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Abstract

The effects of a liquid phase environment on the hydrodeoxygenation of guaiacol, a
prototypical lignin derived compound, have been investigated over a Ru catalyst from first
principles. A microkinetic reactor model with parameters obtained from density functional theory
and implicit solvation schemes was developed to study the effects of condensed phases on the
reaction mechanism and kinetic parameters. Phenol was found to be the major aromatic product
across all reaction environments. Our model predicts that less protic solvents such as 1-butanol,
diethyl ether, and n-hexane have a positive effect on the reaction kinetics for the production of
phenolics relative to vapor and aqueous reaction environments. The dominant reaction mechanism
for aromatics production remains unchanged across all reaction media. Next, we investigated the
possibility of cycloalkane production through hydrogenation of phenol in vapor and liquid phase
environments. Our calculations indicated that the reaction pathway for cycloalkane production
from phenol will most likely follow an initial dehydrogenation of the hydroxyl group. Based on
the vapor phase density functional theory calculations, we proposed a probable reaction pathway
and calculated the condensed phase effects along this reaction route. We observed that an aqueous
phase has a more favorable effect for cycloalkane production from phenol relative to vapor phase

and other less protic solvent environments.

Keywords: Solvent effects; Guaiacol; Phenol; Hydrodeoxygenation; Microkinetic modeling;

Density functional theory; Ruthenium
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1. Introduction

The discourse about the feasibility and the economic viability of utilizing biomass as an
alternative energy source to produce biofuels has intensified lately.! Despite the sustainability and
the environmental friendliness of this renewable resource, the over reliance of the existing
technologies on food grade biomass resources poses some significant challenges.? Therefore,
upgrading of lignocellulosic biomass to second generation liquid transportation fuels has been
receiving widespread attention.*® Thermochemical conversion processes such as flash pyrolysis
or hydrothermal liquefaction can be employed to produce environmentally benign bio-oils from
these biomass sources. Bio-oils have higher energy density and better transportability than
feedstock biomass and can generate CO, and SO, credits with lower NO, emissions compared to
fossil fuels.” Dependent on the biomass sources and the conversion processes adopted, the oxygen
content in bio-oils can approach as high as 50%, despite having low sulfur and nitrogen content in
comparison to fossil-based oils.? The presence of a large oxygen content combined with corrosive
acids and reactive aldehydes in the complex bio-oil mixture leads to several undesirable properties,
such as low heating value, high viscosity, non-volatility, thermal instability, high degree of
corrosiveness, and tendency to polymerize upon exposure to air’ which limits the prospect of direct
substitution of bio-oils for petroleum fuels. Therefore, some upgrading processes need to be
employed to reduce the O/C ratio of the pyrolysis oil for wider range of applications.

Catalytic flash pyrolysis and hydrodeoxygenation (HDO) are two of the most promising
catalytic upgrading processes for bio-oil. /n-situ catalytic flash pyrolysis processes have the
advantage of being operated at atmospheric pressure in absence of hydrogen;’ however, the high
degree of oxygen removal and the ability to prevent coke deposition on the catalyst surface have

made HDO the more promising alternative.!? Catalytic HDO of bio-oils is typically performed at
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high hydrogen pressure to reduce the oxygen content as well as to increase the H/C ratio. Sulfided
catalysts such as CoMo and NiMo on y-Al,O3 support have been thoroughly studied for HDO due
to their conventional industrial application in the hydrodesulfurization (HDS) of petroleum oils.!!-
13 However, the instability of the sulfided catalysts in presence of sulfur free bio-oils,'*!5 evolution
of sulfur containing HDO intermediates owing to the co-feeding of H,S to maintain the sulfide
structure,'® boehmite formation of the acidic support in presence of water present in the bio-oil
mixture,'>!7 and deactivation of the catalyst surface by polymerization and coke formation!'$-1?
restrict the prospect employing conventional HDS catalysts for HDO purposes. The tendency of
bio-oils to thermal degradation and coke formation makes noble metals industrially attractive
catalysts despite the higher cost due to their excellent activity, selectivity and stability.'®?* They
are expected to operate at mild reaction conditions without any introduction of sulfur, and fast
deactivation by coke formation in the presence of phenolic compounds can be avoided by
employing a high hydrogen pressure during HDO. Nonetheless, further improvement of the
catalyst design by tailoring the active phase and the support is required to reduce the hydrogen
consumption and increase the yield of selective oils.

Bio-oils derived from different feedstocks are typically a complex mixture of water (10-
30%) and 300 different organic compounds, comprising of insoluble pyrolytic lignin, aldehydes,
organic acids, sugar oligomers, alcohols, and phenol derivatives.?! Guaiacyl species, being the
primary structure of lignin, are predominant in bio-oils and tend to repolymerize to form coke and
heavy hydrocarbons during bio-oil upgrading processes.??23 The presence of these diverse organic
compounds complicates the bio-oil upgrading process which makes the mechanistic investigation
of reaction pathways and catalytic activities very challenging. Therefore, for better understanding

of the catalytic upgrading process, it is imperative to select a model compound representative of
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the pyrolysis oil. In the current study, guaiacol (2-methoxyphenol) has been chosen as the
prototypical compound of phenol derivatives and lignin derived oligomers which contains a phenyl
ring, two different oxygenated functions, and has been known to play a significant role in the
catalyst deactivation process. HDO of guaiacol over a wide range of monometallic transition
metals such as Pt!62431 Rh16263032 P(1626283033-34 Ry26283033.35-36  Fe2837 Mo33, [r33, W33,
Cu?®33; post transition metals such as Sn** as well as bimetallic catalysts such as Rh-Pd32, Rh-Pt*2,
Pt-Sn?*, Ni-Cu?®, Pd-Fe?® have been reported. Due to the critical role of metal-support interaction,
support acidity, susceptibility of conventional y-Al,O; support to coke formation33°, and its
instability in presence of water!'”3%; various supports such as C26-28:3335 7r(Q,1632.38  Ti0Q,2%33,
S10,26:35:37-38 - Ce0,3840, MgO?73¢ have also been tested rigorously. Heeres et al.*! presented a
thorough catalyst screening using noble metals catalysts and compared that with the conventional
hydrotreatment catalysts for HDO of fast pyrolysis oil. They addressed Ru/C as the most promising
candidate for bio-oil upgrading regarding oil yields, deoxygenation activity, and hydrogen
consumption. Our group has previously reported an in-depth vapor phase mechanistic
investigation of the HDO of guaiacol over a Ru(0001) model surface and concluded phenol to be
the major product.*> However, the presence of a substantial amount of water in bio-oil feeds (30%)
combined with the production of more water during the HDO process can affect the activity as
well as the surface structure and chemical composition of the catalysts.” If used as a solvent, water
has the potential to increase the targeted product selectivity, reduce the undesirable thermal
degradation, and facilitate product separation. Sharpless et al.** reported accelerated reaction rates
of hydrophobic organic compounds in water and argued that the biphasic boundary between water

and hydrophobic oil can also play a role. Conversely, Grunwaldt and coworkers*+ have
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investigated how various polar and non-polar solvents influence the HDO of guaiacol over Pt
based catalysts and reported a higher HDO ability in presence of non-polar solvents.

To address this lack of fundamental understanding of solvent effects, we report herein an
investigation of solvent influence on the reaction mechanism and possible activity descriptors for
the HDO of guaiacol over a Ru(0001) model surface. Several studies conducted at relatively mild
reaction conditions have reported the presence of aromatic ring saturated products3¢4® which was
not considered in our previous study. Therefore, in this study, we have extended our calculations
to investigate the formation of phenyl ring saturated products in vapor and condensed phases.
While electrostatic interactions and hydrogen bonding contributions are instrumental for the
interaction between a polar adsorbate and a polar solvent, London dispersion forces play a crucial
part for non-polar adsorbate-solvent systems. To consider both of these effects, four different
solvents of varying degree of polarity (dependent on Kamlet and Taft’s solvatochromic
parameters) have been employed for this study.*’” Specifically, we focused on the effects of liquid
water which is a polar, protic solvent, 1-butanol, a polar aprotic solvent, diethyl ether, a
‘borderline’ polar aprotic solvent, and a non-polar solvent, n-hexane. Using first principles
calculations and a novel implicit solvation scheme for solid surfaces (iISMS),*® we characterized
the solvent effects on the thermodynamics and kinetics of elementary reactions. It should be noted
here that hydrogen bonding contributions are implicitly parameterized in the Conductor like
Screening Model (COSMO)’374 and that iSMS has been shown to perform reasonably well for
neutral species'® and for reactions when hydrogen bonding contributions do not change
significantly along the reaction coordinate.’*!%! A mean field microkinetic reactor model was then
developed to reexamine the most abundant surface intermediates, dominant reaction pathways,

and general kinetic trends in the condensed phases. We conclude our findings with a deliberation
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of our hypotheses and suggest further research. To the best of our knowledge, no theoretical report
on solvent effects on the catalytic hydrodeoxygenation of guaiacol over transition metals catalysts

has yet been published.

2. Computational Approach
2.1 Solvation Model

Solvent molecules can affect activity and selectivity of a heterogeneously catalyzed
reaction in a number of ways, it can 1) compete with the adsorbed moieties for the active catalyst
sites, 2) directly involve itself in the reaction coordinate, thereby providing lower energy pathways,
for example, Grotthuss mechanism,* and 3) affect the stability of the charged intermediates or
transition states. While computational investigations of chemical reactions occurring at solid-
liquid interfaces can be very challenging,’® in this study, the liquid phase effect has been
approximated by employing the iSMS method.#®* A detailed discussion about the iSMS
methodology and validation can be found elsewhere.48-30->4

The fundamental idea behind the iISMS methodology is to include long-range metallic
interactions through periodic-slab models in the absence of solvent molecules and to represent the
liquid phase effect as a perturbation on the (free) energy differences which is described by
(sufficiently large) cluster models embedded in an isotropic continuum of constant dielectric.
Consequently, the free energy function of a moiety adsorbed on a periodic metal slab submerged
in liquid can be illustrated using the following subtraction scheme,

GUIH o+ intermediate = Goarfire + intermediate™(GELiSy 1 imtermediate — E visarors imtermediate) (1)

where  Ggirface + intermediate 18 the free energy of the adsorbed moieties in vapor phase,

GUad o ermediate 1S the free energy of the surface cluster model immersed in an implicit solvent
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which is fashioned by extracting selected metal atoms and removing the periodic boundary
conditions, and E¥f ers intermediate 1 the DFT energy of the same cluster in absence of any fluid
phase environment, i.e., solvation effects are captured by the term in the bracket of Eq. 1. The
Conductor-like Screening Model for Real Solvents (COSMO-RS)% approach using the
COSMOtherm program package®® has been employed to compute Géﬁ?ﬂ}gce + intermediate- Solvent
thermodynamic properties are readily available in the COSMOtherm database,’® which are based
on the quantum chemical COSMO calculations at the BP-TZVP level of theory. For any other
adsorbed moiety, the COSMO-RS input file was generated with the help of COSMO calculations
at the same level of theory. We note that COSMO-RS is specifically parameterized for the BP-
TZVP level of theory.
2.2 Periodic and Non-periodic DFT Calculations

The catalyst model investigated in this study has been explored earlier for the vapor phase
hydrodeoxygenation of guaiacol over a Ru(0001) model surface,*> and we encourage the interested
readers to review the methods section of that article for a comprehensive summary of the
computational details employed to perform the periodic plane-wave DFT calculations. However,
it has been demonstrated recently that the Bayesian error estimation functional with van der Waals
correction (BEEF-vdW)>7 performs significantly better for calculating the adsorption energies of
larger adsorbates®®> as well as simple adsorbates such as CO®-¢! in comparison to the PBE
functional®? with dispersion corrections that we used previously.®®> Hence, the energetics of the
adsorption-desorption processes as well as the all the elementary steps of the phenol hydrogenation
network investigated in this study have been computed utilizing the BEEF-vdW functional. All
periodic DFT calculations have been performed using the VASP® program package and non-

periodic cluster model DFT calculations have been performed using the TURBOMOLE 6.564-63
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program package. The cluster surfaces have been constructed by removing the periodicity of the
geometries obtained from plane-wave DFT calculations and modeled as a 5x5 surface with 2 layers
of metal atoms which we found to lead to converged solvation effect data with regards to cluster
depth and size. Atoms that comprise the adsorbate molecules have been described by employing
all electron basis sets of triple-C quality,® while a relativistic effective small core potential (ECP)
combined with a basis set of the same quality as the adsorbate atoms have been employed for the
valence electrons of the metal (Ru) atoms.%” Electron exchange and correlation terms of DFT have
been described by utilizing the BP86 functional®®-%® and coulomb potentials were approximated in
conjunction with the RI-J approximation using auxiliary basis sets.”’! Single point energy
calculations have been performed for the cluster models using a self-consistent field energy
convergence criterion of 1.0 X 10 =7 Ha with an m4 spherical grid.”> Multiple spin states were
investigated for each cluster model to identify the lowest energy spin state. For the lowest energy
spin state, Conductor like screening model calculations (COSMO)”3-7* were performed where the
solute molecule is embedded in a molecule shaped cavity surrounded by a dielectric medium of
infinite dielectric constant (hence Conductor). Finally, the dielectric constant was scaled down to
the respective dielectric constant of the solvents by utilizing the COSMO-RS>¢ program package
to obtain the solvation energy. Considering the ambiguity associated with the interpretation of the
cavity radius of transition metal atoms in implicit solvation models (due to a lack of available
experimental data),>*75 all calculations have been repeated with a 10% incremental change on the
default cavity radius of the Ru atoms.
2.3 Solvents Investigated

The HDO of guaiacol has previously been studied experimentally for the pure reactant

diluted in water, diethylether, decane, octanol, hexadecane, and tetrahydrofuran.*+76-7® In organic
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chemistry, it is often attempted to understand solvent effects by the polarity of the solvent, which
can be very challenging to convey quantitatively. Empirical estimation of solvent polarity has been
calculated based on linear free energy relationships of substituent solvent parameters and
equilibrium, kinetic, and spectroscopic measurements.*’” By employing a solvatochromic
comparison method in linear solvation energy relationship (LSER) theory, Kamlet and Taft
presented a set of solvent parameters to establish a solvent polarity scale, namely, ©*, @, and £3,
which are related to distinct configurational properties in solution, e.g., solubilities, partition
coefficients, thermodynamic and kinetic properties of chemical reactions, etc.”-8! They correlated
solvent dependent physicochemical properties of a given solvent and a reference solvent by
introducing some solvent independent coefficients (s, a, b) which specify the susceptibility of the
corresponding parameters, dipolarity/polarizability (7 *), hydrogen-bond donor acidities (), and
hydrogen-bond acceptor basicities (), respectively. Table-S1 in the supporting information
includes the Kamlet-Taft solvent parameters as well as the normalized solvent polarity parameter
(EY) for the four different solvents explored in this study, i.e., water, 1-butanol, diethylether, and
n-hexane. The recorded values clearly indicate that water is the most polar protic solvent with high
polarizability and hydrogen bond donating ability while n-hexane lies at the other end of the
spectrum with no hydrogen bond accepting/donating capability. 1-butanol and diethylether lie in

between the above mentioned two as evidenced from their normalized polarity values.

3. Model Development
3.1 Microkinetic Modeling
To analyze the implication of reaction energies and the reaction pathways under realistic

processing conditions, a mean-field microkinetic model was formulated. The formulation of the

10
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partition function in the liquid phase environment is complex and dynamic contributions to the
free energy of the solute are in general insensitive to whether the solute vibrational frequencies are
computed in the gas phase or in the solution. Thus, in the parameterization of implicit solvation
models, the vibrational partition function is often computed for the gas phase species. Hence, the
zero-point corrections to the 0 K energies and vibrational partition functions under the harmonic

approximation were calculated using the vibrational frequencies (v;) obtained from vapor phase

periodic plane-wave DFT calculations.

1 2
Ezpg = EZ hv; @
1 3)
Quib = T
P 1— exp (m

It should be noted here that the frequency calculations include relaxations of only adsorbed
moieties which result in a reduction of the accuracy of low-lying frequencies that are coupled with
surface metal atoms. Considering the accuracy of DFT (or lack thereof) and the inadequacy of the
harmonic approximation to describe low-lying frequencies, we established a 100 cm! cutoff value
for frequencies (real) that lie below the aforementioned value. This accommodation was not
required for the gas phase molecules since the rotational and the vibrational partition functions
were rigorously calculated using statistical mechanics.3?

To account for the liquid phase environment, the solvation free energy obtained from
COSMO-RS calculations were utilized to reparametrize the microkinetic model. For the
adsorption/desorption processes,

AGsowent = AGgas + Gads(solv) — Gru(solv) )]
where G,45(solv) and Gg,(solv) are the free energies of solvation of a Ru cluster with and without

an adsorbate, respectively. It is worth mentioning here that the chemical potential of all the gas

11
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phase species in a particular solvent is given by the partial pressure (fugacity) of that species in
the vapor phase which is in equilibrium with the solvent phase, i.e., we assumed gas-liquid

equilibrium in the absence of any mass transfer limitations. The free energy of reaction (AGsalyent

and free energy of activation (AG % en:) of the elementary surface reactions were calculated as,
AG5lvent = AGGgs + Grs(solv) — Gis(solv) (5)
AGE 1vent = AG;as + Grs(solv) — Gis(solv) (6)
where the subscripts IS, TS, and FS denote the initial, transition, and final state, respectively. All
reactions were presumed to be reversible reactions. Forward rate constants were calculated using
harmonic transition state theory (hTST)?®? for all surface mediated elementary processes.

yksT —AG* (7)
kforwara = A exp ( kgT )

Here, AG* is the free energy of activation, T is the absolute temperature, y is the transmission
coefficient, which was assumed to be 1.0 for all cases, and kp and h are the Boltzmann and Planck
constants, respectively. Collision theory was employed for calculating the forward rate constants

of non-activated adsorption processes.

a ®)

k =
forward No /72nkaT

Here, o stands for the sticking probability (assumed to be 1.0 for all cases), N, is the number of
catalytic sites per unit surface area, and m is the molecular weight of the adsorbate.
Thermodynamic consistency was ensured by calculating the reverse rate constants from

thermodynamic equilibrium constants.

_AGT.xn (9)
K eq = €Xp ( kT )
k forward (10)
kreverse = K—
eq

12
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Finally, with all the rate parameters known, a microkinetic reactor model was developed as a
system of differential algebraic equations (DAEs). The fractional coverage of a surface

intermediate at steady state is given by,

do; (11)
@=L =0

J

where index i refers to the ith adsorbed species and index j loops over all the elementary reactions.
Furthermore, the total number of catalytic sites were conserved, and the overall site balance

equation was employed to calculate the fractional coverage of empty sites.

Znﬂi =1 (12)

i
A complete list of the number of sites assigned to each species (n;) can be found in our vapor phase
study.*? All microkinetic models were initialized with a clean Ru surface and solved as a system
of DAEs to achieve fractional surface coverages and turnover frequencies (TOFs) at steady state
under realistic processing conditions.
3.2 Adsorbate-adsorbate Interactions

Adsorbate-adsorbate interactions can play a significant role for the adsorption strength as
well as the stability of the adsorbed moieties which in turn can affect catalytic activity of transition
metal catalysts.>*7334-85 Getman et al.3*-87 demonstrated a remarkable change in NO, dissociation
capability of Pt(111) when the O coverage is typical for NO oxidation catalysts. As reported in our
vapor phase study,*” without considering any adsorbate-adsorbate interactions, H, CO, and
phenoxy (C¢Hs0) become the most abundant surface intermediates when solving the microkinetic
modeling equations. Hence, to mimic the local chemical environment dependence of adsorption
energy in a realistic reaction environment, lateral interaction functional forms have been included

in our microkinetic model. While the true description of adsorbate-adsorbate interactions can be

13
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very complicated and computationally demanding to realize, we employed the two-parameter
lateral interaction model proposed by Grabow et al.®® considering its simplicity. Table S2 of the
supporting information includes the functional forms of the lateral interactions introduced in our
microkinetic models. A detailed description of the calculation procedure to obtain these functional

forms have been discussed in our vapor phase investigation.*?

4. Results and Discussion

Experimental studies have reported a range of alicyclic and aromatic products for the HDO
of guaiacol such as 2-methoxy-cyclohexanol, cyclohexanol, cyclohexanone, cyclohexane,
benzene, catechol etc. with phenol being a major intermediate detected at short reaction
times.28:30-33.36:46 Therefore, in this study, we aim to describe the HDO of guaiacol over Ru(0001)
catalysts in two steps. At first, we carried out our study in condensed phase to verify the formation
of phenol from the hydrodeoxygenation of guaiacol. Next, we examine the possibility of phenyl
ring saturation in vapor and condensed phases to produce two major products observed in

experimental studies, cyclohexanol and cyclohexanone from phenol.”389-92

4.1 HDO of Guaiacol to Unsaturated Aromatics
4.1.1 Solvent Effects on the Adsorption Strength of Reaction Intermediates

The introduction of a solvent using a continuum solvation model can alter the adsorption
strength of reaction intermediates in two different ways, 1) incorporating an implicit solvent
introduces the previously unaccounted for adsorbate-solvent interaction, and ii) it modifies the
metal-adsorbate interaction by changing the electronic structure of the metal due to indirect

solvent-metal interactions. Solvent induced changes in the adsorption strength of a reaction

14
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intermediate can significantly affect the overall activity of a catalyst site by modifying the
activation and reaction free energies. To investigate the effects of solvent on the adsorption
strength of the intermediates involved in the HDO of guaiacol, we computed the difference in
adsorption free energy in the absence and presence of a solvent,
A(g) +* (9)=A~*(9) (13)
A(g) +* (DA * (D (14)
A(Gads,a) = Gads,a(D) — Gads,a(9)
=[¢* W) -6 ()] - [6" () - 6" (9)] =A26) (15)
where, Ga45 4(1) and G o445 4(g) are the free energies of adsorption of a gas molecule of intermediate
A in the presence and absence of the solvent, G** (I) and G** (g) are the free energies of the
adsorbed moiety A in the presence and absence of solvent, and G * (1) and G * (g) are free energies
of the clean surface model in the presence and absence of solvent, respectively. It should be noted
here that while many adsorbed moieties can be unstable when separated from their adsorption site;
nonetheless, this scheme permits us to compare the relative adsorption strength in a liquid phase
environment with respect to the gas phase adsorption strength. Using this procedure, we essentially
use an ideal gas phase as reference state for all species and assume equilibrium between the
molecules in the liquid phase and a hypothetical gas phase, i.e., we are assuming fast mass transfer.
The activity coefficient/fugacity of the molecules in the liquid phase at a given concentration in
the various solvents is computed using COSMOtherm.

The investigated surface moieties in the reaction network of the HDO of guaiacol and the
calculated change in their adsorption strength in various reaction environments are listed in Table
1. In total, we investigated 39 surface intermediates in our reaction network that includes guaiacol,
phenol, catechol, and their derivatives. Snapshots of all adsorbed geometries can be found in our

previous vapor phase study.*? For the convenience of comparison of the solvent effect on the

15
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adsorption strength of the surface intermediates, we classified the intermediates into four different
classes of structurally similar species where all the species belonging to a class display similar
trends in solvent effects across all four solvents studied in this paper.
Class I: Guaiacol and Its Derivatives

Presence of a liquid-phase environment significantly stabilizes the adsorption of guaiacol
on Ru(0001) sites (A(AGY**") = —0.22 eV, A(AG! ~Putanol) = .47 eV, A(AG®iethyiether)
= —0.43 eV, A(AG™ ~exan¢) = _0.33 eV’). Solvents employed in this study can be arranged in
the order of their effect on the adsorption strength of guaiacol and its dehydrogenated and partially
hydrogenated derivatives as 1-Butanol > Diethyl ether > n-Hexane > Water. This phenomenon can
be attributed to the fact that guaiacol has a large non-polar aromatic ring with a polar hydroxyl
group and slightly polar methoxy group. The presence of a polar solvent (Water) ensures favorable
solute-solvent interaction, i.e., formation of hydrogen bonds, thereby increasing the adsorption
strength of guaiacol and its derivatives. Reducing the polarity of the solvent (1-Butanol, Diethyl
ether) enhances the stabilization of the adsorption strength of these species because of the
additional favorable interaction between non-polar fragments of the solute and solvent due to
increased London forces while retaining some of the favorable interaction between polar fragments
of the solute and solvent. For non-polar aprotic solvents such as n-hexane, the stabilization of the
adsorption strength only comes from the favorable solute-solvent interaction due to London
dispersion forces, which reduces the solvent effect on the adsorption strength of guaiacol and its
derivatives compared to that of I-butanol and diethyl ether. Partially hydrogenated
(CeH4H3(OH)(OCHy)), x=[0,1], y=[0,3]) and dehydrogenated (CsH4(O,Hy)(OLCyH,)), v=[0,1],
w=[0,1], x=[0,1], y=[0,1], z=[0,3]) species of guaiacol all maintain the same order of the solvent

effect on the adsorption strength. For example, the 2-methoxy-phenyl (CsH4(OCHj3)) intermediate
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can be produced by Cii)-OH bond scission of guaiacol. Due to the loss of a polar hydroxyl
group, the solvent stabilization of the adsorption strength in water gets reduced (A(AG"%*T)

= —0.07 eV) compared to that of guaiacol, while the increasingly non-polar solvents such as 1-
butanol, diethyl ether and n-hexane retain most of the solvent stabilization (A(AG! —Putanol)
= —0.35 eV, A(AGaiethylether) — _( 33 e/, A(AG™ ~ M€*an€) = (.24 eV) that is due to dispersion
forces between non-polar fragments of the solute and solvent.
Class II: Phenol, Anisole, Catechol, Benzene and Their Derivatives

Phenol, due to the presence of a strongly polar hydroxyl group, displays a significant
solvent stabilization in aqueous phase (A(AGY%*") = —0.20 eV/), and the presence of a non-polar
aromatic ring ensures an increase in adsorption strength for other solvents with various degree of
polarity (A(AGT —butanol) — _ 38 eV, A(AGHethyiether) = _( 35 eV, A(AG™ ~ hexane)
= —0.26 eV). On the other end of the spectrum, benzene, being non-polar, shows a small solvent
stabilization in its adsorption strength in the aqueous phase ((A(AG"¢") = —0.10 eV). However,
benzene shows a sizable solvent stabilization in adsorption strength in the other solvents due to
favorable solute-solvent London dispersion interaction (A(AG!~P%anol) = _0.26 eV, A
(AGdiethylether) — _(.24 eV, A(AG™ ~"¢¥an€) = _(0.17 eV). Overall, phenol (C¢HsOH), anisole
(C¢HsOCHj3), catechol (CgH4(OH),), benzene (C¢Hg), and their dehydrogenated surface
intermediates follow the same order of solvent stabilization as mentioned before for guaiacol
species.
Class IlI: Methane and Its Derivatives

Methane and its dehydrogenated derivatives such as methyl (CH3), methylene (CH,), and
methylidyne (CH) display a marginally weaker adsorption strength in the aqueous phase due to

their non-polar nature. For example, the adsorption strength of methane in liquid water decreased
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by 0.04 eV. We also find that the adsorption strength of methane and its derivatives is hardly
affected by the presence of other solvents such as 1-butanol, diethyl ether, and n-hexane.
Class IV: Methanol and Its Derivatives

Presence of liquid water weakens the adsorption strength of strongly polar methanol and
its dehydrogenated species methoxy (CH;0) (A(AGYE..) = 0.12 eV, A(AG%‘;@%W =0.09 eV
). This inverse solvent effect on a polar species can be rationalized by observing their binding
modes and their strongly polar nature. Both methanol and methoxy species binds to the Ru(0001)
surface through the O atom, a hydrogen bond donor. Due to their polar nature, these species have
a favorable solute-solvent interaction in polar solvents (through hydrogen bonding) which in turn
weakens solute-surface interaction, thereby reducing the adsorption strength when following bond
order conservation principles. As we decrease the polarity of the solvents, the adsorption strength
gets stabilized. For less polar dehydrogenated species such as formaldehyde (CH,0) and formyl
(CHO), the presence of a liquid phase environment hardly affects the adsorption strength.
4.1.2 Solvent Effects on Elementary Processes

Figure 1 illustrates a schematic of the investigated elementary reactions involved in the
HDO of guaiacol over a Ru(0001) model surface. Energetics of all adsorption/desorption reactions
are reported in Table 2 using BEEF-vdW functional in different reaction environments at 473 K.
Free energies of reaction and free energies of activation of all elementary surface processes in
different reaction environments are listed in Table 3 for a reaction temperature of 473 K.

In the following, we discuss the solvent effects on the free energy of reaction and free
energy of activation of various elementary processes involved in the HDO of guaiacol. For the
convenience of comparison, the reaction pathways have been labeled from 2 to 8 according to the

first reaction step labeled in Figure 1, adsorption of guaiacol being the first reaction step. Pathways
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2 and 3 start with selective hydrogenation of Ciyip) and Cayioy 0f guaiacol, respectively. Direct
removal of a hydroxyl group, methoxy group, and a methyl group from guaiacol have been
considered in pathways 4, 5, and 7, respectively. Pathways 6 and 8 considers the dehydrogenation
of guaiacol through C-H bond scission of the methoxy group and O-H bond scission of the
hydroxyl group, respectively.

I: Selective hydrogenation of the phenyl ring

Selective hydrogenation of the phenyl ring of guaiacol to form CsH4Hg(OH)(OCH3) (step
2) and C¢H4H,(OH)(OCH5;) (step 3) are both endergonic steps in the vapor phase (AG,,,, = 0.40 eV
and AG,,, = 0.51 eV, respectively) and kinetically demanding with a free energy of activation of
1.10 eV and 1.14 eV, respectively, which makes pathways 2 and 3 unfavorable. Liquid solvents
employed in this study (water, 1-butanol, diethyl ether, and n-hexane) have an unfavorable effect
on the free energies of C,yip)-H hydrogenation, making it more endergonic (free energy of reaction
ranging from 0.41 eV to 0.49 eV) and making it kinetically more demanding. Liquid water does
not have any effect on the free energy of reaction of C,yiq)-H hydrogenation, with a minimal
increase in the free energy of activation (A(AG *)=0.04eV). Employing other solvents such as 1-
butanol, diethyl ether, or n-hexane have a minimal exergonic effect on the free energy of reaction
with a slight increase in the free energy of activation (A(AGT_ putanor) = 0.06eV, A(AGjiethyl ether
) =0.06eV, A(AG_ hexane) = 0.07eV).

Similar to the vapor phase, further dehydrogenation of the methoxy group (step 9) remains
challenging compared to the methoxy group removal (step 10) of CsH4Hg(OH)(OCH3) in all
solvents studied. Liquid water increases the free energy of activation of the subsequent methylene
group removal (step 23) process by 0.16 eV while it remains largely unaffected in all other solvent

media. The energetics of the hydrogenation of the resulting CcH4Hg(OH)(O) species to produce
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C¢Hs(OH), (step 36) also show only a minimal perturbation from the vapor phase for different
solvent media. The final step to produce phenol involves dehydroxylation of the phenyl ring (step
41) and employing increasingly non-polar solvents makes this step more facile by 0.11-0.15 eV.

Less protic solvent media such as 1-butanol, diethyl ether, and n-hexane have an
endergonic effect on the free energy of activation for the dehydroxylation of the Ciyic)
hydrogenated species of guaiacol (step 11) to produce anisole while the energetics remain
unchanged in water compared to that of vapor phase. Different reaction media also exert a limited
effect on the kinetics of the subsequent dehydrogenations of anisole (step 24 and step 37). Overall,
the energetics of pathways 2 and 3 suggest that HDO of guaiacol does not proceed through
selective hydrogenation of the phenyl ring, similar to the vapor phase, which agrees with
experimental observations.?
1I: Direct removal of functional groups

Pathways 4, 5, and 7 consider direct removal of -OH, -OCHj3, and -CHj; functional groups,
which were found to be kinetically difficult in the vapor phase and which remain difficult in liquid
phase environments. A liquid phase environment exerts an endergonic effect on the
thermodynamics of the removal of the hydroxyl species from guaiacol to produce 2-methoxy
phenyl species (C¢H4OCH3;) (step 4). While the presence of an aqueous phase increases the free
energy of activation by 0.07 eV, other solvent media hardly affect the kinetics of the reaction.
Subsequent hydrogenation to anisole, however, gets more exergonic in the liquid phase
environment with water contributing the most A(AG,,) = —0.22 eV) while the kinetics also
become slightly facilitated.

In the methoxy group removal pathway (pathway 5), the removal of the -OCHj; species

(step 5) becomes kinetically more unfavorable in water (A(AG T)=0.07eV) while other solvents
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have a minimal effect. Subsequent hydrogenation of the 2-hydroxy phenyl species (CcH,OH) to
produce phenol (step 13) becomes thermodynamically more favorable in the liquid phase
environment compared to that of the vapor phase.

The seventh pathway consists of removal of a methyl group from guaiacol to produce a
hydrogen catecholate species (C¢H4(OH)(O)) (step 7) which is highly exergonic in the vapor phase
(AGyyn = —1.35 eV). Introduction of a liquid phase environment has an endergonic effect on the
thermodynamics of the reaction while the kinetics remains mostly unchanged. The hydrogen
catecholate can be hydrogenated to catechol (step 18) which remains largely unchanged in liquid
water, while less protic solvents have a favorable effect on both the thermodynamics and the
kinetics of this elementary process. Catechol can be either dehydroxylated to a 2-hydroxy phenyl
species (C¢H4OH) (step 27) or hydrogenated to produce a C¢Hs(OH), species (step 28) which are
both kinetically very demanding. Presence of a liquid phase environment does not affect the
kinetics of these processes while having minimal effect on the thermodynamics.

In summary, a liquid phase environment does not help these kinetically demanding
processes of direct functional group removal to make them more facile.

III: Dehydrogenation of methoxy and hydroxyl groups

In pathways 6 and 8, we discuss the initial dehydrogenation of the -OCHj; and -OH groups
of guaiacol. The removal of a hydrogen from the methoxy group of guaiacol to produce the 2-
methylene-oxy-phenol intermediate (C¢H4(OH)(OCH,)) (step 6) is both thermodynamically and
kinetically favorable in the vapor phase (AG,, = —0.36 eV, AG* = 0.50 eV). Introduction of an
aqueous phase has an endergonic effect on the free energy of reaction (A(AG,x,) = 0.09 eV) with
negligible impact on the free energy of activation (A(AG ¥) = 0.02 eV). All the other less protic

solvents (1-butanol, diethyl ether, and n-hexane) have a less endergonic effect on the
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thermodynamics of the reaction compared to water (A(AG,y,) = 0.04 eV) with the kinetics
remaining unperturbed. 2-methylene-oxy-phenol species can go through -OCH,; removal (step 14),
dehydrogenation at the hydroxyl group (step 15), dehydrogenation of the methylene group (step
16), and removal of -CH, (step 17). The most facile path in the vapor phase is dehydrogenation of
the methylene group (step 16) (AG,n, = —0.53 eV, AG* = 0.02 eV/), which remains unchanged in
the liquid phase environment. However, while the liquid phase environment does not affect the
free energy of reaction of this elementary step, the free energy of activation is perturbed differently
for polar and non-polar solvents. The reaction becomes barrierless in an aqueous phase while for
other solvents, the free energy of activation increases by 0.10 eV compared to that of the vapor
phase. The product of step 16, 2-methylidyne-oxy-phenol (C¢H4(OH)(OCH)) can then either
undergo methyne (-CH) removal to produce a once hydrogenated catecholate intermediate
(CcH4(OH)O) (step 26) or formyl (-OCH) removal to produce a 2-hydroxy-phenyl species
(C¢H4OH) (step 25). Step 26 is much more facile compared to step 25 in the vapor phase which
remains consistent in the presence of a liquid phase environment. However, while liquid water
makes the process more exergonic by 0.09 eV, other less protic solvents makes it more endergonic
by 0.17 eV compared to that of the vapor phase. Elementary processes involving the C¢H4(OH)O
species have already been discussed in the previous section and consequently will not be discussed
further.

Finally, the pathway eight, which involves dehydrogenation of the hydroxyl group of
guaiacol to produce a guaiacolate intermediate(CsH4(O)(OCHs3)) (step 8) is the most facile reaction
pathway in the vapor phase (AG,,, = —0.77 eV, AG* = 0.29 eV). In the liquid phase, all solvents
pose an endergonic effect on the free energy of reaction of this elementary process by ~0.10 eV.

The free energy of activation remains unaltered in less protic solvents while liquid water shows an
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endergonic effect (A(AG #) = 0.08 eV) making this step competitive with the dehydrogenation of
the methoxy group of guaiacol (step 6). Next, the methoxy group is dehydrogenated (step 22)
which is more facile (AG,,, = —0.32 eV, AG* = 0.53 eV) compared to the alternative step which
involves complete removal of the methoxy group (step 21) (AGy, = 0.21 eV, AG* = 1.08 eV) in
the vapor phase. Liquid water further facilitates the kinetics of the methoxy group dehydrogenation
step (step 22) (A(AG*) = —0.06 eV). The product of step 22, 2-methylene-oxy-phenolate
(C¢H4(O)(OCH,)) then undergoes a barrierless dehydrogenation reaction (step 33) across all
reaction environments to produce a 2-methylidyne-oxy-phenolate (C¢H4(O)(OCH)) species where
the thermodynamics of the process becomes slightly exergonic (by ~0.05 eV) when using less
protic solvents compared to that of the vapor phase. In the vapor phase, two kinetically competing
reactions develop at this point, methylidyne (-CH) removal (step 34) and hydrogen removal (step
35) from the C4H4(O)(OCH) intermediate. In the liquid phase environment, the reactions become
even more competitive, i.e., the difference between the free energy of activation of these two
elementary processes in 1-butanol solvent is only 0.07 eV. The product of step 34, a catecholate
species (CgH40;) then undergoes hydrogenation (step 42) which connects the eighth pathway with
the sixth at this point. The product of the other elementary step (step 35), 2-carbide-oxy-phenolate
(CsH4(O)(OC)), then goes through decarbonylation (step 43) to produce a 2-oxyphenyl (C¢H40)
intermediate. While the kinetics of this reaction mostly remains unperturbed due to the presence
of a liquid phase, the free energy of reaction becomes more endergonic (A(AG,y,) = 0.21 eV) in
liquid water while other less protic solvents makes this process more exergonic (A(AG,y,
) = —0.08 eV). Lastly, the C¢H,4O species gets hydrogenated to phenol (C¢HsOH) (step 30) and an
aqueous phase environment facilitates this process both thermodynamically (A(AG

) = —0.12 eV) and kinetically (A(AG*) = —0.09 eV).
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Based on the thermodynamics and kinetics of the elementary processes, we can presume
that the dominant reaction pathway of the vapor phase (pathway 8) remains dominant in all
condensed phase reaction media. However, any computational catalysis study based on only free
energies remains inadequate for not considering the realistic reaction conditions and not predicting
the experimental observables to which it can be compared directly. Therefore, in the following
sections, we investigate the effect of solvents on the turn-over frequency (TOF) and the coverage
of the most abundant surface intermediates through mean-field microkinetic modeling.

4.1.3 Mean-field Microkinetic Modeling

In our previous study, we investigated the vapor phase kinetics of the HDO of guaiacol
over a Ru(0001) surface** where we found that at low hydrogen partial pressure and moderate
reaction temperature (573K), kinetically the most favorable pathway proceeds through
dehydrogenation of the hydroxyl group of guaiacol (pathway 8) and the major reaction product
was phenol with catechol as the most relevant side product. In this study, we extend our
microkinetic model to account for the effect of solvation by including the change in free energy of
reaction and free energy of activation due to the presence of a condensed phase. We utilized the
experimental reaction conditions of 0.50 g of guaiacol in 10 g of solvent under relatively mild
reaction conditions (473 K) and 15 bar partial pressure of H,, similar to the reaction conditions of
Tomishige et al.3%4¢ To find the corresponding fugacity/partial pressure of guaiacol, we utilized
the modified Raoult’s law,

foua= Pgua = Xgua¥ guaPua (16)
Thermodynamic data such as activity coefficient, saturation pressure of guaiacol, and fugacity of
pure solvent have been calculated using the COSMOtherm program package.”>-7* We calculated

the guaiacol fugacity to be 0.94 bar, 0.03 bar, 0.02 bar, and 0.05 bar in liquid water, 1-butanol,
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diethyl ether, and n-hexane, respectively at 473 K and assuming 1% conversion, the phenol partial
pressure was set accordingly. For vapor phase simulations, we used a guaiacol chemical
potential/fugacity corresponding to the one in liquid water. Using low conversion conditions to
other reaction products such as catechol, anisole, and benzene, their partial pressures were set at
10 ~® bar. We chose a slightly higher partial pressure of CO (10 ~* bar) to observe the poisoning
effect of CO on the reaction mechanism, similar to our prior research.*> For all simulations, we
employed the same coverage dependent adsorption energies as reported in our previous
contribution*? for the three most abundant surface intermediates of the vapor phase, H, CO, and
phenoxy (C¢Hs0). A summary of our calculated TOFs at four different reaction temperatures and
at various reaction environments are presented in Table 4.
1. Liquid Water Effects

In the presence of an aqueous phase at 473 K (i.e., at a corresponding equilibrium water
partial pressure of 15.536 bar), we observe that the surface is predominantly covered with CH,
CO, H, and phenoxy (CsHs0O) species (Table 5). The computed overall TOF decreases by a factor
of 2.9 going from the vapor phase (TOFyeraii-vapor = 1.95 X 10 —* s1) to an aqueous phase
(TOF gyerat-water = 6.70 X 10 -5 s1). The calculated TOFs along the dominant reaction pathway in
different reaction environments are shown in Figure 2. The major product in the aqueous phase is
predicted to be phenol (TOF jpene1 = 6.66 X 10 -5 s'1), similar to the vapor phase.*> However, unlike
the vapor phase where catechol was found to be the major side product, in liquid water we found
benzene to be the major side product with a two order of magnitude lower production rate than
that of phenol (TOFpensene = 4.02 X 10 =7 s7) which agrees qualitatively well with experimental

studies. 1046
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As we have reported previously,**’> a fundamental caveat of using a continuum solvation
scheme to compute the solvent effects is the uncertainty associated with the cavity radius of
transition metal atoms due to a lack of accurate experimental solvation data. To account for the
uncertainty of Ru atoms, we performed our aqueous phase calculations at three different cavity
radii of Ru atoms: the default cavity radius provided by the TURBOMOLE®* program package
(2.223 A), a 10% increased cavity radius (2.445 A), and a 10% decreased cavity radius (2.0007
A). Our microkinetic model results indicated that the usage of a different cavity radius does not
change the dominant reaction mechanism in an aqueous phase. However, we also observed that
the overall TOF decreases by 2 orders of magnitude (TOFS93M0 —10=1.35 x 10 =7 s-') when we
decrease the cavity radius of Ru atoms while with a 10% increase, TOF increases by a factor of
1.22 (TOFS23M0+10=819 x 10 ~° s7!).

Hellinger et al.** studied the solvent effect on the HDO of guaiacol over Pt/SiO, and Pt/H-
MFTI 90 catalysts at 450 K and 50 bar hydrogen partial pressure. They surmised that polar solvents
lead to a lower conversion of the HDO of guaiacol due to the oxygen containing solvents being
strongly adsorbed on the active sites of the catalysts leading to blockage of active sites,’> which
partially explains why our model predicted a lower activity of the Ru catalyst in an aqueous phase.
Nakagawa et al.>¢ investigated of HDO of guaiacol over Ru/C catalysts in aqueous phase at a
relatively low temperature (433K) and 15 bar H, partial pressure. The major products they
observed are phenyl ring saturated products such as cyclohexanol, 2-methoxycyclohexanol, and
cyclohexane. Addition of MgO to the reaction media increased the yield of cyclohexanol and
methanol. Using the same reaction conditions, Ishikawa et al.*¢ studied the HDO of guaiacol over
carbon black supported Ru-MnOj catalyst (Ru-MnO,/C) and found cyclohexanol and methanol to

be the major product. However, in both cases they observed phenol at short reaction times and the
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selectivity of phenol decreased with guaiacol conversion and cyclohexanol production, which
agrees with our calculations of the HDO of guaiacol at low conversion conditions.
1. Less Protic Solvent (1-Butanol, Diethyl ether, and n-Hexane) Effects

Microkinetic models for 1-butanol, diethyl ether, and n-hexane were performed under
similar reaction conditions except that we employed a water partial pressure similar to our vapor

phase simulations (Py,p = 10 ~6 bar). Unlike for water, solvent adsorption is not considered in the

microkinetic models since at the high reaction temperatures the (vapor phase) adsorption free
energy of all solvent molecules is highly endergonic (at 473 K it is 0.31 eV for 1-butanol, 0.51 eV
for diethyl ether, and 0.52 eV for n-hexane). As a result, the solvent surface coverage is smaller
102 % under all reaction conditions and does not affect the observed kinetics. Our simulations
predict a factor two increase in catalytic activity (TOF1 _ putanot = 4.66 X 10 =%, TOF diethyl ether
=433 x 104 TOF, _ hexane = 5.17 x 10 ™% relative to the vapor phase (TOFi_ putanol
= 1.95 x 10 ~* s7!) for less protic solvents which agrees with the observation of Hellinger et al.4
that non-polar solvents have a positive effect on the HDO of guaiacol. Except for higher
temperatures (>523 K), we found that the presence of a less protic solvent facilitates the phenol
production. Chen et al.”® reported phenol as an intermediate for HDO of guaiacol over Ru/C at
413-533 K and 4 MPa hydrogen partial pressure using ethanol as a solvent, which has a normalized
polarity close to that of 1-butanol. Lu et al.”’ investigated the HDO of guaiacol over Ru/TiO,,
Ru/ZrO,, and Ru supported on TiO,-ZrO, composite oxides at 473-533K and 2 MPa hydrogen
partial pressure using a non-polar solvent, n-dodecane as the reaction medium. They found 2-
methoxycyclohexanol, cyclohexanol, and phenol to be the major reaction products at low reaction
temperature (473K) which partially confirms our microkinetic model predictions.

4.1.4 Apparent Activation Barrier, Reaction Orders, and Sensitivity Analysis

27



600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

Catalysis Science & Technology

We calculated the apparent activation barrier (E,) and reaction orders (ngyq, nco, & ny,)

(Table 6), and performed a sensitivity analysis in different reaction environments (Table 7). Going
from the vapor to an aqueous phase, the estimated apparent activation barrier for the temperature
range of 423 K-573 K increases by 0.03 eV which explains the decrease in TOF in liquid water.
In less protic solvents such as 1-butanol, diethyl ether, and n-hexane, we predict very similar
apparent activation energies of 1.55 eV, 1.57 eV, and 1.58 eV, respectively. The lower apparent
activation energies in less protic solvents can be attributed to the slightly higher number of free
sites available compared to that of liquid water (Table 5).

Next, we investigated the dependence of the overall TOF on the partial pressures of
guaiacol, CO, and H, and the results have been summarized in Table 6. An increase in partial
pressure of guaiacol increases the reaction rate across all reaction environments with the less protic
solvents predicting same reaction order for guaiacol (0.12). Site blocking due to increase in CO
partial pressure leads to a negative reaction order for CO in all reaction environments where the

aqueous phase shows the most pronounced effect (nl3*"= -0.65). This phenomenon can be

explained by the shift in equilibrium of the decarbonylation step 43 to the reactant (2-carbide-oxy-
phenolate to 2-oxyphenyl) in liquid water, resulting in a 99.8% decrease in the TOF for the
elementary step while increasing the CO partial pressure from 10-3 bar 0.10 bar. For less protic
solvents, this reaction step does not become more endergonic but exergonic relative to the vapor
phase (Table 3), partially explaining why CO poisoning is reduced in these solvents. We also
observed an inhibiting effect of low H, partial pressure (0.20 — 0.40 bar) in vapor and aqueous
phase environments. However, our model indicated that in other less protic solvents, even in the
low temperature range, the hydrogen reaction order remains positive. This observation can be

attributed to step 46, the CH species removal step from the surface. In vapor and aqueous phases,
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this reaction step poses a modest (~0.60 eV) activation barrier. In the low partial pressure region (

Py, =0.20 — 0.40 bar), the slight increase in hydrogen partial pressure slightly increases the

hydrogen coverage but fails to shift the equilibrium of the reaction, thereby reducing the number
of free sites available which again leads to an inhibiting effect. Meanwhile, in other protic solvents,
due to the low free energy of activation (0.18-0.35 eV), even a slight increase in hydrogen partial
pressure is able to move the equilibrium to the right, resulting in an increased number of available
free sites that promotes guaiacol adsorption and reaction. Further increase in partial pressure of
hydrogen (0.60 - 20.0 bar) shifts the equilibrium to the right, thereby decreasing the poisoning
effect of CH and promoting the reaction rate across all reaction environments.

To identify the rate controlling steps and surface intermediates, we used Campbell’s degree
of rate control and degree of thermodynamic rate control®*%¢ analyses. Results of the sensitivity
analyses are summarized in Table 7. We observed that H, CO, and CH have a poisoning effect on
the catalyst due to their high surface coverage in vapor and aqueous phase processing conditions
such that destabilizing their adsorption increases the overall reaction rate. In less protic reaction
environments, the largest degree of rate controlling species was found to be C¢H40, which has a
similar poisoning effect on the surface. Due to the high surface coverage of the CH species in
vapor and aqueous phases, our model predicts methyl hydrogenation to methane as one of the rate
controlling steps in the reaction mechanism. However, in less protic solvents, dehydroxylation of
the hydrogen catecholate species (CsHy(OH)O) to 2-oxyphenyl (C¢H4O), which serves as a
precursor to phenol production, becomes the most rate controlling reaction such that lowering the
activation barrier increases the overall reaction rate. Across all reaction environments, our model
predicts that CH removal of 2-methyledyne-oxy-phenolate species (CsH4(O)(OCH)) to catecholate

species (C¢H4O,) has an inhibiting effect while dehydrogenation to 2-carbide-oxy-phenolate
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646  intermediate (C¢H4(O)(OC)) facilitates the overall TOF. Owing to a lack of an availability of free
647  sites for catalysis, our model also predicts a moderate degree of rate control for the guaiacol
648  adsorption process.

649

650 4.2 Hydrogenation of Phenol to Alicyclic Products

651  4.2.1 Reaction Network

652 The hydro-upgrading of phenol to cycloalkanes can occur in a number of different ways.
653  Hydrogen addition steps can happen at the a-C (C; pathway), ortho- (C, pathway), meta- (C;
654  pathway), or para- (C4 pathway) positions of the phenolic ring to produce cyclohexanol and
655  cyclohexanone (Figure 4 and Figure 5). Furthermore, phenol can undergo dehydrogenation to
656  produce a phenoxy species and then go through hydrogenation steps to produce cyclohexanone.
657  Cyclohexanone can then undergo C=O hydrogenation to form cyclohexanol (Keto-enol
658  tautomerization pathway, Figure 6). The naming convention employed in the reaction network
659  schemes is as follows: first hydrogenation of the phenyl ring at Cy position leads to the formation
660 of HCX-1 intermediate species [X=1, 2, 3, 4], and subsequent hydrogenated moieties are denoted
661  adding a second integer. Different structures with same number of hydrogenations of phenol are
662  distinguished by adding a letter at the end. For example, HC1-3a (Figure 4) refers to an
663 intermediate species in the C; hydrogenation pathway with three hydrogenations of the phenyl
664  ring, the last of which occurs at the Cs position, while HC1-3b refers to an adsorbed species of the
665  same pathway with same number of hydrogenations, the last of which happening at Cg position.
666  Finally, cyclohexanol being a species hydrogenated at all six carbons of phenol is denoted as HC-6

667  species.
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For the keto-enol tautomerization pathway (Figure 7), dehydrogenation of phenol at the hydroxyl
group leads to the formation of a phenoxy species (KET-1). Subsequent hydrogenated products
along the reaction network are denoted using an integer after ‘KET’, e.g., KET-5d refers the to a
phenolate species that has been hydrogenated four times, the last of which occurs at C4 position.
KET-6 (Cyclohexanone) refers to complete hydrogenation of the phenolate species. In total, we
investigated 114 elementary steps along the reaction network for phenol hydrogenation to
cycloalkanes over a Ru(0001) surface. Table S3 of the supporting information summarizes the free
energies of these elementary processes at three different reaction temperatures and Figure S1 and
S2 displays the side and top views of the optimized intermediates and transition state structures
investigated for this reaction network. In the following sections, we discuss the energetics of these
elementary processes in vapor and condensed phases. Unless otherwise stated, the free energies of

reaction and free energies of activation are interpreted at a reaction temperature of 473 K.

4.2.2 Energetics in Vapor Phase

In the C, pathway, addition of a hydrogen to phenol (step 1) leads to the formation of the
HC1-1 species (C¢HsH,OH) which is an endergonic process (AG,,, = 0.41 eV) and requires
overcoming a free energy of activation of 1.16 eV. Subsequent hydrogenation to HC1-2a (step 2,
second hydrogenation at the para- position) or HC1-2b (step 3, second hydrogenation at the ortho-
position) are both highly endergonic processes with free energies of reaction of 0.85 eV and 0.80
eV, respectively (See Table S3). In pathway C,, hydrogenation of phenol (step 37) results in HC2-1
species (C¢HsH,,,,OH) which is a thermodynamically and kinetically challenging process (AG,xp,

=0.58 eV, AG* =1.11 eV). HC2-1 can then undergo a second hydrogenation step to produce
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HC2-2a (step 38) or HC2-2b (step 39) which are again thermodynamically demanding processes
(AG38,=0.62 eV, AG3], = 0.78 eV).

Hydrogenation of phenol at the meta position (Pathway Cs) leading to the formation of a
HC3-1 species (step 52) is a kinetically difficult endergonic process (AG* = 1.05 eV). Second
hydrogenations of phenol along this reaction pathway to produce HC3-2a or HC3-2b moieties are
also endergonic processes with free energies of reaction of 0.72 eV and 0.74 eV, respectively.
Along the C, pathway, hydrogenation of phenol (step 77) produces the HC4-1 (CsHsH,,,OH)
species which is also an endergonic and kinetically challenging process (AG,,, = 0.71 eV, AG *
=1.15¢V).

Finally, in the keto-enol tautomerization pathway (Figure 7), the initial O-H scission of
phenol at the hydroxyl group (step 80) was found to be a facile exergonic process (AG,yn
=—0.76 eV, AG* = 0.31 eV). Therefore, it is most likely that phenol at first undergoes to
dehydrogenation to form a phenolate species before further hydrogenations. Subsequent
hydrogenations of the phenolate (KET-1) species to KET-2a (step 81) and KET-2b (step 102) are
both thermodynamically challenging processes (AGSs, = 0.99 eV, AGL22 = 0.94 eV). Due to the
enormity of the reaction network, we made use of the Evans-Polanyi principle®” at this stage, which
points to the favorability of step 102 over step 81 due to its less endergonicity. Thermodynamics
of subsequent hydrogenations of the KET-2b species (step 103, 104, 105, and 106) predicts the
most thermodynamically favorable pathway to be step 105 to produce the KET-3g species (AG,
=0.27 eV, AG* = 0.84 eV). Next, KET-3g is hydrogenated to KET-4d (step 109) which is an
endergonic process with challenging kinetics (AG,y, = 0.42 eV, AG* =1.06 eV). KET-4d
intermediate, which is the same as KET-4b, is subsequently hydrogenated to KET-5c¢ (step 92) or

KET-5d (step 93), of which the former is thermodynamically more favorable (AG;2, = 0.17 eV, A
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G2, =0.82eV) with a free energy of activation of 1.07 eV. KET-5c then undergoes
hydrogenation (step 96) to produce KET-6 (Cyclohexanone) with a moderately endergonic
reaction free energy (AG,., = 0.32 eV) and a high free energy of activation (AG* = 1.21 eV/).
KET-6 finally undergoes hydrogenation at the hydroxyl group to form KET-7a (step 98) and
subsequently hydrogenated (step 100) to produce HC-6 (Cyclohexanol). Although kinetically very
demanding, on the basis of these energetics calculations alone, the likely pathway to produce

cyclohexanol from phenol proceeds through,

Phenol-KET — 1 -KET — 2b -»KET — 3g -»KET — 4b -KET — 5¢c >KET — 6 -KET Thi
—7a—>HC — 6. 18

probable pathway is highlighted in Figure 6. Next, we look into the condensed phase effects on
this more likely path to understand if the presence of a solvent causes differences.
4.2.3 Energetics in Liquid Phase

Table 8 summarizes the thermodynamics and kinetics of the important elementary surface
processes for hydrogenation of phenol in various reaction environments. Presence of a solvent
barely affects the thermodynamics or the kinetics of phenolate (KET-1) production from phenol
(step 80) or the subsequent hydrogenation steps to form the KET-2b species (step 102) and KET-
3g species (step 105). However, liquid water reduces the free energy of activation of the next
hydrogenation step to produce KET-4d/b species (step 109) by 0.13 eV where the non-polar aprotic
n-hexane demonstrates a less dramatic effect. Introduction of a liquid phase environment also
facilitates the subsequent hydrogenation of KET-4b to KET-5c¢ (step 92), with water displaying

the largest facilitating effect (A(AG‘fﬁater) = —0.17 eV). KET-5c then undergoes hydrogenation to

produce the KET-6 species (step 96) where condensed phases have a nominal effect on the
thermodynamics of the reaction. However, the reaction becomes more facile in the liquid phase,

with liquid water reducing the free energy of activation by 0.17 eV. The thermodynamics and
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kinetics of the final two subsequent hydrogenation steps (step 98 & 100) are minimally affected
by the presence of a condensed phase. Overall, addition of a liquid phase reaction medium
facilitates the likely pathway proposed in the previous section with liquid water exhibiting the
largest facilitating effect which compares favorably with the experimental observation of Zhong
et al.”?> However, the kinetics of some of these elementary processes (Table 8) still remains very

demanding.

5. Conclusions

The solvent influence on the hydrodeoxygenation of guaiacol over a Ru(0001) model
surface has been investigated by means of periodic DFT calculations, non-periodic implicit
solvation calculations with iSMS scheme, and microkinetic modeling. In the first step, we
examined the formation of unsaturated aromatic products such as phenol, anisole, catechol etc.
from guaiacol. We developed mean-field microkinetic reactor models at different temperatures
and experimental reaction conditions.3¢46 Under all reaction environments and reaction conditions,
we found the same dominating HDO mechanism with the most favored pathway following the
initial dehydrogenation at the hydroxyl group of guaiacol, followed by complete dehydrogenation
of the methoxy group and subsequent decarbonylation, which then undergoes two subsequent
hydrogenations to produce phenol. Less protic solvents such as 1-butanol, diethyl ether, and n-
hexane demonstrate a higher HDO rate compared to that of vapor and aqueous phases which is
qualitatively in good agreement with experimental results.** After verifying the presence of
phenol, which is often referred to as a ‘short-lived intermediate’, we investigated the production
of cycloalkanes through phenol hydrogenation in vapor and condensed phases. We observed that

dehydrogenation of phenol to a phenolate species (keto-enol tautomerization pathway) is the most
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likely pathway to produce cyclohexanol and cyclohexanone from phenol. Based on the vapor
phase first-principles calculations, we proposed a plausible pathway for cycloalkane formation.
Next, we investigated the solvent effects on this probable reaction pathway and demonstrated a
facilitating effect of an aqueous phase along the proposed reaction mechanism which is again in
line with experimental observations.”® Therefore, our study addresses a crucial issue, how the
presence of a condensed phase affects the hydrogenation of aromatic rings over Ru catalysts. We
note here that the proposed pathway still remains kinetically very challenging and it is possible
that the cyclohexanone and cyclohexanol production follows a different reaction route along the
keto-enol tautomerization pathway. Prior investigations have also shown that the support can play
a major role in the hydrogenation of phenol which might also facilitate the kinetics of the reactions
along the hypothesized reaction mechanism.?® However, a full computational investigation of the
phenol hydrogenation is out of the scope of the present study and we encourage further
computational investigations on phenol hydrogenation for the production of cycloalkanes.
Nevertheless, we can conclude that solvents with high degree of polarity are favorable for
hydrogenation of the phenyl ring over Ru catalysts while non-polar solvents tend to facilitate the

demethoxylation of guaiacol species.

Associated Content
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI:

XXX
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Lateral interaction parameters employed in the microkinetic model, Kamlet and Taft
solvatochromic parameters, free energies of elementary reaction at different temperatures,
geometries of adsorbed intermediates and transition states.
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Table 1. Solvent effects on the adsorption strength of various surface intermediates in the HDO

of guaiacol over a Ru(0001) model surface at 473 K.

Surface Water 1-Butanol Diethyl ether n-Hexane
Intermediates A(AG) (eV) A(AG) (eV) A(AG) (eV) A(AG) (eV)

CsH4(OH)(OCH,) -0.22 -0.47 -0.43 -0.33
CsH4Hpg(OH)(OCH;) -0.18 -0.36 -0.34 -0.25
CsH,H,(OH)(OCH3;) -0.19 -0.53 -0.50 -0.39
CsH4OCHj, -0.07 -0.35 -0.33 -0.24
C¢H,OH -0.20 -0.33 -0.31 -0.22
C¢H4(OH)(OCH,) -0.15 -0.43 -0.40 -0.30
CsH4(OH)(O) -0.22 -0.26 -0.23 -0.15
CsH4(O)(OCHs;) -0.16 -0.35 -0.31 -0.22
CsH4Hpg(OH)(OCH,) -0.37 -0.38 -0.35 -0.26
CsHsOCHj, -0.25 -0.41 -0.38 -0.29
CsH4(OH)(OCH) -0.17 -0.44 -0.41 -0.30
CsH4(OH), -0.22 -0.39 -0.36 -0.25
CeH,O -0.05 -0.33 -0.31 -0.22
CsH4(O)(OCH,) -0.14 -0.29 -0.25 -0.17
C¢HsHp(OH)(O) -0.19 -0.33 -0.29 -0.20
CsHsOCH, -0.17 -0.32 -0.28 -0.19
CsHsO -0.13 -0.32 -0.29 -0.20
CsHsOH -0.20 -0.38 -0.35 -0.26
C¢Hs(OH), -0.14 -0.28 -0.25 -0.18
CeH,0, -0.26 -0.34 -0.31 -0.23
CHs -0.14 -0.31 -0.29 -0.21
CsHsOH -0.22 -0.28 -0.25 -0.17
CeHs -0.11 -0.26 -0.24 -0.17
C¢HsHo(O)(OH) -0.19 -0.27 -0.24 -0.17
C¢H4(O)(OCH) -0.18 -0.34 -0.32 -0.24
CsH4(0)(00) -0.27 -0.32 -0.29 -0.20
H 0.04 0.01 0.01 0.01

OH 0.04 -0.02 -0.02 0.01

H,0 0.01 -0.10 -0.09 -0.05
CH -0.05 -0.02 -0.01 0.01

CH, 0.02 -0.02 -0.01 0.00

CH;, 0.11 -0.01 -0.01 0.00

CH,4 0.04 -0.03 -0.03 -0.03
CO 0.00 -0.06 -0.06 -0.04
CHO 0.02 -0.04 -0.04 -0.01
CH,0 -0.02 -0.03 -0.02 0.00

CH;0 0.09 -0.07 -0.06 -0.04
CH;0H 0.12 -0.10 -0.09 -0.05
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Table 2: Energetics of adsorption-desorption reactions (in eV) for the HDO of guaiacol in the limit
of zero coverage at 473 K temperature under different reaction environments.
D Reaction Vapor Water, A | 1-Butanol, ?tli::[rh}z n-Hexane,
phase, AGrxn | Grxn AGrin G AGrn
1 gzgﬁgg;ggggg (gas) +4% © 0.29 0.51 0.75 0.72 0.62
53 | SouOET @ GILOCH () | g 35 0.60 0.75 0.73 0.64
54 | SO ClL(OHx(gas) + 0.41 0.63 0.80 0.77 0.6
55 | CeHsOH**** & CgH;OH (gas) + 4* 0.45 0.65 0.83 0.80 0.71
56 | CeHg*** & CoHe(gas) + 3* 0.47 0.58 0.72 0.70 0.64
57 | CH4* © CHy(gas) + * -0.39 -0.43 -0.36 -0.36 -0.36
58 | CH30H* < CH30H (gas) + * -0.38 -0.50 -0.28 -0.29 -0.33
59 | HyO* & H,0 (gas) + * -0.33 -0.34 -0.23 -0.24 -0.28
60 | CO* < CO (gas) +* 0.96 0.96 1.02 1.01 1.00
53 | H* & 0.5H,(gas) + * 0.18 0.22 0.19 0.19 0.19
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1049  Table 3. Energetics of all elementary surface reaction steps (in eV) for the HDO of guaiacol to
1050  aromatics in the limit of zero coverage at 473 K in the presence of liquid water, 1-butanol, diethyl
1051  ether, and n-hexane solvents.
Vapor Water 1-Burtanol Diethyl n-Hexane
ID Reaction phase ether
AGrxn| AG* | AGran| AG* | AGrn| AG* | AGrn| AG* | AGran| AG¥
2 | CPWOMIOCH,TH+ HES CHME(OHIOCH)™ 1 040 | 110 | 041 | 112 | 049 | 127 | 048 | 128 | 047 | 125
3 | CHEWOMIOCH,) =+ HE = CHMOMOCH)™™ | g51 | 114 | 051 | 118 | 043 | 120 | 044 | 120 | 045 | 121
4 | CH(OH)OCH,**#* + * © CH,(OCH,**** + OH* | -022 | 1.06 | 003 | 113 | -013 | 1.06 | 0.13 | 106 | -0.12 | 1.07
5| CoHy(OH)(OCH,)**** + * © CH,OH**** + CH,0* 049 | 088 | 037 | 095 | -043 | 089 | -042 | 090 | -042 | 0.90
6 | SoHOMOCH)TE=27 2 CIUOMOCILITHE 1 036 | 050 | 025 | 052 | 032 | 051 | 032 | 051 | 032 | ol
7 | CeH(OH)YOCH:)**** + * & CH,OH)O)**** + CHy* | -135 | 140 | -123 | 143 | -1.15 | 136 | -115 | 137 | -1.17 | 138
8 | CoH((OH)OCH:)**** + * © CH,O)OCH:)** + H* | 077 | 029 | 067 | 037 | -0.65 | 029 | -064 | 029 | 0.65 | 031
9 gzgﬁiggggggggg::::: oy 012 | 093 | 027 | 081 | 013 | 091 | -012 | 092 | -0.12 | 093
10 | CeHHy(OH)(OCH:)**** + % © CHOH*** + CH,0* | -1.05 | 0.72 | 097 | 061 | -1.13 | 066 | -112 | 067 | -1.10 | 0.68
11| CoHyHL(OH)(OCH,)* % + * & C;Hy(OCH;)**** + OH* | -091 | 057 | 093 | 059 | -081 | 070 | -0.81 | 070 | -0.81 | 0.68
12 | CeHy(OCH)**#* + H* © CHy(OCHy)**** + * 018 | 064 | 040 | 058 | -025 | 055 | 025 | 055 | -024 | 056
13 | CoH,OH*#% + H¥ © CHOH®*** + ¥ 016 | 062 | 020 | 059 | -022 | 061 | -021 | 061 | -021 | 0.60
14 | CoHy(OH)(OCH,***#% + % & CH,OH*** + CH,0%* | -025 | 123 | 033 | 110 | -019 | 134 | -019 | 133 | 018 | 1.32
15 | CokOMOCH)THEE+ = CHONOCH P+ 073 | 028 | 069 | 031 | -058 | 032 | -058 | 032 | 059 | 031
16 | CoOMOCHTEEH# 2 CHOHOCHTHE 953 | 0.02 | 052 | 000 | -053 | 012 | <053 | 012 | 053 | oI
17 | CoH((OH)(OCH,)***#* © CH,(OH)(O)**** + CH,* 4125 | 042 | 2130 | 043 | <110 | 040 | -1.10 | 040 | -1.11 | 041
18 | CeH(OH)(O)¥** + H¥ © C,H,(OH),**** + * 075 | 103 | 071 | 103 | 061 | 092 | 061 | 092 | 064 | 093
19 | CoHy(OH)(O)**** + H* © CoH,H,(OH)(O)**** + * 089 | 140 | 087 | 147 | 086 | 137 | 086 | 137 | 085 | 138
20 | CoH(OH)(O)**#% + * © CH,0%** + OH* 051 | 115 | 072 | 111 | 041 | 114 | 042 | 114 | 045 | 115
21 | CH(O)OCH,)**# + % © CH,0** + CH,0* 021 | 108 | 032 | 104 | 016 | 115 | 017 | 116 | 019 | 116
22 | CeH(O)OCH:)**** + 2% © CH,(O)OCH***** + H* | 032 | 053 | 027 | 047 | 025 | 052 | -025 | 051 | 026 | 051
23 giiﬂﬁ(OH)(OCHZ)***** < CoHHOH)(O)** + 084 | 039 | 065 | 055 | 081 | 039 | -0.80 | 040 | 079 | 041
24 | CeHy(OCH,)*¥* + % © C4Hy(OCH,)**** + H* 032 | 051 | 020 | 052 | -022 | 055 | 021 | 056 | -021 | 057
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25 | CoHy(OH)(OCH)**#¥* 4 * & CH,OH**** + CHO** 20.26 | 1.00 | 027 | 099 | -020 | 095 | -020 [ 095 | -020 | 0.95
26 | C4Hy(OH)(OCH)***%* & CH,(OH)(O)**** + CH* 2129 | 031 | -138 | 031 | -1.12 | 032 | -1.12 | 033 | -1.13 | 034
27 | CgHy(OH),**** + * & CoH,OH**** + OH* 016 | 116 | 009 | 1.09 | -013 | 116 | -0.13 | 1.16 | -0.13 | 1.15
28 | CoHy(OH),**** + H* © CoHy(OH),**** + * 055 | 1.15 | 059 | 125 | 065 | 1.19 | 065 | 1.19 | 062 | 1.17
29 | C4HHL(OH)(O)*¥¥% + % © CHO**+* + OH* 2129 | 076 | -120 | 074 | -137 | 073 | -136 | 073 | -131 | 074
30 | CoHO%*#* 4+ H* © CoHsO**#* 4 * 2092 | 052 | -1.04 | 043 | -092 | 044 | -091 | 045 | -091 | 046
31 | CoHy(O)OCH,)**#¥* 4 * © CH,O%*** + CH,0%* 040 | 1.03 | 046 | 101 | 032 | 1.02 | 032 | 1.02 | 034 | 101
32 | CoHy(O)OCH,)¥*##% + % © CH,0**+*% + CH,* 2095 | 052 | -1.05 | 050 | -1.02 | 051 | -1.02 | 051 | -1.01 | 0.50
33 | CeHAO)(OCH,)***¥* + * © C;H,(O)(OCH)***** + H* | -0.52 | 0.02 | -0.52 | 002 | -0.57 | 0.00 | -0.57 | 000 | -0.58 | 0.00
34 | CoH,(O)(OCH)***#% 4 % & CH,0 ¥ *++* + CH* -1.00 | 050 | -1.13 | 052 | -1.02 | 051 | -1.01 | 053 | -098 | 054
35 | CeHy(O)(OCH)**##% + % © CH,(O)(OC)**##% + H* 034 | 040 | 039 | 041 | -031 | 045 | -030 | 046 | -029 | 047
36 | CoH Hy(OH)(O)**** + H* © CoHy(OH),**** + * 025 | 091 | 026 | 094 | 029 | 092 | 028 | 092 | 027 | 092
37 | CoHs(OCH,)**#* + * & CoH,0**** + CH,* 2130 | 018 | -124 | 016 | -132 | 024 | -132 | 023 | -131 | 023
38 | CoHsO**#% + H* © CH;OH**** + * 084 | 1.03 | 073 | 100 | 077 | 1.04 | 076 | 104 | 077 | 1.03
39 | CoH,OH*#¥* 4 * & CoH##** + OH* 2010 | 117 | 001 | 1.09 | -007 | 121 | -006 | 121 | -0.05 | 1.20
40 | CoH;OH**** + H* € CoHOH***x + 059 | 125 | 053 | 121 | 067 | 134 | 067 | 134 | 067 | 133
41 | CeHy(OH),**** + * © CHOH**** + OH* 087 | 056 | 089 | 057 | -099 | 041 | -099 | 041 | -095 | 045
42 | CgH,Op****% + * © CgH,(OH)(O)**#* + 2% 043 | 095 | 044 | 097 | 050 | 095 | 051 | 095 | 050 | 095
43 | CeHy(O)(OC)* **x* & CH,0*** + CO* 049 | 0.66 | 028 | 070 | -057 | 069 | -057 | 070 | -0.55 | 0.69
44 | CeHg**** 1+ H* © CoHx** + 2% 2020 | 054 | 021 | 056 | -0.15 | 053 | -0.15 | 054 | -0.17 | 0.55
45 | CoHOH**** © CHg*** + OH* 089 | 053 | 074 | 059 | -088 | 055 | -089 | 054 | -0.88 | 0.54
46 | CH* +H* © CH,* +* 057 | 061 | 060 | 060 | 056 | 056 | 056 | 056 | 056 | 057
47 | CHy* + H* © CHy* + * 027 | 062 | 031 | 061 | 026 | 057 | 026 | 058 | 026 | 058
48 | CHy* + H* © CH* + * 043 | 1.03 | 032 | 1.08 | 040 | 098 | 039 | 099 | 040 | 1.00
49 | OH* + H* © H,0* + * 048 | 113 | 041 | 104 | 039 | 111 | 040 | 111 | 042 | L12
50 | CHO** + H* © CH,O%* + * 054 | 051 | 046 | 048 | 054 | 050 | 055 | 050 | 054 | 050
51 | CH,O%* + H* © CH,0% + 2% 013 | 069 | 021 | 071 | 008 | 068 | 008 | 067 | 0.08 | 067
52 | CH,0* + H* & CH,OH* + * 071 | 121 | 069 | 1.16 | 067 | 123 | 067 | 123 | 069 | 123
1052
1053
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Table 4: Computed overall turnover frequencies at various reaction temperatures and 15 bar partial
pressure of hydrogen for the HDO of guaiacol over a Ru(0001) surface. Microkinetic models have
been simulated for 1% conversion of guaiacol using 0.5 g guaiacol in 10 g of various solvent
media. For vapor phase simulations, we used a guaiacol chemical potential corresponding to the

one in liquid water.

Temperature
TOF (s)

423 K 473 K 523K 573K

Vapor phase 6.46 x 107 1.95 x 10+ 431 %1072 2.35
Water 1.54 x 107 6.70 x 10 3.25 x 102 4.82 x 10!
1-Butanol 4.64 x 10¢ 4.66 x 10+ 1.76 x 1072 3.08 x 10!
Diethyl ether 4.07x 10 433 x 10+ 1.80 x 1072 2.98 x 10!
n-Hexane 4.94x 10 5.17 x 104 2.34 x 102 4.14 x 10!
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1060  Table 5. Coverages (%) of most abundant surface intermediates in various reaction environments

1061  for the HDO of guaiacol at 473K.

IS;retEIClZ diates Vapor phase Water 1-Butanol Diethyl ether | n-Hexane
0 0.13 0.10 0.39 0.41 0.35

O 7.04 11.73 11.42 11.49 11.03

0¢o 28.17 25.78 29.96 30.09 29.65

Ocu 62.75 60.20 0.03 0.05 0.34
0¢6H402 0.65 0.10 46.7 48.45 51.20
OPhenoxy 0.76 1.84 9.72 8.24 5.68

1062
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1063  Table 6. Kinetic parameters computed at 473 K for the HDO of guaiacol over a Ru(0001) model

1064  surface at low conversion conditions in various reaction environments.

Properties Partial pressure (bar) Vapor Water | 1-Butanol Diethyl n-Hexane
phase ether

Apparent Activation ; 212 | 215 1.55 1.57 1.58

Energy(eV)

Guaiacol order 0.20 - 10.0 0.17 0.20 0.12 0.12 0.12

Carbon monoxide order | 1.0 x 10 ~>-1.0 x 10 1 -0.51 -0.65 -0.18 -0.18 -0.18

Hvdroen order 0.20-0.40 -1.18 -4.02 0.68 0.59 0.43
yarog 0.60-20.0 1.74 1.62 0.46 0.46 0.44

1065
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1066  Table 7. Thermodynamic and kinetic sensitivity analysis at 473 K for the HDO of guaiacol over
1067  a Ru(0001) model surface.
Degree of thermodynamic rate control
Species Vapor Water | 1-Butanol | Diethyl ether | n-Hexane
H* -0.94 -0.35 -0.60 -0.66 -0.55
CO* -0.63 -0.79 -0.18 -0.20 -0.21
CH* -0.90 -0.86 0.00 0.00 0.00
CgHyO ¥ **** -0.01 0.00 -0.80 -0.82 -0.82
Degree of kinetic rate control
C¢H4(OH)(OCHj;) (gas) + 4* © CgHy(OH)(OCH;)**** 0.15 0.20 0.16 0.16 0.16
CeHy(OH)(O)**** +* & CeH,0**** + OH* -0.01 0.01 0.77 0.80 0.82
CeH4(O)(OCH)***** + * & CgH O, ***** + CH* -0.72 -0.75 -0.60 -0.61 -0.64
CsH4(O)(OCH)***** + * o CgHyu(O)(OC)***** + H* 0.74 0.73 0.57 0.58 0.61
CH;* + H* & CH *+ * 0.84 0.86 0.00 0.00 0.01

1068
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Table 8. Energetics of important elementary surface reaction steps (in eV) in the limit of zero
coverage at 473 K in the presence of liquid water, 1-butanol, diethyl ether, and n-hexane solvents
for the phenol hydrogenation to cyclohexanol. Condensed phase effects have not been computed
for reactions 1, 37, 52, and 77 due to their high activation barriers in vapor phase in comparison to

the alternate route reaction 80.

Vapor phase Water 1-Burtanol Diethyl ether n-Hexane

ID Reaction
AGrsn | AGF | AGran | AG* | AGrxn | AGF | AGran | AGF | AGryn | AGH

Phenol**** + H* & HC1-1*#**

(0 s 041 [L16| NJA |NA| NA | NA| NA [ NA| NA | NA
37 ihfn"l**** FHEOHCRIT ) s [ | N [ NA | NA [ WA | NA | NA | NA [ NA
52 ihfn"l**** FHESHE- st [ 1os | N [N | NA [ WA | NA | NA | NA [ NA
77 ihfn"l**** FHESHCETT g s | na [ Na | NA [ WA | NA | NA | NA [ NA
80 Ehflﬂ"l**** FROKRETI 096 | 031 | 077 [034 | w075 | 032 | 075 | 032 -075 | 031
gp | KET-4b™%+H* o KET- 0.17 [ 1.07 | 0.12 [ 0.90 | 0.10 [ 0.97 | 0.10 | 0.98 | 0.10 | 0.99

Gokkkk 4ok

KET-5c**** + H* & KET-

96 | grsr g% 032 | 121 | 023 | 1.04 | 024 | 115 | 024 [ 117 | 024 | 118
_(kkkok * _
gg | KET-G¥"*%+H* & KET 0.60 | 122 | 057 | 117 | 0.59 | 124 | 059 | 125| 0.59 |1.26
TakEkEE 4 o*
_TqkkEkk * _GK Kk
100 _IEETh T HY < HC-6 011 | 117 | 013 | 1.09 | -0.14 | 110 | -0.13 | 111 | -0.13 | L.11
KET-1##%* + H* & KET-
102 | 5 4 0.94 | 114 | 090 | 121 | 090 | 114 | 090 | 113 | 090 | L.12
koo * _
105 | KET-2o*%+ H < KET 027 | 084 | 024 | 086 | 023 | 081 | 023 | 080 | 023 |0.80
JgkrkE 4

KET-3g**** + H* & KET-

042 | 1.06 | 044 | 093 | 044 | 095 | 044 | 096 | 043 | 1.02
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B&% u

CeH,Hg(OH)(OCH,) ~ CeHsOH CeHsOCH;  CeHiy(O)NOCH,) CeHy(OH)NOCH) CeH,y(OH), CeHiHo(OH)O)  CeH,0 CsIL(O)(OCHz) Cet4(0)(OCH)

! AT
3

] X ¢ % ¢ b
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CgH;5(0OH), C6Hs C5H50H CgHsOH C4(0H)(0) CgH,0

Figure 1: Reaction network investigated for the hydrodeoxygenation of guaiacol over a Ru(0001)

model surface. Duplicate structures are highlighted by identical background colors.

52



Page 53 of 58

1079
1080

1081

1082

Catalysis Science & Technology

1.95x107* 1.95x 1074 1.95x 104 1.95x 107
6.70 x 107° 6.70 X 1077 6.70 X 107° 6.70 X 107°
4.66 X 107% 4.66 X 107% ¢ 4.66x107% 466%x107%
433x107* 433x107* ¥ 433x107% 7 433x107*0 _
517x 1074 5.17 x 104 517 x 10+ 517x10°* 1.39x 107
—— e L e o 504 %1078
1 8 22 33 e
e ; / 8.09 x 10
C+H,(OH)(OCH,)(gas) o o100 o0 2o 7.73 x 1075
sH,(OH)( ga CH,(OH)(OCH;) CeH,(O)(OCHy) CsHi(O)(OCHy) o CHONOCH g 72 % 10-5
1.81x10°* %
-5
Vapor phase g;: i ;84
Water(Default Cavity) 356 % 10-% &
TOF(1/s) Color Code: 1-Butanol = 430 % 107% -
Diethyl ether g v
o
n-Hexane CeH(0)(OC) C¢H,0,
1.81x 107 1.40x107°
6.19 x 1075 504 %107 -
1.90 x 107* 1.90 x 107* 190x10* 2| 385,104 809x10°5 | ©®
6.66 X 1073 6.70 X 1075 6.70 x 1073 3.56% 104 7.73 x 1073
C 451x107* G 4.66 x 107 4.66 x 1074 4.30 % 10~4 872x1075 [
; 426 x107% © 4.33x107¢ © 4.33x107*
516 x 107% 517 x107* 517 x107* 20
G Lt L ———C 4+——C L o« s (>
55 38 30 8.70 X 10
g P ke il an 499 x 1076 g L
C;H;OH(gas) CgH:OH CH:0 C:H,0 8.09 x107° CgH,(OH)(0)
7.73 1075
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Figure 2: Turnover frequencies (1/s) along the dominant reaction pathway for the HDO of guaiacol

to aromatic products over a Ru(0001) surface computed in different reaction environments.
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Figure 3: Turnover frequencies (1/s) along the dominant reaction pathway for the HDO of guaiacol
to aromatic products over a Ru(0001) surface in vapor and aqueous phases. Aqueous phase

calculations have been performed using three different cavity radius of Ru atoms.
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1089  Figure 4: Reaction network investigated along the C; and C, hydrogenation pathway of phenol
1090  over a Ru(0001) model surface. Duplicate structures have been highlighted by identical border
1091  colors.
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Figure 5: Reaction network investigated along the C; and C, hydrogenation pathway of phenol

over a Ru(0001) model surface. Duplicate structures have been highlighted by identical border

colors.
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Figure 6: Reaction network investigated along the keto-enol tautomerization pathway of phenol
over a Ru(0001) model surface. Duplicate structures have been highlighted by identical border
colors. Proposed reaction mechanism and the reaction steps involved in the cycloalkane production

from phenol have also been highlighted.
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