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The reduction of fossil fuel resources and the ongoing surge in global energy demand have captured the interest
of researchers worldwide, prompting a focus on developing renewable energy sources. For this reason, biomass
conversion has emerged as a crucial pathway for renewable fuel production. Lignin, constituting 10-35% of
woody biomass, represents a significant and largely untapped sustainable feedstock. Despite the potential of
lignin, a substantial portion of this lignocellulosic residue remains unused, with approximately 60% considered
waste. This study addresses the challenge of underutilized lignin by introducing an innovative approach to its
hydrogenolysis. Despite their potential, existing hydrogenolysis methods face obstacles such as complexity, high
cost, and the need for high temperatures or pressures. Herein we report a noncatalytic nonthermal hydrogen
plasma method for lignin hydrogenolysis, conducted under ambient temperature and pressure conditions. Our
method proves to be highly effective in breaking lignin bonds, achieving complete conversion, and generating
valuable gaseous and bio-oil products including methane and aromatic dimers and monomers obtained from
guaiacyl and syringyl units within the lignin structure. Our results showed an increase in gaseous products,
especially methane, and aromatic monomer yields, as well as a reduction in total bio-oil and biochar yields and
lignin functional groups by increasing reaction time, input power, and Hj partial pressure. This research confirms
the considerable promise of utilizing noncatalytic nonthermal hydrogen plasma-assisted hydrogenolysis as an
effective technique for producing gaseous and liquid fuels from lignin.

1. Introduction

With the ever-increasing demand for energy and the alarming
depletion of petroleum resources, there is an urgent need to shift toward
sustainable energy sources [1-3]. Lignocellulosic biomass, due to its
abundant presence and renewable nature, emerges as a promising so-
lution. Composed primarily of cellulose, hemicelluloses, and lignin,
lignocellulose has advantages such as local availability and carbon
neutrality [4,5]. Cellulose and hemicellulose are polysaccharides that
can be saccharified, fermented, or chemically processed to produce
products, while lignin is collected as residual waste [6-8]. In many in-
stances, this lignin waste or residue is typically utilized as a source of
heat or power, but approximately 60 % of the lignin still goes unused
and remains as waste [9]. Therefore, lignin, accounting for 10-35 % of
woody biomass, holds immense potential as the only large-volume
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sustainable feedstock for aromatic chemicals in nature [4]. C-O and
C-C bonds, such as 4-0-5, a-O-4, $-0-4, #-1, p-B, and 5-5 bonds, serve as
bridges between these aromatic units. Among these bonds, the number
of C-O (47-72 %) bonds exceeds that of C-C bonds (28-35 %), while
their bond dissociation energies (BDEs) are lower than C-C bonds
[10-12]. Due to the presence of a large number of aromatic units in the
structure of lignin, the depolymerization of lignin into value-added
chemicals and fuels is worth investigating. However, the complex
structure of the lignin makes its valorization challenging [13-15].
Compared to other possible approaches for the depolymerization of
lignin such as pyrolysis, oxidative depolymerization, enzymatic depo-
lymerization, and acid-induced techniques [16-19], the hydrogenolysis
of lignin is considered a highly promising technique for efficiently
depolymerizing lignin and generating phenolic monomers with excep-
tional yields [20,21]. This approach employs mild reaction conditions,
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minimizing undesired condensation reactions and coke formation [22].
The catalytic hydrogenolysis of lignin has proven to be a highly effective
method for obtaining aromatic chemicals with high selectivity and
relatively good yield [23]. Different noble metals such as palladium (Pd)
[24,25], rhodium (Rh) [26], ruthenium (Ru) [27], and platinum (Pt)
[5,28] have been investigated by researchers for the hydrogenolysis of
lignin. However, even though noble metal catalysts have demonstrated
favorable performance in converting lignin, their high price and unde-
sirable effects, such as excessive hydrogenation of the aromatic ring,
hinder their widespread application and large-scale preparation
[23,29]. On the other hand, it has been shown that cheaper catalysts
such as transition metals are not as effective as noble metal catalysts in
producing lignin-derived oils and monomeric phenols [30]. Lan et al.
showed that during the catalytic hydrogenolysis of lignin, the deacti-
vation of Ni/C and Ru/C catalysts can happen very fast due to the for-
mation of carbonaceous products [31].

Researchers have extensively investigated solvent-based systems for
the catalytic hydrogenolysis of lignin, focusing on aqueous solutions,
alcohol solvents, and composite solvent systems [32]. Water, being
cheap, non-toxic, and stable, appears as an attractive choice for this
purpose [32,33]. However, it has some disadvantages including poor
lignin solubility and limited hydrogen supply capacity. Consequently,
most aqueous solvent systems need the addition of other additives or
demand more complex catalyst designs to be effective [32]. On the other
hand, alcohol solvents, such as methanol, ethanol, isopropanol, and
ethylene glycol, have shown promise due to their ability to enhance the
solubility of depolymerizing intermediates, reduce char formation, and
provide an in-situ hydrogen source [32,34]. Yet, the effectiveness of
these solvents is strongly dependent on the choice of catalyst, and the
use of pure alcohol solvents as hydrogen donors can impact the cost-
effectiveness of the process [32]. To address the limitations of single-
solvent systems, researchers have been recently exploring composite
solvent systems due to their potential to facilitate lignin hydrogenolysis
and improve the selectivity of desired products. However, several
crucial factors must be considered when employing these systems,
including their ability to improve the catalytic activity of the reaction
system, the stabilization of hydrocracking products of lignin, and the
greenness and economic feasibility of these solvent systems [32].
Generally, the key drawback of using various hydrogen donor solvents
in lignin hydrogenolysis is the partial integration of solvent or solvent
fragments into final products. Moreover, in an industrial context, an
efficient solvent-recycling strategy is crucial [35]. Therefore, some re-
searchers have employed hydrogen gas as the hydrogen source, but this
approach adds complexity and expense due to high hydrogen pressure
and temperature requirements [36].

The unique chemistry and high reactivity of nonthermal plasma
(non-equilibrium plasma) offer great potential to overcome kinetic and
thermodynamic barriers in biomass conversions. Recently, nonthermal
plasma has been explored as a promising strategy for rapid biomass
conversion under mild conditions [37]. Compared to thermal plasmas,
nonthermal plasma stands out due to its lower required energy to form
and equipment costs [38]. There are several types of nonthermal
plasmas, including Glow Discharge (GD), Microwave Discharge (MD),
Corona Discharge (CD), and Dielectric Barrier Discharge (DBD). GD al-
lows for uniform surface modifications and effective oxidation of ma-
terials. MD offers benefits due to its high energy efficiency, enabling the
rapid production of materials with diverse properties. DBD has been
noted for its versatility, as it can operate at both atmospheric and sub-
atmospheric pressures [39]. DBDs represent a specialized configura-
tion of electrode-based plasma reactors, primarily designed for low-
temperature processing at atmospheric pressure. DBDs consist of two
electrodes—one high-voltage and one grounded—separated by at least
one dielectric material [40]. While DBD, GD, and MD plasmas have
demonstrated higher lignin conversion rates than CD, challenges such as
low energy efficiency and coke formation persist. However, DBD-based
reactions offer a significant advantage over conventional methods due to
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their faster reaction times and the absence of high hydrogen pressures or
extreme temperatures typically required for hydrogenolysis. Moreover,
unlike low-pressure nonthermal plasmas, DBD reactors, operating at
atmospheric pressure, further simplify the process and make continuous
processing possible [38]. Compared to conventional thermal or solvent-
based methods, nonthermal plasma offers several advantages, including
lower operational temperatures, ambient pressure conditions, rapid
processing times, and the straightforward implementation of reactions.
Nonthermal plasma-assisted upcycling reactions have been shown to
provide the energy needed for biomass decomposition through high-
energy species like ions, electrons, and free radicals, rather than
relying on thermal energy. This approach overcomes the limitations of
slow heating and reaction rates [41]. Furthermore, in the case of poly-
mer hydrogenolysis, nonthermal H; plasma significantly favors reaction
thermodynamics, accelerating reaction kinetics and efficiently breaking
down polymer bonds within minutes, much faster than conventional
hydrogenolysis methods [42].

In this study, we present a novel strategy that utilizes nonthermal Hj
plasma in a DBD tubular reactor to enable the efficient hydrogenolysis of
lignin under ambient temperature and pressure conditions, and inves-
tigate the effects of three main parameters including reaction time, input
power, and Hy partial pressure on the lignin conversion and yield of
different products. The nonthermal Hy plasma creates a distinct envi-
ronment capable of producing highly reactive hydrogen species, mainly
in the form of ions and radicals. These species play a crucial role in
breaking the C-O and C-C bonds within the lignin structure (Figure S1),
thereby facilitating reactions that would normally be challenging under
mild reaction conditions. Unlike solvent and thermal-based methods,
the non-thermal plasma method does not require high temperatures or
Hy pressure for the efficient hydrogenolysis reaction. Moreover, this
method significantly reduces the probability of contamination or the
addition of impurities to the final products of the reaction. Another
important point regarding using non-thermal Hy plasma for the hydro-
genolysis of lignin is that it takes a dramatically shorter time to cleave
bonds within the lignin structure compared to other methods, making it
a fast approach for lignin hydrogenolysis. Moreover, one of the very
important features of this method is the absence of catalysts, which can
make this approach more cost-effective and less complicated compared
to other methods which have been reported by other researchers up to
this point. Finally, to the best of our knowledge, a thorough investiga-
tion of the gaseous products resulting from the hydrogenolysis of lignin
has not been undertaken; therefore, the present study thoroughly in-
vestigates these gas products.

2. Experiments
2.1. Materials

Alkali lignin (Sigma-Aldrich, USA) powder was used for the non-
thermal plasma-assisted hydrogenolysis reaction. Quartz wool
(Thermo Fisher Scientific, UK) was used to fix the lignin pellets inside
the DBD reactor. Hy (99.999 %) and Ar (99.999 %) gases were purchased
from Airgas. After the hydrogenolysis reaction, the bio-oil product was
collected using acetone (>99.5 %, Sigma-Aldrich, USA). Next, deuter-
ated dimethylsulfoxide (DMSO-ds) (99.9 %, Cambridge Isotope Labo-
ratories, Inc., USA) was used as the solvent to prepare the samples for the
nuclear magnetic resonance (NMR) spectroscopy, and 2,5-dihydroxy-
benzoic acid (Bruker, Germany) and acetonitrile (99.9 %, Sigma-
Aldrich, USA) were used as the matrix and solvent, respectively, to
prepare the samples for the matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) mass spectrometry. In order to analyze the
biochar using the Fourier transform infrared (FTIR), it was mixed with
potassium bromide (KBr) (Thermo Fisher Scientific, India).
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2.2. Plasma-assisted hydrogenolysis of lignin

Plasma-assisted hydrogenolysis experiments were carried out using a
quartz tube reactor (ID: 13 mm) equipped with a dielectric barrier
discharge (DBD) plasma generator to assist in the hydrogenolysis of
lignin through nonthermal plasma. Cold hydrogen plasma was gener-
ated in the plasma generation zone (Fig. 1) within the reactor. The
volume of the plasma zone was approximately 4 cm>. For each experi-
ment, 900 mg lignin pellets with a size of 125-250 pm were placed in-
side the DBD reactor. A hydrogen flow rate of 70 ml/min, hydrogen
partial pressure of 101 kPa, 70 W plasma input power, and reaction time
of 30 min were the standard reaction conditions, unless stated other-
wise. To investigate the effects of reaction time, input power, and Hy
partial pressure on the reaction properties, the reaction time (5, 10, 15,
20, and 30 min), input power (30, 50, and 70 W), and H; partial pressure
(50, 70, 100 kPa) parameters were systematically varied. All reactions
under different reaction conditions were repeated three times for reli-
ability check and statistical result analysis.

The weight reduction method was primarily employed to measure
the mass of the gas, bio-oil, and biochar products. For the gas product,
the weight loss of the packed reactor before and after the reaction was
measured. The bio-oil product was extracted from the liquid-solid
mixture in the reactor using acetone as the extractant. The remaining
solid residues were a mixture of biochar and quartz wool. Therefore, the
weight of the biochar was determined by calculating the difference be-
tween the weight of the quartz wool and the solid residues. Likewise, the
weight of the liquid product was calculated by subtracting the weight of
the solvent from the total weight of the solution. In case the conversion
was not 100 %, the unreacted lignin was separated from the biochar by
adding DMSO to the solid residue. The unreacted lignin dissolved in the
DMSO, while the biochar, being insoluble in DMSO, precipitated and
was filtered for separation. Subsequently, the DMSO was evaporated to
collect and weigh the unreacted lignin.

The conversion (X, %) and product distribution (Y, wt%) were
calculated by the following equations:

x =" R 100% eH)

my,

_ Mgas/ Mbio—oil/Miochar
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where my, mpy, Mgas, Mbjo-oil, aNd Mpiochar, represent the mass of lignin,
residual lignin, gas, bio-oil, and biochar products, respectively.
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2.3. Product analysis and characterization

As shown in Fig. 1, the end of the DBD tubular reactor, wherein the
lignin hydrogenolysis reaction takes place, was connected to an online
Universal Gas Analyzer 300 to analyze and quantify the gas products as
they are produced. The gas products were also analyzed by in-situ
Fourier transform infrared (FTIR) spectroscopy with Nicolet 6700 IR
spectrometer to confirm data obtained from the gas analyzer and show
the evolution of different gas products during Hp plasma-assisted
hydrogenolysis of lignin.

Lignin and bio-oil products after Hp plasma-assisted hydrogenolysis
reaction were analyzed by proton nuclear magnetic resonance (\H NMR)
using Bruker Avance III-HD 400 MHz. For this purpose, bio-oil products
were dissolved in DMSO-dg with a 10 mg/ml concentration. Next, bio-
oil products were characterized with matrix-assisted laser desorption/
ionization time-of-flight mass spectroscopy (MALDI-TOF) using a Bruker
Ultraflex I MALDI-TOF/TOF instrument. Both bio-oil products and 2,5-
dihydroxybenzoic acid, which was used as the matrix, were dissolved in
acetonitrile with concentrations of 0.5 mg/ml and 3 mg/ml, respec-
tively. 0.5 pl of bio-oil solution and 0.5 pl of matrix solution were
dropped onto the sample plate spot and dried in air at room tempera-
ture. Positive ion MALDI-TOF MS spectra of bio-oil samples were
recorded with reflectron detection mode. Accelerating voltage, laser
intensity, and overall laser shots were 20 kV, 50 %, and 5000, respec-
tively. The detection range was between 50-1600 Da.

Lignin and biochar products were characterized by ex-situ FTIR
spectroscopy with Nicolet 6700 IR spectrometer in diffuse reflectance IR
Fourier-transform spectroscopy (DRIFTS) mode under ambient condi-
tions. The spectra were recorded by collecting 32 scans with a resolution
of 2 em™!. No specific correction was applied. CHNS/O elemental
analyzer (Perkin Elmer PE2400-Series II) and x-ray absorption spec-
troscopy (XAS) (Beamline 7.3.1 at the ALS) analysis were also employed
to compare the structure of unreacted lignin to the biochar left at the end
of the hydrogenolysis reaction.

3. Results and discussion

3.1. Effect of reaction parameters on lignin conversion and product
distribution

The non-thermal plasma-assisted hydrogenolysis of lignin yielded
gas, bio-oil, and biochar products. Fig. 2 illustrates the influences of
reaction time, input power, and Hj partial pressure on lignin conversion

Gas analyzer

Fig. 1. Schematic of the DBD reaction system for nonthermal H, plasma-assisted lignin hydrogenolysis.
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Fig. 2. The effect of (a) reaction time (input power = 70 W and H,, partial pressure = 100 kPa), (b) input power (reaction time = 30 min and H, partial pressure =
100 kPa), and (c) H, partial pressure (reaction time = 30 min and input power = 70 W) on the conversion and yield of gaseous, bio-oil, and biochar products in

nonthermal H, plasma-assisted lignin hydrogenolysis.

and the yield of different products. According to Fig. 2(a), it is evident
that all reaction times achieved 100 % lignin conversion, except for the
5-minute reaction for which the conversion was around 98 %, indicating
the rapid reaction kinetics which is significantly faster than conven-
tional methods. An increase in the reaction time leads to a decrease in
the yield of bio-oil and biochar products while simultaneously an in-
crease in the yield of gas products. This can be inferred that an extension
of the reaction time leads to the occurrence of side reactions within the
initially formed bio-oil and a small portion of biochar products during
hydrogenolysis and promotes their transformation into gaseous com-
pounds by cleaving various bonds within the structures, as elaborated in
the subsequent sections. As it can be seen in Fig. 2(a), after 30 min of
reaction, the yield of biochar drops below 10 wt%. However, in some
research investigating the catalytic hydrogenolysis of lignin the yield of
biochar is significantly higher. For example, Toledano et al. studied the
microwave-assisted catalytic depolymerization of lignin via mild
hydrogen-free hydrogenolysis using different supported metal nano-
particles on mesoporous Al-SBA-15 including nickel (2, 5 and 10 wt%),
palladium (2 wt%), platinum (2 wt%) and ruthenium (2 wt%) where the
biochar yield at the end of the hydrogenolysis reaction was more than
35 % [43].

Fig. 2(b) depicts the impact of input power on lignin conversion and
product yields in nonthermal plasma-assisted hydrogenolysis. With a
fixed 30 min reaction time and 100 kPa Hj partial pressure, the con-
version achieved approximately 75 % at a lower input power of 30 W
and reached 100 % when the power was increase to 50 W and above.
This highlights the pivotal role of input power in the lignin

hydrogenolysis rate and consequently the conversion. However, it
should be noted that a higher input power increases electrical energy
consumption that would lead to a higher operational cost. Thus, there
exists a trade-off between the lignin conversion and the electrical energy
consumption. However, similar studies using DBD reactors have re-
ported significantly lower conversion rates, even at higher input powers.
For instance, L. Liu et al. investigated the effect of input power in a
nonthermal DBD reactor on model biomass conversion, achieving a
maximum conversion of 90 % at 90 W and 300 °C. In contrast, our re-
sults demonstrate that with nonthermal plasma-assisted hydrogenolysis,
it is possible to achieve 100 % conversion at lower input powers without
the need for external heating [44].

In terms of product yields, the rise in input power showed a com-
parable effect to that of reaction time. Increasing input power resulted in
a gradual increase in the gas product yield, which maximized at around
67 % at 70 W. Conversely, the bio-oil and biochar yields decreased with
the input power, reaching approximately 22.7 % and 9.9 % respectively
at 70 W. These results suggest a higher input power, which generates
more intense hydrogen plasma, favors the conversion of the bio-oil and a
small portion of biochar products into the gas molecules [45].

Fig. 2(c) examines the influence of Hy partial pressure on lignin
hydrogenolysis, with reaction time and input power fixed at 30 min and
70 W. 100 % lignin conversion was obtained with all tested Hy partial
pressures (50, 70, and 100 kPa), emphasizing the fast reaction mecha-
nism. Meanwhile, more gas products and less bio-oil and biochar
products were resulted with an increase in the Hj partial pressure, which
can be attributed to a higher concentration of hydrogen plasma that
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further promotes the hydrogenolysis process.

Lissajous diagrams were utilized to demonstrate the influence of Hy
partial pressure on the formation of nonthermal plasma within the DBD
reactor. As shown in Figure S2, the results clearly indicate that the
addition of hydrogen leads to an increase in the area enclosed by the
Lissajous diagram through increase in both plasma voltage and charge.
The larger area indicates higher plasma power, which can be correlated
with a higher concentration of active species in the plasma. The higher
voltage range for the case of hydrogen is due to the higher breakdown
voltage requirement of hydrogen molecules compared to argon. A cross
comparison of the three different Lissajous diagrams shows that for the
same voltage (vertical red line), the charge is much larger as hydrogen is
introduced into the system (horizontal lines). Even though the ioniza-
tion potential is lower for argon, atmospheric argon generally produces
only Ar™ through direct electron impact which then with heavy particle
collision in atmospheric pressure forms Arg (dimer ions). Whereas
hydrogen generates H" and H3 through electron impact, these then
collide with H, to form H3 [46-48]. Therefore, the ionization kinetics of
monoatomic argon and diatomic hydrogen differ significantly, and the
effect of Hy partial pressure on the nonthermal plasma is clearly visible
in the Lissajous diagrams.

Nonthermal Hy plasma can achieve 100 % lignin conversion under
most reaction conditions, whereas catalytic and thermal upcycling
methods reported in the literature typically show lower conversion
rates. For instance, Song et al. reported a 50 % conversion of lignin
through hydrogenolysis using Ni-based catalysts and common alcohol
solvents [49]. Although metallic catalysts can selectively convert lignin
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into specific chemicals, challenges such as the high cost of noble metals,
catalyst deactivation, and limited conversion rates (typically around
50-60 %) restrict their widespread application in lignin depolymeriza-
tion [50]. Hdidou et al. achieved approximately 60 % lignin conversion
by depolymerizing polymer lignin models in water at 200 °C under 100
MPa with 10 % O using cobalt-iron mixed oxides as catalysts [51]. Wu
et al. reached a maximum lignin conversion of 87 % by pyrolyzing lignin
at 600 °C for 4 h in a nitrogen atmosphere using an embedded Ni-Mo,/C
catalyst [52]. Therefore, compared to other methods investigated by
researchers, nonthermal H; plasma can achieve 100 % lignin conversion
at significantly lower temperatures and pressures and shorter reaction
times without the need for any catalysts.

3.2. Effect of reaction parameters on the gas products

The gas products were analyzed in real-time during the hydro-
genolysis reaction using a gas analyzer (FigureS3-S5) and were char-
acterized using FTIR (Figure S6). Four primary products, namely CHy,
COy, CO, and H30, were identified (Fig. 3). The generation of CHy likely
stems from the cleavage of methoxy functional group in lignin and
mainly bio-oil product, formed rapidly during the hydrogenolysis re-
action [53,54]. In this process, hydrogen species can target the oxygen
atom within the methoxy group, thereby disrupting the methoxy bond
and generating methyl intermediate that would continue to be hydro-
genated to CH4 as the final product. Nonetheless, additional contributors
to CH4 formation may be present. It has been reported that biochar,
predominantly comprised of carbon, can react with hydrogen, leading to
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Fig. 3. The effect of (a) reaction time (input power = 70 W and hydrogen partial pressure = 100 kPa), (b) input power (reaction time = 30 min and hydrogen partial
pressure = 100 kPa), and (c) H, partial pressure (reaction time = 30 min and input power = 70 W) on the yield of different gas products of noncatalytic nonthermal

plasma-assisted hydrogenolysis of lignin.
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the production of CHy4 (Eq. (3) [53].
C(s) + H2(g)=CH4(g) 3

CO can be produced from various distinct functional groups through
several mechanistic pathways. Notably, it can be generated through the
cleavage of etheric bonds, such as a-O-4 and $-O-4, characterized by
weak intermolecular bonding and the decarbonylation process occur-
ring on the Cj side-chain [53,54]. Additionally, its formation may also
stem from the cleavage of aromatic-oxygen bonds, such as methoxy and
phenolic groups, and the secondary cracking of volatiles [53]. In the
case of CO3 production, the main sources are notably traced back to the
presence of carboxyl (-COO) and ester (~CO-O-R) functional groups
within the bio-oil structure produced during the lignin hydrogenolysis
reaction [53,54]. However, decarboxylation reactions play the most
important role in the formation of CO; during the hydrogenolysis of the
lignin [53-55]. The primary origin of water vapor during the lignin
hydrogenolysis is attributed to the intrinsic water impurity content
present within the lignin powder according to the information provided
by the supplier (Sigma Aldrich). The absorbed water can be gradually
released as water vapor during the hydrogenolysis reaction.

As can be seen in Fig. 3, changing reaction time, input power, and Hy
partial pressure affected the product distribution. Generally, the in-
crease in all these parameters resulted in a higher yield of CH4. This
shows a pronounced sensitivity of CH4 production to all these reaction
parameters. On the other hand, the yields of CO5 and CO first increased
by increasing the reaction time up to 15 min and 20 min, respectively,
and input power up to 50 W and then decreased by further increasing
these parameters. Initially, as the reaction time and input power in-
crease, more opportunities are created for the hydrogenolysis process to
occur. This could lead to enhanced cleavage of different functional
groups in lignin and produced bio-oil, releasing a higher quantity of
products, including CHy4, CO, and CO,. However, as the reaction pro-
gresses and reaction pathways become saturated, the efficiency of
further hydrogenolysis may decrease, contributing to a decline in the
yields of CO and COs.

Two factors are causing the yield of CHy4 to increase constantly by
increasing the reaction time and input power while causing the yields of
carbon CO5 and CO to first increase and then decrease. The first factor is
the different content of various functional groups within the lignin
structure. Specifically, the content of the methoxy functional group
significantly surpasses the quantities of carboxyl and carbonyl func-
tional groups (up to 10 times) [55]. Consequently, during the progres-
sion of the Hy plasma-assisted hydrogenolysis of lignin, carboxyl and
carbonyl groups are progressively converted into end products, reaching
a point of complete transformation. In contrast, a residue of methoxy
groups remains within the molecular structure even at higher reaction
times or input powers. Consequently, in spite of the production of COy
and CO being constrained by the saturation of carboxyl and carbonyl
groups, this residual presence of methoxy groups opens up a long-lasting
pathway for methane generation. The second factor relates to the
presence of biochar. As mentioned earlier, one of the pathways of the
generation of CHy4 during the hydrogenolysis of the lignin process can be
traced back to the interaction between solid carbon, which forms as a
result of the reaction, and hydrogen. The presence of the biochar
product, which is mainly composed of carbon, continues throughout the
experiment, as was observed in this study. Consequently, the consistent
existence of solid carbon and hydrogen results in the continuous carbon-
hydrogen interaction. As a result, the ongoing production of CHy re-
mains in place.

When considering the influence of Hj partial pressure (Fig. 3c), the
yield of all gas products demonstrated an increase as the Hy partial
pressure was increased from 50 kPa to 100 kPa. When the Hy partial
pressure is low, the production of hydrogen active species in the plasma
region is limited. As a result, the likelihood of breaking bonds within the
lignin structure, a crucial result of the hydrogenolysis process, is also
limited. This is because there are fewer high-energy species available,
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which play a key role in initiating bond-breaking reactions.
3.3. Effect of reaction parameters on the bio-oil products

As shown in Fig. 2, bio-oil is one of the major products of nonthermal
H,, plasma-assisted hydrogenolysis of lignin. 'H NMR and MALDI-TOF
analysis were utilized to examine the bio-oil products and investigate
the impacts of various parameters on them. The NMR results (Figure S9-
S11) clearly demonstrate that increasing all reaction parameters resul-
ted in a noticeable decrease in the peak intensity corresponding to the
methoxy group around 3.8 ppm [56-58]. This was accompanied by a
simultaneous increase in the intensities of peaks related to aliphatic
(1-2 ppm) and aromatic (6.5-8 ppm) compound products [56-58].
These findings further validate the cleavage of methoxy bonds during
the hydrogenolysis reaction, subsequently leading to their conversion
into CH4. Furthermore, the NMR results showed notable differences in
the structure of the bio-oil as compared to lignin. The composition of the
bio-oil was identified to contain a diverse range of aromatic compounds.

As a result, to gain a more detailed understanding of the bio-oil
product and determine its composition, MALDI-TOF analysis was uti-
lized. Fig. 4(and Figure S7 and S8) presents the influence of reaction
time, input power, and H; partial pressure, respectively, on the
composition of bio-oil products. According to these spectra, the impor-
tant observation is that no peak was detected with an m/z value
exceeding 400. Hence, it can be inferred that the process of nonthermal
plasma-assisted hydrogenolysis effectively achieved the cleavage of
bonds within both the lignin and the bio-oil products since the MALDI
spectra of lignin usually have characteristic peaks up to m/z = 4000
[49,59]. Table 1 shows the general dimer structures obtained after lignin
hydrogenolysis [60]. Even though the m/z values for all peaks were the
same under different conditions, the increase of all three parameters
increased the intensities of peaks, especially the ones attributed to
monomers and products with lower m/z values (m/z < 200). This
observation indicates that the elevation of these parameters increased
the bond cleavage within the bio-oil products. Consequently, this led to
the higher yield of products with smaller molecules with lower molec-
ular weights. Utilizing the information obtained from the MALDI-TOF
spectra and the specific m/z values associated with different peaks, it
was possible to identify and provide a detailed analysis of the funda-
mental monomers and dimers that form the composition of the bio-oil
(Fig. 5 and Fig. 6). The main monomeric products were guaiacol (m/z
= 124), 4-methylguaiacol (m/z = 138), 4-ethylguaiacol (m/z = 152),
Syringol m/z = 154), 4-propylguaiacol (m/z = 166), 4-methylsyringol
(m/z = 168), 4-ethylsyringol (m/z = 182), and 4-propylsyringol (m/z
= 196). Guaiacol, 4-methylguaiacol, 4-ethylguaiacol, and 4-propyl-
guaiacol are guaiacyl (G) derivatives, and syringol, 4-methylsyringol,
4-ethylsyringol and 4-propylsyringol are syringyl (S) derivatives
[43,61,62]. Fig. 4 clearly shows that the intensity of peaks related to
these monomers increased by increasing the reaction time, input power,
and Hy partial pressure. Therefore, the MALDI-TOF results revealed that
the main components in the bio-oil were found to be monomers and
dimers which shows that the noncatalytic nonthermal H, plasma-
assisted hydrogenolysis method was successfully capable of cleaving
the bonds in lignin and bio-oil.

3.4. Effect of reaction parameters on the biochar products

FTIR was used to study the functional groups within the structures of
lignin and biochar (Fig. 7, Fig. S12 and S13). The wide absorption band
at 3440 cm ™! was linked to the stretching vibration of ~OH, while the
band at 2920 cm ! was associated with the symmetrical vibration of
C-H in the methyl group. The peak at 1703 cm ™! was related to the
stretching vibrations of carbonyl in carboxylic acid. The vibrations of
aromatic rings were indicated by peaks at 1595 and 1513 cm ™. The
peak at 1461 cm ™! was linked to the bending of methoxyl C-H and the
stretching of C-C in the aromatic structure. The range between 600 and
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Table 1
Structures of plausible dimeric components obtained from the lignin hydro-
genolysis process.

Dimer name and Dimer general structure Molecular
bond type weight

288 = [R; =
Ry =Rz =
R4 =H]

318 =[Ry =
R3=R4=H,
R; = OMe;
Ri=Ry=
Ry3=H,R4=
OMe]

348 = [Ry =
Ry3=H,R; =
R4 = OMe]
304 =[R; =
Ry=R4=H,
Rs = OH]
334 =[R; =
Ry=H,R3=
OH, Ry =
OMe;

Ry, =R4=H,
R; = OH, Ry
= OMe]

364 = [Ry =
H, R; = OH,
Ri=R4=
OMe]

316 = [R; =
Ry=H,Ry =
OH]

330 =[R; =
H, R, = OH,
R3 = CH3]
344 = [R; =
H, R, = OH,
R3 =

OMe CH,CHs]
360 = [R; =
H, R, = OH,
R; =
CH,CH,0H]
346 = [R; =
OMe, R3 =
H, R, = OH]
360 = [R; =
OMe, Ry =
OH, R; =
CH3]

374 =[R; =
OMe, R, =
OH, R3 =
CH,CH3]
390 = [R; =
OMe, R, =
OH, R3 =
CH,CH,0H]

Diphenylethane
-1

Phenylcoumaran

(p-5)

Pinoresinol
(B-) 358 = [R; =
388 = [R; =
H, Ry =
OMe; Ry =
H, Ry =
OMe]

418 = [R; =
Ry = OMe]
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Fig. 5. Main dimers in bio-oil products (red:O, gray:C, and white:H). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 6. Main monomers in bio-oil products (red:O, gray:C, and white:H). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

1400 cm ™! was the fingerprint region [63,64]. As shown in Fig. 7a—c, all
these characteristic peaks started becoming weaker by increasing the
plasma-assisted hydrogenolysis reaction time, input power, and Hy
partial pressure. Therefore, the structure of biochar completely differed
from lignin before the hydrogenolysis reaction, especially in the instance
of biochar produced using the maximum reaction time (30 min), input
power (70 W), and Hj, partial pressure (100 kPa). In this situation, all the
characteristic peaks related to the lignin became notably weak, and most
of them disappeared completely.

The decrease in the peak intensity related to the -OH group (3440
em™) following hydrogenolysis indicated that the quantity of —~OH
groups in the biochar declined after the hydrogenolysis reaction. The

peak associated with the vibration of C-H bonds in methyl groups (2920
em™!) exhibited reduced intensity in the biochar resulting from the
hydrogenolysis of lignin, which shows a decrease in the presence of
methyl groups, as a result of the cleavage of C3 structure and breaking of
the p-O-4 bond, suggesting the generation of monophenolic compounds
and the breakage of long carbon chains [65,66]. The characteristic peaks
related to the vibrations of the aromatic skeletal (1595 and 1513 cm ™)
were detected at nearly equal intensities as those in lignin, even after a
5-minute hydrogenolysis reaction, an input power of 30 W, and an Hy
partial pressure of 50 kPa. This result showed the continued presence of
aromatic rings within the biochar’s structure. However, as the reaction
time, input power, and Hy partial pressure were increased, the intensity
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Fig. 7. FTIR spectra of biochar products as a function of reaction time, with input power and Hj partial pressure fixed at 70 W and 100 kPa, respectively.

of these peaks gradually decreased and finally disappeared. Moreover,
the intensity of the peak related to the bending of methoxyl C-H (1461
cm 1) also decreased by increasing all reaction parameters and vanished
at the reaction time of 10 min, the input power of 50 W, and H; partial
pressure of 70 kPa. Finally, the peaks in the fingerprint region, which are
mainly related to the guaiacol and syringol within the lignin structure,
also completely disappeared which confirms the complete degradation
of the lignin structure after Hy plasma-assisted hydrogenolysis of lignin.
Muvhiiwa et al. also observed that nearly all FTIR peaks corresponding
to the various functional groups in wood pellets vanished following
gasification and pyrolysis in a nitrogen plasma reactor [67].

XAS analysis of C K-edge (Figure S14) also clearly shows the differ-
ence between the unreacted lignin and the produced biochar during the
hydrogenolysis reaction. In the lignin spectrum, three prominent 1 s —
n* transition peaks are observed at 285.5 eV, 287.2 eV, and 288.8 eV,
corresponding to C and H-substituted aromatic carbon, O-substituted
aromatic carbon, and carboxylic groups, respectively. After 30 min of
hydrogenolysis reaction, the peak related to the carboxylic group
completely disappeared, and the intensity of peaks related to the C and
H-substituted aromatic carbon, O-substituted aromatic carbon have
significantly decreased.

The unreacted lignin and the biochar obtained after 30 min of
hydrogenolysis reaction were also analyzed using a CHNS analyzer
(Table. S1). Post-hydrogenolysis, the carbon content increased by
approximately 20 wt%, while the hydrogen content decreased by nearly
4 wt%. Consequently, the molar ratio of carbon to hydrogen shifted from
5:6 to 3:1. Moreover, the weight percent of other elements present in the
structure of lignin, mainly composed of oxygen, became almost half
after the hydrogenolysis reaction. All these results clearly demonstrate
the effectiveness of the non-thermal plasma-assisted hydrogenolysis
method in breaking bonds within the lignin structure. Studies have
shown that up to 93 % and 78 % of the biochar produced from plasma-
assisted pyrolysis of woody biomass and Canna indica biomass,
respectively, can consist of carbon [67,68]. However, it is important to
note that the temperature used in our research is significantly lower than
that employed in these studies.

3.5. Reaction pathway

Based on the analysis of hydrogenolysis products derived from lignin
as presented in previous sections, a reaction pathway has been proposed
to understand the mechanism behind the noncatalytic nonthermal H,
plasma-assisted hydrogenolysis of lignin. According to Fig. 8, the
cleavage of etheric bonds, including a-O-4, $-O-4, and 4-O-5 linkages,
plays an important role in the generation of dimeric compounds. This
phenomenon is further underscored by the fact that the rupture of C-O
bonds can lead to the direct production of some monomers, such as 4-
ethylguaiacol and 4-propylsyringol. Supporting this, as illustrated in
Figure S1, it is evident that the bond dissociation energy (BDE) of C-O
ether bonds is comparatively lower than that of C-C bonds. This dif-
ference substantiates that C-O ether bonds are preferentially susceptible
to the initial impact of the nonthermal Hy plasma-assisted hydro-
genolysis reaction. The same reaction has been reported for the catalytic
hydrogenolysis of lignin. Zhao et al. investigated the hydrogenolysis of
lignin catalyzed by the Ni metal supported on alkaline MgO and showed
that the cleavage of the ether bonds is one most important steps in
converting lignin to final products during the hydrogenolysis reaction
[69]. Hartwig et al. also reported that complex -O-4 model compounds
can be selectively cleaved by commercially available Pd/C catalyst
through hydrogenolysis of the C-O bonds [70]. Long et al. who
employed acidic ionic liquid (IL) 1-(4-sulfobutyl)-3-methyl imidazolium
hydrosulfate ([C4HgSO3HmMim]HSO,4) for liquefaction of lignin also
showed that ether bonds, such as 4-O-p and 4-O-5, which connect the
hydroxyphenylpropane units in lignin are first cleaved to separate the
major units forming the lignin structure [71].

Notably, the ether C-O bond cleavage reactions do not culminate
with the production of dimers; rather, the cleavage of C-O bonds persists
as a persistent phenomenon. Importantly, it has been previously
mentioned that the cleavage of C-O bonds is a main pathway for the
production of methane, a primary gaseous end product. However, ac-
cording to the data presented in Fig. 8, the demethylation process also
has a significant role in the production of different dimers and mono-
mers arising from the produced dimers and also converting them to
lighter monomers [43]. The difference between the m/z values of
monomers in MALDI spectra (Fig. 4), which are 14, clearly shows the
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demethylation process happening during the hydrogenolysis reaction.
The high-energy nature of the hydrogen species generated through the
employment of nonthermal Hy plasma enables them to not only cleave
0O-CH3 bonds but also disrupt CH,-CH3 bonds, thereby contributing to
the production of CHy as well as lighter monomers. Pu et al. investigated
lignin catalytic hydroconversion over a supported CoMoS catalyst in a
semi-batch reactor and showed that hydrogen atoms can result in the
demethylation reaction by removing the methyl groups [72].
According to the MALDI results (Fig. 4), it was observed that the
increase in the normalized intensity of monomeric compounds outpaced
the corresponding increase in the normalized intensity of dimeric spe-
cies with increasing reaction time, input power, and Hy, partial pressure.

10

This trend confirms the notion that, during the hydrogenolysis reaction,
the dimers underwent a continuous transformation into lighter mono-
mers. This trend underscores the dynamic nature of the hydrogenolysis
process, where the reaction time, input power, and H; partial pressure
can influence the reaction pathway and the extent of transformation.
These observations potentially provide insight into controlling Hj
plasma-assisted hydrogenolysis process parameters to emphasize the
production of desired monomeric products, which holds significance in
the broader context of enhancing the efficiency and selectivity of lignin
conversion.
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4. Conclusion

In conclusion, the hydrogenolysis of lignin through the utilization of
noncatalytic nonthermal hydrogen (H;) plasma, conducted under
ambient temperature and pressure conditions was investigated in this
study, where the effects of different reaction times (5, 10, 15, 20, and 30
min), input powers (30, 50, and 70 W), and H; partial pressures (50, 70,
and 100 kPa) on the final products were shown. The H; plasma-assisted
hydrogenolysis exhibited remarkable efficacy in breaking lignin bonds,
significantly faster than conventional methods, leading to the genera-
tion of gaseous, bio-oil, and biochar products, attaining a full conversion
under all conditions except for a 5-minute reaction time (98 %) and 30
W input power (75 %). The gaseous product was composed of CHy4, CO,
CO9, and H30, and the bio-oil predominantly comprised aromatic
monomers and dimers originating from guaiacyl and syringyl units
within the lignin structure. Based on the analysis of the gaseous, bio-oil,
and biochar products and the proposed reaction pathway, it appears that
the breakdown of etheric bonds, including «-O-4, p-O-4, and 4-O-5
bonds, as well as lignin functional groups such as methoxy, carboxyl,
carbonyl, and hydroxyl groups, significantly contributes to the forma-
tion of dimeric compounds and gaseous products. Analytical insights
from the gas analyzer, NMR, and MALDI-TOF revealed a direct corre-
lation between the increase in reaction time, input power, and Hy partial
pressure with augmented gas yields, notably CHy4, and aromatic mono-
mers yields, alongside decreased bio-oil and biochar yields. Further-
more, FTIR spectroscopy results of biochar illustrated the progressive
reduction in the intensity of characteristic peaks related to lignin func-
tional groups with increasing reaction time, input power, and H; partial
pressure. Ultimately, all those peaks completely disappeared, confirm-
ing the absence of lignin within the final products. Finally, it should be
mentioned that even though Hjy plasma-assisted hydrogenolysis is
significantly faster than conventional methods for the hydrogenolysis of
lignin, the high energy consumption related to the generation of Hy
plasma may result in increased costs. Consequently, further in-
vestigations are imperative to optimize the reaction parameters and
conditions, aiming to enhance energy efficiency and decrease the overall
cost of this approach.
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