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I„ INTRODUCTION 

SCOPE OF REPORT 

This reoort w i l l cover three aspects of the general topic 
of phosDhorus removal i n wastewater treatment processes. The report 
w i l l summarize exoerimental work conducted between August 1968 and 
December 1969 under a Soao and Detergent A s s o c i a t i o n Donation i n 
supoort of research e n t i t l e d "The Fate of Phosphorus i n Sewage 
Treatment Processes." T h i s work involved i n v e s t i g a t i o n s i n t o three 
major areas: 

1. Phosphate p r e c i p i t a t i o n from a c t i v a t e d sludge e f f l u e n t by 
a post-aeration scheme. T h i s research was undertaken to 
determine whether i t would be p o s s i b l e to take advantage of 
chemical p r e c i o i t a t i o n phenomena observed i n the enhanced 
removal of phosphate by a c t i v a t e d sludge treatment I n the 
design of a t e r t i a r y waste treatment scheme f o r phosphate 
removal. 

2. The f a t e of phosphate i n d i g e s t e r s with s p e c i a l reference 
to the f a t e of phosphate introduced i n t o the d i g e s t e r s as 
waste a c t i v a t e d sludge from processes achi e v i n g enhanced 
phosphorus removal ( c o p r e c i p i t a t i o n of calcium phosphate i n 
a c t i v a t e d sludge) or employing a p o s t - a e r a t i o n process f o r 
phosphate removal. T h i s research e f f o r t r e s u l t e d from the 
observation that s i g n i f i c a n t r e l e a s e s of phosphate t y p i c a l l y 
take place from the s o l i d to the l i q u i d phase i n anaerobic 
d i g e s t e r s . Consequently, r e c y c l e of a s i g n i f i c a n t f r a c t i o n 
of the phosphate t h a t enters the d i g e s t e r s takes place when 
the d i g e s t e r supernatant i s returned to the head end of the 
treatment p l a n t . The e f f e c t i v e n e s s of enhanced phosphate 
removal i n an a c t i v a t e d sludge a e r a t i o n basin would be 
reduced i f the d i q e s t e r supernatant r e t u r n s a l a r g e part of 
the "already removed" phosphate to the p l a n t i n the d i q e s t e r 
supernatant stream. 

3. P r e l i m i n a r y i n v e s t i g a t i o n s on the i n f l u e n c e of inorganic 
wastewater c o n s t i t u e n t s on the r a t e and extent of calcium 
phosphate p r e c i p i t a t i o n i n model systems r e p r e s e n t a t i v e of 
t y p i c a l wastewaters. T h i s work was of a p r e l i m i n a r y nature 
and s i n c e f u r t h e r work by one of the authors of t h i s report 
and by others appears to have s i g n i f i c a n t l y advanced the 
knowledge of t h i s area of r e s e a r c h , these data (which in 
themselves do not present an adequate d e s c r i p t i o n of the 
phenomena encountered) w i l l be discussed i n the l i g h t of 
these more recent experimental data. 

1 
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I I . POST-AERATION EXPERIMENTS 

OBJECTIVES 

The o b j e c t i v e of the post-aeration experiments was to determine 
whether i t would be p o s s i b l e to take advantage of a calcium phosphate 
p r e c i p i t a t i o n mechanism t h a t had been suggested i n st u d i e s of the 
enhanced removal of phosphorus by a c t i v a t e d sludge (Menar and J e n k i n s [ 1 ] ) 
i n the design of a chemical p r e c i p i t a t i o n process f o r phosphate removal. 
The basis f o r the design r e s t e d i n two observations made during the 
t e s t i n g of the calcium phosohate p r e c i p i t a t i o n mechanism f o r enhanced 
phosphorus removal by a c t i v a t e d sludge. These were: 

1. That increased a c t i v a t e d sludge a e r a t i o n r a t e s caused i n c r e a s e s 
i n pH because of reduction of mixed l i q u o r CO2 concentrations 
by CO2 s t r i p p i n g i n the higher a i r f l o w s , and 

2. th a t removal of the p r e c i p i t a t e d calcium phosphate was made 
po s s i b l e by i t s a s s o c i a t i o n with the f l o c c u l e n t a c t i v a t e d 
sludge m a t r i x . 

I t was postulated t h a t a post-aeration process, i n which 
secondary e f f l u e n t was aerated, i n which chemicals could be dosed i f 
necessary to p r e c i p i t a t e calcium phosphate, and i n which a small amount 
of r e t u r n a c t i v a t e d sludge was fed to a i d i n the f l o c c u l a t i o n of the 
p r e c i p i t a t e , would provide a more s u i t a b l e environment f o r calcium 
phosphate p r e c i p i t a t i o n and p r e c i o i t a t e removal than would a t y p i c a l 
a c t i v a t e d sludge a e r a t i o n basin. T h i s i s because i n such a basin 
the CO2 concentration would be lower than i n the a e r a t i o n basin and 
because i n the sludge s e t t l e d from such a basin the microorganism 
concentration would be so low th a t CO2 production and th e r e f o r e pH 
reduction i n the sludge blanket a t the bottom of a c l a r i f i c a t i o n basin 
would not reach l e v e l s t h a t would cause a s i g n i f i c a n t r e l e a s e of 
phosphate from the underflow i n t o the t r e a t e d e f f l u e n t . 

EXPERIMENTAL FACILITIES 

To meet these o b j e c t i v e s a p i l o t - s c a l e a c t i v a t e d sludge 
plant with post-aeration followed by a sedimentation basin was con
s t r u c t e d and operated on s e t t l e d sewage from the S a n i t a r y Engineering 
Research Laboratory primary sedimentation basin. The a e r a t i o n , post-
a e r a t i o n , secondary sedimentation, and f i n a l sedimentation basins 
were constructed from p l a s t i c bins (see Figure 1 ) . The a e r a t i o n basin 
consisted of three 30-gal bins i n s e r i e s ( w i t h an e f f e c t i v e a e r a t i o n 
volume of 225£)and the secondary sedimentation basin consisted of one 
45-gal bin i n which a c o n i c a l concrete bottom had been poured. 

3 
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Figure 1 . Schematic Diagram of Post-Aeration A c t i v a t e d Sludge P l a n t 

1 , 2, 3. Aeration basins.. 
4. Secondary sedimentation basin. 
5. Post-aeration basin. 
6. 7. F i n a l sedimentation basins. 
8. Return a c t i v a t e d sludge. 
9. I n f l u e n t (SERL primary e f f l u e n t ) . 

10. Waste a c t i v a t e d sludge. 
11. F i n a l e f f l u e n t . 
12. A c t i v a t e d sludge e f f l u e n t . 
13. A c t i v a t e d sludge to post-aeration f o r p r e c i p i t a t e c o l l e c t i o n . 

The e f f e c t i v e volume of the secondary sedimentation basin was 90£. 
The post-aeration basin consisted of one 30-gal bin with an e f f e c t i v e 
volume of 75£; and the f i n a l sedimentation basin was constructed from 
two p l a s t i c bins i n s e r i e s - the f i r s t was a 22£ bin ( e f f e c t i v e 
volume, 40£). The term " f i n a l sedimentation" i n t h i s r eport w i l l 
r e f e r to the sedimentation basin t h a t f o l l o w s p o s t - a e r a t i o n . 

I n f l u e n t sewage, r e t u r n , and waste a c t i v a t e d sludge were 
pumped by p e r i s t a l t i c pumps; flows between the a e r a t i o n basin compart
ments, the secondary sedimentation b a s i n , and the f i n a l sedimentation 
basin were accomplished by g r a v i t y . The secondary e f f l u e n t was pumped 
to the post-aeration basin using a submersible pump. Samples of 
i n f l u e n t , secondary e f f l u e n t , and f i n a l e f f l u e n t were taken every 
15 min by a sampling pump operated on a c y c l e timer which pumped the 
samples d i r e c t l y i n t o r e f r i g e r a t e d c o n t a i n e r s . A i r was supplied by 
a 1/3 hp compressor capable of d e l i v e r i n g 5.9 cu ft/ m i n a t 0 psi g . 
When a greater a i r r a t e was required i t was p o s s i b l e to supplement 
t h i s source with a house compressed a i r supply. 

EXPERIMENTAL DESIGN 

During each of the experiments the performance of the 
a c t i v a t e d sludge process was c h a r a c t e r i z e d by organic loading 
( l b COD a p p l i e d / l b MLVSS-day), h y d r a u l i c - r e s i d e n c e time ( h r ) . 
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mean c e l l residence time ( d a y s ) , s u b s t r a t e removal e f f i c i e n c y ( % ) , 
and phosphorus removal e f f i c i e n c y ( % ) . The performance of the post-
a e r a t i o n basin was c h a r a c t e r i z e d by phosphorus removal e f f i c i e n c y 
r e s u l t i n g from C a ( I I ) and OH" or H ion a d d i t i o n as l i q u i d calcium 
c h l o r i d e , sodium hydroxide, or hy d r o c h l o r i c a c i d , r e s o e c t i v e l y . 

Analyses of d i s s o l v e d and t o t a l calcium, d i s s o l v e d and t o t a l 
orthophosphate, pH, a l k a l i n i t y , and d i s s o l v e d oxygen were performed 
on samples of i n f l u e n t , a c t i v a t e d sludge e f f l u e n t , and post-aeration 
e f f l u e n t . Dissolved magnesium was determined only on the a c t i v a t e d 
sludge e f f l u e n t and the post-aeration basin e f f l u e n t . The a c t i v a t e d 
sludge mixed l i q u o r was c h a r a c t e r i z e d by analyses of MLSS and MLVSS. 
A n a l y t i c a l methods where not according to Standard Methods [2] are 
described i n the Appendix. 

The combined a c t i v a t e d sludge, p o s t - a e r a t i o n basin u n i t s were 
operated a t a given condition f o r a t l e a s t 24 hr before any samples 
were taken. T h i s was s u f f i c i e n t time to e s t a b l i s h steady conditions 
s i n c e the a c t i v a t e d sludge s e c t i o n was operated without disturbance 
,and the only changes i n operation t h a t were made were i n the post-
a e r a t i o n s e c t i o n of the treatment plant t r a i n . These changes u s u a l l y 
took the form of a l t e r a t i o n s i n chemical doses, changes i n concentration 
of dosing s o l u t i o n s , and flow r a t e s . P r i o r to the s t a r t of each s e t 
of operating conditions the post - a e r a t i o n basin and f i n a l sedimentation 
basins were drained. 

EXPERIMENTAL RESULTS 

The mean operating data f o r the seven experimental runs are 
summarized i n Table I . During each experimental run, dosing chemicals 
were added c o n s t a n t l y a t the i n d i c a t e d doses. 

The a c t i v a t e d sludge s e c t i o n of the p l a n t behaved s a t i s f a c t o r i l y 
a t a l l times with s u b s t r a t e removal r a t e s v a r y i n g from 0.24 to 1.15 l b 
COD/VSS-day and e f f l u e n t d i s s o l v e d COD concentrations ranging from 
32 to 51 mg/£. The e f f l u e n t d i s s o l v e d phosphate from the a c t i v a t e d 
sludge s e c t i o n of the pla n t ranged from 0.2 to 0.37 mM, Since high 
removal of phosphate per se was not the major experimental o b j e c t i v e , 
i t was desi r e d to determine what phosphate removals could be achieved 
a t given chemical doses. 

The nominal h y d r a u l i c residence time of the post-aeration 
basin was 2 hr (range 1.6 to 2.6 h r ) . A i r was supplied to the basin 
a t the r a t e of 4 cu f t / g a l l i q u i d t r e a t e d and the temperature was 
maintained constant a t 70^F. Various combinations of chemical 
additions were made with the o b j e c t i v e of determining independently 
the e f f e c t s of pH and the calcium concentration on phosphorus r e s i d u a l s . 



TABLE I 

MEAN OPERATING DATA FOR POST-AERATION SYSTEM 

ACTIVATED SLUDGE SYSTEM 
Experiment Number 

ACTIVATED SLUDGE SYSTEM 1 2 3 4 5 6 7 

Substrate Removal Rate l b COD/1b MLVSS-day 0.56 0.38 0.56 1.15 0.26 0.22 0.26 
Mean C e l l Residence Time days 4.5 10.7 3.8 3.7 7.1 7.2 19.0 
Hydraulic Residence Time hr 5.9 5.7 4.9 7.7 6.8 1.8 5.8 
MLVSS mg/i 1210 1910 1620 336 1170 2670 2650 
MLSS V o l a t i l e F r a c t i o n % ' 84 84 86 87 83 79 81 

I n f l u e n t T o t a l COD mq/i . 208 217 249 184 126 177 193 
E f f l u e n t Dissolved COD mg/ii ; 41 40 51 47 45 38 32 
I n f l u e n t T o t a l P mM 0.38 0.38 0.42 0.34 0.23 0.41 0.38 
E f f l u e n t Dissolved P mM 0.34 0.33 0.38 0.30 0.20 0.37 0.34 
I n f l u e n t Total £a mM 0.68 0.63 0.61 0.66 0.81 0.80 0.75 
E f f l u e n t Dissolved -Ca mM - 0.65 0.6 0.65 0.69 0.82 0.80 0.71 
I n f l u e n t T o t a l Mg tnM 
E f f l u e n t Dissolved Mg mM l a l a 0.74 0.8 1.24 1.13 1.11 
I n f l u e n t T o t a l A l k a l i n i t y mM 2.3 2.3 2.2 2.2 2.7 3.2 2.9 
E f f l u e n t Dissolved A l k a l i n i t y mM 1.4 1.2 1.4 1.8 1.6 1.3 1.3 
I n f l u e n t pH — 6.8 6.8 7.0 7.1 7.7 7.7 7.6 

6.5 C 1 c c 7 n 7 A 7 C 7 A t T Tluenc pn 6.5 0 . / D . 0 / .U / . 4 / .0 / . D 



TABLE I (continued) 

POST AERATION SYSTEM 
Experiment Number 

POST AERATION SYSTEM 1 2 3 4 5 6 7 

Hydraulic Residence Time hr 2.0 1.9 1.6 2.6^ 2.3 1.8 1.9 
Aeration Rate cu f t / g a l 4 4 4 4 4 4 4 
Temperature °F 70 70 70 70 70 70 70 

Ca added mM 1.65 1.56 1.79 2.49 2.55 2.59 2.42 
Ca dose (Ca added and 

Ca pres e n t ) mM 2.30 2.16 2.44 3.18 3.37 3.39 3.13 

OH' or H+ * dose mM 3.24 6.27 2.63 0.67 0.79 12.8 9.82 
E f f l u e n t Dissolved Mg mf-1 -- 0.78 0.84 1.29 0.10 0.48 
E f f l u e n t Dissolved P mM 0.042 0.036 0.17 0.19 0.21 0.008 0.026 
E f f l u e n t Dissolved Ca mM 1.3 0.63 2.24 3.04 3.60 0.73 0.57 
E f f l u e n t Dissolved A l k a l i n i t y mM 1.7 1.7 1.5 1.8 0.47 1.1 2.2 
E f f l u e n t pH -- 9.0 9.75 8.0 7.6 6.8 11.4 10.5 

Sludge S o l i d s mq/i 175 160 123 102 39 190 126 
Sludge P % as P 7.5 12.1 6.8 6.0 2.1 5.3 7.3 
Sludge Ca % as Ca 20.6 18.2 11.8 11.9 13.8 24.7 26.0 
Sludge Ca/P mole r a t i o -- 2.2 1.2 1.3 1.5 5.1 3.6 2.8 

I n f l u e n t Ca/Mg mole r a t i o 0.6 0.6 0.9 0.9 0.7 0.7 0.6 
Post Aeration Reactor Ca/Mg mole r a t i o 1.3 0.6 2.9 3.6 2.8 7.3 1.2 

^ Assume 

b Evidence of some low pH p r e c i p i t a t i o n a t highest Ca/Mg r a t i o 
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DISCUSSION 

A d i s c u s s i o n of the post-aeration experimental data w i l l be 
made from both the p r a c t i c a l and t h e o r e t i c a l points of view. With 
reference to the former aspect, i t I s evident t h a t additions of lime 
(or chemical additions to simulate an ad d i t i o n of lime ) to achieve 
a pH i n the region of 11 (as i s common p r a c t i c e i n phosphate p r e c i p i 
t a t i o n i n t e r t i a r y treatment processes) i s not necessary ( i n t h i s 
p a r t i c u l a r sewage) to produce phosphorus r e s i d u a l s of <2 mg/£ (the 
f i g u r e often quoted as being the r e s i d u a l d i c t a t e d by a treatment 
o b j e c t i v e of "80% P removaT"). In t h i s i n s t a n c e i t was pos s i b l e to 
achieve P l e v e l s of <2 m g / r a t pH 9 and a t a t o t a l calcium concen
t r a t i o n of 230 mg/ic as CaCOa ^ calcium concentration which included 
65 mg/£ Ca as CaCOa already present i n the sewage and t h e r e f o r e 
represented an a d d i t i o n a l dose requirement of only 165 mg CaCOa/£. 
I f t h i s calcium dose I s compared to the calcium (or lime) dose required 
to reach pH 11 (which would be the dose used i f a t y p i c a l t e r t i a r y 
phosphorus p r e c i p i t a t i o n process were to be employed), i t can be deduced 
from the data of Buzzel and Sawyer [3] t h a t a lime dose of approxi
mately 270 mg CaCOa/£ would be required to reach pH of about 11 a t 
t h i s a l k a l i n i t y (approximately 1.4 mM/£). Thus f o r meeting the 
o b j e c t i v e of <2 mg P/£ (which can be achieved a t a pH of about 9 
instead of a t pH 11) a saving i n lime dose of approximately 100 mg 
CaC03/£ can be r e a l i z e d . Moreover, the e f f l u e n t pH i s i n a range 
i n which i t could be p o s s i b l y discharged without adjustment down
ward - a step t h a t would almost c e r t a i n l y be required i f the e f f l u e n t 
pH were 11. — j 

The post-aeration experiments on the SERL sewage did i l l u s t r a t e 
t h a t P r e s i d u a l s of much lower than 2 mg/£ could be achieved by 
i n c r e a s i n g pH values to above 9. Indeed i t appeared t h a t phosphorus 
r e s i d u a l s ( a t the r e l a t i v e l y constant calcium, a l k a l i n i t y , and magnesium 
concentrations used i n these experiments) were l a r g e l y c o n t r o l l e d by 
pH ( F i g u r e 2 ) . 

The use of a small amount of waste a c t i v a t e d sludge ( a p p r o x i 
mately 1 % of the r e t u r n a c t i v a t e d sludge f l o w ) or approximately 
70 mg/£ on the bas i s of v o l a t i l e suspended s o l i d s (VSS) concentration 
i n the post-aeration basin as a p r e c i p i t a t e c o l l e c t o r f o r the p r e c i p i t a t e 
from the post-aeration b a s i n , was s u c c e s s f u l . A sludge w i t h e x c e l l e n t 
s e t t l i n g c h a r a c t e r i s t i c s was obtained a t a l l pH v a l u e s . Throughout 
the post-aeration experiments the f i n a l e f f l u e n t suspended s o l i d s 
concentration averaged 55 mg/£. There was no detectable r e l e a s e of 
solub l e phosphorus from the post-aeration basin sludge i n t o the f i n a l 
e f f l u e n t f o l l o w i n g c l a r i f i c a t i o n of the post-aeration basin e f f l u e n t . 
T h i s i n d i c a t e s t h a t pH decreases ( i f any) caused by CO2 production 
from the a c t i v a t e d sludge ( p r e c i p i t a t e c o l l e c t o r ) i n the post-
a e r a t i o n basin sludge were not s i g n i f i c a n t enough to produce any 
d i s s o l u t i o n of calcium phosphate. 
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In exoeriments 1 , 2, 6, and 7 the computed 
a c t i v i t y products i n d i c a t e t h a t CaCOj ( c a l c i t e ) p r e c i 
(Table I I ) . The exoerimental data i n d i c a t e t h a t t h i s 
place. Thus, i n these exoerimental runs the sludge c 
highest percent calcium; these experiments shov/ed the 
aeration basin s o l i d s content and e f f l u e n t d i s s o l v e d 
t r a t i o n s from these four experiments were the four 1 
experimental s e r i e s . 

experimental 
c i t a t i o n i s l i k e l y 
indeed took 

ontained the 
highest post-

calcium concen-
owest of the seven 

I t i s not Dossible to i n d i c a t e the nature of the p r e c i p i t a t e d 
phosphate phase. However, from a c t i v i t y product c a l c p l a t i o n s (Table 
i l ) i t can be seen that i t i s very u n l i k e l y t h a t dicallcium phosphate 
(DCP) was the s o l i d phase ( a t pH values >8) because i n most of the 
experiments the l i q u i d was undersaturated with respecf to DCP. However, 
with respect to c r y s t a l l i n e octacalcium phosphate (OC^) and hydroxyl-
a p a t i t e (HAP) s i g n i f i c a n t degrees of o v e r s a t u r a t i o n e x i s t . L esser 
degrees of o v e r s a t u r a t i o n e x i s t with respect to t r i c a l c i u m phosphate 
(TCP) i n most of the experiments. I t should be r e a l i z e d that w h i l e 
these f i g u r e s i n d i c a t e the p o s s i b i l i t y of p r e c l p i t a t i b n of v a r i o u s 
calcium phosphate phases, they are based uoon a c t i v i t y products 
derived from c r y s t a l l i n e m a t e r i a l s and i t has been shown by numerous 
workers such as Ferguson e t a2,c [4] and Leckie and Stumm [5] t h a t 
calcium phosphate p r e c i p i t a t i o n under conditions t y p i f i e d by these 
experiments r e s u l t s i n amorphous or poorly c r y s t a l l i n e s o l i d s phases 
and t h a t the formation of c r y s t a l l i n e s o l i d s i s k i n e t i c a l l y c o n t r o l l e d . 

Notwithstanding these observations, the data obtained by 
these experiments when pl o t t e d on the e m p i r i c a l c o r r e l a t i o n between 
[ C a l P j * and pH ( F i g u r e 3) represent a p e r f e c t f i t to the l i n e derived 
from previous wastewater calcium phosphate p r e c i p i t a t i o n experiments 
by Menar and Jenkins [ 1 ] , For data from the post-aeration experiments 
below dH 8, t h i s e m p i r i c a l c o r r e l a t i o n appears to f o l l o w the l i n e 
t h a t would be predicted i f DCP were the s o l i d calcium phosphate phase 
c o n t r o l l i n g s o l u t i o n d i s s o l v e d phosphate concentration. I n t e r e s t i n g l y , 
the a c t i v i t y product data a l s o I n d i c a t e o v e r s a t u r a t i o n with respect 
to DCP below pH values of 8, I t i s suggested t h e r e f o r e t h a t i n t h i s 
pH range DCP i s the c o n t r o l l i n g calcium phosphate s o l i d phase. 

The chemical c h a r a c t e r i s t i c s of the SERL sewage t r e a t e d 
by post-aeration resemble those of the wastewater studied by Schmidt 
and McKinney [6] who used lime p r e c i o i t a t i o n to achie\/e pH 9 to 10 
i n orimary sedimentation basins without r e c y c l e of p r e c i p i t a t e d 
sludge. These authors reported t h a t with low lime doses (approximately 
150 mg Ca(0H)2/£) and i n t h e reported pH range, polyphosphates 
present i n the raw wastewater i n h i b i t e d CaC03 p r e c i p i t a t i o n and r e d i r e c t e d 

*Pi 3PO4] + [H2P0^J + [HPO^j + [PO^] 



TABLE I I 

EXPERIMENTAL ACTIVITY PRODUCTS FOR POST-AERATION DATA 
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1 9.00 7,3 24.0 43.6 42.5 6.1 

2 9.75 7.8 24.0 44.1 41.9 5.9 

3 8.00 6.5 23.3 43.0 42.7 7.5 

4 7.60 6.8 24.7 43.4 44.8 7.7 

5 6.80 6.7 26.8 39.0 48.7 8.0 

6 n.4o 11.8 33.2 59.3 56.1 3.3 

7 10.50 8.2 24.3 45.0 41.9 6.3 

S a t u r a t i o n A c t i v i t y Products 

DCP 6.9 
TCP 26.0 
OOP 57.8 
HAP 46.9 
CaCOs 8.4 
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the calcium to calcium phosphate p r e c i p i t a t i o n . T h e i r hypothesis was 
supported by t h e i r experimental data which showed that the amount of 
CaC03 p r e c i p i t a t i o n was f a r s m a l l e r than t h a t predicted by e q u i l i b r i u m 
data and by previous wastewater treatment experiences. 

The observations of Ferguson e t aj^. [ 4 ] on the e f f e c t of 
magnesium on calcium phosphate p r e c i p i t a t i o n are a l s o p e r t i n e n t to the 
r e s u l t s of the post-aeration'experiments. These authors showed i n 
laboratory batch clean s o l u t i o n experiments t h a t waters with low 
Ca/Mg r a t i o s (<2) and high Mg contents an i n c r e a s e of Mg concentration 
at pH 9.5 tended to decrease the phosphorus r e s i d u a l ( F i g u r e 4 ) . 
I t was postulated t h a t Mg i n t e r f e r e s w ith the p r e c i p i t a t i o n of c a l c i t e 
and r e d i r e c t s the calcium to p r e f e r e n t i a l l y form a calcium phosphate 
phase. I t i s suggested t h a t i n a batch system a t t h i s pH, i n i t i a l l y 
p r e c i p i t a t e d calcium phosphate w i l l r e d i s s o l v e and CaCOs w i l l p r e c i p i t a t e 
over the f i r s t 1 to 2 hours. Combining t h i s observation with the f a c t 
t h a t Mg i s known to i n c r e a s e c a l c i t e s o l u b i l i t y (Chave ejt aj^. [ 7 ] ) and 
to i n h i b i t CaC03 phase changes ( B i s c h o f f and Fyfe [ 8 ] ) provides a 
r a t i o n a l e f o r these phosphate r e s i d u a l r e s u l t s . 

Examination of the post-aeration experimental data from 
experiments 6 and 7 i n d i c a t e t h a t these were the only two i n which 
Mg removal was experienced — t h i s i s i n accordance with previous 
observations i n which Mg(0H)2 p r e c i p i t a t i o n i s not detected u n t i l 
the pH i s g r e a t e r than 10.3. Unfortunately a t the time t h a t these 
post-aeration experiments were being conducted, the importance of 
Mg was not f u l l y r e a l i z e d and the measurement of Mg concentration 
was not made i n the f i r s t two experimental runs. However, i t may be 
assumed from the behavior of Mg i n s i m i l a r experimental systems t h a t 
no p r e c i p i t a t i o n of Mg(0H)2 occurred i n these two runs a t pH 9 and 
9.75, 

P o s t - a e r a t i o n w i t h chemical a d d i t i o n has been demonstrated 
to be a process by which phosphorus may be removed from the e f f l u e n t 
produced by an already e x i s t i n g a c t i v a t e d sludge p l a n t . Using lime 
as a dosing chemical a t pH values of 10.5 i t should be p o s s i b l e to 
a t t a i n s o l u b l e e f f l u e n t phosphorus r e s i d u a l s of 0.5 mg P/£ using t h i s 
process. 

Higher r e s i d u a l s (lower removals) can be obtained by operating 
at lower pH v a l u e s ; f o r example the e f f l u e n t c r i t e r i o n of <2 mg P/£ 
could be met with t h i s sewage by dosing w i t h lime to achieve a pH 
of 9 to 9.5. I t must be emphasized, however, t h a t e f f l u e n t chemical 
c h a r a c t e r i s t i c s ( e . g . , hardness, Ca/Mg r a t i o , a l k a l i n i t y ) w i l l have 
a determining i n f l u e n c e on both the phosphorus r e s i d u a l s a t t a i n a b l e 
a t a p a r t i c u l a r pH value and upon the best s t r a t e g y f o r phosphorus 
removal (e.g., s e l e c t i o n of dosing l o c a t i o n , dosing chemicals, pH, 
e t c . ) . I n t h i s v e i n i t should be recognized t h a t the post-aeration 
experiments conducted here were made on a sewage with a very low 
Ca/Mg r a t i o (0.5 to 1) and a moderate a l k a l i n i t y (1 to 2 mM). 
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When considering phosphorus removal s t r a t e g y one must work 
w i t h i n three major c o n s t r a i n t s : 1) the present treatment c a p a b i l i t y , 
2) the f u t u r e e f f l u e n t requirements, and 3) the water chemistry. 
One can conceive of two p o s s i b l e s i t u a t i o n s where post-aeration w i t h 
chemical a d d i t i o n might be considerGd as a process a l t e r n a t i v e f o r 
phosphorus removal. 

1. E x i s t i n g primary-secondary treatment plant with anaerobic 
d i g e s t i o n on which an a d d i t i o n a l e f f l u e n t requirement of 
2 mg P/£ i s imposed. 

While p o s t - a e r a t i o n might be considered f o r t h i s treatment 
s i t u a t i o n , i t would probably not compete w e l l with a scheme 
i n which phosphorus p r e c i p i t a n t s were added d i r e c t l y to the 
treatment u n i t s because P r e s i d u a l s of t h i s magnitude can 
be met i n t h i s f a s h i o n without c o n s t r u c t i o n of a d d i t i o n a l 
basins as would be necessary f o r a post a e r a t i o n scheme. 
I f t h i s i s the case, then lime and/or other chemicals 
designed to form a calcium phosphate p r e c i p i t a t e would not 
be the chemicals of choice because of the r e l e a s e of phosphate 
from calcium phosphates t h a t takes place i n the secondary 
c l a r i f i e r sludge blanket and during anaerobic d i g e s t i o n . 
Alum or f e r r o u s or f e r r i c s a l t s added to the a e r a t i o n basin 
would y i e l d the best r e s u l t s . 

2. E x i s t i n g primary-secondary treatment plant w i t h anaerobic 
d i g e s t i o n on which an a d d i t i o n a l e f f l u e n t requirement of 
0.5 mg P/£ i s imposed. 

Here the use of chemical a d d i t i o n to primary or secondary 
treatment u n i t s cannot be r e l i e d upon to produce the d e s i r e d 
e f f l u e n t phosphorus r e s i d u a l . Moreover, the attainment of 
such a low phosphate r e s i d u a l by chemical p r e c i p i t a t i o n i n 
the secondary treatment u n i t would r a i s e the danger t h a t 
phosphate s t a r v a t i o n conditions might r e s u l t i n the b i o l o 
g i c a l treatment r e a c t o r . For t h i s case a t e r t i a r y p r e c i p i -
t a t i o n / f l o c c u l a t i o n / s e d i m e n t a t i o n process must be considered 
and a p o s t - a e r a t i o n basin might o f f e r a convenient r e a c t o r 
i n which to conduct the p r e c i p i t a t i o n f l o c c u l a t i o n s t e p s . 
While the choice of p r e c i p i t a n t and operating pH w i l l be 
l a r g e l y d i c t a t e d by the chemical composition of the waste
water and by l o c a l chemical p r i c e s , the p o s t - a e r a t i o n basin 
o f f e r s the c a p a b i l i t y f o r using the phosphate p r e c i p i t a n t s 
a l ready present i n the wastewater, i . e . , the calcium hardness. 
For example, i f the wastewater were of the same composition 
as t h a t a t San Antonio, Texas where Ferguson [ 9 ] has suggested 
t h a t the low pH p r e c i p i t a t i o n (pH 7.7 to 8.5) of phosphate 
to d i s s o l v e d r e s i d u a l s of <1 mg ? / t takes place i n the 
a e r a t i o n basin by the formation of a carbonate a p a t i t e , i t 
should be p o s s i b l e to d e v i s e a p o s t - a e r a t i o n scheme th a t w i l l 
remove phosphate to these low l e v e l s without the danger 



of r e l e a s e from sludge i n the secondary c l a r i f i e r . I n such 
a scheme the a c t i v a t e d sludge system would be operated to 
produce complete o x i d a t i o n of ammonia. The production of 
NO3 (a strong a c i d ) from NH3 (a weak base) would r e s u l t i n 
the t i t r a t i o n of some a l k a l i n i t y and t h e r e f o r e an a l k a l i n i t y 
reduction during secondary treatment. P r e c i p i t a t i o n of calcium 
phosphate cduld be avoided i n the a e r a t i o n basin by keeping 
a e r a t i o n r a t e s low enough to maintain pH l e v e l s below 7.5 
I n the post-aeration basin the pH would be r a i s e d to 7.8 to 
8.0 by a e r a t i o n and the p r e c i p i t a t e d calcium phosphate would 
be removed by enmeshment i n a small amount of waste a c t i v a t e d 
sludge fed i n t o the post-aeration basin. The s u b s t i t u t i o n 
of carbonate i n t o the p r e c i p i t a t e d carbonate a p a t i t e would 
be reduced s i n c e a s i g n i f i c a n t reduction i n a l k a l i n i t y w i l l 
have been achieved during secondary treatment. In t h i s case, 
phosphate removal wbuld be achieved without chemical a d d i t i o n 
but with only a j u d i c i o u s adjustment of pH because s u f f i c i e n t 
calcium was present i n the wastewater. However, i n s o f t , low 
Mg, low a l k a l i n i t y wastewater the a d d i t i o n of Ca may be 
necessary to reach low phosphate r e s i d u a l s . P o s t - a e r a t i o n 
with Ca a d d i t i o n (as CaC[l2» nqt as lime) and pH control to 
approximately pH 8 would be an i d e a l process of phosphate 
removal i n t h i s type of s i t u a t i o n . The use of post-aeration 
i n conjunction with chemipal a d d i t i v e s other than those 
designed to produce calcium phosphate p r e c i p i t a t i o n should 
be considered. For example, i t i s conceivable t h a t post-
a e r a t i o n would o f f e r an i d e a l p h y s i c a l arrangement f o r the 
homogenous generation of F e ( I I I ) from F e ( I I ) as proposed f o r 
phosphate p r e c i p i t a t i o n by the Dow Process (Wukasch [ 1 0 ] ) 
and demonstrated by Singer and Stumm [11] to provide a more 
e f f i c i e n t scavenger system f o r phosphate than does the d i r e c t 
a d d i t i o n of F e ( l i l ) . 



I l l , ANAEROBIC DIGESTION EXPERIMENTS 

OBJECTIVES 

The general o b j e c t i v e of these experiments was to determine 
the f a t e of phosphorus during anaerobic d i g e s t i o n . S p e c i a l a t t e n t i o n 
was paid to the behavior of p r e c i p i t a t e d calcium phosphate introduced 
Into the d i g e s t e r 1n the sludge from a post-aeration p r e c i p i t a t i o n 
basin. Experiments were a l s o conducted to determine whether r e c y c l e 
of phosphate i n the supernatant from a d i g e s t e r t r e a t i n g a mixture 
of raw sludge, a c t i v a t e d sludge, and post-aeration sludge could be 
reduced by supernatant a e r a t i o n followed by sedimentation f o r s o l i d s 
separation o r i o r to i t s r e t u r n to the headworks of the p l a n t . P r e l i m i n a r y 
data were obtained on the e f f e c t of d i s s o l v e d calcium concentrations on 
the d i s s o l v e d phosphate content of anaerobic d i g e s t e r l i q u o r s . 
Confirmation of the e m p i r i c a l , r i l a t i o n s h i p between t C a ] P j and pH 
found p r e v i o u s l y by Menar and J e n k i n s [ 1 ] f o r anaerobiCi high CO2 
environments was sought. 

EXPERIMENTAL RATIONALE 

In a t r a d i t i o n a l primary-secondary sewage treatment flow scheme, 
the anaerobic d i g e s t e r i s the r e c e p t a c l e f o r sludge streams from the 
primary and secondary treatment s e c t i o n s of the p l a n t . I n an a c t i v a t e d 
sludge p l a n t , these streams comprise the underflow of the primary 
c l a r i f i e r (raw sludge) and the waste a c t i v a t e d sludge stream. Two 
l i q u i d streams emanate from the anaerobic d i g e s t e r - the digested 
sludge and the supernatant. The l a t t e r stream i s g e n e r a l l y returned 
to the headworks of the p l a n t and r e c y c l e d through the treatment 
process. Recycling of the supernatant stream leads to r e c y c l i n g of 
phosphate t h a t has a l r e a d y been ''removed" by i n c o r p o r a t i o n i n t o the 
primary and a c t i v a t e d sludges. The magnitude of t h i s r e c y c l i n g has 
been estimated by Jenk ins et a h [12] to be 80 1b/day f o r a t y p i c a l 
primary-secondary ( a c t i v a t e d ' I T u d g i ) anaerobic d i g e s t i o n combination 
which r e c e i v e s 1000 l b P/day ( F i g u r e 5 ) ; I n comparison with wastewater, 
anaerobic d i q e s t e r supernatant i s a concentrated waste stream s e v e r a l 
workers have reported t h a t i t s phosphorus content appears to be i n 
the neighborhood of 50 to 200 mg P/t (Table I I I ) . 

I f phosphate removal schemes are superimposed upon, or appended 
to, t y p i c a l primary-secondary sewage treatment processes and the anaerobic 
d i q e s t e r remains as a r e c e p t a c l e f o r sludge streams, then even more 
phosphorus w i l l be channelled to the anaerobic d i q e s t e r . Table IV 
i l l u s t r a t e s the estimates of J e n k i n s et a l . [12] on the magnitude of 
t h i s i n c r e a s e i n phosphorus load to anaerobic d i g e s t e r when calcium 
phosphate p r e c i p i t a t i o n occurs i n the a c t i v a t e d sludge process. These 

17 



CO 

loqo 
RavJ 
Sewage 

Digester 
Super
natant 

Figure 5. D i s t r i b u t i o n of Phosphorus in Secondary Treatment Flows. ( F i g u r e s 
i n lb/day) 

980 Secondary 
Treatment 

800 
Secondary 
E f f l u e n t 



TABLE I I I 

DIGESTER SUPERNATANT PHOSPHATE CONCENTRATIONS 

Reference To t a l P 
mg/£ 

Ortho P 
mg/£ 

Johnson e t a l , 
[ 1 3 ] 

225 42 

Wukasch, [ 1 0 ] 100-200 — 

Barth e t a l , [ 1 4 ] 170 — 

Barth and E t t i n g e r . 
[ 1 5 ] 

50-100 — 

Anon.(1969) FMC 
Corporation, [ 1 6 ] 

15-120 
(mean, 40) 

— 



TABLE IV 

CHARACTERISTICS OF SLUDGES FROM CONVENTIONAL AND COMBINED 
CHEMICAL - BIOLOGICAL PHOSPHATE REMOVAL SCHEMES 

Phos Dhorus Process S o l i d 

Process I n f l u e n t 
mg/£ 

E f f l u e n t 
mg/£ 

Total 
#/MG P r e c i p i t a t e 

#/MG 

Organic 
V o l a t i l e 
#/MG 

P 
#/ 
MG 

Cone. 
% 

Volume 
1000 

gal/MG 

Conventional 
Primary 13 12 1250 — 875 8 5 3 

Primary + Act. Sludge 

a) Conventional 12 10 700 -- 500 17 1.5 5.6 

b) High Rate 12 9 850 — . 650 25 1.5 6.8 

c ) Enhanced* 
Phosphate 
Removal 

12 1.2 1200 500 500 90 1.5 17.6 

^Removal mechanism assumed to be calcium phosphate p r e c i p i t a t i o n -
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authors i n d i c a t e an i n c r e a s e from about 20 tb P/MG waste treated to 
about 90 l b P/MG waste treated when phosphorus removal i s increased 
from t h a t expected from a t y p i c a l primary-secondary waste treatment 
process t r a i n to that achieved by calcium phosphate p r e c i p i t a t i o n i n 
the a c t i v a t e d sludge process to produce a phosphorus r e s i d u a l of about 
1.2 mg/£ (such as t h a t encountered a t San Antonio, T e x a s ) . 

I t was the i n t e n t of t h i s research to determine whether i t would 
be possible to conduct phosphorus removal by chemical p r e c i p i t a t i o n i n 
a scheme such as t h a t described I n the post-aeration experiments e a r l i e r 
i n t h i s r e p o r t , and s t i l l r e t a i n the anaerobic d i g e s t e r as a sludge 
treatment u n i t . To accomplish t h i s , the anaerobic d i g e s t e r was operated 
on mixtures of a c t i v a t e d sludge, primary sludge, and post-aeration 
sludge that would t y p i c a l l y o r i g i n a t e from a primary-secondary ( a c t i v a t e d 
s l u d g e ) - p o s t - aeration waste treatment scheme. The l e v e l s of phosphorus 
and calcium i n the sludge and supernatant were followed over a 7-month 
period. When i t became evident t h a t s i g n i f i c a n t phosphorus was being 
c a r r i e d i n t o the supernatant (and would hence be s u b j e c t to r e c y c l e 
through the treatment processes) e f f o r t was devoted toward d e v i s i n g 
techniques f o r supernatant treatment to decrease t h i s phosphorus 
r e c y c l i n g . 

MATERIALS AND METHODS 

The anaerobic d i g e s t i o n experiments were conducted i n a 
1 0 - l i t e r l a b o r a t o r y fermenter which had an e f f e c t i v e volume of 8 
l i t e r s ( F i a u r e 6 ) . The d i g e s t e r was located i n a constant temperature 
room a t 37 C. The d i g e s t e r was mixed by a c e n t r i f u g a l pump t h a t 
operated f o r 2 1/2 min every 10 min. The e n t i r e d i g e s t e r and i t s 
appurtanences were mounted on a balance so that r a p i d determination 
of the sludge mass could be made. The d i g e s t e r was fed through an 
opening i n i t s top; sampling and digested sludge withdrawal was 
conducted through a v a l v e a t the bottom of the u n i t . The gas produced 
during d i g e s t i o n was c o l l e c t e d above 25% H2S0^ i n a gas holder located 
outside the constant temperature room and kept under a s l i g h t p o s i t i v e 
pressure. 

The d i g e s t e r was fed a t an organic loading r a t e of 0.02 l b 
v o l a t i l e matter (Vj^)/cu f t - d a y with a mixture of raw sludge, a c t i v a t e d 
sludge and post-aeration sludge th a t would be t y p i c a l of the mixtures 
encountered i n a primary-secondary treatment p l a n t followed by post-
a e r a t i o n f o r phosphate removal. The d i g e s t e r was fed three times 
per week. Before each feeding the d i g e s t e r was mixed w e l l . Feeding 
and digested sludge withdrawal were accomplished simultaneously, 
and a f t e r feeding and sampling the val v e s were c l o s e d , and the 
d i g e s t e r was mixed f o r a f u r t h e r 2 to 3 min. The performance of 
the anaerobic d i a e s t e r was c h a r a c t e r i z e d by organic loading 
( l b V^/cu f t - d a y ) , h y d r a u l i c residence time ( d a y s ) , Vm d e s t r u c t i o n 
r a t e ( l b removed/cu f t - d a y ) , gas production r a t e (cu f t gas 
produced/lb d e s t r o y e d ) , pH, a l k a l i n i t y , and m a t e r i a l s balances 
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on calcium and phosphate^ Gas analyses were conducted once per month. 
Analyses of t o t a l v o l a t i l e s o l i d s , t o t a l caicium, and t o t a l phosphate 
were conducted on a l l feedings and withdrawals from the d i g e s t e r . 
A l k a l i n i t y and pH measurements were made on supernatant samples 
obtained by s e t t l i n g the sludge withdrawn from the d i g e s t e r and s e t t l e d 
f o r 48 hr a t 4 C, When i t was desired to conduct analyses of d i s s o l v e d 
orthophosphate and d i s s o l v e d calcium, d i g e s t e r supernatant samples 
were f i l t e r e d through 0.45|j membrane f i l t e r s ( M i l l i p o r e HA) p r i o r to 
a n a l y s i s . 

RESULTS 

The anaerobic d i g e s t e r was operated f o r a period of seven 
months - between J u l y 1968 and Febrijary 1969 a t an organic loading of 
0.02 l b V,^/cu f t - d a y and a h y d r a u l i c r e t e n t i o n time of 67 days. 
During t h i s period, two s e r i e s of experiments were conducted: between 
J u l y 1968 and January 1969 the d i g e s t e r was operated a t steady s t a t e 
on a feed t h a t c o n s i s t e d of primary, secondary, and post-aeration 
sludges i n the mixture described i n Table V; from January 1969 to 
February 1969 the d i g e s t e r was fed with post-aeration basin sludge 
r i c h i n calcium carbonate so t h a t the e f f e c t of changes i n pH and 
a l k a l i n i t y on the d i s t r i b u t i o n of phosphate i n the d i g e s t e r supernatant 
could be studied. Throughout the e n t i r e experimental period the d i g e s t e r 
performed s a t i s f a c t o r i l y . Table VI I l l u s t r a t e s the performance para
meters and shows t h a t s a t i s f a c t o r y m a t e r i a l s balances f o r phosphate 
and calcium were obtained. The e f f i c i e n c y of v o l a t i l e matter d e s t r u c t i o n 
averaged 70.7%. Gas production was 10.9 cu f t / l b V^ destroyed and 
gas a n a l y s i s i n d i c a t e d a gas composition of 60% CH^ and 30% CO2. 
A l k a l i n i t y averaged 3080 mg as CaC03/£ f o r the f i r s t p a r t of the e x p e r i 
mental period when the d i g e s t e r was being fed a mixture of primary, 
secondary, and post - a e r a t i o n sludges. During the l a t t e r p a r t of the 
experiment the use of s o l e l y p o s t - a e r a t i o n sludge as a feed produced 
a s i g n i f i c a n t i n c r e a s e i n the a l k a l i n i t y of the d i g e s t e r contents. 
These l a t t e r data are excluded from the computation of t h i s mean 
a l k a l i n i t y value. During the f i r s t p a r t of the experiment the pH 
of the d i g e s t e r contents v a r i e d between 6.9 and 7.4 and averaged 7 J . 

SUPERNATANT PHOSPHATE CONCENTRATION 

As i n d i c a t e d p r e v i o u s l y , the d i g e s t e r contents were w e l l 
mixed so t h a t separate supernatant and digested sludge streams could 
not be withdrawn from the d i g e s t e r . Consequently an a r b i t r a r y d e f i n i t i o n 
of supernatant was made. The mixed digested sludge stream withdrawn 
from the d i g e s t e r was allowed to s e t t l e ^ f o r 48 hr a t 4^C and the 
l i q u i d withdrawn from the s u r f a c e of the s e t t l e d mixture was defined 
as supernatant. Because of the extreme opacity of the mixture i t was 
not p o s s i b l e to obtain an accurate estimate of the volume of super
natant and digested sludge f r a c t i o n s . Therefore I n l a t e r computations 
i t i s assumed that the digested sludge represents 30% of the digested 
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TABLE V 

ANALYSIS OF FEED TO LABORATORY DIGESTER 

Constituent Volumetric 
F r a c t i o n , % 

Total 
S o l i d s , % 

Total 
P, mg/£ 

Tot a l 
Ca, mg/£ 

Raw Sludge 

A c t i v a t e d Sludge 

Post-Aeration 
Sludge 

D i s t i l l e d Water 

56 

8 

8 

28 

6.0 

1.0 

32.4 

0 

1 

180 

225 

D40 

0 

230 

320 

12900 

0 

Mixture 100 6.0 200 1150 



TABLE VI 

AVERAGE DIGESTER PERFORMANCE 

Organic loading IbV^^c^ f t / d a y . . . . . . . 0.02 

destroyed, per cent 70.70 

Hydraulic residence time, days . . . . . . . . . . . . 57 

Gas production, cu f t / l b V^ destroyed 10.93 

Gas production, l b gas/lb V̂^̂  destroyed . . . . . . . . 0.77 

Gas analyses CH^, % 60.00 

CO2, % 30.00 

A i r +H2, % 10.00 

All<alinity,mgCaC03/£ 3080^ 

pH 7.1 

Phosphate Balance 

( i n i t i a l + added) g P 5.28 

(removed + remaining) g P 4.59 

balance, % of completion*^ 86.93 

Calcium Balance 

( i n i t i a l + added) g CaCOs 74.88 

(removed + remaining) g CaCOs . . . . . . . 71.30 

balance, % of completion*^ 95.23 

^Excluding period of CaCOs - r i c h sludge a d d i t i o n . 

*̂ P balance r = P removed + P remaining ,qq P balance, /, p ^^^ .̂̂ 31 + p ^^ded ^ '^^ 

r u ^ 0/ Ca removed + Ca remaining 
'=^*^^^^""' = - C i ^ i n i t i a l + Ca added ^ ̂  
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sludge stream and supernatant represents 70% of t h i s volume. T h i s 
assumption i s based on data from well-operated anaerobic d i g e s t i o n 
u n i t s where volume reductions from incoming to digested sludge of 
approximately 70% are commonly experienced. 

Using the experimental d e f i n i t i o n of supernatant, i t was 
found t h a t feeding post-aeration sludge to the anaerobic d i g e s t e r 
produced s i g n i f i c a n t i n c r e a s e s i n the phosphorus content of the super
natant. The digested sludge supernatant phosphorus increased from 
approximately 20 mg P/£ to an average value of 68 mg P/£ f o r t h a t 
period of the experiment when the d i g e s t e r had reached steady s t a t e 
conditions with respect to phosphorus concentration. T h i s represents 
almost a 3.5-fold i n c r e a s e i n supernatant phosphorus concentration 
over digested sludge not containing the phosphorus-rich post-aeration 
sludge. Reference to Figure 7 c l e a r l y shows the i n c r e a s e of super
natant phosphorus during the f i r s t residence time during which the 
d i g e s t e r was fed post-aeration phosphorus-rich sludge. I t appears t h a t 
the calcium content of the supernatant remains f a i r l y constant throughout 
the experiment - averaging approximately 450 mg CaC03/£ (4.5 mM) 
throughout the experimental period. 

These data demonstrate t h a t feeding p o s t - a e r a t i o n sludge r i c h 
i n phosphorus to a d i g e s t e r w i l l r e s u l t i n the d i s s o l u t i o n of some of 
the calcium phosphate — a conclusion t h a t i s somewhat expected s i n c e 
a reduction i n pH values from those experienced i n the post-aeration 
basin (approximately 9 and g r e a t e r ) to the pH of approximately 7 
encountered i n the anaerobic d i g e s t i o n process can be expected to 
i n c r e a s e the s o l u b i l i t y of calcium phosphate. 

Based on the experimental data and the assumed volumes of 
supernatant and d i g e s t e r sludge, i t i s p o s s i b l e to c o n s t r u c t a m a t e r i a l s 
balance f o r phosphorus c i r c u l a t i o n through a t y p i c a l p l a n t i n which 
primary-secondary ( a c t i v a t e d sludge) post-aeration f o r phosphorus 
removal and d i g e s t i o n with r e c y c l e of the supernatant to the primary 
portion of the p l a n t are included ( F i g u r e 8 ) . From t h i s flowsheet 
i t i s evident t h a t the d i g e s t e r supernatant would almost double the 
phosphorus input to the treatment plant f o r the case considered ( t h a t 
of a post-aeration process i n conjunction with an a c t i v a t e d sludge 
p l a n t t h a t together e f f e c t an o v e r a l l 80% phosphorus removal). I f 
i t i s assumed that primary sedimentation w i l l remove approximately the 
same f r a c t i o n of phosphorus from supernatant t h a t i t does from raw 
sewage ( i . e . , 10%) then Figure 8 shows that the flow of phosphorus 
through the secondary treatment p l a n t and to the post-aeration u n i t 
i s almost doubled. T h i s imposes a great load on the post-aeration 
u n i t which without supernatant r e c y c l e ( f o r t h i s p a r t i c u l a r example) 
would be c a l l e d on to remove '^600 l b P/day w h i l e with supernatant 
r e c y c l e the removal of >1400 l b P/day i s r e q u i r e d . 
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TREATMENT OF DIGESTER SUPERNATANT 

Since a considerable r e l e a s e of phosphorus to the supernatant 
stream was observed during d i g e s t i o n , the p o s s i b i l i t y of t r e a t i n g t h i s 
stream f o r phosphorus removal was i n v e s t i g a t e d . Aeration was s e l e c t e d 
as the method of treatment. I t was reasoned th a t a e r a t i o n of the 
supernatant would be a simple technique f o r r a i s i n g the pH of t h i s 
stream s i n c e i t would provide a method of removing CO2, which i n a 
t y p i c a l d i g e s t e r atmosphere i s approximately 1000 times g r e a t e r than 
i t s concentration i n a i r . A l s o , p r e l i m i n a r y experiments w i t h batch 
a e r a t i o n of two supernatantsfrom l o c a l wastewater treatment plan t s 
had shown t h a t a e r a t i o n caused r a p i d ( w i t h i n 1 to 2 h r ) decreases i n 
s o l u b l e orthophosphate, s o l u b l e calcium, and i n c r e a s e s i n pH ( F i g u r e 9 ) . 
Thus, w i t h i n 2 hr of a e r a t i o n , decreases of 77% and 55% i n s o l u b l e 
orthophosphate concentrations were obtained f o r the Stege and Richmond^ 
C a l i f , sewage treatment p l a n t d i g e s t e r supernatants, r e s p e c t i v e l y . 

I n the l a b o r a t o r y , digested sludge samples were withdrawn 
from the d i g e s t e r and s p l i t i n t o two a l i q u o t s . The f i r s t a l i q u o t 
was aerated with d i f f u s e d a i r f o r 2 hr and then allowed to s e t t l e f o r 
48 hr a t 4^0. The second a l i q u o t was s e t t l e d f o r 48 hr a t 4^0 without 
p r i o r a e r a t i o n . A f t e r s e t t l i n q , the supernatants from both a l i q u o t s 
were analyzed f o r t o t a l phosphate and t o t a l calcium. The data, 
presented i n Fiqure 10, show t h a t pH values of the supernatant were 
increased from approximately pH 7 to approximately pH 9. For the 
period when steady operation had been achieved ( a f t e r 67 days) calcium 
concentrations decreased from an average of 405 to 265 mg as CaC03/£ 
and phosphorus concentrations decreased on the average from 68 to 
37 mg P/£. These decreases represent a reduction i n supernatant 
phosphate of approximately 46% - a lower decrease than th a t experienced 
i n the batch a e r a t i o n experiments on Stege and Richmond supernatants 
s i n c e these data represent reductions experienced in t o t a l phosphorus 
r e s i d u a l w h i l e the Stege and Richmond a e r a t i o n experiments r e f e r only 
to d i s s o l v e d calcium and phosphate concentrations. These data i n d i c a t e 
t h a t s i g n i f i c a n t r e c y c l i n g of phosphorus would s t i l l r e s u l t even i f 
d i g e s t e r supernatant a e r a t i o n followed by sludge s e p a r a t i o n p r i o r 
to r e c y c l e were p r a c t i c e d ( F i g u r e 11). Thus, the post-aeration 
treatment system would be required to remove approximately 1100 l b P/day 
compared with the 600 l b P/day removal necessary without d i g e s t e r 
supernatant r e c y c l e . Thus even with a e r a t i o n and sedimentation of 
d i g e s t e r supernatant p r i o r to r e c y c l e the phosphate removal load on 
the post-aeration system would be almost doubled. 

HIGH CaC03 FEEDING STUDY 

During the l a t t e r p a r t of the anaerobic d i g e s t i o n experiments 
( f o r a period of 42 days) an attempt was made to determine the e f f e c t s 
of v a r i a t i o n s i n calcium and pH on the d i s s o l v e d phosphorus concentration 
i n the d i g e s t e r . The purpose of these experiments was to determine 
whether previous observations on the r e l a t i o n s h i p between [ C a ] P j and 
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pH could be s u b s t a n t i a t e d and to determine the p o s s i b l e e f f e c t on 
d i s s o l v e d phosphate tha t nTight be caused by p r a c t i c e s such as liming 
a d i g e s t e r . 

To avoid d i s t u r b i n g the d i g e s t e r by wide and sudden pH changes 
th a t could be caused by the a d d i t i o n of strong a c i d or strong base, the 
pH, a l k a l i n i t y , and calcium concentrations in the d i g e s t e r were adjusted 
simultaneously by the a d d i t i o n of CaCO., added i n the form of post-
a e r a t i o n basin sludge r i c h in CaCO., This sludge was i d e n t i c a l i n 
composition to t h a t described i n the previous s e c t i o n . Since the 
I n t e r e s t i n these experiments was i n d i s s o l v e d phosphorus and calcium 
concentrations, i t was necessary to separate the s o l i d s from the samples 
withdrawn from the d i g e s t e r , p r i o r to a n a l y s i s . To accomplish t h i s 
the samples of digested sludge were immediately c e n t r l f u g e d a t 15,000 
rpm f o r 5 min and then f i l t e r e d through OAS^ membrane f i l t e r s 
( M i l l i p o r e HA). During t h i s operation an upward pH change occurred 
(due to the e q u i l i b r a t i o n of the l i q u i d from the d i g e s t e r CO2 concentration 
toward the atmospheric CO2 concentration) e s p e c i a l l y during f i l t r a t i o n 
when a p a r t i a l vacuum was applied to the sample. Because of the pH 
change, two measurements of pH vmre made - one immediately on sampling 
and a second a f t e r c e n t r i f u q a t i o n and f i l t r a t i o n . The former pH 
value was used i n a s s e s s i n g the e f f e c t s of pH on d i s s o l v e d phosphorus 
concentrations i n the sludge d i g e s t e r because previous experiments on 
the batch a e r a t i o n of supernatant from Stege and Richmond sewage 
treatment p l a n t d i g e s t e r s ( F i g u r e 9) had shown that r a p i d pH changes 
took place p r i o r to any changes i n s o l u b l e phosphorus and calcium 
concentrations. The c e n t r i f u g a t i o n and f i l t r a t i o n operation took a 
maximum of only 10 min and r e f e r e n c e to Figure 9 shows t h a t during 
t h i s time period no s i g n i f i c a n t changes i n s o l u b l e phosphorus and 
calcium took place although the pH changes were r a p i d . 

The d i q e s t e r performed e x c e l l e n t l y during the six-week 
experimental period, producing 11 cu f t gas/lb V,y, destroyed a t an 
organic loading of 0,03 l b V^/cu f t - d a y . 

During the 42-day experimental period the a d d i t i o n of CaC03 
r i c h post-aeration sludge a f f e c t e d the composition of the d i g e s t e r 
contents producing a steady r i s e i n a l k a l i n i t y (from about 1 mM/£ to 
approximately 14 mM/£) and i n pH from 7 to 7.3, Over the f i r s t 
20 days of the experiment there was a t h r e e - f o l d i n c r e a s e i n d i s s o l v e d 
calcium (from 3 mM/v to 9 mM/£) and t h i s i n c r e a s e was accompanied 
by a decrease i n d i s s o l v e d phosphorus concentration from approximately 
1.7 mM/£ to 0.3 mM/£ ( F i g u r e 12). The data i n Figure 12 combined with 
m a t e r i a l s balance data f o r t o t a l and d i s s o l v e d Ca and P (Table V I I ) 
make i t p l a i n t h a t during the f i r s t 20 days of the experiment calcium 
phosphate p r e c i p i t a t i o n was taking place. In the l a t t e r p a r t of the 
experiment i t appears th a t considerable CaCOv̂  p r e c i p i t a t i o n began to 
occur i n conjunction with the calcium phosphate p r e c i p i t a t l o n c Mole 
r a t i o s of Ca/P i n the s o l i d increased from 1.5 to 1.8 in the f i r s t 
20 days and from 1.8 to 5,5 during the f i n a l 20 days of the experiment. 
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Figure 12. E f f e c t of Ca, pH and A l k a l i n i t y on 
Dissolved Phosphate Content of 
Anaerobic Digester. 



TABLE V I I 

MASS BALANCE ON TOTAL AND DISSOLVED Ca AND P 
FOR HIGH CaCOs SLUDGE FEEDING EXPERIMENT 

DATE 

1969 

DIGESTER P CONTENT DIGESTER Ca CONTENT Ca/P. 
mole 

Ratio 
i n S o l i d 

DATE 

1969 
Total 
mg 

Dissolved 
mg 

Sol-id Total Dissolved S o l i d 

Ca/P. 
mole 

Ratio 
i n S o l i d 

DATE 

1969 
Total 
mg 

Dissolved 
mg mg mf'1 mg mg mg mM 

Ca/P. 
mole 

Ratio 
i n S o l i d 

22 Jan 2301 522 1779 58 11878 3228 8650 86 1.5 
24 2305 469 1836 59 11955 3043 8910 89 1.5 
27 2280 476 1804 58 11835 3185 8650 86 1.5 
29 2309 363 1846 60 14669 4484 10200 102 1.4 
31 2302 250 2152 69 16536 6019 10500 105 1.5 
5 Feb 2341 162 2179 70 19010 6913 12100 121 1.7 
7 2391 326 2065 66 20813 8490 12300 123 1.8 

10 2445 114 2331 75 22502 8954 13500 135 1.8 
14 2415 119 2296 74 23529 8515 15000 150 2.0 
17 2419 143 2276 74 28779 5103 23700 237 3.2 
19 2431 120 2311 75 33428 6981 26400 264 3.5 
21 2444 138 2306 74 37125 3900 33200 332 4.5 
24 2443 125 2318 75 40397 6900 33500 335 4.5 
26 2446 98 2348 76 43452 5143 38300 383 5.0 
28 2482 138 2344 76 46452 4759 41700 417 5.5 
3 Mar 2581 112 2402 78 46655 4817 41800 418 5.4 1 
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A c t i v i t y product data f o r each of the 16 experimental points are 
presented i n Table V I I I . On the b a s i s of these data i t appears t h a t 
d i g e s t e r l i q u i d i s hi g h l y supersaturated with respect to c a l c i t e and 
one would therefore expect t h a t t h i s s o l i d would form. Of the calcium 
phosphate phases enumerated, only s u p e r s a t u r a t i o n with respect to 
a p a t i t e appears to e x i s t . 

U nfortunately, magnesium data were not taken during these 
experiments because a t t h a t time the importance of t h i s c a t i o n i n 
phosphate p r e c i p i t a t i o n was not f u l l y comprehended. The absence of 
absolute values f o r magnesium and the conduct of the experiment over 
a somewhat l i m i t e d pH range makes comparisons w i t h other workers d i f f i 
c u l t . I f one makes the reasonable assumption t h a t the Ca/Mg mole 
r a t i o was 5, then t h i s d i g e s t e r appears to be r e p r e s e n t a t i v e of the 
model of Ferguson [ 9 ] i n which the probable s o l i d s forming would be 
poorly c r y s t a l l i n e h y d r o x y l a p a t i t e (pA 52) and c a l c i t e (pA 8,3). 

The d i g e s t e r data f a l l p e r f e c t l y on the c o r r e l a t i o n curve 
of [ C a j P j v s . pH ( F i g u r e 3) t h a t was derived from previous work by 
Menar and Jenkins [ 1 ] and are i n e x c e l l e n t agreement with previous 
data from anaerobic and high CO2 environments. 

CONCLUSIONS 

The general conclusion from these experiments i s t h a t 
calcium phosphate p r e c i p i t a t e s formed i n a p o s t - a e r a t i o n basin (and 
indeed i n any primary, secondary, or t e r t i a r y p r e c i p i t a t i o n scheme) 
tend to r e d i s s o l v e a t the lower pH values encountered i n anaerobic 
d i g e s t i o n and are r e l e a s e d i n t o the supernatant stream. T h i s conclusion 
i s an extension of the observation of Menar and J e n k i n s [ 1 ] t h a t 
even i n the s l i g h t l y lower pH (higher CO2) environment of a secondary -
c l a r i f i e r a c t i v a t e d sludge b l a n ket, a r e d i s s o l u t i o n pf calcium phosphates 
takes place. A l s o , r e l e a s e of phosphate has g e n e r a l l y been observed 
from a l l a c t i v a t e d sludges claimed to be showing " l u x u r y uptake," 
when the sludges were exposed to anaerobic conditions and a lowering 
of pH. T h i s conclusion makes i t p l a i n t h a t the anaerobic d i g e s t e r 
i s not a good u n i t f o r the treatment of high phosphorus a c t i v a t e d 
sludge or post-aeration sludge vf d i g e s t e r supernatant r e c y c l e i s 
contemplated and i f high phosphorus removals are d e s i r e d from the 
wastewater stream. Aeration of the d i g e s t e r supernatant caused p r e c i 
p i t a t i o n of phosphate by s t r i p p i n g CO2 and r a i s i n g i t s pH, but s i g n i 
f i c a n t amounts of phosphate would s t i l l be r e c y c l e d even i f p e r f e c t 
separation of p r e c i p i t a t e d phosphate from the aerated supernatant 
were achieved. 

These experiments have a l s o shown t h a t an i n c r e a s e i n calcium 
concentration i n an anaerobic d i g e s t e r leads to a decrease i n d i s s o l v e d 
phosphate concentration. The e x p l o r a t i o n of t h i s technique of phosphorus 
removal from d i g e s t e r supernatant was not pursued to a degree tha t would 
allow the conclusion t h a t i t o f f e r e d a s a t i s f a c t o r y phosphorus removal 



TABLE V I I I 

EXPERIMENTAL ACTIVITY PRODUCTS FOR DIGESTION EXPERIMENT DATA 

Experimental A c t i v i t y Product^ 

pH 
DCP TCP OCP HAP C a l c i t e 

7.05 
7.00 
7.03 
7.14 
7.00 
7.00 
7.16 
7.20 
7.40 
7.35 
7.27 
7.22 
7.20 
7.25 

7.0 
7.1 
7.0 
6.9 
7.2 
7.4 
7.3 
7.7 
7.3 
7.4 
7.4 
7.5 
7.9 
7.9 

28.4 
28.9 
28.5 
27.8 
28.9 
29.2 
28.5 
29.5 
28.2 
28.4 
28.7 
28.9 
30.1 
30.2 

47.7 
48.3 
47.9 
47.0 
48.4 
49.0 
49.1 
49.5 
37.8 
39.0 
48.4 
48.7 
50.3 
50.5 

51.3 
52.3 
51.6 
50.4 
52.2 
52.7 
51.4 
53.0 
50.7 
42.0 
51.7 
51.9 
54.1 
54.3 

3.7 
3.8 
3.7 
3.5 
3.2 
3.4 
3.0 
3.1 
2.9 
3.0 
2.9 
3.2 
2.9 
2.8 

a For data points i n Figure 12. 

Sa t u r a t i o n A c t i v i t y Products 

DCP 6.9 
TCP 26.0 
OCP 57.8 
HAP 46.9 
C a l c i t e 8.4 
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technique. Ferguson [ 1 ] , however, i n more e x t e n s i v e work on the f a t e 
of phosphorus i n d i g e s t e r s , i s of the opinion t h a t phosphate removal 
by the treatment of d i g e s t e r supernatant with calcium i s a f e a s i b l e 
process. Indeed, he s t a t e s t h a t i t i s p o s s i b l e t h a t the high concen
t r a t i o n s of phosphate i n t h i s waste stream may make chemical treatment 
r e l a t i v e l y e f f i c i e n t and inexpensive. One such scheme suggested by 
Ferguson [1] f o r the p r e c i p i t a t i o n of phosphate from d i g e s t e r super
natant i n v o l v e s a d j u s t i n g the Ca/P mole r a t i o to 2.5 (using calcium 
c h l o r i d e ) and a d j u s t i n g the pH to 8 (by a e r a t i o n to d r i v e o f f CO2). 
A f t e r p r e c i p i t a t i o n (with s o l i d s r e c y c l e to minimize the detention 
time f o r c r y s t a l growth) the s o l i d s would be separated by vacuum 
f i l t r a t i o n . Another scheme suggested f o r the removal of phosphate 
(and ammonia) from d i q e s t e r supernatants involves the a d d i t i o n of 
approximately 4 g/£ Ca(0H)2 to p r e c i p i t a t e calcium phosphate (probably 
a poorly c r y s t a l l i n e carbonate a p a t i t e ) and to r a i s e the pH to 11.5 
to enable ammonia removal by a i r s t r i p p i n g [ 1 6 ] . 



IV. PURE SYSTEM EXPERIMENTS 

OBJECTIVES 

The o b j e c t i v e of these p r e l i m i n a r y experiments on calcium 
phosphate p r e c i p i t a t i o n i n d i s t i l l e d water s o l u t i o n s was to provide 
some information on the e f f e c t of such common wastewater c o n s t i t u e n t s 
as H"̂ , C j * , Mg, and CO2 on the extent of calcium phosphate p r e c i p i t a t i o n 
a t concentrations and Ca/P mole r a t i o s t y p i c a l of wastewater treatment 
s i t u a t i o n s . 

EXPERIMENTAL PROCEDURE 

Batch p r e c i p i t a t i o n experiments were conducted a t 30^C using 
a 250-m£ i n i t i a l l i q u i d volume contained i n 300-m£ BOD b o t t l e s as 
r e a c t o r s . The contents of the b o t t l e s were mixed by water-driven 
magnetic s t i r r e r s . I n experiments where the l i q u i d was a e r a t i o n with 
va r i o u s gases, these gases were introduced through g l a s s d i f f u s e r s 
immersed i n the l i q u i d so t h a t they allowed a small c learance above 
the magnetic s t i r r i n g bar. 

The reagents f o r an experiment were pre-mixed i n a 400-m£ 
beaker which had been fl u s h e d out with nitrogen gas. Deionized water 
was used f o r a l l d i l u t i o n s and reagent preparation. One molar stock 
s o l u t i o n of CaCl23 MqCl25 Na2HP0L|, and NaHCOs were prepared using 
a n a l y t i c a l grade reagents. Working s o l u t i o n s of the f o l l o w i n g 
concentrations were prepared by d i l u t i n g the stock s o l u t i o n s with 
deionized water j u s t p r i o r to t h e i r use i n an experiment t o : CaCl2> 
0.1 M/£; MgCl2, O-"' M/£; Na2HP0,,, 0.096 M/£; NaHCOg, 0.05 M/£. 

The order of reagent a d d i t i o n was i d e n t i c a l i n a l l experiments: 
CaCl2 s o l u t i o n was always added f i r s t to v i g o r o u s l y s t i r r e d deionized 
water; when magnesium was used, the MqCl2 s o l u t i o n was added next, 
then the NaHC03 s o l u t i o n , and f i n a l l y the Na2HP0i^ s o l u t i o n . The mixture 
was s t i r r e d f o r 1 min and then the " i n i t i a l pH' was measured and 
recorded. A f t e r pH measurement the mixture was t r a n s f e r r e d i n t o the 
BOD-bottle r e a c t o r , which was then placed i n a constant-temperature 
bath where mixing was continued. I f a e r a t i o n was being employed, the 
d i f f u s e r was immersed a t t h i s time and a e r a t i o n s t a r t e d . Aeration was 
by c y l i n d e r gases of e i t h e r a i r , a i r + 0.5% COg, or a i r + 5% CO2. The 
r e a c t o r contents were sampled by withdrawing l i q u i d with a 50-m£ 

[H2CO3] + [HCO3] + [CO3] 
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p i p e t t e . The sample was f i l t e r e d immediately through 0.45y membrane 
f i l t e r s ( M i l l i p o r e HA) and pH, orthophosphate, and calcium were 
determined immediately on the f i l t r a t e . Samples f o r analyses were 
taken a f t e r 1,5 hr, a f t e r 48 hr, and a f t e r 96 hr. 

RESULTS 

The r e s u l t s of these experiments were of a p r e l i m i n a r y 
nature and were designed to screen out s i g n i f i c a n t e f f e c t s on calcium 
phosphate p r e c i p i t a t i o n of some of the common wastewater c o n s t i t u e n t s 
s i n g l y and i n combination. These r e s u l t s w i l l be discussed i n the 
context of l a t e r work i n t h i s area by one of the authors and others 
(Ferguson e t al^. [ 4 ] ; J enkins e t al^. [ 1 2 ] ) . 

The c u r r e n t experimental r e s u l t s are somewhat confounded 
by the i n a b i l i t y to control pH c l o s e l y during a p r e c i p i t a t i o n e x p e r i 
ment. The b u f f e r i n g components of the mixture were often the r e a c t a n t s 
i n the p r e c i p i t a t i o n and th e r e f o r e as these b u f f e r s were removed the 
mixture became su b j e c t to pH chahges. However, i f one surveys 
Table IX and Figure 13 i t i s p o s s i b l e to make a s i g n i f i c a n t obser
v a t i o n from the 96-hr d i s s o l v e d phosphate r e s i d u a l v a l u e s . I n the 
Ca - P j - C j - H"̂  - H2O - (Mq) system the only samples with extremely 
low phosphorus r e s i d u a l s (<0.05 mM/£) are those i n which Mg i s absent. 
In only one instance does the presence of Mq appear to decrease the 
phosphorus r e s i d u a l . T h i s was i n experiment 13 which when compared 
to experiment 20 only d i f f e r e d i n the presence of 0.8 mM/£ Mg i n the 
former. I n both of these experiments the i n i t i a l composition 
(4 mM/£ Ca, 0.5 mM/£ P j , 5 mM/£ C j ) , the a e r a t i n g gas ( a i r + 5% CO2), 
and the pH p r o f i l e (pH 8.0 i n i t i a l l y and dH 7.1 to 7.2 f i n a l l y ) were 
a l l the same. However, the P r e s i d u a l i n experiment 13 a f t e r 96 hr 
was 0.31 mM/£ and i n the Mq-containinq experiment 20 the P r e s i d u a l 
was 0.08 mM/£. 

Extremely high carbonate concentrations (30 mM/£) appear 
to suppress calcium phosphate p r e c i p i t a t i o n (independently of a f f e c t i n g 
the pH during p r e c i p i t a t i o n ) . For example, comparison of experiment 
23 with experiment 21 shows that the phosphorus r e s i d u a l s i n experiment 
23 (with an i n i t i a l composition of 4 mM/£ Ca, 0.5 mM/£ P j , 30 mM/£ C j , 
4 mM/£ Mq, and an i n i t i a l pH of 8.4) was 0.38 mM/£ wh i l e i n experiment 
21, i n which the only d i f f e r e n c e i n i n i t i a l conditions was the pH of 
8 and C j of 5 mM/£ there was a P r e s i d u a l of 0.18 mM/£. The pA value 
f o r CaC63 of 5.9 and the r e s i d u a l calcium concentration of 1.4 mM/£ 
i n d i c a t e the occurrence of CaC03 p r e c i p i t a t i o n i n experiment 23 but 
npt i n experiment 21 ( r e s i d u a l Ca = 3.6 mM/£). 

A s i m i l a r p a i r of experiments (experiment 24 and experiment 
22) i n which i n i t i a l Mg was 8 mM and i n i t i a l Ca/Mg mole r a t i o was 1/2 
does not confirm t h i s behavior. I n t h i s instance i t i s p o s s i b l e t h a t 
the very low Ca/Mg mole r a t i o was s u f f i c i e n t to almost completely 
i n h i b i t calcium phosphate p r e c i p i t a t i o n but to allow CaC03 p r e c i p i t a t i o n 
to take place i n the case of experiment 24 with the high i n i t i a l C j 
concentration 
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TABLE IX 

BATCH DISTILLED WATER PRECIPITATION EXPERIMENTS - INITIAL CONDITIONS 

Expt. No. 

I n i t i a l Conditions^ 

Expt. No. Ca P C t Mg pH Gas 

1 4.0 0.5 0 0 7.4 NONE 
2 4.0 0,5 0 0 7.5 NONE 
3 4.0 0.5 0 0 8.0 NONE 
4 4.0 0.5 0 0 8.1 NONE 
5 4.0 0.5 0 0 8.1 NONE 
6 4.0 0.5 0 0 7.5 AIR + 0.5% CO2 
7 4.0 0.5 0 0 7.4 AIR + 5% COp 
8 4.0 0.5 1.0 0 8.2 NONE 
9 4.0 0.5 5.0 0 8.0 NONE 

10 4.0 0.5 1.0 0 8.2 AIR + 5% CO2 
n 4.0 0.5 5.0 0 8.8 AIR 
12 4.0 0.5 5.0 0 7.9 AIR + 0.5% CO2 
13 4.0 0.5 5.0 0 8.0 AIR + 5% COo 
14A 4.0 0.5 5.0 4.0 8.0 AIR + 0.5% CO2 
14 4.0 0.5 0 4.0 7.6 NONE 
15A 4.0 0.5 1.0 4.0 7.8 NONE 
15 4.0 0.5 0 4.0 7.6 AIR + 0.5% CO2 
16A 4.0 0.5 1.0 4.0 7.8 AIR + 0.5% CO2 
16 4.0 0.5 1.0 0.8 7.6 AIR + 5% CO2 
17A 4.0 0.5 1.0 4.0 7.7 AIR + 5% CO2 
17 4.0 0.5 1.0 2.0 7.7 AIR + 5% CO2 
18 4.0 0.5 1.0 2.0 7.7 AIR + 5% CO2 
19 4.0 0.5 1.0 2.0 8.0 AIR.+ 5% CO2 
20 4.0 0.5 5.0 0.8 8.0 AIR + 5% COp 
21A 4.0 0.5 5.0 4.0 8.0 NONE 
21 4.0 0.5 5.0 4.0 8.0 AIR + 5% CO2 
22 4.0 0.5 5.0 8.0 8.1 AIR + 5% COp 
23 4.0 0.5 30.0 4.0 8.4 AIR + 5% COo 
24 4.0 0.5 30.0 8.0 8.3 AIR + 5% CO2 

^ A l l concentrations are mM. 



TABLE X 

BATCH DISTILLED WATER PREClPrTATlON DATA ̂  

A f t e r 15 hr ' A f t e r 48 hr A f t e r 96 hr 

Expt No. Ca P pH Ca P pH Ca P pH 

1 3.7 0.31 6.6 3.6 0.27 5.9 3.6 0.27 5.9 
2 3.6 0.31 6.8 3.5 0.26 6.0 3.6 0.27 5.9 
3 3.6 0.18 7.8 3.5 0.17 7.8 3.4 0.17 5.7 
4 3.3 0.14 7.9 3.2 0.094 6.2 3.2 0.090 6.2 
5 3.3 0.13 7.7 3.2 0.097 6.2 3.2 0.10 6.2 
6 3.6 0.44 6.6 3.8 0.38 6.5 3.9 0.39 6.4 
7 3.9 0.48 5.9 3.9 0.49 5.8 4.0 0.49 6.0 
8 3.7 0.33 7.6 3.1 0.074 7.2 3.1 0.042 7.2 
9 3.1 0.16 8.1 2.8 0.026 7.9 2.5 0.026 7.8 

10 3.2 0.20 7.1 3.2 0.055 7.3 3.3 0.042 7.2 
11 2.8 0.04 8.7 1.2 0.036 8.9 1.7 0.019 8.8 
12 3.1 0.18 7.9 2.7 0.019 8.1 1.0 0.036 7.9 
13 3.95 0.49 7.3 3.8 0.37 7.2 3.7 0.31 7.2 
14A 3.5 0.19 8.0 3.3 0.15 8.2 3.4 0.13 8.1 
14 3.9 0.46 7.5 3.6 0.45 7.5 3.9 0.44 7.4 
15A 3.8 0.35 7.8 3.7 0.32 7.7 3.6 0.29 7.7 
15 4.0 0.49 6.7 4.0 0.50 6.5 4.1 0.49 6.5 
16A 3.8 0.33 7.8 3.5 0.21 7.5 3.4 0.11 7,4 
16 - - - 4.1 0.49 6.5 4.1 0.47 6.5 
17A - - - 3.9 0.48 6.7 3.8 0.46 6.8 
17 - - - 4.0 0.48 6.6 4.3 0.48 6.5 
18 3.7 0.46 6.5 4.1 0.50 6.7 - - -
19 1.6 0.49 6.4 1.6 0.49 6.5 1.8 0.50 6.6 
20 - - - 3.5 0.12 7.1 3.5 0.08 7.1 
21A 3.4 0.39 8.1 4.0 0.38 8.1 4.6 0.35 8.2 
21 - - - 3.8 0.36 7.3 3.6 0.18 7.3 
22 _ - - 3.9 0.46 7.2 4.0 0.41 7.1 
23 - - - 1.5 0.38 7.9 1.4 0.38 7.8 
24 - - - 1.8 0.39 7.8 1.9 0.43 7.8 

^ A l l concentrations are mM 
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DISCUSSION 

The r e s u l t s obtained i n these p r e l i m i n a r y experiments are 
suggestive of data obtained r e c e n t l y by Ferguson ejt a l - [ 4 ] i n a 
study of calcium phosphate p r e c i p i t a t i o n i n batch systems with chemical 
compositions s i m i l a r to those studied i n the p r e l i m i n a r y experiments 
and encountered i n many wastewaterso I n these experiments i t was found 
that the e f f e c t of pH i n the Ca P j - C j - - Ĥ O system was 
complex ( F i g u r e 1 4 ) o While the general e f f e c t of i n c r e a s i n g pH 
was to decrease r e s i d u a l s o l u b l e phosphate, induction periods were 
long a t low pH values (pH 7.6 and oH 8 ) . These induction periods 
could be eliminated i f p r e v i o u s l y p r e c i p i t a t e d calcium phosphate s o l i d s 
were present ( F i g u r e 15) and were the r e f o r e most probably due to 
the nucleation of poorly soluble phases followed by subsequent r a p i d 
c r y s t a l growth. At pH 10 and 11 there was a very rapid p r e c i p i t a t i o n 
of most of the phosphate, then the soluble phosphate concentration 
increased to a value t h a t a f t e r about 1 hr remained v i r t u a l l y constant. 
E l e c t r o n micrograph data i n d i c a t e t h a t t h i s k i n e t i c p attern was caused 
by an instantaneous p r e c i p i t a t i o n of a calcium phosphate followed by 
a slower conversion to c a l c i t e which i s accompanied by the r e - s o l u t i o n 
of some of the i n i t i a l l y p r e c i p i t a t e d calcium phosphate ~ presumably 
a poorly c r y s t a l l i n e carbonate-apatite. 

The e f f e c t of carbonate concentration on calcium phosphate 
p r e c i p i t a t i o n appeared to be exerted both k i n e t i c a l l y and on the value 
of the long term r e s i d u a l s o l u b l e phosphate ( F i g u r e 16). As carbonate 
concentration i s increased through the range commonly found i n waste
waters, slower phosphate removal occurs and s i g n i f i c a n t l y higher 
phosphate r e s i d u a l s are present a t high carbonate l e v e l s even a f t e r 
s e v e r a l hundred hourso 

While the e f f e c t of carbonate on phosphate s o l u b i l i t y i s 
not f u l l y understood, i t i s believed t h a t the occurrence of calcium 
carbonate p r e c i p i t a t i o n above pH 9 and the s u b s t i t u t i o n of carbonate 
i n a p a t i t e ( i n c r e a s i n g i t s s o l u b i l i t y with respect to phosphate) are 
Involved. 

This work i n d i c a t e d t h a t the e f f e c t of magnesium on the 
p r e c i p i t a t i o n of calcium phosphate was exerted through i t s i n f l u e n c e on 
the nature of the calcium-containing s o l i d s but not through the 
formation of magnesium carbonate or phosphate p r e c i p i t a t e s . At pH 
8, Mg retarded the r a t e of phosphate p r e c i p i t a t i o n and r e s u l t e d i n 
much higher phosphate r e s i d u a l s i n samples t h a t contained high Mg 
concentration ( F i g u r e 17). T h i s behavior i s In d i c a t e d i n experiments 
conducted i n the p r e l i m i n a r y study reported herein and may be due to 
the I n h i b i t i o n of nucl e a t i o n and c r y s t a l growth - an i n t e r p r e t a t i o n 
t h a t has been suggested f o r s i m i l a r i n h i b i t o r y e f f e c t s of Mg i n CaCOa 
phase changes. Magnesium may a l s o cause a change i n the nature of the 
calcium phosphate s o l i d . For example, Ferguson [91 has proposed 
th a t i n the presence of Mg, g - t r i c a l c i u m phosphate can be p r e c i p i t a t e d 
i n systems that otherwise would p r e c i p i t a t e h y d r o x y l a p a t i t e . The 
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Figure 14. The E f f e c t of pH and Time on Phosphate Removal. 
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Figure 15- E f f e c t of C r y s t a l Seeding on T^ate of Calcium Phosphate P r e c i p i t a t i o n . 
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Figure 16. The E f f e c t of Carbonate Concentration on Phosphate Removal a t pH 8. 
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former s o l i d i s s l i g h t l y more s o l u b l e with r e s p e c t to phosphate and 
calcium than the l a t t e r and would t h e r e f o r e r e s u l t i n higher phosphate 
r e s i d u a l s i n the presence of magnesium. 

At pH values where calcium carbonate p r e c i p i t a t i o n takes 
place i n the Ca - P T - C j - H"*" - H2O - Mg system, magnesium e x e r t s a 
r a t h e r d i f f e r e n t e f f e c t than t h a t observed a t pH 8 ( F i g u r e 4 ) . I n 
the experiments of Ferguson e t al^., [ 4 ] a t pH 9.5, phosphate r e s i d u a l s 
increased r a p i d l y from a very low I n i t i a l value to a concentration 
t h a t appeared to be dependent on the Mq conc e n t r a t i o n . These r e s u l t s 
were i n t e r p r e t e d to i n d i c a t e t h a t calcium phosphate and calcium 
carbonate both p r e c i p i t a t e d i n i t i a l l y . Then the i n i t i a l l y p r e c i p i t a t e d 
calcium phosphate r e d i s s o l v e d and calcium carbonate p r e c i p i t a t e d over 
the f i r s t 1 to 2 hr. Since i t i s known th a t Mq i n c r e a s e s the s o l u b i l i t y 
of c a l c i t e and i n h i b i t s calcium carbonate phase changes, the presence 
of Mg i n a system i n which calcium phosphate and calcium carbonate 
both p r e c i p i t a t e would tend to produce lower P r e s i d u a l s than a system 
i n which Mq was absent (and i n which phases change between calcium 
phosphate and calcium carbonate proceeded u n i n h i b i t e d ) . 

I t i s p o s s i b l e to d i s c u s s the e x i s t i n g and proposed phosphate 
p r e c i p i t a t i o n p r a c t i c e s i n the context of the rese a r c h conducted by 
Ferguson e t al_. [ 4 ] . Phosphate p r e c i p i t a t i o n by the a d d i t i o n of lime 
i s p r a c t i c e d almost e x c l u s i v e l y a t pH values i n excess of 10.5. 
Phosphate r e s i d u a l s of l e s s than 0.5 mq P/£ are common, but chemical 
doses are d i r e c t l y r e l a t e d to wastewater a l k a l i n i t y and g e n e r a l l y 
exceed 400 mg/£ of lime. The work of Ferguson e t a^. i n d i c a t e s t h a t 
where P r e s i d u a l s of l e s s than 0.3 mg P/£ are desi r e d t h i s high pH 
p r e c i p i t a t i o n process would probably operate most e f f i c i e n t l y a t short 
contact times (<0.5 h r ) and with rapid s o l i d s s eparation devices such 
as c e n t r i f u g a t i o n followed by f i l t r a t i o n . Since calcium carbonate 
p r e c i p i t a t i o n w i l l take place a t these high pH values a l a r g e f r a c t i o n 
of the sludge from such processes w i l l be calcium carbonate and the 
economic f e a s i b i l i t y of r e c a l c i n i n g f o r lime recovery should be c o n s i 
dered on a case by case b a s i s . The high pH lime a d d i t i o n process 
would be a s e r i o u s candidate to obtain low P r e s i d u a l s i n wastewaters 
w i t h a high carbonate content (300 mg as CaC03/£) and a high Mg 
concentration (>24 mg/£) s i n c e , a t pH values i n excess of 11, the 
d e l e t e r i o u s e f f e c t s of these components on calcium phosphate p r e c i p i t a t i o n 
appear to be r e l a t i v e l y s m a l l . 

Schmidt and McKinney [ 6 ] have r e c e n t l y suggested t h a t 
phosphate p r e c i p i t a t i o n can be conducted i n primary sedimentation 
basins by the a d d i t i o n of lime to achieve a pH value of 9 to 10. 
The r e s u l t s of the work of Ferguson e t al_. [ 4 ] suggest t h a t p r e c i 
p i t a t i o n a t t h i s pH would be a p r e f e r r e d process where Ca/Mg r a t i o s 
are high (Ca/Mg <2) i . e . , t y p i c a l l y i n an area with hard water and 
high Mg. T h i s process would a l s o be a p p l i c a b l e where r e c y c l e of 
p r e c i p i t a t e d s o l i d s was i m p r a c t i c a l . At these pH values calcium 
carbonate p r e c i p i t a t i o n w i l l take place and where high wastewater 
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carbonate concentrations e x i s t e x c e s s i v e calcium carbonate 
t a t i o n may i n t e r f e r e with calcium phosphate p r e c i p i t a t 
separation i n such a process should be rapid a t these 
phosphate r e l e a s e from p r e c i p i t a t e d s o l i d s occurs duri 
few minutes a f t e r chemical a d d i t i o n . I t would appea 
r e c y c l e which seems to be an i n t e g r a l part of the PEP 
(Albertson and Sherwood [ 1 7 ] ) may be d e s i r a b l e f o r f|l 
i s probably not optimum f o r phosphate p r e c i p i t a t i o n 
9 to 10. 

p r e c i p i -
ion. S o l i d s 
pH values because 
ng the f i r s t 
t h a t s o l i d s 
process 

o c c u l a t i o n but 
at pH values of 

DS to define the 
p r e c i p i t a t i o n 

The research of Ferguson et aj^. f u r t h e r hel 
conditions t h a t were necessary f o r calcium phosphate 
at pH values c o n s i s t e n t with the a c t i v a t e d sludge process. The 
suggestion that enhanced phosphate removal by a c t i v a t e d sludge a t 
San Antonio, Texas i s caused by calcium phosphate p r e c i p i t a t i o n 
(Menar and Jenkins [ 1 ] ) has been r e i n f o r c e d . The long nucleation 
times observed f o r calcium phosphate p r e c i p i t a t i o n a t low pH values 
may account f o r the absence of phos^phate removal a t nany l o c a t i o n s , 

a c t i v a t e d sludge 
e e f f e c t i v e n e s s 

w h i l e the r e c y c l e of p r e c i p i t a t e d s o l i d s with r e t u r n 
( e l i m i n a t i n g the nucleation lag time) may e x p l a i n the 
of the process where i t does occur. The hindering e f f e c t s of Ca and 
Mg on calcium phosphate p r e c i p i t a t i o n a t low pH values may account 
f o r some of the d i f f e r e n c e s i n phosphate removal observed a t d i f f e r e n t 
l o c a t i o n s ; f o r example, the high concentrations of these two components 
have been suggested by Ferguson {9}' to be the reason! why i t was 
impossible f o r Menar and Jenkins [IJ to obtain very low s o l u b l e 
phosphate r e s i d u a l s i n t h e i r a c t i v a t e d sludge experiments a t San Ramon, 
C a l i f . [ 1 ] , This i s very p o s s i b l y the same reason t h a t i t was impossible 
to obtain extremely low phosphate r e s i d u a l s i n the SERL post-aeration 
experiments discussed e a r l i e r i n t h i s r e p o r t . Ferguson £t al^. [ 4 ] 
suggest that phosphate p r e c i p i t a t i o n a t pH val i i e s of 7.5 to 8,5 i s 
most r e a d i l y a p p l i c a b l e i n s o f t water a r e a s , and i n such areas i t can 
be used i n combination with a c t i v a t e d sludge treatment or i n a post-
a e r a t i o n system. In a t y p i c a l low-hardness wastewater (e.g., Ca, 0.8 mM/£; 
Mg, 0.4 mM/£; a l k a l i n i t y , 150 mg as CaC03/£; bicarbonate 3 mM/£; and 
phosphate, 0.3 mM/i) the a d d i t i o n of 1 to 2 mM/£ Ca and 0.3 to 1 mM/£ 
strong base would r a i s e the pH to s l i g h t l y above pH 8 and the calcium 
concentration to about 2 mM/£. Under these c o n d i t i o n s , nucleation 
should take place r a p i d l y ( w i t h i n hours) and r e c y c l e of s o l i d s should 
r e s u l t i n rapid c r y s t a l growth and e f f e c t i v e phosphate removal to 
low r e s i d u a l s (approximately 0.3 mM/£). Sludge production should be 
small s i n c e calcium phosphate p r e c i p i t a t i o n should tfike place i n the 
absence of calcium carbonate formation. 



V. SUMMARY AND CONCLUSIONS 

The f o l l o w i n g conclusions can be reached as a r e s u l t of the 
research conducted here and l a t e r work discussed i n conjunction with 
the c u r r e n t l y reported work: 

1. I t has been demonstrated t h a t post-aeration with the use 
of a small amount of waste a c t i v a t e d sludge as a p r e c i p i t a t e 
c o l l e c t o r i n the p o s t - a e r a t i o n basin i s a v i a b l e process 
f o r phosphate removal f o l l o w i n g the a c t i v a t e d sludge process. 

2. I t has been dem.onstrated t h a t the anaerobic d i g e s t e r would 
cause a s i g n i f i c a n t r e c y c l e of phosphorus when used i n 
conjunction with a c t i v a t e d sludge and a post-aeration process 
f o r phosphorus removal. 

3. I t has been demonstrated t h a t anaerobic d i g e s t e r supernatant 
a e r a t i o n causes r a p i d p r e c i p i t a t i o n of phosphate but t h a t 
separation of the p r e c i p i t a t e d m a t e r i a l i s d i f f i c u l t and 
s i g n i f i c a n t phosphorus r e c y c l e w i l l s t i l l r e s u l t even i f 
supernatant a e r a t i o n and separation of p r e c i p i t a t e d s o l i d s 
i s conducted. 

4. I t has been demonstrated t h a t dosing of the d i g e s t e r super
natant with lime w i l l cause decreases i n the r e c y c l i n g of 
phosphorus but a s i g n i f i c a n t amount of r e c y c l i n g w i l l s t i l l 
occur. I n view of these f i n d i n g s i t i s recommended t h a t the 
anaerobic d i g e s t e r not be considered as a sludge treatment 
device i f i t i s d e s i r a b l e to produce low (<2 mg phosphorus 
r e s i d u a l s and i f i t i s impossible to e l i m i n a t e d i g e s t e r 
supernatant r e c y c l e . 

5. P r e l i m i n a r y experiments on clean s o l u t i o n s have i n d i c a t e d 
t h a t pH, carbonate, and magnesium have complex e f f e c t s on 
the r a t e and extent of calcium phosphate p r e c i p i t a t i o n a t 
wastewater treatment concentrations. These data have been 
discussed i n the l i g h t of l a t e r work by Ferguson et a l . 
[4] and lead to the suggestion of new techniques f o r the 
removal of phosphate from wastewater by calcium phosphate 
p r e c i p i t a t i o n as w e l l as c o n t r i b u t i n g information t h a t helps 
to e x p l a i n p r e v i o u s l y observed r e s u l t s from such phosphate 
removal processes. 
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APPENDIX 

ANALYTICAL TECHNIQUES 

Soluble Calcium. Soluble calcium was determined by EDTA 
t i t r a t i o n using hydroxynaphthol blue as i n d i c a t o r [ 1 8 ] . 

Tot a l Calcium (sludge samples). To t a l calcium was determined 
on a sample a f t e r ashing. A s u i t a b l e sample volume ( u s u a l l y 20 mz) 
was evaporated to dryness on a steam t a b l e . The dri e d sample was 
ashed a t 800^C f o r 30 minutes. The residue was heated on a steam 
t a b l e with 10 m£ of 2M HCl f o r 10 minutes and then t r a n s f e r r e d to a 
250-m£ beaker using deionized water. The sample was n e u t r a l i z e d to 
a pH of 7.0 with O.IN NaOH and t i t r a t e d with EDTA using hydroxynaphthol 
blue as i n d i c a t o r . 

Chemical Oxygen Demand. COD was determined by the method given 
i n Standard Methods 12th E d i t i o n [19] using a s i l v e r s u l f a t e c a t a l y s t . 

Magnesium. Magnesium was determined by the d i f f e r e n c e between 
the t o t a l hardness and the calcium concentrations. 

pH. The pH measurements were made usinn a Beckman Expandomatic 
pH meter. 

Sludge Volume Index ( S V I ) . SVI of the mixed l i q u o r was determined 
using the method given i n Standard Methods 12th E d i t i o n [ 1 9 ] . 

Suspended S o l i d s (sewage samples). Suspended s o l i d s were 
determined by the membrane ( M i l l i p o r e ) f i l t e r technique of Winneberger 
et a l . [ 2 0 ] . 

Suspended S o l i d s i n A c t i v a t e d Sludge. Suspended s o l i d s i n 
a c t i v a t e d sludge were determined by f i l t r a t i o n through a Whatman GF/C 
gl a s s f i l t e r followed by drying a t 105^0 and weighing of the residue 
(J e n k i n s [ 2 1 ] ) . 

T o t a l S o l i d s i n Raw Sludge. Total s o l i d s were determined 
g r a v i m e t r i c a l l y on raw sludge f o l l o w i n g blending of the sludge i n a 
Waring blender. 

Total Phosphate. To t a l phosphate was determined on a sample 
a f t e r a l k a l i n e ashing. A s u i t a b l e sample volume ( u s u a l l y 10 mi) 
was tre a t e d with 1 mi of 5% MgCl2- 6H2O s o l u t i o n and evaporated to 
dryness on a steam t a b l e . The dri e d sample was ashed a t BOQOC f o r 
1 hr. The residue was heated on a steam t a b l e f o r 30 min with 3 mi 
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strong a c i d molybdate s o l u t i o n and a f t e r cooling was t r a n s f e r r e d to 
a 100-m£ volumetric f l a s k . Aminonaphthol s u l f o n i c a c i d (4 m£) was 
added and the volume made up to 100 m£. The absorbence of the 
molybdenum blue was read a t 630 my a f t e r 6 min using a 1-in c e l l i n 
a Bausch and Lomb Spectronic 20. The concentrations of a l l reagents 
were as given i n Standard Methods 10th E d i t i o n [ 2 2 ] . 

Soluble Phosphate. Soluble phosphate was determined by f i l t e r i n g 
the sample through washed 0.45-y membrane f i l t e r s and then proceeding 
as f o r the t o t a l phosphate. 

Orthophosphate. Orthophosphate was determined using the amino
naphthol s u l f o n i c a c i d (ANS) method o u t l i n e d i n Standard Methods 
10th E d i t i o n [22] w i t h the f o l l o w i n g m o d i f i c a t i o n s : 

1. Absorbence was read a t 630 my instead of 690 my. 

2. Three m£ of strong-acid molybdate was used instead of 4 m£. 

3. S i x minute r e a c t i o n time was used ins t e a d of 10 min. The 
two l a t t e r modificationswere made to reduce the p o s s i b i l i t y 
of polyphosphate h y d r o l y s i s during the orthophosphate a n a l y s i s . 

Ortho + Hydrolyzable Phosphate. The sample was placed i n a 
250-m£ beaker, 8 m£ of 8N H2S0y were added and the mixture d i l u t e d to 
40 m£ with d i s t i l l e d water. Two Hengar s e l e n i z e d granules were added, 
the beaker covered w i t h a watch g l a s s , and the mixture boiled gently 
f o r 40 min. A f t e r c o o l i n g , the sample was n e u t r a l i z e d w i t h 8 N NaOH 
to the phenolphthalein end point. A few drops of 4.5N H2S0i^ were 
added u n t i l the pink c o l o r disappeared. The sample was then t r a n s f e r r e d 
to a 100-m£ volumetric f l a s k and 3 m strong a c i d molybdate s o l u t i o n 
was added and mixed by s w i r l i n g . ANS reducing agent (4 m£) was added 
and mixed and then the mixture d i l u t e d to 100 m£ with d i s t i l l e d water. 
The absorbence was read a f t e r 6 mirv on a Bausch and Lomb Spectronic 20 
at 630 my using a 1-in c e l l . Reagent concentrations were as described 
i n Standard Methods, 10th E d i t i o n [ 2 2 ] . ; 

Tot a l Hardness. T o t a l hardness was determined by EDTA t i t r a t i o n 
using eriochrome black T as i n d i c a t o r [ 2 3 ] . 

V o l a t i l e Suspended S o l i d s i n A c t i v a t e d Sludge. V o l a t i l e 
suspended s o l i d s i n a c t i v a t e d sludge were determined by combustion 
of the s o l i d s r e t a i n e d by a Whatman GF/C g l a s s f i l t e r a t 500^0 f o r 
30 min [ 2 1 ] . 

Digester Gas A n a l y s i s . The amounts of CHî  and CO2 i n the d i g e s t e r 
gas were determined by gas chromatography [ 2 4 ] . 
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