ACID FERMENTATION OF PRIMARY SLUDGE AT 20:-C
by

Ian David Lilley BSc (Ené) (Cape Town)

A thesis submitted in partial fullfilment of the requirements

for the degree of Master of Science in Engineering of the
. University of Cape Town.

- Department of Civil Engineering
~ University of Cape Town

February 1990

| Tho Uaiversity o

| ghe right to TR b

e e b

E or w part. Codyaghe B i
|

i by the author.

e IR TN
B e s o s A
E‘ - g QAR AL e R T
T TR



The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



DECLARATION BY CANDIDATE

I, IAN DAVID LILLEY, hereby declare that this thesis is
my own work and that it has not been submitted for a degree

at another University.

v I-;!rﬁrgeo




SYNOPSIS

Full scale studies on biological excess phosphrous removal plants have demonstrated
the biological excess 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 gf{, (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/{ 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/£ All the studies were made at 20° C.

From the fermentation studies the following conclusions were formed.
o The raw sludge appgars to have an acid fermentation potential for the
production of SCFA, 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.

o ' The potential does not appear to be influenced by the concentration of the
.influent primary sludge.

o The production of SCFA appears to conform to a first order reaction with a
reaction rate constant of about 0,16 day-t at 20°C. '

o Besides generating SCFA, acid fermentation also generates soluble complex
molecules approximately equal in concentration to the concentration of SCFA,
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i.e. of the total soluble (<0,45um) 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.

o 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 SCFA yield.

e The COD yield of SCFA 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—e0’16'6) 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 SCFA 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:

e For total retention times up to about 6 days‘»the differences in the SCFA 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.

e 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
(<0,45um) 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 SCFA
generation and ignore the poésible additional BEPR due to a RBCOD component in
the non-SCFA soluble COD fraction. Earlier investigations at laboratory scale
(Bagg et al., 1985) and full scale (Osborn et al, 1986, 1989) indicate that the-
non-SCFA soluble COD does contain RBCOD because the increases in BEPR
achieved by acid fermentation are greater than can be accounted for by SCFA
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 proposed 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 SCFA is added to the
BEPR influent waste water flow as follows: In BEPR systems treating settled
sewage, the SCFA is separated from the fermented vsludge 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 SCFA 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 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) theoretical assessment of the effects of the addition of the SCFA 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 fgrméntation 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.



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 Biologica.l 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 supernatant 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 flow 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
control, by wasting one tenth of the total volume of the fermenter reactor system
from the second fermenter reactor each day.

The influent raw sewage COD to the PST was about 330 mg/f. The PST removed
about 44 percent of the COD. At an underflow withdrawal rate of 1/10 of the raw
sewage flow this gave an underflow COD of 0,44:330-10 = 1450 mg/¢ which roughly
corresponds to a VSS of 1620/1,42 » 1000 mgVSS/{. 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/¢ 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/{ 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 percént. 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 (AP/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 AP/COD increased to
0,013 (based on the raw sewage inﬂuént 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 SCFA'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/{)  was
approximately 55:45 and appeared to be independent of the fermenter sludge
age.

(2) Optimum SCFA 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 6,1
and this range, they state, is not the optimal one for SCFA production, according to
"evidence in the literature’.

Gupta, Oldham and Coleman (1985) investigated the effects of temperature, pH and
retention time on SCFA 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/{ 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 f{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 SCFA production was obtained at 6 days retention time
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at 30°C. The lower SCFA yield obtained at 9 days at 30°C they ascribed to
methane fermentatlon |

(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 SCFA'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 SCFAs
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 SCFAs 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 mgP{ to an effluent value
of 1,3 mgP/{. When the PST fermentation system was put into operation an even
lower effluent P concentration was achieved, less than 1 mgP/{ Pitman and Lotter
concluded that SCFA 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 Létter found that by elutriating a
sludge sample from the underflow sludge with different quantities of settled sewage
the SCFA 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/{ and
-a VSS of 26 600 mgVSS/{ 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/¢,
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 —0,45um
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 —0,45um 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 SCFA 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, (LCFA). This is not unexpected because in the acidogenic
phase the hydrogen partial pressure (pH;) can be expected to be high for
carbohydrate and nitrogenous wastes; LCFAs however are broken down to SCFA .
only under low pH; via B oxidation. In their tests the presence of high pH, is
confirmed in that propionate and acetate were generated; if the pH, 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 SCFA. 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 SCFA generation
from raw sludge is limited. ‘

An interesting contribution of Eastman and Ferguson is that they could model the
generation of SCFA 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 SCFA 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 SCFA production values assuming a first order type reaction.

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

(1)
(2)
(3)

(4)

(5)

(6)

Acid fermentation of the underflow from a primary ‘settling tank produces
principally acetic and propionic acids.

Low pH in the fermenter does not appear to influence the total production of
SCFA, only the proportion of propionic and acetic acids.

The SCFA yield from fermentation of the underflow depends on the
fermentation retention time. '

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.

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 SCFA
production potential.

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 SCFA.
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Table 2.1: Yield values of the SCFA (as COD) and —0,45um COD/mg influent
total COD raw underflow sludge at 35°C obtained by Eastman and
Ferguson (1981) ,

‘Retention mgSCFA (as COD)/  mg —0,45um COD/  —0,45um COD/
time (h) mg influent COD mg influent COD SCFA (COD)
Influent 0,037 - 0,092 -

9 0,103 0,119 1,15
18 0,125 0,136 1,09
36 0,147 0,158 1,14
72 g6 0,178 1,10

Mean 1,12 .




CHAPTER 3

BATCH EXPERIMENTS

31 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 3{ 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 eﬁtry 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.

33 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 10h00. 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 of influent sludge VSS was tested, from 11000 to 42 000 mgVSS/L The
reactors were filled to the 3 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 m/
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 0,45um filter.

(5) Total kjeldahl nitrogen (TKN) and free and saline ammonia (NH,-N)
concentrations of the —0,45um filtrate.

(6) Short chain fatty acids (SCFA) concentration of the —0,45um filtrate.
The sampling techniques and measurement procedures are set out in Appendix A.

34  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 SCFA'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;-N concentrations.

(5) —0,45um 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



(2)

3)

(4)

(5)

3.3

a batch test was 5,0.

VSS — The VSS concentration decreased with increasing retention time.

VSS (as COD) — The COD of the VSS concentration decreased with
increasing retention time.

TKN and NH3-N — TKN and NH3-N concentrations increased with

_increasing retention time.

SCFA's —

(i)

(i)

(iii)

(iv)

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.

Five of the fourteen batches exhibited lag periods of up to 6 days
before acid generation commenced (sée 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.

In Fig 3.14, a correlation plot of SCFA (as COD) versus —0,45um
COD concentrations is shown, for all batch tests. From this plot it
appears that the SCFA (as COD) constitute approximately 77
percent of the —0,45um 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.

In not one of the batch tests did the SCFA 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 —0,45um COD concentration, (4) influent VSS
concentration, (5) influent VSS (as CbD) 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—0,45um 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—0,45um 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 —0,45um 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. Cdnsequently 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 apprbximately 0,17mg —0,45umCOD 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 SCFA
fermentation process conforms to a first order type reaction, formulation of SCFA
generation was developed as follows: Referring to Fig 3.17
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Let th = mgV$$ concentration at any time t
Xo = mgVSS (as COD) concentration at any time t
X0 = mg initial VSS (as COD) concentration
SCFA, = mgSCFA concentration at any time t
SCFA; = mgSCFA (as COD) concentration at any time t
SCFA' = mg initial SCFA (as COD) concentration

0 o
SCFA{,, = mgSCFA (as COD) concentration per mg initial VSS (as COD)

concentration at any time t, i.e. SCFA; = SCFA/ /Xvo

SCFA_,, = mg initial SCFA (as COD) concentration per mg initial VSS
(as COD) concentration, i.e. SCFA, ., =SCFA /X

SCFAI') = potential mgSCFA (as COD) concentratlon

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

(as COD) concentration, i.e. SCFA

pvo = SCFAL/X:

The first order reaction for SCFA (as COD) generation per mg initial VSS (as COD)
can be expres'sed as

d(SCFA;,) =-kSCFAl  dt

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

SCFA__ has been generated, that is, the potential now is (SCFAI')VO - SCFA(’)VO)

Hence the solution is

1 1 "kt

SCFAtVO (SCFApvo SCFA! J(1—¢ ") + SCFA, (3.1)
Multiplying out:

' — 1 t —kt '

SCFA ., SCFApvo SCFono (SCFAp Vo~ SCFono)
+ SCFA(’)vo |
! — ' —kt

e (SCFA[ - SCFAtVO) (SCFA, —~SCFA; e (3.2)

Taking logs of both sides of Eq (3.2)
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log(SCFA ., ~ SCFA[ ) = log(SCFA}  — SCFA; ) — (k logjpe)t

ovo
(3.3)
Equation (3.3) describes a straight linei.e. y = m z + ¢
where y = log (SCFApvo - SCFA,..) (3.4)
z =1 _ : :
m = —k log, e ’ - (8.5)
¢ = log (SCFAp ~SCFA; ) (3.6)

In Eq (3.3), SCFAI')v o and k are unknowns and must be determined from
experimental results. These values are obtained by trial as follows: Select a value
for SCFAI'WO, calculate log (SCFAI'WO—SCFAévo) for all values of SCFA,, and plot
log (SCFAI'WO—SCFA,EVO) versus time or equivalently plot (SCFA’ SCFA';vo)
versus time on semi-log paper. The best value of SCFA'v o is the one that gives a
straight line plot. The slope of the. log (SCFAfwo—SCFAévo) versus time plot
defines m in Eq (3.5), to the base 10; to solve for k to the base e, the slope m is

multiplied by 2,303
ie. k= —m x 2,303.

The SCFA‘ and k values obtained by the above procedure, are substituted into Eq
(3.1) gwmg a predlctlon equation for the mgSCFA (as COD) concentration per mg
initial VSS (as COD) at any time t, where t is in days.

352 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
.SCFA1';vo were plotted against-time in Fig 3.18. The mean values between
the maximum and minimum SCFA;_~ values were calculated and plotted in
Fig 3.18. This gave preliminary estimates of the mean SCFA I,W o value equal
to 0,14, and the mean SCFA <,)v6 value equal to 0,042.

(2) Select a number of values for the mean potential SCFAI') o around the

maximum mean value in Fig 3.18, select 0,13, 0,14, 0,15.
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(3) Calculate the mean potential SCFAI')vo selected in (2) above less the mean
values calculated in (1) above. As an example, in Table 3.3, this was done
for the selected maximum mean potential, SCFAI')v = 0,14 mgSCFA (as

COD) per mg initial VSS (as COD).

(0]

(4) 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 SCFAI')Vo = 0,14 mgSCFA (as COD) per mg initial
VSS (as COD).

(5) To determine k (for SCFAI’)V o = 0,14), the slope of the straight line through
the linear plot in (4) above was calculated using a linear regression; the
pairs of loé\ (SCFAI')Vo — SCFA; ) values and time for the selected mean
SCFAI')V o 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 ana.lysis was 0,9934.
Selecting k = 0,16/day, Eq (3.1) can be written as

: . : 0,16t : ‘
SCFA; = (0,14—SCFA! )(1-e ) + SCFA! | (3.7)

where t is in days, :

and SCFA ' is obtained from the measured initial SCFA (as COD) and VSS (as
COD) concentrations for each batch of sludge.

In Fig 3.20, a correlation plot of theoretical versus experimentally observed SCFA%V o
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. SCFA;) can easily be
determined by converting the SCFA{_ ' values obtained from Eq (3.7) via Eq (3.8)
to SCFA (as COD) concentrations - :
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SCFA; = SCFA; . X, | | | (3.8)

- In Fig 3.21, a correlation plot of theoretical versus experimentally observed SCFA, |
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/#:

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 NH;-N concentrations increased.

3. The SCFA's (as COD) correlated reasonably well with the —0,45um COD; the
SCFA's (as COD) constituted approximately 77 percent of the —0,45um COD
(see Fig 3.14).

4. The lag or'del_ay period observed in the generation of SCFA's in 5 batches did
not appear to affect the maximum SCFA concentrations attainable by the
sludge. ' ’

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

6. The major SCFA's produced were acetic and propionic acids. Other SCFA'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 SCFA'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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o . (0,16t) .
SCFA, = (0,14 —SCFA__ )(1 —e ) + SCFonov
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) SCFA' _ value

_ ovo
was estimated as 0,042 mgSCFA (as COD) per mg initial VSS (as COD).

Within the range of influent sludge concentrations (11 000 to 42 000 mgVSS/f)
no concentration effect could be detected. If such an effect was present the
correlation between the th(_aoretical predicted SCFA,; 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/{ the
fermentation kinetics per unit initial VSS is independent of VSS concentration.
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Table 3.1: COD equivalents of Short Chain Fatty Acids (Eastman and

Ferguson, 1981).
mgCOD
Acid R
mgSCFA
“Acetic 1,066
Propionic 1,512
"~ Butyric | 1,816

Valeric ' 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 SCFA;

. tvo’
min SCFA', ., mean SCFA, . (SCFApvo_ mean.SCFAtvo)_ ;

Time Maximum  Minimum Mean SCFA'vo = 0,14
(t) SCFA, =~ SCFA; =~ SCFA; (SCFA_~SCFA; )
0 0,054 0,030 0,042 0,098
1 0062 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 0,096 004
6 0,124 0,086 0,105 0,035
7 0,128 0,003 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 0161 008 0,124 : 10,016
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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- Fig 3.1: Schematic drawing of a three litre anaerobic batch reactor.
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CHAPTER 4

SEMI-CONTINUOUS IN-SERIES SYSTEM

41  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 commenced. 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 may 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 was decided to operate‘an in-series reactor system, each
reactor of the series operating at a selected flow through time. Because the response
ih-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 SCFA 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.

43 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 10h00). 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 m¢ samples
were taken for testing and the remainder discarded. Half the contents of the second
last reactor was drained (from the bottom), two 50 m¢ 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 m¢ 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 st'eady 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/¢, see
Table 4.1. Each batch was tested over a period 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 —0,45um filter. - '
(5) TKN and NH;-N concentrations of the —0,45um filtrate.
(6) SCFA concentrations of the —0,45um filtrate.

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

44 RESULTS

The results for each of the batches are listed in Tables C.1 to C.4 in Appendix C.
The COD's of the total SCFA's listed in Tables C.1 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 NH3-N concentrations,
(5) —0,45um COD and total SCFA (as COD) concentrations, and
(6) Acetic, propionic, butyric and valeric acid concentrations.



44

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)
(2)
(3)

(4)

(5)

(6)

M

pH — the pH decreased with increasing retention time (see F1g 4.2). The
minimum pH observed was 54.

TSS and VSS — The TSS and VSS concentrations decreased with increasing
retention time [see Fig 4.3(a) and (b)].

VSS (as COD) — The COD of the VSS concentrations decreased with
1ncreasmg retention time (see Fig 4.4).

TKN and NH3-N — The TKN and NH;3-N increased with increasing retention

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

~0,45um COD — The —0,45um COD concentration increased with increasing
retention time (see Fig 4.6). Note that the data in batch No.1 is not typical:
the influent —0,45,u.mv COD concentration showed an increase from 2052
mgCOD/¢ to 3708 mgCOD/{ 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 —0,45um COD concentration remained
relatively constant throughout the time the batch was used.

SCFA (as COD) and —0,45um COD — From correlation plots of SCFA (as
COD) versus —0,45um 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 —0,45um COD [see Fig 4.7(a)]. For all the reactor

contents, this percentage was closely 67 percent [see Fig 4.7(b)].

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 starting up of the system (see Fig C.12), but a steady state
~value was ‘achj‘eved after a further 2 to 3 days. Thereafter, the only

deviations noted were the transitions associated with a2 new batch of raw
sludge being fed into the system. This transition period extended over about
one system sludge age, ie. 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 SCFA'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 SCFA concentration and was cleaned off approximately
once a week. ’

45 MODELLING OF SCFA GENERATION

Each batch of raw sludge had different VSS (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 aw sludge, for each reactor, were calculated
and plotted in Fig 4.9. Examination of Fig 4.9 would indicate that SCFA generation
in the series systems approximates a first order type reaction, similar to that in the
batch systems.

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

was developed, i.e.

' - ' ' —0,16t [
SCFAy,, = (SCFAl  —SCFAJ )(1—¢ %) + SCFA,

where SCFA; = mgSCFA (as COD)/mg initial VSS (as COD) at time ¢
SCFAI')VO = potential mgSCFA (as COD)/mg initial VSS (as COD)

SCFA! = mg initial SCFA (as COD)/mg initial VSS (as COD)
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't = time in days.

As the SCFA 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 ¢/d; k = first order acid generation
constant in day-! units; P 0,P = potential acid generation in the influent and effluent
flows respectively in mgCOD/¢.

It is assumed that mixing in the reactor is instantaneous and complete. This 1mp11es
that the concentrations in the reactor and the effluent are 1dent1cal

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
in potential due to acid generation in the reactor, — kPV dt; a.nd (3) a decrease in
potential from loss in the outflow, — PQ dt i.e. ‘ '

V dp = 'POQ dt — kPVdt — PQ dt (4.1)
dP P,Q . PQ
ie — - = — kP - — (4.2)
dt v A% '
dp
At steady state — = 0
dt

Equation (4.2) reduces to

P,Q PQ
kP —— =0

where R is the retention time in days,
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Po . P
therefore — —kP —— =10
_ R R

P0 —kPR -P =0

P, =P(1+kR)

P0 - _
ie. P =— | (4.3)
' (1 + kR) =
For reactors in-series, let Ry,R; .... 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

- Py = Po/(l + kR;)
P, = Py/(1 + kRz) = P_/(1 + kRy)(1 + kR)
n . ' )
P = Po/iz1 (1+kR) o (4.4)
whenRy=Rp=..=R_ =R
P = ———— | | (4.5)
I (1 +kR) | .

Following the same development as for Eq (3.7)

1 | : - - ] o 1 '
SCFA! = (SCFA] . — SCFA, )1 - (1+—kf55) + SCFA]
| (4.6)
where SCFA. = mgSCFA (as COD)/mg initial VSS (as COD) in -the

effluent from the nth reactor

SCFA’. = potential mgSCFA (as COD)/mg initial VSS (as COD).
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SCFA ., = mg influent SCFA (as COD)/mg initial VSS (as COD)

k = first order constant in day-L

452 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
SCFAI')VO = 0,14 SCFA (as COD)/mg initial VSS as COD. When this value of
SCFAI') vo Was substituted in Eq (4.6), it under predicted the SCFA generation (see
Fig 4.11). By trial SCFAI')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

1

SCFA' = (0,07—-SCFA' )(1—-————) + SCFA' (4.7

nvo ovo (1+0’16R)n ovo
In Fig 4.12 is shown a correlation plot of the theoretical SCFA | [from Eq (4.7)]
versus experimentally observed SCFA' _ values for each of the reactors in the 3

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

correlation is observed.

Having the SCFA'  values (from Eq 4.7) the SCFA in the effluent from the nth

reactor now can be found:

mgSCFA (as COD)/{in the effluent of reactor n
mg initial VSS (as COD)/¢

Let SCFAn off

VO

- then,

SCFA ¢

SCFA - X! (4.8)

In Fig 4.13, a correlation plot of theoretical versus observed SCFAn off concentrations
is shown; a good correlation once again is evident.

46 CONCLUSIONS
From investigation into the production of SCFA'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



(2)

(3)

(4)

)

(©

(7)

(8)

©
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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.

The response down the series was much more consistent than the response
over the same period of time in a batch reactor.

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

As the éludge 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.

In the in-series system the SCFA (as COD) correlate quite closely with the
—0,45um COD, as also found in the batch experiments (Chapter 3); the
SCFA constituted approximafely 58 percent of the influent —0,45um COD
and 67 percent of the —0;45pm COD in the reactors.

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.

No loss of SCFA due to methanogenesis was observed over the 67 day time
period that the system was operational.

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 initial VSS
(as COD). This yield is higher than the yield of 0,14 mgSCFA (as COD)
per mg initial VSS (as COD) obtained in the batch experiment. -

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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Fig 4.2: Average pH in each completely mixed, semi-continously fed, in-series
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for all batches of sldge. :



4.13

70 .
o Batch 1
+ Batch 3
65 -4 ¢ Batch 4
A Batch 5
”~~
0
iy
58
E3
35 —- —
30 i ] 1 t T 1 | Ll 1 L ! 1 1 1 1
1 . 2 3
Retention time(days)
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Fig 4.5(a): Average TKN concentration of the —0,45um filtrate in each
completely mixed, semi-continuously fed, in-series reactor versus
total retention time, for all batches of sludge.
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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, c_ompletely 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) —0,45um filtrate and (3) SCFA's.

(3) Determine the sludge settleability at the different 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. |

53  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 10h00). 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/{, 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
folldws; 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. o

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
m{ (i.e. 2600/5) of sludge was drained per day; feeding was twice a day i.e. 260 m{
" 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 m{ samples were taken
and centrifuged for testing; the 'rema.ining 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) DSVIof 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 —0,45um filter.
On filtering through a —0,45um filter a ;'blinding effect’ on the —0,45um
filter was observed. This *blinding effect” appeared to be caused by the
presence of long chain macro-molecules blocking up the —0,45um filter paper.
In order to determine the long chain macro-molecule concentration, the
—0,45um COD concentration was subtracted from the total "soluble’ COD
concentration.

(7) TKN and NH3-N concentrations of the —0,45um filtrate, and
(8) SCFA concentrations of the —0,45um 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.1 to D.8 in Appendix D. As stated
before, the COD's of the total SCFA concentrations listed in Tables D.1 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;-N concentrations,

(6) Total *soluble’ COD, —0,45um COD and SCFA (as COD) concentrations,
~ and o ’

(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)

(2)

(3)
(4)
(5)

(6)

(7)

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. '

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 donme 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 settleablhty and
compactability (Pitman and Lotter, 1986).

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)].

VSS (as COD) — The COD of the VSS concentration decreased with
increasing retention time [see Fig 5.6(a) and (b)].

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)].

Total *soluble’ COD — The total *soluble’ COD concentration increased
with increasing retention time [see Fig 5.9(a) and (b)]. From correlation
plots of —0,45um COD versus total “soluble’ COD (see Figs 5.10 and 5.11),
a close correlation is evident. The —0,45um COD constitutes approximately
88 peréent of the total "soluble” COD of the raw sludge (see Fig 5.10).

the individual reactors, the —0,45um 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 approxlmately 25 percent upon
anaeroblc fermentatlon of the raw sludge.

—0,45um COD — The —0,45um COD concentration increased with increasing
retention time [see Fig 5.12(a) and (b)].
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SCFA - The SCFA (as COD) concentration increased with increasing

are:

(i)

(i)

(iii)

(iv)

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

No lag or delay period in SCFA generation was observed during this
investigation.

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 pdor correlation for the influent sludge.
For the reactor contents the SCFA (as COD) constitutes about 53
percent of the total “soluble’ COD (see Fig 5.15).

In Figs 5.16 and 5.17, correlation plots of the SCFA (as COD)
versus —0,45um 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 apbroximately 66 percent of the —0,45um 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.

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
1:1,4:144:1,0. |
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(v) No decrease in SCFA concentration with time was observed in any
of the tests. It is unlikely therefore that methanogenesis was
operatibna.l 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 SCFA concentration. -
The fungus was cleaned off approximately once a week.

5.5 MODELLING OF SCFA GENERATION
In Chapter 4 (section 5.1) the basic model for an in-series acid fermenter reactor
system was developed, (Eq 4.7) i.e. '

o ' — _ 1 _ 1 '

SCFA . = (0,17 SCFono) (1 (——(1+0 16R)n) + SCFA o

where : .

SCFA  , = mgSCFA (as COD)/mg initial VSS (as COD) in the effluent from
the nth reac;cor. : : _

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

= 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.

1 )+ SCFA (5.1)

From Fig 5.18, a mean value for SCFA(')vo was estimated at 0,048 mg initial SCFA
(as COD)/mg initial VSS (as COD).

In Fig 5.19, a correlation plot is shown of the theoretical SCFAI'lvo 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 .4 =SCFA -X.o (5.2)
(see Eq 4.8), the associated theoretical SCFAI'leff concentrations can easily be

determined. In Fig 5.20, a correlation plot of the theoretical SCFAneff values versus
experimental SCFAneff values is shown. Again a good correlation is obtained.

5.6 CONCLUSIONS
In the investigation into the production of SCFA'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.
(ili) ~ The VSS (as COD) concentration decreased.
- (iv)  The TKN and NH;-N concentrations increased.
(v) The total ’soluble’, —0,45um and SCFA COD concentrations
 increased. : ' |

(5) There were close correlations between the total “soluble’ COD and (i)
—0,45um COD, and (ii) total SCFA's (as COD) in the reactor contents

(6) The long chain macro-molecule concentration increased by about 25 percent



(8)

(9)

(10)

58

upon anaerobic fermentation of primary sludge.

A close correlation exists between the —0,45um COD and the SCFA (as

' COD>). The SCFA's (as COD) constitute approximately 66 percent of the

raw sludge —0,45um COD and 85 percent of the —0,45pum COD in the
reactors. '

The major acids pro‘dliced 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.

No decrease in SCFA concentration due to methanogenesis was observed
during the time period the system was operational.

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)

— L  )4+ScrA

SCFAI'lvo = (0,17 — SCFA(')VO) (1- (170.168) ovo

where R = retention time in days and SCFA Lo = 0,048,
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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 5.4(a): 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. :
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Fig 5.4(b): 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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Fig 5.5(a): 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.
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Fig 5.5(b): Average 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 5.6(a): Average COD of the VSS concentrations versus retention time for a
v single, completely mixed reactor system of retention times 2, 3 and
5 days, for all batches of sludge.
70
|
85
80 4
_,g 855 4 .
Y
S8 50 4—
23
Eé .
485 —
o Batch 1
404 ;& Batch 2
. 35 -
30 | § 1 T Ll 1 4 k3 L} L
0 2 : 4 : 6 8
’ Retention time(days)
Fig 5.6(b): 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(a): Average TKN concenfrations of the —0,45um 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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Fig 5.7(b): Average TKN concentrations of the —0,45um 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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Fig 5.8(a): Average NH3-N concentrations of the —0,45um 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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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.

The 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 flow and load
in Chapter ‘4, and the single reactor system with constant flow 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 flow through
s,ystem,o‘r (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 flow 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



2)

(3)
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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.

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 8h. 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 édvantage 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. '

Pitman ef 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 SCFA. 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(¢/d)
~ VSS (as COD) in the influent = X_ (mg/?) ,
Thus the daily mass of VSS (as COD) in the influent = AMX' = X'-Q

(mg/d)

If AMX", is fed as a batch at the béginning of day 1, the mass potential of SCFA (as
COD) per unit mass of VSS (as COD) is SCFAI'WO. At the end of day 1 the
potential has been reduced due to the production of SCFA. The potential remaining,

P_» can be found from Eq (8.7),

t t 'kAt ’
P, = (SCFA! | SCFAOVO) AMX e (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

p -kAt]

r2

[(SCFApv ,—SCFA! ) AMX e

, '. KAL) kAt
+ [(SCFAPVO - SCFAG,,) AMX e ]e

. . kAt | _-2KkAt |
= (SCFA!  ~SCFA! ) AMX, [e +e ] (6.2)

Continuing-in this fashion the potential remaining at the end of n days is

.....

P = (SCFA' - SCFA(')VO) AMXv

kAt -2kAt
rn pvo [e te 4

N e-nkAt]
(6.3)

‘It can now be shown readily that the mass of SCFA generated (as COD) per unit
mass of influent VSS (as COD)



6.4

= (SCFA;,, —SCFA] ) AMX, [n-e™®At A _ e-nkAtJ

and the mgSCFA (as COD)/mgVSS (as COD) in the rector after n days, SCFA_
will be

. . . kAt kAt kAt
SCFA; = (SCFA,, — SCFA}, ) [n—e _eZkAL e ] /n

+ SCFA, | (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

SCFA_ = f-5,.-SCFA!  mgSCFA (as COD)/{ influent flow
(6.6)

6.3 SUMMARY OF BASIC DESIGN EQUATIONS | _
In summary the following prediction equations for SCFA generation have been
derived: o

1. Batch fermentation reactor (Cha.pter 3)

] _ ' [} '0,16t ] .
SOFA{,, = (SCPAL,, —SCRAL, ) (1=¢ "% +8CFAL,,  (37)
where |
SCFA{,, = mgSCFA (as COD)/mg initial VSS (as COD) at batch time t
SCFA! = potential mgSCFA (as COD)/mg initial VSS (as COD). From

pvo
. experimental work SCFAI;V o approximately equal 0,14

SCFA, , = mginitial SCFA (as COD)/mg initial VSS (as COD).

The SCFA,  with regard to the raw séwa,ge flow will be, from Eq (6.6)
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SCFA,,, =f:8,,-SCFA [mgSCFA (as COD)/{ inﬂueqt flow] .

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;,. = (SCFA)  —SCFA] ) (1 T3 16R)n) +SCFA
(4.7)

where

SCFA! = effluent mgSCFA (as COD)/mg initial VSS (as COD) from the

nth reactor
SCFAI')vo = potential mgSCFA (as COD)/mg initial VSS (as COD)
SCFA! . = mg initial SCFA (as COD)/mg initial VSS (as COD).

The SCFA with regard to the raw sewage flow will bé, from Eq (6.6),
SCFA_ , =1-5,-SCFA _ [mgSCFA (as COD)/{ influent flow]

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=1, '

. 1
| SCFAj,, = (SCFAL,~SCFA, ) (1 —m) + SCFA. |
o (5.1)
where '
SCFAivo = effluent mgSCFA (as COD)/mg initial VSS (as COD)
SCFAI'wo = potential mgSCFA (as COD)/mg initial VSS (as COD)
SCFA! , = mginitial SCFA (as COD)/mg initial VSS (as COD).

The SCFA with regard to the raw sewage flow will be, from Eq (6.6),
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SCFA,,, =1{-S,:-SCFA; [mgSCFA (as COD)/¢ influent flow]

1lvo

4. é\c ulating batch fermentation reactor, accumulating underflow sludge for n
ays

D eerma , XAt _2kAt - _-nkAt
SCFA; = (SCFA)  ~SCFA; ) [n [ _e kAL _ AL ]/-n
+SCFA | , (6.5)
SCFA! = effluent mgSCFA (as COD)/mg initial VSS (as COD) at the end

of n days, accumulatmg sludge on a daily basis

SCFAI'W , = potential mgSCFA (as COD/mg initial VSS (as COD).

* The SCFA with regard to the raw sewage flow will be from Eq (6.6)

 SCFA_ =1:5; SCFA! [mgSCFA (as COD)/¢ influent flow] (6.6)

Where experimental work on the systems had been undertaken (baich system,
Chapter 3, in-series system, Chapter 4, single reactor system, Chapter 35),
experimentally derived values for SCFA(')V o and SCFAI')VO were determined, as

follows:
System SCFA .o SCFAI'WO
Batch system 0,042 - 0,14
In-series system - 0,035 0,17
Single reactor system 0,048 0,17

The in-series and single reactor systems appear to give values for SCFAI')VO that
differ significantly from that obtained on the batch system. Accordingly we have
retained SCFA'p of 0,14 for the batch system and 0,17 for the in-series and single

reactor systems. The average value for SCFA based on all the systems, is

ovo’
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SCFA c'>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,

'indirectly by assuming that SCFA(')Vo has been generated in an ‘equivalent”

fermentation reactor, upstream of the “real” fermentation system. The retention

can be utilized direct.ly, or approached

" time of this "equivalent” reactor is chosen to give an effluent SCFA v o value equal .

to the default SCFA c'>vo value. There is a slight advantage in this approach in that

~ the method of calculation of SCFA' 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 SCFA%Vo equation, derived from the mean experimental results on

batch systems, describes the curve shown in Fig 6.1. The theoretical curve could be
extrapolated to SC\FAéVO = 0 at t = —At (i.e. when t = —At, SCFA(’)VO = 0) and Eq
(3.7) can be written as ‘

SCFA;, = 0,14 (1—¢ 016 (t+ A1) | (6

From Fig 6.1, when t = 0, SCFA! = 0,042 mgSCFA (as COD)/mg Initial VSS (as

COD). Substituting into Eq (6.7)

0,042 = 0,14 (1 — o016 (0 + At))

m(eg,%z)

- 0,16

Solving for At: At =
yields At = 2,23 days.
Substituting back into Eq (6.7) yields

SCFA;, =014 (1-e 08 (L F 2,23)) (6.8)
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We now have an equation which predicts SCFA£V o at any time t in a batch system —
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 of t days.

In Fig 6.2 a correlation plot is shown, predicted versus observed SCFAt'VO values for
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 SCFAéV o correlate reasonably well.

Consequently Eq (6.8) can be accepted as a design equation for SCFA,_ . generation
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 SCFA c')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 Ro. Consequently the SCFA_(‘)Vo
concentration in the effluent from the *equivalent’ reactor can be written as

B 1
SCFA' =0,17(1—-—2 ) (6.9)
ovo (1+kRo)

For an equivalent reactor, o, in series with a set of real reactors 1, 2, 3 ... n, Eq (4.7)

reduces to

' - 1 ‘ :
SCFA! =017 [1- — (6.10)

I (1+kR,)
1=0

where Ro is the retention time of the equivalent reactor, o, and Ry, Ry ... Rn are
given by V,/Q, V2/Q “‘Vn/Q and Vy, Vz ... V = volumes of reactors 1, 2 ... n.

If the retention times in each of the reactors 1, 2 ... n are equal, then

| 1 1 |
SCFA' =017]1- : (6.11)
wo (14kR;) (1+kR)"

Later we shall show that, with very little error, one may accept the retention time of |
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the equivalent coinpletely mixed reactor as equal to the retention time of the
equivalent batch reactor. Hence, assuming R0 =t = 2,23 days, then for k = 0,16 we
have

1 _ 1
(1+kR,) 1,357

= 0,737

Substituting into Eq (6.11) yields

. 0,737 / |
SCFA' =017 (1-—2213T ) (6.12
nvo (140,16R)" (6.12)

In Fig 6.3 a correlation plot is shown of predicted versus observed SCFAI'IVO values
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.

 6.4.3 Single reactor operation

In a single reactor, steady state system, Eq (6.10) with n = 1, can be written as

‘ 1 1 |
SCFA' =0,17(1- : ) ' (6.13)
nvo (1+kR )  (1+kR)

Assume R, = At = 2,23 days, then for k = 0,16/day

SCFA! =017 (1-—2BT_) (6.14)
(140,16R) _
In Fig 6.4 a correlation plot is shown, predicted versus observed SC.FAI'IVO 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
4and R =2, 3, 5, 6 and 9 days from Chapter 5). It appears that Eq (6.14) slightly
under predicts the SCFA_ _  generated. : | '

To illustrate the correspdnd'ence between the predicted and observed mgSCFA /mg
initial VSS, both as COD, for the single reactor system, the following mean
SCFAI'lv o 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 R0 = 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. mgSCFA (as COD)/mg initial VSS (as
COD)].t No data is supplied by Rabinowitz whereby the experimental values
at R = 0 can be calculated.

(3)  Predicted SCFA  _ 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 SCFA'(')v o in the influent appears to be an
acceptable one, or, alternatively one may simply accept SCFA <')v 0= 0,042..

6.5 GRAPHICAL 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 SCFA' less the potential SCFA' remaining. Accordingly the percentage
potential remaining (SCFA_) can be formulated as follows:

: SCFA!
Batch system: T _ g0 016t

SCFAi)VO

(6.15)

" INote 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 CODéVSS COD in our investigation was 1,08 so that for the
purpose of plotting Rabinowitz' data, their SCFAI'WO' value was multiplied by 1,08

before plotting.

!
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SCFA! 100 .
Single reactor: LI (6.16)

SCFA; .  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
and for a single completely mixed reactor system versus retention time. The axis for
. percentage SCFA; is logarithmic. Also shown, in the right hand side of the figure, is
the percentage SCFA' generated. This plot in effect assumes that the potential
SCFAI'WO 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 SCFA{V0 remaining between the batch reactor and the single
completely mixed reactor, that is, the assmption made earlier that setting At = 2,23
days, from the batch tests equal to Ro 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 and 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 SCFAI'lvo remaining for the one equivalent and two
in-series reactor system is 33,5%, and the percentage SCFAI'lv o Temaining for the one

equivalent and one reactor system, is 37,5%.

Clearly there is little merit 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
SCFA, ., remaining).

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 SCFAI'lv o generated is 66,3 percent i.e. 33,7 percent remaining and in the
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 C(ONCLUSIONS

(1) A number of design equations suitably calibrated, have been developed to
determine the steady state SCFA generated in batch, single flow through,
in-series flow through, and accumulating batch reactor systems.

(2) The predicted SCFA yield for the steady state single reactor system
compares favourably with experimental results reported by Rabinowitz et al.

(1985b).
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Theoretically the most efficient system for SCFAjgeneration is the batch

type system. In this experimental study, however, the data would indicate

~ that the potential yield for SCFA production is lower than that for the

completely mixed in-series and single reactor systems.
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CHAPTER 7

BIOLOGICAL EXCESS P REMOVAL

71 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 SCFA generated on
the 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/{) for the Phoredox (non-nitrifying) systems, and the three and five stage
modified Bardenpho, UCT and MUCT (nitrifying) systemé. The model makes
provision for the presence of SCFA's in the inﬂuent. ' '

"The BEPR model is quite complex and there is little 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 fermentation/BEPR
combinations it is necessary to set down the conditions that form the basis for all
‘calculations: |

(1) ‘Raw sewage with COD = 1000 mgCOD/{ 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).



(2)

(3)

(5)

(6)

(7)

(8)

7.2

No SCFA in the raw sewage before entry to the primary settling tank (PST)
or when discharged directly to the BEPR system.

By the time the underflow from the PST enters the fermenter it has already
generated some SCFA 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. .

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).

The acid fermenter is either (i) a single, completely mized 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.

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)]..

The BEPR system has a single anaerobic reactor with a sludge mass fraction
of 0,15.

The sludge age of the BEPR system is 20 days.

There are two situations to be examined:

(1)

(2)

The underflow sludge is fermented and retufned to the influent flow to the
BEPR plant.

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:

Raw sewage direct to BEPR system.

Case 1:
From BEPR model, (with no fermentation i.e. SCFA' = 0)
AP = 21,3 mgP/!¢ -
Case 2: Acid fermentation of underflow in a .sin'gle, completely mixed reactor,

fermented contents returned to the BEPR influent.

Influent COD removed in PST
= 0,4-1000
= 400 mgCOD/{

(i) Fermentation reactor retention time = 3 days.

Applying Eq (6.14)

0,737
SCFA' =0,17[1——-—]
nvo (140,16R)
= 0,086
SCFA = 0,086-400

= 34,1 mgCOD/¢

From BEPR model
AP = 24,3 mgP /¢

(i) - Fermentation reactor retention time = 6 days.
Applying Eq (6.14)
SCFA’ = 0,106
SCFA = 0,106-400

= 42,43 mgCOD/!

From BEPR model
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AP = 25,01 mgP/¢

p

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)
SCFA' = 0,076
and SCFA = 0,076-400
= 30,5 mgSCFA (as COD)/{ influent flow

From BEPR model
AP = 24,0 mgP/{
(ii) Fermentation reactor accumulation time = 6 days
Then from Eq (6.8)
SCFA' = 0,004
and SCFA = 0,094-400

- = 37,65 mgSCFA (as COD)/{ influent flow

From BEPR model

AP = 24,6 mgP/¢

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 AP only 3,3
percent, and in the accumulative batch fermentation reactor system
increased AP 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 SCFA 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:

~Casel: Raw sewage settled and the settled supernatant discharged to BEPR
influent

From BEPR model
AP = 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 SCFA formed i.e. the non-SCFA soluble COD is
about equal to the SCFA (as COD). Furthermore if the fermented mixed liquor is
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allowéd 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/{ Subsequently when allowed to settle the VSS may
increase to say 40 000 mg/{ 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 SCFA production.
From our previous discussion this would indicate a retention time of 3 to 4 days. In
the.exa,mple, 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) '

SCFAI'WO - = 0,086

SCFA = 0,086.400
= 34,1 mgCOD/{

The influent entering the BEPR system is as follows

settled sewage = 600 mgCOD/{
non-SCFA COD (i.e. 34,1-3/4) = 25,6 mgCOD/!
SCFA COD (i.e. 34,1-3/4) = 25,6 mgCOD/!
ie Sy = 651,2 mgCOD/¢

From the BEPR model assuming the unbiodegradable particulate COD fraction in
the settled sewage is 0,03 (see WRC Manual, 1984)

AP = 19,07 mgP/{

Comparing the BEPR receiving settled sewage only (AP = 16,7 mg/{) with that
receiving settled sewage plus fermented underflow supernatant (AP = 19,1), addition
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of fermented supernatant to the BEPR influent flow increases the P removal by 14,2
percent (for a 3 day fermentation retention time).

73  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. Data on laboratory systems
" (Bagg etal., 1985) and full scale works (Osborn ef 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 (<0,45um) 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 30%. Unfortunately this
aspect was not investigated because the implications of this were not recognized. To
test the effect of the non-SCFA soluble COD fraction on BEPR would require
feeding the acid fermented sludge and supernatant to a laboratory scale nitrification
denitrification BEPR system, 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
happened a dramatic impfovement in P removal yv/ould 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.

74 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 15%. This
increase is based .on the assumption that only the SCFA generated by acid
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fermentation contributes to the additional P removal. Generated with the
SCFA is a non-SCFA soluble (<0,45um) COD fraction approximately equal
in concentration to the SCFA 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 15%. This may provide an explanation for the increases in P removal
of up to 30% that have been observed in full scale BEPR plants with acid
fermented sludge and supernatant addition.

(2) There is no sigm’ficant_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: BEPR for the 3 cases examined on the effect of raw sludge
fermentation and the fermentation contents directly to the BEPR
influent. '

Phosphorus removal AP (mg/¥)
Cases Fermenter system Fermenter retention time (days)
0 3 6
None 213 - -
Completely mixed,
single reactor - 24,3 25,0

Accumulating batch
reactor - 240 24,6




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/¢, (2) 3 in-series completely mixed reactor systems with each reactor
baving 1 day flow through retention time for influent volatile solids concentrations
ranging from 37 to 60 g/{ 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/£ All the studies were made at 20°C.

From the fermentation studies the following conclusions were formed.

o The raw sludée appears to have an acid fermentation potential for the
production of SCFA, 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.

e The potential does not appear to be influenced by the concentration of the
influent primary sludge.

o The production of SCFA appears to conform to a first order reaction with a
reaction rate constant of about 0,16 day-t at 20° C.

e Besides generating SCFA, acid fermentation also generates soluble complex
molecules approximately equal in concentration to the concentration of SCFA,
i.e. of the total soluble (<0,45;Lm2 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.

e 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 SCFA yield.

e The COD yield of SCFA 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-e"1%%) 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 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 SCFA 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:

e For total retention times up to about 6 days the differences in the SCFA 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.

e 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-SCFA soluble
(<0,45um) 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 SCFA
generation and ignore the possible additional BEPR due to a RBCOD component in
the non-SCFA soluble COD fraction. Earlier investigations at laboratory scale
(Bagg et al, 1985) and full scale (Osborn et al, 1986, 1989) indicate that the
non-SCFA soluble COD does contain RBCOD because the increases in BEPR
achieved by acid fermentation are greater than can be accounted for by SCFA
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

Sampﬁgg Techniques and Measurement Procedures

Two 50 m¢ 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)

(2)

®3)

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).

Total “soluble’ COD, —0,45um COD, TKN and NH:-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.l filter, and when measured a sample taken, diluted and
tested. The remaining filtrate is then filtered through a glass fibre —0,45um
filter. The —0,45um filtrate is diluted and used for COD, TKN and NH;-N
determination in accordance with Standard Methods (1985).

. SCFA determination

The short chain fatty acid concentrations were measured as follows: A

solution of 0,3% phosphoric acid (H3PO4) is made up by taking 3g of H3PO4

and making it up to 1£ with de-ionized water. Separate solutions of acetic,
propionic, iso-butyric and iso-valeric acids are made up by taking 1g of each
acid and making them up to 1¢ with the 0,3% H3;PO4 solution. A set of
standard solutions containing known concentrations (50, 100, 150, 200
mgSCFA/{) of acetic, propionic, iso-butyric and iso-valeric acids is made up

.



4)

A2

from the above solutions and stored in test tubes at 4°C. A further solution
of 3% H3;PO4 is made up by taking 30g H3PO4 made up to 1¢ with
de-ionized water and stored at 4°C.

" The sample to be measured is made up by taking 9 mé of the diluted

—0,45um filtrate, placing it in a test tube, and adding 1 m¢ of 3% H3;PO4 to

. ensure an acidic environment and to ensure that approximately the same

percentage of H3PO4 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 10% SP-1200 (1% H3POy4) 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 m¢/min

(iv)  Hydrogen flow rate 30 m¢/min

(V) Carrier gas (nitrogen) flow rate 30 mé/min

The column is calibrated by injecting 3 pf samples of known concentrations
(i.e. standard solutions) into the column. The samples are analysed by
injecting a 3 pf sample into the column. Each standard solution and sample

‘was aha,lysed at least twice or until a representative value is obtained.

The sludge settleability was measured using the Diluted Sludge Volume
Index in accordance with the procedure set out by Ekama and Marais
(1984). '
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' TABLES AND PLOTS OF THE RESULTS OF

- THE BATCH REACTOR INVESTIGATION
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Results of all measured parameters in batch test 1.
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B.2

Results of all measured parameters in batch test 2.
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Table B.3

" Results of all measured parameters in batch test 3.
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Results of all measured parameters in batch test 4.

Table B.4
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Results of all measured parameters in batch test 5.

Table B.5

[

o]

ud

]

u

~L3

—




B.6

Results of all measured parameters in batch test 6.
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Table B.7

Results of all measured parameters in batch test 7. -
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Results of all measured parameters in batch test 8.
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Results of all measured parameters in batch test 9.
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Results of all measured parameters in batch test 10.
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B.11

Results of all measured parameters in batch test 11.
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Results of all measured parameters in batch test 12.
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Table B.13:

Results of all measured parameters in batch test 13.
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B.14

Results of all measured parameters in batch test 14.
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Fig B.1: pH of a batch reactor versus time — batch test 1.
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‘ —0,45um filtrate of a batch reactor versus time — batch test 5.
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B.39

6.s
8.4 4
6.3 -
6.2
- 8.1 o
6.0 -
5.9 4
s.8
8.7
s.6 -

X 554 v
8.4 - : ‘ i
3.3 , - L -
5.2 - .
8.1 <
8.0 -
4.9 -
4.8 4
4.7
4.6 -

4.5 T T r ' T ' : r Y

o 2 4 ] 8 10
Time(days)

-

Fig B.49: pH of a batch reactor versus time — batch test 9.

o v | § . 1 ) | L ¥ v | |  §
0 2 4 (] 8 10
Time(days)
Fig B.50: TSS and VSS concentrations of a batch reactor versus time — batch

test 9.



100

70 -

ousands)

' agthCOD/l

Time(days)

Fig B.51: COD9 of the VSS concentrations of a batch reactor versus time — batch
- : test 9. :

TKN
+  NH3=N
800 -

100 -

o 1 ¥ L) \j 1 L) L ) | LN

o 2 4 .8 s 10
Time(days) '
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Fig B.53: COD and total SCFA COD concentrations of the —0,45um filtrate of a
batch reactor versus time — batch test 9.
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Fig B.54: Acetic, propionic, butyric and valeric acid concentrations of the
: —0,45u’m%iltrate o’f_a batch reactor versus time — batch test 9.
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Fig B.55: pH of a batch reactor versus time — batch test 10.
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Fig B.5T: COD of the VSS concentratlons of a batch reactor versus time — batch
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Fig B.58: TKN and NH3-N concentrations of the —0,45um filtrate of a batch
: reactor versus time — batch test 10.
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Fig B.59: COD and total SCFA COD concentrations of the —0,45um filtrate of a
batch reactor versus time — batch test 10. :
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B.45

X
a
= -5 a - an —t 4
4.5 T T =T T ‘| Y T T T T
o 2 4 8 8 10

Time(days)

Fig B.61:  pH of a batch reactor versus time — batch test 11.
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Fig B.63: COD of the VSS concentrations of a batch reactor versus time — batch
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Fig B.64: TKN and NH3;-N concentratlons of the —0 45u.m filtrate of a batch
: ~ reactor versus time — batch test 11.
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Fig B.65: COD and total SCFA COD concentrations of the -—0,45;11.11'ﬁltra£e of a
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Fig B.66: Acetic, propionic, butyric and valeric acid concentrations of the
. —0,45um filtrate of a batch reactor versus time — batch test 11.
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Fig B.6T: pH of a batch reactor versus time — batch test 12.
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Fig B.70: TKN and NH;3;-N concentrations of the —0,45um filtrate of a batch
_ reactor versus time — batch test 12
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Fig B.71: COD and total SCFA COD concentrations of the —0,45um filtrate of a
: batch reactor versus time — batch test 12. :
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Fig B.72: Acetic, propionic, butyric and valeric acid concentrations of the
—0,45um filtrate of a batch reactor versus time — batch test 12. -
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Fig B.82: TKN and NH;3;-N concentrations of the —0,45um filtrate of a batch
reactor versus time — batch test 14. R
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APPENDIX C

TABLES AND PLOTS OF THE RESULTS OF THE 3 IN-SERIES,
COMPLETELY MIXED REACTOR SYSTEM INVESTIGATION
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Results of the measured parameters of the third reactor, of 3 days
3 in-series, completely mixed reactor system.
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APPENDIX D

TABLES AND PLOTS OF THE RESULTS OF THE
SINGLE, COMPLETELY MIXED REACTOR INVESTIGATION
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Results of measured parametérs of a s
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Fig D.1: Influent pH versus time, for all sludge batches in stage 1.
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FigD 2:  Influent DSVI versus time, for all sludge batches in stage 1.
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FigD 3: Influent TSS and VSS concentrations versus time, for all sludge
batches in stage 1. ' _
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. batches in stage 1.
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- Fig D.5: Influent TKN a.nd NH;-N concentratxons of the —0 45p.m filtrate versus
time, for all sludge batches in stage 1.

|o Total “soluble* COD '

139, —0.48um cop
1240 scra coo

11 |

10 -

9

P AR
~

, Time(days)

Fig D.6: Influent total “soluble’ COD concentfatxon; COD and total SCFA
.COD concentrations of the —0 45pm filtrate versus time, for all sludge
batches in stage 1.
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Fig D.T: Influent acetic, propionic, butyric and valeric acid concentrations of

the —0,45um filtrate versus time, for all sludge batches in stage 1.
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Fig D.8: pH of a sin§le, completely mixed reactor of 2 days retention time
- versus time, for all sludge batches in stage 1.
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Fig D.9: DSVI of a single, completely mixed reactor of 2 days retention time
versus time, for all sludge batches in stage 1. ‘
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Fig D.10: TSS and VSS concentrations of a single, completely mixed reactor of 2
. days retention time versus time, for all sludge batches in stage 1.
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Fig D.11: COD of the VSS concentrations of a single, completely mixed reactor
of 2 days retention time versus time, for all sludge batches in stage 1.
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- Fig D.12: TKN and NH;-N concentrations of the —0,45um filtrate of a single,
completely mixed reactor of 2 days retention time versus time, for all
sludge batches in stage 1. ’ '
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' . . concentrations of the —0,45um filtrate of a single, completely mixed
reactor of 2 days retention time versus time, for all sludge batches in
stage 1. ,
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Fig D.15: pH of a sin?le, complet'éi—y mixed reactor of 3 days retention time
versus time, for all sludge batches in stage 1.
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Fig D.16: DSVI 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.17: TSS and 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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Fig D.18: 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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FigD.19: TKN and NH;-N concentrations of the —0,45um 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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stage 1.
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Fig D.21: Acetic, propionic, butyric and valeric acid concentrations of the

—0,45um 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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versus time, for all sludge batches in stage 1. '
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Fig D.23: DSVI of a single, completely mixed reactor of 5 days retention tlme
' versus time, for all sludge batches in stage 1.
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Fig D.24: TSS and VSS concentrations of a- smgle completely mixed reactor of 5
days retention time versus time, for all Eludge batches in stage 1.
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Fig D.25: COD of the VSS concentfations 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.26: ~ TKN and NH3-N concentrations of the —0,45um 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.2T: Total ‘soluble* COD concentration, COD and total SCFA COD
~ concentrations of the —0,45um 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.28: Acetic, propionic, butyric and valeric acid concentrations of the

—-0,45um 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
batches in stage 2.
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Fig D.35:  Influent acetic, propionjc‘;:butyric and valeric acid concentrations of
the —0,45um filtrate versus time, for all sludge batches in stage 2.
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Fig D.37: = DSVI of a single, Completely mixed reactor of 3 days retention time
versus time, for all sludge batches in stage 2.
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Fig D.38: TSS and VSS concentrations of a single, completely mixed reactor of 3
days retention time 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 reactor
of 3 days retention time versus time, for all sludge batches in stage 2.
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Fig D.40: 'TKN and N.Hg-N concentrations of the -0‘,4'5um 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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Fig D .41: Total ‘soluble’ COD concentration, COD and.total SCFA COD
' concentrations of the —0,45um filtrate of a single, completely mixed
reactor of 3 days retention time versus time, for all sludge batches in
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Fig D.42: Acetic, propionic, butyric and valeric acid concentrations of the V
o —0,45;1.’m 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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Fig D .45: TSS and VSS concentrations of a single, completely mixed reactor of 6
v days retention time versus time, for all sludge batches in stage 2.
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Fig D.46: COD of the VSS concentrations of a single, completely mixed reactor
‘ of 6 days retention time versus time, for all sludge batches in stage 2.
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. Fig D.51: DSVI of a single, completely mixed reactor of 9 days retention time
versus time, for all sludge batches in stage 2. :
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Fig D.52: TSS and VSS concentrations of a single, completely mixed ?ea.ctor of 9
' days retention time versus time, for all sludge batches in stage 2.



D.35

70 -

60 -
50-\’.\(“"/

30 -

(Troanlan)
s
i

20 -

10 -

Time(doys)

Fig D.53: COD of the VSS concentrations of a single, completely mixed reactor

of 9 days retention time versus time, for all sludge batches in stage 2.

600
o TKN
+  NH3-N
500 - \/
=]
+
>
o
3
100 -+
0 ] T T ¥ Y
0 20 40 60
’ . Time(days)

Fig D.54: TKN and NH3-N concentrations of the —0,45um 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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- FigD.55:  Total ‘soluble’ COD concentration, COD and total SCFA COD
: concentrations of the —0,45um 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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Fig D.56: Acetic, propionic, butyric and valeric acid concentrations of the





