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A B S T R A C T

The demand for energy is increasing continuously due to the vast developments in many ways of life. Palm oil
mill effluent (POME) seems to be a good carbon feedstock for hydrogen generation in fermentation processes. A
biological pretreatment was applied to degrade the lignocellulose biomass in the anaerobic digestion process and
improve the bioenergy production yield; one of the techniques is to use enzymes. In this study, enzymatic
pretreatment was applied to POME to determine the optimum process parameters for producing reducing sugars
(RS) to be used as a substrate in biohydrogen production. The Box-Behnken design (BBD) was used to construct
an experiment to optimize the pretreatment variables, such as reaction time (h), enzyme concentration (% w/v),
and pH. The optimum experimental conditions were found to be 12 hr of reaction time, an enzyme concentration
of 3.76% w/v, and pH 5. The result showed that POME treated with the optimal enzymatic pretreatment in-
creased the RS content by 182%. Next, thermophilic biohydrogen production using a pretreated substrate was
carried out at a temperature of 55 °C, mixing speed of 150 rpm, Chemical Oxygen Demand (COD) concentration
of 29,100 mg/L, seed content of 18.2%, and initial pH 7.14. The biohydrogen production potential (Hmax) was
significantly increased by 145% (177 mL H2/g reducing sugar) by using enzymatically pretreated POME as a
substrate. This result indicated that the recovery of RS from recalcitrant POME via enzymatic pretreatment could
enhance biohydrogen production. Hence, it is a useful proposal for further application in bioenergy conversion
from organic waste.

Introduction

Agricultural residue provides a large amount of lignocellulosic
biomass generated during the harvesting and processing of different
crops, such as corn, sugarcane, rapeseed, soybean, maize, and palm oil
[7]. World palm oil production has increased to 70.29 million metric
ton per year since 1980, accounting for 36.4% of the total world ve-
getable oil production. Other vegetable oil production, such as soybean
oil, rapeseed oil, and sunflower oil, accounts for 27.5%, 13.1%, and
10%, respectively [41].
Palm oil industries generate lignocellulosic biomass wastes such as

23% of empty fruit bunch (EFB), 12% of mesocarp fiber, 5% of shell,
and 60% of palm oil mill effluent (POME) from each tonne of fresh
fruit bunch (FFB) processed [32]. More than half of the waste is turned
into POME which is a liquid by-product produced from the steriliza-
tion and milling process of fresh fruit bunch (FFB) [14]. The fresh

POME or anaerobically digested sludge of POME has a considerable
amount of organic materials. The dried fresh POME contains 38.4%
cellulose, 23.2% hemicellulose, and 26.7% lignin, while the dried
digested sludge comprises 10.45% cellulose, 6.01% hemicellulose, and
48.13% lignin [4]. Cellulose has recalcitrant characteristics in terms of
its rigidity, complexity, and arranged crystallinity [34,36]. The
hemicellulose causes additional recalcitrance by limiting access to
cellulose by binding to lignin from the attachment of ferulates and
arabinoxylans [9,48]. The complex structure of POME inhibits hy-
drolysis during the anaerobic digestion (AD) [20] and would limit the
release of the intercellular materials in the cell wall [24]. The AD
process takes longer time with untreated POME. Pretreatment is thus
needed for the isolation of polysaccharides, reduction of crystallinity,
breakdown of cell wall structures, and the increase of accessibility and
porosity to make the raw material consumable by the microbial group
[3,15,23].
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The RS are the reactive molecules that can be converted into fuels,
chemicals, food, and animal feed via a biological or chemical process
[47]. As in the natural ecosystem, RS is often stored in the poly-
saccharide form of grains like corn, wheat, and rice. Palm oil mill ef-
fluent contains complex cellulose and polysaccharides, which can be
further converted into RSs that favor biohydrogen production [35].
Khadaroo et al. [25] employed thermal pretreatment at 120 °C on
POME, which increased methane yield by as much as 9 times. The
maximum biogas production of 1471 mL was achieved using thermal
pretreatment at a 20:80 solid/liquid sample ratio. The ratio was cal-
culated after the pretreated samples were allowed to settle, where the
solid part is the settled suspension and the liquid part is the clear liquor
phase. Chaiprapat and Laklam [5] observed that the pretreatment of
POME by ozone yielded higher COD removal in an anaerobic sequen-
cing batch reactor.
(ASBR) at an organic load of 6.52–9.04 kg COD/m3/d. A similar

study using ASBR reported an increase in methane yield of 21.5% and a
maximum organic degradation of 96% at 30 °C [19]. Mahmod et al.
[28] studied acid pretreatment, which yielded increases in hydrogen
yield by as much as 97% and 65% using phosphoric and nitric acids,
respectively. At 0.8% w/v of phosphoric acid and 18.47 g/L of the in-
itial RS, they achieved a hydrogen yield of 1.24 mol H2/mol glucose,
which corresponded to the maximum hydrogen production of
0.181 mmol/L/h.
Among the aforementioned pretreatment methods, enzymatic pre-

treatment has been recognized as a useful pretreatment for POME, since
it does not corrode equipment but uses less energy [24,49]. The most
common enzymes used in the pretreatment of lignocellulosic materials
are cellulase [33], xylanase [37], lipase [44], vinasse [52] and laccase
[39].
The response surface methodology (RSM) is an efficient procedure

and robust in making an approximation and optimization of the sto-
chastic models [10]. Among the common RSMs used in process opti-
mization are Central Composite Design (CCD), Doehlert Design, and
Box-Behnken Design (BBD) [26,31]. The BBD design is slightly more
efficient than CCD. In terms of model calculation, BBD is known about
11.5% more efficient than CCD, which means the former requires fewer
experimental runs than the latter [11]. Relative to the one factor in
time-based optimization, in the case of monitoring four variables at four
different levels, the BBD design of the experiment requires just 29 ex-
perimental runs, including the 5 center points, while a full four-level
factorial design needs 256 experimental runs [13]. The advantages of
RSM are requiring less effort, expense, and time derived from fewer
experiments while giving all the necessary information to design a
process of interest [17].
Thermophilic biohydrogen is suitable to treat POME since the latter

is discharged at a high temperature ranging between 70 and 80 °C
[6,21]. The thermophilic process can facilitate a higher biogas pro-
duction and higher substrate degradation relative to the mesophilic
process [18,22]. Besides, the concentration of volatile fatty acids
(VFAs) as the main inhibitor of biohydrogen production remains low
under the thermophilic condition [30]. Therefore, this study aimed to
optimize the RS recovery from POME as a platform to enhance the
biohydrogen production through the enzymatic pretreatement using
Cellulase Novozym 50199. The Box-Behnken design (BBD) was utilized
to design experiments and determine the optimal working parameters,
including reaction time (in hours), pH, and enzyme concentration (%
w/v). The reducing sugar (RS) content of the pretreated POME was
determined using the dinitrosalycyclic acid (DNS) method, and a da-
taset was constructed based on these measurements. Using the experi-
mental data from the BBD run points, an enzymatic pretreatment model
was developed to detect the optimal conditions and reveal the re-
lationship between independent variables and outputs. The optimiza-
tion process resulted in higher RS recovery, which ultimately led to
enhanced biohydrogen production via the thermophilic process. We
believe that this technique has the potential to improve the economic

feasibility of bioenergy production by lowering the cost of enzymatic
pretreatment.

Materials and methods

The POME that was collected and sealed in a tight container was
obtained from Felda Global Ventures Mill, Kemahang, Tanah Merah,
Kelantan. The sample was then shipped to the University of Seoul,
South Korea, and stored at under 4 °C until use. Sodium hydroxide and
hydrochloric acid (Duksan Chemical, Seoul, Korea) were used to adjust
the POME pH during the treatment process. Cellulase Novozym 50199
(Novozymes, Copenhagen, Denmark) was used for enzymatic pre-
treatment.

Inoculum

The inoculum was obtained from the bottom of an acetogenesis
reactor which has been used for processing food waste at a local waste
treatment plant (Jungnang, Seoul, Korea). The use of inoculum from an
acetogenesis reactor is based on the fact that it provides a culture of
microorganisms that specialize in producing hydrogen from organic
compounds. During the acetogenesis process, complex organic mole-
cules such as sugars, amino acids, and fatty acids undergo a series of
enzymatic reactions to produce simpler compounds such as hydrogen,
carbon dioxide, and acetic acid. Inoculum from an acetogenesis reactor
contains microorganisms that are already acclimated to the specific
conditions required for this process. The characteristics of raw sludge
are as follows: pH 7.2, total chemical oxygen demand (TCOD) 64 g/L,
total suspended solid (TSS) 49.6 g/L, total solids (TS) 47.8 g/L, total
volatile solids (TVS) 39.4 g/L, total volatile suspended solid (TVSS)
45.4 g/L, fixed total solids (FTS) 8.4 g/L, and total organic carbon
(TOC) 13.9 g/L. The sludge had undergone a heat-shock treatment for
1 hr to inhibit non-hydrogen producers such as mesophile microbes,
acetogens, and methanogens [1]. The seed sludge and POME char-
acteristics were analyzed following the Standard Method (APHA, 2005)
(Federation & Association, 2005).

Enzymatic pretreatment

Enzymatic hydrolysis of raw POME was performed in a 500 mL la-
boratory screw cap bottle and was applied in a Box-Behnken design
with five replicates at the center (Design-Expert, Minneapolis,
MN,USA). The working volume was 250 mL. The reaction mixture
consisted of 1–5% w/v Cellulase Novozym 50199 with enzymes activity
of 1000 BHU-2/g (e.g., 1 mL enzyme per 100 mL of POME). The mix-
ture was then incubated in a rotary incubating shaker at 50 °C, 150 rpm
for 2–12 hr. The pH range for the reactions was 5–5.5. The center value
for the independent variables was 1% enzyme concentration, pH 5.25,
and a 7-hr reaction time. The samples were further heated at 100 °C to
eliminate enzymatic activity and then cooled to room temperature. The
aliquots were withdrawn from the sample after centrifugation
(Labogene 1236 R, Seoul, Korea) at 4500 rpm for 15 min and then
analyzed for the released sugars via the dinitrosalycyclic acid (DNS)
method. The total RS detection was obtained using a UV–visible spec-
trophotometer (Shimadzu UV-2600i, Kyoto, Japan). The wavelength
used for RS analysis was 540 nm.

Thermophilic biohydrogen production

A 500 mL batch reactor with a working volume of 400 mL was used
as a batch reactor for thermophilic biohydrogenation, 10% of which
was filled with enriched mixed cultures (inoculum). The rest of the
working volume was filled with enzymatic POME hydrolysate (sub-
strate). Nitrogen gas was sparged into the system for 15 min to elim-
inate oxygen. The hydrolysate was diluted with DI water to obtain a 29
100 mg/L COD content. The temperature was set at 55 °C and the initial
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pH was set at pH 7.14 using sodium hydroxide or hydrochloric acid.
The other experimental condition was a seed composition of 18.2% and
a mixing speed of 150 rpm. The cumulative hydrogen production (CHP)
and gas composition were measured and analyzed every 12 hr, while
VFA content, VSS, TOC, and COD were analyzed on a daily basis. Gas
composition was analyzed using gas chromatography (Shimadzu GC-
2010, Kyoto, Japan) equipped with a TCD detector using argon of
99.99% purity as the carrier gas. The injection temperature was set at
250 °C and the initial oven temperature was set at 25 °C. The samples
were injected manually using a gas-tight syringe. The VFAs were ana-
lyzed using a GC with a flame ionization detector and helium as a
carrier gas. An additional batch reactor was run with raw POME as the
control. All the samples were run in triplicates.
The kinetics of biohydrogen production were studied using the op-

timized pretreated enzymatic substrate. The modified Gompertz model
was applied in the kinetics study, as shown in Equation 1.

H t H R e
H

t( ) . exp exp . ( ) 1m
max

max
= +

(1)

H(t): cumulative biohydrogen (mL) at time, t (h).
Hmax: biohydrogen production potential (mL).
Rm: biohydrogen production rate (mL/hour).
λ: lag-phase time (h).
e: Euler's number (2.71828).
The Gompertz model's parameters, including Hmax, Rm, and λ, were

obtained by fitting the model to the actual cumulative biohydrogen
production data using the least-squares method. This was accomplished
using Microsoft Excel (MS Excel, Seattle, WA, USA), which utilized the
Solver add-in function to minimize the sum of squared errors (SSE)
between observed and predicted values by adjusting the parameters
Hmax, Rm, and λ. The predicted values with the lowest SSE were then
compared to the observed data.

Results and discussion

Palm oil mill effluent (POME) requires treatment before being re-
leased into the environment. Organic processing methods are highly
recommended due to their advantages in terms of environmental
friendliness, cost-effectiveness, and practicality. Different microorgan-
isms have been connected to the POME treatment handle, such as
parasites, microscopic organisms, and microalgae.
Parametric studies have been conducted for the effect of pretreat-

ment on reducing sugar yield, the optimum conditions for enzymatic
pretreatment on POME, and the effect of pretreated POME with enzy-
matic pretreatment on hydrogen yield.

Effect of pretreatment condition on reducing sugar yield

The amount of RS produced from the enzymatically pretreated
POME was determined and compared with that from untreated POME.
The enzymatically pretreated POME produced 9590mg/L, which is a
182% increase in RS content relative to untreated POME, which pro-
duced 3400mg/L. From the results, it was found that POME could be
efficiently transformed to RS after the enzymatic pretreatment via the
Box-Behnken design. Table 1 shows the experimental designs generated
by the BBD for the enzymatic pretreatment containment; a total of 17
experiments were designed and run. Table 1 presents the measured and
predicted RS amounts produced after enzymatic pretreatment under
different operation conditions, i.e., pH (A), reaction time (B), and en-
zyme concentration (C). In all 17 experiments, different RS yields could
be obtained. The highest RS amounts produced were 9550mg/L from
Run 8 (experimental condition: pH 5, 12-hr reaction time, and enzyme
concentration of 3.0%), and the lowest RS (i.e., 4420mg/L) was ob-
tained from Run 13 (experimental condition: pH 5.25, 2-hr pretreat-
ment time, and enzyme concentration of 1.00%).

It is observed that RS production increased after an extended period
of pretreatment at higher enzyme concentrations and the lowest pH
value. The predicted RS was calculated based on the coefficients gen-
erated from the analysis of variance (ANOVA) (Table 2) as shown in
Equation 2. Y represents the reducing sugar yield and pH (A), reaction
time (B), and C as Cellulase Novozym 50199 concentration represent
the process variables. The actual lowest and maximum RS values ob-
tained from experiments Run 13 and Run 8 were compared with those
from the computation. As shown in Table 1, the coded values for each
parameter were set to − 1, 0, and 1, which indicate the minimum,
center, and maximum values.

Y A B C AB
AC BC A B C

7743.65 58.32 875.53 1390.19 103.18
182.86 308.45 312.66 274.52 1174.372 2 2
= + +

+ + + (2)

An analysis of variance for the generated quadratic model with the
coefficients (Table 2) for the enzymatic pretreatment of POME was
performed to test the significance of the model parameters for the RS
production (Table 3). The calculated F-value of 31.5 suggested that the
model would be significant and suitable for extracting RS from POME
via enzymatic pretreatment. The coefficient of determination (R2) of
the model fit was 0.9759. In addition, the coefficient of variation was
found to be very low (i.e., 4.24), indicating the reliability and accuracy
of the experiment. The calculated signal-to-noise ratio (i.e., 21.0) also
indicated that the precision of the model would be high enough to
reasonably reflect the experiment; a score greater than 4 indicates an
adequate signal. The linear terms of the model for the reaction time and
enzyme concentration were found to be significant; their p-values were
0.0001 and< 0.0001, respectively. However, the linear term for pH
was insignificant (i.e., p= 0.6188). All the interaction terms were not
significant, but the quadratic term of C2 was significant (i.e.,
p= 0.0001).
Fig. 1 shows the contour and response surface plots between the

process parameters for the enzymatic pretreatment of POME (cellulase
concentration, pH, and reaction time). As shown in Figs. 1(a) and 1(d),
the RS yield was varied between 7500mg/L and 9000mg/L when the
reaction time and pH were varied with the cellulase concentration
fixed. The RS yield was found to be significantly affected by reaction
time; when it was increased to 12 hr, the RS yield was predicted to be
over 9200mg/L. In short, the highest RS yield was achieved at pH 5 and
a duration of 12 h. The predicted value was 9370mg/L, which was very
close to the observed value (9550mg/L). By looking at the contour plot
in Fig. 1(a), an extended operation time was needed to achieve the
maximum value in the pH range from 5.15 to 5.48; this is outside of the
experiment boundary. The pH value has no significant effect on both
reaction time and cellulase concentration, as it was observed that the
higher RS yield was acquired in the studied pH range (pH 5.0 to pH 5.5)
(Figs. 1(b) and 1(e)). This finding was in good agreement with the re-
sult of the ANOVA test; the interaction term related to pH (0.5357 and
0.2864) was insignificant.
Figs. 1(c) and 1(f) show that the interaction between cellulase

concentration and reaction time had a significant effect on the RS yield.
The RS content was increased with an increase in cellulase concentra-
tion, and reaction time. The maximum RS production was observed at a
reaction time of 11.4 hr and 3.94% cellulase concentration. The
minimum RS content was observed at a reaction time of< 6 hr and a
cellulase concentration of 1.37%. At this range, the highest predicted
RS yield was observed at 5000mg/L, while the predicted maximum RS
content was about 9000mg/L based on the interaction between the
cellulase concentration (3.22–4.62%) and the reaction time (11.44 hr to
12 hr), respectively. This result indicated that the enzymatic hydrolysis
rate of POME had increased with the increased enzyme dosage, where
the strength of the hydrogen bond inside the polysaccharide molecules
in POME was weakened as the hydroxyl activity was improved [3].
Thus, extended reaction time promoted interaction between the en-
zyme and substrate complex, which would favor polysaccharide de-
gradation and result in more production of RS [2].
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The other process parameter was temperature, which was held at
50 °C throughout all the experiments since the Novozym 50199 en-
zymolysis is known to be efficient at 50 °C. As the temperature ap-
proached 50 °C, the enzymolysis reaction was accelerated, probably due
to the increased contact between cellulase and POME due to the pro-
moted molecular motions. When the temperature exceeds 50 °C, how-
ever, energy absorption by the enzyme is possibly exaggerated, thus
leading to a weakened enzyme activity and low degradation efficiency
[46].

Optimum conditions for enzymatic pretreatment on POME

The predicted value for RS (mg/L) was validated experimentally. As
aforementioned, the optimal conditions for the extraction of RS with
the enzymatic pretreatment of POME were a pH of 5, a 12 hr reaction
time, and a 3.76% w/v cellulose concentration (Table 4). With these
conditions, the obtained RS yield from the experiment was 9590mg/L,
which is very close to the value predicted by the model (9540mg/L).
The amount of RS extracted from POME with the enzymatic pre-

treatment was compared with that obtained without the pretreatment
(i.e., control). The former was 9590mg/L while the latter was
3400mg/L, indicating the enzymatic method produced 180% higher RS
production. This confirmed that the enzymatic pretreatment of POME
using Novozym 50199 could considerably increase RS production via
the Box-Behnken experimental design.
Similar studies using POME material have been reported. Uddin

et al. [44], for example, reported that the use of lipase had enhanced
free fatty acid content and improved the RS concentration up to 67% for
a lipase dose of 12.3 U/mL at pH 4.5. Garritano et al. [12] worked on
biohydrogen production from POME using a commercial enzyme (Li-
pomod 34 MDP) in a two-step process; they observed a 12% increase in
biohydrogen yield (2.09 ± 0.05mmol H2 gCOD−1). Prasertsan et al.
[37] employed xylanase in the biogas production from POME and ob-
served a 3-fold increase in the biogas yield relative to the untreated

Table 1
The experimental design of enzymatic pretreatment was generated by Box-Behnken design.

Enzymatic pretreatment parameters Response

Run A:
pH

A:
Coded Value

B:
Time (Hr)

B:
Coded Value

C:
Conc. (%)

C:
Coded Value

RS (Actual)
mg/L

RS (Predicted)
mg/L

1 5.25 0 7 0 3 0 7966.32 7743.65
2 5.50 1 7 0 1 -1 5275.88 5250.58
3 5.25 0 7 0 3 0 7808.29 7743.65
4 5.50 1 12 1 3 0 8962.65 9044.87
5 5.25 0 12 1 1 -1 6694.49 6637.59
6 5.25 0 7 0 3 0 8137.32 7743.65
7 5.50 1 7 0 5 1 8632.98 8396.68
8 5.00 -1 12 1 3 0 9547.26 9367.85
9 5.25 0 7 0 3 0 7497.01 7743.65
10 5.50 1 2 -1 3 0 7320.76 7500.17
11 5.25 0 7 0 3 0 7309.3 7743.65
12 5.00 -1 7 0 1 -1 5496.61 5732.92
13 5.25 0 2 -1 1 -1 4423.75 4269.63
14 5.25 0 2 -1 5 1 7610.01 7666.91
15 5.00 -1 2 -1 3 0 7492.64 7410.43
16 5.25 0 12 1 5 1 8646.96 8801.07
17 5.00 -1 7 0 5 1 8122.27 8147.58

Table 2
Coefficients in terms of coded factors determined from
ANOVA.

Factor Coefficient estimate

Intercept 7743.65
A-pH -58.32
B-Time 875.53
C-Concentration 1390.19
AB -103.18
AC 182.86
BC -308.45
A² 312.66
B² 274.52
C² -1174.37

Table 3
Analysis of variance (ANOVA) and fit statistics for the quadratic model used for enzymatic pretreatment of POME.

Source Sum of Squares df Mean Square F-value p-value Fit statistics

Model 2.85× 107 9 3.16× 106 31.49 < 0.0001 R² 0.9759
A 2.72× 104 1 2.72× 104 0.2709 0.6188 * Adjusted R² 0.9449
B 6.13× 106 1 6.13× 106 61.06 0.0001 Predicted R² 0.8412
C 1.55× 107 1 1.55× 107 153.94 < 0.0001 Adeq Precision 20.9747
AB 4.26× 104 1 4.26× 104 0.424 0.5357 * Std. Dev. 316.92
AC 1.34× 105 1 1.34× 105 1.33 0.2864 * Mean 7467.32
BC 3.81× 105 1 3.81× 105 3.79 0.0926 * C.V.% 4.24
A² 4.12× 105 1 4.12× 105 4.1 0.0826 *
B² 3.17× 105 1 3.17× 105 3.16 0.1187 *
C² 5.81× 106 1 5.81× 106 57.82 0.0001
Residual 7.03× 105 7 1.00× 105

Lack of Fit 2.45× 105 3 81609.28 0.7124 0.5936
Pure Error 4.58× 105 4 1.15× 105

Cor Total 2.92× 107 16

*insignificant value
A-pH, B-Time (hour) C-Concentration (% w/v)
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Fig. 1. The contour (left side) and response surface plot (right side) of the effects of Novozym cellulase concentration (C), pH (A) and time (B) for enzymatic
pretreatment.
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substrate. Therefore, the results of this study were consistent with the
aforementioned reports where the enzymatic pretreatment had de-
graded the polysaccharide structure in POME for higher RS or bioe-
nergy production [38,40].

Effect of pretreated POME with enzymatic pretreatment on hydrogen yield

The pretreated POME was then subjected to biohydrogen produc-
tion with the dark fermentation method. Table 5 illustrates the char-
acteristics of the enzymatically pretreated and untreated POME. The
POME pretreated with the cellulase showed lower COD, TS, VS, and
TSS, but higher TOC, and RS. This is because the enzyme added had
degraded some structures in POME. As stated above, the RS content of
the pretreated POME was 181% higher than that of untreated POME.
The higher RS concentration in the substrate facilitated higher hy-
drogen production since the monosaccharide form would be easily
metabolized by bacterial strains [16].
The pretreated POME hydrolysate was mixed with seed sludge for

biohydrogen production. Fig. 2 shows the profile of cumulative biogas
and biohydrogen during a 120-hr fermentation. Cumulative biogas
production from POME hydrolysate rose to over 650mL within 60 hr of
fermentation. This amount is 80% higher than that from untreated
POME. The cumulative biohydrogen production (CHP) for POME hy-
drolysate was 156-mL H2 at a fermentation time of 53 hr, while the CHP
for untreated POME was 68-mL H2; Hence, a 128% higher CHP could be

obtained from the pretreated POME, compared to that from untreated
POME. This result indicates that enzymatic pretreatment favors bio-
hydrogen production over biogas production, with 48% differences. At
the end of fermentation (after 113 hr), the cumulative biogas amounts
from untreated POME and POME hydrolysate were 428mL and 784mL,
respectively, while the CHP productions from untreated POME and
POME hydrolysate were 84-mL H2 and 200-mL H2, respectively.
The curve fitting process for CHP using the Gompertz equation is

shown in Table 6; the fitted Gompertz models for biohydrogen pro-
duction using untreated POME and pretreated POME are shown in
Fig. 3. The coefficients of determination for the fits to the cumulative
H2 gas produced with pretreated POME and that produced with un-
treated POME were 0.9937 and 0.9782, respectively, indicating that the
Gompertz model can reasonably well explain the experimental data
[51].
As shown in Table 6, the H2 contents of the biogas produced by

untreated POME and treated POME were 28% and 38%, respectively.
Therefore, the enzymatic pretreatment of POME increased the biohy-
drogen content by 34%. Methane was not detected in any experiment,
indicating that the heat treatment on seed sludge had successfully in-
hibited the growth of methanogens. The biohydrogen production

Table 4
The reducing sugar yield for the predicted and experimental and the optimal condition determined by BBD.

Reducing sugar yield (mg/L) Optimal condition

Predicted value Experimental value pH Time (Hr) Concentration (%)
9539.86 9588.46 5 12 3.76487

Table 5
The characteristics of treated and untreated POME.

Raw POME Pretreated with cellulase

tCOD (mg/L) 57,700 42,500
pH 4.3 5.7
TOC (mg/L) 5010 6870
TS (g/L) 39 33
VS (g/L) 35 28
TSS (g/L) 31 16
Reducing sugar (mg/L) 3400 9590

Fig. 2. Cumulative thermophilic biogas and biohydrogen production curve for
treated (enzymatic pretreatment) and untreated POME (raw).

Table 6
Biohydrogen production from untreated POME and POME pretreated with
cellulase.

Untreated POME Pretreated POME

Maximum H2 content (%) 28 38
Yield (mL/g COD) 18 41
λ (h) 3.5 16
Hmax (mL) 83 200
Rmax (mL h−1) 19 19
Rmax’ (mL h−1 g−1 VS) 1.9 2.1
Acetic acid (mg/L) 30 22
Propionic acid (mg/L) 13 34
Butyric acid (mg/L) 76 111
Valeric acid (mg/L) 13 22
HBu / HAc ratio 2.5 5.0

Fig. 3. Cumulative biohydrogen production (mL) for untreated and pretreated
POME (enzymatic pretreatment) vs. Gompertz fit.
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potential of Hmax was significantly improved after the enzymatic pre-
treatment. The hydrogen production rates of the pretreated and pre-
treated POME were almost the same: 18.8mL h−1 versus 18.9 mL h−1.
In addition, the lag-phase time (λ) value for the pretreated substrate
(16.2 hr) was longer than that of the untreated POME (3.5 hr). This
indicated that the enzymatic pretreatment had improved the RS loading
rate, which in turn affected the production rate of the biohydrogen and
caused microorganisms to take a longer time adapting to the higher
loading rate [42,50]. The specific hydrogen production rate (Rmax’) had
slightly increased from 1.9 to 2.1 mL h−1 g−1 VS after pretreatment.
This result is in agreement with that reported by Tanikkul, Juntarakod,
et al. [43]. In their study with a mesophilic process, the ozone-pre-
treated POME showed improved Rmax’ and biohydrogen yield.
As illustrated in Table 6, acetic, butyric, propionic, and valeric acids

are the main VFAs detected in both samples, while ethanol was not
detected. The enzymatic pretreatment decreased the acetic acid pro-
duction by 100% but increased the butyric acid production by 46.1%.
The decrease in acetic acid content was accompanied by the production
of butyrate, propionate, and valeric acid in the fermentation effluent.
The butyric acid concentration was high in the pretreated sample. In
fact, the high level of butyric acid should have inhibited ethanol for-
mation, which would be advantageous for biohydrogen production.
Ethanol can act as an NADH free-electron consumer, resulting in re-
duced hydrogen production [8]. However, the propionic content was
higher in the pretreated sample, indicating the inhabitation of hydro-
genetic bacterial activity and thus lowering the hydrogen production
rate (Rmax of 18.9mL h−1) [45]. The presence of propionic acid can also
be advantageous since it can inhibit methanogenic archaeal activity
[29]. This finding was supported by zero-detection of methane in all
cases. The mixture of butyric and propionic acids also had a significant
interaction with biodegradation efficiency, and their effect was more
significant, compared to the butyric acid effect alone [29]. The higher
butyrate-to-acetate ratio (HBu/HAc) of 5.045 in enzymatically pre-
treated POME also indicated a higher potential for biohydrogen pro-
duction. The HBu/HAc ratio of> 1 indicates that the hydrogen-pro-
ducing bacteria would be more dominant than the hydrogen-consuming
bacteria [27]. Overall, the accumulation of VFAs increased following
the increased RS concentration, which was higher in the enzymatically
pretreated POME that accommodated the higher yield of hydrogen.

Conclusions

This study investigated the effects of pretreatment on reducing sugar
yield, optimum conditions for enzymatic pretreatment on POME, and
the effect of pretreated POME with enzymatic pretreatment on hy-
drogen yield. The present study indicated that the enzymatic pretreat-
ment of POME using cellulase (Novozym 50199) could significantly
improve biohydrogen production efficiency. The optimal conditions
determined via BBD were a cellulase concentration of 3.76% (w/v),
reaction time of 12 hr, and pH 5. The predicted value of RS obtained by
the quadratic response surface model was 9540mg/L, which was ex-
perimentally validated. From the thermophilic biohydrogen production
conducted using POME pretreated with the cellulase at the aforemen-
tioned optimal conditions, the value of Hmax and the cumulative bio-
hydrogen production could be significantly increased: 145% and 138%,
respectively. In conclusion, the optimized process parameters via the
response surface methodology were able to improve RS content in the
substrate and hence improve the thermophilic biohydrogen production.
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