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Abstract

The hydrodeoxygenation (HDO) of guaiacol, a model compound for lignin-
derived pyrolysis oils, was investigated using Ru and Ni catalysts supported
on activated carbons derived from both commercial and renewable (food
waste) sources. Comprehensive characterization of support properties includ-
ing porosity, surface area, hydrophobicity, and morphology revealed their sig-
nificant influence on catalyst performance. Liquid-phase HDO reactions were
conducted in both aqueous and organic (decane) environments to evaluate
solvent effects on reaction pathways and product distributions. Ru-based cat-
alysts demonstrated superior activity compared to Ni-based catalysts, while
supports with higher mesoporosity facilitated better metal dispersion and
enhanced catalytic performance. Notably, food waste-derived activated car-
bon supports performed comparably or better than commercial activated
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carbon when combined with Ru, indicating their potential as sustainable
catalyst supports. Mathematical optimization techniques were employed to
estimate kinetic parameters and elucidate reaction pathways, revealing no-
table differences between aqueous and organic media. Specifically, methoxy-
cyclohexanone dominated in organic medium, while cyclohexanol prevailed in
aqueous medium. The optimization study identified that cyclohexanol was
not an intermediate for cyclohexane production, contrary to conventional
understanding. Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) analysis provided insights into adsorption phenomena, explaining
carbon balance discrepancies observed particularly in aqueous-phase reac-
tions. This integrated experimental and computational approach advances
the understanding of guaiacol HDO reaction mechanisms and provides guid-
ance for the rational design of efficient catalysts for bio-oil upgrading.

Keywords: reaction mechanisms, kinetic parameter estimation, renewable
resources, mathematical programming, optimization

1. Introduction

The extraction of clean and renewable energy from biomass resources
has attracted much attention in recent years as a result of increasing energy
demands and environmental concerns stemming from the excessive use of
fossil fuels.!? One promising alternative to traditional crude oil is bio-oil
derived from the pyrolysis of biomass.** However, the bio-oil obtained from
direct pyrolysis consists mainly of oxygenates such as cresols, syringols, and
guaiacols, among others.® The high oxygen content makes bio-oil unstable,
acidic, and of low heating value.® Thus, bio-oil needs to be upgraded prior to
its use. During the catalytic fast pyrolysis (CFP) of biomass, catalysts are
employed to deoxygenate bio-oil,"® but unfortunately CFP removes oxygen
in the form of CO or COs, which undermines the amount of carbon in the
derived upgraded biofuel.?

Hydrodeoxygenation (HDO) is an alternative to CFP that can remove
oxygen in the bio-oil without loss of carbon, although it requires operation
under a high-pressure Hy atmosphere.!%!! The HDO of bio-oil can be per-
formed in either the liquid phase®'*!3 or the gas phase.'* 7 Various catalyst
supports have been studied for the HDO of phenolic compounds, includ-
ing metal oxides (CeOq, ZrOy,'® Ti0y,'??" and AlyO3'%M121)  mesostruc-
tured silica (SBA-1521%2 and MCM-412Y), zeolites (ZSM-5,%2* Y zeolite, ®12



and HBeta?>?%), and carbon supports (activated carbon,?”*® carbon nan-

otube, 3% and carbon nanofiber33?). Considering metal oxide catalysts,
the conventional Al,O3 has a relatively low activity and a high coke yield,
and while other metal oxides such as ZrO, and TiOy perform better, they
are more expensive and have lower surface areas than Al,Os.3% Mesoporous
silica is recognized as an effective support for HDO reactions due to its uni-
form channels, large pore size, and high surface area.?*35 However, it is not
stable in hot, pressurized water.3¢ Zeolites have been widely used in refineries
and show very high activity in HDO reactions; however, their high acidity,
which promotes their HDO efficiency, can also lead to rapid deactivation
due to the strong adsorption and trapping of phenolic compounds in their
frameworks. 3738 Compared to these supports, carbon supports have shown
great advantages due to their low cost, high surface area, high hydrothermal
stability, and high resistance in acidic and basic media.® Additionally, they
can be chemically modified to add functional groups on their surfaces, while
their active phase (e.g., metals) can be recovered and recycled by burning
away the carbon.? As another key benefit, carbon supports can be pre-
pared from biomass resources, making the overall HDO process renewable
and environmentally friendly. 3’

Several studies have recently been published on the HDO of crude bio-oils.
Shafaghat et al.*! reported the HDO of crude pyrolysis bio-oil in supercritical
methanol using various Ni catalysts supported on HBeta, Si-HBeta, HZSM-5,
HY, and AlI-SBA-15. Their results revealed a reduction of the oxygen content
and an increase in the heating value of the upgraded bio-oil. Oh et al.*? con-
ducted the HDO of crude bio-oil in a continuous-flow fixed-bed reactor using
Ni/C, Ni/SBA-15, Ni/Al-SBA-15, and NiMn/SBA-15 as catalysts. Ethanol
was used as a solvent and was co-fed with bio-oil into the reactor. The results
also showed a lower oxygen content and an improved higher heating value
(HHV) for the upgraded bio-oil.* Quantitative analysis demonstrated that
sugars, aldehydes, and acids were converted into phenols and ketones after
upgrading.*> However, understanding the reaction pathways and kinetics of
upgrading real crude bio-oils is very challenging due to the presence of a large
number of chemical species.

A reasonable alternative is to study model compounds, which can help
identify and understand individual reactions.** Commonly used model com-
pounds include phenol,** anisole,*> guaiacol,*® cresol,*” and vanillin, *® which
are all frequently found in crude bio-oil. Of the aforementioned model com-
pounds, guaiacol is particularly interesting because it appears in high concen-



tration in lignin-derived pyrolysis oils and it possesses a variety of functional
groups, including C-OAr, C-OMe, and C-OH.*° Additionally, guaiacol dis-
solves in both water and organic solvents, meaning that the performance of
catalysts can be comprehensively evaluated and the reaction mechanism can
be understood under different environments.

Many studies on the HDO of guaiacol have recently been published. Hu
et al.” investigated the HDO of guaiacol in a batch reactor using n-hexane as
the solvent at initial pressure range of 0.5-3 MPa (at room temperature) and
reaction temperature range of 160-240 °C. Three Pd catalysts supported by
Mordenite, HZSM-5, and HBeta were used.”® The results suggested that the
type of catalyst support had a significant effect on the product selectivity. %
In addition to cyclohexane, which was the fully hydrogenated and deoxy-
genated target product, many other ring-coupling products were detected,
such as 1,1-bicyclohexyl and (cyclopentylmethyl)cyclohexane.®® Jeong et al. 5!
recently used Re catalysts supported on various oxides (SiOs, AlsO3, TiOa,
CeO,, ZrOy) for the HDO of guaiacol. The experiments were carried out in
the liquid phase using n-heptane as the solvent at initial pressure of 2 MPa
(20 bar) and reaction temperature range of 200-280 °C.%" Of the catalyst-
support combinations tested, Re/SiO5 had the highest activity with guaiacol
conversion of 98% and a high selectivity to cyclohexane/benzene.®! The ad-
dition of active metals can play an important role in HDO reactions, with
Ru and Ni representing two common choices in literature.®® Ru has been
identified as one of the most promising metals for HDO catalysts.®?* Ni, as
a transition metal, represents a more inexpensive alternative which has also
shown good activity in several studies.?>

The properties of the solvent also play a key role during liquid-phase
HDO reactions. First, the acidity of the solvent is important. Zhao et al.®”
conducted a series of aqueous-phase HDO reactions of phenol using various
catalysts in solutions with different acidity. Their results showed that, in
neutral or basic solvent, phenol was mainly converted into cyclohexanol by
any of the catalysts used, with no cyclohexane produced.®” However, in an
acidic solvent, cyclohexanol was further converted into cyclohexane, espe-
cially when stronger acid was used.®” They claimed that there might be a
synergetic effect between hydronium ions and metals.’” In addition to the
acidity of the solvent, the polarity of the solvent plays an important role in
catalyst performance. The research carried out by Ranaware et al.?* investi-
gated vanillin HDO reactions catalyzed by ZnO/Co@N-CNT in five solvents
of ranging polarities, from n-hexane to water. They found that the conver-
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sion of vanillin was boosted when more polar solvents were used. This might
be attributed to the increased hydrophilicity of the catalyst from N-doping. 3’
With a more hydrophilic catalyst, a hydrophilic solvent could facilitate dif-
fusion of the substrate to the catalyst surface. In a study conducted by
Zhang et al.®®, Ru supported on NbyO5/C was utilized for the HDO of phe-
nol. Their results showed that the use of a biphasic solvent (decalin and
water) could improve the selectivity to benzene. Notably, no cyclohexane
was produced when water was present. They concluded that the combina-
tion of metal oxide and carbon acted as a hydrophobic-hydrophilic material
that could stabilize oil-in-water emulsions which therefore enhanced the pro-
duction of benzene.”® Qi et al.”® compared the performance of Ni/AC and
Ni/HZSM-5 in water and hexane on the HDO of eugenol. They found that
the AC-supported catalyst showed better performance in terms of conversion
and selectivity to hydrocarbons in water, while HZSM-5 showed better per-
formance in hexane.? According to a study carried out by Barton et al.%,
the polar solvent may act to inhibit ring saturation reactions during HDO.

Although activated carbons have been widely used as catalyst supports,
the effects of their properties on the HDO reaction are not fully understood.
The interaction of AC supports and solvents during HDO reactions is also
not yet clear. Therefore, in this work, we combine experimental and com-
putational studies to: 1) understand the effects of metals, AC supports, and
solvents on the catalytic performance of the HDO of guaiacol; and 2) propose
a reaction mechanism that describes the HDO of guaiacol and estimate its
kinetic parameters. To achieve these objectives, various AC supports were
obtained using different sources (fossils and renewables), varying their in-
trinsic properties. The formulated ACs were impregnated by two metals, Ru
and Ni, and the HDO reactions of guaiacol were performed in decane and
water. The reaction mechanism was then elucidated by employing a math-
ematical optimization approach to identify the kinetic parameters that best
described the experimental data. This approach simultaneously ruled out
unlikely pathways in the reaction mechanism and provided estimates of the
rate constants for the probable reactions in the mechanism.

2. Methods
2.1. Materials

Three activated carbons were used in this study: commercial activated

carbon (CAC) provided by Cabot Corp. (Boston, MA, USA), and food-
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waste-derived activated carbon (AC) in microporous and mesoporous forms
(FWAC-micro and FWAC-meso). The food waste was obtained from the
Dining Services Department at the University of Connecticut (Storrs, CT,
USA). Ethyl acetate, octane, decane, and pentanol were purchased from
Alfa Aesar Chemicals (Haverhill, MA, USA). Isopropanol was purchased
from Fisher Chemical (Waltham, MA, USA). Methoxycyclohexanone was
purchased from TCI America (Portland, OR, USA). Guaiacol, cyclohexane,
cyclohexanol, cyclohexanone, phenol, nickel nitrate hexahydrate, and ruthe-
nium chloride hydrate were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Gases including helium, argon, and hydrogen were purchased from
Airgas, Inc. (Radnor, PA, USA).

2.2. Catalyst Preparation

FWAC-micro and FWAC-meso were prepared in the lab via two-step
physical activation. The detailed protocol can be found in a previous pub-
lication by the authors Yu et al.®'. Briefly, the washed food waste was first
pyrolyzed at 525 °C for 2 h, and the resulting biochar was then physically
activated via steam. FWAC-micro was activated at 850 °C for 3 h and
FWAC-meso was activated at 950 °C for 3 h.

All AC supports were impregnated with 10 wt.% Ni or 5 wt.% Ru us-
ing the incipient wetness impregnation method.® The impregnation agents
(Ni(NOj3)2-6H,0 or RuCls-xH,0) were first dissolved in DI water with the
amount required to saturate the corresponding amount of AC. The prepared
solution was then added to the AC dropwise until the entire solution was
used. The slurry was then dried at 80 °C in an oven for 12 h. Lastly, the
dried materials were calcined at 550 °C for 2 h in Ar and reduced at 550 °C
for 4 h in Hy. All of the reduced catalysts were used immediately after they
were prepared.

2.3. Catalyst Characterization

N, adsorption-desorption was performed to determine the surface area
and porosity of the AC supports using a Micromeritics (Norcross, GA, USA)
ASAP 2020 Sorption Analyzer. All materials were degassed at 120 °C for 12
h under vacuum prior to measurement. Ny adsorption-desorption isotherms
were collected at 77 K under a liquid nitrogen environment. Surface areas of
samples were calculated using the Brunauer—-Emmett—Teller (BET) method.
The total pore volumes were calculated by the single point method below
P/Py = 0.99, and the micropore volume was derived from the t-plot. The
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pore size distribution was determined via the Barrett—Joyner—Halenda (BJH)
method.

Elemental analysis and inductively coupled plasma optical emission spec-
troscopy (ICP-OES) were conducted to determine the elemental composi-
tion of the AC supports. Carbon, nitrogen, hydrogen, and sulfur content
were measured by elemental analysis using an Elementar (Langenselbold,
Hessen, Germany) Vario Microcube analyzer, while other elements (cal-
cium and phosphorous) were measured by a PerkinElmer (Waltham, MA,
USA) 7300DV Dual View ICP-OES. X-ray diffraction (XRD) patterns of
the AC supports were obtained using a Bruker (Billerica, MA, USA) D8
Advance powder diffractometer (CuKa radiation source). Scanning electron
microscopy (SEM) was performed to study the morphology of the AC using
an FEI (Hillsboro, OR, USA) Quanta FEG 250 scanning electron microscope
operating at a potential of 10 kV. The particle size distributions of the AC
supports were measured by a Micromeritics Saturn DigiSizer II analyzer with
a liquid sample handling unit. Contact angle measurements were conducted
using a ramé-hart (Succasaunna, NJ, USA) Model 100 goniometer.

ICP-OES and H, chemisorption were performed to measure the metal
loading and metal dispersion, respectively. Hy chemisorption was performed
using a Micromeritics ASAP 2020C Sorption Analyzer equipped with a fur-
nace. Each sample was reduced in situ using pure Hy at 450 °C for 4 h, then
degassed at the same temperature for 12 h under vacuum before measure-
ment. Isotherms were collected at 35 °C with pressures ranging from 0.02
MPa to 0.036 MPa. A linear fit of the irreversible isotherm plot was used to
determine the quantity of hydrogen adsorbed to create a monolayer. Based
on the quantity of hydrogen adsorbed the dispersion was calculated using a
stoichiometric factor of 2 (one Hy adsorbs onto two metal sites) and the mass
of metal used (typically ~0.06 g).

2.4. Liquid-Phase HDO FExperiments

The HDO reactions of guaiacol by various catalysts were carried out in a
stirred stainless steel autoclave reactor (100 mL, Parr Instruments (Moline,
[linois, USA)) fitted with a gas entrainment impeller. Experiments were
performed at 250 °C and a constant pressure of 5.17 MPa (750 psi), with a
stirring rate of 900 rpm. HDO reactions were conducted in either the aqueous
phase or the organic phase, where either water or decane was used as the
solvent, respectively. The quantities of components added to the reactor were
different for the aqueous and organic-phase reactions due to the limitations of
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the autoclave volume, the solubility of guaiacol in water, and the detection
limit of the GC-MS. For aqueous-phase reactions, 55 mL of water and 1
g of guaiacol were initially loaded into the reactor, while for organic-phase
reactions, 51.4 mL of decane, 1.6 g of guaiacol, and 1.1 mL of octane were
loaded into the reactor. Octane was added as an internal standard for the
organic-phase reactions, while pentanol was added as the internal standard
for the aqueous-phase reactions. Pentanol was added directly to samples to
avoid it being involved in any reactions. The quantity of catalyst used was
0.1 g for all experiments.

Before starting the reactions, the reactor was filled with Ar and a leak
test was performed. The reactor was then depressurized and purged with
H,. Next, the reactor was heated to 250 °C (with an average heating rate
of 10 °C/min) and the impeller was engaged. Once the target temperature
was achieved, the reactor was pressurized to the desired pressure, and the
reaction clock started. Hy was supplied continuously to maintain the reactor
pressure during the experiment. Liquid samples were collected from the
reactor using a custom-made sampling system. The intervals for sampling
were not constant and depended on the overall reaction rates for the different
catalysts. The total reaction duration was 120 min, unless the reaction was
completed earlier. All experiments were repeated three times to ensure the
accuracy of the data.

The liquid samples were processed before performing the analysis. For
the organic-phase reactions, the collected samples were diluted to appropri-
ate concentrations using isopropanol and filtered to remove the catalyst. For
aqueous-phase reactions, ethyl acetate and the internal standard (pentanol)
were added to the samples. The upper layer (ethyl acetate later) of the bipha-
sic liquid mixture was then separated and filtered to remove the catalyst, and
then analyzed.

Concentration measurements of the products and reactant were carried
out by gas chromatography equipped with mass spectrometer (GC-MS, Ag-
ilent (Santa Clara, CA, USA) 6890 GC with 5673 MS), using a previously
described method.'? The GC-MS was calibrated externally for all observed
chemical species using the corresponding chemical standards. Calculations
of conversion x, selectivity of the i-th product S;, carbon balance &, and yield



of the i-th product Y; were, respectively, based on the following:

Cyg
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where ¢, is the molar concentration of guaiacol in liquid phase determined
by GC-MS, ¢ is the initial molar concentration of guaiacol (at t = 0), ¢; is
the molar concentration of the i-th product, mg is the mass concentration of
carbon in the guaiacol in the liquid phase, m?o is the initial mass concentra-
tion of carbon in the guaiacol (at ¢ = 0), and m§ is the mass concentration
of carbon in the j-th product.

2.5. Adsorption Ezxperiments of Guaiacol on Catalysts by DRIFTS

The adsorption of guaiacol on catalysts was studied with diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS) using a Thermo
Scientific (Waltham, MA, USA) Nicolet 6700 FTIR with an MCT detector
and a temperature-controlled Harrick Scientific (Pleasantville, New York,
USA) Praying Mantis DRIFTS assembly. DRIFTs samples were prepared
by mixing catalysts with KBr in a 1:9 ratio (catalyst:KBR). The spectra of
catalysts themselves were taken at 120 °C under vacuum. In-situ adsorption
of guaiacol was then performed at 40 °C with nitrogen flow. It should be
noted that Ny atmosphere was chosen for the DRIFTS studies rather than H,
to isolate and study only the adsorption of guaiacol on the catalytic surface,
rather than any reactions. After adsorption, the system was pulled under
vacuum and the cell was heated at a heating rate of 10 °C/min until the
characteristic peaks of guaiacol disappeared. The spectra were taken every
40 °C. The catalysts during and after HDO reactions were also extracted for
DRIFTS analysis to compare the adsorption phenomena of guaiacol under
reaction conditions and atmospheric conditions. The spectrum of guaiacol
was also collected as a reference.



2.6. Kinetic Modeling of HDO Reactions

To investigate the catalyst- and solvent-dependent reaction pathways of
guaiacol HDO, kinetic models were created for comparison with experimental
data. Similar to the predictive modeling approach described by Green %2, the
HDO mechanism is broken down into individual reaction steps that are likely
to occur on the catalyst surface, which are then combined to form a “com-
plete” model. Conceptually, this approach is also similar to the dynamic flux
balance analysis (DFBA) method used in computational biology. In DFBA,
systems are macroscopically represented by creating transient mass conser-
vation equations with first-order conversion and consumption rates for each
reacting species.% The representation is created by multiplying a matrix of
reaction stoichiometries by rates of change for each species, which results
in a linear system.% Despite the complexity and nonlinearity of underlying
biological reaction mechanisms, this flux balance approach has found suc-
cess in a variety of applications that rely on elucidating metabolic pathway
utilization. %4

We employ a similar method here to study the catalytic reaction pathways
of the HDO reactions. The goal of this approach is to obtain effective rate
coefficients based on mass balances, which will highlight the relative impor-
tance of each potential reaction path. By including every possible path in our
complete model, this generates information on which paths are most likely
to occur. It is also important to highlight that the effective rates that appear
in this model are inherently macroscopic in nature, and are not intended to
provide specific details about the reaction mechanism as it occurs on the cat-
alyst surface. The evolution of each chemical species in this complete model
is described as:

GeB.1) = wle(p, 1), € T = [0t )
wi(c(p,t)) = Z vijri(c;(p,t),p;), i =1,...,ns,
C<pv O) = Co,

where n, and n, represent the number of species and reactions in the model,
respectively; ¢ : P x I — R"™ represents the concentrations of species as the
parametric solution of the ordinary differential equation (ODE) system (5)
with the initial conditions given as ¢y € R™; w : R® — R" is the vector
of instantaneous rates of change of the ng species (i.e., the right-hand-side
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function of the ODE); v;; € Z is the stoichiometry of the i-th species in
the j-th reaction; r; : R x P; — R is the rate of the j-th reaction, defined
later in (6); and p € P C R"™ is the vector of unknown model parameters
comprised of the effective rate constants as p = (kegr1, Kefr,2, -- -, Kefin,), tO
be estimated with mathematical optimization.

Experimentally, concentrations are measured in the bulk solvent, but the
reactions themselves occur on the catalyst surface after adsorption. Various
techniques such as surface-enhanced Raman spectroscopy have been used
to measure the concentrations of transient reaction intermediates on catalytic
surfaces, but such techniques do not apply to this experiment as the catalyst
is dispersed throughout the bulk phase. This inability to measure species
concentrations on the catalyst presents a challenge for model development,
as the concentrations of reacting species are unknown at all time points.
Consequently, several considerations were made in the construction of the
overall model:

1. It was assumed that the bulk concentrations of chemical species re-
mained roughly proportional to the concentrations of adsorbed species
throughout the experiment. In addition to the assumption that each
reaction is irreversible, this allowed us to model each reaction rate as:

i = ket jcj- (6)

2. Analogous to DFBA, (6) represents first-order generation and consump-
tion of individual species j, and does not itself imply that reactions on
the catalyst are first-order in nature. Consequently, kg does not rep-
resent the rate constant of any fundamental mechanism but is instead
related to the reaction pathways macroscopically.

3. Due to the possibility of adsorption/desorption of species onto/from the
catalyst surface, any measurement of species concentrations during the
experiment may appear to violate mass continuity. To account for this,
a “placeholder species” was included in the model (i.e., a slack variable)
that balances the total concentration so that it remains constant.
DRIFTS measurements of used catalysts described in Section 3.5 indi-
cated that guaiacol was the dominant non-desorbed species on the cat-
alyst surface. And so, for the simplicity of the model, it is assumed that
only guaiacol contributes to the material balance deviation. That is,
only guaiacol can add to the placeholder species, and if the total species
balance requires flux from the placeholder species, it is assumed that

11



the molecules desorb as guaiacol. Without this assumption, if we as-
sumed that adsorption and desorption could arise from any species, the
model would require an additional 2ngs — 2 parameters; the addition of
which could make the parameter estimation problem significantly more
computationally expensive as well as introduce issues of overfitting.

4. Tt is possible that a molecule will adsorb onto the catalyst and undergo
multiple reaction steps before finally desorbing. Therefore, when cre-
ating the complete model, reactions were included that connect each
chemical species to every product that might arise further down the
proposed reaction pathway. The purpose of creating such a combina-
torial reaction network is not to suggest that every possible forward
reaction is occurring, but rather to rely on parameter estimation with
mathematical optimization to determine which reactions are unlikely to
be occurring based on experimental observation, and thus to determine
a plausible reaction pathway.

With the j reactions defined as a dynamic ODE system as in (5), for each
catalyst tested, we find the parameters that minimize the distance between
the experimental data and model predictions in a manner similar to Singer
et al.®®. The objective function is defined as:

FP) =Y lldi — c(p, )13, (7)

which is minimized with respect to p. Here, d;, € R™ is a vector of ex-
perimental concentration data at the k-th time step t; € I, averaged over
all replicate measurements. ny refers to the number of time points sampled
during each experiment.

The resampled inheritance search (RIS) method %7 from the software pack-
age BlackBoxOptim. j1 (v0.6.1)% is used to optimize (7). RIS is a stochastic
global optimization method: it randomly samples parameter values with-
out the need for any initial guesses and then performs a deterministic local
search to locate nearby optimal values. Unlike deterministic global optimiza-
tion methods such as branch-and-bound,® " RIS does not guarantee that
globally optimal solutions are found. However, because of the stochastic
sampling, RIS is more capable than methods such as conventional gradient
descent at escaping from local minima in the parameter space. For each of the
catalysts tested, the RIS algorithm is run for one hour on a single thread of
an Intel Xeon E3-1285 v6 4.10/4.50 GHz (base/turbo) processor with 32GB
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ECC RAM, running Windows 10, version 21H1, and Julia v1.6.1," to allow
the algorithm time to find a reasonable solution. All parameters are searched
in the range keg ; € [0.0,1.0] min~*. Within the context of these experiments,
a rate of 1.0 min~! is effectively instantaneous, and allowing higher values
was found to yield only marginal improvements in the model fit at the ex-
pense of a significantly larger search space, due to the high dimensionality of
the models.

After optimization, the rate constants that result in the lowest identified
error between the model and experiments can be used to provide information
about the reaction pathway. Specifically, the species fluxes modeled using the
effective rate constants will parallel the reactions occurring on the catalyst
surface, and thus high effective rate constants can be interpreted as high
catalytic reaction rates for those reaction steps. Similarly, low or near-zero
effective rate constants—those below 1076 min~!'—are indicative of slow or
non-occurring reaction steps on the catalyst. With a full set of effective
rate parameters, we can examine the “complete” reaction mechanism and
determine which steps are plausible and which are unlikely to be occurring
experimentally.

Although the rate constants obtained through this analysis are intended
only for qualitative interpretation, it is still important to consider the model’s
sensitivity to the values of individual kinetic parameters. If the model is very
sensitive to a particular rate constant, for instance, that provides evidence
that the value of the rate constant was more precisely identified by the opti-
mization, as a small change in its value would substantially affect the model
fit. Understanding the variance of the rate constants is also critical when
considering that the optimization process is stochastic: rate constants may
not be identical if the analysis is repeated multiple times, but with the sen-
sitivities, we can confidently posit how likely the value is to stay the same
on different runs. For these reasons, a sensitivity analysis was performed
over the parameter space within a neighborhood of the values determined
by optimization. First, the points are selected following a Sobol sequence ™
using the Sobol.jl (v.1.4.0) package™ in the region defined by the inter-
section between the originally searched parameter space and a hypercube of
side length 2.0 x 107° min~! centered on the optimal solution. Then, the
magnitude of the sensitivity of the model to each parameter is calculated as:

’ 5f(p*)
Op;

1 M Sobol

f(p; +eie) — f(p; — ei€)
2€

NSobol 1
]_
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where p* € P C R™ is the optimal solution value, ngono is the number of
Sobol points used, which is 10* in this case, p; € P C R™ is the parameter
vector associated with the j-th point in the Sobol sequence, e; is a unit vector
in the ¢-th direction, and € is an arbitrarily small constant, chosen here to be
1077 min~!.

3. Results and Discussion

3.1. Characterization Results

The three AC supports (i.e., CAC, FWAC-meso, and FWAC-micro) were
first characterized by measuring their surface areas and pore volumes. The
results of this analysis are presented in Table 1. Comparing the surface areas,
the CAC support was the highest at 918 m?/g, and although FWAC-meso
had a lower micropore volume than FWAC-micro, it had a higher surface area
due to its higher mesopore volume. The presence of mesoporosity in CAC
and FWAC-meso was confirmed by their Ny sorption-desorption isotherms,
shown in Figure 1, which show typical Type IV isotherm curves. On the
other hand, FWAC-micro showed an isotherm curve closer to Type I, indicat-
ing microporosity. Finally, although CAC and FWAC-meso showed similar
micropore and mesopore volumes, according to the pore size distributions
shown in Figure 2, the average mesopore size of CAC was smaller than that
of FWAC-meso, resulting in a higher BET surface area.

Table 1: BET surface areas and pore volumes of the three AC supports. CAC has the high-
est surface area due to its smaller average mesopore size than FWAC-meso, and FWAC-
meso has a higher surface area than FWAC-micro due to its higher mesopore volume.
FWAC-micro has the highest micropore volume and the lowest total pore volume.

BET Surface Area t-Plot Micropore Total Pore Volume
Sample

[m?/g] Volume [cm®/g] [cm?/g]
CAC 918 0.157 0.770
FWAC-micro 622 0.196 0.407
FWAC-meso 684 0.146 0.704

The elemental compositions of the AC supports were determined by an
elemental analyzer and ICP-OES. The results are displayed in Table 2. The
CAC support showed a carbon content of 64.2%, which was similar to that
of FWAC-micro. FWAC-meso contained a carbon content of only 40.9% as
a result of the severe burn-off of carbon during the activation process, since
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Figure 2: Pore size distributions of the three AC supports. Although CAC and FWAC-
meso had similar micropore and mesopore volumes, the average mesopore size of CAC is
smaller than that of FWAC-meso. FWAC-micro predominantly has much smaller pores
than both CAC and FWAC-meso.

SEM images of the AC supports are presented in Figure 4. The images at
low magnification on the far left indicate that the CAC support has a smaller
and more homogeneous particle size than the FWAC supports. According
to the results of the particle size distribution presented in Supplementary
Information Figure S1, the CAC support mainly comprises particles smaller
than 100 pm, whereas the FWAC supports have a broad distribution of
sizes up to 350 um with an average particle size of approximately 180 pm.
Some of FWAC-micro particles exhibited large pieces and protrusions on their
surfaces, while the FWAC-meso particles had more pores on their surfaces.
Some fibers were also found in the FWAC samples. Under high magnification,
the morphologies of CAC and FWAC-meso particles were similar.

The contact angle was measured in triplicate to assess the hydrophobicity
of AC, with the results displayed in Table 3. A larger contact angle indicates
higher hydrophobicity. These results showed that the CAC support was more
hydrophilic than the FWAC supports, and FWAC-micro was slightly more
hydrophilic than FWAC-meso. A wettability test was also performed in a
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Table 2: Elemental composition of the three AC supports as measured by an elemental
analyzer and ICP-OES. FWAC-meso has a notably lower carbon content than the other
two supports due to carbon burn-off from its higher activation temperature. Both FWAC
supports show elevated concentrations of Ca, Na, and P relative to CAC due to the food
waste feedstock used to create them.

Elemental composition (wt.%)

By elemental analysis By ICP-OES

Sample N C H S O‘thers (by Ca Na P
difference)

CAC 1.6 642 2.7 0.2 31.3 0.2 - 26

FWAC-micro 2.5 62.6 0.5 0.3 34.1 6.5 0.2 33

FWAC-meso 1.6 409 1.6 0.2 35.7 13.6 0.3 7.8

biphasic water—ethyl acetate system, with the results shown in Supplemen-
tary Information Figure S2. FWAC-meso and FWAC-micro particles were
dispersed at the interface of water and ethyl acetate, but a number of CAC
particles were able to enter and suspend in the water phase. The CAC par-
ticles that were stabilized in the ethyl acetate phase were pushed to the wall
instead of suspending in the liquid. These observations indicated that CAC
was more hydrophilic than FWAC, which is consistent with the results from
the contact angle measurements.

Table 3: Contact angle measurements are shown for the three AC supports. Higher
contact angles, such as for FWAC-meso, indicate higher hydrophobicity. CAC has the
lowest contact angle and is therefore more hydrophilic than both of the FWAC supports.
Contact Angle
#1  #2 #3 Average
CAC 45°  43° 48° 45.3°
FWAC-micro 64° 66° 69° 66.3°
FWAC-meso 69° 65° 73°  69.0°

Sample

Table 4 shows the theoretical percentage of metal loading and the actual
percentage of metal measured by ICP-OES, as well as the corresponding
metal dispersion measured by H, chemisorption. In contrast to Ni-FWAC-
meso, Ni-CAC and Ni-FWAC-micro showed higher Ni loading than the theo-
retical value. The lower Ni loading for Ni-FWAC-meso might be attributed to
the desorption of functional groups during the calcination process. The Ru-
FWAC-micro and Ru-FWAC-meso catalysts showed lower actual Ru loading
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Figure 3: XRD patterns collected for the three AC supports. Sharp peaks at 28°, 31°, and
34.5° that appear in the food waste-derived ACs are highlighted, which are attributed to
calcium phosphate.

than the theoretical values. This might be attributed to the hydrophobic
nature of FWAC, which caused: 1) the precursor solution to be adsorbed
nonuniformly on the support; and 2) the slow penetration of the aqueous
metal salt solution into the relatively smaller pores of the hydrophobic car-
bon support.™ The dispersion of Ni was very low compared to that of Ru,
likely due to the high Ni loading. The dispersion of Ru showed a positive
correlation with the mesoporosity of the supports, indicating the importance
of mesoporosity for high metal dispersion.®’

3.2. HDO of Guaiacol in Decane

The HDO experiments of guaiacol were first performed in the organic sol-
vent decane. Fach of the prepared catalysts was tested for activity. Figure 8
in Section 3.6 shows the concentrations of the reactant and products during
the HDO reactions in decane, along with model fitting results; experiments
that did not show any conversion are not displayed. For the Ni-impregnated
catalysts, only Ni-FWAC-meso showed activity in decane; no product was
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Figure 4: SEM images of the AC supports taken at increasing levels of magnification.
The ACs presented are: (a)-(d) CAC, (e)-(h) FWAC micro, and (i)-(1) FWAC meso. CAC
shows a smaller and more homogeneous particle size than the FWAC supports, which have
broad distributions of particle sizes and some fibers.

detected in liquid samples taken from the Ni-CAC or Ni-FWAC-micro ex-
periments. This could be attributed to differences in the physical properties
of the carbon supports. As discussed in Section 3.1, although CAC and
FWAC-meso showed similar porosities, and CAC showed a higher surface
area than FWAC-meso, CAC was not as hydrophobic as FWAC-meso, which
could result in limited interaction between Ni-CAC and the reactant in the
solution. Wang et al.®! tested carbon-coated CoS,-MoS, catalysts for the
HDO of ethylphenol in dodecane, and they observed that increasing the
hydrophobicity of the catalyst can improve its performance. One possible
explanation for the improvement was that the higher hydrophobicity could
force the water produced during the HDO reaction to leave the active sites
of the catalyst and allow the reaction to proceed further.®! It is worth noting
that the higher hydrophobicity also enhanced the dispersion of catalysts in
the organic solutions.®! Therefore, AC supports with higher hydrophobicity
might be beneficial to the HDO activity of the catalyst in organic solvent.
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Table 4: Theoretical and actual metal loadings for all tested catalysts, as measured by
ICP-OES, Ni shows higher loading than its theoretical value for CAC and FWAC-micro,
likely due to the desorption of functional groups during the calcination process. Ru shows
lower loading than its theoretical value for both of the FWAC supports, likely due to
their higher hydrophilicity. Metal surface density based on surface area and actual metal
loadings from ICP. Metal dispersion values from Hy chemisorption are also presented. Ru
dispersion is higher for the more mesoporous supports, and Ni dispersion is low for the
CAC support, likely due to the high actual Ni loading.

) Actual metal Metal surface ) .

Sample Metal loading loading by ICP  density [atoms/nm?] Metal dispersion
CAC 10% Ni 13.0% 1.45 0.27%
5% Ru 5.1% 0.33 6.80%
) 10% Ni 12.4% 2.05 1.14%
FWAC-micro 5% Ru 3.7% 0.35 2.61%
10% Ni 9.3% 1.39 1.87%
FWAC-meso 5% Ru 4.2% 0.36 6.29%

Although FWAC-micro had a similar hydrophobicity to FWAC-meso, the
Ni-FWAC-micro catalyst did not show any activity for guaiacol HDO while
the Ni-FWAC-meso catalyst did. This result might be attributed to the low
mesoporosity of FWAC-micro, which caused low metal dispersion during the
preparation process.*’ With these differences in hydrophobicity and porosity
in mind, although Ni-FWAC-meso did present a small amount of HDO ac-
tivity, the reaction rate was very low and the final conversion after 120 min
of reaction was only 50%. Three products from this reaction were observed:
methoxycyclohexanone, cyclohexanone, and cyclohexanol, with methoxycy-
clohexanone and cyclohexanol being the major products. Methoxycyclohex-
anone is the hydrogenated product of guaiacol, while cyclohexanone and
cyclohexanol are products with one O-atom removal from guaiacol. That is,
the HDO of guaiacol using Ni-FWAC-meso in decane did not generate any
20 removal products.

All Ru-based AC catalysts showed activity with reaction rates much
higher than those of Ni-FWAC-meso. Ru-CAC reached 85% conversion af-
ter 120 min of reaction, and cyclohexane started to appear as the desired
20 removal product. For the Ru-based catalysts, methoxycyclohexane (10
removal product) also appeared at very low concentrations. As with the
Ni-FWAC-meso reaction, methoxycyclohexanone and cyclohexanol were still
the dominant products, and the selectivity was highest for methoxycyclohex-
anone. Cyclohexanone showed higher concentration at the beginning of the
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reaction and later dropped to almost zero for each of the Ru catalysts, sug-
gesting that cyclohexanone could be an intermediate product. The reaction
was faster with Ru-FWAC-micro and Ru-FWAC-meso than with Ru-CAC
and reached 100% conversion within 40 min and 20 min of reaction time,
respectively. The identities of the product species for Ru-FWAC-micro and
Ru-FWAC-meso were the same as those of Ru-CAC. However, the final con-
centration of cyclohexane was significantly lower for Ru-FWAC-micro than
for Ru-CAC or Ru-FWAC-meso. This result may be due to differences in
the porosity between Ru-FWAC-micro and Ru-FWAC-meso.

To summarize, Ru showed much higher activity than Ni for the reactions
in decane. CAC and FWAC-micro only showed catalytic activity when Ru
was incorporated as the active phase, and Ru-FWAC-meso was the best
catalyst for guaiacol HDO in decane among all catalysts tested in terms of
reaction rate and O-removal efficiency.

3.8. HDO of Guaiacol in Water

As discussed in Section 1, the solvent plays an important role during HDO
reactions. Hence, to investigate the effects of solvent on HDO performance
using AC-supported catalysts, we also performed the reactions using water as
the solvent. The evolution of chemical concentrations during HDO reactions
performed in water, along with the results of model fitting, are shown in Fig-
ure 9 in Section 3.6. For the Ni-impregnated catalysts, the performance was
notably different when water was used as the solvent in place of decane. In
particular, in the aqueous-phase reaction, only Ni-CAC showed any reactivity
(as opposed to Ni-FWAC-meso in decane), which might be attributed to the
lower hydrophobicity of CAC compared to that of FWAC-micro and FWAC-
meso. This lower hydrophobicity might have allowed for better dispersion of
the catalyst in water and thus more overall guaiacol adsorbance. However,
as with the Ni-FWAC-meso catalyst in decane, the conversion of guaiacol by
Ni-CAC in water remained low, reaching approximately 60% after 120 min.

Interestingly, in the water-solvated reactions, phenol started to appear
as an intermediate product that was not present in the decane-solvated re-
actions, and cyclohexanol rather than methoxycyclohexanone became the
dominant product. This change might be related to the polarity of the prod-
ucts: cyclohexanol and phenol are more polar than methoxycyclohexanone.
Thus, in the aqueous-phase reactions, they can more easily desorb from the
catalysts and dissolve in water, allowing the reaction to proceed along that
pathway. Another possible explanation might be that the orientations of
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reactants adsorbed on the catalyst surface are affected by the polarity of sol-
vent. Wan et al.®? investigated the HDO of p-cresol using Pt/C in water and
n-heptane. They proposed that in water, the p-cresol was adsorbed on the
catalyst with a vertical orientation where the hydroxyl group was bound on
the catalyst thereby favoring the dehydration reaction.®? In contrast, in non-
polar n-heptane, the coplanar adsorption position might be favored, which
facilitates the hydrogenation reaction. 2

Water may also participate in HDO reactions through the stabilization
and promotion of different reaction intermediates.®®> Shangguan et al.* in-
vestigated the HDO of guaiacol using isotopically labeled guaiacol and DF'T
simulations finding that water not only enables proton-assisted cleavage of
guaiacol’s methoxy group but stabilizes its transition state resulting in a de-
crease in free energy barrier of 22 kJ mol~!. Additionally, no promotional
effect was found on ring hydrogenation, suggesting that the change in selec-
tivity compared to non-protic solvents is due to water’s participation in the
methoxy group cleavage.®* A similar mechanism might be applied to guaia-
col in this work, where water as the solvent might favor the deoxygenation
reaction and decane as the solvent might favor the hydrogenation reaction.

Reactions in water occurred much faster on Ru-impregnated supports
than on Ni-impregnated supports, but in all cases no 20 removal products,
such as cyclohexane, were detected in the product pool. The trends of prod-
uct concentrations over time were very similar for all three Ru catalysts.
For each of these reactions, cyclohexanol was the only major product at the
end of reaction, though a notable amount of phenol was present toward the
beginning of the reaction. The phenol concentration dropped rapidly, likely
because the phenol was hydrogenated and converted to cyclohexanone and
cyclohexanol. Cyclohexane and methoxycyclohexane appeared in the decane-
solvated reactions but not in the aqueous-phase reactions, which might be
attributed to their low solubility in water. Even if they were formed on the
active sites of catalysts, their desorption could be inhibited, blocking the
catalyst active sites. Therefore, species like cyclohexane and methoxycyclo-
hexane were not favorable in the aqueous-phase reactions.

Overall, although CAC was more hydrophilic than FWAC-micro and
FWAC-meso, which could be advantageous in the aqueous-phase reaction,
the performance of Ru-CAC was not as good as that of Ru-FWAC-micro or
Ru-FWAC-meso. Ru-CAC reached 100% conversion in 60 min, while Ru-
FWAC-micro and Ru-FWAC-meso completed the reaction in 30 and 20 min,
respectively. The high activity of Ru-FWAC (micro and meso) suggests that
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AC produced from renewable resources, such as food waste, can be a great
catalyst support for HDO reactions.

3.4. Comparison of HDO Performance in Organic Solvent and Water

Figure 5 summarizes the high-level differences between the decane- and
water-solvated reactions by showing the overall conversions and final prod-
uct selectivities. Panels (a) and (b) show that in each solvent, the reaction
rates and guaiacol conversion are higher for every Ru-based catalyst than for
any Ni-based catalyst. For the Ni catalysts specifically, only Ni-FWAC-meso
for decane and Ni-CAC for water showed any activity. As discussed previ-
ously, the FWAC-meso and CAC supports had very similar porosities and
microstructures, but Table 3 indicates that CAC is more hydrophilic than
FWAC-meso. The hydrophilicity of CAC allowed better contact and adsorp-
tion of the guaiacol molecules in water, resulting in the better performance of
Ni-CAC, and similarly, the hydrophobicity of FWAC-meso led to the better
performance of Ni-FWAC-meso in decane. Another possible explanation for
this observed difference in performance is that the Ni-CAC has a lower dis-
persion (0.27%) compared to the Ni-FWAC-meso (1.87%) which would result
in fewer accessible active sites and potentially different electronic properties
of the Ni sites.

Panels (c¢) and (d) of Figure 5 show the final selectivities of the products
in each reaction. Most notably, methoxycyclohexanone and cyclohexanol are
the major products in both solvents, but methoxycyclohexanone is favored
in decane and cyclohexanol is strongly favored in water. Additionally, cyclo-
hexane is present as a product in decane-solvated reactions with Ru-based
catalysts but does not appear in any of the water reactions. Similarly, phe-
nol is not present in any of the decane-solvated reactions, but it is present
as an intermediate species in every water-solvated reaction and as a final
product in the slow Ni-CAC-catalyzed reaction. These differences might be
attributed to the relative polarity and solubility of the products. Decane
is a nonpolar solvent, cyclohexane is a nonpolar molecule, and methoxycy-
clohexanone is less polar than cyclohexanol. The presence of decane as the
solvent thus allowed these species to desorb from the catalyst surface more
readily. The absence of cyclohexane in the aqueous-phase reaction was also
observed by Zhang et al.%®. It is likely that water as the solvent hinders
the formation of nonpolar chemicals during HDO reactions. When the non-
polar species are formed on the catalyst surface, they cannot be desorbed
to the surrounding aqueous phase, and their further formation is inhibited.
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Additional final product yield and carbon balance data for both the water-

and decane-solvated experiments can be found in Supplementary Information
Table S1.
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Figure 5: Guaiacol HDO conversion is presented as a function of time for reactions in (a)
decane and (b) water. In both decane and water, the Ru-FWAC catalysts showed faster
conversion than the Ru-CAC catalyst. For Ni, only Ni-FWAC-meso showed activity in
decane, and only Ni-CAC showed activity in water. This is likely related to the hydropho-
bicity of the supports. The final product selectivities for each catalyst are also presented
for the reactions in (c) decane and (d) water. Methoxycyclohexanone is the dominant
product for the decane-solvated reactions, and cyclohexanol is more highly dominant in
the water-solvated reactions. This difference is attributed to the product polarities in
relation to the solvent polarity.
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Metal  Organic Aqueous

Sample loading  phase phase
10% Ni 0% 60.6%
CAC 5% Ru  85.0% 100%
. 10% Ni 0% 0%
FWACmicro 5o py 100%  100%
FWAC-meso 10% Ni  50.6% 0%

5% Ru  100% 100%

Table 5: The guaiacol HDO final conversions in reactions with each catalyst are summa-
rized. Each of the Ru-based catalysts showed 100% conversion in both solvents, with the
exception of Ru-CAC in decane. Only two of the six Ni-catalyzed reactions showed any
activity and their conversion remained below 100% after 120 minutes of reaction.

3.5. Adsorption Study of Guaiacol on Catalysts

In previous sections, we discussed the experimental results of guaiacol
HDO under different catalyst and solvent conditions. During the experi-
ments, it was observed that the carbon balance of the reactions conducted in
the aqueous phase was low (Supplementary Information Table S1), whereas
such an issue did not appear in the organic-phase reactions. To understand
the origin of the low mass balance in the aqueous-phase experiments, we
performed in-situ adsorption studies of guaiacol on the Ni-CAC and Ru-
CAC catalysts in a DRIFTS cell. Guaiacol was first flowed through the cell
carried by Ny until the catalyst was saturated. The cell was then pulled
under a vacuum to remove physisorbed guaiacol, followed by temperature-
programmed desorption. The adsorption results of Ni-CAC and Ru-CAC
are shown in Figure 6 panels (a) and (b), respectively. Breaks were added
to the spectra to clarify the characteristic peaks of guaiacol. For Ni-CAC,
several strong adsorption peaks were observed at 1500, 1257, and 742 cm ™!,
which corresponded to the aromatic ring vibration, the C-O vibration of
the phenolic group, and the C-H vibration of ortho-disubstituted benzene,
respectively. 88 Other weak peaks between 1223 and 1024 cm™! were at-
tributed to the C-O aromatic ether bond and C-O stretching of the methoxy
group.®® The peaks located at 836, 789, and 700 cm ™! were attributed to C-H
bonds on aromatic rings. No other bands were found at higher wavenum-
bers. As the temperature increased, the characteristic peaks of guaiacol
gradually disappeared, indicating that guaiacol was being desorbed from the
catalyst. The desorption process was completed at approximately 240 °C.
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Figure 6: DRIFTS spectra of guaiacol adsorption on (a) Ni-CAC and (b) Ru-CAC. Both
Ru-CAC and Ni-CAC show the characteristic peaks of guaiacol at 1500, 1257, and 743
cm™!, which disappear gradually as the temperature is increased, indicating desorption of
guaiacol from the catalysts. Free guaiacol represents gaseous guaiacol absent of adsorbate.

For Ru-CAC, the characteristic peaks of guaiacol at 1500, 1257, and 742
cm ™! were stronger than those for Ni-CAC, suggesting a stronger adsorption
of guaiacol on Ru-CAC than Ni-CAC. Additional peaks at 2850, 2920, and
2950 cm~! were also observed, which were attributed to the C-H vibration
of the methyl group. This indicates that the interaction between guaiacol
and Ru-CAC was not limited to the catalyst-aromatic ring connection: the
catalyst-methyl group interaction was also possible. Spectra for pure gua-
iacol at 40 °C and 80 °C were also collected for reference, which are shown
in Supplementary Information Figure S6. NIST FTIR spectra of guaiacol,
cyclohexanol, and cyclohexane are also available in the Supplementary In-
formation and are shown in Supplementary Information Figures S7, S8, and
S9, respectively.

After studying the adsorption of guaiacol on the catalysts, we continued
by studying the adsorption of guaiacol during the HDO reactions. For the
aqueous-phase HDO reactions, the catalysts were retrieved at approximately
50% of the final reaction conversion and at the end of the reaction (100%
conversion or 120 min). After drying at 80 °C for 24 h, the catalysts were
characterized by DRIFTS, ex situ. It is important to note that some adsorbed
species with lower boiling points may be lost during drying of the catalyst.
The results for Ni-CAC and Ru-CAC are shown in Figure 7, panels (a)-(b)
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and (c)-(d), respectively. At 50% of final conversion, Ni-CAC showed very
strong adsorption of guaiacol based on the characteristic peaks at 1500, 1257,
and 742 cm ™!, which were stronger than in the in-situ adsorption experiment.
The band at 2850 to 2950 cm~! was also present, indicating the interaction
between the methyl group and the catalyst. After 120 min of reaction, the
intensity of characteristic peaks of guaiacol became even stronger, suggesting
that more guaiacol was adsorbed at this time than earlier in the reaction.
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Figure 7: DRIFTS spectra of (a)-(b) Ni-CAC collected in the aqueous-phase reaction
at (a) 50% conversion and (b) the end of the reaction; (c)-(d) Ru-CAC collected in the
aqueous-phase reaction at (c¢) 50% conversion and (d) the end of the reaction; and (e)-(f)
Ru-CAC collected in the organic-phase reaction at (e) 50% conversion and (f) the end of
the reaction. The intensities of the peaks at 1500, 1257, and 743 cm~! indicate that more
guaiacol is adsorbed on Ni-CAC as the reaction proceeds, whereas very little guaiacol is
adsorbed during the reaction for either of tléeg Ru-CAC experiments.



Ru-CAC samples were retrieved at 5 min and 40 min of reaction due to
the high reaction rate in the aqueous phase. For the sample taken at the
5-minute mark, most of the characteristic peaks of guaiacol were very weak
or nonexistent. After 40 min of reaction, the peaks at 1500 and 742 cm~! had
completely disappeared, suggesting complete conversion of guaiacol, whereas
the intensity of the bands at 2850 to 2950 cm™! had increased, most likely
due to the formation of products on the catalyst surface that did not desorb.
Considering that the main product of this reaction was cyclohexanol, the
bands from 2850 to 2950 cm~! were assigned to the C-H bonds of methy-
lene in the cyclic ring of cyclohexanol. Thus, in the aqueous-phase HDO
reaction of guaiacol catalyzed by Ru-CAC, we suggest that the origin of the
carbon loss was the initial adsorption of guaiacol, and then towards the end
of the reaction, the low carbon balance was due to the non-desorption of
cyclohexanol rather than guaiacol.

To compare the adsorption phenomena in aqueous- and organic-phase re-
actions, we conducted the same investigation for Ru-CAC with decane as the
solvent. Catalyst samples were collected at 20 min (50% of final conversion)
and 120 min (end of reaction), and the resulting DRIFTS spectra are shown
in Figure 7, panels (e)-(f). Interestingly, no peaks were found in the low-
wavenumber range where most of the characteristic peaks of guaiacol should
appear. Several peaks were observed at approximately 2850, 2920 and 2950
cm !, which are attributed to the C-H bonds of methylene groups. Consider-
ing that the solvent in the organic-phase reaction was decane, which should
present as C-H bonds under FTIR, and given the absence of other guaiacol
peaks, we attribute these peaks to decane adsorbed on the catalyst rather
than guaiacol or other products. Additionally, the desorption temperature of
these peaks was approximately 200 °C, which was lower than the desorption
temperature (240 °C) of similar peaks that were attributed to guaiacol.

Based on this analysis, the adsorption of guaiacol and products such as
cyclohexanol on the catalysts should be the main reason for the apparent
decrease of carbon in the aqueous-phase reactions. AC-based catalysts may
have difficulty desorbing these species in water. This is likely because AC is
an organic material and has a high affinity to organic compounds, whereas
water, as a polar chemical, has low affinity to organic compounds. Thus,
in the aqueous-phase reaction, the adsorption-desorption equilibrium on AC
favors the adsorption side, causing the low carbon balance. Due to the low
material balance in the aqueous solvent, the calculated rates and kinetic
parameters for those HDO reactions should be considered with caution.
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3.6. Kinetic Calculations and Reaction Mechanism

Following characterization, the data were passed to the optimization for-
mulation described in Section 2.6. For each catalyst and solvent condition,
only reactions whose reactants and products both appeared in the gathered
data were considered. The effective rate constants were then determined for
the remaining reactions. The model fits for each catalyst in decane and wa-
ter are presented in Figures 8 and 9, respectively. Generally, although the
model-calculated species concentrations do not exactly trace the experimen-
tally determined values over the full reaction time, the fit is usually within a
single standard deviation of the experimentally determined value. Given the
assumptions in the model formulation and the use of the fits as a qualitative
assessment of the likely reaction pathways rather than exact measurements
of the reaction kinetics, the closeness of the fits to the experimental data
is a positive result. Additionally, it is important to note that the plotted
error bars represent the standard deviation of three replicate measurements
and do not account for any error in measurement or calibration that may
be present. Thus, small deviations outside the presented error bars do not
necessarily imply an inadequate model. The complete tables of the kinetic
parameters obtained by applying the RIS algorithm to catalysts with decane
and water as solvents are presented in the Supplementary Information as
Tables S2 and S3, respectively.

30



Ru-CAC Ru-FWAC-meso

0.20|\ 020
0.15
0.10}
0.05
4 |7
S 000~
£
c 0 20 40 60 80 100 120
o .
= Ni-FWAC-meso
©
—
-
cC \
@ 020 020
|©)
5
I T
O o015 s e S R T
0.10 0.10
0.05} 0.05
0.007—"11\1\\]\}_’4\,\1 0.00

0 20 40 60 80 100 120 0 2‘0 46 6‘0 8‘0 160 120
Time (min)
—— Guaiacol Cyclohexanone —— Placeholder
—— Methoxycyclohexanone Cyclohexanol
Methoxycyclohexane Cyclohexane

Figure 8: Model-predicted state trajectories (dashed) are plotted against the experimental
data (solid) for all catalysts with decane as the solvent. The optimized rate constants
provide a reasonable approximation of the experimental data, which is often within one
standard deviation (bars) of the gathered data.
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Figure 9: Model-predicted state trajectories (dashed) are plotted against the experimental
data (solid) for all catalysts with water as the solvent. The optimized rate constants
provide a reasonable approximation of the experimental data, which is often within one
standard deviation (bars) of the gathered data.
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Figure 10: (A) The complete reaction pathway from guaiacol to other species found in
the HDO reaction with decane as a solvent. Irreversible reactions from every species to
each less complicated species are included. Other sections of this figure represent the
pathways identified through optimization for the (B) Ru-CAC; (C) Ru-FWAC-meso; (D)
Ru-FWAC-micro; and (E) Ni-FWAC-meso catalysts. The thicknesses of the black lines
for each reaction are set proportional to —1/logyy(kes). The red lines represent reactions
with effective rate constants greater than 0.1 min~!. Lines are not present for reactions
with effective rate constants less than 1.0 x 107% min~!. Dotted lines indicate reactions
whose rates did not greatly affect the model fit according to the sensitivity analysis.
The species present include guaiacol (top left molecule), methoxycyclohexanone (bottom
left molecule), cyclohexanol (top center molecule), methoxycyclohexanol (bottom center
molecule), cyclohexanol (top right molecule), and cyclohexane (bottom right molecule).
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Beginning with the optimization results for the catalysts tested in de-
cane, the optimized rate constants presented in Supplementary Information
Table S2 of the Supplementary Information were used to construct the re-
action pathways shown in Figure 10. Panel (A) shows the complete set of
reaction paths that were presented to the optimizer; i.e., each arrow repre-
sents a reaction whose effective rate constant the optimizer could adjust to
match the model to the gathered kinetic data. The effective rate constants
present in Supplementary Information Table S2 were used to determine the
thickness of each line in panels (B) through (E), representing the Ru-CAC,
Ru-FWAC-meso, Ru-FWAC-micro, and Ni-FWAC-meso catalysts, respec-
tively. Specifically, no lines are shown for very slow reactions—those whose
effective rate constants were below 107% min~!—black lines are shown for
reactions with intermediate effective rate constants with thicknesses propor-
tional to —1/log;(kes), and red lines represent fast reactions whose effective
rate constants were above 107! min~!. In addition, sensitivity analyses were
conducted to determine how sensitive the model is to each effective rate
constant. A high sensitivity would indicate that changing the value of the
parameter by a small amount may have a substantial impact on the model
fit, and a low sensitivity would mean that the value can vary within an order
of magnitude without strongly impacting the model. For reactions where the
sensitivity analysis indicated a low model sensitivity, below 10~° mol-min/L,
the reaction is shown as a dotted line. Based on this visualization, several
key points about the decane-solvated pathway can be understood:

e For all four catalysts, the most dominant reaction of guaiacol (top
left molecule) is the formation of methoxycyclohexanone (bottom left
molecule). This can be seen in Figure 10 by the higher relative thickness
of the reaction pathway lines that go from guaiacol to methoxycyclohex-
anone, compared to those that go from guaiacol to other intermediate
species. For the Ru-CAC and Ru-FWAC-meso catalysts (panels (B)
and (C), respectively), this was effectively an end point of the reaction:
methoxycyclohexanone, once desorbed from the catalyst, did not read-
sorb and react further to form any other product in any appreciable
amount. For the Ru-FWAC-micro and Ni-FWAC-meso catalysts (pan-
els (D) and (E), respectively), optimization revealed a slow-to-moderate
rate of reaction for the conversion of methoxycyclohexanone directly to
cyclohexanol.

e Although the optimization showed no reaction from methoxycyclo-
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hexanone to methoxycyclohexane (bottom center molecule), a small
amount of methoxycyclohexane was observed experimentally for the
Ru-based catalysts. From the kinetic modeling, the methoxycyclo-
hexane appears to be a direct product of guaiacol. Unlike the non-
reactivity of methoxycyclohexanone, the reactivity of methoxycyclo-
hexane is calculated to be much higher, resulting in the formation of
both cyclohexanone (top center molecule) and cyclohexanol (top right
molecule), and for Ru-CAC and Ru-FWAC-meso, cyclohexane (bottom
right molecule). These high effective rate constants are consistent with
the small amount of methoxycyclohexane observed in the kinetic data.

Similarly to methoxycyclohexane, cyclohexanone appears experimen-
tally at very low concentrations for all catalysts tested. The opti-
mization results indicate that this is due to a fast reaction from cy-
clohexanone to cyclohexanol for all catalysts, and for Ru-CAC and
Ru-FWAC-meso, there is also a moderate-speed reaction from cyclo-
hexanone directly to cyclohexane.

The models for each of the Ru-based catalysts were found to be in-
sensitive to reactions from methoxycyclohexane to cyclohexanone and
cyclohexanol. Additionally, for Ru-FWAC-meso and Ru-FWAC-micro,
the models were found to be insensitive to the reaction from cyclohex-
anone to cyclohexanol. This does not mean that these reactions are
unimportant to the models, but rather this is indicative of uncertainty
regarding the specific reaction rates. Based on the fast rates identified
for these reactions, there may be a competitive aspect in which the
model is sure that cyclohexanol is being produced but unsure about
the degree to which each path is utilized. That is, these reactions were
all found to be fast, so both paths are likely to occur quickly, but their
exact rates are unclear based on the available data.

A pathway that seemed likely prior to the optimization analysis was
a path from cyclohexanone, through cyclohexanol, and to cyclohex-
ane, in the presence of Ru. However, the optimization indicates that
once cyclohexanol is produced, practically none of it reacts further to
form cyclohexane. Only for Ru-FWAC-meso is the effective rate con-
stant high enough to appear in the figure, but with its value of only
1.70 x 107® min~!, this pathway can only be a minor contributor to
the observed amount of cyclohexane. Instead, the cyclohexane appears
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to be a direct product of cyclohexanone and methoxycyclohexane for
Ru-CAC and Ru-FWAC-meso, and, for all the Ru-based catalysts, it is
also a direct product from guaiacol. That is, guaiacol may be adsorbing
onto the catalyst and reacting fully to cyclohexane before desorbing.
This appears to be especially important for the Ru-FWAC-micro cat-
alyst, where cyclohexane is not identified as a product of any reaction
other than that from guaiacol.

It is also possible that, for Ru-FWAC-micro, the absence of reactions
producing cyclohexane is an artifact of apparent violations of mass con-
tinuity that were observed experimentally. For Ru-FWAC-meso and
Ru-FWAC-micro, the kinetic data showed a net positive mass balance
by the end of the experiment, likely due to measurement or calibra-
tion error. In an attempt to maintain mass continuity, the model
addressed this by underestimating the concentration of the product
species methoxycyclohexanone, cyclohexanol, and cyclohexane roughly
equally to maintain a low sum-of-squared errors. For Ru-FWAC-meso,
this mass continuity adjustment did not represent a significant percent-
age difference in the final concentrations with respect to the experimen-
tal data, but for Ru-FWAC-micro, this small adjustment decreased the
already experimentally low concentration of cyclohexane to nearly zero
in the model. Therefore, there may be a reaction for Ru-FWAC-micro,
which was not observed by the optimizer, that also produced cyclo-
hexane. However, given the low concentration of cyclohexane observed
experimentally, if such a reaction is present, its rate is likely low.

For Ni-FWAC-meso, the reaction pathway is fairly simple. Exper-
imentally, neither methoxycyclohexane nor cyclohexane appear, and
the kinetic model predicts two pathways: one through methoxycyclo-
hexanone and one through cyclohexanone. Note that the methoxycy-
clohexanone pathway does not join the cyclohexanone pathway (i.e.,
cyclohexanone is not predicted to appear as an intermediate), but it
instead acts as a parallel pathway to directly produce cyclohexanol.

To summarize the decane-solvated reaction pathways identified through
rate-constant optimization, in general there are three parallel pathways for
Ru-based catalysts. First, methoxycyclohexanone is produced directly from
guaiacol and does not react further. Second, cyclohexanone is produced di-
rectly from guaiacol, which then reacts primarily to form cyclohexanol and
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secondarily to cyclohexane. Third, methoxycyclohexane is produced directly
from guaiacol and reacts to form cyclohexanone (joins with the second path-
way), cyclohexanol, or cyclohexane. Cyclohexanol generally does not react
to form cyclohexane, so the three nonreacting end products are, in general,
methoxycyclohexanone, cyclohexanol, and cyclohexane. There are two paral-
lel pathways for Ni-FWAC-meso. First, methoxycyclohexanone is produced,
which then slowly reacts to form cyclohexanol; and second, cyclohexanone
is produced, which reacts quickly to form cyclohexanol. Since the reaction
from methoxycyclohexanone to cyclohexanol is relatively slow, most of the
cyclohexanol appears to be produced via the cyclohexanone pathway.

Changing the solvent from decane to water results in a drastically different
set of reaction pathways. As with the analysis for decane-solvated reactions,
the optimized effective rate constants presented in Table S3 of the Supple-
mentary Information were used to construct the reaction pathway visualiza-
tions shown in Figure 11. Panel (A) shows the complete set of reaction paths
presented to the optimizer, and panels (B) through (E) show the optimized
pathways for the Ru-CAC, Ru-FWAC-meso, Ru-FWAC-micro, and Ni-CAC
catalysts. As in Figure 10, no lines are shown for reactions with effective
rate constants below 10~% min~', black lines are shown for intermediate-
speed reactions with thicknesses proportional to —1/log;,(keg), and red lines
are given for reactions with effective rate constants above 0.1 min~!. Any
reactions for which the sensitivity analysis indicated a low model sensitivity
are presented as dotted lines instead of solid. The key points of Figure 11
are as follows:

e Unlike in the decane-solvated pathways, where the most dominant
product from a guaiacol reaction was methoxycyclohexanone, in the
water-solvated pathways for every tested catalyst, phenol (top center
molecule) was the most dominant immediate product. However, some
methoxycyclohexanone is still produced for every catalyst, and much
like in the decane pathways, methoxycyclohexanone is usually an end
point of the reaction. Only for Ru-FWAC-meso was any appreciable
reaction identified from methoxycyclohexanone; for all other catalysts,
the rate constant optimization suggests that no further reactions take
place.

e As mentioned previously, the most dominant immediate product of
the catalytic reaction of guaiacol is phenol, which does not appear
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Figure 11: (A) The complete reaction pathway from guaiacol to other species found
in the HDO reaction with water as a solvent. Irreversible reactions from every species
to each less complicated species are included. Other sections of this figure represent
the pathways identified through optimization for the (B) Ru-CAC; (C) Ru-FWAC-meso;
(D) Ru-FWAC-micro; and (E) Ni-CAC catalysts. The thicknesses of the black lines for
each reaction are set proportional to —1/log;(kegr). The red lines represent reactions
with effective rate constants greater than 0.1 min—!. Lines are not present for reactions
with effective rate constants less than 1.0 x 107 min~!. Dotted lines indicate reactions
whose rates did not greatly affect the model fit according to the sensitivity analysis. The
species present include guaiacol (top left molecule), methoxycyclohexanone (bottom left
molecule), phenol (center molecule), cyclohexanone (top right molecule), and cyclohexanol
(bottom right molecule).
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experimentally in any of the decane-solvated trials. For the three Ru-
based catalysts, the kinetics data show that the concentration of phenol
peaks early in the reaction and then returns to zero before the end of
the experiment. This is consistent with the moderate-to-high effective
rate constants identified for the production of phenol from guaiacol—
if these rates were too low, the early peak would not appear—and
with the high effective rate constants from phenol to cyclohexanone
or cyclohexanol, above 0.1 min~! for each Ru catalyst, which must
necessarily be fast to bring the phenol concentration back to zero by
the end of the experiment.

Similar to the low amounts of cyclohexanone observed in the decane
experiments, a consistently low amount of cyclohexanone was observed
in the water experiments. For the Ru-based catalysts, the optimizer
suggested a high reaction rate from cyclohexanone to cyclohexanol as
the explanation most consistent with the data. For Ni-CAC, the reac-
tion from cyclohexanone to cyclohexanol is estimated to be slow, but
the reactions from guaiacol and phenol that produce cyclohexanone are
also slow; hence, the low overall concentration of cyclohexanone. For
Ni-CAC, the comparatively high final concentration of cyclohexanol,
compared to the concentrations of other potential products, appears
to be due to direct reactions from phenol and guaiacol, as opposed to
being the result of a pathway through cyclohexanone.

For Ru-FWAC-micro, the model was identified through the sensitivity
analysis as being relatively insensitive to the reactions to and from cy-
clohexanone, though both were estimated to be fast. This insensitivity
is likely an indication that the pathway itself is occurring quickly, but
the rates of each individual step are more uncertain. That is, the data
are consistent with this pathway occurring and these reactions being
fast, but it is difficult to estimate exactly how quickly cyclohexanone
is produced and reacted away.

For Ru-FWAC-meso, the model was found to be insensitive to the re-
action from methoxycyclohexanone to cyclohexanol. It is important to
recognize that the other pathways to produce cyclohexanol, namely, the
one passing through phenol and the reaction directly from guaiacol, are
several orders of magnitude faster than the pathway through methoxy-
cyclohexanone. Therefore, this insensitivity to the model is likely an
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indication that some small amount of cyclohexanol is produced through
this pathway, but it is fairly insignificant in comparison with the other
pathways, and it is unclear precisely how much this pathway is utilized
to produce cyclohexanol.

To summarize the water-solvated reaction pathways identified through
rate-constant optimization, in general, the Ru-based catalysts have two par-
allel pathways. First, much like in the decane pathway, methoxycyclohex-
anone is produced and does not react further—though for Ru-FWAC-meso,
it may react slowly to form cyclohexanol. Second, phenol is produced directly
from guaiacol, which then reacts to form cyclohexanone, which then quickly
reacts to form cyclohexanol. For Ru-CAC specifically, the phenol may also
bypass cyclohexanone and react directly to cyclohexanol, which is the dom-
inant pathway for this catalyst. Furthermore, as can be seen in Figure 11,
panels (B) through (D), there appears to be a direct reaction from guaiacol
to cyclohexanol for all Ru-based catalysts. This may be due to guaiacol fully
reacting to cyclohexanol before desorbing, or it could possibly be an artifact
of the fast reaction pathway through phenol. In summary, the two nonre-
acting products are methoxycyclohexanone and cyclohexanol. For Ni-CAC,
the pathway is very similar to that seen for Ru-CAC. That is, one pathway
produces methoxycyclohexanone as one nonreacting product, and the other
pathway is the reaction of guaiacol to form phenol, which then primarily
reacts to directly form cyclohexanol. The difference for Ni-CAC is that any
cyclohexanone produced as a secondary product from phenol does not react
quickly to form cyclohexanol, as it does for the Ru-based catalysts. The con-
sequence of this is that should the reaction continue for an extended period
of time, there should be a total of three products that are nearly nonreactive:
methoxycyclohexanone, cyclohexanol, and cyclohexanone.

Previous computational studies have provided valuable insights into gua-
iacol HDO pathways. Saleheen et al.?* investigated the pathway on Ru(0001)
demonstrating that it favored the production of phenol as an intermediate
product followed by ring hydrogenation. Their study on different solvents
(water, 1-butanol, diethyl ether, and hexane) concluded that the phenol path-
way was most favorable regardless of the solvent environment.** For Ni(111)
surfaces, Morteo-Flores et al.?® found that the most favorable pathway in-
volves the formation of catechol followed by phenol, then hydrogenolysis to
benzene. Our experimental results and kinetic analysis align with these DF'T
predictions, in which phenol is observed as the primary intermediate when
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water is the solvent. However, our experimental results showed that in the
decane-solvated reactions the dominant reaction product was methoxycyclo-
hexanone, suggesting that in nonpolar organic solvents the most favorable
reaction pathway is not through a phenol intermediate.

4. Conclusions

This work highlights the importance of solvents, metals, and carbon sup-
ports on the liquid-phase HDO reactions of bio-oils. AC supports with dif-
ferent properties such as porosity, hydrophobicity, and morphology, derived
from fossil or renewable resources, were impregnated with Ru or Ni. The
prepared materials were then calcined, reduced, and used as catalysts for
the HDO of guaiacol in the liquid phase using either water or decane as the
solvent.

The results revealed the impacts of different catalyst features on their ac-
tivities in the HDO reaction of guaiacol. For the active phase, the Ru-based
catalysts were found to be more active than the Ni-based catalysts. For the
AC support, having a higher mesoporosity was beneficial, as it led to higher
metal dispersion and therefore to higher catalyst activity. AC hydrophobicity
also played a role, as the more hydrophilic CAC support showed better per-
formance in the aqueous reactions than in the decane reactions. The choice of
solvent also affected the reaction pathway and product selectivity. Nonpolar
products, such as cyclohexane and methoxycyclohexane, were formed only in
the organic-phase reaction and were prohibited in water. More polar prod-
ucts, such as phenol and cyclohexanol, were favored in the aqueous-phase
reactions. Furthermore, the use of water as a solvent resulted in a poor car-
bon balance during the experiments. In-situ DRIFTS analysis revealed that
the loss of carbon balance is due to the adsorption of guaiacol or products
on the catalysts. In the aqueous phase, the AC support may have difficulty
desorbing organic compounds, which may remain on the surface of the AC,
leading to a negative carbon balance in the liquid phase. Most importantly,
when Ru was used as the active phase, the FWAC-supported catalysts were
much more active than the CAC-supported catalyst. This result shows that
AC derived from food waste has excellent potential as a catalyst support,
making the HDO reaction a complete renewable process. Finally, modeling
efforts revealed several important features of the reaction pathways, such as
the relative nonreactivity of methoxycyclohexanone and that cyclohexanol
was not found to be an intermediate species in the production of cyclohex-
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ane. Data-driven analysis, such as that used in this paper, is thus a cheap
but effective tool that can provide unique insight into catalytic reactions of
interest.
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Table S1: A summary of the conversion z, final product yield Y;, and carbon balance
¢ for guaiacol HDO presented in this work. The primary product of guaiacol HDO
in water-solvated reactions was cyclohexanol, and in decane-solvated reactions it was
methoxycyclohexanone. Water-solvated reactions show a decrease in CB owing to
adsorption of guaiacol onto the catalyst’s support. Methanol and methane were not
included in the carbon balance calculations, as they were not quantified in this study.
(Key: C..ane=cyclohexane, C..ol=cyclohexanol, C..one=cyclohexanone,
MC..ane=methoxycyclohexane, MC..one=methoxycyclohexanone)

Product Yield (%)

Solvent Sample z (%) C.ane C.ol C.one Phenol MC..ane MC..one ¢ (%)
Ni-CAC 60.6 0 13.0 1.0 24 0 6.9 7.7

Ni-FWAC Micro 0 - - - - - - -

Water Ni-FWAC Meso 0 - - - - - - -
Ru-CAC 100 0 36.0 1.8 0 0 7.6 33.9
Ru-FWAC Micro 100 0 39.3 1.3 0 0 5.0 33.2
Ru-FWAC Meso 100 0 49.8 1.2 0 0 6.8 42.3

Ni-CAC 0 - - - - - - -

Ni-FWAC Micro 0 - - - - - - -
Decane Ni-FWAC Meso  50.6 0.0 16.9 0.4 0 0 32.1 94.4
Ru-CAC 85.6 8.7 28.0 1.2 0 1.2 479 90.2
Ru-FWAC Micro 100 2.9 36.2 0.4 0 1.1 69.5 99.7
Ru-FWAC Meso 100 127 377 0.4 0 1.2 59.8 96.6




Table S2:
the solvent.

Values under
zero for pathway analysis.
atively lower impact on the model fit through a sensitivity analysis.

1 x 1076

Effective rate constants are tabulated by catalyst,
are grayed out and assumed to be

with decane as

Values with asterisks (x) were found to have rel-

Units

are min~!. (Key: C..ane=cyclohexane, C..ol=cyclohexanol, C..one=cyclohexanone,

MC..ane=methoxycyclohexane, MC..one=methoxycyclohexanone)

Effective Rate Ru Ni
Constant CAC FWAC-meso | FWAC-micro | FWAC-meso
Guai — Placeholder | 3.07 x 1072 1.42 x 1071 1 9.91 x 1072(%) | 7.34 x 1072
Placeholder — Guai 1.12 x 1071 6.50 x 107! 1.00 x 10° 7.26 x 107!
Guai — MC..one 1.16 x 1072 9.20 x 1072 1.01 x 10! 4.16 x 1073
Guai — MC..ane 3.35 x 1076 3.08 x 1073 7.53 x 1073 —
Guai — Phenol — — — —
Guai — C..one 7.32 x 1073 3.36 x 1072 3.30 x 1072 1.26 x 1073
Guai — C..ol 4.80 x 1074 1.91 x 1072 7.35 x 1073 3.86 x 107°
Guai — C..ane 1.55 x 1073 1.48 x 1072 2.05 x 1074 —
MC..one = MC..ane | 3.21 x 10723 8.52 x 10~ 4.40 x 107 —
MC..one — C..one 6.96 x 10=2° 9.14 x 10~% 6.11 x 1072* | 1.57 x 107"
MC..one — C..ol 1.63 x 10=2° 3.85 x 10=% 7.74 x 107° 2.26 x 1073
MC..one — C..ane 2.75 x 10722 1.41 x 10~ 1.14 x 1020 —
MC..ane — C..one | 7.91 x 1071 (%) | 9.68 x 1072(*) | 1.99 x 1072(x) —
MC..ane — C..ol | 1.64 x 1071(x) | 4.55 x 107(*) | 5.41 x 1071 (%) —
MC..ane — C..ane | 3.83 x 1072(*) | 4.99 x 1072 2.60 x 1071° —
Phenol — C..one — — — —
Phenol — C..ol — — — —
Phenol — C..ane — — — —
C..one — C..ol 291 x 1071 | 5. 75 x 107 (%) | 8.37 x 1071 (%) | 2.04 x 107!
C..one — C..ane 3.34 x 1072 1.10 x 1072 1.13 x 10712 —
C..ol —» C..ane 6.79 x 10720 1.70 x 107° 4.68 x 1022 —




Table S3:
vent.
pathway analysis.

lower impact on the model fit as identified by sensitivity analysis.

Values under 1 x 1076

Effective model parameters by catalyst,

with water as the sol-
are grayed out and assumed to be zero for
Values with asterisks () were found to have a relatively
Units are

min~—!. (Key:  C..ane=cyclohexane, C..ol=cyclohexanol, C..one=cyclohexanone,
MC..ane=methoxycyclohexane, MC..one=methoxycyclohexanone)
Effective Rate Ru Ni
Constant CAC FWAC-meso | FWAC-micro CAC
Guai — Placeholder | 9.88 x 1072 | 2.14 x 107(%) | 9.51 x 1072 1.93 x 1072
Placeholder — Guai 1.28 x 1071 2.27 x 1072 2.24 x 1073 2.96 x 1072
Guai — MC..one 6.87 x 1073 1.87 x 1072 7.83 x 1073 1.04 x 1073
Guai — MC..ane — — — —
Guai — Phenol 3.45 x 1072 1.05 x 107! 719 x 1072 | 1.45x 1073
Guai — C..one 2.79 x 1073 3.92 x 1073 5.74 x 1018 4.65 x 107°
Guai — C..ol 2.58 x 107 4.61 x 1072 7.93 x 1073 1.08 x 1073
Guai — C..ane — — — —
MC..one — MC..ane — — — —
MC..one — C..one 3.13 x 1018 1.98 x 10=2? 455 x 10720 | 1.72 x 10716
MC..one — C..ol 9.04 x 107% | 6.36 x 1072(%) | 1.57 x 107 3.34 x 1072
MC..one — C..ane — — — —
MC..ane — C..one — — — —
MC..ane — C..ol — — — —
MC..ane — C..ane — — — —
Phenol — C..one | 9.68 x 107%(x) | 2.59 x 1071 | 1.82 x 107 () | 3.62x 1073
Phenol — C..ol 1.63 x 107! 5.05 x 1071 1.73 x 10716 2.09 x 1072
Phenol — C..ane — — — —
C..one — C..ol 1.98 x 1071 | 3.66 x 1071(x) | 3.98 x 1071(*) | 6.57 x 107°

C..one — C..ane

C..ol — C..ane
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Figure S1: Distributions of particle diameters collected for each of the three AC supports.
The CAC support shows a tighter and lower-average particle diameter distribution than
either of the FWAC supports.



Figure S2: Results of the wettability test for the three AC supports. The ACs tested
are: (a) CAC, (b) FWAC-micro, and (¢) FWAC-meso. CAC particles were able to be
suspended in the water phase (top), indicating a higher hydrophilicity than particles from
either of the FWAC supports.
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Figure S3: DRIFTS spectrum of pure guaiacol at 40 °C and 80 °C.
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Figure S4: FTIR spectrum of guaiacol obtained from NIST.



Cyclohexanol
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Figure S5: FTIR spectrum of cyclohexanol obtained from NIST.
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Figure S6: FTIR spectrum of cyclohexane obtained from NIST.
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