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Abstract: Gasification with supercritical water is an efficient process that can be used for the valor-
ization of biomass. Lignin is the second most abundant biopolymer in biomass and its conversion
is fundamental for future energy and value-added chemicals. In this paper, the supercritical water
gasification process of lignin by employing reactive force field molecular dynamics simulations (Re-
axFF MD) was investigated. Guaiacyl glycerol-B-guaiacyl ether (GGE) was considered as a lignin
model to evaluate the reaction mechanism and identify the components at different temperatures
from 1000 K to 5000 K. The obtained results revealed that the reactions and breaking of the lignin
model started at 2000 K. At the primary stage of the reaction at 2000 K the 3-O-4 bond tends to break
into several compounds, forming mainly guaiacol and 1,3-benzodioxole. In particular, 1,3-benzodi-
oxole undergoes dissociation and forms cyclopentene-based ketones. Afterward, dealkylation reac-
tion occurred through hydroxyl radicals of water to form methanol, formaldehyde and methane.
Above 2500 K, Hz, CO and CO: are predominantly formed in which water molecules contributed
hydrogen and oxygen for their formation. Understanding the detailed reactive mechanism of lig-

nin’s gasification is important for efficient energy conversion of biomass.

Keywords: gasification; super-critical water; lignin; reactive force field molecular dynamics simu-
lations

1. Introduction

Biomass is a complex mixture of carbon-based organic molecules containing hydro-
gen, oxygen, often nitrogen and also small quantities of other atoms. Lignocellulosic bio-
mass as a fuel is age-old and most widely used, cheap, abundantly available, clean (bio-
mass has no sulfur content and has a short CO:z fixation cycle), moreover, is renewable
and sustainable [1]. On the other hand, biomass has high water and ash content, low heat-
ing value, is heterogeneous and difficult to transport. Extensive interest in the utilization
of bio-resources for bioenergy, biopolymers, bio-fuels and other bio-materials production
is observed all over the world [2]. If properly managed, the renewable feedstock can re-
place a significant amount of current petroleum consumption. The EU target for renewa-
ble energy consumption is raised to 32% by 2030, from 20% in 2020 [3]. This number can
be extended even more if additional natural resources and agricultural/forest areas will
be cultivated with suitable plants. The utilization of biomass has become a very important
issue due to the uncertain supply of non-renewable resources (such as oil/coal) and in-
creased recognition of the environmental problems related to global warming and pollu-
tions [4].
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The uses of biomasses are dependent, however, on these specific characteristics.
Many physico-chemical, structural and compositional factors complicate the biomass con-
version processes. Heterogeneity is a natural property of biomass, which is difficult to
control but possible to monitor [5]. Therefore, to properly convert biomass, it is extremely
important to know at the early stage the full characteristics including chemical, physical,
or energetic properties. The chemical composition of biomass includes carbohydrates (cel-
lulose, hemicellulose, simple sugars), lignin, extractives, water and ash forming constitu-
ents. All of them influence the properties of biomass and their conversion. Cellulose is the
structural component of a green plant’s cell walls. It is comprised of carbon, hydrogen and
oxygen and is the most abundant organic material on earth. Hemicellulose has a share of
20% to 40%, occurs in association with cellulose and is chemically bonded to lignin. Hem-
icellulose consists of short, highly branched, chains of sugars. It contains five-carbon sug-
ars (usually D-xylose and L-arabinose), six-carbon sugars (D-galactose, D-glucose and D-
mannose) and uronic acid [6]. Lignin is a complex structure of phenyl propane units
linked primarily by ether bonds. This polymer gives plants their structural integrity and
is not easily degraded. The composition and amount of lignin vary from species to species,
tree to tree and even in woods from different parts of the same tree [7]. Softwoods are
known to contain higher contents of lignin, followed by hardwoods and grasses. Moreo-
ver, lignin from hardwood contains higher methoxyl content due to the presence of an
approximately equal number of guaiacyl and syringyl units. On the other hand, around
90% of the total units of lignin derivate from softwood is guaiacyl [8]. Lignin offers a sig-
nificant opportunity for enhancing the operation of a lignocellulosic biorefinery since it is
an extremely abundant raw material contributing as much as 30% of the weight and 40%
of the energy content of lignocellulosic biomass. Lignin’s native structure suggests that it
could play a central role as a new chemical feedstock, particularly in the formation of su-
pramolecular materials and aromatic chemicals [9]. Lignin decomposes between 280 °C
and 500 °C. Char is the more abundant constituent in the products of lignin pyrolysis with
a yield of 55%. A liquid product known as pyroligneous acid consists of 20% aqueous
components and 15% tar residue on dry lignin basis. The gaseous products represent 10%
of the lignin decomposition products and are composed of methane, ethane and carbon
monoxide [10].

Lignin is an aromatic polymer, containing many cross-linked macromolecules (mo-
lecular masses above 10,000 au) which are difficult to gasify [11]. Gasification is a high-
temperature thermochemical conversion process focused on the production of combus-
tible gas, instead of heat. This is achieved through the partial combustion of the biomass
material in a restricted supply of air or oxygen, usually in a high-temperature environ-
ment. Gasification takes place in two main stages. First, the biomass is partially burned to
form producer gas and charcoal. In the second stage, the carbon dioxide and water pro-
duced in the first stage are chemically reduced by charcoal, forming carbon monoxide and
hydrogen.

One of the most promising methods for thermochemical conversion of biomass into
hydrogen-rich gas is the gasification of lignin in supercritical water [12-14]. In this
method, wet biomass can be converted into hydrogen-rich syngas at lower and higher
temperatures with different catalysts. The higher efficiency of the process is due to the
high dispersion and effective heat transfer of water in its supercritical condition (374 °C,
22.1 MPa) [15,16]. Water in Supercritical Water Gasification acts as a reaction medium and
reactant. A major part of biomass is solved and reformed through a homogeneous mix-
ture. According to Calzavara et al. 2005 water—gas shift (producing H> and CO2 from CO
and H>0O) and methanation (producing CHs and H2O from CO and H-) reactions occur
with biomass reforming in supercritical water simultaneously[17]. As a result, the number
of by-products (such as char and tar) is minimized, leading to higher gas yields [18]. The
main challenge for Supercritical Water Gasification (SCWG) of lignin is process efficiency;
therefore, the use of catalysts is often suggested [18]. The yield of product gases (Hz, CHa,
CO and CQ) is closely linked to reaction rates along competing pathways. The common
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goal for biomass gasification is maximizing Hz production by the optimization of reaction
temperatures, residence times and selected catalysts [19]. Yoshida et al. 2001, 2003 showed
that the hydrogen yield by SCWG of the cellulose and hemicellulose are higher than that
of lignin. The hydrogen yield of lignin depends on the species and the interaction between
each biomass component [20,21].

Reactive force field (ReaxFF) is a bond order-based force field developed for molec-
ular dynamics simulations to deal with a few hundred atoms and provide a clear insight
about bond breaking and bond-forming during the simulations. This force field was orig-
inally developed by van Duin and Gooddard et al. [22]. ReaxFF methods have been suc-
cessfully employed to study the gasification of organic molecules under a supercritical
water environment [23-25]. Similarly, the pyrolysis of biomass and lignin and gasification
of lignin with supercritical water were investigated [26-29]. Li et al. comprehensively il-
lustrated the lignin gasification in supercritical water and reported the pathway to pro-
duce three main products such as Hz, CO2 and CHa. During the gasification process, the
typical bond, C-O-C is broken first and followed by C-C bonds in aromatic ring structures
[30]. On the other hand, Han et al. investigated the effect of Ni nanoparticles as a catalyst
to evaluate the bond breaking in the 3-O-4 lignin model and stated that Ni catalyst could
potentially break the C-O bond and dissociate the conjugated m bond in the aromatic ring.
The 2.0 nm size of Ni catalyst showed a greater performance than 3.0 nm and 4.0 nm due
to larger surface area and lower surface oxidation degree [31]. Recently, the lignin y-O-4
model was studied in supercritical water between 2000 K to 6000 K temperatures and re-
ported the Hz and CO gases are predominantly generated and H20 molecules contribute
H and O abundantly for those gases [32]. The present research focuses mainly on the most
dominant 3-O-4 linkage without the presence of any catalyst. Although the aforemen-
tioned studies with the 3-O-4 model have extensively investigated the production of syn-
gas molecules, the intermediate value-added chemicals from lignin are still remaining un-
clear. Therefore, this study investigates the lignin model from temperature 1000 K to 5000
K to elaborate step-by-step evolution of products in supercritical water.

2. Computational Details

The present work focusses on the investigation of the 3-O-4 lignin model as this par-
ticular linkage presents over half of the other linkages (a-O-4, B-p3, -1 and 5-5') in the
lignin macromolecule [33]. Guaiacyl glycerol-p-guaiacyl ether (GGE - C17H200¢) is the typ-
ical lignin model compound representing 3-O-4 linkages and contains guaiacyl units and
hydroxyl groups located at a- and y- position (Figure 1a). Before performing ReaxFF sim-
ulations, the isolated geometry was optimized using wB97X-D/6-311g(d,p) level of theory
as described in the reference [34] using GAMESS code [35]. The GGE model has been used
successfully for various studies, including dissolution of lignin, using different solvents
[36,37], catalytic cleavage reactions [38—41] and pyrolysis [42—44].
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Figure 1. (a) Lignin model —Guaiacyl glycerol-p-guaiacyl ether (GGE) (b) The simulation box con-
tains three GGE and 200 water molecules.

The simulation box was constructed with three GGE models with 200 water mole-
cules using Packmol (18.169, University of Sao Paulo, Brazil, 2009) Version, Manufacturer
name, city, state if US or Canada, country, Year) [45] and the setup is shown in Figure 1b.
The present study used the force field parameters as reported in the literature [46]. The
ReaxFF simulations were performed using the LAMMPS (12Dec18, Sandia National Labs-
Albuquerque, New Mexico, USA and Temple University-Philadelphia, Pennsylvania,
USA, 1995) (Version, Manufacturer name, city, state if US or Canada, country, Year) pack-
age by incorporating reax/c pair_style. First, the simulation box was minimized and fol-
lowed by isothermal-isobaric (NPT) ensemble simulation for 1 ps with a temperature of
200 K. The initial density of the system is around 0.4219 g cm- with a box size of 26.08 A
x 26.08 A x 26.08 A and periodic boundary condition was adopted. Before studying the
system at the higher temperature, the system was again equilibrated for 2.5 ps at 300 K
using Berendsen thermostat. Afterward, the temperature of the system was heated to 1000
K, 1500 K, 2000 K, 2500 K, 3500 K, 4000 K, 4500 K and 5000 K to study and evaluate the
chemical components. 0.1 fs timestep was employed for all simulations up to 1 ns and
trajectory was written every 10 fs for post-analysis. The evolution of radicals and reaction
networks was analyzed with the efficient tool, called ReacNetGenerator [47].

3. Results and Discussion
3.1. The Impact of Low Temperatures: 1000 K and 1500 K

Before applying a higher temperature for lignin gasification, two simulations were
investigated with the temperature of 1000 K and 1500 K to study initial reactions poten-
tially occurring at low temperature. The number of molecules such as water and lignin
model were analyzed and it was predicted that water molecules and lignin models remain
almost the same for about 1 ns. This particular observation clearly indicates that no reac-
tions can be initiated at the 1000 K and 1500 K temperature.

3.2. At Temperature 2000 K

There are three possible reactions that can occur with increasing temperatures such
as water molecules degradation alone, the reaction between water-lignin molecules and
lignin degradation alone. These possible reactions were analyzed and the number of water
molecules at 2000 K along with hydroxyl radicals is illustrated in Figure 2. The plausible
reaction scheme of lignin degradation is demonstrated in Figure 3. Around 0.1 ns, the
dissociation of the lignin model compound has occurred between the most fragile -O-4
linkage and form compound 1 and compound 10. These corresponding radicals react with
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water and result in compound 2 and compound 11. The fragment analysis showed that
there are some intermediates formed such as H4O: (water dimer), HsO2 (H-O-H- - - O-H)
along with OH radicals. However, we obtained higher water molecules (201 in total) in
the range between 0.8 and 0.9 ns which is due to the fact of dissociation of methoxy and
alkyl side chains in the lignin model into main products like, CHsOH and HCHO and
formed OH radicals absorb protons from lignin model into H20 molecules. Furthermore,
there are two possible reactions that occurred in lignin model (i) reaction between a-OH
and B-H (ii) y-OH and $3-H to form compound 11 (Figure 3) by elimination of OH radicals
which eventually form H:O in the following step. Compound 11 is one of the building
blocks of lignin monomer, coniferyl alcohol. The methoxy groups present in the aromatic
rings are relatively stable during the first pyrolysis reaction, however, they undergo
breaking into isolated menthol molecules [48] in the successive pyrolysis reaction.

It is very interesting to see that the typical lignin model is predominantly formed of
4-methoxy substituted phenols (compound 2) or guaiacol at the primary stage of the gas-
ification of lignin (Figure 4a). This result is in good agreement with the work described by
Kawamoto [48]. In addition, the compound 1 radical can form a compound 3 which is
known as 1,3-benzodioxole and is one of the products evolved at 2000 K. The 1,3-benzo-
dioxole can be used as ingredients for fragrance industries and as a protective group in
synthetic organic chemistry [49,50]. However, it can be seen in Figure 3 that it undergoes
bond breaking and rearrangements and forming of compounds 5 and 6 which could lead
to the formation of cyclopentenone (compound 8) and methyl-cyclopentanone (com-
pound 9). In the case of compound 2, a dealkylation reaction was occurred to form com-
pound 4, which is known as catechol and it further degrades to phenol. During the simu-
lation, the evolution profile of compounds such as 2, 3, 5 and 12 have been extracted and
shown in Figure 4. As can be seen from Figure 4b,c, 1,3-benzodioxole was formed at below
0.6 ns and afterwards. This compound 3 can be dissociated into compound 5 in which the
amount of compound 5 was increasing from about 0.6 ns and stays until 1 ns. This is also
confirmed that the cyclopentene-based compounds can be obtained from 1,3-benzodiox-
ole.

It is stressed that the recent study unraveled several identified relative components
of the guaiacol in supercritical water at different reaction times and found a 1,3-benzodi-
oxole (compound 3) below the 60s during gasification using gas chromatography/mass
spectrometry (GC/MS) [51]. On the other hand, the same authors, Cao et al. and Miliotti
et al. have predicted the formation of cyclopentanone (compound 8) and 2-cyclopenta-
none (compound 9) when treating lignin with supercritical water [51-53]. Even if, any of
these compounds 8 and 9 can be formed during the present simulations, we believe that
these compounds can be extracted through controlled experimental gasification of lignin
with supercritical water.

202 T T T T T T T T T T T T T T T T
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3.3. 2500 K and Higher Temperature

During the gasification of lignin, several compounds have been identified concerning
different temperatures employed. The most dominant molecules with several concentra-
tions are shown in Figure 5. With an increase of temperature, the number of water mole-
cules decreased due to the formation of H and OH reactive radicals. At 5000 K, the number
of total H20 molecules is about 150. The active OH radicals dealkylate lignin molecules
and form formaldehyde compound (Figure 5b). Several authors have reported the for-
mation of formaldehyde molecules by treating lignin with base and acid-based reagents
[54-56]. Moreover, Toledano et al., have attempted to entrap the active formaldehyde mol-
ecules to avoid lignin repolymerization [55]. Although formaldehyde molecules are reac-
tive, they dissociate at increasing temperatures into CO and Hz. Methoxy groups in the
aromatic ring are hydrolyzed with water into methanol and a higher concentration of
these molecules is obtained at 2500 K (Figure 5c). However, over 2500 K, the concentration
decreases due to degradation to methyl and ethylene radicals. The formed methyl radicals
absorb H radicals from water at higher than 2000 K to form methane molecules. This pro-
cess was not observed at a lower temperature than 2000 K. Afterwards, the number of
methane molecules increased until 3500 K and dropped at higher temperature due to the
dissociation of methane to H2 and CO. Similar trend was also observed for ethylene mol-
ecules (Figure 5e). Comparing the gases such as CO2, Hz and CO in Figure 5f-h, the higher
the number of syngas (Hz and CO) was formed at the higher temperature. It is interesting
to observe that no syngas was noticed at the temperature of 2000 K and a low amount of
those molecules are predominant at 2500 K due to low dissociation. The observed number
of CO and H: molecules are consistent with the recent gasification study of y-O-4 using
ReaxFF [32]. In particular, the H2 molecules were generated from the water molecules pre-
sent in the system through intermediate H radicals that evolved from water. The trend
evidencing the amount of water and H: is presented in Figure 5a,g, where water molecules
decrease at the higher temperature. Simultaneously the generation of amount H> mole-
cules increases. The evolution of CO2 molecules can be seen from 3000 K because it is
mainly generated from aromatic rings which required higher temperature for dissocia-
tion. Figure 6 demonstrates the number of hydroxyl, methyl and formaldehyde radicals
formed at different temperatures employed in the simulation. The increasing temperature
breaks water molecules more into radicals such as H and OH which greatly participate in
the breaking of methoxy groups and hydroxyl groups present in the lignin. The more re-
active methyl and formaldehyde radicals are formed at increasing temperature up to 3500
K. The methyl radicals belong to the aromatic methoxy group which undergoes cleavage
at the second stage of the pyrolysis (after 3-O-4 bond-breaking process) which then ab-
sorbs H or HO radicals from water to form methane or methanol respectively. At higher
temperatures, it eventually produced Hz and CO gases. Similarly, formaldehyde radicals’
formation may originate from the hydroxyl alkyl chain of the lignin model (a-C or y-C
atoms) which lead to the formation of formaldehyde molecules before subjected to form
syngas molecules at a higher temperature.

The main reaction pathways with radicals” formation and reaction with other mole-
cules are illustrated in Table 1. The presented reaction scheme is different from what the
other authors have proposed in their works [30-32]. They elaborated the most possible
generation of CO and H2 molecules which are not taken into account in Table 1. The pre-
sent work considers the formed compounds and intermediates to generate CO and Ho.
During the simulations, several other compounds have been identified such as HCOOH,
H20z, CHs, CH30H, C2Hs and C2H4O:. These compounds have exhibited series of reactions
with radicals like H and HO to form final syngas molecules (Hz and CO) as well as CO..
Comparing the Figures 5 and 6 with Table 1, it can be seen that most of the syngas mole-
cules formed from H and O excelled from water molecules. On the other hand, few num-
bers of short alkanes like methane and CO:z are generated from the lignin model. These
identified components are consistent with the results obtained in different simulations
with lignin [30-32].
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Figure 6. Total number of, (a) hydroxyl radicals (b) methyl radicals and (c) formaldehyde radicals at different tempera-
tures.

Table 1. The main pathways of generation of different radicals and gases.

H20 > H + HO’

2H > Hz
HCOOH > HCOO® + H
HCOO’ > CO2 + H
HCOO* > CcO + HO
HCOO* + H > CO2 + H2
HCOO* + OH’ > CO2 + H20

H20: > HOO’ + H
H202 > O2 + H
H202 > 2 HO’

CHa4 + OH" > CHs’ + H0
CHs’ + H > CH:" + H2
CH2" > C2Ha
CHs' + H> > CHa + H
CHs’ + H0 > CHsOH + H

CH:OH + HO' > [CH:0H] - N H20
CH-OH + H > [CHOH] * + Ho
[CH:0H] - + Ho > CHs + HO'
[CH:0H] * + H:0 > CH:O' + HO'
CH:O’ + H > CcO + 2H>
HO-C=C-OH + 4H > c=C + 2 H20
c=C’ + 2H > HC=CH
HC=CH + 2H > H>C=CH:
H2C=CH2 + 4 H’ > 2 CHas
CHas + H20 > CcO + 6 H2

4. Conclusions

The reactive force field molecular dynamics simulations (ReaxFF) method was em-
ployed to evaluate the gasification process of the lignin model in supercritical water. The
guaiacyl glycerol-f3-guaiacyl ether model is considered for the lignin model and 9 differ-
ent temperatures were studied between 1000 K to 5000 K. It was observed that no change
was noticed in the amount of water and lignin molecules at 1000 K and 1500 K, which
proofs that no reactions were initiated. At 2000 K, the primary stage reaction has occurred
and cleavage of 3-O-4 bond into the formation of guaiacol, 1,3-benzodioxole and coniferyl
alcohol. The component analysis results showed that 1,3-benzodioxole further leads to
cyclopentene-based ketone. Afterward, dealkylation reactions at the benzyl methoxy
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group occurred. The increasing temperature results in more dissociation of water to hy-
drogen and hydroxyl radicals which significantly influence syngas production. It is esti-
mated that mostly water contributed to the formation of HO, CO and CHas gases. The pre-
sented results provide a detailed analysis that can assist to extract the value-added chem-
icals and syngas by employing different temperatures.
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