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Research development of processes for refining bio-oils is be-
coming increasingly popular. One issue that these processes
possess is their high requirement for H, gas. In response, re-
searchers must develop catalysts that perform deoxygenation
while minimizing H, consumption—selective deoxygenation.
Unlike traditional deoxygenation processes, selective deoxyge-
nation reactions and catalysts represent an information gap
that, prior to this publication, has yet to be reviewed. This
review addresses the gap by providing both a summary of
recent research developments and insight into future develop-
ments of new catalytic materials. Bifunctional catalysts contain-

1. Introduction

Within recent years, there has been increasing interest in the
development of biofuels. The reason for such has been argued
to be due to the threat of global climate change and a short-
age of oil reserves. It is in the best interest of the current so-
ciety that engineers and scientists endeavor to develop new,
sustainable energy resources whilst reducing greenhouse-gas
emissions. Within the transportation industry, biofuels are the
only carbon-neutral alternatives, and they are becoming in-
creasingly important, as they possess the potential to be incor-
porated into the existing infrastructure.”’

Some biofuels have already begun to merge into the trans-
portation industry, including bioethanol and biodiesel com-
posed of fatty acid methyl esters (FAMEs). There are, however,
concerns about these first-generation biofuels. First, they
cannot totally replace fossil fuels—gasoline and diesel—owing
to differences in properties such as reduced energy densities
and viscosities at low temperatures."™® Second, especially for
first-generation bioethanol, biofuels should ideally not be pro-
duced from food. Second-generation biofuels aim to resolve
the issues of first-generation fuels by producing fully compati-
ble fuels from sources that cannot be used for food such as
nonedible vegetable oils, lignocellulosic material, and wastes.

Second-generation bio-fuels include fuels derived from non-
edible vegetable oils or bio-oil derived from lignocellulosic ma-
terial. This review concerns second-generation bio-fuels pro-
duced by thermal processes such as pyrolysis and liquefaction.
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ing a combination of oxophilicity and an active metal phase
appear to be the most beneficial for selective deoxygenation
processes in a H,-modest environment. It is important that cat-
alysts have a supply of disassociated hydrogen, because with-
out such, activity and stability will suffer. The authors recom-
mend to maximize the use of internally available hydrogen in
bio-fuel, which may be the only viable approach for deoxyge-
nation if external H, gas is limited. This would be possible
through the development of catalysts that promote both the
water—gas-shift and deoxygenation reactions.

Compared to typical hydrocarbon fuels, both vegetable oil and
bio-oil are poor selections as direct fuels owing to their high
oxygen content, which leads to high viscosity, low volatility,
corrosiveness, poor solubility in other hydrocarbons, and low
energy content.?™¥ These oils tend to be hydrophilic, which
can lead to high water contents and/or polymerization. Bio-oil,
in particular, typically has an oxygen content within the 10-
40 wt% range or even as high as 50 wt% and a water content
of 15 to 30%."' One solution to these oxygen-related problems
is to perform deoxygenation with a heterogeneous catalyst
similar to how petroleum oil undergoes desulfurization and de-
nitrification by a hydrotreatment process. The main objective
is to effectively remove oxygen in the form of CO,, CO, or H,0.

Therein lies an issue—the use of H,, which is typically
a major requirement for the deoxygenation of vegetable oils
and bio-oils."“**% However, there is a desire to reduce H, con-
sumption and use systems that are either H,-modest (low H,
pressures/flow rates) or use an inert atmosphere (no H,).'"™<%
The reason for this is because of the costs associated with the
use of H, and the fact that the majority of the world’s H, pro-
duction comes from fossil-fuel reforming. Ideally, biofuels,
which are supposed to be considered sustainable and renewa-
ble, should not be heavily dependent on nonrenewable sour-
ces.

Various reviews have been published in recent years with
regard to the deoxygenation of biomass-derived bio-oils with
focus on deoxygenation reaction pathways and hydrodeoxyge-
nation processes in the presence of high-pressure H,, and
therefore, they are out of the scope of this review. Gosselink
et al."™® review the deoxygenation of vegetable oils, fatty acid
esters, and free fatty acids with a major focus on reaction path-
ways, especially in the presence of H,. Santillan-Jimenez and
Crocker' focus primarily on reaction pathways for the deoxy-
genation of fatty acids under inert atmospheres. De et al.'”
provide an overview of recent work in the hydrodeoxygena-
tion of bio-oil compounds derived from thermal processes. In
their review of the general catalytic upgrading of bio-oil, Mor-
tensen et al.*™ briefly cover hydrodeoxygenation processes of
bio-oil. Reviews on the individual constituents that comprise
bio-oil are also available, including one by Nakagawa et al.,”
who cover the upgrading of holocellulose-derived furanic com-
pounds with a focus on general reaction pathways, and one
by Bu et al., who cover lignin-derived phenolic compounds.
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Despite the plethora of research that has been done within
the past decade, there appears to be a lack of acknowledge-
ment towards the development of catalysts for selectively de-
oxygenating bio-oils in H,-modest environments. Therefore,
the purpose of this review is to summarize work that has been
done in the development of the deoxygenation of vegetable
oils and major bio-oil compounds (phenolic and furanic com-
pounds) within H,-modest environments.

Herein, H,-modest environments are defined as having a se-
verely reduced external supply of H, gas with pressures near
atmospheric pressures, well below the typical minimum pres-
sures required for hydrodeoxygenation processes. Emphasis
and insight are provided for the development of catalysts that
promote major reaction pathways that require low amounts of
H,. It has been shown that traditional catalysts such as sulfide
catalysts provide unfavorable results within these H,-modest
systems. On the other hand, bimetallic catalysts containing an
oxophilic metal and an active metal are shown to promote se-
lective deoxygenation reactions that would prove beneficial in
H,-modest systems. Finally, future research on catalytic deoxy-
genation by making use of internal hydrogen resources is also
recommended.

Through thermodynamic calculations for deoxygenation re-
actions, several authors have demonstrated that equilibrium
does not constrain these reactions, and thus, the reaction ki-
netics are deemed the constraining factor for product selectivi-
ty."“***1 The foremost decision in promoting selectivity is cata-
lyst selection followed by optimization of the reaction condi-
tions. Therefore, the study herein focuses primarily on the se-
lection of an appropriate catalyst with recognition towards the
impact of reaction conditions.
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2. Vegetable Oils/Triglycerides/Fatty Acids

The general deoxygenation of fatty acids and triglycerides
from both edible and nonedible vegetable oils is widely dis-
cussed in the literature.'>®'% Reaction conditions that have
typically been applied are temperatures of 230 to 375°C and
H, pressures of 10 to 110 bar (1 bar=0.1 MPa); however, some
researchers have begun to study the application of atmospher-
ic or even inert atmospheres. Researchers have evaluated the
processes by looking at various compounds and model oils
such as the vegetable oils themselves, methyl and ethyl esters,
and fatty acids. Vegetable oils are composed mostly of trigly-
cerides and some free fatty acids. Triglycerides contain three
fatty acids bound to a single propane unit through ester
bonds (see Figure 1). Notably, all fatty acids have even-num-
bered carbon chains. Upon performing catalytic deoxygenation
of vegetable oils, the main objective is typically to produce
paraffins or olefins that may later undergo further processing
into useful fuels.

)’k/R
HO

Wi Fatty acid

b Triglyceride ¢}

Figure 1. Structures of triglycerides and fatty acids.

2.1. Reaction mechanisms
2.1.1. Breakdown of triglycerides

Compared to deoxygenation reaction pathways for fatty acids,
the reaction mechanisms by which the initial breakdown of tri-
glycerides may occur have received far less attention and re-
quire additional research before they can be completely under-
stood. Nonetheless, with vegetable oils as a feedstock, it is im-
portant to note how these reactions are dependent on reac-
tion conditions, especially H, pressure.

It is often reported that during catalytic deoxygenation pro-
cesses, the breakdown of triglycerides leads to the production
of fatty acids and propane. Within the reaction conditions
stated earlier for vegetable oils, the mechanism that is widely
reported/accepted for the initial breakdown of triglycerides is
termed [-elimination.’™®<"*™ The B-elimination mechanism
starts off with the removal of one fatty acid unit, which leaves
a glycol difatty ester unit (see Scheme 1).'“"™ To remove the
other fatty acids, the carbon double bond must be hydrogena-
ted."™ Therefore, under an inert atmosphere, triglycerides
may produce fatty acid intermediates; however, conversion
through B-elimination is limited to how much hydrogen is
available on the catalyst surface or possibly produced by side
reactions (e.g., dehydrogenation of fatty acid chains). Although
many authors have accepted 3-elimination as the primary reac-
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Scheme 1. Initial break down of triglycerides.

tion mechanism for the breakdown of triglycerides, there is
still a need for additional evidence to prove its operation.
Researchers have proposed other reaction mechanisms that
may lead to the cleavage of triglycerides, including direct de-
oxygenation, vy-hydrogen transfer, and hydrolysis.!'>& 0™
Scheme 1 depicts all four major reaction mechanisms that
have been proposed for the breakdown of triglycerides.
Reports regarding y-hydrogen transfer and direct deoxygena-
tion reaction mechanisms under typical deoxygenation reac-
tion conditions are very limited. Direct deoxygenation, charac-
terized by a reaction in which the intermediates that are pro-
duced from the breakdown of the triglyceride remain ad-
sorbed to the catalyst surface without a fatty acid intermedi-
ate, has yet to receive any quantifiable evidence as a major
pathway."" To produce hydrocarbons at low H, consumption,
the y-hydrogen transfer mechanism does look promising; how-
ever, it is expected to be a more prevalent reaction mechanism
for hydrocracking processes rather than for deoxygenation.
This mechanism produces C,_, hydrocarbons from the original
fatty acid carbon chains at temperatures of approximately
450°C as opposed to the typical deoxygenation reaction tem-
perature range of 230 to 375°C.""" At such a temperature,
cracking of the hydrocarbon chains should be anticipated."”
The hydrolysis reaction route successfully produces fatty
acids and produces 1 mol of glycerol rather than propane.’®'”
It has been reported as a potential reaction step in the deoxy-
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genation reaction process. For example, Senol et al."®! suggest
that during the deoxygenation of methyl hexanoate within
a temperature range of 250 to 300°C at 1.5 MPa, the methyl
ester may undergo de-esterification through a hydrolysis reac-
tion over sulfided catalysts supported on y-Al,O0;. Gosselink
et al."™® suggest that this may also be applicable to triglycer-
ides. Hollak et al.™ further demonstrated the hydrothermal
deoxygenation of triglycerides first by the hydrolysis of trigly-
cerides followed by the deoxygenation of the resulting fatty
acids at 250°C without H, over a Pd/C catalyst. Unfortunately,
high yields of deoxygenated hydrocarbons could not be at-
tained.

For typical deoxygenation processes, (3-elimination still re-
mains the most predominant reaction mechanism that has
been reported for the breakdown of triglycerides during cata-
lytic deoxygenation."®'® The reliance on B-elimination is an
issue in terms of catalytic deoxygenation without a source of
hydrogen molecules, as hydrogen is required at least to some
extent to remove all three fatty acids successfully. It is definite-
ly possible to remove oxygen from fatty acids without H, pres-
ent, as will be discussed below. As a result, it has been claimed
that, in a H,-modest system, the rate-determining step for the
deoxygenation of vegetable oils is the [-elimination reac-
tions."®" Therefore, to develop viable processes for deoxyge-
nating vegetable oils under low-H, atmospheres or even under
inert atmospheres, the challenge is either to promote one of

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the other reaction mechanisms,
change the source of hydrogen.

such as hydrolysis, or to

2.1.2. Deoxygenation of fatty acids

Oxygen can be removed from fatty acids to produce alkanes/
alkenes by three main reaction pathways: hydrodeoxygenation
(HDO), decarbonylation (DCO), and decarboxylation (DCO,).
These reaction pathways are represented in Scheme 2. The
HDO pathway, which consumes the highest amount of H,, is
an overall exothermic reaction process that removes oxygen as
water through a series of hydrogenation and hydrogenolysis
reactions. DCO removes oxygen as both water and CO to pro-
duce alkanes/alkenes with one less carbon atom than the pre-
cursor fatty acid with the consumption of 0-1 mol H, per mol
of fatty acid, depending on the reaction mechanism, which will
be discussed below in greater detail. DCO, releases oxygen as
CO, and produces alkanes with one less carbon unit. DCO, ef-
fectively consumes no H, and has actually been shown to be
inhibited by H, pressures that are too high."®% Unlike the
HDO reaction pathway, the DCO, reaction pathways are overall
endothermic reactions and generally favor increasing reaction
temperatures, whereas HDO reactions may experience a decline
in selectivity.” '

2.1.2.1. Primary deoxygenation reactions

As seen in Scheme 2, fatty acids have three initial reaction
pathways that can lead to the removal of oxygen. One path-
way is the removal of the hydroxy group as H,O through a hy-
drogenolysis reaction mechanism involving dehydration and
hydrogenation reactions. The removal of the hydroxy group by
the first pathway is reported to lead to an adsorbed aldehyde

CHEM!
& Reviews

'SCHEM

intermediate."* However, the organic species may stay

bound to the catalyst and directly undergo subsequent reac-
tions rather than being desorbed as an aldehyde compound.
This can potentially result in the “direct DCO” reaction pathway
if the adsorbed intermediate undergoes C—C scission. The third
possible reaction pathway for initial deoxygenation is DCO.,.

The actual mechanisms for DCO, and direct DCO are not
completely understood, and additional research is required to
verify the mechanisms that have been proposed. Currently,
there are three major reaction mechanisms to consider. The
first mechanism involves first dehydrogenation of the fatty
acid to lead to a strongly bound organic compound that, after
C—C scission, would have to undergo hydrogenation for it to
be desorbed.'® This mechanism has been explored in great
detail by Lu et al.,"* who have researched the DCO, reaction
mechanisms of carboxylic acids (propionic acid) on a Pd(111)
model surface at various H, partial pressures: 0.01, 1, and
30 bar.

At all pressures, the DCO, reaction pathway begins with the
partial dehydrogenation of the a-carbon atom followed by de-
hydrogenation of the hydroxy group, and then total dehydro-
genation of the a-carbon atom, which leads to a strongly ad-
sorbed organic compound. Scission of the C—C bond releases
CO,. Before the product may be released, it must undergo hy-
drogenation and hydrogen transfer to produce either an
alkene or an alkane." The direct DCO reaction mechanism
begins with the partial dehydrogenation of the a-carbon atom.
In a very low H, environment (0.01 bar), this step is followed
by dehydrogenation of the p-carbon atom and then removal
of the —OH group. At higher H, partial pressures, the previous
two steps proceed in the reverse order. Prior to C—C scission,
which releases CO, the B-carbon atom is once again dehydro-
genated. A final alkene or alkane product is released upon hy-

HDO Reaction Pathways

|
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Scheme 2. Deoxygenation pathways of fatty acids.
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drogenation of the carbon pool."® Overall, the direct DCO
route is more kinetically favorable; however, both reaction
pathways suffer upon increasing the H, pressure. It is also im-
portant to note that the rehydrogenation of the carbon pool is
one of the rate-limiting steps in the mechanism. This suggests
that it is important that the catalyst maintains surface hydro-
gen in the proximity of the adsorbed carbon pool; otherwise,
these reaction mechanisms pose a risk of catalyst coking.

The other possible mechanisms for direct DCO, include the
production of formic acid as an intermediate and ketoniza-
tion."*™ |t has also been proposed that DCO, occurs
through the formation of formic acid, which readily decompos-
es into CO, and H,."""! The H, that is produced would then
be consumed for hydrogenation of the resulting C=C bond.
Alternatively though, formic acid may decompose into CO and
H,O, which would be favored in H,-containing environ-
ments."™ Although there is a lack of quantifiable evidence to
support this mechanism as a result of the rapid decomposition
of formic acid, this mechanism cannot be ruled out and should
receive consideration."” Another reaction mechanism that has
been postulated for the removal of oxygen from fatty acids is
ketonization with subsequent deoxygenation."®"™ This reac-
tion mechanism, however, has not been widely discussed and
is not as widely accepted as the C—C scission and formic acid
mechanisms.

2.1.2.2. Secondary deoxygenation reactions

If hydrogenolysis occurs as the primary deoxygenation reac-
tion, which produces an aldehyde intermediate, then secon-
dary deoxygenation reactions are required to remove the re-
maining oxygen atom. The aldehyde intermediate may under-
go indirect DCO or subsequent HDO reactions (see Scheme 2).

For indirect DCO, two mechanisms have been proposed,
both of which start with an adsorbed alkanoyl structure. One
such reaction mechanism resembles the direct DCO mecha-
nism described by Lu etal.,"® in which the aldehyde forms
a ketene intermediate on the catalyst surface."™ Ruinart de Bri-
mont et al."™ suggest that this mechanism is favorable if the
alkanoyl species is in close proximity to another organic spe-
cies that requires hydrogen for its reaction, such as the hydro-
genolysis of an adjacent fatty acid. The presence of a ketene
structure on the catalyst surface has been confirmed by Peng
et al.;'” however, they propose that it is part of a ketonization
reaction pathway that leads to DCO,. This mechanism could
produce an alkene at an overall consumption of no H, from
fatty acid to alkene.

The second reaction mechanism that has been proposed for
indirect DCO involves a hydrogenolysis reaction."*¥ This reac-
tion route uses surface hydrogen to break the C—CO bond to
produce an alkane and CO."%" Starting from a fatty acid to the
production of the alkane unit, this reaction pathway consumes
1 mol of H,. Given that the alkene and alkane produced from
either indirect DCO reaction pathway may be produced from
each other through hydrogenation/dehydrogenation and the
fact that hydrogen is involved in both reaction pathways, it is
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difficult to distinguish between the two without performing an
in-depth mechanism study on a per catalyst basis.

Alternatively, the adsorbed aldehyde species may not under-
go DCO and may instead follow the HDO route, through
which it is hydrogenated to an alcohol; this alcohol may then
undergo dehydration/hydrogenolysis. This route is undesired,
as it would require an additional 2 mol of H, to produce an
alkane or an additional 1 mol if dehydration of the alcohol is
favored to produce an alkene. It has been proposed that the
aldehyde and alcohol products are in hydrogenation/dehydro-
genation equilibrium owing to keto—enol tautomerism.""
Removal of the hydroxy group is considered the final step of
the HDO reaction pathway and is thought to be rate determi-
ning.!"”! In a H,-modest system, this reaction is not expected
to significantly occur owing to the fact that 3 mol of H, are re-
quired to produce an alkane from a fatty acid. In this regard,
the indirect DCO reaction route is more desirable, as it requires
less H,, and as H,0 and CO are both produced from this path-
way, there is the possibility to reproduce any H, that is con-
sumed (see Section 5.3.).

2.1.2.3. Side reactions and pathway selection

Throughout the reaction pathways that have been mentioned,
other reactions, such as hydrogenation or the reverse reaction,
dehydrogenation, are possible, depending on the reaction con-
ditions such as H, pressure and temperature. If little-to-no H, is
available, it is expected that dehydrogenation reactions will
occur. Excessive dehydrogenation can lead to the formation of
aromatic structures.” Other side reactions that must be consid-
ered are cracking reactions, which can produce shorter hydro-
carbon chains (such as C,~C,,) from long paraffinic products
such as hexadecane or even fatty acids at elevated tempera-
tures >300°C[2100cx 13

The DCO, and DCO reaction routes are claimed to be the
more appealing reaction routes, as they require fewer activat-
ed hydrogen sites and thus less H,."? As DCO, reactions are re-
lated to cracking reactions, they have been shown to be the
most prevalent at elevated temperatures (typically >300°C)
owing to their endothermicity.®®10401>16]

2.2. Catalyst selection

Although many studies have been performed for the general
deoxygenation of vegetable oils and fatty acids, these studies
appear to be mostly limited to the application of certain cata-
lysts. These include conventional sulfide catalysts that are used
for desulfurization/denitrification in the petroleum industry,
that is, supported CoMoS and NiMoS catalysts, and monome-
tallic metal catalysts, specifically Ni, Pt, and Pd. Compared to
studies performed with phenolic and furanic compounds, the
development of bimetallic catalysts has received very little at-
tention for deoxygenating vegetable oils. The potential for
using bimetallic catalysts with vegetable oils is discussed in
Section 5.2.

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2.1. Active material
2.2.1.1. Sulfide catalysts

In general, sulfided NiMo and CoMo catalysts are regarded as
not being active within a H,-free environment."™ Although the
selectivity of sulfide catalysts may be promoted toward DCO,
reactions by a second metal such as Ni or simply by elevating
the temperature (>350°C), these catalysts are overall reported
as being most active towards the HDO reaction route and rely
heavily on H,."*P ' Reports state, however, that decreasing
the H, pressure over a sulfide catalyst increases the selectivity
towards DCO, reactions often at the cost of the overall yield of
the desirable products.'®°P'>'7 However, the conversion of
fatty acids decreases if this occurs.'”™ Therefore, it can be the-
orized that the selectivity toward DCO, reactions increases, be-
cause the reaction rate of the HDO route drops, which allows
the DCO, reactions to be more competitive.

Sulfide catalysts are inappropriate for a H-modest system to
perform the deoxygenation of fatty acids. There are two rea-
sons for this: the lack of activity towards DCO, and deactiva-
tion issues. During the hydrotreatment of vegetable oils/fatty
acids, sulfide catalysts become deactivated because of the re-
moval of sulfur from the surface as a result of oxidation and
coking.'®'® Therefore, to maintain catalyst activity, a sulfur
source such as H,S must be fed into the system to replenish
the sulfur sites on the catalyst. This is a drawback for these cat-
alysts with respect to environmental issues.”» In addition,
maintaining activity is difficult, as some degradation of the
sulfur sites is irreversible.['®

2.2.1.2. Monometallic catalysts

Monometallic transition-metal catalysts are becoming very
common for the deoxygenation of fatty acid/triglycerides. The
most commonly researched catalysts are Ni and the noble
metals Pt and Pd. In general, these catalysts are selective to-
wards DCO, reactions.®®'°9in™ gnare et al have screened
various catalysts for their activity towards DCO, reactions at
300°C with a He pressure of pressure of 6 bar. They have de-
termined that the reactivities of the catalysts follow the order
Pd > Pt > Ni>Rh > Ir>Ru > 0s.”

Monometallic catalysts have been tested in both H,-rich and
inert/low-H, environments. Rozmyslowicz et al."” demonstrate
in both a Hy-rich and a H,-free environment that Pd is selective
towards DCO,. In comparison though, reactions under an inert
atmosphere are far less active, as the yield of hydrocarbons is
36% less than that obtained in the H,-rich environment.
Hengst et al."% report that upon treating oleic acid in a H, en-
vironment, adding 0.5 wt% Pd to a y-Al,O; support increases
the conversion and C,; selectivity from 50% at 0% selectivity
(without the addition of Pd) to 90% at 30% selectivity. Increas-
ing the Pd content further to 2 wt% increases the conversion
to 99% and increases the C,, selectivity to 47 wt%."°7 In con-
junction, Alotaibi, et al."® report that DCO, only occurs on Pt
and Pd catalysts under a H, atmosphere. The higher depend-
ence on H, reported by Alotaibi et al."® may be due to the
use of an acidic salt, Cs,sH,sPW,,0,,, as a support.

ChemSusChem 2016, 9, 1750~ 1772 www.chemsuschem.org

' CHEM:!USCHEM
& Reviews

Peng et al."™ report that although a Ni catalyst (supported
on Zr0O,) favors DCO, reactions for the deoxygenation of pal-
mitic acid under 12 bar H, at 260°C with a selectivity towards
pentadecane of 90% and an overall conversion of 100%,
changing to an inert N, atmosphere decreases the selectivity
to 16% at a conversion of 3.5%. Therefore, they conclude that
even though monometallic catalysts favor DCO, reactions,
a source for disassociated hydrogen protons on the catalyst
surface is still required to provide adequate results. The opti-
mum amount of H, required is yet to be determined.

In Section 2.1., it is suggested that direct DCO, reactions di-
minish upon increasing the H, pressures, as demonstrated by
Lu etal™ for a microkinetic model on a Pd(111) surface.
Given that Pd and Pt catalysts persevere in H, environments, it
is likely that, as Peng et al."” suggest for their Ni catalyst, the
Pd and Pt catalysts follow an indirect DCO route, which is
faster than the direct DCO, reaction in the presence of H,.'%/

One well-known issue with monometallic transition metals
used for the deoxygenation of fatty acids is catalyst deactiva-
tion. Severe deactivation is reported for catalysts under inert
atmospheres.” 2% For example, Bernas et al.'® report that
within 28 h of treating dodecanoic acid under an argon atmos-
phere at 300°C the activity of their 1% Pt/Sibunit catalyst de-
creases significantly as the conversion drops from 85 to 3%.
They claim that deactivation is due to coking."® This may be
explained by the reaction mechanisms described by Lu
etal.,"™ who conclude that one of the rate-limiting steps in
DCO, and direct DCO is the hydrogenation of the hydrocarbon
pool. A catalyst’s inability to hydrogenate the hydrocarbon
pool would effectively lead to carbon deposition.

On the basis of the literature, it is concluded that transition-
metal catalysts are appropriate for the deoxygenation of fatty
acid containing oils within a H,-modest system, especially if
they are compared to sulfide catalysts. Two issues that are
worth considering though are cost and deactivation. Owing to
the high costs associated with noble-metal catalysts, it is rec-
ommended that work be done to develop catalysts that are
equally active yet more cost effective. It is claimed that Ni cata-
lysts with an increased metal content can achieve results com-
parable to those of noble catalysts."™ To further promote se-
lective deoxygenation with minimal hydrogenation activity, re-
searchers are advised to study the deoxygenation of triglycer-
ides with catalysts that are developed for phenolic and furanic
compounds, such as bimetallic catalysts. Processes that are
completely H, free do not appear to be viable as a result of re-
duced activity, increased deactivation, and the fact that com-
plete conversion of triglycerides is difficult because of limita-
tions in terms of (-elimination reactions. Therefore, a low-H,-
containing environment should be used with a catalyst that is
able to maintain high activity.

2.2.2. Catalyst support

Catalyst supports that have been widely used by researchers
include carbonaceous (for noble-metal catalysts in particular)
and SiO, supports, as these supports are generally inert to-
wards deoxygenation. Many studies report the use of alumina
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and zeolites as supporting materials, as they are conventional
supports used in the hydroprocessing of petroleum fuels. An
ideal support should be one that works in tandem/synergy
with the active material.

The acidity of a catalyst can impact its activity by providing
additional reaction sites that may be used for H, disassociation
or adsorption of the oxygenated compounds. Some support-
ing materials such as zeolites and alumina are regarded as
acidic supports and, especially for the case of zeolites, contain
an abundance of Brensted acid sites (alumina supports tend to
consist of more Lewis acid sites).">'%

Brensted acid sites promote sequential hydrogenation-de-
hydration-hydrogenation reaction routes, which would favor
HDO reaction pathways."%?" However, the presence of strong
acid sites, such as those found on zeolites, have been shown
to be prone to rapid deactivation owing to coke deposits.'*?

Lewis acid sites, on the other hand, promote indirect DCO
reactions."®?2 Addition of appropriate Lewis acidity to a cata-
lyst may be considered to enhance selective deoxygenation.
Peng et al." demonstrate for the deoxygenation of palmitic
acid at 260°C with 12 bar H, that by switching from Pt and Pd
supported on C to ZrO, increases the conversion from 20-30%
to >98%. Although the DCO, selectivity on the Pt catalyst de-
creases from 98 to 61%, the selectivity towards DCO, on the
Pd catalyst is maintained at 98%. In addition, Ni/ZrO, favors
DCO, with a selectivity of 90% at a conversion of approximate-
ly 100%. It is concluded that the ZrO, support shifts the reac-
tion pathway from direct DCO to indirect DCO.['™

Reducible oxide supports containing Lewis acid sites such as
Zr0O,, TiO,, CeO,, and Cr,0; are able to reduce carboxylic acids
to aldehydes selectively." These supports adsorb the oxygen-
ated compounds through oxygen vacancies. It is proposed
that this occurs through the abstraction of the hydrogen atom
from the —OH group and an o-hydrogen atom to produce
water and a ketene intermediate." It is proposed that the
said intermediate is hydrogenated to produce an aldehyde by
Ni and that it eventually undergoes decarbonylation."” As
such, the active metal behaves synergistically with the sup-
porting material (see Scheme 3). Therefore, the presence of
a reducing agent such as H, remains important for reducible
oxide supports, as without it, these supports cannot maintain
activity.

@ D
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Scheme 3. Synergism of Ni and Zr0,.!""
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A novel approach to the development of reducible oxide
supports is demonstrated by Shim et al.,"® who have studied
a combination of CeO, and ZrO, (produced by the coprecipita-
tion of zirconyl nitrate and cerium nitrate) for the deoxygena-
tion of oleic acid to exploit the nature of these materials to
store oxygen, especially CeO,, and to develop a catalytic sup-
port material with improved redox properties and thermal re-
sistance. Reaction studies show that Ce,¢Zr,,0O, alone has an
oxygen removal efficiency of 32.2% and is selective towards
DCO, reactions upon treating oleic acid with 1 atm mixture of
20% H, in N,."% The reactivity is attributed to the cubic phase
of the material, as it has a higher capability of producing
a redox couple between Ce*" and Ce**. The Ce,4Zr,,0, mate-
rial is also noted to promote cracking reactions, so the contact
time should be minimized.""

If a H,-free system is applied to deoxygenate fatty-acid-con-
taining oils, it is advised that the selected catalyst support be
inert by nature, such as carbon or SiO,. Reducible oxide cata-
lyst supports are unsuitable for a H,-free environment, as they
require H, for activation. If, however, a low-H,-containing envi-
ronment is desired, such as that described in the previous sec-
tion, the selection of a reducible oxide material as a support
may be suitable, as they have synergistic effects with relevant
catalysts such as Ni that improve the overall activity and selec-
tivity towards desirable DCO reactions.

3. Phenolic Compounds

As research into the possible applications of bio-oil developed
by thermal processing of lignocellulosic material is becoming
more extensive, work is being done to understand and devel-
op processes for the catalytic deoxygenation of said bio-oil.
Bio-oil tends to be a very complex mixture of various oxygen-
ated compounds owing to the various breakdown reactions of
cellulose, hemicellulose, and especially lignin, which, of course,
are dependent on processing conditions and the original feed.
In excess of 300 different compounds have been identified in
bio-0il.”® Of these compounds, phenolic compounds, derived
from lignin, are prevalent. Most phenolic compounds that are
present are either alkyl-substituted phenols, such as cresol, or
methoxy-substituted phenols, such as guaiacol (see Figure 2
for examples of phenolic compounds).®

Relative to fatty acids, phenolic compounds are considered
to be more difficult to deoxygenate because of the aromatic
structure. A major challenge for developing deoxygenation
process for phenolic compounds is the development of cata-
lysts that can perform deoxygenation without saturating the
aromatic rings so as to minimize the consumption of H,.'>®

OH OH OH OH
i i CH i OH i 0
: “cH,

Phenol Cresol Catechol Guaiacol

Figure 2. Structures of example phenolic compounds.
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3.1. Reaction mechanisms

The actual reaction mechanisms for compounds such as
phenol, cresol, and guaiacol have received little attention.
However, simply on the basis of the structures of such com-
pounds, it can be clearly gathered that H, is required to
remove oxygen as water. Unlike fatty acids, oxygen cannot be
removed in the form of CO or CO,; therefore, deoxygenation
will not occur without a source of hydrogen atoms. Work has
been done though to develop catalysts that minimize H, con-
sumption by selectively using H, to remove oxygen and not to
saturate the aromatic ring.”¥

3.1.1. General deoxygenation reaction pathways

There are two overall reaction pathways that may be followed
for deoxygenation of phenolic compounds. The first reaction
route involves the complete saturation of the aromatic ring fol-
lowed by cleavage of the C—O bond likely through dehydra-
tion to generate a C=C bond that is to be hydrogenated
again.'*¥ This exothermic reaction pathway is often referred
to as the "hydrogenation (HYD) route”. The second reaction
route is known as the direct deoxygenation (DDO) route and
involves a hydrogenolysis reaction to break the C—O bond se-
lectively while keeping the aromatic structure (see
Scheme 4).22* The actual catalytic mechanism for this hydro-
genolysis reaction is not fully understood and requires addi-
tional research. Although both reaction pathways are exother-
mic, Mortensen et al.*® report that the thermodynamic equilib-
rium will not have a major hindrance on the reactions at tem-
peratures below 600 °C.

The selectivity of DDO reactions over HYD appears to be
very dependent on the properties of the catalyst. DDO seems
to be dependent on the catalysts ability to adsorb oxygen
through the use of oxygen vacant sites or the use of an oxo-
philic metal. Phenolic compounds adsorb primarily through
the hydroxy groups by weak interactions with the aromatic
ring.?*%! In contrast, catalysts that favor HYD reactions tend
not to possess any Lewis acid sites, and adsorption occurs
through the aromatic ring.®** 2 These catalysts suffer the in-
ability to surpass the reaction energy barrier required to
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remove oxygen directly from the ring structure and must satu-
rate the ring first to lower the energy barrier.

3.1.2. Deoxygenation of substituted phenolic compounds

Substituted, ortho-substituted, phenolic compounds are more
difficult to deoxygenate owing to steric hindrance.”®?” Guaia-
col is a typical example because of the ortho-substituted me-
thoxy group that requires deoxygenation as well. The catalytic
reaction mechanisms for removing the methoxy group of
guaiacol and similar compounds have not been widely dis-
cussed and warrant future investigations. A hydrogenolysis re-
action could break the C—O bond either at the site of the aro-
matic ring to produce methanol [i.e., demethoxylation (DMO)]
or at the methyl group to produce methane [i.e., demethyla-
tion (DME)] whilst leaving a hydroxy group that may undergo
subsequent removal from the aromatic ring.?**<%! For exam-
ple, Bui et al.”*? note that both catechol and phenol are the
major products from the catalytic deoxygenation of guaiacol.
The production of catechol in significant amounts from guaia-
col has also been witnessed by Zhao et al.**

On the contrary, Prasomsri et al.** witness transalkylation
reactions of methoxy groups during the deoxygenation of ani-
sole.”® This, therefore, demonstrates that in addition to the
DMO and DME reaction routes, methoxy groups may also un-
dergo transalkylation reactions. This has also been demonstrat-
ed by Runnebaum et al.,”” who suggested that the transalkyla-
tion is due to acidic sites on the catalyst support. Scheme 5 de-
picts the general reactions related to the deoxygenation of
phenolic compounds containing methoxy groups such as
guaiacol.

One major consideration that must be made upon deoxyge-
nating phenolic compounds is that, owing to fuel regulations,
producing benzene is not favorable if the product is to be po-
tentially used in the fuel market. Therefore, focus should be
applied to maintaining or possibly adding methyl groups to
the aromatic structure. One example would be to attempt to
develop a catalyst that is both selective towards the DDO of
hydroxy groups and selective towards the transalkylation of
methoxy groups.

= HYD 3.2. Catalyst selection

- i H Although studies regarding the reaction mechanisms
? z of phenolic compounds are lacking, there appears to
,—> — be a lot of research work done in the development
of catalysts, especially those that promote high
OH Cyclohexanol Cyclohexene levels of deoxygenation while minimizing H, con-
+H, +3H, sumption by ring-saturation and ring-opening reac-
-H,0 | % tions. In comparison to work being done with trigly-
" cerides/fatty acids, a larger variety of catalysts are
being developed for the deoxygenation of phenolic
Phenol Benzene Cyclohexane  compounds. Catalysts that have received attention
DDO include conventional metal sulfides, metal oxides,
transition metals, transition-metal phosphides, metal

Scheme 4. DDO and HYD reaction pathways for the conversion of phenol. carbides, and bimetallic catalysts.
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+H, -CH, OH
Demethylation
Catechol
+H,
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OH
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CHy
Demethoxylation
Benzene
Guaiacol PHenol
+H, -H,0

Transalkylation

Scheme 5. General conversion scheme of guaiacol.

3.2.1. Active material
3.2.1.1. Sulfide catalysts

Relative to fatty acids, metal-sulfide catalysts have received far
less attention. Although promoted MoS, is more active than
nonpromoted MoS,, sulfide catalysts, in general, support the
HYD reaction route.?**3% On the contrary, relative to noble-
metal catalysts, sulfide catalysts produce more DDO reaction
pathway products.®” On the other hand, deactivation of sul-
fide catalysts during deoxygenation of bio-oils is a widely stud-
ied topic. Similar to vegetable oils, a sulfur source must be
added to the bio-oil to maintain activity, which likewise is unfa-
vorable.®”3? The major issue is in regard to the high water
content of bio-oil, which can rapidly oxidize and deactivate sul-
fide catalysts by replacing sulfur and/or by producing a sulfate
phase that blocks the active sites.**3¥ At elevated reaction
temperatures, sulfide catalysts have also been shown to deacti-
vate as a result of coking.?**! Notably, in comparison to other
catalysts, sulfide catalysts have received more attention in
terms of deactivation and are, therefore, considered more
mature.

3.2.1.2. Metal-oxide catalysts

Metal-oxide catalysts, on the other hand, have received much
attention. It is proposed that, owing to oxygen vacancies,
which act as acid sites, some metal-oxide catalysts may be se-
lective towards DDOQ.*"?*34 This has been demonstrated by
Prasomsri et al.,** who have used a MoO, catalyst to deoxy-
genate various model compounds for biomass-derived oxygen-
ates.”™ They show that aromatic oxygenates can be success-
fully converted into oxygen-free aromatics, which confirms

ChemSusChem 2016, 9, 1750~ 1772 www.chemsuschem.org
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that the catalyst promotes that DDO reaction pathway. As for
deactivation; the catalyst may be regenerated by a simple cal-
cination procedure. It is suggested that the H, pressure should
be increased to prevent water from blocking the active sites;
however, this would not be viable for systems in which the at-
tempt is actually to minimize H, consumption.?* See
Scheme 6 for the general deoxygenation mechanism of MoO;.
On the basis of the results obtained by Whiffen and Smith,®
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Scheme 6. General deoxygenation mechanism of Mo0,.??
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who found MoO; to be less active than MoS,, Mortensen
et al.®® suggest that WO, may be a more suitable catalyst than
MoO:;.

3.2.1.3. Metal-phosphide catalysts

An interesting new type of catalyst that has been proposed for
the catalytic deoxygenation of bio-oil compounds is transition-
metal phosphides. Zhao et al.***! propose the use of transition-
metal phosphide catalysts for the catalytic deoxygenation of
guaiacol.

After testing a variety of transition-metal phosphide catalysts
supported on SiO,, Ni,P was found to be the most active and
stable. At 300°C and atmospheric pressure, the Ni,P catalyst is
selective towards the production of benzene with a selectivity
of approximately 60% at a conversion of 80%.%* In later
work, the same research group proposes that transition-metal
phosphide catalysts, such as Ni,P, are comparable to noble-
metal catalysts based on acidic supports because they are bi-
functional and display both acidic and metallic properties.® In
addition, these catalysts (Ni,P in particular) are resistant to de-
activation. It is suggested that Ni,P, for example, has an excess
amount of phosphorus in the form of phosphate species on
the surface, and these species interact with water effectively to
prevent the oxidation of the Ni,P particles.*®

3.2.1.4. Metal-carbide catalysts

In contrast to sulfide, oxide and phosphide catalysts, attention
has also been focused on metal-carbide catalysts, most specifi-
cally tungsten and molybdenum carbides. The purpose for
their development was potentially to produce cost-effective
catalysts that behave in a manner similar to that of noble
metals.®” These catalysts are typically supported on carbon
supports to eliminate the need for methane for carburiza-
tion.”* Boullosa-Eiras et al.>” compare Mo,C to oxide, phos-
phide, and nitride catalysts for the deoxygenation of phenol.
The trend in activity (based on conversion) that they establish
is Mo,C>MoO; > Mo,N > MoP. All catalysts are most selective
towards DDO reactions; however, the phosphide catalyst expe-
riences more hydrogenation reactions.®”

Jongerius et al.?¥ study the use of W,C and Mo,C catalysts
at 55 bar H, within a temperature range of 300 to 375°C for
the deoxygenation of guaiacol. They report that the catalysts
are mostly selective towards the production of phenol by de-
methoxylation with very few ring-saturation reactions. This is
also demonstrated by Ma etal® and Santillan-Jimenez,
et al®” Overall, Jongerius et al.*® demonstrate that Mo,C is
more active and stable than W,C, which deactivates quickly as
a result of oxidation and an increase in particle size.®¥ Both
catalysts experience difficulties in regaining activity with reacti-
vation (by recarburization); the Mo,C catalyst, for example, ex-
perience a decrease in the conversion from 68 to 51% if the
catalyst is recycled and recarburized between two consecutive
runs.*® This is attributed to the possible encapsulation of the
carbide particles within the support or irreversible coke forma-
tion, as confirmed by Santillan-Jimenez et al.?”
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Although carbide catalysts appear to favor reaction routes
that do not involve ring saturation, which thereby reduces H,
consumption, they may be considered unsuitable for extended
use. This is because the carburization process requires ex-
tremely high temperatures (1000°C), and once deactivated,
the catalysts cannot be successfully regenerated.

3.2.1.5. Monometallic catalysts

Transition metals (noble metals in particular) have attained
some interest in the deoxygenation of phenolic compounds
because of the fact that they are able to activate H,. Noble
metals have been demonstrated to be able to achieve higher
degrees of deoxygenation than commercial sulfide catalysts.”?
However, these catalysts have been shown to require high H,
pressures. As demonstrated by French etal.®@ who have
tested noble-metals catalysts (Pt, Pd, and Ru) and compared
them to a conventional sulfide NiMo catalyst under H, pres-
sures of 70-170 bar, even at such high H, pressures, oxygenat-
ed aromatic compounds are in the products. Increasing the
temperature from 340 to 400°C increases the conversion of
phenolic compounds into aromatics and cycloalkanes.
Although the Pt catalyst is the only catalyst to decrease coking
with an increase in temperature, the yield of the deoxygenated
liquid products is lower than that obtained with the conven-
tional NiMoS catalyst.*® The Pd catalyst, on the other hand,
favors ring saturation over deoxygenation reactions, which
demonstrates high H, consumption. Nie and Rescasco™” also
report that Pt favors ring-saturation reactions; however, they
propose that the catalyst offers a variation of the HYD reaction
mechanism, in which a cyclic ketone is formed (by keto-enol
tautomerism) and is then hydrogenated.

In summary, monometallic catalysts such as Ni, Co, Pt, and
Pd are not ideal catalysts because of their high H, require-
ments and the fact that they generally favor ring-saturation re-
actions over DDQ.#b26:41.:42]

3.2.1.6. Bimetallic catalysts

The use of bimetallic catalysts for the deoxygenation of both
phenolic and furanic compounds has received much attention
in recent years. The purpose for their development was to im-
prove the activity of monometallic catalysts towards DDO reac-
tion pathways over HYD and ring-opening reactions and to in-
crease catalyst stability.>*>*! Alonso et al.**! review a variety of
bimetallic catalysts that have been developed for various in-
tentions and discuss how the addition of a second metal may
affect the catalyst overall. Within the past three years, many re-
searchers have focused on the combination of active metals
such as Pt, Pd, and Ni with other metals that are typically less
active for deoxygenation such as Co, Cu, Fe, and Sn.>*Y The
general consensus is that the addition of the secondary metals
alters the catalyst selectivity from promoting HYD reaction
routes to promoting DDO reaction routes.

One bimetallic catalyst that has received attention is the ad-
dition of Cu to Ni for a NiCu bimetallic catalyst. Zhang, et al.**
report the addition of 5 and 15 wt% Cu to a 10 wt% Ni cata-
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lyst for the deoxygenation of guaiacol. The addition of 5 wt%
Cu to a Ni catalyst decreases the selectivity towards cyclohex-
ane from 97.0 to 80.8%. These decreases are balanced by in-
creases in selectivity towards benzene and toluene, which
demonstrates that the addition of Cu promotes transalkylation
reactions. Increasing the Cu content further to 15wt% de-
creases the cyclohexane selectivity to 60.1%; however, the
conversion also decreases.*?

Huynh et al”* have further studied the substitution of Ni
with Cu on a 19 wt% Ni/HZSM-5 catalyst to improve the re-
ducibility of Ni. Rather than alloying with Ni, Cu forms as a sep-
arate layer with large particle sizes. The substitution of 2 wt%
Ni with Cu decreases the conversion of phenol from 98 to
50%.* Khromova et al.**! have also tested the effect of the
Ni content on NiCu/SiO, catalysts by using anisole as a model
compound. In all cases, the catalysts appear to be most selec-
tive toward ring saturation. Increasing the Ni content increases
coke formation, likely as a result of interactions with the aro-
matic rings. Copper-rich (15 wt% Ni and 85 wt% Cu-based on
active-phase alone) catalysts are more selective towards hydro-
genolysis reactions than nickel-rich catalysts (85 wt% Ni); how-
ever, the conversions are capped at 80% compared to 100%
for the nickel-rich catalyst" Evidently, the use/development
of NiCu catalysts appears to be conflicted and further research
is warranted.

Compared to the addition of Cu to active metals, the addi-
tion of Fe is also appealing and is gaining popularity. Upon
successfully demonstrating the use of NiFe for furanic com-
pounds (see Section 4.2.), Nie et al.,**¥ later reported the use
of NiFe with m-cresol. At 300°C and atmospheric pressure, the
addition of 5wt% Fe to 5wt% Ni decreases the conversion
from 16.2 to 13.7%. However, the selectivity towards toluene
increases from 14.2 to 52.6 wt%, whereas the selectivity to-
wards saturated-ring products decreases to 0%. Notably, trans-
alkylation reactions are also observed on the NiFe catalyst. The
authors propose that, in comparison to the Ni catalyst, which
adsorbs the phenolic compound by the ring, the addition of
Fe causes the compound to adsorb vertically by the oxygen
atom upon tautomerism of the hydroxy group into a carbonyl
group, which promotes the DDO reaction route.”*® Neverthe-
less, they suggest that alloying active metals with oxophilic
metals reduces ring interactions and increases interactions
with oxygen-containing groups.
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Similarly to NiFe, the combination of Fe and Pd has also un-
dergone extensive investigations.?*>#<d Syn et al>*®' have
studied the deoxygenation of vapor-phase guaiacol over
a PdFe/C catalyst. In their work, Pd is selected over Pt and Ru
because it is less active in ring-opening reactions. A catalyst
containing 2 wt% Pd and 10 wt% Fe attains a yield of oxygen-
free compounds of 25.9% compared to a 10 wt% Fe catalyst
that achieves a yield of 6.3% and a 5 wt% Pd catalyst that ach-
ieves a yield of 2.7%.% The overall conversion of guaiacol
with the PdFe catalyst is comparable to that obtained with the
5wt% Pd catalyst. Unlike precious-metal catalysts, the PdFe
catalyst favors DDO reactions and experiences no ring-open-
ing/ring-saturation reactions.”® Through DFT calculations it
was found that, compared to Pd and Fe individually, pairing of
the two metals as the catalyst results in a weaker bond be-
tween the aromatic ring and the catalyst surface .**" It is pro-
posed that the function of the catalyst is such that Fe facili-
tates the adsorption of the oxygenated compound, whereas
Pd facilitates H, disassociation and the reduction of the iron
oxide that is developed during DDO.**' This synergistic behav-
ior between PdFe has been further studied by Hong et al.,*
who demonstrate a hydrogen spillover from Pd to Fe, which
can also be applied to other noble metals with results expect-
ed to follow the order of H, sticking probability.

Hensley et al."**? propose a catalytic mechanism for the DDO
on PdFe. Through DFT calculations, the most likely catalytic
mechanism is dehydroxylation. In contrast to Nie et al.,*** who
propose adsorption occurs on the Fe atom vertically, Hensley
et al.**d suggest that phenolic compounds are more stably ad-
sorbed onto the surface in a more horizontal fashion with
weak bonds to the aromatic ring. With phenol as a model
compound, the tilted/horizontal adsorption mechanism facili-
tates the direct removal of the hydroxy group to produce an
adsorbed phenyl group.**? Benzene and water are then pro-
duced upon subsequent hydrogenation and desorption (see
Scheme 7).

Other bimetallic catalysts that have received attention in-
clude PtSn, PtNi, PtCo, PtRe, and NiCo.**Pe%! The addition of
oxophilic Sn to Pt is expected to behave in a manner similar to
the addition of Fe to activate metals. Gonzalez-Borja and Re-
sasco™®! report that a PtSn catalyst possesses higher initial ac-
tivity than a Pt catalyst. The addition of either Ni or Co to Pt in-
creases the overall activity of the catalysts; however, these cat-
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Scheme 7. Adsorption of phenol on Pd compared to the adsorption and dehydroxylation of phenol on PdFe 2%
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alysts promote the production of saturated-ring products.”*

Ohta et al.” have studied the deoxygenation of 4-propylphe-
nol at 280°C in an aqueous environment and report that,
under such conditions, the addition of Re stabilizes Pt and pro-
vides higher conversions than the addition of other oxophilic
metals such as Sn and Fe. Huynh et al.** also demonstrate
that the addition of Co to Ni does not effectively promote
DDO, as both the Ni and NiCo catalysts promote ring-satura-
tion reactions. However, it is noted that the addition of Co to
Ni decreases the Ni particle size, which increases the conver-
sion and helps to prevent catalyst deactivation through coke
deposition.

3.2.2. Catalyst support

Overall, there appears to be a lack of comprehensive studies
that investigate the effect that the support has on the deoxy-
genation of phenolic compounds. As a result, additional re-
search is required to clarify the role of catalyst supports. The
most common supports that have been considered for the de-
oxygenation of phenolic compounds include acidic supports
such as the reducible oxide supports first introduced in Sec-
tion 2.2 and activated carbon. Of these supports, acidic sup-
ports such as ALLO; and ZrO, have received a lot of attention.

A variety of authors have indicated that the combination of
a noble-metal catalyst and acidic support can be very benefi-
cial for the deoxygenation of phenolic compounds.'*2%4¢ Con-
trary to the high interest in acidic supports, Al,O; has recently
been ruled out as a viable support.”! As mentioned earlier, bio-
oil tends to contain a significant amount of water, and the cat-
alytic deoxygenation of phenols produces a significant amount
of water as well. In the presence of such a high amount of
water, Al,O; is converted into boehmite [A,O(OH)], which re-
duces the activity of the active material by oxidation.”?**!

On the other hand, ZrO, as a weaker acidic support has
been deemed more suitable. De Souza et al.*” report that the
use of ZrO, as a support for Pd behaves similarly to the addi-
tion of an oxophilic metal to an active metal, as Pd/ZrO, favors
the production of toluene from m-cresol at 300°C and atmos-
pheric H, pressure.””! Ohta et al*! compare various supports
(ZrO,, Al,0,, TiO,, CeO,, and SiO,) for their PtRe catalyst in an
aqueous environment at 280°C and demonstrate that the
ZrO,-supported catalyst offers higher conversions (67 %),
whereas SiO, is the least-active catalyst (8.1% conversion).*
However, they report an environment with such a high water
concentration that the catalyst deactivates dramatically owing
to structural changes in ZrO, and subsequent wrapping of the
Pt particles. No such deactivation is reported if water is not
used as the solvent.

Work performed by Mortensen et al.,® however, contradicts
the notion that the addition of an active metal to a reducible
support promotes the DDO reaction pathway. They report that
at a temperature of 275°C and H, pressure of 100 bar, their Ni
catalysts on supports such as ZrO, and CeO, promote the HYD
reaction pathway. ZrO, converts phenol into cyclohexane,
whereas supports containing CeO, mainly produce cyclohexa-
nol. The massive differences observed in the reaction pathway
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selectivity may be attributed to the highly reductive environ-
ment that is employed by Mortensen et al.*¥ relative to that
used in the work performed by De Souza etal®”’ Clearly,
a higher H, pressure may favor the kinetics of the HYD path-
way over DDO. A higher H, pressure may also lead to the pro-
duction of more oxygen vacancies on the support, which thus
increases its acidity.

Currently, on the basis of the limited literature available, it
can be claimed that catalysts supported on mildly acidic mate-
rials are expected to provide the most desired results. Howev-
er, carbon supports may be more stable than acidic support-
5.4 The use of activated carbon has been demonstrated for
other deoxygenation processes (to be discussed in Section 4)
and has been found to promote reactions that require a mini-
mum amount of H,.® This warrants future studies on the
impact of carbon as a support with a comparison to acidic
supports such as ZrO,.

4. Furanic Compounds

Furanic compounds such as furfural and 5-hydroxymethylfurfu-
ral (HMF) are produced from cellulose and hemicellulose
through dehydration reactions, which may occur during ther-
mal processing. These compounds are characterized as having
a carbonyl group and, in the case of HMF, a hydroxymethyl
group attached to a furanic ring. The conversion of these com-
pounds into 2-methylfuran (2-MF) and 2,5-dimethylfuran (2,5-
DMF) is becoming increasingly popular amongst research-
ers.'>7 This is because these compounds have been shown to
be potentially viable subjects for blending with gasoline owing
to comparable properties and higher energy densities than
ethanol (~40% greater for 2,5-DMF).*? In addition, 2,5-DMF
has received attention in the chemical industry as a potential
precursor for p-xylene.”” Figure 3 lists various important furanic
compounds.

The challenge of producing 2,5-DMF and 2-MF from HMF
and furfural is in line with the topics discussed in this paper,
that is, selective deoxygenation while minimizing H, consump-
tion by restricting ring saturation."® Comparatively, completely

saturated C,-C¢ hydrocarbon ring-opening products are
OH f (i) OH OH OH
0 0 0 o)
X O7 N YO
2,5-Bis
HMF Furfural (Hydr?uxryar:ethyl) Z‘:c’:’“h’z:
HyC 0 CHy 0 CHy O
WU w
2,5-DMF 2-MF Furan

Figure 3. Structures of important furanic compounds involved in the selec-
tive deoxygenation process.
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viewed as byproducts having lower value, as they are not suit-
able for use as transportation fuels.”

4.1. Reaction mechanisms

During the selective deoxygenation of furfural and HMF,
whereby the aromatic structures are retained, the three main
reactions that may occur are hydrogenation of the C=0O bonds,
decarbonylation (DCO), and hydrogenolysis of C—O bonds. Se-
lective hydrogenation/hydrogenolysis (SHH) reactions utilize
surface hydrogen effectively to convert carbonyl groups into
hydroxymethyl groups and eventually into methyl groups (see
Scheme 8).%%*<*% Similar to fatty acids, increasing the tempera-
ture may have an impact on the selectivity towards the DCO
and SHH reaction pathways, as the former is endothermic,
whereas the latter is exothermic.

Furfural 0

€0 5 @

DCO

Scheme 8. DCO versus SHH of furfural.

4.1.1. Deoxygenation of carbonyl groups

Decarbonylation, which stoichiometrically does not require H,,
has been found to occur if a carbonyl group-containing furanic
substrate is adsorbed onto a catalyst by the furan ring, which
subsequently leads to the adsorption of the carbonyl
group.®® Pang and Medlin®® report that the hydrogen atom
on the carbonyl group is first abstracted by the catalyst, which
is followed by C—C scission to produce CO and a strongly ad-
sorbed furyl ring, which must be hydrogenated before desorp-
tion.

It has been proposed that C=0O hydrogenation may also
occur from the same initial adsorbed intermediate.**" Hydro-
genation of the C=0 group produces 2,5-bis(hydroxymethyl)-
furan (2,5-BHMF) from HMF or furfuryl alcohol from furfural.
Regardless, the hydrogenation of the C=0 bond to a C—OH
bond must begin with its adsorption on the catalyst surface.
However, this is most predominant if the compound is ad-
sorbed onto the catalyst surface strongly by the carbonyl
group, as strong interactions with the aromatic ring tend to
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4.1.2. Deoxygenation of hydroxymethyl groups

Hydroxymethyl groups attached to furan rings may not under-
go deoxygenation through simple dehydration reactions
owing to the lack of an a-hydrogen atom. Instead, to produce
methyl groups, the hydroxymethyl groups must be reduced by
a hydrogenolysis reaction pathway.“**>%>2 Sjtthisa et al.**? de-
scribe the hydrogenolysis reaction as occurring if the alcoholic
compound is adsorbed at the oxygen atom of the of the hy-
droxymethyl group. For this mechanism to work, 2-MF or 2,5-
DMF would be produced after saturation of an adsorbed inter-
mediate that is bound with the furanic oxygen atom.”® Conse-
quently, it may be possible that upon starting from a carbonyl
group, the intermediate hydroxymethyl group may remain ad-
sorbed and directly undergo subsequent hydrogenolysis. Jen-
ness and Vlachos® propose another possible mechanism, in

which the furan ring is first activated through partial

hydrogenation on the a-hydrogen atom, which es-

sentially enables a dehydration reaction to occur;
: however, they do not successfully demonstrate this
| on a Lewis acid site of a RuO, species because of the
| formation of the conjugate base. Owing to limited lit-
: erature, the catalytic mechanism for the hydrogenoly-
| sis of hydroxymethyl groups on furan rings requires
| additional clarification.

Alternatively, existing hydroxymethyl groups may
undergo DCO. Pang and Medlin®*® also propose that
upon dehydrogenation, an adsorbed hydroxymethyl
group may be converted into an adsorbed carbonyl
group and undergo DCO while producing H,. This is
also described by Zheng etal®™ and Sitthisa
et al.,** who attribute this effect to a strong interac-
tion between the catalyst and the furan ring.

4.1.3. Summary of reaction pathways

Scheme 9 summarizes all of the reaction routes of HMF and
furfural that have been discussed for the deoxygenation of car-
bonyl and hydroxymethyl groups. As suggested earlier, there
are two overall routes for furfural: SHH, which leads to 2-MF,
and DCO, which leads to furan. HMF, on the other hand, has
three overall reaction routes: SHH of both functional group
produces 2,5-DMF, DCO of both functional groups produces
furan, and a combination of the SHH of the hydroxymethyl
group and DCO of the carbonyl group produces 2-MF.

4.2. Catalyst selection

Conventional sulfide catalysts have received far less attention
for the deoxygenation of furanic compounds than for the de-
oxygenation of fatty acid and phenolic compounds. This is
likely due to the fact that a sulfur-containing compound (such
as H,S) must be co-fed to the system in order to maintain cata-
lyst activity. Instead, much work has been done to develop

lead to DCO, ring-saturation, and/or ring-opening reac- new catalysts that are selective to reducing substituted hy-
tions. #9304 droxymethyl and carbonyl groups without performing ring-

opening reactions. Studies in the development of catalysts for
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Scheme 9. Overall selective deoxygenation of HMF and furfural.

the reduction of HMF, furfural, or subsequent products such as
furfuryl alcohol have been performed at temperatures ranging
from 180 to 260°C and even as high as 350°C and typical H,
pressures of 10-40 bar."” Typical catalysts that have been
studied include monometallic catalysts and a variety of bimet-
allic catalysts.

4.2.1. Active material
4.2.1.1. Monometallic catalysts

Monometallic Ni catalysts have been ruled out for the possible
selective deoxygenation of furfural and HMF while retaining
the furan ring, as Ni reportedly interacts too strongly with the
furan ring and promotes decarbonylation and hydrogenolysis,
which lead to the opening of the ring structure.”*>>°**¥ Given
that Ni is very predominant at activating hydrogen on its sur-
face, Ni is also known to promote saturation of the C=C bonds
in the furan ring, which thus decreases the selectivity and in-
creases H, consumption.”¥ Overall, at lower temperatures
(210°Q), Ni catalysts favor hydrogenation reactions of the furan
ring or even just the reduction of the oxygenated substituent
to a methyl group (at low conversions, however). At higher
temperatures (250°C), Ni becomes selective towards DCO and
ring opening.“*

Similar to Ni, noble metals such as Pt and Pd have also been
shown to interact with the furan ring.*<*%*! Consequently,

ChemSusChem 2016, 9, 1750~ 1772 www.chemsuschem.org

these catalysts favor DCO reaction routes.*® This is described
in detail by Pang and Medlin for a Pd catalyst;**’ they report
that both hydroxymethyl and carbonyl groups are reduced by
DCO as a result of strong interactions with the furan ring. It is
suggested that ring-opening reactions may also occur as
a result of such interactions. Wang et al.*® support the notion
that a Pd catalyst can promote ring-opening reactions, as they
describe ring opening to occur as a result of ring activation
owing to partial hydrogenation.

Unlike Ni and noble metals, HMF and furfural adsorb onto
Cu through the carbonyl group only; there is no interaction
with the furan ring."*? This successfully leads to the hydroge-
nation of the C=0 bond to C—OH and potentially hydrogenoly-
sis to a methyl group. Sitthisa and Resasco™ report a Cu cata-
lyst that is able to achieve moderate conversion (~50-75%) of
furfural within a temperature range of 230 to 290°C (depend-
ing on the ratio of feed to catalyst). However, they report that
the Cu catalyst is mostly selective towards initial hydrogena-
tion to furfuryl alcohol (yields as high as 71%) rather than 2-
MF (yields as high as 8.2%)."* Incorporating Ru or CrO, with
Cu, however, is selective towards the production of 2,5-DMF
from HMF with a selectivity of 79 or 61 %.*"

4.2.1.2. Bimetallic catalysts

The development of bimetallic catalysts, such as PtSn and NiFe
(as discussed in Section 3.2.), is becoming a very popular with
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researchers in the development of selective deoxygenation
catalysts for deoxygenating furanic compounds. Similar to the
use of bimetallic catalysts for phenolic compounds, most bi-
metallic catalysts are appealing because of their selective abili-
ty to deoxygenate oxygen-containing functional groups at-
tached to an aromatic ring whilst hindering major interactions
with the aromatic ring. On top of that, various studies suggest
that the addition of an oxophilic metal with an active metal
can help to improve selective deoxygenation.**“*%9 Oxophilic
metals promote the adsorption of carbonyl groups, which min-
imizes catalyst-ring interactions. The hydrogen that is trans-
ferred from the active metal effectively reduces the C=0 bond,
which possibly produces a methyl group.

The combination of Fe and Ni to form a bimetallic NiFe cata-
lyst, which was first described in Section 3.2., has received
much attention for the selective deoxygenation of furfural and
HMF. It has been widely demonstrated that the addition of Fe
successfully reduces interactions between Ni and the furan
ring while promoting SHH reactions.*®#*" Sitthisa et al.**
report that at 250°C and 1 bar (H,/feed ratio =25), the addition
of 2wt% Fe to 5wt% Ni on SiO, increases the yield of 2-MF
produced from furfural from <10% to as high as 39.1%.5° Yu
et al.®® have tested NiFe for the selective deoxygenation of
HMF with various ratios of Ni/Fe. All NiFe and Ni catalysts
show conversions as high as 100%. The highest selectivity
(91.3%) towards DMF is achieved with a Ni/Fe ratio of 2 at
a temperature of 200 °C. No ring opening is observed over the
NiFe catalyst. Comparatively, Ni catalysts are only able to ach-
ieve a DMF selectivity as high as 8.1% with the balance attrib-
uted to oxygenated furanic compounds and saturated-ring
products.”’® The NiFe (2:1 ratio) catalyst is also noted as being
relatively stable and can be reactivated by a calcination pro-
cess. Deactivation is suggested to occur as a result of the slow
formation of polymeric humins, which cover the catalyst surfa-
ce.[57a]

Yu et al.®””™ propose that furfuryl alcohol is produced as an
intermediate of furfural if using NiFe. They demonstrate that
upon adding Fe, there is a strong interaction between the C=
O bond and the catalyst surface; however, there are also inter-
actions with the furan ring. It is reported that on Ni, the furan
ring of furfural is adsorbed more parallel to the Ni(111) surface,
whereas on the FeNi(111) surface, the furan ring is more tilted
(see Figure 4).57" This, in combination with the strong interac-
tion with the oxygen-containing constituents on the furan
ring, favors conversion into 2-MF. In a later study, Yu and
Chen®® also suggest that the aromatic ring of furfural may
still adsorb onto the catalyst surface along with the carbonyl

“NiFe \

[57b.

7777 |

Parallel Adsorption of Tilted Adsorption of
Furfural Furfural

Figure 4. Adsorption of furfural on NiFe compared to Ni.*””
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group, which can result in some DCO reactions. This would
likely be dependent on the Fe content.

Other bimetallic catalysts that have been investigated in-
clude the addition of various metals (e.g., Co, Re, Sn, and Zn)
with Pt, NiPd, PdCu, and Rh/Ir catalysts modified with RuO,.
Chen et al.”® have studied the use of NiPd, PtRe, PtSn, and
Ptin catalysts for the selective reduction of furfural to furfuryl
alcohol. NiPd favors ring saturation, which produces tetrahy-
drofurfuryl alcohol in yields as high as 93.4%. PtRe (2 wt% Pt
and 1 wt% Re) is the most selective towards the reduction of
furfural to furfuryl alcohol with a selectivity of 95.7% at a con-
version of 100%. Comparatively, PtSn achieves a furfuryl alco-
hol selectivity of 47.8% at 98.3% conversion, whereas PtIn ach-
ieves a selectivity of 74.9% at a conversion of 73.3%.% On the
basis of these results; with further optimizations, PtRe may be
a viable catalyst for the production of 2-MF from furfural.

Much like the addition of Re to Pt, Lesiak et al.*¥ demon-
strate that the addition of Cu to Pd also hinders ring-saturation
reactions.®? Eventually, PtSn may also become a competitive
option, as this catalyst has received conflicting results. For ex-
ample, Merlo et al.®” use PtSn to produce furfuryl alcohol from
furfural at high selectivities (96-98 %).

Surprisingly, another catalyst to consider is the addition of
Co to Pt.*®" Although Co is not known as an oxophilic metal,
Wang et al.”® report a 100% conversion of HMF with a DMF
yield of 98% with their PtCo catalyst. The reason for the de-
crease in catalyst-ring interactions relative to that observed for
Pt catalysts is currently not well understood.

Although there has yet to be any significant experimental
work done with the use of PtZn as a catalyst for the reduction
of furanic compounds, it is likely that such a catalyst will re-
ceive much attention in future work. Shi and Vohs®®? present
insight into the reaction mechanism by which furfural would
be reduced on a PtZn catalyst. They calculate that, similar to
other combinations of active and oxophilic metals, furfural pri-
marily bonds through the carbonyl group of furfural. In con-
trast, they propose that rather than producing furfuryl alcohol
as an intermediate, as suggested by Yu et al.*” for a NiFe cat-
alyst, furfural undergoes a direct oxygen-removal reaction.””
The resulting product is adsorbed onto the catalyst through
a di-unsaturated methyl group attached to the furan ring. Sub-
sequent hydrogenation and desorption produces 2-MF and
water.

The mechanism described by Shi and Vohs® closely resem-
bles the catalytic mechanism for phenol on a bimetallic cata-
lyst containing an active metal phase and an oxophilic metal,
as described by Hensley et al.™Y On monometallic catalysts,
both furanic and phenolic catalysts reportedly favor adsorption
and interaction with the aromatic rings, which leads to satura-
tion and possibly ring opening. For both types of compounds,
adding a second oxophilic metal changes the adsorption be-
havior to favor the adsorption of the compounds primarily
through the oxygen-containing constituents; this causes the
aromatic rings to tilt away from the surface. Unlike furfural, 5-
HMF has both a carbonyl group and hydroxymethyl group,
which may present a competitive adsorption mechanism. This
competitive nature is yet to be studied thoroughly. It is be-
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Scheme 10. Deoxygenation of furfural on PtZn.**

lieved that 5-HMF favors adsorption through the carbonyl
group, which upon subsequent direct deoxygenation (similar
to that described in Scheme 10) produces 5-methylfurfuryl al-
cohol (see Scheme 9).

The development of bimetallic catalysts with a metal-oxide
catalyst such as RuO, is currently conflicted. Tamura et al.*”
have developed an Ir-RuO, catalyst that is active towards hy-
drogenolysis and selective towards hydrogenation owing to
the formation of a hydride species. However, Rh—-RuO, and Ir-
RuO, catalysts also promote ring-opening reactions of tetrahy-
drofurfuryl alcohol owing to a hydrogen-transfer reaction from
the hydroxymethyl group.®!

In a Hy-free environment, deoxygenation of HMF or furfural
appears possible over catalysts such as Ni and noble metals
owing to their strong interactions with the furan ring. This
would produce furan, CO, and, in the case of HMF, H,. Howev-
er, furan may not be as desirable as 2-MF and 2,5-DMF, and in
addition, ring-opening reactions and catalyst deactivation are
also likely scenarios. Although selective deoxygenation reduces
H, consumption, 1 mol of HMF still requires 3 mol of H, to be
converted into 2,5-DMF. Therefore, to minimize H, consump-
tion, it may be most favorable to proceed with a balance be-
tween DCO and selective hydrogenolysis reactions to produce
2,5-DMF, 2-MF, and furan from HMF (to be discussed more in
Section 5). A NiFe bimetallic catalyst may be a potential candi-
date for such an application, as it promotes selective hydroge-
nation and hydrogenolysis and has some activity towards DCO
reactions.

4.2.2. Catalyst support

The effect of using various different catalyst supports for the
selective deoxygenation of furanic compounds has received
very little attention. Most research studies focus on catalysts
based on neutral SiO, or carbon supports. For the most part,
acidic catalyst supports should be avoided, especially if not
saturating the furan ring. This is because acidic catalysts pro-
mote rearrangement and polymerization reactions, which can
quickly lead to catalyst deactivation.” Polymerization of HMF,
furfural, and their derivatives reportedly occurs on acidic cata-
lysts if hydrogenation is slow or does not occur.”-* Thus, limit-
ing the contact time and, inadvertently, reducing conversion, is
required in such a case.

Catalyst supports such as TiO, and Fe,O;, however, have
been receiving some attention owing to their interactions with
active metals.”>% As elucidated in Section 3.2., catalysts that
demonstrate strong metal-support interactions promote selec-
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tive hydrogenation/hydrogenolysis reactions in a fashion simi-
lar to that of oxophilic metals added onto active metal cata-
lysts.®® Scholz et al.*® report that Pd and Ni supported on ox-
ophilic Fe,0; alters the reaction pathway of the Pd catalyst
from favoring strong interactions with the furan ring to favor-
ing SHH reactions of the carbonyl and hydroxymethyl groups
on HMF. However, they also witnessed saturated-ring products,
which may be due to extended catalyst contact times. Notably,
these reactions involve catalytic hydrogen transfer rather than
hydrogenation. Owing to the decent performance of NiFe bi-
metallic catalysts observed in the previous section, it would be
interesting to see how well a Ni/Fe,O; catalyst would perform
for the selective deoxygenation of furfural/HMF with a limited
amount of atmospheric H,. Active metals supported on ZrO,
may also be a viable option, as they have been shown to be
successful for similar use with phenolic compounds. However,
care would have to be taken with regard to acidity.

5. Discussion—Future Work and New Implica-
tions

5.1. H,-free versus H,-modest environments

It has been shown that there is a plethora of work being done
to minimize the consumption of H, in the catalytic deoxygena-
tion of vegetable oils, phenolic compounds, and furanic com-
pounds. The general consensus is that, depending on the com-
pounds, it is theoretically possible to perform deoxygenation
without the presence of H,. However, H, is typically involved in
the reactions in some way, and thus, without H,, low conver-
sions, high catalyst deactivation, and undesired products are
expected.

The deoxygenation of vegetable oils has a problem at the
very first step—the [3-elimination reactions require H, for com-
plete conversion. One alternative could possibly be to promote
hydrolysis reactions for the breakdown of triglycerides. Owing
to a lack of research done for the use of hydrolysis, it is not
clear how viable such an alternative would be. One would
have to consider the impact of glycerol as a byproduct, as it is
unusable as a direct fuel, and how elevated concentrations of
water would affect subsequent deoxygenation reactions. To
address these issues, it may be appropriate to conceive a two-
step process, in which triglycerides are broken down into fatty
acids in one reaction step followed by fatty acid deoxygena-
tion in a second reaction step. Such a process would likely re-
quire separation stages between the two reaction steps. Such
a two-step process would closely resemble a process used to
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produce FAME biodiesel, such as the process described by Kus-
dianna and Saka.®” Notably, some researchers have begun to
develop hydrothermal processes for the deoxygenation of
fatty acids in addition to the possibility of a one-step hydroly-
sis—deoxygenation process.’® %%

In any case, the deoxygenation of fatty acids presents a chal-
lenge of its own. Although the deoxygenation of fatty acids
without H, is possible through DCO,, deactivation is an issue.
H, is, therefore, required to fully break down triglycerides into
vegetable oils and to maintain activity. In addition, indirect
DCO reactions appear to be must faster than direct DCO reac-
tions. Having some H, available would promote indirect DCO,
which would likely improve the conversion.

Similarly, the deoxygenation of furanic compounds can be
done without H,; however, H, is still required to maintain cata-
lytic activity. In addition, the furan produced through the deox-
ygenation of HMF or furfural without H, may not be as desira-
ble as products such as 2,5-DMF and 2-MF that can be pro-
duced by selective deoxygenation in the presence of a minimal
amount of H,. Undesired ring-opening products are also a pos-
sibility.

Phenolic compounds, on the other hand, definitely need
a source of hydrogen atoms to remove oxygen. Given that
there is no reaction pathway that removes oxygen as CO or
CO,, hydrogen is required to remove oxygen selectively as
water. In addition, an onslaught of catalyst deactivation is
brought upon the catalyst’s inability to hydrogenate oxygen
and carbon structures that are strongly adsorbed on the cata-
lyst surface. Oxygen that is not hydrogenated to water effec-
tively oxidizes the catalyst, whereas the carbon pools that are
not saturated lead to coking.

To achieve desirable products by catalytic deoxygenation,
a limited amount of H, should be available. Thus, H,-modest
systems should be applied rather than H,-free systems. The
amount of H, that is used should be less than conventional,
nonselective deoxygenation processes, ideally at near-stoichio-
metric amounts or enough to maintain catalyst activity.

5.2. Insight into future catalyst developments

Throughout this review, various catalysts have been identified
as being appropriate (or inappropriate) for H,-modest process-
es. However, it has been observed that the catalysts that have
been studied tend to differ between researchers depending on
which resource they are focusing. For example, researchers in
the field of vegetable oils focus on the use of metal-sulfide,
noble-metal, and common transition-metal catalysts such as
nickel. On the other hand, phenolic compounds have seen the
development of metal-oxide and transition-metal phosphide
catalysts, whereas both furanic and phenolic compounds have
seen significant developments with bimetallic catalysts. Overall,
it appears as though all three resources benefit from the use
of catalysts containing bifunctionality—the ability to adsorb
the compounds through the oxygen-containing functional
groups and the ability to activate H..

In Section 2, it was discussed that to minimize H, consump-
tion, one should consider the promotion of DCO, reaction

ChemSusChem 2016, 9, 1750~ 1772 www.chemsuschem.org

1767

' CHEM:!USCHEM
& Reviews

pathways. Of all DCO, reaction pathways, indirect DCO, which
requires the presence of H,, appears to be the fastest reaction.
Direct DCO or DCO, reactions are hindered in the presence of
H,, and they present a mechanism by which catalyst deactiva-
tion may occur quickly. To perform indirect DCO, the first step
is a hydrogenolysis reaction into an aldehyde intermediate,
which is followed by DCO. One catalyst that appears to benefit
this reaction route is Ni/ZrO,. This is because of a synergistic
effect and/or the bifunctionality of the catalyst that supports
the hydrogenolysis step.

The use of an active metal such as Ni on a reducible support
such as ZrO, was also discussed in Sections 3.2 and 4.2. In
these sections, it was elucidated that the catalysts are very
comparable in function to bimetallic catalysts containing an
active metal and an oxophilic metal such as NiFe. It is, there-
fore, suggested that future work be done to explore the use of
such bimetallic catalysts for the deoxygenation of fatty acids. It
is predicted that a catalyst such as NiFe or PdFe will promote
the adsorption of fatty acids through the oxygen atoms, which
will lead to direct removal of said oxygen. To enable the subse-
quent DCO reaction, the catalyst will likely need to maintain
some monometallic properties. It is, therefore, suggested that
for applications involving with fatty acids, these catalysts
should have a lower oxophillic-to-active metal ratio (Fe-Pd
ratio, for example) compared to similar catalysts used with
phenolic and furanic compounds.

Another type of catalyst that may present the necessary bi-
functionality properties for the deoxygenation of fatty acids
would be a transition-metal phosphide catalyst. It is expected
that a phosphide catalyst such as Ni,P would also be compara-
ble to a catalyst such as Ni/ZrO,. As Cecilia et al. concluded in
2013, Ni,P functions in a manner similar to that of active
metals on acidic supports and exhibits both metallic and acidic
properties, which would be necessary for indirect DCO.%
Indeed, some work has already been performed, and it has
been demonstrated that Ni,P promotes DCO, reactions.®” Ad-
ditional research would be beneficial to understand how such
a catalyst compares to other catalysts that have been studied
for the deoxygenation of vegetable oils.

In Sections 3 and 4, several comparisons were made with
regard to the development of catalyst for the deoxygenation
of furanic and phenolic compounds, especially for bimetallic
catalysts. To minimize H, consumption, both types of com-
pounds appear to require the same treatment, that is, selective
deoxygenation of oxygen-containing constituents while mini-
mizing ring-saturation and ring-opening reactions. Bimetallic
catalysts such as NiFe and PdFe appear to be suitable selec-
tions for achieving these goals. In addition, there are not
enough investigations towards the use of different catalyst
supports. Therefore, it is recommended that future studies ex-
plore the use of active metals supported on reducible oxides.
The use of various combinations of reducible oxides such as
CeO, and ZrO, is also very interesting. A support with en-
hanced oxygen-storage capacity, as reported for CeO, and
ZrO,, with a highly dispersed active metal phase would likely
be beneficial for the selective deoxygenation of furanic and
phenolic compounds. As stated in Section 4.2., care should be
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taken with regard to catalyst acidity upon deoxygenating fur-
anic compounds, as it may lead to rapid catalyst deactivation
owing to polymerization reactions.

In the development of catalysts for phenolic or furanic
model compounds, it is important that researchers consider
whether or not the catalyst would also be appropriate for both
model compounds. This is because phenolic and furanic com-
pounds, as well as various other compounds, exist together in
bio-oil and are treated together rather than separately. Thus,
a catalyst that is selected for deoxygenating HMF should also
be stable for the deoxygenation of guaiacol.

5.3. Additional strategies for reducing fossil-fuel-derived H,
dependence

Throughout this review, the major strategy for reducing the re-
quirement of H, has been to perform selective deoxygenation
to reduce H, consumption. Other strategies that are currently
undergoing research include the production of H, from renew-
able sources and the use of internal hydrogen, otherwise
known as in situ hydrogen.

5.3.1. External sources of hydrogen

The production of H, through processes such as gasification of
biomass has received some attention as a potential candidate
for a supply of H, for deoxygenation processes. However,
there are concerns regarding the costs associated with the
actual process of gasifying the biomass then purifying the H,
for use in a hydrotreater. As an alternative, Tanneru and
Steele” propose the use of syngas directly for the purpose of
deoxygenation. The use of syngas is successful for performing
the initial steps of the catalytic deoxygenation of bio-oil with
results that are comparable to those obtained with the use of
pure H,. The success of this process is partly attributed to the
water—gas-shift reaction, which will be discussed in greater
detail below.” With further optimizations in terms of the cata-
lysts and conditions, it is possible that the direct use of syngas
may become a viable option for industrial application.

5.3.2. Internal sources of hydrogen

Internally sourced hydrogen, or in situ hydrogen, is H, (or hy-
drogen atoms in general) that is produced and used for reac-
tion in the same reactor. There is no external supply of H, gas.
An example of a system that uses in situ hydrogen is the use
of a hydrogen-donor solvent to produce hydrogen atoms on
the catalyst surface. Another example that is presented here
for the first time as a potential source of in situ hydrogen and
a major contributor to reducing H, consumption is the promo-
tion of the water—gas-shift and steam-reforming reactions.

5.3.2.1. Hydrogen-donor solvents

The use of proton-donor solvents such as biomass-derived
acids and alcohols is becoming popular, as they reduce the re-
liance on H, from fossil fuels and are, for the most part, easier
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and safer to store at isolated locations than H,.*® The most

common donors that have been considered are formic acid
and light alcohols such as propan-2-0l.°®7" The basic idea
behind proton-donor solvents is that hydrogen atoms are ab-
stracted from the organic molecule and activated on the cata-
lyst surface. For formic acid, this occurs through decomposi-
tion into H, and CO,.

Alcohols donate hydrogen through the disassociation of
a hydrogen atom from the hydroxy group, which produces its
conjugate ketone, such as acetone for propan-2-ol. The results
for the use of propan-2-ol with furfural from Scholz et al.>®
are moderate. In some cases, high conversions of furfural and
HMF are observed; however, the reactions are mostly selective
towards the production of hydroxymethyl groups.*® With
future reaction and catalyst optimizations, it may be possible
to increase the selectivity towards the production of methyl
groups. On the other hand, Reddy et al.”'® report decent con-
versions of furfural and p-cresol over Ni-Cu catalysts by using
propan-2-ol as a hydrogen donor. Deoxygenation is not signifi-
cant, however, in tests performed with real bio-oil. In this case,
propan-2-ol undergoes esterification with short acids such as
acetic acid, which the authors conclude would help stabilize
the bio-oil for further processing.

There are some concerns that need to be addressed with
regard to catalytic hydrogen-transfer processes. The major con-
cern is cost. If formic acid is selected, there is the cost associat-
ed with the procurement of formic acid, and owing to the cor-
rosiveness of formic acid, there will also be additional capital
and maintenance costs associated with its use. For alcohols,
there is concern about solvent consumption and recovery. Re-
covering the solvent will require a subsequent separation pro-
cess to retrieve the ketone followed by a reaction process to
convert the ketone back into an alcohol. If, on the other hand,
the alcohol is not recovered, there will be additional procure-
ment costs. Another concern is the origin of the solvents.
Given that one of the objectives of using hydrogen-donor sol-
vents is to eliminate the reliance on the fossil-fuel industry for
producing H,, one should ensure that the solvents that are
used are derived from biomass. The aforementioned concerns
aside, these processes can be deemed much safer than typical
hydrotreating processes, because they do not involve the stor-
age and handling of high-pressure H,.

5.3.2.2. Water-gas-shift and reforming reactions

One topic that appears to have been overlooked in the mini-
mization of H, consumption is the consideration of water—gas-
shift (WGS) [Eq.(1)] and methane steam-reforming (MSR)
[Eq. (2)] reactions.

CO + H,0 = CO, + H, (1)
H,0 + CH, = 3H, + CO (2)

More focus needs to be made on promoting WGS under the
reaction conditions to regenerate H, gas. Removing oxygen as
both CO and H,O is lost potential, as they can be used to pro-
duce H,, which can be used again to remove oxygen. In Sec-
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tion 4.2, it was suggested that there should be a balance be-
tween removing oxygen selectively as H,O and CO. Looking at
Equations (3)-(5), which represent the overall SHH and DCO re-
action pathways presented in Scheme 8, it can be theoretically
derived that equimolar amounts of CO and H,0 can be pro-
duced if 3 mol of HMF are split equally amongst the three re-
actions.

HMF + 3 H, — DMF + 2H,0 (3)
HMF — furan + H, + 2CO (4)
HMF + H, — MF + H,0 + CO (5)

Assuming 100% conversions, balancing these reactions with
the WGS reaction [Eq. (1)] results in no net consumption of H,
[see Eq. (6)]. Simply, all H, that would be consumed would be
regenerated.

3HMF — DMF + MF + furan + 3 CO, (6)

Alternatively, one could also theoretically optimize just Equa-
tions (1) and (4) to produce just 2-Methylfuran from HMF while
effectively consuming no H, (see Scheme 11).

CO.

v \/

Selective
Scheme 11. Selective deoxygenation of 5-HMF with WGS.

U

Deoygenation

Theoretically, a very similar optimization could be conceived
for fatty acids. Starting from a C, fatty acid and proceeding
through the indirect DCO reaction route to the production of
a C,_, paraffin, 1 mol of H, is consumed and 1 mol of H,0 and
1 mol of CO are produced. Balancing this with the WGS results
in no net consumption of H, and the release of CO,, which re-
sembles the DCO, reaction.

As for phenolic compounds, as oxygen cannot be removed
as CO from phenolic compounds, the WGS reaction is not di-
rectly available to regenerate H,. Instead, the deoxygenation of
phenolic compounds that have a methoxy group, such as

guaiacol, can produce benzene, methane, and water [see
Eqg. (7)].
guaiacol + 3H, — benzene + 2H,0 + CH, (7)

The presence of both methane and water would enable
MSR reactions, which, as seen in Equation (2), would produce
3 mol of H,. Therefore, assuming 100% conversion, one could
theorize the production of benzene, CO, and water from guaia-
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col with no net consumption of H,. Beyond that, as CO is
formed, further balancing these reactions with the WGS would
actually lead to a net production of 1 mol of H, along with
benzene and CO,, such as that shown in Equation (8).

guaiacol — benzene + H, + CO, (8)

Notably, these reactions of guaiacol are only supported by
the reaction routes that produce benzene, which is, as men-
tioned in Section 3, not particularly ideal. Alternatively, one
could aim for the production of toluene from guaiacol, which
would prevent the possibility of regenerating H..

Above all, the balances and ideas that have been presented
here demonstrate the importance of the WGS reaction and,
possibly, the MSR reaction. Although these propositions are
far-fetched (such as assuming 100% conversion of even WGS
and MSR reactions), they do demonstrate that more can be
done to reduce H, consumption by producing in situ H,. It is,
therefore, proposed that future works not only look at devel-
oping catalysts and additives that promote selective deoxyge-
nation reactions in H,-modest environments but also look at
catalysts/additives that promote WGS and MSR (or possibly
other steam-reforming reactions such as propane from vegeta-
ble oils) reactions. Bifunctional catalysts that promote both de-
oxygenation and WGS/MSR may be ideal for such a proposal.

An appropriate initial step towards developing bifunctional
catalysts would be to look at deoxygenation catalysts that con-
tain materials known to promote WGS and MSR reactions (and
vice versa) and to monitor their performances under desired
reaction conditions. Ratnasamy and Wagnar”? extensively
review catalysts that are used for WGS. In industry, catalysts
that are currently being used include iron oxides that are stabi-
lized by chromium oxide (Fe,O;-Cr,0;) for high-temperature
WGS (350-450°C) and Cu-ZnO-Al,O; catalysts for low-tempera-
ture WGS (190-250°C)." The addition of a promoter metal
such as Ni, Pt, Pd, and Rh to iron-oxide based catalysts has
been shown to improve the reaction kinetics of high-tempera-
ture WGS.”?' Ni and Pd supported on Fe,0O; has been shown to
promote the deoxygenation of SHH and DCO of furfural by
Scholz et al.®®! at 180°C with propan-2-ol as a H-donor. There-
fore, promoted iron-oxide catalysts may be a potential candi-
dates; however, one must consider the temperature difference
(180 vs. 350°C).

Although thermodynamic equilibrium is generally not a con-
cern for the deoxygenation of HMF, it is, however, a concern
for WGS, which is an exothermic reaction (AH=
—41.1 kJmol™). In industry, WGS first occurs through a high-
temperature step (K,=20.5 at 350°C) followed by a low-tem-
perature step (K,>100) to help shift the equilibrium to com-
plete conversion of CO.”? Although the H, consumption by
deoxygenation may shift the equilibrium even more towards
the products, operating at temperatures as high as 350°C may
not be suitable for phenolic and furanic compounds owing to
the elevated possibility of coking. Therefore, the use of a low-
temperature WGS catalyst may be more suitable. Unfortunate-
ly, Cu-ZnO-Al,O; has not received any attention for deoxygena-
tion.
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One may also look towards catalysts used for the aqueous-
phase reforming (APR) of glycerol for the production of in situ
H,. APR of glycerol, which is derived from triglycerides, has
been shown to produce H,, which is then used for the deoxy-
genation of fatty acids.” In general, this is an important pro-
cess to consider for the deoxygenation of vegetable oils within
a hydrothermal environment, for which glycerol need not be
introduced to the system, as it is produced by hydrolysis.
A particular catalyst that has been shown to provide high con-
versions is Pt-Re/C7*9 As WGS is an important reaction
within an APR process, the fact that Pt-Re/C is established as
being able to perform WGS and deoxygenation makes it a po-
tential candidate for other processes involving WGS. Using
glycerol APR to produce insitu H, for the deoxygenation of
phenolic or furanic compounds may not be suitable, because
glycerol would need to be supplied from an external source.
However, the APR of bio-oil that contains furanics, phenolics,
and smaller compounds such as glycoaldehyde, which may un-
dergo APR, may be another possible route of exploration.

The movement towards promoting both WGS and deoxyge-
nation within the same catalytic process will inadvertently de-
velop processes that are not only H, modest but also, to some
extent, H, self-sufficient. The end result is a highly sustainable
catalytic process that will produce desired fuels with a minimal
dependence on the fossil-fuel industry.

6. Conclusions

The increasing demand for the production of biofuels through
deoxygenation processes has been met with the challenge of
decreasing the consumption of H,. There is a plethora of re-
search work being poured into the development of catalysts
that promote the selective deoxygenation reactions of vegeta-
ble oils, phenolic, and furanic compounds while consuming
less H,. Various information gaps have been determined. Work
must still be done to develop clear understandings of catalytic
reaction mechanisms. An understanding of the reaction mech-
anisms will allow researchers to develop more selective cata-
lysts.

On the basis of what is currently understood about reaction
pathways and catalyst deactivation, it is concluded that H,-
modest systems are more desirable than H,-free systems. H, is
required because of its role in reactions and to maintain cata-
lyst activity. The successful conversion of biomass-derived bio-
oils into desired products simply cannot proceed without the
presence of H,. That said, H, requirements can still be reduced
by promoting reactions that lead to desired products through
reaction pathways that require less H..

On the basis of current knowledge, the catalysts that look
promising for selective deoxygenation are those that exhibit
a combination of oxophilicity and the ability to activate H,.
Such has been found to reduce interactions between the cata-
lyst surface and the carbon structure of oxygenated com-
pounds while promoting the interaction with oxygen, which
thereby allows for selective deoxygenation. Examples that
have been explored include active metal supports for reducible
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oxides such as Ni/ZrO, and supported bimetallic catalysts that
combine active metals with oxophilic metals such as NiFe.

It has been proposed that researchers should continue to
collaborate more in the development of catalysts for phenolic
and furanic compounds. As phenolic and furanic compounds
are to be processed together in bio-oil, it is essential that a cat-
alyst that is proven to be viable for phenolic compounds be
stable and active for furanic compounds, and vice versa.

To minimize the requirement of external sources of H, fur-
ther, it is proposed that catalysts should not be developed on
the sole basis of their ability to promote selective deoxygena-
tion. They must be developed also to promote the production
of in situ H, through water-gas-shift and steam-reforming re-
actions. The presence of CO, H,0, and CH, in the outlet gas
represents a missed opportunity for regenerating H,. Ideally,
oxygen should leave a reactor as CO,.

For vegetable oils/fatty acids, the reaction pathway that has
been suggested as ideal for use in a H,-modest/H, self-suffi-
cient environment is the indirect decarbonylation reaction
pathway. For furanic and phenolic compounds, the desired re-
action routes should be based on desired products. For exam-
ple, toluene rather than benzene may be the more desired
product from guaiacol, as benzene is not desired for use as
a fuel. However, it is noted that the production of toluene
limits the possibility of regenerating H,, and thus, the con-
sumption of H, is expected to be higher than that for the pro-
duction of benzene.

Above all, researchers should focus on the development of
catalysts that require the use of less H, and, if possible, that
promote the regeneration of H, through the water—gas-shift
and steam-reforming reactions.
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