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Abstract

Combustion of oil palm empty fruit bunch biomass produced carbon dioxide and carbon monoxide
emissions that were hard to clean-up using ordinary gas-cleaning methods. This study assessed the
efficacy of a dielectric barrier discharge non-thermal plasma system to dissociate the gases from actual
biomass-derived exhaust. The system consists of a gas-conditioning chamber, a plasma reactor, and an
isolated measurement chamber for real-time monitoring. The applied voltage was varied from 19-23 V
to examine the effect of discharge behavior on gas conversion. The results showed that operation with
21 V results the highest carbon dioxide dissociation and oxygen formation through efficient electron-
impact processes in a diffuse discharge regime. At higher voltages, filamentary behavior made the
system less efficient. The study demonstrated the potential of dielectric barrier discharge plasma for
biomass emission treatment.

1. Introduction

The palm oil processing industry is one of the biggest sources of greenhouse gas emissions in
Indonesia. This is mostly because it burns biomass waste like empty fruit bunches (EFB) (Hong 2023;
Nabila et al. 2023). When EFB burns, the fuel gas that comes from it usually has a lot of CO, and CO, as
well as water vapor, hydrocarbons, volatile organic compounds (VOCs), and particulate matter. The
complex makeup of these emissions makes them worst for the environment and makes traditional gas-
cleaning technologies ineffective (Dolah et al. 2021; Majesty et al. 2024; Sato et al. 2025). As country
work harder to cut down on carbon emissions grow, it is becoming increasingly necessary to find
effective, energy-efficient, and flexible ways to cut down on CO, and CO emissions from burning palm oil
biomass (Al-Muraisy et al. 2025a).

When used in real industrial exhaust streams, conventional CO, management technologies, like chemical
absorption, high-temperature catalysis, and solid sorbents, demonstrate significant limitations (Chai et
al. 2022; Zentou et al. 2025). Amine-based absorbents need to be warmed up again and are sensitive to
water and other impurities. Catalytic routes, on the other hand, need to stay at high temperatures and
often stop working when tar and other particles are present. Because of these limits, it is hard to use
regular systems in palm oil mills, where the gas composition, temperature, and humidity change a lot
while they are running (Bui et al. 2018; Ren et al. 2025; X. Wang and Song 2020a).

Dielectric Barrier Discharge (DBD) and other non-thermal plasma technologies are great options for
directly activating CO, and CO at low temperatures (Chang et al. 2022; Chen et al. 2025; Golubev et al.
2025). DBD plasmas yield very energetic electrons that can cause vibrational excitation, electronic
excitation, and dissociative electron-impact reactions without raising the temperature of the bulk gas too
much. These traits let plasma systems work well in conditions that are close to normal, which makes
them great for treating industrial exhaust on site (Michielsen et al. 2017; Mukhtar et al. 2024).

Earlier research on DBD-based CO, conversion, mainly utilizing high-purity CO, or simplified gas
mixtures, has yielded quantifiable dissociation yields, pinpointed essential electron-driven pathways, and
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showcased improvements via plasma-catalytic and dielectric-packing arrangements (Lindon and Scime
2014; Michielsen et al. 2017; Ponduri et al. 2016a). However, the efficacy of DBD plasma in the context of
actual biomass-derived fuel gas is still not fully comprehended. High humidity causes more radical
chemistry, mostly by making OH and H; VOCs and tar vapors can start secondary oxidation reactions;
and particulate deposition can change how evenly the discharge happens. These factors together
change the reduced electric field (E/N), the distribution of electron energy, and the discharge mode,
which in turn affects plasma reactivity. Consequently, the behavior of CO,/CO dissociation in industrial
exhaust cannot be directly extrapolated from laboratory studies utilizing controlled gas mixtures (A.
Bogaerts et al. 2017; Korzec et al. 2025; Snoeckx and Bogaerts 2017; W. Wang et al. 2018).

This study utilized a DBD-based plasma system directly on EFB combustion exhaust under regulated
low-pressure conditions. The system combines an emission-sampling chamber with a plasma treatment
unit that lets you analyze gases in real time while the plasma is running. The study systematically varies
the applied voltage to examine the transition between diffuse and filamentary discharge modes and
assesses their impact on CO,/CO conversion, O, generation, and competing radical-driven oxidation
pathways. The research clarify plasma—flue-gas interactions under industry-relevant conditions, make
standard for basis for enhancing plasma-based emission treatment in palm oil processing facilities.

2. Materials and Methods

The experimental system comprised of two integrated subsystems designated for the treatment and
characterization of emission originating from biomass. The initial subsystem was a gas-conditioning
chamber that gathered the combustion exhaust from an oil palm empty-fruit-bunch (EFB) burner and
regulated the flow under controlled low-pressure conditions (Moliner et al. 2022). This chamber served
to homogenize the gas mixture and ensure consistent setting of CO,-, CO-, and VOC-rich biomass
emissions to the plasma region (Al-Muraisy et al. 2025b; Purawiardi et al. 2025).

The second subsystem was a non-thermal dielectric barrier discharge (DBD) plasma unit that worked at
atmospheric pressure and had an input voltage that could be changed. This module was developed to
initiate electron-driven reactions capable of activating and dissociating CO, and CO without significant
bulk heating (Lindon and Scime 2014; Ponduri et al. 2016a). Applied voltage was varied in the range of
19 t023 V to examine how it affected the behavior of the discharge and the transformation of the gas-
phase.

An in-situ gas analysis module was positioned downstream of the DBD plasma zone and connected
through a dedicated gas-transfer line to an isolated measurement chamber. This configuration ensured
that the O,, CO,, and CO sensors were not exposed directly to the discharge region, thereby preventing
electromagnetic interference, thermal perturbation, and premature sensor degradation (Annemie
Bogaerts et al. 2018; Golubeyv et al. 2025; Kafi et al. 2023; X. Wang and Song 2020b). As a substitute, the
plasma-treated exhaust was sent to the measuring chamber, where the gas composition was measured
over time at different plasma input voltages. By separating the plasma reactor from the sensing
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chamber, the system made it possible to accurately monitor the change of temporal concentration while
keeping a controlled and stable detection environment (Jamaludin et al. 2024). This design also allowed
real-time correlation between plasma operating parameters and the evolution of chemical species
without revealing the proprietary internal integration architecture of the sensing system.

3. Results and Discussion

In this study, a DBD-based plasma system was directly utilized to EFB combustion exhaust under
controlled low-pressure conditions. The system combines an emission-sampling chamber with a plasma
treatment unit that allows designed to enable real-time gas analysis during plasma operation. By
systematically varying the applied voltage, the study investigates the transition between diffuse and
filamentary discharge modes and evaluates their influence on CO,/CO conversion, O, formation, and
competing radical-driven oxidation pathways (Mei et al. n.d.; Oktafiansyah et al. 2022; Soldatov et al.
2021). The work provides new insights into plasma-flue gas interactions under industrially relevant
conditions, offering a foundation for optimizing plasma-based emission treatment in palm oil processing
facilities.

The oxygen concentration profile shown in Fig. 1 exhibits a clear increase in O, formation up to
approximately 21-22 V, after which the concentration gradually declines as the applied voltage
continues to rise. A notable feature appears at the initial segment of the x-axis, where the 0,
concentration rises immediately after plasma ignition. This rapid onset indicates that the DBD plasma
promptly initiates oxygen-producing reactions, in contrast to the untreated flue gas, where molecular
oxygen does not emerge within the same short residence time. The instantaneous rise is attributed to
non-equilibrium, electron-driven processes capable of generating atomic oxygen radicals on
microsecond timescales processes that are not achievable under purely thermal or conventional gas-
phase conditions typical of biomass combustion emissions (Elaissi and Alsaif 2023; Shaban et al. 2024).

Between 19 and 21 V, the discharge operates predominantly in a diffuse microdischarge regime. In this
regime, the electric field is relatively uniform, resulting in spatially distributed microdischarges
characterized by moderate electron temperatures and controlled electron energy distributions. The
electron energy distribution function (EEDF) at these voltages favors vibrational excitation and
dissociation of CO, rather than excessive ionization. As a consequence, electron-impact reactions
efficiently generate Ol and O("D) radicals through CO, fragmentation (Alliati et al. n.d.-a; Ponduri et al.
2016b). These species act as the principal precursors for subsequent O, formation. Although O('D) is
highly reactive, it rapidly relaxes to the ground-state Ol radical, which can recombine to form molecular
oxygen, producing O, at rates consistent with the increasing trend observed in the low-to-mid voltage
region. While reverse reactions involving CO and O still occur, they do not yet dominate the chemistry,
allowing net O, production to continue rising. Under these diffuse-regime conditions, electron-impact
dissociation of CO, remains the primary pathway for atomic oxygen generation in both ground and
excited states, facilitating the observed enhancement in O, concentration, such as the following reaction
(Aerts et al. 2015a; Alliati et al. n.d.-b; Hayakawa et al. 2023a):
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CO,+e-— CO+0M (1)
CO,+e — CO+0("D) (2)
CO+ 0l — CO, (3)

Oll + Ol + M — 0, + M (4)

As the voltage increases beyond 21-22 V, the discharge gradually transitions from the diffuse regime
into a partially fillamentary regime. Filament formation introduces narrow plasma channels with
significantly higher local electron density and strong transient electric fields. This shift alters the EEDF by
increasing the proportion of high-energy electrons and promoting localized heating. While these
conditions can theoretically enhance CO, dissociation, they also accelerate competing reactions that
rapidly consume atomic oxygen (Ozkan et al. 2016; Ray and Subrahmanyam 2016; Urfa et al. n.d.). In the
context of palm-biomass flue gas, where substantial water vapor and volatile organics are present, Ol
radicals are readily depleted through reactions with H,0 and VOC fragments. The intensified formation
of OHN and oxidized organic species at these voltages suppresses O, formation by diverting Oll away
from recombination pathways. At even higher voltages (approximately 23 V), filamentary discharges
dominate the plasma. Under these conditions, the increased concentration of CO originating from CO,
dissociation and partial oxidation of organics enhances three-body recombination reactions between CO,
ON, and third-body collision partners, reforming CO,. This further reduces the pool of atomic oxygen
available for O, production, reinforcing the downward trend in the oxygen profile. The combined influence
of radical consumption, localized heating, and intensified back-reactions explains the observed decline in
0, concentration beyond the voltage optimum. The reaction process that occurs under these conditions
can be summarized as follows(Korzec et al. 2025; Snoeckx and Bogaerts 2017):

Ofl + H,0 — 20H (5)
Ol + VOCs — oxidized organics (6)
CO+0l+M — CO,+M (7)

Overall, the oxygen formation characteristics in Fig. 1 reflect a dynamic competition between the
production and consumption of atomic oxygen under varying discharge regimes. The early-time rise
confirms that plasma enables immediate, non-equilibrium oxygen generation, while the voltage-
dependent behavior highlights the critical balance between radical production in the diffuse regime and
radical depletion in the filamentary regime. The optimum observed near 21-22 V represents the final
stage where diffuse microdischarges still dominate, allowing efficient CO, dissociation and O, formation
before high-voltage filamentation begins to suppress these pathways

Figure 2 shows a progressive decline in CO, concentration with increasing voltage, yet the slope of this
decline changes distinctly across the applied voltage range. These changes reflect the transition of
dominant mechanisms in the discharge, from low-energy electron-driven reactions to ionization-assisted
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and radical-driven pathways at higher voltages. At low voltages (19-20 V), CO, dissociation proceeds
primarily through vibrational excitation, where low-energy electrons promote CO, to its vibrational levels
prior to bond cleavage, this mechanism is represented by reaction (8). However, vibrational quenching by
water vapor and trace impurities in the flue gas reduces the lifetime of CO,(v), so the dissociation rates
associated with reactions (1) and (2) remain limited at this stage. Consequently, the net CO, decline is
relatively modest (Alliati et al. n.d.-c; Ola et al. 2023; Ponduri et al. 2016c).

A marked increase in CO, removal occurs between 21 and 22 V, which corresponds to an optimal
electron energy distribution function (EEDF). In this region, a substantial fraction of electrons reaches the
dissociation threshold without excessive ionization losses, and the discharge still operates
predominantly in a diffuse regime. Multiple electron-impact pathways contribute concurrently, including
direct dissociation (reactions (1) and (2)) and ionization-assisted routes (reactions (9) and (10)). The
increased contribution of reactions (9) and (10) near 22 V produces the steepest decline in CO,
concentration, establishing this voltage as the most effective dissociation window (Alliati et al. n.d.-b;
Hayakawa et al. 2023b).

CO, + e~ — CO,* +2e"(9)
CO,*+ e~ — CO+ 00 (10)

CO + OHil > CO, + HI (11)
CO,*+ Ol » CO* + 0, (12)

When the applied voltage exceeds 22V, the rate of CO, depletion starting to be flat. Several competing
processes emerge at these higher fields. First, energy misallocation becomes increasingly significant:
high-energy electrons increasingly favor ionization rather than dissociation, lowering the number of CO,-
breaking events per unit input energy. Second, moisture-induced quenching further suppresses
vibrational excitation pathways such as reaction (8), reducing the overall dissociation efficiency. Finally,
back-conversion of CO to CO, intensifies as radical concentrations in the filamentary regime. In
particular, hot spots formed by filament channels promote reactions (11) and (4). These reverse
pathways stop the net removal of CO, and add then to the plateau region that can be seen. Reaction (12)
provides an additional fragmentation route once CO,* is produced, generating CO* and O, while
simultaneously enhancing the pool of reactive oxygen species. Together, these reactions explain the
steep decline in CO, concentration near 22 V, corresponding to the observed peak in O, formation and
rapid increase in CO (Aerts et al. 2015b; Ray et al. 2017).

As illustrated in Fig. 3, the concentration of CO increases consistently with the applied voltage, reflecting
the strong coupling between discharge power and CO, dissociation chemistry. The overall trend in CO
formation closely mirrors the decline in CO, concentration presented in Fig. 2, especially in the 19-22V
range, indicating that the dominant source of CO is the electron-impact fragmentation of CO,. In this
voltage window, the electron energy distribution function (EEDF) becomes increasingly populated with
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electrons capable of cleaving the C = O bond, promoting the dissociation channel represented by
reaction (13):

CO, + e — CO+ 0l (13)

This primary route efficiently generates CO together with ground-state atomic oxygen (OK), which
subsequently participates in the broader oxidation network discussed in earlier sections. At the lower
voltages of 19-20 V, CO formation remains relatively modest because only a limited fraction of electrons
attains the threshold energy necessary for reaction (13) to proceed at significant rates. In this diffuse
micro-discharge region, electron densities and local temperatures remain moderate, and competing
relaxation pathways such as vibrational quenching by water vapor further restrict the effective
dissociation of CO,. As a result, the incremental rise in CO remains small. However, once the voltage
reaches the 21-22 V interval, the degree of electron energization becomes optimal for dissociation
(Alliati et al. n.d.-c; Ponduri et al. 2016c).

Micro-discharges remain predominantly uniform, allowing the EEDF to sustain a high probability of
electron-impact CO, splitting. Consequently, CO concentration increases sharply in this range, consistent
with the region of highest CO, conversion efficiency identified in Fig. 2. Beyond approximately 22V,
however, the growth rate of CO begins to diminish despite increasing discharge power. This shift is
primarily attributed to the intensification of back-reaction mechanisms that consume CO and reform
CO,. Two key reactions dominate this reverse pathway (Alliati et al. n.d.-b; Elaissi and Alsaif 2023; Mei et
al. 2015; Shaban et al. 2024):

CO + OHI — CO, + Hil (14)
CO+ 0l — CO, (15)

As the voltage increases, both O and OHl become more abundant due to enhanced dissociation of CO,
and H,0, as well as contributions from ionization and excitation channels activated at higher energies.
The accumulation of these reactive oxygen species accelerates reactions (14) and (15), effectively
recycling part of the CO back into CO,. This reformation process becomes increasingly significant in the
filamentary discharge regime, where localized electric fields and transient hot spots favor rapid radical-
radical and radical-molecule interactions. In addition to the back-reaction pathways, partially oxidized
volatile organic compounds (VOCs) in the palm-biomass flue gas provide a secondary source of CO at
elevated voltages. The transition toward filamentary discharges enhances the fragmentation of complex
organics, producing small carbonaceous intermediates that can subsequently oxidize to CO. These VOC-
driven pathways operate independently of CO, dissociation and thus partially counterbalance the CO
losses caused by reactions (14) and (15). However, VOC fragmentation does not scale linearly with
voltage, and its relative contribution becomes constrained once the plasma becomes dominated by high-
energy filaments that reduce chemical selectivity. The onset of filamentary discharge above 22 V further
alters the balance between CO formation and consumption (Aerts et al. 2015a; Alliati et al. n.d.-a).
Filamentary channels exhibit elevated electron densities and temperatures, causing a shift in the EEDF
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toward excessively energetic electrons. This shift reduces the relative efficiency of CO, dissociation
while simultaneously increasing the probability of recombination reactions and radical scavenging
processes. Hot spots within filaments facilitate rapid OX and OHN consumption, thereby promoting CO
reoxidation through reactions (14) and (15), and contributing to the overall stabilization of CO
concentration at higher voltages. Collectively, these interacting mechanisms produce the characteristic
trend observed in Fig. 3: CO concentration increases nearly linearly within the 19-22 V range, where
dissociation dominates, but the rate of increase slows beyond 22 V as back-reactions, radical quenching,
and filament-induced recombination become more competitive. The system ultimately approaches a
quasi-steady state where CO production derived from CO, dissociation (reaction 13) and VOC oxidation
is progressively offset by CO-consuming reactions, leading to the attenuated slope in CO growth
observed at the highest voltages (Ponduri et al. 2016b; Ray and Subrahmanyam 2016).

All possible reaction pathways occurring in the plasma within the 19-23 V voltage window were
summarized in the following Table 1.
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Table 1

Dominant Plasma Reaction Pathways and Discharge Characteristics

Voltage
Range

19V

20V

21V

22V

23V

Dominant Reactions

CO,+e — CO+0K

CO+ 0Ol — CO,

Ol+0l+M -0,

CO,(v) vibrational ladder
— dissociation

Ol + H,0 — 20HK

CO, + e~ — CO + Ol

Ofl + Ol — 0,

CO + 0l — CO,

CO,+e - CO,*+2e —
CO+0

OHK + CO — CO, + HK

VOC/tar oxidation — CO
+ organics

High-energy electron
impact ionization (less
selective for
dissociation)

Likelihood

Medium

Medium

Low-
Medium

Medium-
High

Medium

High

Medium-
High

Medium

High

Medium-
High

Medium

Medium-
High

Page 9/18

Notes (including discharge regime)

Diffuse regime (early). CO, dissociation
begins but electron density is still modest.
Il\/Ioderate CO and Ol formation; O, remains
OW.

Back-reaction remains significant due to
limited OK availability and relatively low gas
temperature.

Three-body recombination limited by low O
concentration; explains low O, signal at this
voltage.

Diffuse regime with stronger
microdischarges. Vibrational excitation
begins to contribute significantly to net CO,
splitting.

Humidity starts competing for O, slightly
suppressing O, formation and redirecting
chemistry toward OH-driven channels.

Upper diffuse regime (near-optimal E/N).

EEDF overlaps CO, dissociation threshold
efficiently; strong Ol production drives O,
peak.

Two-body recombination increases sharply,
consistent with O, maximum in the data.

Still competitive, but not strong enough to
suppress CO accumulation observed in the
conversion plot.

Diffuse — pre-filament transition. lonization-
assisted dissociation becomes dominant;
this voltage corresponds to peak CO,
conversion.

OH-based back-reaction increases due to
humidity; begins limiting further CO growth
and partially restoring CO..

Secondary CO production via VOC oxidation
starts to appear, consistent with
biomass/plasma interactions.

Filament onset. EEDF shifts to high-energy
tail; electrons waste energy on ionization
rather than dissociation — CO, conversion
plateaus/declines.




Voltage Dominant Reactions Likelihood Notes (including discharge regime)
Range

Ol + H,0 — 20HK High Strong Ol quenching suppresses 0,
formation and shifts chemistry toward OH
production.

CO+ 0k — CO, High Back-reaction becomes dominant; explains

the decline in CO accumulation beyond the
optimum voltage.

Thermal VOC/tar Medium Early thermal effects from proto-filament

fragmentation - CO heating begin enhancing CO from cracking,
partly compensating losses from back-
reactions.

4. Conclusions

The findings indicate that 21 V represent the optimal operating condition for the dissociation of CO, and
CO in oil palm empty-fruit-bunch (EFB) flue gas, considering the integrated trends of O, generation, CO
reduction, and CO, conversion through the applied voltage range. This is confirmed from the combined
trends of O, production, CO reduction, and CO, depletion across the applied voltage range. At this
voltage, the discharge stays very even, which makes it easy for energy to move into CO, vibrational
modes while yet being quite stable against changes caused by aerosols and impurities. Consequently,
the dielectric barrier discharge (DBD) plasma effectively accelerates O, generation, limit CO
concentration, and accomplishes substantial CO, conversion. These outcomes confirm the strong
potential of DBD plasma as an advanced gas-cleaning technology for biomass-based industrial systems,
particularly in the palm-oil sector. The study also reveals an important design insight: optimizing plasma
reactors for biomass applications must take into consideration the complicated and reactive character
of real flue-gas mixtures, not only data from idealized pure-gas settings. This kind of view is important
for making plasma systems that can be used in industrial settings that are scalable and work well.
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Figure 1

Behavior of Oxygen Formation Under Increasing Voltage
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Figure 2

CO, Concentration and Its Voltage Dependence
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Figure 3

CO Formation and Trends Under Voltage Variation
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