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Abstract
The aim of this study was to investigate the optimum mixing ratio of skim latex serum (SLS) to palm oil mill

effluent (POME) for biohydrogen production under thermophilic temperature (55oC) by using thermophilic mixed
cultures. Batch co-fermentations were carried out at various mixing ratios of SLS to POME (95:5, 90:10, 85:15, 80:20,
75:25, 70:30, 65:35, 60:40, 55:45 and 50:50 (%v/v)) without supplementation of additional nutrients. The result shows
that the optimum mixing ratio of SLS to POME was 75:25 (%v/v) with high hydrogen content, hydrogen production rate
and hydrogen production yield of 27.1±0.8%, 19.6±0.3 mL H2/d and 35.0±1.2 mL H2/g-COD, respectively. In addition,
the hydrogen production yield achieved from co-fermentation was 1 and 5 times higher than that achieved from
individual fermentations of SLS and POME, respectively. Propionate and butyrate were the major soluble end-products
with concentrations 38.20±0.63 mM and 24.35±0.00 mM, respectively. Therefore this research work demonstrated
significant feasibility of anaerobic dark co-fermentation of SLS and POME to enhance biohydrogen production.
However, further nutrient optimization could be investigated in order to further increase hydrogen production yield.
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1. Introduction
Research in dark co-fermentation for hydrogen

production from various organic substrates has much
received attention in recent years, however many
researchers utilize typical simple sugars or starch (1-5)
which is not economically feasible due to their high cost.
The new strategy of market-driven research is to focus on
using cheap, organic waste-based feedstock, employing
indigenous mixed cultures and improving the hydrogen
production yield (6). Natural rubber (NR) latex is milky
white or slightly yellowish opaque fluid of the rubber tree
(Hevea brasiliensis). NR latex harvested from plantations
needs to be processed soon after harvesting to maintain its
quality. One of the major types of processed rubber is the
preserved latex concentrate. Ammoniated field latex con-
taining 30–33% rubber is concentrated by centrifuging to
60% rubber and skim latex (containing 4–6% rubber)
using high speed centrifuges. The skim latex (contains
about 0.8% ammonia) is coagulated with 98% sulfuric
acid to recover rubber. The skim serum produced after
coagulation of rubber is stored in a separate trap. It contains
significant amount of non-rubber matters, including
proteins, carbohydrates, sugars, carotenoids, organic and
inorganic salts which are originated from the latex and
very little amount of un-coagulated latex. These constituents
are excellent substrates for the proliferation of microor-
ganisms generating high biochemical oxygen demand
(BOD) (7).

The production of palm oil as one of the major
edible oils consumed in the world has increased tremen-
dously in the last decade and is led by Malaysia, Indonesia
and Thailand. However, the milling process produces a
huge volume of palm oil mill effluent (POME). One ton of
oil palm fruit approximately 0.87 m3 POME is generated
or 3.7 ton of effluent per ton of oil produced. Oil palm mill
plant also generates large amount of solids wastes such as
empty fruit bunch (EFB) (23%), mesocarp fiber (12%)

and shell (5%) for every ton of fresh fruit bunches (FFBs)
processed in the mills. Thus, the utilized of POME has
gained interest from many researchers due to the abun-
dant amount generated in the mills.

Currently, most of latex concentrates plants and
palm oil mill plants use SLS and POME as feedstock to
produce biogas in Malaysia and Thailand (8). Hydrogen
is one of the prototype alternatives renewable energy to
fossil fuels. Hydrogen can be produced by many methods
among that biological method by dark fermentation. This
method is environmentally friendly and capable to utilize
the organic waste to eliminate the pollution (9). Dark
fermentation has various advantages, for example, high
rate of bacterial growth, requires low energy input, no
oxygen limitation problems and low costs (10, 11).

Various types of waste materials can be used as
substrate for biohydrogen production such as palm oil mill
effluent (POME) (8), starch-based materials (12), ligno-
cellulosic materials (13), food wastes (14), dairy wastes
(15), glycerol waste (16) and skim latex serum (17).
Co-digestion of various organic wastes for energy
production has several advantages compared to single
substrate digestion such as improved biogas yield,
economic advantages derived from the sharing of equip-
ment, easier handling of mixed wastes, and synergistic
effect (18, 19). Mixed culture is more appropriate for
hydrogen production from non-sterilized organic wastes
under mesophilic temperatures at 20 to 40oC (14, 15, 20)
or thermophilic conditions at 50 to 60oC (21-23). Thermo-
philic operation may be suitable to meet legislation for
treatment of feedstock containing pathogens. Additionally,
thermophilic hydrogen production process was more
efficient than the mesophilic one in both hydrogen production
rate and yield (8, 24).

The current study aimed to determine the potential
of using POME, wastewater from palm oil mill plant for
co-digestion with SLS to produce hydrogen via mixed
cultures fermentation.
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2. Materials and methods
2.1 Anaerobic seed sludge

The anaerobic seed sludge used in this experi-
ment was obtained from lab-scale upflow anaerobic sludge
blanket reactor (UASB) producing hydrogen from SLS.
The sludge was pretreated at 121oC for 15 minutes to
remove methanogenic bioactivity. The sludge was
enriched with synthetic medium according to Angelidaki
and Sanders (25) with 10 g/L of sucrose and operated
under thermophilic conditions (55oC) in 150 mL of serum
bottles with 50 mL of working volume.
2.2 Skim latex serum (SLS)

The fresh raw SLS was collected from Chana
Latex co, Ltd., Songkhla, Southern Thailand. The pH of
mild yellow raw SLS was 4.83ฑ0.01. Raw SLS was kept
at 4oC prior using in order to minimize self-biodegradation
and acidification. Some chemical and physical characteris-
tics of SLS are given in table 1.

2.3 Palm oil mill effluent (POME)
The fresh raw POME was collected from the

receiving tank of Palm Pattana Southern Border Co, Ltd.,
Pattani Southern Thailand. Raw POME has brown color,
pH 4.68ฑ0.00, a temperature of 70-80oC. The POME
was fully characterized, as presented in Table 1, and kept
in cold room at 4oC prior experimental conducting.
2.4 Batch hydrogen production from SLS and POME

Co-digestion of SLS with POME was tested at
different mixing ratios of SLS to POME (95:5, 90:10, 85:15,
80:20, 75:25, 70:30, 65:35, 60:40, 55:45 and 50:50 (%v/
v)). The assay was conducted as batch cultivations in 150
mL serum bottles. In each bottle, 15 mL of inoculum and
35 mL of substrate/water mixture were added. The mixtures
were then purged with N2 (100%) to ensure anaerobic
conditions. Afterwards the bottles were closed with butyl
stoppers and placed in a 55oC incubator for 8 days.
Hydrogen production in the headspace of the vials was
monitored. The headspace gas was collected for hydrogen
determination daily.

Table 1. Chemical and physical characteristics of SLS and POME
Characteristics SLS POME 

pH 4.83±0.01  4.68±0.00 

TSC (g/L) 49.65±0.01 42.07±0.16 

VSC (g/L) 43.46±0.39 32.24±0.89 

Alkalinity  (mg/L as CaCO3) 56±1 28±0 

COD (mg/L) 29219±5666 42553±6137 

TKN (mg/L) 5180±0 1245±11 

Protein (mg/L) 7583±505 7781±66 

TON (mg/L) 92±6 ND 

Carbohydrate (mg/L) 602±0 ND 

Sulfate (mg/L) 258±1 ND 

ND = Not determined.
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2.5 Analytical methods
The volume of biogas produced was measured

using water displacement method. The hydrogen content
was measured by gas chromatography (Shimadzu GC
14A equipped with thermal conductivity detector, TCD)
fitted with a 1.5 m stainless steel column paced with
molecular sieve 58 (80/100 mesh). Argon was used as a
carrier gas at a flow rate of 30 mL/min. The temperature
of the injection port, oven and detector were 100, 50 and
100ฐC, respectively. 0.5 mL of sampling gas was injected
in triplicate. Volatile fatty acid (VFA) was analyzed by
GC-FID (Shimadzu GC 8A). A column capillary packed
with nitroterephthalic acid-modified polyethleneglycol
(DB-FFAP) and with a length of 30 m was used. The
chromatography was performed using the following pro-
gram: 100oC for 5 min, 100-250oC with a ramping of 10oC/
min, 250oC for 12 min. The detector temperature was set
at 300oC. COD, pH, total solid content (TSC), Volatile
solid content (VSC), alkalinity, total Kjeldahl nitrogen
(TKN), protein content, total organic nitrogen (TON),
carbohydrate content and sulfate content were determined
in accordance with the procedures described in the Standard
Methods (26). However, carbohydrate content in POME
has not been determined yet in this preliminary batch
experiments to investigate the effect on hydrogen produc-
tion by adding POME into SLS at different mixing ratio.
POME is found previously that it contains carbohydrate at a
concentration range of 8-25 g/L, which is the real substrate
for hydrogen production by dark fermentation (6, 8, 24,
27). The exact content in POME will be analyzed later in
consecutive investigation for nutrients optimization by
using the optimum mixing ratio obtained from this study.

3. Results and discussion
3.1 Hydrogen potential of co-digestion of SLS and POME

Characteristics of raw SLS and raw POME shown
in the table 1 have high Total Kjeldahl Nitrogen (TKN)

and low chemical oxygen demand (COD) in SLS, result-
ing in low C/N ratio about 6. In contrast, POME contains
C/N ratio about 34, which is much higher than that of SLS.
O-Thong et al. (8) reported the optimum C/N ratio is 74 for
biohydrogen production from palm oil mill effluent (POME).
Therefore, adding POME into SLS could definitely have
more suitable C/N ratio for hydrogen production by using
dark fermentation.

The optimum pH for hydrogen production was
5.4-5.7 (6, 8, 27). Skim latex serum and palm oil mill
effluent have rather low pH of 4.83 and 4.68, respectively.
Under low pH condition, free VFA can cause weak acid
inhibition (36). These VFA become more toxic due to an
increase of their undissociated fraction. The undissociated
VFA can freely cross the cell membrane and then disso-
ciate which lowers internal pH and disrupts homeostasis
(37). Therefore low hydrogen production yield obtained
was also partly contributed by substrates having low pH.
Cumulative hydrogen production under thermophilic con-
dition was obtained from co-digestion of SLS and POME
is shown in Fig. 1. The result shows less than one day lag
phase of all mixing ratio and hydrogen production rate
increased dramatically from 2 to 4 days of fermentation
time. The stationary phase had been reached in 4 days of
fermentation when using more than 75% of SLS. While
the fermentation broth contained less than 75% of SLS,
giving more POME composition, the stationary phase
occurred after the fourth day of fermentation. Cumulative
hydrogen production in this experiment ranged from
10.0±0.1 to 42.8±2.0 mL H2. The maximum cumulative
hydrogen production (42.8±2.0 mL H2) was obtained
using co-digestion of SLS and POME with mixing ratio of
65:35 (%v/v) with C/N ratio of about 9. The lowest cumu-
lative hydrogen production (10.0±0.1 mL H2) was
obtained from fermentation of using only POME, having
C/N ratio of about 34. Individual POME was a concen-
trated substrate with high content of lipid, which could
potentially inhibit the fermentation process. In Fig. 2 shows
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that hydrogen and total gas (H2 and CO2) production rate
increased slightly when the mixing ratio of POME was
increased up to 60 (%v/v) because ammonia and sulfate
in SLS were diluted and C/N ratio in the mixtures was
increased. Cumulative hydrogen production decreased
slightly when the mixing ratio of POME was increased to
40 (%v/v) with cumulative hydrogen production of
39.7±1.1 mL H2. Hydrogen and total gas production rate
decreased dramatically when the mixing ratio of POME
was higher than 40% because anaerobic mixed microf-
lora used in this experiment was not previously acclimated
with POME. Moreover, phenol and phenolic compounds,
which could pass antibacterial and phytotoxic properties,
were reported previously that they are contained at high
concentration, 200-1000 mg/L, in POME (38). The lowest
cumulative hydrogen production at high substrate con-
centration indicated inhibition caused by the substrate
overload (28). The highest hydrogen production rate was
obtained using co-digestion of SLS and POME with
mixing ratio of 60:40 (%v/v) with hydrogen production
rate of 22.7±1.4 mL H2/d, corresponding to biogas
production rate with high biogas production rate of
102.6±4.6 mL/d as shown in Fig. 2. The lowest hydrogen
production rate was obtained from using fermentation of
only POME with hydrogen production rate of 6.9ฑ0.1 mL
H2/d, corresponding to biogas production rate with the
lowest biogas production rate of 28.2±0.5 mL/d. Not only
lower hydrogen production rate but also the lower hydrogen
content was obtained when using more than 45% of POME
as shown in Fig. 3. Due to fermentation mechanism, the
different hydrogen content in each mixing ratio changed
to the pathways that produce more other gases compo-
nent such as carbon dioxide. The lowest hydrogen
content was obtained using POME with hydrogen content
of 9.7±0.2%. The hydrogen content increased slightly
when increasing the mixing ratio of POME because

ammonia and sulfate in SLS were diluted and C/N ratio in
the mixtures was increased. In this experiment the hydrogen
content ranged from 15.1±1.4 to 27.1ฑ0.8%. The highest
hydrogen content (27.1±0.8%) was obtained using
co-digestion of SLS and POME with mixing ratio of 75:25
(%v/v). The hydrogen production yields ranged from
2.2±0.1 to 23.8±1.3 mL H2/g-CODadded as shown in Fig. 4.
The highest hydrogen production yield (23.8±1.3 mL H2/
g-CODadded) was obtained using co-substrate with mixing
ratio of SLS to POME of 65:35 (%v/v). The hydrogen
production yield achieved from co-fermentation was 1 and
5 times higher than that achieved from individual fermen-
tations of SLS and POME, respectively. Comparing with
other reports, hydrogen production yields obtained from
this study are considerably low. This could be due to
several reasons such as no external nutrients adding, no
initial pH adjustment, and high initial substrate concentra-
tion (30 g-VS/L) and/or microbial toxicants of sulfate and
phenolic compounds contained significantly in SLS and
POME, respectively. Therefore, further optimizations on
those mentioned impacts are needed in order to improve
hydrogen productivity from co-fermentation of SLS and
POME.

There are mainly four fermentation types in the
anaerobic acidogenesis of organic matters (e.g. glucose),
namely acetic acid fermentation, propionic acid type
fermentation, butyric acid type fermentation, and ethanol
type fermentation (29-31). Many microbial communities
exhibit acetic acid fermentation with acetic acid as the
major product (Reaction (1)) (32, 33). The major products
of propionic acid type fermentation are propionic and
acetic acids (Reactions (1) and (2)), while the products of
butyric acid type fermentation include butyric and acetic
acids (Reactions (1) and (3)). As for ethanol type fermen-
tation, ethanol and acetic acid are the primary fermenta-
tion products (Reactions (1) and (4)) (30, 31).
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Figure 1. Cumulative hydrogen production at different mixing ratio of SLS to POME.

Figure 2. Hydrogen and biogas production rate at different mixing ratio of SLS to POME.

Figure 3. Hydrogen content at different mixing ratio of SLS to POME.
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Figure 4. Hydrogen production yield at different mixing ratio of SLS to POME.

Reactions (1)-(4) show that hydrogen is generated
from acetic acid, butyric acid and ethanol fermentations,
not from propionic acid fermentation. However, propionic
acid fermentation supposedly occurs much easier than
other fermentation types, due to its low Gibbs free-energy
change ΔG’0 (Reaction (2)) (30, 31). Propionic acid type
fermentation is concurrent with other fermentation types
which can produce hydrogen (e.g. acetic acid-, butyric
acid- and ethanol-type fermentations) in a mixed microbial
community. The results of soluble metabolite composition
in this experiment are shown in Fig. 5. Propionic acid and
butyric acid were the main VFA constituents (38.20±0.63
mM and 24.35±0.00 mM, respectively) found at mixing
ratio of 75:25 (%v/v) of SLS to POME, while small amount
of ethanol and acetic acid (9.54±0.80 mM and 3.30±0.11
mM, respectively) was detected. Although different inter-
mediates were produced in mixed fermentation culture,
butyric acid and acetic acid have been reported as abun-

dant liquid products in anaerobic hydrogen production from
mixed culture (34). This is likely due to different types of
fermentation pathway used by the mixed anaerobic
microorganisms. Wang et al. (35) reported the inhibitory
effect of added ethanol and acids on glucose degradation
efficiency. The results showed that during fermentative
hydrogen production by mixed culture, the substrate deg-
radation efficiency in batch tests tended to decrease from
99.0% to 95.7%, 79.9%, 74.5% and 76.5% respectively,
with increasing of ethanol, acetic acid, propionic acid and
butyric acid concentration from 0 to 300 mM. The inhibi-
tory effects of high ethanol formation on the ability of mixed
cultures to degrade substrate during fermentative hydrogen
production were smaller than those of high acetic acid,
propionic acid and butyric acid formations. When their
concentrations increased from 0 to 10 mM, the inhibitory
effects of the formation of acetic acid and butyric acid on
the ability of mixed cultures to degrade substrate were

C6H12O6 + 4H2O +2NAD+ → 2CH3COO- + 2HCO- + 2NADH + 2H2 ΔG’0 = -215.67 kJ/mol (1)
C6H12O6 + 2NADH → 2CH3COO- + 2H2O +2NAD+ ΔG’0 = -357.87 kJ/mol (2)
C6H12O6 + 2H2O → CH3CH2CH2COO- + 2HCO3

- +2H2 +3H+ ΔG’0 = -261.46 kJ/mol (3)
C6H12O6 + 2H2O + 2NADH → 2CH3CH2OH + 2HCO3

- + 2NAD+ + 2H2 ΔG’0 = -234.83 kJ/mol (4)
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similar, but were both larger than that of generating high
propionic acid concentration. When the metabolites
concentration increased from 50 to 300 mM, the inhibitory
effects of high concentration of propionic acid and butyric
acid on the ability of mixed cultures to degrade substrate
were similar, but were both larger than that of acetic acid.
Fig. 5

4. Conclusions
The generating biohydrogen from co-digestion of

SLS and POME was successfully achieved. Optimum
mixing ratio of SLS to POME was 75:25 (%v/v) with
hydrogen production yield of 35.0±1.2 mL H2/g-CODadded.
It can be concluded that POME plays an important role in
improving SLS dark fermentation for hydrogen production.

Figure 5. Soluble metabolites obtained at different mixing ratio of SLS to POME.

5. References
(1) Jianzheng L, Nanqi R, Baikun L, Zhi Q, Junguo H.

Anaerobic biohydrogen production from monosac-
charides by a mixed microbial community culture.
Bioresource Technology. 2008; 99(14):6528–6537.

(2) Arooj MF, Han SK, Kim SH, Kim DH, Shin HS.
Continuous biohydrogen production in a CSTR us-
ing starch as a substrate. International Journal of
Hydrogen Energy. 2008; 33(13):3289–3294.

(3) Fang HHP, Li C and Zhang T. Acidophilic
biohydrogen production from rice slurry. Interna-
tional Journal of  Hydrogen Energy. 2006;
31(6):683–692.

(4) Luo G, Xie L, Zou Z, Wang W, Zhou Q and Shim
H. Anaerobic treatment of cassava stillage for hy-
drogen and methane production in continuously
stirred tank reactor (CSTR) under high organic load-
ing rate (OLR). International Journal of Hydrogen
Energy. 2010; 35(21):11733-11737.

(5) Fang C, Boe K and Angelidaki I. Biogas production
from potato-juice, a by-product from potato-starch
processing, in upflow anaerobic sludge blanket
(UASB) and expanded granular sludge bed (EGSB)
reactors. Bioresource Technology. 2010;
102(10):5734–5741.



  ☺    

(6) Ismail I, Hassan MA, Rahman NAA, Soon CS.
Thermophilic biohydrogen production from palm oil
mill effluent (POME) using suspended mixed cul-
ture. Biomass and Bioenergy. 2010; 34(1):42–47.

(7) Abraham VT, Nair NR, Madhu G. Electrochemical
treatment of skim serum effluent from natural rubber
latex centrifuging units. Journal of Hazardous Ma-
terials. 2009; 167(1-3):494–499.

(8) O-Thong S, Prasertsan P, Intrasungkha N,
Dhamwichukorn S, Birkeland NK. Optimization of
simultaneous thermophilic fermentative hydrogen
production and COD reduction from palm oil mill
effluent by Thermoanaerobacterium-rich sludge.
International Journal of Hydrogen Energy. 2008;
33(4):1221–1231.

(9) Su H, Cheng J, Zhou J, Song W, Cen K. Improving
hydrogen production from cassava starch by combi-
nation of dark and photo fermentation. International
Journal of Hydrogen Energy. 2009; 34
(4):1780–1786.

(10) Chong ML, Sabaratnam V, Shirai Y, Hassan MA.
Biohydrogen production from biomass and indus-
trial wastes by dark fermentation. International
Journal of Hydrogen Energy. 2009; 34(8):3277-3287.

(11) Wei J, Liu ZT, Zhang X. Biohydrogen production
from starch wastewater and application in fuel cell.
International Journal of Hydrogen Energy. 2010;
35(7):2949-2952.

(12) Akutsu Y, Li YY, Harada H, Yu HQ. Effects of
temperature and substrate concentration on biologi-
cal hydrogen production from starch. International
Journal of Hydrogen Energy.  2009; 34(6):2558-2566.

(13) Noparat P, Prasertsan P, O-Thong S. Isolation and
characterization of high hydrogen-producing strain
Clostridium beijerinckii PS-3 from fermented oil palm
sap. International Journal of Hydrogen Energy. 2011;
36(6):14086-14092.

(14) Sreela-or C, Imai T, Plangklang P, Reungsang A.
Optimization of key factors affecting hydrogen
production from food waste by anaerobic mixed
cultures. International Journal of Hydrogen Energy.
2011; 36(21):14120-14133.

(15) Yang PL, Zhang RH, McGarvey JA, Benemann
JR. Biohydrogen production from cheese processing
wastewater by anaerobic fermentation using mixed
microbial communities. International Journal of
Hydrogen Energy.  2007; 32(18):4761-4771.

(16) Seifert K, Waligorska M, Wojtowski M, Laniecki
M. Hydrogen generation from glycerol in batch
fermentation process. International Journal of
Hydrogen Energy. 2009; 34(9):3671-3678.

(17) Jawjit S, Jawjit W, Liengcharernsit W. Anaerobic
mesophilic and thermophilic treatment of concen-
trated latex processing wastewater in two-stage
upflow anaerobic sludge blanket (UASB). Environ-
mental Application & Science. 2010; 5(3):329-341.

(18) Mata-Alvarez J, Mac  S, Llabr s P. Anaerobic diges-
tion of organic solid wastes. An overview of research
achievements and perspectives. Bioresource
Technology. 2000; 74(3):3-16.

(19) O-Thong S, Boe K, Angelidaki I. Thermophilic
anaerobic co-digestion of oil palm empty fruit
bunches with palm oil mill effluent for efficient biogas
production. Applied Energy. 2012; 93:648–654.

(20) Fang HHP, Li CL, Zhang T. Acidophilic
biohydrogen production from rice slurry. Interna-
tional Journal of Hydrogen Energy. 2006; 31(6):
683-692.

(21) O-Thong S, Prasertsan P, Birkeland NK. Evaluation
of methods for preparing hydrogen-producing seed
inocula under thermophilic condition by process
performance and microbial community analysis.
Bioresource Technology. 2009; 100(2):909-918.



   ☺    

(22) Atif AAY, Fakhru’l-Razi A, Ngan MA, Morimoto
M, Iyuke SE, Veziroglu NT. Fed batch production
of  hydrogen from palm oil mill effluent using anaerobic
microflora. International Journal of Hydrogen
Energy. 2005; 30(13-14):1393-1397.

(23) Pan J, Zhang R, El-Mashad HM, Sun H, Ying Y.
Effect of food to microorganism ratio on biohydrogen
production from food waste via anaerobic fermenta-
tion. International Journal of Hydrogen Energy. 2008;
33(23):6968-6975.

(24) Prasertsan P, O-Thong S, Birkeland N-K. Optimi-
zation and microbial community analysis for
production of biohydrogen from palm oil mill effluent
by thermophilic fermentative process. International
Journal of Hydrogen Energy. 2009; 34(17):7448-
7459.

(25) Angelidaki I, Sander W. Assessment of the anaero-
bic biodegradability of macropollutants. Reviews in
Environmental Science and Biotechnology. 2004;
3:117-129.

(26) APHA. Standard methods for the examination of
water and wastewater, 20th ed. Washington DC,
USA; 1999. P. 1220.

(27) Mamimin C, Thongdumyu P, Hniman A, Prasertsan
P, Imai T, O-Thong S. Simultaneous thermophilic
hydrogen production and phenol removal from palm
oil mill effluent by Thermoanaerobacterium-rich
sludge. International Journal of Hydrogen Energy.
2012; 37(20): 15598–15606.

(28) Fang C, O-Thong S, Boe K, Angelidaki I. Compari-
son of UASB and EGSB reactors performance, for
treatment of raw and deoiled palm oil mill effluent
(POME). Journal of Hazardous Materials. 2011; 189
(1-2):229–234.

(29) Zoetemeyer RJ, Matthusen AJCM, Cohen A,
Boelhouwer C. Product inhibition in the acid forming
stage of the anaerobic digestion process. Water
Research. 1982; 16(5):633–639.

(30) Fox P, Pohland FG. Anaerobic treatment applica-
tions and fundamentals: substrate specificity during
phase separation. Water Environment Research.
1994; 66(5):716–724.

(31) Ren NQ, Wang BZ, Huang JC. Ethanol-type fer-
mentation from carbohydrate in high rate acidogenic
reactor. Biotechnology and Bioengineering. 1997;
54(5):428–433.

(32) Chan WN, Holtzapple M. Conversion of municipal
solid wastes to carboxylic acids by thermophilic
fermentation. Applied Biochemistry and Biotechnology.
2003; 111(2):93–112.

(33) Thanakoses P, Black A, Holtzapple M. Fermentation
of corn stover to carboxylic acids. Biotechnology
and Bioengineering. 2003; 83(2):191–200.

(34) Hniman, A., Prasertsan, P. and O-Thong, S. Com-
munity analysis of thermophilic hydrogen-producing
consortia enriched from Thailand hot spring with
mixed xylose and glucose. International Journal of
Hydrogen Energy. 2011; 36(21):14217-14226.

(35) Wang B, Wan W, Wang J. Inhibitory effect of ethanol,
acetic acid, propionic acid and butyric acid on
fermentative hydrogen production. International
Journal of Hydrogen Energy. 2008; 33(23):7013-7019.

(36) Moosbrugger RE, Wentzel MC, Ekama GA and
Marais GvR. A 5 pH point titration method for deter-
mining the carbonate and SCFA weak acid/bases in
anaerobic systems. Water Science and Technology.
1993; 28(2):237-245.

(37) Switzenbaum MS, Giraldo-Gomez E and Hickey
RF. Monitoring of the anaerobic methane fermentation
process. Enzyme and Microbial Technology. 1990;
12:722-730.

(38) Casa R, D’Annibale A, Pieruccetti F, Stazi SR,
Sermanni GG and Cascio BL. Reduction of the phenolic
components in olive-mill wastewater by an enzymatic
treatment and its impact on durum wheat (Triticum
durum Desf.) germinability. Chemospher. 2003;
50(8): 959–966.


