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Treatment of palm oil mill effluent (POME) with a dielectric barrier discharge (DBD) plasma system was
investigated. This paper presents the results of the yield of hydrogen and methane, and the removal of excitation-
emission matrices (EEMs) and chemical oxygen demand (COD) from POME. Also, state-of-the-art methods were
employed to measure methane and hydrogen directly from the reactor as well as their improvement. The DBD was
carried out with applied voltage at 10-25 kV in a batch glass plasma reactor. The results revealed a significant effect
of the voltage variation on the yield of hydrogen and methane. Increasing the applied voltage enhanced the
conversion of POME with COD reduction in the range of 48.9 to 53.7% and BOD reduction in the range of 30 to
40% when the applied voltage was 15-25 kV. Furthermore, to estimate the removal of organic matter in POME,

EEMs were used.

Introduction

POME is classified as very highly polluted
wastewater with BOD and COD values in the range of
2,500-5,000 mg/L and 17,995-18,995 mg/L,
respectively (Hazmi et al., 2017). Biological treatment
with anaerobic digestion is a commonly used process
in the palm oil mill industry due to its low cost
compared to other processes, such as evaporation
ponds and applying thermal or physicochemical
treatments. Biogas production by fermentation has
been studied using POME (Khemkao et al., 2011;
Harsono et al., 2014; Norfadhilah et al., 2016; Mishra
et al., 2017; Zainal et al.,, 2018; Solowsky et al.,
2020;), food waste (Lattief et al., 2016), and POME,
pulp and paper mill effluents (Budiman et al., 2016).
In biological treatment, the BOD/COD ratio should be
greater than 0.5. Zainal et al. (2018) reported that the
COD removal efficiency was 21.95% with reaction
temperature at 50 °C and reaction time at 8 hours in
an anaerobic batch study using POME. Furthermore,
the POME was capable of producing about 28 m? of
biogas per ton (Mao et al., 2018). POME wastewater
is a very prospective source for biogas production as
an alternative renewable energy source. To reduce the
reaction time in producing biogas, dielectric barrier
discharge (DBD) plasma was used in this study. The
DBD plasma is generated by electrical discharges in a
liquid, producing ions and active species that are
oxidizing radicals (He and eOH) and molecules (H,0,
and O;) to increase the chemical kinetic rate. These

species and molecules reactants are effective in
degrading organic compounds in POME (Budiman et
al., 2016; Hazmi et al., 2017). Zeng et al. (2018) have
investigated the combination of DBD plasma with Ni-
/AL O5 catalyst at 160 °C. The results showed that the
combination of the DBD plasma with Ni-based
catalysts increased the conversion of methane, the
yield of hydrogen and the energy efficiency.

Generally, gas chromatography is used to
identify specific chemical species in complex gas
mixtures. However, the measurement process is time
consuming. To overcome this problem, gas sensors in
an electronic nose system were used in this
experiment. The advantages of gas sensors are: data
acquisition in real time, detection limit at several ppm,
and high sensitivity. The aim of this study was to
investigate the acceleration of the removal efficiency
of COD by using a DBD plasma and biogas
production using POME for comparison to the
previous researches mentioned above.

1. Materials and Methods
1.1 Palm Oil Mill Effluent (POME)

The POME used in this study was the same as
that used by Hazmi et al. (2017). The POME was
purchased from a palm oil company in West Sumatra
province, Indonesia. The POME was collected from
the initial sedimentation tank and then filtered using a
cloth to remove dirt, plant cell debris, fibers and other
solids. The characteristics of the POME after
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Fig. 1 Schematic Diagram of Experimental Set-up

filtration were: chemical oxygen demand (COD) at
17995-18995 mg/L, biochemical oxygen demand
(BOD) at 3200-4000 mg/L, pH was 4-4.5, and total
suspended solid (TSS) at 4000-5200 mg/L.

1.2 Experimental setup

The experimental setup is shown in Figure 1. The
DBD reactor was made from glass and had a volume
of 3500 mL. The working volume of the POME was
800 mL. The system included a needle-plane
electrode, with the needle electrodes connected to a
high voltage alternating current (AC) source with a
frequency system of 50 Hz, while the plane electrode
was connected to ground. The distance between the
needle and the POME surface was 5 mm. The
Voltages of 15, 20 and 25 kV were applied to the AC
source and recorded with a P6015A Tektronix high-
voltage probe. The discharge currents were recorded
using a TDS5104 Tektronix oscilloscope through a
P6021A current probe. Furthermore, an acrylic
container with a volume of about 1500 mL was used
as gas storage. A small diaphragm pump was used to
boost the gas flow from the DBD reactor to the gas
storage. The methane and hydrogen were detected by
commercial gas sensors (TGS816 and TGS821
manufactured by Figaro, Japan INC) attached to the
gas storage. A personal computer recorded the
changing electrical output signal of all gas sensors to
measure the gas concentration in the storage for one
hour using a data logger (Pico ADC24).
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Fig. 2. Production of biogas achieved from
different applied voltage for methane yield (a);
hydrogen yield (b)
1.3 Analysis
The COD, pH and BOD were measured with the
procedures described in the APHA standard methods
[15]. The treated wastewater was filtrated using a 0.2
um cellulose acetate membrane filter produced by
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ADVANTEC Corporation. The UV-absorbance of the
filtrated water was analyzed at 260 nm using a U-
3210 spectrophotometer, manufactured by Hitachi
Co., Ltd. The total dissolved organic carbon (DOC)
was analyzed using a TOC-V, analyzer manufactured
by Shimadzu. 3D-EEM spectroscopy (RF-530

0 PC spectrofluorometer, Shimadzu) was used to
distinguish between the different types and sources of
natural organic matter. By determining the emission
wavelength, fluorescence intensity and excitation
wavelength, it is possible to obtain an accurate
fingerprint of the treated wastewater samples, since

(o)
)

significantly affected the CH, and H, production.
These results are the same as those found by Mao et
al. (2018).

The degradation of organic compounds to CH, and
H, reached 30 to 39% and 61 to 70%, respectively, for
applied voltage at 15 and 25 V after running for 1000
seconds. Lattif et al. (2016) investigated biogas
production from date palm fruit waste and found that
the biogas contained 63% methane under well-
controlled temperature at 37 °C. Reaction time is a
significant parameter for the degradation of organic
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Fig. 3 Removal Efficiency of COD and BOD

specific excitation emission (Ex/Em) wavelengths can
be correlated with certain molecular structures.
Volumetric gas production was reported at standard
temperature and  pressure (STP). All the
measurements were done in triplicate and the results
were plotted and reported as the average value with
standard deviation.

2. Results and Discussion

2.1 Production of Methane and Hydrogen

Due to the voltage enrichment, both the electron
density and the concentration of radical species
increased significantly, which stimulates and activates
the production of CH4 and H,. The applied voltage
had a significant effect on the CH4 and H, yield from
the POME, as shown in Figs. 2(a) and (b). The CHy
yield was 7697, 20050 and 24156 mL/mL POME and
the H, yield was 7697, 20050 and 24156 mL/mL
POME for applied voltage at 15, 20 and 25 kV,
respectively. Radical species were generated by the
C=0 and C-H bounds when a high voltage was
applied to the POME and reacted to form CH,4, H, and
CO,. The chain reaction led to a higher degradation of
the POME when the applied voltage was increased. It
is clear that, as Figs. 2 (a-b) show, the applied voltage

substances to biogas and COD removal. The reaction
time in the study was 238 times shorter compared to
the results from batch fermentation in a continuous
process (Norfadilah et al., 2016) and 24 times shorter
than ultrasonification pretreatment followed by photo
fermentation (Budiman, P.M., Wu, T.Y., 2016).
Therefore, a future study could present the correlation
between reaction time and conversion of organic
compounds to biogas. Our results showed that CHy
production increased with higher applied voltage.

2.2 Intermediate of POME Degradation

The removal efficiency of COD is displayed in
Fig. 3. The COD removal efficiency was 48.9, 50.54,
and 53.7% for applied voltage at 15, 20 and 25 kV
running for 1000 seconds, respectively. For the BOD
it was 30, 32 and 44% with applied voltage at 15, 20
and 25 kV, respectively. These interactions indicate
that the source of electricity and the applied voltage
significantly affect the COD removal -efficiency.
Zainal et al. (2018) studied the COD removal from
POME using a thermophilic anaerobic process and
found a COD removal efficiency of 21.95% at 30 °C
for a reaction time of 8 h. Khemkhao et al. (2011)
have reported that the COD removal -efficiency
increases when the organic loading rate (OLR) is
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increased. The COD removal efficiency of 49.50% by
dark fermentation was the same as reported.

The effect of applied voltage on fluorescence
organic matter observed in the POME is depicted in
Fig. 4. Peak 4 and peak 6 were ascribed to tryptophan-
like components (Li et al. 2020). They increased with
the increase of applied voltage at 10 and 15 kV. This
result may indicate that the voltage at 15 kV promotes
the generation of chemically active substances (Wang
et al. 2020). Peak 1 and peak 2 were ascribed to
tyrosine-like and  tryptophan-like = components,
respectively (Li et al. 2020). They gradually decreased
with the increase of applied voltage at 20 and 25 kV.
This result implies that some byproducts were
generated, accompanied by the destruction of the
carboxyl and hydroxyl groups in aromatic protein-like
substances during the radio plasma system (Wang et
al. 2016). The fluorescence intensity of all observed
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fluorescence organic matter in the sample decreased
with the applied voltage at 20 and 25 kV, which
confirmed performance degradation at relatively
higher applied voltage.

Conclusions

The effects of applied voltage to a DBD plasma
system at 15, 20 and 25 kV on biogas production
(yield of CH4 and H,) and the removal efficiency of
EEMs and COD from POME were studied. The yield
of CH4 was higher than the yield of H,. The highest
COD removal efficiency was 53.37% for applied
voltage at 25 kV and reaction time at 1000 seconds.
The normal organic matter consisted of tyrosine-like
and tryptophan-like components and decreased with
the increase of applied voltage at 20 and 25 kV,
showing that some byproducts were generated.
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Fig. 4. The effect of applied voltage on fluorescence Normal Organic Matter
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Treatment of palm oil mill effluent (POME) with a dielectric barrier discharge (DBD) plasma system was
investigated. This paper presents the results of the yield of hydrogen and methane, and the removal of excitation-
emission matrices (EEMs) and chemical oxygen demand (COD) from POME. Also, state-of-the-art methods were
employed to measure methane and hydrogen directly from the reactor as well as their improvement. The DBD was
carried out with applied voltage at 10-25 kV in a batch glass plasma reactor. The results revealed a significant effect
of the voltage variation on the yield of hydrogen and methane. Increasing the applied voltage enhanced the
conversion of POME with COD reduction in the range of 48.9 to 53.7% and BOD reduction in the range of 30 to
40% when the applied voltage was 15-25 kV. Furthermore, to estimate the removal of organic matter in POME,

EEMs were used.

Introduction

POME is classified as very highly polluted
wastewater with BOD and COD values in the range of
2,500-5,000 mg/L and 17,995-18,995 mg/L,
respectively (Hazmi et al., 2017). Biological treatment
with anaerobic digestion is a commonly used process
in the palm oil mill industry due to its low cost
compared to other processes, such as evaporation
ponds and applying thermal or physicochemical
treatments. Biogas production by fermentation has
been studied using POME (Khemkao et al., 2011;
Harsono et al., 2014; Norfadhilah et al., 2016; Mishra
et al., 2017; Zainal et al.,, 2018; Solowsky et al.,
2020;), food waste (Lattief et al., 2016), and POME,
pulp and paper mill effluents (Budiman et al., 2016).
In biological treatment, the BOD/COD ratio should be
greater than 0.5. Zainal et al. (2018) reported that the
COD removal efficiency was 21.95% with reaction
temperature at 50 °C and reaction time at 8 hours in
an anaerobic batch study using POME. Furthermore,
the POME was capable of producing about 28 m? of
biogas per ton (Mao et al., 2018). POME wastewater
is a very prospective source for biogas production as
an alternative renewable energy source. To reduce the
reaction time in producing biogas, dielectric barrier
discharge (DBD) plasma was used in this study. The
DBD plasma is generated by electrical discharges in a
liquid, producing ions and active species that are
oxidizing radicals (He and eOH) and molecules (H,0,
and O;) to increase the chemical kinetic rate. These

species and molecules reactants are effective in
degrading organic compounds in POME (Budiman et
al., 2016; Hazmi et al., 2017). Zeng et al. (2018) have
investigated the combination of DBD plasma with Ni-
/AL O5 catalyst at 160 °C. The results showed that the
combination of the DBD plasma with Ni-based
catalysts increased the conversion of methane, the
yield of hydrogen and the energy efficiency.

Generally, gas chromatography is used to
identify specific chemical species in complex gas
mixtures. However, the measurement process is time
consuming. To overcome this problem, gas sensors in
an electronic nose system were used in this
experiment. The advantages of gas sensors are: data
acquisition in real time, detection limit at several ppm,
and high sensitivity. The aim of this study was to
investigate the acceleration of the removal efficiency
of COD by using a DBD plasma and biogas
production using POME for comparison to the
previous researches mentioned above.

1. Materials and Methods
1.1 Palm Oil Mill Effluent (POME)

The POME used in this study was the same as
that used by Hazmi et al. (2017). The POME was
purchased from a palm oil company in West Sumatra
province, Indonesia. The POME was collected from
the initial sedimentation tank and then filtered using a
cloth to remove dirt, plant cell debris, fibers and other
solids. The characteristics of the POME after
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Fig. 1 Schematic Diagram of Experimental Set-up

filtration were: chemical oxygen demand (COD) at
17995-18995 mg/L, biochemical oxygen demand
(BOD) at 3200-4000 mg/L, pH was 4-4.5, and total
suspended solid (TSS) at 4000-5200 mg/L.

1.2 Experimental setup

The experimental setup is shown in Figure 1. The
DBD reactor was made from glass and had a volume
of 3500 mL. The working volume of the POME was
800 mL. The system included a needle-plane
electrode, with the needle electrodes connected to a
high voltage alternating current (AC) source with a
frequency system of 50 Hz, while the plane electrode
was connected to ground. The distance between the
needle and the POME surface was 5 mm. The
Voltages of 15, 20 and 25 kV were applied to the AC
source and recorded with a P6015A Tektronix high-
voltage probe. The discharge currents were recorded
using a TDS5104 Tektronix oscilloscope through a
P6021A current probe. Furthermore, an acrylic
container with a volume of about 1500 mL was used
as gas storage. A small diaphragm pump was used to
boost the gas flow from the DBD reactor to the gas
storage. The methane and hydrogen were detected by
commercial gas sensors (TGS816 and TGS821
manufactured by Figaro, Japan INC) attached to the
gas storage. A personal computer recorded the
changing electrical output signal of all gas sensors to
measure the gas concentration in the storage for one
hour using a data logger (Pico ADC24).
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Fig. 2. Production of biogas achieved from
different applied voltage for methane yield (a);
hydrogen yield (b)
1.3 Analysis
The COD, pH and BOD were measured with the
procedures described in the APHA standard methods
[15]. The treated wastewater was filtrated using a 0.2
um cellulose acetate membrane filter produced by
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ADVANTEC Corporation. The UV-absorbance of the
filtrated water was analyzed at 260 nm using a U-
3210 spectrophotometer, manufactured by Hitachi
Co., Ltd. The total dissolved organic carbon (DOC)
was analyzed using a TOC-V, analyzer manufactured
by Shimadzu. 3D-EEM spectroscopy (RF-530

0 PC spectrofluorometer, Shimadzu) was used to
distinguish between the different types and sources of
natural organic matter. By determining the emission
wavelength, fluorescence intensity and excitation
wavelength, it is possible to obtain an accurate
fingerprint of the treated wastewater samples, since

(o)
)

significantly affected the CH, and H, production.
These results are the same as those found by Mao et
al. (2018).

The degradation of organic compounds to CH, and
H, reached 30 to 39% and 61 to 70%, respectively, for
applied voltage at 15 and 25 V after running for 1000
seconds. Lattif et al. (2016) investigated biogas
production from date palm fruit waste and found that
the biogas contained 63% methane under well-
controlled temperature at 37 °C. Reaction time is a
significant parameter for the degradation of organic
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Fig. 3 Removal Efficiency of COD and BOD

specific excitation emission (Ex/Em) wavelengths can
be correlated with certain molecular structures.
Volumetric gas production was reported at standard
temperature and  pressure (STP). All the
measurements were done in triplicate and the results
were plotted and reported as the average value with
standard deviation.

2. Results and Discussion

2.1 Production of Methane and Hydrogen

Due to the voltage enrichment, both the electron
density and the concentration of radical species
increased significantly, which stimulates and activates
the production of CH4 and H,. The applied voltage
had a significant effect on the CH4 and H, yield from
the POME, as shown in Figs. 2(a) and (b). The CHy
yield was 7697, 20050 and 24156 mL/mL POME and
the H, yield was 7697, 20050 and 24156 mL/mL
POME for applied voltage at 15, 20 and 25 kV,
respectively. Radical species were generated by the
C=0 and C-H bounds when a high voltage was
applied to the POME and reacted to form CH,4, H, and
CO,. The chain reaction led to a higher degradation of
the POME when the applied voltage was increased. It
is clear that, as Figs. 2 (a-b) show, the applied voltage

substances to biogas and COD removal. The reaction
time in the study was 238 times shorter compared to
the results from batch fermentation in a continuous
process (Norfadilah et al., 2016) and 24 times shorter
than ultrasonification pretreatment followed by photo
fermentation (Budiman, P.M., Wu, T.Y., 2016).
Therefore, a future study could present the correlation
between reaction time and conversion of organic
compounds to biogas. Our results showed that CHy
production increased with higher applied voltage.

2.2 Intermediate of POME Degradation

The removal efficiency of COD is displayed in
Fig. 3. The COD removal efficiency was 48.9, 50.54,
and 53.7% for applied voltage at 15, 20 and 25 kV
running for 1000 seconds, respectively. For the BOD
it was 30, 32 and 44% with applied voltage at 15, 20
and 25 kV, respectively. These interactions indicate
that the source of electricity and the applied voltage
significantly affect the COD removal -efficiency.
Zainal et al. (2018) studied the COD removal from
POME using a thermophilic anaerobic process and
found a COD removal efficiency of 21.95% at 30 °C
for a reaction time of 8 h. Khemkhao et al. (2011)
have reported that the COD removal -efficiency
increases when the organic loading rate (OLR) is
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increased. The COD removal efficiency of 49.50% by
dark fermentation was the same as reported.

The effect of applied voltage on fluorescence
organic matter observed in the POME is depicted in
Fig. 4. Peak 4 and peak 6 were ascribed to tryptophan-
like components (Li et al. 2020). They increased with
the increase of applied voltage at 10 and 15 kV. This
result may indicate that the voltage at 15 kV promotes
the generation of chemically active substances (Wang
et al. 2020). Peak 1 and peak 2 were ascribed to
tyrosine-like and  tryptophan-like = components,
respectively (Li et al. 2020). They gradually decreased
with the increase of applied voltage at 20 and 25 kV.
This result implies that some byproducts were
generated, accompanied by the destruction of the
carboxyl and hydroxyl groups in aromatic protein-like
substances during the radio plasma system (Wang et
al. 2016). The fluorescence intensity of all observed
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fluorescence organic matter in the sample decreased
with the applied voltage at 20 and 25 kV, which
confirmed performance degradation at relatively
higher applied voltage.

Conclusions

The effects of applied voltage to a DBD plasma
system at 15, 20 and 25 kV on biogas production
(yield of CH4 and H,) and the removal efficiency of
EEMs and COD from POME were studied. The yield
of CH4 was higher than the yield of H,. The highest
COD removal efficiency was 53.37% for applied
voltage at 25 kV and reaction time at 1000 seconds.
The normal organic matter consisted of tyrosine-like
and tryptophan-like components and decreased with
the increase of applied voltage at 20 and 25 kV,
showing that some byproducts were generated.
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Fig. 4. The effect of applied voltage on fluorescence Normal Organic Matter
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