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Abstract

Lignin-derived phenolic molecules are studied for three different chemistries
including acylation, hydrogenation and hydrodeoxygenation. Acylation is an effective C-
C bond forming reaction to condense acetic acid and lignin-derived aromatic compounds
into acetophenones, valuable precursors to fuels and chemicals. However, acetic acid is
intrinsically an ineffective acylating agent. Here, we report that its acylation activity can
be greatly enhanced by forming intermediate aromatic esters, directly derived from acetic
acid and phenolics. Additionally, the acylation reaction was studied in the liquid phase
over acid zeolites and was found to happen in two steps, (1) formation of an acylium ion
and (2) C-C bond formation between acylium ion and the aromatic substrate. Each one
of these steps can be rate-limiting, depending on the type of acylating agent and aromatic
substrate. The O-containing substituents such as -OH and -OCHjs can activate aromatic
substrates for step (2), with—OH > -OCHjs, while alkyl substituent —R cannot. At the same
time, the aromatic esters can rearrange to acetophenones via both an intramolecular
pathway and, preferentially, an intermolecular one.

Next, the interaction of phenolic molecules with metal surfaces are investigated via
two different chemistries: hydrogenation (HY) and hydrodeoxygenation (HDO). Feeding
m-cresol over Pt catalyst over a wide range of temperature from 110 to 350°C shows that
m-cresol conversion increases then decreases and later increases again with temperature.
This non-linear Arrhenius relationship is found to not happen due to equilibrium
limitation or poisoning but rather because of fast drop in m-cresol surface coverage as
temperature increases. A Langmuir-Hinshelwood kinetic model is developed for HY

reactions of m-cresol to 3-methylcyclohexanone and 3-methylcyclohexanol. Based on
XV



this model, the intrinsic energy barrier for of hydrogenation of cresol to ketone is 31
kJ/mol, cresol to alcohol is 26 ki/mol, ketone to alcohol is 28 kJ/mol. The adsorption
enthalpy of m-cresol was found to be 76 kJ/mol with adsorption entropy of 124 J/molK.
The binding energy of m-cresol on Pt surface was reported in the literature to be much
higher, 180-220 kJ/mol. Based on the Kkinetic fitting, the adsorption enthalpy and entropy
both suggest that the kinetically active species for m-cresol hydrogenation have weakly
adsorbed configurations rather than strongly absorbed ones.

At temperature higher than 300°C on Pt catalyst, m-cresol start to undergo C-O bond
cleavage (HDO), creating toluene as the product. Therefore, the conversion of m-cresol
starts to increase with temperature after 300°C. Previous studies of m-cresol HDO show
that on metals of low oxophilicity, such as Pt or Pd, the direct C—O bond cleavage is not
possible. Therefore, HDO requires an indirect pathway via tautomerization. By contrast,
on metals of higher oxophilicity, such as Ru or Rh, the direct C—O bond cleavage is
possible, and toluene can be directly obtained from m-cresol. These studies show that the
HDO activity correlates directly with the metal oxophilicity, which in turn depends on
the position of the d-band center relative to the Fermi level. This catalytic descriptor
depends on (1) type of metal and (2) extent of coordination of the metal atoms. In the last
part of this study, the effect of the second factor will be investigated. It is demonstrated
that a Rh/SiO> catalyst with small particles (low coordination sites) is more active for
HDO than one with larger particles (high coordination sites). At the same time, the low
coordination site is more prone to deactivation and loss of HDO selectivity. These
experimental results are combined with the DFT calculations, which show that the energy

barrier for direct C—O bond cleavage is lower on a step site than on a terrace site. At the
XVi



same time, it is shown that a step site requires a higher energy barrier to remove adsorbed
molecular fragments to regenerate the activity than a terrace site, which explains the faster

deactivation rate observed on catalysts with small, more defective metal clusters.
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Lignin-derived Phenolic Molecules in Biomass Conversion

Extensive use of fossil fuel in our modern life today has raised a lot of concerns from
an environmental point of view due to excessive emission of CO2 and other pollutants
such as NOy, SOx... To solve this problem, biofuel is an attractive renewable energy
resources because it has a lower net CO2 emission with the ability to replace fossil fuel
directly without the need to modify our current infrastructures. Among different types of
biomass, lignocellulosic biomass is an attractive resource because of its abundance and
low cost. Extensive research on lignocellulosic biomass conversion to renewable
chemicals and fuels have been executed in recent years®®. Lignocellulosic biomass is
composed of three main components: hemicellulose, cellulose and lignin, in which lignin
accounts for an important fraction (~23-33 wt% in softwood and 16-25 wt% in
hardwood)® 1°. Among the three components, lignin has the highest decomposition
temperature, at about 300-500°C, it will decompose to phenolic derivatives which are
aromatic molecules with different oxygen functionalities such as —OH or —OR. In this
current contribution, different chemistries are studied for the upgrading of these lignin-
derived phenolic molecules in the process of converting biomass into fuels, including
Acylation, Hydrogenation and Hydrodeoxygenation.

There are different ways to convert biomass to biofuel, in which one of the most
common and inexpensive ways is starting from fast pyrolysis to get bio-oil followed by
catalytic upgrading of bio-oil to obtain biofuel. Bio-oil is a complicated mixture, but in
general, the compounds in bio-oil can be grouped into three different families: light

oxygenates, sugar derivatives and lignin derivatives. Due to its high oxygen content, bio-



oil is very corrosive with a low heating value and thus cannot be used directly as fuel.
Direct hydrotreating of bio-oil will produce mostly short chain C5-C6 hydrocarbons and
light gases, which have low economic values. However, the oxygen content also makes
bio-oil reactive for many different C-C coupling chemistries, which can be used to
combine different families in bio-oil into longer chain molecules that are more suitable
for fuel applications. Because of the complexity of the mixture, one pot upgrading of the
whole bio-oil mixture is impossible because it contains a significant amount of small
carboxylic acids (light oxygenates), which promotes side reactions, particularly
polymerization of sugar derivatives, leading to catalysts deactivation and lower carbon
yield to desirable products. Therefore, in the upgrading process, the first step is to separate
these three different families into different streams, then apply different chemistries to

convert them into more valuable products, which is illustrated in Figure 1.
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Figure 1. Multi-stage pyrolysis followed by catalytic cascade for biomass upgrading



Because different components of biomass decompose at different temperatures, we
have proposed to use the pyrolysis temperature as a mean of separation. Biomass is
pyrolyzed at different temperatures to produce different streams that are enriched in a
particular chemical family. After that, the streams undergo different chemistries for C-C
coupling, as further demonstrated in Figure 2, to create longer chain molecules before
the final upgrade step of hydrodeoxygenation to remove oxygen and make fuel

hydrocarbons.!112
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Figure 2. Different C-C coupling strategies in liquid phase

In chapter 1, the acylation of phenolic molecules is investigated as a potential C-C
bond formation chemistry for liquid phase upgrading. The activity of different acylating

3



agents and phenolic substrates are compared in order to understand the reaction
mechanism. Particularly, the possibility of using acetic acid as an acylating agent is also
investigated, because acetic acid is another major component in bio-oil.

After the C-C bond formation steps, it is needed to remove oxygen from these
phenolic molecules to convert them to hydrocarbons. The hydrodeoxygenation (HDO)
reaction of phenolic molecules has been extensively studied with different type of metal
catalysts such as metals!®14 metal-zeolite bifunctionals®® or metal carbides on both real
pyrolysis bio-oil and model compounds. Therefore, to understand how the phenolic
molecules interact with metal surfaces becomes very important.

Under hydrogen pressure, at high temperature (270°C and above) many metal
catalysts (Pt, Rh, Ru, Ni, Fe...) are active for HDO of phenolics to alkyl aromatics.
Besides HDO, these metals are also active for hydrogenation (HY) of the aromatic ring.
Interestingly, the selectivity between HY vs HDO changes with temperature, as HY
reactions are exothermic and thus limited by equilibrium at high temperature, while HDO
becomes more dominant. Understanding the mechanism of both HDO and HY reactions
will give insights on how the phenolic molecule interacts with metal surface over a wide
range of temperature. For biomass conversion application purpose, HDO is the required
final upgrading step to make fuel hydrocarbons, while many HY products of phenolics
such as cyclic ketones and alcohols can be used as alkylating agents to create longer chain
molecules or as precursors for polymer synthesis. HY study is presented in chapter 2 and

HDO study is presented in chapter 3 of this work.



l. Acylation of Phenolic Molecules by Acetic Acid -
Enhancement of Acetic Acid Activity by Forming an

Intermediate Aromatic Ester

Motivation and Literature Reviews

Liquid phase upgrading of pyrolysis products is an important process in the
conversion of lignocellulosic biomass to fuels.'®2! The typical bio-oil obtained by
condensation of biomass pyrolysis vapors is an unstable liquid, which cannot be easily
reheated for vapor phase upgrading or fractionation since this reheating would result in
polymerization and significant carbon losses. The presence of light acids, consisting
primarily of acetic acid, in these streams enhances polymerization reactions and favors
corrosion upon storage. Acetic acid is the most abundant species in many biomass derived
streams, for example, the liquid product from raw oak after torrefaction at 270°C contains
51% acetic acid on a dry basis.??> Converting acetic acid to low value products by
conventional hydrotreating would dramatically reduce the total renewable carbon that can
be converted to gasoline/diesel range transportation fuels. Therefore, to prevent this loss
and stabilize the mixture, different strategies involving C-C forming reactions have been
developed to capture these reactive light acids into longer and more stable molecules.
One approach that has been widely investigated involves the ketonization of acetic acid
to acetone,> ’ followed by aldol condensation of acetone to form longer chain products?
or hydrogenation of acetone to isopropanol followed by alkylation of isopropanol with
phenolic compounds.® The major limitation of these two strategies is that the ketonization

step results in a significant carbon loss due to the formation of one mole of CO; evolved



for every two moles of acetic acid converted. This results in a maximum theoretical
carbon yield of only 75%. Another alternative that has been considered is the partial
hydrogenation of acetic acid to ethanol followed by alkylation of ethanol with phenolic
compounds. However, the hydrogenation of acetic acid requires high H> consumption
and ethanol is an ineffective alkylating agent. Alternatively, acetic acid could be used
directly as an acylating agent for phenolic compounds producing aromatic ketones that
could be directly hydrotreated or further upgraded to longer chain molecules via aldol
condensation. Since phenolic compounds derived from lignin also account for a large
fraction of bio-oil, this approach appears promising and might result in very high carbon
capture in the fuel-range liquid.

Friedel-Crafts acylation of aromatics is a well-known and extensively investigated
reaction in organic chemistry that produces aromatic ketones from an acylating agent and
an aromatic substrate. Different acylating agents such as carboxylic acids, acyl halides or
acyl anhydrides have been investigated, with acid catalysts including AlICls, HF, zeolites
or heteropolyacids.?-?* It has been recently shown that over H-ZSM5 at 220°C the vapor
phase acylation proceeds via dehydration of acetic acid to form an acyl intermediate, in
which acetic acid may well act as an acylating agent.? These intermediates can desorb as
ketenes at elevated temperatures, resulting in catalyst deactivation. However, by
incorporating an effective substrate such as methylfuran, selective direct acylation may
result.?® The selective acylation with highly active acyl acceptors have been proposed as

intermediate compounds for the production of renewable specialty surfactants.?’



In the condensed liquid phase, especially in the complex liquid environment of bio-
oil, the phenomena involved in acylation reactions may be more complicated due to
solvent effects, mass transfer limitations, and catalyst deactivation by heavy products.?®
3L In the liquid phase, the acyl halides and anhydrides have shown to be effective acylating
agents, in which the acylation reaction proceeds via formation of an acylium ion
intermediate.323* Also, it has been reported that Bransted acid zeolites are more effective
than Lewis acid zeolites for the acylation of furan by lauric anhydride.?” However, with
acetic acid as the acylating agent, the reaction mechanism in liquid phase still remains
elusive. For example, it is unclear whether the reactive intermediate is an acylium ion, as
in the vapor phase reaction® or it involves a Lewis-coordinated carboxylic acid
species.®? The nature of the rate-limiting step in the liquid phase is equally debatable.
Some studies®® have proposed that the C-C bond formation is rate-limiting, while others
have found significant overall rate differences when varying the acylating agent,
suggesting that formation of the reactive intermediate is the rate-limiting step.3’ To shed
more light into this important reaction, the present contribution investigates the nature of
the most crucial intermediates and attempts to determine the rate controlling steps.

Furthermore, since the lignin-derived aromatic compounds have very diverse
structures, which ultimately are combinations of different substituents on the aromatic
ring, the reactivity of different aromatic substrates has been investigated. It is expected
that the ring substituents should have an important impact on the electrophilic substitution
reaction of the intermediate species with the aromatic ring. Regardless of the complexity

of the lignin-derived aromatic mixture, in general, the substituents can be separated into



three main groups, including hydroxyl —OH, alkoxy —OR and alkyl —R substituents on
the aromatic ring. Model compounds with each functional group are systematically
studied here to provide insight into the effects of said substituents on the activity and
selectivity for acylation. Therefore, by independently changing the nature of the acylating
agent and the aromatic substrate we have attempted to elucidate the relative importance
of the potential rate controlling step(s), formation of the active intermediate or C-C bond
formation, under different reaction conditions.

It must be noted that when acetic acid is used as a reactant in the presence of phenol
or phenol-derivatives over zeolite catalysts, it produces aromatic esters. They can undergo
isomerization to a hydroxyaromatic ketone, a reaction known as Fries rearrangement.3%
%9 A quantitative comparison of the activity between these esters and acetic acid for the
acylation reaction has not yet been attempted. Furthermore, there are two possible paths
for the Fries rearrangement reaction, one intramolecular and the other intermolecular.
Early work assumed that ortho-hydroxyaryl ketones are formed via the intramolecular
pathway, while the para isomer is formed via intermolecular interactions. However,
recent studies have shown that the mechanism may be more involved than this simple
description.?® Here, we have investigated the Fries rearrangement reaction in the liquid
phase with both, aromatic esters and aromatic substrates present in the feed, and have
compared the yields of ortho and para isomers under different reaction conditions to

quantify the contribution of each pathway.



Catalyst Characterization

The Brgnsted acid density of the three zeolites was determined by temperature
program desorption (TPD) of isopropyl amine (IPA). The other physical characteristics
of these catalysts have been studied by XRD, SEM, and DRIFTS. These characteristics,

along with detailed experimental procedures have been reported elsewhere. 8172

Results and Discussion

1. Nature of acylating agent

1.1. Acylation of m-cresol by acetic acid (AA)

1.1.1. Performance of different zeolites

The acylation of m-cresol by acetic acid was tested over three different zeolites, H-
ZSM5, HY and H-Beta. Table 1 reports the measured BET areas and acid site densities

for each sample.

Table 1: Characterization of the zeolites

Seolite Surface area” Brosted acid sites density
(m2/g) (mmol/qg)
H-ZSM5 (Si/AI=25) 425 0.74
HY (Si/AI=30) 720 0.29
H-Beta (SI/AI=19) 710 0.54

& According to the manufacture
As shown in Table 2, only two measurable products, m-tolyl acetate and 2’-hydroxy-

4’methylacetophenone (HMAP), were obtained from m-cresol and acetic acid. The

former is an esterification product while the latter is an acylation product. Trace amounts



of 2,2-bis(4-hydroxy-2-methylphenyl)propane were observed, as previously reported by

Rohan et al. and Vogt et al 28238,

Acetic Acid m-Cresol HMAP m-Tolyl Acetate

Table 2: Conversion and yields to acylation (2’-hydroxy-4'methylacetophenone - HMAP) and esterification
(m-tolyl acetate) products from the reaction of m-cresol and acetic acid over different zeolites. Reaction
conditions: 1g zeolite in 80ml of 1M acetic acid with 8M m-cresol, 250°C, 1hr

Zeolite Pore Size Selectivity of Selectivity of m-
(nm) HMAP tolyl acetate
H-ZSM5 (Si/Al=25) 0.55-0.56 47% 53%
HY (Si/Al=30) 0.66-0.67 65% 35%
H-Beta (Si/Al=19) 0.74 70% 30%

In line with previous studies,*>* at similar acetic acid conversion (50-60%), H-Beta
gives somewhat higher selectivity to the desired acylation product (HMAP) than HY and
even higher than H-ZSM5. The difference in product selectivity might be ascribed to the
pore size of the zeolites. That is, the catalysts with larger pores (HY and H-Beta) result
in higher selectivity toward the acylation product HMAP, as compared to the one with
smaller pore size (H-ZSMD5), which favors the formation of the ester, an easier reaction
that probably can occur on the external surface, and partly homogeneously in the liquid
phase, as shown below. Due to its higher selectivity to the desirable product, HMAP, H-

Beta was selected as the preferred catalyst to study the acylation reaction in greater detail.

1.1.2. Role of the aromatic ester as an effective acylation intermediate
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To identify the primary and secondary products, we followed the product distribution
as a function of the extent of reaction in the batch reactor. However, since the catalyst
deactivation was found to be significant (Figure 3) to accomplish different extents of
reaction the activity runs were carried out for a fixed 1 hour period over varying amounts

of catalyst, as shown in Figure 4.
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Figure 3. The concentration of products and acetic acid over different reaction time. Reaction conditions:
1M acetic acid with 8M m-cresol, 250°C, 1g H-Beta
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Figure 4. The concentration of products and acetic acid over different amount of H-Beta. Reaction
conditions: 1M acetic acid with 8M m-cresol, 250°C, 1hr

It can be observed that formation of the m-tolyl acetate ester was observed even
without a catalyst, which indicates that esterification to m-tolyl acetate is self-activated
by the acetic acid in the liquid phase. However, as the amount of catalyst increased from
zero to 1 g, larger amounts of m-tolyl acetate were observed, indicating that esterification
is catalyzed by the zeolite. Interestingly, the concentration of the ester gradually
decreased with the extent of reaction, which shows that the ester is further converted. The
desirable product HMAP is seen to continuously increase from zero without a catalyst,
slowly at low extent of reaction (small amount of catalyst), and more rapidly at high
extent of reaction (larger amount of catalyst). This trend suggests that HMAP is a

secondary product, presumably involving the m-tolyl acetate ester, initially formed. To
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further support this hypothesis, the acylation activity of acetic acid was compared to that
of m-tolyl acetate over a small amount of zeolite Beta of 0.1g, as shown in Figure 5. It is
clearly shown that, under the same reaction conditions, the yield of HMAP from m-tolyl
acetate (14 %) is significantly higher than that from acetic acid (3%).

Kumari et al. has compared the acylation activity of acetic acid vs. acetic anhydride
for phenol acylation reaction in the vapor phase over zeolite Beta®, in which acetic
anhydride was shown to be more active than acetic acid. At temperature of 250°C and
similar phenol/acylating agent ratio, the yield of acylation from acetic anhydride is five
times higher than that of acetic acid, which is about the same order of difference as m-

tolyl acetate vs. acetic acid acylation yield as shown in Figure 5.

15%
10%

5%

v H

Acetic acid Methyl acetate m-Tolyl
acetate

Yield of HMAP

Acylating Agent

Figure 5. The yield HMAP with different acylating agents. Reaction conditions: 1M acylating agent
in m-cresol, 250°C 0.1g HBeta 1hr

13



0.7
0.6

0.5

04
m Acetic Acid
0. = HMAP
0. B m-Tolyl Acetate
0

Before Reaction After Reaction After Reaction
Without Water With Water

w

Concentration (M)

N

N

Figure 6. Concentration of acetic acid, 2'-hydroxy-4'-methylacetophenone (HMAP) and m-tolyl acetate
before and after equilibrium test. Reaction conditions: 80ml solution of 0.38 M acetic acid, 0.45 M HMAP
and 0.2 M m-tolyl acetate with 1g H-Beta Si/Al=19, 250°C 1hr.

1.1.3. Reverse reaction and equilibrium limitations

As shown in Figure 4, when the mass of catalyst was larger than about 1g, there was
no further change in product distribution, indicating that the reaction reached equilibrium.
To investigate the reversibility of the reaction, a mixture of acetic acid, HMAP, and m-
tolyl acetate at the same composition of that reached after 1 h reaction was prepared (0.38
M acetic acid, 0.45 M HMAP and 0.2 M m-tolyl acetate). The only difference between
this prepared mixture and the reaction mixture is that no water was present, while water
is produced during reaction. Therefore, when this mixture was exposed to 1 g of fresh H-
Beta catalyst, an additional production of HMAP was observed, showing the role of water
in the reverse reaction. Water can easily react with acetyl ion to form acetic acid and
water would compete with aromatic substrate (m-cresol) to pick up with acetyl ion, thus

inhibit the formation of HMAP. In fact, as shown in Figure 6, when the same mixture
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was prepared with added excess water, no additional HMAP was obtained either, but only

a slight conversion of the m-tolyl acetate to acetic acid.

1.2. Acylation activity of different esters with m-cresol

After showing that aromatic esters are effective acylating agents, we tested the
reactivity of an alkyl ester (methyl acetate) to assess the importance of the aromatic group
in the effectiveness of the acylating agent. It is possible that the presence of the aromatic
ring affects the ester dissociation during the formation of the active intermediate species,
affecting the acylating rate. Indeed, as seen in Figure 5, methyl acetate is a much less
effective acylating agent than the aromatic ester, resulting in only 2% acylation yield
(HMAP), compared to m-tolyl acetate which results in 14% yield.

Interestingly, as shown in Figure 7, the evolution of the HMAP yield shows an initial
slow increase with increasing extent of reaction, but the variation is more pronounced at
higher extent of reaction, reaching a relatively high concentration (0.27 M). This behavior
indicates that HMAP is not a primary product but rather a secondary product from m-
tolyl acetate, a transesterification product of methyl acetate and m-cresol. The
concentration of m-tolyl acetate remains constant with increasing mass of catalyst, which

means that it is consumed and produced at similar rates. This phenomenon is similar to
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the case of acetic acid shown above, in which acetic acid was not active but it underwent

esterification with m-cresol to create an aromatic ester that has high acylation activity.
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Figure 7. The concentration of products and methyl acetate over different amount of H-Beta.
Reaction conditions: 1M methyl acetate with 8M m-cresol 250°C 1hr.

As mentioned above, until now the nature of the electrophilic intermediate species
was unclear, since both an acylium ion and a Lewis-coordinated acetic acid have been
proposed in the literature.3>3" Here, our results clearly show that acetic acid by itself is
not an active acylating agent, but rather it requires the formation of an aromatic ester,
which rules out the possibility that the Lewis-coordinated acetic acid is the active
intermediate. Furthermore, being a much bulkier compound, coordination of an aromatic
ester on zeolite Lewis acid to generate an active electrophilic intermediate would be less
likely due to steric hindrance, which would inhibit the approach of an aromatic substrate.
Therefore, a more plausible pathway is one in which the aromatic ester generates an
acylium ion, which couples with the aromatic substrate. Since both, acetic acid and

aromatic esters can form acylium ions, the much higher rate observed with the latter
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would indicate that they can form acylium ions much more rapidly than the former. These
results agree with DFT-calculated activation barriers for formation of acylium ion from

acetic acid, m-tolyl acetate and methyl acetate (see section 4, below).

1.3. Acylation of anisole by different acylating agents over H-Beta

Anisole does not have a free phenolic —OH substituent, thus it is not able to form
directly an aromatic ester with acetic acid. By contrast, when the substrate is m-cresol,
acetic acid and methyl acetate can form an aromatic ester, which has a higher acylation
activity. The comparison of the acylation rate between anisole and m-cresol with different
acylating agents will help confirm the role of the aromatic ester. The acylation product of
anisole is p-methoxyacetophenone (p-MXAP).

Indeed, as shown in Table 2, the acylation rate with m-cresol was much higher than
with anisole when acetic acid and methyl acetate were the acylating agents (40% and 27%
vs. 4%). This significant difference in activities is attributed to the ability of m-cresol to
undergo esterification with acetic acid and transesterification with methyl acetate to form
m-tolyl acetate, a more efficient acylating agent. When m-tolyl acetate was used as the
acylating agent, the acylation yield of anisole improved to 30%, compared with 4% in the
case of acetic acid and methyl acetate, which proves again the high acylation activity of

the aromatic ester.
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Table 3. Yield of acetylated products of different aromatic substrates by different acylating agents, p-MXAP
from anisole and HMAP from m-cresol. While P-methoxyacetophenone (p-MXAP) and its isomer (o-
MXAP) were observed in the acylation of anisole, 0-MXAP only appeared in negligible amounts. Reaction
conditions: 1M acylating agent with 8M of aromatic substrate, 1g HBeta Si/Al=19, 250°C 1hr.

Phenolic

Acylating substrate

agent

PR 4% 40%
OH
o]
)J\ 21% 52%
0
(o]
)j\ 4% 27%
o

The simultaneous conversion of acetic acid and anisole on H-ZSM5 has been

previously reported in the literature with p-MXAP as the dominant product.*? However,
in the present work, p-MXAP remains almost insignificant (less than 5% yield) across
the broad ranges of temperature (145-250°C), time (1-18 hrs), and catalyst amount (H-
Beta 1-5g) investigated.

2. Nature of aromatic substrate

As described above, the acylation reaction follows a two-step mechanism (1)
formation of acylium ion and (2) C-C coupling between the acylium ion and the aromatic
substrate. The second step is an electrophilic substitution reaction, in which the
substituents in the aromatic ring may have an activating or a deactivating effect. For

example, substituents such as —OH, —OR, —R are known to be activating, and o-, p-
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directing due to their ability to stabilize the carbocation intermediate.** We have
investigated the effect of the —OH, —OCHz and —CHs substituents by using phenol,
anisole, and toluene, respectively, and m-cresol to study the combination of —-OH and —
CHjs substituents.

2.1. Comparison acylation rates of anisole (-OCHs) and toluene (—-CHz)

It is clear that aromatic esters are effective acylating agents. Therefore, in this section,
phenyl acetate was used as the common acylating agent to compare the activity of
different aromatic substrates, i.e. anisole vs. toluene. The product yields and aromatic
ester consumption are compared in the Table 4. Under identical reaction conditions, the
yield of acylated anisole is about twenty times higher than that of acylated toluene, in
agreement with previous results by Derouane et al.*°, who reported the same trend when
using acetic anhydride as the acylating agent. It is interesting that while the acylation rate
is affected by the type of acylating agent, when the acylating agent is very effective, the

rate is also affected by the nature of the aromatic substrate.

Table 4. Product yield for the acylation of anisole (p-MXAP: p-methoxyacetophenone) and toluene (MAPs:
o- and p-methylacetophenone) with phenyl acetate ester as acylating agent, along with HAPs (o- and p-
hydroxy acetophenones) and o-AXAP (o0-acetoxyacetophenone) arising from rearrangement of phenyl
acetate. Reaction conditions: 80ml 1M phenyl acetate in anisole or toluene, 0.1g H-beta 250°C 1hr

Anisole Toluene
p-MXAP (from anisole) 19% -
MAPs (from toluene) - 1%
HAPs and AXAP 4% 4%
Unbalanced phenyl acetate (%) 0 6%
Total Yield 23% 5%
Conversion of phenyl acetate (%) 23% 11%
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In addition to the acylation, other products have been observed, including o-HAP, p-
HAP and 0-AXAP, which can result from the Fries rearrangement of phenyl acetate.
They had similar total yield in both cases (anisole and toluene), which suggests that these
products do not derive from acylation of toluene or anisole feed. In the case of anisole,
the conversion of phenyl acetate is equal to the yield of acylated products, i.e. the total
carbon balance is 100%. By contrast, in the case of toluene, more than half of the phenyl
acetate converted was missing from the measurable products. This low carbon balance
suggests that a significant fraction of the acetyl ions formed from the aromatic ester
cannot be efficiently picked up by toluene and they may be further converted to ketene
(via dehydration) and subsequently to coke, which lowers the total liquid yield. It worth
to mention that the carbon balance for all of the other results that are reported in this study

is as high as more than 90%.

2.2. Comparison of anisole (-OCHs), phenol (-OH) and m-cresol (-OH + —

CHpa) as aromatic substrates with single and double substituent

To compare the activity of phenol, anisole and m-cresol, we had to use two aromatic
esters. One might presume that the most straightforward way to compare the activity of
different substrates would be using the same aromatic ester under the same reaction
conditions, as we have done in the previous section. However, the higher complexity of
the reactions involving these three aromatic substrates makes the comparison more
problematic. For example, phenol and m-cresol can undergo transesterification with any

aromatic ester and form phenyl and m-tolyl aromatic esters, respectively, through their -
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OH group. Consequently, depending on the aromatic substrate and acylating agent, a
mixture of two aromatic esters will be generated in the reaction mixture. For example, if
the aromatic substrate is m-cresol and the acylating agent is phenyl acetate, m-tolyl
acetate will be produced. Likewise, if phenol is the aromatic substrate and the acylating
agent is m-tolyl acetate, phenyl acetate will be generated. Thus, in both cases, an
uncertainty due to the potentially different activity of the two aromatic esters would be
created in the rate of the first step (acylium ion forming), which would make the
comparison invalid. In order to avoid this complexity, we have used mixtures of phenol
and anisole with phenyl acetate (which has no methyl group) as the acylating agent.
Likewise, we have used mixtures of m-cresol and anisole with m-tolyl acetate (which has
one methyl group in the m-position) as the acylating agent. In this way, the impact of

transesterification will be eliminated.
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Figure 8. Product distribution vs. fraction of phenol in the feed. Reaction conditions: 1M phenyl acetate
in mixture of phenol and anisole, 0.1g H-Beta with 80ml feed, 1hr 250°C
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Reactions of pure anisole with the two aromatic esters reveal that phenyl acetate
results in approximately a factor of two higher yield of acylated anisole than m-tolyl
acetate. Then, to compare the relative activity of the different aromatic substrates, anisole
was used as the reference since it was run simultaneously with phenol or with m-cresol.
In Figure 8, the yield of acylation products obtained by using phenyl acetate as acylating
agent was plotted versus fraction of phenol in the aromatic substrates feed. As shown in
the scheme below, the acetylated products from anisole is p-methoxyacetophenone (p-
MXAP) and the ones from phenol are o-hydroxyacetophenone (o-HAP) and p-
hydroxyacetophenone (p-HAP).

A minor product of this reaction is p-acetoxyacetophenone (p-AXAP), which is the
coupling product between phenyl acetate and acetyl ion. It has been previously proposed**
that 0-HAP is a primary product from the intramolecular rearrangement of phenyl acetate,
and that p-HAP is a secondary product formed via hydrolysis of p-AXAP. However, our
results show that the amount of p-HAP increases proportionally with the phenol in the
feed, while p-AXAP is independent of the phenol concentration. Therefore, the formation
of p-HAP cannot be directly linked to the hydrolysis of p-AXAP.

In Figure 9, the yield of acylation products obtained by using m-tolyl acetate as
acylating agent was plotted versus fraction of m-cresol in the aromatic substrates feed.
As shown in the scheme below, the acetylated product from anisole is p-
methoxyacetophenone (p-MXAP) and the one from m-cresol is 2’-hydroxy-4’-

methylacetophenone (HMAP).
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Figure 9. Product distribution vs. fraction of m-cresol in the feed. Reaction conditions: 1M m-tolyl
acetate feed with mixture of m-cresol and anisole at different fraction of m-cresol, 0.1g H-Beta with
80ml solution, 1hr 250°C

In Figures 8 and 9, it is seen that the total yield of acetophenones is approximately

constant at 22% and 15%, respectively, with varying phenol/anisole and m-cresol/anisole

ratios ranging from 0-1. This remarkable result indicates that the total acylation yield

does not depend on the composition of the aromatic substrate mixture, but only on the

nature of the aromatic ester (acylating agent). The total carbon balance was always higher

than 90% in all cases. Furthermore, as the fraction of phenol or m-cresol in the feed

increases, the selectivity toward their corresponding acylation products also increases.

One additional reaction that may complicate the analysis of the products in this case

is the Fries rearrangement, which is the isomerization of an aromatic ester to a
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hydroxyaryl ketone. To compare the acylation products of phenol, anisole and m-cresol,
it is needed to differentiate the acylated products arising from the direct acylation of the
aromatic substrates in the initial feed from those resulting from the aromatic esters via
Fries rearrangement. Since the methoxy group in anisole is stable under reaction
conditions, and the only acylation product arising from anisole is p-MXAP, it can be
concluded that all the hydroxyaryl ketones obtained when using only anisole as the
substrate arise from Fries rearrangement. Furthermore, the yield of Fries rearrangement
products only depends on the nature and initial concentration of the aromatic esters, and
not on the composition of the aromatic substrates feed, therefore, we can safely subtract
them from the product distribution in the same amounts observed when feeding only
anisole. In Figs 8 and 9, the initial concentration of esters is kept constant at 1M, the
concentrations of Fries rearrangement products are 0.02M o-HAP and 0.012M p-HAP
for phenyl acetate, and 0.05M HMAP for m-tolyl acetate (as observed when the fraction
of phenol and m-cresol is 0). Then, the acylated products of the aromatic feed are
calculated by subtracting these amounts from the total acetophenone products. While
these amounts are smaller than the acylated products, it is important to conduct this
correction to obtain a precise analysis for the discussion below.

Accordingly, Figure 10 has been constructed from Figs. 8 and 9. In this figure, it
shows the fraction of acylated anisole (p-MXAP) in the corrected acylated products vs.
the fraction of anisole in the feed. The solid line with a slope of 1 would represent equal
acylation selectivity for anisole in comparison with m-cresol or phenol. Yields observed

above this line would indicate that anisole is more selective than either phenol or m-
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cresol, since a small increase in the anisole fraction in the feed leads to a great increase
in the fraction of acylated anisole in the products. By contrast, the yield observed below
that line mean that anisole is less selective than either phenol or cresol. Figure 10 shows
that indeed, this is the case, anisole is less selective than both m-cresol and phenol. That
is, the selectivity of the aromatic substrates decreases in the order of m-cresol > phenol >
anisole. It shows that the hydroxyl -OH and methoxy —OCHz substituents can activate
the aromatic ring, and the presence of a methyl group —CHs at the meta position may
further enhance the selectivity of the aromatic substrate. However, the methyl group alone
is not effective enough to activate the aromatic ring for efficient C-C coupling activity,
as proven in the case of toluene.

1

—e—Anisole vs. m-Cresol
Fraction of

0.8 ——Anisole vs. Phenol

acylated
anisole (06
in the
0.4
products

0.2

0 0.2 0.4 0.6 0.8 1

Figure 10. Fraction of acylated anisole (p-MXAP) in the acylated products from aromatic substrate
feed vs. fraction of anisole in the aromatic substrate feed, based on figure 8 and 9

3. Inter and intra molecular rearrangement of phenyl acetate
Fries rearrangement of aromatic esters, particularly phenyl acetate, has been reported

and investigated extensively in the literature®® 45-46. In the case of phenyl acetate, both o-
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and p-HAP are products of this Fries rearrangement reaction. It could proceed via either
inter or the intramolecular mechanism. In the intramolecular mechanism, the ester
rearranges itself into o-HAP. While in the intermolecular mechanism, the ester
decomposes into phenol and acylium ion, and the phenol molecule couples with acylium
ion to form both o- and p-HAP.

As mentioned above, the amount of HAPs obtained when phenyl acetate is fed with
pure anisole corresponds to Fries rearrangement products of phenyl acetate. If this Fries
rearrangement reaction had happened via an intermolecular mechanism exclusively,
when phenol is introduced into the aromatic substrate feed, the ratio between o- and p-
HAP would have been constant. In the intermolecular mechanism, phenyl acetate
decomposes to acetyl ion and phenol. This phenol should behave analogously to the
phenol molecule present as the aromatic substrate feed, which in turns has the same
preference to pick up an acylium ion at an o- or a p- position, resulting in a constant ratio
of o- to p- products. In Figure 11, the ratio of o-HAP to p-HAP has been plotted vs. the
fraction of phenol in the feed when phenyl acetate was fed with different mixtures of
anisole and phenol. It is observed that the o- to p- ratio first decreases and then reaches a
plateau at increasing fraction of phenol in the feed. This trend indicates that the Fries
rearrangement of phenyl acetate does not only occur intermolecularly only, but also
intramolecularly. When fraction of phenol in the feed is zero, the total yield of HAPs is
small and the intramolecular o-HAP product dominates, making a high o- to p- ratio. As
the fraction of phenol in the feed increases, phenol couples with the acylium ion to form

HAPs. Thus, the fraction of intramolecular o-HAP products starts decreasing and the o-
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to p- ratio approaches the value that represents the reference of a phenol molecule to pick

up the acylium ion at o- and p- positions.
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Ratio of o:p HAP
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Fraction of phenol in the phenolic subtrates feed

Figure 11. Ratio of o: p HAP product vs. fraction of phenol in the feed of phenol and anisole Reaction
conditions: 1M phenyl acetate in mixture of phenol and anisole, 0.1g H-Beta with 80ml feed, 1hr 250°C
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Figure 12. Concentration of o-HAP vs. p- HAP product. Reaction conditions: 1M phenyl acetate
in mixture of nhenol and anisole. 0.1a H-Beta with 80ml feed. 1hr 250°C.
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To quantify the fraction of products obtained via the intramolecular mechanism, the
0-HAP was plotted vs. p-HAP, as shown in Figure 12. A linear relationship between o-
and p-HAP is clearly apparent. The intercept of this line is the concentration of
intramolecular o-HAP product, which is 0.01M, and the slope means that when a phenol
molecule couples with acetyl ion, the chance of forming o- or p- isomer is 0.8. The total
Fries rearrangement product yield of phenyl acetate is 0.032M and the intramolecular
product yield is 0.01M. Therefore, the amount of intermolecular HAPSs is 0.032M minus
0.01M, which is 0.022M.

Based on these results, we can calculate the selectivity of intra vs. inter-molecular

Fries rearrangement products, as reported in Table 5.

Table 5. Selectivity of intra vs. inter-molecular mechanism for Fries rearrangement of phenyl acetate

Intramolecular Mechanism Intermolecular mechanism
Selectivit 30% 70%
y 0-HAP only 0-HAP : p-HAP=0.8

In previous studies, intramolecular pathway was identified as the main contributor to
the production of o-HAP from phenyl acetate. Simultaneously, in the Fries
rearrangement, 0-HAP is the primary product while p-HAP is secondary.*” However, this
study has shown that while the intramolecular pathway does occur, the intermolecular
one is dominant. Additionally, while the intramolecular o-HAP product is primary, the

intermolecular o- and p-HAP products are clearly secondary.
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4. DFT calculations of the acylium ion formation

Regarding the nature of the acylating agent, experimental results have shown that
acetic acid and methyl acetate have low acylation activity, while m-tolyl acetate is
effective. To further investigate the meaning of these results, DFT calculations were
conducted to calculate the energy barriers for the formation of acetyl ions from these three
different acylating agents: acetic acid, methyl acetate and m-tolyl acetate, as shown in

Figure 13.
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Figure 13. DFT calculation for the acetyl ion formation for acetic acid (left), m-tolyl acetate (middle) and
methyl acetate (right) in HBeta. The initial and final structures are shown at the bottom. The values
calculated using the PBE and HSE functionals are shown in black and red, respectively.

From the results in Table 6, the lowest intrinsic activation energy for acetyl ion
formation is from m-tolyl acetate (83 kJ/mol), followed by acetic acid (102 kJ/mol) and
finally methyl acetate (118 kJ/mol). Furthermore, due to the strong adsorption of m-tolyl

acetate, the apparent activation energy required for the formation of acetyl ion of m-tolyl
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acetate is significantly lower, compared to the other two acylating agents. Interaction
between the bulky aromatic moiety and the zeolite framework stabilizes both the initial
adsorption of the acetate and the formed acetyl ion. For both acetic acid and methyl
acetate, the apparent activation barrier is about 30 kJ/mol in the DFT-PBE calculations
and about 60 kJ/mol in the DFT hybrid calculations. In the latter case, the calculation of
the activation barrier is improved by using the HSE hybrid functional to reduce the
delocalization error*® (see methods). In the case of methyl acetate, the reverse reaction to
form methyl acetate from acetyl ion and methanol is barrier-less, indicating that this
reverse reaction would be easy. These DFT results suggest that m-tolyl acetate will be the

most active acylating agent, in good agreement with the experimental results.

Table 6. Heat of adsorption and true activation energy of different acylating agents

AHadsorption (KJ/mol) AHotrue activation(kJ/mol)
Acetic acid -65 102
Methyl acetate -89 118
m-Tolyl acetate -126 83

5. Rate-limiting step

From the discussion in the previous sections, it has been demonstrated that the
acylation reaction occurs in two-steps, (1) formation of acylium ion and (2) C-C bond
formation between aromatic substrate and acylium ion. What is not clear from this
analysis is whether one of the two steps can be considered rate-limiting. In fact, as
observed in Table 3, the nature of the acylating agent used has a significant impact on
the reaction yield. When the aromatic substrate is m-cresol or anisole, aromatic esters are
proved to be effective acylating agents, while acetic acid and methyl acetate are not.
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Therefore, one could argue that step (1), which is the formation of the acylium ion, is the
rate-limiting step. However, when the same aromatic ester was used as the acylating agent
the nature of the aromatic substrate also affected greatly the observed yield. That is, with
phenyl acetate as acylating agent anisole gave a much higher acylation yield than toluene,
as seen in Table 4. It can be concluded that, in the C-C bond formation with the acylium
ion, aromatic substrates that have oxygen-contained functional substituents (e.g., phenol,
anisole, m-cresol) are effective while alkylated aromatic substrates such as toluene are
not. Therefore, one could argue that, in the last case, step (2) is the rate-limiting step. This
IS in agreement with recent reports investigating the mechanism of C-C bond formation
over methylfuran, in which the ability of the aromatic compound to stabilize the positive
charge of the acylium ion was found to lower the activation barrier for C-C coupling to
the point where it was no longer rate-controlling.?® Based on these observations, it can be
concluded that in this reaction there is not a definite rate-limiting step, but it depends on
the relative energy barriers for steps (1) and (2). When a less effective acylating agent,
such as acetic acid or methyl acetate is used, the rate-limiting step is the formation of
acylium ion (1). However, when an effective acylating agent (e.g. aromatic ester) and a
poor aromatic substrate (e.g. toluene) are used, the rate-limiting step becomes the C-C
bond formation (2). Therefore, a high acylation yield is only obtained when both the
acylating agent and aromatic substrate are effective. Interestingly, when an aromatic ester
is used as the acylating agent with aromatic substrates that have oxygen-contained
functional substituents such as phenol, anisole and m-cresol, step (1) formation of

acylium ion is the rate-limiting step and the total acylation yield depends on the type of
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aromatic ester, as seen in section 2.2. Phenyl acetate has a higher acylation yield than m-
tolyl acetate, suggesting that the nature of the exiting group is important for the formation
of acylium ion. Phenyl is less bulky than tolyl group and maybe easier to leave, therefore
the acylation yield of phenyl acetate is higher compared with m-tolyl acetate.
Conclusions

In this study, liquid phase acylation over zeolite Beta has been investigated and
proven to occur via a two-step mechanism, (1) formation of acylium ion followed by (2)
C-C bond formation between aromatic substrate and acylium ion. Experimental results
and DFT calculations have shown that aromatic esters are effective in generating acylium
ions while acetic acid and alkyl acetate such as methyl acetate are not. However, if acetic
acid or methyl acetate is fed with aromatic substrates that contain -OH substituent, they
can undergo fast esterification or transesterification to create aromatic esters, which are
more active acylating agents, resulting in high yield of the acylation products. This
finding has important consequences for bio-oil upgrading since acylation could become
an effective way to enhance the utilization of acetic acid without loss of carbon, as would
occur with the alternative C-C bond forming ketonization. One could pretreat the lignin-
derived aromatic streams to convert the abundant alkoxy substituent compounds (Ar-OR)
to phenolic derivatives (Ar-OH). This pretreatment can easily be done via transalkylation
by feeding the mixture over zeolite to convert the alkoxy —OR to hydroxyl —-OH and alkyl
—R functional groups.*® Therefore, even though acetic acid is not a good acylating agent,
it can undergo esterification with these phenolic compounds (Ar-OH) to produce aromatic

esters, and further creates the desired acetophenones, versatile molecules that can be
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directly hydrotreated® to drop-in fuels or further upgraded to longer chain molecules via
different chemistries such as aldol condensation due to the ketone functionality.1® 5!

Furthermore, in this reaction, once the acylium ions are generated, the aromatic
compounds with oxygen-containing functionalities, such as hydroxyl —OH and alkoxy —
OCHzs, are all active to pick them up with the activity of this C-C coupling step decreasing
in the order of m-cresol > phenol > anisole. Alkyl aromatic compounds such as toluene
are not as effective for picking up the acylium ions, which leads to a low acylation yield
and high loss of acylium ion to coke. The presence of oxygen-contained functional groups
in the lignin derived aromatic compounds was not considered favorable due to the
requirement for intensive hydrotreating step. However, as shown in this study, these
functional groups have the advantage of activating the aromatic ring and make them
easier in the upgrading process, particularly for C-C bond formation reactions. It is thus
very important to perform C-C coupling reaction via acylation with the available
functionalities in bio-oil before the hydrotreating process.

In the last part of the study, the Fries rearrangement of phenyl acetate to HAPs was
investigated to differentiate between the intermolecular and intramolecular reaction
pathway. The reaction was found to happen via both mechanisms, in which the
intermolecular one is more dominant.

Experimental and DFT Details
Experimental
Three H-form zeolites were used as catalysts. Two of them (Beta CP814C, and ZSM-

5 CBV-5524G) were received in the NHs-form and then converted to the H-form by
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calcining under air at 600°C for 5 hours, after a linear heating ramp of 2°C/min. The third
sample was an HY zeolite (CBV 760) received in the H-form from the manufacturer

(Zeolyst International).

The reactions were carried out in the liquid phase using a 160-mL batch stainless steel
autoclave reactor (Parr Corporation). The reactor is equipped with a stirring impeller,
temperature controller, pressure gauge, and sampling port. The reactions were tested over
a wide range of temperatures, under N.. The initial pressure of N> was kept constant at
500 psi, the total volume of reactants was 80 ml and the stirring speed 500 rpm. In a
typical reaction run, a measured amount of zeolite was mixed with the reactant mixture
in the reactor vessel. After the reactor was sealed and pressurized with N2, the temperature
was increased to the desired value. After reaction, the reactor was rapidly cooled down
to room temperature and the liquid product was filtered and analyzed on a GC-MS

(Shimadzu) for identification and GC-FID (Agilent HP 5890) for quantification.

DFT calculations

Density functional theory calculations were performed using the VASP package® to
investigate the reaction mechanism. The PBE (Perdew-Burke-Ernzerhof) exchange-
correlation potential®® was used, and the electron-core interactions were treated in the
projector augmented wave (PAW) method.>*>® The van der Waals interactions have been
taken into account through the so-called DFT-D3 semi-empirical method via a pair-wise
force field.5*>" The calculations have been performed using an H-beta unit cell that

includes 64 Si and 128 O atoms. One Si atom was replaced by one Al atom, so the Si/Al
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ratio was 63/1. The structure of the unit cell was taken from an experimental work (a =
17.829 A, b =17.829 A, ¢ = 14.671 A)>®and fixed during the calculation. All the atoms
were relaxed until the atomic forces were smaller than 0.02 eV A, using a single I point
of the Brillouin zone with a kinetic cut off energy of 400 eV. The nudged elastic band
(NEB)®*® method has been used to find the transition state and calculate reaction barriers.
The transition states have been further verified by vibrational calculations. An HSE
(Heyd-Scuseria-Ernzerhof) hybrid functional®®®! was used to calculate the total energy
of the initial, transition, and final states that had already been optimized by DFT-D3
calculations to reduce the underestimation of the reaction barriers caused by the charge

delocalization error of the local and semi-local exchange-correlation functionals.*®
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Il.  Negative Effect of Temperature on Hydrogenation

Reactions and Weak Adsorption of m-Cresol on Pt Surface

Motivations and Literature Reviews

As mentioned in the introduction, understanding about hydrogenation reaction of
phenolic molecules on metal catalysts will help us understand better about the interaction
of the phenolic molecules with metal surfaces over a wide range of temperatures. Based
on this knowledge, the reaction conditions can be tuned toward the desirable products.
There have been extensive studies on HDO %23 put the HY reaction mechanism remains
elusive, therefore, this work will concentrate on HY of phenolic molecules. In this study,
m-cresol is chosen as the model compound to represent the phenolic molecules with
hydroxy group (-OH) functionality. The hydrogenation of m-cresol is investigated on Pt
catalyst, as Pt is known as a good hydrogenation catalyst. To focus only on the metal
surface and minimize any metal-support interaction, SiO- is used as the support.

Previous studies have shown that at temperature of 300°C, Pt/SiO; is active for both
HY and HDO of m-cresol, but HDO dominates.! Wang et al. has investigated the
hydrogenation mechanism for o-cresol on Pt(111) with different H coverage and shows
that high H coverage surface reduces the energy barrier for hydrogenation steps.®4%°
Study from Talukdar et al. for phenol conversion over Pt and Pd at temperature 200-275
°C has shown that the main products are hydrogenation of phenol cyclohexanone and
cyclohexanol, while the HDO products to benzene and cyclohexane were insignificant.
The hydrogenation conversion was dropping with temperature, and while Pt is more

active for total hydrogenation conversion, Pd is more selective toward cyclohexanone
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formation.®® Another report from Liu et al. has also report exclusive selectivity of phenol
hydrogenation to cyclohexanone over bifunctional Pd - Lewis acid catalyst.®’

Similar to results from Talukdar et al., the negative effect of temperature on phenol
hydrogenation was also observed by Singh et al., and the reason for this drop was
attributed to poisoning of dehydrogenated phenol species at high temperatures.5®
According to the author, the dehydrogenated species are formed from adsorbed phenol
on the catalysts surface, and at high temperature, these species are created at higher rate,
therefore, they will block the active sites and as a result, the activity drops at high
temperatures. This theory of dehydrogenated species presented on the metal surfaces was
also proposed by Vannice et al., in which the authors reported the reversible maximum
activity of benzene and toluene hydrogenation on different metals such as Pt and Pd.®>"
According to the author, the dehydrogenated species are formed at higher temperatures,
competing for sites with benzene or toluene and as a result, the coverage of benzene and
toluene drops at increasing temperature. However, the formation of these dehydrogenated
poison species is not Kinetically or thermodynamically favored based on DFT
calculations. DFT results show that the dehydrogenation of benzene to phenyl on Pt(111)
iIs +76 kJ/mol endothermic, while the first hydrogenation step is only +11 kJ/mol
endothermic with energy barrier of 74 kJ/mol.”® Another study for hydrogenation of
toluene on Pt/A1203 by Castano et al. also observed the negative effect of temperature on
toluene conversion and explained it in term of the drop in coverage of toluene at

increasing temperature.”’
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Based on these results, the hydrogenation of m-cresol on Pt will be investigated over
a wide range of temperature to see the activity of the catalyst, additionally, the
hydrogenation products 3-methylcyclohexanone and 3-methylcyclohexanol are also used
as feed.
Materials and Methods

Catalyst preparation:

1% wt. Pt/SiO, catalyst was prepared by incipient wetness impregnation of SiO;
(Davisil grade 923) with an aqueous solution of chloroplatinic acid hexahydrate,
purchased from Sigma-Aldrich (ACS reagent, >37.50% Pt basis). After impregnation, the
catalyst was dried overnight at 120°C followed by heating under air at 400°C for 3 h.

Catalysts characterization by TEM and CO chemisorption:

Metal particle size was determined by both TEM and CO chemisorption, as
summarized in Table 7. TEM images, as shown in Figure 14, were obtained on a JEOL
2000 field emission system operated at 200 kV. The particle size was measured on 230
particles and the particle size distribution is presented in Fig.15.

For CO chemisorption, the catalyst was first reduced in a 60 sccm Ha for 1 hour at
300°C, cooled down and purged in He at room temperature for 30 min. Then the CO
uptake is measured by sending pulses of CO until saturation and the ratio of CO/Pt was

calculated.’

Table 7. Particle size and dispersion based on TEM and CO chemisorption

TEM CO

Chemisorption
dp (nm) 2.3 14
Dispersion 50% 80%
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Figure 14. HR-TEM of Pt/SiO2
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Figure 15. Particle size distribution of Pt/SiO2

Catalytic Measurements:
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The experiments were executed in vapor phase with a plug flow reactor at
atmospheric pressure. In a typical experiment, the catalyst (250-350 um pellet) was
packed in a 200cm stainless steel vertical tube reactor and pre-reduced in-situ under
continuous flow of 60 sccm H» at 300°C for 1 h. Subsequently, the temperature was
lowered to the reaction temperature, keeping the catalyst bed under Hz flow during the
entire time of the experiment. The liquid feed is continuously injected via a syringe pump
and vaporized into H> stream. The H/feed molar ratio was kept more than 40:1 to
minimize deactivation. The products were analyzed online by GC (Agilent HP 5890)

using an HP-Innowax capillary column equipped with a FID detector.

Result and Discussion

1. Non-linear Arrehnius Profile of m-Cresol conversion on Pt/SiO2

The conversion of m-cresol was tested at different temperatures in the range of 140-
300°C, the conversion of m-cresol was plotted on an Arrhenius plot with temperature as

shown in Figure 16.
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Figure 16. Arrhenius plot of In(cresol conversion) vs. 1/T

The products distribution as functions of W/F are shown in Figure 17 for 150,
190 and 250 °C. At the temperature range from 140 to 250°C, the main products are
hydrogenation products, 3-methylcyclohexanone (ONE) and 3-methylcyclohexanol
(OL), while the hydrodeoxygenation product, toluene (TOL), remains insignificant (<
3% selectivity). When temperature increases from 270 to 300°C, toluene starts to increase,
while ONE and OL decrease.

At 150 °C, as shown in Figure 17a, 3-methylcyclohexanol (OL) appears to be a
secondary product, as the slope of the OL vyield curve is 0 at low W/F, suggesting OL is
produced from 3-methylcyclohexanone (ONE). However, at higher temperatures, 190 °C
and 250 °C as shown in Figure 17b-c, the yield curve of OL does not slope of zero at low
W/F, suggesting that it could also be a primary product from m-cresol. Based on these
observation, a reaction pathway was proposed as shown in Figure 18, which includes
hydrogenation/dehydrogenation reactions among m-cresol, ONE and OL. This reaction

pathway is aligned with previous study.!

41



150 °C (a) —@—Conversion

0.8 ——m-ONE
—A—m-OL
06 —-TOL
=)
2
> 04
0.2
0 [ —ll
0 10 20 30 40
Mass of catalyst (mg)
1
190 °C (b)
08
0.6
k)
2
> 04
0.2
0 L L |
0 10 20 30 40
Mass of catalyst (mg)
1
250°C (c )
0.8
0.6
-
T
0.4
0.2
0 - 1l
0 10 20 30 40

Mass of catalyst (mg)

Figure 17. Product distribution as a function of W/F at different temperatures. (a) 150, (b) 190, (c) 250.
Reaction conditions: Pcresol,feed=0.02 atm, 60 sccm Hz
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Figure 18. Reaction pathway for conversion of m-cresol

The yield of hydrogenation products was plotted as functions of temperatures as
shown in Figure 19. When mass of catalyst increases from 7 to 80 mg, the yield of ONE
and OL increase, suggesting that the reaction is not under equilibrium limitation,
otherwise the yield would not change with increasing amount of catalyst. Secondly, the
yield of ONE and OL increase as temperature increases from 150 °C to 190 °C, then drop
at temperature higher than 190 °C. The maximum yield happens at the same temperature
(~190 °C) for changing amount of catalyst from 7-40mg, which is far below the

temperature where HDO (to toluene) starts to become significant (270 °C).
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Figure 19. Yield of 3-methylcyclohexanone (a), 3-methylcyclohexanol (b) and total hydrogenation (c ) as
functions of temperatures at different amount of Pt/SiO2. Reaction conditions: Pcresol feed=0.02 atm, Pr2=1
atm. Symbol: Experimental data. Line: Kinetic model.
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Figure 19. Yield of 3-methylcyclohexanone (a), 3-methylcyclohexanol (b) and total hydrogenation (c ) as
functions of temperatures at different amount of Pt/SiO2. Reaction conditions: Pcresol feed=0.02 atm, Pr2=1
atm. Symbol: Experimental data. Line: Kinetic model.

This negative effect of temperature for hydrogenation reaction has also been observed
elsewhere when other aromatic compound such as phenol® or benzene®"° 72 was used
as the feed. This phenomenon could be due to different reasons including (1) site
poisoning, (2) equilibrium limitation or (3) change in the surface coverage of m-cresol as
T increases. These possibilities will be justified in the following sections to determine

which one is the most possible reason for this phenomenon in this case.
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Figure 20. Yield of hydrogenation/dehydrogenation products with (a) 3-methylcyclohexanone feed and (b)
3-methylcyclohexanol feed at different amount of Pt/SiO2.

Reaction conditions: Preed=0.02 atm, Pu2=1 atm. Symbol: Experimental data. Line: Kinetic model.
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1.1.  Site poisoning

As mentioned above, the negative effect of temperature for hydrogenation reaction
was also observed for phenol®®, in which the reason was attributed to the poisoning by
dehydrogenated phenol species. At high temperature, these species are created at a higher
rate, leading to more poisoning and as a result, the yield drops. Also due to this effect, the
reaction rate will strongly depend on hydrogen pressure, because hydrogen is crucial to
remove these poisoning species.

If this is also true for this case, when we test at low temperature, then increase
temperature and go back to the initial low temperature, the activity of the catalyst will
significantly drop. Because once the dehydrogenated species are created at high
temperature, they will remain adsorbed on the catalyst surface, blocked the active sites
and the yield will significantly drop when temperature goes back to lower value. We have
also reduced hydrogen pressure to 0.75 atm for this experiment to maximize the poisoning
effect so that we can observe it clearly. The results for this experiment was illustrated in
Figure 21.

It clearly shows that after increasing temperatures from 150 to 170, 190, 210, 230,
250 °C and then goes back to 150 °C, the yield at 150 °C does not change, the difference
is within experimental error, even at reduced pressure of H,. Therefore, the site poisoning

by dehydrogenated m-cresol species is concluded to be insignificant in this case.
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Figure 21. Hydrogenation yield as a function of temperature. Reaction conditions: Pcresol feed=0.02 atm,
PH2=0.75 atm, temperature starts from 150 to 170, 190, 210, 230, 250°C (¥) then goes back to 150°C (Q)

1.2.  Equilibrium Limitation

Another possibility is that the decline in yield is due to equilibrium limitation, since
hydrogenation is an exothermic reaction, the yield would drop at some point when
temperature is high enough. As mention before, as shown in Figure 19, the yield keeps
increasing as the mass of catalyst increase from 7 to 80 mg catalyst. If the drop is due to
equilibrium limitation, we would observe two phenomena, that is the yield after it drops
will be the same with different amounts of catalyst, and the maximum temperature where
the drop happens will shift to lower values as increasing mass of catalyst, since with
higher amount of catalyst, it would reach equilibrium faster. However, as seen from
Figure 19, the yield after it drops changes with amount of catalyst and the maximum
temperature remains the same for different mass from 7-40mg of catalyst. Therefore, the

drop in this case is also not due to equilibrium limitation.
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1.3.  Change in surface coverage

The hypothesis can be illustrated with a simple Langmuir-Hinshelwood adsorption

model, as following.

Kc'Pc k'Kc'Pc
6 = <P and r = k-6, = KKePe
1+Kc'Pc 1+Kc'Pc

In which 6., K., - P are coverage, adsorption constant and pressure of m-cresol, and
k is the rate constant for hydrogenation reaction.

The adsorption of m-cresol on the Pt surface is exothermic, therefore, at a certain
temperature, the coverage of m-cresol will drop significantly, even though the intrinsic
hydrogenation rate always increases with temperature, this increase is smaller compared

with the decline in cresol coverage, therefore leading to drop in overall rate (illustrated in

Figure 22).
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Figure 22. Change if surface coverage, rate constant and overall rate as a function of temperature
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If this is the case, at the same initial P;, with increasing mass of catalyst, the
temperature where the yield drop will slightly shift to lower values, because P, decreases
with conversion. However, the change is accumulative and will be too small to be
observed in current testing temperature increments. On the other hand, the temperature
of maximum yield would significantly change with different initial P. , which is
demonstrated in Figure 23. It has shown that the curves shift to lower values of

temperature as initial P drops from 0.03 to 0.005 atm, which agrees with the hypothesis.

0.8
@® P0=0.033 exp
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T
(]
L
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Figure 23. Yield of total hydrogenation products as functions of temperatures at with 7mg of Pt/SiO2.
Reaction conditions: Pcresol feed=0.007-0.03 atm, Pr2=1 atm. Symbol: Experimental data. Line: Kinetic model.

Moreover, another way to justify this hypothesis is by investigating how the
hydrogenation rate depends on m-cresol at different temperatures. At low temperature,
when the surface is fully covered, the coverage 6, reaches maximum of 1 and is

independent of m-cresol pressure. The rate becomes r = k and therefore, has zero order
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on m-cresol. When the temperature increases, the coverage drops and becomes dependent
on m-cresol pressure, the rate now will become r =k-K;-P. and the order of
dependence on m-cresol will approach 1. As shown in Figure 24 a-b, the rate of ketone
formation has zero order at low temperatures of 140 and 150°C, then the order increases
as temperature increases, to 0.6+0.1 at 250 °C. The experimental data fit well with the
proposed simple Langmuir-Hinshelwood kinetic model, supporting the hypothesis that

the yield drop is due to the change in surface coverage.
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Figure 24. (a) In of rate of ketone formation as a function of In of initial cresol partial pressure. The slope of
the curve is the order of dependence of the rate on m-cresol pressure. (b) Dependence of 3-
methylcyclohexanone formation on cresol pressure at different temperatures

2. Kinetic Modeling

The experimental data suggests that the negative effect of temperature is due to the
decline in surface coverage of m-cresol and agrees with the simple Langmuir-
Hinshelwood kinetic model. Furthermore, all reactions in Figure 19, 20 and 23 are
executed at constant H. pressure of 1atm. Therefore, we have decided to use this simple
Langmuir-Hinshelwood kinetic model for all reactions in accordance with the reaction
pathway proposed in Figure 3.

_ kcxKcPe
Tck =
1+ K:P; + KxPx + KyPp

r — kCOKCPC
€07 14+ K.P; + KxPx + Ko P,
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r — kKCKKPK
KC™ 1+ KoPe + KgPy + Ko Py

_ kyoKy Pk
Tko =
1+ K:P; + KxPx + KoP

- kocKoPo
9C ™ 1 + K P, + KxPx + K, P,

_ kokKoPo
Tok =
1+ K:P; + KxPx + KoPy

—(kek + kco)KcPe + kK Py + kocKoPo

Tc = —Tck —Tco + Tke T Toc =
c ck —Tco T Tkc T Toc 1+ K.P, + Ko Py + KoPy
e = e P AT AT = —(kkc + kio)KkPx + kckKcPe + koxKoPo
K xkc — Tko T Tck + Tok 1+ K.Po + K Py + KoPy
—(koc + kok)KoPo + kcoKcPe + kyo Ky Py
To = —Toc —Tok +Tco + Tko =

1+ KcP + Ky Py + Ko Py
In which k is rate constant for hydrogenation/dehydrogenation reactions as indicated in
Figure 3.

K. , Kx,K, are adsorption constants of m-cresol, 3-methylcyclohexanone and 3-
methylcyclohexanol

P. , Px,P, are initial partial pressure of m-cresol, 3-methylcyclohexanone and 3-
methylcyclohexanol

These rate constants and adsorption constants depend on temperature according to

Arrhenius equation as following:

AH

k =A-exp(—ﬁ)
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In which A is the pre-exponential factors and AH is the energy barrier for the reaction
AG a4, AS,45, AHy 4 are Gibbs free energy, entropy and enthalpy of adsorption

The constants A, AH, AGg.qs, ASqqs, AHgqs are assumed to be independent with
temperature.

Additionally, the hydrogenation/dehydrogenation reactions are related via

thermodynamic equilibrium as following:

kCKKC AGEq CK ASEq CK AHEq CK
KEqCK=m=exp _T =exp|\— R exp|— RT

_ kioKk _ AGgq ko _ ASgq ko AHgq ko

KEqKO_m_exp gy )P\ ) eP\T R

K _ kcoKc _ AGgqco _ ASgq co AHgq co
rqco = jo o= P\~ )= ew (- ) e\~

AGgq ¢k, ASgq cky AHEgq cx are Gibbs free energy, entropy and enthalpy of hydrogenation
reaction from C to K
AGgq o+ ASEq ko, AHEq ko are Gibbs free energy, entropy and enthalpy of hydrogenation
reaction from K to O
AGgq cor ASgq co, AHEq co are Gibbs free energy, entropy and enthalpy of hydrogenation
reaction from Cto O
Additionally, ASgq cx + ASgq ko = ASgqco aNd AHgg cx + AHgg ko = AHgq co

These thermodynamic equilibrium parameters can be estimated independently, based
on the Gibbs free energy, entropy and enthalpy of formation of C, K and O. In this work,

we will derive these parameters from the fitting and listed in Table 10. There are total of
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16 independent parameters in this fitting, therefore, to ensure a good and meaningful
kinetic fitting, we start with simplified rate expressions at low conversions.
At low conversion, the rate become:

o=y = RexKePe
K K714+ KoP,

- kcoKcPc
€O 1+ K.P,

To = —

Based on these simplified rates at different temperatures, we can get initial guesses
for Ack, AHck, Aco, AHco » ASaas cresot » AHags cresor - The fitting at high conversion will
be developed based on these initial guesses. Furthermore, 3-methylcyclohexanone and 3-
methylcyclohexanol are also fed at different temperatures, as shown in Figure 20. Based
on Figure 19 and 20, the symbols are experimental data while the solid lines are kinetic
models, it shows that this simple Langmuir-Hinshelwood model fits the data very well
and the values for the parameters are presented in Table 8 and 9. In the next section, we

will discuss about the validity of the parameters and the real physical meaning behind the

numbers.

Table 8. Adsorption parameters of m-cresol, 3-methylcyclohexanone and 3-methylcyclohexanol

Cresol Ketone Alcohol
AS as(J/mol K) -124 -100 -118
AH 4 (kJ/mol) -76 -54 -52

Table 9. Reaction rate parameters for different reaction pathways

Pre-exponential factor .
(10%s) Energy barrier (kJ/mol)
C->K 1.6 32
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K->C 5.5*10° 118
C->0 0.09 26
0O->C 1.2*10% 171
K->0 3.9 29
0 ->K 8.7*10’ 86

Table 10. Thermodynamic parameters for hydrogenation reactions

delta H (kJ/mol) Delta S (J/mol.K)
C->K -112 -215
K->0 -57 -119
C->0 -169 -334

3. Sensitivity Analysis of the Model

The total of independent parameters in the kinetic model is 16, while the total number
of data points are about 200. The R? value is calculated to be 0.96 and the parity plot is
shown in Figure 10. It can be seen that the model for m-cresol hydrogenation fit well

over a wide range of temperature from 100 to 300°C.
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Figure 25. Parity plot

4. Physical Meanings of the Parameters

To understand the physical meaning of the obtained kinetic parameters, first we need
to determine the rate limiting step for hydrogenation of m-cresol and develop the kinetic
models based on that. As seen from Figure 24 and 26, the reaction rate depends on m-
cresol with order from 0 to 1 as temperature increases, while depends on hydrogen with

a higher order, which is about 2 for ketone formation and 3 for alcohol formation.
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Figure 26. Order of dependence of ketone and alcohol formation on H2 pressure from 0.75-1 atm

After investigating different possible rate limiting steps, the only case where we
have this high order of dependence on hydrogen is when the last hydrogenation step is

rate-limiting for both ketone and alcohol. The elementary steps are as following.
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K¢
Cr +*x= Cr *
KH
Hy + 2 #x & 2H #x

K

Cr+ +H %% 2 CrH *+#
K,

CrH * +H *x &= CrHy *+x*

K.
CrH, * +H % :3 CrHg x+**

For ketone formation
CrHs * +H *x L ONE x+=*x  RDS

Kgt
ONE *= ONE + *

For alcohol formation
K.
CrH; x +H **;‘4 CrH, *+x*x

K
CrHy * +H *x= CrHg *+*x

rr

k
CrHs * +H x* —> OL *+x**x RDS

Kyt
OL*= 0L + «

Based on these elementary steps, the reaction rates for ketone and alcohol

formation from m-cresol were derived and we obtain these following rate expressions.

N kCKKCPCPI-%Z
K™ (14 K. Pp + KgPx + KoPp)

W|th kCK - k’KleK:gKI_ZI
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N ‘IfcchPcpg2
€O (14 K. Po + KxPx + KoP))

From these rate expressions, we can see that the adsorption enthalpy and entropy for

With kco = k"' K K, Kz K Ks K

K. , Kk , K, we have obtained in Table 8 are the adsorption enthalpy and entropy for m-
cresol, ketone and alcohol.

Adsorption configuration of the kinetically active species

Using transition-state theory, it is possible to estimate the entropy lost upon
adsorption with different degree of freedom of the adsorbed molecule on the catalyst
surface.”®8! The total entropy lost upon adsorption is the sum of translational, vibration
and rotational entropy lost. The translational entropy change from 3D in the gas phase to
2D on the catalyst surface is -77 J/molK while the vibrational entropy change is +4
J/molK because now the adsorbed species has extra C-Pt bond with stretching frequency
of ~300 cm™. The rotational entropy of m-cresol gas molecule is 34, 37 and 39 J/molK
for 3 rotational axes. Depending on the mobility of the adsorbed species, it can lose a
fraction or all rotational entropy. Table 11 has listed the value for entropy of adsorption

at different degree of rotational freedom.

Table 11. Entropy of adsorption of m-cresol at different degree of rotational freedom

m-Cresol entropy of

adsorption (J/molK)
Preserve all degree of rotational freedom -73
Lost 1 degree of rotational freedom -112
Lost 2 degree of rotational freedom -149
Lost all degree of rotational freedom -183
Value from our kinetic model -124

60



Based on the results in Table 11, we can see that the entropy of desorption derived
from the fitting is in between losing 1 and 2 degrees of rotational freedom, which means
that the molecule is quite mobile on the catalyst surface. The low adsorption enthalpy and
entropy both indicate that the kinetically active species is a weakly adsorbed species.

The adsorption enthalpy of m-cresol is also compared with the literature values as
listed in Table 12, which includes both experimental and theoretical DFT calculations

for the binding energy of phenolic molecules on Pt(111) surface from different authors.

Table 12. Binding energy of m-cresol and phenol on Pt(111) from other works

Compound Bindin(ig?rig%/ on Pt Sources
m-Cresol 176 DFT, Tanetal.®®
Phenol 220 -1156 Calorimetry, Campbell et al.?
Phenol 215 DFT, Honkela et al .8

The adsorption enthalpy of m-cresol obtained from the kinetic model is only -76
kJ/mol and much smaller than the reported values in Table 12. Pt(111) is used as the
model surface because it is one of the most common and stable surfaces of Pt metal.

One way to testify the numbers in Table 12 is to force the kinetic model to have
such a high adsorption enthalpy for m-cresol, as a result, the absolute value of adsorption
entropy must significantly increase so that the model can catch up with the experimental
data. However, at adsorption enthalpy of -150 to -200 kJ/mol, the entropy lost must be ~
250-300 J/molK, which is extremely high. This means that the molecule loses most of its
gas phase entropy and become completely immobile on the catalyst surface, which does
not make much physical meaning because the adsorbed species needs some mobility so

that the hydrogen addition/removal can happen. More importantly, with the high absolute
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value for enthalpy and entropy of adsorption, the model fails to catch up with the
experimental data satisfactorily, compared with the existing model.

Campbell has experimentally measured the heat of adsorption as a function of
coverage and observed that the heat of adsorption of m-cresol strongly depends on the
coverage. At full coverage of 1 (monolayer adsorption), the adsorption energy
significantly drops to only ~85 kJ/mol from 220 kJ/mol at zero coverage. The
measurement is executed by calorimetry measurement. However, the kinetically active
species may not be able to be measured or quantified by calorimetry, because it could be
just weakly adsorbed species whose heat of adsorption are completely overwhelmed by
the strongly adsorbed but Kinetically inactive spectators. To justify this hypothesis, the
adsorption of m-cresol is set as a function of coverage, similar to the expression in Table
12 from calorimetry measurement. The best fitting with this hypothesis gives the
following expression for m-cresol heat of adsorption.

—AH, s =115—-11+%0

We can see that even with this coverage dependence enthalpy of adsorption, the
change with coverage is not as significant as the values measured from calorimetry
experiments. The adsorption energy is only 115 kJ/mol at zero coverage and drops to 104
at full coverage. With this coverage dependence adsorption enthalpy model, the
adsorption entropy also must be more negative, at -185 J/molK, which means that the
molecule is immobile on the surface. Similar to the above case, this does not make much

physical sense either. More importantly, similar to the previous case when the adsorption
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enthalpy is forced to have a bigger value than 150 kJ/mol, the model also fails to fit the

experimental results satisfactorily.

Conclusion

The hydrogenation of m-cresol was studied over a wide range of temperature from
100 to 300°C over Pt/SiO; catalyst. The hydrogenation yield was found to increases then
drops as increasing temperature. The reason for this drop is determined to be due to the
fast drop in m-cresol coverage at increasing temperature, while the other causes such as
poisoning or equilibrium limitation are ruled out. The overall hydrogenation rate is found
to have 0 order on cresol at low temperature (<150 °C) and approaching order of 1 at
higher temperature (~250 °C), while the order of dependence on H2 pressure is higher,
about 2 for 3-methylcyclohexanone formation and 3 for 3-methylcyclohexanone
formation. The only scenario where that can happen is when the last hydrogenation step
is rate limiting. Based on that observation, elementary steps are developed with a simple
Langmuir-Hinshelwood model, which was able to fit the experimental data very
satisfactorily with R?=0.96.

Based on the developed kinetic model, the barrier for each hydrogenation steps are
determined as well as the adsorption enthalpy and entropy for cresol, ketone and alcohol.
The adsorption of m-cresol is determined to have a low enthalpy and entropy lost upon
adsorption, which suggests that the kinetically active species for hydrogenation are the
mobile and weakly bound species on Pt surface. This is also reasonable as hydrogenation

require sequential addition of hydrogen atoms to the aromatic ring, if the m-cresol
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molecule is too strongly adsorbed to the surface, it may inhibit the hydrogen addition
ability, thus the strongly adsorb would be kinetically inert while the weakly adsorbed

ones are the actual active species.
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I11.  Controlling phenolic hydrodeoxygenation (HDO) by
tailoring metal-O bond strength via specific catalyst metal

type and particle size selection

Motivation and Literature Reviews

As shown in chapter 1, the oxygen functionalities in phenolic compounds, usually in
the form of hydroxy —OH or methoxy —OCHj3, make them reactive for many different
C—C bond formation chemistries such as alkylation, hydroxyalkylation, acylation - 17:84
etc. to create longer chain molecules that fit into the fuel pool. However, after the C—C
bond forming step, these oxygen functionalities still remain on the aromatic ring, and it
is necessary to perform hydrodeoxygenation (HDO) chemistry to remove oxygen and
create hydrocarbon fuels. This work focuses on the removal of hydroxy —OH
functionality, with m-cresol as the model compound, since it is one of the dominant
functionalities in biomass-derived compounds.

The HDO reaction of phenolic compounds has been extensively studied and reported
in the literature over different metals and bimetallic alloys &-8°, different supports %2 or
in cooperation with an acidic function %31%, Understanding the reaction mechanisms and
finding relationships between the observed catalytic behavior and the catalyst structure is
of crucial significance for optimizing catalyst design and selection.

In our previous studies, we have shown that the oxophilicity of the metal catalysts,
reflecting the metal—O bond strength, is a crucial descriptor of their HDO activity 1%, In
a series of studies on the HDO of m-cresol and phenol as the model compounds, we have

compared the reactivity and prevalent mechanisms over different metals, including
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monometallic (Pt, Pd, Ru, Fe, Ni) and bimetallic catalysts supported on inert (SiO,) %%
101-103 or more oxophilic supports °*. In particular, SiO is an inert support with minimum
participation in the reaction, which has allowed us to focus on the catalytic behavior of
the metals.

In this contribution, we analyze the observed trends with the oxophilicity of the metals
and present new results on the effect of extent of metal atoms coordination, which can be
controlled by varying the metal cluster size, which in turn affects oxophilicity, and
consequently the HDO activity. The dramatic effects of particle size were also observed
for other chemistries such as hydrogenolysis and isomerization over metal catalysts.
Works from Gault et al. have shown that the changes commonly observed in product
selectivity with varying particle size can be traced to changes in reaction mechanisms,
which in turn are related to the number of low-coordination (corner and edge) atoms
relative to high-coordination (face or terrace) atoms %1% The same concept can be
applied in this case to interpret changes in HDO reaction mechanism and selectivity

changes for the conversion of phenolics on different metal catalysts.
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1. HDO of m-Cresol on Different Types of Metal

As depicted in Figure 27, when m-cresol is converted in the presence of H> over
different metal catalysts, two types of products are typically observed: (a) hydrogenation
products  (3-methylcyclohexanone  and  3-methylcyclohexanol)  and (b)
hydrodeoxygenation products (toluene, methylcyclohexane and 3-methylcyclohexene).
In principle, toluene could be produced via two different pathways: (1) hydrogenation of
m-cresol to 3-methylcyclohexanol, followed by dehydration to 3-methylcyclohexene and

further dehydrogenation to toluene, and (2) direct HDO from m-cresol.

OH

oL = Q
ky YO k
0 OH
b =d=a=a
- S _— P
Kok Knie

Figure 27. Reaction pathway for HDO of m-cresol (modified with permission from *

HDO of m-cresol over Pt catalyst

In a detailed kinetic study conducted with a Pt/SiO- catalyst, 1 1% we showed that
pathway (1) only occurs to a very low extent due to the low acidity of the SiO2 support.
As shown in Figure 28, the yield of toluene increases with increasing m-cresol
conversion but when 3-methylclohexanol or 3-methylcyclohexanone was used as feed,
the yield of toluene remains almost zero in all cases, even at high feed conversions, which

shows that toluene is not obtained from the alcohol or the saturated ketone.
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Figure 28. The yield of toluene vs. conversion of feed over Pt/SiOz at 300°C with different feeds including m-
cresol, 3-methylcyclohexanol (OL) and 3-methycyclohexanone (ONE) (modified with permission from 1).

Table 13. The yield of toluene (TOL) and methylcyclohexane(MCH) when 3-methylcyclohexene was fed
over Pt/SiOz at 300°C (modified with permission from 103).

Conversion of Yield (%)
3-methylcyclohexene (%) Ratio TOL/MCANE
TOL MCANE
13.3 1.7 1.9 0.89
18.9 4.7 3.9 1.2

It was also clearly demonstrated

that toluene was not derived from

methylcyclohexene either. In fact, as shown in Table 13, at low conversions over Pt/SiO,

methylcyclohexene results in a toluene to methylcyclohexane ratio of about unity. This

ratio gradually increases to its equilibrium value (~11 at 300°C) with feed conversion.

That is, far from equilibrium, the methylcyclohexene-to-toluene and methylcyclohexene-

to- methylcyclohexane reactions occur at similar rates, but as conversion increases, the

68



secondary methylcyclohexane to toluene reaction drives the toluene/methylcyclohexane
ratio close to the equilibrium of 11. This was indeed the trend observed when the feed

was either 3-methylcyclohexanol or 3-methylcyclohexanone over the Pt/SiO- catalyst.
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Figure 29. The ratio of toluene (TOL) to methylcyclohexane (MCANE) vs. conversion of different kinds of
feed including m-cresol, 3-methylcyclohexanone (ONE) and 3-methylcyclohexanol (OL) over Pt/SiO2 at
300°C (modified with permission from [54]).

As shown in Figure 29, when 3-methylcyclohexanol or 3-methylcyclohexanone was
fed over the Pt/SiO> catalyst, the toluene/methylcyclohexane ratio was near unity at low
feed conversion and only increased to near 10-11 as the feed conversion increased. This
is reasonable since 3-methylcyclohexanol was slowly dehydrated to methylcyclohexene,
followed by simultaneous hydrogenation to methylcyclohexane and dehydrogenation to
toluene. However, a drastically different pattern was observed when m-cresol was used

as the feed. In this case, even at the lowest feed conversions, the
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toluene/methylcyclohexane ratio was much greater than the equilibrium value of 11.
Clearly, this trend indicates that toluene is not formed from any of the hydrogenated
intermediates, but rather directly from m-cresol, while methylcyclohexane is mostly
produced from secondary hydrogenation of toluene. It should be noticed that this may not
be the case when Pt is supported on more acidic supports, in which the acid-catalyzed
dehydration of 3-methylcyclohexanol become significant 119,

The mechanism of m-cresol conversion to toluene is rather puzzling since a direct
C—0O bond cleavage may not be possible on Pt due to the low metal-oxygen bond strength
which results in a high activation energy for direct deoxygenation. Therefore, a different
reaction pathway must be considered to explain the production of toluene as an observed
primary product.

Mechanism of hydroxy -OH removal from m-cresol

As illustrated in the reaction scheme of Figure 30, we have proposed that the direct
conversion of m-cresol to toluene can alternatively happen via two different mechanisms,
direct deoxygenation (DDO) and tautomerization (TAU) 2, In the DDO mechanism, the
Caromatic—O bond would undergo direct cleavage to toluene and water, while in the TAU
mechanism, the keto-enol isomer of m-cresol would undergo hydrogenation at the C=0
to an intermediate alcohol followed by dehydration to toluene. The nature of the metal
catalyst determines which one is the more plausible mechanism.

Our previous study using DFT calculations has shown that, in the case of Pt(111), the
energy barrier for the DDO pathway is exceedingly high (242 kJ/mol). Therefore, on

such a surface, the HDO has to proceed via a different mechanism. In fact, the DFT
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calculations show that the proposed TAU pathway is plausible, with a significantly lower
energy barrier (203 kJ/mol) and the rate limiting step is determined by the final
dehydration of the cyclic diene alcohol intermediate. While dehydration is not
particularly favorable over Pt, this path is energetically favored compared to the direct

C—0 bond cleavage .

NEACSS

Cc=0
hydrogenation

OH
Dehydration

-—

Figure 30. HDO mechanism for the conversion of m-cresol to toluene, direct deoxygenation (DDO) and
tautomerization (TAU).

As shown in Figure 31, the DFT calculated energy barriers for the direct
deoxygenation (DDO) of m-cresol correlate very well with the oxophilicity of the metal
catalysts. That is, the metal-O bond strength (oxophilicity) increases in the order Pt < Pd
< Rh < Ru < Fe. When plotted in the same graph, the calculated energy barriers for the
DDO of m-cresol decease linearly from Pt to Fe. As a result, while over Pt, the TAU
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pathway is more favorable than the DDO pathway, the opposite is true on more oxophilic

metals such as Rh, Ru or Fe.
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Figure 31. Correlation between activation energy for direct deoxygenation (DDO) of m-cresol and the
adsorption energy of O* over different metals. Modified with permission from 101

2. HDO of Anisole on Different Types of Metal

Anisole is an interesting model compound for HDO reactions since the methoxy
functionality has two possible types of C-O bond cleavage, that is, Caryl-O or Calkyl-O.
In recent work, we have comparatively studied the HDO reaction of anisole over Pt, Ru
and Fe catalysts. Interestingly, on all three metals, the Calkyl-O bond is cleaved first,
produce the same phenoxy intermediate, C6H50* (see Figure 32). However, the fate of
this intermediate varies from metal to metal, and the mechanisms responsible for the

different outcomes are directly related to the metal oxophilicity. Indeed, as shown in
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Figure 33, the ratio of phenol to benzene was plotted versus anisole conversion over Pt,
Ru and Fe. This ratio, particularly at low anisole conversion, reflects the fate of the
phenoxy intermediate C6H50* on different metals. The higher ratio means that the
catalyst favors hydrogenation of the phenoxy intermediate to phenol, while lower ratio
means the catalyst favors deoxygenation of the phenoxy intermediate to benzene. Over
Pt catalyst, this ratio is very high at low anisole conversion, which means that phenol is
the primary product. This ratio drops at increasing anisole conversion indicates that
benzene is a secondary product that is formed from HDO of phenol. This phenomenon is
in good agreement with the DFT calculations that on a low oxophilicity metal like Pt, the
barrier for Caryl-O cleavage is very high (270 kJ/mol), so DDO cannot occur. By
contrast, the hydrogenation of the phenoxy intermediate has a low energy barrier (17

kJ/mol) and it produces phenol as the primary product.

Pt Ru Fe
Hydrogenation -
O B
T 17 KI/mol T 134 KJ/mol 1147 KJ/mol
_'.‘A -
Surface
Phenoxy
| 270 ki/mol | 165 Ki/mol
c-0
Activation
Pt (-481) Ru (-650) Fe (-698)
M-0 \ Oxophilicity (ki/mol) >

Figure 32. Energy barriers for hydrogenation and C-O bond cleavage of surface phenoxy intermediate
C6H50* on Pt, Ru and Fe (Modified with permission from 62
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Figure 33. Ratio of phenol to benzene as a function of anisole conversion over different catalysts. Modified
with permission from 2

An opposite behavior is observed on a more oxophilic metal like Fe, over which the
phenoxy intermediate undergoes direct Caryl-O cleavage, producing benzene (energy
barrier for DDO is lower than that for hydrogenation). As seen in Figure 33, phenol to
benzene ratio is zero at all anisole conversion, which means that benzene is the only
primary product and no phenol is observed. This is also in good agreement with the DFT
calculations, giving support to the proposed reaction pathways. On a metal with
intermediate oxophilicity like Ru, this ratio is in between Pt and Fe, both benzene and
phenol are primary products. This is also in good agreement with DFT calculations that
the energy barriers for hydrogenation and C-O bond cleavage of the phenoxy intermediate

are in the same range
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3. Relationship between Metal Atoms Coordination and Oxophilicity

Oxophilicity, as measured by the M—O bond strength, is a direct function of the
position of the d-band center 11, As the d-band center is closer to the Fermi level, the
antibonding orbital of the hybridization between metal and oxygen is further away from
the Fermi level and has a low electron occupancy. Therefore, the M—O bond becomes
stronger and the metal is more oxophilic. The d-band center gets closer to the Fermi level
as one moves upward and to the left in the periodic table. To further illustrate this trend,
as shown in Figure 34, the adsorption energy of O* increases as the d-band center is
closer to the Fermi energy (0 eV). Theoretical and experimental studies have shown that
the d-band center also depends on the extent of metal atom coordination. That is, surface
defects such as steps, edges and kinks with smaller coordination are more free atom-like
and have sharper d-bands. Thus, to maintain the same occupancy of d-state electrons, the
d-band center shifts closer to the Fermi level. This shift does not occur to such a large
extent for terrace atoms with high coordination and broader d-bands *2-115, Therefore, we
can expect that the HDO activity of metal should be strongly influenced not only by the
metal type, but also by the atomic coordination. Lower coordination sites are more
dominant on small metal clusters, while the high coordination sites are more dominant on

large metal clusters.
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Figure 34. Correlation between adsorption energy of O*(kJ/mol) and d-band center (eV).

To further explore this concept, the hydrodeoxygenation of m-cresol was investigated
on two Rh catalysts with varying particle size to compare the resulting product
distributions and overall catalytic behavior. The metal Rh was chosen because it has an
intermediate oxophilicity (bulk d-band center = -1.7 eV, M—0 bond = -575 kJ/mol),
which is between those of Pt and Ru and may thus evidence the particle-size effects more
clearly. On the former, the M—O bond strength is too weak to catalyze DDO and on the
latter it may be too strong to show variations between low- and high-coordination sites.
Characterization of Rh/SiO2 Catalysts of Different Particle Sizes

Two Rh/SiO; catalysts were synthesized with varying metal loading (2.5 and 7 wt %)
and treated at different reduction temperatures to obtain different ranges of particle sizes

and surface defects. The two catalysts were characterized by HRTEM and DRIFTS
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analysis of adsorbed CO after in-situ reduction. As shown in Figure 35, TEM analysis of
the two catalysts clearly reflect the different ranges of metal cluster sizes and shapes. The
high-temperature treated 7 wt. % Rh/SiO. catalyst contains bigger and better-defined
metal particles compared with the low-temperature treated 2.5 wt.% Rh/SiO; catalyst. A

histogram indicating the different average particle sizes (4 vs. 2 nm) is included in the

Figure 36.
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Figure 35. HRTEM of 2.5 wt.% Rh/SiO2 (left) and 7 wt.% Rh/SiO2 (right) catalysts
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Figure 37. DRIFTS of CO adsorption over 2.5 wt.% Rh/SiO2 and 7 wt.% Rh/SiO2 catalysts.
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These observations were further corroborated by DRIFT analysis of adsorbed CO (see
Figure 37). This technique is particularly suited to characterize Rh catalysts of varying
coordination numbers and particle sizes. It is well known that CO can adsorb on Rh via
three different adsorption modes: linear (L), gem (G) and bridge (B). In the linear mode
(2050-2070 cmt), a single CO molecule adsorbs on a top single metal site. Generally,
the frequency of this band shifts to lower values as the surface coverage increases. In the
gem mode, two CO molecules adsorb on a single metal site, generating a doublet of
vibrational modes, corresponding to the concerted symmetric and asymmetric (2030 and
2100 cm?) vibrational modes. When CO molecules adsorb on small metal particles, the
repulsion forces among adsorbed CO molecules can be strong enough to disrupt the metal
cluster 11, This phenomenon could happen when the metal-support interaction is weak,
which is our case since SiO2 was used as an inert support. The resulting single metal atom
can accomodate two CO molecules, giving rise to the gem vibrational modes (G). This
doublet is a fingerprint for the presence of small, defective Rh clusters in a high state of
dispersion over the support ¥ Finally, the bridge mode corresponds to one CO
molecule adsorbed on an ensemble of metal sites (1800-1900 cm™) 129, While the gem
and linear mode are usually rather sharp bands, the bridge mode is significantly broader,
since CO can adsorb on metal site multiple of varying number (2, 3 or 4), which results
in a broad band including a range of frequencies.

Significant differences in the IR spectra are clearly evident in Figure 37. The low-
temperature treated 2.5 wt.% Rh/SiO- catalyst, with the smaller metal particles, exhibits

features that are consistent with a high density of low-coordination surface sites. In

79



addition to the linear CO band (L), this catalyst (TEM ~ 2 nm) shows intense gem (G)
dicarbonyl bands and a much smaller bridge (B) band than the 7 wt.% Rh catalyst (TEM
~ 4 nm), which shows a dominant bridge (B) band, and complete absence of the gem
dicarbonyl bands (G). Also, the shift to lower frequencies observed on the linear (L) band
for this catalyst is consistent with a higher extent of adsorbate-adsorbate interaction, also
typical of flat planes and generally associate to dipole-dipole interactions 2L,

That is, the TEM results and DRIFT profiles unequivocally demonstrate that the 7
wt.% Rh/SiO- contains a higher density of flat plane terraces than the 2.5 wt.% Rh/SiO;
catalyst, which in turn contains a higher proportion of small metal clusters with more
steps and edges. The 2.5 wt.% Rh/SiO. with more steps and edges will have the d-band
center closer to the Fermi level, which makes it more oxophilic, while the 7 wt.% Rh/SiO»
would be less oxophilic 122,
m-Cresol Conversion on Rh of Different Particle Size

1. Testing catalytic activity

To precisely monitor the change in activity of the two different surfaces (i.e. 2.5 and
7 wt % Rh), starting from the pristine surface to one partially covered by poisons such as
carbonaceous fragments or oxygen species, catalytic measurements were conduct in a
micro-pulse reactor. In this device, the catalyst after in-situ reduction was kept at the
reaction temperature (285°C in this study) under pure Hz stream all the time, while a small
and controlled amount of feed was periodically injected into the catalyst bed. This micro-
pulse reactor system allows us to precisely monitor the effects of the initial stages of

catalyst deactivation and approach to steady state conditions starting with the pristine
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catalyst. ~ This reactor is particularly valuable for observing activity/structure
relationships, minimizing the secondary effects that carbonaceous deposits may have on
the activity and selectivity of the catalyst, which is not possible in a conventional steady-
state continuous flow reactor. Moreover, the study of the behavior of pristine catalysts
can be more directly related to DFT calculations, which typically simulate the interaction
of the reactants with a pristine metal surface.

In this case, the two catalysts (2.5 wt.% and 7 wt.% Rh/SiO2) were tested for their
catalytic activity for the HDO of m-cresol, keeping the overall m-cresol conversion at
~30% and constant m-cresol partial pressure in the feed. The turnover number of each
product was normalized by the number of exposed Rh metal atoms, calculated based on
particle size from TEM with the assumption of hemispherical particle shape. Figure 38
shows the variation of normalized turnover number (TON) for each product as a function
of the pulse number. It is observed that the TON to HDO (toluene) and hydrogenation
(OL and ONE) products is higher on the 2.5 wt.% Rh than on the 7 wt.% Rh, which means
that the small particle size is more active for HDO and hydrogenation of m-cresol. On the
other hand, the TON to cracking products C2-C6 is similar for both cases. It should be
noticed that the cracking products (lighter than C6) were not observed over Pt catalyst at
the same reaction conditions. By contrasts, over more oxophilic metals such as Rh and

Ru significant amount of cracking products were observed.
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Figure 38. The turnover frequency (TOF) from m-cresol to different products including toluene(TOL), 3-
methylcyclohexanone (ONE), 3-methylcyclohexanol (OL) and cracking products (C2-C6) at increasing

number of pulses of 2.5 wt% and 7.5 wt.% Rh/SiO: at

285°C.

Interestingly, in the case of 2.5 wt.% Rh/SiO- catalyst, the rate of formation of toluene

in the first pulse was higher than that of 3-methylcyclohexanone (ONE) (0.054 vs 0.049),

but toluene quickly dropped while ONE increased. As a result, at the 20" pulse, the TON

of toluene became smaller than that of ONE (0.043 vs. 0.054). This trend may indicate

that very active HDO sites are initially present on the small Rh particles, readily

converting m-cresol to toluene, but they are quickly deactivated, allowing hydrogenation

to ONE and OL become dominant.

By contrast, in the case of the 7 wt.% Rh/SiO- catalyst, TON of toluene is lower than

that on 2.5 wt.% Rh catalyst (0.032 vs. 0.054) even during the first pulse, but, does toluene

not drop much in the subsequent pulses; that is, toluene only dropped from 0.032 in the
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1% pulse to 0.028 in the 20™ pulse. This behavior indicates that the high-coordination
terraces sites (typical of large particles) in 7% Rh catalyst are less active for HDO but
they retain their activity more effectively.

The common trend observed on both large and small Rh particles is that as the catalyst
deactivates, the yield to HDO product decreases while that for the hydrogenation products
increases. Micro-pulse reactor is proven in this study to be a very useful tool to monitor
the deactivation and has helped us to follow changes in activity and selectivity as some
of the most active sites become deactivated.

2. DFT Calculations of m-Cresol on Different Rh Surfaces

To model the behavior of a flat terrace and a defective surface, DFT calculations were
conducted over a Rh(111) terrace site and a Rh(533) step site, respectively. These
calculations have allowed to understand how the different sites influence the HDO of m-
cresol and how they deactivate. First, the binding energy of atomic oxygen was calculated
over the two surfaces. As shown in Table 14, the strength of the O bonding was
significantly higher on the stepped Rh(533) surface (-610 kJ/mol) than on the Rh(111)
flat surface (-575 kJ/mol), which substantiates the initial expectation that the step site is

more oxophilic than the terrace site.
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Table 14. Summary of the adsorption energies of atomic oxygen and carbon, and the energy barriers and
reaction energies for the hydrogenation of OH* and carbon species CHx* on Rh(111) and Rh(533) in
kJ/mol.

Rh(111) Rh(533)

Eads Eads
o* -575 -610
c* -699 -766

Eact Erxn Eact Erxn
OH* + H* -> H,0O* 68 -16 127 42
C* + H*-> CH* 67 -30 90 11
CH* + H* -> CHy* 62 58 113 42
CHx* + H* -> CH3s* 43 9 50 22
CHs* + H* -> CH4 53 -8 57 6

The removal of hydroxy —OH of m-cresol over Rh catalyst was proven to happen via
direct deoxygenation (DDO), which is similar to the reaction observed on Ru, rather than
the tautomerization (TAU) pathway predicted for Pt. That is, the energy barrier for DDO
over Rh(111) is 164 kJ/mol, while the energy barrier for TAU is exceedingly high of 289
kJ/mol, the same trend that we calculated for Ru(0001) %,

Therefore, the DDO reaction was modeled over the two surfaces Rh(111) and
Rh(533). The structures of reactant, transition state and product are compared in Figure
39. It can be seen that, over the two metal surfaces, the C—O bond elongates from around
1.4 A in the reactant to the transition state (2.09 A for the Rh(111) and 2.15 A for the
Rh(533)). While the structure of the transition states is similar on the two surfaces the

energetics is very different. For the Rh(111) terrace site, the energy barrier and reaction
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energy for the C—O scission of m-cresol were calculated to be 164 and 90 kJ/mol,
respectively. These values are significantly higher than the corresponding values for
Rh(533) step site, which were calculated as 122 and 10 kJ/mol respectively. The less
endothermic C—O cleavage reaction over the more oxophilic Rh(533) surface is
consistent with the trends of the energy barrier vs. oxophilicity of different metals that

we reported earlier 1%, This result is in good agreement with the experimental results that

clearly show that the catalyst with the smaller Rh particles is more active.

P -
’ ".'-;’»
Rh(533) «

Eacr = 122 kI/mol Ecyy = 10 kI/mol

Figure 39. DFT calculated reactant, transition state and product structures for the deoxygenation of m-cresol
on Rh(111) and Rh(533)

85



EACT = 68 kJ/mOI ERXN = -16 kJ/mOI

Figure 40. DFT calculated reactant, transition state and product structures for the hydrogenation of OH* on
Rh(111) and Rh(533).

To rationalize the observed deactivation behavior displayed by the two different
catalysts as a function of the number of subsequent pulses, we conducted additional DFT
calculations. We speculate that upon deoxygenation of m-cresol, the surface OH* formed
as a fragment of the DDO reaction needs to be removed via hydrogenation and formation
of water. The energy requirement for this “site cleaning” will be a measure of the
propensity of a given site to catalyst deactivation. As shown in Figure 40, the energy
barrier for the hydrogenation of OH* to form water on the Rh(533) step site is calculated
to be 127 kJ/mol, which is much higher than the energy barrier required over the Rh(111)
terrace site (68 kJ/mol). Consistently, the reaction energy for the “site cleaning” is more
endothermic for the step site (42 kJ/mol) than for the terrace site (-16 kJ/mol). It is then
clear that the oxophilicity of the surface site influences the m-cresol deoxygenation and
OH* hydrogenation reactions in the opposite direction. The more oxophilic is the site and

the stronger it binds to oxygen, the more active it is for the DDO reaction. However, the
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hydrogenation reaction requires the weakening of the metal-oxygen bond to reconstitute
the clean active site. Obviously, this step is disfavored on the more oxophilic site. That
is, the more difficult removal of the OH* from the Rh(533) step site reflects a higher
tendency for site blockage.

Additionally, since C—C cracking occurs to a significant extent during the HDO of
m-cresol over the Rh catalysts, carbon species could also be formed on the metal surfaces,
participating in site blocking and consequent deactivation. Therefore, we have also
calculated the hydrogenation of different carbon species CHx (x = 1~3) on the two Rh
surfaces. The calculated energetics are summarized in Table 14. We can see that similar
to case of OH*, the hydrogenation of carbon species CHy is more difficult on the Rh(533)
step site with higher energy barrier and more endothermic reaction energies than on the
Rh(111) terrace site. This is expected, and in correspondence with the stronger metal-
carbon bonding at the Rh(533) site (-766 kJ/mol) compared to the Rh(111) (-699 kJ/mol).

Based on this analysis, it can be concluded that the step and other low-coordination
sites, which are more dominant on small metal particles, are initially more active for the
direct deoxygenation reaction of m-cresol due to its higher oxophilicity. However, the
stronger binding of oxygen and carbon species at these step sites also inhibits their
subsequent removal to keep the low-coordination site available, which leads to
deactivation. This conclusion is supported by experimental observations, which
demonstrates that the 2.5%Rh/SiO; catalyst with smaller metal particles is more active
and selective in the HDO of m-cresol. However, it deactivates faster than the 7%Rh/SiO>

catalyst.
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Conclusion

Metal particle size strongly affects HDO activity of rhodium catalysts. Small Rh
particles with low coordination sites are more active than large particles with high
coordination sites for HDO of m-cresol to toluene, but also get more easily deactivated.
The experimental results are confirmed by DFT calculations, which show that the energy
barrier for direct C—O bond cleavage is lower on Rh(533) step sites than on Rh(111)
terraces. Furthermore, the energy barrier required to remove the adsorbed O* or C* is
higher on Rh(533), therefore it is harder to clean the step sites and the deactivation is
more pronounced.

Aligned with previous study, the metal oxophicility is proven to be good descriptor
for the corresponding metal HDO activity. We can control the metal oxophilicity by
tailoring d-band center by either changing the type of metal or the coordination of the
metal atoms. This is important in the design and selection of metal catalysts for HDO of
phenolic compounds.

Materials and Methods
Catalysts preparation

Two Rh/SiO; samples with different metal particle sizes were prepared by incipient
wetness impregnation of SiO» (Hi-sil 290), used as the support, with an aqueous solution
of Rhodium(111) nitrate, purchased from Sigma-Aldrich (10 wt. % Rh in >5 wt. % HNO3).
The metal loading and treatment conditions were manipulated to control the particle sizes

of these catalysts. After impregnation, the low-loading catalyst (2.5 wt.% Rh/SiO) was
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heated under H> at 200°C for 2 h, while the high-loading catalyst (7 wt.% Rh/SiO2) was

heated under N> at 550°C for 2 h, and then for additional 12 h at 550°C under Ha.

Catalysts characterization

Samples were characterized by transmission electron microscopy (TEM) and
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). TEM images
were obtained on a JEOL 2000 field emission system operated at 200 kV. For this
analysis, the pre-reduced catalysts were dispersed in ethanol and sonicated with a horn
sonicator (Cole-Parmer), operating at 25% amplitude for 10 min before deposition onto
holey carbon coated copper grids. DRIFTS of adsorbed CO was performed on a Perkin-
Elmer Spectrum 100 FTIR spectrometer, equipped with a MCT detector. Experiments
were conducted in a diffuse reflectance cell from Harrick Scientific, type HVC-DR2 with
CaF> windows that allowed us to perform in situ thermal pretreatments. For each IR
spectrum, taken at a resolution of 4 cm™, 256 scans were added. Prior to each spectrum,
the catalyst was reduced in situ in a flow of H> for 1 h at 300°C, cooled under He flow,
and purged in He at room temperature for 30 min. The background was recorded at this
time. Then, the catalyst was exposed to a flow of 5% CO in He for 30 min at room
temperature and purged in He for 30 min, prior to obtaining the scans, to remove the

contributions from gas phase and weakly adsorbed CO.

Catalytic Measurements
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In a typical experiment, a small amount of catalyst (~5-10 mg) was packed in the
middle of a 20-cm glass tube reactor and re-reduced in-situ under continuous flow of H»
at 400°C for 1 h. Subsequently, the temperature was lowered to the reaction temperature
(285°C), keeping the catalyst bed under H> flow during the entire time of the experiment.
When the temperature was stabilized, a 50 uL pulse was injected into the H. carrier gas
from a sample loop filled with controlled partial pressure of m-cresol vapor diluted in N2
by a separate line. The carrier gas drives the feed from the sample loop over the catalyst

bed, introducing a known amount of m-cresol (1.3 umole) in each pulse.

DFT calculations
We have compared the experimental results with DFT calculations performed with
methods implemented in the Vienna ab initio Simulation Package (VASP) 2, using the
PBE functional for the exchange correlation energy within the generalized gradient
approximation (GGA) 3. The DFT-D3 method was used to account for van der Waals
(vdW) interactions 2. The projector augmented wave method (PAW) was used to
describe the electron-ion interactions °*. The cutoff energy of 400 eV was applied for the
plane-wave basis set to represent valence electrons.
The 4x4 Rh(111) surface and the Rh(533) surface with four metal layers and 15
A of vacuum separating the slabs in the z-direction were used to model the Rh terrace and
step sites. The top two metal layers were allowed to relax during the calculations, and the
bottom two layers were held fixed to their initial bulk position. The electronic energies

were converged within 10® eV. The geometric structures for all of reactants,
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intermediates and products were optimized until the forces on each atom were below 0.01
eV/ A. A 3x3x1 k-point mesh was used to sample the first Brillouin zone %5, Transition
state searches were performed using the dimer method ?° with the initial guesses for the
transition state structure and the reaction trajectory obtained through the nudged elastic

band (NEB) method %',
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