e q u i l i b r i u m model and found t h a t a t h i g h a l k a l i n i t y 

(8 meq/1) and low alum doses, phosphate removal was l i m i t e d 

because pH r e d u c t i o n was i n s u f f i c i e n t t o r e a c h t h e optimum 

pH range f o r P removal (5.2 t o 6 . 9 ) . The model a l s o 

p r e d i c t e d t h a t , w i t h low i n i t i a l a l k a l i n i t y ( 1 . 5 meq/1) and 

h i g h alum d o s e s , r e s i d u a l phosphate i n e x c e s s o f t h e 
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minimum phosphate c o n c e n t r a t i o n c o u l d be r e a c h e d because 

t h e pH would be reduced t o a v a l u e l o w e r t h a n t h e optimum 

pH. 

A r v i n and P e t e r s e n (1980) s u g g e s t t h a t t h e r o l e o f 

a l k a l i n i t y i n c h e m i c a l P removal goes beyond i t s r o l e a s a 

b u f f e r and t h a t b i c a r b o n a t e can be i n c o r p o r a t e d i n t h e 

aluminum-phosphate c o n t a i n i n g p r e c i p i t a t e . They u s e d t h e 

s o l i d (CakAlu(H2P04) f (HC03)c(0H )h(s) ) i n t h e i r e q u i l i b r i u m 

model of c h e m i c a l P r e m o v a l . R e s u l t s o f b a t c h e x p e r i m e n t s 

r e v e a l e d t h a t a low a l k a l i n i t y was n e c e s s a r y t o o b t a i n low 

s o l u b l e phosphate c o n c e n t r a t i o n . 

2.2.6.4 R o l e of Other I o n s 

S t u d i e s a d d r e s s i n g t h e impact o f o t h e r i o n s have 

u s u a l l y f o c u s e d on t h e impact o f Ca^* and/or 8 0 4 ^ ' on 

c h e m i c a l P removal (Hsu, 1975,1976; Diamodopoulos and 

Benedek, 1984b; A r v i n and P e t e r s e n , 1 9 8 0 ) . Hsu (1975,1976) 

proposed t h a t t h e a d d i t i o n o f s u l f a t e enhanced phosphorus 

removal p r o c e s s e s i n a c i d i c s y s t e m s because i t s n e g a t i v e 

c h a r g e reduced t h e p o s i t i v e c h a r g e on t h e s u r f a c e o f 

aluminum h y d r o x i d e and phosphate c o l l o i d s . 

The r o l e o f c a l c i u m i n c h e m i c a l P removal can e i t h e r 

be a s a component o f mixed aluminum-phosphate-calcium-

h y d r o x i d e o r c a l c i u m phosphate s o l i d o r a s an adsorbed 

s p e c i e s c o n t r i b u t i n g t o t h e n e t c h a r g e o f c o l l o i d a l 



aluminum and phosphate c o n t a i n i n g s o l i d s . Diamodopoulos 

and Benedek (1984b) i n v e s t i g a t e d c h e m i c a l P removal u s i n g 

t h e mixed l i q u o r o f two b a t c h a c t i v a t e d s l u d g e s y s t e m s t o 

w h i c h alum ( 1 1 mg A l / 1 , A1:P = 2.75) was added. The 

a u t h o r s s u g g e s t e d t h a t a c a l c i u m phosphate s o l i d , 

u n i d e n t i f i e d , but i n d i c a t e d t o have a Ca:P04 s t o i c h i o m e t r y 

o f 2, was p r e s e n t i n t h e mixed l i q u o r . A t pH v a l u e s below 

7.5, i n t h e absence o f alum d o s i n g , t h e d i s s o l v e d c a l c i u m 

and phosphate c o n c e n t r a t i o n i n c r e a s e d and t h e d i s s o l u t i o n 

o f t h e c a l c i u m phosphate s o l i d was s u g g e s t e d . A t pH v a l u e s 

g r e a t e r t h a n 7.5 d i s s o l v e d c a l c i u m and phosphate 

c o n c e n t r a t i o n s d e c r e a s e d and c a l c i u m phosphate 

p r e c i p i t a t i o n was proposed. These i n v e s t i g a t o r s c o n c l u d e d 

t h a t c a l c i u m phosphate p r e c i p i t a t i o n and d i s s o l u t i o n 

r e a c t i o n s o c c u r r e d i n p a r a l l e l w i t h t h e aluminum phosphate 

p r e c i p i t a t i o n r e a c t i o n s and t h a t b oth t y p e s o f 

p r e c i p i t a t i o n mechanisms must be c o n s i d e r e d when e v a l u a t i n g 

c h e m i c a l P removal by alum a d d i t i o n . 

2.3 S e l e c t e d Models o f Chemical Phosphorus Removal 

Ch e m i c a l P removal by s i m u l t a n e o u s p r e c i p i t a t i o n h a s 

been e x t e n s i v e l y s t u d i e d on a l a b o r a t o r y and f i e l d s c a l e . 

The p r i m a r y f o c u s o f some s t u d i e s was t o g a t h e r o p e r a t i o n a l 

d a t a s u f f i c i e n t t o make g e n e r a l i z a t i o n s r e g a r d i n g t h e 

importance o f pH, and t h e s e l e c t i o n o f e f f e c t i v e dosages 
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and p o i n t s o f a p p l i c a t i o n ( E b e r h a r d t and N e s b i t t , 1968; L i n 

and C a r l s o n , 1975; B a r t h and E t t i n g e r , 1 9 6 7 ) . O t h e r s have 

attempted t o develop models w h i c h d e s c r i b e t h e mechanism o f 

s i m u l t a n e o u s p r e c i p i t a t i o n and p r e d i c t e i t h e r t h e phosphate 

r e s i d u a l s t h a t c o u l d be r e a c h e d w i t h a g i v e n aluminum dose 

and/or t h e aluminum dose r e q u i r e d t o a c h i e v e a d e s i r e d 

degree o f P removal ( F e r g u s o n and K i n g , 1977; J e n k i n s e t 

a l . , 1984; Luedecke e t a l . , 1988; Goidshmid and R u b i n , 

1978) . S e v e r a l models have been developed w h i c h d e s c r i b e d 

c h e m i c a l phosphorus removal u s i n g t h e p r e c i p i t a t i o n o f 

aluminum-hydroxy-phosphate and aluminum h y d r o x i d e s o l i d a s 

t h e predominant phosphate removal mechanism ( F e r g u s o n and 

K i n g , 1977; J e n k i n s e t a i . , 1984) w h i l e o t h e r s d e v e l o p e d 

models w h i c h i n c l u d e d a d s o r p t i o n o f phosphate onto aluminum 

h y d r o x i d e s o l i d s u r f a c e s a s a removal mechanism (Goidshmid 

and R u b i n , 1978; Lea e t a i . , 1 9 5 4 ) . 

2.3.1 P r e c i p i t a t i o n Based Models 

Ferguson and K i n g ' s (1977) c o n c e p t u a l and n u m e r i c a l 

model f o r aluminum phosphate p r e c i p i t a t i o n d e f i n e s t h r e e 

zones o f phosphorus removal i n each o f w h i c h a unique 

r e l a t i o n s h i p was developed t o d e s c r i b e o r t h o p h o s p h ate 

r e m o v a l . The model i s a p p l i c a b l e t o t h e removal o f s o l u b l e 

o r t h o p h o s p h a te from w a s t e w a t e r and does not a d d r e s s e i t h e r 

t h e p h y s i c a l removal o f t h e p r e c i p i t a t e s formed o r t h e 
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p r e c i p i t a t i o n o f condensed p h o s p h a t e s . An i m p o r t a n t 

assumption i n Ferguson and K i n g ' s model i s t h a t 

p r e c i p i t a t i o n was t h e o n l y phosphate removal mechanism. 

The a u t h o r s acknowledged t h a t e v i d e n c e c o u l d be found i n 

th e l i t e r a t u r e s u p p o r t i n g an a d s o r p t i o n mechanism but chose 

t o e x c l u d e i t from t h e model. The model i s based on t h e 

p r e c i p i t a t i o n o f an aluminum h y d r o x i d e and/or an aluminum 

phosphate s o l i d , t h e l a t t e r b e i n g t h e l e a s t s o l u b l e and t h e 

f i r s t t o p r e c i p i t a t e . Ferguson and K i n g used s i m p l e 

c h e m i c a l e q u i l i b r i a and mass b a l a n c e s t o d e s c r i b e 

phosphorus removal i n each o f t h e t h r e e zones. 

The f i r s t zone o c c u r s when i n s u f f i c i e n t aluminum i s 

added t o p r e c i p i t a t e a l l o f t h e i n f l u e n t o r thophosphate a s 

an aluminum-hydroxy-phosphate s o l i d . I n t h i s zone t h e 

a u t h o r s s u g g e s t t h a t phosphate r e m o v a l i s d i r e c t l y 

p r o p o r t i o n a l ( s t o i c h i o m e t r i c ) t o t h e aluminum dose. They 

concluded t h a t phosphate removal i n t h i s zone can be 

p r e d i c t e d i f t h e s t o i c h i o m e t r i c r a t i o (on a m o l a r b a s i s ) o f 

aluminum t o phosphate i n t h e p r e c i p i t a t e a t a g i v e n pH i s 

known. On t h e b a s i s o f a l i t e r a t u r e r e v i e w t h e y assumed 

t h a t t h e mole r a t i o o f 1.4 would be a p p l i c a b l e t o aluminum 

phosphate p r e c i p i t a t i o n i n w a s t e w a t e r , s u g g e s t i n g a 

p r e c i p i t a t e w i t h t h e f o r m u l a : (AI1.4PO4(OH) 1.2) • The 

s t o i c h i o m e t r i c r a t i o (r=1.4) was d e t e r m i n e d by R e c h t and 

Ghassemi (197 0) u s i n g e x p e r i m e n t s i n w h i c h aluminum s a l t s 

were added t o o r t h o p h o s p h a t e - d i s t i l l e d w a t e r s o l u t i o n s i n 
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t h e absence of b i o l o g i c a l s o l i d s and a t pH 6. Ferguson and 

K i n g b e l i e v e d t h a t c o n s t a n t ( s t o i c h i o m e t r i c ) removal r a t i o s 

l a r g e r t h a n 1.5 r e p o r t e d by Lea e t a l . (R=2.95, 1 9 5 4 ) , 

Dryden and S t e r n (1968) (R=1.75) r e f l e c t e d t h e 

p r e c i p i t a t i o n o f aluminum h y d r o x i d e s o l i d i n a d d i t i o n t o 

aluminum-hydroxy-phosphate and were l a r g e r t h a n t h e removal 

r a t i o o f t h e aluminum-hydroxy-phosphate s o l i d . 

The second zone i s encountered when aluminum doses a r e 

c l o s e t o t h e s t o i c h i o m e t r i c r e q u i r e m e n t f o r complete 

orthophosphate p r e c i p i t a t i o n . I n t h i s zone, phosphate 

removal i s no l o n g e r s t o i c h i o m e t r i c b ut must be p r e d i c t e d 

by c o n s i d e r i n g t h e e q u i l i b r i u m r e l a t i o n s h i p e s t a b l i s h e d 

between t h e aluminum-hydroxy-phosphate s o l i d and t h e 

aqueous s o l u t i o n because r e s i d u a l phosphate c o n c e n t r a t i o n 

i s governed by t h e s o l u b i l i t y o f t h e aluminum-hydroxy-

phosphate s o l i d . 

A t h i g h aluminum doses, w e l l beyond s t o i c h i o m e t r i c 

r e q u i r e m e n t s , t h e t h i r d phosphate removal zone i s r e a c h e d . 

I n t h i s zone, t h e a u t h o r s proposed t h a t aluminum-hydroxy-

phosphate and aluminum h y d r o x i d e s o l i d s a r e both p r e s e n t . 

The phosphate r e s i d u a l was d e t e r m i n e d by e q u i l i b r i a between 

both a l u m i n u m - c o n t a i n i n g s o l i d s and t h e aqueous aluminum 

and phosphate c o n c e n t r a t i o n s . 

Phosphate removal i n zones 2 and 3 can be modeled 

n u m e r i c a l l y u s i n g e q u i l i b r i u m r e l a t i o n s h i p s between s o l i d 

and s o l u b l e aluminum and p h o s p h a t e - c o n t a i n i n g s p e c i e s . The 
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a u t h o r s used s t a b i l i t y c o n s t a n t s from s e v e r a l a c c e p t e d 

s o u r c e s i n c l u d i n g S i l l e n and M a r t e l (1964) and Baes and 

Mesmer (1976) . I n a d d i t i o n , an e q u i l i b r i u m c o n s t a n t was 

e s t i m a t e d f o r t h e s o l u b l e aluminum phosphate complex 

(A1H2P04^"') w h i c h a l l o w e d a f i t of t h e model w i t h 

e x p e r i m e n t a l d a t a . The a u t h o r s used a s o l u b i l i t y c o n s t a n t 

o f lO'-^^ f o r t h e aluminum phosphate s o l i d w h i c h p r o v i d e d 

r e a s o n a b l e agreement between e x p e r i m e n t a l d a t a and model 

p r e d i c t i o n . The e q u i l i b r i a used by Ferguson and K i n g 

(1977) a s t h e b a s i s o f t h e i r model a r e summarized i n T a b l e 

2.2. Ferguson and K i n g o m i t t e d p o l y m e r i c aluminum 

p r o t o l y s i s p r o d u c t s from t h e model because t h e c o n s t a n t s 

r e p o r t e d f o r t h e s e s p e c i e s i n t h e l i t e r a t u r e were 

i n c o n s i s t e n t . F o r zone 2 c a l c u l a t i o n s , mass b a l a n c e s on 

phosphate and aluminum were combined w i t h e q u i l i b r i u m 

r e l a t i o n s h i p s t o produce an e q u a t i o n t h a t c o u l d be s o l v e d 

f o r phosphate r e s i d u a l ( F i g u r e 2 . 7 ) . The c a l c u l a t i o n o f 

t h e orthophosphate r e s i d u a l i n zone 2 depends on both t h e 

f i n a l pH and t h e dose parameter, ( P O 4 initial " 1/1.4 A ldose ) -

I n t h e s t o i c h i o m e t r i c removal zone t h e dose p a r a m e t e r 

d e s c r i b e s t h e phosphate r e s i d u a l o b t a i n e d f o r a g i v e n 

aluminum dose. The a u t h o r s d e f i n e d t h e boundary between 

t h e f i r s t and second removal zone a s b e i n g where t h e t o t a l 

o r t h o P r e s i d u a l ( H 2 P O 4 . + HP04" + A1H2P04^'') p r e d i c t e d by t h e 

e q u i l i b r i u m model was 25% g r e a t e r t h a n t h e t o t a l 



T a b l e 2.2 

Chemic a l E q u i l i b r i a u sed by Ferguson and K i n g 

R e a c t i o n 

S t a b i l i t y 

c o n s t a n t l o g K 

H2P04- <=> HP042- + Kp 

EPOd <=> P04^" + 

H2CO3 <=> HC03' + H* 

H C O 3 " < = > 0 0 3 2 - + H* 

H2O <=> H* + OH" 

Al^"- + H2O <=> AlOH^* + H"" 

AlOH^* + H2O <=> A 1 ( 0 H ) 2 * + H* 

A l ^ * + H2P04" <=> A I H 2 P O 4 

K, 

Ki 

K2 

Kw 

"Kp 

A 1 ( 0 H ) 2 * + H20<=>Al(OH)3°(aq)+H* *K3 

A l ( 0 H ) 3 " ( a q ) + H 2 0<=>A1 ( 0 H )4 " + H* K4 

K 

-7.2 

(2.23) 

-12.2 

(2.24) 

-6.3 

(2.25) 

-10.3 

(2.26) 

-14.0 

(2.27) 

5.0 

(2.28) 

3.7 

(2.29) 

6.5 

(2.30) 

8.1 

(2.31) 

6.0 

(2.32) 
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T a b l e 2.2 ( c o n t . ) 

C h e m i c a l E q u i l i b r i a u sed by Ferguson and K i n g 

Ali.4P04(OH) 1.2(3) <=> 

1.4A1^* + P04^" + 1.2 OH" Kgo -34.0 

(2.33) 

A l ( 0 H ) 3 ( s ) + 3H* <=> A l ^ * +3 H2O Xo + 10. 3 

(2.34) 



Figure 2.7 
Ferguson and King (1977) zone Ii relationship describing 

phosphate residual concentrat ion 
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orthophosphate r e s i d u a l p r e d i c t e d by s t o i c h i o m e t r i c removal 

(dose p a r a m e t e r ) . W i t h t h e model, Ferguson and K i n g 

concluded t h a t t h e minimum phosphate r e s i d u a l t h a t can be 

a c h i e v e d i n t h e f i r s t zone i s pH dependent and p r e d i c t e d 

t h e minimum s t o i c h i o m e t r i c phosphate r e s i d u a l o b t a i n a b l e a t 

pH from 6.8-7.5 was 3 mg P/1 and 1 mg P/1 f o r pH 5.2-6.8. 

Beyond t h e s t o i c h i o m e t r i c removal zone, phosphate 

r e s i d u a l c o n c e n t r a t i o n was determined by aluminum-hydroxy-

phosphate s o l u b i l i t y u n t i l e x c e s s aluminum was added 

r e s u l t i n g i n t h e f o r m a t i o n o f s o l i d aluminum h y d r o x i d e . I n 

an aqueous s y s t e m w i t h two s o l i d s p r e s e n t and a f i x e d 

t e m p e r a t u r e and p r e s s u r e , t h e c o n c e n t r a t i o n s o f a l l s p e c i e s 

a r e f i x e d ( Phase R u l e ) . From t h i s F erguson and K i n g 

concluded t h a t t h e orthophosphate r e s i d u a l i n t h e t h i r d 

zone would be t h a t phosphate c o n c e n t r a t i o n t h a t would e x i s t 

i n e q u i l i b r i u m w i t h aluminum-hydroxy-phosphate and aluminum 

h y d r o x i d e s o l i d s . T h i s e q u i l i b r i u m o r t h o p h o s p h a t e 

c o n c e n t r a t i o n was p r e d i c t e d by f i r s t c a l c u l a t i n g t h e 

s o l u b l e A l ^ * c o n c e n t r a t i o n a t t h e f i n a l pH u s i n g e q u a t i o n 

2.34 and t h e n c a l c u l a t i n g t h e phosphate c o n c e n t r a t i o n based 

on t h e s o l u b i l i t y o f aluminum-hydroxy-phosphate u s i n g 

e q u a t i o n 2.33. These c a l c u l a t i o n gave what t h e a u t h o r s 

b e l i e v e d t o be t h e uni q u e s o l u b l e o r t h o p h o s p h a t e r e s i d u a l 

t h e c o u l d be r e a c h e d a t any g i v e n pH, w i t h a minimum 

phosphate r e s i d u a l o f 10'^-^ M (0.02 mg P/1) b e i n g r e a c h e d 

a t pH between 5.5 and 6.0. Ferguson and K i n g s u g g e s t e d 
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t h a t t h e luinimuin phosphate c o n c e n t r a t i o n was t h a t a t t h e 

boundary between zones 2 and 3, and t h a t d o s i n g aluminum 

beyond t h a t needed t o r e a c h t h e boundary would n o t r e s u l t 

i n any f u r t h e r phosphate r e m o v a l . The a u t h o r s s t a t e d t h a t 

i f aluminum was dosed i n e x c e s s of t h e amount r e q u i r e d t o 

r e a c h t h e optimum pH, h i g h e r phosphate r e s i d u a l s would 

r e s u l t because t h e pH would be reduced t o a v a l u e o u t s i d e 

t h e optimum range. The e x c e s s aluminum r e q u i r e d t o r e a c h 

t h e boundary between zones 2 and 3 was e s t i m a t e d u s i n g 

e q u a t i o n 2.3 5 and t h e e x p e c t e d phosphate r e s i d u a l a t t h e 

boundary. Ferguson and K i n g p r e d i c t e d an e x c e s s o f 

aluminum o f approx. 3 0 mg/1 a s alum beyond t h e 

s t o i c h i o m e t r i c r e q u i r e m e n t would be r e q u i r e d t o r e a c h t h e 

minimum phosphate c o n c e n t r a t i o n . 

With t h i s model t h e f i n a l phosphate r e s i d u a l s i n zones 

2 and 3 c o u l d be computed i f t h e i n i t i a l phosphate 

c o n c e n t r a t i o n , i n i t i a l pH and aluminum dose were known. 

The Ferguson and K i n g model p r e d i c t e d t h a t phosphate 

r e s i d u a l s a s low as 0.02 mg P/1 (10"^-^ M) c o u l d be r e a c h e d 

a t t h e boundary between zones 2 and 3. 

Ferguson and K i n g (1977) used l i m i t e d p u b l i s h e d d a t a 

f o r t h e c a l i b r a t i o n o f t h e i r model ( i n c l u d i n g s t u d i e s by 

L e a , e t a l . , 1954; Sawyer, 1972; and L a n c a s t e r , CA, 1 9 6 7 ) . 

Model p r e d i c t i o n s were a l s o compared w i t h j a r t e s t r e s u l t s 

on c h e m i c a l l y d e f i n e d d i s t i l l e d w a t e r , o r t h o p h o s p h a t e 

s o l u t i o n s . The a u t h o r s were a b l e t o r e a s o n a b l y f i t model 
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p r e d i c t i o n s w i t h e x p e r i m e n t a l r e s u l t s . The removal zones 

d e s c r i b e d by Ferguson and K i n g a r e shown i n F i g u r e 2.8 

where phosphate r e s i d u a l i s shown a s a f u n c t i o n o f pH. 

J e n k i n s , e t a l . (1984) p r e s e n t e d a computer model o f 

phosphate p r e c i p i t a t i o n t h a t i n c l u d e d s e v e r a l m o d i f i c a t i o n s 

of t h e Ferguson and K i n g (1977) model. The model was 

developed t o d e s c r i b e P-removal u s i n g e i t h e r alum o r f e r r i c 

c h l o r i d e and l i k e t h e F e r g u s o n and K i n g (1977) model 

assumed t h a t p r e c i p i t a t i o n o f an m e t a l - h y d r o x y - p h o s p h a t e 

s o l i d was t h e p r i m a r y s o l u b l e o r t h o p h o s p h a t e removal 

mechanism. The model o f J e n k i n s , e t a l . d i d not i n c l u d e 

a d s o r p t i o n mechanisms and t h e A1:P r a t i o o f t h e m e t a l -

hydroxy-phosphate p r e c i p i t a t e was a d j u s t a b l e w i t h t h e v a l u e 

of 1.4 used by Ferguson and K i n g (1977) s e l e c t e d a s a 

d e f a u l t v a l u e . 

The model of J e n k i n s , e t a i . was developed t o p r e d i c t 

t h e f i n a l phosphate r e s i d u a l a s a f u n c t i o n o f t h e m e t a l 

c a t i o n dose. Three m e t a l dose schemes were i n c l u d e d i n t h e 

model: 

1. I n s u f f i c i e n t m e t a l dosed t o p r e c i p i t a t e any 
phosphate ( z e r o p p t zone) 

2. M e t a l dose l e s s t h a n o r e q u a l t o s t o i c h i o m e t r i c 
amount needed t o p r e c i p i t a t e i n f l u e n t phosphate 
(one ppt zone) 

3. M e t a l dose s u f f i c i e n t l y g r e a t e r t h a n 
s t o i c h i o m e t r i c dose t o r e s u l t i n p r e c i p i t a t i o n o f 
m e t a l h y d r o x i d e s o l i d i n a d d i t i o n t o m e t a l -
hydroxy-phosphate p r e c i p i t a t e (two ppt zone) 



Figure 2.8 

Three Zones of Orthophosphate Removal Described by 

Ferguson and King 

5 6 7 . 8 

(adapted from Ferguson and King, 1977) 
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J e n k i n s e t a i . p r e d i c t e d o r t h o p h o s p h a t e r e s i d u a l 

c o n c e n t r a t i o n s i n t h e one and two p r e c i p i t a t e zones u s i n g 

e q u i l i b r i u m r e l a t i o n s h i p s d e r i v e d i n a s i m i l a r manner t o 

t h o s e i n t h e Ferguson and K i n g (1977) model. The model of 

J e n k i n s e t a i . i n c l u d e d s e v e r a l g e n e r a l r e l a t i o n s h i p s t h a t 

were used t o p r e d i c t w h i c h p r e c i p i t a t i o n zone would be 

encountered w i t h a p a r t i c u l a r m e t a l dose c o n c e n t r a t i o n . 

They proposed t h a t t h e z e r o p r e c i p i t a t e zone would be 

encountered i f t h e aluminum and phosphate c o n c e n t r a t i o n s 

were i n s u f f i c i e n t t o exceed t o s o l u b i l i t y l i m i t o f 

aluminum-hydroxy-phosphate p r e c i p i t a t e : 

AlrP04(OH)(3r.3 ) (s) <=> r A l ^ * + VO^^' + (3r-3)OH" 

(2.35) 

w i t h : 

Kso = [A1^* ] ' " [P042" ] [OH-]^^*^ (2.36) 

The a u t h o r s s t a t e d t h a t i f t h e c o n d i t i o n d e s c r i b e d by 

e q u a t i o n 2.37 e x i s t e d no aluminum-hydroxy-phosphate 

p r e c i p i t a t e would form and t h e a d d i t i o n o f aluminum would 

r e s u l t o n l y i n t h e r e d u c t i o n o f pH. 

Kso > [A1^* ] ' ' [P042" ] [OH-]^'^-^ (2.37) 

J e n k i n s e t a l . assumed t h a t when aluminum was dosed i n 

s u f f i c i e n t q u a n t i t i e s t o form s o l i d s , aluminum-hydroxy-

phosphate p r e c i p i t a t e d f i r s t . J e n k i n s e t a l . f u r t h e r 

assumed t h a t aluminum h y d r o x i d e would p r e c i p i t a t e o n l y when 

s u f f i c i e n t Al^"*" remained a f t e r aluminum-hydroxy-phosphate 
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p r e c i p i t a t i o n t o e x c e e d i t s s o l u u b i l i t y l i m i t : 

A l ( 0 H ) 3 ( s ) + 3H* <=> A l ^ * + H2O ( 2 . 3 8 ) 

w i t h 

Kso = [A1^^]/[H*]^ ( 2 . 3 9 ) 

The minimum A l ^ * c o n c e n t r a t i o n , ([Al-^*] i^niit) / needed f o r 

aluminum h y d r o x i d e p r e c i p i t a t i o n was: 

[ A l ^ ^ l t . X i t = Kso [H* ]^ (2.40) 

J e n k i n s e t a l . , (1984) e s t i m a t e d t h e amount o f aluminum 

a v a i l a b l e f o l l o w i n g aluminum-hydroxy-phosphate 

p r e c i p i t a t i o n u s i n g e q u a t i o n s 2.35 and 2.3 6 a s : 

[Al '^ ]available = Kso^^V [ P O 4 ' * ] [ OH" ] ̂ -̂̂ >/̂  ( 2 . 4 1 ) 

When t h e r a t i o o f a v a i l a b l e aluminum t o t h e l i m i t i n g 

aluminum c o n c e n t r a t i o n exceeded 1.2 ( e q u a t i o n 2.42) and t h e 

t o t a l amount of aluminum dosed exceed t h e amount o f 

aluminum r e q u i r e d f o r complete p r e c i p i t a t i o n o f i n f l u e n t 

s o l u b l e orthophosphate ( e q u a t i o n 2.43) t h e model p r e d i c t s 

t h a t two p r e c i p i t a t e s would be formed. 

[Al^* ]ava i l/[Al^* ] l i „ , i t > 1-2 (2 . 4 2 ) 

Aldose > rP04( 
initial) ^ ^ . ^ o ; 

The model o f J e n k i n s , e t a l . i n d i c a t e d t h a t t h e 

boundary between one and two p r e c i p i t a t e s zones depended on 

t h e i n i t i a l PO4 c o n c e n t r a t i o n and e q u i l i b r i u m aluminum 

c o n c e n t r a t i o n . The l i m i t i n g aluminum c o n c e n t r a t i o n was 

determined on t h e b a s i s o f A l ( 0 H ) 3 ( s ) s o l u b i l i t y and t h e 

a v a i l a b l e aluminum c o n c e n t r a t i o n was d e t e r m i ned on t h e 

b a s i s o f aluminum-hydroxy-phosphate s o l u b i l i t y . 
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J e n k i n s , e t a l . noted a d i s c o n t i n u i t y o c c u r r e d a t t h e 

boundary between zones 1 and 2 w h i c h was a d d r e s s e d by 

manual e x t r a p o l a t i o n a c r o s s t h e boundary. The 

d i s c o n t i n u i t y o c c u r r e d b e c a u s e , i n t h e one p r e c i p i t a t e zone 

t h e aluminum c o n c e n t r a t i o n was assumed t o be c o n t r o l l e d by 

t h e s o l u b i l i t y of t h e aluminum-hydroxy-phosphate s o l i d , but 

i n t h e two p r e c i p i t a t e zone t h e aluminum c o n c e n t r a t i o n was 

assumed t o be c o n t r o l l e d by aluminum h y d r o x i d e s o l u b i l i t y . 

Two methods of e x t r a p o l a t i o n were suggested w h i c h a l l o w e d 

t h e p r e d i c t i o n of r e s u l t s comparable t o t h o s e p r e s e n t e d by 

F e rguson and K i n g ( 1 9 7 7 ) . J e n k i n s , e t a l . noted t h a t 

e x t r a p o l a t i o n was most o f t e n r e q u i r e d f o r c a s e s where 

s o l u b l e orthophosphate r e s i d u a l c o n c e n t r a t i o n was between 

0.8 and 1.5 mg P/1. S i n c e u n c e r t a i n t y i s i n h e r e n t w i t h 

e x t r a p o l a t i o n , t h e y s u g g e s t e d f u r t h e r e x p e r i m e n t a l work 

s h o u l d be conducted t o d e s c r i b e phosphate removal when 

orthophosphate r e s i d u a l c o n c e n t r a t i o n s i n t h e r ange 

r e q u i r i n g e x t r a p o l a t i o n were r e a c h e d . 

2.3.2 Models I n c l u d i n g A d s o r p t i o n 

Goidshmid and Rubin (1978) p r e s e n t e d a model o f 

c h e m i c a l phosphorus removal w i t h aluminum (added a s 

A1(N03 ) 3 ) t h a t i n c l u d e d b o t h p r e c i p i t a t i o n and a d s o r p t i o n 

mechanisms. These a u t h o r s proposed t h a t a v a r i e t y o f 

aluminum phosphate s o l i d s c o u l d be p r e c i p i t a t e d , t h e e x a c t 



n a t u r e o f w h i c h depended on pH, and t h e i n i t i a l phosphate 

and aluminum c o n c e n t r a t i o n s . The p r e c i p i t a t e s formed i n 

t h e j a r t e s t were s e p a r a t e d , d r i e d and a n a l y z e d . These 

r e s u l t s and t h e r e s u l t s of phosphometric t i t r a t i o n s were 

used t o i d e n t i f y p r o b a b l e s o l i d s i n aluminum phosphate 

p r e c i p i t a t e s ( F i g u r e 2 . 9 ) . On t h e b a s i s o f e x p e r i m e n t s 

m e a s u r i n g t h e s o l u b l e aluminum c o n c e n t r a t i o n i n t h e pH 

range 2 t h r o u g h 11 i n phosphate s o l u t i o n s ( 0 . 1 , 0.2, 0.5, 

and 1.0 M) t h e y concluded t h a t t h e pH o f maximum 

i n s o l u b i l i t y f o r aluminum-and-phosphate-containing 

p r e c i p i t a t e s was 6.5 and a t t h i s pH t r a n s f o r m a t i o n s were 

o c c u r r i n g from one s o l i d phase t o a n o t h e r . F u r t h e r , i t 

was proposed t h a t i n systems where aluminum was i n e x c e s s 

o f phosphate and a t pH v a l u e s g r e a t e r t h a n 6.5, aluminum 

phosphate s o l i d ( A I P O 4 ) h y d r o l y z e d t o an aluminum h y d r o x i d e 

s o l i d and s o l u b l e phosphate t h e n adsorbed on t o t h e 

aluminum h y d r o x i d e s u r f a c e . 

Goidshmid and Rubin (1978) proposed a m a t h e m a t i c a l 

t r e a t m e n t o f phosphate a d s o r p t i o n on aluminum h y d r o x i d e 

s u r f a c e s b a sed on a model p r e s e n t e d by K u r b a t o v e t a l . 

( 1 9 5 1 ) . A d s o r p t i o n was d e s c r i b e d by a p p l y i n g mass a c t i o n 

l a w s t o t h e f o l l o w i n g i d e a l i z e d a d s o r p t i o n r e a c t i o n : 

V [ A l (OH) 3 : A l (OH) 2 ] -0H(surf) + POA^" < = > 

[Al(OH ) 3:Al(OH ) 2 ] v-P04 ( s u r f ) ^ ^ ' ' ' ^ " + V OH" (2.44) 



F i g u r e 2.9 

Transformation Between Phosphate Species 
(from Goidshmid and Rubin, 1978) 

A l 3 ( O H ) 3 ( P 0 4 ) 2 , , [ A I ( 0 H ) 3 : A I ( 0 H ) I-PO4 
wavelllte 

(sterrettlte) 

A 

phosphate sorbed on to 
aluminum hydroxide surface 

A 

V 

N a 3 A l 5 H g ( P 0 4 ) 8 

V 

A l P O , 

sodium taranaklte tertiary salt 
(variscite) 

2 pH 10 
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The f o l l o w i n g e q u i l i b r i u m e x p r e s s i o n was d e r i v e d : 

= {[Al(OH ) 3:Al(OH ) 2]v-P04 ( 3 ^ , ^ ) ( 3.v).} [OH"]^ 

{ [ A l ( OH) 3 : A l ( OH) 2 ] -0H( 3 ^ , ^)) ̂  [ P O 4 3 . ] (2.45) 
where: 

Kad = e q u i l i b r i u m a d s o r p t i o n c o n s t a n t 

{ [Al(OH )3:Al(OH )2]v-P04(surf)^^*'^^'} = c o n c e n t r a t i o n 

aluminum h y d r o x i d e w i t h phosphate adsorbed on t o 

s u r f a c e 

{ [Al(OH ) 3:Al(OH ) 2]-OH ( 3 u r f ) } = c o n c e n t r a t i o n o f aluminum 

h y d r o x i d e a v a i l a b l e f o r a d s o r p t i o n 

E q u a t i o n (2.45) was s i m p l i f i e d by assuming t h a t t h e 

c o n c e n t r a t i o n o f phosphate sorbed s u r f a c e s was e q u a l t o t h e 

amount of phosphate s o r b e d and t h a t t h e t o t a l c o n c e n t r a t i o n 

o f f r e e s u r f a c e a v a i l a b l e f o r a d s o r p t i o n was a l i n e a r 

f u n c t i o n o f t h e a p p l i e d aluminum c o n c e n t r a t i o n : 

{[Al(OH ) 3:Al(OH ) 2]v-P04(surf)^^"^^'} = [ P f ] - [ P f ] 

( 2 . 4 6 ) 

[ P i ] = i n i t i a l phosphate c o n c e n t r a t i o n 

[ P f ] = f i n a l phosphate c o n c e n t r a t i o n 

and 

{[Al(OH ) 3:Al(OH ) 2]-OH ( 3 u r f ) ) = Q [ A l t ] (2.47) 

Q = c o e f f i c i e n t o f l i n e a r i t y 
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[ A l t ] = a p p l i e d aluminum c o n c e n t r a t i o n 

Goidshmid and Rubin combined e q u a t i o n s 2.45-2.46 w i t h 

d i s s o c i a t i o n r e l a t i o n s h i p s f o r o rthophosphate and w a t e r and 

d e r i v e d t h e f o l l o w i n g : 

l o g P = -v(pH) + l o g K 3 d ( Q [ A l t ] ) ^ 
(2.48) 

[ P f ] a 3 

E q u a t i o n 2.48 was p l o t t e d u s i n g t h e r e s u l t s o f l a b o r a t o r y 

s t u d i e s and f i t t e d t h e e x p e r i m e n t a l r e s u l t s q u i t e w e l l 

( F i g u r e 2 . 1 0 ) . The s l o p e o f t h e i s o t h e r m s ( v ) i n d i c a t e d 

t h e amount of h y d r o x i d e d i s p l a c e d p e r e q u i v a l e n t o f 

phosphate sorbed. Goidshmid and R u b i n o b s e r v e d t h a t t h e 

s l o p e ( v ) i n c r e a s e d w i t h i n c r e a s e s i n t h e a p p l i e d aluminum 

c o n c e n t r a t i o n and s u g g e s t e d t h a t t h i s i n d i c a t e d t h a t t h e 

a c t i v i t y o f t h e a d s o r b e n t (A1(0H)3) depended on t h e amount 

o f phosphate adsorbed. 

The aluminum and phosphate c o n c e n t r a t i o n r a n g e s 

s t u d i e d by Goidshmid and R u b i n (1978) were l i m i t e d ( 1 x 10" 

^ t o 3 X 10'^ M phosphate; 1 x 10*^ t o 2 x 10"^ M aluminum) 

and d i d n o t encompass t h e e n t i r e range o f c o n c e n t r a t i o n s 

e n c o u n t e r e d i n w a s t e w a t e r s . I t r e m a i n s t o be d e t e r m i n e d 

whether t h e a d s o r p t i o n model p r e s e n t e d by Goldshmidt and 

R u b i n a p p l i e s t o c h e m i c a l phosphorus removal i n a c t i v a t e d 

s l u d g e s y s t e m s . 
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Fi g u r e 2.10 

Phosphate Adsorption Isotherms Described by 

Goidshmid and Rubin 

Plots showing the pH-depcndent sorption o f phosphate on aluminum hydrox­
ide at three applied aluminum nitrate concentrations. Ini t ia l phosphate 
concentration was 0.001 M. 

(from Goidshmid and Rubin, 1978) 
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Luedecke e t a l . (1988) p r e s e n t e d a model o f f e r r i c 

phosphate p r e c i p i t a t i o n t h a t i n c l u d e d both p r e c i p i t a t i o n 

and a d s o r p t i o n mechanisms, and d e f i n e d t h e c o n d i t i o n s 

r e q u i r e d f o r t h e f o r m a t i o n o f one o r two p r e c i p i t a t e s 

d u r i n g c h e m i c a l P-removal. F e r r i c phosphate p r e c i p i t a t i o n 

appeared t o r e s u l t from s i m i l a r mechanisms a s aluminum 

phosphate p r e c i p i t a t i o n and i s o f t e n modeled i n an 

analogous f a s h i o n (Stumm, 1962; Minton and C a r l s o n , 1972; 

R e c h t and Ghassemi, 1970; Hsu, 1 9 7 6 ) . Luedecke e t a l . 

d e s c r i b e d f o u r p o s s i b l e p r e c i p i t a t i o n schemes: 

- no p r e c i p i t a t e s 

- o n l y m e t a l h y d r o x y phosphate p r e c i p i t a t e 

- o n l y m e t a l h y d r o x i d e p r e c i p i t a t e 

- b oth m e t a l - h y d r o x y - p h o s p h a t e and m e t a l h y d r o x i d e 

p r e c i p i t a t e s 

They p o s t u l a t e d t h a t t h e a c t u a l zone e n c o u n t e r e d d u r i n g 

c h e m i c a l P-removal depended on i n i t i a l phosphate 

c o n c e n t r a t i o n and m e t a l dose. The s o l u b i l i t y o f f e r r i c 

phosphate was used t o g e t h e r w i t h o r t h o p h o s p h o r i c a c i d 

d i s s o c i a t i o n e q u i l i b r i a and F e ( l l l ) p r o t o l y s i s e q u i l i b r i a 

t o d e t e r m i n e t h e minimum m e t a l dose r e q u i r e d t o p r e c i p i t a t e 

f e r r i c phosphate. Luedecke e t a l . s u g g e s t e d t h a t m e t a l 

doses below t h e l i m i t i n g v a l u e would not r e s u l t i n t h e 

f o r m a t i o n o f any p r e c i p i t a t e , b u t i n t h e f o r m a t i o n o f 

s o l u b l e m e t a l phosphate complexes. When t h e i n i t i a l 

c o n c e n t r a t i o n o f s o l u b l e phosphate was l o w e r t h a n t h e 
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c o n c e n t r a t i o n o f phosphate i n e q u i l i b r i u m w i t h m e t a l 

phosphate and m e t a l h y d r o x i d e , t h e a u t h o r s proposed t h a t 

o n l y aluminum h y d r o x i d e p r e c i p i t a t e would be formed. 

Luedecke e t a l . s u g g e s t e d b o u n d a r i e s between m e t a l 

phosphate p r e c i p i t a t i o n and t h e two p r e c i p i t a t e r e g i o n 

s i m i l a r t o t h o s e proposed by J e n k i n s e t a i . ( 1 9 8 4 ) . The 

f o u r p r e c i p i t a t i o n r e g i o n s s u g g e s t e d by Luedecke e t a l . a r e 

shown i n F i g u r e 2.11. 

Luedecke e t a i . d e v e l o p e d * e q u i l i b r i u m r e l a t i o n s h i p s t o 

d e s c r i b e c h e m i c a l P-removal s i m i l a r t o t h o s e used by 

Ferguson and K i n g (1977) and J e n k i n s e t a i . ( 1 9 8 4 ) . The 

model p r e d i c t e d t h a t t h e r a t i o o f m e t a l dosed t o phosphate 

removed (Me:P) would remain c o n s t a n t a s t h e phosphate 

r e s i d u a l d e c r e a s e d due t o s t o i c h i o m e t r i c p r e c i p i t a t i o n o f 

m e t a l phosphate. Once t h e two p r e c i p i t a t e r e g i o n was 

r e a c h e d no f u r t h e r d e c l i n e i n phosphate r e s i d u a l would 

o c c u r and t h e Me:P r a t i o would i n c r e a s e d r a m a t i c a l l y a s 

m e t a l h y d r o x i d e p r e c i p i t a t e d i n a d d i t i o n t o m e t a l - h y d r o x y -

phosphate. A comparison o f b a t c h and c o n t i n u o u s f l o w 

e x p e r i m e n t a l r e s u l t s w i t h e q u i l i b r i u m based p r e c i p i t a t i o n 

model p r e d i c t i o n s ( F i g u r e 2.12) i n d i c a t e d t h a t t h e model 

d i d not a d e q u a t e l y d e s c r i b e phosphate r e m o v a l . 

Luedecke e t a l (1984) m o d i f i e d t h e i r model t o i n c l u d e 

a d s o r p t i o n o f orthophosphate on t o t h e c h e m i c a l 

p r e c i p i t a t e s . The amount o f a d s o r b e n t a v a i l a b l e f o r 

p r e c i p i t a t i o n was d e t e r m i n e d u s i n g m a t e r i a l b a l a n c e s , and 
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F i g u r e 2 . 1 i 

F o u r P r e c i p i t a t i o n Regions D e f i n e d by Luedecke e t a l . 

( m e t a l h y d r o x i d e ) 

10-' 10^ 10' 10^ 
Fe dose (mg/1) 

(ad a p t e d w i t h p e r m i s s i o n from Luedecke e t a l . , 1988) 
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F i g u r e 2.12 

Comparison o f P r e c i p i t a t i o n Based Model P r e d i c t i o n s 

and E x p e r i m e n t a l O b s e r v a t i o n s o f Luedecke e t a l . 

if 
o o 

i f 
o 
E 

0̂  

model p r e d i c t i o n 

t e x p e r i m e n t a l o b s e r v a t i o n s 

4 - ^ - r 4 - 4 . 

^ ++ +̂  

'0.0 2.0 4.0 
Cp.eq (mg/1) 

5.0 

( f r o m Luedecke e t a l . ) 
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assuming i t was e q u a l t o t h e sum o f t h e m e t a l phosphate and 

m e t a l h y d r o x i d e p r e c i p i t a t e c o n c e n t r a t i o n s . The 

e q u i l i b r i u m e x p r e s s i o n f o r a d s o r p t i o n u s e d i n t h e model 

was: 

CPads = K 3 * X 3 * [ P 0 4 ^ - ] p e s / [ O H - ] 2 (2.49) 

where: 

CPads = c o n c e n t r a t i o n o f adsorbed phosphate 

K3 = a d s o r p t i o n c o e f f i c i e n t 

X 3 = amount of adsorbent 

w i t h : 

X 3 = (3r-3 ) * C p , p p , -f C„e,ppt (2.50) 

where: 

6^p,ppt = amount o f m e t a l phosphate p r e c i p i t a t e 

CMe,ppt = amount o f m e t a l h y d r o x i d e p r e c i p i t a t e 

When t h e s e r e l a t i o s h i p s were i n c l u d e d i n t h e c h e m i c a l P -

removal model, Luedecke e t a l . were a b l e t o f i t f e r r i c 

phosphate p r e c i p i t a t i o n s i g n i f i c a n t l y b e t t e r t h a n w i t h t h e 

model based s o l e l y on p r e c i p i t a t i o n ( F i g u r e 2 . 1 3 ) . 
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F i g u r e 2.13 
Agreement Between Model of Luedecke e t al. I n c l u d i n g Adsorption 

and E x p e r i m e n t a l Observations 

F i g . 5 . Observed and c a l c u l a t e d v a l u e s of Fe/P r a t i o s f o r pH=6.8 
(•f observed, • c a l c u l a t e d , s o l i d and broken l i n e s : e s t i m a t i o n of r ) 

(From Luedecke e t al., r e p r i n t e d w i t h p e r m i s s i o n ) 
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3 RESEARCH RATIONALE 

3.1 R e s e a r c h R a t i o n a l e 

E x i s t i n g models o f aluminum phosphate p r e c i p i t a t i o n 

a r e l a r g e l y c o n c e p t u a l and t h e o r e t i c a l . They a r e n o t 

r e a d i l y u s e a b l e f o r p r e d i c t i n g t h e performance o f P re m o v a l 

i n a w a s t e w a t e r t r e a t m e n t f a c i l i t y nor a r e t h e y e x p r e s s e d 

i n terms o f r e a d i l y m e a s u r a b l e f i e l d p a r a m e t e r s . Of t h e 

e x i s t i n g models of aluminum phosphate p r e c i p i t a t i o n t h a t o f 

Ferg u s o n and K i n g (1977) i s t h e most o f t e n c i t e d a l t h o u g h 

i t i s s u b j e c t t o l i m i t a t i o n s , many o f which a r e a l s o found 

i n o t h e r models of aluminum phosphate p r e c i p i t a t i o n . F o r 

example t h e Ferguson and K i n g (1977) model o f aluminum 

phosphate p r e c i p i t a t i o n a l l o w s t h e p r e d i c t i o n o f 

orthophosphate r e s i d u a l c o n c e n t r a t i o n w h i l e most phosphate 

d i s c h a r g e s t a n d a r d s a r e i n te r m s o f t o t a l phosphate 

c o n c e n t r a t i o n . 

L a b o r a t o r y and f i e l d s c a l e s t u d i e s ( R e c h t and 

Ghassemi, 1970; E b e r h a r d t and N e s b i t t , 1968) have r e v e a l e d 

t h a t , a t low alum doses, t h e amount o f s o l u b l e 

o r t h o p h o s p h a t e removed was d i r e c t l y p r o p o r t i o n a l 

( s t o i c h i o m e t r i c ) t o t h e amount o f aluminum i o n dosed t o t h e 

w a s t e w a t e r . T h i s b e h a v i o r i s c o n s i s t e n t w i t h t h e 

h y p o t h e s i s t h a t a c o n s t a n t c o m p o s i t i o n aluminum phosphate 

s o l i d i s formed (Fe r g u s o n and K i n g , 1977; Stumm and Morgan, 
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1962)• The n a t u r e and s t o i c h i o m e t r y o f t h i s s o l i d i s 

u n c l e a r a l t h o u g h , as a s i m p l i f i c a t i o n , AIPO4 w i t h a 

s t o i c h i o m e t r i c r a t i o (A1:P) o f 1 i s sometimes used (Stumm 

and Morgan, 1962; Snoeyink and J e n k i n s , 1980; Goidshmid and 

Rubin, 1 9 7 8 ) . S t o i c h i o m e t r i c r a t i o v a l u e s r a n g i n g from 1.0 

t o 2.75 can be found i n t h e l i t e r a t u r e ( R e c h t and Ghassemi, 

1970; L e a , e t a l . 1954; Sawyer, 1972; Goidshmid and Rubin, 

1 9 7 8 ) . A b e t t e r u n d e r s t a n d i n g o f t h e s t o i c h i o m e t r y of t h e 

aluminum phosphate s o l i d would h e l p i n d e t e r m i n i n g t h e 

a p p r o p r i a t e aluminum dose needed t o o b t a i n a g i v e n 

phosphate r e s i d u a l i n t h e s t o i c h i o m e t r i c r e g i o n . 

The p o i n t o f t r a n s i t i o n between s t o i c h i o m e t r i c and non-

s t o i c h i o m e t r i c phosphorus removal i s p o o r l y d e f i n e d . The 

l o c a t i o n o f t h i s p o i n t i s of c o n s i d e r a b l e importance 

because, i n t h e n o n - s t o i c h i o m e t r i c r e g i o n , h i g h e r A1:P dose 

r a t i o s a r e r e q u i r e d , r e s u l t i n g i n i n c r e a s e d c h e m i c a l and 

s l u d g e d i s p o s a l c o s t s . S i n c e many o f t h e e f f l u e n t 

phosphate s t a n d a r d s s e t w i l l r e q u i r e phosphate r e s i d u a l s i n 

t h i s r e g i o n , c l a r i f i c a t i o n o f t h i s i s s u e i s i m p o r t a n t . 

The mechanism o f n o n - s t o i c h i o m e t r i c P removal r e q u i r e s 

f u r t h e r s t u d y t o u n d e r s t a n d r o l e o f aluminum i n P removal 

a t h i g h dose r a t i o s (A1:P > 1 . 0 ) . I f t h e p r i m a r y r o l e o f 

aluminum i s t o reduce pH once aluminum phosphate s o l u b i l i t y 

i s exceeded (Stumm, 1964; Ferguson and K i n g , 1977; Snoeyink 

and J e n k i n s , 1 9 8 0 ) , t h i s c o u l d p e r h a p s be more e c o n o m i c a l l y 

a c h i e v e d u s i n g o t h e r a c i d s . I f aluminum forms a s o l i d 



86 

phase s u b j e c t t o a d s o r p t i o n (Goidshmid and R u b i n , 1978; 

H e n r i k s e n , 1962; Corey, 1981) i t s r o l e i n c h e m i c a l P 

removal i s more s i g n i f i c a n t t h a n pH r e d u c t i o n and may be 

b e t t e r d e s c r i b e d on t h e b a s i s of a d s o r p t i o n . 

T h e r e i s some disagreement i n t h e l i t e r a t u r e 

c o n c e r n i n g t h e n a t u r e o f t h e phosphorus r e m o v a l mechanism 

i n t h e n o n - s t o i c h i o m e t r i c r e g i o n . C o m p e l l i n g arguments 

e x i s t f o r b o t h an a d s o r p t i o n and a p r e c i p i t a t i o n - b a s e d 

mechanism o f n o n - s t o i c h i o m e t r i c phosphate r e m o v a l (Stumm, 

1964; Hsu, 1975; L ea e t a l . , 1954; H e n r i k s e n , 1962; 

Goidshmid and R u b i n , 1978; Ferguson and K i n g , 1977; 

Luedecke e t a l . , 1 9 8 8 ) . Stumm (1962) was a b l e t o d e s c r i b e 

c h e m i c a l P r e m o v a l s t r i c t l y on t h e b a s i s o f p r e c i p i t a t i o n 

and s t a t e d t h a t even though phosphate r e m o v a l c o u l d be 

d e s c r i b e d u s i n g a d s o r p t i o n i s o t h e r m s , t h e u s e o f i s o t h e r m s 

d i d not c o n c l u s i v e l y demonstrate t h a t a d s o r p t i o n o c c u r r e d 

d u r i n g c h e m i c a l P re m o v a l . Goidshmid and R u b i n (1978) f e l t 

t h a t o b s e r v a t i o n s o f c h e m i c a l P removal were b e s t d e s c r i b e d 

by a c o m b i n a t i o n o f mechanisms i n c l u d i n g a d s o r p t i o n , 

depending on t h e i n i t i a l c o n c e n t r a t i o n o f phosphate and 

aluminum. 

Many o f t h e models o f aluminum phosphate p r e c i p i t a t i o n 

were c a l i b r a t e d u s i n g t h e r e s u l t s o f e x p e r i m e n t s conducted 

i n d i s t i l l e d w a t e r s o l u t i o n s . These t y p e o f e x p e r i m e n t s do 

not t a k e i n t o c o n s i d e r a t i o n t h e e f f e c t s o f o t h e r components 

found i n w a s t e w a t e r s and t h e p r e s e n c e o f biomass when 
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s i m u l t a n e o u s aluminum phosphate p r e c i p i t a t i o n i s p r a c t i c e d 

i n a c t i v a t e d s l u dge s y s t e m s . T h i s i s p a r t i c u l a r l y 

i m p o r t a n t w i t h r e s p e c t t o t h e removal o f condensed 

phosphates. 

The e x t e n t o f condensed phosphate h y d r o l y s i s and i t s 

impact on c h e m i c a l P removal has been a d d r e s s e d but i s not 

i n c l u d e d i n most models o f aluminum phosphate 

p r e c i p i t a t i o n . Stumm (19 64) proposed t h a t condensed 

phosphate has a s t r o n g t e n d e n c y t o form s o l u b l e complexes 

w i t h aluminum, and t h a t t r i p o l y p h o s p h a t e c o u l d n o t be 

removed by aluminum. O t h e r s (Sawyer, 1962; L i n and 

C a r l s o n , 1975) found t h a t aluminum phosphate p r e c i p i t a t i o n 

r e s u l t e d i n a r e d u c t i o n i n b o t h condensed and o r t h o 

phosphate c o n c e n t r a t i o n . These s t u d i e s d i d n o t d e t e r m i n e 

whether t h e condensed phosphate r e d u c t i o n r e s u l t e d from t h e 

p r e c i p i t a t i o n of a s o l i d c o n t a i n i n g condensed phosphate o r 

o f orthophosphate s o l i d s formed from condensed phosphate 

h y d r o l y s i s . I f , a s might r e a s o n a b l y be e x p e c t e d , condensed 

phosphate h y d r o l y s i s i s s i g n i f i c a n t , t h i s c o u l d r e s u l t i n 

l o w e r s t o i c h i o m e t r i c r a t i o v a l u e s because more s o l u b l e 

orthophosphate i s b e i n g removed from s o l u t i o n t h a n 

p r e d i c t e d by measurement o f o n l y t h e i n f l u e n t and e f f l u e n t 

orthophosphate c o n c e n t r a t i o n s . 

The e f f e c t o f pH on aluminum phosphate p r e c i p i t a t i o n 

i s not w e l l d e f i n e d . A wide range o f optimum pH v a l u e s can 

be found i n t h e l i t e r a t u r e (Stumm, 1964; S n o e y i n k and 
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J e n k i n s , 1980; Recht and Ghassemi, 1 9 7 0 ) . Many optimum pH 

v a l u e s were determined u s i n g d i s t i l l e d w a t e r s o l u t i o n s o r 

u s i n g e s t i m a t e s of t h e s o l u b i l i t y p r o d u c t o f aluminum 

phosphate and aluminum h y d r o x i d e s o l i d s . S t u d i e s on p i l o t 

o r f u l l s c a l e a c t i v a t e d s l u d g e s y s t e m s t y p i c a l l y r e p o r t 

t h e pH o f t h e i n f l u e n t and e f f l u e n t but do not r e p o r t o r 

c o n t r o l t h e pH a t t h e p o i n t o f m i x i n g o r i n t h e a e r a t i o n 

b a s i n . T h i s i s not a p p r o p r i a t e because o f t h e r a p i d r a t e 

o f aluminum phosphate p r e c i p i t a t i o n r e a c t i o n s . 

3.2 R e s e a r c h O b j e c t i v e s 

The p r i m a r y g o a l o f t h i s s t u d y i s t o d e v e l o p a model 

o f orthophosphate removal from w a s t e w a t e r by t h e a d d i t i o n 

o f aluminum s a l t s d i r e c t l y t o t h e a e r a t i o n b a s i n o f 

a c t i v a t e d s l u d g e s y s t e m s . The o b j e c t i v e was t o d e v e l o p a 

model w i t h a s g e n e r a l a foirm a s p o s s i b l e , w i t h 

a p p l i c a b i l i t y t o f u l l s c a l e p r o c e s s e s , and w i t h s i g n i f i c a n t 

c a l i b r a t i o n u s i n g c o n t r o l l e d l a b o r a t o r y e x p e r i m e n t a l d a t a . 

S p e c i f i c g o a l s were: 

1 . To c l a r i f y o r d e f i n e t h e boundary between t h e 

s t o i c h i o m e t r i c and n o n - s t o i c h i o m e t r i c P removal 

r e g i o n s . 

2. To e s t i m a t e r e l e v a n t s t o i c h i o m e t r i c c o e f f i c i e n t s and 

s t a b i l i t y c o n s t a n t s f o r t h e c h e m i c a l p r e c i p i t a t e s 

formed. 



To determine whether p r e c i p i t a t i o n or adsorption, 
b e t t e r describes orthophosphate removal i n the non-
s t o i c h i o m e t r i c removal region. 
To i n v e s t i g a t e the impact of condensed phosphate 
h y d r o l y s i s on aluminum phosphate p r e c i p i t a t i o n . 
To i n v e s t i g a t e the e f f e c t of pH on aluminum phosphat 
p r e c i p i t a t i o n . 
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4 EXPERIMENTAL METHODS, MATERIALS, AND SCOPE 

The general o b j e c t i v e of t h i s r e s e a r c h was to develop 
a model f o r p r e d i c t i n g the performance of chemical P 
removal processes using alum as a p r e c i p i t a n t added to the 
a e r a t i o n b a s i n of a c t i v a t e d sludge systems. T h i s general 
o b j e c t i v e was reached by the f u l f i l l m e n t of the f o l l o w i n g 
s p e c i f i c o b j e c t i v e s : 
(1) Development of a p r e d i c t i v e model based on aluminum 
phosphate p r e c i p i t a t i o n i n c o n t r o l l e d pH batch aluminum 
phosphate experiments. 
(2) C a l i b r a t i o n of the p r e d i c t i v e model usin g a bench-scale 
continuous-flow a c t i v a t e d sludge system. 
(3) A p p l i c a t i o n of the r e s u l t s of the c a l i b r a t e d model to 
p r e d i c t P-removal by alum a d d i t i o n i n p r a c t i c e . 

4.1 Continuous Flow Experiments 

4.1.1 M a t e r i a l s 

Continuous flow experiments were c a r r i e d out i n a 37-1 
bench s c a l e a c t i v a t e d sludge system c o n s i s t i n g of a feed 
r e s e r v o i r , a e r a t i o n b a s i n , secondary c l a r i f i e r and an 
e f f l u e n t r e s e r v o i r . The a e r a t i o n b a s i n was constructed 
from a 3 0 cm x 46 cm x 62 cm r o t a t i o n a l l y molded 0.65 cm 



91 
t h i c k polyethylene tank. Mixed l i q u o r flowed by g r a v i t y 
from the a e r a t i o n b a s i n to a 10-1 secondary c l a r i f i e r 
c onstructed from a 4-1 Erhlemeyer f l a s k w i t h i t s bottom 
removed and attached to a 2 0-cm diameter x 24 cm p l e x i g l a s s 
c y l i n d e r . Treated e f f l u e n t flowed by g r a v i t y from the 
c l a r i f i e r i n t o a 160 1 e f f l u e n t r e s e r v o i r . A schematic of 
the bench s c a l e a c t i v a t e d sludge system i s shown i n F i g u r e s 
4.1 and 4.2. 

4.1.1.1 Mixing and Aeration 

Mixing i n the a e r a t i o n b a s i n was provided by four f l a t 
blade i m p e l l e r s attached to a sprocket and p u l l e y system 
d r i v e n by a Bodine 0.05 Hp motor coupled w i t h a Minarik 
v a r i a b l e speed c o n t r o l l e r . Compressed a i r was provided to 
the a e r a t i o n b a s i n through 6 submerged a i r stones. The a i r 
stones were secured using 1/4 i n Swagelock f i t t i n g s 
permanently attached to holes d r i l l e d around the lower 
perimeter of the a e r a t i o n b a s i n . 

4.1.1.2 pH Control 

The pH of the mixed l i q u o r i n the a e r a t i o n b a s i n was 
h e l d constant a t 7.2 f o r the d u r a t i o n of the continuous 
flow experiments u s i n g a Chemtrix Type 45A pH/MV 
Controller-Recorder. An Orion model 91-05 combination pH 
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Figure 4.1 
Continuous Flow Activated Sludge System 
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Figure 4.2 
Continuous Flow Activated Sludge System 
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elect r o d e was submerged i n the a e r a t i o n b a s i n near the 
mixed l i q u o r overflow. The low and high s e t poin t s f o r the 
pH c o n t r o l l e r were s e t a t 7.1 and 7.3 r e s p e c t i v e l y . When 
the a e r a t i o n b a s i n pH was lower than pH 7.1, 0.25 N sodium 
hydroxide (NaOH) was added to the a e r a t i o n b a s i n , a t the 
r a t e of 1 ml/min, using a Sage Instruments Model 375A 
p e r i s t a l t i c tubing pump. Base a d d i t i o n continued u n t i l the 
a e r a t i o n b a s i n pH returned to the all o w a b l e range. When 
the a e r a t i o n b a s i n pH exceeded 7.3, 0 . 1 N s u l f u r i c a c i d 
(H2S04)was added to the ae r a t i o n b a s i n a t the r a t e of 1 

ml/min u s i n g a Sage Instruments Model 3 75A p e r i s t a l t i c 
tubing pump. 

4.1 . 1.3 Alum Addition 

An aluminum s u l f a t e s o l u t i o n was prepared d a i l y f o r 
dosing to the a e r a t i o n basin using 'Baker Analyzed' Reagent 
grade aluminum s u l f a t e (Al2(S04)3.18H2O) . The f r e s h alum 
s o l u t i o n was placed i n a 1 -1 graduate c y l i n d e r and fed 
d i r e c t l y t o the a e r a t i o n basin a t the r a t e of 1 1/day usi n g 
a Sage Model 375A p e r i s t a l t i c tubing pump a t a point 
approx. 10 cm below the l i q u i d s u r f a c e and midway between 
the i n f l u e n t and r e c y c l e feed p o i n t s . 
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4.1.1.4 Feed 

The continuous flow a c t i v a t e d sludge system was fed 
w i t h C i t y of Richmond, CA s e t t l e d domestic sewage obtained 
from the SEERHL wastewater treatment p l a n t . Fresh s e t t l e d 
sewage was pumped to the feed r e s e r v o i r d a i l y and from t h i s 
v e s s e l the a c t i v a t e d sludge system was fed a t the r a t e of 
60 ml/min usi n g a Cole-Parmer M a s t e r f l e x pump and 
c o n t r o l l e r . 

4.1.1.5 Operation and Maintenance 

The bench s c a l e a c t i v a t e d sludge system was s t a r t e d up 
using E a s t Bay Municipal D i s t r i c t (EBMUD) Oakland, CA 
r e t u r n a c t i v a t e d sludge (RAS). The continuous flow 
a c t i v a t e d sludge system was operated a t a constant mixed 
l i q u o r v o l a t i l e suspended s o l i d s (MLVSS) concentration of 
1500 mg/L and a mean c e l l residence time (MCRT) of 8 days. 

A r e g u l a r maintenance schedule was followed to prevent 
unwanted w a l l growths and/or s e p t i c c o n d i t i o n s from 
developing. The feed r e s e r v o i r was drained and washed out 
d a i l y . The i n s i d e w a l l s of the a e r a t i o n b a s i n and 
c l a r i f i e r were brushed d a i l y . I n f l u e n t tubing was squeezed 
to remove w a l l growth build-up when necessary. 
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4.1.2 Scope of Continuous Flow Experiments 

4.1.2.1 Control Study 

F i r s t a s e r i e s of bench s c a l e a c t i v a t e d sludge 
experiments were conducted without alum a d d i t i o n to 
determine the extent of condensed phosphate h y d r o l y s i s i n 
the feed r e s e r v o i r and a e r a t i o n b a s i n and to determine COD 
removal e f f i c i e n c y . A d d i t i o n a l l y , the r e s u l t s of these 
experiments allowed a phosphate mass balance to be 
determined. Experiments without alum a d d i t i o n were 
conducted over two separate 6-week periods. I n f l u e n t 
samples were taken a t the feed tube i n l e t to the a e r a t i o n 
b a s i n immediately upon f i l l i n g the feed r e s e r v o i r w i t h 
f r e s h s e t t l e d sewage and then again a f t e r 24 h r . E f f l u e n t 
samples were taken 24 hr a f t e r f i l l i n g the feed r e s e r v o i r . 
A 24-hr composite e f f l u e n t sample was obtained by 
thoroughly mixing the e f f l u e n t r e s e r v o i r contents w i t h a 
mixing rod and then withdrawing a sample from w e l l below 
the s u r f a c e . Mixed l i q u o r grab samples were a l s o taken 
during t h i s s e r i e s of experiments. A p o r t i o n of every 
sample was f i l t e r e d through a combination of a Whatman 
Glass M i c r o f i b r e (GFC) and an 0.45 jim M i l l i p o r e membrane 
f i l t e r . F i l t e r e d and u n f i l t e r e d samples were placed i n 
separate 100 ml acid-washed g l a s s storage b o t t l e s and 
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stored a t 4̂ *0. No chemical p r e s e r v a t i v e s were added to any 
of the s t o r e d samples. Every e f f o r t was made to analyze 
a l l samples w i t h i n 48 hr of sampling. A l l c o n t r o l study 
samples were analyzed f o r t o t a l , t o t a l s o l u b l e and ortho 
phosphate, TSS and VSS, s o l u b l e calcium and s o l u b l e COD. 
The a l k a l i n i t y of the mixed l i q u o r samples was measured. 

4.1.2.2 P r e c i p i t a t i o n Study 

The aluminum phosphate p r e c i p i t a t i o n study c o n s i s t e d of 
9 s e r i e s of continuous flow experiments. Alum doses to the 
a e r a t i o n b a s i n ranged between 2 and 25 mg A l / 1 of sewage. 
Each s e r i e s of experiments c o n s i s t e d of a 3-week 
e q u i l i b r a t i o n period followed by 4-8 weeks of sampling and 
a n a l y s i s . I n f l u e n t samples were taken immediately a f t e r 
the feed r e s e r v o i r was f i l l e d and then 24 h r l a t e r as 
described i n the c o n t r o l study (4.1.2.1). E f f l u e n t 
composite samples were taken from the e f f l u e n t r e s e r v o i r 24 
hr a f t e r i n i t i a l feeding. I n f l u e n t and e f f l u e n t samples 
were analyzed f o r t o t a l , t o t a l s o l u b l e and ortho phosphate. 
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4.2 Batch Experiments 

4.2.1 M a t e r i a l s 

Batch experiments were run i n 3 p a r a l l e l systems each 
c o n s i s t i n g of a 2-1 g l a s s graduate c y l i n d e r ( F i g u r e 4.3). 

4.2.1.1 Mixing and A e r a t i o n 

The contents of the batch systems were mixed w i t h 
compressed a i r fed to each batch r e a c t o r through a 1 cm x 
2.5 cm c y l i n d r i c a l a i r stone. The a i r flow r a t e was 
r e g u l a t e d using a Brooks-Mite gas flow meter adjusted to 
maintain a constant a i r flow r a t e of 3.5 SCFH. 

4.2.1.2 Feed 

Each batch r e a c t o r was f i l l e d w i t h a mixture of 1-1 of 
mixed l i g u o r from the continuous flow a c t i v a t e d sludge 
system and 1-1 of primary s e t t l e d sewage taken e i t h e r from 
the l a b o r a t o r y sewage feed l i n e or from the feed r e s e r v o i r 
of the continuous flow a c t i v a t e d sludge system. I n the 
event t h a t the amount of mixed l i g u o r to be wasted from the 
a c t i v a t e d sludge r e a c t o r was i n s u f f i c i e n t to provide mixed 
l i g u o r f o r a s e r i e s of batch experiments, a d d i t i o n a l 



99 

Figure 4.3 
Batch Experiment Setup 
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q u a n t i t i e s of mixed l i q u o r were obtained from a f i l l - a n d -
draw a c t i v a t e d sludge system ( S e c t i o n 4.3). 

4.2.1.3 pH Control 

The contents of the batch r e a c t o r s were maintained a t 
a constant pH using Cole-Parmer model 5652-00 pH meter-
c o n t r o l l e r s . Cole-Parmer model 60648 combination pH 
el e c t r o d e s were used f o r pH measurement. Additions of 
e i t h e r 0.025 M NaOH or 0.025 M H2SO4 were used to maintain 
the d e s i r e d pH value using M a s t e r f l e x tubing pumps. 

4.2.2 Methods 

A l l batch experiments were conducted as f o l l o w s : 
( i ) The batch r e a c t o r s were f i l l e d w i t h the sewage/mixed 
l i q u o r feed described i n Section 4.2.1.2. 
( i i ) A e r a t i o n was i n i t i a t e d and the pH of the systems was 
adjusted to t h e . d e s i r e d value. 
( i i i ) A e r ation was continued and the pH c o n t r o l l e d a t the 
d e s i r e d v a l u e f o r a period of 2 hr. 
( i v ) Following t h i s i n i t i a l 2 hr period, a sample was 
withdrawn and a measured dose of alum s o l u t i o n was added to 
each batch system. 
(V) A f t e r alum a d d i t i o n , a e r a t i o n and pH c o n t r o l 
continued f o r each batch r e a c t o r f o r 1 hr. 
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( v i ) A f i n a l batch sample was withdrawn f o r a n a l y s i s . 
A l l sample were f i l t e r e d through a combination of Whatman 
Glas s M i c r o f i b r e (GFC) and 0.45 |im M i l l i p o r e membrane 
f i l t e r s immediately upon withdrawal. The batch procedure 
i s summarized i n Fig u r e 4.4. 

4.2.2.1 E q u i l i b r a t i o n Studies 

For the e q u i l i b r a t i o n s t u d i e s pre-alum and post-alum 
a d d i t i o n periods of 8 hr were i n v e s t i g a t e d during which 
samples were withdrawn every 10 min f o r the f i r s t 2 hr and 
then hourly f o r a f u r t h e r 8 hr. The e q u i l i b r a t i o n study 
samples were analyzed f o r t o t a l , t o t a l s o l u b l e and ortho 
phosphates and s o l u b l e calcium. A l k a l i n i t y measurements 
were made f o r s e l e c t e d pre-alum a d d i t i o n experiments. 
Based on the r e s u l t s of these s t u d i e s a pre-alum a d d i t i o n 
mixing time of 2 hr and a post-alum a d d i t i o n time of 1 hr 
were s e l e c t e d f o r the batch p r e c i p i t a t i o n s t u d i e s . 

4.2.2.2 Batch P r e c i p i t a t i o n S t u d i e s 

Batch p r e c i p i t a t i o n s t u d i e s were conducted a t pH va l u e s 
of 6.0, 6.5, 6.8, 7.0, 7.2,and 7.5. Twenty four alum doses 
of between 0.5 and 100 mg A l / 1 of sewage were i n v e s t i g a t e d 
a t each pH. I n runs w i t h high alum doses, concentrated 
NaOH (10 M) was added to the batch r e a c t o r immediately 



Figure 4.4 
Batch Experimental Procedures 
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a f t e r alum ad d i t i o n to prevent foaming problems a s s o c i a t e d 
w i t h s u s t a i n e d low pH. The l i q u i d volume contained i n the 
batch r e a c t o r s was recorded p r i o r to sample withdrawal. 
Samples were stored a t 4°C up to a maximum of 5 days before 
a n a l y s i s . A l l samples were analyzed f o r s o l u b l e 
orthophosphate. Soluble calcium c o n c e n t r a t i o n was measured 
i n the p r e c i p i t a t i o n s t u d i e s a t pH v a l u e s of 6.0, 6.5, 7.2, 
and 7.5. 

4.3 Fill-and-Draw Reactor 
A f i l l - a n d - d r a w batch a c t i v a t e d sludge system 

c o n s i s t i n g of a 40-1 p l e x i g l a s s a e r a t i o n b a s i n was operated 
to supply mixed l i g u o r f o r the batch s t u d i e s . Feed f o r the 
f i l l - a n d - d r a w a c t i v a t e d sludge system was waste mixed 
l i g u o r from the continuous flow a c t i v a t e d sludge system. 
A i r to the f i l l - a n d - d r a w system was provided through a 
removable a i r s t o n e assembly and was s u f f i c i e n t to keep the 
contents w e l l mixed (see Figure 4.5). On a r e g u l a r b a s i s 
( d a i l y during batch s t u d i e s , bi-weekly a t other times) 
a e r a t i o n was stopped and the sludge allowed to s e t t l e , 
a f t e r which the supernatant was withdrawn and discarded. 
Fresh s e t t l e d sewage was then added to the f i l l - a n d - d r a w 
r e a c t o r to a volume of 40-1. S i n c e mixed l i g u o r was 
withdrawn from the f i l l - a n d - d r a w r e a c t o r on a r e g u l a r b a s i s 
f o r batch s t u d i e s , no a d d i t i o n a l w a s t i n g of s o l i d s was 
p r a c t i c e d . 
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Figure 4.5 
Fill and Draw Reactor Operation 
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4.4 A n a l y t i c a l Methods 
The f o l l o w i n g a n a l y t i c a l methods were used: 

( i ) I n f l u e n t and e f f l u e n t samples were analyzed f o r COD 
using the Open R e f l u x Method (Standard Methods(1985)# 
508A). 
( i i ) I n f l u e n t , e f f l u e n t and mixed l i q u o r t o t a l , t o t a l 
s o l u b l e and soluble orthophosphate concentrations were 
determined using the a s c o r b i c a c i d method (Standard Methods 
(1985) #424-F) and the p e r s u l f a t e d i g e s t i o n method 
(Standard Method (1985) # 424C-111). A 1.0 cm l i g h t path 
was used f o r spectrophotometric a n a l y s i s . 

The det e c t i o n l i m i t of the spectrophotometer used 
to measure orthophosphate concentration was determined 
a f t e r running a s e r i e s of phosphate standards. The 
det e c t i o n l i m i t of the Coleman spec 55 was found to be 
0.0108 mg P/L. T h i s v a l u e i s s i g n i f i c a n t because Standard 
Methods i n d i c a t e s t h a t w i t h 1 cm c u r v e t t e s the det e c t a b l e 
phosphate range l i e s between 0.15 and 1.3 mg P/L. 
Experimental r e s u l t s i n d i c a t e t h a t l i n e a r i t y i s followed i n 
the range w e l l below t h a t given i n Standard Methods. 
( i i i ) Mixed l i q u o r samples were analyzed f o r t o t a l 
suspended s o l i d s (TSS) and v o l a t i l e suspended s o l i d s (VSS) 
using Standard Methods (1985) #209 A-D. 
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( i v ) The a l k a l i n i t y of the mixed l i q u o r samples was 
determined using s u l f u r i c a c i d t i t r a t i o n (Standard Methods 
(1985) #403). 
(v) Soluble calcium and aluminum were measured by atomic 
adsorption spectrophotometry (Standard Methods 311 A and 
3 06 A) usin g a t l e a s t t h r e e standards w i t h each s e r i e s of 
samples analyzed. 
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5 EXPERIMENTAL RESULTS 

5.1 Continuous Flow Experiments 

5.1.1 Control Study 

Two s e r i e s of mass balance experiments were conducted 
w i t h the o b j e c t i v e of e v a l u a t i n g the accuracy of a n a l y t i c a l 
methods and determining the e x t e n t of condensed phosphate 
h y d r o l y s i s i n the continuous flow a c t i v a t e d sludge system. 
The forms of phosphorus measured a r e summarized i n Table 
5.1. Mass balances on t o t a l , p a r t i c u l a t e , t o t a l s o l u b l e , 
and s o l u b l e ortho phosphate were determined using the 
f o l l o w i n g mass balance r e l a t i o n s h i p : 

r a t e of change 
of P mass = mass i n - mass out ± net accumulation 
w i t h time (5.1) 

A l l mass balances were c a l c u l a t e d assuming steady s t a t e 
c o n d i t i o n s e x i s t e d . Therefore, the r a t e of change of the 
phosphate mass w i t h time was equal to zero. A sample mass 
balance c a l c u l a t i o n i s given i n F i g u r e 5.1. The r e s u l t s of 
the c o n t r o l study mass balances a r e presented i n Tables 5.2 
- 5.3, and i n d i c a t e t h a t a m a t e r i a l balance can be cl o s e d 
f o r t o t a l and p a r t i c u l a t e phosphate f r a c t i o n s . 



Table 5.1 
Phosphate Forms Used in Control Study 

Measured: 

Total Phosphate (TP) 

Total Soluble Phosphate (TSP) 

Ortho Phosphate (soluble) (SOP) 

Oalculated: 

Particulate Phosphate (PP) 
PP - TP - TSP 

Soluble Non-Ortho Phosphate (SNOP) 
SNOP = T S P - SOP 
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Figure 5.1 
Phosphate Mass Balance Sample Calculation 

Total Phosphate Mass Balance 

Total P In (1) - 5760 mg 

Total P out = Waste + Effluent ( 2 + 3) 
= 5180 mg + 636 mg = 5816 

net 
accumulation - - (mass In - mass out) 

- 56 mg 



Table 5.2 
Phosphate Mass Balance Results 

Expt #1 mass in 
(mg) 

mass out 
(mg) 

net 
accum * 

% 
change 

TP 5760 5820 +60 1.0 

PP 790 780 -10 1.2 

SNOP 680 140 - 5 4 0 79 

SOP 4280 4980 +700 16 

* net accumulation + = generation 
- = depletion 



Table 5.3 
Phosphate Mass Balance Results 

Expt #2 mass in 
(mg) 

mass out 
(mg) 

net 
accum * 

% 
change 

TP 3910 3970 +60 1.5 

PP 800 770 - 3 0 3.8 

SNOP 360 90 - 2 7 0 75 

SOP 2760 3110 +350 13 

* net accumulation + « generation 
- = depletion 
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There i s an average 15% in c r e a s e i n the ortho phosphate 
f r a c t i o n and an average decrease of 77% i n the s o l u b l e non-
ortho phosphate f r a c t i o n . 

5.1.2 Aluminum Mass Balance 

An attempt was made to conduct a mass balance on 
aluminum but the e f f l u e n t d i s s o l v e d A I l e v e l was below the 
l i m i t of d e t e c t a b i l i t y of the most s e n s i t i v e atomic 
absorption spectrophotometer used ( P e r k i n s Elmer model 
308A; Al^* d e t e c t i o n l i m i t 1.0 |ig/ml) . I t was concluded 
t h a t a l l of the aluminum dosed to the continuous flow 
r e a c t o r was incorporated i n t o a chemical p r e c i p i t a t e or 
adsorbed on s o l i d s . 

5.1.3 Continuous Flow Controlled pH Study 

Continuous flow experiments were conducted a t a 
constant pH of 7.2 using 9 alum doses y i e l d i n g between 1.8 
and 27.5 mg Al ^ V l - The r e s u l t s of these continuous flow 
experiments are shown i n Figures 5.2 through 5.10. F i g u r e 
5.11 shows the s o l u b l e orthophosphate (SOP) r e s i d u a l (mg 
P/ l ) p l o t t e d as a f u n c t i o n of the removal r a t i o , defined as 
the r a t i o of the amount of aluminum dosed per mole of SOP 
removed: 
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R = A I dose (mole) / PO4 removed (mole) 
(5.2) 

where: 
R = removal r a t i o 
PO4 removed = PO4 i n f l u e n t (mole) - PO4 e f f l u e n t 

(mole) 
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5.2 Batch Experiment R e s u l t s 

5.2.1 E q u i l i b r a t i o n Time Study 

Experiments were conducted to determine the optimum 
a e r a t i o n time required between mixing sewage and mixed 
l i q u o r and adding alum. I t was f e l t t h a t some time may be 
needed to a l l o w any b i o l o g i c a l phosphorus removal and 
h y d r o l y s i s of condensed phosphates to take place and to 
allow a reasonably constant SOP concentration to be 
achieved i n the batch r e a c t o r s . The e q u i l i b r a t i o n s t u d i e s 
were conducted a t three pH v a l u e s : 6.5, 7.2, and 8.0. The 
parameters monitored were the SOP and s o l u b l e calcium 
concentrations both before and a f t e r alum a d d i t i o n . The 
r e s u l t s ( F i g u r e s 5.12 and 5.13) i n d i c a t e t h a t there was 
l i t t l e change i n the SOP or s o l u b l e calcium concentration 
over an 8 h r period. The average change i n SOP was between 
3-8% of the i n i t i a l SOP concentration over the 8 hr period. 

A s i m i l a r e q u i l i b r a t i o n study was conducted to 
determine the amount of time r e q u i r e d to produce a steady 
value of SOP concentration f o l l o w i n g alum a d d i t i o n . The 
change i n SOP concentration a f t e r alum a d d i t i o n i s shown i n 
Figure 5.14. 
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At a l l t h r e e pH valu e s s t u d i e d , f o l l o w i n g the a d d i t i o n of a 
low dose of alum (4.5 mg Al^Vl) t h e r e was a r a p i d decrease 
i n SOP concentration w i t h i n 10 min and no f u r t h e r 
s i g n i f i c a n t decrease over a pe r i o d of 4 hr. A second post 
alum-addition study was conducted a t a constant pH (7.2) to 
determine whether the magnitude of the alum dose had any 
i n f l u e n c e on these r e s u l t s . F i g u r e 5.15 shows t h a t the 
r e s u l t s of t h i s experiment were the same as a t low alum 
doses. 

E q u i l i b r a t i o n times of 2 h r s before alum a d d i t i o n and 
one hr f o l l o w i n g alum a d d i t i o n were s e l e c t e d f o r the batch 
phosphate removal s t u d i e s . These times were chosen so t h a t 
more than one s e r i e s of batch experiments could be 
conducted during an 8 hr work pe r i o d . The s e l e c t e d 
e q u i l i b r a t i o n times should be s u f f i c i e n t to allo w any 
changes i n SOP concentration to occur before sampling and 
a n a l y s i s . 

5.2.2 Sludge Composition Study 

A s e r i e s of batch experiments was conducted to 
determine whether the use of mixed l i q u o r c o n t a i n i n g 
aluminum hydroxy phosphate p r e c i p i t a t e would e f f e c t the 
outcome of the batch experiments. P o s s i b l e e f f e c t s were an 
in c r e a s e i n s o l u b l e orthophosphate concentration r e s u l t i n g 
from the d i s s o l u t i o n of the aluminum hydroxy phosphate 
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p r e c i p i t a t e or an i n c r e a s e i n s o l u b l e orthophosphate 
removal r e s u l t i n g from adsorption onto the aluminum hydroxy 
phosphate p r e c i p i t a t e . For t h i s s e r i e s of experiments 3 
batch t e s t were run i n p a r a l l e l a t pH 7.2 u s i n g mixed 
l i q u o r from 3 d i f f e r e n t sources. Mixed l i q u o r A, (which 
was used f o r the duration of the batch s t u d i e s ) , was waste 
mixed l i q u o r from the l a b o r a t o r y s c a l e continuous flow 
a c t i v a t e d sludge system dosed w i t h between 5 and 8 mg 
Al^Vl- Mixed l i q u o r B was from a l a b o r a t o r y f i l l - a n d - d r a w 
r e a c t o r and mixed l i q u o r C was the waste sludge from a 
p i l o t s c a l e t r i c k l i n g f i l t e r p l a n t . Sludges B and C 
contained no aluminum-hydroxy-phosphate p r e c i p i t a t e s . Alum 
was dosed to each batch r e a c t o r a t a c o n c e n t r a t i o n of 4.5 
mg Al^Vl- The r e s u l t s of these experiments a r e summarized 
i n Figure 5.16 and Table 5.3. There was i n s u f f i c i e n t data 
to determine i f the d i f f e r e n c e s observed i n the sludge 
composition study were s i g n i f i c a n t . Since the magnitude of 
the d i f f e r e n c e s was not t h a t l a r g e they were assumed to 
have r e s u l t e d from experimental and sampling e r r o r s . I t 
was t h e r e f o r e concluded t h a t the presence of chemical 
p r e c i p i t a t e s a t the l e v e l found i n the mixed l i q u o r used i n 
the batch experiments would have no e f f e c t on phosphate 
removal i n these experiments. 
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Table 5.4 
Summary of sludge composition study results 

Sludge A Sludge B Sludge C 

% remove 
S O P 

46 51 56 

Removal 
ratio(R) 

1.5 1.2 1.6 
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5.2.3 Phosphate Removal Study 

The o b j e c t i v e of t h i s s e r i e s of experiments was to 
determine phosphate removal achieved when v a r i o u s amounts 
of alum were added to s e t t l e d sewage and mixed l i q u o r under 
c o n t r o l l e d pH c o n d i t i o n s . Batch phosphate removal s t u d i e s 
were conducted a t the f o l l o w i n g 6 pH l e v e l s : 6.0, 6.5, 6.8, 
7.0, 7.2, 7.5, to cover the pH range of g e n e r a l l y 
encountered i n operating a c t i v a t e d sludge f a c i l i t i e s . The 
r e s u l t s of the c o n t r o l l e d pH batch s t u d i e s are shown i n 
Fig u r e s 5.17 the form of the percentage of i n f l u e n t SOP 
removed v e r s u s aluminum dose r a t i o . The aluminum dose 
r a t i o i s d e f i n e d as: 

D = Al^" dose (mole)/ PO4 i n f l u e n t (mole) 
(5.4) 

The same general trend i s apparent a t a l l pH v a l u e s 
studied. At lower dose r a t i o s a steady i n c r e a s e i n % SOP 
removal i s observed as D i n c r e a s e s . A l l p l o t s l e v e l o f f as 
high % SOP removal i s approached (D>1.5). SOP removals as 
high as 99.5% were observed i n experiments using high dose 
r a t i o s (approx. 20 mole of Al^"" per mole of i n f l u e n t SOP) . 

F i g u r e s 5.18 shows the SOP r e s i d u a l p l o t t e d as a 
f u n c t i o n of the removal r a t i o , (R) (defined i n s e c t i o n 
5.1.3, equation 5.2). The same g e n e r a l trend i n removal 
r a t i o s appears to be followed a t a l l pH v a l u e s 
i n v e s t i g a t e d . At SOP r e s i d u a l c o n c e n t r a t i o n s g r e a t e r than 



1 P , 2 3 4 
D = [ A I ] d o s e / [ P ] i n f l . , m o l e / m o l e 

Figure 5 .17 B a t c h exper imenta l resu l ts (pH = 6.0 to 7 .5 , 
AI dose = 0 .3 to 100 mg Al( l l l ) / I ) . 



3 0 111111 i 111111 i 111 M { I i I i 111 i 11 M 1111 i M 11 i M i 111 i 11 i 111 M i 11111 i 111111111 i M 

O p H = 6.0 
O pH = 6 .5 
A pH = 6.8 • 
V pH = 7.0 
• pH = 7 .2 
A pH = 7 .5 " 

1 2 3 4 5 6 7 8 
Soluble Ortho P , mg P / l 

F igure 5 .18 B a t c h exper imenta l resu l ts for phosphate removal 
s tudy. H 



i " " " " I " « I I I I U I I M i I I I M l I I I I I 1 I I I I I I I I I I I I I n 11 I I I I I I 11 I , I H I I I I I I I 

I I I M I I I I I I I I I I 

2 3 4 5 6 7 8 
Soluble Ortho P , mg P / l 

F igure 5 .19 B a t c h exper imenta l resu l ts for phosphate removal 
s tudy ( R < 5 . 0 ) . 



137 
approx. 1.0 i T i g P / l the removal r a t i o i s constant a t v a l u e s 
ranging from 0.86 to 1.12. At moderate to low SOP r e s i d u a l 
c o n c e n t r a t i o n s (approx. 0.1 to 1.0 mg P / l ) the removal 
r a t i o v a r i e s between 1.5 and 3.0 and i n c r e a s e s w i t h 
decreasing SOP concentration i n t h i s range. At v e r y low 
SOP r e s i d u a l s , where the s o l u b l e orthophosphate r e s i d u a l 
reaches a seemingly i r r e d u c i b l e r e s i d u a l of 0.05 to 0.07 mg 
P / l , the removal r a t i o i n c r e a s e s from 5 to g r e a t e r than 25. 
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6 DISCUSSION 

6.1 Control Study 

Continuous flow experiments without alum a d d i t i o n were 
conducted to i n v e s t i g a t e phosphate t r a n s f o r m a t i o n s during 
b i o l o g i c a l treatment and to ass e s s the need f o r i n c l u d i n g 
background phosphate removal i n the model of simultaneous 
p r e c i p i t a t i o n of phosphate w i t h alum. Phosphate species 
measured i n the c o n t r o l study were i n f l u e n t , e f f l u e n t and 
mixed l i q u o r t o t a l , p a r t i c u l a t e , s o l u b l e non-ortho and 
soluble orthophosphate. I n F i g u r e s 6.1 and 6.2 m a t e r i a l 
balances on s e v e r a l phosphate s p e c i e s are shown. The 
m a t e r i a l balances r e v e a l e d s i g n i f i c a n t changes i n s o l u b l e 
non-orthophosphate (SNOP) and s o l u b l e orthophosphate (SOP) 
concentration and s m a l l changes i n p a r t i c u l a t e (PP) and 
t o t a l phosphate ( T P ) , but did not d i f f e r e n t i a t e between the 
s e v e r a l t r a n s f o r m a t i o n s undergone by phosphate species i n 
a c t i v a t e d sludge a e r a t i o n b a s i n s . These transformations 
and t h e i r p o s s i b l e impact on phosphate s p e c i e s d i s t r i b u t i o n 
are summarized i n Table 6.1. Also i l l u s t r a t e d i n F i g u r e s 
6.1 and 6.2 a r e l i n e s which represent the phosphate 
transformation most l i k e l y to occur i n the a c t i v a t e d sludge 
a e r a t i o n b a s i n without alum a d d i t i o n . 
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Table 6.1 

Phosphate Transformations i n A c t i v a t e d Sludge 
Aeration Basins without Alum Addition 

Transformation Impact 
1. H y d r o l y s i s of condensed decrease SNOP 

phosphates i n c r e a s e SOP 
2. Uptake of soluble ortho­ decrease SOP 

phosphate by microorganisms i n c r e a s e PP 
3. S o l u b i l i z a t i o n of p a r t i c u l a t e decrease PP 

phosphate i n c r e a s e SNOP and 
SOP 
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Minton and Carlson (1972) suggested t h a t background 

removal of 5 to 95% of t o t a l P occurred during simultaneous 
p r e c i p i t a t i o n . I n t h i s study the t o t a l P mass remained 
e s s e n t i a l l y constant suggesting t h a t the background removal 
of t o t a l P was not l a r g e enough to r e q u i r e i n c l u s i o n i n the 
chemical P removal model. 

A s i g n i f i c a n t decrease i n SNOP (avg net decrease = 405 
mg) and an i n c r e a s e i n SOP (avg net i n c r e a s e = 525 mg) were 
observed i n the c o n t r o l study. A s m a l l decrease i n PP mass 
was observed during the c o n t r o l study (avg net decrease = 
2 0 mg). The c o n t r o l study r e s u l t s i n d i c a t e d t h a t the 
average net in c r e a s e i n SOP was equal to 40% of the sum of 
i n f l u e n t SNOP and PP. T h i s f i n d i n g suggests t h a t 
h y d r o l y s i s of SNOP and PP to SOP should v e r y l i k e l y be 
included i n the development of the aluminum phosphate 
simultaneous p r e c i p i t a t i o n model. 

The impact of SNOP and PP h y d r o l y s i s on aluminum 
phosphate p r e c i p i t a t i o n was i n v e s t i g a t e d by developing a 
removal r a t i o r e l a t i o n s h i p t h a t i n c l u d e d the h y d r o l y s i s of 
these P f r a c t i o n s : 

R* =(A1 dose(mg)/SOP* removed(mg)) x 1.15 (mole/mole) 
(6.1) 

where: 
R* = ad j u s t e d removal r a t i o 
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SOP* removed = SOP^pfCmg) - SOPeff (mg) + 

0.4 X (SNOPinf(mg) + PPinf(ing) 

(6.2) 
The term 0.4 x (SNOP̂ -̂ f (mg) + P P i n f(itig)) i n equation 6.2 

represents the i n c r e a s e i n SOP expected from the h y d r o l y s i s 
of SNOP and PP. A comparison of the standard removal r a t i o 
"R" (see s e c t i o n 5.1.3) and the adjusted removal r a t i o 
"R*" (equation 6.1) i s shown i n Fig u r e 6.3 f o r the 
continuous flow alum a d d i t i o n study. The average adjusted 
removal r a t i o (R*) was 14% lower than the average standard 
removal r a t i o ( R ) . A one way a n a l y s i s of v a r i a n c e ( F -
r a t i o ) was used t o determine whether the decrease i n R* was 
s t a t i s t i c a l l y s i g n i f i c a n t by comparing R and R* f o r SOPpes 

g r e a t e r than 1.0 mg P / l . The s t a t i s t i c a l a n a l y s i s was 
l i m i t e d to t h i s range of data because a t SOP^es g r e a t e r than 
1.0 mg P / l the R and R* val u e s were no longer constant. 
S t a t i s t i c a l a n a l y s i s (Appendix 1) i n d i c a t e d t h a t t h e r e was 
no s i g n i f i c a n t d i f f e r e n c e between the v a l u e of R (avg=1.08, 
^=0.25) and R* (avg=0.90, ^=0.22) f o r SOPpes g r e a t e r than 
1.0 mg P / l a t the 99% confidence l e v e l . On t h i s b a s i s , the 
h y d r o l y s i s of SNOP and PP to SOP was not included i n the 
development of the aluminum phosphate p r e c i p i t a t i o n model. 
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6.2 Comparison of Continuous Flow and Batch Experiments 

Two types of experiments were used to generate data 
f o r the development of the aluminum phosphate p r e c i p i t a t i o n 
model: 1) continuous flow experiments and 2) batch 
experiments, which allowed the data c o l l e c t i o n over a 
s h o r t e r period of time (3 h r ) than the continuous flow 
experiments (24 h r ) . A comparison of the batch and 
continuous flow experimental c o n d i t i o n s and p r o t o c o l s i s 
given i n Table 6.2. 

R e s u l t s obtained from the continuous flow experiment a t 
pH 7.2 are compared w i t h those of the batch study a t the 
same pH i n Figures 6.4 and 6.5. The same trends i n data 
were observed i n both types of experiments. S t a t i s t i c a l 
a n a l y s i s of the removal r a t i o (R) f o r SOPpes of > 1.0 mg P / l 

u s i n g the Student's t - t e s t i n d i c a t e d t h a t t h e r e was no 
s i g n i f i c a n t d i f f e r e n c e between the continuous flow and 
batch experimental r e s u l t s a t the 99% confidence l e v e l 
(Appendix 2 ) . On t h i s b a s i s , i t was concluded t h a t both 
the batch and continuous flow experimental r e s u l t s could be 
used together i n the development of the aluminum phosphate 
p r e c i p i t a t i o n model. 



Table 6.2 
Comparison of Continuous Flow and Batch Experiments 

Continuous Batch 

biomass present yes yes 

aeration yes yes 

pH control yes yes 

hydraulic res. time 8 hr 3 hr 

solids retention time approx 8 days 3 hr 

alum addition continuous at 
1 ml/min 

spike dose 
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6.3 Model Development 

The r e s i d u a l SOP concentration p l o t t e d as a f u n c t i o n 
of the removal r a t i o R appears to f a l l w i t h i n t h r e e 
d i s t i n c t regions ( F i g u r e 6.6). The f i r s t region i s 
c h a r a c t e r i z e d by moderate to high SOP r e s i d u a l s (between 1 
to 8 mg P / l or lO"'̂ -̂  to 10'̂ -̂  M) and a n e a r l y constant R. 
SOP r e s i d u a l s i n t h i s region were reached using aluminum 
doses between 0.3 to 7.0 mg Al^Vl (iO"^ to 10'̂ '̂  M) . I n the 
second region R i n c r e a s e s as the SOP r e s i d u a l c o n c e n t r a t i o n 
decreases. T h i s region i s reached w i t h aluminum doses of 
between 7.0 and 24.0 mg Al^Vl (10'^*^ to 10'̂ -1 M) and 
i n c l u d e s SOP r e s i d u a l s from approx. 1.0 to 0.1 mg P / l (10" 
'̂̂  to 10*̂ -̂  M) . The t h i r d region i n c l u d e s v e r y low SOP 
r e s i d u a l s (between 0.1 and 0.02 mg P / l ; lO"^-^ to 10'^-^ M) 
and i s reached w i t h aluminum doses from 25 to 100 mg A l ^ V l 
(lO'-^-^ to 10'̂ "̂  M) . I t i s c h a r a c t e r i z e d by a r a p i d i n c r e a s e 
i n R as aluminum dose i n c r e a s e s . T h i s i n c r e a s e i n R i s not 
accompanied by a s u b s t a n t i a l decrease i n SOP r e s i d u a l . 

A model of aluminum phosphate p r e c i p i t a t i o n was 
developed which described SOP removal i n each of these 
t h r e e P removal regions. The model addresses only the 
removal of SOP i n a c t i v a t e d sludge system a e r a t i o n b a s i n s . 



i i i i i i i i i i | i i i i i i i i i i | i i i i i i i i i i | i i i i i i i i i i | i i n i m n | i m m m | m m m i | i m i m i i 

o V 

: /7 ( 3 ) 

O pH 
O pH 
A pH 
V pH 
• pH 
A pH 

6.0 
6 .5 
6 .8 
7 .0 
7 .2 
7 .5 

O • 
i 11111 i i I i 111 M i 111 

2 3 4 5 6 7 8 
Soluble Ortho P , mg P / l 

Figure 6.6 Three apparen t soluble ortho P removal regions 
obtained by s imu l taneous a luminum phosphate precipi tat ion 



151 
6.3.1 Region One 

At low alum doses (0.3 to 6.8 mg Al^Vl) the l i n e a r 
r e l a t i o n s h i p between the alum dose and SOP removed, 
(constant R v a l u e ) , suggests the s t o i c h i o m e t r i c formation 
and p r e c i p i t a t i o n of an aluminum-hydroxy-phosphate s o l i d as 
f o l l o w s : 

r Al^* + H2P04" + ( 3 r - l ) OH" <=> 
<=> AlpH2P04(OH)c3r-1) (S) (6.3) 

T h i s f i n d i n g agrees w i t h the models of Ferguson and 
King (1977), J e n k i n s e t a l . (1984), Goldshmid and Rubin 
(1978), Stumm (1962) and Luedecke e t a l . (1988). The 
i d e n t i t y and c r y s t a l l i n i t y ( i f any) of the s p e c i f i c 
aluminum-hydroxy-phosphate p r e c i p i t a t e was not 
i n v e s t i g a t e d . I t was assumed t h a t an amorphous s o l i d was 
formed as suggested by Hsu (1975), Diamodopolous and 
Benedek (1984) and Robarge (1979). The r e s u l t s of t h i s 
r e s e a r c h were used to determine the v a l u e of the 
s t o i c h i o m e t r i c r a t i o ( r ) of aluminum to phosphate i n the 
aluminum-hydroxy-phosphate p r e c i p i t a t e , s i n c e t h i s 
information can be used to estimate alum doses r e q u i r e d to 
achieve a d e s i r e d SOP r e s i d u a l i n the s t o i c h i o m e t r i c 
p r e c i p i t a t i o n region. 
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6.3.1.2 E s t i m a t i o n of the S t o i c h i o m e t r i c C o e f f i c i e n t ( r ) 

Three assumptions were made i n e s t i m a t i n g r : 1) a l l of 
the aluminum dosed to the a c t i v a t e d sludge a e r a t i o n b a s i n 
p r e c i p i t a t e d as an aluminum-hydroxy-phosphate or as an 
aluminum hydroxide s o l i d and 2) the formation of aluminum 
hydroxide s o l i d i n the s t o i c h i o m e t r i c removal region was 
n e g l i g i b l e and 3) P removal i n the s t o i c h i o m e t r i c removal 
region i s due s o l e l y to the p r e c i p i t a t i o n of an aluminum-
hydroxy-phosphate s o l i d . The i n a b i l i t y to detect any 
sol u b l e aluminum i n the e f f l u e n t supports the v a l i d i t y of 
the f i r s t assumption. I f these assumptions are v a l i d , then 
a l l of the aluminum dosed and SOP removed i s incorporated 
i n t o the aluminum-hydroxy-phosphate s o l i d . Under these 
conditions the s t o i c h i o m e t r i c r a t i o of aluminum to 
phosphate i n the aluminum-hydroxy-phosphate p r e c i p i t a t e i s 
equal to R. 

As a f i r s t approximation, based on v i s u a l i n s p e c t i o n 
of the experimental r e s u l t s , i t was assumed t h a t the 
s t o i c h i o m e t r i c p r e c i p i t a t i o n region extended down to SOP 
r e s i d u a l s of 1.0 mg P / l . The average R was then c a l c u l a t e d 
independently a t each pH val u e f o r a l l batch and continuous 
flow experiments r e s u l t i n g i n SOP r e s i d u a l concentrations 
of k 1.0 mg P / l (Fi g u r e 6.7). The absence of any 
s i g n i f i c a n t trend i n the average R v a l u e s w i t h pH l e d to 
the c o n clusion t h a t the observed v a r i a t i o n i n R w i t h pH was 
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due experimental e r r o r and t h a t r was independent of pH. 

The batch experimental r e s u l t s were used to determine 
the lower SOP r e s i d u a l concentration l i m i t of the 
s t o i c h i o m e t r i c P removal region. F i r s t the R a t s e l e c t e d 
SOP r e s i d u a l c o n c e n t r a t i o n s , ranging from 6.0 t o 0.5 mg 
P / l , were averaged f o r a l l pH values (see F i g u r e 6.8). The 
average R va l u e s were then compared s t a t i s t i c a l l y u s i n g a 
one way a n a l y s i s of v a r i a n c e ( F - r a t i o ) to determine the 
r e s i d u a l SOP concentration a t which the R was no longer a 
constant. I t was found t h a t f o r SOP r e s i d u a l s of 6.1, 4.2, 
3.2, and 1.1 mg P / l (data p o i n t s #1-4) th e r e was no 
s i g n i f i c a n t d i f f e r e n c e i n the average R a t the 99% 
confidence l e v e l (Appendix 3 ) . F u r t h e r a n a l y s i s r e v e a l e d 
t h a t when the R a t an SOP r e s i d u a l of 0.85 mg P / l (data 
point #5) was included i n the a n a l y s i s of v a r i a n c e , a 
s i g n i f i c a n t d i f f e r e n c e was found between the R v a l u e s a t 
the 99% confidence l e v e l . These f i n d i n g s were i n t e r p r e t e d 
to mean t h a t the t r a n s i t i o n from the s t o i c h i o m e t r i c region 
to the second removal region occurred a t a SOP r e s i d u a l 
concentration between 0.85 and 1.1 mg P / l . S i n c e t h e r e was 
i n s u f f i c i e n t data to f u r t h e r d e f i n e the boundary between 
the f i r s t and second removal region, the lower l i m i t f o r 
the s t o i c h i o m e t r i c p r e c i p i t a t i o n of SOP w i t h alum was s e t 
a t an SOP r e s i d u a l c o n c e n t r a t i o n of 1.0 mg P / l . 

R v a l u e s a t a l l pH v a l u e s and SOP r e s i d u a l 
concentrations of k 1.0 mg P / l were combined and averaged. 
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The r v a l u e i n the aluminum-hydroxy-phosphate p r e c i p i t a t e 
was determined to be 0.91 ± 0.11 (avg r ± l^u) , suggesting 
the p r e c i p i t a t i o n of a s o l i d w i t h the s toichiometry 
Alo.9lH2P04(OH)i.73. 

T h i s r value i s s i g n i f i c a n t l y l e s s than t h a t used by 
Ferguson and King (1977) ( r = 1.4) and J e n k i n s e t a l . 
(1984) ( r = 1.5) i n the development of previous phosphorus 
removal models, suggesting t h a t more SOP i s removed by a 
given dose of alum i n the s t o i c h i o m e t r i c region than 
p r e v i o u s l y p r e d i c t e d . Ferguson and King s e l e c t e d r = 1.4 
based on the work of Recht and Ghassemi (1970). A 
s i g n i f i c a n t d i f f e r e n c e between t h i s study and the work of 
Recht and Ghassemi i s the presence of b i o l o g i c a l s o l i d s 
during aluminum phosphate p r e c i p i t a t i o n . T h i s suggests 
t h a t , w i t h simultaneous p r e c i p i t a t i o n , the s t o i c h i o m e t r i c 
removal of SOP i s enhanced by other, as y e t unaccounted 
f o r , phosphorus removal mechanisms or by the formation of a 
d i f f e r e n t p r e c i p i t a t e i n the presence of a c t i v a t e d sludge. 
Adsorption of SOP on to the c h e m i c a l / b i o l o g i c a l s o l i d s i s 
p o s s i b l e , although i f t h i s occurred the R would not be 
constant i n the s t o i c h i o m e t r i c region. 
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The s t o i c h i o m e t r i c r a t i o (r= 0.91 ± 0.11) can be used 
to determine the aluminum dose r e q u i r e d to achieve an SOP 
r e s i d u a l of ^ 1.0 mg P / l (3.2 x 10"^ M/1). R, the aluminum 
requirement, and SOP r e s i d u a l are r e l a t e d as f o l l o w s f o r 
SOP k 1 mg P / l : 

= Al<^^^Veqd(inole)/SOP,emv(mole) (6.4) 

= s t o i c h i o m e t r i c r a t i o of aluminum to 
phosphate i n p r e c i p i t a t e = 0.91 ± 0.11 
= aluminum re q u i r e d f o r d e s i r e d SOP 

removal (mole) 
= S O P removal r e q u i r e d to reach a d e s i r e d 
S O P r e s i d u a l (SOPpes) (inole) 
= SOP,-nfi - SOPpes (6.5) 

S u b s t i t u t i n g equation 6.6 i n t o 6.5 and r e a r r a n g i n g y i e l d s : 

SOPpes = S O P i n f i . - Al''''\eW^ C^-^) 

Figure 6.9 compares the experimental r e s u l t s a t a l l pH 
values and model p r e d i c t i o n s made u s i n g equation 6.6. 

r 
where: 

r 

reqd 

SOPremv 
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6.3.2 Region Two 

Previous models of simultaneous chemical P removal 
w i t h alum, based s o l e l y on the p r e c i p i t a t i o n of aluminum-
hydroxy-phosphate and aluminum hydroxide s o l i d s have not 
been v e r i f i e d w i t h e x t e n s i v e experimental data. Such 
models p r e d i c t t h a t , a t a constant pH and i n i t i a l SOP 
c o n e , the SOP r e s i d u a l would decrease l i n e a r l y w i t h alum 
dose due to s t o i c h i o m e t r i c p r e c i p i t a t i o n of aluminum-
hydroxy-phosphate s o l i d u n t i l an SOP r e s i d u a l c o n c e n t r a t i o n 
i n e g u i l i b r i u m w i t h the aluminum-hydroxy-phosphate s o l i d 
was reached. Beyond the s o l u b i l i t y l i m i t f o r aluminum-
hydroxy-phosphate s o l i d , i n the presence of aluminum, 
previous p r e c i p i t a t i o n models have assumed t h a t aluminum 
hydroxide p r e c i p i t a t e s i n a d d i t i o n to the aluminum-hydroxy-
phosphate p r e c i p i t a t e . The Phase Rule d i c t a t e s t h a t i n the 
presence of two s o l i d s unique SOP and aluminum r e s i d u a l 
c o n c e n t r a t i o ns e x i s t a t e g u i l i b r i u m . Under these 
c o n d i t i o n s , the s o l u b l e aluminum and SOP r e s i d u a l 
c o n c e n t r a t i o n s would be c o n t r o l l e d by the s o l u b i l i t y of 
both the aluminum hydroxide and aluminum-hydroxy-phosphate 
p r e c i p i t a t e s . P r e c i p i t a t i o n based models of SOP removal 
would p r e d i c t the trends shown i n Figures 6.10 and 6.11 
when alum i s added to phosphate containing wastewater a t a 
constant pH. A comparison of the experimental o b s e r v a t i o n s 
and Figure 6.11 i n d i c a t e t h a t they deviate from the 
i d e a l i z e d p r e c i p i t a t i o n based models (see Figure 6.12). 
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Ferguson and King (1977) suggested t h a t the SOP 

concentration reached when alum i s dosed i n excess of 
s t o i c h i o m e t r i c requirements but not s u f f i c i e n t to 
p r e c i p i t a t e two s o l i d s , i s determined by the e q u i l i b r i u m 
between the aluminum-hydroxy-phosphate p r e c i p i t a t e and 
aqueous aluminum and phosphate concentrations. The alum 
dose region where t h i s occurred was from 5.0 to 6.5 mg 
Al^^^^Vl ^nd was considered narrow and unimportant. 

Goldshmid and Rubin (1978) suggested t h a t w i t h 
aluminum doses i n excess of stoichiometry and a t pH v a l u e s 
of < 6.0, the h y d r o l y s i s of aluminum-hydroxy-phosphate 
s o l i d s to aluminum hydroxide was followed by the adsorption 
of SOP on to the aluminum hydroxide s o l i d s u r f a c e . 
Goldshmid and Rubin described the adsorption of SOP on to 
aluminum hydroxide s o l i d s u r f a c e s using e g u i l i b r i u m 
r e l a t i o n s h i p s . 

6.3.2.1 Second Removal Region Model Development 

T h i s model assumes t h a t when aluminum i s dosed i n 
excess of s t o i c h i o m e t r i c requirements f o r aluminum-hydroxy-
phosphate p r e c i p i t a t i o n , an aluminum hydroxide s o l i d i s 
formed and the second removal region i s encountered. T h i s 
model f u r t h e r assumes t h a t i n the second removal region any 
aluminum-hydroxy-phosphate p r e c i p i t a t e formed h y d r o l y s e s to 
aluminum hydroxide and t h a t phosphate removal r e s u l t s from 
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the adsorption of SOP onto aluminum hydroxide s o l i d 
s u r f a c e s as proposed by Goldshmid and Rubin (1978). The 
second phosphorus removal region described by t h i s model 
i n c l u d e s SOP r e s i d u a l concentrations between approx. 1.0 
and 0.1 mg P / l (10"^-^ to 10"̂ -̂  M) , and alum doses between 
5.5 and 25 mg Al^^^^Vl- The second removal region described 
by t h i s model covers a wider range of alum dose and SOP 
r e s i d u a l concentrations than the model of Ferguson and King 
(1978). 

No attempt was made to i d e n t i f y the chemical 
p r e c i p i t a t e s formed to v e r i f y i f the aluminum phosphate 
h y d r o l y s i s proposed by Goldshmid and Rubin occurred. I t i s 
reasonable to expect a t alum doses used i n the second 
removal region an aluminum hydroxide s o l i d could be formed, 
w i t h the most l i k e l y p r e c i p i t a t e being an amorphous form of 
the s t a b l e hydroxide ( A l (OH)3(3)) , g i b b s i t e . 

SOP r e s i d u a l s as a f u n c t i o n of alum dose i n t h i s 
r e gion were pre d i c t e d by modifying the adsorption model of 
Goldshmid and Rubin (1978). Goldshmid and Rubin 
con s t r u c t e d adsorption isotherms f o r SOP adsorption on to 
aluminum hydroxide s u r f a c e s u s i n g the f o l l o w i n g e q u i l i b r i u m 
adsorption r e l a t i o n s h i p : 

V[Al(OH )3:Al(OH )2]-OH (sur f ) + "^O^^' <=> 

[Al(OH)3:Al(OH)2]-P04^3urf)^^"''^' + vOH" (6.7) 
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I t was assumed t h a t using e q u i l i b r i u m r e l a t i o n s h i p s would 
be acceptable because of the expected r a p i d r a t e of the 
r e a c t i o n s between aluminum ions and SOP. From equation 
6.7, the f o l l o w i n g can be de r i v e d : 

S0Pcpemv)/«3 X SOP̂ .es) = [Al]V[OH]^ (6.8) 
wi t h 

SOP(remv) = SOP removed , mole/1 
SOP(res) = SOP r e s i d u a l , mole/1 
Kg = e q u i l i b r i u m adsorption c o e f f i c i e n t 
V = s t o i c h i o m e t r i c c o e f f i c i e n t 
a 3 = d i s t r i b u t i o n c o e f f i c i e n t of P04̂ " 
[ A l ] = aluminum dose, mole A l ^ V l 
[OH] = hydroxide c o n c e n t r a t i o n , mole/1 

The term making up the l e f t hand s i d e of equation 6.8 w i l l 
be r e f e r r e d t o as the phosphate removal quotient (Q). A 
l i n e a r r e l a t i o n s h i p between Q and [ A l ] w i l l be observed i f 
adsorption d e s c r i b e s SOP removal i n t h i s region. F i g u r e 
6.13 shows t h a t the r e l a t i o n s h i p between Q and [ A l ] i s 
indeed l i n e a r and t h e r e f o r e d e s c r i p t i v e of SOP removal f o r 
the range of aluminum doses from O.OOOIM to O.OOIM Al^Vl-
Values of Kg and v were estimated a t each pH va l u e f o r the 
range of aluminum doses where the adsorption isotherms 
showed the best f i t to the experimental data. Kg and v 
were found to depend on pH as f o l l o w s : 
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V = -0.46pH + 5.14 (6.9) 

log ( K a ) = 1.98pH - 14.0 (6.10) 
L i n e s showing model p r e d i c t i o n s a t constant pH (using 
equations 6.8 through 6.10) i n the second SOP removal 
region are shown w i t h the experimental observations i n 
Figure 6.14. The agreement between model p r e d i c t i o n s and 
experimental observations i s good. 

The e q u i l i b r i u m r e l a t i o n s h i p used as the b a s i s of the 
Goldshmid and Rubin model (equation 6.7) only d e s c r i b e s the 
removal of P04^'. I n s p e c t i o n of the d i s t r i b u t i o n constants 
f o r orthophosphoric a c i d i n the pH range of i n t e r e s t (Table 
6.3) shows t h a t the P04^' concentration i s extremely s m a l l 
and the use of t h i s s pecies i n the development of the 
adsorption model may be i n a p p r o p r i a t e . At the pH range 
used i n t h i s study, i t i s reasonable to expect t h a t the SOP 
s p e c i e s a v a i l a b l e f o r adsorption are p r i m a r i l y H2PO4" and. 
HP04^' r a t h e r than P04^". The model of Goldshmid and Rubin 
was modified to r e f l e c t the removal of a l l SOP s p e c i e s by 
e l i m i n a t i n g i n the c a l c u l a t i o n of the phosphate removal 
quotient (Q) as f o l l o w s : 

SOP(pemv)/SOP,es = Kg* [A1]^V[0H] V * (6.11) 

The terms Q*, v* and Kg* i n equation 6.11 r e l a t e to the 
adsorption of a l l SOP s p e c i e s . Comparing F i g u r e s 6.15 and 
6.13 r e v e a l s t h a t the adsorptlbpn model proposed by 
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Table 6.3 
Acid distribution constants 

pH a1 a2 a3 

6.0 0.941 0.059 2.98x10'^ 

6.5 0.833 0.166 2.64x10"^ 

6.8 0.715 0.285 8.96x10 -T 

7.0 0.613 0.387 1.93x10 

7.2 0.499 0.500 3 .98x10 ' ' 

7.5 0.334 0.666 1.04e-5-^ 
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Goldshmid and Rubin d i f f e r s from adsorption described using 
equation 6.11. The adsorption isotherms i n Fi g u r e 6.15 
i n d i c a t e t h a t Q* i s l i n e a r w i t h [ A l ] f o r the same range of 
[ A l ] as Q, but t h a t the range of Q* v a l u e s i s not as wide 
as the range of Q v a l u e s . The Goldshmid and Rubin model 
(equation 6.8) p r e d i c t e d Q v a l u e s t h a t v a r i e d widely as a 
r e s u l t of the range of ^3 v a l u e s i n the pH range 6.0 to 
7.5, suggesting a more s i g n i f i c a n t e f f e c t of pH on S O P 

adsorption than equation 6.11. The r e l a t i o n s h i p s between 
V * , Kg* and pH based on the adsorption of a l l S O P species 
(using equation 6.11) are: 

V * = -0.46pH +5.14 (6.12) 
log ( K g * ) = 3.69pH - 31.7 (6.13) 

6.3.2.2 E s t i m a t i o n of Alum Dose Requirements 

The aluminum dose required to achieve an S O P r e s i d u a l s 
of between 1 and 0.1 mg P / l under c o n t r o l l e d pH conditions 
can be estimated using equations 6.11 through 6.13 and the 
fo l l o w i n g procedure: 

1. determine r e q u i r e d S O P removal 
SOPpemv = SOP.-nfi " SOP.gs (6.14) 

where: 

SOPpemv = r e q u i r e d S O P removal, M 

SOPinf i = i n f l u e n t S O P , M 

SOPpes = d e s i r e d S O P r e s i d u a l , M 
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2. determine v and K g ' a t the pH of i n t e r e s t u s i n g 

equations 6.12 and 6.13 
3. c a l c u l a t e aluminum dose using: 

Al^^^^Veqd = { (SOPpeni^/SOPpes) X ( [ OH ] ' ) } 

(6.15) 
where: 

Al^^^o^^ = aluminum dose needed to reach d e s i r e d 

SOP r e s i d u a l , mole/1 
The agreement between model p r e d i c t i o n s and experimental 
observations i s shown i n Figures 6.16 through 6.21. For 
each of the pH v a l u e s i n v e s t i g a t e d the adsorption model 
des c r i b e s SOP removal q u i t e w e l l . The lowest SOP r e s i d u a l 
reached i n t h i s region appeared to depend on pH, w i t h the 
lowest SOP r e s i d u a l being reached a t pH 6.0. Goldshmid and 
Rubin suggested t h a t the value of v was r e p r e s e n t a t i v e of 
the number of hydroxyl exchanged during adsorption. The 
c u r r e n t l y proposed model found t h a t v decreased as the pH 
increased. T h i s would suggest t h a t SOP adsorption would be 
enhanced a t lower pH v a l u e s . 

Model p r e d i c t i o n s u s i n g equations 6.11 through 6.14 
were compared w i t h the continuous flow experimental r e s u l t s 
( F i g u r e 6.22). The model agreement between model 
p r e d i c t i o n s and the continuous flow r e s u l t s i s good, 
although a t aluminum doses g r e a t e r than approx. 0.0006 M 
the model p r e d i c t e d lower v a l u e s of Q* (avg. d i f f e r e n c e = 
12%) than observed e x p e r i m e n t a l l y . The d i f f e r e n c e i n 
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p r e d i c t e d and observed Q* va l u e s suggests t h a t l e s s SOP i s 
removed (higher SOP r e s i d u a l reached) w i t h a given aluminum 
dose i n the continuous flew system than p r e d i c t e d by the 
model. T h i s f i n d i n g was i n t e r p r e t e d as r e f l e c t i n g the 
experimental e r r o r included i n the r e l a t i o n s h i p s d e s c r i b i n g 
Kg* and v*. New va l u e s of Kg* and v* were c a l c u l a t e d u s i n g 
the continuous flew data g i v i n g : 

l e g Kg** = - 7 . 3 

V * * = 2 . 5 2 

Figure 6 . 2 3 shews the continuous flew r e s u l t s and model 
p r e d i c t i o n s using equation 6 . 1 5 and Kg** and v**. The 
average d i f f e r e n c e between model p r e d i c t i o n s and 
experimental observations i s l e s s than 1 % when the 
r e c a l c u l a t e d values of Kg** and v** are used. I t was 
concluded t h a t the adsorption r e l a t i o n s h i p s , based cn the 
model of Goldshmid and Rubin ( 1 9 7 8 ) , could be used t o 
describe SOP removal i n the second SOP removal region. The 
r e l a t i o n s h i p s d e s c r i b i n g Kg* and v* (equations 6 . 1 2 and 
6 . 1 3 ) could be used to estimate aluminum doses, although 
more accurate p r e d i c t i o n s can be obtained using continuous 
flow data a t the pH of i n t e r e s t . 

At low aluminum doses ( < 0 . 0 0 0 1 mcle / 1 ) and high SOP 
r e s i d u a l s , SOP removal i s c o n t r o l l e d by the p r e c i p i t a t i o n 
of the aluminum-hydroxy-phosphate s o l i d and the adsorption 
model i s i n a p p l i c a b l e . The adsorption model a l s o does not 
adequately describe SOP removal a t very high Al^^^^^ doses. 
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6.3.3 Removal Region 3 

At alum doses of greater than approx. 25 mg Al^Vl 
the adsorption model no longer d e s c r i b e s SOP removal 
adequately. I n t h i s t h i r d SOP removal region i t appears 
t h a t a constant SOP r e s i d u a l c o n c e n t r a t i o n i s reached t h a t 
appears to be the minimum SOP l e v e l p o s s i b l e using 
simultaneous aluminum phosphate p r e c i p i t a t i o n . 

T h i s model proposes, t h a t a t high alum doses 
(>25 mg/l) both aluminum-hydroxy-phosphate and aluminum 
hydroxide s o l i d s are present. S i n c e alum doses required to 
reach the t h i r d region are i n c o n s i d e r a b l e excess of the 
amount needed to s t o i c h i o m e t r i c a l l y p r e c i p i t a t e a l l the 
i n f l u e n t SOP as aluminum-hydroxy-phosphate, i t i s 
reasonable to expect t h a t aluminum hydroxide s o l i d i s 
formed. Both Ferguson and King (1977) and J e n k i n s e t a l . 
(1984) suggested t h a t the c o - p r e c i p i t a t i o n of aluminum-
hydroxy-phosphate and aluminum hydroxide occurred a t high 
aluminum doses, but proposed t h a t t h i s occurred a t lower 
aluminum doses than suggested by the c u r r e n t l y proposed 
model. 

The t r a n s i t i o n point between the second region, where 
SOP adsorption on to aluminum hydroxide s o l i d s predominates 
to the t h i r d region i s u n c e r t a i n . The aluminum-hydroxy-
phosphate s o l i d phase i n the t h i r d removal region could 
p o s s i b l y r e s u l t from the n u c l e a t i o n of a second s o l i d 
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(aluminum-hydroxy-phosphate) phase on the metal hydroxide 
s u r f a c e a f t e r s u f f i c i e n t SOP has adsorbed, as suggested by 
Robarge and Corey (1979) and Corey (1975). E x t e n s i v e 
a n a l y s i s of the p r e c i p i t a t e s formed would be r e q u i r e d to 
determine whether t h i s was o c c u r r i n g during the 
simultaneous p r e c i p i t a t i o n of SOP w i t h alum. 

The minimum SOP concentration a t each pH was 
determined by averaging the v a l u e s of a l l SOP 
concentrations reached w i t h alum doses g r e a t e r than 2 5 mg 
Al^^^^Vl- Data c o l l e c t e d a t pH 7.0 were not adequate to 
estimate the minimum SOP concentration and were excluded 
from the model development. The experimental observations 
show t h a t , a t a l l pH v a l u e s studied, v e r y low SOP r e s i d u a l 
concentrations could be reached (10"^"^ M t o lO'^-^ M; 0.09 to 
0.02 mg P / l ) and t h a t the minimum SOP c o n c e n t r a t i o n was a 
f u n c t i o n of pH ( F i g u r e 6.24). 

A model was developed which p r e d i c t e d the minimum SOP 
concentration as a f u n c t i o n of pH. The model included the 
simultaneous s o l u t i o n of mass balance and chemical 
e q u i l i b r i a d e s c r i b i n g aluminum and phosphate concentration. 
The chemical e q u i l i b r i u m r e l a t i o n s h i p s used i n the 
development of t h i s model are l i s t e d i n Table 6.4. 
E q u i l i b r i u m constants were s e l e c t e d a f t e r a review of the 
l i t e r a t u r e (Smith and Martel, 1976; Baes and Mesmer, 1976) 
and were adjusted to zero i o n i c s t r e n g t h u s i n g the DeBye-
Huckel l i m i t i n g law. 
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Table 6.4 
Chemical E q u i l i b r i a 

1.0 Dissociation of phosphoric acid 
H3PO4 + H2O <=> H2PO4" + H3O* p k i 

H2P04' + H2O <=> HP042' + H3O* pk2 

HPO42" + H2O <=> P04^" + H3O* pk3 

2.0 Protolysis of aluminum 

Al^* + H2O <=> A1(0H)2* + H3O* p k / 

Al^* + 4H2O <=> A1(0H)4' + 4H3O* pk4 

3.0 Complex formation 

Al^* + H2P04- <=> A1 (H2P04)2* pK^ 

4.0 Solid formation 
Al^* + 3H2O <=> Al(0H ) 3 ( s ) + 3H3O* pKso 

0.91A1^* + H2P04' + 1.73 ( O H ' ) <=> 

Alo .9i (H2P04) (OH)i . 73 ( s ) pKso* = ? ? 

- 2.15 

(6.16) 
- 7.20 
(6.17) 
-12.35 
(6.18) 

5.0 
(6.19) 
= 21.7 
(6.20) 

?? 

(6.21) 

•• 9.1 
(6.22) 

(6.23) 
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Before e s t i m a t i n g the minimum SOP r e s i d u a l as a f u n c t i o n of 
pH, i t was f i r s t necessary to estimate the s o l u b i l i t y 
product of the aluminum-hydroxy-phosphate s o l i d and the 
s t a b i l i t y constant of the aluminum phosphate s o l u b l e 
complex. Mass balances on aluminum and s o l u b l e 
orthophosphate were reduced to equation 6 . 2 4 (see F i g u r e 
6 . 2 5 ) u s i n g the chemical e q u i l i b r i a l i s t e d i n Table 6 . 4 . 

The d e r i v a t i o n of equation 6 . 2 4 i s d e t a i l e d i n Appendix 4 . 

The s o l u b i l i t y product (Kgo) of the aluminum-hydroxy-
phosphate s o l i d (equation 6 . 2 3 ) and the e q u i l i b r i u m 
constant ( K c ) of the aluminum phosphate complex (equation 
6 . 2 1 ) were then estimated using the batch experimental 
r e s u l t s . The e q u i l i b r i u m constants ( ± 1^) were estimated 
using a n o n l i n e a r l e a s t square procedure w i t h the f o l l o w i n g 
r e s u l t s : 

pKso = 2 9 . 7 ± 0 . 1 7 

pKc = - 1 0 . 9 ± 0 . 2 4 

The estimated e q u i l i b r i u m constants were used to 
develop a curve d e s c r i b i n g the e q u i l i b r i u m between SOP and 
aluminum-hydroxy-phosphate and aluminum hydroxide 
p r e c i p i t a t e s . Determination of the minimum SOP 
con c e n t r a t i o n i s summarized i n the f o l l o w i n g s e r i e s of 
c a l c u l a t i o n s : 



Figure 6.25 
Equilibrium constant relationship (eqn 6.24) 

^T,SOP 
1 + [ H + ] + K 2 + K 3 K 2 + . . n i . 

/ >• N r . . 



188 

1. C a l c u l a t e [H*] a t the pH of i n t e r e s t 

2. C a l c u l a t e e q u i l i b r i u m Al^" concentration assuming 

Al(0H)3 (s ) c o n t r o l s Al^* concentration. Rearranging 

equation 6.22 g i v e s : 

[Al^*] = (10"^-'') [H*]^ (6.25) 

3. Using [Al^""] from step 2 and estimated K^q f o r 

AI0.91H2PO4 (OH) ̂ ,73(s) c a l c u l a t e H2P04' c o n c e n t r a t i o n . 

Rearranging equation 6.23 g i v e s : 

[H2P04-] = Kso/[Al2*]°-91[OH-]1-^ (6.26) 

4. C a l c u l a t e H3PO4, HP04^', P04^' using equations 6.16 

through 6.18. 

[ H 3 P O 4 ] = [H2P04-][OH]/Ki (6.27) 

[HP042-] = K2[H2P04-]/[H*] (6.28) 

[PO43-] = K3K2[H2P04-]/[H*]2 (6.29) 
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5. C a l c u l a t e [A1(H2P04)'] u s i n g equation 6.21 and 
estimated K̂ , [Al^"*"] , and [H2P04'] values 

[A1(H2P04)2"] = KeLAl^*] [H2P04'] (6.30) 

6. C a l c u l a t e SOP̂ r̂es u s i n g : 

SOP„,,es = [ H 3 P O 4 ] + [ H 2 P 0 4 - ] + [ H P 0 4 2 - ] + [ P 0 4 ' - ] + 

[A1(H2P04)2*] (6.31) 
were: 

SOP^res = minimum SOP r e s i d u a l c oncentration i n 
eq u i l i b r i u m w i t h Al(0H)3 ( s ) and 

Alo.9l(H2P04) (OH)i.73<s) 

I n F i g u r e 6.26 the p r e d i c t e d s o l u b i l i t y cuirve and the 
experimental observations i n the t h i r d removal region a re 
compared. The model p r e d i c t e d lower minimum SOP r e s i d u a l s 
and a g r e a t e r changes i n SOP^res w i t h pH than the 
experimental observations i n d i c a t e d . The value of the 
aluminum-hydroxy-phosphate s o l u b i l i t y product was ad j u s t e d 
t o a l l o w a b e t t e r f i t the experimental data. The f o l l o w i n g 
e q u i l i b r i u m constants were used to develop a s o l u b i l i t y 
curve t h a t f i t the experimental observations b e t t e r (see 
F i g u r e 6.27): 

pKso = 29.3 
pKc = -10.9 
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Comparing the model p r e d i c t i o n s using K^o = lO"^^-^ w i t h 
p r e d i c t i o n s u s i n g Kgo = 10'̂ '̂̂  r e vealed t h a t a d j u s t i n g the 
s o l u b i l i t y product s h i f t e d the s o l u b i l i t y curve upwards and 
improved the agreement between model p r e d i c t i o n s and 
experimental observations a t a l l pH v a l u e s except 7.5. I t 
i s p o s s i b l e t h a t a t pH 7.5 the e q u i l i b r i u m SOP 
concentration could be c o n t r o l l e d by the presence of 
hydroxyapatite (Cas ( P O 4 ) sOH^s)) or calcium phosphate and 
Al(0H ) 3 ( s ) i n s t e a d of AI0.91H2PO4 (OH) 1.73(5) and Al(0H ) 3 ( s ) . 

Diamodopolous and Benedek (1984) reported t h a t calcium 
phosphate i n t e r a c t i o n s were p o s s i b l e a t pH v a l u e s g r e a t e r 
than 7.5 and Snoeyink and J e n k i n s (198 0) s t a t e d t h a t under 
c e r t a i n c o n d i t i o n s 6-calcium phosphate (S-Ca3 ( P O 4 ) 2 ) 

c o n t r o l l e d r e s i d u a l SOP concentration i n wastewater during 
chemical P-removal. The average calcium c o n c e n t r a t i o n 
during the batch s t u d i e s (25 mg Ca/1; 0.63mM) was 
s u f f i c i e n t to suggest the formation of calcium phosphate 
p r e c i p i t a t e s a t higher pH v a l u e s (> 7.2). 

For the sake of s i m p l i c i t y i t was necessary to l i m i t 
the number of aluminum and phosphate c o n t a i n i n g s o l u b l e 
species included i n the model. Species which may have 
f a c i l i t a t e d the development of a model able t o f i t the 
experimental observations b e t t e r may have been excluded 
from t h i s model ( p a r t i c u l a r l y hydroxyapatite or B-calcium 
phosphate a t pH > 7.2). I n the t h i r d removal region v e r y 
low SOP r e s i d u a l c o n c e n t r a t i o n are p r e d i c t e d and observed 
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and t h a t these concentrations approach the d e t e c t i o n l i m i t 
of the a n a l y t i c a l methods used i n t h i s study. The nature 
of the p r e c i p i t a t e d formed i s u n c e r t a i n . I f the SOP 
c o n t a i n i n g p r e c i p i t a t e s are c o l l o i d a l i n nature, they may 
not be removed by f i l t r a t i o n through 0.45 |iM f i l t e r s and 
c o n t r i b u t e to i n a c c u r a t e measurement of the SOP r e s i d u a l 
c oncentration. I t was concluded t h a t the modified 
e q u i l i b r i u m constants, K^^ = lO"^^-^ and = IqI^-^ were able 
to model the experimental observations b e t t e r than the 
e q u i l i b r i u m constants p r e v i o u s l y estimated i n t h i s study 
and provided an acceptable f i t of the experimental 
observations. 

The proposed model p r e d i c t e d an optimum pH v a l u e (pH = 
6.65) t h a t agreed w i t h the f i n d i n g s previous i n v e s t i g a t o r s 
(Henriksen, 1962; Diamodopolous and Benedek, 1984) who 
worked w i t h sewage, but was c o n s i s t e n t l y higher than the 
optimum pH predicted u s i n g c h e m i c a l l y defined d i s t i l l e d 
water s o l u t i o n s (Stumm, 1962; Ferguson and King, 1977; 
Recht and Ghassemi, 1970). Comparison of the estimated K^o 

and p r e v i o u s l y published v a l u e s r e v e a l s t h a t the v a l u e s 
found i n t h i s study d i f f e r from those of previous 
i n v e s t i g a t o r s . An aluminum-hydroxy-phosphate s o l i d t h a t i s 
l e s s s o l u b l e than t h a t suggested by Stumm (1962) and more 
s o l u b l e than the s o l i d d e scribed by Ferguson and King 
(1977) predicted. 
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I n F i g u r e 6.28 the minimum SOP c o n c e n t r a t i o n s 

p r e d i c t e d by the c u r r e n t l y proposed model and the model of 
Ferguson and King (1977) are compared w i t h the experimental 
o b s e r v a t i o n s . The pH of optimum c o - p r e c i p i t a t i o n p r e d i c t e d 
by the c u r r e n t l y proposed model (pH = 6.65) agrees w i t h the 
observed optimum pH between pH 6.5 and 6.8. The optimum pH 
p r e d i c t e d by Ferguson and King (pH 5.5 to 6.0) i s 
s i g n i f i c a n t l y l e s s than the observed optimum pH. At pH 
v a l u e s g r e a t e r than 6.2, the model of Ferguson and King 
p r e d i c t e d SOP r e s i d u a l s s i g n i f i c a n t l y g r e a t e r than 
observed. Both models p r e d i c t a g r e a t e r change w i t h pH i n 
the minimum SOP r e s i d u a l than the experimental observations 
i n d i c a t e d . The c u r r e n t l y proposed model was prepared u s i n g 
a d i f f e r e n t stoichiometry f o r the aluminum-hydroxy-
phosphate s o l i d and d i f f e r e n t e q u i l i b r i u m constants f o r 
t h i s s o l i d and the aluminum phosphate s o l u b l e complex than 
the model of Ferguson and King, which was developed to f i t 
the experimental observations of Recht and Ghassemi (1970). 
Ferguson and King estimated e q u i l i b r i u m constants f o r the 

aluminum-hydroxy-phosphate s o l i d and aluminum phosphate 
complex of 10"^^ and 10^ r e s p e c t i v e l y . A s i g n i f i c a n t 
d i f f e r e n c e between the data used i n t h i s study and t h a t 
used by Ferguson and King, i s the presence of b i o l o g i c a l 
s o l i d s during aluminum phosphate p r e c i p i t a t i o n . 
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7 CONCLUSIONS 

Soluble orthophosphate (SOP) r e s i d u a l s as low as 0 . 0 2 

mg P / l can be achieved w i t h chemical phosphorus removal 
when alum i s dosed to the a e r a t i o n b a s i n of a c t i v a t e d 
sludge systems (simultaneous p r e c i p i t a t i o n ) . T h i s research 
i d e n t i f i e d t h r e e regions of phosphorus removal, i n each of 
which a d i f f e r e n t phosphorus removal mechanism applied. The 
fo l l o w i n g conclusions have been reached concerning 
simultaneous aluminum phosphate p r e c i p i t a t i o n : 

1 . 0 I n the f i r s t phosphate removal region, P removal 
r e s u l t e d from the s t o i c h i o m e t r i c p r e c i p i t a t i o n of an 
aluminum-hydroxy-phosphate s o l i d . SOP r e s i d u a l 
concentrations as low as 1 . 0 mg P / l (lO"'^-^ M) could be 
reached by s t o i c h i o m e t r i c p r e c i p i t a t i o n . The composition 
of the s o l i d formed could be e m p i r i c a l l y described as 
AI0.91H2PO4 (OH) 1 .73(5) and appeared to be independent of pH. 
The s o l u b i l i t y product (Kgo) of the s o l i d was estimated to 
be 1 0 - 2 9 - ^ 

2 . 0 I n the second phosphate removal region, SOP removal 
could be adequately modeled by assuming adsorption of SOP 
on an aluminum hydroxide p r e c i p i t a t e : 
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v[Al(OH )3:Al(OH )2]-OH (surf ) + SOP <=> 

[Al(OH)3:Al(OH)2]v-SOP(s,,f) + v(OH") (7.1) 

The second phosphate removal region extends over the range 
of SOP r e s i d u a l s from 1.0 to 0.1 mg P / l and i s t y p i c a l l y 
reached when using alum doses between 7.0 and 24 mg A l ^ V l -

3.0 C o - p r e c i p i t a t i o n of Al(0H ) 3 ( s ) and AI0.91H2PO4 (OH) 1.73(5) 

occurred i n the t h i r d phosphate removal region. Alum doses 
of g r e a t e r than 25 mg Al(in)+/1 were needed to reach the 
t h i r d removal region. I n t h i s region minimum SOP r e s i d u a l 
concentrations were reached. The observed minimum SOP 
concentration v a r i e d s l i g h t l y w i t h pH. The absolute 
minimum SOP concentration was observed between pH 6.5 and 
6.8. Chemical e q u i l i b r i a and mass balances were used to 
model SOP removal i n the t h i r d region. The model p r e d i c t e d 
the absolute minimum SOP concentration a t a pH of 6.65. On 
e i t h e r s i d e of t h i s pH v a l u e the r e s i d u a l SOP 
concentrations increased due to the p o s t u l a t e d formation of 
the s o l u b l e complex, A1H2P04̂ "'. The s t a b i l i t y constant of 
t h i s complex was estimated a t 10̂ °-̂ . 

4. The h y d r o l y s i s of SNOP and PP to SOP was evaluated 
using 2 s e r i e s of c o n t r o l s t u d i e s . An i n c r e a s e i n SOP mass 
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equal to 4 0% of the i n f l u e n t SNOP and PP mass was observed. 
R* v a l u e s i n c l u d i n g the h y d r o l y s i s of SNOP and PP were 
s t a t i s t i c a l l y compared w i t h standard R v a l u e s f o r the 
continuous flow study. The i n c r e a s e i n SOP mass was found 
to not have a s i g n i f i c a n t e f f e c t on simultaneous aluminum 
phosphate p r e c i p i t a t i o n . 
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8 APPLICATION TO PRACTICE 

8.1 Summary of Model 

T h i s r e s e a r c h has shown t h a t simultaneous 
p r e c i p i t a t i o n of phosphate using alum can achieve SOP 
r e s i d u a l s of as low as 0.02 mg P / l i n municipal 
wastewaters. A model of simultaneous aluminum phosphate 
p r e c i p i t a t i o n was developed which described phosphate 
removal on the b a s i s of mass balances and e q u i l i b r i u m 
equations of p r e c i p i t a t i o n and adsorption processes. 

S t o i c h i o m e t r i c alum doses can be used to obtain SOP 
r e s i d u a l s as low as 1.0 mg P / l . S t o i c h i o m e t r i c 
p r e c i p i t a t i o n was found to be independent of pH. SOP 
r e s i d u a l concentrations below 1.0 mg P / l and g r e a t e r than 
0.1 mg P / l r e q u i r e g r e a t e r than s t o i c h i o m e t r i c alum doses. 
Non-stoichiometric P-removal to reach SOP r e s i d u a l s i n the 
range 1.0 to 0.1 mg P / l appears to i n v o l v e an adsorption 
mechanism. The extent of SOP removal by adsorption 
depended on the amount of adsorbent (Al(0H ) 3 ( s ) ) a v a i l a b l e 
f o r adsorption. T h i s was assumed to be d i r e c t l y 
p r o p o r t i o n a l to the alum dose. T h i s would suggest t h a t 
simultaneous p r e c i p i t a t i o n w i t h alum to achieve SOP 
r e s i d u a l concentrations i n the range 1.0 to 0.1 mg P / l 
could not be achieved more economically by reducing the 
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alum dose and using l e s s expensive a c i d s , such as s u l f u r i c 
a c i d , f o r pH c o n t r o l as suggested by Ferguson and King 
(1977)• 

C o - p r e c i p i t a t i o n of AI0.91H2PO4 (OH) 1.73(5) and Al(OH ) 3 ( 5 ) 

occurred i n the t h i r d P-removal region where a minimum SOP 
r e s i d u a l concentration was reached. The pH f o r minimum SOP 
concentration was p r e d i c t e d to be approx. 6.65, although 
low SOP r e s i d u a l s (0.02 to 0.04 mg P / l ) could be achieved 
a t a l l pH v a l u e s w i t h i n the range 6.0 to 7.5. 

8.2 Role of pH 

T h i s r e s e a r c h showed t h a t v e r y low SOP r e s i d u a l 
concentrations could be achieved u s i n g alum doses of 
s i m i l a r magnitude a t a l l pH l e v e l s i n the range of pH (pH 
6.0 -7.5) which inc l u d e s the pH v a l u e s t y p i c a l l y found i n 
the a e r a t i o n b a s i n of a c t i v a t e d sludge systems. These 
observations suggest t h a t pH c o n t r o l i s not necessary to 
achieve v e r y low SOP r e s i d u a l s (0.02 t o 0.04 mg P / l ) by 
simultaneous aluminum phosphate p r e c i p i t a t i o n . T h i s i s not 
to imply t h a t pH i s without a r o l e i n simultaneous aluminum 
phosphate p r e c i p i t a t i o n , but the need f o r pH c o n t r o l i n the 
process would seem to depend more on m a i n t a i n i n g a pH 
s a t i s f a c t o r y f o r b i o l o g i c a l a c t i v i t y than f o r producing a 
low SOP r e s i d u a l . 
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8.3 Use of Model i n P r a c t i c e 

S e v e r a l adjustments are r e q u i r e d before the aluminum 
phosphate p r e c i p i t a t i o n model developed during t h i s study 
can be a p p l i e d i n p r a c t i c e f o r s e v e r a l reasons i n c l u d i n g : 

-The pH was c o n t r o l l e d during experiments so t h a t the 
pH a f t e r alum a d d i t i o n was known w h i l e i n operating 
a c t i v a t e d sludge p l a n t s the pH t y p i c a l l y i s not 
c o n t r o l l e d . 

-The model was developed on the b a s i s of SOP removal 
and phosphate discharge standards are u s u a l l y w r i t t e n 
i n terms of t o t a l phosphate co n c e n t r a t i o n . 

8.3.1 Determination of f i n a l pH 

Since pH c o n t r o l i s u s u a l l y not employed i n p r a c t i c e , 
the f i n a l pH i n the a e r a t i o n b a s i n a f t e r alum a d d i t i o n must 
be e i t h e r measured us i n g f u l l or p i l o t s c a l e systems or 
estimated u s i n g e q u i l i b r i u m r e l a t i o n s h i p s . The equations 
needed to c a l c u l a t e the pH a f t e r alum a d d i t i o n are given i n 
the l i t e r a t u r e (Ferguson and King, 1977 and J e n k i n s e t a l . , 
1984) . 
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8.3.2 R e l a t i n g TP and SOP concentration 

TP i s often the only phosphate c o n c e n t r a t i o n measured 
i n p r a c t i c e and many phosphate discharge l i m i t s a r e w r i t t e n 
i n terms of e f f l u e n t TP. T h i s model p r e d i c t s alum doses 
re q u i r e d to reach a d e s i r e d SOP concentration. The SOP 
concentration t h a t must be reached i n order to ensure t h a t 
e f f l u e n t TP concentration l i m i t s are not exceeded must be 
determined before the proposed model can be used i n 
p r a c t i c e . 

TP concentrations can be s i g n i f i c a n t l y g r e a t e r than 
the SOP concentration due to p r i m a r i l y the c o n t r i b u t i o n of 
PP to TP. The e f f l u e n t suspended s o l i d s of simultaneous 
aluminum phosphate p r e c i p i t a t i o n processes i n c l u d e s two P-
co n t a i n i n g f r a c t i o n s ; a c t i v a t e d sludge p a r t i c l e s and 
chemical p r e c i p i t a t e s . The c o n t r i b u t i o n of these two 
f r a c t i o n s t o TP can be c a l c u l a t e d by adding phosphate 
concentrations i n the a c t i v a t e d sludge p a r t i c l e s and 
chemical p r e c i p i t a t e s . I n Table 8.1 the SOP r e s i d u a l 
c o n c e n t r a t i o n required to meet e f f l u e n t TP discharge l i m i t s 
i s shown f o r s e v e r a l e f f l u e n t SS l e v e l s . 
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Table 8.1 

8.1 SOP Concentrations Required to Meet Vari o u s 
E f f l u e n t TP Requirements a t v a r i o u s E f f l u e n t SS 

Required SOP fma P / l ) 
T o t a l SS SS SS SS 
Phosphate 5 10 15 20 
(mg P / l ) (mg/l) (mg/l) (mg/l) (mg/l) 

0.01 ** ** ** • * 

0.1 ** ** ** -k-k 

0.25 0.03 ** 4c* kk 

0.3 0.08 ** 4c* kk 

0.4 0.18 ** ** kk 

0.5 0.28 0.05 ** kk 

0.6 0.38 0.15 ** kk 

0.7 0.48 0.25 0.03 kk 

0.8 0.58 0.35 0.13 kk 

0.9 0. 68 0.45 0.23 kk 

1.0 0.78 0.55 0.33 0.1 
1.5 1.28 1.05 0.83 0.6 
2.0 1.78 1.55 1.33 1.1 
2.5 2.28 2.05 1.83 1.6 

( E f f l u e n t SS = 4.5% P) 
** TP requirement can not be met u s i n g chemical P-removal 
a t i n d i c a t e d SS l e v e l 
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8.4 Sample C a l c u l a t i o n s of Aluminum Doses 

The alum dose required to t r e a t a t y p i c a l domestic 
wastewater to meet the f o l l o w i n g e f f l u e n t TP discharge 
l i m i t s w i l l be c a l c u l a t e d : 

Case #1 Case #2 Case#3 
I n f l u e n t E f f l u e n t E f f l u e n t E f f l u e n t 

BOD 200 mg/l 15 mg/l 15 mg/l 15 mg/l 
SS 210 mg/l 10 mg/l 10 mg/l 5 mg/l 
TP 8.0 mg P / l 2.0 mg P / l 1.0 mg P / l 0.25 
mgP/1 
SOP 6.0 mg P / l 
pH 7.0 7.0 7.0 7.0 

Assume t h a t the design average d a i l y wastewater flow i s 
11,350 mVday (3.0 mgd) and t h a t a 49% l i q u i d alum s o l u t i o n 
w i t h 4.37% aluminum by weight and a d e n s i t y of 1330 kg/m^ 
(11.1 l b / g a l ) i s a v a i l a b l e to t r e a t the wastewater. 

Case #1 
Use Table 8.1 to determine the S O P r e s i d u a l required to 
reach e f f l u e n t TP concentration of 2.0 mg P / l : 

SOPpes = 1.55 mg P / l 
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Since SOPpes i s > 1.0 mg P / l s t o i c h i o m e t r i c removal region 1 
model r e l a t i o n s h i p s are a p p l i c a b l e to case #1. 
The aluminum dose i s c a l c u l a t e d u s i n g equation 6.4: 

r = Al<^^^Veqd(inole)/SOPpeniv(inole) (6.4) 

where: 
r = s t o i c h i o m e t r i c r a t i o of aluminum to phosphate 

i n p r e c i p i t a t e = 0.91 ± 0.11 
Al^^^^Veqd = aluminum required f o r d e s i r e d SOP removal 

(mole) 
SOPpemv = SOP removal required to reach a d e s i r e d SOP 

r e s i d u a l (mole) 
f o r case #1: 

SOPpen^ = (6.0 mg P / l - 1.55 mg P / l ) x (31,000 mg P/mole) 
= 1.44 X 10"^ mole P removed/1 

from equation 6.4: 

Al^^^^Veqd = 0.91 mole Al^^^^^ x 1.44 x lO""̂  mole P remv/1 
mole P remv 

= 1.31 X 10"^ mole Al^^^^Vl wastewater 
( 4 . 1 mg Al/1) 

The mass of aluminum required to t r e a t the wastewater i s 
c a l c u l a t e d as f o l l o w s : 
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1.31 X lO'"̂  mole Al^^^^^ x 11,350 m̂  x 0.027 Kg Al^^^^^ 

1 wastewater day mole 
X 1000 1 = 40.1 Kg Al/dav (88.4 Ib/dav) 

m̂  

The volume of 49% alum s o l u t i o n required to t r e a t the 
wastewater i s c a l c u l a t e d i n the f o l l o w i n g manner: 
the weight of aluminum i n the alum s o l u t i o n s i s c a l c u l a t e d 
f i r s t : 

1330 Kg X 0.044 aluminum = 58 Kg A l 
m^alum s o l n m̂  alum s o l n 

the volume of alum s o l u t i o n needed i s c a l c u l a t e d next: 

40.1 Kg A l X 1 m̂  alum s o l n = 0.69 m^/dav (182 
gal/dav) 

day 58 Kg 

= 61 g a l A l s o l u t i o n 
MG wastewater 
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Case #2 
The r e q u i r e d SOPpes case #2 of 0.55 mg P / l (from 

Table 8.1) i s w i t h i n the range of S O P r e s i d u a l 
concentrations found i n the second P-removal region. The 
alum dose can be c a l c u l a t e d u s i n g equations 6,12 through 
6.15 as f o l l o w s : 
c a l c u l a t e SOPpemv i r i the same manner as Case #1: 

SOPpemv = (6.0 mg P / l - 0.55 mg P / l ) X (31,000 mg P/mole)''' 
= 1.76 X 10"^ mole/1 

c a l c u l a t e v* and Kg* using equations 6.12 and 6.13 f o r pH = 
7.0 

V* = -0.46pH + 5.14 = 1.92 

lo g (Kg*) = 3.69pH -31.7 = -5.87 

Ka* = 1.35 X 10-6 

The aluminum dose i s c a l c u l a t e d u s i n g equation 6.15: 

Al«'"Veqd = { (SOPpen^/SOPpes) X ( [ O H ] VKa*) }'̂ '̂  

= r 1.76 X 10'^ X f l X 10'^) ^̂ "̂"-'̂  
L 1.77 X 10"5 X 1.35 X 10"^ J 

= 3.77 X 10'^ mole Al<'"Vl wastewater f l l . 7 ma Al/1) 
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Using the same c a l c u l a t i o n s as given f o r Case #1 the 
f o l l o w i n g alum dose requirements were c a l c u l a t e d : 
mass of Aluminum needed: 

116 Kg Al^^^^Vdav (255 Ib/dav) 

volume of 49% alum s o l u t i o n r e q u i r e d : 

2 m^/dav (528 gal/dav) 
or 
176 g a l soln 
MG wastewater 

Case #3 

The r e q u i r e d SOP r e s i d u a l from Table 8.1 i s 0.03 mg 
P / l and f a l l s w i t h i n the t h i r d P removal region. Within 
the the t h i r d P removal region, the minimum SOP r e s i d u a l 
c o n c e n t r a t i o n obtainable by simultaneous p r e c i p i t a t i o n 
would be reached (approx. 1 x 10'^ M or 0.031 mg A l / 1 ) . I n 
order to reach the t h i r d P removal region i t i s necessary 
to use alum doses t h a t are s u f f i c i e n t to i n s u r e t h a t both 
aluminum-hydroxy-phosphate and aluminum hydroxide 
p r e c i p i t a t e s are formed. A review of the experimental 
observations revealed t h a t the minimum r a t i o of A1:P 
req u i r e d t o reach the t h i r d removal region v a r i e d between 
3.6 and 5.0. I t i s suggested than an A1:P r a t i o of 5.0 be 
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used to i n s u r e t h a t minimum SOP r e s i d u a l concentrations are 
reached when ve r y low SOP r e s i d u a l c o n c e n t r a t i o n s are 
requi r e d . The alum dose required f o r Case #3 can i s 
c a l c u l a t e d as f o l l o w s : 
1. c a l c u l a t e SOPpemv using SOP^res the SOPpes concentration 

SOPpenrv = SOP̂ -̂ fi - SOP^pes 

= (6.0 - 0.031) (31,000) "1 

= 1.93 X 10"^ mole P removed/1 

2. c a l c u l a t e A l dose w i t h A1:P = 5.0 

Al^^^^Veqd = SOPpen^ X 5 

= (1.93 X 10'^) X 5 
= 9.65 X lO'^^mole Al^^^^Vl wastewater (26 mg/l) 

3. c a l c u l a t e volume of 49% alum s o l u t i o n r e q u i r e d i n same 
manner as case #1 

5.1 m-̂ /dav (1345 gal/dav) alum s o l u t i o n 
or 
448 g a l s o l n 
MG wastewater 
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9 RECOMMENDATIONS FOR FUTURE RESEARCH 

Th i s r e s e a r c h provided data on the simultaneous 
p r e c i p i t a t i o n of SOP w i t h alum. S u f f i c i e n t data were 
c o l l e c t e d to develop a model of aluminum phosphate 
p r e c i p i t a t i o n . S e v e r a l areas e x i s t s which should be 
f u r t h e r i n v e s t i g a t e d to b e t t e r understand t h i s process such 
as: 

1. The simultaneous aluminum phosphate p r e c i p i t a t i o n 
model developed should be c a l i b r a t e d and v e r i f i e d w i t h f u l l 
s c a l e operating data. T h i s data should i n c l u d e , a t a 
minimum, the pH i n the a e r a t i o n b a s i n a f t e r alum a d d i t i o n , 
and i n f l u e n t and e f f l u e n t SOP concentration and i d e a l l y TP, 
TSP, PP, SNOP, a l k a l i n i t y , Al^^^^^ r e s i d u a l c o n c e n t r a t i o n , 
and i n f l u e n t , e f f l u e n t and mixed l i q u o r TSS and VSS. 

2. The nature of the p r e c i p i t a t e s formed i n the th r e e 
proposed removal regions should be f u r t h e r examined i n 
d e t a i l e d s t u d i e s where the chemical s o l i d s a re separated 
from the b i o l o g i c a l s o l i d s and i d e n t i f i e d u s i n g a n a l y t i c a l 
methods such as x - r a y d i f f r a c t i o n . 

3. The adsorption mechanism proposed f o r the second 
removal region should be f u r t h e r i n v e s t i g a t e d to v e r i f y 
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whether adsorption i s the a c t u a l SOP removal mechanism i n 
t h i s region. T h i s could be achieved by adding c h e m i c a l l y 
defined aluminum hydroxide s o l u t i o n s to phosphate 
cont a i n i n g wastewaters and observing the degree of 
phosphate removal. The SOP l e v e l i n the wastewater should 
be adjusted such t h a t Al^^^^^ i s dosed i n excess of 
s t o i c h i o m e t r i c requirements. The proposed adsorption 
mechanism should be f u r t h e r i n v e s t i g a t e d to determine the 
e f f e c t of r e c i r c u l a t e d p r e c i p i t a t e s on P-removal. 

4. T h i s study r e v e a l e d t h a t low SOP r e s i d u a l 
concentrations can be achieved i n the pH range 6.0 to 7.5, 
but d i d not address the e f f e c t of the pH drop experienced 
a f t e r alum a d d i t i o n on chemical P-removal. U n c o n t r o l l e d pH 
experiments should be conducted to f u r t h e r i n v e s t i g a t e the 
e f f e c t of pH on SOP removal, p a r t i c u l a r l y the e f f e c t of the 
low pH l e v e l s reached when high alum doses are used. 
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Appendix 1 

Removal r a t i o (R) and Adjusted removal r a t i o (R*) 

N u l l Hvoothesis 
HQ 2 ^1 = ^2 

Hi: Xi < or > X2 

where X̂  and X2 are the average v a l u e s of the R* and R f o r 
continuous flow experiments f o r SOP r e s i d u a l > 1.0 mg P / l 
T e s t used 
One way a n a l y s i s of v a r i a n c e (ANOVA) using F - r a t i o (F) 

F = mean square between/mean square w i t h i n 
where: 
mean square between = sum of squares between/(k-1) 
mean square w i t h i n = sum of squares within/(N-k) 

Sum of scfuares 
Between: n,-(X,- - X)^ 
Within: (X^j - X J ^ 
Degrees of freedom 
Between: k - 1 
Within: N - k 
where: 
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n,- = sample s i z e 
X, = sample mean 
X = o v e r a l l estimated mean 
Xij = observation 
k = number i n population 
N = t o t a l number of observations 

c a l c u l a t i o n of t e s t s t a t i s t i c s 

v a r i a n c e t a b l e 
Source Sum of Squares Degrees of freedom 
Between 0.24 1 
Within 1.7 28 

F = 0.24/0.06 = 4.0 
From a t a b l e of F va l u e s 
Fi ,28( .95) = 4 . 2 0 

t h e r e f o r e 

F = 4.0 < Fi^28<.95) 

Conclusion 
Do not r e j e c t the n u l l hypothesis. There i s no s i g n i f i c a n t 
d i f f e r e n c e between the average R and R* f o r continuous flow 
experiments w i t h SOP r e s i d u a l s > 1.0 mg P / l . 

Mean Square 
0.24 
0.06 
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Appendix 2 

Batch pH =7.2 and continuous flow experiments 

N u l l Hypothesis 
HQ: X I = X2 

Hi: Xi < or > X2 

where X-i and X2 are the average v a l u e s of the R i n cases f o r 
SOP r e s i d u a l s > 1.0 mg P / l 

T e s t used 
Student's T - t e s t of p r o b a b i l i t y d i s t r i b u t i o n (need 
reference) 

c a l c u l a t i o n of t e s t s t a t i s t i c s 

Xi = 0.92 X2 = 0.81 

Si = 0.24 S2 = 0.12 
ni = 34 n2 = 19 
where: 
Xi = average R f o r batch experiments a t pH 7.2 w i t h SOP 
r e s i d u a l > 1.0 mg P / l 
X2 = average removal r a t i o f o r continuous flow alum a d d i t i o n 
experiments w i t h SOP r e s i d u a l g r e a t e r than 1.0 mg P / l 
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Si and S2 = standard d e v i a t i o n i n the c a l c u l a t i o n of and 

X2 

ni and n2 = sample s i z e r e l e v a n t to the c a l c u l a t i o n of X̂  and 

X2 

The T value f o r the t e s t was determined u s i n g : 
T = (Xi - X2) 

Sp(l/ni + l/n2)°-5 
where 

Sp = { ( ( n i - l ) S i 2 + ( n 2 - l ) S 2 ^ ) / ( ( n i - l ) ( n 2 - l ) ) }°-̂  
g i v i n g : 

T = 1.9 
The degrees of freedom f o r the t e s t : 

df = (ni + n2) - 2 = 51 
From t a b l e of T v a l u e s f o r two t a i l e d Student's T - t e s t 

to.01,51 = 2 . 7 

t h e r e f o r e : 

T < to.01,51 

Conclusion 
Do not r e j e c t the n u l l hypothesis HQ. There i s no 
s i g n i f i c a n t d i f f e r e n c e between the average R f o r the 
continuous flow experiments and the batch experiments a t pH 
7.2, f o r SOP r e s i d u a l s > 1.0 mg P / l . 
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Appendix 3 

Es t i m a t i o n of f i r s t removal region boundary 

N u l l Hypothesis 
HQ : X-j = X2 = X3 = X4 

Ĥ : a t l e a s t one average i s d i f f e r e n t 

where X̂ , X 2 , X 3 , and X4 are the average v a l u e s of R f o r SOP 
r e s i d u a l concentrations of 6.1, 4.2, 3.2, and 1.1 mg P / l 
r e s p e c t i v e l y a t a l l batch experiment pH v a l u e s . 

T e s t used 
One way a n a l y s i s of v a r i a n c e (ANOVA) using F - r a t i o (F) 

F = mean square between/mean square w i t h i n 
where: 
mean square between = sum of squares between/(k-1) 
mean square w i t h i n = sum of squares within/(N-k) 

Sum of sguares 
Between: n^(X^ - X)^ 
Within: (X,-j - X^^ 
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Degrees of freedom 
Between: k - 1 
Within: N - k 
where: 
n, = sample s i z e 
X,- = sample mean 
X = o v e r a l l estimated mean 
X,j = observation 
k = number i n population 
N = t o t a l number of observations 

c a l c u l a t i o n of t e s t s t a t i s t i c s 

v a r i a n c e t a b l e 
Source Sum of Sguares Degrees of freedom Mean Sguare 
Between 0.1 3 0.03 3 
Within 0.123 12 0.01 

F = 0.033/0.01 = 3.22 
From a t a b l e of F va l u e s 

F3,12(.95) = 3.49 
t h e r e f o r e 

F = 3.22 < F3j2(.95) 

conclusion 
Do not r e j e c t the n u l l hypothesis. There i s no s i g n i f i c a n t 
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d i f f e r e n c e between the average R f o r the batch experiments 
f o r SOP r e s i d u a l s of 6.1, 4.2, 3.2, and 1.1 mg P / l . 

N u l l Hypothesis 
HQ : X"! = X2 — X3 = X4 = X5 

Hi: a t l e a s t one average i s d i f f e r e n t 

where X^, X 2 , X 3 , X 4 , and X5 are the average v a l u e s of the R 
f o r SOP r e s i d u a l concentrations of 6.1, 4.2, 3.2, 1.1 and 
0.85 mg P / l r e s p e c t i v e l y a t a l l batch experiment pH v a l u e s . 

T e s t used 
One way a n a l y s i s of v a r i a n c e (ANOVA) using F - r a t i o (F) 

F = mean square between/mean square w i t h i n 
where: 
mean square between = sum of squares between/(k-1) 
mean square w i t h i n = sum of squares within/(N-k) 

Sum of squares 
Between: n^{X^ - X)^ 
Within: (X^-j - X,-)^ 
Degrees of freedom 
Between: k - 1 
Within: N - k 
where: 
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rif = sample s i z e 
Xi = sample mean 
X = o v e r a l l estimated mean 
Xij = observation 
k = number i n population 
N = t o t a l number of observations 

c a l c u l a t i o n of t e s t s t a t i s t i c s 

v a r i a n c e t a b l e 
Source Sum of Scfuares Degrees of freedom 
Between 0.38 4 
Within 0.15 15 

F = 0.095/0.01 = 9.2 
From a t a b l e of F v a l u e s 

F4,15(.99) = 4.89 
t h e r e f o r e 
F = 9.2 > F4j5(,99) 

Conclusion 
R e j e c t the n u l l hypothesis. I t can be s t a t e d w i t h a t l e a s t 
a 99% l e v e l of confidence t h a t a s i g n i f i c a n t d i f f e r e n c e 
e x i s t between the average R f o r batch experiments g i v i n g SOP 
r e s i d u a l c o n c e n t r a t i ons of 6.1, 4.2, 3.2, 1.1, and 0.85 mg 
P / l . 

Mean Sguare 
0.095 
0.01 
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Appendix 4 

D e r i v a t i o n of region 3 e q u i l i b r i u m r e l a t i o n s h i p 



1 . Def ine C j s o p total concen t ra t ion of soluble o r thophosphate 
a t equi l ibr ium: 

. 2 - ^ . 3 - . 2 + 
^ T , S O P = H3PO4 + H2PO4 + HPO4 + PO* ; + AIH2P0^"^ ( 1 ) 

get al l quant i t ies in C j ^ Q p in t e r m s of H2PO4 

H3PO4 = [H2P0q][H] (2) 

K 

HPO4 = K2[H2Poq; 
( 3 ) 

3 -P O ^ = K 3 K 2 [ H 2 P 0 4 ] 

h r H 2 
( 4 ) 

A IH2P(?4" = ' < c [ A I ] [ H 2 P 0 4 ] ( 5 ) 
CO 
o 



3. Substitute equations 2. 3. 4, and 5 into equation 1 

K2CH2P04] ^T,SOP = [H2P04][H+] + [H^PQ-^ + 

K 1-

+ K3K2 [H2P04 ; 
rp+i rp+,2 

+ K^[AI][H2P04] (6) 

4 . Solve equotion 6 for H 2 P O 4 concentrotion ot equilibrium 

[ H 2 P O 4 ] = 
^T,SOP 

1 + ] + ^ + K 3 K 2 + K.fAl 
(7) 

H+1 rH+12 

ro 
CO 



5. A s s u m e A I ( 0 H ) 3 ( 3 ) con t ro ls A l ^ + concen t ra t ion a t equi l ibr ium 

All = 109-''rH+'' ( 8 ) 

6. Def ine equi l ibr ium c o n s t a n t fo r the a l u m i n u m - h y d r o x y - p h o s p h a t e 
prec ip i ta te , AIQ.Q 1 H 2 P 0 4 ( 0 H ) i 7 3 ( 3 ) : 

• ^ 3 0 = [AI]°-^^[H2P0q] [0H-]1-73 (9) 

ro 
GO ro 



7. Substitute equations 7 and 8 into equation 9 

Xso = (109-1[HH-]3)0.91 

X 
^T.SOP 

1 + [H+] -t- K 2 

K 
K 3 K 2 -I-

01 r 
1 . 7 3 

1 [H'*'] [H+]2 
Kc( l09-1)[ | | n i l i 3 J 

(A) 



Raw data Batch Experiment pH = 6.0 
235 

date VI V2 
l i t e r s l i t e r s 

Aug 16 2.1 2.04 
Aug 16 2.1 2.04 
Aug 16 2.1 2.04 
Aug 17 2.08 2.06 
Aug 17 2.08 2.14 
Aug 17 2.08 2.14 
Aug 17 2 .06 2.16 
Aug 17 2.08 2.2 
Aug 17 2.08 2.22 
Aug 19 2.1 2.13 
Aug 19 2.11 2.22 
Aug 19 2.08 2.3 
Aug 19 2.1 2.26 
Aug 19 2.08 2.28 
Aug 19 2.06 2.24 

Dec 18 1.95 2 
Dec 18 1.95 2.03 
Dec 18 1.95 2.15 
Dec 18 1.94 2 
Dec 18 1.96 2.06 
Dec 18 1.94 2.02 

P I P2 Al Dose 
mg/l mg/l moles 

7 .93 7.47 2.25E-05 
7 .77 7.04 4.5E-05 
7 .47 5.93 7 . 51E-05 
8 .04 2.77 0.0003 
8 .33 1.35 0.00045 
8 .12 0.8 0 . 000526 
8 . 49 0.73 0 .000601 
8 .74 0.57 0.000676 
8 . 39 0 ,43 0.000751 
7 .96 0.59 0.000601 
8 .01 0.254 0.000901 
7.6 0.254 0.00105 
8 .15 0.17 0.0012 
7 .85 0.049 0.00135 
8 .09 0.168 0.0015 
7 .38 0 . 079 0.00121 
7 .61 0.064 0.00242 
6 .84 0.051 0.00364 
6 .87 0.046 0.00485 
7 .15 0 . 053 0.00606 
6 . 36 0.041 0.00727 

VI = volume before i n i t i a l sample i s withdrawn 
v2 = volume before f i na l sample i s withdrawn 
PI = i n i t i a l soluble orthophosphate, mg P/ l 
P2 = f i n a l soluble orthophosphate, mg P/ l 
Al dose = total moles of A r added to the batch system 



Raw data Batch Experiment pH = 6.5 
236 

date VI V2 P I P2 Al Dose 
l i t e r s l i t e r s mg/l mg/l moles 

J u l y 13 2.04 2.04 5.39 4.98 2.25E-05 
J u l y 13 2.18 2.34 5.71 4 . 44 4.5E-05 
J u l y 13 2 .18 2.26 5.09 3.98 7.51E-05 
J u l y 13 2 .16 2.24 6.87 4.44 0.00012 
J u l y 13 2.06 2.1 6.9 3.76 0.00015 
J u l y 13 1.96 1.97 6.33 2.62 0.000195 
J u l y 14 1.97 1.965 8.25 6.79 7.51E-05 
J u l y 14 2 .06 2.15 8.66 6.19 0.00012 
J u l y 14 2.2 2.28 7.92 5.01 0.00015 
J u l y 18 1.91 1.92 7.85 1.83 0.0003 
J u l y 18 1.88 2.08 8.96 1.31 0 .00045 
J u l y 18 1.95 2.18 7.25 0.62 0.000526 
J u l y 18 2.01 2.06 7.12 0.49 0.000601 
J u l y 18 1.98 2.1 7.01 0.44 0.000676 
J u l y 18 2.14 2.28 6.55 0.47 0.000751 
J u l y 20 2.08 2.26 7.25 0.52 0.000601 
J u l y 20 1.94 2.22 7.33 0.2 0.000901 
J u l y 20 2.1 2.24 6.95 0.14 0.00105 
J u l y 20 2.12 2.28 7.12 0.08 0.0012 
J u l y 20 2 2.22 7.31 0.07 0.00135 
J u l y 20 2.14 2.2 6.9 0 .059 0.0015 
J u l y 22 2.14 2.4 3.76 0.059 0.000676 
J u l y 22 2.06 2.26 4.36 0.076 0.000675 
J u l y 22 2.02 2.14 7.9 0. 49 0.000676 
J u l y 25 2.12 2.24 9 .71 0.06 0.00182 
J u l y 25 2.28 2.16 10.99 0.114 0.00242 
J u l y 25 2.32 2.36 9 .47 0.86 0.00303 

Dec 22 1.98 2.04 4.78 0.046 0.00121 
Dec 22 2.04 2.12 4.96 0.051 0.00242 
Dec 2 2 2.08 2.14 4.58 0.036 0.00364 
Jan 3 2 2.06 4.83 0.015 0.00485 
Jan 3 2.02 2.1 4.6 0.025 0.00606 
Jan 3 2.02 2.16 4 . 32 0.013 0.00727 

VI = volume before i n i t i a l sample i s withdrawn 
v2 = volume before f i na l sample i s withdrawn 
PI = i n i t i a l soluble orthophosphate, mg P/ l 
P2 = f i na l soluble orthophosphate, mg P/ l 
Al dose = tota l moles of A r added to the batch system 



Raw data Batch Experiment pH = 6.8 
237 

date V I V2 P I P2 Al Dose 
l i t e r s 1 i t e r s mg/l mg/l moles 

Jan 10 2 .06 2.2 4.86 3.31 2.25E-05 
Jan 10 2.04 2.26 4.83 2 . 8 4.5E-05 
Jan 10 2.02 2 . 26 3.82 2.03 7.51E-05 
Jan 10 2.02 2.1 4.02 1.78 0.00012 
Jan 10 2.06 2.2 4.58 1.39 0.00015 
Jan 10 2.06 2.18 3 .82 1.17 0.000195 
Jan 12 2.06 2.16 4.78 1.19 0.0003 
Jan 12 2.08 2.22 4.63 0.702 0 . 00045 
Jan 12 1.94 2.04 4.07 0.265 0.000526 
Jan 12 2 2.1 4.83 0.259 0.000601 
Jan 12 2.02 2.14 4 .71 0.356 0 .000676 
Jan 12 1.925 2.18 4.07 0.107 0.000751 
Jan 17 2.08 2.16 3.59 0.216 0.000601 
Jan 17 2.08 2.19 3.54 0.071 0 .000901 
Jan 17 2.02 2.32 2.54 0.041 0.00105 
Jan 17 2.02 2.12 3.43 0.02 0.0012 
Jan 17 2.02 2.13 3.08 0.025 0.00135 
Jan 31 2.12 2.38 4.35 0.814 0.0003 
Jan 31 2.04 2.12 5.09 0.458 0.00045 
Jan 31 2.14 2.26 4.81 0.61 0.000526 
Feb 6 2.1 2.18 4.35 0.216 0.000601 
Feb 6 2.02 2.1 4.58 0.203 0.000676 
Feb 6 2.02 2.16 4.58 0.148 0.000751 
Feb 6 1.96 2.04 4.6 2.69 0.00012 
Feb 6 2 2.06 4.53 2.26 0.00015 
Feb 6 1.98 2.2 4.48 1.55 0.000195 

VI = volume before i n i t i a l sample i s withdrawn 
v2 = volume before f i na l sample i s withdrawn 
PI = i n i t i a l soluble orthophosphate, mg P/ l 
P2 = f i na l soluble orthophosphate, mg P/ l 
Al dose = to ta l moles of Al added to the batch system 



Raw data Batch Experiment pH = 7.0 
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date VI V2 
l i t e r s l i t e r s 

Jan 23 1.98 2.04 
Jan 23 2.04 2.12 
Jan 23 1.77 1.82 
Jan 23 2 2.1 
Jan 23 2 2.14 
Jan 23 1.98 2.14 
Jan 24 2 2.08 
Jan 24 2.02 2.1 
Jan 24 2.1 2.2 
Jan 24 1.98 2.06 
Jan 24 2.06 2.18 
Jan 24 2.14 2.2 
Jan 25 2 2.06 
Jan 25 2.01 2.1 
Jan 25 1.96 2.04 
Jan 25 1.95 2.06 
Jan 25 1.97 2.14 
Jan 25 2 2.1 
Jan 30 1.96 2 
Jan 30 2.24 2.2 

P I P2 Al Dose 
mg/l mg/l moles 

4 .93 4.32 2.25E-05 
4 .32 3.36 4.5E-05 
4 .71 3.03 7.51E-05 
4 .83 2 . 54 0.00012 
5 .06 2.19 0.00015 
4 .88 1.58 0.000195 
4 .07 0 . 468 0.0003 
4 .45 0 . 3 0.00045 
3 .82 0.214 0.000526 
4.1 0.153 0.000601 

4 .35 0.305 0.000676 
4 .02 0.137 0.000751 
2 .79 0.203 0.000601 
4 . 48 0.155 0.000901 
4 .32 0.127 0.00105 
4 .27 0.046 0.0012 
4 .48 0.061 0.00135 
4 . 32 0.048 0.0015 
5 .39 0.051 0.00121 
5 .21 0.041 0.00242 

VI = volume before i n i t i a l sample i s withdrawn 
v2 = volume before f i n a l sample i s withdrawn 
PI = i n i t i a l soluble orthophosphate, mg P/ l 
P2 = f i na l soluble orthophosphate, mg P/ l 
Al dose = tota l moles of A r added to the batch system 



Raw data Batch Experiment pH = 7.2 

date VI V2 P I P2 Al Dose 
l i t e r s l i t e r s mg/l mg/l moles 

June 14 2.264 2.36 6. 14 5.33 2.25E-05 
June 14 2.092 2.11 6. 28 5.33 4.5E-05 
June 14 2 . 084 2.08 6 . 41 5.01 7 . 51E-05 
June 14 2.082 2.084 6. 71 4 .11 0.00015 
June 14 2.114 2.134 6. 39 3.11 0 . 000195 
J une 16 2.122 2.146 6. 71 6.28 2 . 25E-05 
June 16 2.268 2. 366 6 . 25 5.22 4.5E-05 
June 16 2.051 2.116 6. 58 5.17 7.51E-05 
June 16 2.107 2.122 7. 63 5.55 0.00012 
June 16 2.189 2.33 6. 85 4.14 0.00015 
June 16 2 .088 2.09 7 . 58 3.65 0.000195 
June 20 2.085 2.09 8. 47 7.12 2.25E-05 
June 20 2.269 2.37 7. 19 6.09 4.5E-05 
June 20 2.073 2.07 8. 01 5.87 7 .51E-05 
June 20 2 2.04 6 . 87 4.44 0.00012 
June 20 2.22 2.29 6. 36 3.33 0.00015 
June 20 2.096 2.106 6. 41 2.62 0.000195 
J u l y 5 2.08 2.17 6. 47 1.79 0.0003 
J u l y 5 2.08 2.14 6. 28 0.855 0.00045 
J u l y 5 2.06 2.14 6. 36 0.704 0.000526 
J u l y 5 2.08 2.18 7 . 66 0.888 0.000601 
J u l y 5 2.06 2,2 7. 96 0.617 0.000676 
J u l y 5 2.05 2.16 7 . 74 0.579 0.000751 
J u l y 6 2.11 2.16 8. 98 2.8 0.0003 
J u l y 6 2.08 2.19 8 . 82 1.6 0.00045 
J u l y 6 2.09 2.18 8. 44 0.942 0.000526 
J u l y 7 2.14 2.26 7 . 17 0.758 0.000601 
J u l y 7 2.06 2.24 6. 93 0.346 0.000901 
J u l y 7 2.06 2.19 6. 93 0.368 0.00105 
J u l y 7 2.06 2.24 8. 04 0.135 0.0012 
J u l y 7 2.08 2.3 7. 58 0.089 0.00135 
J u l y 7 2.04 2.3 7. 63 0.195 0.0015 
J u l y 11 2.18 2.3 7 . 36 0.187 0.00121 
J u l y 11 2.1 2.28 6. 52 0.041 0.00242 
J u l y 11 2.05 2.3 6. 17 0 .059 0.00364 
J u l y 11 2.16 2.38 6. 85 0.027 0.00485 
J u l y 11 2.06 2.28 6 .6 0.019 0.00606 
J u l y 11 2.05 2.25 6. 95 0.027 0.00727 

VI = volume before i n i t i a l sample i s withdrawn 
v2 = volume before f i n a l sample i s withdrawn 
PI = i n i t i a l soluble orthophosphate, mg P/ l 
P2 = f ina l soluble orthophosphate, mg P/ l 
Al dose = tota l moles of A r added to the batch system 



Raw data Batch Experiment pH = 7.5 

date VI V2 
1 i t e r s l i t e r s 

Aug 8 2.04 2.02 
Aug 8 2.08 2.06 
Aug 8 2.04 2.04 
Aug 8 2.04 2.04 
Aug 8 2.04 2.04 
Aug 8 2.06 2.1 

Aug 10 2 .12 2.12 
Aug 10 2.16 2.2 
Aug 10 2.14 2.2 
Aug 10 2 2.1 
Aug 10 2 2.2 
Aug 10 2 2.22 
Aug 11 2.04 2.14 
Aug 11 2.04 2.16 
Aug 11 2.06 2.24 
Aug 11 2.04 2.25 
Aug 11 2.02 2.3 
Aug 11 2.03 2.32 
Aug 15 2.12 2.32 
Aug 15 2.1 2.2 
Aug 15 2.08 2.22 
Aug 15 2.05 2.04 
Aug 15 2 2.02 
Aug 15 2.02 2.04 

Jan 4 2 2.1 
Jan 4 2.02 2.21 
Jan 4 2.26 2.08 
Jan 5 1.98 2.1 
Jan 5 2 2.15 
Jan 5 2.02 2.28 

P I P2 Al Dose 
g/1 mg/l moles 
4. 63 4.33 2.25E-05 
4 . 49 3.89 4.5E-05 
4 . 74 3.59 7.51E-05 
5. 89 3.68 0 .00012 
5. 95 3.36 0.00015 
5. 98 3 0 .000195 
5. 33 1.21 0.0003 
5. 28 0 . 68 0 . 00045 
5. 55 0.61 0.000526 
5. 01 0.406 0.000601 
5. 01 0.319 0.000675 
5. 01 0.438 0.000751 
5. 19 0.31 0.000601 
4 . 98 0.15 0.000901 
5. 09 0.22 0.00105 
5 .5 0.12 0.0012 

5. 55 0.081 0.00135 
5. 63 0.17 0.0015 
8. 98 0.073 0.00242 
8 . 77 0.051 0 .00364 
8. 55 0.059 0.00606 
7 . 71 4.82 0.00015 
7 .9 2.14 0.0003 

7. 77 1.43 0.00045 
4. 45 0.14 0.00121 
4 . 35 0.045 0.00242 
3. 79 0.038 0.00364 
4 . 86 0.048 0.00485 
4. 83 0.025 0.00606 
4. 63 0.023 0.00727 

VI = volume before i n i t i a l sample i s withdrawn 
v2 = volume before f i na l sample i s withdrawn 
PI = i n i t i a l soluble orthophosphate, mg P/ l 
P2 = f i n a l soluble orthophosphate, mg P/ l 
Al dose = total moles of ^P* added to the batch system 
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