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SYNOPSIS 

Full scale studies on biological excess phosphrous removal plants have demonstrated 

the biological e~cess phosphorous removal can be increased by acid fermenting the 

settled sludge in the primary settling tank, and adding either the fermented sludge, 

or the acids elutriated from the sludge, to the influent of the biological phosphorous 

removal plant. Considerable uncertainty still exists, however, as to the mass of short 

chain fatty acids that can be generated and the degree of improvement in 

phosphorous removal that can be expected. This study was undertaken to (1) 
evaluate short chain fatty acid production in laboratory scale batch, single and 

in-series completely mixed reactor systems, (2) development of a model for acid 

fermentation, and (3) theoretically estimate the effect of acid addition on biological 

excess phosphorous removal. 

The laboratory investigation comprised studies of, (1) batch systems with batch 

retention times up to about 10 days for influent volatile solids concentrations ranging 

from 11 to 42 g/ l, (2) 3 in-series completely mixed reactor systems with each reactor 

having 1 day flow through retention time for influent volatile solids concentrations 

ranging from 37 to 60 g/l and, (3) single completely mixed reactor systems with flow 

through retention times of 1, 2, 3, 5, 6 and 9 days for influent volatile solids influent 

concentrations ranging from 36 to 50 g/ l All the studies were made at 20° C. 

From the fermentation studies the following conclusions were formed. 

• The raw sludge app~ars to have an acid fermentation potential for the 

production of SCF A, of about 17 percent of the influent sludge COD i.e. a 

specific potential yield of 0,17 mgSCF A as COD /mg influent sludge COD. 

• · The potential does not appear to be influenced by the concentration of the 

influent primary sludge. 

• The production of SCFA appears to conform to a first order reaction with a 

reaction rate constant of about 0,16 day-1 at 20° C. 

• Besides generating SCF A, acid fermentation also generates soluble complex 

molecules approximately equal in concentration to the concentration of SCF A, 
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i.e. of the total soluble ( <0,45µm) COD concentration generated, approximately 

half is SCFA (as COD) and half is non-SCFA soluble COD. The production 

rate of the total soluble COD, (and therefore also that of the non-SCFA soluble 

COD) also approximates a first order rate not influenced by sludge 

concentration. 

• Hydraulic retention time in an acid fermentation system .should not exceed about 

6 days at 20" C; at longer retention time work {elsewhere) indicates that 

methane fermentation can take place thereby reducing the net SCF A yield. 

• The COD yield of SCF A at 6 days at 20" C is approximately 38 percent of the 

potential yield, and can be estimated from the specific potential yield (0,17 

mgSCFA as COD/mg influent sludge COD by: 

COD SCFA at 6 days= 0,17(1-e0116 "6) COD of influent sludge 

giving a yield of 0,065 mgSCFA as COD/mg influent sludge COD. Thus only a 

minor fraction of the SCFA potential can be generated at these short retention 

times. 

Knowing the potential acid production and the reaction order a model for acid 

fermentation was constructed and equations developed for SCF A yield at any 

retention time, for single, in-series and .accumulating batch reactor systems. No 

solutions were developed for acid fermentation in primary settling tanks with 

underflow recycle to the influent. Applying the model to evaluate the effect of the 

fermentation systems on the biological excess phosphorus Jemoval (BEPR) systems, 

it was found that: 

• For total retention times up to about 6 days ·the differences in the SCF A yield 

between a single reactor, 3 in-series reactors and accumulating batch reactor are 

small. In consequence the selection of a specific system for acid fermentation 

will be governed by the cost of construction and the ease of operation. 

• From a practical and economic point of view the most appropriate retention time 

in fermentation systems appears to be about 3 days: With 3 days acid 

fermentation retention time biological excess phosphorus removal in the BEPR 

plant will increase by about 15 per cent. Increasing the acid fermentation time 
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to 6 days will improve the phosphorus removal in the BEPR plant only by a 

further 3 percent. These values apply to BEPR systems treating settled or 

unsettled influents. 

The study reported here did not investigate experimentally, the effects of the 

addition of the fermented products on BEPR, denitrification and aerobic processes in 

the nitrification denitrification (ND) BEPR system. Such a study is important 

because it would give an indication what proportion of the non-SCFA soluble 

( <0,45µm) COD generated is RBCOD which can be converted to SCFA in the 

anaerobic rector. The increases in BEPR cited above are those due only to SCF A 

generation and ignore the possible additional BEPR due to a RBCOD component in 

the non-SCF A soluble COD fraction. Earlier investigations at laboratory scale 

(Bagg et al., 1985) and full scale (Osborn et al., 1986, 1989) indicate that the · 

non-SCF A soluble COD does contain RBCOD because the increases in BEPR 

achieved by acid fermentation are greater than can be accounted for by SCF A 

generation only. The RBCOD and SCFA generated by acid fermentation also may 

be important for improving denitrification when a nitrate standard is imposed: Some 

of the RBCOD/SCFA generated can be passed by the anaerobic reactor (with a 

concomitant reduction in BEPR) and discharged to anoxic reactors to improve the 

denitrification. It is most desirable that the combined acid fermentation/NDBEPR 

system be investigated further. This cannot be done very effectively at laboratory 

scale and is best investigated at pilot or full scale. 
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regulatory limits. · 

In order to increase the RBCOD fraction research workers at the Johannesburg City 

Council prop<?sed acid fermentation of the settled sludge in the primary settling tank 

(PST). The settled sludge is retained in the bottom of the tank for a period of about 

3 days. Acid fermentation takes place and the generated SCF A is added to the 

BEPR influent waste water flow as follows: In BEPR systems treating settled 

sewage, the SCF A is separated from the fermented sludge by recycling the PST 

underflow to the influent of the PST, thereby elutriating the SCFA to the 

supernatent. In BEPR systems treating raw sewage, both the underflow and 

elutriated material is discharged to the BEPR system. 

Full scale experimentation has demonstrated that the SCF A generated from the 

primary sludge significantly improves the phosphorous removal . However there is 

still uncertainty as to the quantity of SCFA and other solubilized fractions that are 

generated when acid ferments the primary sludge. 

In order to bring about a greater understanding of acid fermentation and its effects, 

this study was undertaken with the following objectives: 

(1) Evaluation of short chain jatty acid production in laboratory scale batch, 

single and in-series completely mixed reactor systems, 

(2) development of a model for acid fermentation, and 

(3) theoretical assessment of the effects of the addition of the SCF A on 

biological excess phospherous removal. 

Chapter 2 gives a review of the state of the art of acid fermentation. Chapters 3, 4 

and 5 describe the experimental fermentation study, and the development of a model 

describing the· acid fermentation process; Chapter 6 extends and consolidates the 

model and developes practical criteria for design of acid fermentation systems; in 

Chapter 7, using the latest BEPR model, a study is undertaken to estimate the 

influence of acid fermented products on biological phosphorous removal. 
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CHAPTER 2 

LITERATURE REVIEW 

Pitman (1983) appears to have been the first to formally propose addition of acid 

rich supernatant liquor from a high rate (acid~ digester to the influent of a biological 

excess phosphorus (BEPR) plant, to increase biological phosphorus removal. In 1984 

Barnard proposed conceptually that one way of accomplishing acid fermentation is to 

discharge the underflow of the primary sedimentation tank (PST) to a gravity 

thickener and recycle some of the thickener underflow to the influent to the PST, in 

this manner maintaining a sludge blanket in the PST. Fermentation should take 

place in the thickener and sludge blanket and the recycle from the thickener would 

elutriate the acids to the supernata~t of the PST. 

In a pilot scale study Rabinowitz and Oldham (1985a) coupled a fermenter to .a pilot 

BEPR plant (operated as a simplified UCT process). The raw influent sewage to the 

system passed through a PST. The clarified supernatant from the PST formed the 

influent to the BEPR plant, discharging to the anaerobic reactor. The underflow 

from the PST was pumped at rate one tenth of the raw sewage fl.ow to a 2 in-series 

fermenter reactor system discharging to a settler, called the fermenter settler. The 

supernatant of the fermenter settler was fed to the anaerobic reactor of the BEPR 

system and the underflow was recycled to the first reactor of the fermentation 

system. The system was operated with a nominal retention time of 2,5 days and a 

sludge age of 10 days. The sludge . age was maintained at 10 days by hydraulic 

cqntrol, by wasting one tenth of the total volume of the fermenter reactor system 

from t.he second fermenter reactor each day. 

The influent raw sewage COD to the PST was about 330 mg/ l. The PST removed 

about 44 percent of the COD. At an underflow withdrawal rate of 1/10 of the raw 

sewage fl.ow this gave an underflow COD of 0,44·330·10:::: 1450 mg/l which roughly 

corresponds to a VSS of 1620/1,42 :::: 1000 mgVSS/l. These concentrations are 

extremely low compared with the concentrations in the underflows from PSTs in 

South African plants, 10 to 30 times lower. The low concentrations would be the 

principal reason why it was possible to operate the fermenter system with a sludge 

age of 10 days - the VSS in the reactors would not have exceeded 10 000 mg/ l and 

liquid solid separation in the fermenter settler would be feasible. 
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The concentration of short chain fatty acids (SCFA) in the supernatant from the 

fermenter system was 148 mg/i as acetate (HAc), that is 148· 1,07 = 158 mgHAc (as 

COD). Relative to the raw sewage influent flow the increase in SCFA would be 

approximately 158/10 = 15,8 mgSCFA (as COD). Assume that the raw sewage had 

a readily biodegradable COD (RBCOD) approximately the same as in the average 

raw sewage of a municipality in South Africa, viz. 20 percent of the influent COD, 

the RBCOD :::: 330·0,2 = 66. Hence the percentage increase in RBCOD due to 

fermentation of the underflow would be 23 percent. This implies an increase in P 

removal potential of approximately 20 percent. In their BEPR plant, (UCT system, 

20 day sludge age, anaerobic mass fraction of 0,1) when treating the raw sewage 

directly the experimental P removal per influent COD (~P /COD) was 0,009. This 

value is very low, the expected value, using the BEPR model of Wentzel et al. 

(1989), should be nearer 0,015. When the raw sewage was settled and the underflow 

(44 percent of the influent COD) was fermented, and recombined with the 

supernatant of the PST before discharge to the BEPR, the ~p /COD increased to 

0,013 (based on the raw sewage influent COD). Again this removal was low 

compared to that expectated from BEPR plants in South Africa. Unfortunately the 

data given in the paper is not sufficient to evaluate the process performance more 

thoroughly. 

With the aim of optimizing SCFA production from the underflow, Rabinowitz and 

Oldham (1985b) carried out the same type of experimental investigation described 

above on a 2 in-series primary sludge fermenter. The sludge fermenter received the 

underflow from the raw sewage PST of the pilot plant. The fermenter was operated 

over four time periods. during which the sludge ages in the fermenter were 

maintained at 2,5; 3,5; 5 and 10 days respectively. 

For the sludge ages 2,5; 3,5 and 5 days the system was operated as a flow through 

system and the fermenter sludge age maintained at 2,5; 3,5 or 5 days by controlling 

the underflow flow rate from the PST to the fermenter. The flow from the fermenter 

was recombined with the supernatant flow from the PST and discharged to the 

anaerobic reactor of the BEPR system. For the 10 days sludge age the fermenter 

was operated as in the first series of tests, i.e. a fermenter settler was added to the 

fermenter system and the underflow recycled back to the first fermenter; the sludge 

age was maintained by hydraulic control. The wasted sludge was combined with the 

supernatant from the fermenter settler and discharged to the BEPR system as 

before. The fermenter was operated at ambient temperatures, except during winter 
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when heating maintained the temperature around 20° C. The pH in the fermenter 

was uncontrolled. The primary sludge influent COD in the 4 separate test periods 

was very low, 1160, 1790, 1720 and 1857 respectively. The following significant 

observations were made: 

( 1) The SCF A's produced, in decreasing order, were acetic, propionic and 

butyric. Acetic and propionic acids made up more than 95 percent of the 

total SCFA's. The ratio of acetic:propionic acids (as mgHAc/l). was 

approximately 55:45 and appeared to be independent of the fermenter sludge 

age. 

(2) Optimum SCF A yields were achieved at 3,5 and 5 days sludge ages, 0,093 

mgHAc/mg influent COD to the fermenter system, with slightly lower 

-values of 0,078 and 0,082 at the 2,5 and 10 day sludge ages respectively. 

Rabinowitz and Oldham (1985b) considered the optimum yield to be low and 

proposed two ways to increase the yield: (1) increase the operating temperature of 

the fermenter to within the mesophilic temperature range (around 37° C) and (2) 

control the fermenter pH. During these experiments the pH ranged from 5,1 to 6,t 

and this range, they state, is not the optimal one for SCF A production, according to 

•evidence in the literature-. 

Gupta, Oldham and Coleman (1985) investigated the effects of temperature, pH and 

retention ·time on SCF A production. The following conditions were investigated: 

Temperatures of 10, 20 and 30° C, retention times of 3, 6 and 9 days, pH either 

uncontrolled or controlled at 7. The COD of the sludge from the PST underflow 

which served as influent to the fermenter was maintained at about 2 000 mgCOD/l 

The raw sewage COD was in the region of 300 mg/l implying that the underflow was 

in the range of 10 to 15 percent of the raw sewage flow. After conducting 18 tests on 

various combinations of temperature, retention time and pH, the following 

conclusions are listed: 

(1) Control of pH at 7 did not seem to affect the net total SCFA production 

significantly, but did affect the relative concentrations of acetic and 

propionic acids. 

(2) Maximum net total SCF A production was obtained at 6 days retention time 
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at 30° C. The lower SCF A yield obtained at 9 days at 30° C they ascribed to 
methane fermentation. 

(3) In the system run with the pH uncontrolled, the lowest average pH was 5,63. 

Lower pH's were not observed probably due to the natural buffering capacity 

of the sludge. 

( 4) From a statistical analysis of variance they concluded that the parameters 

investigated tend to be interactive so that it was not possible to isolate the 

influent of each independent of the others. 

The yields obtained in this study were all very low. For example at 20° C, at 9 days 

sludge age, the yield was 0,064 mgSCFA (as COD) per mg fermenter influent COD, 

whereas from the previous study by Rabinowitz and Oldham (1985b ), the estimated 

yield would have been roughly 0,105 mgSCFA (as COD)/mg influent COD. The 

whole set of data exhibits relatively, low yields for which no explanation is 

forthcoming. 

Lotter and Murphy (1986) found that acid fermentation is improved by raising the 

temperature and concluded that in the winter, acid production may be expected to 

decline if the fermenter is not heated. They found further that only the total 

amount of generated SCF A's is affected by temperature; the ratio of generated 

·acetic to propionic acids at 14 • C and 20° C appeared to be similar. 

In a comparative study Pitman and Lotter (1986) investigated the generation of 

SCFA's in two anaerobic digesters (for acid fermentation) and in a primary settling 

tank. The two digesters were operated alternately, on a fill-and-draw cycle, being 

fed with a daily batch of primary sludge, the batches accumulated over a period of 3 

to 4 days. After the daily feeding the tanks' contents were mixed for 4 to 6 hours. 

At the end of the 3 to 4 day feeding part of the cycle, the fermenters' contents were 

allowed to settle and the acid supernatant liquor fed to the anaerobic zone of the 

BEPR ·plant in daily batches (pumped over approximately 8 hours) for the next 2 to· 

3 days. The digesters were then emptied via the underflow and the cycle repeated. 

Acid fermentation in a PST, was as follows: The settled solids from the raw sewage 

was allowed to accumulate on the bottom of the PST for 3 to 4 days. The SCF As 

generated in the sludge were released to the PST supernatant by •recycling, about 
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half of the fermented primary sludge withdrawn back to the inlet of the primary 

tanks and thus the fermentation products were elutriated into the bulk liquid.• 

After the feed cycle, the sludge on the bottom of the settling tank was drained 

completely - this was necessary otherwise the sludge went black due to sulphide 

generation and SCF As were lost due to methane fermentation. 

Comparing the two systems, when the acid rich supernatant from the accumulating 

batch acid digestion system was added to the anaerobic zone of the BEPR plant, 

good P removal was observed, from an influent value of 15 mgPl to an effluent value 

of 1,3 mgP / l. When the PST fermentation system was put into operation an even 

lower effluent P concentration was achieved, less than 1 mgP / L Pitman and Lotter 

concluded that SCF A generation in PST's provided considerably higher levels of 

acids than the acid digester. They noted however that elutriation of the sludge in 

the PST added non-SCFA COD to the PST overflow. 

In a separate set of batch experiments Pitman and Lotter found that by elutriating a 

sludge sample from the underflow sludge with different quantities of settled sewage 

the SCF A recovery increased when the volume of elutriating liquid flow rate was 

increased. 

Eastman and Ferguson {1981) did an extensive investigation into the acidogenic 

phase of anaerobic digestion at 35° C. They were particularly interested in the 

solubilization of particulate COD and the generation of soluble COD and SCFAs. 

They used one batch of underflow sludge with a total COD of 52 000 mgCOD/l and 

a VSS of 26 600 mgVSS/l. Assuming the COD/VSS ratio equal to 1,42, then the 

particulate COD fraction was 26600· 1,42/52000 = 0,73, that is about 27 percent was 

soluble COD. The SCFA (as COD) content of the sludge influent was 1900 mg/l, 

giving an initial SCFA (as COD)/total influent COD ratio equal to 0,037 or 

1900/(0,73 x 52000) = 0,05 mgSCFA (as COD)/mgVSS (as COD). They performed 

two series of studies, on completely mixed flow through reactor and batch reactor 

systems. The flow through experiment was run at sludge ages of 9, 18, 36 and 72 

hours to give the yields of SCFA (as COD)/total influent COD and --0,45µm 

COD/total influent COD as listed in Table 2.1. To determine the maximum yield, 

some of the flow through experiments, when completed, were operated as a batch 

system for a further period. of about 14 days, giving maximum yields of 0,223 

mgSCFA (as COD)/mg total influent COD and 0,240 mg --0,45µm COD/mg total 

influent COD. 
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In the flow through tests the pH was not controlled. The influent pH was 5,2 and 

rather unexpectedly the pH in the reactors remained constant at this value or 

declined slightly to 5,13. 

Batch tests were performed at initial solids concentration of 12,9, 26,6 and 55,1 

gVSS/l. The batch tests were done with the pH controlled at 6. The data obtained 

by the 14th day of the test showed that the SCF A and soluble COD productions 

were proportional to the influent VSS concentration, that is, the specific 

solubilization rate did not appear to be affected by the initial VSS between 12 and 60 

gVSS/l. However, the propionic and acetic acid concentration decreased, but the 

butyric and valeric acids increased with sludge concentration. From tests in which 

the pH was controlled between 5,1 and 6,8 both the SCFA (as COD) and soluble 

COD production was higher at the higher pH's. They also found that the lipids in 

the influent were not degraded to SCFA. Very likely the lipids were degraded only 

to long chain fatty acids, (LCF A). This is not unexpected because in the acidogenic 

phase the hydrogen partial pressure (pH2) can be expected to be high for 

carbohydrate and nitrogenous wastes; LCF As however are broken down to SCF A 

only under low pH2 via /3 oxidation. In their tests the presence of high pH2 is 

confirmed in that propionate and acetate were generated; if the pH2 had been low, 

acetate only would have been generated and any propionate generated would have 

been converted to acetate by acetogenesis. 

A finding of great interest in the investigation of Eastman and Ferguson is the 

relatively low yield of SCF A. The maximum estimated yield was about 0,223 

mgSCFA (as COD)/mg influent total COD. The yields obtained from the flow 

through systems, at 3 days sludge age, were only 0,161 mgSCFA (as COD)/mg 

influent total COD. Three day sludge age systems are probably a practical full scale 

proposition but if the fermentation temperature is lower than 35° C, at ambient 

temperature, say 20° C, the yield is likely to be nearer 0,1 then the 0,16 observed at 

35° C. This estimated yield (of 0,1) is not significantly different from that obtained 

by Rabinowitz and Oldham {1985b) and forces the conclusion that SCF A generation 

from raw sludge is limited. 

An interesting contribution of Eastman and Ferguson is that they could model the 

generation of SCF A as a first order type reaction with respect to the biodegradable 

COD remaining. An alternative approach would be to replace the biodegradable 

COD in the influent by a maximum SCF A production potential and assume that 
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the SCFA generation is first order with respect to the potential remaining. This 

approach would require only to determine the potential with regard to the sludge 

COD and the kinetic rate constant. These values could be estimated by curve fitting 

to SCF A production values assuming a first order type reaction. 

CONCLUSIONS 

The review of the findings on acid fermentation would indicate the following: 

(1) Acid fermentation of the underflow from a primary settling tank produces 

principally acetic and propionic acids. 

(2) Low pH in the fermenter does not appear to influence the total production of 

SCF A, only the proportion of propionic and acetic acids. 

(3) The SCF A yield from fermentation of the underflow depends on the 

fermentation retention time. 

( 4) The potential or maximum yield is relatively low. At 35° C the maximum 

yield is about 0,22 of the underflow COD, at about 10 day retention time. 

At 20° C the maximum yield again is low, probably not more than 0,18 to 

0,2 of the influent underflow COD. 

(5) The rate of acid production appears to be of a first order type in which the 

reaction constant is dependent on the temperature; at 20° C a fermentation 

retention time of 6 to 20 days seems to be needed to develop the full SCF A 

production potential. 

(6) At retention times in excess of 6 days and 20° C there is the possibility that 

methane fermentation can commence and reduce the yield of SCF A. 
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Table 2.1: 

Retention 
time (h) 

Influent 

9 

18 

36 

72 

2.8 

Yield values of the SCFA (as COD) and --0,45µm COD/mg influent 
total COD raw underflow sludge at 35° C obtained by Eastman and 
Ferguson {1981). 

mgSCF! (as COD)/ 
mg influent COD 

mg --0,45µm COD/ 
mg influent COD 

--0 '45µm COD I 
SCF! (COD) 

0,037 0,092 

0,103 0,119 . 1,15. 

0,125 0,136 1,09 

0,147 0,158 1,14 

0,161 0,178 1,10 

Mean 1,12 
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CHAPTER 3 

BATCH EXPERIMENTS 

3.1 INTRODUCTION 

Investigation into anaerobic fermentation of primary sludge, under batch conditions, 

had the following objectives: 

.(1) To.measure the rate of short chain fatty acid (SCFA) production. 

(2) To determine the unit potential for acid production, i.e. acid production (as 

COD) per mg initial VSS (as COD). 

(3) To determine the onset of methanogenesis. 

3.2 EXPERIMENTAL SET-UP 

The anaerobic reactor consisted of a perspex 3i reactor. The reactor's contents were 

kept in a completely mixed state by electric motor driven paddles rotating at 100 to 

120 r.p.m. (see Fig 3.1). To prevent oxygen entry to the mixed liquor, a polystyrene 

disc was floated on the liquid surface. The system was operated in a temperature 

controlled room at 20° C. 

3.3 OPERATION 

Twenty five litres of raw sludge were collected from the underflow primary 

sedimentation tank at the Mitchell's Plain Treatment Works just prior to the 

morning desludging at lOhOO. At the laboratory the sludge was well mixed and used 

. either undiluted, or when the effect of raw sludge concentration was being 

investigated, appropriate volumes of raw sludge were diluted to the selected 

concentration with distilled water. In order to test the effect of concentration, a 

range ~f influent sludge VSS was tested, from 11 000 to 42 000 mgVSS/i. The 

reactors were filled to the 3i mark and the test commenced. During the test period 

the following monitoring program was put into operation: At test time zero, and 

every day thereafter, for a period of 9 to 19 days at approximately 08h00, two 50 mi 
samples were taken and tested. The following tests were done: 

(1) pH. 
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(2) Volatile and total suspended solids (VSS and TSS) concentrations of the 

sludge pellet obtained after centrifugation. 

(3) COD concentration of the sludge pellet [termed VSS (as COD)]. 

(4) COD concentration of the supernatant from (2) and (3) above after filtration 

through a 0,45µm filter. 

(5) Total kjeldahl nitrogen (TKN) and free and saline ammonia (NH 3-N) 

concentrations of the --0,45µm filtrate. 

(6) Short chain fatty acids (SCF A) concentration of the --0,45µm filtrate. 

The sampling techniques and measurement procedures are set out in Appendix A. 

3.4 . RESULTS 
A total of 14 batch tests were completed. The results for each batch test are listed 

in Tables B.1 to B.14 in Appendix B. In these tables the COD of each SCFA was 

calculated using the conversion factors of Eastman and Ferguson (1981) listed in 

Table 3.1, and summed to give the total equivalent COD of the SCF A's, listed as 

SCFA (as COD). 

For each batch, plots were made of the following parameters versus time: 

(1) pH. 

(2) TSS and VSS concentrations. 

(3) COD of the VSS concentrations. 

(4) TKN and NH 3-N concentrations. 

(5) --0,45µm COD and the total SCFA (as COD) concentrations. 

(6) Acetic, propionic, butyric and valeric acid concentrations. 

The plots also are included in Appendix B. Figures 3.2 to 3. 7 show the plots of 

typical results obtained in a batch. Figures 3.8 to 3.13 show results obtained on a 

batch in which a lag period is exhibited. From an examination of all the plots, the 

following general observations can be-made: 

(1) pH -The pH decreased with increasing retention time. The minimum pH in 
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3.3 

a batch test was 5,0. 

(2) VSS - The VSS concentration decreased with increasing retention time. 

(3) VSS (as. COD) - The COD of the VSS concentration decreased with 

increasing retention time. 

( 4) TKN and NH3-N - TKN and NH3-N concentrations increased with 

increasing retention time. 

(5) SCFA's -

(i) In most tests SCFA generation commenced immediately at a 

relatively high rate, but the rate continually decreased with time to 

a very low value after 10 days i.e. after 10 days the SCFA 

generation appeared to be virtually complete. 

(ii) Five of the fourteen batches exhibited lag periods of up to 6 days 

before acid generation commenced (see Figs B.6, B.18, B.24, B.30 

and B.36). However, the lag period did not appear to affect the 

maximum possible SCFA concentration attainable. Neither did the 

lag period appear to be linked to solids concentration. 

(iii) In Fig 3.14, a correlation plot of SCFA (as COD) versus --0,45µm 

COD concentrations is shown, for all batch tests. From this plot it 

appears that the SCFA (as COD) constitute approximately 77 

percent of the --0,45µm COD. From the tables in the appendix the 

ratio of acetic:propionic:butyric:valeric acids (as COD) was 

approximately 1:1,6:0,1:0,1. Acetic plus propionic acids contributed 

approximately 90 percent of the total SCFA (as COD), the balance 

being made up of butyric and valeric acids. 

(iv) In not one of the batch tests did the SCF A concentration show any 

decline with time - there did not appear to be any significant 

methane fermentation, possibly because of inhibition of the growth 

of methanogenes by the low pH's, or insufficient time for the 

development of these slow growing organisms. 
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For convenience, for each batch the measured values of the following parameters are 

listed in Table 3.2; (1) Maximum SCFA concentration, (2) maximum total SCFA 

(as COD) concentration, (3) influent ~,45µrn COD concentration, ( 4) influent VSS 

concentration, (5) influent VSS (as COD) concentration, (6) day maximum acid 

concentration attained and (7) lag or delay period. 

3.5 MODELLING OF SCFA GENERATION 

The batch data reported above are not in a form suitable for determining 

quantitative kinetic information - each batch had a different VSS (as COD) 

concentration. In order to reduce the data to a common basis, the data was divided 

by the influent (initial) VSS (as COD) concentration to give values per mg initial 

VSS (as COD). Accordingly the parameters mg--0,45µrn COD/mg initial VSS (as 

COD) and mgSCFA (as COD)/mg initial VSS (as COD) were calculated for all 

batch tests. 

Figure 3.15 shows a plot of the parameter mg--0,45µrn COD/mg initial VSS (as 

COD) versus batch time. There appear to be two distinct groups, batches 1 to 4 and 

batches 5 to 14. In batches 1--4 the --0,45µrn generation per VSS is very high; up to 

0,7, whereas in batches 5-14 a maximum of 0,2 is obtained. In all the sewage 

batches subsequently utilized in the investigation (a further 10 batches of sewage 

tested under different operating conditions) the indications are that the behavioural 

pattern conforms to that of batches 5 to 14. Consequently it was accepted that 

batches 5 to 14 were more representative than batches 1 - 4; in the analysis of the 

SCFA generation (discussed later), only batches 5 to 14 were considered. 

In Fig 3.16 the parameter mgSCFA (as COD)/mg initial VSS (as COD) has been 

plotted for batches 5-14. 

The plots in Figs 3.15 and 3.16 appear to conform to a first order type of reaction 

with maximum potentials of approximately 0,17mg --0,45µrnCOD per mg initial VSS 

(as COD), and 0,14 mg SCFA (as COD) per mg initial VSS (as COD) respectively. 

These maxima were attained after approximately 9 days fermentation. 

3.5.1 Theory 

Taking the responses of batches 5 to 14 as typical and accepting that the SCF A 

fermentation process conforms to a first order type reaction, formulation of SCF A 

generation was developed as follows: Referring to Fig 3.17 
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Let xvt 
·x· vt 
X' 

VO 
SCFAt 

SCFAt 

SCFA~ 

SCFAtvo 

SCFA~vo 

SCFA~ 

SCFA~vo 

3.5 

= mgVSS concentration at any time t 

= mgVSS (as COD) concentration at any time t 

= mg initial VSS (as COD) concentration 

= mgSCF A concentration at any time t 

= mgSCFA (as COD) concentration at any time t 

= mg initial SCFA (as COD) concentration 

= mgSCFA (as COD) concentration per mg initial VSS (as COD) 

concentration at any time t, i.e. SCF At' 
0 

= SCF At' /X' . v w 
= mg initial SCFA (as COD) concentration per mg initial VSS 

(as COD) concentration, i.e. SCFA~vo = SCFA~/X~0 
= potential mgSCF A (as COD) concentration 

= potential mgSCFA (as COD) concentration per mg initial VSS 

(as COD) concentration, i.e. SCFA' 
0 

= SCFA' /X '
0 pv p v 

The first .order reaction for SCFA (as COD) generation per mg initial VSS (as COD) 

can be expressed as 

= -k SCFA' dt pvo 

At the time the batch experiment commences, at t = 0, already a concentration of 

SCF A' has been generated, that is, the potential now is (SCF A' 
0 

- SCF A
0
' 

0
). 

~ . ~ v 
Hence the solution is 

SCFA' tvo 

Multiplying out: 

SCFAtvo 

= (SCF A~vo - SCF A~v0)(1 :-- e -kt) + SCF A~vo 

= SCFA' - SCFA' - e-kt(SCFA' - SCFA' ) 
pvo ovo pvo ovo 

+ SCFA~vo 

i.e. (SCF A~vo - SCF Atvo) = (SCF A~vo - SCF A~v0)e -kt 

Taking logs of both sides of Eq (3.2) 

(3.1) 

(3.2) 
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log{SCFA~vo - SCFAtvo) - log{SCFA~vo - SCFA~vo) - (k log10e)t 
(3.3) 

Equation (3.3) describes a straight line i.e. y = m x + c 

where y = log (SCF A~vo - SCFAtvo) 

x = t 

m = - k log10e 

c =log (SCFA~vo - SCFA~vo) 

(3.4) 

{3.5) 

(3.6) 

In Eq {3.3), SCF A~vo and k are unknowns and must be determined from 

experimental results. These values are obtained by trial as follows: Select a value 

for SCF A~vo' calculate log {SCF A~vo -SCF Atvo) for all values of SCF Atvo and plot 
log (SCFAP' 

0
-SCFAt' 

0
) versus time or equivalently plot (SCFA' -SCFAt' ) v v pvo vo 

versus time on semi-log paper. The best value of SCF A' is the one that gives a pvo 
straight line plot. The slope of the. log ( SCF A ' 

0
-SCF At' ) versus time plot pv VO 

defines m in Eq (3.5), to the ?ase 10; to solve for k to the base e, the slope m is 

multiplied by 2,303 

i.e. k = - m x 2,303. 

The SCF A~vo and k values obtained by the above procedure, are substituted into Eq 

(3.1) giving a prediction equation for the mgSCFA (as COD) concentration per mg 

initial VSS (as COD) at any time t, where t is in days. 

3.5.2 Calibration 

To obtain a mean value for k from the theory above, the following procedure was 

used: 

(1) From batches 5 to 14 an envelope of the maximum and minimum values of 

. SCF Atvo were plotted against time in Fig 3.18. The mean values between 

the maximum and minimum SCF Atvo values were calculated and plotted in 

Fig 3.18. This gave preliminary estimates of the mean SCF A~vo value equal 

to 0,14, and the mean SCF A~vo value equal to 0,042. 

(2) Select a number of values for the mean potential SCFA~vo around the 

maximum mean value in Fig 3.18, select 0,13, 0,14, 0,15. 
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(3) 

(4) 

(5) 

3.7 

Calculate the mean potential SCFA' 
0 

selected in (2) above less the mean . pv 
values calculated in (1) above. As an example, in Table 3.3, this was done 

for the selected maximum mean potential, SCFA' = 0,14 mgSCFA (as pvo 
COD) per mg initial VSS (as COD). 

Plot the results of (3) above on semi-log paper (see Fig 3.19). Check if the 

plotted data approximates a straight line.. If the plotted points show an 

upward/downward curvature, choose a lower/higher value in (2) above, 

recalculate as in (3), and plot again on semi-log paper until visually a linear 

plot is approximated. Visually the best linear plot was obtained with a 

mean potential yield SCFA' = 0,14 mgSCFA (as COD) per mg initial pvo 
VSS (as COD). 

To determine k (for SCFA' = 0,14), the slope of the straight line through pvo 
the linear plot in ( 4) above was calculated using a linear regression; the 

pairs of log (SCF A' 
0 

- SCF At' 
0

) values and time for the selected mean . pv v 
SCF A~vo value of 0,14 were used. The slope, m, was -0,0688. Therefore 

k = -2,303 x -0,0688 

= 0,1584. 

The correlation coefficient obtained from the linear regression analysis was 0,9934. 

Selecting k = 0,16/day, Eq (3.1) can be written as 

SCFAtvo = (0,14 - SCFA~v0)(1 --e-O>l6t) + SCFA~vo (3.7) 

where t is in days, 
and SCFA' is obtained from the measured initial SCFA (as COD) and VSS (as ovo 
COD) concentrations for each batch of sludge. 

In Fig 3.20, a correlation plot of theoretical versus experimentally observed SCFAtvo 

values is shown [theoretical values from Eq (3. 7)]. The plot shows that the data 

correlate reasonably well. 

The theoretical SCFA (as COD) concentrations (i.e. SCFAi) can easily be 

determined by converting the SCFAt' values obtained from Eq (3.7) via Eq (3.8) 
VO . 

to SCFA (as COD) concentrations 
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SCFAt = SCFAtvo. X~0 (3.8) 

In Fig 3.21, a correlation plot of theoretical versus experimentally observed SCFAt 

values is shown; once again a reasonably good correlation is observed. 

3.6. CONCLUSIONS 

In batch fermentation tests using underflow primary sludge, for the batches 5 to 14, 

with VSS concentrations ranging from 1100 to 42 000 mgVSS/l: 

1. The minimum pH attained in a batch reactor was 5,0, with an average minima 

of about 5,2. 

2. In general as the batch retention time increased, the 

(i) VSS concentration decreased 

(ii) VSS (as COD) concentration decreased 

(iii) Filtered TKN and NH3-N concentrations increased. 

3. The SCFA's (as COD) correlated reasonably well with the --0,45µm COD; the 

SCFA's (as COD) constituted approximately 77 percent of the ~,45µm COD 

(see Fig 3.14). 

4. The lag or delay period observed in the generation of SCF A's in 5 batches did 

not appear to affect the maximum SCF A concentrations attainable by the 

sludge. 

5. The lag period showed no consistency and ranged from 0 to 6 days. 

6. The major SCF A's produced were acetic and propionic acids. Other SCF A's 

produced were butyric and valeric acids; the ratios: of 

acetic:propionic:butyric:valeric acids (as COD) were 1:1,6:0,1:0,1. 

7. From the mgSCFA (as COD)/mg initial VSS (as COD) plot, Fig 3.16, the 

generation of SCF A's appear to be a first order type reaction with a maximum 

potential yield of approximately 0,14 mgSCFA (as COD)/mg initial VSS (as 

COD). The equation 
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SCFA' = (014-SCFA' )(1-e(O,l6t)) + SCFA' 
tvo ' ovo ovo 

developed from batches 5 to 14, gives theoretical values for mgSCFA (as COD) 

generated per mg initial VSS (as COD), that correlates reasonably well with the 

observed values (Fig 3.20). For all batch tests, a mean (initial) SCF A' · value ovo 
was estimated as 0,042 mgSCFA (as COD) per mg initial VSS (as COD). 

8. Within the range of influent sludge concentrations (11 000 to 42 000 mgVSS/l) 

no concentration effect could be detected. If such an effect was present the 

correlation between the theoretical predicted SCF At would have shown a regular 

deviatory effect with increasing initial sludge concentration. Thus it would 

appear that between the concentrations 11 000 to 42 000 mgVSS/i the 

fermentation kinetics per unit initial VSS is independent of VSS concentration. 
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Table 3.1: COD equivalents 
Ferguson, 1981). 

of Short Chain Fatty Acids (Eastman and 

Acid 
mgCOD 

mgSCFA 

Acetic 1,066 

Propionic 1,512 

Butyric 1,816 

Valerie 2,037 
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Table 3.3: Maximum, minimum and mean mgSCFA (as COD)/mg initial VSS (as 
COD) values at time (t) and the selected mean potential of 0,14 mgSCFA 
(as COD)/mg initial VSS (as COD) less the mean mgSCFA (as COD)/mg 

initial VSS (as COD) at time t for the batch tests i.e. max SCFAt , 
VO 

min SCFA'tvo' mean SCFAtvo' (SCFA~vo- mean SCFAtvo). 

Time Maximum Minimum Mean SCF A~vo = 0,14 

(t) SCFAtvo SCFAtvo SCFAtvo (SCF A~vo -SCF Atvo) 

0 0,054 0,030 0,042 0,098 

1 0,062 0,044 0,053 0,087 

2 0,086 0,064 0,075 0,065 

3 0,091 0,068 0,080 0,060 

4 0,105 0,073 0,089 0,051 

5 0,113 0,078 0,096 0,044 

6 0,124 0,086 0,105 0,035 

7 0,128 0,093 . 0,111 0,029 

8 0,132 0,098 0,115 0,025 

9 0,141 0,088 0,115 0,025 

10 0,145 0,090 0,118 0,022 

11 0,161 0,086 0,124 0,016 

12 0,147 

13 0,154 0,127 0,141 

14 0,135 0,130 0;133 0,007 

15 0,167 0,109 0,138 0,002 

16 0,141 0,130 0,136 0,004 
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120V ELECTRIC MOTOR----.. 

~--+-1f---STIRRER SHAFT 

POLYSTYRENE DISC FLOATING 
ON THE LIQUID SURF ACE 

PADDLES 

. Fig 3.1: Schematic drawing of a three litre anaerobic batch reactor . 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

8.5 
8.4 
8.3 
e.2 
e.1 
e.o 
5.9 
5.8 
5.7 
5.8 

:r 5.5 Q, 

5.4 
5.3 
5.2 
5.1 
5.0 
4.9 
4.8 
4.7 
4.8 
4.5 

Fig 3.2: 

40 

20 

10 

Fig 3.3: 

0 

3.14 

2 4 8 

Tlme(ctaya) 

pH of a batch reactor versus time - batch test 7. 

c TSS 
+ vss 

8 

. TSS and VSS concentrations of a batch reactor versus time - batch 
test 7. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

100 

90 

80 

70 

i 80 

~i so ,, 
40 

30 

20 

10 

0 

Fig 3.4: 

200 

100 

Fig 3.5: 

0 

3.15 

2 4 8 

'llme(~) 

COD of the VSS concentrations of a batch reactor versus time - batch 
test 7. 

D TKN 
+ NH3-N 

TKN and NH3-N concentrations of the --0,45µ.m filtrate of a batch 
reactor versus time - batch test 7. 
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CHAPTER 4 

SEMI-CONTINUOUS IN-SERIES SYSTEM 

4.1 INTRODUCTION 

In Chapter 3 the behaviour of anaerobic fermenters operated under batch conditions 

was reported. In some of the batch tests it was noted that a significant lag period 

was present before fermentation comµienced. Very likely these lag periods would be 

·eliminated, and perhaps the rate of fermentation increased, if a batch was inoculated 

with some partially fermented sludge from a previous batch. 

Controlled inoculation requires a •standard• sludge inoculum which would require a 

separate continuously fed system to be operated at some fixed sludge age - an 

inoculum from a previous batch test ~~Y vary in organism constitution because the 

constitution will depend on the time state of the batch test from which it is taken. 

To overcome this effect it wai decided to operate an in-series reactor system, each 

reactor of the series operating at a selected flow through time. Because the response 

i~· the batch tests (a first order time reaction) is most pronounced in the early stage 

of the test, it was decided to limit the total retention time in the system to about 3 

days. To bring out the first order type behaviour, 3 in-series reactors each with 1 

day retention, were selected. For ease of operation a semi-continuous feeding pattern 

was selected {batch feeding twice a day - see later for detailed operational 

procedures). With this set up, the system could be run over any period of time so 

that the response behaviour could be monitored over several batches of raw sludge. 

The detailed objectives of the in-series reactor investigation were as follows: 

{1) To obtain information on acid generation in a 3 in-series reactor system, 

operated under a constant daily sludge load, each reactor having 1 day 

· retention time, fed semi-continuously. 

{2) Compare the response of in-series systems with that in the batch system and 

extend, if possible, the batch model for SCF A generation to the in-series 

system. 
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4.2 EXPERIMENTAL SET UP 

The experimental set up consisted of three 3 litre batch reactors placed in-series (see 

Fig 4.1). Polystyrene discs were floated on the liquid surface to ensure an anaerobic 

environment in the liquid medium. The apparatus was operated in a temperature 

controlled room at 20° C. 

4.3 OPERATION 

Each reactor was operated as a flow through system having a nominal retention time 

of 1 day (and thus a sludge age of 1 day). The overall sludge age therefore was 3 

days for 3 reactors in-series. 

Seventy five litres of raw sludge was collected from the underflow primary 

sedimentation tank at the Mitchell's Plain Treatment Works (just prior to 

desludging at lOhOO). In the early stages of the investigation, the raw sludge was 

stored at 4° C under anaerobic conditions, but it was found that even at this low 

temperature, acid generation commenced Virtually immediately and the effects 

became noticeable after about 3 to 4 days storage. To overcome this disturbing 

influence, on arrival of the sludge from the full scale works, the sludge was divided in 

approximate daily feed volumes and stored at -14° C. The daily feed was defrosted 

in the cold room, at 4° C, for 3 days prior to being fed into the first reactor. 

To start up the system, reactor 1 was filled to the 2,5 litre mark, reactor 2 to the 2,3 

litre mark and reactor 3 to the 2,1 litre mark with the raw sludge collected from the 

.full scale works. These volumes were chosen to maintain the sludge age in each 

reactor at one day after allowance for the volumes of sludge taken for testing, see 

below. Feeding procedure was twice a day as follows: 

With the high volatile solids concentration, the reactor contents were viscous and 

there was a measure of uncertainty, as to the efficiency of mixing. Prior to feeding 

(and sampling for testing), to ensure a well mixed medium, half the contents of each 

reactor were drained (from the bottom) and poured back at the top of the reactor. 

Sampling and sludge age control (one day in each reactor) was done as follows: The 

last reactor was drained (from the bottom) of half its contents. Two 50 ml samples 

were taken for testing and the remainder discarded. Half the contents of the second 

last reactor was drained (from the bottom), two 50 ml samples taken for testing and 

the remainder poured into the top of the last reactor. Half the contents of the first 
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reactor were drained (from the bottom), two 50 ml samples taken for testing and the 

remainder poured into the top of the second last reactor. The first reactor was then 

filled to the 2,5 litre mark' with raw sludge. 

The system rapidly attained steady state, within about one week after start up. 

Four batches of raw sludge were tested in the experiment. Each batch of raw sludge 

had a different VSS concentration, ranging from 37 000 to 60 000 mgVSS/l, see 

Table 4.1. Each batch was tested over a penod of approximately 15 days, that is, 

the system was operated for a total of 67 days. 

The same parameters as for the batch tests were measured every second day i.e. 

(1) pH of the influent and reactor contents. 

(2) TSS and VSS concentrations of the sludge pellet after centrifugation. 

(3) COD concentration of the sludge pellet [termed, VSS (as COD)]. 

(4) COD concentration of the supernatant from (2) and (3) above after filtration 

through a --0,45µm filter. 

(5) TKN and NH 3-N concentrations of the --0,45µm filtrate. 

(6) SCFA concentrations of the --0,45µm filtrate. 

The sampling techniques and measurement procedures are set out in Appendix A. 

4.4 RESULTS 

The results for each of the batches are listed in Tables C.l to C.4 in Appendix C. 

The CO D's of the total SCF A's listed in Tables C.l to C.4 were calculated using the 

conversion factors of Eastman and Ferguson (1981) listed in Table 3.1. Plots of the 

following parameters versus time were made for all batches of raw sludge and all 

reactors, see Appendix C: 

(1) pH, 

(2) TSS and VSS concentrations, 

(3) COD of the VSS concentrations, 

(4) TKN and NH 3-N concentrations, 

(5) --0,45µm COD and total SCFA (as COD) concentrations, and 

(6) Acetic, propionic, butyric and valeric acid concentrations. 
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For each batch of raw sludge, average values for the above parameters were 

·calculated. These averages are listed in Table 4.1. Plots of the data listed in Table 

4.1 versus retention time are shown in Figs 4.2 to 4.8. From the plots the following 

general observations can be made: 

(1) pH - the pH decreased with increasing retention time (see Fig 4.2). The 

minimum pH observed was 5,4. 

(2) TSS and VSS - The TSS and VSS concentrations decreased with increasing 

retention time [see Fig 4.3(a) and (b)]. 

(3) VSS (as COD) - The COD of the VSS concentrations decreased with 

increasing retention time (see Fig 4.4). 

( 4) TKN and NH 3-N ~ The TKN and NH 3-N increased with increasing retention 

time, [see Figs 4.5(a) and (b)]. 

(5) -0,45µm COD - The -0,45µm COD concentration increased with increasing 

retention time (see Fig 4.6). Note that the data in batch No.l is not typical: 

the influent -0,45µm COD concentration showed an increase from 2052 

mgCOD/i to 3708 mgCOD/i in the initial 7 days after the system was 

started up (see Fig C.5). This increase was due to acid generation occurring 

in storage at 4° C. With subsequent batches the raw sludge was then stored 

at -14 • C whereupon the influent -0,45µm COD concentration remained 

relatively constant throughout the time the batch was used. 

(6) SCFA (as COD) and -0,45µm COD - From correlation plots of SCFA (as 

COD) versus -0,45µm COD [see Figs 4.7(a) and (b)], the following is 

evident; For the raw sludge the SCFA (as COD) constituted approximately 

58 percent of the -0,45µm COD (see Fig 4.7(a)]. For all the reactor 

contents, this percentage was closely 67 percent [see Fig 4. 7(b)]. 

(7) SCFA (as COD) - The SCFA (as COD) concentration increased with 

increasing retention time (see Fig 4.8): 

The following observations also are of interest: 
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(1) A slight lag period in SCFA generation, of 2 days, was observed in the first 

. reactor upon stai:ting up of the system (see Fig C.12), but a steady state 

value was .achieved after a further 2 to 3 days. Thereafter, the only 

deviations noted were the transitions associated with a new batch of raw 

sludge being fed into the system. This transition period extended over about 

one system sludge age, i.e. 3 days. 

(2) The major acids produced were acetic and propionic. Other acids generated 

were butyric and valeric. The ratios of acetic:propionic:butyric;valeric acids 

(as COD) were 1:1,4:0,5:0,2. 

(3) No significant loss of SCF A's due to methanogenesis was observed during the 

investigation. Once again this possibly could ..... be due to inhibition of the 

growth of methanogens caused by the low pH's. A white fungus grew on top 

of the polystyrene discs in the reactors, but did not appear to have any 

marked effect on the SCF A concentration and was cleaned off approximately 

once a week. 

4.5 MODELLING OF SCF A GENERATION 

Each batch of raw sludge had different V~S (as COD) concentrations; to bring the 

data to a common basis the SCFA (as COD) concentrations were divided by the 

influent (initial) VSS (as COD) concentrations. The mgSCFA (as COD)/mg initial 

VSS (as COD) ratios for each batch of raw sludge, for each reactor, were calculated 
/ 

and plotted in Fig 4.9. Examination of Fig 4.9 would indicate that SCF A generation 

in the series systems approximates a first order type reaction, similar to that in the 

batch systems. 

4.5.1 Theory 

In Chapter 3, Section 5.1, a basic model for SCFA generation under batch conditions 

was developed, i.e. 

SCFAtvo = (SCF A' .,.... SCF A' )(1 - e--O,lat) + SCF A' . pvo ovo ovo 

where SCFAt' = mgSCFA (as COD)/mg initial VSS (as COD) at time t 
VO 

SCFA' = potential mgSCFA (as COD)/mg initial VSS (as COD) pvo 
SCFA~vo = mg initial SCFA (as COD)/mg initial VSS (as COD) 

(3.7) 
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t = time in days. 

As the SCF A generation in an in-series reactor system also appears to be a first 

order type reaction, Eq (3.7) was modified to apply to completely mixed, in-series 

reactors. 

In a single completely mixed reactor (see Fig 4.10), let V = volume of the reactor in 

litres; Q = influent and effluent flows, in l/d; k = first order acid generation 

constant in day-1 units; P 
0
,P == potential acid generation in the influent and effluent 

. flows respectively in mgCOD / l. 

It is assumed that mixing in the reactor is instantaneous and complete. This implies 

that the concentrations in the reactor and the effluent are identical. 

A mass balance over time dt gives: Change in mass of acid potential in the reactor 

VdP is due to (1) an increase in potential from the influent, P Q dt; (2) a decrease 
. . 0 0 
in potential due to acid gene~~tion in the reactor, - kPV dt; and (3) a decrease in 

potential from loss in the outflow, - PQ dt i.e. 

v dp = p 
0
Q dt - kPV dt - PQ dt 

dP POQ 
i.e. - =-- - kP -

dt v 

dP 
At steady state - 0 

dt 

Equation ( 4.2) reduces to 

-kP - 0 
v v 

.Q 1 
but- -

V R 

where R is the retention time in days, 

PQ 

v 

(4.1) 

(4.2) 
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Po p 
therefore - -kP - 0 

R R 

Po -kPR -P - 0 

po = P(l + kR) 

Po 
p - (4.3) 

(1 + kR) 
i.e. 

For reactors in-series, let Ri,R2 .... Rn be the influent retention times in a series of n 

reactors. From Eq ( 4.3) the potential acid production in reactors 1 to n is given by 

n 
=P

0
/IT (l+kR) 
. 1 1 I= 

when Ri = R2 = .... = R = R n 

p =--­
n (1 + kR)n 

Following the same development as for Eq (3. 7) 

(4.4) 

(4.5) 

SCFA~vo = (SCF AP' vo - SCF A~v0)(1 - l ) + SCF A~vo 
(l+kR)n 

where SCF A~vo 

SCFA~vo 

(4.6) 

= mgSCFA (as COD)/mg initial VSS (as COD) in the 

effluent from the nth reactor 

=potential mgSCFA (as COD)/mg initial VSS (as COD). 
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SCFA~vo = mg influent SCFA (as COD)/mg initial VSS (as COD) 

k = first order constant in day-1. 

4.5.2 Calibration 

From Fig 4.9, an average mean value for the initial SCFA (as COD)/mg initial VSS 

(as COD) was calculated as SCFA~vo = 0,035. From the batch experiments 

_,,/ SCFA~vo = 0,14 SCFA (as COD)/mg initial VSS as COD. When this value of 

SCFA' was substituted in Eq (4.6), it under predicted the SCFA generation (see pvo 
Fig 4.11). By trial SCFA~vo was estimated at 0,17 mgSCFA (as COD)/mg initial 

VSS (as COD) to give the highest correlation. Thus, the theoretical equation for the 

in-series system becomes 

SCFAn'vo = (0,17-SCFA
0
' 

0
) (1- 1 ) + SCFA

0
' 

v (1+0,16R)n VO 
(4.7) 

In Fig 4.12 is shown a correlation plot of the theoretical SCFA~vo [from Eq (4.7)] 

versus experimentally observed SCF A~vo values for each of the reactors in the 3 

in-series reactor system (of 1 day . retention time per reactor); a reasonable 

correlation is observed. 

Having the SCFA~vo values (from Eq 4. 7) the SCFA in the effiuent from the nth 

reactor now can be found: 

Let 

then, 

SCFAneff 

= mgSCF A (as COD)/ l in the effluent of reactor n 

= mg initial VSS (as COD)/l 

= SCFA' · X' nvo vo (4.8) 

In Fig 4.13, a correlation plot of theoretical versus observed SCFAneff concentrations 

is shown; a good correlation once again is evident. 

4.6 CONCLUSIONS 

From investigation into the production of SCF A's in an anaerobic 3 in-series reactor 

system the following conclusions are pertinent: 

(1) In the semi-continuous in-series reactor operation, no lag period in SCFA 
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generation was evident in the first reactor. With different batches of raw 

sludge the transient response from an old batch to a new batch of sludge was 

completed in one system's sludge age, i.e. within 3 days. 

(2) The response down the series was much more consistent than the response 

over the same period of time in a batch reacto.r. 

(3) Throughout the period of operation of the system, the pH in the system 

never declined below 5,4, for raw sludge VSS concentrations ranging from 

37 000 to 60 000 mgVSS/l. 

(4) As the sludge passed through the reactor system: 

(i) The VSS concentration decreased. 

(ii) The VSS (as COD) concentration decreased. 

(iii) The TKN and NH 3-N concentrations increased. 

(5) In the in~series system the SCFA (as COD) correlate quite closely with the 

-0,45µm COD, as also found in the batch experiments (Chapter 3); the 

SCF A constituted approximately 58 percent of the influent -0,45µm COD 

and 67 percent of the -0,45µm COD in the reactors. 

(6) The major SCFA's produced were acetic and propionic, with butyric and 

valeric acids also present. The ratios of acetic:propionic:butyric:valeric acids 

(as COD) were 1:1,4:0,5:0,2. 

1 

(7) No loss of SCF A due to methanogenesis was observed over the 67 day time 

period that the system was operational. 

(8) The SCFA (as COD) generation rate appears to be a first order type 

reaction with a potential yield of 0,17 mgSCFA (as COD)/mg i~tial VSS 

(as COD). This yield is higher than the yield of 0,14 mgSCFA (as COD) 
I 

per mg initial VSS (as COD) obtained in the batch experiment. 

(9) The effluent mgSCFA (as COD)/mg initial VSS (as COD) from the reactors, 

in an in-series reactor system, can be predicted satisfactorily by Eq 4. 7. 
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Table 4.1: 

Reactor I 
I 

and Batch: pH 
number I 

; 

I 
I 

I 
I 

4.10 

Average, pH, TSS, VSS a.nd VSS (a.s COD) concentrations, TKN, 
NH3-N, COD, SCFA (a.s COD), acetic, propionic, butyric and 
valeric acid concentrations of the --0,45µ.m filtrate for the· 3 
in-series, completely mixed, semi-continuously fed reactor system, 
each reactor having a flow through retention time of 1 day, for all 
batches of sludge. 

I I vss I I :-0.45um: SCFA I Acetic :Propionic: Butyric I I I I I 

TSS I vss i!as CODl: TKtl I NH3-N I COD :(as coo;: acid I acid I acid. I I I I I 

imgTSS/l:mgVSS/l:mgCOD/l I ingN!l I mg Nil : ~1gCOD!l: mg COD fl I mgHAc 11 I mgHPr /1 I mgHBu/1 I I I ; I 

I Valerie ! 

I acid I 

I mgHVa/l I 

---------~--------:-------!-------:--------~-------:--~----!-------:--------:---------:---------:---------!---------
INFLUENT I I I I I I I I I I I I 

I I I I I I I I I I I I 

l I 6.0 I 44200 I 3730(1 I 63800 I 321 I 217 I 3383 I i860 I C'l'1 I 611 I 21! ! 
I I I I I I I I I .JLf. I I I 

3 I c ., I 68500 I 59700 I 838(11) I C''jl"'\ I 375 I 6285 I 4200 I 997 I 1075 I ,41-i": I 323 I ,J,/ ; I ; I ,J~i. I I I I I I ,Q._i ! 

4 I 5.8 I 5.3600 I 46200 I 59300 I 435 I 286 I 4110 I 1900 I 618 I 591 I 163 I 33 I I I ; I I I I I I I I 

5 I 6.1 I 50000 I 45500 I 56800 I 325 I '"IC"') I 3521 I r55o I 522 I 478 I 123 I 
I I I I I I i..JJ.. 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 

REACTOR 1 lR= 1 DAY I I I I I I I I ,. I 
I I I ' I I I I 

1 I 5.9 I 42700 I 35900 59000 I 486 I 329 I 4950 '· 3070 948 I 911 259 I 104 I I I I I I I I I 

1 I 5.5 ! 62700 I 54400 80900 I 710 I 570 ' 8700 I 5350 1635 I 1517 524 ' 178 ,. I I ' I I ' ' I 

4 ' 5.5 ' 49500 I 4271)1) 58100 ' 541 I 422 5500 I 3630 1097 ' 1125 295 I 111 I I ; ' I • I I 

" I C" Q I 49700 I 43600 59100 I 443 ' 378 4500 I 3090 933 I 900 289 I 100 .J I ,J,' ' I ' ' I I I 

I I I ' I : I I 
I I ' ' I I I I 

REACTOR 2: R=2 DAYS: I I ' I ' I ' I 
I ' I ; I I I I I 

1 I 5.8 I 41500 ' 35000 60800 I 521 I 476 5820 ' 3740 I 1131 ' ·1104 I 296 I 145 I I ' ' I I I I ; I 

3 I 5.5 I 57500 I 49600 74800 ' 768 I 666 9300 I 6980 I 1870 I 1937 ' 678 I 404 I ' I I I ' I I I I I 

4 ' 5.5 I 47100 ' 41000 58900 I 578 I 493 I 6400 I 4200 I 1258 I 1280 I '.354 I 111 I ' ' I I ' I ' ' I ' 
5 I 5.8 I 46800• I 40500 58200 I 445 I 410 I 5230 I 3550 I 1044 .. 1096 I 311 I 104 

' ' I ' I I I I I I I 

I ' I I I I ' I I I I 
I I I ' ' ' I. I ' ' ' 

REACTOR 3:R=3 DAYS: I ' I I I I I I I 
I ' I ' I I I ' I 

l I 5.7 I 40500" : 34600 59900 I 547 I 500 I 637! ' 4100 ' 1310 ' 1075 ' 356 I 211 I ' ' ' I I I ' ' I I 

7 I c C" 1 55200 I 47800 I 72400 I 784 I 673 I 10200 I 7400 I 2056 I 2141 I 774 I 296 ,I ' J,.J ' ' ' I ' ' ' I I I I 

4 I 5.4 I 46300 ' 39700 I 57700 I 605 ' 523 I 7000 I 4500 I 1457 ' 1360 ' 380 I 111 
' I ·1 I I ' I I I • I I 

5 I 5.7 I 45900 I 40200 I 58900 I 507 I 464 I 5800 I 3800 I 1178 I 1167 ' 338 I 95 I I I I ' 
., I ' I ' I ' 
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Average COD of the VSS concentrations in each completely mixed, 
semi-continuously fed, in-series reactor versus total retention time, for 
all batches of sludge. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Fig 4.5(a): 

800 
c 
+ 

700 <> 
A 

800 

eoo 

~ 400 CJ' 
E 

300 

200 

100 

0 
0 

Fig 4.5(b): 

3 

Average TKN concentration of the -0,45µm filtrate in each 
completely mixed, semi-continuously fed, in-series reactor versus 
total retention time, .for all batches of sludge. 

Batch 1 
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Average NH 3-N concentration of the -0,45µm. filtrate in each 
completely mixed, semi-continuously fed, in-series reactor versus 
total retention time, for all batches of sludge. 
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in-series completely mixed reactor system (each reactor of 1 day 
retention time). . 
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SCFA (as COD) concentration of the -0,45µm filtrate versus the 
COD of the .~145µm filtrate for a 3 in-series completely mixed 
reactor system (each reactor of 1 day retention time). 
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Average SCFA (as COD) concentration in each completely mixed, 
semi-continuously fed, in-series reactor versus total retention time, for 
all batches of sludge. 
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Fig 4.9: 

Fig 4.10: 

Average mgSCFA (as COD)/mg initial VSS (as COD) (i.e. SCFAtvo) 

ratios in each completely mixed, semi-continuously fed, in-series 
reactor versus total retention time, for all batches of sludge. 

Q Q 

p 

Single completely mixed, continuously fed reactor depicting influent 
and effluent flow rates and acid· generation potentials. 
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Correlation plot of theoretical versus observed mgSCFA (as COD)/mg 
initial VSS (as COD) (i.e. SCFA~vo) ratios for a 3 in~series, 

completely mixed, semi-continuously fed reactor system, each reactor 
having a retention time of 1 day [theoretical values· from Eq ( 4.6) 
where SCFA~vo = 0,14 mgSCFA (as COD)/mg initial VSS (as 

COD)]. 
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Correlation plot of theoretical versus observed mgSCFA (as COD)/mg 
initial VSS (as COD) (i.e. SCF A~vo) ratios for a 3 in-series, 

completely mixed, semi-continuously fed reactor system, each reactor 
having a retention time of 1 day [theoretical values from Eq ( 4. 7) 
where SCFA~vo = 0,17 mgSCFA (as COD)/mg initial VSS (as 

COD)]. 
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CHAPTER 5 

SINGLE REACTOR, STEADY STATE SYSTEM 

5.1 INTRODUCTION 

In Chapter .3 acid fermentation in a batch reactor system was investigated, and in 

Chapter 4, a 3-in-series, completely mixed reactor system receiving a constant daily 

sludge load. The response behaviour of the first reactor (of 1 day retention time) in 

the series system showed that in this reactor the major part of the acid generation 

took place. It was decided therefore to investigate the single completely mixed 

reactor system more intensively, by enquiring into its behaviour at different 

retention times. Accordingly the objectives of this task were to: 

(1) Measure the rate of acid production in reactors having retention times of 2, 

3, 5, 6 and 9 days. 

(2) Determine the fractions of the total •soluble• COD concentration formed by 

(1) long chain macro-molecules, (2) --0,45µm filtrate and (3) SCFA's. 

(3) Determine the sludge settleability at the di:f!erent retention times. 

( 4) Check if there is any onset of methanogenesis at retention times of 6 and 9 

days. 

(5) Evaluate the acid fermentation model against the observed performance of 

the single reactor steady state system. 

5.2 EXPERIMENTAL SET-UP 

The apparatus consisted of three 3 litre perspex batch reactors identical to those 

used in. the in-series investigation (see Fig 5.1). Polystyrene discs were floated on 

the liquid surface to prevent oxygen entry to the liquid medium. The apparatus was 

operated in a temperature controlled room at 20° C. 

5.3 OPERATION 

The investigation was done in two stages; in the first stage, the 3 reactors were 

operated at retention times of 2, 3 and 5 days and the second stage the 3 reactors 
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were operated at retention times of 3, 6 and 9 days. Each reactor was operated 

independently. 

Seventy five litres of raw primary sludge were collected from the underflow primary 

sedimentation tank at the Mitchell's Plain Treatment Works (just prior to 

desludging at lOhOO). On arrival at the laboratory the raw sludge was divided into 

approximate daily feed volumes and stored in plastic bags at -14° C. The frozen feed 

sludge was defrosted in the cold room, at 4 • C, for 3 days prior to being fed into the 

reactors. The VSS of the sludge batches collected at the plant ranged from 36 000 to 

53 000 mgVSS/i, see Table 5~1, and were used undiluted. 

To initiate the system, each reactor was filled to the 2,6 litre mark with the 

underflow sludge obtained from the full scale works. Feeding was . tWice daily as 

follows: Due to the viscous nature of the primary sludge, there was a measure of 

uncertainty to the efficiency of mixing. Thus, just prior to feeding (and sampling 

and wasting) the contents of each reactor were drained (from the bottom) and 

poured back into the top of the reactor to ensure a well mixed medium. 

Depending on the retention time of a reactor, an appropriate volume of sludge was 

drained from the bottom of each reactor i.e. for 5 days retention time a total of 520 

mi (i.e. 2600/5) of sludge was drained per day; feeding was twice a day i.e. 260 mi 
· of sludge drained at every feed. Each reactor was then topped up to the 2,6 litre 

mark with raw sludge. From the volumes drained, two 50 mi samples were taken 

and centrifuged for testing; the remaining sludge used to measure the sludge 

settleability via the diluted sludge volume index (DSVI) test. 

Testing was as follows: Influent and reactor 1 on one day, reactors 2 and 3 the 

following day, and the following parameters measured: 

(1) pH. 

(2) · DSVI of the sludge. 

(3) · TSS and VSS concentrations of the sludge pellet obtained after 

centrifugation. 

(4) VSS (as COD) concentration of the sludge pellet. 
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(5) Total 'soluble' COD of the supernatent obtained from (3) above after 

filtration through a Whatman's No.1 filter. 

(6) COD of the filtrate from (5) above after filtration through a --0,45µm filter. 

On filtering through a --0,45µm filter a 'blinding effect' on the --0,45µm 

filter was observed. This •blinding effect' appeared to be caused by the 

presence of long chain macro-molecules blocking up the --0,45µm filter paper. 

In order to determine the long chain macro-molecule concentration, the 

--0,45µm COD concentration was subtracted. from the total 'soluble' COD 

concentration. 

(7) TKN and NH 3-N concentrations of the --0,45µm filtrate, and 

(8) SCF A concentrations of the --0,45µm filtrate. 

Sampling techniques and measurement procedures are set out in Appendix A. 

5.4 RESULTS 

A total of 5 batches of raw sludge were tested; three batches under stage 1, and two 

batches under stage 2; the stages were run for 49 days and 51 days respectively. 

The results of all 5 batches are listed in Tables D.l to D.8 in Appendix D. As stated 

before, the COD's of the total SCFA concentrations listed in Tables D.l to D.8 were 

calculated using the conversion factors of Eastman and Ferguson (1981) listed in 

Table 3.1. ' Plots with respect to time of the following parameters were made for 

each raw sludge and each reactor and are shown in Appendix D: 

(1) pH, · 

(2) DSVI, 

(3) TSS and VSS concentrations, 

( 4) COD of the VSS concentrations, 

(5) TKN and NH 3-N concentrations, 

(6) Total 'soluble' COD, --0,45µm COD and SCFA (as COD) concentrations, 

and 

(7) Acetic, propionic, butyric and valeric acid concentrations. 

For each batch of raw sludge, average values for the above parameters were 

calculated and are listed in Table 5.1. From the, data listed in Table 5.1 and plots of 
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these versus retention time (Figs 5.2 to 5.17), the following general observations can 

be made: 

(1) pH - The pH decreased with increasing retention time [see Fig 5.2(a) and 

(b)]. The minimum pH observed in a reactor was 5,0. 

(2) DSVI - Settleability improved with increasing retention time [see Fig 5.3(a) 

and (b )] . The DSVI's of the influent sludge and the fermented mixed liquor 

are extremely low, the low DSVI of the influent sludge most certainly was 

caused by freezing of the sludge batches, which was done to prevent 

fermentation in storage. The DSVI of the reactor contents, therefore, cannot 

be accepted as reflecting the settling behaviour of the influent sludge direct 

from a treatment plant without prior freezing. However, from the literature 

it can be inferred that acid fermentation does improve in settleability and 

compactability (Pitman and Lotter, 1986). 

(3) TSS and VSS - The TSS and VSS concentrations decreased with increasing 

retention time [see Figs 5.4(a) and (b) and 5.5(a) and (b)J. 

(4) VSS (as COD) - The COD of the VSS concentration decreased with 

increasing retention time [see Fig 5.6(a) and (b)J. 

(5) TKN and NH3-N - Both these concentrations increased with increasing 

retention time [see Figs 5.7(a) and (b) and 5.8(a) and (b)]. 

(6) Total •soluble• COD - The total •soluble• COD concentration increased 

with increasing retention time [see Fig 5.9(a) and (b)]. From correlation 

plots of --0,45µ.m COD versus total •soluble• COD (see Figs 5.10 and 5.11), 

a close correlation is evident. The --0,45µ.m COD constitutes approximately 

88 percent of the total •soluble' COD of the raw sludge (see Fig 5.10). In 

the individual reactors, the --0,45µ.m COD constitutes approximately· 63 

percent of the total •soluble' COD (see Fig 5.11) - there is an increase in 

long chain macro-molecule concentrations of approximately 25 percent upon 

anaerobic fermentation of the raw sludge. 

(7) --0,45µ.m COD - The --0,45µ.m COD concentration increased with increasing 

retention time [see Fig 5.12(a) and (b)]. 
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(8) S9FA - The SCFA (as COD) concentration increased with increasing 

· retention time [see Fig 5.13( a) and (b)]. Further important observations 

are: 

(i) No lag or delay period in SCFA generation was observed during this 

investigation. 

(ii) In Figs 5.14 and 5.15, correlation plots of the SCFA (as COD) 

versus total •soluble' COD concentrations are shown for the influent 

and reactor contents respectively. There is a close correlation 

between the SCFA (as COD) and· total 'soluble' COD for the 

reactors contents, but only a poor correlation for the influent sludge. 

For the reactor contents the SCF A (as COD) constitutes about 53 

percent of the total 'soluble' COD (see Fig 5.15). 

(iii) In Figs ·5.16 and 5.17, correlation plots of the SCFA (as COD) 

versus --0,45µm COD concentrations are shown. As found in the 

in-series experiment, there is a close correlation between these 

parameters for the reactor contents, whereas for the influent the 

correlation was much poorer. In the raw sludge the SCFA's (as 

COD) formed approximately 66 percent of the --0,45µm COD (see 

Fig 5.16), and in the individual reactors 85 percent (see Fig 5.17). 

In the in-series experiments these values were 58 and 67 percent 

respectively. It is difficult to find a reason why the in-series and 

single reactor studies show such large differences. The only 

significant differences that can be noted were in the feed sludge 

constitution - in the single reactor study the butyric and valeric 

acid concentrations were high compared to the in-series reactor, 

study, see (iv) below. 

(iv) Acetic and propionic acids were the major acids generated; other 

acids generated were butyric and valeric. In the reactors the 

averaged ratios of acetic:propionic: butyric:valeric acids (as COD) 

were 1:1,4:0,5:0,6. In the raw sludge, of batches 1, 2 and 3, the 

ratios of acetic:propionic:butyric:valeric acids (as COD) were 

1:1,4:1~4:1,0. 
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( v) No decrease in SCF A concentration with time was observed in any 

of the tests. It is unlikely therefore that methanogenesis was 

operational during these experiments, possibly due to inhibition of 

the growth of methanogenes caused by the low pH's. A white fungus 

grew on the top of the polystyrene discs floating on the liquid 

surface, but this did not appear to affect the SCF A concentration. 

The fungus was cleaned off approximately once a week. 

5.5 MODELLING OF SCFA GENERATION 

~n Chapter. 4 (section 5.1) the basic model for an in-series acid fermenter reactor 

·system was developed, (Eq 4. 7) i.e. 

SCFA~vo = {0,17 - SCF A
0
' 

0
) (1 -. l ) + SCF A' 

v (1+0,16R)n ovo 

where 

SCFA~vo = mgSCFA (as COD)/mg initial VSS (as COD) in the effluent from 
th ... 

the n reactor. 

SCFA~vo =mg initial SCFA (as COD)/mg initial VSS (as COD) 
concentration. 

R = retention time in each reactor, d. 

n = number of reactors. 

In Fig 5.18, the mgSCFA (as COD)/mg initial VSS (as COD) ratios in reactor 

effluent for each batch of raw sludge are shown plotted against retention time for the 

single completely mixed reactor system. From a visual observation of Fig 5.18, it 

appears that SCFA (as COD) generation is a first order type reactor similar to that 

of the in-series, completely mixed, reactor system. Thus theoretically, Eq ( 4. 7) also 

should be valid for a single reactor system i.e. n = 1. 

SCFA~vo = (0,17 - SCFA~ 
0

) (1 - 1 ) + SCFA~ 
0 v (1+0, 16R) v 

{5.1) 

From Fig 5.18, a mean value for SCF A~vo was estimated at 0,048 mg initial SCF A 

(as COD)/mg initial VSS (as COD). 

In Fig 5.19, a correlation plot is shown of the theoretical SCF A~vo values versus the 

experimentally observed values for the 2, · 3, 5, 6 and 9 day retention time. Also 
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included is the theoretical and experimental values for the 1st reactor in the in-series 

system, at 1 day retention time, from Chapter 4. From Fig 5.19 a very good 

correlation is evident. Also, as 

SCFA = SCFA' . X' neff nvo vo (5.2) 

(see Eq 4.8), the associated theoretical SCFA~eff concentrations can easily be 

determined. In Fig 5.20, a correlation plot of the theoretical SCF Aneff values versus 

experimental SCF Aneff values is shown. Again a good correlation is obtained. 

5.6 CONCLUSIONS 

In the investigation into the production of SCF A's in single steady state reactors, the 

following conclusions are pertinent: 

(1) No lag period in SCFA generation was observed for sludge age as low as 2 

days. 

(2) Throughout the period the system was in operation, the pH never declined 

below 5,3 for raw sludge VSS concentrations ranging from 36 000 to 53 000 

mgVSS/l 

(3) The responses in the single reactors of different retention times were as 

consistent as the responses observed down the in-series reactor system. 

( 4) As the retention time increased 

(i) The VSS concentration decreased. 

(ii) The sludge settleability improved i.e. the DSVI decreased. 

(iii) The VSS (as COD) concentration decreased. 

(iv) The TKN and NH 3-N concentrations increased. 

(v) The total •soluble", -0,45µm and SCFA COD concentrations 

increased. 

(5) There were close correlations between the total •soluble" COD and (i) 

-0,45µm COD, and (ii) total SCFA's (as COD) in the reactor contents 

(6) The long chain macro-molecule concentration increased by about 25 percent 
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upon anaerobic fermentation of primary sludge. 

(7) A close correlation exists between the --0,45µm COD and the SCFA (as 

, COD). The SCFA's (as COD) constitute approximately 66 percent of the 

raw sludge --0,45µm COD and 85 percent of the --0,45µm COD in the 

reactors. 

, 

(8) The major acids produced were acetic and propionic with butyric and valeric 

acids also present. The averaged ratios of acetic:propionic:butyric:valeric 

· acids (as COD) were 1:1,4:0,5:0,6. 

(9) No decrease in SCFA concentration due to methanogenesis was observed 

during the time period the system was operational. 

(10) The rate of SCFA (as COD) generation in the single reactor of different 

retention times could be estimated closely by the steady state model 

developed for the in-series reactor system, i.e. Eq (5.1) 

SCFA' 
0 

= (0,17 - SCFA
0
' 

0
) (1 - 1 ) + SCFA

0
' 

0 nv v (1+0,16R) v 

where R .= retention time in days and SCF A~vo · 0,048. 
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120V ELECTRIC MOTOR ----1 

.,___-+-l,___STIRRERSHAFT 

POLYSTYRENE DISC FLOATING 
ON THE LIQUID SURFACE 

PADDLES 

Fig 5.1: Schematic of one of the 3 litre perspex reactors used in the single 
reactor, steady state investigation. 
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Fig 5.2(b): 
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2 4 

Retent!on ttme(daye) 

Average pH versus retention time for a single, completely mixed 
reactor system. of retention times 2, 3 and 5 days, for all batches of 
sludge. 

Batch 1 
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2 4 6 e 
Retention tlme(d~•) . 

Average pH versus retention time for a single, completely mixed 
reactor system of retention times 3, 6 and 9 days, for all batches of 
sludge. 
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Batch 1 
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Retention tlme(daye) 

Average DSVI versus retention time for a single, completely mixed 
reactor system of retention times 2, 3 and 5 days, for all batches of 
sludge. 
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Fig 5.3(b): 

2 4 6 8 

Retention tlme(d~•) 

Average DSVI versus retention time for a single, com:pletely mixed 
reactor system of retention times 3, 6 and 9 days, for all. batches of 
sludge. 
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Average TSS concentrations versus retention time for a single, 
completely mixed reactor system of retention times 2, 3 and 5 days, 
for all batches of sludge. 

Batch 1 
Batch 2 

2 4 6 8 

Retention tlme(d~a) .. 

Average TSS concentrations versus retention time for a single, 
completely mixed reactor system of retention times 3, 6 and 9 days, 
for all batches of sludge. 
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Batch 1 
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Retention tlme(daye) 

Average VSS concentrations versus retention time for a single, 
completely mixed reactor system of retention times 2, 3 and 5 days, 
for all batches of sludge. 

Batch 1 
Batch 2 -

2 4 6 8 

· Retention ttme(d~•) 

Average VSS concentrations versu,s retention time for a single, 
completely mixed reactor system of retention times 3, 6 and 9 days, 
for all batches of sludge. 
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Batch 1 
Batch 2 
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Retention tlme(daya) 

Average COD of the VSS concentrations versus retention time for a 
single, completely mixed reactor system of retention times 2, 3 and 
5 days, for all batches of sludge. 

Batch 1 
Batch 2 

-. 
2 e 8 

Retention tlme(d~a) 

Average COD of the VSS concentrations versus retention time for a 
single, completely mixed reactor system of retention times 3, 6 and 
9 days, for all batches of sludge. 
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Fig 5.7(b): 
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Retention tlme(daye) 

Average TKN concentrations of the -0,45µm filtrate versus 
retention time for a single, completely mixed reactor system of 
retention times ·2, 3, and 5 days, for all batches of sludge. 
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2 4 6 8 

Retention tlme(d~•) 

Average TKN concentrations of the -0,45µm filtrate versus 
retention time for a single, completely mixed reactor system of 
retention times 3, 6 and 9 days, for all batches of sludge. 
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Average NH 3-N concentrations of the --0,45µm filtrate versus 
retention time for a single, completely mixed reactor system of 
retention times 2, 3 and 5 days, for all batches of sludge. 
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Average NH 3-N concentrations of the --0,45µm filtrate versus 
retention time for a single, completely mixed reactor system of 
retention times 3, 6 and 9 days, for all batches of sludge. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

15 

14. 

13 

12. 

11 

10 

·" 9· 
- U) "-0 Cl c: 8· 
0 0 u U) 

{Jl i5 7· 
Et. 

'-' 6 

5· 

4· 

3 

2 . 

0 

0 

Fig 5.9(a): 

13 

3 

2 . 

0 

Fig 5.9(b): 

c 
+ 
0 

c 
+ 

5.18 

Batch 1 
Batch 2 
Batch 3 

2 4 

Retent;on t:rne(days) 

Average total •soluble" COD concentrations versus retentio:r,. time 
for a single, completely mixed reactor system of retention times 2, 3 
and 5 days, for all batches of sludge. 

Batch 1 
Batch 2 

2 4 

Retent;on t;rne(days) 

6 8 

Average total •soluble" COD concentrations versus retention time 
for a single, completely mixed reactor system of retention times 3, 6 
and 9 days, for all batches of sludge. 
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Correlation plot of the average -0,45µm COD concentrations versus 
average total •soluble• COD concentrations for the influent of a 
single, completely mixed reactor system, for all batches of sludge. 
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Correlation plot of average -0,45µ.m COD concentrations versus· 
average total •soluble" COD concentrations of a si~gle, . completely 
mixed reactor system of 2, 3, 5, 6 and 9 days retention time, for all 
batches of sludge. 
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Batch 1 
Batch 2 
Batch 3 
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Retention time(days) 

Average -0,45µm COD concentrations versus retention time for a 
single, completely mixed reactor system of retention times 2, 3 
and 5 days, for all batches of sludge. 

Batch 1 
Batch 2 

2 4 6 8 

Retention time(days) 

Average -0,45µm COD concentrations versus retention time for a 
single, completely mixed reactor system of retention times 3, 6 
and 9 days, for all batches of sludge. 
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Retent;on t;me(days) 

Average SCFA (as COD) concentrations versus retention time 
for a single, completely mixed reactor system of retention times 
2, 3 and 5 days, for all batches of sludge. 
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Retention time(days) 

Average SCFA (as COD) concentrations versus retention time 
for a single, completely mixed reactor system of retention times 
3, 6 and 9 days, for all batches of sludge. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

8. 

7 

6 

·"' 

' 0 
0 5 
i.J 
vr? 
.s·g 
'"'a 0 ~ 4 
0 J 
u 0 

£ 
1i!-· 
v'-' 
4. 
!;.. 

3 -

u 
iJ) 

2 

1 -

O· 

0 

Fig 5.14: 

14 

13 -

12 

11 -

•"' 10 -

" 0 9 0 
u 
Ol'U) 8 E" ._, c 
'"'a 7 Om 
0 J 
u 0 

£ 6 -m I-
a'-' 

~ 5· 
u 
iJ) 4 

3 -

2 

0 

0 

Fig 5.15: 

5.22 

0 

I I ! I 

2 4 
(Thousands) 

i0tal "soiub!e" COD(mgCOD/i) 

0 
D 

0 
Doo 0 

D 

I 

6 

Correlation plot of average SCF A COD concentrations versus average 
total •soluble• COD concentrations for the influent of a single, 
completely mixed reactor system, for all batches of sludge. 

Cl 
ocJm D 

a~·DD 
~ D Do 

I I I I I I I I 

2 4 6 8 10 12 14 
(Thousands) 

Tota! "soiub'e" COD(mgCOD/i) 

Correlation plot of average SCF A COD concentrations versus average 
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reactor system of 2, 3, 5, 6 and 9 days retention time, for all batches 
of sludge. 
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CHAPTER 6 

DESIGN EQUATIONS FOR ACID FERMENTATION 

6.1 INTRODUCTION 

In this chapter the focus will fall on the development of design equations for acid 

fermentation. 

?-'he basic theory for modelling acid fermentation of the underflow from a primary 

settling tank (PST) was developed in Chapter 3. Solutions were developed for the 

batch system in Chapter 3, the in-series reactor system with constant fl.ow and load 

in Chapter 4, and the single reactor system with constant fl.ow and load in 

Chapter 5. 

The fermentation systems, in which these solutions would find application, may not 

cover the spectrum of systems __ .that have been developed in practice. It is useful, 

therefore, to review briefly the various systems that have been developed and assess 

whether these can be brought within the ambit of the basic solution equations. 

(1) The pilot scale fermentation system developed by Rabinowitz et al. (1985, a 

and b) consisted of 1 in-series reactors operated· either (i) as a fl.ow through 

system or (ii) a system with a fermenter settler and recycle so that the 

sludge age and hydraulic retention time could be independent in which event 

the supernatant from fermenter settler could be discharged directly to the 

BEPR system, or recombined with the wasted sludge and discharged to the 

BEPR system. 

In the study by Rabinowitz et al. the underflow COD concentration from the 

PST to the fermenter system was very low and this was the main reason 

why it was possible to operate the fermenter system with a sludge age 

different from the hydraulic retention time. In South Africa with the high 

COD concentrations in the underflow from the PST to the fermenter it is 

unlikely that the system could be operated other than as a fl.ow through one. 

It would still be feasible to incorporate a fermenter settler but now· the 

function of the settler would be to separate the acid rich liquid from the 

sludge solids. The acid rich supernatant from the fermenter settler then 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

6.2 

could discharge to the BEPR and the underflow discharge to the anaerobic 

digesters. The model for this system has been described in Chapters 4 and 

5. Rabinowitz (1985a and b) operated a two in-series fermenter reactor· 

system. For design, an important practical aspect would be ·to resolve 

whether an in-series fermenter reactor system has a significant advantage 

over a single reactor system for the same total retention time. 

(2) At full scale Pitman (1986) operated a single reactor system in which the 

daily PST underflow sludge production was discharged to a single fermenter 

reactor over a period of Sh. The daily sludge production was accumulated 

over. 2 to 3 days. Each day the reactor was mixed for 4 to 6h. At the end of 

the 2 to 3 day period the fermenter contents were settled and over the next 3 

days the supernatent was pumped to the BEPR system. The settled sludge 

was pumped to the anaerobic digesters, and the cycle recommenced. To 

have a continuous supply of acid supernatant, two reactors would be 

required, operated in parallel but out of phase. For convenience we shall 

designate this fermentation system an accumulating batch fermentation 

system. An important practical advantage of this system is that it does not 

require a fermenter settling tank. 

A model describing the behavior of the accumulation batch fermentation 

system can be developed from the basic acid fermentation equation for the 

single reactor system in Chapter 5; this will be done in Section 2 of this 

chapter. 

(3) Pitman et al. (1986) utilized the primary settling tank as an acid fermenter. 

The settled sludge accumulated in the PST over a period of about 3 days. 

Each day the sludge was recycled from the underflow to the influent point of 

the PST in this manner elutriating the acid generated to the supernatant of 

the PST. The enriched supernatant was discharged to the BEPR plant. 

The accumulated sludge tended to settle as a dense mass, to such a degree 

that on occasion the scraper mechanism failed. Sludge holding times could 

not be extended beyond about 3 days because methane fermentation 

commenced with loss of SCF A. Also, the sludge turned black, probably 

because a low redox potential developed in the mass causing sulphates to be 

reduced to sulfides, a situation that may have been aggravated by elutriation 

because then a continuous supply of sulphate from the raw sewage would 
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come in contact with the sludge. For this system insufficient experimental 

data is available to allow a behavioural model to be developed . 

. 6.2 ACCUMULATING BATCH FERMENTATION REACTOR SYSTEM 

The model for this system is developed as follows: 

Let Flow to the fermentation reactor/day= Q(l/d) 

VSS (as COD) in the influent= X' (mg/!) v 
Thus the daily mass of VSS (as COD) in the influent = 

(mg/d) 

AMX' = X' ·Q v v 

If AMX~ is fed as a batch at the beginning of day 1, the mass potential of SCFA (as 

COD) per unit mass of VSS (as COD) is SCFA~vo· At the end of day 1 the 

potential has been reduced due to the production of SCF A. The potential remaining, 

Prl, can be found from Eq (3.7), 

P = (SCFA' - SCFA' ) 6.MX e.:kAt 
rl pvo ovo v (6.1) 

At the end of two days, feeding AMX~ at the beginning of the second day, 

accumulating the first and second days' feed in the reactor, the mass potential of 

SCFA (as COD) at the end of day 2 is 

= [(sCFA' - SCFA' ) 6.MX e-kAt] pvo ovo v 

+ [cscFA I - SCFA' ) AMX e-kAtJe-kAt 
pvo ovo v 

· (SCFA' - SCFA' ) 6.MX [e-kAt + e-2kAt] 
. pvo ovo v (6.2) 

Continuing-in this fashion the potential remaining at the end of n days is 

= (SCFA' - SCFA' ) AMX [e-kAt + e-2k6.t + ..... + e-nkAt] 
pvo ovo v 

. (6.3) 

It can now be shown readily that the mass of SCFA generated (as COD) per unit 

mass of influent VSS (as COD) 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

6.4 

= (SCFA' - SGFA' .) ~MX [n-e-k~t - e-2k~t _ _ e·-nk~t~ 
pvo ovo v ····· 

6.4) 

and the mgSCFA (as COD)/mgVSS (as COD) in the rector after n days, SCFA~ 

will be 

SCFAn' = (SCFA' - SCFA' · ) [n - e-k~t - e-2k~t - -e-nk~t] / pvo ovo ····· n 

+ SCFA~vo (6.5) 

[Note division by n because the volume is n times the daily flow] 

In the raw sewage influent with influent COD = Sti' let a fraction, f, pass to the 

underflow to the acid fermenter, then the concentration of SCFA generated per litre 

of influent raw sewage flow, SCFAn, is 

SCFAn = f·Sti"SCFA~. mgSCFA (as COD)/linfluent flow 

(6.6) 

6.3 SUMMARY OF BASIC DESIGN EQUATIONS 

In summary the following prediction equations for SCF A generation have been 

derived: 

1. Batch fermentation reactor (Chapter 3) 

SCFAt'vo = (SCFA' - SCFA' ) (1 - e-0,l6t) + SGFA' pvo ovo ovo (3.7) 

where 

SCFAtvo = mgSCFA (as COD)/mg initial VSS (as COD) at batch time t 

SCFA~vo =potential mgSCFA (as COD)/mg initial VSS (as COD). From 

experimental work SCF A~vo approximately equal 0,14 

SCFA~vo = mg initial SCFA (as COD)/mg initial VSS (as COD). 

The SCFAt with regard to the raw sewage flow will be, from Eq (6:6) 
VO 
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SCF Atvo = f · Sti · SCF Atvo [mgSCFA (as COD)/i influent flow] . 

2. In-series fermentation reactor system, with n reactors each with the same 
retention time R, receiving a constant flow and load (Chapter 4) 

1 
SCFA' _ nvo = (SCFA I 0 - SCFA I ) (1 - ) + SCFA I 

pv ovo (l + O,l6R)n ovo 
(4.7) 

where 

SCFA~vo =effluent mgSCFA (as COD)/mg initial VSS (as COD) from the 

nth reactor 

SCFA~vo =potential mgSCFA (as COD)/mg initial VSS (as COD) 

SCFA~vo = mg initial SCFA (as COD)/mg initial VSS (as COD). 

The SCFA with regard to the raw sewage flow will be, from Eq (6.6), 

SCFAnvo = f·Sti·SCFA~vo [mgSCFA (as COD)/linfluent flow] 

3. Single fermentation reactor receiving a constant flow and load (Chapter 5) 

The single reactor system constitutes a subset of the in-series reactor system, by 

inserting in the in-series equation, n=l, 

1 
SCFAivo = (SCFA' 

0 
- SCFA~ 0 ) (1 - ) + SCFA~vo 

pv v (1 + 0,16R) 
(5.1) 

where 

SCFAivo =effluent mgSCFA (as COD)/mg initial VSS (as COD) 

SCFA~vo =potential mgSCFA (as COD)/mg initial VSS (as COD) 

SCFA~vo = mg initial SCFA (as COD)/mg initial VSS (as COD)._ 

TheSCFA with regard to the raw sewage flow will be, from Eq (6.6), 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

6.6 

SCFAlvo = f·Sti"SCFAivo [mgSCFA (as COD)/linfluent flow] 

4. Accumulating batch fermentation reactor, accumulating underflow sludge for n 
days . 

SCFA~ = (SCFA • _ SCF A' ) [n _ e-kllt _ e-2kllt _ · _ -nkllt] /· 
. pvo ovo ····· e n 

+ SCFA~vo {6.5) 

·SCFA~ = effluent mgSCFA (as COD)/mg initial VSS (as COD) at the end 

of n days, accumulating sludge on a daily basis 

SCFA~vo =potential mgSCFA (as COD/mg initial VSS (as COD). 

The SCFA with regard to the raw s~~age flow will be from Eq {6.6) 

SCFAn = f•Sti SCFA~ [nigSCFA (as COD)/linfluent flow] {6.6) 

Where experimental work on the systems had been undertaken (batch system, 

Chapter 3, in-series system, Chapter 4, single reactor system, Chapter 5), 

experimentally derived values for SCF A~vo and SCFA~vo were determined, as 
follows: 

System 

Batch system 

In-series system 

Single reactor system 

SCFA~vo 

0,042 

0,035 

0,048 

SCFApvo 

0,14 

0;17 

0,17 

The in-series and single reactor systems appear to give values for SCF Apvo that 

differ significantly from that obtained on the. batch system. Accordingly we have 

retained SCF A' of 0,14 for the batch system and 0,17 for the in-series and single pvo 
reactor systems. The average value for SCF A~vo' based on all the systems, is 
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SCFA~vo = 0,042; this value might differ substantially between waste waters and 

probably will be affected significantly by the length of the sewer lines. 

6.4 DEVELOPMENT OF •EQUIVALENT• REACTOR 

The estimated mean value of SCFA~vo' can be utilized directly, or approached 

indirectly by assuming that SCF A~vo has been generated in an •equivalent• 

fermentation reactor, upstream of the •real• fermentation system. The retention 

· time of this •equivalent• reactor is chosen to give an effluent SCF A~vo value equal 

to the default SCF A~vo value. There is a slight advantage in this approach in that 

the method of calculation of SCF A' becomes uniform irrespective of whether only the 

•equivalent•. or the •equivalent• plus •real• reactor system are present. This will 

become apparent in developing design equations for the •equivalent• reactor 

approach. 

6.4.1 Batch operation 

The formulated SCF At' equation, derived from the mean experimental results on 
VO 

batch systems, describes the curve shown in Fig 6.1. The theoretical curve could be · 

extrapolated to SCFAtvo = 0 at t =-At (i.e. when t =-At, SCFA~vo = 0) and Eq 

(3.7) can be written as 

SCFAtvo = 0,14 (1- e-O,l6 (t +At» (6.7) 

From Fig 6.1, when t = 0, SCFAtvo = 0,042 mgSCFA (as COD)/mg Initial VSS (as 

COD). Substituting into Eq (6. 7) 

0,042 = 0,14 (1 - e-0116 (O + At» 

Solving for At: At 
ln ( - ~'~t2 ) 

-
- 0,16 

yields At - 2,23 days. 

Substituting back into Eq ( 6. 7) yields 

SCFA' = 0 14 (1 - e-O,l6 (t + 2123)) 
tvo ' . 

(6.8) 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

6.8 

We now have an equation which predicts SCFAt' at any time tin a batch system -. VO 
the system consists of an •equivalent• batch rector with a retention time of 2,23 

days in series with a •real• batch reactor with a retention time oft days. 

In Fig 6.2 a correlation plot is shown, predicted versus observed SCF At' values for 
VO 

a batch reactor system, with retention times, t., ranging from 1 to 16 days (predicted 

values from Eq (6.8), and observed data from Chapter 3). Evidently the 

theoretically predicted and observed values of SCFAt' correlate reasonably well. VO 
Consequently Eq (6.8) can be accepted as a design equation for SCFAt' generation VO 
under batch conditions. · 

6.4.2 In-series reactor operation 

The •equivalent• reactor approach now can be applied to the in-series reactor 

system. The SCF A~vo present in the influent of a •real• reactor system can be 

considered to have been generated in a small •equivalent• completely mixed reactor, 

upstream of the •real• series of completely mixed reactors. The retention time of 

the mythical or •equivalent• reactor is equal to R
0

. Consequently the SCFA~vo 

concentration in the effluent from the •equivalent• reactor can be written as 

SCF A
0
' = 0,17 ( 1 - 1 ) 
VO (l+kRO) 

(6.9) 

For an equivalent reactor, o, in series with a set of real reactors 1, 2, 3 ... n, Eq ( 4. 7) 

reduces to 

SCFA~vo = 0,17 [ 1 - rrn 
1 I 

(l+kRi) 
i=O 

(6.10) 

where R
0 

is the retention time of the equivalent reactor, o, and Ri, R2 ... Rn are 

given by V if Q, V 2/Q ... V n/Q and Vi, V 2 ... V n = volumes of reactors 1, 2 ... n. 

If the retention times in each of the reactors 1, 2 ... n are equal, then 

SCFA I = 0,17 [ 1 -
1 

. 
1 I 

nvo (l+kR ) (l+kR)n 
. 0 

(6.11) 

Later we shall show that, with very little error, one may accept the retention time of 
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the equivalent completely mixed reactor as equal to the retention time of the 

equivalent batch reactor. Hence, assuming R
0 

= t = 2,23 days, then for k = 0,16 we 
have 

--1--=-1 -=0,737 
(l+kR

0
) 1,357 

Substituting into Eq (6.11) yields 

SCF A I = 0 17 ( 1 - 0 ' 737 ) 
nvo ' (1+0,16R)n 

(6.12) 

In Fig 6.3 a correlation plot is shown of predicted versus observed SCF A' values nvo 
for the · 3 in-series •real• reactor system, each reactor of 1 day retention time, 

' (predicted values from Eq (6.12) and observed data from Chapter 4). It would seem 

that Eq (6.12) slightly over predicts the SCFA' generated. , nvo 

· 6.4.3 Single reactor operation 

In a single reactor, steady state system, Eq (6.10) with n = 1, can be written as 

SCFA' =0,17(1- 1 · 1 ) 
nvo (1+kR

0
) (l+kR) 

(6.13) 

Assume R
0 

= ~t = 2,23 days, then fork= 0,16/day 

SCFA I = 0,17 ( 1- 0 ' 737 ) 
nvo (1+0,16R) 

(6.14) 

In Fig 6.4 a correlation plot is shown, predicted versus observed SCFA~vo values for 
the single reactor system over a range of sludge ages from 1 to 9 days (predicted 

values from Eq (6.14) and observed data from the R = 1 day observation in Chapter 

4 and R = 2, 3, 5, 6 and 9 days from Chapter 5). It appears tliat Eq (6.14) slightly 

under predicts the SCF A~vo generated. 

To illustrate the correspondence between the predicted and observed mgSCFA/mg 
initial VSS, both as COD, for the single reactor system, the following mean 

SCFA~vo values are shown plotted against •real• reactor retention time in Fig 6.5: 
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{1) Experimental mean values for the influent (corresponding to the 

·•equivalent• reactor retention time R
0 

= 2,23 days) and the •real• single 

reactor with retention times R = 0, 1, 2, 3, 5, 6 and 9 days. 

(2) Experimental mean values obtained by Rabinowitz and Oldham (1985b ), at 

real retention times of 2,5, 3,5, 5 and 10 days, suitably transformed to units 

used in this investigation [i.e. mgSCF A (as COD) /mg initial VSS (as 

COD)] .1 No data is supplied by Rabinowitz whereby the experimental values 

at· R = 0 can be calculated. 

(3) Predicted SCFA~vo curve using Eq (6.14). 

The data of Rabinowitz and Oldham {1985b) plots slightly higher than those from 

this investigation. However, the trends exhibited by their data conform very well to 

that in this investigation, with one exception at 10 days retention time - the low 

experimental value observed by Rabinowitz and Oldham (1985b) very likely was due 

to the development of methane fermentation. 

From the observations above, the assumption of the equivalent or mythical retention 

time of 2,23 days to determine the SCF A' 
0 

in the influent appears to be an - ov 
acceptable one, or, alternatively one may simply accept SCFA~vo = 0,042. 

6.5 GRAPIDCAL ANALYSIS 

The design formula Eqs (6.8, 6.12 and 6.14) can be recast readily to depict the 

behaviour graphically. These equations in essence ·describe the SCFA' generated as 

the potential SCF A' less the potential SCF A' remaining. Accordingly the percentage 

potential remaining (SCFA~) can be formulated as follows: 

Batch system: 
SCFA' ___ r_ = 100 e-0,16t 

SCFA~vo 
(6.15) 

lNote the data by Rabinowitz and Oldham is in terms of total COD of the 
underflow, not the COD of the VSS of the underflow i.e. VSS after centrifugtion. 
The mean total COD/VSS COD in our investigation was 1,08 so that for the 
purpose of plotting Rabinowitz' data, their SCF A~vo value was multiplied by 1,08 

before plotting. 
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Single reactor: (6.16) 
SCFA~vo 1+0,16R 

In Fig 6.6(a) are shown the relationship depicting the percentage of the potential 

SCFA (as COD)/mg initial VSS (as COD) remaining, (SCFA'), for a batch system 
r 

and for a single completely mixed reactor system versus retention time. The axis for 

. percentage SCF A~ is logarithmic. Also shown, in the right hand side of the figure, is 

the percentage SCF A' generated. This plot in effect assumes that the potential 

SCF A~vo is the same for the two systems. With these two curves, it is possible to 

determine, completely graphically, the behaviour of in-series systems: Assume we 

have an in-series completely mixed reactor system with two reactors each of 5 days 

retention time. The effluent from the first reactor is given by the value at R = 5 

days (point 1) in Fig 6.6(b). To determine the effluent from the second reactor, 

draw a straight line from the origin through point 1 and continue for a further 5 

days. At total R = 10 days, effluent of the second reactor is given by point 2. 

The procedure above is for equal volume reactors; for unequal volumes, the 

procedure is as follows: Assume two reactors in-series, the first stage, say, 2 days 

retention time, the second 8 days retention time (total of 10 days retention time). 

The effluent from the first reactor is given at R = 2 days (point 1) in Fig 6.6(c). 

The effluent from the 8 day reactor is found as follows: On the curve determine the 

effluent value for a single reactor at 8 days retention time (point 2), join the origin 

to point 2. From point 1 draw a line parallel to the line from the origin to point 2 

(shown dotted) for a further 8 days retention time, to give point 3, the effluent value 

of the in-series system of 2 plus 8 days retention time. 

/ 

6.5.1 •Equivalent• reactor 

From Fig 6.6(a) it can be seen that at a retention time of 2,23 days there is very 

little difference in SCF Atvo remaining between the batch reactor and the single 

completely mixed reactor, that is, the assmption made earlier that setting ~t = 2,23 

days, from the batch tests equal to R
0 

in the single reactor and in-series completely 

mixed reactor systems, is acceptable. 

6.5.2 Single versus in-series reactor systems 

From the work by Rabinowitz a.lid Oldham (1985b) (plotted in Fig 6.5) it seems that 

there is a danger of methane fermentation occurring at flow through retention times 

(sludge ages) approaching 10 days. To reduce the possibility of methanogenesis, it 
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would be safer to operate a fermentation system at flow through retention times, say, 

shorter than 6 days. At a retention time 6 days, the problem for a designer 

downstream of the •equivalent• reactor (of 2,23 days retention time), is whether to 

have a single completely mixed reactor of 6 days •real" retention time, or two 

in-series completely mixed reactors of say 3 days each i.e. whether the system should 

consist of 2 reactors ("equivalent• plus one 6 -day reactor) or of 3 reactors 

(•equivalent• plus two 3 day reactors). 

The graphical method of· analysis of this problem is as follows: We apply the 

method for an in-series system with reactor retention times of 2,23, 3 and 3 days 

(2,23, 5,23 and 8,23 total retention times) and for a single reactor system of 2,23 and 

6 days (2,23 and 8,23 total retention times). The graphical solutions to the two 

systems, using the procedure described in Section 3.0, are shown in Fig 6. 7. 

From Fig 6. 7, the percentage SCF A~vo remaining for the one equivalent and two 

in-series reactor system is 33,53, and the percentage SCFA~vo remaining for the one 

equivalent and one reactor system, is 37,53. 

Clearly there is little m~rit in replacing the 6 day •real• retention time reactor by 

two in-series 3 day •real• retention time reactors (a difference of 4 percent in 

SCF A' remaining). nvo 

One may check the graphical solution by applying Eqs (6.12 and 6.14): 

For the in-series reactor system of 2,23; 3 and 3 days •real• retention times: the 

percentage SCF A' generated is 66,3 percent i.e. 33, 7 percent remaining and in the nvo 
2,23 and 6 day •real• retention time the values are 62,4 and 37,6 percent 

respectively. These values are the same as those determined graphically. 

6.6 
(1) 

CONCLUSIONS 
I 

A number of design equations suitably calibrated, have been developed to 

determine the steady state SCF ~ generated in batch, single flow through, 

in-series flow through, and accumulating batch reactor systems. 

(2) The predicted SCF A yield for the steady state single reactor system 

compares favourably with experimental results reported by Rabinowitz et al. 

(1985b ). 
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(3) Theoretically the most efficient system for SCFA generation is the batch 

type system. In this experimental study, however, the data would indicate 

that the potential yield for SCF A production is lower ·than that for the 

completely mixed in-series and single reactor systems. 
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Fig 6.1: Theoretical equation for predicting SCFAtvo values (Eq 3.7) versus 

retention time for a batch reactor system. 

0.170. 

0.160 

0.150. 

0.40. 

C. i30 · 

0.120. 

0.110. 

0 0. iOD · .., 
c 
~ 0.090. 
f 
c 0.080. ~ 
n. 
:< 0.070. w 

0.060. 

0.050. 
D 

0.040. 

0.030. 

0.020. 

0.010. 

0.000. 

0.000 0.020 0.040 0.060 0.080 0. 100 0.120 0.140 0.160 

Fig 6.2: 

iheJre\;ca! 

Correlation plot of predicted versus observed SCF Atvo values for the 

batch system (predicted values from Eq (6.8) and observed. values 
from Chapter 3). 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

ii .., 
c 
II 

E 
·c 
II 
0. 

1tf / 
x w 

Fig 6.3: 

0 .., 
c 
II 
E 
·c 
II 
0. 
x w 

Fig 6.4: 

6.15 
0.170 

0.160 

0.150 

0.140. 

0.130 

0.120 

0.110 

0.100 

0.090 

0.080 

0.070 

0.060 

0.050. 

0.040 

0.030. 

0.010 

0.000 

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 

0.170 

0.160 

0.150 

0.140 

c..n0 · 
O.i:W 

0.11{ . 

100 

0.090. 

0.080 

0.070 

• J J. 

0.050. 

0.040 

0.030. 

0.020 

0.010 

0.000 

iheoretica! 

Correlation plot of predicted versus observed SCF A~vo values for the 

3 in-series, semi-continuously fed completely mixed reactor system 
[predicted values from Eq (6.12) and observed data from Chapter 4)]. 

D 

D 

D 

D 

D 

0.000 0.020 0.040 0.060 0.080 O.lOiJ 0.120 0.140 0.160 

Theoreka! 

Correlation plot of predicted versus observed SCF A ' values for the nvo 
single, completely mixed reactor system [predicted values from Eq 
(6.14) and observed data from Chapters 4 and 5]. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

6.16 

0.170 ~-----------------------. 

0. i60. 

0. i50. 

O.i40 · 

0.130. 

0 i20. 

' 0.110. n· 
() 
i) 
:J1 

0. iOO · 

E 0.090 · 
~ .. 
". 0.060. 
D 
0 
i) 
VI 
r· c 

Fig 6.5: 

0.070. 

0.060. 

0.050. 

0.040 

0.030. 

0.020. 

0.010. 

0.000. 

0 

o Experimental 
+Rabinowitz and 

- Theoretical 

!J 

D 

0 
0 

2 

Oldham 

0 

4 6 8 10 

Theoreka! 

Predicted and observed SCFA~vo values of a single completely mixed 

reactor versus •real• reactor retention time. Also shown is the 
SCF A' values obtained by Rabinowitz et al. (1985b ). nvo . 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Fig 6.6(a): 

6.17 

Retention time (days) 

0 
100 

1 2 3 4 5 6 7 8 9 10 
-'·- .................... Ii .0 

80 

70 

60 

50 

40 

30 

20 

10 

. ·- ··- .. ·-·-[.; ··-""-
- -::1--:::t:E_ ._ ...... 

---~ lQ, 
P::..-·· ' • . 
r-.-· I.+-.. ..__ .. 
·->t" 

t:I:..ti-~ ' 
E .... _ 

c:: 

L.. 

,_ 

'· 

,, 
t', 

'- . . ' . . ' '' 

20 

30 

40 

50 

60 

(It ., t• " '' '" ,70 
"t "· ,. '' '- 1· 

'11. ,, 
· '"' Ii 

., . N." 'l : I' • I IJI 

" '" Jill 1l1 • ii I ' • .1'.~ ' I .1 ' I . : . i I ' 

~ 1 i • I .,,• •'' I·' I 1:1 ''I , .. •·.Ii'• 

'I'' 11·1 :·t ·.11 ,. l 1•11 I:•·. '!• ;, • •• .r 1"N,.1 !!• :11 'i•I 

I!-. "·' :1 
I .. ,. ;:1 ·il i··I Iii 1 i 1 l 1 'jT,: 1: . ' II;· 11:· ·~; 1:'-t 1 /1 111, l 

' .1 ;·I: ·••,I,, ::11 !i' I 'I l1i1 :l•i :··· '' ,·].·· t•I· ,, ',.,, ~·. :.1! t It 
1' • I I l I I ' . i ~'. ! 'I I I !I. 11 I ii' I : 'I. I' " I~ 1 

.. : ! I I I ! I.. i I" Ii! i ! ; 'I 80 
;II·." ·1,, .: •;: :!!' i: Ii• •1:· 1,1 ':I ',,l : I:•:.: .... ''; i''i ·Ii ''l! 
. ; . . : i j . " : ; ~ : ; i' II : ; ! i ! I I ! :11 ! I • ! j !. q ~ : I ' . • '. : • . : ; • : : i I I : : : I. • ! ' ; : : i . i I I I ' 

,' ; I ' ' I ' ; ! i t ' i ! ' : I ' I : I (I I I ! ! i ' : ! i i ' ' ' ; ; . ' ' i : ; ' ' ' : : i ' i ; ~ " I I I i I ' ii I 
1: ,:1 1 :;1J 01,: ::!!iii' Iii I!! I !ill ::i. ·.:: ·h ·, .. ;· 11: .. 1:11 !:.11:: ·' i!1 ii!i 
;i '.i:• :iii,::; ;r:· ;:!; i!JI ·If ~ji i:ji i!!: Iii;; 1~ .~: :' ;,,: .1~; ll11 !;!! I'. jq Iii! 

' ' ; ; ; ' \ i : ; I : ' i ii i I : ! ! ! ! ! : ; ! i I : l i I i i ' ; ; ~ : i ' : : ' : ' ' ' ' ' ' ' : : : I ' ; : i ' ' i i ; ' i I i i i I 
' ii:;' : i :l : ~ ! ' ! ': : : : : i; i' I !I: : I! I! I I:~ ! ':; ; ; : l: ' : ! ' 'i \;: i ! I; i i ! i; ii ! : i ii!! 
I l : i : '. ii ! I ~ ' ii I ! : ; I lj I ! i ! l i ! J! I I · 1 ! ; ! : p : I ; i . ; I ; ~ " i . . I . : ! . • ! i : I : I : i I ; i : . ; ; ! : : ; i I : i 

~; !q11i:: ::;! ~!i~ ii!! :~i! !id II! '.jli ~;i: :i.; :: :~:I: ~.!', ;i:; Iii! :l;; 1::: ::'1i :~;i !!• I I•' <1 j t .t· 

\ 1 i;I( I'' I 'I "' i· 111· !i\' 11111 1 ,... . ' !"I ' 1 · ii ;1!; '!:l ';:- ): ;j.! ii.I illj i •l·i 1.il,.;1 ',.:. ·.· 
1 

'.ii.I;.'; 1.j\ :1! Lo. 90 ·.i:l/ 1 11!· 'I Ii: :·!., 

Relationship depicting the- percentage of the SCFA' potential 
remaining, SCF A~, versus retention time, for the batch and 

single completely mixed reactor systems. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

0 

90 

~ ..... 70 
< 
~ 60 
0 
Ul 

bO 50 = ·a 
·a· 
s 40 
(I) .... 

1 2 

6.18 

Retention time (days) 

3 4 5 6 7 8 9 
. :t:: - . ._.,....._ __ .. _ 

. ±- . ·- ·-·+--

10 

... 
Point 1-= 

0 
10 

20 

30 -

40 

50 

60 

30 ,;,'-'-'..!...!~.•-' .......... -+++<~ 70 
i+--'*+ ... ·++·.._., ·~, +++..+++-14'; ..... +~..,., *, . ..._ . ...,...l.;..4~~.j..j..j..-4......:...;.:........._...;.;..• ........ ~· . Point 2 "t+H' ..... , +-'-1+1-1~ 

. ' ~ ' ' I I t ; • . • I • ' I t ; I " ' I 

Fig 6.6(b): 

:1 11' ,, , ·1 ! •. 'I! I '11 • I '! I.' I 

·20 11 : i,;I I. ·!1 1 :111 t 11 'Ii l :: . ! ••• :. ·•'. •l•11i. 1i·• !j I ,. 1111 so· 
: ti .... : l'. ! 'It. I ; . ~ l: I ' I : I:' L' : : I . "I •. i . ·I . '.I '.I. ; I : ' '.; ': i ! 
I;: . : ! i : I ''I: ; 1"1' I , 11: , lit . : I:'; •. " .. ; . ''I!: l i 1:. ,, I.:~ 'i :I ; i ! I I' 

; : , ' · 'ii : I. · jT· ,] I j ii 1 I I:! I! I! ";' ; • .. i ', : ; i "" ': i' i j ! I:!.• : 'I J'.I ii 

,,:. :.1 1 11JI 1•q 11,::. 1
:i 11; :,i11 111: 

!Ill• i ,i , : '1'
1 

! I 11 I IJ• 
1ii 1 :!:: !1! 1 ;ii' :11· ilij 1lj: :!i' 

10 lil!1ilii :1 1
1 !:;i :i!: :,:1li!l1111 

Graphical analysis for determining the effiuent SCF A' 
0 

value nv . 
from a 2 in-series, completely mixed reactor system, each 
reactor having a retention time of 5 days. · 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

~-70 - . 
< 
~ 60 
C) 
Cl:l 

50 

40 

30 

·20 

Fig 6.6(c): 

6.19 

Retention time (days) 

1 2 3 4 5 6 7 8 9 10 

' '.· .J .. _ ·+.....+--.. -'- -+:t: ... i.-:... 
·-· :4 ......... ,. . .,.. __ c.__ -·' • ...;.! 

-·t--4 ·---~- ....... - ~~~ ~·~ 

r: 
.... 20 

·-'-'·--.....:...~ ......... ~ ....... ...i30. 
. . . .. .'....1:.ill !~ .............. ......J.:::;r . 

"-. -- 40 
~~ :7=::·,~~~~-- ::~ :~ 

..... __ ........._ __ ..,. ...... ·- .... _J 

50 

60 

.. , I I' 1' It· ·:, r 
, I t:• I ., . "' l ·1 • ' : I\, ,,. ,. "'. ·: " .,, 

,. I -.:1 "" '11 ,. I Ii 

'" .;11 "' .,, "" ·:i' II 
II .. ·· .. •·'· ,,·i 

"' II ·: .. 1;,1 
I , 1 ; , : I ! ; ~ I ·~ ; , j ! 11 1 j I ; 1 I , I • ' '" 
'" . "";i •• ",, ·"' :·:· I·· I Ii,!.' :-.• . I . " . I• 

.. : ". : ... '''
1 80 

.:: : ' 
1 :' !' l 'I : '! ,!!' ;11' j,·J ii I Ji d'I I.·, .: ,,: . " i .: j 'I. ·ill 'I'• 

'
i:1 ';1· 'il1 '!•1 .:!, :Ii'' '1''1 'i'I lj'1 'I ii!·' . ,., . ·! ,',·'. 1:,1',: 
' I : ' . I I I ' I ! I : . i ! I ! I ' I ;i ' i ' ' ! I I 1 ~ l I ' . l ! . . . '1 : I 

90 

Graphical analysis for determining the effluent SCF A~vo value 
from a 2 in-series, completely mixed reactor system, of 2 and 8 
day reactor retention times. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Fig 6.7: 

6.2Q 

Retention time (days) 

0 

90 

80 

1 2 3 . 4 5 6 '7 8 

:-'M. 70 
< 
~ 60 
0 : 
Ul 

b.O 50 :; 
i:: ;;. 
·~ .;. 

·ca 
e 40 
~ 

Cd ·-..... i:: 
Q) ..... 
0 

30 . ,, 
. ,. 

'I ,, ' I "'' • ;• ,· p.. 
;, !I I. ,I\ t··' t' I t ; : ' 

Q) I Ill• ii'. · , ii '111 ·, "' ·'• • 

~ 

-·.-+--

. I 

..... 
i:: I!·:, .. •:ill':: ',!I li 11 • j; I I .. ,. "• . I 

I 

g 10 
0 

10 

20 .. 
" 30 

40 

50 

60 

70 

·:, I 

I 

'. .,,. :. I I 
~ 
Q) 

"I· :::, 11 80 
.!• · I· 1·" I I 

20 Til :i11 'I I 1!11 ii'! 111 ill 11 II "·:. 
1jl' il!i 11 : 11 1 11!. "' Ii I i ; i i:i.. Ti : 'Id "''It I l11i II• ,II t I .. ·I· ;· .·. ·'I 

. · i : : . : ; : I ''.: ii\ 
,, : ·iii ii. 11 i1 1!' :Ii 

~i~:il:~·~ii~I~ 1·+'*,IH++'l~'1~:+"++~1~·!f++H-++++~~l#+.l·~i·~~~·~·~:l...:..i· + .._.---'-~:,~·~·'~;:~;,~::_..::~'~·.+1+1~ 
11" Iii i i ill' :!:; ·1·~-+--'--1-'-_......,' · ...... ·.-.i' _.·'...;.' l--·_..,*i~i~~ 

· q11 i I 1i1 !1:• :i"I•::: ,. ;:i:;li 1!'~ !': ! 
I ' ' ill 

10 

Graphical method of comparing the effi.uent SCF A~vo values from a 2 
in-series completely mixed reactor system of 2, 23 and 6 days reactor 
retention times with that of a 3 in-series reactor system with 2, 23, 3 
and 3 day reactor retention times. 
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CHAPTER 7 

BIOLOGICAL EXCESS P REMOVAL 

7.1 INTRODUCTION 

In Chapter 6 design models have been presented for determining short chain fatty 

acids (SCFA) generation, when fermenting the underflow from the primary settler. 

In this chapter it is the intention to explore the influence of the SCF A generated on 

~he P removal in a biological excess P removal (BEPR) system. 

Wentzel et al. (1989) proposed a steady state BEPR model by means of which it is 

possible to determine P removal from BEPR systems. The predictions of this model 

have been evaluated against sets of experimental data obtained on 30 laboratory 

scale units covering a range of sludge ages (4 to 30 days), influent COD (500 to 1000 

mgCOD/l) for the Phoredox (non-nitrifying) systems, and the three and five stage 

modified Bardenpho, UCT al}d MUCT (nitrifying) systems. The model makes 

provision for the presence of SCF A's in the influent. 

·The BEPR model is quite complex and there is littie merit to be gained in 

attempting to summarize its contents or calculation procedures. Accordingly we will 

accept that the reader is familiar with the model.· We will only report the 

predictions using the model to evaluate the effects of a number of fermenter/BEPR 

combinations. 

7.2 ACID FERMENTATION AND BEPR 

In order to make a comparative study of the various fermentatlon/BEPR 

combinations it is necessary to set down the conditions that form the basis for all 

calculations: 

(1) Raw sewage with COD = 1000 mgCOD/i which has mean characteristics as 

suggested in the WRC Manual (1984). The Manual suggests default values 

for unbiodegradable soluble COD = 0,03, unbiodegradable particulate COD 

= 0,13, slowly biodegradable COD = 0,76, readily biodegradable COD 

(RBCOD) = 0,2 with respect to the raw sewage COD. (In practice this 

RBCOD fraction should be determined experimentally; as its magnitude can 

vary between wastewaters and it has a crucial influence on P removal). 
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(2) No SCF A in the raw sewage before entry to the primary settling tank (PST) 

or when discharged directly to the BEPR system. 

(3) By the time the underflow from the PST enters the fermenter it has already 

generated some SCF A equal to 0,042 of the underflow COD or equivalently 

has passed through a •mythical• reactor with a retention time of 2,23 days, 

as described in Chapter 6. 

( 4) The PST removes 40 percent of the raw COD to the underflow. (In practice 

this fraction will depend on the design of the settling tank). 

(5) The acid fermenter is either (i) a single, completely mixed reactor receiving a 

relatively constant underflow rate (say twice a day) with a retention time of 

3 or 6 days, or (ii) a single reactor in which the reactor each day receives 

and retains the daily underflow, accumulates the sludge up to 3 or 6 days, 

called an accumulating batch reactor, and then discharges the contents to the 

BEPR system at the end of the 3rd or 6th day, (iii) as in (i) above but the 

liquid is separated from the fermenter sludge and the liquid discharged to 

the BEPR system; this case is worked out for 3 days retention time only. 

(6) In the BEPR system the design is such that no nitrate enters the anaerobic 

reactor [in the BEPR system, design satisfaction of this requirement is 

mandatory for efficient P removal, see WRC Manual (1984)]. 

(7) The BEPR system has a single anaerobic reactor with a sludge mass fraction 

of 0,15. 

(8) The sludge age of the BEPR system is 20 days. 

There are two situations to be examined: 

(1) The underflow sludge is fermented and returned to the influent flow to the 

BEPR plant. 

(2) The underflow sludge is fermented, settled and the supernatant returned to 

the BEPR influent. 
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7.2.1 Underflow sludge fermented and returned to the BEPR influent 

Three cases are considered: 

Case 1: Raw sewage direct to BEPR system. 

From BEPR model, (with no fermentation i.e. SCFA' = 0) 

LlP = 21,3 mgP /i 

Case 2: Acid fermentation of underflow in a single, completely mixed reactor, 

fermented contents returned to the BEPR influent. 

Influent COD removed in PST 

= 0,4·1000 

= 400 mgCOD/i 

(i) Fermentation reactor retention time = 3 days. 

Applying Eq (6.14) 

0, 737 
SCFA I = 0,17 [ 1 - ] 

nvo (1+0,16R) 

= 0,086 

SCFA = 0,086·400 

= 34,1 mgCOD/i 

From BEPR model 

LlP = 24,3 mgP/i 

(ii) Fermentation reactor retention time = 6 days. 

Applying Eq (6.14) 

SCF A~vo = 0,106 
SCFA = 0,106·400 

= 42,43 mgCOD/i 

'from BEPR model 
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~p = 25,01 mgP fl 

Case 3: Semi-batch fermenter accumulating underflow sludge for a number of 

days, fermenter contents returned to BEPR influent. 

(i) Sludge fed at the beginning of each day and accumulated for 3 days. 

Then from Eq (6.8) 

SCF A' = 0,076 

and SCFA = 0,076·400 

= 30,5 mgSCFA (as COD)flinfluent flow 

From BEPR model 

~p = 24,0 mgP fl 

(ii) Fermentation reactor accumulation time = 6 days 

Then from Eq (6.8) 

SCFA' = 0,094 

and SCFA = 0,094·400 

= 37,65 mgSCFA (as COD)flinfluent flow 
y 

From BEPR model 

~~ = 24,6 mgP fl 

The P removal obtained from the 3 cases is given in Table 7.1. 

The following conclusions are drawn: 

(1) Anaerobic fermentation of the underflow and return the fermented underflow 

to the BEPR influent flow increased the P removal by 14,1 and 17,4 percent 

for the 3 and 6 days single completely mixed reactors, and by 12,7 and 15,5 

percent for the 3 and 6 day batch accumulation reactors. 
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(2) From (1) above increase in retention time from 3 to 6 days in the single 

·completely mixed fermentation reactor system increased LiP only 3,3 

percent, and in the accumulative batch fermentation reactor system 

increased LiP only 2,8 percent - the increase in retention time from 3 to 6 

days hardly seems justified. 

(3) Comparing SCFA production the batch accumulation fermenter reactor 

produces about 10 percent less SCF A than the completely mixed single 

fermenter reactor when operated at the same retention times.. From a 

practical point of view this difference is not significant enough to be a factor 

in design - the choice between the two systems will depend on practical 

operating preferences. 

With regard to the completely mixed and batch accumulation reactor systems, at the 

same retention time the latter has a slightly lower SCFA (as COD)/mgVSS (as 

COD) production of 3,6 and 4,9 for 3 and 6 days respectively - from a practical 

point of view about the same efficiency; choice will depend on the practical 

operating preferences. 

7.2.2 Underflow fermented. settled and the supernatant returned to the BEPR 
influent 

The following 2 cases were examined: 

Gase 1: Raw sewage settled and the settled supernatant discharged to BEPR 

influent 

From BEPR model 

LiP = 16,7 mgP /l 

Case 2: Acid fermentation of underflow in a single, completely mixed reactor, of . 

retention time 3 days, the fermented contents settled and the supernatant 

returned to BEPR settled influent. 

From Figs D.13, D.20, D.27, D.41, D.48 and D.55 the total •soluble" COD formed in 

the fermenter is closely twice the SCF A formed i.e. the non-SCF A soluble COD is 

about equal to the SCFA (as COD). Furthermore if the fermented mixed liquor is 
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allowed to settle in the fermenter, only a fraction of the liquid would be available as 
supernatant. 

The fraction of liquid available as supernatant will depend on the PST underflow 

VSS, the higher the VSS the lower the supernatant recovery. It would seem 

therefore that the PST should be operated to discharge an underflow at a relatively 

low VSS, say 10 000 mg/ l Subsequently when allowed to settle the VSS may 

increase to say 40 000 mg/i which probably would recover roughly 3/4 of the liquid 

in the mixed liquor (at present there is no experimental data available as to the 

.liquid recovery fraction). A low PST underflow VSS will demand a larger fermenter 

volume. To reduce the volume it would be desirable to reduce the retention time of 

the fermenter to as low a value that is consistent with reasonable SCF A production. 

From our previous discussion this would indicate a· retention time of 3 to 4 days. In 

the example, assume 3/4 recovery of the liquid and a non-SCFA soluble COD equal 

in concentration to the SCFA (as COD) .. Thus 

From Eq (6.8) 

SCF A~vo = 0,086 

SCFA = 0,086.400 

= 34,1 mgCOD/i 

The influent entering the BEPR system is as follows 

settled sewage 

non-SCFA COD (i.e. 34,1·3/4) 

SCFA COD (i.e. 34,1·3/4) 

i.e. sti 

= 600 mgCODl 

= 25,6 mgCOD / l 

= 25,6 mgCOD/i 

= 651,2 mgCOD/l 

From the BEPR model assuming the unbiodegradable particulate COD fraction in 

the settled sewage is 0,03 (see WRC Manual, 1984) 

~p = 19,07 mgP / l 

Comparing the BEPR receiving settled sewage only ( ~p = 16, 7 mg/ l) with that 

receiving settled sewage plus fermented underflow supernatant (~P = 19,1), addition 
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of fermented s.upernatant to the BEPR influent flow increases the P removal by 14,2 

percent (for a 3 day fermentation retention time). 

7.3 DISCUSSION 

The increase in P removals, when acid fermentation of 3 and 6 days retention times 

were discharged to the BSPR system, were calculated to be about 15 percent. This 

degree of improvement is somewhat disappointing. Pata on laboratory systems 

(Bagg et al., 1985) and full scale works (Osborn et al., 1986, 1989) have been 

reported, on the improvement of P removal, when acid fermented underflow has been 

discharged to the BEPR plant. The impression has been that the improvement is of 

a much higher degree than that reported here. 

One possible explanation is that the non-SCFA soluble ( <0,45µm) COD fraction 

generated during acid fermentation (and is of approximately the same magnitude as 

the SCFA fraction) contains some RBCOD. If the non-SCFA fraction were totally 

RBCOD, then the improvement in BEPR would be about 303. Unfortunately this 

aspect was not investigated because the implications of this were not recognized. To 

test the effect of the non-SCF A soluble COD fraction on BEPR would require 

feeding the acid fermented sludge and supernatant to a laboratory scale nitrification 

denitrification BEPR syst.em, and noting the improvement in BEPR. This aspect 

clearly is of importance and should be investigated, preferably at larger scale than 

laboratory scale. Another explanation is that on the full scale plants investigated, 

addition of acid fermented material influenced not only P removal but also 

denitrification. It is possible, for example, that the denitrification before acid 

addition was such that nitrate was present in the recycle to the anaerobic reactor; 

after acid addition the nitrate may have reduced to zero. If this should have 
I 

happened a dramatic improvement in P removal :-vould be observed when the 

fermented material was added. It is to be hoped that in time reliable data obtained 

an adequately monitored large scale plant(s) would become available. In the interim 

· it would be most desirable if a pilot scale study on a fermentation/BEPR system is 

set up to study the interactive response of the two sub systems. 

7.4 CONCLUSIONS 

(1) When acid fermented primary sludge (or supernatant of the acid fermented 

sludge) is added to the influent of a BEPR system, the potential increase in 

P removal predicted by the steady state BEPR model is about 153. This 

increase is based on the assumption that only the SCF A generated by add 
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fermentation contributes to the additional P removal. Generated with the 

SCFA is a non-SCFA soluble ( <0,45µm) COD fraction approximately equal 

in concentration to the SCF A fraction. It is possible that some of this COD 

is RBCOD that can be converted to SCFA in the anaerobic reactor of the 

BEPR system. If this is so, then the increase in BEPR should be greater 

than 153. This may provide an explanation for the increases in P removal 

of up to 303 that have been observed in full scale BEPR plants with acid 

fermented sludge and supernatant addition. 

(2) There is no significant increase (* 3 percent) in P removal in a BEPR 

system when the retention time in the acid fermenter is doubled from 3 to 6 

days. 

Table 7.1: 

Cases 

1 

2 

3 

BEPR for the 3 cases examined on the effect ·of raw sludge 
fermentation and the fermentation contents di:r:ectly to the BEPR 
influent. 

Fermenter system 

None 

Completely mixed, 
single reactor 

Accumulating batch 
reactor 

Phosphorus removal LlP (mg/ l) 
Fermenter retention time (days) 

0 3 6 

21,3 

24,3 25,0 

24,0 24,6 
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CHAPTER 8 

CONCLUSIONS 

The objectives of this investigation were to investigate, at laboratory scale, (1) 
generation of short chain fatty acids (SCFA) by acid fermentation of the underflow, 

(2) development of a model for SCFA generation by acid fermentation of sludge from 

a primary settling tank and (3) to enquire into the effects of the addition of the acid 

fermented material on the phosphorus removal in biological excess phosphorus 

removal systems. 

The laboratory investigation comprised studies of, (1) batch systems with batch 

retention times up to about 10 days for influent volatile solids concentrations ranging 

from 11 to 42 g/l, (2) 3 in-series completely mixed reactor systems with each reactor 

having 1 day flow through retention time for influent volatile solids concentrations 

ranging from 37 to 60 g/ land, (3) single completely mixed reactor systems with flow 

through retention times of 1, 2, 3, 5, 6 and 9 days for influent volatile solids influent 

concentrations ranging from 36 to 50 g/ l All the studies were made at 20° C. 

From the fermentation studies the following conclusions were formed. 

• 

• 

• 

• 

• 

• 

The raw sludge appears to have an acid fermentation potential for the 
production of SCF A, of about 17 percent of the influent sludge COD i.e. a 
specific potential yield of 0,17 mgSCFA as COD /mg influent sludge COD. 

The potential does not appear to be influenced by the concentration of the 
influent primary sludge. 

The production of SCF A appears to conform to a first order reaction with a 
reaction rate constant of about 0,16 day-1 at 20° C. 

/ 

Besides generating SCF A, acid fermentation also generates soluble complex 
molecules approximately equal in concentration to the concentration of SCF A, 
i.e. of the total soluble ( <0,45µm) COD concentration generated, approximately 
half is SCFA (as COD) and half is non-SCFA soluble COD. The production 
rate of the total soluble COD, (and therefore also that of the non-SCFA soluble 
COD) also approximates a first order rate not influenced by sludge 
concentration. 

Hydraulic retention time in an acid fermentation system should not exceed 
about 6 days at 20° C; at longer retention time work (elsewhere) indicates that 
methane fermentation can take place thereby reducing the net SCF A yield. 

The COD yield of SCF A at 6 days at 20° C is approximately 38 percent of the 
potential yield, and can be estimated from the specific potential yield (0,17 
mgSCFA as COD/mg influent sludge COD by: 

COD SCFA at 6 days= 0,17(1-e0116 "6) COD of influent sludge 
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giving a yield of 0,065 mgSCFA as COD/mg influent sludge COD. Thus only a 
minor fraction of the SCF A potential can be generated at these short retention 
times. 

Knowing the potential acid production and the reaction order a model for acid 

fermentation was constructed and equations developed for SCF A yield at any 

retention time, for single, in-series and accumulating batch reactor systems. No 

solutions were developed for acid fermentation in primary settling tanks with 

underflow recycle to the influent. Applying the model to evaluate the effect of the 

fermentation systems on the biological excess phosphorus removal (BEPR) systems, 

it was found that: 

• For total retention times up to about 6 days the differences in the SCF A yield 
between a single reactor, 3 in-series reactors and accumulating batch reactor are 
small. In consequence the selection of a specific system for acid fermentation 
will be governed by the cost of construction and the ease of operation. 

• From a practical and economic point of view the most appropriate retention 
time in fermentation systems appears to be about 3 days: With 3 days acid 
fermentation retention time biological excess phosphorus removal in the BEPR 
plant will increase by about 15 per cent. Increasing the acid fermentation time 
to 6 days will improve the phosphorus removal in the BEPR plant only by a 
further 3 percent. These values apply to BEPR systems treating settled or 
unsettled influents. 

The study reported here did not investigate experimentally, the effects of the 

addition of the fermented products on BEPR, denitrification and aerobic processes in 

the nitrification denitrification (ND) BEPR system. Such a study is important 

because it would give an indication what proportion of the non-SCF A soluble 

( <0,45µm) COD generated is RBCOD which can be converted to SCFA in the 

anaerobic rector. The increases in BEPR cited above are those due only to SCF A 

generation and ignore the possible additional BEPR due to a RBCOD component in 

the non-SCF A soluble COD fraction. Earlier investigations at laboratory scale 

(Bagg et al., 1985) and full scale (Osborn et al., 1986, 1989) indicate that the 

non-SCF A soluble COD does contain RB COD because the increases in BEPR 

achieved by acid fermentation are greater than can be accounted for by SCF A 

generation only. The RBCOD and SCFA generated by acid fermentation also may 

be important for improving denitrification when a nitrate standard is imposed: Some 

of the RBCOD/SCFA generated can be passed by the anaerobic reactor (with a 

concomitant reduction in BEPR) and discharged to anoxic reactors to improve the 

denitrification. It is most desirable that the combined acid fermentation/NDBEPR 

system be investigated further. This cannot be done very effectively at laboratory 

scale and is best investigated at pilot or full scale. 
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APPENDIX A 

Sampling Techniques and Measurement Procedures 

Two 50 ml samples of mixed liquor are pipetted into two centrifuge tubes, a few 

drops of mercuric chloride are added (to stop bacterial action) and the sample 

centrifuged at 26 000 rev /min for approximately 25 minutes. The following tests are 

done on the sludge pellets and supernatants: 

(1) COD of VSS. TSS and VSS determinations 

The solids remaining in the centrifuge tubes are retained separately. The 

sludge pellet of the first centrifuge sample is used to determine the COD of 

the VSS as follows: The pellet is washed into a macerator with a measured 

quantity of distilled water and macerated for approximately 15 seconds. A 

measured sample of this mixture is diluted and the COD of the sludge 

determined in accordance with Standard Methods ( 1985). 

The sludge pellet from the second centrifuge sample is used to determine the 

TSS and VSS concentrations in accordance with Standard Methods (1985). 

(2) Total •soluble• COD. --0.451an COD. TKN and NH3-N determination 

The supernatants obtained from the two centrifuged samples are poured off 

into a single plastic container. The supernatant is filtered through a 

Whatmans No.1 filter, and when measured a sample taken, diluted and 

tested. The remaining filtrate is then filtered through a glass fibre --0,45µm 

filter. The --0,45µm filtrate is diluted and used for COD, TKN and NHa-N 

determination in accordance with Standard Methods (1985). 

(3) . SCF A determination 

The short chain fatty acid concentrations were measured as follows: A 

solution of 0,3% phosphoric acid (H 3P04) is made up by taking 3g of HaP04 

and making it up to ll with de-ionized water. Separate solutions of acetic, 

propionic, iso-butyric and iso-valeric acids are made up by taking lg of each 

acid and making them up to ll with the 0,3% HaP04 solution. A set of 

standard solutions containing known concentrations (50, 100, 150, 200 

mgSCF A/ l) of acetic, propionic, iso-butyric and iso-valeric acids is made up 

( 
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from the above solutions and stored in test tubes at 4 • C. A further solution 

of 33 HsP04 is made up by taking 30g H3P04 made up to 1t with 

de-ionized water and stored at 4° C. 

The sample to be measured is made up by taking 9 ml of the diluted 

-0,45µm filtrate, placing it in a test tube, and adding 1 ml of 33 H3P04 to 

ensure an acidic environment and to ensure that approximately the same 

percentage of H3P04 that is in the standard solutions is present in the 

sample. 

The samples were analyzed using a Packard 417 gas chromatograph fitted 

with a flame ionization detector and linked to a ,REC 61 Servograph. A 6ft 

x 1/8" GP 103 SP-1200 (13 H3P04) on 80/100 Chromasorb WAW glass 

column (supplied by Supelco, Inc.) is fitted as a detection medium. Prior to 

measuring, the column is conditioned overnight using the conditioning 

procedure supplied with the column. To ensure sufficient separation of the 

different acids, the following operating conditions were used: 

(i) · Inlet temperature 200° C 

(ii) Column temperature 135° C 

(iii) Air flow rate 300 ml/min 

(iv) Hydrogen flow rate 30 ml/min 

(v) Carrier gas (nitrogen) flow rate 30 ml/min 

The column is calibrated by injecting 3 µl. samples of known concentrations 

(i.e. standard solutions) into the column. The samples are analysed by 

injecting a 3 µJ, sample into the column. Each standard solution and sample 

was analysed at least twice or until a representative value is obtained. 

(4) The sludge settleability was measured using the Diluted Sludge Volume 

Index in accordance with the procedure set out by Ekama and Marais 

(1984). 

r 
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TABLES AND PLOTS OF THE RESULTS OF 
THE BATCH REACTOR INVESTIGATION 

:-' 

,· 
. . . ;,r:1 

_,,&-}?' 
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Table B.1: Results of all measured parameters in batch test 1. 

pH TKN NH3-N TSS vss vss -0,45um Acetic :Propionic'. Butyric Valerie 
acid '. acid acid acid 

mgNil m9N/l mqTSSil mgVSS/l mgCODil mgCOD/l 1 mqt l i .rigil mq/1 1 ;;;gil ,ttgCCD/~ 

--------:---------:---------i---------i---------:---------:---------i---------i---------~---------;---------:---------i---------

2 
.3 

5 
6 
7 
0 
\J 

11 
12 

14 
15 
16 
17 
18 
19 

<: 1 
wi1l 

5.0 
5.1 
5.0 

5.0 
5.0 
5.0 
5.0 
5.0 
C' {\ 
...J,1) 

5.0 : 
5. 1 
c: 1 
...;,i, 

5.0 
5.1 
5 .1 

153 

174 
161 
190 
385 
161 
164 
171 
176 
182 
171 
186 
165 
181 
181 
200 
193 
'Q'i 1 ,..;.. 

206 

147 
13'1 
i 1"7 
.l·-'l 

13480 
i3442 
11964 

t54 : . 11388 
1 L'',i 
J.V..:. 

127 
137 
!40 
151 
i55 
164 ; . 
158 
165 
174 
160 
151 I 

175 
176 
181 
179 

8828 
12144 
9794 
7b10 
6482 
5194 
5270 
4.374 
3936 
5970 
4906 
5080 
3532 
4684 
4398 
4012 

12534 
12494 
11260 

8252 
11382 
'1132 
7120 
6044 
4744 
4882 
4032 
3630 

4604 
4748 
3466 
4358 
4050 
":!i'":iO I 
·.J; i..;..ir I 

19738 
13909 
13702 
t3i09 
12456 
15362 
13052 
11646 
11245 
'103:~ 

7229 
9036 
6626 
%34 
7028 
7004 
7828 
8446 
6386 
7210 

3022 
3758 

4484 
c:-,t:'""1 ._:.:...J.:.. 

5398 
5723 
,~295 

6707 
7008 
7068 
728'1 
71;39 
7389 
7209 
7869 
7704 
7931 
8158 
8199 

461 
.. .,., 
~iL 

506 
!!:'.;"; 
; ·.i\i 

989 
1278 
1589 
1722 
1900 
2011 
1989 
2133 
:;:i:-'1 
f..f...j.) 

2089 
2278 
2444 
2267 
2322 
2%7 ,. 

656 

744 
1039 
151! 
f 1·1.., 
i.li...:O 

1489 
1867 
2078 
ry,., . ., .. , . 
i...\i..:0..:0 I 

2156 
1944 
1967 
2044 
1811 
2044 
2089 
1778 
i867 
2278 

122 

78 
122 
122 

78 
122 .,,, 

JO 

122 
p? 
167 
144 
144 
111 
144 ,,., 
dJl 

"17~ ! 
~.~:.~; I 

i..~,.) 

422 
422 

422 
278 
278 
.).).~: 

•i;:"'!: 
~'"' ; ·..: 
~ 7"'.'.'~ ... : ·-··-' 
•: ~ ,-, ' 
L-+:J,;, 

4738 

L ~(;'7: 
U·.iV·.i 

6329 
. i:'C'·i 
•J.J.~L 

6128 
664') 
6592 
5873 . 
.S238 
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Table B.2: Results of all measured parameters in batch test 2. 

pH NH3-N rec 
••.h.i vss -0~45um Acetic :Propicnic'. Butyric Valerie ·::-·:-;'\ 

._:1..,; r: 

a_s COD COD .;.:: id 
mgN/l mgN/l moTSS/l 1 mgVSS/l mgCOD/l mgCOD/l 1 mg11 ffiO/ l 

--------1---------i---------:--------- ---------:--------- _________ ! _________ :---------~---------:--------- ---------;---------

4 
= .J 

6 

"7' I 

10 

12 
p 
•.J 

14 
15 
16 
ti 

" 
i8 
19 

5.4 
C' 7 
,_!,.) i 

-~, __ , 

5.0 

C' .-, 
.J ,L 

5.0 

5.0 
5.0 
5.0 
5,0 

5.0 
5.0 
~ (i 

,'-'''•' 

5.0 
5.0 

5.0 

60 

Q(1 

97 I 

167 

60 
':':: 
·-'i.. 

64 
52 
62 
50 I 

59 
59 
56 
41 
49 

8i 
Cl 
. J/ 

} 67 
71 

7"1 ! 
ii •I 

7-r ' .~: 

45 
66 
42 
50 

41 

45 

53 

4302 
.,.1~"!,t 
.j 1 i • 

4324 
1824 
3%0 
'""ii .,.j 
i.Qi..i. I 

2170 
2062 
101":• 
J.1ii.. 

2310 
1790 
1486 

. 1746 
2100 
1388 
2610 1 

1632°"·: 
2590 
1944 
2852 

2798 
4118 
1692 
2900 
2436 
2022 

45'34 
5647 
70•JO 
/UVi 

~3944 
3529 
'!717 
·-· i ·J; 

2610 
1946 3213 
i852 24i0 
2136 2811 
1676 1606 
1384 2610 
1624 2424 
1940 3815 
1274 ·:- 3414 
2506 4532 
1512 :- 4120 
2468 4326 
1804 4532 
2734 3502 

1215 
1370 
1432 
1578 
1723 
1847 
2108 
2309 
2450 
2771 
2470 
2831 
3032 I 

2811 
3523 
3090 
3008 

2946 

289 

389 
367 

511 
622 
789 
911 
'17:3 
956 

t200 
1444 
1411 
1333 
11sq 
1300 
1544 

311 
394 

444 

433 l 

667 
667 
667 
68'1 

633 

811 
756 
667 

644 
744 

28 

.-,r1 

.::.o 

56 
56 
56 

56 
78 

144 
189 
i89 
144 

144 

44 

44 

8B 

,;r, 
:;7 
:iti 
1;;7 

89 
8'1 
78 

"" !o 

78 
70 
i1.J 

~ ;.-,.; 

1953 

234b 
2417 

3186 
.,. ~ !:' 4 
.~; l ..J i 

2494 

...,,,._, 

.~: J. 'i l 
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Table B.3: · Results of all measured parameters in batch test 3. 

DAY pH TKN NH3-N TSS vss vss -(i 45um Acetic I Prcpionic ! Butyric \laleric ~:CFA i I 

as COD COD acid ' acid acid a.cid .;s CQD ! 

1ngNi 1 mgN/ 1 mgTSS/ 1 mgVSS/l rngC!JD/1 I my COD/ l mg/ 1 I mg fl mgi 1 mg/ l I ,.,,;""lr·r!:' ' ' I ,,;y::_.:..:;.;; 

--------:---------:---------:---------:---------:---------:---------:---------:---------:---------:---------:---------:---------
0 6T i· i Li 162 i 1000 9958 12203 1915 \7 I '""''"' ' .1,:.;1 .... ;;. i.1. .. 

5.6 ~ 1jC: 182 10008 9152 14518 2630 44 '}·~ 
.l.'.i~ i..i. ::::=._; 

2 "- ''} I i88 182 8904 8138 13886 3472 33 11 =·-· ·.it .. " ._.,_ 

.;;. i ~ 1 186 17'1 8176 7494 1 t c;7'1 4103 
.,., I IC'! 7": 1245 I . .;. ••'- a.l· .. rL. .).j f.10 .:.:.:.: 

4 5. 1 183 179 7570 6954 12624 4650 1~ 1067 .).~: 171,S ._:._1 

5 5.0 186 168 7336 6706 13049 4923 811 1367 8'1 .. : l {,.(; 
·.f·.• ..1 .L'j'.' 

6 5. i 18~, 'LO 6558 6082 11059 4833 1078 i367 100 I 
.)~ . 34b5 .Li.ii I 

7 " 1 179 179 7092 6546 12288 4854 1'"r 1233 89 "':"'!" .; j '':=1 J, • •J•J ···',J 

8 5.1 200 I 189 6770 6310 12083 4916 ':!1' 567 66 lOtt ·.i·.· ... i._, 

9 c: 1 203 193 7438 ~p., 12288 5059 ·jry") f.-,..,.., 66 "'!7 ,·::·-=C';J 
•.Jo • I .... u .. i..i.i. J.~.:,...:; ·~' .,;; i..i..'..i:_: 

10 C' 1 197 193 6808 62S4 11469 4997 1044 1344 89 '77 l '"::'~"7!1 J, ·..'·.' 

i 1 I c: ., 200 197 7216 6652 11059 4915 1078 1344 :3'1 "'!"7 .34i0 .J, i.. ·-··_J .., C' "I 202 186 7150 6572 11418 5024 LL J..i.. 

p 5. 1 I 218 ·203 7162 6580 13079 4962 ..... 
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Table B.4: 

DAY -.U 
!Jil 

B.4 

Results of all measured parameters in batch test 4. 

TSS vss I -0 45um Acetic I 

.3."3 CUD CUD .3cid 
mg Ni 1 mgN/i mgTSS/i mgVSS/l moCOD/ 1 IDQCODi l mg1 i 

Propionic ; Butvric I !I _, 
er set ,, v til • c M 

acid acid acid ·:O~ CGC= 

ffp~/ l mg/ i mg/ ' mgCOD/ i ' --------i---------:---------:---------:---------:---------:---------:---------:---------i---------i---------;---------i---------

i:..' j 

.;; i 

4 
5 

7 
8 
9 I 

10 I 

!3 

!:'ti 
._j I 7 

;:: ·i 
· .. J. a:. ! 

5 ! 

C' ·i 
.J,L 

C: ") I 
~ . .:. 
5.2 
r: .-1 I 
.J1L 1 

5.2 
C' t l 
•JI J. 

80 
77 
81 I 

•Ji 
I.Ji, 

74 
74 I 

91 

84 
85 
94 

66 
91 
71 
67 I 

77 

71 
l ·~' 

77 
76 I 

77 I 

77 I 

•J1 
'-'i 

91 I 

3690 I 

3168 
2804 
2602 
2530 
2542 
2408 I 

2272 
2580 I 

2146 I 

2400 I 

2402 I 

2256 

3414 
.3170 
2906 I 

2588 I 

2406 
.-,.,..,:; 
1-·JLi.. 

2424 I 

2254 
2126 
2550 
1992 
2218 
2212 
2058 

5470 
483'1 l 

3998 
3156 
3998 
4418 
4506 
4096 
4506 I 

3492 
4096 
3891 
3737 
5190 I 

652 
905 

1094 
1389 
1536 I 

t"T.iiC' 
l I l.J 

1475 
1720 
1741 
1679 
1761 
1679 I 

1848 
1848 

20 
0 I 

0 
20 I 

20 I 

320 
400 
60 

4i"Hi 

280 
430 
430 
400 

100 
50 
80 I 

20 
20 ! 

20 I 

500 
5'10 
420 
550 I 

450 
590 
550 
610 I 

20 
50 
!:':"1 
.j\) 

20 
20 I 

. .,,., 
LV 

20 

30 
10 • 
iO I 

10 
30 I 

10 
10 ! 

6 
i ·i ~ 

:-··-· 

! ... 
~ -

' "71.•..: 

~I;~ L 
.6. c;._::~ 

:405 
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Table B.5: 

'"' .. i.iMi 
,.,~ 
!-''' 

.BAi 

Results of all measured parameters in batch test 5. 

TKN NH3-N ~.-.r. vss vss -\) 4 Sum :;.- et c ! 
~:~ i!~ . i 

a ·5 COD r·nn ac lG :.J;..l!i 

mgN/ l mgN/"l mg TSS ! mq VSS/ l mg COD i l mgCDD/ 1 mg ! ' ' I j ' i 

Pro pi on c ' Bu t yr l c v i '.:;CF A ... ' a i er c 
-3.C j .J.c .4 a ~ -~ ·:; :_.UU . -\.i ·- ~=.J .. 
mg ! 1 mo ! l mg ; l mg LUL! 1 

; j i ' "c 

--------:---------:---------:---------i---------i---------i---------;---------:---------:---------i---------;---------;---------
[) 51 9 179 167 49180 42086 59392 2458 I .. ,\ 30 :-::-: ~· . .: 

5.6 \! 'j 266 45006 40536 i. t 7'11 
ui; i..·J 

i'lt 
i.i. 70 40 30 20 ""l'-·; 

.)· . .; ···= ~ .:. ._; 

2 !:' ~ 1'11 288 42198 .J,.j ·-·.i..- 38168 474:0 I 4599 40 -::r; 8E= 
<: ,5 343 31 11 4.;"'T"'i 38882 4b194 C:"'.11'1 870 1090 70 30 ·':-'..i-.. :... .:; I ·.J .Lf"tL ·J.;.·.·~ 

4 51 4 35'6 338 41498 3741 4 62546 6030 70 1 1 
..,,,., 70 cu ·~·; ';.;, i'.' 

5 5· I.~; 7iiC" 346 40534 36584 54370 6071 l • 70 1450 160 :,., 3995 i .)O·J ' ... .,, ... 

6 ~. ~ 7"1C 337 37824 34076 65408 L111 1 400 1520 140 130. : r.:~ '' ! ..;,._: I .;,.::J IJ· ... :1 

5 " I 405 356 37134 33804 54370 7583 70 I 900 1 40 i .)\j ! '7'54 , . .; 
:3 r: -~ :'iii: 1n1 36488 33266 55296 7352 1630 1820 1 90 130 C:(\Qq 

.J • .L .no ._,.:j, 

q ! 5 .L. 440 406 36b14 3.3278 49152 7885 1860 2190 I 190 f ;;,\ .-,,\' 
l •Jl) ._,._ ..... .,,, 

i 0 C' ·i 448 41 7 36768 332156 56934 8458 2090 2650 320 220 / .O::t:q l ._; . ..:.. 
1 1 5 I 4.~6 441 36550 33138 58163 8745 2200 .350 2,~o l 

12 c:: 1 473 449 36283 32506 61440 93!8 2120 230 260 '"'' n 5. 1 487 451 35872 32498 59145 9306 2060 2920 380 i1~0 ;.. ... : 

14 r: . 532 498 3481 4 31398 ,I 51700 9761 2200 2920 380 1 60 7776 J. j I 

15 5 1 462"' 459 34804 31574 53354 9596 1820 2460 320 I ~ J '°' :j5b7 . i•J!_.' 

16 c:: • 529 512 3439'2" I 31256 57077 10547 2100 2640 320 1t.O "'!'1 7-; 

'"'' • I 
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B.6 

Table B.6: Results of all measured parameters in batch test 6. 

DAY ,_ .... , ;-. EN NH3-N TSS i;;:, ... vss -0 45um I Acetic Prpionic Butyric I v.~ler lC I ; . .;,_• ; 
.-.,-.:- ,, -

I 
..3.S COD C!JD -~Cid acid acid acid 

mg Ni l mdU ' mgTSSi i mgVS~J m:~COD i ' I mgCOD/ 1 I mq/ ' mg/ i mg/ l I 1 
l ' j l l mg; l 

--------,---------:---------;---------:---------:---------:---------'---------:---------,---------1 __________________ 1 ________ _ 
6. 1 ~-~· 48 I 4004 3418 I 16000 I 367 iOO .•. 

5.8 00 
C·, 7586 6936 143!)'1 941 100 .Ji. 

. ., c. t:: .,I 60 10688 9032 12264 ·~~'} 100 ..;,.,_, I i v...i ... . I 5.4 I .~9 I 67 10250 I 9456 13899 1165 160 -~' 

• 5.3 73 C'·"l Ci.r!i. 
~ J..:: ;uJ\..• 8992 12673 1410 I 160 I 

" ~ 'j 64 56 I 9858 I '1%4 13082 1288 70 .J ..;,'-

6 C' 'i 60 " 8624 7952 6541 i533 70 .J.t. ~o ., 
5.2 59 57 84!2 I 7.784 I 12264 I 2064 I 30 390 I 

0 5.0 r.,. 46 8168 7594 13107 2417 680 I 1460 \.i ._1.;; 21132 
9 5.0 50 4·, :3166 I 

L 7490 11059 2417 30 I 30 77 
{ t: 5.0 I:'.~ 42 8008 7366 12698 2682 30 I 420 1V 667 
11 5.0 I <;., 45 7944 7330 I 12698 2949 370 1000 .,, 
"' i4 

I 5.0 I 48 46 7696 6956 12698 ·2929 750 1030 ,.,. 
l-.:: 5.0 56 49 7808 7160 1034!) 3061 80!) 1060 2456 
14 5.0 "" J...: 

I 49 7444 6768 82i2 2771 710 930 2160 
"' 5. ".,. I "" I 7270 6698 11994 ?Q.,.7 800 1200 I 
.i.·J .J . .) .J.:. I &.1•.ir 

16 " 74 46 7266 6662 ! 1994 3164 800 930 I .J, . 225'i 
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Table B.7: 

DAY pH 

B.7 

Results of all measured parameters in batch test 7. 

TKN NH3-N vss 
a·; CJD 1 COD acid 

mg Nil mqN/1 mgTSS/l mgVSS/l mgCOD/l mgCOD/l mgil ~ mg/l 

~ .- ; ..... 
·J.'-'"''-i 

mg/l mgCQD/ 1 

--------:---------:---------:---------·;---------:---------:---------:---------~---------:------:--:---------~---------:---------
0 6 i 1 68 i 44 414 1 4 37044 47923 2744 51 • !:i 1 67 "'Fi ! l 

q;::~ I l . .Ji 
~- • 

5 L 280 230 36798 33700 45466 3,~36 ::•1'"'.! ! ii. 7 _,,., .;.-, i ·'"';•"7"!7 ,1.; :...r·.f..J ii.Ji .. ~- ! 

.-, c: c: I "r·i·-· "0L 33874 30844 43C08 473i 1222 1 L .-,r, 1 ·j~: 44/ ! 406b i. "' " .Jf...t. i..i.H..' . Vi..i.. i 

5 c: 375 "1~4! 35358 32462 44646 5509 I 1 44 j •jfQ .;.-, ,._, 
2=L.j ··' . J ....... .,, l ... .1..l·.1 ,.i::, ,_ ... 

4 I 5 5 I :.'"'!.,. 344 34596 31682 43418 5796 i222 l " 1 I 67 .-.:-, 
;,:. r:: ~ 

I .• :£ ·) .:•I .. 
<: 5 4 441 4 19 35424 32440 5 1610 6410 l ,!.bi ! 400 67 -~ A f'-f 

" . :.r't -·'..i 

b c: 4 423 41 ! 33528 30802 42924 -r""rtrt 1633 191 i !22 44 494 l "' f..'10 ' 
f 477 447 3291 4 3720! 8033 1944 22:~7 ! . .,, 44 ~:: i ; 

-..:.i. ··'.J . ' 
8 498 4.~8 32058 29494 412!39 7849 ! 889 l 81 1 '44 44 492! ! 

5' ~r.:; 4o'i 28752 26222 4 1 IQQ :3340 ·"\·1•4t'i ·~.•CQ l 7~ 44 .~4.~.= • .; •• 11..; :.;i,. 10 ,..., LL1.:.~ .;.'ti..;, 1.:;.;; 
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Table B.8: 

DAY pH 

B.8 

Results of all measured parameters in batch test 8. 

FN NH3-N 

mgNI! mgNil 

TSS vss 
as !JJD 

mgTSS/1 mgVSSil mgCOD/l mgCDD/1 ; mg/1 ; mg/. 

Buty ic 
ael 

mg11 ' mgCiJD/ 4 

--------:---------:---------:---------:---------:---------:---------:---------;---------:---------:---------:---------:---------

·~ 
L 

.;; i 
4 

.5 
6 
7 
8 
9 

~ 
;J 1 •) I 

5.8 ! 

5. j 

c .., 
.J. i 

5.2 
5.1 
5.1 

fW 

73 
'18 

106 
118 
99 
99 

106 
97 

80 

90 
94 

1 i)6 
QC 
,.J 

90 
98 

12146 
12032 
12990 
11070 
1 .. 450 
1100:3 
10678 
iM34 
10034 

'1472 

11094 
1 iX1d I 

11776 

10438 
10052 
10034 
9606 
9264 
8674 

13936 
13926 
14746 
13107 
15974 
1146'1 
12264 
11038 
14717 
13082 

410 
799 

1024 
1126 I 

1372 
1536 
1696 
1840 
2024 
2678 

100 
144 
278 

333 
444 
555 
555 
666 
622 

267 I 

344 
433 
4:39 
600 
611 

733 

i .-,,, ......... 
66 

FJ.., 
;.~4.. I 

I' .! 

122 
10 I 

66 

.,., 
1..i. 

1097 
~ , ~ r= .. ·-'' ... 

1434 

11~: 
if .j ,' 

iQ"tL 
.i.W·-'W 

1891 
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Table B.9: 

UHY pH 

B.9 

Results of all measured parameters in batch test _9. 

! KN NH3-N I TSS 

mgN/J mgN/ l mgTSS/l 1 mgVSS/l 
as CQD 
mgCOD!! 

-0,45ur.1 
COD 

mg COD ii 

Acetic 
acid 
mg/ l 

:F'ropior:ic: 
; acid 
~ mg/ 1 

Butyric ! 

acid 
Valerie 
acid 
mg/l 

SCFA 
{"<;-,;""'. as ,_.;.,;;_.' 

.;:,:rnn.11 "'':!._,,_, ... , .. 

-------- ---------:---------:---------:---------:---------~---------:---------:---------:---------·---------· _________ i ________ _ 

i' 

2 
1' 
•.J 

A I 
~ 

c:: 
·.J 

6 
i 
; 

8 
9 

10 
11 

"'. '7 v.1 

5.4 
5.4 

5.3 
" ~ . .JI .j 

5.3 
5.4 
5.4 
" . .J.'t 

48 
6!) 

83 
88 
Cd 
7 i 

101 
i15 
112 
113 
~ ·1C: 
li.J 

1"'" ··~i. 

116 ! 

44 
56 
63 
:31 
84 
00 
'..JU 

105 
102 
102 
104 
1% 

98 

J8i84 
16852 
16696 
16386 
15902 
17216 
16756 
15342 
15328 
24202 
15694 
16154 

16458 
15356 
15274 
14914 
1476!) I 

t5834 
15432 
13986 
14190 
22628 
14162 
1440!) 

1B022 
27034 
17613 
14746 
20480 
16037 
16448 
21793 
19326 
16448 
20645 
21859 

1024 
1413 
1597 
1782 
1700 
19.33 
1953 
2097 
i933 
2138 
2004 
1943 

356 
389 I 

433 
556 
622 
644 
678 
i .j.) 

700 
733 
67:3 

389 
467 
0:-·'"1"i 
Ji.i.. 

544 I 

556 
544 
544 
589 
556 
556 
556 
544 

.; ~ .... : 

.;.,,,;\.:·.' 

1587 
1b22 
1545 
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Table B.10: 

pH 

)J.10 

Results of all measured parameters in batch test 10. 

TKN NH3-N I TSS vss VSS 1 -0.45um Acetic :Prcpionic: t:utyric ' Valerie '.JCFA 
as COD COD ac1ij i acid : .jci:j acid 1 .l3 CQC 

mgN/l ! mgTSS/l mgVSS/l mgCOD/l mgCOD/l mg!l : mg!l '"""{1 
m~; .L mg/l mgCDD/l 

--------;---------:---------i---------:---------:---------:---------:---------:---------:---------:---------:---------i---------
0 ~ i.. I iii 109 38588 7 ~tii""IM 38502 2191 467 600 i405 ·-'• u .i..i..i. ·)"!Q71J 

" . i51 p; 34730 3i610 39322 <1 1"I I i ,., 

856 I 2004 .J. ~ ~-)0 ·.Ji J.·.j i ,JIJ/ 

.-, I 5.4 182 1 '61 35208 32294 37274 3768 I 'iOO 1056 I .-,t'C'C' 
~ i ' L J._:._~ ., 5.3 qp i10 37866 34596 38093 4567 1122 f {"'!7 291e ·.J lrf .i.i\J j, ;. . .).) 

4 "., 232 192 :,5042 :;2398 3~1587 4321 1 j ')') 1167 2960 ,,; I .~I 

"'. ~ ., 'i71'\ 192 36816 338% 353,~3 5387 1333 1411 "'."C'i:'i:' 

"" :.1.i. i.,.;;;. ·-=~·..:'...: 

6 ' 5. "'.iC:O r;r,: 35762 33002 36186 6004 1444 j L'i·i 1QG"':'.' 
i .:.wu .-.a. ... · .. u.:..:. 

7 " 5. 277 248 .35970 32748 39064 6271 1544 1744 ' 42:34 i 

8 " 280' ' 235 36862 33968 32896 6374 '_i.11 1744 4355 .J. i J. .... .i.i. 

9 5. 295 1'71 36354 33172 30018 6620 1611 1744 I .~ :::::: 
4,.;.:., 't·.iJ·...i 

10 " 287 265 34434 31996 31978 6538 1611 1744 4355 .J, 

'1 l 1 5. 295 266 31816 2'1430 37242 6780 1656 1678 4302 
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B.11 

Table B.11: Results of all measured parameters in batch test 11. 

DAY -l! TKN NH3-N TSS UCC' vss I -0 45um Acetic I Propionic ' Butyric Val 2ric SCF :\ µo1 ·; .. J,.; i M 

.~s CQD COO acid acid -.:.::id acid ·:l~ ::cu 
mg Ni l mgN/ ' mqTSS/ l rngVSS/ l mgCGD/ l mgCDD/ 1 mg/ l mq/ l mg/ l ' mgCJD/ j I i ' mgi . . 

--------:---------1---------:---------:---7-----:---------:---------:---------:---------:---------~---------:--------- ---------
t) 

7 I .:; ; 

4 

-, I 
I 

8 

i(l 
'1 l. 

5,5 I 

5.4 

5.3 

5.2 

!:' ·~ I 
.J. L. 

" -...J, L 

5.2 

i10 
f i 0 
;,i; 

136 I 

140 
154 
179 I 

169 
p::o 
&...;:..; 

172 
185 
172 
160 . 

120 
132 
:"'f: 

.i.·-*V 

i46 
146 
144 I 

143 
161 
148 
154 

29614 
25284 
25768 
2.3362 
2~892 I 

24392 
24562 
23830 
24038 
"rf ·ii,, 
.j i "' i. 

22744 
1'1776 

26252 
22798 
23338 
21282 
21932 
22496 
22354 
21950 
22406 
29576 
21166 
18496 

30310 
31'149 
27853 
25805 

28372 

25494 
29606 
25906 
27931 
2'1955 

1884 
2253 
2847 
3174 
3379 
3701 
4215 
4235 
4647 
4749 
5!(H) 

4999 

433 
556 
689 
!-)-) 

911 
989 

1078 
1144 
1211 
1256 
• '"'!77 
! ..... ).~: 

544 

:378 
9\1 

! ti~'r 
.LO.'•.J•.• 

i ..,~~ 
.i. ;..J..; 

1322 
1422 
1500 
1500 

.. ::.:: ......... 
3290 
348'? 
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Table B.12: 

B.12 

Results of all measured parameters in batch test 12. 

NH3-N TSS \/SS 

i1lgNi1 mgTSSii mgVSS/l 

:..o. 45um 
as COD 
:ilgCOD/l mgCQD/1 

Acetic 
~:id 
- - i l my/ .t 

iPropionic: SCFA 

moll :'!:;;/i 
"'':!;.II 

--------;---------:---------:---------:---------i---------;---------:---------:---------:---------i---------;---------:---------
ii i 

., ! 
·) l 

4 : 
5 
6 i 

8 
9 

10 
11 

..;,; 

5.J 
5.4 
5.4 
e .,. 
.J •. :; 

;: ., 
.J. ·~' 

e .,. 
.j ,.;; 

5.3 
e .,. 
.J •. .; 

5 .. ) 

116 

160 
162 
167 
i 7'1 
193 
188 
188 
193 
210 : 

101 
120 
1.41 

140 
140 

178 

1:31 
174 
179 

24302 
22074 
20802 
21114 
2(1242 
1'1512 
17610 
15384 
23030 
21550 
22326 
21592 

21514 
! 01'1'·1 
.i.i·.J·.Ji.. 

18956 
19602 
i8B4S 
18176 
15830 
t.• t4·1 ,q, ... 
20954 
19816 
20532 
19912 

31601 
27907 
27497 
27853 

28672 
22528 
22118 
33048 
28560 
30192 
28560 

1724 
2462 
2914 I 

.3215 
:.584 
3994 
4137 
4301 
4631 
4753 
4957 
5120 

367 
567 ! 

700 

978 
'.089 
1178 
127:3 
1389 
i.3:39 
1444 
1611 

78'1 

1011 
1200 
1200 
1400 
1344 
!467 

;;; 

; ""!""!' 

156 
1b7 
167 
i ~I. 
J.· .. HJ t 

1b7 

167 

156 

144 

144 

144 
211 

211 

.-, C' ~ 

,__._ ... :..; 

·-''·'·-'· .. : 

-~ { ! ~-

4008 
4445 
4243 
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B.13 

Table B.13: Results of all measured parameters in batch test 13. 

NH3-N TSS vss vss -0.45um Acetic :Prcpionic: Butyric Valerie SCF'4 
as COD CGD acid .1cid acid 

myN/ l mgN/l m Q l :-; s ,! .~ !.1i :~ \,J ~-;:; ,I .1 .P,•,=i"":_·. r: n D .i '.; .. r,· C_· L.-••• ·_'_; r-.. ,i .1 •"' u"_. ,1 1 1, :ti.~_· ,f i' - ~ i 1 ... - i l - .-•. -. :--. : • 
- -- ~-: - ---- !!-, - OI - m..., ~~ 1iil myti mqCULi!l 

--------i--------~;---------:---------:---------~---------:---------:---------:---------:---------i---------:---------i---------

!.. 

4 

6 

::i 
i 

10 
j I .. 

:s 5 

5 3 - ~ 
·..i ·-· 

5 . ., 
;: ., 
.J,.;i. 

5 2 

87 
i09 
101 l 

iil 
116 

::i 
Ol 

98 
95 
"15 

1()9 
.~., 

7-J 

115 99 
126 • 108 
115 
1 t'i 
~ ':!1 
J.•.'! 

116 

111 
t(:/ 
i'lO 

106 

19288 
~5102 

15760 
14558 

13662 
15504 
14462 
15064 

13434 
i3178 

17372 22572 
13628 20520 
14452 20930 
13508 19251 
12646 I 20480 
12712 20890 
14302 ~ 16794 
13288 20070 
!3634 
13150 
12300 
12358 

22848 
20400 : 
i9534 
18768 

1129 
1703 
1990 
2396 
2621 
2662 
2967 
3195 
3264 
35M 
3937 
4039 

389 
444 
556 
667 

811 
'111 

1000 ! 

1033 
1089 
11:v1 

278 
467 
;:::.-, 

:~00 

667 
:CJ 
:'.JO 

900 

1000 
12!)0 

i l j 

156 
156 
133 
1 ~"t .;.._: ... 
t"'!.,. 
;..j.j 

1.~:.) 

156 

144 

44 I 

178 
i78 

t 7 .. ! 
.i. ::.,.1 

25'62 

3277 
.... : .. 
.)::.~:.) 
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B.14 

Table B.14: Results of all measured parameters in batch test 14. 

DAY pH NH3-N vss -0 45um Acetic :Propionic: Butyric Vdl2ric SCFP, 
as COD GOD acid 1 .a.cid acid .2c1a as LUU 

mg Nil mgN/1 mgTSS/1 mgUSS/l mgCOD/l 1gCOD/l ,, 
mgti mg/l mgil 

--------:---------:---------!---------'.---------:---------:---------:---------:---------'---------:---------:---------!---------
;, 6. (l 41 n· 14574 13008 .j C:t::QC' I 759 211 256 I Li'":= 
'.' I ·.!J j.;.;,J 1..•.i.i.. 

5,:3 :"H 69 t 1554 10082 1:3878 1231 322 339 :J~L ;Ji '.J·..:·.J 

"• 5. 4 •j1 76 12000 10754 16006 1374 400 422 i~~ 1306 ~ i ~·-' 
... _ .. _, 

3 5.4 80 66 9958 ti080 17203 1679 ;FV'l 47~ I p7 / 

~414 'tLL i.. .~:._i 

4 5.3 l 00 ~· QC'C'.(1 8930 14746 \843 C"'.'"1 544 j77 i .L."'!.:'-_• 
WW f'i ,J_,,, J.).;; .6 .;.:.~· 

j 5.3 n 69 8904 i 8278 18022 2007 600 C:70 I\\ I 1755 I .,,J!l..i 

6 ~ 1 74 66 10516 9328 13517 2109 689 '11 ( LC'.C ,,j,._, o •• .i. l..'W'-' 

7 <: 7 Q-r 77 I 8614 7964 19660 2150 7'1'1 644 ., '""'.' -~ ~ 
~I .j U·.' Ii../.. I ii~.~, 

8 " 7 
I 80 17 9904 Qf9.'i 22848 2326 I 778 667 ( 1i'7i: 

,_l,J I !·.' '.i.;,JL I l 0·~1 <:: 

9 i: 7 80 17 9218 8464 21216 234.~ 800 700 t 911 .J' .j / .j 

10 5.3 74 69 9050 8418 19176 2570 822 744 2001 
11 i: 7 1~ 69 9456 8778 11280 2550 844 778 "i;·,! L 

.J, .j ;.) i.. ~.'; :_: 
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B.15 

1.5 
1.4 
6.3 
8.2 
1.1 
6.0 
5.1 
5.8 
5.7 
5.1 

:r 5.5 Q. 
5.4 
5.3 
5.2 
5.1 . 
5.0 
4.1 
4.8 
4.7 
4.1 
4.5 

0 2 8 10 12 14 11 18 

nme(d01.•) 

Fig B.1: pH of a batch reactor versus time - batch test 1. 

D TSS 
+ vss 

40 

- 30 • 'O 

~5 
O• 
Eil 
t 20 

i 

I 
I 

10 

0-+---~------..---.-.....,..~.------r~-r--r---i.---r---r"~r--r-~-------. 

0 

Fig B.2: 

2 8 a 10 12 14 18 18 

nme(daya) 

TSS and VSS concentrations of a batch reactor versus time - batch 
test 1. 

I 
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100 

90 

80 

70 

--· 60 

'"' QC 
00 so u• 
Cll'::t E! I 

'40 
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20 

10 

0 

Fig B.3: 

0 

B.1_6 

2 4 8 10 12 14 18 18 

nme(d~) 

COD of the VSS concentrations of a batch reactor versus time - batch 
test 1. 

800------
D 11CN 
+ . NH3-N 

500 

400 

~ 300 Cl' 
E 

200 

100 

o-+-........ ~---.---.-~..---.--r~..-----r~.----_,..--ir---r--r~r-..,.--1 
0 

Fig B.4: 

2 e a · 10 

nme(day.) 

12 14 us 18 

TKN and NH3"'.'N concentrations of the --0,45µm filtrate of a batch· 
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TKN and NH 3-N concentrations of the -0,45µm :filtrate of a batch 
reactor versus time - batch test 11. 
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COD and total SCFA COD concentrations of the --0,45µm filtrate of a 
batch reactor versus time - batch test 11. 
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Acetic, propionic, butyric and valeric acid concentrations of the 
--0,45µm filtrate of a batch reactor versus time - batch test 11. 
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Fig B.67: pH of a batch reactor versus time - batch test 12. 
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TSS and VSS concentrations of a batch reactor versus time - batch 
test 12. 
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Fig B.69: COD of the VSS concentrations of a batch reactor versus time - batch 
test 12. 
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TKN and NH3-N concentrations of the -0,45µm filtrate of a batch 
reactor versus time - batch test 12 
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Acetic, propionic, butyric and valeric acid concentrations of the 
--0,45µm filtrate of a batch reactor versus time - batch test 12. 
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Fig B.73: pH of a batch reactor versus time - batch test 13. 
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TSS and VSS concentrations of a batch reactor versus time - batch 
test 13. 
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TKN and NH 3-N concentrations of the -0,45µm filtrate of a batch 
reactor versus time - batch test 13. 
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COD and total SCFA COD concentrations of the -0,45µm filtrate of a 
batch reactor versus time - batch test 13. 

Acetic, prop1omc, butyric and valeric acid concentrations of the 
-0,45µm filtrate of a batch reactor versus time - batch test 13. 
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pH of a batch reactor versus time~ batch test 14. 
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TSS and VSS concentrations of a batch reactor versus time - batch 
test 14. 
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Fig B.81: COD of the VSS concentrations of a batch reactor versus time - batch 
test 14. ··· 
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TKN and NH3-N concentrations of the --0,45µm filtrate of a batch 
reactor versus time - batch test 14. 
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APPENDIXC 

TABLES AND PLOTS OF THE RESULTS OF THE 3 IN-SERIES, 
COMPLETELY MIXED REACTOR SYSTEM INVESTIGATION 
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Table C.l: 

DAY pH 

C.1 

Results of measured parameters of the influent raw sludge in a 3 
in-series, completely mixed reactor system. 

TKN NH3-N TSS vss vss -0.45um Acetic :Propionic: Butyric , Valerie 
' as COD COO 

:ngN/ 1 mgTSS/l mgUSS/l mgCOD/l mgCOD/l 
acid 
mg/l 

3.Cid 
mg/l 

acid 
mg/l 

Eid 
mgil 

--------:---------:---------:---------:---------:---------:---------:---------:---------:---------:---------;---------:--------·· 
Bi 

4 
5 
6 I 

7 
8 ! 

9 
10 
11 

6.0 
6.0 
6.U 
6.0 
L i 
l..'1.i. 

6.0 
6,0 I 

6.0 

188 

364 

.Jj.J 

174 46946 38912 61150 

218 43644 36744 65'120 

216 43510 I 36716 50774 

2052 

3708 

3488 

C'' .Jb 

C'1'1'i 
·Ji.L 

44 

611 I 

611 

f!"'1 
;.0/ 

256 

1784 

1945 
--------:---------:------~--:---------:---------:---------:---------:---------:---------!---------:~--------:---------:---------

83 28 
2'1' 
30 
11 I 
·.JJ. 

1') 
•.Ji. 

34 
.,.., 
.,jJ 

36 ,., 
.• :1 

38 
39 
40 

C' I 
,J,Q 

5.7 
5.6 
5.7 
5.6 

5.7 
5.7 
c: 7 
"" 

5.7 
5.7 
5.7 

41 5. 7 
42 5. 7 
43 
44 
45 
46 
47 1 

"-r .Jd 

5.7 

5.8 

389 
347 
442 
549 
465 
566 
515 
504 
510 I 

543 

571 

554 

·1 
1 

328 
280 
364 
381 
325 
409 
381 
325 
403 

375 

386 

403 

431 

75948 
42478 
46696 
74702 
49664 
70320 
64122 
68268 
72716 

66224 

63286 

66738 

53368 

65306 
37192 
37256 
64688 
42368 1 

60492 
55968 
59590 
62534 

57274 

57380 

45850 

101806 
56525 
79909 I 

93798 
66355 
97075 
79i)53 
86352 

100333 

89230 

69768 

75924 

63202 

5171 
4608 
6472 
5980 
5284 
7291 
6184 I 

6826 
662<) 

5962 

6197 

6033 

5253 

944 
333 

911 
1111 
11! 1 
1111 
l 111 I 

733 

689 

1111 

1078 
1022 

889 
1156 
1089 
1156 
1156 
978 

1067 

1067 

911 

1156 

1067 

389 
378 
467 
556 
378 
689 
556 
422 
444 

444 

444 

556 

444 

111 
178 
17:3 

7C'i 
.• iJQ 

511 I 

356 
356 
..,.-."" 
i.Li. I 

356 

28'1 

356 

289 

289 I 

47B5 
4345 
4'?09 
4.S67 
3882 

3790 

3643 

4531 

3979 
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Table Cl: 

DAY pH 

continued 

"l"!/li ir· .. r, NH3-N 

C.2 

TSS vss '}SS -0.45u111 Acetic :Prop onic: Butyric ' Valerie SCFA 
' E COD COO acid ac d acid acid E CC0 

mgNil ;ngN/l ' mgTSSil ' :ilgVSS/l mgCODil ' mgCOD!! mg/1 mg 1 mgil mgii mgCOD/l 
--------:---------i---------:---------~---------:---------:---------:---------:---------i---------:---------:---------:---------

B4 48 
49 
50 
1=1 
·..Ji 
;:·""! I 
·..ri.. 

54 
J::i I 

56 -: 
57 : 

59 
60 
61 
; ·i 
o.:: 

64 
65 
66 
67 
68 
69 
70 
71 
72 
/ .) 

74 
75 

!:'.,. ! 
,J,f 

5.8 

5.8 
5.7 

5.7 : 

C' 7 
J" 

",, J,O 

5.9 
6.0 
6.1 

.302 I 

442 I 

431 
465 

437 
398 I 

420 I 

526 

448 
498 
381 
336 

31)2 

26'i 

302 

312 
263 

258 
274 

302 
330 

314 
258 
246 
246 

241 

52922 

55124 

53672 
53342 I 

57966 I 

55 [t)4 

52112 
51364 

I 
, •. ··I 

51482 
51484 
55096 
52760 

50070 

44534 

47362 

46466 
45918 

49344 
46936 

6538! 

62914 

68259 
6(!446 

67848 
60446 

44704 54490 
4426~)' 58618 

44118 6lt)94 
50459 

47498 50459 
45638 57490 

43684 41942 

2837 I 

4112 

4071 
4441 

4235 
4169 

3963 
3922 

3764 I 

3846 
4260 
4426 

3125 

6B'i I 

622 : . 
711 

6'l'l 
L.<. 

622 

622 
622 

622 
622 
622 
489 

622 

B22 I 

667 
6QQ 
~· 

578 
578 

578 I 

578 

578 
578 
578 
578 

489 

:· 

133 I 

2;Jo 

200 
156 

156 I 

156 I 

156 
156 

156 I 

156 
!56 
156 

156 

378 

._:._: 

7-Y 
·.··J 
77 
.;.:.) 

i"'.!' I 
·-'··' 

77 I 
.J.J 

,.,. 
·.J-.J 

2989 

2034 

2150 

18:38 

1888 
i888 

1888 
~ C•OO 
.i.i • .11 .. '~' 

1746 

1753 
--------:---------:---------!---------:---------!---------!---------:---------:---------~---------:---------:---------~---------

85 76 
fl 

78 
79 I 

80 
81 
82 

\ 

6.1 
6.2 

347 
286 
364 
325 

364 
286 

241 
241 
246 
258 

274 
239 

46564 
52132 
53336 

50542 
47848 

40640 
45362 
47026 

44142 
41936 

4811(1 
61269 
62138 

58050 
54370 

.3712 
3619 
3536 
3679 

3434 
3147 

489 

533 

533 
533 

444 

489 

489 
489 

133 

1
-,.~ I 
J.) 

"'133 
111 67 

1434 

154'i 

1549 
i'H .o.~ 
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Table C.2: 

pH 

C.3 
Results of the measured parameters of the first reactor, of 1 day 
retention time, in a 3 in-series, completely mixed reactor system. 

TKN TSS vss 

mgN/l mg Nil mgTSS/l mgVSS!l 

vss 
as COD 
1ugCOD/l 

-0. 45u111 
COD 

:ngCODil 

Acetic 
acid 
mg!l 

:Propionic: 
acid 
mg/! 

Butyric 
acid 
mg/! 

Valerie 
.:.cid ,-.. -. -. 

--------:---------;---------:---------:---------:---------:---------:---------:---------:---------:---------:---------:---------
31 !) 

. .; i 

6 

8 
9 

10 
ii 

" 

5.7 
C:', 7 

5.8 I 

5. 't 

5.9 

5.9 

188 

.302 

442 I 

484 

501 

·.ri.J.; I 
4.i-=·-· 

294 

319 

328 

46946 I 

44158 

41960 

51206 

43078 

43182 

38912 I 6i 150 2052 I 

64433 I 3591 I 

35006 58277 4576 

44084 56444 5026 

36172 57680 5150 

36592 63448 5026 

56 

77"r I 
.).).~: . 

889 

978 

978 

44 I 

689 I 

889 

956 I 

889 

_;;.;; 

89 I 89 

278 I 

;,n 
C,.j 278 

222 89 

--------:·---------;---------:---------:---------:---------:---------:---------:---------:----~----:---------:---------:---------
B3 29 

30 
31 
:., 
.ji,. 

.:;4 
~" . .).J I 

36 
37 
38 
39 
40 

42 
43 
44 

5.6 577 

5.5 627 

5.5 734 

5.5 700 

700 

5.6 689 

5 •. 5 728 

441 66008 57370 

431 56518 49950 

543 65492 57178 

566 61920 53426 

554 I 61886 53506 

442 65496 56984 

599 58602 50998 

80281 6636 1400 1356 

65126 7045 1556 1356 

80691 881)6 1800 1644 

88408 9170 1800 1756 

79773 8676 1667 1556 

81670 8044 1578 1444 

74693 8783 1644 1511 

489 

378 I 

600 

711 

467 

4?'l 
~1.. 

267 

1•1 
'"· 

11' 1.! 

111 

111 

267 

267 

4975 

4622 

609! 

5445 

5257 

5347 
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C.4 
Table C2: continued 

DAY "'~ TKN NH3-N TSS !h .. ·t"' vss -!),45Ulll Acetic :Propionic: Butyric Valerie ' SC~A ~" V·'-.J 

a:;; COD COD acid acid acid .:.cid a·5 1:00 
mgN!l mgN!l mgTSS!l rngVSS/l mgCODil mgCOD/l mg!l mg/1 mgil mg!l ' mgCC!D!l 

--------i---------:---------:---------:---------:---------:---------:---------:---------:---------:---------:---------:---------
34 45 

.~ ; 
'tO 

17 ' 

48 5.5 571 448 I 46384 40226 61970 L7~1 1356 I 1400 770 267 4793 ;.;; ·jJ. ._;;,_: 

49 ' I 
50 
5l ' I 
Ji.. 
C"'." 
.J.,j 

54 
~~ 
...;-.J 

56 5.5 655 493 49434 43136 56746 5716 11" 1111 I 7"!.,. 111 3695 .! l J.j,.) 

57 
58 "" I 51!) 414 I 46548 40872 I 59213 5675 I 1111 I 1133 267 111 36(;8 .J,J 

'°O " " 538 437 I 48518 41934 I 61269 I 5633 I 1111 1156 267 111 3643 J, .J •. J 

60 I 

I.! 
\J1 

L 'i "" 543 442 46288 40248 60035 5551 1111 1156 7'!'! 111 3763 UL J,J .,,,.., 
; 7 I "" 543 431 49254 I 42730 65792 5862 1178· 1156 .,..,.'? 111 3834 o.; J,w .j.J • .J 

64 
65 5.4 498 I 370 48982 42914 I 52426 5408 tOOO ! ! 11 .5°! 1 I 1'1 I '1'c:-·1~ 

' 1. .~1 • .J .~: l 

66 5.4 582 454 50974 I 44038 58618 5408 1000 1111 I 267 ill "'.'!llC'1 
.j'+._i1 

67 
68 
69 5.5 577 414 52216 I 45006 57379 5418 11t1 1111 267 I 111 I 3575 
70 5.8 515 420 51798 I 53768 5253 1111 1111 267 I'' 1~iC: 

'"J. ... .J l ._:..;,:._: 

~1 I 
1. 

~'i 5.8 487 370 52054 44264 55836 5460 1111 1111 267 ! 11 .,.C'.,C' 
IL ·~·..J: .J 

1~ 5.8 470 375 48488 41858 65381 5140 1111 1111 H'! ·I 111 3695 
i·.l ·J·.JV· I .. 
74 I ., 
75 

--------:---------:---------:---------:---------:---------:---------:---------:---------;---------:---------:-------~-:---------
B5 76 5.9 431 364 4688 933 956 'T~"r 133 1'1 ~ L 

·J-.J·J ·.J·.J:i.iJ 

77 5.9 I 420 358 50268 44198 61269 4400 
78 5.9 476 386 59213 4605 933 867 I 222 89 2890 

79 5.9 476 386 50724 44618 60502 4456 
80 5.9 426 386 49872 43722 60502 4579 933 867 289 89 "!(°• f 'i 

.j•J ii. 

81 
82 5.9 426 390 47848 41936 54370 4456 933 933 311 89 I 3151 
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Table C.3: 

DAY pH 

C.5 

Resu1ts of the measured parameters of the second reactor, of 2 days 
retention time, in a 3 in-series, completely mixed reactor system. 

TKN NH3-N TSS vss vss I -0.45u111 Acetic ;Propionic: Butyric 
as COD COD acid acid acid 

1ijgN/ l mg Nil I mqTSS/l mgVSS/l mg COD fl mgCODil mgil mg/l mgil 

Valerie '.:,CFA 
-~Ci!j .jS cc~0 

mg/l mgCQD/l 
--------!---------:---------:---------:---------~---------:---------:---------'.---------:---------1---------:---------,---------

''){1C''J 56 44 i'''.:i. ,_,,,;,_ 
~ i..'.· 

'ij\ fl 5. '1 ~J .. I 188 174 46946 38912 61150 I 

4166 56 I 56 i~"' ... ~-~· 
-. ! t:: ~ 

:.Ja ~: 
'1:11 316 ._;~! I 42238 I 36670 I 6156() 

~ ! 
·~I 

4 I 5,6 420 361 40560 34804 I 60329 4658 I 800 889 I 278 I 89 2883 
5 

5686 1144 1089 278 I i70 ., 3734 .i,;;,; 6 5.8 512 456 42402 : .. 35776 65508 
7 

5974 I 1178 1167 ;-,.,.,; I ,:;o I 3706 ~iO '-'I u 5.8 549 448 41580 35030 56032 
9 

5789 1056 1178 278 i78 ":'"7"!:1 _., i"t 10 5. '1 I 574 40504 34118 I 59328 
1 ! I 

12 r •J 
-i. I 

--------:---------:---------:---------:---------:---------:---------~---------~---------:---------:---------:--------- ---------
B3 30 

31 
7'i I 
Ji. 

.~1.j I 

36 

41 
.· 42 

43 
44 
45 
46 
47 

5.5 

5.5 

I 
I· 

666 

756 

773 

8<)1 

801 

582 53618 46802 

638 57044 49236 

683 59924 51622 I 

745 I 59750 51534 

610 I 60406 51984 

706 56098 48924 

68813 6922 1556 !444 

75366 8806 1911 1956 

78539 9828 1911 2133 

84707 10280 2000 2133 

79207 8865 1844 1889 

71410 9685 1844 1844 

600 

711 

8·/'.) I .. 

711 

600 I 

622 I 

111 

400 

489 

400 I 

400 

400 I 

5!58 

7101 

;rC"t 
//.,.Ji. 

7463 

6726 

6698 
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C.6 
Table C3: continued 

DAY NH3-N -0 .A5um Acetic :Propionici Butyric 
as COD acid acid 

mg Nil mgNil mgTSS/1 mgCOD/l mgCDD/1 mg/1 mg/i uiy/1 :TigC;J~~/~ 
--------;---------:---------;---------;--------- _________ ! _________ ---------:---------:---------:-------~-:---------:---------

84 48 

50 I 

54 

56 
57 
c:o 
·.Jl.J 

59 
60 I 

61 I 

62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
;.-, l 
It. 

73 
74 
~" f,.J 

76 

5.4 i 

"" J,J 

5.5 I 

5.4 
5,4 I 

" < .Ja•J 

5.7 
5.7 

5.7 
" 7 ,J,, 

5.8 

655 

622 

622 
627 

57! 
605 

588 
554 

666 
538 

459 

532 

594 

554 

510 
498 ; 

470 
470 

493 
510 

487 

431 
431 

414 

51144 

43622 

44944 I 

44350 

43684 

38572 

39714 
38560 

48164 42202 
46228 . 40304 

46716 40424 
47906 I 41980 

52342 
47964 

47624 
48706 

45076 

41362 
41772 

65254 

58802 I 

57979 
67026 

60446 
60858 

57379 
56141 I 

63571 
54595 

55009 
64147 

8208 

6703 

6661 
6497 

6374 
6770 

6729 
6109 

6163 .: 
6039 

6287 
6086 

5716 

1711 

1267 I 

1267 
1267 

1267 I 

1267 

1267 
1267 I 

1267 
1267 

1267 
1267 

1156 

1667 I 

1244 

1289 I 

1289 I 

1289 
1289 

1289 
1289 I 

1289 
1244 

1289 
1289 

1267 

600 I 

400 ! 

378 
378 

..,.,.., 

.j.j.j 

7.,"'1 I 
._ ...... '.,/ 

333 
400 I 

333 

1'~~ I 
·J•J•.J I.~ 

356 I 

iii 

II I 
1li 
:ii I 
l!l 

''I ii. 

111 I 

111 
11' .! 

111 
111 

ll j ". 
111 

111 

F>Vi 
"7:0:..1.'-

4212 

4212 
4212 

4212 
~ .-,;:.-, 
1LJL 

4212 
4062 

4212 
4212 

4021 
--------:---------:---------:---------!---------:---------:---------:---------:---------:---------:---------:---------:---------

BS 77 I 

78 
79 l 

80 
81 
82 

5.8 
5.8 
5;8 
5.B 

5.8 

454 
448 
459 
487 

420 

409 
403 
437 
454 

392 

45676 
47980 
52222 
46568 

46804 

40108 
41920 
46286 
40948 

39080 

57568 
67026 
59685 
51918 

57232 

5510 
5428 
5192 
5233 

5069 

1067 

1133 

933 

1089 

1111 

1089 

311 

289 

111 I 

89 I 

j•t 
... li 

3615 

3634 

33'12 
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Table C.4: 

DAY 

i I 
i 

""l I 
i.. i 

·-' l 

4 ! 

5 
6 
~ ! 
i I 

8 i 

9 

11 
i ·") I ... 
13 

pH 

5.7 

5.7 i 

5.7 

C.7 
Results of the measured parameters of the third reactor, of 3 days 
retention time, in a 3 in-series, completely mixed reactor system. 

NH3-N TSS 'JSS 

:r:gN/ i mg Ni 1 mgTSS/1 ' mgVSS/l 

VSS 
as COD 
mgCODil 

-0.45um 
COD 

I 111gCODil 

Acetic 
acid 
mgll 

:Propionic: 
acid 
1119/l 

Butyric 
-Kid 
mg/ l 

Valerie SCFA 
acid 1 as CO 

---------·---------:---------~---------:---------~---------:---------:--~------'.---------:---------:---------
174 I 46946 38912 61150 56 44 

358 41104 36618 59918 4371 389 167 I 11i I 

423 378 40898 35470 63612 4925 1144 I 1022 111 
.i. ~ J. 3456 

529 39936 34080 60152 6036 1244 1022 322 211 3286 

529 I 512 39960 34294 63036 6551 1244 967 211 

504 40888 34838 58092 6139 1111 3B9 4237 

571 504 41290 35108 582!)4 6757 1333 120!) 389 2t ! ! 4372 
-----~--:---------i---------:---------~---------:---------:---------:---------:---------!---------l---------~---------:---------

83 30 
31 
7'i 1 

34 
35 : ~ 
36 
~· ._., 

38 I 

39 
40 
41 I 

42 
43 I 

44 
45 
46 
47 
48 
49 

c; ' vrb 

5.4 

5.6 

5.4 

762 

780 

778 

918 

767 

907 

834 

683 52160 

689 53848 

700 59408 

790 58778 

638 54954 

784 57168 

655 49772 

45428 

I 
; 

47
,,,,,. ·-,­
i.·Jt} J 

50588 

50926 

47600 

49628 

43044 

70861 770! 1733 1667 644 133 5808 

69222 9502 2000 1933 822 289 

78128 10157 2111 2156 I 867 I 289 I 7t73 

75250 1 !555 2200 : 257~ 1156 I 289 .:r • .,. ~ 
01'· • .ii 

73872 10014 1'156 2044. 600 289 6854 

70178 10342 2067 2044 61)!) 70.b2 

69358 9521 2!)!)0 2089 600 289 696'1 
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C.8 

, Table C4: continued 

./ 

T,-.,.., 
lJJ 

dS CJD 
ma Nil mgTSS/i rugVSS/i. mgCDD/l 

COD 
mgC:JD/l 

.Eid 
i1 

;;:•ji .i. 

i c·ropionic: 
acid 

t:,, ~ ·.: .-
~"..!. \.. ! ; .;.:,. 

.~cid 
- -,-. 

3. ·.,;'.,/'-' 

m9/l 
--------;---------:---------i---------:---------:---------:---------~---------1---------:---------i---------~---------;---------

=·· =·'t ._ .... 

Jl 

57 I 

=,..· ...... 
59 ; 

62 I 

.' ~ ! 
O·.i 

64 
65 I 

66 
67 
68 
69 
70 
71 
72 
F 
'·J 

74 I 

76 

-. ~. 
·...itV 

5.4 
5.4 

5.3 I 

5.2 
5.3 

5.4 

5.7 
5,7 I 

"., .Ji/ I 

683 

638 
610 I 

633 
616 

622 
566 

538 
560 I 

554 

504 
526 

560 
510 

560 
526 I 

571 
510 

498 
465 

504 

43450 

43612 
43328 

52594 
46132 

47246 
44656 I 

45822 
48520 

48860 
44642 

37262 

38312 I 

37686 

44654 
40358 

40602 
38200 

39798 

42106 
38468 

58802 

56746 
55923 

62091 
59213 

57792 
59030 

63984 
50459 

55009 
55512 

7114 I 

7607 I 

7196 I 

7278 
7348 l 

7265 
6522 

6700 
6576 

6742 
6497 

6250 

1356 

1467 
1467 

1467 
1467 

1467 
1467 

1467 I 

1467 

1467 
1467 

1333 

1356 I 

1356 
1378 I 

; 
1· 

1378 
1378 I 

1356 I 

1356 

1356 
1356 

1356 
1333 I 

1422 

400 ! 

378 

·no 
._lj v 

378 

378 
378 I 

378 
378 

378 
378 

4!)!) 

i ~ 1 I 

111 

111 I 
,j, ~ J. 

111 

111 
111 

! 11 
11: 

111 

f•i I 
ill 

4560 

4S60 
4560. 

,\C:•i7 
'T·...i..:...i 

4527 

4527 

4527 
A!:'·,:' 
't..JLf 

4524 
--------:---------:---------:---------:---------:---------'---------:---------:---------:---------:---------:---------~---------
. B5 n I 5.7 465 420 48044 41628 51400 6127 I 

78 5.7 515 482 45554 .39666 59213 6045 1022 ,,,,,,, 3! 1 11 i 3728 iL..:...:. 

79 5.7 504 448 47596 41390 58050 I 5805 l?n 1156 I ~7~ 89 3837 ~~~ .:,1J,_1 

80 5.8 515 493 45956 40526 60502 5805 f'l?'l 1156 400 I 89 3958 ...... " 
c,1 o. 
82 5.7 495 432 44658 39080 58050 5560 1244 1133 311 I 89 3785 
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Fig C.1: 
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Fig C.2: 

20 

C.9 

aamanma 
CICI 

Cl 

40 

lime( .. ) 

Cl Cl Cl Cl 

Cl Cl Cl 

IO 

CICI 

CD Cl Cl 

Cl 

Cl 

IO 

Influent pH for all batches of raw sludge versus time. 

Cl TSS 

+ vss 

II Cl 
a 

a a Cl . a +a a + 
++ 

+ + a 
+ CIQ:I Cl Cl 

Cll~ Eb CDCI ti lflCI a + 
Cl +.i. ..... + •+ q,.+ Cl 

Cl a Cl + .... + I. + 
+ + 

+ + ff+ . 

I I I I , I I I I 

20 40 .ID ID 

Time( day•) 

Influent TSS and VSS concentrations for all batches of raw sludge 
versus time. 
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Fig C.3: 
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Influent VSS (as COD) concentrations for all batches of raw sludge 
versus time. 

a l1CN a a 
+ NH3-N a a a 

E\P 
a 

a 
a a 

a Da a a 
+ 

+ + 
D 

+ a 
J + + + + a 

D + DD 
a a a c 

.~ + + + a 
++ + 0 + a,, 

+ + .p . ~ + + ..... * .._+ + 

+ + 

-

I T I I I I I T 

20 40 IO 80 

. nme(ckay•) 

Influent TKN and NH3-N concentrations _of the --0,45µm -filtrate for all 
batches of raw sludge versus time. 
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Fig C.5: 
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Fig C.6: 
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+ SCFA COO 
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a a a De 
a 

a+++ + ca° QlQl r? + + 
a + + + + 

+ " ~ 

+ ...... **+fol:t. 

20 40 ID ID 

Til'.I"•(~~) 

Influent COD and total SCFA ~COD) concentrations of the --0,45µm 
filtrate for all batches of raw slu ge versus time. 
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Influent acetic, propionic, butyric and valeric acid concentrations of 
the --0,45µm filtrate for all batches of raw sludge versus time. 
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Fig C.8: 

C.12 

a 
a aa a a 

20 40 

Tlme(clO)'tl) 

a 

am m a 
m 

eo 

mma 

eo 

pH of a completely mixed~ ·semi-continuously fed, in-series reactor with 
a flow through .. :retention time of 1 day versus time, for all sludge 
batches . 

. 
I 

a TSS 
+ vss 

I ti a a 
aa 

·•a+ +II 
+ + Q:IC a +. • a rP a.f I~ alb 

a a + .. 
a 

a +a11 + +++· + of:t. a + -t1' + .. + 
+ +·• + 

I I I I I I I 

20 40 eo eo 
11me( .. ) 

TSS and VSS concentrations of a completely mixed, semi-continuously 
fed, in-series reactor with a flow through retention time of 1 day 
versus time, for all sludge batches. 
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Fig C.10: 
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II a a a 

11 

a a a a Ill 
a d3 a ~ a 0 a Ca a ac a a 

I I I I - I I I -. 
20 40 ID ID 

lime(..,.} 

COD of the VSS concentration of a completely mixed, 
semi-continuously fed, in-series reactor with a flow through retention· 
time of 1 day versus time, for all sludge batches. 

a 'T1CN 
+ NH3-N. a Ill 

DD a 
a 

a 
' 

II + + a ca 
+ am 

CCI +Cl Cl Cl 
a c II m 

a •+ + + + ++ + 
+ .... lb CIC 

+ + of ~ +t++ .... 
- !i!+ 

++ 

. 

-

0 

.. 

I I I I I I I -. 
20 40 ID ID 

lime(..,.) 

TKN and NH 3-N concentrations of the -0,45µm filtrate of a 
completely mixed, semi-continuously fed, in-series reactor with a. flow 
through retention time of 1 day versus time, for all slu~ge batches. 
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Fig C.11: 
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Fig C.12: 

C.14 

a -0.45um COD 
+ SCFA COD 

DD 
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D 
D 

+ 
+ 

+ + DQJ i:flca Eb 
a De 

D + + ~~ 
D +..+ ............... 

+++ + +++ 

+ 

20 40 IO IO 

11rne <•> 
COD and total SCFA COD concentrations of the -0,45µm filtrate of a 
completely mixed, semi-continuously fed, in-series reactor with a flow 
through retention time of 1 day versus time, for all sludge batches. · 
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Acetic, prop1oruc, butyric and valeric acid concentrations of the 
-0,45µm filtrate of a completely mixed, semi-continuously fed, 
in-series reactor with a flow through retention time of 1 day versus 
time, for all sludge batches. . 
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CD 
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pH of a completely mixed, semi-continuously fed, in-series reactor with 
a flow through r-etention .time of 2 days versus time, for all sludge 
batches. 

a TSS 

+ vss 

CJ a a 
a a 

I~ + + + I~ a a 
+ + '1Jd3 ad3 aa..aa ·~ ... al:b + 

• aaaaa •++• ..... +•+ +++ + '~ 

-

0 

•++++ 

• I • I I • • I 

20 40 llO llO 

Time (doye) 

TSS and VSS concentrations of a completely mixed, semi-continuously 
fed, in-series reactor with a flow through retention time of 2 days 
versus time, for all sludge batches. 
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COD of the VSS concentrations of a completely mixed, 
semi-continuously fed, in-series reactor with a flow through retention 
time of 2 days versus time, for all sludge batches. 
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20 40 IO IO 
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TKN and NH3-N concentration of the -0,45µm filtrate of a completely 
mixed, semi-continuously fed, in-series reactor with a flow through 
retention time of 2 days versus time, for all sludge batches. 
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Fig C.18: 

C.17 
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20 40 IO IO 
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COD and total SCFA COD concentrations of the -0,45µ.m filtrate of 
of a completely Iajxed, semi-continuously fed, in-series reactor with a 
flow through retention time of 2 days versus time, for all sludge 
batches. 
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Acetic, propionic, butyric and valeric acid concentrations of the 
-0,45µ.m filtrate of a completely mixed, semi-continuously fed, 
in-series reactor with a flow through retention time of 2 days versus 
time, for all sludge batches. 
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pH of a completely mixed, semi-continuously fed, in-series reactor with 
a flow through retention time of 3 days versus time, for all sludge 
batches. 
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TSS and VSS concentrations of a completely mixed, semi-continuously 
fed, in-series reactor with a flow through retention time of 3 days 
versus time, for all sludge batches. 
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COD of the VSS concentrations of a completely · mixed, 
semi-continuously fed, in-series reactor with a flow through retention 
time of 3 days versus time, for all sludge batches. · 
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TKN and NHrN concentrations of the -0,45µ.m filtrate of a 
completely mixed, semi-continuously fed, in-series reactor with a flow 
through retention time of 3 days versus time, for all sludge batches. 
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COD and total SCF A COD concentrations of a completely mixed, 
semi-continuously fed, in-series reactor with a flow through retention 
time of 3 days versus time, for all sludge batches. 
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Acetic, propionic, butyric and valeric acid concentrations of the 
--0,45µm filtrate of a· completely mixed, semi-continuously fed, 
in-series reactor with a flow through retention time of 3 days versus 
time, for all sludge batches. 
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Fig D.1: Influent pH versus time, for all sludge batches in stage 1. 
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batches in stage 1. 
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TKN and NH3-N concentrations of the ~,45µm filtrate of a single, 
completely mixed reactor of 2 days retention time versus time, for all 
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TSS and VSS concentrations of a single, completely mixed reactor of 3 
days retention time versus time, for all sludge batches in stage 1. 

COD of the VSS concentrations of a single, completely mixed reactor 
of 3 days retention time versus time, for all sludge batches in stage 1. 
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TKN and NH 3-N concentrations of the --0,45µm filtrate of a single, 
completely mixed reactor of 3 days retention time versus time,· for all 
sludge batches in stage 1. 
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Fig D.27: Total 'soluble' COD concentration, COD and total SCF A COD 
concentrations of the --0,45µm filtrate of a single, completely mixed 
reactor of 5 days retention time versus time, for all sludge batches in 
stage 1. 
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Acetic, propionic, butyric and valeric acid concentrations of the 
--0,45µm filtrate of a single, completely mixed reactor of 5 days 
retention time versus time, for all sludge batches in stage 1. 
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Fig D.29: Influent pH versus time, for all sludge batches in stage 2. 
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Fig D.30: Influent DSVI versus time, for all sludge batches in stage 2. 
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Fig D.31: Influent TSS and vss concentrations versus time, for all sludge 
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Fig D.32: Influent COD of the VSS concentrations versus time, for all sludge 
batches in stage 2. 
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TSS and VSS concentrations of a single, completely mixed reactor of 3 
days retention tiine versus time, for all sludge batches in stage 2. 
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Fig D.39: COD of the VSS concentrations of a single, completely mixed r~actor 
of 3 days retention time versus time, for all sludge batches in stage 2 . . 
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TKN and NH3-N concentrations of the -0,45µm filtrate of a single, 
completely mixed reactor of 3 days retention time versus time, for all · 
sludge batches in stage 2. 
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TKN and NH 3-N concentrations of the --0,45µm filtrate of a single, 
completely mixed reactor of 6 days retention time versus time, for all 
sludge batches in stage 2. 
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reactor of 6 days retention time versus time, for all sludge batches in 
stage 2. 
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TSS and VSS concentrations of a single, completely mixed reactor of 9 
days retention time versus time, for all sludge batches in stage 2. 
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TKN and NH3-N concentrations of the --0,45µm filtrate of a single, 
completely mixed reactor of 9 days retention time versus time, for all 
sludge batches in stage 2. 
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