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a b s t r a c t

Biological hydrogen production through photo-fermentative process using dark fermented palm oil
effluent (DPOME) is a cost effective and environmentally benign process. In this study, effect of various
factors like light intensity, agitation rate and dilution of DPOME on the hydrogen productivity of Rho-
dopseudomanas palustris were investigated using batch system. Investigation methods like response
surface methodology (RSM) and Box-Behnken design were employed to investigate the optimum con-
ditions for enhanced photo-fermentative hydrogen production. The regression analysis suggested that
hydrogen yield was well fitted by a quadratic polynomial equation (R2¼ 0.92). The hydrogen production
was investigated by varying the intensity levels of these three independent variables, in which all have
significant influences on hydrogen yield. The set of 19 experimental runs were conducted to optimize
these variables. The highest hydrogen yield of 3.07± 0.66 H2 yield mol-H2/mol-acetate was obtained
under the optimum condition of light intensity 250W/m2, agitation rate 200 rpm, and 30% dilution of
DPOME. The experimentally obtained hydrogen yield found out to be in a good agreement with predicted
yield which was about 2.80mol-H2/mol-acetate. In short, results suggest that experimental strategy
using RSM approach along with Box-Behnken design can be a promising approach to achieve enhanced
biological hydrogen production.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen is considered as an environmentally benign fuel that
yields water along with dissipation of fair amount of energy after
combustion. Hydrogen is considered as an attractive bioenergy
alternative due to its ability to produce fair amount of energy i.e.
approx. 122 kJ/g, which is three times higher than the other
chemical fuels. Hydrogen production can be achieved using various
methods but biological hydrogen production is less energy inten-
sive as compared to chemical and electrochemical routes (Balat and
Kırtay, 2010; Mishra et al., 2018). Biological hydrogen production
includes fermentative hydrogen production and photo-synthetic
hid).
hydrogen production (Urbaniec et al., 2010). Photosynthetic bac-
teria utilizes light as an energy source and use short chain car-
boxylic acids as their electron donor, which are present in
fermentative substrates in plenty amount. The boosted level of
electron flow from light enables the plant with the energy required
for biohydrogen production. Photosynthetic purples bacteria (e.g.
Rhodopseudomonas, Rhodobacter and Rhodospirillum) produces
biohydrogen using nitrogenases enzyme. The nitrogenases enzyme
catalyses the nitrogen-fixation process which is a highly electron/
energy intensive process, which yields hydrogen as by-products
(Hallenbeck, 2009). Photo-chemotrophic bacteria are promising
microbial system armed with the ability to produce hydrogen. This
is mainly due to: (a) their ability to yield hydrogen comparable to
the theoretical conversion yields (b) the absence of oxygen evolving
pathways, which eliminates the problems associated with oxygen
sensitive biological pathways (c) ability to use large spectrum of
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Table 1
Characteristics of dark fermented palm oil mill effluents.

Parameters Characteristics of DPOME before photo-fermentation Characteristics of DPOME after photo-fermentation

COD 17510 1676
BOD 31070 4966
Oil 11308 8750
Acetic acid 6300 1110
Butyric acid 8700 3670
pH* 4.3 5.7

Values are in g/L except* pH; COD: Chemical Oxygen Demand; BOD: Biological Oxygen Demand.
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light intensity (d) ability to use wide range of organic wastes
associated with waste waters (Chen et al., 2011). Biomasses or
wastewater originated from the various industries can be utilized
for dark fermentative hydrogen production. The incomplete
degradation of saccharides into hydrogen and CO2 is one of the
major bottleneck that need to overcome to improve hydrogen
production, which often lowers the hydrogen yield per mole of
hexoses. These dark fermented effluents are rich sources of acetic
acids, butyric acid and other organic matter, which serves as a
suitable carbon sources for the growth of the bacterium responsible
for photo fermentative hydrogen production. Hydrogen production
using dark fermented effluents are well documented by various
researchers (Uyar et al., 2009a, b; Panagiotopoulos et al., 2010;
Tawfik et al., 2014). Furthermore, the palm oil industry produces
a large amount of wastewater which contains complex carbohy-
drates and organic acids, which has been used as a feedstock for
hydrogen productions by Lam and Lee (2011). The various in-
vestigations have been reported for dark -fermentative hydrogen
production along with CO2 and volatile fatty acids formation using
POME (Mohammadi et al., 2011; Krishnan et al., 2016; Mishra et al.,
2017). The organic acids produced by dark fermentative bacteria
can further be fermented by using photo-synthetic bacterium
Rhodopseudomanas palustris (Pott et al., 2014; Mishra et al., 2016).
So far, very few researches has been carried out targeting the bio-
hydrogen production using POME and the wide hidden possibilities
of biohydrogen production using POME are yet to be explored. For
cheaper and enhance hydrogen production requires the optimiza-
tion of process conditions. The optimization of photo-fermentative
hydrogen productions conditions such as light intensity, agitation
rate and dilution of dark fermented effluents are very important to
get enhanced biohydrogen production from DPOME (Azbar et al.,
2010; Liao et al., 2015). The statistical approaches are also consid-
ered to be another effective method to optimize these multivari-
able. Recently, many researchers has extensively used the response
surface methodology to optimize various factors responsible to
affect the biohydrogen production process (Mangayil et al., 2015).
The present study deals with the hydrogen production analysis
using DPOME as substrate via photo-fermentation. The effect of
process parameters such as light intensity, agitation rate and
dilution percentage of DPOME on hydrogen production were
investigated using 3 K Box-Behnken factorial design. Finally, the
interactive effect of these factors on hydrogen production was
analysed by perturbation plots and response surface plots,
respectively.
Table 2
Levels of independents variables for RSM.

Independent variables Parameters Low levels High levels

X1 Light intensity (W/m2) 100 300
X2 Agitation rate (rpm) 100 300
X3 Dilution of DPOME (%) 10 50
2. Materials and methods

2.1. Inoculum preparation and fermentative substrate

The strain of photo-fermentative bacterium Rhodop-
seudomanas palustris was obtained from the China general Mi-
crobial Culture Collection, China. Inoculum was activated
anaerobically in modified basal medium (Asada et al., 2006) at
30 �C for 72 h under light intensity of 150W/m2 (continuous illu-
minations). The medium contains acetate 35mM (carbon source)
and glutamate 20mM (nitrogen source) with the initial pH of 7.0.
Dark fermented palm oil mill effluent was collected from our lab
which was fermented using Bacillus anthracis isolated from palm
sludge (Mishra et al., 2017). The characteristics dark fermented
POME used in this study are illustrated in Table 1, before and after
treatment. DPOME were centrifuged and sterilized by autoclaving
before fermentation to remove the microbial contamination and
colloidal materials that can interfere with light penetration. The
dilution of DPOME has done using demineralized water.

2.2. Experimental set-up for hydrogen production

Photo-fermentation was carried out in 2 L continuous stirrer
tank reactor batch mode using 2 L continuous stirrer tank reactor
made of PVC with thickness of 0.3mm (Polyvinyl chloride) having
working volume of 1 L. The bioreactor was equipped with a stirrer
to provide better mass and heat transfer in the medium, along with
a water bath to maintain the temperature of the reactor. Dilution of
dark fermented palm oil mill effluents has been done using dem-
ineralized water. The reactor was also supplemented with 500mg
of acetate and 150mg of glutamate for initial acclimatization of
inoculum. After inoculation of 10% inoculum (OD660~1), the biore-
actor was flushed with pure argon gas to create an anaerobic
condition. The operations were done under illumination conditions
at 30 �C, with initial pH 7.0. Initially, medium pH was adjusted by
using 1M NaOH to DPOME. The reactor was illuminated using
external light source (150W Tungsten lamps) and the intensity of
light was control by keeping a distance from the bioreactor. All the
experiments were conducted in triplets using the same source of
DPOME.

2.3. Experimental designing of optimization process using RSM

The Design expert® 7.1.6 was applied to designing the experi-
ment, drawing the RSM plots and analysis of data statistically. The
3K Box- Behnken model applied to investigate the factors for
enhanced biohydrogen production and examine the interactive
effect of factors (Box and Behnken, 1960). Hydrogen yield was
selected as the response variable, while light intensity (X1), agita-
tion rate (X2), and dilution of DPOME (X3) as three independent
variables as shown in Table 2. Following to the experimental design
Table 3, a total of 19 experiments were conducted. The quadratic
model was applied to fit the experimental values produced by RSM



Table 3
Box-Behnken experimental design with three independent variables and one response (Coded).

Run Factor X1: Light intensity (W/m2) Factor X2: Agitation rate (rpm) Factor X3: Dilution (%) Response H2 yield (mol H2/mol-Acetate)

1 �1.000 �1.000 �1.000 0.37
2 1.000 �1.000 �1.000 0.32
3 �1.000 1.000 �1.000 0.67
4 1.000 1.000 �1.000 0.364
5 �1.000 �1.000 1.000 1.77
6 1.000 �1.000 1.000 2.89
7 �1.000 1.000 1.000 1.46
8 1.000 1.000 1.000 0.96
9 �2.000 0.000 0.000 0.27
10 0.667 0.000 0.000 1.89
11 0.000 �2.000 0.000 e

12 0.000 2.000 0.000 0.33
13a 0.000 0.000 0.500 3.49
14 0.000 0.000 1.000 3.44
15 0.000 0.000 0.000 2.54
16 0.000 0.000 0.000 2.11
17 0.000 0.000 0.000 3.11
18 0.000 0.000 0.000 3.23
19 0.000 0.000 0.000 2.54
20 0.000 0.000 0.000 3.18
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(Table 4). The analysis of variance (ANOVA) was used to investigate
the significance of fittingmodel for experimental values, interactive
terms, and quadric terms. Effect of factors with central points and
corresponded interactions was investigated by perturbation plots
and response surface plots respectively.
2.4. Analytical methods

The Gas Chromatograph (GC 8500, Perkin) was used to measure
hydrogen content, which equipped with 1.5m stainless steel col-
umn (SS350A) packed with the molecular sieve of 80/100 mesh
along with thermal conductivity detector and nitrogen as carrier
gas. Operational parameters of GC were set according to the pre-
vious literature (Mishra et al., 2016). The VFA concentrations were
observed using HPLC (Agilent 1200) attached the C-18 column.
0.05M of KH2PO4 was applied as mobile phase with a flow rate of
0.4ml/min 10ml sample was injected into the column at a
controlled temperature of 55 �C. Luxmeter (Tondaj LX1010B) was
used to measure the intensity of light. The different parameter of
DPOME such as COD, BOD, VSS, and oil contents was measured
using APHA standards methods (Eaton et al., 2005). Apart from this,
hydrogen production performance was observed using hydrogen
Table 4
ANOVA for Response Surface Quadratic model [Analysis of variance table, Partial sum of

Source Sum of Squares df Mean

Model 27.36 9 3.04
X1-light intensity (W/m2) 0.021 1 0.021
X2-agitation rate (rpm) 0.095 1 0.095
X3- DPOME dilution (%) 4.66 1 4.66
X1 X2 0.44 1 0.44
X1 X3 0.12 1 0.12
X2 X3 0.83 1 0.83
X1
2 5.20 1 5.20

X2
2 11.74 1 11.74

X3
2 0.34 1 0.34

Residual 2.32 10 0.23
Lack of Fit 1.29 5 0.26
Pure Error 1.04 5 0.21
Cor Total 29.68 19

Note: TheModel F-value of 13.10 implies themodel is significant. There is only a 0.021% ch
1.00 indicate model terms are significant. In this case C, AB, A2, B2, C2 are significant mo
relative to the pure error. There is a 40.89% chance that a “Lack of Fit F-value” this larg
Sequared; 0.8514, C.V. %; 27.58, Pred R-Sequared; 0.2146, Press; 23.31, Adeq precision;
yield in corresponds to substrate utilization particularly acetate.
The value of hydrogen yield was obtained by dividing amount
hydrogen produced in mol over the amount of substrate (acetate)
consumed (mol/mol-acetate).
3. Results and discussions

3.1. Optimization of hydrogen using response surface methodology

RSM has been explored as an effective technique for the opti-
mization of bioprocess technology (Liu et al., 2015). In this study, 3K

Box-Behnken model was used to optimized biohydrogen produc-
tion by applying three independent variables, including light in-
tensity, agitation rate and dilution percentage of DPOME. Light
plays an important role during hydrogen evolution process cata-
lyzed by nitrogenase enzyme (Meyer et al., 1978). Agitation rate is
another factor which influences hydrogen production as the biogas
production may be insufficient in the absence of suitable mixing of
substrate and inoculum (Hamdi et al., 1991). Dilution of dark fer-
mented effluents is another factor which affects photo-hydrogen
production, as the optimal level of dilution of DPOME is required

to get initial desired acetic acid concentration (€Ozkan et al., 2012).
squares-Type III].

square F Value p-value Probe F

13.10 0.0002 significant
0.092 0.7678
0.41 0.5357
20.09 0.0012
1.90 0.1987
0.51 0.4902
3.60 0.0872
22.38 0.0008
50.56 <0.0001
1.48 0.2510

1.24 0.4089 not significant

ance that an F-value this large could occur due to noise. Values of “Prob > F” less than
del terms. The “Lack of Fit F-value” of 1.24 implies the Lack of Fit is not significant
e could occur due to noise. Std. Dev.; 0.48, R-Squared; 0.9218, Mean; 1.75, Adj R-
9.534.



Fig. 1. Pertubation plot showing the effect of process parameters on hydrogen yield;
Interaction plot.
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Software “Design-expert7.1.6” was used to set the series experiment
of 19 runs, where three variables were varied at different levels and
hydrogen yield was investigated as response Table 3. The optimal
levels of variables and their interactions with responsewere further
investigated by Box-Behnken design. The multiple regression
analysis of experimental values (Table 5), following second order
polynomial equation was suggested to explain the hydrogen yield
(eq. (1)).

Y ¼ 2:78� 0:049X1 � 0:077X2 þ 0:72X3 � 0:023X1X2

þ 0:12X1X3 � 0:32X2X3 � 0:69X2
1 � 0:66X2

2 � 0:29X2
3

(1)

Where, Y represents the hydrogen yield and X1, X2 and X3 are
the value of light intensity, agitation rate and dilution of DPOME
respectively. Analysis of variance (ANOVA) suggested that response
surface for hydrogen yield are well fit for a quadratic model with an
F-value of 13.10 (Table 4). The model F-value of 13.10 implies the
model is significant. There are only 13.40% chances that an F-value
large because of noise. The software predicted that [dilution%],
[light intensity]2, and [agitation rate]2 to be significant model
terms. ANOVA suggested that the experimental data is statistically
significant.
3.2. Perturbation plot analysis

The effect of variables at one point in RSM generated design can
be compared using perturbation plot. It traces out the variations in
the response generated due to variations in a factor as it is varied
away from the reference point meanwhile the ratio of all other
factors remains constant. In this prospectus, the possible variables
are shown on a plot (single), which allows the visualization of the
sensitivity of response to deviation from a central point. Indis-
pensably, it shows the straight visualization of how sensitive sys-
tem is to deviation from the central point. Therefore, perturbation
plot or trace plots in response surface methodology helps in the
comparatively effect of all variables in a design space. The sheerness
of the curvature of given factor is indicated the sensitiveness of
response is to changes in one variable. Thus, relatively flat lines can
be interpreted as a general lack of significant effect on the response
by variation in the factor under investigation (Bauer et al., 1999). In
the present study this perturbation plot was used to investigate the
hydrogen yield as three factors are studied as variables; light in-
tensity, agitation rate and dilution of DPOME in design central
point. From the perturbation plot obtained in present study shows
that dilution (C) of dark fermented palm oil mill effluent had a
significant effect on photo fermentative hydrogen yield (Fig. 1). On
the other hand factors such as light intensity (A) and agitation rate
(B) did not have a significant role in hydrogen yield from DPOME.
Component C has a major role in the hydrogen production and B
Table 5
Regression analysis of the central composite rotary design.

Factor Coefficient Estimate df Standar

Intercept 2.78 1 0.17
A-X1 �0.049 1 0.16
B-X2 �0.077 1 0.12
C-X3 0.72 1 0.16
X1 X2 �0.23 1 0.17
X1 X3 0.12 1 0.17
X2 X3 �0.32 1 0.17
A2 �0.69 1 0.15
B2 �0.66 1 0.093
C2 �0.29 1 0.24
and C had less drastic effect during operation. The optimal
maximum hydrogen yield of 3.11 was observed at 30% dilution of
DPOME when light intensity and agitation rate was 250W/m2 and
200 rpm respectively. The least hydrogen yield of 0.32mol-H2/mol-
acetate was observed at 10% dilution of DPOME when light in-
tensity and agitation rate was 300W/m2 and 100 rpm respectively.
The analysis suggests that actual hydrogen yield of 3.1mol-H2/mol-
acetate lies slightly higher with the predicted one of 2.80mol-H2/
mol-acetate at 250W/m2, 200 rpm agitation rate, and 30% dilution
of DPOME. The impact of dilution on photo-hydrogen production
using dark fermented effluent has been previously investigated
(Uyar et al., 2009a, b). The main concept behind this is to maintain
an optimal acetic concentration for bacterial growth, which in-
fluences hydrogen production. Another study reported that dark
fermented effluent of sugar beet thick juice fermented by
C. saccharolyticus had dilated 3 times to enhance the photobiolog-

ical hydrogen production by R. capsulatus (€Ozkan et al., 2012).
Finally, the perturbation plots demonstrate that dilution of DPOME
played an important role in photo fermentative hydrogen produc-
tion. This can be due to concentrate substrate which includes high
organic matter which inhibits inoculum growth as well as
hydrogen production.
3.3. RSM plots for hydrogen yield and variables interactions

The produced three-dimensional response surface plots allow a
pairwise comparison of variables effects on hydrogen yield. In every
plot, the variable which is not represented by the two horizontal
axes remains fixed at their central actual levels (Guo et al., 2009).
Liu et al. (2015) showed that the highest predicted values are
d Error 95% CI Low 95% CI High VIF

2.39 3.17
�0.41 0.31 1.39
�0.35 0.19 1.00
0.36 1.08 1.03
�0.61 0.15 1.00
�0.26 0.50 1.00
�0.70 0.057 1.00
�1.01 �0.36 1.50
�0.87 �0.46 1.02
�0.81 0.24 1.15
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indicated by the response surface plots. They reported that the
elliptical projection reflects the interactive interaction between two
variables (Liu et al., 2015). The response plot using was CCD has
been successfully applied for optimization of fermentative
hydrogen production using palm oil mill effluent as substrate.
Mohammadi et al., 2017, investigated the effect of up-flow velocity
(Vup) and feed flow rate (QF) as independent variables on bio-
hydrogen production (response) from POME and suggested the
“well model prediction” (RSM) for parameters optimizations
(Mohammadi et al., 2017). The response plots of the present
investigation are illustrated in Figs. 2e4. In this study, when light
intensity and agitation rates were varied at constant dilution of
DPOME (30%), the hydrogen yield observed low at low light in-
tensity and high agitation rate (Fig. 2 a&b). Themaximumhydrogen
yield of 3.0mol-H2/mol-acetate was observed at intermediate
levels of these two variables. The appearance of the concentric el-
lipse of two-dimensional projections shows the interactive effects
between variables (Fig. 2 a&b). With the variations in light in-
tensities and dilution of DPOME at an intermediate agitation,
200 rpm showed an adequate effect on hydrogen yields (Fig. 3 a&b).
The hydrogen yields decreased at high levels of light intensity and
dilution of DPOME. The variation of light intensities is relatively
Fig. 2. (a) Response surface plot and (b) Its contour plot for H2 yield: effect of agitation
speed and light intensity.

Fig. 3. (a) Response surface plot and (b) Its contour plot for H2 yield: effect of DPOME
dilution with tap water and light intensity.
more important than that of agitation rates on hydrogen (Fig. 3
a&b). Furthermore, as shown in response plot in Fig. 4 a&b,
hydrogen yield increased with increasing the dilution of DPOME
and influenced by agitation rate. This appears as interactive effects
between dilutions and agitation rate. The highest optimal hydrogen
yield of 3.11mol-H2/mol-acetate was achieved when dilation of
DPOME increased to 30% and agitation rate increased to 220 rpm.
Further increase in both the factors had shown the negative impact
on hydrogen yield.
3.4. Validation of the model equation

The optimal results as suggested by statistical design, further-
more verified by performing photo-fermentation at set parameters
with: 30% DPOME, light intensity of 250W/m2 and agitation rate of
200 rpm. Based on these optimal conditions hydrogen production
was conducted in triplicates to get significant hydrogen yield. Un-
der the optimized conditions the hydrogen yield was
3.07± 0.66mol-H2/mol-acetate, suggesting that experimental and
predicted yields (2.80mol-H2/mol-acetate) were in good agree-
ment. The correlation between the actual and predicted conditions
verifies the model validation and existence of an optimal point.



Fig. 4. (a) Response surface plot and (b) Its contour plot for H2 yield: effect of DPOME
dilution with tap water and agitation speed.
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Light energy plays an important role along with organic sub-
strates during photo synthetic hydrogen production. Several re-
searchers been carried out to find the optimal light intensity for
hydrogen production using various microorganism (Kim et al.,
2006; Basak et al., 2014; Adessi et al., 2014). Photofermentation
hydrogen production at optimum light intensity 270W/m2 by
R. sphaeroides O.U. 001 have been reported from the prepared
medium containing glutamate 2mM andmalate 15mM (Uyar et al.,
2007). In another experiment, the optimum light intensity of 4170
lux was reported for hydrogen from acetate, butyrate and propio-
nate mixtures by Rhodopseudomonas capsulate using response
surface methodology (Shi et al., 2005). The optimal light intensity
of photo-fermentative hydrogen production also has been investi-
gated using industrial wastewaters. For instances, Seifert et al.
investigated the effects of light intensity on photo-fermentative
hydrogen production from dairy wastewater. They suggested the
optimum light intensity of 9000 lux when R. sphaeroides O.U.001
was applied as inoculum (Seifert et al., 2010a). Furthermore,
Brewery wastewater was subjected as a substrate for hydrogen
production by R. sphaeroidesO.U.001. Their results suggested that at
a light intensity of 116W/m2, inoculum had the optimal hydrogen
production efficiency (Seifert et al., 2010b). In this study, shown by
RSM results, light intensity impacts the hydrogen production by
Rohopesudomans pultuirs fromDPOME and high intensity of has the
negative effects.

Factors such as agitation rates and dilution of dark fermented
effluent effectively influence the photo-hydrogen production.
Ozager et al. reported that the three-time dilution of dark fer-
mented effluents of sugar beet molasses had the positive impact on
enhanced photo hydrogen production (€Ozgür et al., 2010). While in
another study 10% dilution of the dark fermented effluent of
brewery waste water had the enhanced hydrogen production effect
(Seifert et al., 2010b). In contrast to these results, our results sug-
gested that 40% dilution is optimal for hydrogen from DPOME. The
variation in dilution percentages can be attributed to the
complexity of waste waters, as each type of waste water is signif-
icantly different in their COD, BOD, VSS etc. concentrations. Various
investigations have been done to effects of agitation on biogas
production (Karim et al., 2005a). Karim et al. successfully investi-
gated enhanced biogas production from the agitated substrate as
compared to unmixed one (Karim et al., 2005b). Moreover, Kapar-
aju et al. investigated the influences of mixing on biogas production
cattle slurry from 6.5 to 7.5% TS and reported the improved process
performance in CSTR reactor (Kaparaju et al., 2008). By comparing
the effect of agitation rate on hydrogen production with these re-
sults, our investigation has an agreement that an agitation rate can
improve the hydrogen production efficiency as shown in the pre-
sent study.

4. Conclusions

In batch experiments, dark fermented palm oil mill effluents
(DPOME) were used as a substrate for photo-fermentative
hydrogen using Rhodopseudomanas palustris. The hydrogen yield
was investigated at various levels of light intensity, agitation rate,
and dilution of DPOME by response surface methodology. The
maximum hydrogen yield of 3.07± 0.66mol-H2/mol-acetate was
achieved under the optimized conditions: light intensity 250W/
m2, agitation rate 200 rpm, and 30% dilution of DPOME, respec-
tively. The validation test of obtained optimal conditions of
hydrogen yield from DPOME had good agreement with the pre-
dicted values (2.80mol-H2/mol-acetate). The experimental results
suggested that statistical design for process optimization by RSM is
an efficient and feasible technique to get enhanced hydrogen pro-
duction through biological processes. The future work on use of
DPOME for photohydrogen production at large-scale seems more
advantageous application prospects in enhancing hydrogen pro-
ductivity from photo-fermentation.

Acknowledgement

The authors are grateful to the faculty of engineering and
technology, Universiti Malaysia Pahang for providing continuously
operational facilities. Authors are thankful to Deanship of Scientific
Research at King Saud University for funding this work through
research groupNO (RGP-1438-029) and research grant RDU 130506
provided by Research & innovation department, Universiti
Malaysia Pahang, Malaysia.

References

Adessi, A., De Philippis, R., 2014. Photobioreactor design and illumination systems
for H 2 production with anoxygenic photosynthetic bacteria: a review. Int. J.
Hydrogen Energy 39 (7), 3127e3141.

Asada, Y., Tokumoto, M., Aihara, Y., Oku, M., Ishimi, K., Wakayama, T., Kohno, H.,
2006. Hydrogen production by co-cultures of Lactobacillus and a photosyn-
thetic bacterium, Rhodobacter sphaeroides RV. Renew. Energy 31 (11),
1509e1513.

http://refhub.elsevier.com/S0959-6526(18)31995-4/sref1
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref1
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref1
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref1
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref2
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref2
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref2
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref2
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref2


P. Mishra et al. / Journal of Cleaner Production 199 (2018) 11e17 17
Azbar, N., Dokgoz, F.T.C., 2010. The effect of dilution and L-malic acid addition on
bio-hydrogen productionwith Rhodopseudomonas palustris from effluent of an
acidogenic anaerobic reactor. Int. J. Hydrogen Energy 35 (10), 5028e5033.

Balat, H., Kırtay, E., 2010. Hydrogen from biomassepresent scenario and future
prospects. Int. J. Hydrogen Energy 35 (14), 7416e7426.

Basak, N., Jana, A.K., Das, D., Saikia, D., 2014. Photofermentative molecular bio-
hydrogen production by purple-non-sulfur (PNS) bacteria in various modes: the
present progress and future perspective. Int. J. Hydrogen Energy 39 (13),
6853e6871.

Bauer Jr., K.W., Parnell, G.S., Meyers, D.A., 1999. Response surface methodology as a
sensitivity analysis tool in decision analysis. J. Multi-Criteria Decis. Anal. 8 (3),
162.

Box, G.E., Behnken, D.W., 1960. Some new three level designs for the study of
quantitative variables. Technometrics 2 (4), 455e475.

Chen, C.Y., Liu, C.H., Lo, Y.C., Chang, J.S., 2011. Perspectives on cultivation strategies
and photobioreactor designs for photo-fermentative hydrogen production.
Bioresour. Technol. 102 (18), 8484e8492.

Eaton, A.D., Clesceri, L.S., Rice, E.W., Greenberg, A.E., Franson, M.A.H., 2005. APHA:
Standard Methods for the Examination of Water and Wastewater. Centennial
Edition., APHA, AWWA. WEF, Washington, DC.

Guo, W.Q., Ren, N.Q., Wang, X.J., Xiang, W.S., Ding, J., You, Y., Liu, B.F., 2009. Opti-
mization of culture conditions for hydrogen production by Ethanoligenens
harbinense B49 using response surface methodology. Bioresour. Technol. 100
(3), 1192e1196.

Hallenbeck, P.C., 2009. Fermentative hydrogen production: principles, progress, and
prognosis. Int. J. Hydrogen Energy 34 (17), 7379e7389.

Hamdi, M., 1991. Effects of agitation and pretreatment on the batch anaerobic
digestion of olive mil. Bioresour. Technol. 36 (2), 173e178.

Kaparaju, P., Buendia, I., Ellegaard, L., Angelidakia, I., 2008. Effects of mixing on
methane production during thermophilic anaerobic digestion of manure: lab-
scale and pilot-scale studies. Bioresour. Technol. 99 (11), 4919e4928.

Karim, K., Hoffmann, R., Klasson, K.T., Al-Dahhan, M.H., 2005b. Anaerobic digestion
of animal waste: effect of mode of mixing. Water Res. 39 (15), 3597e3606.

Karim, K., Klasson, K.T., Hoffmann, R., Drescher, S.R., DePaoli, D.W., Al-Dahhan, M.H.,
2005a. Anaerobic digestion of animal waste: effect of mixing. Bioresour. Tech-
nol. 96 (14), 1607e1612.

Kim, J.P., Kang, C.D., Park, T.H., Kim, M.S., Sim, S.J., 2006. Enhanced hydrogen pro-
duction by controlling light intensity in sulfur-deprived Chlamydomonas
reinhardtii culture. Int. J. Hydrogen Energy 31 (11), 1585e1590.

Krishnan, S., Singh, L., Sakinah, M., Thakur, S., Wahid, Z.A., Alkasrawi, M., 2016.
Process enhancement of hydrogen and methane production from palm oil mill
effluent using two-stage thermophilic and mesophilic fermentation. Int. J.
Hydrogen Energy 41 (30), 12888e12898.

Lam, M.K., Lee, K.T., 2011. Renewable and sustainable bioenergies production from
palm oil mill effluent (POME): winewin strategies toward better environmental
protection. Biotechnol. Adv. 29 (1), 124e141.

Liao, X., Li, H., 2015. Biogas production from low-organic-content sludge using a
high-solids anaerobic digester with improved agitation. Appl. Energy 148,
252e259.

Liu, Y., Ghosh, D., Hallenbeck, P.C., 2015. Biological reformation of ethanol to
hydrogen by Rhodopseudomonas palustris CGA009. Bioresour. Technol. 176,
189e195.

Mangayil, R., Aho, T., Karp, M., Santala, V., 2015. Improved bioconversion of crude
glycerol to hydrogen by statistical optimization of media components. Renew.
Energy 75, 583e589.

Meyer, J., Kelley, B.C., Vignais, P.M., 1978. Nitrogen fixation and hydrogen
metabolism in photosynthetic bacteria. Biochimie 60 (3), 245e260.
Mishra, P., Thakur, S., Singh, L., Ab Wahid, Z., Sakinah, M., 2016. Enhanced hydrogen

production from palm oil mill effluent using two stage sequential dark and
photo fermentation. Int. J. Hydrogen Energy 41 (41), 18431e18440.

Mishra, P., Thakur, S., Singh, L., Krishnan, S., Sakinah, M., Ab Wahid, Z., 2017.
Fermentative hydrogen production from indigenous mesophilic strain Bacillus
anthracis PUNAJAN 1 newly isolated from palm oil mill effluent. Int. J. Hydrogen
Energy 42, 16054e16063.

Mishra, P., Thakur, S., Mahapatra, D.M., Ab Wahid, Z., Liu, H., Singh, L., (5), 2018,
2666e2676. Impacts of nano-metal oxides on hydrogen production in anaer-
obic digestion of palm oil mill effluenteA novel approach. Int. J. Hydrogen
Energy.

Mohammadi, P., Ibrahim, S., Annuar, M.S.M., Khashij, M., Mousavi, S.A.,
Zinatizadeh, A., 2017. Optimization of fermentative hydrogen production from
palm oil mill effluent in an up-flow anaerobic sludge blanket fixed film biore-
actor. Sustain. Environ. Res. 27 (5), 238e244.

Mohammadi, P., Ibrahim, S., Annuar, M.S.M., Law, S., 2011. Effects of different pre-
treatment methods on anaerobic mixed microflora for hydrogen production
and COD reduction from palm oil mill effluent. J. Clean. Prod. 19 (14),
1654e1658.

€Ozgür, E., Mars, A.E., Peksel, B., Louwerse, A., Yücel, M., Gündüz, U., Ero�glu, _I., 2010.
Biohydrogen production from beet molasses by sequential dark and photo-
fermentation. Int. J. Hydrogen Energy 35 (2), 511e517.

€Ozkan, E., Uyar, B., €Ozgür, E., Yücel, M., Eroglu, I., Gündüz, U., 2012. Photo-
fermentative hydrogen production using dark fermentation effluent of sugar
beet thick juice in outdoor conditions. Int. J. Hydrogen Energy 37 (2),
2044e2049.

Panagiotopoulos, J.A., Bakker, R.R., de Vrije, T., Urbaniec, K., Koukios, E.G.,
Claassen, P.A., 2010. Prospects of utilization of sugar beet carbohydrates for
biological hydrogen production in the EU. J. Clean. Prod. 18, S9eS14.

Pott, R.W., Howe, C.J., Dennis, J.S., 2014. The purification of crude glycerol derived
from biodiesel manufacture and its use as a substrate by Rhodopseudomonas
palustris to produce hydrogen. Bioresour. Technol. 152, 464e470.

Seifert, K., Waligorska, M., Laniecki, M., 2010a. Hydrogen generation in photobio-
logical process from dairy wastewater. Int. J. Hydrogen Energy 35 (18),
9624e9629.

Seifert, K., Waligorska, M., Laniecki, M., 2010b. Brewery wastewaters in photobio-
logical hydrogen generation in presence of Rhodobacter sphaeroides OU 001.
Int. J. Hydrogen Energy 35 (9), 4085e4091.

Shi, X.Y., Yu, H.Q., 2005. Response surface analysis on the effect of cell concentration
and light intensity on hydrogen production by Rhodopseudomonas capsulata.
Process Biochem. 40 (7), 2475e2481.

Tawfik, A., El-Bery, H., Kumari, S., Bux, F., 2014. Use of mixed culture bacteria for
photofermentive hydrogen of dark fermentation effluent. Bioresour. Technol.
168, 119e126.

Urbaniec, K., Friedl, A., Huisingh, D., Claassen, P., 2010. Hydrogen for a sustainable
global economy. J. Clean. Prod. 18, S1eS3.

Uyar, B., Eroglu, I., Yücel, M., Gündüz, U., 2009a. Photofermentative hydrogen pro-
duction from volatile fatty acids present in dark fermentation effluents. Int. J.
Hydrogen Energy 34 (10), 4517e4523.

Uyar, B., Eroglu, I., Yücel, M., Gündüz, U., Türker, L., 2007. Effect of light intensity,
wavelength and illumination protocol on hydrogen production in photo-
bioreactors. Int. J. Hydrogen Energy 32 (18), 4670e4677.

Uyar, B., Schumacher, M., Gebicki, J., Modigell, M., 2009b. Photoproduction of
hydrogen by Rhodobacter capsulatus from thermophilic fermentation effluent.
Biosyst. Eng. 32 (5), 603e606.

http://refhub.elsevier.com/S0959-6526(18)31995-4/sref3
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref3
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref3
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref3
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref4
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref4
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref4
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref4
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref4
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref5
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref5
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref5
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref5
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref5
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref6
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref6
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref6
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref7
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref7
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref7
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref8
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref8
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref8
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref8
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref9
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref9
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref9
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref10
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref10
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref10
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref10
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref10
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref11
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref11
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref11
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref12
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref12
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref12
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref13
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref13
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref13
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref13
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref14
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref14
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref14
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref15
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref15
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref15
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref15
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref16
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref16
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref16
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref16
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref18
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref18
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref18
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref18
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref18
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref19
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref19
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref19
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref19
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref19
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref20
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref20
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref20
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref20
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref21
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref21
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref21
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref21
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref22
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref22
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref22
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref22
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref24
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref24
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref24
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref25
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref25
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref25
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref25
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref26
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref26
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref26
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref26
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref26
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref27
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref27
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref27
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref27
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref27
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref27
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref28
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref28
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref28
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref28
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref28
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref29
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref29
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref29
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref29
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref29
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref30
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref30
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref30
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref30
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref30
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref30
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref31
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref31
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref31
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref31
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref31
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref31
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref32
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref32
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref32
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref32
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref33
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref33
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref33
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref33
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref34
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref34
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref34
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref34
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref35
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref35
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref35
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref35
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref36
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref36
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref36
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref36
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref37
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref37
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref37
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref37
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref38
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref38
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref38
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref39
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref39
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref39
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref39
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref40
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref40
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref40
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref40
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref41
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref41
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref41
http://refhub.elsevier.com/S0959-6526(18)31995-4/sref41

	Photohydrogen production from dark-fermented palm oil mill effluent (DPOME) and statistical optimization: Renewable substra ...
	1. Introduction
	2. Materials and methods
	2.1. Inoculum preparation and fermentative substrate
	2.2. Experimental set-up for hydrogen production
	2.3. Experimental designing of optimization process using RSM
	2.4. Analytical methods

	3. Results and discussions
	3.1. Optimization of hydrogen using response surface methodology
	3.2. Perturbation plot analysis
	3.3. RSM plots for hydrogen yield and variables interactions
	3.4. Validation of the model equation

	4. Conclusions
	Acknowledgement
	References


