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Abstract: In this study, the performance of dielectric barrier discharge (DBD) with the aerated

condition at discharge voltages of 15, 20, and 25 kV on the production of biogas; CH4, H2, CO, and

CO2 and the removal of COD and BOD from POME were investigated. The experimental results

showed that the aerated condition with a rate of 2.5 L/min at a high voltage (25 kV) produced CH4,

CO, and CO2 that was 9.4, 21.5, and 19.6 times higher than the non-aerated one, respectively. The

maximum cumulative volume of CH4, H2, CO, and CO2 was 95.4 ± 8.92, 0.94 ± 0.71, 3.06 ± 0.73, and

2.45 ± 0.35 mL/mg COD, respectively, under the aerated condition at 25 kV and the experimental

data fit well with the polynomial regression (R2 > 95) for the initial biogas production. The decrease

in COD and BOD was greatly affected by the high discharge voltage under the aerated condition,

resulting in a high removal rate. These findings suggest that good performance was observed when

the DBD was integrated with the aerated condition under the optimum discharge voltage. The study

can give information on the optimum condition in a laboratory scale to produce CH4, H2, CO, and

CO2, as well as the reduction of organic pollutants from POME.

Keywords: aerated; non-aerated; biogas; dielectric barrier discharge; palm oil mill effluent

1. Introduction

Indonesia contributes to 54% of world palm oil production and has become the
world’s top producer and exporter of palm oil, with production accounting for around
48.4 million metric tons [1,2]. The rapid growth of the palm oil industry to comply with
the oil production demand contributes to the large amount of waste generated from the
palm oil industry. One of the biggest concerns regarding waste generated from the palm oil
industry is high-strength wastewater, known as palm oil mill effluent (POME). POME is
generated from the extraction process during palm oil production with an approximate
amount of 2600 m3/ton of crude palm oil [3]. POME is responsible for water pollution when
released into the river due to the high biological oxygen demand (BOD), chemical oxygen
demand (COD), and complex organic matter such as tannins, lignins, and long-chain fatty
acids that are difficult to biodegrade and harmful to the environment [4,5]. POME also
contain readily biodegradable matter such as carbohydrates, lipids, and proteins [4,6].

Increasing industrialization has resulted in the rapid expansion of the palm oil industry
and led to global environmental pollution awareness due to the generation of POME. The
industry is obliged to treat its waste effluent prior to discharging it into streams and rivers.
Many POME treatments have been purposed to reduce BOD and COD to comply with
the discharge standards for BOD and COD enacted in the Ministry of Environment and
Forestry of the Republic of Indonesia (100 and 350 mg/L, respectively). Recent studies have
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shown that an electrocoagulation (EC) system is an excellent alternative to POME [7,8]. EC
could reduce turbidity, increase the pH value close to neutral, and greatly reduce COD and
BOD levels [7,9]. However, the addition of chemicals used for EC might increase the content
of hydroxyl metal in POME. Membrane technology has been used widely in industrial
wastewater treatment [10,11]. The membrane separation treatment was reported to greatly
reduce turbidity, COD, and BOD by using ultrafiltration and reverse osmosis. The major
issue arose with the membrane fouling phenomenon, which can reduce the efficiency of
separation [12]. Biological treatment with anaerobic digestion is a commonly used process
to treat POME due to its low cost and applying thermal or physicochemical treatments [13].
During the anaerobic process, biogas was produced from the open ponding system of the
palm oil industry, and the biogas was dissipated or flared into the atmosphere. To improve
the sustainability of the palm oil industry, the biogas produced from anaerobic digestion
could be captured and utilized as a source of renewable energy [14].

The production of biogas from POME demands recent knowledge in order to enhance
the current POME treatment. The simultaneous digestion has been enhanced by the
anaerobic digestion by two different metabolic pathways: acetic acid to dismutation into
methane (CH4) and carbon dioxide (CO2), and hydrogen (H2) reduction performed by
anaerobic methanogenic archaea [15]. However, the process required an enzyme to catalyze
the process in CH4 and CO2 production, as well as a long reaction time. Ultrasonication was
employed to improve the photo fermentative biohydrogen production with a short reaction
time (5–60 min) [16]. The H2 produced by ultrasonication was improved by 50% with the
increase in the substrate loading. The use of a Ni-based catalyst can influence the reaction
temperature, gas hourly space velocity, support, and promoter to help the conversion of
CH4 to be higher than 70% with an H2 yield of 45% at more than 700°C [17]. However, the
study required a high temperature to obtain the maximum CH4 conversion. The study
by Vijayataghavan et al. [18] demonstrated that aerobic treatment was found to be more
efficient than anaerobic treatment, with a COD removal efficiency of 42–83%. However,
there is still limited information on how the aerated condition with a short reaction time
can strongly influence biogas production from POME.

Dielectric barrier discharge (DBD) has been introduced to optimize the production
of biogas from POME, as well as the removal of pollutants [13,19]. DBD was used to
reduce the reaction time when producing biogas. With the simple structure and low
power consumption, DBD treatment can generate oxidizing radicals (known as active
species), such as hydroxyl radicals (•OH), hydrogen peroxide (H2O2), and ozone (O3),
from electrical discharges in liquid to increase the chemical kinetic rate. •OH has been
proven to have the longest lifetime among the reactive oxygen species, thus allowing it to
reduce pollutants in the water and wastewater [20], as well as convert them into biogas.
The previous study showed an excellent performance for reducing the organic compounds
in POME and increased the conversion of CH4, H2, and energy efficiency [13,16,21]. Park
et al. [22] applied a DBD reactor to remove the oil mist and enhanced the conversion of
oil mist to gas from 6% to 79%. Another result demonstrated that the enhancement of
mineralization by DBD treatment can further oxidize intermediates to CO2 [23]. However,
little information is available about the integration treatment for POME for producing
biogas. This study introduced DBD treatment combined with the aerated conditions in the
production of biogas from POME, as well as the reduction of organic pollutants in terms
of COD and BOD. Although Joseph et al. [24] used aeration in DBD treatment to increase
the generation of active species and the conversion of biomass, the results are lacking in
the discussion of how aeration can alter biogas production. The non-aerated condition
(without air supply) was also conducted to compare the performance of DBD treatment
for producing biogas and reducing the organic pollutant concentration. In the aerated
condition, the presence of dissolved oxygen can assist the oxidation and conversion of
organic compounds to CH4, H2, and CO2 [25,26]. This study used the various simulation
models and the lab-scale batch DBD with non-aerated and aerated reactors for CH4, H2, CO,
and CO2 production. The optimum condition for DBD treatment was applied with an input
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voltage of 15, 20, and 25 kV. This study is unique because the integrated system of DBD
treatment and the aerated process was performed for the first time, and it demonstrated
that the enhancement of biogas production and the reduction of organic pollutants in terms
of COD and BOD could be achieved. The study further provides important information to
predict the performance of a DBD treatment method in order to attain the optimum amount
of CH4, H2, CO, and CO2 and the organic pollutant removal from POME on a lab scale.

2. Materials and Methods

2.1. POME

The characteristics of the POME solution used in this study are shown in Table 1
and POME was obtained from a palm oil company located in Indrapura, West Sumatra,
Indonesia. The POME was collected from the initial sedimentation tank, and filtration was
performed to remove dirt, plant cell debris, fibers, and other solids before the experiment.

Table 1. The characteristics of the POME solution used in this study. Data shown in the tables are

mean values from triplicate experimental with standard deviation.

Parameters Values

pH 8.2 ± 0.67
COD (mg/L) 7210.5 ± 560
BOD (mg/L) 3180.5 ± 241.2

Total solid (TS) (mg/L) 7666.7 ± 1004
DO (mg/L) 1.08 ± 0.07
ORP (mV) −155 ± 119.6

Temperature (◦C) 31.4 ± 0.01

2.2. DBD Treatment under Aerated and Non-Aerated Conditions

The DBD treatment for POME under the non-aerated and aerated conditions is shown
in Figure 1. DBD treatment was conducted using a DBD reactor made from glass and had
a volume of 3.5 L. The working volume of liquid POME was 800 mL. The system was
operated at controlled room temperature (25 ◦C) and atmosphere pressure (1 atm) following
the procedures described previously [13]. The commercial gas sensors TGS series (Figaro,
Osaka, Japan) were used to detect the CH4, H2, CO, and CO2. These gas sensors were
connected to a data logger Pico 4424 Picoscope (Pico Technology, Eaton Socon, England)
and the output data were recorded on a personal computer. The aerated condition was
conducted using the Silent β-120 air pump (Nisso, Tokyo, Japan) to supply air at a flow
rate of 2.5 L/min.

2.3. Biogas Production Simulation

The study of the biogas production kinetics for the description and evaluation of DBD
treatment under non-aerated and aerated conditions was carried out by fitting the experi-
mental data of the biogas production to various model equations. The linear regression
of the biogas production in the initial 10 min reaction is expressed by Equation (1). This
model is used to explain that biogas production increased linearly with the increase in time.

y = a + bt (1)

where y is the cumulative biogas production (mL/mg COD), t is the time (min), and a and
b are the constants obtained from the intercept and slope of the graph of y vs. t.

The polynomial regression for the initial production of biogas is presented in Equation (2).
The model assumes that biogas production follows the multiple linear regression during
the reaction, where the increase and decrease in biogas production in the initial 10 min are
determined as a 4th-degree polynomial.

y = A × [1 − exp(−(a0 + a1t + a2t2 + a3t3 + a4t4))] (2)
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where y is the cumulative biogas production (mL/mg COD) at reaction time t (min), A is
the potential maximum biogas yield (mL/mg COD), and a is the constant obtained from
the intercept and slope of the graph of y vs. t.

The modified Gompertz model was used to evaluate the performance of the DBD
under non-aerated and aerated conditions for biogas production. The cumulative biogas
production is described by the following equation:

y = A exp
{

− exp
[µme

A
(λ − t) + 1

]}

(3)

where y is the cumulative biogas production (mL/mg COD) at reaction time t (min), A is
the potential maximum biogas yield (mL/mg COD), µm is the maximum biogas production
(mL/mg COD/min), λ is a lag phase (min), and e is an Euler’s function equal to 2.71983.

− −

−exp 𝜆 − 𝑡 + 1
λ

Figure 1. Schematic diagram of the DBD treatment systems. A is the non-aerated condition and B is

the aerated condition. Each reactor was supplied with discharge voltages of 15, 20, and 25 kV.

2.4. Organic Pollutant Parameters Characterization

COD and BOD were measured using the procedure described in the APHA standard
methods. DO was measured using anHQ40D DO meter (Hach, Tokyo, Japan). pH, ORP,
and temperature were measured using the MM-60R multi-water meter (TOA DKK, Tokyo,
Japan). A functional group of organic materials observed in the raw POME and after treat-
ment was measured using a C90704 Spectrum IR Version 10.6.1 PerkinElmer, Yokohama,
Japan). The samples were measured in a frequency range of 4000–400 cm−1 with 1 min
scanning and 4 cm−1 of the resolution.

2.5. Data Analysis

The significant differences between the mean values of the observed parameters for
the treatment of COD and BOD before and after the DBD treatment under non-aerated
and aerated conditions were analyzed by two-way analysis of variance (ANOVA) with a
95% confidence level (p = 0.05). The statistical analysis was conducted using the IBM SPSS
Statistics (version 24) software program.

3. Results and Discussion

3.1. Cumulative Biogas Volume

Figure 2 shows the cumulative biogas volume produced from POME assisted by DBD
treatment under aerated and non-aerated conditions at different discharge voltages. The
results show that the cumulative biogas volume increased initially, followed by a decrease
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in production rate in all conditions. This implied that some easily biodegradable materials
are decomposed at the initial reaction time, leaving the recalcitrant and slow degradable
materials. However, the CH4 profile remained stable until 120 min of reaction at 25 kV.
This difference indicates that some parts of substrates were not degraded due to the slower
mass transfer [27]. The average cumulative biogas volume produced under non-aerated
and aerated conditions is shown in Table 2. It is observed that aerated conditions produced
a higher cumulative biogas volume compared with the non-aerated ones. The supplied
air under the aerated condition could influence the interaction between active species
and organic materials via (1) renewal of atmospheric conditions of the discharge zone;
(2) promotion of the diffusion rate of active species; and (3) acceleration of the separation
of some violation reaction products, which can renew the atmosphere of the discharge
zone and promote the production of active species [28–30]. All of the above mechanisms
can enhance the production of biogas from POME using DBD treatment. The finding is
concordant with the previous result; assisting the plasma system with an aerated condition
increased the conversion of CH4 and CO2 by 35% and 28%, respectively, when the voltage
reached 80 kV [30]. However, H2 production under the aerated condition at 25 kV was
6.3 lower in comparison with the non-aerated one. This might be due to a weak reaction
between CO2 and CH4 under that condition. The air could be the inhibitor and prevent the
related reaction to perform between the active species and substrate to form H2. Overall,
the results show that the aerated treatment of POME could enhance CH4, CO, and CO2

production by 9.4, 21.5, and 19.6 times more than the non-aerated condition, respectively, at
a high discharge voltage, while the highest H2 production was observed under the aerated
condition at 15 kV and was 1.8 higher than the non-aerated condition. The constant supply
of dissolved oxygen in the air could maintain the stabilization of organic compounds
in POME, resulting in the enhancement of organic compounds’ depletion to produce
biogas [26]. It is also known that biogas can be produced from biodegradable organic
matter [31] in POME, accounting for about 60–65% methane [31]. The previous findings
observed a good linear relationship between biogas production and COD removal to assess
the treatability of landfill leachate [32]. The aeration condition also help the conversion of
organic matter into CO2, water, and different lower molecular weight organic compounds.
Thus, the integrated process of the aerated condition with the high discharge voltage could
maintain the existence of active species and the oxidation process to enhance the conversion
of organic matter into biogas.

Table 2. The average cumulative biogas volume produced from POME after DBD treatment un-

der aerated and non-aerated conditions at different discharge voltages. The values are shown in

mean with standard deviation. The different letters (a–f) indicate that the observed differences are

statistically significant at p < 0.05.

Conditions
Discharge

Voltage (kV)

Cumulative Biogas Volume
(mL/mg COD)

CH4 H2 CO CO2

Aerated

15 14.1 ± 6.17 a 4.31 ± 1.12 a 1.57 ± 0.73 a 1.34 ± 0.46 a

20 81.4 ± 12.2 b 3.18 ± 1.44 b 1.94 ± 0.48 a 1.94 ± 0.48 a

25 95.4 ± 8.92 c 0.94 ± 0.71 c 3.06 ± 0.73 b 2.45 ± 0.35 b

Non-aerated

15 0.51 ± 0.47 d 2.34 ± 0.30 d 0.08 ± 0.06 c 0.08 ± 0.03 c

20 8.06 ± 1.94 e 2.41 ± 0.32 d 0.15 ± 0.07 d 0.21 ± 0.06 d

25 10.1 ± 1.83 f 2.27 ± 0.42 d 0.14 ± 0.07 d 0.12 ± 0.03 c
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Figure 2. Cumulative biogas volume from POME assisted by DBD treatment under aerated and

non-aerated conditions at different discharge voltages of 15, 20, and 25 kV.

In the scenario of discharge voltage, 20 and 25 kV produced more CH4 compared with
that for 15 kV. It is suggested that the higher production of CH4 reflects the higher content of
protein, which is relatively easier to decompose and could be the main substrate responsible
for biogas production. This finding is consistent with the result of the functional group
parameters by FTIR (see Section 3.4). The peak band of protein materials around 1637 cm−1

was sharply observed under all of the conditions. Furthermore, the higher the discharge
voltage, the higher the formation rate of active species, such as •O and form C=O and C–H,
which will react with the substrate to form CH4, thus promoting the conversion of CH4

in the initial time at the discharge voltage of 25 kV [13,33]. The lower discharge voltage
was unable to complete the oxidation of the complex organic materials from the plant
polymer, thus there was less efficiency for 15 kV in the production of CH4. These findings
are consistent with [13], demonstrating that increasing the discharge voltage to 25 kV could
enhance biogas production. However, a slight decline in CO and CO2 was observed in
the aerated condition at 25 kV. The cumulative CO and CO2 volume declined from the
highest volume of 4.49 and 3.30 mL/mg COD to 1.81 and 2.25 mL/mg COD, respectively.
The results could lead to the partial dissociation of CO2 to form CO. A previous study
demonstrated that CO2 dissociation is caused by the highly exciting vibrational states due
to high energy in the non-thermal plasma [34]. Thus, promoting a high dissociation of CO2

to form electronically excited CO. However, this observation was inconsistent with our
study, where a high discharge voltage caused the decline of CO and CO2. Additionally, the
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variations in the readings of the produced biogas from experimental data can be attributed
to inhibiting gas production, as can be seen in the inconsistency from the graph shown in
Figure 2.

3.2. Simulation Models of Biogas Production

The simulation models using linear regression, and polynomial regression were vali-
dated using data obtained from the experimental data of biogas production obtained for
10 min of treatment, as shown in Figure 3. In the aerated and non-aerated conditions in
the 25 kV scenarios, the simulation result from the modified Gompertz model exhibited an
exponential increase in biogas, as shown in Figure 3. A sharp increase in the cumulative
biogas was observed under the aerated condition at the input voltage of 25 kV for the
simulation data. The presence of oxygen has a significant influence on the production of
biogas, resulting in an initial increase in biogas under aerated conditions [28]. The results
also indicate that the air supply can accelerate the diffusion of active species and react with
the potential substrate to produce biogas, resulting in a high cumulative biogas volume for
simulated data, except for H2. CH4 production was higher compared with that of H2, CO,
and CO2 both under non-aerated and aerated conditions. However, both CH4 and CO2

increased sharply and reached the maximum rate at the initial time compared with that of
H2 and CO due to the rapid degradation of the substrate caused by the related reaction by
the active species. The results further confirm that the higher discharge voltage, despite
non-aerated or aerated conditions, forms more active species, such as •O, •OH, and ozone
in the water. A higher voltage resulted in more energy absorbed by C=O in CO2 before
breaking down, thus increasing CO [33]. Based on the experimental data observation, CH4

increased sharply before 10 min and reach its maximum cumulative volume higher than
CO2. However, both the experimental data and simulated data confirm that CO2 was
produced in a lower state compared with that for CH4. This is contradicted by the fact that
enhancing the discharge voltage will increase the electron density and concentration of the
active species, which energize and activate CH4 and CO2 particles resulting in a similar
increase in CH4 and CO2 [33].

By comparing the simulation data to the data obtained from the experimental data, the
model simulation showed the biogas production rate rising exponentially with treatment
time, and becoming stable after reaching the maximum points. The inconsistency trends
from the experimental data revealed that the POME contained a variety of organic materials
that could influence the production rate during DBD treatment. This suggested that the
reaction between active species produced from electric discharge was only performed on
the surface of the reactor, thus only some parts of organic compounds were converted into
biogas [13]. Figure 3a,b shows the comparison results between the three models: linear
regression, polynomial regression, and the modified Gompertz model. Linear regression
was well fitted on the experimental data for only the initial production time of CO and CO2

under the aerated condition (Table 3). The R2 value of CO of 0.906 and CO2 of 0.835 showed
that linear regression is a good model for use when explaining the initial production of
biogas using DBD treatment under the aerated condition. For polynomial regression,
the initial increase and decrease in cumulative biogas volume could be estimated and its
correlation coefficient for biogas under the aerated and non-aerated conditions at 25 kV
are presented in Table 3. The high R2 for biogas under both the aerated and non-aerated
conditions suggests that the polynomial regression model has the potential to predict the
cumulative biogas production, and their correlation between the experimental data and
the model is at an acceptable level for the initial production time. The modified Gompertz
model was used to fit the data from the DBD treatment and built a higher R2 only for
CH4 under the aerated condition, H2 under the non-aerated condition, and somehow CO2

under the aerated condition, as shown in Figure 3 and Table 3. This suggests that the
modified Gompertz model has the potential to predict cumulative biogas volume for the
entire reaction time.
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(a) (b) 

Figure 3. Simulated and experimental data of cumulative biogas volume of (a) CO2 and (b) CH4

from POME assisted by DBD treatment under the aerated conditions at a discharge voltage of 25 kV.

However, the purposed models do not fit well with all the biogas profiles under all
of the conditions. Only the initial biogas production time fitted well with the polynomial
regression and somehow linear regression.Thus, the models cannot explain the correlation
between the experimental data and the models for the entire reaction time. Taking account
into this, the modified Gompertz model merely fitted on CH4, H2, and CO2. However, the
model cannot be applied to other biogas under different conditions. This might be due to
the error consisting of the replicate measurement for the biogas analysis. Therefore, new
models will be addressed to validate the obtained experimental data by DBD treatment.
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Table 3. Comparison of results between experimental data and Gompertz model for experimental

dan simulated data observed non-aerated conditions at 25 kV.

Condition Models Parameters CH4 H2 CO CO2

Non-aerated

Linear regression

a 0.263 0.191 0.012 0.009

R2 0.064 0.748 0.367 0.416
a0 −0.095 0.082 0.002 0.003
a1 25.92 −0.661 0.363 −0.016

Polynomial
regression

a2 18.23 0.427 −0.299 0.051
a3 5.696 −0.054 0.109 −0.021
a4 0.899 0.001 −0.019 0.004

R2 0.922 0.963 0.889 0.884

Modified
Gompertz model

A (mL/mg
COD)

11.65 2.359 0.12 0.116

µm (mL/mg
COD)

12.14 2.935 0.339 0.207

λ (min) 2.315 2.126 5.652 4.726

R2 0.253 0.955 0.037 0.191

Aerated

Linear regression

a 4.325 0.005 0.454 0.318

R2 0.248 0.001 0.906 0.835
a0 0.258 0.026 0.007 −0.032
a1 186.3 1.393 2.137 −0.902

Polynomial
regression

a2 −123.9 −0.319 −2.651 1.639
a3 38.02 −0.018 1.247 −0.658
a4 −5.915 0.001 −0.247 0.121

R2 0.985 0.568 0.996 0.986

Modified
Gompertz model

A (mL/mg
COD)

94.31 0.985 2.675 2.574

µm (mL/mg
COD)

96.59 3.627 4.949 3.301

λ (min) 3.512 3.251 2.458 2.354

R2 0.943 0.013 0.464 0.664

3.3. Changes in COD and BOD

The changes in COD and BOD after DBD treatment under aerated and non-aerated
conditions at different discharge voltages and their removal are shown in Figure 4 and
Table 4, respectively. After 120 min of treatment, the COD dropped from 7210 mg/L in raw
POME to below 500 mg/L after DBD treatment in all of the operating conditions, except
at the discharge voltage of 25 kV. Compared with the non-aerated conditions, aerated
conditions at different discharge voltages caused a significant drop (p < 0.05) of COD,
especially at the input voltage of 20 kV. The increase in input voltage for DBD treatment
to 20 kV caused a high removal rate for COD and BOD. Increasing the discharge voltage,
the density and the energy of electrons increase and result in the increased formation of
active species, such as ozone, •O, and •OH [35–37]. The degradation of BOD followed
similar trends to COD, where aerated conditions decreased more BOD compared with the
non-aerated ones. COD and BOD removal improved greatly when the aerated condition
was performed and the final COD and BOD values were below 200 mg/L and 100 mg/L,
respectively, in all of the different discharge voltages. Overall, the removal of COD and
BOD for aerated and non-aerated conditions was above 90%, which demonstrates a good
treatment performance for the DBD (Table 4).
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Figure 4. Changes in COD and BOD after DBD treatment under aerated and non-aerated conditions

at different discharge voltages of 15, 20, and 25 kV. The different letters (a–f) indicate that the observed

differences are statistically significant at p < 0.05.

Table 4. The removal percentage of COD and BOD in DBD treatment under aerated and non-aerated

conditions at different discharge voltages. The values are shown in mean with standard deviation.

Conditions
Discharge Voltage

(kV)

Removal Percentage (%)
COD BOD

Aerated

15 97.9 ± 0.15 97.3 ± 0.14
20 98.5 ± 0.02 98.3 ± 0.15
25 97.7 ± 0.04 97.4 ± 0.08

Non-aerated

15 94.4 ± 0.64 96.2 ± 0.33
20 95.5 ± 1.02 96.8 ± 0.39
25 92.7 ± 0.31 95.9 ± 0.01

There were significant differences in COD and BOD removal in all different input
voltages under aerated and non-aerated conditions that influence biogas production. The
higher the discharge voltage, the more energy is consumed by chemical processes such as
oxidation. Aerated condition supplied air and partial volatilization might occur during
treatment due to the bubble aeration effect. In this study, some organic materials might
volatilize during aerated conditions and the presence of electric discharge increased the
removal of COD and BOD. The supplied air could also promote the diffusion of active
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species, which will increase the probability of contact between active species and organic
materials [38]. Therefore, aerated conditions with an increase in discharge voltage were
meaningful for the removal of COD and BOD. However, the aerated condition at 25 kV
resulted in a high residual COD and BOD and a lower removal percentage compared
with that of 20 kV. This might be because of air bubbling that can shorten the reaction of
active species and organic materials, thus decreasing the utilization efficiency of active
species [36,38]. Moreover, the high residual COD and BOD after DBD treatment both under
non-aerated and aerated at 25 kV demonstrated that only some active species reacted with
the organic materials due to the poor distribution inside the reactors. These findings are
concordant with the previous study, where air greatly influenced the removal of organic
materials in terms of TOC due to the promotion of the production of active species [38].

From Figure 2, it can be understood that the aerated conditions with a high discharge
voltage produced the maximum biogas yield compared with the non-aerated one. It is also
observed that the amount of biogas produced increased with the increase in the removal
percentage of organic materials in terms of COD and BOD. The abundant biodegradable
organic substrate in POME can be easily degraded by oxidation due to the bubbling
and the formation of active species from DBD at a high discharge voltage. The lower
biogas produced under non-aerated conditions might be due to poor biodegradation of the
organic substrates.

3.4. Functional Group Characteristics of POME before and after Treatment by FTIR

Figure 5 and Table 5 show the presence of functional groups in POME before and
after treatment. The band of 3300–3400 cm−1 was assigned to the O-H stretching in the
carboxyl groups, which is believed to be the appearance of cellulose compounds [39]. The
band did not change significantly after DBD treatment, which implied the corresponding
treatment conditions were poor for initiating the depolymerization of macromolecular in
terms of hydrogen bond loss. The peak at 2104 cm−1 in raw POME was associated with the
conjugated cyclic compounds, which may be aromatic or nonaromatic [40]. The band at
1637 cm−1 was attributed to the C=O and C-N stretching from proteins and was observed in
both raw POME and after treatments. There was no significant change in the protein band
in raw POME and after treatments, suggesting that the proteins had not been damaged
by the DBD treatment. The weak shoulder in 1012 cm−1 was attributed to the C-O in the
alkoxy groups of polysaccharides [41]. The peak vanished after DBD treatment under both
aerated and non-aerated conditions, demonstrating the decomposition of polysaccharides
by active species from DBD treatment. The decomposition of polysaccharides might
cause the cleaving of the CH vibration due to the reaction of active species and cellulose
structure [42,43]. The peak band between 500–700 cm−1 was assigned to silica impurities
and clay minerals that might be in a complex with humic acids [44].

Table 5. FTIR frequency ranges and functional groups in raw POME and POME after DBD treatment

under non-aerated and aerated conditions.

Peak Wavenumbers
(cm−1)

FTIR Band Possible Functional Groups or Compounds References

3300–3400 O-H stretching Hydroxyl and carboxyl groups [45]
2920–2926 C-H asymmetric Aliphatic methylene [46]
2850–2852 C-H symmetric Aliphatic methylene [46]
2100–2500 C=C conjugated
1720–1740 C=O stretching Aldehyde, ketone, carboxylic acids, esters (lipids) [45]

1620–1670
C=O stretching
C-N stretching

Amides I (protein) [45]

1546 N-H in plane Amides II [45]

1040–1080
C-O-C stretching

C-O stretching
Polysaccharides

Lignin
[47]
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Table 5. Cont.

Peak Wavenumbers
(cm−1)

FTIR Band Possible Functional Groups or Compounds References

872–875 C-O out of plane Carbonate [47]

500–730
S-S stretching
C-S stretching

Disulfides
Thioethers

[47]

430–500 S-S stretching Polysulfides [47]

−

−

−

  

(a) (b) 

−

Figure 5. FTIR spectra of raw POME and POME after DBD treatment under (a) aerated and

(b) non-aerated conditions at different discharge voltages of 15, 20, and 25 kV.

4. Conclusions

This study investigated the biogas production from POME using DBD treatment under
aerated and non-aerated conditions at different discharge voltages of 15, 20, and 25 kV.
The maximum cumulative biogas volume produced from POME in the order of CH4, H2,
CO, and CO2 was 95.4 ± 8.89, 0.94 ± 0.71, 3.06 ± 0.73, and 2.45 ± 0.35 mL/mg COD from
the aerated condition, and 10.1 ± 1.83, 2.27 ± 0.42, 0.14 ± 0.07, and 0.12 ± 0.03 mL/mg
COD from the non-aerated condition at 25 kV, respectively. The results further confirmed
that the DBD treatment with a high discharge voltage assisted with the aerated condition
and produced higher biogas compared with the non-aerated one. The aeration could
enhance the diffusion of the produced active species in the POME solution, thus increasing
the performance of the DBD treatment. The data obtained from the experimental data
were validated using linear regression, polynomial regression, and the modified Gompertz
model, and show the differences between that obtained from the experiment and that
generated from the simulation model. The reason for this could be the deterrent factors that
occurred in the laboratory experiment and led to the low or unstable biogas production.
Only polynomial regression predicted the initial biogas production well. The changes in
organic pollutants in terms of COD and BOD were significantly observed when POME was
treated under aerated and non-aerated conditions. The high removal rate of COD and BOD
(>95%) supported the findings that DBD treatment under aerated conditions, especially at
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a high discharge voltage, converted the organic materials into biogas. The changes in the
band peak of organic materials assessed by FTIR explained the changes in polysaccharides
and protein materials as they reacted with active species to form biogas (the vanished
peak of 1012 cm−1 after aerated and non-aerated conditions). The discharge voltages and
aerated conditions had a great impact on the production of biogas and the reduction of
organic pollutants. This indicates that active species generated from the DBD treatment
played critical roles in the organic material transformations as the system was assisted by
air from the system. The significant differences in aerated and non-aerated conditions from
DBD treatment further require special attention for future applications in order to produce
biogas, as well as for the reduction of organic pollutants from wastewater in general.
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