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Hydrodeoxygenation of guaiacol over
orthorhombic molybdenum carbide: a DFT and
microkinetic study+
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The hydrodeoxygenation of guaiacol is modelled over a (100) B-Mo,C surface using density functional
theory and microkinetic simulations. The thermochemistry of the process shows that the demethoxylation
of the guaiacol, to form phenol, will be the initial steps, with a reaction energy of 29 kJ mol™® (ie.
endothermic) and a highest activation barrier of 112 kJ mol™. Subsequently, the dehydroxylation of the
phenol, which has a rate-determining activation barrier of 145 kJ mol™, will lead to the formation of
benzene, with an overall reaction energy for conversion from guaiacol of =91 kJ mol™ (i.e. exothermic).
The sp? and sp hybridized carbon atoms of the molecular functional groups are found to dissociate on the
surface with minimum energy barriers, while the hydrogenation of the adsorbed molecules requires higher
energy. The microkinetic modelling, which is performed considering typical reaction conditions of 500 to
700 K, and a partial pressure ratio for H, : guaiacol of 1, shows quick formation and accumulation of phenol
on the surface with increasing temperature, although high temperatures mitigate the guaiacol adsorption
step. Based on simulated temperature programmed desorption (TPD), maximum conversion of guaiacol
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1. Introduction

In the quest for a viable renewable source of energy, biomass
feedstocks have emerged as a strong contender because of
the abundance of natural flora on the planet. The bio-oil
obtained from the biomass, when properly treated, can be
used as a direct substitute to fossil fuel;"> however, the cost
of such treatment is currently preventive for commercial
application. In particular, bio-oil obtained from the thermal
treatment of biomass contains oxygen carrying compounds
like guaiacol, anisole, and ferulic acid, and these oxy-
compounds need to be reduced before being suitable as fuel.®
The reduction step is necessary because the oxygen carrying
compounds are known to provide unfavorable properties to
the crude bio-oil (such as low pH, high viscosity, etc.), and
reduce its energy density.*
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can be expected at 70% surface coverage of this species.

The reduction of the oxy-compounds can be achieved
through a process called hydrodeoxygenation (HDO), where
molecular hydrogen is reacted at moderate temperature (300-
500 °C) and high pressure (up to 30 bar) with the bio-oil,’
and oxygen is subsequently removed in the form of water.
Unfortunately, the conditions outlined for HDO are
economically prohibitive for scale-up;® thus, catalysts are
being actively sought to facilitate the reaction at milder
conditions. Several different classes of metals have been
tested as catalysts for the HDO process. While most of the
transition metals are poor catalysts, due to low yield and high
rates of char formation, the noble metals Ru, Pt and Pd have
shown good performance;” however, their low earth
abundance and subsequent high cost prevents these
materials being considered as commercial catalyst towards
HDO.

To overcome the challenge of identifying effective and
affordable catalysts, scientists are now considering cheaper
materials with catalytically relevant characteristics similar to
those of the noble metals. Norskov et al.® have shown that
the performance of a catalyst is significantly influenced by
the electronic structure at its surface, with the position of the
d-band center, relative to the Fermi level, identified as a
suitable indicator of the materials adsorption strength and
catalytic activity.” Such direct relation between the catalytic
performance and the d-band position of the transition metal
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is due to the bonding and anti-bonding states formed when
the adsorbate approaches the surface, where hybridization
between the frontier orbitals of the adsorbate and s and
d-orbital of the metal occurs; the adsorption strength is
therefore dependent on the relative position of the metal
states with respect to the Fermi level. The d-band theory has
been quite successful in explaining, for instance, the trends
observed in the oxygen reduction reactions (ORR),'*™" and
the d-band center of catalytic materials has also been used as
a descriptor for property prediction in transition-metal
catalysed HDO studies."*™*” The transferability of the d-band
approach is now of consideration for alternative composite
catalysts, such as carbides and nitrides. As an example,
molybdenum  carbide (Mo,C) has similar d-band
characteristics to the catalytically active noble metals (Ru, Pt
and Pd), due to the carburization of molybdenum;'®
specifically, the introduction of carbon between the Mo
atoms increases their separation, which shifts the d-band
center closer to the Fermi level, akin to the properties of the
highlighted noble metals.

Considering the valorization of biomass, the crude bio-oil
obtained after fast pyrolysis has a relatively high
concentration of guaiacol (5-15% of the phenolic fraction).”
Guaiacol also contains both a methoxy and a hydroxyl
functional group, which represents most of the oxygen-
containing functional groups in bio-oils. In combination,
these factors make guaiacol a convenient model molecule for
studying the HDO of the bio-oil phenolic fraction. The
upgrading of guaiacol over various catalysts, including the
noble metals, and materials containing molybdenum and
carbon with varying stoichiometries, has been considered in
experimentation by several groups.’®>® Ma et al.*>® upgraded
guaiacol over o-MoC supported on activated carbon, with
combined selectivity to phenols and alkylphenols of over 85%,
and conversion at 87%. Similarly, Jongerius et al. obtained a
combined selectivity of up to 87%, and a conversion greater
than 99%, for the HDO of guaiacol over carbon nanofiber
supported Mo,C;*° in this latter case, the upgrading was
conducted at mild conditions of 5 bar of hydrogen pressure
and temperatures of 300 to 375 °C. The Mo,C catalyst
outperformed a tungsten carbide (WC) system with respect to
yield of completely deoxygenated products, such as benzene.
Indeed, Siaj et al.*" found acetaldehyde to dissociate selectively
from the carbonyl bond over p-Mo,C surface in their
experiments, with the mechanism explained subsequently by
Martinez et al.** Moreira et al."® studied the efficacy of a Mo,C
catalysts, supported again on carbon nanofiber, during the
HDO of guaiacol, with phenol and cresol observed as the main
products; the formation of phenol is proposed to have been
initiated by the demethylation of guaiacol.

Experiments have clearly shown that Mo,C is a potentially
effective and affordable catalyst for HDO reactions; however,
the exact mechanism and the rate controlling parameters of
the HDO process over the Mo,C surfaces remain unknown
despite being necessary for catalyst design. Therefore, in this
study, the reaction pathway for upgrading guaiacol over the
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Mo,C surface is investigated using density functional theory.
A network of routes is proposed for guaiacol conversion to
benzene, with important intermediates such as phenol and
catechol included. The thermochemistry of all the proposed
reactions is presented (Section 3) and subsequently,
microkinetic modelling is applied to determine the kinetic
parameters (Section 4) of the upgrading process.

2. Computational details

The orthorhombic () structure of molybdenum carbide was
selected as base structure for our studies, as the excellent
thermal stability of the material®®> makes it suitable for
catalytic applications over a wide temperature range. The
(100) surface with a molybdenum termination shows
favourable hydrogen adsorption properties,® and has been
reported as a suitable surface for HDO reactions in
experimental works,>**> and thus is considered herein. The
Mo terminated (100) surface also has the highest surface
metal density (0.130 atom per A%) of all terminations of the
(100) surface, resulting in a high coordination of surface Mo
atoms. As a result, the electron-state fluctuations, which are
involved in the breaking and formation of chemical bonds
during catalytic reactions and are responsible for high
turnover, are the highest at the Mo terminated surface.*® To
simulate the p-Mo,C (100) surface, a 4-layer slab model with
a 3 x 3 supercell was considered in a periodic environment
(Fig. 1).

All energy calculations were performed under the density
functional theory (DFT) framework using the “Fritz Haber
Institute ab initio molecular simulations” (FHI-aims) software
package®” in combination with the “Atomic Simulation
Environment” (ASE) Python package®® for geometry handling.
After convergence testing with respect to surface energies,
constraints were deemed appropriate for the bottom two
layers of the slab, thus maintaining the long-range bulk
structure, whilst the top two layers were unconstrained
during all adsorption and reaction modelling. A 10 A vacuum
was added above and below the plane of the slab (i.e. total
vacuum of 20 A), which prevents spurious self-interaction
errors. To counterbalance any dipole arising out of the

I Methoxy group
10A hydroxyl group
Mo-hcp l
C-hep w 8
- atop > 1
fec |
- bridge o
10A o
l Aromatic ring
(a) (b) (c)

Fig. 1 (a) Top view of the 3-Mo,C (100) slab showing adsorption sites,
(b) side view of the B-Mo,C (100) slab showing the vacuum, and (c)
methoxy group, hydroxyl group and the aromatic ring of guaiacol;
where the grey, teal, red and white coloured atoms represent carbon,
molybdenum, oxygen and hydrogen, respectively.
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imbalanced electric field at the surface, a dipole correction
was also applied. A converged 5 x 5 x 1 k-grid was applied for
the periodic condition calculations. The PBE*° functional
with the Tkatchenko-Scheffler van der Waals correction®® was
used for electronic structure calculations, along with the
“light” basis set (version: 2010) of the FHI-aims package.*' In
addition, zeroth order regular approximation (ZORA)*” scalar
corrections were incorporated to account for relativistic
effects. The choice of all these parameters is a result of a
systematic study described previously.*

Geometry optimization of all the structures was conducted
using the trust region method** until the force on each atom
was less than 0.01 eV A™'. For the transition state
calculations, a minimum of 7 images were used in the
nudged elastic band (NEB) method calculations** with the
molecular dynamics based fast inertial relaxation engine
(FIRE) optimization algorithm.*®> The convergence criteria for
the NEB calculations was set to a requirement of forces on
each atom being less than 0.05 eV A™. This was followed by
finite-difference frequency calculations with 0.01 A
displacement of atoms for the transition state structures to
confirm their validity, with one imaginary frequency
confirming a first-order saddle point. For cases where none
or multiple imaginary frequencies were obtained, a more
exhaustive machine-learning NEB method*® was used with 15
images to determine the correct transition state structure. In
specific cases, where obtaining the transition state was
challenging, a complementary approach was used: the
distance, d, between atom A (or a group of atoms) that reacts
with another atom B (or a group of atoms) was calculated,
and then divided into n equal parts (n =20 in this case).
Atom(/group) A is then placed at a distance of d/n from
atom(/group) B, for all values of n, generating a pathway that
contains n different geometry samples, and then structural
optimization is performed for each geometry, with a cut-off
force of 0.05 eV A" on each atom, with the distance between
A and B constrained. On plotting energy versus d for all the
optimized geometries, the energy profile can then be used to
identify the transition state structure. Once the transition
state structure is obtained, again finite-difference frequency
calculations were applied to confirm the nature of the first-
order saddle point through identification of a single
imaginary frequency.

The adsorption energy (E,qs) of appropriate reaction
processes was calculated as:

Eads = EM02C+Molecule - EMOZC - EMolecule (1)

where Epjolecule 1S the energy of the adsorbate molecule in the
gas phase, Ey, ¢ is the energy of the bare slab surface, and
Enjo,cimolecule 18 the energy of the combined system where the
adsorbate is on the slab surface. For the reactions describing
the desorption of molecules from the surface, the desorption
energy (Eqges) was calculated as Eqes = —Eaqs-

The microkinetic modelling was conducted using our in-
house code,’” with details outlined elsewhere.*® To describe

This journal is © The Royal Society of Chemistry 2022
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briefly the details here: translations, rotations and vibrations
were used to calculate the thermodynamic parameters, such
as entropy, enthalpy and Gibbs free energy, based on a
statistical thermodynamics approach.*® The derived energetic
quantities were then used to calculate the rate constants for
all the reactions using the transition-state theory (TST)
approximation of Eyring, Evans and Polanyi®*°" as shown in

eqn (2).

—AG1> _ kT Qrs exp <—AG1> )

k=4 eXp( ks T h o, ks T
Here, 4, is the pre-exponential factor, AG* is the activation
free energy of the reaction, kg is the Boltzmann constant, £ is
Planck's constant, and Qg and Q; are the partition functions
of the transition state and reactant, respectively. The
microkinetic model builds on transition state theory with an
improved description of tunnelling barriers.*® It assumes that
each site on the surface is identical, that the adsorbed
species are adsorbed randomly on the surface and do not
interact laterally, and that each reaction considered in the
model is an elementary reaction unhindered by any mass
transfer and heat transfer resistance.”” For adsorption
reactions, the rate constants were calculated using the Hertz-
Knudsen relation.>® Finally, the rate of reaction was
described for each individual step and the system of ordinary
differential equations (ODEs) was solved to obtain a steady
state solution.

3. Results and discussions

The mechanism proposed herein initiates with the
adsorption of guaiacol (GUA) on the catalyst surface. Guaiacol
was considered interacting with the surface in three different
orientations via: the aromatic ring, the methoxy group, or the
hydroxyl group, as shown in Fig. 1(c). The adsorption was
conducted on 5 different sites on the surface (atop, bridge,
fee, Mo-hep and C-hep, as illustrated in Fig. 1(a)), with the
adsorbed structures and energetics shown in Tables S1-S3 of
the ESLf

The strongest adsorption of guaiacol is via the aromatic
ring over the C-hcp position of the surface, with an adsorption
energy of -4.67 eV, which is at least 2.21 eV stronger than
reported for the precious metal surfaces such as Ru (Eyqs =
-2.46 €V),>® Pd (Eags = —1.43 eV)>* and Pt (E.qs = —2.41 €V);>°
the adsorption energy for guaiacol on tungsten carbide is
closer to our calculated results, having been previously
reported as —3.04 eV,>® though we note this is still 1.63 eV
weaker than the molybdenum carbide. The difference in the
adsorption energy could be a result of use of different
functionals in different studies. In several cases during our
investigation of orientations for guaiacol adsorption, such as
interaction in the atop position with the methoxy group, and
in the bridge position via the aromatic ring, the adsorbed
molecule rearranges in the optimization process to a position
over the C-hcp position and interacting via the aromatic ring.
The preference of the hollow site (similar to the C-hcp site)
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for adsorption of aromatic species, including guaiacol, is well
documented.”” As the C-hcp position was confirmed as the
most stable adsorption site, all the subsequent calculations
considering conversion of guaiacol were conducted at this
position.

In order to validate the observations, calculations were
conducted to obtain the sticking probability (o(T)) of
aromatic compounds as:

o(T) =

reac
9>p-vib

cell
92D-tran

reac

where ¢opvin 1S the 2D vibrational partition function of the

cell

adsorbate and ¢jp.ran 1S the 2D translational partition
function of the surface, and are obtained from the
frequencies of the system.*” For guaiacol, our kinetic rate
calculations give ¢ as 0.76 at 170 K, which decreases to the
orders of 10 and 1077 at 300 K and 500 K, respectively.
Thus, the rate constant for adsorption decreases with
increase in temperature; or, alternatively, low temperatures
are favorable to promote the adsorption process. Whilst
comparable literature for guaiacol is unavailable, ¢ for
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phenol is very close to unity at 90 K over Pt (111) and at 150
K over Ni (111),>® which agrees with the temperature of 160 K
below which unity is observed in our calculations for
guaiacol. In contrast, over a Ag (111) surface, o for phenol is
0.56 at 163 K,” which is 0.20 lower than our sticking
coefficient at a similar temperature (0.76 at 170 K).

3.1. Energy profile of the upgrading routes

The HDO of guaiacol has been studied extensively over
monometallic’******® and bimetallic surfaces.>"*”*"*> Based
on the reported literature, the possible pathway for upgrading
could be guaiacol — catechol — phenol — benzene. Therefore,
the proposed mechanism for hydrodeoxygenation involves the
hydrogenation and subsequent deoxygenation of guaiacol in a
series of elementary steps. Full saturation of the aromatic ring
with hydrogen is reported as feasible at high hydrogen pressure
and low temperature (<573 K) over noble metals;*® however,
since completely saturated products are not desirable, and
observed outside the standard HDO conditions, we focus on the
upgrading of the adsorbed guaiacol beginning in two different
ways: hydrogenation at the a- or the B-position of the aromatic

1
R1 115 R2 [ 2.59 R3[1.04 g4 090 Rs [1.02 R6 | 144 gy o062
R13 R15
0.79 0 49
2 8
0.7 0.82
RS 0. oo 2.46/1.03 0.39 0.78
lo 75 V AA / Los\ - gis l 078
9
0.00 1 oz 0.18 000 o9 115 8.0
R21 RZZ R24 / R25 R26\  R27 E58
0.00
R23
—
stli 22 * Ry 2 :: Ri2, / 2 22 Pazs
] R32
l 1.59 R30 R310.00 l
R33 R34
«— —
1.50 2.06
25
24
075\ 26 Ao 2 28
R35 * R36
29

Fig. 2 Reaction scheme of all the elementary steps for guaiacol upgrading; numbers given in red are the forward kinetic barriers of each reaction,
in eV, whilst blue and black text show the structure and reaction numbers, respectively. Equivalent structures are highlighted with identically

coloured backgrounds.
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ring (Fig. 2, structures 2 and 3), or dissociation of the the
from the molecule. In
combination, there are therefore seven routes (R1-R7) by which
the upgrading can initiate (Fig. 2).

methoxy and hydroxyl

groups
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le Online
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With respect to kinetic barriers, the dissociation of H from
the hydroxyl group (R7) is the least energy demanding (0.62
eV), whereas thermodynamically, R6 is the most favourable
reaction (AE = -2.29 eV). The deprotonation of the hydroxyl

Table 1 Activation energy (E.), reaction energy (AE), pre-exponential factor (Ao), forward rate constant (k;) and activation free energy (AG*) for reactions
described in the reaction scheme. The notation used for the reactants (Xr), transition states (TSX) and products (Xp) uses X to represent the reaction
number. The surface is denoted as * in the reaction process, such that e.g. Xr* denotes an adsorbed reactant. The structures, as shown in Fig. 2, are
denoted as SY, where Y represents the structure number

500 K 600 K 700 K
Rxn. E, AE AG* AG* AG*

No  Reactions (eV) (ev) 4, ke (s (eV) A ke (s (eV) A ke (s™) (eV)

Ads  GUA + * > GUA* —  -4.67 1.30x10" 4.19x10° -0.05 1.18x 10" 4.46x10" -0.04 1.10x 10" 6.45x107° -0.04
R1  1r* > TS1 > 1p* 115 0.64 4.47x107 1.78x10°  0.26 4.46x10" 2.15x10°  0.25 4.39x 10" 2.50x10°  0.25
R2  2r > TS2 > 2p* 259  0.86 8.18x10" 1.78x10™* 0.33 9.37x107 2.35x10* 0.33 1.05x10" 3.13x10™* 0.33
R3“  GUA* > TS3 > 3p* 1.04 -0.69 4.03x107 4.82x10° 096 4.69x10" 6.33x10° 0.95 5.34x10"° 836x10° 0.95
R4  GUA* > TS4 > 4p* 0.90 0.59 7.62x10% 9.65x107 0.82 8.67x10" 1.32x10°  0.81 9.60x 107 1.79x10°  0.80
R5  GUA* > TS5 > 5p* 1.02 -0.49 2.26x107 6.76 x10° 091 2.47x10" 7.09x10° 091 2.70x 10" 7.78x10°  0.91
R6  GUA* > TS6 > 6p* 1.44 -2.29 1.41x10% 1.33x10° 1.25 2.09x10" 3.51x10° 122 2.87x10" 9.13x10°  1.18
R7  GUA* > TS7 > 7p* 0.62 -0.65 1.21x10" 2.01x10° 0.52 1.13x10" 1.56x10°  0.54 1.07 x 10" 1.24x10°  0.55
R8  1p* > TS8 > 8p* 0.75 -0.46 2.83x 10" 4.32x10°  0.67 2.93x10" 4.59x10° 0.67 3.03x10" 4.98x10°  0.66
R9  1p* > TS9 > 9p* 0.37 -2.05 2.77 x10" 3.68x10"” 0.26 3.31x10" 6.24x10"” 0.24 3.79x 10" 1.04x 10" 0.22
R10  2p* > 10p* —  -2.16 2.68x10" 9.58x10*® -2.16 3.04 x 10" 1.23 x10*° -2.17 3.37x 107 1.58x10*° -2.18
R11  11r* > TS11 >11p* 0.97 -0.29 7.06x 10" 2.13x107 -0.03 8.24 x10" 3.07x107 -0.03 9.31x 10" 4.33x10" -0.04
R12  12r* > TS12 > S26* 116 -0.29 6.48x 107 7.57x10° -0.02 7.50 x 10" 1.08 x 10° -0.02 8.38 x 10"* 1.49 x 10° -0.03
R13  S6* > TS13 > 13p* 0.79 -0.22 1.86x 10" 8.08x10°  0.88 4.53x10" 9.85x10° 079 1.04x10"° 1.19x10'"  0.69
R14  S6* > TS14 > 14p* 0.82 -1.58 5.70x10" 3.63x10° 0.86 1.24x10" 3.05x10°  0.78 2.64x 10" 2.63x 10"  0.69
R15 S6* > TS15 > 15p* 0.49 -2.08 5.63x10" 2.43x10" 0.61 1.20x10"” 2.16x 10" 0.52 2.48 x 10" 1.92x 10" 0.43
R16  16r* > TS16 > 16p* 1.81 143 1.94x10" 8.80x10" -0.03 2.30x 10" 1.43x10> -0.03 2.61x 10" 2.27 x 10> —0.03
R17 17r* > TS17 > 17p* 2.46  0.52 1.32x10" 1.11x10" 0.58 1.33x10" 9.74x107° 0.57 1.33x10" 8.60x107° 0.57
R18 S7* > TS18 > 18p* 1.03 -1.19 830x10" 1.44x107  0.94 9.39x10" 2.00x10" 0.93 1.04x10" 2.80x10"  0.91
R19  S8* > TS19 > 19p* 0.39 -1.99 7.42x10" 5.60x10" 0.29 875x10" 7.82x10" 0.28 1.00x 10" 1.09 x 10>  0.27
R20  S8* > TS20 > 20p* 0.78 -0.54 3.66 x10"° 7.88x10°  0.65 4.12x10" 9.15x10°  0.65 4.59x10" 1.10x10°  0.64
R21  S9* > 21p* —  -1.94 1.06 x 10" 2.45x 107 -1.99 1.15x 10" 2.49x10* -1.99 1.23 x 107 2.57 x 10>’ -1.99
R22  S11* > TS22 > 22p* 1.02 -0.52 2.57x107 8.67x10°  0.90 2.85x10" 9.34x10° 090 3.14x 10" 1.05x10"  0.90
R23  S18* > 23p* — =205 2.00x10" 2.97x10*® -2.11 2.18x 10" 3.33x10*® -2.11 2.35x10"” 3.73x10*® -2.11
R24  16p* > TS24 > 24p* 0.18 -1.12 6.01x 10" 9.12x10"” 0.11 6.83x10" 1.22x10"” 0.10 7.60 x 10" 1.65x 10"  0.09
R25  25r* > 25p* — 2.98 1.58x 10" 1.73x10°% 047 1.55x10" 1.54x10°% 0.47 1.52x10” 1.37x107° 0.46
R26  17p* > TS26 > 26p* 0.09 -1.87 1.64 x 10" 4.40x 10" 0.08 1.68x10" 4.56x 10" 0.08 1.71x 10" 4.73x 10" 0.08
R27  27r* > TS27 > S19*% 115 0.23 7.30x 107 9.72x10° -0.65 8.63 x10" 1.44x10° -0.65 9.81x 10" 2.07x10° -0.66
R28  S12* > 28p* —  -2.31 1.87x10" 2.54x10°° -2.38 2.09 x 10" 2.86 x 10°° -2.38 2.30x 10" 3.23 x 10*° -2.38
R29  29r* > TS29 > 25p* 122 3.61 1.07x107 5.05x10°  0.24 1.20x10™ 7.15x10°  0.24 1.30x 10" 9.89x10°  0.23
R30  30r* > TS30 > S26* 219  1.41 597 x10% 3.00x107> -0.02 6.86x 10" 4.11x107> -0.03 7.64x 10" 5.54x 10> —0.03
R31  25p* > 31p* —  -4.47 1.96x10" 4.79x 10" -4.36 2.19x 10" 6.78 x 10" -4.37 2.40x 107 9.44 x 10" -4.39
R32  32r* > TS32 > S7* 2.28  1.69 1.89x 10" 2.99x107> 0.00 2.25x10" 4.95x107 -0.01 2.58x10'* 7.98x107> -0.01
R33% S26* > TS33 > 33p* 1.50 -0.73 7.27x107 6.05x10°  1.40 8.62x 10" 853x10° 139 9.91x10" 1.20x10*  1.38
R34  34r* > TS34 > 34p* 2.06 0.57 1.66 x 10" 5.05x 10 0.89 1.98x 10" 7.46 x 10 0.88 2.29x10" 1.12x10"  0.87
R35  35r* > TS35 > 35p* 0.75 -0.5 5.26x10" 5.33x10° 046 6.09x107 7.34x10° 0.45 6.81x107 9.88x10°  0.45
R36  34p* > TS36 >36p* 0.5 -1.94 1.83x10" 6.63x10° 048 1.84x10" 6.39x10° 0.48 1.84x10"7 6.17x10°  0.48
R37  37r* > TS37 > CH} 0.72  0.14 1.90x 10" 1.08x10° 027 1.92x10% 1.16x10° 027 1.93x 10" 1.22x10°  0.26
R38  38r* > TS38 > CH} 1.56 1.25 7.62x10" 7.04x 10> 0.50 8.21 x 10" 9.37x 10>  0.49 8.62x 10" 1.21x10°  0.48
R39  39r* > TS39 > H,O0* 2.15 1.65 9.33x10" 1.10x10" 0.02 1.08 x 10" 1.58x 10" 0.02 1.21x10™ 2.25x10" 0.01
R40  40r* > TS40 > OCH} 0.85 0.17 5.36x 10" 3.87x10” 0.12 5.91x10” 533x10° 0.11 6.32x10" 7.04x10"  0.10
R41  41r* > TS41 > CH;OH* 2.45 2.14 3.77x10" 6.27x10° 0.04 4.75x10™ 1.17x10% 0.00 5.66 x 10** 2.14x 10> -0.04
R42  S26* > phenol + * — 4.45 891x10* 3.49x10"  3.25 824x10* 2.25x10° 3.00 7.41x10°* 1.43x10°  2.74
R43  16p* > catechol + * — 4.26 9.24x10* 6.63x10>  3.08 8.24x10* 4.40x 10"  2.82 7.20 x 10" 2.87 x 10°  2.56
R44  S29* > benzene + * — 4.06 2.18x10**> 1.18 x 10 3.09 1.79x10** 2.54x10"  2.90 1.46 x10** 5.49 x 10>  2.70
R45 CHj> CH, +* — 0.38 1.19x 10" 5.16 x 10** -0.37 1.04 x 10"° 4.18 x 10*> -0.50 9.06 x 10*® 3.51 x 10** -0.64
R46 CH;OH* > CH;OH +* — 118 1.95x10** 1.31x10*" 0.16 1.98x10** 3.82x10*> -0.04 1.94 x 10> 1.13 x 10** -0.25
R47 H,0* > H,0 + * — 1.07 4.19x10*° 6.31x10"® 0.25 4.73x10*° 1.22x10*>° 0.08 5.08 x 10*° 2.33 x 10> -0.09
R48 Hj > H, + * — 0.79 4.91x10" 5.82x10' 0.27 6.88x10" 8.09x 10" 0.13 8.82x 10" 1.08 x 10" -0.01
R49 H* + H* > TS49 > HY — 0.00 1.57 x 10 1.38x 10" 0.01 1.64 x 10" 1.55x 10 0.00 1.72 x 10" 1.76 x 10**  0.00
R50 s19* > TS50 > 37p* 1.59 -0.89 8.27x10" 1.21x10° 1.51 9.67x10” 1.71x10°  1.49 1.10x 10" 2.41x10°  1.48
R51  61r* > TS51 > OH* 1.97 1.6 3.77x107 4.39x107"  1.94 4.23x10% 561x107" 193 4.61x10" 7.02x10" 1.92

¢ Reactions with transition state calculated by the complementary approach to NEB.
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group was previously observed as having the lowest energy
barrier among R1-R7 on noble metal surfaces,”®>® showing
similarity to our results; the reported barrier over Pt (111)
surface is 0.37 eV, and it is 0.29 eV over the Ru (0001) surface™
for the same reaction. The next most accessible reaction in our
calculations is the cleavage of the methoxy group (R4), which
has an activation energy (E,) of 0.90 eV. The kinetic rate
calculations show the rate constant for R7 to be 100 times faster
than R4, suggesting faster production of structure 8
(6-methoxycyclohexa-2,4-dienone) over structure 5. The direct
hydrogenation of the molecule via R1 and R2 is highly energy
demanding with a kinetic barrier of 1.15 eV and 2.59 eV,
respectively. Since the hydrogen cannot be transferred to the o-
or B-position atom directly from the surface, due to steric
hindrance, a concerted reaction mechanism is considered in
these reactions. In the concerted process, a surface hydrogen
migrates to the aromatic ring, and simultaneously a hydrogen
from the ring shifts to the a- or B-position. Initially, the high
activation barrier was suspected as arising due to hydrogen
diffusion on the surface; however, R49 (Table 1), which describes
the diffusion and association of hydrogen atoms to form
molecular hydrogen on the surface, shows that the hydrogen
diffusion is barrierless on the p-Mo,C(100) surface. Therefore,
the activation energy observed is associated with the second step
in the concerted process, ie., the migration of H from the
aromatic ring to the o- or B-position.

The methoxy group of structure 8 undergoes further
dehydrogenation in R20, with a reaction barrier of 0.78 eV, to
give structure 16; however, structure 16 decomposes rapidly
to structure 23 (1,2-benzoquinone) via R28 in a barrierless
exothermic step with reaction energy of —2.31 eV. Kinetic rate
simulations give a rate constant of ~10°° s™, suggesting that
the decomposition reaction is very fast. The carbene (CH,)
that separates from structure 16 in R28 sits over a fcc site on
the surface with the lowest carbon coordination (i.e., zero);
Nagai et al® reported similar behaviour for carbon
monoxide (CO), with the strongest CO adsorption occurring
at the carbon deficient site (i.e., no neighbouring C atoms in
the subsurface layer) on the B-Mo,C surface; experimental
studies also report the surface to be selective to the cleavage
of the C-O bond.*"***

An oxygen atom of structure 23 (1,2-benzoquinone) can be
hydrogenated to produce structure 28 via R32, though a high
energy barrier is calculated (E, = 2.28 eV) and the rate
constant for this conversion is low (~107> s™"). Structure 28
can be formed from two more pathways: (i) the methyl
radical from the guaiacol can directly cleave (R6) to form
structure 7 (ketophenol) (which is equivalent to structure 28);
or (ii) the methoxy group of guaiacol can lose a hydrogen
(R5), to give structure 6, followed by the dissociation of a
CH, moiety (R15) to again produce structure 7/28
(ketophenol). The conversion via R6 is 0.42 eV more energy
demanding than R5, and kinetically slower than the R5 and
R15 (Table 1). Therefore, the formation of structure 7/28
(ketophenol) will occur predominantly via R5 and R15. The
preference of dehydrogenation instead of deoxygenation in
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the methoxy group of guaiacol has also been reported by Lee
et al.>® over a Pt (111) surface, with E, = 0.75 eV for R5 with
the help of Brensted-Evans-Polanyi (BEP) correlation.

From structure 7/28 (ketophenol), there can be three
possible reduction routes: in R16, hydrogenation yields
structure 13, catechol, with an activation energy of 1.81 eV; in
R17, the aromatic ring is hydrogenated with an activation
energy of 2.46 eV; and in R18, the hydroxyl group is cleaved
in a reaction with activation barrier of 1.03 eV. The kinetic
rate modelling returns rate constants for R16 of ~10" s™" and
for R18 of ~10” s™', which suggests that the formation of
catechol from guaiacol is very slow; furthermore, the high
barrier for R17 makes it unlikely. Thus, the reaction process
can be concluded as proceeding via R27, with an energy
barrier of 1.15 eV, to form structure 19/22, a phenoxyl radical.

The phenoxyl radical (structure 19/22) can also be formed
via R2 and R3; the hydrogenation of the B-carbon of guaiacol
(R2) has an activation energy of 2.59 eV, and is kinetically
very slow (~107* s7'), whereas R3 (condensation) has a barrier
of only 1.04 eV and is kinetically faster. Thus, structure 4 will
be formed and converted to structure 11, anisole, via re-
hydrogenation of the aromatic ring (R11). Further
dehydrogenation of the methoxy group (R22) requires only
1.02 eV of activation energy, which results in an unstable
structure 18 that degrades to phenoxyl in a barrier-less
exothermic step (AE = -2.05 eV).

From the cyclohexadienone, hydrogenation (R30) can yield
phenol (Structure 10/26) in a very slow and energy
demanding step (E, = 2.19 eV). The prohibitively high
reaction barrier in R30 is in contradiction to experimental
studies, which report high selectivity and quick appearance

of phenol over pure and supported molybdenum
carbides.'®®*® Therefore, phenol most likely forms by
alternative route(s), of which two routes have been

considered herein. One possibility is the direct methoxylation
of guaiacol (R4, E, = 0.90 eV) to give structure 5/20, which is
then followed by hydrogenation (R12, E, = 1.16 eV). The other
possibility considered is the hydrogenation of guaiacol (R1)
to form structure 2, which has an activation energy of 1.15
eV. The methoxy group can then directly cleave from
structure 2 via R9, with a low activation energy of 0.37 €V,
producing phenol. R9 is kinetically very favorable, with a rate
constant of 3.68 x 10'? s™' calculated for 500 K; however,
structure 2 can also convert to structure 9 through an
activation energy of 0.75 eV, with the unstable CH, moiety in
structure 9 leading to exothermic degradation (R21) to
structure 17. The formation of structure 17 via R21 is
kinetically favorable (2.45 x 10>’ s at 500 K) as the CH,
radical dissociates, with a thermodynamic energy change of
-1.94 eV. Hydrogenation of structure 17 to structure 21/24
(R29, E, = 1.22 eV) results in a molecule that decomposes in
a highly exothermic step (R31, AE = -4.47 eV) to form
structure 26, which is phenol. Alternatively, cyclohexadienone
can be deoxygenated directly via R50 to obtain structure 25
with 1.59 eV of energy. Further hydrogenation of structure 25
yields benzene (R35).

This journal is © The Royal Society of Chemistry 2022
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Once formed, the desorption of phenol from the surface is
kinetically slow (3.49 x 10' s at 500 K) and energy
demanding (Eges = 4.45 €V), which means it would be likely
to accumulate on the surface. The adsorption energy, which
can be calculated as the negative of the desorption energy,
suggests that the adsorption of phenol on the surface is at
least 2 eV stronger than that observed over transition
metals.>>*®°%%7%% Thus the accumulated phenol could
convert further to benzene, which is considered further
herein via two mechanisms. One possibility is the cleavage of
the ~-OH group (R33) with an energy barrier of 1.50 eV, while
alternatively the phenol a-position can be hydrogenated with
an energy barrier of 2.06 eV to form structure 27 (R34).
Kinetically, R34 is much slower than R33, with rate constants
differing by ~10® s™*. Therefore, the reaction will proceed via
R33 to form structure 25, which will then be hydrogenated to
form structure 29, benzene. The preference
calculations towards dehydroxygenation of phenol rather
than hydrogenation is in strong agreement with observations
involving noble metal catalysts,”®*>* and in non-catalytic
works.”®

The several smaller radicals formed during the outlined
reaction mechanism have been considered, as they will react
together to form stable entities and desorb from the surface.
In our work, R37 and R38 describe the formation of methane
from CH,; similarly, R40 and R41 describe the formation of
methanol from OCH,; and R39 describes the formation of
water from OH and H. To comprehensively complete the
catalytic cycle, R37 to R49 are used in the microkinetic
modelling.

Overall, our results show that the most favorable pathway
for the formation of benzene is via cleavage of the methoxy
group in guaiacol (R4) to give structure 5/20, which is then
hydrogenated (R12) to give phenol (Fig. 3). The hydroxyl
group of the phenol is then cleaved (R33) with an energy
barrier of 1.50 eV to yield structure 25, which is hydrogenated
to give benzene. All the reactions become faster with increase
in temperature, except the guaiacol adsorption on the
surface.

in our
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To further summarise our findings, the overall activation
energy for the formation of different important intermediates
was calculated, as shown in Table 2. The formation of
benzene via a reaction process of R4-R12-R33-R35 gives an
activation energy of 1.75 eV, where reaction 33 is the rate
limiting step with an activation energy of 1.50 eV. In the
formation of catechol via reaction R5-R15-R16, the rate
controlling step is reaction R5, and the overall activation
energy for the conversion is 1.02 eV. The formation of anisole
via reaction R3-R11 presents an overall barrier of 1.04 eV,
which is associated with the dehydroxylation of guaiacol in
reaction R3. Finally, the conversion of guaiacol to phenol is
most feasible via reaction R1-R9 with an overall activation
barrier of 1.15 eV during the hydrogenation of the adsorbed
guaiacol.

3.2. Microkinetic modelling

Microkinetic modelling of the reaction network described in
section 3.1 has been performed, considering specifically a
batch reactor model at temperatures (7) ranging from 500 K
to 700 K. The rate constants obtained from the
thermochemical analyses were used to write the rate equation
for 192 elementary reactions (Table S4, ESIT), and the set of
coupled ordinary differential equations was solved. The
initial ratio of hydrogen and guaiacol was set to unity, and in
large excess with respect to the number of surface sites. The
reaction profile was studied for the duration of 1 s from the
initialization of the reaction (i.e. ¢ = 0 s). At the atomic level
in the DFT simulations, the reactions occur very quickly due
to the absence of any heat and mass transfer resistance;
furthermore, since the rate constants are first order (s™*), and
because the magnitudes of the rate constants are much
higher than the time scale considered herein, the total time
considered in the study is sufficient to model the system.

As the kinetics of formation of smaller species like water,
methanol and methane are much higher than the kinetics of
the formation of aromatic compounds, it is observed that
methane, water, methanol and vacant sites cover 99% of the

K=7.57X10°

TS12 TS33 K=6.05X103
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Fig. 3 The reaction profile for the most favorable pathway of HDO of guaiacol over 3-Mo,C. The activation barrier for each step is given in red, in
eV, and the rate constant of the conversion at 500 K is given in purple, in s™.
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Table 2 Overall activation barrier of the formation of benzene, catechol, anisole and phenol, and the corresponding pre-exponential factor

Overall reaction Considered path

Activation energy (eV) Pre-exponential factor (s™)

Guaiacol — benzene R4-R12-R33-R35

Guaiacol — catechol R5-R15-R16
Guaiacol — anisole R3-R11
Guaiacol — phenol R1-R9

catalyst surface. The aromatic species like catechol, phenol
and others, on the other hand, were present in very low
coverage (<1%) at all times. The formation of the small
species (water, methanol and methane) and the resultant loss
in the carbon balance due to their difficult condensation has
also been reported in experimental works.”" Moreover, such
low coverage of the species of interest during the
microkinetic modelling of guaiacol is not unique*® and, as
the observed trends fairly representant the reactivity on the
surface of the catalyst in DFT studies, they can be relied upon
for insights into the surface reaction mechanism.

At 500 K, the concentration of guaiacol on the surface
increases steeply at 0.02 s (Fig. 4), as the guaiacol is adsorbed
on the surface, to reach 10™'®* ML (monolayer). During the
same time interval, the concentration of surface bound
phenol increases to about 10'° times the concentration of the
adsorbed guaiacol, suggesting that a large fraction of
guaiacol immediately converts to phenol upon adsorption.
The quick reaction occurs because the rate of formation of
phenol is of the order 10'* s™ in reaction 9 (Table 1), which
leads to such high concentration of phenol forming in a
short time interval. A corresponding increase of phenol is
also observed in the gas phase, rising to 8.59 x 107>® Pa in

1.75 6.48 x 10"
1.02 2.26 x 10"
1.04 4.03 x 10"
1.15 4.47 x 10"

0.02 s and maintaining a steady state thereafter. Since the
catechol conversion kinetics competes with phenol
formation, the catechol formation rate increases, to 5.85 X
10>* ML at 0.32 s, while the phenol conversion attains a
steady state (1.99 x 107>’ ML) after 0.18 s. Hydrogenation of
phenol produces benzene, which appears on the surface in a
lower concentration (3.39 x 107" ML) as the kinetics of
reaction 33 and 34 are much slower than phenol formation.
As more catechol, phenol and benzene are produced, the
concentration of guaiacol declines to 4.38 x 107> ML at 0.06
s; thereafter, the concentration of guaiacol starts to decrease
steadily by 0.5 x 10" ML per 0.01 s. However, as the smaller
species like methanol and methane desorb from the surface
due to fast kinetics (Table S4f), a slight increase in the
production of catechol on the surface is observed from 0.30 s
to 0.80 s. In the same duration, the concentration of catechol
in gas phase increases by 10 times due to increased surface
desorption. Thereafter, all species achieve steady state.

At 600 K, the concentration profile of all species exhibits
less changes than at 500 K, due to the changes in the rate
constants of all the reactions. Similar to 500 K, the
concentration of phenol rises above all species at 0.02 s;
however, the coverage (5.28 x 10™® ML) is marginally lower
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Fig. 4 Logarithmic graphs of the concentration of guaiacol (structure 1, blue), phenol (structure 26, red), catechol (structure 13, black) and
benzene (structure 29, green) (a) on the surface, and (b) in the gas phase at 500 K, 600 K and 700 K, for the reaction time of 1 s.
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than at 500 K. The lower guaiacol adsorption rate is because
the rate of adsorption decreases with increase in
temperature. As less guaiacol adsorbs to the surface, the
concentration of products formed is also lower; at 0.02 s,
guaiacol coverage is slightly elevated to 7.95 x 107>* ML,
which then slowly decreases by the order of 10* to achieve
steady state at 0.30 s. The concentration of benzene is 4.09 x
107"® ML at 0.02 s, due to quick phenol decomposition, but
the concentration falls thereafter as the selectivity shifts
towards catechol formation. After 0.08 s, the concentration of
catechol starts to rise, coupled with a further decrease in the
guaiacol concentration; the gas phase profile shows
fluctuations in the benzene concentration at this time,
suggesting that the rate of benzene desorption is competitive
to the rate of formation of benzene on the surface. The
concentration of catechol in gas phase has an increasing rate
after 0.10 s, as a consequence of the increased formation on
the surface. After 0.20 s, all the species start to attain steady
state with the gas phase profiles of all products showing a
steady marginal increase in production of value-added
products after 0.5 s.

When the reaction is considered at 700 K, the
concentration profile of all the compounds reach steady state
very quickly. At 0.02 s, the concentration of guaiacol is
expected to be much lower than at 7 = 500 or 600 K, due to
decrease in the guaiacol adsorption rate constant (6.45 x 10°°
s'); however, the concentration is calculated as 1.26 x 107>®
ML, which is only marginally lower than at 600 K. The higher
surface coverage is because the reaction rate of almost all the
reactions considered in the kinetic model increased at 700 K,
leading to faster formation of products, and thus, faster
product desorption from the surface. The quicker rate of
reaction recreates vacant surface sites in a shorter time span
than at lower 7, and leads to a higher guaiacol adsorption.
The higher product concentration observed in the gas phase
at 0.02 s for 700 K, when compared to lower 7, is the
indicator of the quick desorption.

From ¢t = 0 to ¢t = 0.26 s, the concentration profile of
guaiacol increases sharply to the maximum, and then
declines steadily to 5.95 x 107°° ML. After 0.26 s, a steady
state is maintained until 0.38 s, from which time more
products are desorbed from the surface, freeing surface sites
and subsequently resulting in higher phenol, catechol and
benzene formation. Further analysis of the selectivity of
products shows that phenol will be the most likely product,
with over 99% selectivity at all times, and this is consistent at
all temperatures. The concentration of other products is very
low in comparison, over the surface and in the gas phase. In
the literature,”® high selectivity of benzene (35%) followed by
phenol (30%) is reported among all other aromatic/cyclic
products over Mo,C at 623 K and 27.48 bar. Blanco et al.”?
report over 65% selectivity for phenol at 50 bar pressure and
623 K temperature over activated carbon supported Mo,
which also has strong similarities to our modelled reaction
process. The high hydrogen pressure in the experimental
work could be the likely reason for the reported high
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selectivity of the fully hydrogenated benzene over phenol.
Tran et al.”" also report phenol to desorb quickly after its
formation on the same surface without undergoing further
conversion. As the partial pressure of hydrogen is 0.5 in our
study, a higher selectivity of phenol is obtained instead of full
hydrogenation to benzene.

To determine the rate controlling step for the formation
of each product in the gas phase, the degree of rate control
was also analysed by the method proposed by Campbell,”*
where the forward rate constants of each reaction is
perturbed by 0.1% while keeping the equilibrium constant
fixed, and the changes in the conversion of products are
analysed. The degree of rate control for reaction i (Xgc ;) was

calculated as:
(%) ()
r aki Kiki+k;

where r is the rate of reaction, k; and ; are the forward rate
constants, and K; is the equilibrium rate constant. The
conversion of guaiacol to catechol on the surface is
influenced most by reaction R16, where structure 7 is
converted to catechol, and by R24, where catechol is further
degraded into structure 5. As the rate of all the reactions
preceding the formation of catechol is much higher than
R16, R16 becomes the rate limiting step with degree of rate
control (DRC) of 0.72. Its subsequent desorption from the
surface has the maximum DRC. The conversion to phenol is
highly favourable on the surface, with no reactions
significantly influencing its formation in either positive or
negative way; this outcome is primarily because the
formation of phenol occurs via different competing pathways,
so changes in the rate constant of one reaction does not
influence its formation in any significant way. The desorption
of phenol, however, is the rate limiting step showing the
DRC of 1.00; the same holds true for the formation of
benzene, for which the DRC is 0.99 when considering
desorption from the surface. The highlighted observations
suggest that desorption is the rate limiting step for the
aromatic species. For the smaller species like CH,, CH;0H
and water, the reactions describing their formation in R38,
R41 and R39, respectively, show the highest DRC (~1.00).

Temperature  programmed  desorption (TPD). A
temperature programmed desorption simulation was also
conducted, where the initial guaiacol coverage on the catalyst
surface was considered at 10%, 40%, 70% and 100%. The
temperature of the system was increased at a rate of 10 K's ',
and the concentration change of the species in the gas phase
were recorded from 300 K to 700 K. No re-adsorption of the
species was allowed during the analysis, in line with the
experimental procedure.

The TPD model (Fig. 5) shows that the desorption of
benzene occurs near 450 K at all coverages, after it is
produced from phenol. Change in concentration of benzene
has been reported at temperatures above 250 K for a different
surface (Pt and Pt;Sn), at similar coverage,”” whilst benzene
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Fig. 5 Change in gas phase concentration of guaiacol (Structure 1, blue), phenol (Structure 26, red), catechol (Structure 13, black) and benzene
(Structure 29, green), shown as a plot of change in partial pressure vs. temperature, for cases when the guaiacol coverages on the surface are (a)

10%, (b) 40%, (c) 70% and (d) 100%.

is known to desorb at temperatures as low as 150 K from
graphene.”® Therefore, it is likely that the carbon-liking metal
terminated surface investigated here binds the benzene
strongly to the surface.”” Phenol, on the other hand, stays on
the surface till 600 K and starts desorbing thereafter. The
desorption of phenol is known to occur at above 450 K over
other catalyst material surfaces.”®®® At high coverage (70%),
the desorption of benzene from the surface is large, as more
benzene is formed on the surface from phenol. At the same
coverage, catechol desorption is also observed in large
proportion after 500 K, due to its formation and
accumulation on the surface. Further increasing the guaiacol
coverage (100%) is detrimental to reaction rates, with the
desorption rate of all species reduced due to lack of sites for
the generation of species on the surface.

4. Conclusions

The HDO of guaiacol was studied over the (100) B-Mo,C
surface. A network of reaction pathways was proposed to
consider the mechanistic aspects of producing benzene from
guaiacol, proceeding via phenol and catechol intermediates.
The activation barriers and reaction energies were calculated
using density functional theory. Through thermochemical
analysis, increases in temperature were observed as being
unfavorable for the surface adsorption of guaiacol, and the
most favourable pathway for guaiacol HDO is initiated with
demethoxylation, which is then followed by hydrogenation to
yield phenol. From phenol, the most favourable pathway for

852 | Catal. Sci. Technol, 2022, 12, 843-854

benzene formation is initiated with dehydroxylation, followed
by hydrogenation.

Overall, the hydrogenation of molecules like guaiacol and
phenol were observed to have higher energy barriers than the
cleavage of functional groups. The carbon atoms of the
functional group of the molecule, which were sp> or sp
hybridized, were also noted as dissociating spontaneously,
with minimum energy barriers, and the dissociated moieties
occupy carbon deficient sites on the surface.

Complementing the thermochemical analysis,
microkinetic modelling of the system shows that although
the adsorption of guaiacol decreases with increasing
temperature, higher temperatures are more favorable for
further upgrading of guaiacol into valuable products such as
phenol and benzene. Simulation of temperature programmed
desorption shows that the optimum surface coverage of
guaiacol is ~70%, as the change in the concentration of all
the products was highest in the gas phase.
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