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ABSTRACT

Hydrogen production from palm oil mill effluent
(POME) by Thermoanaerobacterium thermosacchar-
olyticum PSU-2 was investigated both in batch and
continuous reactors using anaerobic sequencing batch
reactor (ASBR) and continuous stirred tank reactor
(CSTR). The hydrogen production determined from
batch experiment of POME at an inoculum size of
0%, 10%, 20% and 30% (v/v) was 161, 201, 246 and
296 mL H,/g-COD with COD removal efficiency of
21%, 23%, 23% and 23%, respectively. Continuous
hydrogen production was start-up with 30% (v/v)
inoculum in both ASBR and CSTR reactors and
more than 30% COD removal could be obtained at
HRT of 4 days, corresponding to OLR of 11.3 g COD/
L-day. Similar hydrogen production rates of 2.05 and
2.16 L Hy/L. day were obtained from ASBR and
CSTR, respectively. COD removal efficiency of ASBR
was 37.7%, while it was 44.8% for CSTR. However,
ASBR was stable in term of alkalinity, while the
CSTR was stable in term of hydrogen production,
soluble metabolites concentration and alkalinity.
Therefore, the CSTR was found to be more stable in
hydrogen production than ASBR under the same
OLR.
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1. INTRODUCTION

Hydrogen (H,) is a clean and promising fuel when it is
ultimately derived from renewable energy sources. It has
high energy content, and water is the sole end product
after combustion [1]. Hydrogen production by microor-
ganisms can be divided into two main categories: one
involves the use of photosynthetic bacteria and algae
under light condition and the other, anaerobic fermenta-
tive bacteria under dark condition. Dark fermentative
production of hydrogen can convert often negative va-
lued organic wastes into hydrogen-rich gas [2-5]. Ther-
mophilic bacteria are therefore considered as most pro-
mising microorganisms than mesophilic bacteria for H,
production. A strict anaerobic thermophilic bacterial
strain with high production rate and yield of H,, named
Thermoanaerobacterium thermosaccharolyticum PSU-2,
was isolated from palm oil mill effluent (POME) by
O-Thong et al. [1]. The microbial community during hy-
drogen production from POME using anaerobic se-
quencing batch reactor (ASBR) at high temperature was
dominated by Thermoanaerobacterium spp. that in-
cluded close relatives of T. thermosaccharolyticum, T.
aotearoense and uncultured Thermoanaerobacterium [1].
C/N ratio and iron concentration have a significant in-
teractive effect on the hydrogen production ability of the
Thermoanaerobacterium-rich sludge [2]. One of the fac-
tors affecting the yield and the rate of hydrogen forma-
tion by dark fermentation is the composition of the bac-
terial culture. The use of pure cultures in dark fermenta-
tion of carbohydrates for hydrogen production is expen-
sive and technically difficult requiring sterile conditions
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and strict control of environmental conditions [6]. Among
the various approaches to increasing hydrogen produc-
tion yield from organic wastes, the nutrient supplementa-
tion appears promising. Nutrient supplementation im-
proved simultaneous hydrogen production and pollution
reduction from POME using thermophilic fermentation.
T. thermosaccharolyticum was the dominant hydrogen
producing microorganisms in this fermentation [7]. Bio-
augmentation is the practice of adding specific microor-
ganisms to a system to enhance a desired activity [8].
This increases the population of bacteria after upsets
from uncontrolled biomass loss, fluctuations in pH, toxic
events, or temperature decrease [8] and degradation of
specific substrates [9]. For anaerobic fermentation, bio-
augmentation has been investigated at laboratory scale to
improve start-up of new digesters [10]. The economics
value as a result of this study was the optimum inocu-
lums concentration for start-up culture. Output from the
by-product was acid metabolism, such as acetic acid and
butyric acid. ASBR was employed for fermentation of
hydrogen from palm oil mill effluent (POME) and nu-
trient-supplemented POME for substrate gave the hy-
drogen production rate of 4.4 + 0.38 LL -d " and 6.1 +
0.03 LL*d?, respectively [7]. Moreover, biohydrogen
production is usually conducted via continuous flow
stirred tank reactors (CSTR) because they are easy to
operate and can provide a good substrate-biomass con-
tact by vigorous mixing [11]. Of all information, there is
a possibility to use POME for hydrogen production by
using T. thermosaccharolyticum PSU-2 as start-up in-
oculums (bioaugmentation) and used ASBR and CSTR
for operation in the experiment.

In this study, batch experiment focused on finding the
optimum inoculums size for hydrogen production poten-
tial and COD removal and compared the performance of
ASBR and CSTR operation on hydrogen production sta-
bility and COD removal for long time operation. In addi-
tion, the metabolite characteristics from hydrogen pro-
duction was also determined.

2. MATERIALS AND METHODS
2.1. Inoculum and POME

The thermophilic fermentative bacterium Thermoanae-
robacterium thermosaccharolyticum PSU-2, previously
isolated by O-Thong et al. [3], was used for the inocu-
lums preparation in this experiment. The basal anaerobic
medium (BA medium) was prepared as previously de-
scribed [12]. The medium was flushed with nitrogen gas
for 20 min to obtain completely anaerobic conditions.
The pH of medium was adjusted to 5.5 by adding 1 M
NaOH or 1 M HCI. Cell suspension of 10 ml from culti-
vation at 60°C at exponential growth phase (OD660 0:5)
[1] was transferred into 90 mL supplemented BA me-
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dium and cultured another round, After that, the micro-
bial suspension was used as the experiment inoculums.
The culture was stored in a refrigerator and subcultured
once a month. The purity of this culture was routinely
checked under the microscope.

POME was collected from the receiving tank of Lab-
tavee Palm Oil Co., Ltd. in southern Thailand. It had the
following characteristics: high temperature (60°C - 85°C),
4.6 g oil L%, 39.2 g total solids L *, 6 g suspended solids
L™? 56.3 g COD L 15 g total nitrogen L, 125 mg
total phosphorus L, 8.3 g total carbohydrate L, 589
mg glucose L, 657 mg arabinose L %, 2.1 g xylose L ™.

2.2. Reactor Operation and Monitoring on
ASBR

The experiment using ASBR was setup. The reactor tank
was made from a glass bottle with a total volume of 1 L.
The operating volume was 800 mL. The reactor was run
by intermittent mixed feeding at 200 rpm and with 24 h
cycles. Each cycle consisted of 30 min fill, 22 h 40 min
reaction, 30 min settlement, 10 min draw and 10 min idle
[7]. ASBR was operated at 60 + 1°C, pH of 5.5 £ 0.2,
4-day HRT [3] and 11.5 + 0.2 gL *d* OLR. The ino-
culums T. thermosaccharolyticum PSU-2 of 240 mL
(30% v/v), 160 mL (20% v/v) and 80 mL (10% v/v) were
fed into the ASBR using no addition of inoculums (0%
v/v) for control and fulfill nutrient-supplemented POME
to 800 ml. The incubation was conducted for 4 days
(batch experiment). After that, POME was then fed into
the reactor at 0.2 | cycle *-day * to achieve a 4-day HRT.
The steady-state condition was reached when hydrogen
gas content, biogas volume and the volatile fatty acids
(VFA) concentration in the effluent were stable (less
than 10% variation) for a week [7]. The pH was main-
tained at 5.5 by adding 2 M HCI or 2 M NaOH. The
ASBR was routinely monitored for pH, gas production
and composition, total carbohydrate utilization, total al-
kalinity, COD removal, total solids, volatile solids and
volatile organic acids.

2.3. Reactor Operation and Monitoring on
CSTR

The experiment was carried out in a 4 L reactor with 2.5
L working volume of POME was used as substrate for
the experiment. The reactor was operated at 60°C with a
HRT of 4 days. The reactor was fed three times per day
using a peristaltic pump (Watson Marlow). Inoculum
from ASBR was used as start-up culture and operation
was conducted for 30 days. The pH was maintained at
5.5 by adding 2 M HCI or 2 M NaOH. The ASBR was
routinely monitored for pH, gas production and com-
position, total carbohydrate utilization, total alkalinity,
COD reduction, total solids, volatile solids and volatile
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organic acids.

2.4. Analytical Methods

The volume of biogas was measured with a wet syringe
and the composition was analyzed by gas chromato-
graphy (GC-8APT) with thermal conductivity detector
(TCD), Shimadzu, Japan. The temperatures of the injec-
tion port, oven and detector were 100°C, 50°C and 100°C,
respectively. Argon as a carrier gas and the activated
charcoal packed column were used for the analysis of
biogas composition [13]. Liquid samples were taken
from the culture at designated time intervals to analyze
for the composition of soluble metabolites including pH
and reducing sugar. The reducing sugar was determined
by high performance liquid chromatography (HPLC),
Aligent 1100. The hydrogen effluent was centrifuged at
12,000 g for 10 min, then, the supernatant was filtered
through a nitrocellulose membrane with 0.2-uL pores.
The apparatus of HPLC including a quaternary pump, a
manual injector, a refractive index detector, an online
vacuum degasser, a thermostatted column compartment,
an Aminex HPX-87H ion exclusion column (300 mm x
7.8 mm) (Bio-Rad, USA) and a ChemStation Software.
Operation conditions were: 20 puL sample volume; 5 mM
H,SO,4 as a mobile phase; flow rate of 0.7 mL/min and a
column temperature of 65°C. The total carbohydrate con-
tent was analyzed by the Anthrone method [10] Che-
mical oxygen demand (COD), total Kjeldahl nitrogen
(TKN), and ammonium nitrogen and alkalinity were
measured according to standard methods for the exami-
nation of water and wastewater [14]. Chemical oxygen
demand (COD), pH, total solids (TS), volatile solids
(VS), volatile organic acids, total phosphorus and total
Kjeldahl nitrogen (TKN) were determined in accordance
with the procedures described in the Standard Methods
[15]. The total carbohydrate content was analyzed by the
anthrone method [16].

3. RESULTS AND DISCUSSION

3.1. Effects of Inoculum Size on Hydrogen
Production in Batch Fermentation

The reactor in first batch reached stop produce hydrogen
after 5 days. It was found that the inoculation of T. ther-
mosaccharolyticum PSU-2 at 30% gave the maximum
hydrogen yield (Yp/s) of 296.14 mL/g-COD (Table 1)
while inoculation at 10% and 20% gave the hydrogen
yield of 201 and 246 mL/g-COD, respectively. The ex-
periments followed by heat-treated inoculums and no
inoculums addition methods which gave the hydrogen
yield of 269 and 258 mL/g-COD, respectively. The hy-
drogen content was 41%, 42%, 39%, 40% and 44%, re-
spectively. COD was reduced by 23% in all methods.
However, the inoculation of T. thermosaccharolyticum
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Table 1. Comparative hydrogen production performance from
various methods for preparing thermophilic hydrogen produc-
tion seed in batch operation system (4 days).

0% 10% 20% 30%

*

Parameters HT PSU2 PSU2 PSU2 PSU2
Initial pH 5.6 5.6 5.6 55 55
Final pH 5.4 5.3 5.3 5.4 5.4

H, (%) 40.8 44.1 42.2 39.5 413
N, (%) 11.8 5.7 7.7 104 6.1
CH,4 (%) 0.00 0.00 0.00 0.00 0.00
CO, (%) 479 502 501 50.1 52.6

HY(mLH,/gCOD) 269 258 201 246 296
Acetic acid (g/L) 5.4 48 41 3.7 4.4
Butyric acid (g/L) 45 4.7 4.5 4.3 3.8
Lactic acid (g/L) 0.2 0.2 0.2 0.19 0.18
Formic acid (g/L)  0.23 0.24 0.20 0.18 0.17
Propionic acid (g/L) 0.69 0.69 0.65 0.60 0.55

Total alkalinity (g/L) 2.8 3.2 2.3 2.7 2.1
TS (g/L)" 52 35 47 59 33

VS (g/L)" 22 14 22 29 17

TSU (%) 53 53 51 57 60
TCU (%)" 81 80 78 82 84
COD removal (%)” 23 23 23 23 23

"HT = Heat treatment inoculum, TS = Total suspended solids, VS = Volatile
solids, TSU = Total sugar utilization, TCU = Total carbohydrate utilization and
COD removal = Chemical oxygen demand reduction.

PSU-2 at 30% was not cost effective for practical use in
industry, although it gave acetic acid and butyric acid
(4.4 and 3.8 g/L, respectively) as a major soluble meta-
bolites. In addition, this experiment gave the total alka-
linity, total suspended solids, volatile solids of 2.1 mg/L,
33.8 ¢/L, 17.9 g/L, respectively, with 60% total sugar
utilization and 84% total carbohydrate utilization. The
characteristics of the fermentation broth was similar to
all other treatments.

3.2. Hydrogen Production on ASBR Semi
Continuous Operation

The reactor in the first batch stopped producing hydro-
gen after 5 days cultivation. After that the system was
operated steadily for a month in continuous operation at
4-day HRT. Before reaching steady state, fluctuations
were observed in hydrogen production and other para-
meters. In the follow-up on long-term operation for hy-
drogen production, the experimental results showed the
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inconsistency of hydrogen production, because of the
adaptation of culture process from batch system to semi-
continuous mode. The addition of starter culture T.
thermosaccharolyticum PSU-2 at 30% (v/v) resulted in
the production rate (average) of 2.1 LL *d* (Figure 1).
However, in the follow-up long-term operation, hydro-
gen production was efficient during 5 - 11 days fermen-
tation and decreased thereafter. This may be caused by
the inhibition of by-products (product inhibition) of
acetic acid and butyric acid [17]. These soluble metabo-
lites (Figure 2) caused the decrease of pH during the
high rate of hydrogen production. The amount of volatile
acids formed in fermentation broth inhibited the micro-
bial growth because it blocked the electron transfer
processes of the cell [17], so that the hydrogen produc-
tion rate was not stable. When monitoring the composi-
tion of the gas on long time operation, the hydrogen and
carbon dioxide ratio was in the range of 45% - 50% and
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50% - 55%, respectively. The experiment did not pro-
duce methane. Hydrogen content was lower than that
reported by O-Thong et al. [2] at 60%.

3.3. Hydrogen Production on CSTR Semi
Continuous Operation

The addition of starter culture T. thermosaccharolyticum
PSU-2 at 30% (v/v) in CSTR operation resulted in the
production rate in the range of 2.0 - 2.3 LL *-d * with the
average of 2.16 LL >d*. The production rate and other
characteristics such as alkalinity and pH were rather sta-
ble throughout the long-term experiment (Figure 3), at
431 gL and 5.46 (average), respectively. The pH re-
mained in the neutral range during the whole process due
to the strong buffer capacity of the fermentation broth
and suitable alkalinity. These pH and alkalinity values
were in the same range as in previous reports [13,18].
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Figure 1. Time course of hydrogen production, pH and alkalinity during ASBR
operation using 30% (v/v) Thermoanaerobacterium thermosaccharolyticum as a
start-up inoculum for hydrogen production from palm oil mill effluent.
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Figure 2. Time course of VFAS production during ASBR operation 30% (v/v)
Thermoanaerobacterium thermosaccharolyticum as a start-up inoculum for
hydrogen production from palm oil mill effluent.
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Increased VFA production was observed and acetate
was accumulated as the main product. Butyrate produc-
tion was relative high, while lactic acid, formic acid and
propionic acid production was low. At the 5" day of op-
eration, the acetate, and butyrate production was further
increased and decreased afterwards (Figure 4), their con-
centration (average) was kept stable at the level of 7.44,
4.36, 0.33, 0 and 0.87 gL respectively, during the pe-
riods after 12" day. VFAs values were higher than the
previous reports [13,17]. VFASs production could lead to
severe inhibition on hydrogen fermentation because the
VFAs can stimulate, inhibit or become toxic to the fer-
mentative bacteria [17]. These results indicated that the
thermophilic temperature had a positive effect on the
acidification of organic wastes and lead in an increased
acetic acid and butyric acid production. Similar results
were previously reported by O-Thong et al. [13,19] and

Thomas et al. [20]. It has been reported that the forma-
tion of acetate and butyrate resulted in higher biohydro-
gen production which was evident in this study.

4. CONCLUSION

Bioaugmentation by adding T. thermosaccharolyticum
PSU-2 at 30% (v/v) can improve the hydrogen yields
from 258.63 to 296.14 mLH, g COD. But the COD
removal did not change when compared with the control
and the other inoculation concentration. The ASBR op-
eration was not stable in the long-term operation that was
consistent with the inconsistent of pH in the fermentation
broth. Acetic acid and butyric acid were accumulated in
the fermentation broth and may result in the inhibition of
hydrogen production. For thermophilic hydrogen fer-
mentation of palm oil mill effluent, CSTR operation gave
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Figure 3. Time course of hydrogen production, pH and alkalinity during
CSTR operation 30% (v/v) Thermoanaerobacterium thermosaccharolyticum
as a start-up inoculum for hydrogen production from palm oil mill effluent.
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Figure 4. Time course of VFAs production during CSTR operation 30% (v/v)
Thermoanaerobacterium thermosaccharolyticum as a start-up inoculum for hy-
drogen production from palm oil mill effluent.
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the maximum hydrogen production rate of 2.16
LL™d™ and 44.7% COD removal. Characteristic of
fermentation broth were relatively constant through-
out the experiment such as pH, alkalinity, acetic acid
and butyric acid. All this indicated that the CSTR op-
eration was suitable for themophilic hydrogen fer-
mentation by palm oil mill effluent.
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