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Abstract—The objective of this study was to investigate
hydrogen production from alcohol wastewater by anaerobic
sequencing batch reactor (ASBR) under thermophillic operation. The
ASBR unit used in this study had aliquid holding volume of 4 L and
was operated at 6 cycles per day. The seed sludge taken from an
upflow anaerobic sludge blanket unit treating the same wastewater
was boiled at 95 °C for 15 min before being fed to the ASBR unit.
The ASBR system was operated at different COD loading rates at a
thermophillic temperature (55 °C), and controlled pH of 5.5. When
the system was operated under optimum conditions (providing
maximum hydrogen production performance) at a feed COD of 60
000 mg/l, and a COD loading rate of 68 kg/m® d, the produced gas
contained 43 % H, content in the produced gas. Moreover, the
hydrogen yield and the specific hydrogen production rate (SHPR)
were 130 ml H,/g COD removed and 2100 ml H,/I d, respectively.

Keywords—Biohydrogen, Alcohol  wastewater, Anaerobic
sequencing batch reactor (ASBR), Thermophillic operation

I. INTRODUCTION

T is a fact that energy is a necessity in daily life. The

shortage of energy seems to occur in the near future due to
an increasing consumption. Therefore, renewable energy is
considered to be an aternative to reduce the demand of fossil
fuels. Among dternative fuels, hydrogen is the most
interesting one because it is a clean fuel (water is produced in
the combustion process and does not produce carbon dioxide)
and also gives high-energy yield. Hence, hydrogen has been
suggested as a future fuel [1]. In addition, hydrogen can be
used to generate electricity through fuel cells[2].

Hydrogen can be produced in several ways: steam reforming
of natural gas, thermal cracking of natural gas, pyrolysis or
gasification of biomass, and electrolysis of water. All of them
require high energy to operate. Moreover, they are not
environmentally friendly [3]-[6] and risky in operation. A
better way used to produce hydrogen is biological hydrogen
production processes because they can be operated under
ambient condition [1]. The biological hydrogen production
processes can be classified into 2 types: photo and dark
fermentations. The dark fermentation is more favorable due to
its constant production of hydrogen without light. Various raw
materials have been widely used as a substrate in hydrogen
production for example, cassava wastewater [7], food waste
[8], starch wastewater [9], wheat powder solution [10], and
industrial wastes[11].
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Sreethawong et al., [7] studied hydrogen production from
cassava wastewater; gaining a maximum hydrogen production
in terms of specific hydrogen production rate (SHPR) at 388
ml H,/g VSS d. Sik Shin et al., [8] reported the hydrogen
production from food waste under thermophillic condition was
higher than that under mesophillic condition. Lee et al., [12]
showed the pH-dependency for hydrogen production from
cassava starch. The suitable pH range of pH 55 to 6.0
displayed better hydrogen production performances; as it gave
better environment for the cells to utilize starch for growth.

In this present work, alcohol wastewater was used to
produce hydrogen using anaerobic sequencing batch reactor
(ASBR) under thermophillic operation.

Il. EXPERIMENTAL

A. Seed sludge preparation

The seed sludge obtained from the biogas plant of Sapthip
Lopburi Co., Ltd., Thailand was first concentrated by
sedimentation, and the concentrated sludge was ground and
filtered through a 1 mm sieve to remove debris and large sand
particles. After that, it was boiled at 95 °C for 15 min in order
to enrichhydrogen-producing acidogenic bacteria and to
eliminate hydrogen-consuming methanogens [10],[13]-[17].
The heat-treated sludge was then added to the studied
anaerobic sequencing batch reactor (ASBR).

B. Sudied wastewater

The alcohol wastewater was also obtained from the same
factory which cassava is used as a raw material for alcohol
fermentation. Table 1 shows the characteristics of the studied
alcohol wastewater. It was filtered through a 0.2 um sieve to
remove any large solid particles before use. The alcohol
wastewater had a chemical oxygen demand (COD) value of
about 60000 mg/l and the ratios of COD: nitrogen:
phosphorous of 100:2:0.4, indicating that both element were
sufficient for anaerobic degradation (the theoretical ratio of
COD:N:P = 100:1:0.4 for anaerobic decomposition).
Therefore, an addition of nutrients was not required in this
study.

C. ASBR operation

Two identical units of anaerobic sequencing batch reactors
(ASBR) were used independently to perform the hydrogen
production at different COD loading rates. The bioreactors
were operated with a working volume of 4 liters. The
schematic of the studied ASBR system is shown in Figure 1.
The ASBR operation consisted of 4 steps. feeding, reacting,
settling, and decanting. The time of each step was controlled
by timers. First, for the feed step, the alcohol wastewater was
introduced into the top of the reactor.
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A heater (equipped with thermocouple) and a pH+cdlet

(with 1 M NaOH) were used to maintain a consta

temperature and solution pH in the studied ASBRahiyvet
al., [18] found that the maximum biogas productiaas
observed at pH 5.5 and a higher pH resulted in limge
hydrogen production. Moreover, Lee et al., [12paleported

that the system operated at pH 5.5 gave the higthest

hydrogen production. Hence, in this work, the ssddASBR
reactors were operated at a solution pH of 5.5.ffocedure
quantity of 1000 ml of the heat-treated sludge wdded to
each of the studied ASBR reactor. In this presemtkwthe
ASBR operation times of four sequential steps aydes per
day are shown in Table 2. The 6 cycles per day wgasl to
operate the studied ASBRs because it was proveneivious
work to give the highest hydrogen production pearfance [7].
Table 3 shows the flow rate of either feed or deeauifferent
COD loading rates and a constant temperature ofCo5At

any given COD loading rate, the studied ASBR reavias
operated around two weeks to reach the steady k&dtee
being taken effluent samples and produced gasfalysis and
measurement. Steady state conditions were attathed both
effluent BOD and gas production rate were invariaith

time.

D. Measurements and analytical methods
The gas production rate was measured by using ayage
meter. The amount of gas composition in produces! vgas

analyzed by a gas chromatograph (AutoSystem GCeglAr

PerkinElmer) equipped with a thermal conductivitgtettor
(TCD) and a stainless-steel HayeSep D 100/120 mpasked
column (Alltech). The total amount of volatile fatacids

(VFA) in the effluent samples was determined by the

distillation and titration method [19]. The VFA cpwsition in
the effluent samples was analyzed by another

chromatograph (PR2100, Perichrom) equipped withamd
ionization detector and a DB-WAXetr capillary colarg &
W Scientific). The mixed liquor volatile suspendedlids
(MLVSS) in the effluent samples taken during thecteng
step to represent the microbial concentration aothtie
suspended solids (VSS) in the effluent samplesntakeing
the decanting step to represent the microbial watstnom the
system were measured according to the standarddsefh9].
The COD in the feed and effluent samples was détednby

the dichromate method using a COD analyzer (DR 2700

HACH). The average values of the analysis results (wih
than 5% standard deviation) were used to accesprimess
performance of the studied ASBR system.
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TABLE |
CHARACTERISTICS OF THE STUDIED ALCOHOL WASTEWATER

Parameter Unit Value
pH - 3.4
COD mg/l 60 000
Total solids (TS) mg/l 10 000
Total phosphorous mg/l 800
Total nitrogel mg/l 400C
Ammonia (NF3) mg/l 70
Nitrate (NGg) mg/| 40C
Nitrite (NO2) mg/l 2
COD:N:P - 100:2:0.4
Color Blown
TABLE Il

OPERATION CONDITION FOR FOUR SEQUENTIAL STEPSOF STUDIED ASBR
PROCESSAT 6 CYCLES PER DAY

Operating step Cyclic time (min)

Feed 15
Reac 90
Settle 12C
Decan 15
Total 24C

TABLE IlI
OPERATION CONDITION FOR THESTUDIED ASBR FROCESS ATDIFFERENTCOD
LOADING RATES

Feed and HRT Feed and Decant COD loading rate
Decant (h (lcycle) (kg/mid)
t ()
3.00 32 0.500 45
3.75 25.6 0.625 56
4.50 21.3 0.750 68
5.25 18.3 0.875 79
pH Temperature
controller : B controller
gas o
Fa
L 1

G L’ P n vt
Pump ] i
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7/ J Gas mater
: Water trap

b~

Heater

—
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Fig. 1 Schematic of studied ASBR process

Reactor

le
I1l. RESULT AND DISCUSSION

A. Organic removal results

The effect of COD loading rate on COD removal éficy
and gas production rate is shown in Figure 2a. Ti@D
removal efficiency increased with increasing CORdimg rate
from 45 to 68 kg/ifd and then decreased with further
increasing COD loading rate. The maximum COD rerhova
efficiency was 32 % at a COD loading rate of 68g. The
increase in COD loading rate results in an incréasgganic
compounds available for microbial degradation, iegdto
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increasing COD removal. However, at a very high COMBo 31 ml H/g COD removed or 5 ml #j COD applied with
loading rate greater than 68 kdtinthe system started havingfurther increasing COD loading rate to 79 kidmAt the
too high VFA, causing increasing toxicity to thecnabes and highest hydrogen yield was found to corresponcéoHhighest
then lowering the COD removal which will be furtherability of microorganisms to convert organic compds to
discussed later. hydrogen gas. Regarding the hydrogen production
Figure 2b shows the gas composition in the prodgasd performance in term of hydrogen production rateP8Hand
and hydrogen production rate at different COD logdiates. hydrogen yield, a COD loading rate of 68 kins considered
Under the studied conditions, the produced gasatwed to be an optimum condition.
mainly hydrogen and carbon dioxide without methane,
suggesting that the methanogenic step was completel C. Volatilefatty acid (VFA) results
suppressed which is in a good agreement with pusuiesults Figure 3 shows the effect of COD loading rate am tibtal
[20]-[21].The hydrogen percentage increased wittraasing VFA concentration (mg/l as acetic acid) in the ASBftem.
COD loading rate and reached a maximum of 43% @0® The total VFA increased with increasing COD loadnade.
loading rate of 68 kg/fd. After that it decreased with further The highest total VFA concentration of 10400 mg/lazetic
increasing COD loading rate from 68 to 79 kifiniThe same acid was found at a COD loading rate of 79 Kg/mvhich was

explanation used for the effect of COD loading ratethe
COD removal can be applied for that on the gas ystan
rate, and hydrogen percentage in
[71,[10],[20],[22] which will be further discusselhter. For
carbon dioxide percentage, it has an opposite ttenthe
hydrogen percentage.

B. Hydrogen production results

The hydrogen production rate as a function of Coading
rate is shown in Figure 2b which is calculated friva gas
production rate and gas composition. Similar to thes
production rate, the hydrogen production rate iaseel with

responsible for both reductions of COD removal hydrogen
production efficiency, as describe before. From rémults, it

the produced gean be concluded that a maximum VFA for hydrogen

production from this alcohol wastewater is arouf9® mg/I

as acetic acid. A slight increase in VFA from 90060/l to 10

400 mg/l exhibited significant toxicity to the madrial activity

toward hydrogen production production performance.

The effect of COD loading rate on VFA compositionda
ethanol concentration in the bioreactor is alsoxshim Figure

3. The main components of VFA were acetic acidpjmaic

acid, butyric acid, and valeric acid. Both acetid gropionic

acids increased slightly with increasing COD logdirate

increasing COD loading rate and reached a maximura athroughout the studied range of COD loading rateweier
COD loading rate of 68 kgfid. It decreased with further butyric and valeric acids increased substantiallyenv the
increasing COD loading rate beyond 68 kigimAs mentioned COD loading rate increased from 68 kddno 79 kg/mid. . At
before, the increase in hydrogen production rateh wiany given COD loading rate, butyric acid was thghbst and
increasing COD loading rate because of the increegsmanic  followed by valeric acid, acetic acid and propioaicid. As
compounds in the system available for microkbdsch can known, a high amount of butyric acid or acetic acid
convert organic compound to hydrogen gas. At a IG@D concentration can lead to a higher hydrogen pragiuct
loading rate, especially 79 kgiththe hydrogen production performance. In contrast, a higher amount of propiacid
rate decreased because of the toxicity from VFAiaedation. can result in lowering higher hydrogen production
The specific hydrogen production rate (SHPR) isdated performance. To maximize the hydrogen production
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from hydrogen production rate per liquid workinglwoe or
microbial concentration. The SHPR as a functionG&D
loading rate is shown in Figure 2c. The SHPR ineedawith
increasing COD loading rate and attained a maximaluwe of
525 ml H/g MLVSS d (or 2100 ml Kl d) at a COD loading

performance, an anaerobic system should be opet@teave
high butyric acid and acetic acid concentratiorhwitvery low
propionic concentrations [23] -[25].0-thorgy al., [26] also
found that high amounts of butyric acid (6200 mgénd
acetic acid (4300 mg/l) with a low amount of prapmoacid

rate of 68 kg/rfid which correspond to the maximum hydrogerf120 mg/l) contributed to the highest hydrogen piibn

production and hydrogen percentage at this CODirgaihte.
Moreover, the SHPR decreased to 185 mgHALVSS d (or

from palm oil wastewater. The butyric acid and &catid are
formed via the metabolic pathway for the productioh

570 ml H/I d) with further increasing COD loading rate t® 7 hydrogen [27]. The propionic acid concentratiofoisned via
kg/nd, corresponding to a decrease in the hydrogehe metabolic pathway for the consumption of hyerof27].

production rate.

The hydrogen vyield
production rate per g of COD applied or COD removEie
effect of COD loading rate on both hydrogen yieklshown
in Figure 2d. The hydrogen yield increased withréasing
COD loading rate and attained a maximum value df &8
H,/g COD removed or 85 ml #§ COD applied at a COD

loading rate of 68 kg/fd. Afterwards, it decreased markedly oo
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Fig. 2 (a) COD removal efficiency and gas productiate versus
COD loading rate at 55°C and pH 5.5, (b) Gas coitipasand
Hydrogen production rate versus COD loading ratb @i at 55°C
and pH 5.5, (c) Specific hydrogen production r&ePR) versus
COD loading at 55°C and pH 5.5, (Hydrogen yield versus COD

loading rate at 55°C and pH 5.5
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whereas the microbial washout from the system imseof
VSS increased with increasing COD loading rateaAsrther
increases COD loading rate, MLVSS slightly increase to

3800 mg/l while VSS slightly decreased to 2300 mg/I
—> 10000
EtOH 8000
5000 HBu 6000
Hva 4000

2000

8
(mgl/l as acetic acid)

HAC °

HPr

Organic acid and alcohol
concentration (mg/l)
8
8
Total VFA concentration

-2000
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-4000
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40 50 60 70 80 90
COD loading rate (kg/m?® d)
Fig. 3 Total VFA, VFA composition and ethanol contgation
versus COD loading rate at 55°C and pH 5.5
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Fig. 4 MLVSS and effluent VSS versus COD loadinig rat 55°C
and pH 5.5

The results suggest that increasing microbial wasfrom
the system and decreasing microbial concentratiorthie
(1) bioreactor can directly affect the hydrogen proiturct
) performance of the hydrogen-producing bacteria titize
3) organic substrate for growth. For this work, thaditon that
suitable for hydrogen-producing bacteria growth athe

Another factor that can affect to hydrogen prochreti highest hydrogen production performance is at a d@ding
performance is ethanol. The ethanol concentratiogute 3) ate 68 kg/rd (Figure 2c-2e) as discussed previously. $hin
increased with increasing COD loading rate andirmtha & [8] studied the effect of volatile solid (VS) ondrpgen
maximum value of 5600 mg/l at a COD loading rate egroduction. They found that hydrogen productionréased
kg/mid. The highest ethanol concentration correspondédet With increasing VS concentration because of inaotid
highest hydrogen production performance (Figure2@c- Methanogenesis by thermophillic condition.
which is in a good agreement with previous work][ZBhe

results can be explained by the fact that the predwethanol IV. CONCLUSIONS
can reduce the acidity in the studied reactor, ifgpdo the ~ The hydrogen production from alcohol wastewater by

improvement of the efficiency of hydrogen productio

anaerobic sequencing batch reactor (ASBR) under
thermophillic operation (58C), and controlled pH of 5.5 was

CeH1,06+H,0 —» GHsOH+CH;COOH +2H+2C0Q, (4) investigated in this present work and it greatlpeteled on

COD loading rate. Under a COD loading rate of 6&Rd,

D. Microbial concentration and microbial washout results ~ the system gave the best hydrogen production pedoce

The microbial concentration in the bioreactor inme of With @ maximum specific hydrogen production rate5@b ml
MLVSS as a function of COD loading rate is showrFigure H2/9 MLVSS d and a maximum hydrogen yield of 130 rplgH
4. The MLVSS decreased with increasing COD loaditg COD removed.
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