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Bio-oil upgrading by deoxygenation with a hydrogen donor has been investigated using a model bio-oil com-
pound (furfural) and a model hydrocarbon (hexadecane) typically produced from plastics pyrolysis as the
hydrogen donor. Upgrading has been investigated using a non-thermal plasma reactor system with the presence
of hexadecane to improve bio-oil quality by raising the H/C ratio. The effect of input power on product yield, oil
and gas composition has been investigated. There was little synergistic interaction between furfural and hex-
adecane in the absence of plasma. However, introduction of the non-thermal plasma, and increasing the input
power for the furfural: hexadecane mixture resulted in a greater yield of gas components, along with the pro-
duction of single ring aromatic and mono-oxygenated oil compounds, while dual-oxygenated compounds in the
oil were reduced. There was a positive synergy for most light hydrocarbons, with higher input plasma power
leading to higher positive synergy percentages. Conversely, the synergistic effect for most heavy hydrocarbons
was negative, suppressing the formation of higher molecular weight oil compounds, which intensified with
higher input plasma power levels. This phenomenon may be attributed to high-energy electrons in the non-
thermal plasma environment colliding with volatile components of the feedstock, aiding in deoxygenation and

the production of light hydrocarbons.

1. Introduction

The transition towards renewable energy sources is imperative
considering the finite nature of fossil fuels and their adverse environ-
mental impact during use [1,2]. Biomass-derived biofuels present a
promising avenue for meeting energy demands sustainably. Not only do
they offer a renewable alternative to fossil fuels, but they also contribute
to mitigating atmospheric pollution and fostering rural development
[3]. Embracing renewable and sustainable fuels can lead towards a more
environmentally friendly and socially equitable energy future [2]. The
utilization of biomass, as the sole carbon-bearing renewable energy
source, is essential for achieving environmental and energy sustain-
ability, as well as carbon neutrality goals. The thermochemical pro-
cessing of biomass through pyrolysis, gasification or combustion holds
the potential to make substantial contributions to all three key energy
sectors: transport, heat, and electricity [4-6].

The pyrolysis of biomass produces a mainly bio-oil product with oil
yields of up to 70 wt% in addition to the production of char and gas
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[2-4]. The bio-oil has been proposed as a renewable liquid fuel and as a
viable alternative to petro-crude oil [3]. However, the primary draw-
backs of bio-oils obtained from pyrolysis include poor quality attributed
to the presence of a high content of oxygenated compounds, high
moisture content, high viscosity, storage instability, low heating value,
and acidity [7-10]. It has been proposed that pathways from biomass
pyrolysis bio-oil to transportation fuels becomes economically sustain-
able only when the bio-oil is upgraded to enhance its physicochemical
properties [10,11]. Bio-oil upgrading to enable the direct substitution of
upgraded bio-oils into the existing petroleum refinery infrastructure, as
a ‘drop-in’ bio-oil is highly desirable since it enables usage of the existing
petroleum refinery infrastructure and would support the long-term
sustainability of biomass-to-fuels technology. The bio-oil derived from
various biomass feedstocks typically comprises hundreds of organic
compounds, significantly complicating the investigation of new process
developments, catalytic activities and reaction pathways involved in the
upgrading process. Therefore, in order to understand the complex pro-
cess of bio-oil upgrading numerous studies have used model bio-oil
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compounds such as furfural, anisole, methanol and guaiacol, which
serve as representative compounds of biomass pyrolysis oils [12-15]. In
this work, furfural has been used as the representative model bio-oil
compound, since it has been used in other studies as a pyrolysis
bio-oil model compound [14,15] and is found in significant concentra-
tions in pyrolysis bio-oil [16,17].

Methods to address the drawbacks and enhance the qualities of bio-
oils can be categorized into ex-situ and in-situ processes [18]. Among
these, in-situ processes are considered simpler, more efficient, and
lower-cost techniques for producing drop-in fuels [18]. In-situ applica-
tion of hydrogen donors to the bio-o0il upgrading process by deoxygen-
ation of the bio-oil have been proposed. Hydrogen donors must be
capable of releasing hydrogen in an activated state to the reaction sys-
tem, enabling transfer of hydrogen from the donor compound to the
acceptor compound and thereby, enhance hydrodeoxygenation of the
pyrolysis bio-oil. For example, liquid phase hydrogen donors such as
tetralin, (a naphtheno-aromatic compound of crude petroleum oil), have
been used to donate hydrogen for saturating the cracking products from
cellulose to produce high yield liquid hydrocarbons with a very low
content of oxygenated compounds [19]. In addition, in-situ generated Hy
was proposed for bio-oil upgrading over platinum catalysts [20], it was
suggested that in-situ Hy was generated initially from the reforming of
light oxygenates, which then promoted the scission of C-O bonds. A
recent novel development has been the introduction of co-pyrolysis of
biomass and plastics for the upgrading of bio-oils, where the plastic
polymers serve as hydrogen donors, thereby enhancing the H> transfer
process and aiding in the deoxygenation of the product bio-oils [18,21].
Waste plastics thermally degrade to produce a range of hydrogen-rich
hydrocarbons based principally on the polymer structure of the orig-
inal plastic. Hydrogen and hydrogen-rich hydrocarbon gases/vapours
and reactive hydrogen species generated from waste plastics pyrolysis
have the potential to promote bio-oil deoxygenation through in situ
hydrogenation and hydrogen transfer reactions. This method has been
identified as one of the most promising in-situ procedures to improve the
quality and stability of bio-oil [18,21]. In this work, hexadecane has
been chosen as the model hydrocarbon compound to be investigated as a
representative compound of plastic pyrolysis oil. Hexadecane has been
identified in significant concentrations in the pyro-oil product from the
pyrolysis of the common polyolefin plastics, high density polyethylene
[22], low density polyethylene [23] and polypropylene [24]. Hex-
adecane has also been used as a representative model compound for
studies into the cracking of heavy hydrocarbon oil [25,26].

Non-thermal plasma processing is a novel technique that has
received high recent interest and is considered as a viable technique for
bio-oil upgrading [7,13,27]. Non-thermal plasma offers an attractive
alternative to the conventional catalytic route for upgrading bio-oils and
can be achieved at atmospheric pressure and low temperatures
(<250 °C). In non-thermal plasmas, the overall gas temperature is low,
while the electrons are highly energetic with a typical electron tem-
perature of 1-10 eV, which interact with the gas reactants in the plasma
to produce a cascade of processes yielding a variety of chemically
reactive species including free radicals, excited atoms, ions and mole-
cules for the initiation of different physical and chemical reactions [20].
The non-equilibrium character of such plasma enable thermodynami-
cally unfavourable reactions to occur at low temperatures. Non-thermal
plasma technology has been reported as an effective alternative
approach for upgrading bio-oil at low temperatures and atmospheric
pressure [13]. Non-thermal plasma reactors include dielectric barrier
discharge (DBD), gliding arc and corona type reactors. The DBD
non-thermal plasma reactor has been used to upgrade and crack model
bio-oil compounds, with the key aim of deoxygenation of the bio-oil as a
step towards upgrading. For example, Taghvaei et al. [13], used a DBD
plasma reactor to upgrade guaiacol as a representative lignin derived
pyrolytic-oil model compound. They found that a guaiacol conversion of
81 % and a deoxygenation degree of 52 % were achieved without the use
of any catalyst and hydrogen. Phenol was produced selectively through
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direct demethoxylation, but, no hydrogenation of the aromatic ring was
observed due to operation at low temperature and atmospheric pressure.
Saleem et al. [28], studied the decomposition of benzene as a biomass
gasification tar model compound in a DBD reactor with CHa carrier gas.
They reported that the breakdown of benzene increased as both input
power and residence time was increased, the highest benzene decom-
position reached 82.9 %. The primary gaseous by-products were Hz and
lower hydrocarbons, and their production also rose with increasing
input power and residence time.

In summary, two complimentary routes for bio-oil upgrading via
deoxygenation are identified, (i) co-pyrolysis of biomass and plastics
through hydrogen donation from the plastics to the bio-oil and (ii) the
additional process of non-thermal plasma to enhance the hydrogen
donor deoxygenation process. However, to the authors knowledge, there
are no reports investigating this simultaneous dual approach of deoxy-
genation of bio-oil. In this report, we have investigated the interaction of
a model bio-oil compound (furfural) and a model hydrocarbon com-
pound (hexadecane) representative of plastics pyrolysis oil acting in the
role of a hydrogen donor. The interaction was investigated using a DBD
non-thermal plasma reactor system over a range of input plasma powers
in relation to the detailed composition of the product gas and bio-oil.

2. Materials and methods
2.1. Materials

Furfural (furan-2-carbaldehyde) was chosen as the model represen-
tative oxygenated bio-oil compound with a chemical formula of CsH405.
The properties of furfural are, molar mass, 96.085 g mol !, density,
1.1601 g mL ™! and boiling point 162 °C. Hexadecane was chosen as the
model representative hydrocarbon found in pyrolysis oils derived from
the pyrolysis of polyolefin plastics with a chemical formula Cy6Hsz4. The
properties of hexadecane are, molar mass, 224.448 g mol ™}, density,
0.77 g mL~! and boiling point 286 °C. The furfural and hexadecane were
obtained from Merck, Darmstadt, Germany.

2.2. Experimental reactor system

Experiments were undertaken using a two-stage, vaporisation-non-
thermal plasma reactor system, illustrated in Fig. 1. In the first stage,
vaporisation of the model compound furfural and/or hexadecane feed-
stock was carried out. The vaporisation reactor (250 mm length and 20
mm internal diameter) was filled with stainless steel packing to increase
the surface area and held at a temperature of 300 °C. Furfural and/or
hexadecane with a purity of 99 % were introduced into the reactor as
liquid feed using two HPLC pumps (SPLG100) with a flow rate of 5 ml/h
furfural or hexadecane. The resulting vapours were then transferred
directly to a second-stage dielectric barrier discharge non-thermal
plasma reactor for plasma upgrading. Nitrogen served as the purge
carrier gas with a flow rate of 50 ml min~!. An electric ceramic insulator
connecting tube separated the vaporisation and plasma reactors. The
second-stage DBD non-thermal plasma reactor was constructed of quartz
glass with a 23 mm diameter and was held at a temperature of 250 °C. It
was a coaxial DBD plasma reactor, consisting of two electrodes as shown
in Fig. 2. The inner stainless-steel electrode, 254 mm in length and 18
mm in diameter, was connected to the power supply and located in the
middle of the reactor. The outer electrode was a 95 mm long copper
mesh used as the low-voltage electrode, wrapped around a quartz glass
tube. The quartz tube acted as a dielectric material, separating the inner
and outer electrodes. The discharge zone, where plasma reactions
occurred, was the region between the two electrodes with a 95 mm axial
length and a discharge gap of 5 mm. The product gases were collected in
the gas sample bag for a time period of 35 min for analysis using gas
chromatography (GC). The liquid products were collected from the
condensers at the end of each experiment using dichloromethane solvent
and then analyzed by gas chromatography-mass spectrometry (GC-MS).
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Gas and oil yields as well as feedstock conversion were determined
utilizing Equation (1), Equation (2) and Equation (3). The mass of gas
compounds was computed employing the Ideal Gas Law.

mass of gas

mass of injected feedstock x 100 M

Gas yield (%) =

Ol yield ( wt.%) — Total oil mass ;Ol:;rzzc;:i ,Zeedstock mass «100  (2)

Feedstock conversion (%)

injected feedstock mass — unreacted feedstock mass 3
= — x 100
injected feedstock mass

2.3. Gas analysis

The analysis of the produced gases was conducted using packed
column gas chromatography (GC) with a set of Varian 3380C gas
chromatographs to determine their composition. For specifying the
composition of permanent gases such as Hz, Oz, CO, and Ny, gas chro-
matography with thermal conductivity detection (GC-TCD) was
employed. Argon served as the carrier gas, and a 60-80 mesh molecular
sieve column was utilized. Additionally, GC-TCD was utilized to analyze
the product gas for CO-, also with argon as the carrier gas, but employing
a HayeSep 60-80 mesh molecular sieve as the column packing material.
For the determination of C; — C4 hydrocarbons, gas chromatography
with flame ionization detection (GC-FID) was employed. Nitrogen was
utilized as the carrier gas, and the column was packed with 80-100 mesh
HayeSep packing material.

2.4. Oil analysis

The composition of the product oil collected in the condensers was
analyzed using gas chromatography-mass spectrometry (GC-MS),
employing a Hewlett-Packard 5280 GC coupled with an HP 5271 ion
trap mass spectrometric detector. The GC column utilized was a Restek
RTX-5MS fused silica column, measuring 30 m in length and 0.25 mm in
internal diameter. The solid phase of the column comprised 95 %
dimethyl polysiloxane and 5 % diphenyl, with a film thickness of 25 pm.
Helium served as the carrier gas for the GC-MS analysis. Prior to in-
jection into the GC-MS system, the oils were dissolved in dichloro-
methane. Total ion chromatographic peaks obtained from the GC-MS
analysis, along with their respective retention times, were utilized for
the identification and quantification of compounds present in the oil.
The identification process was supported by referencing the NIST 2008
spectral library, with compounds identified based on an ion mass
spectral similarity index exceeding 70 %. Quantification of compounds
were calculated using Equation (4) and Equation (5).

ak d
Concentration of compound x _pedk ared of compound x
peak area of standard

x concentration of standard ()]

concentration of compound x
total concentration
x mass of produced oil 5)

Mass of compound x =

2.5. Synergy

The synergistic effect of the interaction between the furfural and
hexadecane model compounds can be assessed by comparing the yields
of co-pyrolysis products to the calculated theoretical value derived from
the sum of yields of the individual components, as demonstrated in
Equation (6) [27].

y=> %y ©
i=1

Biomass and Bioenergy 187 (2024) 107301

[a)

In this equation, "y" represents the theoretical value, "yi" stands for
the experimental yield, physical properties value, and element content
of oils obtained from separate feedstocks, and "x;" denotes the mass
proportion of the feeds in the mixture. A synergistic effect arises when

the experimental value is different from the theoretical value.
3. Results and discussion

In this study, the effect of input plasma power on the conversion of
furfural, hexadecane and their mixture in relation to the detailed
composition of the product oil and gases were investigated. Moreover,
the effect of synergistic interaction of the furfural and hexadecane at
different input plasma powers was studied. The aim was to understand
the influence of hexadecane as a model plastics pyrolysis hydrocarbon
model compound acting as a hydrogen donor on the deoxygenation of
the bio-oil model oxygenated compound, furfural under non-thermal
plasma reaction conditions.

3.1. Product yield from the non-thermal plasma process

Table 1 shows the gas and oil yield, and feed conversion from the
vaporisation-non-thermal-plasma processing of furfural, hexadecane,
and the furfural: hexadecane mixture at the input powers of 0, 30, 50,
and 70 W. At 0 W input plasma power (i.e. no plasma), gaseous products
were not produced from furfural, hexadecane, or the mixture. Increasing
the input plasma power from 0 to 30 W caused a large increase in the gas
yield from furfural (10.65 wt%), and a modest rise in the gas yield from
hexadecane (1.03 wt%). A 7.75 wt% increase in the gas yield for the
processing of the furfural: hexadecane mixture was observed by
changing the input power from 0 W to 30 W. Further increase in the
power from 30 to 50 W, and then to 70 W, showed increases in gaseous
product yield. In the reactor system, the first stage vaporisation pro-
duced volatile furfural and/or hexadecane which pass to the non-
thermal plasma reactor where the feedstock molecules collide with en-
ergetic species and undergo decomposition by breaking chemical bonds,
resulting in the production of ions, atoms, and free radicals. These free
radicals can subsequently recombine, generating oil and gas products.
Khatibi et al. [27] carried out pyrolysis-non-thermal DBD plasma pro-
cessing of biomass, polystyrene, and their mixture. They reported that
increasing the input power from 0 W to 70 W led to higher gas yields for
all feedstocks. The rise in input power resulted in the formation of more
gas, affirming the cracking of the pyrolysis vapours into gases within the
non-thermal plasma. Nguyen et al. [29], investigated the decomposition
of high-density polyethylene into hydrogen and light hydrocarbons
using non-thermal plasma. They observed that the total gas yield
increased as the input plasma power was increased from 10 W to 60 W.
The increase in plasma power resulted in a consistent enhancement in
the formation rate of gaseous products. This correlation can be attrib-
uted to the greater presence of plasma-active species, thereby acceler-
ating the reaction kinetics.

In the absence of plasma, a very small quantity of oil product, was
produced from furfural (0.33 wt%), hexadecane (1.19 wt%), and the
mixture (0.19 wt%), representing the amount of the liquid feedstock
that reacted in the plasma environment to produce oil (unreacted
feedstock was calculated based on Equation (3)). However, when the
plasma input power was raised to 30 W, the oil yield showed an increase
of around 3, 8, and 14 times for furfural, hexadecane, and the mixture,
respectively. The increasing trend for oil yield continued as the input
power was raised from 30 W to 50 W and from 50 W to 70 W, resulting in
2.18 wt% oil product produced from non-thermal-plasma processing of
furfural. At the same condition, 15.42 wt% oil was produced from
hexadecane. The highest oil yield (11.32 wt%) for the mixture was ob-
tained at 70 W.

Raising the input plasma power from 0 W to 70 W significantly
enhanced the feed conversion for furfural, hexadecane and the mixture,
reaching 19.70 wt% for furfural, 17.30 wt% for hexadecane and 20.46
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Table 1
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Product yield and feed conversion from the non-thermal plasma processing of furfural, hexadecane and furfural: hexadecane mixture in relation to input plasma power.

Feedstock Input power (W) Gas (wt.%) Total liquid” (wt.%) Product oil in the liquid (wt.%) Feed conversion to oil and gas (%)
Furfural 0 0 100 0.33 0.33
30 10.65 89.35 0.97 11.62
50 13.54 86.46 1.7 15.24
70 17.91 82.09 2.18 20.09
Hexadecane 0 0 100 1.19 1.19
30 1.03 98.97 9.34 10.37
50 1.58 98.42 13.51 15.09
70 2.23 97.77 15.42 17.65
Furfural-Hexadecane 0 0 100 0.19 0.19
30 7.75 92.25 2.64 10.39
50 9.39 90.61 6.50 15.89
70 10.30 89.70 11.32 21.62

2 Total liquid consists of unreacted feedstock and product oil.

wt% for the mixture of furfural and hexadecane. Raising the input power
can lead to an increase in electron density and gas temperature.
Consequently, a higher conversion rate is expected to be attained due to
the greater abundance of energetic electrons [30].

3.2. Gas composition from the non-thermal plasma process

Fig. 3(a) illustrates the gas composition yield from non-thermal-
plasma upgrading of furfural at 0, 30, 50, and 70 W input plasma
powers. No product gas was produced in the absence of the non-thermal
plasma. In the presence of plasma, CO is the main gas product compared
to other gaseous products at all input powers. In addition, there is a
direct relation between increasing power and increasing CO yield (2.91
mmol g~! at 30 W to 5.15 mmol g~ ! at 70 W). Production of CO which
contains oxygen at these high levels shows deoxygenation of furfural has
been carried out during the non-thermal-plasma process and that raising
the input plasma power increased CO production. CO: as another oxygen
containing compound was produced in the non-thermal-plasma pro-
cessing of furfural and its yield was doubled from 0.16 mmol g ! at 30 W
to 0.32 mmol g~ ! at 70 W input power. Hydrogen was also produced
during the plasma processing of furfural, plasma power effected its
production and raised the yield to 0.23 mmol g~* at 70 W. Methane,
ethene, ethane, and propene yields increased with rising input power
from 30 to 70 W, whereas, propane and butene and butadiene were
produced at almost the same quantities at all input powers.

The composition of the gas products and their yield produced during
non-thermal-plasma processing of hexadecane are shown in Fig. 3(b).
No gaseous product formation was observed in the absence of the non-
thermal plasma. But, for the non-thermal-plasma processing of hex-
adecane, hydrogen and alkane and alkene gases were the gas products
produced. The yields of all gas components produced from hexadecane
under non-thermal plasma conditions were enhanced with increasing
input power. The majority of the produced gas was hydrogen with a
yield of 0.72 mmol g~! at 30 W, rising to 1.17 mmol g~! at 70 W.
Methane, butene and butadiene production were doubled when the
input power was raised from 30 W to 70 W. In non-thermal plasma re-
actors involving hydrocarbons, the first stage of the process involves the
creation of energetic electrons, typically with a mean energy of 5 eV in
DBD reactors [25]. Some of these electrons, possessing adequate energy
levels, interact with hydrocarbon molecules, causing the rupture of C-C
and C-H bonds, which typically require around 3 eV of energy. These
electron-hydrocarbon collisions result in the formation of small acti-
vated ions and radicals, which may subsequently recombine to produce
hydrogen and lighter hydrocarbons like alkanes and olefins [25].

Fig. 3(c) presents the gas composition and yields from the non-
thermal-plasma processing of the mixture of furfural and hexadecane.
The yield of gaseous compounds in the absence of plasma upgrading was
zero. The main gas compound produced in this process at all powers was
CO with a highest yield of 2.56 mmol g~! at the plasma input power of

70 W. CO:z production was also enhanced with increasing input plasma
power. CO and CO: production showed that deoxygenation of the mixed
feedstock occurred and deoxygenation is dependent on input power,
where higher input plasma powers led to higher deoxygenation.
Hydrogen was the second major compound at all input powers and its
yield continued to rise as the input power was increased. Similarly, all
alkanes and alkenes yields were increased when more plasma power was
applied.

3.3. Product oil composition from the non-thermal plasma process

Table 2 shows the composition and yield of the oil product produced
from the non-thermal plasma processing of furfural as well as the
unreacted furfural. Without plasma, only 3.25 mg g~ of feedstock
furfural was decomposed, compared with 197.01 mg g~ ! of furfural was
reacted at the input power of 70 W. This indicates that as the input
power was increased, there was a higher abundance of energetic elec-
trons and reactive species within the plasma zone. Consequently, colli-
sions become more frequent, leading to an increased probability of
electron-driven dissociation reactions and more feedstock reaction.
The produced oil compounds can be classified into three main groups:
non-oxygenated compounds, one-oxygen, and two-oxygen containing
compounds. Toluene, a single ring aromatic compound which was
produced at higher input powers, 50 W and 70 W and there was a direct
correlation between rising input plasma power and toluene production.
Cyclobutene, 2-propenylidene- is another non-oxygenated compound
produced at 30, 50, and 70 W plasma powers. Furan, 2-ethyl-5-methyl,
pyrazole-4-carboxaldehyde-1-methyl-, and 2-cyclohexen-1-one are the
single oxygenated compounds produced during DBD-plasma processing
of furfural. In comparison to the feedstock furfural, these compounds
contain higher hydrogen and lower oxygen content. Their production
rate increased with raising the input power. The dual oxygenated
compound, 2-furanmethanol, 5-methyl-, produced a yield of 1.87 mg
g1 in the absence of plasma and its production was reduced by around
7.5 times at the higher input power of 70 W to 0.25 mg g~ '. This
reduction in the yield of dual-oxygenated compounds with increasing
power is favourable in terms of deoxygenation.

In our previous study [27], biomass as an oxygenated feedstock
source was used to carry out pyrolysis-non-thermal, DBD plasma re-
actions at different powers. Pyrolysis of biomass produced hydrocarbon
and oxygenated volatile compounds which were then subjected to
non-thermal plasma processing. It was concluded that the yield of
oxygenated compounds in the produced bio-oil decreased as the plasma
input power was raised. The yield of ketones, furans, and phenols
declined when the input plasma power was increased, indicating that
the deoxygenation process took place upon the application of the
non-thermal plasma. These findings align with the research conducted
by Taghvaei et al. [13], which demonstrated that increasing the applied
voltage resulted in a higher degree of deoxygenation concerning
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Table 2

Yield of furfural-derived oil compounds (mg/g of feedstock) from non-thermal-plasma at 0, 30, 50, and 70 W plasma power.
RT (min) Compound MwW Formula ow 30 W 50 W 70 W
4.672 toluene 92 C7Hg 0 0 0.06 0.09
5.339 cyclobutene, 2-propenylidene- 92 C;Ho 0 2.69 2.71 2.29
7.269 furfural 96 CsH4O4 996.75 884.84 849.94 802.99
7.768 2-furanmethanol, 5-methyl- 112 CeHgO2 1.87 0.73 0.26 0.25
11.163 furan, 2-ethyl-5-methyl 110 C;H;00 0 0 1.33 1.75
14.508 Pyrazole-4-carboxaldehyde-1-methyl- 110 CsHgN,O 1.38 3.00 3.42 3.74
14.812 2-cyclohexen-1-one 96 CegHgO 0 2.26 6.90 9.79

guaiacol through DBD plasma upgrading. Their study involved hydro-
deoxygenation reactions utilizing a quartz glass DBD tubular reactor
with argon as the carrier gas for enhancing guaiacol, a representative
model compound of lignin pyrolysis oil. By applying a discharge plasma
power of 100 W, hydrogen was produced in-situ, leading to the break-
down of methyl and methoxyl radicals derived from the lignin pyrolytic
oil. The decomposition yielded mono-oxygenated compounds, specif-
ically phenol, methylphenols (2-methylphenol and 4-methylphenol),
and dimethylphenols (2,4-2,6 and 3,4-dimethylphenol), alongside
benzene, toluene, and xylene. Additionally, trace amounts of anisole,
catechol, methylanisoles, cyclohexanol, and trimethylphenols were also
identified by Taghvaei et al. [13]. In later work, Taghvaei et al. [31],
mentioned that as the applied voltage was increased, there was an up-
ward trend in the selectivity for phenol, benzene, toluene, xylene, while
other products such as oxygenated methylphenols and dimethylphenols
exhibited a downward trend. These trends were attributed to the
enhanced direct demethoxylation of guaiacol due to the stronger

electrical field between the two electrodes in the discharge zone
resulting from higher voltages. Additionally, methyl radicals can be
produced from demethylation and the breaking of the O-CHj3 bond.
With an increase in the number of electrons and reactive species, along
with higher average electron energy due to increased applied voltage,
there was a greater likelihood of decomposition of these methyl radicals
(which possess higher bond dissociation energy) into CHz, CH, and H
radicals. This increased decomposition diminished the transalkylation
reaction, leading to a reduction in methyl-substituted ring products such
as methylphenols and dimethylphenols. Liu et al. [32], investigated
steam reforming of toluene as a biomass tar model compound in a DBD
plasma reactor. They found that in the plasma reaction without a cata-
lyst, 11 types of organic by-products were identified, including major
compounds like benzene, phenol, and (butoxymethyl)-benzene. Addi-
tionally, aliphatic compounds such as methyl ester, diol, octadecadie-
noic acid, and linear compounds like 5,7-dodecadiyn-1,12-diol were
detected. These compounds could arise from the cleavage of the toluene

Table 3

Yield of hexadecane-derived oil compounds (mg g~! of feedstock) from non-thermal-plasma at 0, 30, 50, and 70 W plasma power.
RT (min) Compound MW Formula ow 30W 50 W 70 W
3.087 Heptene 98 CyHi4 0 0.16 0.26 0.41
3.211 Heptane 100 C7H;6 0 0.23 0.37 0.47
4.939 Heptane, 3-methyl- 114 CgHig 0 0 0 0.26
5.565 Octene 112 CgHie 0 0.39 0.45 1.01
5.897 Octane 114 CgHig 0 0.59 0.83 1.29
8.816 Octane, 4-methyl- 128 CoHzg 0 0 0 0.34
10.398 Nonene 126 CoHig 0 0.53 0.75 1.96
10.921 Nonane 128 CoHzg 0 0.70 0.96 1.76
14.334 Nonane, 3-methyl 142 CqoHzy 0 0 0 0.27
16.948 Decene 140 Ci0Hzg 0 0.91 0.93 2.53
17.578 Decane 142 CyoHzy 0 1.00 1.28 2.38
21.445 Decane, 3-methyl 156 Cq1Hzg 0 0 0 0.28
23.365 Undecene 154 Cy1Hzy 0 0.64 1.19 3.42
23.799 Undecane 156 Cq1Hz4 0 1.01 1.39 2.56
26.810 Undecane, 5-methyl 170 C12Hzg 0 0 0 0.27
27.606 Dodecene 168 Ci2Hz4 0 0.75 1.09 2.86
27.920 Dodecane 170 Ci2Hzg 0 0.91 1.31 2.40
30.829 Tridecene 182 Cy3Hz 0 0.70 1.00 3.18
31.209 Tridecane 184 Ci3Hzg 0.45 0.98 1.42 2.53
33.884 Tetradecene 196 Cy14Hz2g 0.27 0.67 1.13 2.51
34.113 Tetradecane 198 C14H3g 0 1.15 1.68 2.26
36.588 Pentadecene 210 Cy5Hso 0 0.26 0.36 0.65
36.794 Pentadecane 212 Ci5Hso 1.75 1.91 1.98 2.20
38.256 Hexadecene 224 Ci6Hsz 1.68 48.71 61.56 53.53
39.476 Hexadecane 226 Ci6Hss 988.13 897.26 851.29 827.00
40.446 Heptadecyne 236 Cy7H32 5.79 0 0 0
40.556 Heptadecene 238 Cy17H34 0 8.79 12.17 11.45
41.684 Heptadecane 240 Cy17H36 0.85 1.27 1.33 1.23
42.665 Octadecene 252 CigHze 0 8.92 14.37 14.16
43.925 Octadecane 254 CygHsg 1.08 1.91 2.43 2.42
44.285 Nonadecene 266 CioH3g 0 5.11 10.59 11.30
46.176 Nonadecane 268 Ci9Hag 0 0.46 0.69 0.79
47.099 Eicosene 280 CyoHag 0 2.87 5.69 6.93
48.381 Eicosane 282 CaoHay 0 0.26 0.40 0.52
49.554 Heneicosene 296 Ca1Hap 0 0.61 3.50 5.06
50.412 Heneicosane 296 Cy1Hay 0 0 0.68 1.05
51.984 Docosene 308 CooHay 0 0 1.12 2.59
52.114 Docosane 310 CaoHag 0 0 0 0.39
52.807 Tricosene 322 Co3Hae 0 0 0 1.50
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ring and the subsequent recombination and hydrogenation of the
resulting intermediate fragments.

Table 3 shows the oil composition and their yield produced during
non-thermal-plasma processing of hexadecane at 0, 30, 50, and 70 W
input plasma powers. This table also contains the yield of unreacted
hexadecane and indicates that only 11.87 mg g~ ! of it was decomposed
in the absence of plasma. However, in the presence of the non-thermal
plasma, hexadecane conversion was markedly increased, reaching
173 mg g~ for the reaction at 70 W. The oil products from hexadecane
cracking are categorized into alkane, alkene, and methyl alkane groups
(the compounds with carbon number in the range of Cg — Cj3). The
compounds appeared in a specific order regarding retention time of
alkene, alkane, and finally methyl alkane with the alkane as the largest
concentration compound. Without applying plasma, limited cracking
was observed for C;3-Cqg hydrocarbons. Elevating power to 30 W and
50 W generated alkenes and alkanes from C;-Cgy hydrocarbons, and by
raising the input power to 70 W, methyl alkanes started to be produced.
Moreover, the yield of alkanes and alkenes was also enhanced at 70 W
compared to 50 W except for a few heavy hydrocarbons, including
hexadecene, heptadecene, heptadecane, octadecene, and octadecane.
The yield of light products (lighter than hexadecane) were calculated
based on the division of the sum of the yields of light hydrocarbons to
the total yield of all oil yield (light and heavy hydrocarbons). Only 35 %
of the oil products were light hydrocarbons in the absence of plasma,
while this amount increased to 60.6 % at the input power of 70 W, that
is, the cracking increased by 25.6 % by raising input plasma power from
30 W to 70 W. Khani et al. [33], working on hexadecane cracking in a
DBD non-thermal plasma reactor reported that collisions between
high-energy electrons and n-hexadecane molecules resulted in the pro-
duction of various hydrocarbons; lighter hydrocarbons such as Cg to Cs,
in addition to some heavier hydrocarbons formed from the recombina-
tion of activated radicals. Both saturated and unsaturated products were
observed in their results.

The oil compounds and their yields produced from the mixture of
furfural and hexadecane via the non-thermal-plasma process at the input
plasma powers of 0, 30, 50, and 70 W are displayed in Table 4.
Unreacted furfural and hexadecane are also shown in Table 4. As the
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power was gradually raised from 0 W to 70 W, the amount of unreacted
furfural decreased from 521.02 mg g~ ! to 409.72 mg g™, which is a
21.4 % decrease and the amount of unreacted hexadecane declined by
19.2 % from 477.08 mg g~ ! to 385.71 mg g~ !, suggesting significant
interaction of the furfural and hexadecane. Toluene and cyclobutene, 2-
propenylidene- are the two non-oxygenated compounds produced from
furfural. The yield of toluene increased with increasing input power
from 0 mg g~ at 0 W to 0.53 mg g~ ! at 70 W. The dual-oxygenated
compound which was produced in the non-thermal plasma processing
of pure furfural, was not produced in the mixture, suggesting the
deoxygenation of compounds with high oxygen number. Table 4 shows
that the three mono oxygenated compounds C;H;00, CsHgN20, C¢HgO)
showed enhanced yields when the input power was applied, rising from
0.82 mg g~ ! in the absence of plasma to 38.4 mg g~ at 70 W power. The
other compounds produced were alkanes and alkenes. In the absence of
plasma, there were only small quantities of a few hydrocarbons,
including tridecane, tetradecene, and pentadecane. However, at the
input power of 30 W, more hydrocarbons were produced compared to 0
W. By raising the power to 50 W and then 70 W, Cg-Cyg alkanes and
alkenes were produced and there was direct correlation between power
and the yield of the hydrocarbons except for some heavy hydrocarbons
(tetradecane, hexadecene, heptadecene, octadecene). Moreover, mixing
furfural and hexadecane eliminated some of heaviest hydrocarbons in
the range from C;9-Cps.

3.4. Synergistic interaction of furfural and hexadecane

Fig. 4 indicates the synergistic effect in relation to product yields and
feed conversion from the non-thermal-plasma processing of the mixture
of furfural and hexadecane. Without plasma, the synergy related to gas
yield was zero because gas was not produced using furfural, hexadecane,
or their mixture. Oil yield and feed conversion synergies were negative
when there was no plasma was applied. However, applying the plasma
to the process with the power of 30 W generated a positive synergy of
1.91 % for the gas yield, while oil yield and feed conversion were still
negative. When the plasma input power was raised to 50 W, gas yield
synergy remained in the same level and oil yield was less negative

Table 4

Yield of a furfural: hexadecane mixture-derived oil compounds (mg g ™! of feedstock) from non-thermal-plasma at 0, 30, 50, and 70 W plasma power.
RT (min) Compound MW Formula ow 30w 50 W 70 W
4.705 Toluene 92 C7Hg 0 0 0.09 0.53
5.365 cyclobutene, 2-propenylidene- 92 C;Ho 0 0.58 1.60 0.85
5.516 Octene 112 CgHie 0 0 0.49 2.97
5.837 Octane 114 CgHig 0 0 2.09 2.32
7.299 Furfural 96 CsH4Oo 521.02 506.15 472.20 409.72
10.321 Nonene 126 CoHig 0 0 2.21 5.31
10.840 Nonane 128 CoHzg 0 0 0.66 1.15
11.207 Furan, 2-ethyl-5-methyl 110 C7H;00 0 1.12 2.63 5.97
14.509 Pyrazole-4-carboxaldehyde-1-methyl- 110 CsHgN>O 0.82 2.67 3.12 7.68
14.775 2-Cyclohexen-1-one 96 CegHgO 0 6.69 6.67 24.75
16.851 Decene 140 CioHzo 0 0.50 2.61 6.77
17.486 Decane 142 CioHz2y 0 0.28 0.78 2.44
23.334 Undecene 154 Cq11Hzy 0 0.67 3.65 8.50
23.785 Undecane 156 C11Hzy 0 0.45 2.03 1.60
27.726 Dodecene 168 CioHz24 0 0.68 3.38 5.95
28.054 Dodecane 170 Ci2Hzg 0 0.41 1.25 1.31
31.205 Tridecene 182 Ci3Hz2g 0 0.61 1.92 4.39
31.474 Tridecane 184 Cy3Hzg 0.18 0.48 0.96 1.65
34.227 Tetradecene 196 Ci4Hzg 0.07 0.67 1.29 3.56
34.462 Tetradecane 198 Cy4H30 0 0.36 0.77 0.71
36.973 Pentadecene 210 Cy5Hso 0 0.10 0.23 0.49
37.181 Pentadecane 212 Cys5Hso 0.83 0.62 0.80 0.94
38.799 Hexadecene 224 C16H3a 0 7.49 17.23 9.36
39.789 Hexadecane 226 Ci6Hss 477.08 392.01 374.97 385.71
40.098 Heptadecene 238 Cy7H34 0 0 0.99 0.67
42.098 Heptadecane 240 Cy7H3e 0 0 0 0.77
44.180 Octadecene 252 CigH3e 0 0 0.73 0
44.352 Octadecane 254 CygHsg 0 0 0.74 0.94
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Fig. 4. Synergistic effect on product yield for non-thermal plasma processing of
the furfural: hexadecane mixture at 0, 30, 50, and 70 W plasma power.

compared to oil synergy in 30 W. Raising the power to 70 W generated a
higher positive synergy in gas yield, oil yield, and feed conversion at
0.23 %, 2.52 % and 1.96 %, respectively.

Chen et al. [34], investigated the synergistic effect in the co-pyrolysis
of biomass in the form of waste newspaper with high-density poly-
ethylene. They reported that the co-pyrolysis resulted in a noticeable
decrease in gas yield, while the yield of the oil phase was significantly
enhanced. This indicated a synergistic effect from co-pyrolysis, resulting
in higher oil yield and lower gas yield. These results were attributed to
the transfer reaction of hydrogen atoms and the generation of free
radicals during the pyrolysis of HDPE. These reactions promote
cross-reactions between waste newspaper and HDPE during
co-pyrolysis. This effect interfered with the degradation of functional
groups bonded in the cellulose structure of waste newspaper, inhibiting
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Fig. 5. Synergistic effect on gas components yield (mmol/g of feedstock) for
non-thermal plasma processing of the furfural: hexadecane mixture at 0, 30, 50,
and 70 W plasma power.
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the release of gaseous products with low molecular weight and favour-
ing the formation of organic compounds with high molecular weight in
the oil phase.

Fig. 5 indicates the synergistic effect in relation to the yield of in-
dividual gas components from the non-thermal-plasma processing of the
mixture of furfural and hexadecane at different input plasma powers. At
the input power of 30 W, the synergy for all the gas compounds are
negative except for carbon monoxide, ethene, and propene. When the
power was increased to 50 W, the yield of CO, CO2, methane, ethene,
propene, butene and butadiene from non-thermal-plasma processing of
the mixture were higher than the gas yields from plasma processing of
furfural and hexadecane alone. The negative synergy for hydrogen may
indicate that hydrogen is being consumed in the hydrodeoxygenation
process and results in the production of carbon oxides, mainly CO. The
gas yield synergies for CO, CO2, and H> were negative when the plasma
power was increased to 70 W, however, the production of most alkane
and alkene gases showed the highest synergistic effect compared to
lower input powers, (except for propane and butane). Increasing the
plasma power from 0 W to 70 W resulted in higher yields of gases. This
increase in input plasma power led to elevated electric fields and elec-
tron temperatures, generating more energetic electrons, radicals, and
other reactive species. Consequently, there was an increase in the
breakdown of volatile molecules, resulting in higher gas yields [27].

Yuan et al. [35], investigated synergistic effects during the
co-pyrolysis of cellulose and high-density polyethylene. They concluded
that the interaction between cellulose and high-density polyethylene
facilitated the generation of oxygen containing molecules, such as Hz0,
CO/CyH4, and COz, with this effect becoming more pronounced as the
percentage of HDPE was increased. This effect could be attributed to the
promotion of decomposition of cellulose pyrolytic products by the
presence of the polyethylene, resulting in the release of a large number
of small-molecule volatiles. The promotion effect primarily occurred
during the decomposition of cellulose, indicating that the release of gas
products from cellulose could be facilitated by the presence of poly-
ethylene during the co-pyrolysis process.

Table 5 demonstrates the effect of synergy on oil compound yields
produced in the non-thermal plasma processing of furfural and hex-
adecane at 0, 30, 50, and 70 W input plasma power. Toluene is the single
ring aromatic compound produced at higher input powers of 50 W and
70 W, the data shows that raising the power intensified toluene pro-
duction from the processing of the mixture with a positive synergy of
0.49 at 70 W. The formation of 2-furanmethanol, 5-methyl- with dual-
oxygen in its structure was supressed in the mixture at all input
powers, whereas, the synergistic effect is positive for compounds con-
taining one oxygen. Huang et al. [36], carried out catalytic fast pyrolysis
of biomass and low-density polyethylene over hierarchical HZSM-5 to
investigate the synergistic reaction mechanism. They found that the
transfer of hydrogen free radicals from the polyethylene derived hy-
drocarbons to the biomass-derived oxygenates facilitated the deoxy-
genation reaction of oxygenates. The suggested that the Diels-Alder
reaction was the key synergistic reaction between furans and olefins,
significantly enhancing the yield of hydrocarbon aromatic compounds.

The hydrocarbons shown in Table 5 were classified into two main
groups: light and heavy hydrocarbons. In the case of the light hydro-
carbons, increasing the plasma power to 30 W generated more com-
pounds with positive synergy compared to 0 W. Raising the power to 50
W and 70 W in relation to the light hydrocarbons caused positive syn-
ergy for most of the light hydrocarbon oil products and it was also
observed that increasing power intensified the amount of positive syn-
ergy. In general, the synergy for light hydrocarbons at 0 W and 30 W are
small negative amounts while increasing the power to 50 W and 70 W
enhanced the synergy to 15.91 % and 31.14 %, respectively. This sug-
gests that mixing the furfural and hexadecane at higher input powers
was desirable as the production of light hydrocarbons was increased
compared to plasma processing of the pure furfural and hexadecane
feedstock.
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Table 5
Synergy in the yields of oil compounds derived from furfural and hexadecane
(mg g ! of feedstock) at 0, 30, 50, and 70 W plasma power.

Compound Synergy (%)

Input Plasma power (W)

ow 30W 50 W 70 W
toluene 0.00 0.00 0.06 0.49
cyclobutene, 2-propenylidene- 0.00 —0.76 0.25 —0.29
2-Furanmethanol, 5-methyl- -0.93 —0.36 -0.13 -0.13
Furan, 2-ethyl-5-methyl 0.00 1.12 1.97 5.09
Pyrazole-4-carboxaldehyde,1-methyl-  0.13 1.17 1.41 5.81
2-Cyclohexen-1-one 0.00 5.57 3.22 19.86
Light Hydrocarbons
Heptene 0.00 —0.08 -0.13 —0.21
Heptane 0.00 -0.11 —0.19 —0.23
Heptane, 3-methyl- 0.00 0.00 0.00 -0.13
Octene 0.00 -0.19 0.27 2.46
Octane 0.00 —0.30 1.67 1.67
Octane, 4-methyl- 0.00 0.00 0.00 -0.17
Nonene 0.00 —0.27 1.83 4.33
Nonane 0.00 —0.35 0.18 0.27
Nonane, 3-methyl 0.00 0.00 0.00 —0.14
Decene 0.00 0.05 2.14 5.50
Decane 0.00 —0.22 0.14 1.25
Decane, 3-methyl 0.00 0.00 0.00 —0.14
Undecene 0.00 0.35 3.05 6.79
Undecane 0.00 —-0.05 1.33 0.33
Undecane, 5-methyl 0.00 0.00 0.00 -0.14
Dodecene 0.00 0.30 2.84 4.52
Dodecane 0.00 —0.05 0.59 0.11
Tridecene 0.00 0.26 1.42 2.80
Tridecane —0.04 —0.01 0.25 0.39
Tetradecene —0.06 0.34 0.73 2.31
Tetradecane 0.00 —0.21 —0.07 —0.43
Pentadecene 0.00 —0.03 0.05 0.16
Pentadecane —0.05 —0.34 —0.20 -0.17
Total Light Hydrocarbons —-0.15 —0.92 15.91 31.14
Heavy Hydrocarbons
Hexadecene —0.84 —16.87 —13.55 -17.41
Heptadecyne -2.89 0.00 0.00 0.00
Heptadecene 0.00 —4.39 -5.10 —5.06
Heptadecane —0.43 —0.64 —0.66 0.15
Octadecene 0.00 —4.46 —6.45 —7.08
Octadecane —0.54 —0.95 —0.48 —0.27
Nonadecene 0.00 —2.56 —5.30 —5.65
Nonadecane 0.00 -0.23 -0.35 -0.39
Eicosene 0.00 —1.43 —2.85 —3.46
Eicosane 0.00 —0.13 —0.20 —0.26
Heneicosene 0.00 —0.31 -1.75 —2.53
Heneicosane 0.00 0.00 —0.34 —0.52
Docosene 0.00 0.00 —0.56 -1.29
Docosane 0.00 0.00 0.00 —0.20
Tricosene 0.00 0.00 0.00 —0.75
Total Heavy Hydrocarbons —4.70 -—-31.97 —-37.58 —44.73

In the case of the heavy hydrocarbons, the synergy at 0 W (no
plasma) was zero for most of the compounds. By changing the power
from O W to 30 W, the number and quantity of compounds with negative
synergy increased for the heavy hydrocarbons. Increasing the power to
50 W and 70 W generated more compounds with negative amounts in
synergy, also the synergies were more negative with increase of the
input plasma power. The synergy for the total heavy hydrocarbons was
—4.70 % in the absence of plasma. As the power was raised from 0 W to
70 W, the synergy tended to be more negative with —44.73 % at 70 W.
This indicates that mixing furfural and hexadecane suppressed the for-
mation of heavy hydrocarbons and increasing the power intensified the
decrease in heavy hydrocarbons production and increasing the forma-
tion of light hydrocarbons.

3.5. Oxygen distribution in gas and oil products

In order to further understand the influence of synergistic interaction
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between the oxygenated furfural and the hydrocarbon hexadecane, the
distribution of oxygenated species in the gas and oil phases was
explored. Fig. 6 shows the distribution of oxygen in the gas and oil
products produced from the non-thermal plasma processing of furfural
and the furfural: hexadecane mixture. Fig. 6(a) and (b) also show the
amount of reacted furfural as the oxygen containing feedstock at
different input powers. It is evident that the rate of furfural consumption
increased by raising the input plasma power reaching, 2.05 mmol g~!
furfural and 0.75 mmol g’l in the mixture at 70 W power input, due to
the higher energetic electrons at higher powers. Most of the produced
oxygen was in the gas phase in the form of CO and CO5 comprising
around 90 % of the total produced oxygen from processing of furfural
and the mixture. Increasing the input plasma power enhanced the oxy-
gen yield in the gas products, including CO and CO; to 5.15 and 0.32
mmol g~! furfural at 70 W respectively. For the mixture, the oxygen
yield of CO and CO, at 70 W was 2.56 and 1.43 mmol g}, respectively.
The oxygen proportion in the oil products was small at all plasma powers
(Fig. 6(b) and (d), indicating that non-thermal plasma processing of the
oxygenated hydrocarbon furfural and the mixture containing furfural
produces a product oil low in oxygen. The oxygen yield in the oil
compounds containing one oxygen atom tended to increase with
increasing plasma power, but the oxygen content for the two-oxygen
containing compounds (2-furanmethanol, 5-methyl- (CgHgO2))
decreased during the non-thermal plasma processing of furfural with
raising the power. Oxygen was not produced in the form of CgHgO5 from
the mixture because of the synergy between furfural and hexadecane.

3.6. The synergistic, non-thermal plasma deoxygenation process

This study suggests that there is minimal interaction of the model
bio-oil and plastics pyro-oil model compounds in the absence of the non-
thermal plasma environment. However, in the presence of the plasma,
there is clearly interaction of the furfural and hexadecane which leads to
lower formation of dual-oxygenated compounds and heavy hydrocar-
bons while favourable to the formation of light hydrocarbons. In addi-
tion, formation of single ring aromatic compounds was increased.
Raising the input plasma power increased the reactive environment in
the plasma and led to the interaction of oxygenated compounds and the
hexadecane hydrocarbon, hence, CO and CO; production were
increased. The negative synergy of Hy for the mixture at all input powers
confirms that hydrogen was consumed in the deoxygenation reactions.
This is due to the direct correlation between the increase in the number
of energetic electrons and reactive species in the plasma zone and the
rising applied voltage. Increasing the applied plasma power generates a
stronger electric field, subsequently raising the energy, temperature,
and electron density within the discharge area. This, in turn, increases
the likelihood of electron-driven dissociation reactions such as ioniza-
tion, excitation, and gas molecule dissociation. Consequently, there is a
rise in the formation of reactive species within the plasma zone,
resulting in heightened feedstock conversion [28,31,37-39].

Fan et al. [40], investigated the «co pyrolysis with
non-thermal-plasma processing of cellulose and polyethylene. They re-
ported that converting cellulose-derived furfural was challenging, but
increasing the polyethylene ratio led to more olefin production and
facilitated furfural deoxygenation. The presence of hydrogen-containing
radicals derived from polyethylene pyrolysis proved beneficial for the
deoxygenation of biomass-derived oxygenates. Moreover, deoxygen-
ation was inclined to generate highly reactive oxygen radicals under the
influence of the non-thermal plasma. These oxygen radicals, in turn,
facilitated the cracking and decomposition of long-chain olefins or
olefinic radicals. In our previous work [27], biomass and polystyrene
were co-pyrolyzed and the produced volatiles were upgraded in a DBD
non-thermal plasma reactor at different input powers. Applying
non-thermal plasma to the process led to a significant reduction in the
presence of oxygenated compounds in the product oil, nearly reaching
zero at input plasma powers of 50W and 70W. Hassan et al. [41], studied
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Fig. 6. Oxygen yield (mmol/g injected feedstock) in (a) the product gas and (b) the product oil from the non-thermal plasma processing of furfural and oxygen yield
in (c) the product gas and (d) the product oil from the non-thermal plasm processing of the furfural and hexadecane mixture.

co-pyrolysis of biomass in the form of sugarcane bagasse and
high-density polyethylene. They reported that the synergistic interac-
tion resulted in a higher oil yield than the theoretical value. The positive
synergistic effects on the production of high-value organic compounds
such as alcohols, hydrocarbons, and aromatics, along with the inhibition
of oxygenated compounds, were most prominent at 600 °C and a 40:60
polyethylene: biomass: ratio. The biomass derived hydroxyl radicals
facilitated the secondary cracking of primary volatiles from the poly-
ethylene, promoting the formation of aliphatic compounds with lower
carbon numbers.

There are some studies exploring the decomposition of model com-
pounds in a non-thermal plasma reactor and the effect of increasing
power on the decomposition. Taghvaei et al. [31], studied hydro-
deoxygenation of guaiacol in a DBD plasma-catalytic reactor. They ob-
tained the maximum conversion (54 %) and deoxygenation (51 %) at 12
kV applied voltage and 3 1 h™! feed flow rate. They showed that
increasing the applied voltage typically improves guaiacol conversion
and deoxygenation. Saleem et al. [37], explored the decomposition of
benzene as a tar model compound in a gas mixture (COz, Hz, CO, and
CH4) using a DBD non-thermal plasma reactor. They demonstrated that
the decomposition of benzene was raised proportionally with the in-
crease in the Specific Input Energy (SIE). The decomposition of the
benzene increased from 49.9 % to 96 % with the rise in SIE from 2.05 to
16.4 kWh m 3. The SIE is typically regulated through flow rate and
input power. In their work, the flow rate remained constant while the
SIE significantly increased due to an increase in input power. They also
reported that selectivity towards individual C>-Cs hydrocarbons was
enhanced as the SIE was increased from 2 kWh m ™ to 16 kWh m >, The
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impact of electrons generates CHs, CHz, and CH radicals, which can
combine to form lower molecular weight hydrocarbons. Sasujit et al.
[38], designed a reverse vortex flow gliding arc plasma for the elimi-
nation of tar model compounds, employing naphthalene as a represen-
tative model compound. A peak removal efficiency of approximately 85
% was achieved with an input power of 0.13 kWh m 3, resulting in an
energy utilization efficiency of about 4.60 g kWh™!, alongside an
applied high voltage of 15 kV. It was observed that the efficiency of
naphthalene removal increased in tandem with the rise in applied
voltage and power. In a later paper, Saleem et al. [28], investigated the
decomposition of benzene with CHs using a DBD reactor. They found
that the decomposition of benzene is observed to rise alongside an in-
crease in input power. They also found that the yield of hydrogen and
lower hydrocarbons increased as power was increased due to the
abundance of reactive species. Hydrogen radicals were produced
through the abstraction of H from benzene and CHa4. These radicals
combine to form hydrogen. The total yield of hydrogen depended on the
decomposition of tar compounds and methane carrier gas. The decom-
position of methane also produced Co—Cs hydrocarbons. The impact of
energetic electrons generated various radicals such as CHs, CH», CH, and
H, which could combine to produce different lower hydrocarbons. The
yield of C2-Cs hydrocarbons were also enhanced with raising power.
Dahiru et al. [39], studied the effect of input power, carrier gases and
moisture content on the removal of benzene in dry air and humidified air
in a DBD non-thermal plasma reactor. As the plasma power was
increased from 2 to 10 W in both dry and humidified air, the benzene
removal efficiency escalated from 16.8 % to 56.8 % and from 24.5 % to
77.9 %, respectively. Khani et al. [33], studied the cracking of
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hexadecane in a DBD non-thermal plasma reactor. They found that
increasing the applied voltage and working gas flow rate improved both
the conversion and cracking percentages of the hexadecane. The highest
conversion percentage achieved was 9.26 % when the applied voltage
was 12 kV and the methane flow rate was 50 sccm with a cracking
percentage of 84.34 %. Saleem et al. [42], investigated the reactions of
toluene in a DBD non-thermal plasma reactor with H as the carrier gas.
They found that with the increase in plasma power, the efficiency of
toluene decomposition increased, as did the overall selectivity towards
lower hydrocarbons. Furthermore, the selectivity of C;—Cs hydrocarbons
increased with higher power levels, indicating the breakdown of the
aromatic ring at elevated plasma power.

Some studies investigated the effect of non-thermal plasma reactions
on gas composition yields. Saleem et al. [30], reported on the decom-
position of toluene using a DBD non-thermal plasma reactor with CO: as
the carrier gas. They observed the yield of CO was raised with Specific
Input Energy (increasing power from 5 W to 17 W), likely to be due to
electron impact dissociation reactions. With higher power, the electron
density increases, thereby contributing to an increased yield of CO. The
yield of Hz increased with rising Specific Input Energy, and was attrib-
uted to the greater abundance of reactive species at higher supplied
power. At lower power levels, reactive species abstracted the H from the
methyl group due to its minimum bond dissociation energy in the
toluene molecule. At higher powers, the presence of more reactive
species and energetic electrons led to an increase in hydrogen yield as a
result of aromatic ring cleavage. Khatibi et al. [27], performed
pyrolysis-non-thermal-plasma of polystyrene, biomass, and a mixture of
biomass and polystyrene in a DBD reactor. For polystyrene, the yields of
all gas products increased with the raising of input plasma power. For
biomass, the introduction of non-thermal plasma led to higher yields of
carbon monoxide, carbon dioxide, hydrogen, and methane. For the
mixture, raising plasma power resulted in higher yields of carbon
monoxide, carbon dioxide, hydrogen, methane, and Co—C4 hydrocarbons
in the gas phase. Wang et al. [43], investigated a two-stage pyrolysis
with DBD non-thermal plasma process for H> production from cellulose.
They observed an increase in all gas yields, including CO, COz, CHq,
Co—Cs, and Ha, with the rise in plasma input power from 0 W to 15 W.
Nguyen et al. [29], reported that introducing a non-thermal plasma
stage alongside the thermal stage outperformed the thermal case,
attributed to the presence of vibrationally excited species. Increasing the
input power enhanced the production of hydrogen and methane, which
became predominant components at higher input powers (40 W-60 W).
Under high plasma power conditions, hydrogen emerged as the pre-
dominant product, attributed to the endothermic cracking of long-chain
C-H fragments, a process promoted by the elevated temperatures
observed at high plasma power levels. Blanquet et al. [44], investigated
Hz production from waste biomass through a pyrolysis-non-thermal
plasma-catalytic reforming process. They reported that the yields of
hydrogen, methane, carbon monoxide, and carbon dioxide increased as
the input plasma power was raised from 40 W to 80 W. Xu et al. [45],
explored the reforming of pyrolysis volatiles derived from biomass using
a combined pyrolysis and plasma-catalysis technology for H> produc-
tion. Their experiments, conducted at various discharge powers in the
non-thermal plasma reactor without catalyst and steam, revealed a
significant increase in the yields of all gaseous products, particularly H-
and CO, compared to thermal-only conditions. This enhancement was
primarily attributed to the greater abundance of electrons generated
through intensified micro-discharges in the catalytic non-thermal
plasma process. The increased electron presence offers additional reac-
tion channels and reactive species, thereby facilitating more reaction
processes. Meng et al. [46], investigated the gas and tar composition
produced from fluidized bed gasification of coal processed through a
DBD plasma reactor. They observed that increasing the specific energy
density resulted in the formation of more alkanes and fewer aromatics in
the gas phase. Within the plasma discharge, aromatic hydrocarbons and
other cyclic substances undergo conversion into aliphatic hydrocarbons
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under the impact of high-energy electrons.

Overall, the process of non-thermal plasma processing of the
oxygenated hydrocarbon model compound, furfural, shows that the
non-thermal plasma reaction environment converts the furfural into a
product oil that has a low oxygenated compound content. Although the
oil yield from furfural is quite low at 2.18 wt% at 70 W (Table 1), the oil
has a low content of oxygenated compounds (Fig. 6(b)). The deoxy-
genation is represented by expulsion of the oxygen as CO and COs. The
role of hexadecane as a model hydrocarbon typically found in the
product oil from polyethylene and polypropylene plastic, is to aid
cracking reactions and provide a source of hydrogen for hydro-
deoxygenation reactions. Raising the input plasma power resulted in
higher yields of hydrogen from the non-thermal plasma processing of
hexadecane. In addition, higher input plasma power raised the amount
of cracking of the hexadecane volatiles. Non-thermal plasma processing
of the furfural: hexadecane mixture also produced a low oxygen content
product oil with a maximum yield of 11.32 wt% at 70 W input plasma
power (Table 1). The synergistic interaction of the furfural and hex-
adecane with increasing plasma power resulting in a reduction in the
higher molecular weight compounds and a consequent synergistic in-
crease in the production of lighter hydrocarbons in the product oil.

4. Conclusions

In this study, furfural, as an oxygenated bio-oil model compound,
was upgraded via deoxygenation in a non-thermal plasma process in the
presence of hexadecane as a hydrogen donor to produce higher quality
oil. Furfural and hexadecane were initially vaporised in a reactor and
then processed in the non-thermal plasma reactor for cracking and
autohydrogenation. The results indicate that non-thermal plasma aids in
production of hydrogen in-situ, acting as a source for hydrogen during
the process of hydrogenating furfural.

Increasing the input plasma power increased the feedstock conver-
sion, gas yield and oil production. The highest gas and oil yields were
achieved at 70 W input plasma power with a feedstock conversion of
20.46 wt %. Moreover, products yield and feed conversion synergies
were positive at 70 W input power, confirming the interactions between
furfural and hexadecane at high input plasma powers.

Increasing the input power during the non-thermal plasma process
led to a decrease in the production of dual-oxygenated oil compounds
produced from furfural and an increase in the proportion of light hy-
drocarbons produced from hexadecane. Non-thermal plasma processing
of the mixture of furfural and hexadecane at higher input powers also
reflected this trend by eliminating the production of dual-oxygenated
compounds and heavy hydrocarbons in the product oil. The synergis-
tic interaction between the furfural and hexadecane was positive, with
higher percentage synergies occurring at higher input plasma powers. In
contrast, the synergistic effect for most heavy hydrocarbons was nega-
tive, suppressing the formation of these compounds in the product oil,
and this suppression increased with increasing power. This phenomenon
could be attributed to the high-energy electrons in the non-thermal
plasma environment colliding with the volatile components of the
feedstock, thereby assisting in deoxygenation and the production of light
hydrocarbons. The synergy results demonstrate the interaction between
furfural and hexadecane, which intensified at higher input powers,
resulting in a higher-quality oil with the introduction of both the non-
thermal plasma reaction environment and a hydrogen donor feedstock.
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