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Abstract

The influence of temperature and pH on the acidification of a synthetic gelatin based wastewater was investigated

using an upflow anaerobic reactor. Gelatin degradation efficiency and rate, degree of acidification, and formation rate

of volatile fatty acids and alcohols all slightly increased with temperature. Temperature affected the acidogenesis of

gelatin according to the Arrhenius equation with an activation energy of 1.83 kcal/mol. Compared with temperature,

pH had a more significant effect on the acidogenesis. Gelatin degradation efficiency substantially increased with pH,

from 60.0% at pH 4.0 to 97.5% at pH 7.0. The degree of acidification increased from 32.0% at pH 4.0 to 71.6% at pH

6.5, but dropped to 66.8% when pH increased to 7.0. The optimum pH for the overall acidogenic activity was found to

be 6.0, close to 5.9, the optimum pH calculated using a semi-empirical model. Operation at pH of 4.0–5.0 favored the

production of propionate, hydrogen, whereas the operation at pH 6.0–7.0 encouraged the production of acetate,

butyrate, and i-butyrate. The region between pH 5.0 and 6.0 was the transition zone.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The efficient anaerobic degradation of organic mat-

ters is dependent upon the coordinated metabolisms of

acid-forming and methane-forming bacteria. Imbalances

in the metabolic rates of these two bacterial groups have

largely been responsible for the instabilities associated

with anaerobic digestion. These imbalances can lead to

the accumulation of intermediary acid products which

will eventually cause the inhibition of methanogenic

bacteria. For this reason the separation of the acido-

genic and methanogenic phases into separate reactors,

was proposed [1]. Process stability and overall degrada-

tion rates can thus be increased by separately optimizing

conditions for each bacterial group [2]. The formation of

certain intermediary products have been shown to be

energetically more favorable, higher biogas production

and better effluent quality could be obtained [3].

However, product formation by a mixed acidogenic

population is a very complex process and is greatly

influenced by many factors. These factors include

wastewater specificity, reactor configuration, hydraulic

retention time (HRT), influent organic concentration,

organic loading rate, pH, temperature, oxidation–

reduction potential, and nutritional requirements [4–7].

Temperature effect on the maximum substrate utiliza-

tion rates of methanogens has been observed [8,9].

Lowering operational temperature generally leads to a

decrease in the maximum specific growth and substrate

utilization rate. In addition, methanogenic sludge

yield has been shown to decrease with decreasing tem-

perature [8]. Temperature also affects the maintenance
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requirements of methanogens. Specific maintenance rate

has been shown to give linear Arrhenius plots over a

limited temperature range [10]. However, the tempera-

ture effect studies have been focused on overall

anaerobic degradation process or methanogenesis,

rather than acidogenesis.

Since pH affects growth rate, pH changes may cause

drastic shifts in the relative numbers of different species

in a heterogeneous population such as is present in the

acidogenic reactor [11]. Many aspects of microbial

metabolism are greatly influenced by pH variations over

the range within which the microorganisms can grow.

These aspects include utilization of carbon and energy

sources, efficiency of substrate degradation, synthesis of

proteins and various types of storage material, and

release of metabolic products from cells [12]. Moreover,

pH variation can affect cell morphology and structure

and, therefore, flocculation and adhesion phenomena

[13]. A substantial number of studies have been carried

out on the effect of pH on acidogenesis of carbohydrate-

rich wastes [14–18], but little attention has been paid to

the influence of pH on acidogenesis of protein-laden

wastes [19]. However, many industrial and agricultural

wastewater also contain appreciable quantities of

protein. Treating protein-rich wastewater often results

in formation of scum accumulated inside the reactor,

and causes sludge washout [19]. This problem has

significantly hindered the application of the anaerobic

process to the treatment of wastewaters from dairy and

slaughter industries. In addition, proteins are degraded

slower than carbohydrates under acidogenic conditions

[20].

Since both pH and temperature are important

factors affecting microorganisms, it is essential to

study the effects of pH and temperature on the

acidogenesis before an improved acidification process

for protein-rich wastewaters can be developed. How-

ever, information about the influence of pH and

temperature on the acidogenesis of protein-rich waste-

waters. The purpose of this study was thus to investigate

such an influence on the acidogenesis of gelatin, a model

protein. Gelatin is a protein originating from animal

connective tissue, and is rich in slaughter and meat-

processing wastewaters.

2. Materials and methods

2.1. Reactor and wastewater

The continuous experiment was conducted in a 2.8-l

upflow reactor, which had an internal diameter of

84mm and a height of 500mm [5]. The reactor was

water-jacketed. A synthetic proteinaceous wastewater

was prepared by using gelatin as the sole carbon source.

The wastewater also contained balanced nutrient and

trace metals following the formulation used in the

previous study [21]. Since gelatin contained enough

nitrogen, no nitrogen was dosed to the wastewater.

During the start-up, the acidogenic condition was

controlled by keeping the pH at 5.570.1 so that

methanogenesis was suppressed and acidogenic bacteria

were enriched. Throughout the experiment, the influent

chemical COD and hydraulic retention time were kept at

4 g/l and 12 h. The reactor was seeded with the sludge

taken from a conventional methanogenic reactor treat-

ing a synthetic dairy wastewater for another study [6].

The seed sludge contained 30.2 g volatile suspended

solids (VSS), resulting in an initial VSS concentration of

10.8 g/l. The amount of biogas produced was recorded

daily using water replacement method. The VSS

concentrations of the effluent and in various heights of

the reactor were measured weekly. To ensure represen-

tative mixed liquor samples were taken, each sampling

line was flushed with 5ml of mixed liquor, before a 30ml

sample was taken for analysis of the VSS concentration

in the reactor.

This study was divided into two phases. In phase I,

the operational pH level was kept at 5.5, seven runs were

conducted to examine the influence of temperature at

201C, 251C, 301C, 371C, 451C, 501C and 551C; In phase

II, the temperature was kept at 371C, seven runs at pH

ranging from 4.0 to 7.0 were undertaken. The pH of the

mixed-liquor was controlled by titration using a solution

of 4N NaOH or 4N HCl. The reactor was operated at

each temperature or pH level for 36–43 days to ensure

reaching steady state before changing the temperature or

pH level to the next level.

2.2. Analyses

The contents of H2, CH4, CO2 and N2 in the biogas

were analyzed by a gas chromatograph (Hewlett

Packard, Model 5890 Series II) equipped with a

thermal conductivity detector and a 2m� 2mm

(inside diameter) stainless-steel column packed with

Porapak N (80–100 mesh). Injector and detector

temperatures were respectively kept at 1301C and

2001C, while column temperature was increased from

901C to 1101C.

The concentrations of volatile fatty acids (VFA),

including acetate, propionate, butyrate, i-butyrate,

valerate, i-valerate, caproate and lactate, and alcohols,

including methanol, ethanol, propanol and butanol,

were determined by a second gas chromatograph of

same model equipped with a flame ionization detector

and a 10m� 0.53mm HP-FFAP fused-silica capillary.

Samples were filtered through a 0.2 mm membrane,

acidified by formic acid, and measured for free acids.

The temperatures of the column was initially 701C for

4min, followed by 1401C for 3min, and lastly 1701C for

4min. The temperature of injector and detector were
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both 2001C. Helium was used as the carrier gas at a flow

rate of 25ml/min. The detectable levels were 1mg/l for

individual VFA (from C2 to C7) and 3mg/l for

individual alcohols. The formate concentration was

measured by the colorimetric method [22]. Protein was

measured by the Lowry–Folin method [23]. Concentra-

tion of amino acids was measured using an HPLC

(Shimadzu LC-6A) equipped with an UV detector

(Shimadzu SPD-6A) and a column (Asahipack GS-

220H). However, the repeatability of amino acid

analytical results was not as good as expected. The

amino acid data were thus used for qualitative analysis

to confirm the production of amino acids during the

acidogenesis of gelatin, not appropriate for quantitative

analysis. Measurements of COD, pH, NH3–N, and VSS

were performed according to the Standard Methods

[24].

3. Results

3.1. Temperature effect

Fig. 1 illustrates the effect of temperature on (a)

gelatin degradation efficiency, (b) specific gelatin degra-

dation rate, and (c) degree of acidification, whereas

Fig. 2 illustrates: (a) partial pressures of H2, CH4 and

CO2, (b) fraction of influent COD converted to biogas,

and (c) biomass yields at various temperatures.

3.1.1. Gelatin degradation and VFA/alcohol production

As shown in Fig. 1a, gelatin degradation efficiency

slightly increased with temperature. In all runs, the

gelatin degradation efficiencies exceeded 90%, indicat-

ing that gelatin was readily degraded under the tested

Fig. 1. Performance of the acidogenic reactor at various

temperatures: (a) gelatin degradation efficiency; (b) specific

gelatin degradation rate; (c) degree of acidification.

Fig. 2. Performance of the acidogenic reactor at various

temperatures: (a) partial pressures of H2, CH4 and CO2; (b)

fraction of influent COD converted to biogas; (c) biomass

yields.
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conditions, and that temperature had little influence on

the gelatin degradation efficiency. Fig. 1b illustrates that

the specific gelatin degradation rate also increased with

temperature, from 0.370 g/g-VSS d at 201C to 0.443 g/g-

VSSd at 551C. As illustrated in Fig. 1c, the degree of

acidification slightly increased with temperature, from

56.4% at 201C to 72.6% at 551C.

3.1.2. Distribution of VFA and alcohols

The percentages (by weight) of individual VFA and

alcohols in the effluent are summarized in Table 1. For

the main products, acetate was in a range of 20–27%

with a mean value of 24%, propionate of 12–18% with a

mean value of 15%, butyrate of 10–15% with a mean

value of 13% and i-butyrate of 10–15% with a mean

value of 12%, respectively. Valerate, i-valerate, caproate

and ethanol were present at lower levels, averaging 11%,

11%, 8% and 3%, respectively. Formate and methanol

were found in certain runs, whereas propanol and

butanol were not detected. These results demonstrate

that temperature did not have a significant effect on the

product distribution.

3.1.3. Biogas and biomass production

The hydrogen partial pressure was measured and

illustrated with methane and carbon dioxide partial

pressures in Fig. 2a. The hydrogen partial pressure

decreased when temperature increased, from 5 kPa at

201C to 1.5 kPa at 551C. The methane partial pressure

generally has an opposite trend to the hydrogen partial

pressure with an exception at 371C, while carbon dioxide

partial pressure ranged from 60 to 82 kPa.

The proportion of influent COD converted to

methane/hydrogen, ranging 2.4–8.4%, increased with

temperature, as illustrated in Fig. 2b. Compared with a

methanogenic reactor, a much smaller proportion of

protein was converted to gaseous products in this

acidogenic reactor. In the methanogenic reactor,

86–90% of protein was converted to methane [5].

The sludge yield in this reactor as a function of

temperature was illustrated in Fig. 2c. The yield

increased when temperature dropped, from 0.286 g/

VSS/g-COD at 551C to 0.298 g-VSS/g-COD at 371C,

and to 0.322 g-VSS/g-COD at 201C. This result concurs

with some in literature [8,25]. High temperature results

in low biomass yield, which is attributed to increased

lysis of cells and greater maintenance requirements at

elevated temperatures [13].

3.1.4. Mass balance

Tables 2 and 3, respectively summarize the overall

COD and effluent COD balances at various tempera-

tures. For the overall COD balance (Table 2), since the

effluent COD, biomass-COD and biogas-COD were all

measured, it is easy to calculate the overall recovery

[(effluent COD+biomass-COD+biogas-COD)/influent

COD� 100%]. Over 93.0% of substrate in COD was

recovered, except at 551C, where 91.9% COD recovery

was obtained.

The amount of effluent COD should be equal to the

sum of COD in (1) VFA measured; (2) alcohols

measured; (3) residual gelatin; and (4) unknown

metabolites. Among them, the first two could be

calculated by summing the COD values of individual

acids and alcohols respectively, the third could also be

calculated according to the COD equivalent of gelatin

(1.00 g gelatin equals to 1.36 g COD). The quantity of

the fourth group equals to the effluent COD minus the

summary of the COD equivalents of VFA, alcohols and

gelatin in the effluent. The difference between the

effluent COD and the summary of the COD equivalents

of VFA, alcohols and gelatin in the effluent, was the

COD equivalent of unknown metabolites. Table 3 lists

the COD constituents in 1-l of effluent at various

temperatures. The effluent COD recovery generally

increased with temperature: 76.6% at 201C to 91.8%

at 551C. A certain amount of unknown metabolites

was present in the effluent. For instance, at 371C,

Table 1

Distribution of VFA and alcohols at various temperatures

Temp. VFA+alcohols HFr HAc HPr HBu i-HBu HVa i-HVa HCa Mol Eol

(1C) (mg/l) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

20 1294 3.2 19.8 18.2 10.3 13.4 10.7 12.3 8.3 0 4.3

25 1376 1.3 22.9 17.3 11.6 15.5 9.7 8.7 8.2 0 5.4

30 1392 1.4 26.1 14.6 11.6 12.7 10.9 11.0 9.1 0 2.3

37 1470 2.0 25.4 12.3 12.5 13.4 11.8 12.5 7.3 1.3 3.2

45 1485 0 27.3 13.9 10.7 11.5 11.9 9.6 9.3 2.2 3.3

50 1498 0 23.8 13.3 12.8 10.4 10.6 14.5 9.1 0 2.0

55 1531 0 21.6 15.0 14.8 13.3 13.8 9.4 8.5 2.2 3.3

Note: HFr=formate, HAc=acetate, HPr=propionate, HBu=butyrate, i-HBu=i-butyrate, HVa=valerate, i-HVa=i-valerate,

HCa=Caproate, Mol=methanol, Eol=ethanol.
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approximately 0.525 g-COD/l of unknown metabolites

were formed.

Ammonium was produced during the acidification of

protein. As shown in Table 4, the effluent ammonium

concentration also increased with temperature. This is

consistent with the variation of protein degradation

efficiency as shown in Fig. 1a. The nitrogen recovery

increased with temperature, from 79.0% at 201C to

92.0% at 551C. This tendency is also consistent with the

variation of protein degradation efficiency as shown in

Fig. 1a, because nitrogen in amino aids, possible

intermediates from gelatin hydrolysis, was not recovered

in this nitrogen balance.

3.1.5. Modeling

In order to quantify the effect of temperature, the

Arrhenius equation was used.

r ¼ A exp
�Ea

RT

� �
; ð1Þ

where r is the reaction rate; A is the frequency factor

(same unit as r); Ea is the apparent activation energy

(kcal/mol); R is the gas constant (=0.001987 kcal/

molK); and T is the absolute temperature (K).

Since acidogenesis produces not only acids and

alcohols in the effluent but also hydrogen and methane

in the biogas, the overall acidogenic activity should take

Table 2

Overall COD balances for 1-l influent at various temperatures

Temp. Influent (A) Effluent (B) Gas (C) Biomass (D) (B þ C þ D) Recovery ðB þ C þ DÞ=A

(1C) (g) (g) (g) (g) (g) (%)

20 4 3.340 0.097 0.303 3.740 93.5

25 4 3.320 0.166 0.304 3.790 94.8

30 4 3.204 0.190 0.328 3.722 93.0

37 4 3.183 0.252 0.345 3.780 94.5

45 4 3.136 0.268 0.362 3.766 94.2

50 4 3.104 0.328 0.372 3.803 95.1

55 4 2.888 0.336 0.453 3.677 91.9

Table 3

Effluent COD balances for 1-l influent at various temperatures

Temp. Effluent ðAÞ Protein ðBÞ VFA ðCÞ Alcohol ðDÞ B þ C þ D Recovery ðB þ C þ DÞ=A

(1C) (g) (g) (g) (g) (g) (%)

20 3.340 0.397 2.074 0.086 2.557 76.6

25 3.320 0.360 2.175 0.115 2.650 79.8

30 3.204 0.319 2.276 0.046 2.641 81.5

37 3.183 0.231 2.307 0.120 2.658 83.5

45 3.136 0.200 2.365 0.125 2.690 85.8

50 3.104 0.120 2.489 0.051 2.660 85.8

55 2.888 0.080 2.443 0.127 2.650 91.8

Table 4

Nitrogen balances for 1-l influent at various temperatures

Temp. Influent protein ðAÞ Effluent protein ðBÞ Effluent NH3 ðCÞ Biomass ðDÞ B þ C þ D Recovery ðB þ C þ DÞ=A

(1C) (g) (g) (g) (g) (g) (%)

20 0.556 0.055 0.354 0.030 0.439 79.0

25 0.556 0.050 0.368 0.030 0.448 80.1

30 0.556 0.044 0.393 0.033 0.470 84.5

37 0.556 0.032 0.424 0.035 0.491 88.3

45 0.556 0.028 0.413 0.036 0.478 85.9

50 0.556 0.017 0.436 0.037 0.490 88.1

55 0.556 0.011 0.456 0.045 0.512 92.1
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products in both effluent and biogas into account. When

r is equal to the overall acidogenic activity, expressed by

the total COD equivalent of VFA, alcohols, hydrogen

and methane (mg-COD/g-VSS d), the values of r were

calculated according the procedures shown in Table 5.

The following equation is obtained using regression

(Fig. 3):

r ¼ 7480� exp
�1:83

RT

� �
: ð2Þ

The activation energy of the reaction was found to be

1.83 kcal/mol. The high correlation coefficient value,

0.978, suggests that the temperature affected the

acidogenesis of gelatin according to the Arrhenius

equation.

3.2. pH effect

Fig. 4 illustrates the effect of pH on (a) gelatin

degradation efficiency, (b) specific gelatin degradation

rate, (c) degree of acidification, whereas Fig. 5 illus-

trates: (a) partial pressures of H2, CH4 and CO2, (b)

fraction of influent COD converted to biogas, and (c)

biomass yields at various pH levels.

3.2.1. Gelatin degradation and VFA and alcohol

production

Fig. 4a illustrates the gelatin degradation efficiency as

a function of pH value. Gelatin was readily converted

with an efficiency higher than 94% when pH was higher

than 5.5. After pH was lowered to 5.0, the gelatin

degradation decreased to 85%; a further decrease of pH

resulted in a significant reduction of gelatin degradation

efficiency. This shows that the degradation of gelatin

was sensitive to pH at low levels. As illustrated in

Fig. 4b, the specific gelatin degradation rate also

increased with from 0.287 g/g-VSS d at pH 4.0 to

0.406 g/g-VSS d at pH 6.0; further increase in pH

resulted in a lower specific gelatin degradation rate:

0.361 g/g-VSS d at pH 6.5 and 0.350 g/g-VSS d at pH 7.0.

Fig. 4c illustrates that the degree of acidification also

considerably increased with pH, from 32.0% at pH to

71.6% at pH 6.5; a further increase of pH 4.0–7.0

resulted in a slight reduction of degree of acidification to

66.8%. This suggests sensitive response of the acidogen-

esis of gelatin at the lower pH range.

3.2.2. Distribution of VFA and alcohols

The concentrations and fractions of individual VFA

and alcohols at various pH levels are listed in Table 6.

Acetate, propionate, butyrate and i-butyrate were the

main products, whereas valerate, i-valerate and caproate

were the next important products. Formate, ethanol and

methanol were found in low-pH runs, while propanol

and butanol were not detected. At pH 4.0, the effluent

products were composed of 67% of acetate, propionate,

butyrate and i-butyrate by weight in total; at pH 5.0,

they comprised 68% of the total VFA and alcohols;

after pH increased to 7.0, the fraction of the four main

VFA increased to 78%.

Differing from the above temperature-effect experi-

mental results, pH had a substantial influence on the

distribution of VFA and alcohols (Table 6). Acetate and

butyrate both increased with pH, with percentages of

15% and 10%, respectively, at pH 4.0 to 35% and 22%,

Table 5

Calculation procedures of acidogenic activity for Arrhenius equation

Temp. (1C) COD equivalent (g/l) MLVSS (g/l) r Ln r 1=T(� 10�3)

VFA ðAÞ Alcohols ðBÞ Biogas ðCÞ A+B+C (D) (D� 1000)/(HRT�MLVSS)

(mg-COD/g-VSSd)

20 2.074 0.086 0.097 2.257 11.103 406.6 6.01 3.41

25 2.175 0.115 0.166 2.456 11.104 442.4 6.09 3.36

30 2.276 0.046 0.190 2.512 11.128 451.5 6.11 3.30

37 2.307 0.120 0.252 2.679 11.145 480.8 6.18 3.23

45 2.365 0.125 0.268 2.758 11.162 494.2 6.20 3.14

50 2.489 0.051 0.328 2.868 11.172 513.4 6.24 3.10

55 2.443 0.127 0.336 2.906 11.253 516.5 6.25 3.05

Fig. 3. Arrhenius plot for the overall acidogenic activity
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respectively, at pH 7.0. On the other hand, propionate

production was depressed by low pH levels, dropping

from 32% at pH 4.0 to 9% at pH 7.0. The variation of

pH level had little effect on the production of i-butyrate,

valerate, i-valerate and caproate.

3.2.3. Biogas and biomass production

The gas composition was markedly influenced by pH

as shown in Fig. 5a. At pH 4.0, the gas phase was

composed of 30% carbon dioxide and 56% hydrogen,

but no methane. With pH increase, hydrogen fraction

decreased, whereas methane fraction increased. At pH

7.0, methane fraction was 37%, but no hydrogen was

detected. The operation beyond pH 5.5 significantly

encouraged the activity of the methane-producing

bacteria.

As illustrated in Fig. 5b, the production of biogas (H2

and CH4) only accounted for a reduction in the influent

COD of 1.2% to 10.1% at pH ranging from 4.0 to 7.0.

This fraction increased with pH.

The sludge yield as a function of pH was illustrated in

Fig. 5c. The yield increased from 0.239 g-VSS/g-COD at

pH 4.0 to 0.321 g-VSS/g-COD at 6.0, the highest sludge

yield in this reactor; afterwards it slightly declined to

0.305 g-VSS/g-COD at pH 6.5, and 0.289 g-VSS/g-COD

at pH 7.0.

3.2.4. Modeling

As illustrated in Fig. 6, the overall acidogenic activity,

expressed by the total COD equivalents of VFA,

alcohols, hydrogen and methane, increased from

216mg-COD/g-VSS d at pH 4.0 to 395mg-COD/g-

VSS d at pH 6.0, but a further increase in pH resulted

in a decrease to 362mg-COD/g-VSSd at pH 6.5, and

351mg-COD/g-VSS d at pH 7.0.

Fig. 5. Performance of the acidogenic reactor at various pH

levels: (a) partial pressures of H2, CH4 and CO2; (b) fraction of

influent COD converted to biogas; (c) biomass yields.

Fig. 4. Performance of the acidogenic reactor at various pH

levels: (a) gelatin degradation efficiency; (b) specific gelatin

degradation rate; (c) degree of acidification.
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The bacterial activities may be controlled by the

overall enzymatic activity. Since enzymes are made of

amino acids, their activities are thus pH dependent, as

shown in the following:

Eþ2E þ Hþ; ð3Þ

E2E� þ Hþ; ð4Þ

where E represents the active enzyme, and Eþ and E�

are the less active forms of charge-carrying enzyme [12].

Assuming KH and KOH are the respective equilibrium

constants of reactions (1) and (2), the enzymatic activity

can be expressed as:

r ¼
rmax

1þ KOH=½Hþ�
� �

þ ½Hþ�=KH

� �; ð5Þ

where r is the overall acidogenic activity (mg/g-VSS d),

rmax is the maximum overall acidogenic activity (mg/g-

VSSd). Using the data in Fig. 6, parameters KH; KOH;

and rmax can be determined using nonlinear regression

methods as 1.395� 10�4M, 8.327� 10�9M, and

399mg/g-VSS d, respectively. This regression had a

correlation coefficient of 0.936. These parameters were

used to draw the solid curve shown in Fig. 6. The

calculated maximum overall acidogenic activity of

399mg/g-VSS d was close to the experimental maximum

value of 395mg/g-VSS d, whereas the predicted opti-

mum pH of 5.9 ½ðpKOH þ pKHÞ=2� was close to the

experimental optimum pH of 6.0.

3.2.5. Mass balance

Table 7 lists the effluent COD, COD equivalents of

biomass and biogas, and overall COD balances at

various pH levels. From 93.0% to 95.0% of substrate in

COD was recovered in all the runs. As shown in Table 8,

from 80.9% to 89.5% of effluent COD was recovered

from the summaries of the COD equivalents of effluent

protein, VFA and alcohols. Again, the effluent COD

recovery at each pH level was lower than the corre-

sponding overall COD recovery.

Table 9 shows that the effluent ammonium concen-

tration increased with pH. This is consistent with the

variation of protein converted at each pH level as

illustrated in Fig. 4a. The nitrogen balance, listed in

Table 9, also increased with pH from 60.0% at pH 4.0 to

92.1% at pH 7.0.

4. Discussion

The comparison between in Tables 2 and 3, as well as

Tables 6 and 7, indicates that the overall COD recovery

was significantly higher than the effluent COD recovery

in both temperature- and pH-effect tests. The low

effluent COD recovery suggests that a certain amount

of unknown metabolites should be present in the

effluent. For instance, at pH 4.0, approximately

680mg-COD/l of unknown metabolites were formed.

A variety of VFA and alcohols were measured in this

study, but some possible soluble acidogenic products,

such as ketones, aldehydes and glycerol, were not

detected. However, amino acids, formed by hydrolysis

of gelatin, were found to be the main uncovered COD by

analyzing the HPLC data. In the effluent COD balance

calculations, amino acids were not included and thus

caused the low effluent COD recoveries.

In the acidogenesis of carbohydrate-rich wastewaters,

the production of i-butyrate, valerate, i-valerate and

caproate was not as significant as those of acetate,

Table 6

Distribution of VFA and alcohols at various pH values

pH VFA+alcohols HFr HAc HPr HBu i-HBu HVa i-HVa HCa Mol Eol

(mg/l) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

4.0 774 2.2 14.8 32.0 10.2 10.1 10.4 10.3 7.0 0.9 3.2

4.5 1102 1.9 17.8 27.3 10.6 10.7 8.7 9.2 6.2 1.8 4.4

5.0 1311 1.3 23.1 19.6 11.6 12.7 9.9 8.7 9.4 1.4 2.3

5.5 1470 2.0 25.4 12.3 12.5 13.4 11.8 12.5 7.3 1.3 3.2

6.0 1508 0 28.3 12.9 15.7 13.0 9.9 9.6 9.1 0 1.2

6.5 1573 0 31.9 11.3 20.8 13.4 9.4 8.5 6.1 0 0

7.0 1560 0 35.0 9.3 22.1 11.3 9.8 7.3 5.9 0 0

Fig. 6. The overall acidogenic activity as a function of pH.
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propionate and butyrate [16,18,26]. However, in the

present study, as shown in Tables 1 and 6, i-butyrate,

valerate, i-valerate and caproate were significant com-

posites in the effluent, totally ranging from 34% to 45%

of total VFA/alcohols. Furthermore, i-butyrate was of

almost same level of butyrate in most runs; valerate and

i-valerate were also of same levels, but with less

concentrations compared with butyrate or i-butyrate.

The production of i-butyrate, i-valerate and caproate

were largely associated with the acidification of gelatin.

They could be produced either via reductive de-

amination of individual amino acids or by an oxida-

tion–reduction reaction between amino acid pairs,

known as the Stickland reaction [20]. For instance,

i-valerate can be formed through Stickland reaction

from leucine as a donor, while caproate can formed

from leucine through Stickland reaction from leucine as

an acceptor [27]. Leucine makes up 5–6% (in mol) of

total amino acids in gelatin [20]. The VFA isomers are

also possible from the acidification of the aromatic

amino acids, such as tyrosine and tryptophan, which are

also the constituents in gelatin [27].

Tables 1 and 6 also show that production of alcohols

was much lower than that of VFA. Ethanol was the

main alcohol produced, but never exceeded 5%;

methanol production was observed in certain runs with

a less concentration; propanol and butanol were not

detected at any runs. In the acidogenic reactors treating

Table 7

Overall COD balances for one liter influent at various pH levels

pH Influent ðAÞ Effluent ðBÞ Gas ðCÞ Biomass ðDÞ B þ C þ D Recovery ðB þ C þ DÞ=A

(g) (g) (g) (g) (g) (%)

4.0 4 3.561 0.048 0.150 3.758 94.0

4.5 4 3.480 0.064 0.193 3.737 93.4

5.0 4 3.360 0.104 0.256 3.720 93.0

5.5 4 3.183 0.252 0.345 3.780 94.5

6.0 4 3.122 0.276 0.401 3.799 95.0

6.5 4 3.039 0.336 0.417 3.792 94.8

7.0 4 2.881 0.404 0.460 3.745 93.6

Table 8

Effluent COD balances for 1-l influent at various pH levels

pH Effluent ðAÞ Protein ðBÞ VFA ðCÞ Alcohol ðDÞ B þ C þ D Recovery ðB þ C þ DÞ=A

(g) (g) (g) (g) (g) (%)

4.0 3.561 1.601 1.229 0.053 2.882 80.9

4.5 3.480 1.040 1.677 0.106 2.823 81.1

5.0 3.360 0.600 2.097 0.065 2.762 82.2

5.5 3.183 0.231 2.307 0.120 2.658 83.5

6.0 3.122 0.162 2.437 0.025 2.624 84.0

6.5 3.039 0.118 2.645 0 2.645 87.0

7.0 2.881 0.099 2.579 0 2.579 89.5

Table 9

Nitrogen balances for 1-l influent at various pH levels

pH Influent protein ðAÞ Effluent protein ðBÞ Effluent NH3 ðCÞ Biomass ðDÞ B þ C þ D Recovery ðB þ C þ DÞ=A

(g) (g) (g) (g) (g) (%)

4.0 0.556 0.222 0.091 0.015 0.328 60.0

4.5 0.556 0.144 0.248 0.019 0.411 74.1

5.0 0.556 0.083 0.358 0.026 0.467 84.0

5.5 0.556 0.032 0.424 0.035 0.491 88.3

6.0 0.556 0.022 0.432 0.040 0.495 89.0

6.5 0.556 0.016 0.448 0.042 0.506 91.0

7.0 0.556 0.014 0.452 0.046 0.512 92.1
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carbohydrate-rich wastewaters, alcohols are often pro-

duced, even with a higher percentage than VFA,

especially when hydrogen partial pressure is higher than

30 kPa [28]. The present study indicates that VFA,

rather than alcohols, are the main products of acidogen-

esis of protein. This result is consistent with findings of

Breure and Andel [19].

It has been reported that there are two optimum

temperature regions for anaerobic degradation process:

a mesophilic range with an optimum temperature

around 35–371C and a thermophilic range with an

optimum temperature around 55–601C. Beyond these

two temperature ranges, e.g. 45–501C, the degradation

efficiency and rate decrease sharply [7]. In most cases,

methanogenesis is the rate-limiting step for the overall

degradation process, anaerobic reactor should be

operated around 371C or 551C to ensure methanogens

to grow at their optimum temperatures [29]. However,

as demonstrated in this study, acidogens are not

sensitive to temperature changes as methanogens.

Operation at 451C or 501C did not result in a lower

degree of acidification or VFA/alcohol formation rate

compared with at 371C (Fig. 1c). At the overall ranges

tested, temperature had little influence on gelatin

degradation and degree of acidification. This might be

partially attributed to a temperature compensation

effect. This effect means that at decreased temperature,

the specific activity of sludge still remains high, despite

the significantly lower maximum specific activity [29].

Such a temperature compensation effect has been found

for methanogenic reactors with both pure methanogens,

such as Methanosarcina barkeri [30], and mixed cultures

[31,8]. The engineering implication of this observation is

that temperature control may not be essential for an

acidogenic reactor treating protein-rich wastewaters.

The calculated activation energy, 1.83 kcal/mol, is at

the lower end of the range of activation energy range,

1–80 kcal/mol, reported in literature for anaerobic

microorganisms [2,29,32]. The low value of the activa-

tion energy implies that the acidogenic biomass copes

more easily with temperature variations than the

methanogenic biomass. Both mesophilic and thermo-

philic acidification is feasible for gelatin acidification. In

general, mesophilic operation should be chosen, because

the slightly higher thermophilic rates cannot outweigh

the mesophilic advantages of greater stability and

especially a much lower energy requirement. Thermo-

philic acidification should be chosen for hot industrial

wastes.

Gelatin degradation was considerably affected by pH,

compared with temperature. This result is in agreement

with those of Breure and Andel [19], Eastman and

Ferguson [4]. When gelatin was acidified in a continu-

ously-stirred tank reactor, the protein degradation

increased with pH and the maximum protein degrada-

tion occurred at pH 7.0 [19]. A similar trend was

observed for the degradation of protein present in

primary sludge at pH values between 4.5 and 7.0 [4]. The

acidogenesis of gelatin was more sensitive at the lower

pH range, which might be due to the limited enzymatic

activities for substrate hydrolysis and fermentation

under these conditions. The optimum pH range for the

acidogenesis can be affected by the characteristics of the

wastewater and operating conditions. This study shows

that high VFA and alcohols were produced at pH

between 6.0 and 6.5, which can be considered as an

‘‘optimum pH range’’. For carbohydrate-rich wastes,

the optimum pH range of 5.0–5.5 has been found for

glucose [7], lactose [16], and sucrose [33].

The distribution of effluent products was also

substantially influenced by pH, and the relative amount

of the four main VFA was strongly dependent on pH.

Acetate, butyrate, and i-butyrate predominated above

pH 6.0, whereas propionate predominated below pH

5.0, the region between pH 5.0 and 6.0 was the transition

zone. Significant change in product distribution was also

found for glucose acidogenesis [18]. The change in

dominant products might be due to either in the

metabolism of the same population or a change in the

population itself or a combination of these both

changes. Furthermore, since the significant changes in

product distribution occurred in the narrow pH 4.0–7.0,

pH control should be important for the production of a

stable effluent composition from an acidogenic reactor.

Products of acidification have to be consumed in the

subsequent methanogenic reactor. Thus, operational

conditions for an acidogenic reactor should be main-

tained for more production of products suitable for

methanogens. The productions of acetate and butyrate

were favored over propionate at high pH values, and

vice versa. Since the methanogenesis of propionate is

slower compared with acetate and butyrate, propionate

was regarded not to be a desirable end-product of the

acidogenesis for the subsequent methanogenic reactor

[34]. The engineering implication of this result is that

high pH level should be selected for low production of

propionate and high production of acetate and butyrate.

5. Conclusions

Experimental results showed that temperature and pH

had a different influence on the acidification of the

gelatin-rich wastewater. Gelatin degradation efficiency

and rate, degree of acidification, and formation rate of

volatile fatty acids and alcohols all slightly increased

with temperature. Temperature affected the acidogenesis

of gelatin according to the Arrhenius equation with a

low activation energy of 1.83 kcal/mol. This might be

partially attributed to a temperature compensation

effect. The engineering implication of this observation

is that temperature control may not be essential for an

H.Q. Yu, H.H.P. Fang / Water Research 37 (2003) 55–6664



acidogenic reactor treating protein-rich wastewaters.

Compared with temperature, pH had a more significant

effect on the acidogenesis. Gelatin degradation efficiency

substantially increased with pH, from 60.0% at pH 4.0

to 97.5% at pH 7.0. The degree of acidification increased

from 32.0% at pH 4.0 to 71.6% at pH 6.5, but dropped

to 66.8% when pH increased to 7.0. The optimum pH

for the overall acidogenic activity was found to be 6.0,

close to 5.9, the optimum pH calculated using a semi-

empirical model. Operation at pH of 4.0–5.0 favored the

production of propionate, hydrogen, whereas the

operation at pH 6.0–7.0 encouraged the production of

acetate, butyrate, and i-butyrate. Since the significant

changes in product distribution occurred in the narrow

pH range of 4.0–7.0, pH control should be important for

the production of a stable effluent composition from an

acidogenic reactor treating protein-rich wastewaters.
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