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BATCH REACTOR (ASBR) UNDER THERMOPHILIC OPERATION 
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5.1 Abstract

The objective of this study was to investigate the enhancement of hydrogen 
production from alcohol wastewater by adding fermentation residue using an 
anaerobic sequencing batch reactor (ASBR) under thermophillic operation (55 °C) 
and at a constant pH of 5.5. The digestibility of the added fermentation residue was 
also evaluated. For a first set of previous experiments, the ASBR system was 
operated to obtain an optimum COD loading rate of 50.6 kg/m3d of alcohol 
wastewater without added fermentation residue and the produced gas contained 31 % 
H2 and 69 % C 02. In this experiment, the effect of added fermentation residue ( 100- 
1,200 mg/1) on hydrogen production performance was investigated under the 
optimum COD loading rate of 50.6 kg/m3d of the alcohol wastewater. At a 
fermentation residue concentration of 1,000 mg/1, the produced gas contained 40 % 
H2 and 60 % C 02 without methane and the system gave the highest hydrogen yield 
and specific hydrogen production rate of 128 ml/g COD removed and 2,&80 ml/1 d, 
respectively. Under thermophilic operation with a high total COD loading rate (51.8 
kg/m3d) and a short HRT (21 h) at pH 5.5, the ASBR system could only break down 
cellulose (41.6 %) and hemicellulose (21.8 %), not decompose lignin.

Keywords: Hydrogen production performance; Fermentation residue; Alcohol 
wastewater; Anaerobic sequencing batch reactor (ASBR); Thermophilic operation

5.2 Introduction

The main energy source presently used worldwide is derived from fossil
fuels, oil, coal, natural gas, and shale oil. The consumption of fossil fuels has
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increased steadily. In addition, when these fossil fuels are used to generate energy, 
large quantities of greenhouse gases, including carbon dioxide (CO2 ), nitrogen 
oxides (NOx) and sulfur dioxide (SO2 ) are released into atmosphere, consequently 
resulting in global warming. Hydrogen, as an energy source, has been increasingly 
investigated because it does not produce carbon dioxide after combustion. Hydrogen 
can be produced from different raw materials with the most attractive raw materials 
being renewable resources, particularly concentrated organic wastewaters via dark 
fermentation [1], The process can be operated under atmospheric pressure and 
ambient temperature. Alcohol wastewater is one of the promising sources for 
hydrogen production because it has a high organic concentration [2-3]. The use of 
alcohol wastewater not only provides hydrogen as a clean and renewable fuel but 
also enhances the sub-sequential step of methanogenesis to produce methane [4],

In the ethanol fermentation industry, one of the serious problems is the large 
quantity of fermentation residue that has to be removed from the wastewater because 
it upsets the process performance of the anaerobic units, especially in the upflow 
anaerobic sludge blanket (UASB) bioreactors. Hence, it has to be separated from the 
wastewater, leading to a large quantity of the fermentation residue. As a result, it 
causes environmental problems, bad smell and water pollution. Because of the low 
degradation rates of cellulosic materials under anaerobic conditions [5]. the 
improvement of digestibility is of great interest. To enhance the digestibility of 
fermentation residue, several pretreatment methods are available—physical 
pretreatment (mechanical disturbance including milling, crushing, or grinding), 
chemical pretreatment (acid/base hydrolysis or solvent extraction), biological 
pretreatment (using enzymes or fungi) [6], and metal nanoparticle pretreatment 
(adding silver or nickel nanoparticles) [7-8]. All of these pretreatment methods have 
the unique purpose of to breaking down the resistance layer of lignin. Lignin is a 
complex compound with a polymeric structure, resulting in high resistance to 
biological degradation. Large amounts of lignin have been found to reduce the 
efficiency of cellulose degradation because lignin serves as a protective barrier to 
both cellulose and hemicelluloses [10]. One of the most innovative methods used to 
enhance the digestibility of cellulosic residues is to operate anaerobic bioreactors for



7 1

methane production under severe conditions (50-60 ๐c  and pH 4-5) [9], The use of 
thermophilic operation at a low pH (4-5) was also found to enhance the digestibility 
of cornstack for hydrogen production [6 ]. Lynd et a l ,  [10] reported that the 
anaerobic degradation of cellulose at 60 ๐c  was much higher than that at a low 
temperature (30-40 °C). Under high temperatures, microorganisms can produce 
cellulolytic enzymes to hydrolyze cellulose [11], Pavlostathis et a l ,  [12] studied 
cellulose destruction at a low temperature (37 °C) and found that the cellulose 
destruction could be increased by increasing HRT from 0.25 to 2 d, leading to a 
larger bioreactor volume being required.

Several attempts to utilize biomass residues to produce hydrogen 
(agricultural residues including rice straw [13], wheat straw [14], cassava starch 
[15], and grasses [16]) for the co-digestion of wastewaters using pretreated seed 
sludges have been reported [17]. Lo et a l ,  [13] reported that, in a batch test, 
hydrogen yields increased from 0.70 mol H2/mol xylose to 0.76-mol H2/mol xylose 
when rice straw was pretreated with NaOH. Fan e t a l ,  [14] reported that, in batch 
fermentation tests, hydrogen yield at a HRT of 126.5 h increased from 13.8 ml H2/g 
TVS to 68.1 ml H2/g TVS when increasing the concentration of the 2.0 % HC1 
solution pretreated wheat straw from 5 to 25 g/1. The wheat straw was pretreated by a
2.0 % HC1 solution with microwave heating for 8  min. The highest hydrogen yield 
of 68.1 ml H2/g TVS from the microwave treated wheat straw was about 136 times 
more as compared with that from the un-treated wheat straw [14], Sigurbjomsdottir 
et a l ,  [16] found the hydrogen concentration increased from'28.0±0.2 nnnol/l to 
40.5±2.1 mmol/1 when the grass was pretreated with a 0.75 %NaOH solution.

Alcohol wastewater has been investigated for hydrogen production without 
adding cellulosic residue, as reported in our previous works [18-19], 
Poontaweegeratigarn e t a l ,  [18] studied hydrogen production from alcohol 
wastewater by using UASB under mesophilic temperature (37 °C) and at pH 5.5. 
The maximum hydrogen production rate of 18 L/d and the highest H2 yield of 125.1 
ml H2/g COD removed were found at a COD loading rate of 46 kg/m3 d. Intanoo et 
al., [19] further studied hydrogen production from the same wastewater under 
thermophilic temperature (55 °C) and pH 5.5 using an ASBR system and the highest 
hydrogen yield of 130 ml H2/g COD removed was found at a COD loading rate of 6 8
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kg/m3d. They concluded that hydrogen production performance, in terms of 
hydrogen yield and SHPR at thermophilic temperature, were much higher than those 
at the mesophilic temperature.

This present work is the second part of a series, of our research group, to 
investigate the enhancement of hydrogen production performance by adding 
fermentation residue without pretreatment to alcohol wastewater under thermophilic 
operation. The ability of thermophiles to degrade the un-treated fermentation residue 
as an additional biomass substrate under thermophilic temperature (55 °C) and a 
constant pH of 5.5 by using an anaerobic sequencing batch reactor (ASBR) was also 
investigated. The ASBR was fed by the alcohol wastewater at an optimum COD 
loading rate 50.6 kg/m3d with a short HRT of 21 h [19], The fermentation residue 
was added to the alcohol wastewater at different concentrations of suspended solids 
(SS; ranging from 100-1200 mg/1) in order to determine an optimum loading of the 
fermentation residue for maximization of hydrogen production performance.

5 .3  M a t e r i a l s  a n d  M e t h o d s

5.3.1 Seed Sludge
A seed sludge sample collected from the UASB biogas plant at 

Sapthip Lopburi Co., Ltd., Thailand, was first concentrated by sedimentation, and 
the concentrated sludge was then ground and screened by sieving to remove large 
particles. In order to eliminate or block the growth of methane-producing bacteria or 
hydrogen consumers, the seed sludge was boiled at 95 °c  for 15 min [20-24], The 
heat-treated sludge enriching hydrogen-producing bacteria was then added to an 
ASBR. The microbial concentration in terms of MLVSS (mixed liquid volatile 
suspended solids) for the start-up in this study was about 1 2 , 0 0 0  mg/1.

5.3.2 Alcohol Wastewater and Fermentation Residue
The alcohol wastewater used in this study was also obtained from 

Sapthip Lopburi Co., Ltd., Thailand with cassava chips being used as the raw 
material for alcohol fermentation. The discharge from the bottom of the distillation 
columns still contains a large quantity of unfermented cassava chips, which is
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preliminarily removed by decantation before being pumped to the existing UASB 
biogas production plant. The collected alcohol wastewater was filtered through a 0.2 
mm sieve to remove any large solid particles and kept at 4 °c before use. A sample 
of the fermentation residue, taken from the decanter, was dried at 105 ๐c, then 
crushed and milled to reduce particle size and finally sieved to 40-60 mesh (average 
diameter of the fermentation residue was about 250 pm).

5.3.3 Anaerobic SequencingJ3atch Reactor (ASBR) Operation
Two identical units of anaerobic sequencing batch reactors (ASBR) 

were used independently to produce hydrogen from the alcohol wastewater with 
added fermentation residue at different fermentation residue concentrations. The 
possibility of photosynthetic bacteria activity was inhibited by using PVC material in 
the construction of the bioreactors. Each of the bioreactors had an inner diameter of 
13 cm and a height of 30 cm. The bioreactors were operated with a liquid working 
volume of 4 L. Each ASBR unit was equipped with a magnetic stirrer (450 rpm) to 
suspend both microbial cells and the added fermentation residue homogeneously. 
The heat-treated sludge (1,000 ml) was added as a seed sludge to each of the ASBR 
units. Both ASBR units were operated under the optimum COD loading rate of 50.6 
kg/m3 d [19] at a temperature of 55 ๐c, a constant solution pH of 5.5 [25-26] and at 6  

cycles per day with operating time of 15, 90, 120 and 15 min for feeding, reacting, 
settling and decanting, respectively [19], To investigate the effect of the added 
fermentation residue, different concentrations ( 1 0 0 - 1 , 2 0 0  mg/1) of fermentation 
residue were added to the alcohol wastewater. The system was operated for 
approximately two weeks to reach a steady state for any fermentation residue 
concentration before taking the effluent and producing gas samples for analysis and 
measurement. Steady state conditions were attained when both effluent COD and the 
gas production rate did not change with time. After the ASBR systems reached 
steady state, the samples taken during the reacting step were filtered for the analysis 
of microbial and fermentation residue concentrations and chemical composition of 
remaining fermentation residue. The effluent samples taken during the decanting 
step were also filtered and analyzed for the same parameters to indicate the washout 
of both microbial cells and fermentation residue.
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5.3.4 Measurements and Analytical Methods
The gas production rate was measured by using a wet gas meter 

(Ritter, TG05/5). The gas composition of the produced gas was analyzed by a gas 
chromatograph (GC, Perkin-Elmer, AutoSystem) equipped with a thermal 
conductivity detector (TCD) and a packed column (HayeSep D 100/120 mesh, 
Altech) according to previous experiments [19], The total amount of volatile fatty 
acids (VFA) in each effluent sample was determined by the distillation and titration 
method [27], The VFA composition of each effluent sample after the distillation step 
was analyzed by a different gas chromatograph (Perichrom, PR2100) equipped with 
a flame ionization detector and a DB-WAXetr capillary column (.1 & พ  Scientific) in 
the splitless mode with helium as a carrier gas, hydrogen as a combustion gas, and 
air zero as a combustion-supporting gas. The analysis conditions were described in 
our previous work [19].

The COD values in the feed and effluent samples were determined by 
the dichromate oxidation method with an absorbance measurement using a 
spectrophotometer (PIACIT DR 2700). Nitrogen analyses (organic nitrogen 
measured by the diazotization and cadmium reduction method, and inorganic 
nitrogen measured by the salicylate method) in the feed and effluent samples were 
carried out by TNT persulfate digestion. The total phosphorous content in the feed 
and effluent samples were determined by the molybdovanadate method with acid 
persulfate digestion (Hach Company) 119],

The mixed liquor suspended solids (MLSS) and the mixed liquor 
volatile suspended solids (MLVSS) in the samples taken during the reacting step, 
were used to represent the microbial concentration with the accumulated 
fermentation residue in the bioreactor and the s s  and the volatile suspended solids 
(VSS) in the effluent samples, taken during the decanting step, and used to represent 
the microbial washout and the fermentation residue floating out from the system 
were measured according to standard methods [27],

The dried sample of fermentation residue was analyzed for elemental 
and chemical compositions. An elemental analyzer (TruSpec-CHN) was used to 
determine c , H, O, N and ร contents in the sample. Combustion and burner
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temperatures were kept at 950 °c and 850 °c, respectively, with oxygen, helium, and 
air used as carrier gases. The concentrations of glucose in the dried sample of 
fermentation residue and the effluent were determined by the enzymatic method with 
a glucose (HK) assay kit (Sigma-Aldrich, Inc).

For the analyses of both fractions of microbial cells and remaining 
fermentation residue, the dried samples of the fermentation residue, the MLSS from 
the ASBR units and the effluent s s  were analyzed according to suggested methods 
of Lin [28], Firstly, the organic nitrogen of the dried microbial sludge sample was 
analyzed and converted into a microbial concentration with a known nitrogen- 
content of 1 1 . 2 1  % (in the dried weight basis) in the microbial cells_ which was 
obtained from the growth of microbes with the studied wastewater without added 
fermentation residue. The remaining fermentation residue fraction was obtained after 
substracting the microbial weight fraction. For the chemical composition analysis of 
dre fermentation residue, a dried sample was first extracted by acetone. The weight 
loss of the acetone extraction step represented oils and phenolic compounds in the 
sample. Next, the acetone-extracted sample was dissolved in a 0.5 M NaOH solution 
at 90 ๐c  for 2 h. The weight loss from this step indicated the fraction of 
hemicellulose and starch. The starch fraction in the NaOFI dissolution solution was 
then determined by the amylase/amyloglocosidase method using a starch assay kit 
(Sigma-Aldrich, Inc). Next, the remaining residue, after the NaOH dissolution step, 
was further treated with a 72 wt% H2 SO4 solution at 8  °c for 24 h to dissolve the 
lignin fraction. The weight of the H2 SO4 undissolved solids represented the fractions 

-o f cellulose and ash. Finally, the undissolved solids were placed in an oven at 550 °c 
for 1 h to burn out the cellulose fraction. The weight loss in this step represents the 
cellulose fraction. The average values of the analysis results (with less than 5 % 
standard deviation) were used to determine the process performance of the studied 
ASBR system.

5.3.5 Calculations and Process Performance Evaluation
Calculations for process performance evaluation were similar to our 

previous work [21], The hydrogen yield was determined from a volume of hydrogen 
produced per g of COD applied or removed. The specific hydrogen production rates
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(SHPR) were based on both the bioreactor volume and microbial dried weight, 
which are important parameters for both design and operation of a hydrogen 
production unit, and were also determined at different fermentation residue 
concentrations. The digestibility of the added fermentation residue was determined 
by performing mass balance under steady state conditions, as expressed below:

D ig e s tib ility  or d e g ra d a tio n  = In p u t -  O utpu t -  A c c u m u la tio n  (\ )

5 .4  R e s u l t s  a n d  D i s c u s s i o n

5.4.1 Chemical Composition of Alcohol Wastewater and Fermentation
residue
As shown in Table 5.1, the alcohol wastewater has a high chemical 

oxygen demand (COD) value of 43,000 mg/1 with a COD:nitrogen:phosphorous ratio 
of 100:1.33:1.23, indicating that the wastewater contains sufficient amounts of both 
nutrients (N and P) for anaerobic degradation (the theoretical ratio of COD:N:P = 
100:1:0.2 for anaerobic decomposition with biogas production [19]). Therefore, an 
addition of nutrients was not required in this study. Most of the nitrogen in the 
wastewater was in the form of nitrate and organic nitrogen with a significant amount 
of ammonium nitrogen.

The elemental and chemical composition of the fermentation residue 
samples are shown in Table 5.2. The major elements of the fermentation residue are 
hydrogen, oxygen and carbon based on molar basis. It should be mentioned here that 
both protein and sugar were found to be extremely low and they were excluded from 
the list. Surprisingly, 39.74 % starch was found to present in the fermentation 
residue sample, indicating that a significant amount of starch was embedded in the 
rigid structure of the lignocellulosic fiber network. Apart from the starch fraction, the 
order of all fractions in the fermentation residue sample was cellulose > lignin ~ 
hemicellulose > ash »  extractive. The high fraction of ash (12.48 %) present in the 
fermentation residue was due to the sand content, which is generally added by 
middle men to increase the weight of cassava chips before selling to the factory.



7 7

T a b l e  5 .1  Characteristics of the ethanol wastewater sample

P a r a m e t e r U n i t V a lu e

pH - 4.6

COD mg/ 1 45,000
Total VF A mg/1 4,000
Ethanol concentration mg/ 1 534
Total solids (TS) mg/ 1 1 2 , 0 0 0

Total phosphorous mg/ 1 580

Total nitrogen mg/1 600

Organic nitrogen (Org-N) mg/1 208
Ammonium (NH/-N) mg/ 1 40

Nitrate (N0 3 '-N) mg/1 350

Nitrite (N0 2 _-N) mg/ 1 1 . 6

COD:N:P 100:1.33:1.23
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T a b l e  5.2 Elemental and chemical compositions of the studied fermentation residue

E l e m e n t a l  c o m p o s i t i o n w t % ,  d r y  b a s i s m o l%

Carbon 39.66 25.87
Hydrogen 6 . 0 2 47.16
Nitrogen 1.52 0.8*5
Oxygen 53.36 26.11
Sulfur 0.08 0.019
C h e m i c a l  c o m p o s i t io n \ v t % ,  d r y  b a s i s

Starch 39.7
Hemicellulose 15.5
Cellulose 23.5
Lignin 14.9
Extractives 6.4
Ash 12.5

5.4.2 Effects of fermentation residue concentration
5 .4 .2 .1  O rg a n ic  R em o va l R esu lts

The organic removal, in terms of COD removal increased 
greatly with increasing fermentation residue concentration up to 2 0 0  mg/ 1  and only 
slightly increased with further increasing fermentation residue concentration to 1 , 0 0 0  

mg/1 (Fig.5.1a). Beyond the fermentation residue concentration of 1,000 mg/1, COD 
removal decreased slightly with further increasing fermentation residue 
concentration from 1,000 to 1,200 mg/1. The results can be explained that an increase 
in fermentation residue concentration simply increased the organic loading in the 
system, leading to increased microbial activity. However, a further increase in
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fermentation residue beyond 1,000 mg/1, resulted in an increase in VFA in the 
system beyond the inhibitory level, affecting microbial activity.

5 .4 .2 .2  H yd ro g en  P ro d u c tio n  R esu lts
As shown in Figure 5.1a, the gas production rate has a similar 

trend to the COD removal. Figure lb shows two main components of hydrogen and 
carbon dioxide without methane in the produced gas for all studied fermentation 
residue concentrations. This implies that ihe methanogenic activity was completely 
suppressed by the high COD loading rate operation, causing toxicity from the 
organic acid accumulation to the methanogens in the studied ASBR [29-30], Both 
profiles of hydrogen content and hydrogen production rate mirrored that of COD 
removal while that of carbon dioxide content showed an opposite trend. The 
maximum content of hydrogen (40 %) and maximum hydrogen production rate (12.5 
1/d) were found at the fermentation residue concentration of 1,000 mg/1. A higher 
fermentation residue concentration in the alcohol wastewater, which had a higher 
concentration of all organic compounds, made more organic compound especially 
starch available for the microbes to digest, causing more hydrogen gas to be 
produced. However, at a fermentation residue concentration greater than 1,000 mg/1, 
both hydrogen content and hydrogen production rate decreased because of increasing 
toxicity of VFA accumulation.

The SHPR, based on either microbial concentration in the 
ASBR unit or reactor volume, increased with increasing fermentation residue 
concentration and attained a maximum value of 1,390 ml H2 /g MLVSS d (or 2,880 
ml H2 /I d) at a fermentation residue concentration of 1,000 mg/1 (Fig.5.1c). It was 
being consistent with the maximum hydrogen content and hydrogen production rate, 
and COD removal, as shown in Fig 5.1a and b. When the fermentation residue 
concentration further increased from 1,000 mg/1 to 1,200 mg/1, both SHPR values 
abruptly decreased, corresponding to the decreases in the hydrogen production rate, 
hydrogen content, and COD removal.

Both the hydrogen yield of 128 ml H2 /g COD removed and 58 
ml H?/g COD applied were also observed at the fermentation residue concentration 
of 1,000 mg/1, as shown in Figure 5.Id. With further increasing fermentation residue 
concentration greater than 1 , 0 0 0  mg/1, hydrogen yield decreased significantly.
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Figure 5.1 Effect of fermentation residue concentration on (a) COD removal and gas 
production rate, (b) gas composition and hydrogen production rate, (c) specific 
hydrogen production rates and (d) hydrogen yields when the ASBR system was 
operated with the ethanol wastewater at constant COD loading rate of 50.6 kg/m3d, 
pH 5.5, and 55 °c.

5 .4 .2 .3  V ola tile  F a tty  A c id  (V F A ) R esu lts
Figure 5.2 shows that the total VFA concentration increases 

steadily with increasing fermentation residue concentration and attains the highest 
value of 12,000 mg/1 as acetic acid at the highest fermentation residue concentration 
of 1,200 mg/1. The results reveal that the total VFA concentration directly affects the 
process performance, in terms of both COD removal and hydrogen production [31], 
Since the studied ASBR was operated at a constant pH of 5.5, the optimum pH for 
acidogenic fermentation, the system could withstand a remarkably high level of total 
VFA of up to 10,800 mg/1 [19], The addition of NaOH to maintain the system pH of
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5.5 could reduce the undissociated form of organic acids, leading to lower VFA the 
toxicity as compared to a higher concentration of undissociated acids at a lower pH 
[32],

The major components of produced VFA are acetic acid 
(HAc), propionic acid (HPr), butyric acid (HBu), and valeric acid (HVa) with a high 
ethanol concentration, as shown in Figure 5.2. All organic acids increased 
significantly with increasing fermentation residue concentration up to 200 mg/1. 
Beyond the fermentation residue concentration of 200 mg/1, the concentration of 
each produced organic acid increased slightly with further increasing fermentation 
residue concentration from 200 mg/1 to 1,200 mg/1. All organic acids are associated 
with hydrogen evolution while the formation of propionic acid is derived from the 
consumption of hydrogen, as shown in the following equations [33-34],

Glucose —---- ►  butyrate + 2C02 + 2H2 (2)
Glucose + 2H20  —---- ►  2acetate + 2C02 + 4H2 (3)
Glucose + 2H2 —---- ►  propionate + 2F120 (4)

The ethanol concentration increased with increasing 
fermentation residue concentration and attained the maximum value of 4,300 mg/1 at 
a fermentation residue concentration of 1.000 mg/1 (Fig.5.2). which was consistent 
with the highest hydrogen production performance (Fig.5.1). It sharply decreased 
with farther increasing fermentation residue concentration from 1,000 mg/1 to 1,200 
mg/1. The ethanol concentration profile mirrored both of COD removal and hydrogen 
content in the produced gas. The organic substrate can be converted to both 
hydrogen and ethanol, as shown below [19,35],

Glucose ------ ►  H2 + ethanol (5)

It is interesting to point out that in the present work, the 
alcohol concentration (3,800-4,200 mg/1) in the effluent was extremely high, which 
is similar to other works using alcohol wastewater [35-36]. The high ethanol 
concentration was a result of the alcohol wastewater being contaminated by yeast
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cells, which further metabolized the glucose produced by the thermophiles to 
ethanol.

Total COD loading rate (kg/m'd)

5 0 .6  5 0 . 8  5 1 .0  5 1 . 2  5 1 .4  5 1 . 6  5 1 .8

Figure 5.2 Total VFA, VFA composition and ethanol concentration at different 
fermentation residue concentrations when the ASBR system was operated with the 
ethanol wastewater at a constant COD loading rate of 50.6 kg/m3d, 55 °c, and pH 
5.5.

5 .4 .2 .4  M ic ro b ia l C o n cen tra tio n  a n d  M ic ro b ia l W a sh o u t R esu lts
The microbfal concentration, along with the accumulated 

fermentation residue in the ASBR bioreactor, in terms of MLSS and MLVSS, 
decreases steadily with increasing fermentation residue concentration up to 1,200 
mg/1, as shown in Figure 5.3a. Both the thermophiles and accumulated fermentation 
residue also had a similar trend. The microbial washout profile from the bioreactors, 
in terms of effluent s s  or effluent v s s  (Figure 5.3b) and the fermentation residue 
washout profile had an opposite trend. The toxicity level of organic acids produced 
by the hydrogen-producing bacteria at pH 5.5 was found to be around 12,000 mg/1, 
in agreement with the first set of experiments [19]. When the fermentation residue
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concentration was increased in the alcohol wastewater, the total VFA increased, 
suggesting that the degree of VFA toxicity to the microbes increased with increasing 
fermentation residue content, causing an increase in microbial washout and decrease 
in microbial concentration in the system. The decrease in microbial concentration 
eventually caused both the reduction of COD removal and hydrogen production 
performance as well as an increase in the washout of fermentation residue. When the 
fermentation residue concentration increased from 100 mg/1 to 1,000 mg/1, the 
microbial concentration in the ASBR bioreactor decreased significantly whereas 
hydrogen production performance increased. Thermophiles have an ability to 
hydrolyze both cellulose and hemicellulose, resulting in increased hydrogen 
production performance, as further discussed later. Conversely, the hydrogen 
production performance decreased at a high fermentation residue concentration of 
1,200 mg/1 due to increasing toxicity from VFA accumulation. Under the optimum 
COD loading rate of 50.6 kg/m3d of the alcohol wastewater with the optimum 
fermentation residue concentration of 1,000 mg/1 at 55 ๐c  and pH 5.5, the glucose 
concentration in the effluent was found to be very low (0.3 mg/1), indicating that 
most glucose produced was immediately converted to hydrogen, carbon dioxide and 
organic acids by the thermophiles, as well as ethanol by the yeast.
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Figure 5.3 Effect of fermentation residue concentration on (a) bacteria concentration 
in ASBR, fermentation residue in ASBR (mg/l dried weight), MLVSS and MLSS 
and (b) bacteria concentration washout from. ASBR, fermentation residue washout 
from ASBR (mg/l dried weight), effluent v s s  and effluent s s  when the ASBR 
system was operated with the ethanol wastewater at a constant COD loading rate of 
50.6 kg/m3d, 55 °c, and pH 5.5.

5 .4 .2 .5  N itro g e n  a n d  P h o sp h o ro u s  R esu lts
Both nitrogen and phosphorous are essential nutrients for the 

growth of microbes [18-19]. Both nitrogen and phosphorous uptakes increased 
greatly with increasing fermentation residue concentration from 100 mg/l to 1,000
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mg/1 (Fig.5.4a).พ ith further increasing fermentation residue concentration from
1,000 to 1,200 mg/1 both nitrogen and phosphorous uptakes remained almost 
unchanged. Interestingly, the optimum concentration of added fermentation residue 
to the alcohol wastewater at 1,000 mg/1 gave the highest nutrient uptakes of both 
nitrogen and phosphorous, corresponding to the highest hydrogen production 
performance. The nitrogen sources for microbial growth came from ammonium- 
nitrogen, nitrate-nitrogen, nitrite-nitrogen, and organic nitrogen [37], As shown in 
Fig 4b, the organic nitrogen concentration in the ASBR decreases markedly with 
increasing fermentation -residue concentration while the nitrate-nitrogen 
concentration slightly decreases. Both ammonium and nitrite nitrogen concentrations 
remained almost unchanged with increasing fermentation residue concentration in 
the studied conditions. The results suggest that most organic nitrogen was 
preferentially consumed by the hydrogen-producing bacteria for their growth under 
the studied conditions.
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Total COD loading rate (kg/nwl)
50.6 50.8 51.0 512 51.4 51.6 51.8

Total COD loading rate (kg/m3d)
50.6 50.8 51.0 51.2 51.4 51.6 51.8

Figure 5.4 Effect of fermentation residue concentration on (a) nitrogen and 
phosphorous uptakes and (b) total nitrogen, organic nitrogen and inorganic nitrogen 
concentrations when the ASBR system was operated with the ethanol wastewater at 
a constant COD loading rate of 50.6 kg/m'd, 55 °c, and pH 5.5.

5 .4 .2 .6  D ig e s tib ility  R e su lts
Figure 5.5 shows the digestibility of all chemical components 

of the fermentation residue and the microbial concentration profile in relation to the 
fermentation residue concentration. The digestibility of cellulose, starch, or
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hemicellulose increased steadily with increasing fermentation residue concentration 
from 100 to 1,000 mg/1 and was mostly unchanged with flirther increasing 
fermentation residue concentration from 1,000 to 1,200 mg/1, whereas both the lignin 
and extractive fractions remained almost unchanged. The results suggest that the 
thermophiles cannot digest lignin or phenolic and oily compounds but they show 
high ability to degrade both cellulose and hemicellulose. Surprisingly, the 
digestibility or degradability of both cellulose and hemicellulose were found to be as 
high as that of starch. The layer of cellulose and hemicellulose with lignin had to be 
hydrolyzed prior to the hydrolysis of the embedded starch by the extracellular 
enzymes secreted from the thermophiles. As a result, the digestibility of both 
cellulose and hemicellulose was as high as that of starch.

Total COD loading rate (kg/m3d)
50.6 50.8 51.0 51.2 51.4 51.6 51.8

Figure 5.5 Digestibility of fermentation residue and microbial concentration in 
relation to the fermentation residue concentration when the ASBR system was 
operated with the ethanol wastewater at a constant COD loading rate of 50.6 kg/m3d, 
55 °c, and pH 5.5.

As shown in Table 5.3, the digestibility of various 
lignocellulosic materials at high temperatures are higher than those at low 
temperatures [6,38] because under anaerobic condition at high temperatures, 
facultative and obligatory anaerobic bacteria can produce more effective enzymes to
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hydrolyze the lignocellulosic materials [11], Moreover, the digestibility of pretreated 
lignocellulosic materials with heat, acid solution, or lime solution was also higher 
than those of the un-treated ones [6]. Pretreatment can remove the barriers and 
makes cellulose more accessible to microbial hydrolysis [43]. A continuous system 
seems to provide higher digestibility of cellulose than a batch system. The studied 
system showed high digestibility for both cellulose (41.6 %) and hemicellulose (21.8 
%), without pretreatment under thermophilic operation.

5 .5  C o n c l u s i o n s

Hydrogen production from alcohol wastewater containing fermentation 
residue using an anaerobic sequencing batch reactor under thermophilic temperature, 
and a controlled pH of 5.5 was investigated. The ASBR system was operated at the 
optimum COD loading rate of 50.6 kg/m3d using alcohol wastewater while the 
fermentation residue was added at different concentrations in the alcohol wastewater. 
An optimum fermentation residue concentration of 1,000 mg/1 gave the highest 
hydrogen production performance with a maximum specific hydrogen production 
rate of 1,390 ml H2 /g MLVSS d and maximum hydrogen yield of 125 ml pf/g COD 
removed. The results confirmed that thermophiles have a high ability to digest both 
cellulose (41.6 %) and hemicellulose (21.8 %) under acidogenic fermentation even 
though the studied ASBR system was operated at an extremely high COD loading 
rate of 50.6 kg/m3d of the alcohol wastewater with a very short HRT of 21 h. The 
lignin fraction could not be broken down anaerobically.
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Table 5.3 Comparison of the digestibility of various lignocellulosic materials under 
various conditions

Feed
stock Pretreatment

Organic
loading
rate

System
or
condition

Temperature
(°C)/pH

HRT
(h)

Cellulose
digestibilit
y (%)

Ref.

cassava
residue

no 51.73
kg/m3d

ASBR 55/5.5 21 41.6 Present
study

cellulose no 3 g/1 CSTR/
anaerobic

37/6.4-6.5 48 71.4 [12]

avical no 5 g/1 batch/
anaerobic

30 /7.0 240 10 [38]

avical no 5 g/l batch/
aerobic

30/7.0 240 27 [38]

cornstalk lime 5 g/1 batch/
anaerobic

60 /7.0 60 58.6 [6]

cornstalk no 5 g/1 batch/
anaerobic

60 /7.0 84 18.3 [6]

wheat
straw
stillage

hydrothermal 17.1
kg/nfd

UASB 55 /6.8 48 25 [39]

cellulose no 10 g/1 CSTR/
anaerobic

70 /5.3-5.7 240 64.9 [40]

corn
stover

alkali/enzymatic
hydrolysis

- CSTR/
anaerobic

35/- 720 45 [41]

com
stover

alkali/enzymatic
hydrolysis

- CSTR/
anaerobic

35 /- 960 60 [41]

corn
stover

alkali/enzymatic
hydrolysis

- CSTR/
anaerobic

35/- 1,200 50 [41]

laminaria
japonica

no 3.4 g/1 CSTR/
anaerobic

35 /5.5 144 0.19±0.02
FPU/ml*

[42]

laminaria
japonica

no 3.4 g/1 CSTR/
anaerobic

50/5.5 144 0.11±0.03 
FPU/ml*

[42]

laminaria
japonica

,no 3.4 g/1 CSTR/
anaerobic

65/5.5 144 0.08±0.02
FPU/ml*

[42]

*cellulase activity indicated the hydrolysis efficiency [42)
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