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ABSTRACT: The reaction mechanism of the mild hydrogenation of guaiacol over Pt(111) has been investigated by density
functional theory calculations and microkinetic modeling. Our model suggests that at 573 K, catechol is the preferred reaction
product and that any deoxygenation to, for example, phenol or benzene is at least 4 orders of magnitude slower than the
production of catechol. Slow deoxygenation of guaiacol can occur by decarbonylation and possibly by hydrogenation of the
phenyl ring followed by C—OH bond cleavage. Direct —OH removal without activation of the phenyl ring is found to be at least
S orders of magnitude slower. Overall, this study suggests that Pt(111) sites are not active deoxygenation sites and that the
experimentally observed deoxygenation activity of Pt catalysts originates likely from the involvement of the catalyst support or Pt

step and corner sites.
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1. INTRODUCTION

Bio-oils derived from fast pyrolysis and hydrothermal
liquefaction of lignocellulosic biomass are promising alter-
natives to depleting fossil fuels and have several environmental
advantages. For instance, bio-oils are CO,-neutral and emit no
SO, compounds and much less NO, than, for example, diesel
oil in a gas turbine." Bio-oils are a complex mixture of water
(15—30%) and several hundred organic compounds, including
phenol derivatives (50—65%); lignin-derived oligomers (20%);
and organic acids, aldehydes, alcohols, and esters.”> The high
content of oxygenated organic molecules leads to several
disadvantages of bio-oils, such as high viscosity, high
corrosiveness (acidity), instability, and low heating value, etc.
To extend the possible applications of bio-oils, it is important
to lower the oxygen concentration of bio-oils by proper
upgrading strategies.

Catalytic upgrading of bio-oils is usually achieved by
hydrotreatment (hydrogenation, hydrodeoxygenation, and
dehydration), the key reaction of which is the C—O bond
scission. Because bio-oils are a mixture of hundreds of organic
compounds, model compounds are often studied in the search
for better catalysts and to obtain a mechanistic understanding
of the catalytic bio-oil upgrading process. Guaiacol, C4H,(OH)-
(OCH,), is a lignin building block that contains two oxygen-
containing functional groups (—OH and —OCH;) commonly
found in the phenolic fraction of bio-oils. As a result, a
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considerable number of papers have reported an experimental
investigation of the catalytic hydrogenation of guaiacol over
monometallic transition metals, such as Fe*® Ni,6 Ru,6’7’5’8
Rh %% P4,5%% and Pt,'"*'>71*58 and bimetallic catalysts,
such as Co—Mo,"* Pt—Sn,lé Ni—Cu,"” Rh—Pt,” and Pd—Fe.’
As for Pt-based catalysts, three experimental studies stand out.
Gutierrez el al.” have investigated the HDO of guaiacol over
Pt/ZrO, at 100 °C in the presence of a high H, partial pressure
(~80 bar), and they observed cyclohexanol, 1-methyl-1,2-
cyclohexanediol and 1,2-dimethoxy-benzene to be the major
reaction products, suggesting a dominance of aromatic ring
saturation. No reaction mechanism for the deoxygenation has
been proposed by the authors. Next, Nimmanwudipong and
co-workers'® have suggested a reaction network for the
hydrodeoxygenation (HDO) of guaiacol over Pt/y-ALO; at
300 °C and low H, pressure (~0.4 bar) on the basis of
selectivity-conversion data. They conclude that the dominant
deoxygenation pathway proceeds by the —OCHj; removal of
guaiacol to produce phenol, and catechol is mainly from —CH,
removal of guaiacol. Finally, Sun and co-workers® have studied
the HDO mechanism of guaiacol over various transition metal
catalysts on carbon supports and proposed the following
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Figure 1. Reaction network investigated for the hydrogenation of guaiacol to aromatic products over Pt(111). For clarity, duplicate structures are

highlighted by identical background colors.
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reaction pathways on the basis of the reaction products:
guaiacol — catechol — phenol — benzene for Ru, Pd, and Pt
catalysts, and guaiacol — phenol — benzene for Fe and Pd—Fe
catalysts.

Theoretical calculations based on first principles such as
density functional theory (DFT) have become powerful tools
for shedding more light on the reaction mechanism on
transition metal surfaces; however, no theoretical report has
yet been published on the hydrodeoxygenation of guaiacol to
phenol and benzene over Pt-based catalysts. It is the objective
of this study to investigate the hydrogenation pathways of
guaiacol to aromatic products over Pt(111) model surfaces
from first principles. We performed a comprehensive DFT
study of various hydrogenation, dehydrogenation, and decom-
position pathways and built a microkinetic model containing all
of the pathways to identify the dominant mechanism under
realistic reaction conditions. We note that this study is limited
to Pt(111) sites and that more under-coordinated step or
corner sites of metal nanopartilceslg‘19 or an oxide support20
have been proposed to also play an important role in the HDO
of bio-oils. We will consider the importance of these sites in a
future study. Finally, during the revision process of this paper,
Lee et al. published a computational study for the hydro-
genation of guaiacol to catechol over Pt(111), which contains a
subset of the elementary reactions studied here.”" Overall, their
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DFT results are very similar to our results; however, no
microkinetic analysis has been performed by these authors.

2. COMPUTATIONAL METHODS

Periodic DFT calculations have been performed using the
Vienna Ab Initio Simulation Package (VASP).**** The
projector-augmented wave (PAW) method was used to capture
the electron—ion interactions. The PAW method is a frozen
core all-electron method that uses the exact shape of the
valence wave functions instead of pseudowave functions.”* The
exchange correlation energy has been calculated within the
generahzed §rad1ent approximation (GGA) using the PBE
functional.*>*® An energy cutoff for the plane waves of 400 eV
was employed throughout this study. For dispersion
interactions, we used the DFT-D3 methodology.””

This level of theory computes a lattice constant of 3.9281 A
for bulk FCC-Pt, which is in reasonable agreement with the
experimental value (3.9239 A*®). This lattice constant is used to
construct a periodic Pt(111) slab with 4 Pt layers separated by a
vacuum layer of 15 A to eliminate interactions between the slab
and its images. In total, there are 64 atoms in the slab, and each
Pt layer has 16 Pt atoms with a (4 X 2\/ 3) periodicity, allowing
for adsorbate coverages as low as 1/16 ML. The bottom two Pt
layers are fixed to their optimized bulk configuration during all
computations, and the top two layers and surface intermediates
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Figure 2. Side (upper panel) and top view (lower panel) of preferred adsorption structure of various intermediates with aromatic rings in the

reaction network of the hydrogenation of guaiacol over Pt(111).

are fully relaxed. All atomic coordinates of the adsorbates and
the Pt atoms in the relaxed layers are optimized to a force of
<0.03 eV/A on each atom. All self-consistent field calculations
are converged to 1 X 10~° kJ/mol. Brillouin zone integration is
performed using a 4 X 4 X 1 Monkhorst—Pack grid and a
Methfessel—Paxton smearing of 0.2 eV.

Adsorption energies of all surface intermediates reported in
this paper are calculated in their most favorable adsorption
configuration. Adsorption energies, E, 4, are calculated as

Eads = Eslab+adsorbate - Eslab —E

adsorbate(gas) ( 1 )
where Egp,.dsombate 1S the total energy of the Pt slab with an
adsorbate bound to it, Ey,, is the total energy of the clean Pt
slab, and E gqorbate(gas) 18 the total energy of the adsorbate in the
gas phase. Next, transition states for elementary reaction steps
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are determined by a combination of the nudged elastic band
(NEB) method® and the dimer method.**™** In the NEB
method, the path between the reactant and product is
discretized into a series of structural images. The image closest
to a likely transition state structure is used as an initial guess
structure for the dimer method.

In the microkinetic model development, we have employed
the same methodology already described in our previous
paper.>® Briefly, we solve the nonlinear equations resulting from
a steady state reaction model with differential conversion using
the BzzMath library®* developed by G. Buzzi-Ferraris.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the reaction pathways included for the HDO
of guaiacol to aromatic products over the flat Pt(111) surface. It
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is noted that reaction pathways leading to (oxygenated)
cycloalkanes have not been considered in this study. Figure
S2 in the Supporting Information shows that at a typical
experimental HDO reaction temperature of 573 K, the
hydrogenation of the phenyl ring is thermodynamically not
possible.

3.1. Adsorbed Intermediates. Adsorption geometries of
the reactants, products, and possible intermediates involved in
the reaction network are shown in Figure 2 and for smaller
molecular fragments in the Supporting Information (Figure
S3). The number of adsorption sites, adsorption energies and
zero-point energy corrections of these intermediates are listed
in Table 1. All adsorption energies and activation barriers
reported in this study are zero-point energy corrected (AZPE).

All aromatic molecules considered can adsorb at four
different adsorption sites (atop, bridge, fcc and hcp) on the
Pt(111) surface with two orientations of 0° and 30° at each site,
referring to the angles of the C—C bond relative to the close-
packed metal-metal bond, as shown in Figure 3. Our
calculations suggest that all 27 aromatic surface intermediates
prefer to adsorb on the bridge 30° site. Liu et al. predicted the
same chemisorbed benzene structure for the (111) surfaces of
Pt, Pd, Ir, and Rh.>*® Stable aromatic intermediates such as
guaiacol, anisole, catechol, phenol, and benzene, have
adsorption energies of approximately —2.3 eV. As expected,
in the gas phase, unstable aromatic intermediates bind to the
surface much more strongly, dependingt on the degree of
unsaturation. For example, the intermediate C.H,(OH)-
(OCH,) has an adsorption energy of —4.18 eV, and the
intermediate C4H,(OH)(OCH) has an adsorption energy of
—5.46 eV.

3.3. Potential Energy Surfaces for Various Reaction
Pathways. Various elementary steps have been included in the
investigated reaction network shown in Figure 1. It is noted,
though, that we did not consider hydrogenation pathways of
the phenyl ring leading to saturated products, such as
cyclohexanone and cyclohexanol. Although these reaction
products have been observed at higher hydrogen partial
pressures and lower temperatures, they are usually not desirable
and are not the main reaction products over Pt catalysts at low
H, partial pressures and temperatures above 573 K.° In the
following, we labeled the reaction pathways (1—7) according to
the first reaction step labeled step 1 to 7 in Figure 1. In our
nomenclature, the phenyl ring carbon bound to the —OH
group in the guaiacol molecule is symbolized the & carbon, and
the phenyl ring carbon bound to the —OCHj; group is called
the f carbon. The seven reaction pathways investigated can be
divided into three groups. The first group involves reaction
pathways 1 and 2 that start with # and a carbon hydrogenation
steps of the phenyl ring to activate the phenyl(C)—O bond.
The second group involves reaction pathways 3, 4, and 6 that
start with direct —OH, —OCH;, and —CHj; removal of
guaiacol, respectively. Finally, the third group involves pathway
S, starting with dehydrogenation of the —OCH; group of
guaiacol, and pathway 7, starting with dehydrogenation of the
—OH group. All zero-point-energy-corrected reaction energies
and activation barriers for all surface elementary steps
investigated are listed in Table 2. Snapshots of transition
state structures of all elementary steps are shown in the
Supporting Information, Figures S4 and SS. We note that for
the transition states of steps 3, 4, 13, 19, 20, 25, 27, 31, and 37,
no dimer calculations could be converged (only the NEB), and
the activation barriers for these steps are more approximate.
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Table 1. Number of Adsorption Sites, Zero-Point Energy
Corrected Adsorption Energies (E,4, in €V), and Zero-Point
Energy Corrections (AZPE, in eV) of All Reaction
Intermediates on Pt(111) Computed by PBE-D3“

formula no. sites Eq (eV) AZPE (eV)
C¢H,(OH)(OCHj,), guaiacol 4 —227 0.02
CsH,H,4(OH)(OCHs;) 4 —3.59 0.04
C(H,H,(OH)(OCHS,) 4 —3.44 0.06
C¢H,OCH, 4 —341 0.03
C¢H,0H 4 348 0.00
C¢H,(OH)(OCH,) s —4.11 0.07
C¢H,(OH)(0) 4 —2.94 0.02
C¢H,(0)(OCHS,) 4 ~3.05 0.00
CsHH,4(OH)(OCH,) S —4.76 0.13
C¢H;OCHj, anisole 4 -2.31 0.04
C¢H,(OH)(OCH) 5 —5.40 0.06
C(H,(OH)(0C) 5 -5.57 0.06
C¢H,(OH),, catechol 4 -2.39 0.01
C(H,0 4 —411 0.14
C¢H,(0)(OCH,) s —4.19 0.03
C¢H,(0)(OCH) S -5.93 0.09
C(H,(0)(0C) 5 347 —0.03
CH,OCH, 5 —4.02 0.09
CgH;O, phenoxy 4 -3.37 0.04
CsHsOH, phenol 4 —2.24 0.02
C¢H;(OH), S —3.79 0.04
CeH,0, 6 291 —0.01
CeH, 4 -3.30 0.05
CH,OH 4 -393 0.05
C¢Hg, benzene 4 —2.14 0.04
C¢H,H,(OH)(0) S —2.64 0.06
H 1 —2.67 0.15
OH 1 —2.38 0.14
H,0 1 —0.40 0.08
CH 1 —6.81 0.21
CH, 1 —4.12 0.21
CH; 1 -2.16 0.17
CH, 1 —-0.26 0.03
CO 1 —-2.02 0.06
CHO 1 -2.59 0.14
CH,O 2 -0.73 0.07
CH,O 1 —1.82 0.14
CH,0H 1 -0.63 0.06

“Herein, a carbon means the aromatic ring carbon binding to the
—OH group and f carbon means the aromatic ring carbon binding to
the —OCHj; group. H, symbolizes a hydrogen atom binding to the a
carbon and Hy symbolizes a hydrogen atom binding to the  carbon.

However, out of these transition states, only step 37 possesses a
reaction barrier below 1.4 eV and is therefore potentially
kinetically accessible (most barriers are larger than 2.0 eV).
Step 37 is on the reaction pathway to produce phenol;
however, it is not rate-controlling on this pathway such that we
do not expect our conclusions to change if more accurate
transition state energies could be obtained.

3.3.1. Pathways involving hydrogenations of the phenyl
ring. In the first pathway, the initial hydrogenation of the j
carbon in guaiacol to form C4H,H;(OH)(OCH,) (step 1) is
kinetically demanding, with an activation barrier of 1.23 eV.
Considering, furthermore, that this elementary step is
endothermic by 0.55 eV, pathway 1 becomes kinetically
accessible only at high temperatures. C¢H,H;(OH)(OCHj;)
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Figure 3. Illustration of adsorption sites for guaiacol on the Pt(111) surface. There are four possible adsorption sites—atop, bridge, fcc, and hep. At
each site, guaiacol has two orientations, 0° and 30°, referring to the angles of the C—C bond to the nearest-neighboring Pt—Pt bond.

can subsequently either go through dehydrogenation steps of
the methoxy group to CsH,H4(OH)(OCH,) (step 8) or go
through a —OCHj removal step to produce phenol (step 9).
Considering that both steps are approximately thermoneutral
and that the barrier for step 8 is only 0.15 eV lower than the
1.00 eV barrier of step 9, both pathways are possible (we will
show in section 3.4 that phenol production is preferred). Next,
the methylene group (—CH,) can be removed from
C6H4Hﬂ(OH)(OCH2) to form C6H4Hﬂ(OH)(O) (step 22),
which is again a relatively difficult thermoneutral step with a
barrier of 0.99 eV. Subsequent exothermic hydrogenation (AE,
—0.43 V) of C¢H,H,(OH)(O) to CsH(OH), (step 36) is
rather easy, with a barrier of only 0.46 eV. Finally, the
dehydroxylation to form phenol (step 40) is endothermic by
0.19 eV and has a barrier of 0.99 eV, such that we can conclude
that pathway 1 is likely not viable at lower temperatures for the
production of phenol, primarily because of the initial
hydrogenation barrier of step 1 of 1.23 eV.

In pathway 2, the a carbon in guaiacol is hydrogenated to
C¢H,H,(OH)(OCH,) (step 2). We found for this highly
endothermic process (AE, = 0.76 eV) an activation barrier of
1.03 eV, which is slightly lower than the activation barrier of the
f carbon (see above), suggesting that this pathway might be
preferred to the first pathway. C¢H,H,(OH)(OCH,;) can
subsequently be dehydroxylated to form anisole (step 10),
which is a mildly exothermic reaction (AE, = —0.10 eV) with a
low activation barrier of 0.62 eV. Next, anisole can either
desorb or follow a dehydrogenation step of the methoxy group
to CqH;OCH, (step 23). This step is again exothermic (AE, =
—0.39 eV) and possesses a kinetically accessible activation
barrier of 0.79 eV. Methylene (—CH,) removal of C;qH;OCH,
to phenoxy (step 37) is a difficult thermoneutral process with a
barrier of 0.93 eV. Finally, phenoxy can get hydrogenated (step
38), which is a thermoneutral reaction with a low activation
barrier of 0.29 eV. The a-carbon hydrogenation of anisole to
C¢H;H,OCHy; is endothermic by 0.49 eV and has an activation
barrier of 1.28 eV. Methoxy removal of CqHH,OCHj; to
benzene is thermoneutral (0.04 eV) but needs to overcome a
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barrier of 1.04 eV. Considering the large activation barriers, we
did not include this pathway in our microkinetic model.

We note that other reaction pathways, such as removal of the
—OCH, group from C4H;OCH, followed by hydrogenation to
benzene or further dehydrogenation of the methylene group of
C¢H;OCH, and subsequent —OCH or —OC removal, etc., are
also, in principle, possible. However, since we will show in
sections 3.3.3 and 3.4 that methylene removal from
C¢H,(OH)(OCH,) is preferred and we expect this to be also
the case for C¢H;OCH,, we did not further study these
pathways. In this context, it is noted that because of the high
initial hydrogenation barrier of the phenyl ring of over 1.03 eV,
pathway 2 is likely not viable at lower temperatures for the
production of phenol. Finally, we note that we assumed in this
Article that a “fast” reaction pathway exists for the isomerization
of a hydrogenated phenyl ring structure with an H atom close
to the Pt(111) surface (the structure formed during hydro-
genation) and the corresponding structure with the H atom
pointing away from the surface. Although we could not identify
such a pathway in this study, we show in the Supporting
Information that a pathway with a barrier of 1.58 eV exists. If,
indeed, no pathway exists for this isomerization reaction with a
lower activation barrier (>1 eV; facilitated by, e.g, adsorbed
water), all deoxygenation pathways involving the hydrogenation
of the phenyl ring become very slow.

3.3.2. Reaction Pathways Starting with Direct Removal of
a Functional Group. In the following, we will show that direct
removal of a functional group such as —OH, —OCHj;, and
—CH; from guaiacol is also kinetically difficult because the
guaiacol molecule is not sufficiently activated for these difficult
C—O0 bond scissions on Pt(111). For example, in pathway 3,
the direct removal of the —OH group in guaiacol to form
C¢H,OCH, (step 3) is a very slow endothermic process (AE, =
1.50 eV) with an activation barrier of 2.27 eV. Although the
subsequent exothermic hydrogenation step (AE, = —0.84 eV)
to anisole (step 11) has a barrier of only 0.75 eV, pathway 3
cannot be considered a viable deoxygenation pathway of
guaiacol. Next, in pathway 4, the direct removal of the methoxy

DOI: 10.1021/cs5016244
ACS Catal. 2015, 5, 2423-2435


http://pubs.acs.org/doi/suppl/10.1021/cs5016244/suppl_file/cs5016244_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs5016244/suppl_file/cs5016244_si_001.pdf
http://dx.doi.org/10.1021/cs5016244

ACS Catalysis

Table 2. Calculated Zero-Point-Corrected Reaction Energies (AE,), Activation Barriers (ET), and Rate Parameters for All
Elementary Reaction Steps Included in the Microkinetic Model of the Hydrogenation of Guaiacol over Pt(111)

T (K)
step reaction constant 473 523 573 623
0 C¢H,(OH)(OCH,)(gas) + 4* — C4H,(OH)(OCH;)*#* K, 6.59 x 10° 7.36 X 10° 2.17 x 10" 1.33 x 107!
AE, = =227 eV ko', s7 bar™t 7.27 x 107 6.91 x 107 6.60 X 107 6.33 X 107
1 C4H,(OH)(OCH,)**#* + H* — CgH,H;(OH)(OCH,)**#* 4 * K, 806 x 107 272x10°°  735%x 107° 1.68 X 107°
AE, =055 eV, E,f = 123 eV Kt st 1.13 2.17 x 10! 248 x 107 193 x 10°
2 C(H,(OH)(OCH,)**** + H* — C¢H,H,(OH)(OCH,)**#* 4 * K, 3.02 X 107° 1.65 x 1078 6.64 x 107% 2.12 x 1077
6114 3 6140, 3
AE, = 0.76 eV, E,’ = 1.03 eV k', s 8.38 x 10! 9.97 x 107 7.70 X 103 428 x 10*
3 C¢H,(OH)(OCH,)**** 4+ * — C(H,OCH;**** + QOH* K 175 X 107 629 x 107 122 x 1078 147 x 1072
AE; = 1.50 eV, Ey = 2.27 eV kyt, 57! 830 X 107*  1.90 x 1077 1.69 X 1077 7.40 X 107
4 C¢H,(OH)(OCH,)**#* + * — CH,OH**** + CH,0* K, 383x107% 718 x 1072 812x 107" 625 x 1071
AE, =122 eV, E,' = 2.14 eV kb, 87! 1.84 x 1071 306 x 10° 211 x107°®  7.40 x 1075
5 CgH,(OH)(OCH,)***% 4 2% — C¢H,(OH)(OCH,)**##* 4 H* K 2.32 x 10* 6.84 x 10° 2.51 x 10° 1.09 x 10°
AE; = —0.50 eV, Es" = 0.71 eV kgt 57! 3.30 x 10* 1.81 X 10° 7.44 X 10° 2.45 x 10°
6 C¢H,(OH)(OCH,)**** + * — C(H,(OH)(O)**** + CH;* Ks 2.50 x 10° 6.64 X 10° 223 x 10° 8.99 x 10*
AEg = —0.58 eV, E¢' = 2.00 eV ket 57! 1.70 X 1078 222 x 107° 125 x 107* 3.74 X 1073
7 CeH,(OH)(OCH,)**#** + * — C.H,(O)(OCH,)**#* + H* K 123 x 107" 1.51 x 107" 1.79 x 107" 2.08 X 107!
614 3 614 3 7
AE, = 0.08 eV, E," = 0.37 eV k', s7! 3.70 x 10 9.23 x 10* 1.98 x 10° 3.75 x 10°
8  CeH,H,z(OH)(OCH,)*##** + 2%— CH,Hy(OH)(OCH,)***#* 4 K 453 X 1072 5.02 X 1072 5.52 X 107 6.02 X 107
6ty 3 6t4tlp 2 8
H*
AEg = 0.06 eV, Eg' = 0.85 eV ket 57! 1.86 X 10° 143 x 10* 7.79 x 10* 325 x 10°
9 CgH,H,(OH)(OCH,)**** + * — CH;OH**** + CH,0* K, 2.53 x 10" 228 x 10! 2.11 x 10* 1.98 X 10
AE, = —0.08 eV, E," = 1.00 eV kyt, 57! 2.77 X 10* 324 x 10° 2.49 x 10* 1.39 x 10°
10  C¢H,H,(OH)(OCH,)**** + * — CHOCH;**** + OH* Ko 2.01 x 10" 1.70 x 10 149 x 10 1.35 x 10!
AE,, = —0.10 €V, E,;' = 0.62 eV kit 87! 3.11 x 107 1.55 x 10° 5.90 x 10* 1.82 x 10°
11 CgH,OCH,*##% + H* — CgH;OCHy***+ 4 * Ky, 3.47 x 10 447 x 10 8.16 x 10° 1.94 x 10°
AE,; = —0.84 ¢V, E;,' = 075 eV kit 87! 1.70 X 10° 1.08 x 10° 495 x 10° 1.77 X 107
12 CH,OH***% 4 H¥ — CHOH**#% 4 * Ky, 5.33 x 107 8.64 x 10° 191 x 10° 533 x 10°
AE;, = =075 eV, E;,' = 072 eV kit 7! 229 x 10° 1.36 X 10° 5.89 x 10° 2.02 x 107
13 C¢H,(OH)(OCH,)**¥#% 4 * — CH,(OH)**** 4 CH,0%* K3 7.89 x 107 131 x 107 134 x 107 9.47 X 107°
AE;; = 114 eV, E;3 =223 eV kit s7! 233 x 107 539 x 107°  4.86 x 107° 2.14 X 107*
14 C¢H,(OH)(OCH,)*###% 1 % — C(H,(O)(OCH,)**#+* 4 H* Ky, 141 1.49 1.57 1.64
AE,, = 001 eV, E;,’ = 035 eV kyt, st 7.48 X 10° 1.80 x 10° 3.74 x 10° 6.96 x 10°
15  C¢H,(OH)(OCH,)**##* 4 * — CH,(OH)(OCH)**#** 4 H* Kis 2.44 x 10" 1.84 x 10 1.47 x 10 1.22 X 10"
AE;s = —0.14 eV, E;s' = 099 eV kyst, 87! 3.24 x 10? 3.82 x 10° 2.90 x 10* 1.60 X 10°
16  C¢H,(OH)(OCH,)***#% — C.H,(OH)(O)**** + CH,* K 1.36 X 10" 123 X 10 1.13 x 10 1.06 x 10"
6114 2 6114 2 16
AE;s = —0.07 eV, Ejg' = 0.74 eV ki, 7 1.61 X 10° 1.03 X 10° 479 x 10° 1.75 X 107
17 C¢H,(OH)(O)*##* + H* — CH,(OH),*##* 4 * Ky, 127 x 107! 1.59 x 107! 191 x 107! 222 x 107!
AE,, = 010 eV, E;," = 0.33 eV k57! 1.76 x 10° 3.98 x 10° 7.81 x 10° 1.38 x 10"
18  C¢H,(OH)(O)**#* + H* — C,H,H,(OH)(O)**** 4 * K 313 x 107 259 x 1077 147 X 1078 626 x 107
6114 6t 4t la 18
AE;; = 091 eV, E;s' = 1.04 eV kgt 57! 1.68 x 10* 2.12 X 10° 1.72 x 10* 9.97 x 10*
19 C(H,(OH)(Q)**#* 4 * — CH,0**** + OH* Ky 629 X 107 522 x 107 202 x107¢ 438 x 1071
AE,, = 1.84 eV, E\g' = 235 eV kit 57! 221 x 1072 627 x 107" 671 x 1078 342 x 107°
20  C4H,(O)(OCH,)*##* + * — CH,O**+* + CH,0* Ky 322 x 107" 758 x 1078 103 x 107" 933 x 107!
AE,, = 131 eV, Eyy' = 1.87 eV ky', 57! 1.07 X 1077 9.52 x 107° 391 x 107 891 x 1073
21 C¢H,(O)(OCH,)**** 4 2% — C(H,(O)(OCH,)*# k4% 4 H* Ky, 2.66 X 10° 6.75 x 10* 2.19 x 10* 8.58 x 10°
AE,; = —0.57 eV, E,," = 0.60 éV ky*, 57! 7.90 X 10° 3.39 x 10° 1.14 x 107 3.17 x 107
22 CeH,H,(OH)(OCH,)*##*# — CHHy(OH)(O)**#* + CH,* K, 2.37 243 2.51 2.58
AEy, = —0.02 €V, Ep,' = 0.99 eV ky,t, 87! 492 X 10* 572 X 10° 438 x 10* 243 x 10°
23 CeHOCH **#%* 4 * — CHOCH,**** + H* Ky 241 x 10° 9.47 x 10” 442 X 10 2.34 x 107
AE,; = —0.39 eV, Eyy' = 0.79 eV Kyt s7! 7.76 X 10° 5.24 x 10* 2.56 X 10° 9.76 X 10°
24 C¢H,(OH)(OCH)*##*#** 4 * — CH,(OH)(OC)***#** 4 H* Ky, 825 X 1073 143 X 1072 226 X 1072 3.34 X 1072
AE,, = 021 eV, E,,’ = 129 eV kyt, 57! 1.83 x 107 4.17 x 10° 5.55 x 10* 4.90 x 107
25  C¢H,(OH)(OCH)**##% 4 * — CH,(OH)**** 1 CHO** Ky 9.29 x 107° 2.33 X 1072 5.02 X 1072 9.57 X 1072
AE,s = 033 eV, Eys' = 142 eV kyst, 57! 3.88 X 1072 1.30 x 10° 2.37 X 10! 2.73 X 10
26 C¢H,(OH)(OCH)**##* — C(H,(OH)(O)**** + CH* Ky 2.18 X 107 4.65 x 10° 131 x 10° 4.50 x 10°
AE,s = —0.67 eV, Ey' = 0.59 eV kys', s~ 5.10 x 10° 221 x 107 7.44 X 107 2.07 x 10*
27 CgH,(OH),**** 4+ * — CH,(OH)**** + OH* Ky, 478 x 1077 206 X 107° 462 x 107" 634 x 107
AE,; = 1.57 eV, E,,' = 2.52 ¢V ky,t, 87! 246 X 107 1.05 x 107" 1.56 X 1070 1.05 x 1077
28 CeH,(OH),##¥% 4+ H* — CHg(OH),*#¥%% Ky 114 x 1077 477 x 1077 1.55 x 107° 412 x 107°
AE,s = 0.64 eV, Eyg' = 1.19 eV kygt, 87" 3.89 x 10° 6.92 x 10* 7.45 x 10° 547 x 10°
2428 DOI: 10.1021/cs5016244
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T (K)
step reaction constant 473 523 573 623
29 C4HH,(OH)(O)*##* + * — CHO**#* + OH* Ky 171 1.74 1.78 1.82
AE,5 = —0.02 eV, Ey' = 1.08 eV kyot, 7 3.71 x 10" 5.18 X 10* 4.529 x 10° 2.88 x 10*
30 CoH,O*##% 4 H* — CHO#*** 4 * Ky 7.78 x 10° 8.00 x 10° 121 x 10° 2.46 x 107
AE; = —0.94 eV, E;f = 0.62 eV kyot, 57! 3.36 x 10° 1.56 X 107 5.53 x 107 1.60 x 10°
31 CgH,(O)(OCH,)**##* 4 # — CH,0%**** + CH,0* K 579 x 107 140 x 1072 195 x 107" 179 x 107%°
AEy = 131 eV, By’ = 2.14 eV Kyt 57! 1.09 x 1070 197 X 1077 145 X 107° 541 x 107
32 CgH,(O)(OCH,)*###* 4 * — CH,O,***#* 1 CH,* K, 2.60 X 107° 7.73 X 1073 192 x 107* 415 x 107*
AE;, = 043 eV, Ey,' = 1.15 eV kst 57! 473 x 10° 7.77 X 10 7.89 X 107 5.56 x 10°
33 CgH,(O)(OCH,)***#* 4 * — C.H,(O)(OCH)**##* 4 H* Ky 3.58 x 10° 1.59 x 10° 8.19 x 107 4.73 X 10
AEy; = —0.35 eV, B3y’ = 0.89 eV kyst, 57! 2.89 x 10° 2.52 x 10* 1.51 X 10° 6.79 x 10°
34 CeH,(O)(OCH)*###*x 4 % — CH,O,#¥%#% 4 CH* K, 2.82 x 107! 3.38 x 107! 3.96 x 107! 4.54 x 107!
AE,, = 0.05 eV, E,' = 1.08 eV kyt, s 3.93 x 10 5.58 x 10* 5.02 x 10° 3.19 x 10*
35  CeH,(O)(OCH)*#*#kk 4 # — CH,(O)(OC)**kik  H* K 826 x 1073 1.34 X 1072 2.01 X 1072 2.84 X 1072
AE; = 0.19 eV, Eys' = 121 eV kyst, 57! 847 x 107" 1.59 x 10 1.79 X 10* 138 X 10°
36 CeH,H4(OH)(O)*##%% + H* — CgHg(OH),*###% 4 * K6 5.31 x 10* 1.92 x 10* 826 x 10° 4.04 x 10°
AE;s = —0.43 eV, By’ = 046 eV kyet, 57! 5.59 x 107 1.73 x 10° 439 x 10° 9.60 x 10*
37 CeHOCH,**¥#% 4 * — CHO**** y CH,* K, 1.06 x 10° 1.32 x 10° 1.59 x 10° 1.87 x 10°
AE;; = 0.06 eV, E;;" = 093 eV ky,t, 57! 1.44 x 10° 143 x 10* 9.55 x 10* 474 x 10°
38 CeHO*#** + H* — CHOH**#* 4 * Kag 6.62 x 107" 6.78 x 107" 6.89 x 107" 695 x 107"
AEs5 = 0.01 eV, Ey5' = 029 eV kygt, 57" 2.95 x 10° 6.09 x 10° 1.11 X 10" 1.83 x 10"
39  CgH,(OH)(OC)**##* 4 * - CH,OH**** + CO* Ky 2.93 x 10" 3.11 x 10" 491 x 10° 1.05 x 10°
AE; = —1.01 eV, By, = 0.63 eV kyot, 57" 1.89 x 10° 9.02 x 10° 329 x 107 9.79 x 107
40  CgH (OH),**¥* 4 * — CH,OH**** + OH* Ky 2.24 X 1072 3.72 X 1072 5.71 X 1072 821 x 1072
AE, = 0.19 eV, E,y' = 0.99 eV kyot, 87" 3.80 x 107 436 x 10° 3.28 x 10* 1.80 X 10°
41 CH,O %% 4 H* — CH,(OH)(O)**#* 4 2% Ky 3.72 X 10° 1.07 X 10° 3.77 x 10* 1.56 x 10*
AE, = —0.52 eV, E,,' = 045 eV ky®, s 2.44 x 10° 7.41 x 10° 1.85 x 10° 4.00 x 10°
42 CeH,(0)(OC)***#% — CH,O**** 4 CO* Ky, 146 x 107 4.10 x 10° 144 x 10° 6.02 x 10°
AE,, = =059 eV, E,' = 048 eV k', s 1.18 x 10° 4.01 x 10 1.11 X 10° 2.62 X 10°
43 CH OH*#** + * — CHg#*** 4 OH* Ky 744 x 1077 302 x 107 646 x 107 849 x 10713
AE,; = 1.55 eV, B = 234 eV Kyt 57! 199 X 107* 548 x 107 571 x 107° 2.84 x 107
44  CHOH**¥* 4 H* — CHOH**** 4 * Ky 525 x 1077 2.00 X 107° 597 x 107° 149 x 107°
AE,, = 0.59 eV, E,,/ = 1.35 eV Kyt 57! 4.07 X 107% 1.03 X 10° 1.49 x 10 1.40 X 10*
45  CgHgt#**  H* — CgHgt** + 2% Ky 6.59 x 107 1.04 X 107 2.23 x 10° 6.08 x 10°
AE, = —0.76 eV, E,5' = 0.68 eV kyst, 57! 1.40 X 10° 7.73 x 10° 3.16 x 107 1.03 x 10°
46 CHGOH***% — CH*** + OH* Ky 9.36 X 1073 1.57 X 1072 2.41 X 1072 347 x 1072
AE, =020 eV, Ei' = 1.11 eV kyet, 87" 1.08 x 10 1.60 X 10* 1.50 X 10° 9.87 x 10°
47 CH* + H* — CH,* + * K, 2.77 X 107% 1.54 X 1077 629 x 1077 2.04 x 107
AE,; = 0.73 eV, E,;' = 0.80 eV kyt s7 2.67 x 10* 1.86 X 10° 9.22 x 10° 3.53 x 10°
48 CH,* + H* —» CHy* + * Ky 7.89 7.91 7.86 7.78
AE, = —0.01 eV, Ejy' = 0.62 eV kygt, 87" 321 x 10° 1.48 x 107 520 x 107 1.49 x 10
49  CH;* + H¥ — CH,* + * Ky 8.07 X 107> 1.58 x 107" 2.73 x 107! 431 x 107
AE, = 024 eV, Eyy' = 0.77 eV kyo®, 87 6.71 x 10* 446 x 10° 2.13 x 10° 791 x 10°
50 CHO** + H* — CH,0%** + * Ko 349 x 107" 305 x 107 1.82 x 1077 8.10 x 1077
AEg = 0.95 eV, Eg,' = 125 eV kgot, 57" 2.19 x 107! 428 x 10° 495 x 10 3.87 x 107
51  CH,O%* + H* — CH;0% + 2% K, 209 x 10°° 803 x 107 242X 107° 606 x 107°
AEg; = 0.57 eV, E5,' = 0.61 eV kgt 87! 4.04 x 10° 1.79 X 107 6.13 x 107 172 x 10
52 CH;0* + H* — CH,0H* + * K, 1.78 x 10* 7.66 X 10° 3.80 x 10° 2.10 X 10°
AEg, = —0.36 eV, Eg,’ = 031 &V kgt 87! 2.80 x 10° 6.14 x 10° 1.17 X 10 2.02 x 10"
53 OH* + H¥ — H,0% + * Ky, 6.67 x 10° 1.97 x 10° 7.16 X 10° 3.06 X 10°
AEg; = —0.55 eV, Eg; = 020 eV kest, 57! 7.89 X 10" 135 x 10" 2.10 x 10" 3.04 x 10"
S4  CHOCH **** — C,H;OCHj(gas) + 4* Ky 6.13 x 107~° 5.03 x 107 1.57 X 1073 233 x 107!
AEg, = 231 eV kgt s7! 477 x 107" 3.73 x 10* 111 X 10° 1.58 x 107
5§ CeHy(OH),**** — C(H,(OH),(gas) + 4* Kgs 500 X 107 474 x 1077 1.64 X 107* 2.64 X 107
AEgg = 2.39 eV kest, 57! 3.86 X 1072 3.48 x 10! 1.15 x 10* 1.77 x 10°
56 CgHOH**#* — CH,OH(gas) + 4* Ky 158 X 107 9.00 X 1077 198 x 107t 217 x 1072
AEg = 2.24 eV kgt, 57" 1.32 x 107" 7.14 X 10" 1.50 x 10* 1.58 x 10°
57 CgHg*** — CgHg(gas) + 3% K, 217 x 107 810 x 107® 125 X 107° 9.38 x 107*
AEg, = 2.14 eV kgt 57! 1.99 X 1072 7.06 x 10° 1.04 X 10° 7.77 x 10*
58 CH,* — CH,(gas) + * Kyg 3.29 x 10° 9.50 x 10° 2.37 x 107 541 x 107
2429 DOI: 10.1021/cs5016244
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Table 2. continued

step reaction
AEg = 026 eV
59 CH;OH* — CH;0H(gas) + *
AEq = 0.63 eV
60 H,0* — H,O(gas) + *
AEg = 040 eV
61 CO* - CO(gas) + *
AEg = 2.02 eV
62 H* — 0.5H,(gas) + *
AE,, = 0.54 eV

T (K)
constant 473 523 573 623
keg', s 6.65 x 10" 1.83 x 10%° 436 x 10%° 9.54 x 10"
Keo 6.26 x 10* 4.63 x 10° 2.63 X 10° 1.18 x 10’
kgot, 57" 8.95 x 10" 6.30 x 10" 341 x 10" 147 X 10'
Ko 5.02 x 10* 191 x 10° 598 x 10° 1.62 x 10°
ke, s 9.57 x 10" 3.46 x 10 1.04 x 10™ 2.70 x 10"
Kg 2,67 x 1078 455 x 107" 329 x 1070 125 x 1077
ket s7! 4,08 X 107° 6.61 x 1073 4.57 x 107 1.66 X 10"
Ke, 195 x 1073 8.18 X 1072 2.71 X 1072 7.50 X 107>
ke, s~ 1.50 x 10° 5.96 x 10° 1.89 X 107 5.01 x 107

group of guaiacol to C;H,OH (step 4) (AE, = 1.22 eV) is
similarly difficult, with an activation barrier of 2.14 eV. Again,
subsequent hydrogenation to phenol (step 12) (AE, = —0.75
eV) is kinetically possible, with a barrier of 0.72 eV. Finally, in
pathway 6, the direct removal of the methyl group of guaiacol
to form C¢H,(OH)(O) (step 6) (AE, —0.58 eV) is
prohibitive, with a barrier of 2.00 eV. Subsequent thermoneu-
tral (AE, = 0.10 eV) hydrogenation of C,H,(OH)(O) to
catechol (step 17) is again facile, with a low barrier of only 0.33
eV.

3.3.3. Reaction Pathways with Initial Dehydrogenation of
a Functional Group. In this section, we investigate if
dehydrogenation of the —OCH, (pathway S) or the —OH
(pathway 7) group can activate guaiacol to permit a more facile
deoxygenation. In the fifth pathway, the methoxy group of
guaiacol is dehydrogenated to produce C¢H,(OH)(OCH,)
(step S). This exothermic step (AE, = —0.50 eV) is facile, with
an activation barrier of 0.71 eV. C4H,(OH)(OCH,) can
undergo four possible reaction pathways. Removal of the
—OCH, group (step 13) is highly endothermic (AE, = 1.14
eV) and possesses a high activation barrier of 2.23 V. Further
dehydrogenation of the —OCH, group (step 15) is slightly
exothermic (AE, = —0.14 €V), but also involves overcoming a
significant activation barrier of 0.99 eV. In contrast, the
thermoneutral dehydrogenation of the —OH group (step 14)
and methylene removal to form C¢H,(OH)(O) (step 16)
possess activation barriers of only 0.35 and 0.74 eV,
respectively. Reaction steps of the product of step 14,
C4H,(O)(OCH,), will be further discussed in the context of
the seventh pathway. C¢H,(OH)(O) can be hydrogenated to
catechol, which is facile (see above), or to C¢H,H,(OH)(O)
(step 18) to activate the phenyl ring. The activation of the
phenyl ring is a highly endothermic process (AE, = 0.91 eV)
with a significant barrier of 1.04 eV. However, dehydroxylation
of CsH,H,(OH)(O) to phenoxy (step 29) is thermoneutral
and involves overcoming an activation barrier of only 0.68 eV.
As discussed above, phenoxy can easily be hydrogenated to
phenol (step 38). Alternatively, CsH,(OH)(O) can be
dehydroxylated to CqH,O (step 19), but on Pt, this constitutes
a highly endothermic process (AE, = 1.84 eV) with a high
barrier of 2.35 eV. Similarly, catechol cannot dehydroxylate to
CeH,OH (step 27) (AE, = 1.84 eV, E, = 2.52 eV). To
deoxygenate catechol, the phenyl ring has to be hydrogenated
to C¢Hs(OH), (step 28), which is similar to all activations of
the phenyl ring, an endothermic process (AE, = 0.64 eV) with
an activation barrier of over 1 eV (E, = 1.19 eV). Then
dehydroxylation to phenol (step 40) is potentially feasible at
higher temperatures (AE, = 0.19 eV, E, = 0.99 eV).

2430

In the seventh reaction pathway, guaiacol is activated by
initial dehydrogenation of the —OH group (step 7) to produce
C¢H,(O)(OCH,;). This slightly endothermic process (AE, =
0.08 eV) possesses a very low activation barrier of only 0.37 eV.
Next, the C¢H,(O)(OCH,) species can decompose by
methoxy removal (step 20), which is quite challenging (AE,
= 131 eV, E, = 1.87 eV) and occurs more likely by further
dehydrogenation (step 21) to produce C4H,(O)(OCH,) (AE,
—0.57 eV, E, = 0.60 V). C,H,(O)(OCH,) can also be
produced by the fifth reaction pathway, and both pathways
merge at this species (or the hydrogenated counterpart
C¢H,(OH)(OCH,); see above). Removal of the —OCH,
group from CcH,(O)(OCH,) (step 31) is a highly
endothermic process (AE, = 1.31 eV) with a high activation
barrier of 2.14 eV. Instead, the C4H,(O)(OCH,) species can
dehydrogenate to CH,(O)(OCH) (step 33: AE, = —0.35 eV,
E, = 0.89 eV) or remove its methylene group to C4H,(O),
(step 32: AE; =043 eV, E, = 1.15 eV). C¢H,(O), can easily be
hydrogenated to catechol. Next, C;H,(O)(OCH) can react on
the Pt surface by dehydrogenation to C¢H,(O)(OC) (step 35:
AE,=0.19 eV, E, = 1.21 eV) or by —CH removal to C¢H,(O),
(step 34: AE; = 0.05 €V, E, = 1.08 V). Finally, C;H,(O)(OC)
can decarbonylate to CsH,(O), which is facile (step 42: AE, =
—0.59 eV, E, = 048 eV). In addition, the hydrogenation of
C¢H,(O) to phenoxy (step 30: AE, = —0.94 eV, E, = 0.62 eV)
and phenol (step 12: AE, = —0.75 €V, E, = 0.72 eV) are facile.

Overall, in pathway 7, the lowest-energy pathway to produce
catechol involves production of C¢H,(O)(OCH,) and its
hydrogenated counterpart C¢H,(OH)(OCH,), followed by
methylene removal and hydrogenation, as in pathway 5. To
produce phenol, the highest barrier in pathway 7 is the last
dehydrogenation of the methoxy group, followed by facile
decarbonylation (E, = 1.21 eV). It is interesting to note that the
dehydrogenation of the phenolic alcohol group did not
substantially change the kinetics of processes on the
neighboring methoxy group; compare, for example, step 13
(CeH,(OH)(OCH,) — C4H,(OH) + CH,0; AE, = 1.14 €V,
E, = 223 eV) and step 31 (C¢H,(O)(OCH,) — C¢H,(O) +
CH,0; AE, = 131 eV, E, 2.14 eV) or step §
(C¢H,(OH)(OCH;) — CH,(OH)(OCH,) + H; AE, =
—0.50 eV, E, = 0.71 V) and step 21 (C¢H,(O)(OCH;) —
CH,(0)(OCH,) + H; AE, = —0.57 €V, E, = 0.60 eV). Next,
we can conclude that Pt catalysts can quite easily convert
guaiacol to catechol: C¢H,(OH)(OCH;) — CH,(OH)-
(OCH,) —» CH,(OH)(0O) — C¢H,(OH),; however,
deoxygenation of guaiacol by decarbonylation, direct phenyl—
OH bond cleavage, or activation of the phenyl ring by
hydrogenation is slow.

DOI: 10.1021/cs5016244
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Figure 4. Turnover frequencies (s™') of all elementary steps at a temperature of 573 K and reactant pressures of guaiacol and hydrogen of 1 bar. For
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3.3.4. Deoxygenation Steps by Direct Phenyl(C)-O Bond
Dissociation. The discussion above and our microkinetic
model described below do not include deoxygenation steps by
direct phenyl(C)-O bond scissions because we consistently find
that these steps have very high reaction barriers over Pt(111).
For instance, O removal of C¢H,(O)(OCH;), CsH,O,, and
C¢H;O needs to overcome a barrier of 2.79, 3.06, and 3.09 eV,
respectively.

3.4. Turnover Frequencies from Microkinetic Model-
ing. Analysis of the elementary reaction energies without
building a microkinetic model and considering temperature and
partial pressures is often difficult such that we decided to
develop a mean-field microkinetic model that considers lateral
interactions among key surface intermediates approximately
using a method similar to the one proposed by Grabow et al.*®
We note that other functional forms for describing lateral
interactions have been proposed and that we selected the
method from Grabow et al. primarily for its simplicity and
ability to fit our DFT data.

Preliminary results of our microkinetic model showed that H
and CO are the two most abundant surface intermediates.
From adsorption energy calculations of H on Pt(111) at
various coverages (O = 1/4, 2/4, 3/4, and 4/4 ML), we
determined a differential adsorption energy of H for the
reaction 0.5H, (g, + * — H* as a function of Oy and Ey(6y), as
shown in eq 2.

2431

Ey(0y) = —0.537 + 2 X 0.094 X (6 — 0.183) ()

Similarly, from adsorption energy calculations of CO at
various coverages (0o = 1/4, 2/, 3/4, and 4/4 ML), we
determined a differential adsorption energy of phenoxy as a
function of O¢p, Eco(Oco), as shown in eq 3.

Eco(Oco) (3)

Finally, coadsorption of H and CO at various coverages leads
to Ey(0y, Oco) and Eco(fy, Oco) in egs 4 and S, respectively.

Ey(6y Oco)

= —2.020 + 2 X 1.374 X (6 — 0.117)

= —0.537 + 2 X 0.094 X (6 — 0.183)
+ 0.5260-0 + 1.5 X 0.075

X Oco(0ybc0)™ 4)

= —2.020 + 2 X 1374 X (64 — 0.117)

+ 0.5260;; + 1.5 X 0.075 X 0,4(050:0)"°

©)

Considering that the aim of our microkinetic model is not to
simulate experimental observations but only to understand the
reaction mechanism under characteristic reaction conditions,
the partial pressures of the reactants, guaiacol, and H, were
fixed to 1 bar, and the partial pressures of possible reaction

products (anisole, catechol, phenol, benzene, CO, CH,,
CH,O0H, and H,0) were fixed to 0.01 bar (~1% conversion).

ECO(QH’ HCO)
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Figure 5. Turnover frequencies (s™') of the HDO of catechol (1 bar) in a reaction environment of 1 bar of H, and 1072 bar of CO at 573 K.

The reaction temperature was fixed to 573 K, which is a
characteristic experimental temperature for the HDO over Pt
catalysts. In the Supporting Information, we show that at 573
K, the hydrogenation of the phenyl ring, for example, the
hydrogenation of benzene, phenol, and catechol to cyclo-
hexane, cyclohexanol, and 1,2-cyclohexanediol, respectively, is
thermodynamically limited. Under these conditions, we find
that the CH, H, CO, and free site coverages are 54.1%, 8.8%,
31.4% and 5.3%, respectively. Other surface intermediates,
including all aromatic surface intermediates, do not have any
noticeable surface coverage. We note that the predicted CO
coverage is likely too large because the PBE-D3 functional
overestimates the CO adsorption energy. However, considering
that adsorbed CO poisons essentially only the Pt(111) surface
in our model and that the free site coverage is reasonably large
(5.3%), we do not expect the accuracy of the DFT functional to
significantly affect our mechanistic predictions. Next, the
turnover frequencies of all elementary steps in the reaction
network are shown in Figure 4.

The microkinetic model suggests that HDO pathways
involving hydrogenations of the phenyl ring are unfavorable.
Pathways starting with hydrogenations of the aromatic ring are
slow with TOFs of 2.8 X 107 s™" for pathway 1 and 5.8 x 107
s~! for pathway 2, respectively. The model also shows that
pathways starting with direct removal of the —OH (pathway 3),
—OCH; (pathway 4), and —CH; groups (pathway 6) are
prohibitively slow with TOFs of 1.5 X 107?57, 1.9 x 107"
s7', and 1.1 X 107 57/, respectively.

Instead, the model suggests that pathways starting with
dehydrogenation steps of functional groups are favored.
Pathway S starting with —OCHj; dehydrogenation of guaiacol
has a TOF of 0.35 s™', and pathway 7 starting with —OH
dehydrogenation of guaiacol followed by —OCH; dehydrogen-
ation has a TOF of 0.57 s™". Ultimately, both pathways S and 7
merge at the dehydrogenated methoxy group species,

2432

C¢H,(OH)(OCH,), from which the methylene group is
removed to produce C¢H,(OH)(O) and which can easily be
hydrogenated to catechol. We note that conversion of guaiacol
to catechol is not a deoxygenation process and that the
deoxygenation of catechol by hydrogenation of the phenyl ring
(steps 28 and 40) or by decarbonylation of guaiacol (steps 42,
25, 39) is ~4 orders of magnitude slower than the conversion
of guaiacol to catechol.

Production of phenol can occur by three pathways. One is
the a-carbon hydrogenation of guaiacol to CH,H,(OH)-
(OCH,;) (step 2), followed by its dehydroxylation to
Cs¢H;OCH; (anisole) and anisole dehydrogenation to
C¢H;OCH,, followed by methylene removal to C4H;O,
which is finally hydrogenated to phenol with a TOF of 2.1 X
107 s7. The second one is dehydrogenation of guaiacol to
C¢H,(0)(0C), followed by decarbonylation to C¢H,O and
hydrogenation to phenol with a TOF of 4.7 X 107° s™". The
third one is the methyl group removal of guaiacol to
C¢H,(OH)(0O), followed by hydrogenation of the phenyl ring
to C¢H,H,(OH)(O) (step 18), dehydroxylation to C¢H;O,
and hydrogenation to phenol with a TOF of 1.1 X 107> s,
The overall TOF of phenol production is 7.9 X 107> s™", which
is still 4 orders of magnitude lower than catechol production.
Considering the low phenol production rate, deoxygenation of
phenol to benzene, occurring primarily by hydrogenation of the
phenyl ring (step 46), is also slow, with a TOF of 6.7 X 107°
s, that is, 4 orders of magnitude slower than phenol
production.

Given that the production rate of catechol is significant, we
investigated if once produced catechol can be deoxygenated to
phenol. Figure § illustrates the hydrodeoxygenation pathways
of catechol. Assuming a reaction temperature of 573 K and
partial pressures of catechol, H,, CO, phenol, benzene, and
water of 1, 1, 1072, 1072 1072, and 107 bar, respectively, the
surface intermediates with significant coverages are CO
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(31.6%), CcH,(O)(OH) (49.2%), H (4.4%), free sites (3.8%),
and catechol (11.2%). The dominant HDO pathway proceeds
by hydrogenation of catechol to CsH,H,(OH), (step 28),
followed by dehydroxylation of the a-carbon to phenol with a
TOF of 6.2 X 107° s™'. We note here again that we assumed in
our microkinetic models that the isomerization of the
hydrogenated catechol structure with H atom close to the
Pt(111) surface (the structure formed during hydrogenation)
and the corresponding structure with the —OH group close to
Pt(111) (the structure from which the C—OH bond scission
can occur) is rapid. If, indeed, no such pathway exists for this
isomerization reaction, then Pt(111) cannot deoxygenate
catechol to phenol or benzene at 573 K (the TOF would be
reduced to ~3.1 X 10710 s71).

We conclude that over Pt(111), deoxygenation of guaiacol
occurs by decarbonylation or possibly by formation of catechol
and hydrogenation of the phenyl ring. Both pathways are 4
orders of magnitude slower than formation of catechol. If our
assumption of a fast isomerization step (discussed above) is not
valid, slow deoxygenation of guaiacol over Pt(111) occurs
exclusively by decarbonylation. Considering that hydrogenation
of the phenyl ring is also the initial step for production of
cycloalkanes at lower temperatures where hydrogenation of the
phenyl ring is thermodynamically favorable (see Supporting
Information), it will be challenging to design low-temperature
Pt-based catalysts with a high selectivity to aromatic products.
Instead, we recommend for a low-temperature process more
oxophilic transition metals that are able to decarbonylate the
methoxy group of guaiacol more efficiently or can directly split
the phenyl(C)—OH bond. In fact, Chiu et al.’’ and Lu and
Heyden>® recently showed by DFT calculations that Ru(0001)
is active for direct C—OH bond cleavage and decarbonylation,
although the predicted turnover frequency for the conversion of
guaiacol over Ru(0001) is lower than the guaiacol conversion
to catechol predicted here.*®

Overall, our computational predictions agree only partially
with experimental observations under various hydrogenation
conditions. Gutierrez et al.” have studied the hydrodeoxygena-
tion of guaiacol over Pt/ZrO, at 373 K and 80 bar of H, for Sh
and found the main products are cyclohexanol, 1-methyl-1,2-
cyclohexanediol, and 1,2-dimethoxy-benzene, that is, diols are
formed, and if deoxygenation occurs, the phenyl ring is
hydrogenated at high H, partial pressures and low temper-
atures. The observed hydrogenation of the phenyl at this low
temperature can be understood by our DFT study that finds
hydrogenation barriers of the phenyl ring that are only slightly
larger than 1 eV. In contrast, the (although limited) degree of
deoxygenation observed cannot be rationalized with our
calculations on Pt(111). We expect that Pt step sites or the
oxide support are responsible for the observed deoxygenation.

Next, Nimmanwudipong et al."> have studied the hydro-
genation of guaiacol over Pt/Al,O; at 573 K and 0.42 bar of H,
and found that the main reaction products are catechol
(41.2%), phenol (31.6%), and 3-methyl-catechol (12.5%). The
production of catechol as the main reaction product can be
rationalized from our calculations, while again the phenol
production cannot be explained by Pt(111) sites. Finally, Sun et
al.> have investigated the guaiacol hydrodeoxygenation over Pt/
C at 523 and 623 K and low H, partial pressures of 0.4 bar. At
the lower temperature, they observed primarily phenol
(~50%), cyclohexanone (~10%), and cyclohexanol (~5%) as
major reaction products, whereas at higher temperatures they
observed primarily phenol (30%) and benzene (30%).
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Although we understand the hydrogenation of the phenyl
ring at lower temperatures, we cannot explain the absence of
significant amounts of catechol in their reaction product. It
seems to us that the carbon support or less-coordinated Pt step
and corner sites are responsible for the observed higher HDO
activity.18

3.5. Sensitivity Analysis. 3.5.1. Degree of Rate Control.
We have used Campbell’s degree of rate control,”~* X, to
determine the rate-controlling steps in the mechanism. The
degree of rate control is defined as

_ &(1)
r\ ok; K2 ©)

where r is the overall rate of reaction. Rate-controlling steps are
identified by nonzero Xgc values. In the following, we report
only rate-control values that deviate from zero. Under the
reaction conditions mentioned above for the hydrogenation of
guaiacol, we found a degree of rate control of 0.38 for the CH,
hydrogenation to CH; (step 48) and 0.61 for the CHj,
hydrogenation to CH, (step 49). Both steps are related to
the removal of surface CH species, which we find to have a
significant surface coverage. If we artificially increase the
reaction rates for these two steps, we observe that the
dehydrogenation steps of the methoxy group (step S and 21)
are the most rate-controlling. Next, for the hydrodeoxygenation
of catechol, we find the dehydroxylation of C{H,H,(OH), to
C4HOH (step 40) to be the sole rate-controlling step, Xgc = 1.

3.5.2. Degree of Thermodynamic Rate Control. The degree
of thermodynamic rate control,*' ™ Xixc, is used to analyze
the sensitivity of the microkinetic model with regards to the
binding energy of the surface intermediates:

RC,i

—
3
3

XTRC,n =-

) Gm¢n0;G,O’TS (7)
where r is the overall rate of reaction and G,’ is the free energy
of adsorbate n. Rate-controlling intermediates are identified by
nonzero Xrpc values. In the following, we report only
thermodynamic rate-control values that deviate from zero.
Negative values signify that reducing the adsorption strength
will increase the rate, and positive values signify that increasing
the adsorption strength will increase the reaction rate. Under
the reaction conditions mentioned above for the hydrogenation
of guaiacol, the adsorbed CH and CO have a degree of
thermodynamic rate control of —0.99 and —0.42, respectively,
illustrating the poisoning effect of these species. Next, H has an
X1pc of 2.00, suggesting that stronger H binding would
facilitate conversion by increasing the CH removal rate. Next,
for the hydrodeoxygenation of catechol, we find a negative
Xrpc for catechol (Xipe = —1.74), and CO (Xppc = —0.40),
symbolizing an inhibiting effect and positive Xpgpc values for
hydrogen (Xipc = 1.98) and C4H,(O)(OH) (Xigc = 0.96)
which an idealized catalyst should adsorb more strongly.

3.6. Apparent Activation Energy and Reaction Orders.
Finally, we calculated for our model the apparent activation
energy (E,) in the temperature range of 523—623 K and the
reaction orders (@;) of guaiacol, H,, and CO at 573 K in the
guaiacol model to better understand the sensitivity of our
results to changes in temperature and partial pressure.
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E = RTZ( 0ln(r) )
9T by (8)
o = [ 0 In(r) ]
J ln(pl_) TP 9)

Our model predicts an apparent activation barrier of 1.21 eV
(116 kJ/mol). As for the reaction orders, our model predicts a
guaiacol order of 0.04 in the pressure range of 0.01—1.0 bar, a
H, order of 1.0 in the range of 0.1—10 bar, and a CO order of
—0.44 in the range of 0.005—0.1 bar. Clearly, a higher H, partial
pressure is desirable for the conversion of guaiacol. However,
considering that a higher H, partial pressure will also lead to a
more extensive hydrogenation of the phenyl ring at lower
temperatures, the H, partial pressure can be increased only if
the reaction temperature is above 523—573 K, where
hydrogenation of the phenyl ring is thermodynamically limited.

For the hydrodeoxygenation of catechol, we find a high
apparent activation barrier of 2.63 €V (253 kJ/mol) in the
temperature range of 523—623 K, a catechol order of —0.14 in
the range of 0.1—10 bar, a H, order of 0.99 in the range of 0.1—
S bar, and a CO order of —0.40 in the range of 107*—107! bar.

4. CONCLUSIONS

A microkinetic model based on parameters obtained from
density functional theory calculations and transition state
theory has been developed to investigate the hydrodeoxygena-
tion mechanism of guaiacol over a Pt(111) model surface at a
temperature of 573 K, where the hydrogenation of the phenyl
ring is thermodynamically limited. The microkinetic model
identified two hydrogenation pathways leading to catechol. One
pathway proceeds via —OCH; dehydrogenation of guaiacol,
[C¢H,(OH)(OCH,;)], to yield CH,(OH)(OCH,) followed by
—CH, removal to C4H,(OH)(O) and then hydrogenation of
C¢H,(OH)(O) to catechol [C4H,(OH),]. The other pathway
proceeds via —OH dehydrogenation of guaiacol to C4H,(O)-
(OCH,), then —OCHj; dehydrogenation of C4H,(O)(OCH;)
to C¢H,(O)(OCH,) and eventually hydrogenation to
C¢H,(OH)(OCH,) followed, as before, by —CH, removal to
C¢H,(OH)(O) and then hydrogenation of C;H,(OH)(O) to
catechol. Catechol is found to be the major reaction product,
and deoxygenation to phenol or benzene is found to be ~4
orders of magnitude slower than production of catechol. The
preferred deoxygenation pathway on Pt(111) proceeds by
decarbonylation and possibly partial hydrogenation of the
phenyl ring to C¢H,H,(OH),, followed by —OH removal and
phenol production. Reaction pathways that involve direct —OH
removal without activation of the phenyl ring are found to be at
least 5 orders of magnitude slower. The rate-controlling
deoxygenation step of catechol is the —OH removal. The
reaction order of H, is ~1 for the deoxygenation of guaiacol
and catechol, suggesting that a higher hydrogen pressure would
facilitate deoxygenation. However, considering that a higher
hydrogen pressure can also lead to a hydrogenation of the
phenyl ring and production of cycloalkanes, this strategy can be
applied only at temperatures above 523—573 K, where
hydrogenation of the phenyl ring is thermodynamically limited.
Opverall, this computational study significantly disagrees with
some experimental observations that suggest Pt catalysts can
deoxygenate guaiacol and catechol. We rationalize this
experimental observation by active involvement of the catalyst
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support or Pt step or corner sites in the deoxygenation process.
Our study suggests that Pt(111) sites are not active
deoxygenation sites.
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