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Abstract

The hydrodeoxygenation (HDO) reaction is critical to the upgrading of lignocellulosic
biomass into valuable fuels and chemicals. Many transition metal carbide (TMC) catalysts have
been shown to be highly selective toward the C-O/C=0O bond scission, which makes them
promising catalysts for the HDO reaction. This review summarizes the reaction pathways of
linear and ring-containing biomass-derived oxygenates over TMC model surfaces and powder
catalysts, followed by a discussion on the effect of reaction conditions on reaction pathways. The
combination of first principle calculations, model surface experiments, and parallel reactor
studies demonstrates the feasibility of using model surface science studies to guide the rational
design of efficient catalysts for the upgrading of lignocellulosic biomass derivatives. General

trends and future research directions of using TMC catalysts for HDO are also discussed.
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1. Introduction

The catalytic upgrading of non-edible lignocellulosic biomass to fuels and chemicals is a
promising way to mitigate the current environmental issues and to address the energy challenges.
Various methods and processes have been developed to convert lignocellulosic biomass into
cellulose, hemicellulose and then to C5 and C6 sugars, xylose, fructose and glucose.' These C5
and C6 sugars can then be converted into platform chemicals, including furfural and 5-
hydroxylmethylfufural, which can be further upgraded to fuel additives such as 2-methylfuran
(2-MF) or industrial-relevant chemicals such as p-xylene.°

One challenge for converting lignocellulosic biomass is that the biomass-derived
molecules contain excess oxygen. The high O/C ratio limits the energy density of the biomass
derivatives, as well as the selectivity to desired products during the upgrading processes.” In
order to solve this problem, the excess oxygen needs to be removed via deoxygenation, which
can be divided into two types of reactions: deocarbonylation/decarboxylation (DCO) and
hydrodeoxygenation (HDO). The DCO reactions cleave the C-C bond associated with the
carbonyl group or carboxyl group, resulting in loss of carbon and decreasing the energy content
of the molecule. On the other hand, the HDO reaction selectively cleaves the C-O/C=0O bond
while preserving the carbon chain length. Moreover, under sufficient H, partial pressure, the
HDO reaction removes oxygen in the form of H,O instead of CO, and is therefore more
environmentally friendly than DCO regarding CO, emission.

Transition metal carbides (TMCs) have emerged as promising HDO catalysts.
Molybdenum carbide (Mo,C) and tungsten carbide (WC) have been shown to be highly selective
toward C-O/C=0 bond scissions. For example, Yu et al. have shown that Mo,C selectively

cleaves the C-O bonds in ethylene glycol to produce ethylene, with the C-C bond remaining
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intact.® Ren et al. have demonstrated that WC and Mo,C selectively cleave the C-O/C=0 bond of
C3 oxygenates, such as propanol and propanal, to produce propylene.”'® Ruddy et al.
investigated the mechanism of the acetic acid HDO reaction and identified different types of

' Bhan et al. used the acetone HDO reaction to

active sites with different ’functionality.1
demonstrate the bifunctionality of Mo,C and the effect of oxygen modification on the active
sites.'” Additionally, there are a number of studies on the HDO of longer chain molecules, such
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as methyl stearate, oleic acid,'®!” stearic acid'*'®" and vegetable oils. ™ Model
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and guaiacol, have also been

compounds for lignin derivatives, such as anisole
thoroughly studied. Xiong et al. have reported that Mo,C is selective to the HDO of furfural to 2-
methylfuran.”> Several HDO reactions with Mo,C have been studied thoroughly using both
experimental and computational approaches and detailed reaction mechanisms have been
proposed.’'%¢

In additional to their high HDO selectivity, TMCs can be used as substrates to support
metal catalysts for HDO reactions. Wan et al. have shown that the bimetallic Fe/Pt(111) surface
is active toward the HDO reaction of furfural.’’ However, at elevated temperatures, Fe tends to
diffuse into the Pt bulk, causing the HDO activity of Fe/Pt(111) to decrease. In contrast, by
replacing the substrate from Pt(111) to Mo,C, the stability of Fe/Mo,C/Mo(110) is enhanced
while maintaining similar HDO activity as that of Fe/Pt(111).*® This is because the Mo,C
substrate possesses Pt-like properties and can also serve as a barrier to prevent the Fe from
diffusing into the bulk, therefore retaining the HDO activity with enhanced stability.***' Similar

enhanced stability is also observed on Co/Mo,C/Mo(110) for the furfural HDO reaction,

compared to Co/Pt(11 1).4%%7
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Research progress on the conversion of lignocellulosic biomass over TMC catalysts has
been summarized by several reviews. Xiong et al. summarized and compared different bimetallic
and TMC catalysts that can be used to achieve desired bond-cleavage sequence for reforming
and HDO reactions of biomass-derived molecules.” Bhan et al. summarized the synthesis of
TMCs and in situ chemical titration techniques to identify different sites on the bifunctional
TMC catalysts.”” Medlin e al. reviewed the bifunctional catalysts for the HDO reaction of
pyrolysis oil and model compounds from biomass derivatives, with a focus on the influence of
catalyst structures on reactivity.* This review aims to summarize the recent findings of HDO
reactions of biomass-derived molecules with different structures (linear chain vs. ring-containing)
over TMC model surfaces and powder catalysts. DFT calculations, surface science studies on
single crystals, and reactor evaluations of powder catalysts are used as examples to demonstrate
the feasibility of using results from well-characterized model surfaces to guide the rational
catalyst design for upgrading biomass derivatives. General trends in the HDO of linear and ring-
containing biomass-derived molecules over TMC surfaces are drawn, which are extended to
reactor studies with the relevant TMC powder catalysts.

In this review, the HDO reactions over TMC catalysts are divided into two classes of
biomass-derived oxygenates: linear chain and ring-containing molecules. The presence of the
furan or benzene ring in a biomass-derived molecule can affect the HDO selectivity significantly.
For example, due to the stabilization of the ring, it should be more difficult to cleave the carbon-
oxygen bond in the furan ring of furfural than that in the carbonyl group. Sections 2 and 3
summarize and compare the reactivity of these two types of molecules over TMCs. The reaction

conditions (temperature, pressure, etc.) play important roles in tuning the activity, selectivity and
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stability of the TMC catalysts, which are reviewed in Section 4. Finally, general trends and

opportunities in utilizing TMCs as HDO catalysts are discussed in Section 5.

2. HDO of linear chain oxygenates

Linear chain oxygenates represent an important class of biomass-derived molecules.
Simple linear chain molecules are often used as model compounds for the study of more
complex biomass derivatives. Their relatively simple molecular structures significantly reduce
the computational expense, and their relatively high vapor pressures allow the dosing into
ultrahigh vacuum (UHV) chamber for single crystal studies. C2 linear molecule such as ethylene
glycol, glycolaldehyde and acetic acid are good model compounds because they have the same
C/O ratio as C5 and C6 sugars and contain various functional groups. For the study of
unsaturated fatty acids with relatively long chains, acrylic acid can serve as a model compound
because it has a shorter chain that contains one C=C bond and one carboxylic acid functional
group. In order to highlight the HDO reactions of linear oxygenates over TMC catalysts, this
chapter uses the reactions of C2 (acetaldehyde, glycolaldehyde and acetic acid) and C3
oxygenates (propanal, propanol, 2-propanol and acrylic acid) on TMC surfaces and powder
catalysts as examples to demonstrate the selective C-O/C=0 bond cleavage capability of TMCs.
The HDO reactions of other oxygenates with longer chains over powder catalysts are also briefly
summarized. A list of linear chain oxygenates and the relevant techniques used for studying the
HDO reactions on TMC catalysts can be found in Tables 1 and 2.

Table 1
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2.1 Reactions on TMC surfaces
2.1.1 C=0/C-0O bond scission of C2 oxygenates

As a major product of the ex situ catalytic fast pyrolysis (CFP) of biomass, acetic acid
can be converted via various pathways, including DCO, HDO and ketonization (KET)."" Acetic
acid contains a C-O bond and a C=0O bond. Therefore, it can be used to probe whether the
carbide surface can promote the cleavage of one bond or both carbon-oxygen bonds. Using a
combination of DFT and UHV techniques, Yu ef al. demonstrated that acetic acid undergoes
complete C-O/C=0 bond scission to produce ethylene on the WC surface.*” In comparison, when
modified by Ni, the Ni/WC surface tends to break the C-C and C-H bonds to yield the reforming
products (CO + Hy).

Fig. 1

Fig. 2

As shown in Fig. 1, TPD results reveal that ethylene is only produced on the WC surface,
while H,, CO and CO, are produced on the 0.5ML and 1ML Ni-modified WC surfaces.
HREELS measurements (Fig. 2) demonstrate that acetic acid undergoes O-H scission to generate
an acetate, CH3COO, intermediate that binds to the WC and 1ML Ni/WC surfaces. The
disappearance of the v(C=0) mode (1711 cm™) at 200K indicates that the -COO group binds to
the surfaces in a bidentate bonding configuration. The main difference between the WC and
IML Ni/WC surfaces is that the C-C bond of acetate, indicative of the v(CC) mode at 1028 cm™,

is preserved on WC up to 600K but cleaved on IML Ni/WC at above 500K. This is consistent
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with the ethylene peak temperature of 640K on WC, as well as production of H,, CO and CO,
between 500K and 600K on 1ML Ni/WC from the TPD results.

In order to compare the different interactions of the ~-COOH and —C=0 functional groups
on WC, TPD and HREELS measurements of acetaldehyde have also been performed on WC and
Ni/WC surfaces.*” the TPD results reveal that the primary products over WC is ethylene, which
is formed by cleaving the C=0 bond of acetaldehyde between 300K and 500K. On Ni/WC, the
main products are H,, CO and CHy, indicating that acetaldehyde undergoes C-C and C-H
scissions. HREELS experiments show that the v(C=0) mode at 1650 cm™ of acetaldehyde is
weakened upon increasing temperature to 200K and disappear at 300K, indicating that
acetaldehyde changes to a di-c bonding configuration at 300K. On Ni/WC, the attenuation of the
8(CCO) mode at 528 cm™ and the v(CC) mode at 1109 cm™ ' at 300K suggests the start of C-C
scission, which is consistent with the TPD results.

Vohs et al. performed surface studies on the reaction of glycolaldehyde over a Mo,C
surface using TPD and HREELS.” It is demonstrated that below 550K, the primary product is
ethylene, with ethanol and acetaldehyde as minor products. These three products are all produced
from the deoxygenation reactions, indicating that Mo,C is highly selective toward the C-O/C=0
scission. HREELS results reveal that at temperatures below 200K, glycolaldehyde bonds to
Mo,C via an 71, (0O) bonding configuration, which then transit to a di-c 1, (C=0) bonding
configuration between 200K and 300K. The di-c 1,(C=0) configuration weakens the C=0 bond,
facilitating the subsequent C=0 scission.’’

Scheme 1
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2.1.2 C=0/C-0 bond scission of C3 oxygenates

The C3 oxygenates also represent a class of model compounds for studying more
complex biomass-derived molecules. Similar to C2 oxygenates, C3 oxygenates undergo C-
O/C=0 scission selectively over TMC surfaces. Ren ef al. studied the deoxygenation reaction of
propanol and propanal over WC.’ DFT calculations (Fig. 3) indicate that propanol and propanal
undergo favorable C-O/C=0 cleavages, with an activation barrier as low as 0.3 eV leading to the
final product propylene. The DFT predicted reaction pathway is confirmed by TPD and
HREELS experiments. From TPD experiments, for both propanol and propanal the main product
on WC is propylene after selective C-O scission. HREELS results (Fig. 4) suggest that propanol
undergoes O-H scission during the adsorption process to the surface due to the absence of the O-
H stretching mode for propanol. On the other hand, propanal tends to bond to the surface via the
di-c bonding configuration, as evidenced by the disappearance of the C=0O bond upon heating to
300K from 100K. Both propanol and propanal show a similar intermediate at 300K, consistent
with the DFT calculations.

Fig. 3

Fig. 4

The HDO reactions of C3 oxygenates over Mo,C were reviewed previously.” Similar to
WC, Mo,C shows high selectivity toward C-O/C=0 bond scission. From DFT calculations, the
probe molecule propanal preferentially undergoes C=O scission over Mo,C(0001) with an
activation energy of 0.61 eV, rather than the C-C scission that requires 1.21 eV. Additionally, the

relatively high activation barrier of the hydrogenation of propanal indicates that the C=0 scission
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happens in the absence of the initial hydrogenation step, and is also consistent with the major

product being propylene instead of propane.

2.1.3 Summary of reactions of linear oxygenates over TMC surfaces

Scheme 2 summarizes the pathways of the C2 and C3 oxygenates discussed. Overall,
from the studies of linear C2 and C3 oxygenates, Mo,C and WC have similar catalytic property
at lower temperature (<550K). Both carbides tend to cleave all the C-O/C=0 bonds to form
ethylene or propylene as the major product. HREELS observations on the reactions of the C2 and
C3 oxygenates suggest that in general WC and Mo,C interact strongly with the C-O/C=0 bonds,
which facilitates the cleavage of the bonds. It is also noticed that when WC is modified with Ni,

the reaction pathway shifts from C-O/C=0 scission toward the C-C bond scission.

Scheme 2

Table 2

Table 3

2.2 Reactor evaluations over powder TMC catalysts
2.2.1 HDO of C2 oxygenates
Schaidle et al.'' evaluated and identified the active sites and HDO pathways of acetic

acid over Mo,C with DFT calculations, in situ diffuse reflectance infrared Fourier transform

10
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spectroscopy (DRIFTS) and X-ray photoelectron spectroscopy (XPS). HDO is the preferred
pathway from 523 to 673K. This is generally consistent with the model surface results that Mo,C

and WC surfaces selectively cleave the C-O/C=0 bonds.

Fig. 5

The HDO reaction pathway over TMC catalysts also depends on the distribution of
different types of active sites. Baddour et al. have studied acetic acid HDO over a-MoC; 4 in
SBA-15 silica % and identified two distinct sites on Mo,C: acid site and H-site. The ratio of these
two types of sites is the key factor for the HDO reaction, which can be influenced by the surface
composition, crystal phase, and particle size. The MoC;_x nanoparticles with diameter of 1.9 +
0.4 nm inside the pores of the support possess a greater acid-site/H-site ratio and exhibit a lower
selectivity for HDO products and higher selectivity for DCO products, which is very different
from bulk Mo,C. The identity of different active sites and their influence on the catalyst

performance will be further discussed in Section 4.2.

2.2.2 HDO of C3 oxygenates

Section 2.1.2 reviewed the DFT calculations and surface science experiments of C3
oxygenates over WC and Mo,C. To bridge the pressure and material gap, Ren et al. also
conducted reactor experiments to evaluate the HDO activity of powder WC and Mo,C
catalysts.”'® On WC, propylene is the major product from both probe molecules, propanol and

propanal. (Fig. 6) It is also observed that hydrogen partial pressure has different impact on

11
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conversion. (Fig. 6) For propanol, co-feed hydrogen affects the conversion, while the effect for
propanal co-feed hydrogen has less influence on the conversion.

Fig. 6

On Mo,C, the DFT prediction and UHV results on model surfaces are verified by reactor
evaluation (Fig. 7) with propanal, propanol, 2-propanol and acetone. Propylene is found to be the
major product for all the reactants, with propane as the minor product. DFT calculations indicate
that the activation barrier for the surface oxygen removal by hydrogen is significantly lower than
that for the hydrogenation pathway to form propane. Therefore, hydrogen is mostly involved in
the surface oxygen removal, and the selectivity to propane is low. Similar phenomenon was

observed for acetic acid over Mo,C.

Fig. 7

Another important C3 oxygenates is acrylic acid. As the simplest organic acid containing
one C=C bond and one carboxylic acid group, acrylic acid can be used as a model compound for
studying unsaturated fatty acids. Recently Rocha et al®! investigated the HDO of acrylic acid on
-Mo0,C/AL,O3. Propane is found as the main product. DFT calculations reveal that acetic acid
preferentially binds to the surface vis both the C=C double bond and the oxygen in the C=0
bond. It is also found that the reaction proceeds through a hydrogenation/dehydration route
where the cleavage of the C-O bond is favored over the C-C bond scission. The combination of
DRIFTS, TPSR and DFT results identify an important intermediate H,C=CH-CO, suggesting

that unsaturated aldehydes could be an intermediate in the HDO of fatty acids over Mo,C. This is

12
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because the hydrogenation of the C=0 bond has a much lower activation barrier (1.73 eV) than
the C=C bond (3.47 eV), and is also more thermodynamically favored. A reaction network has
been proposed (Fig. 8) for the HDO of acrylic acid on -Mo,C/Al,O3 where the carboxyl group
of acrylic acid is hydrogenated instead of the double bond, producing an intermediate that leads
to propane formation.

Fig. 8

One should also note that there is a trade-off for using simpler short chain molecules as
surrogates. Smaller molecules often have higher vapor pressure and relatively simpler structures
but could be significantly more reactive than the larger molecules that we are trying to predict.
The selection of model compound is important. For example, the conjugation in short-chain
surrogate molecule (e.g. acrylic acid) could influence the adsorption configuration compared to
the longer chain molecules (e.g. oleic acid). Alternatively, 3-pentenoic acid should be a better
model compound, since it is the simplest unsaturated acid that contains an internal C=C bond
that is not conjugated to the -COOH group, and has a high enough vapor pressure for UHV

studies.

2.2.3 HDO of other linear oxygenates over TMC catalysts

The HDO of vegetable oils composing primarily of triglycerides to alkanes is an
important route to produce high-grade biofuels.®® Oleic acid with one C=C bond and linoleic acid
with two C=C bonds are abundant in the majority of vegetable oils.”” Long chain oxygenates
such as alkyl stearates, stearic and fatty acids and vegetable oils have also been studied for HDO

over TMC catalysts. Although TMCs show promising HDO activity, the conversion of these
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molecules into saturated hydrocarbons suitable for diesel fuel or linear olefins suitable for bulk
chemical precursors require additional processing.'* %567

Carbon materials, such as activated carbon (AC), carbon nanofibers (CNF), carbon
nanotube (CNT) and mesoporous carbon (MC), are used as the supports because of their high
surface area and electric conductivity that facilitate synthetic control over the TMC crystal phase
and its dispersion. For example, M0,C/AC and Mo,C/CNT show high activity in the HDO of
vegetable oils and esters, such as bean oil, sunflower oil, maize oil, methyl stearate and methyl
palmitate.'>*'** A high selectivity for branched hydrocarbons (85-95% of the total hydrocarbon
yield) in a hydrogen-rich atmosphere (H»/0il = 120—720 mole fraction) is obtained. Qin et al.
have reported that Mo,C/CNF is active for the HDO methyl palmitate to hydrocarbons.20 Mo,C
nanoparticles on the outside of the CNF show higher activity than the ones inside the CNF.
Mo,C/MC has been reported to show high HDO activity for the conversion of methyl stearate to
octadecane with almost 100% conversion of methyl stearate and a high selectivity of 93.6%
toward octadecane (T= 543 K, P=6 MPa)."*

Mo,C catalysts supported on reduced graphene oxide (rGO), activated charcoal, graphite,
and fullerene (Cgp) have also been prepared and tested in the HDO of maize 0il.” The activity
order of the maize oil HDO reaction generally follows the trend of Mo,C/rGO > Mo,C/AC >
Mo,C/Cgp, with M0,C/rGO showing a total hydrocarbon yield of 90.3% at 973 K. The uniform
dispersion of the active Mo,C component on carbon supports is identified as one of the key
factors for the catalytic activity.

Different deoxygenation pathways of carbide and oxide of tungsten have been reported in
the reactions of stearic acid over CNF-supported W,C and WO; in a batch reactor.”> A high

selectivity of the unsaturated HDO product, octadecene, is observed over the W,C/CNFs catalyst

14
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pretreated at 1273 K (W-1000 in Fig. 9), whereas DCO products are dominant for the WOs
catalyst.”” Similar trends are also observed for the HDO of methyl stearate, tristearin and a

mixture (5% tristearin, 20% stearic acid, 5% methyl stearate).

Fig. 9

Hollak et al. have reported different product selectivity for the HDO of oleic acid over
W,C/ CNF and Mo,C/CNF at 623 K under 5 MPa H; pressure. Mo,C/CNF is more selective
toward the production of paraffins, while W,C/CNF is more selective toward olefins.'® In
comparison to the lower selectivity to hydrogenated products from C3 molecules (e.g. propane
from propanal,'® ethane from acetic acid'"), a higher selectivity to paraffin over Mo,C from oleic
acid could be attributed to the substantially higher hydrogen partial pressure used (5 MPa vs. 0.1
MPa). Furthermore, Mo,C/CNF shows higher activity and reaction stability in comparison with
W,C/CNF.

Supported W,C/CNF and Mo,C/CNF of different crystallite sizes have also been examined
for the HDO of stearic acid to hydrocarbons.'® The TMC particle size appears to affect for both
HDO activity and stability. The catalyst stability of both catalysts is clearly improved when the
active species are supported on CNF. In addition, it is found that supported Mo,C shows higher
weight-based catalytic activity with the increase of particle size from 2 to 10 nm. The surface-

specific activity (TOF) is estimated to be a factor of 10 higher for the larger Mo,C particles.

3. HDO of ring-containing oxygenates
The investigation of TMCs for HDO at low temperature and pressure has been extended to
furanic oxygenates and lignin derivatives. Furanics are oxygenates containing furan rings. For
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example, furfural and 5-hydroxymethylfurfural are two platform furanic molecules that can be
further upgraded via HDO to valuable fuels and chemicals, such as 2-methylfuran, furfuryl

alcohol, dimethylfuran and levulinic acid.® ™

The lignin fractions of lignocellulosic biomass are
amorphous polymers consisting of phenolic compounds, making lignin derivatives as viable
biomass sources to produce aromatic compounds via HDO. The HDO reactions of furan and
benzene ring-containing oxygenates are summarized in Tables 3 and 4. The C-C bond
hydrogenation or the undesired C-C bond cleavage by hydrogenolysis can occur concurrently
with HDO reactions. Due to the strong C-O bond strength (422468 kJ mol™), it is often difficult
to selectively break the C-O bond while preserving the aromatic ring. High temperature (500—
700 K) and pressure (1-30 MPa) are usually used to cleave the C-O bond in an aromatic
molecule and mitigate coking.” Due to their preference toward C-O/C=0 bond scission over C-
C bond cleavage, TMC catalysts have been explored for the HDO of both furanics and lignin
derivatives HDO reactions. This section uses furfural and guaiacol as examples of ring-

containing molecules to demonstrate the high HDO selectivity of Mo,C. The HDO reactions of

other ring-containing molecules over TMC catalysts are also summarized.

Table 4

3.1 Reactions on TMC surfaces
3.1.1 C=0/C-0 bond scission of furfural over Mo,C surfaces

The hemicellulosic fragment of lignocellulosic biomass can be converted into a platform

chemical known as furfural, which can be further upgraded via hydrogenation or HDO reactions

16
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to valuable chemicals, such as furfuryl alcohol, tetrahydrofurfuryl alcohol and 2-methylfuran (2-
MF). ® The conversion of furfural to 2MF, which requires selective removal of the oxygen from

the C=0 bond outside the furan ring, is of particular interest for fuel production (Scheme 3).

Scheme 3

Shi et al. performed detailed DFT and microkinetic calculations to provide fundamental
understanding of the HDO reaction mechanism.’® The DFT results provide insights into the
adsorption configuration, activation barrier and the effect of hydrogen partial pressure on the
product selectivity. As shown in Fig. 10, five adsorption configurations of furfural on a
Mo,C(101) surfaces are compared, including the cis- and trans-furfural. The most stable
configuration is the cis-furfural absorbed via the 1,(C=0) bonding configuration with the C=0
bond elongated and furan ring tilted away from the surface (Table 5). Based on the optimized
adsorption configuration, the subsequent activation barrier calculation on Mo,C(101) reveals that
there is a critical initial step, in which the activation barriers of all possible pathways differ
significantly. Two competing pathways are then identified: C-H scission to produce a F-CO
intermediate that leads to furan formation and hydrogenation to produce a F-CH,O intermediate

that results in 2-MF production.

Fig. 10

Table 5

17
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The effect of hydrogen coverage on the reaction pathways has also been calculated on
hydrogen pre-covered surface, as shown in Fig. 11. Compared to furfural on the clean Mo,C
surface, the activation barrier for each pathway changes with the increase of hydrogen coverage.
The furan production pathway is no longer favored. The two competing pathways become 2-MF
production and furfuryl alcohol production, with F-CH,O being a common intermediate for both
pathways. To bridge the pressure gap between first principle calculations and reactor studies,
microkinetic modeling is performed to evaluate the activation barrier, reaction energy and
reaction rate constant for the furfural HDO and DCO reactions over the Mo,C surface at reaction
conditions (ambient pressure or Hp-pressurized condition). From Table 6, it is shown that DCO
(furan production) is preferred on the clean Mo,C surface, while the HDO reaction (2-MF
production) is preferred on 4H pre-covered surface, which is consistent with reactor study results

that 2-MF production dominates at relatively high hydrogen partial pressure.

Fig. 11

Table 6

The HDO of furfural over the Mo,C surface has been investigated using TPD and
HREELS.*?" TPD results indicate that 2-MF is the major furan ring-containing product from
furfural.*® To determine if furfuryl alcohol is an intermediate for the conversion of furfural to 2-
MF, Xiong et al. also performed parallel TPD and HREELS measurements following the

reaction of furfuryl alcohol.® It is found that furfuryl alcohol also produces 2-MF with a similar

18
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peak temperature as that of desorption of 2-MF produced from furfural. HREELS observations
on furfural over Mo,C suggest that furfural primarily bonds to Mo,C via the carbonyl group.*>’
The binding configuration changes from 1;(O) to di-c 12(C,0) configuration upon increasing the
temperature from below 200K to 300K.”” As shown in Fig. 12, a 2-MF-like intermediate is
observed when temperature is increased to 300K after dosing furfural or furfuryl alcohol onto
hydrogen pre-covered Mo,C (110).*> This also suggests that furfural may first undergo
hydrogenation on the carbonyl group to form furfuryl alcohol and then proceeds to form 2-MF,
consistent with the DFT calculation.”® The selective carbonyl C=O scission suggests that the
C=0 bond outside the furan ring is more reactive than that in the furan ring. The general
similarity among DFT calculations, UHV experiments and reactor studies suggests the feasibility

of using model surface calculations and experiments to guide the rational design of powder

catalysts.

Fig. 12

3.1.2 DFT calculations of guaiacol over TiC surface

Guaiacol contains both phenolic and methoxyl functional groups and is reported as one of
the main products from lignin depolymerization.”® The HDO of guaiacol can be used to evaluate
the catalytic activity and selectivity for the conversion of depolymerized lignin streams. DFT
calculations have been performed to investigate the HDO reaction of guaiacol over a range of
transition metal ceramics, including carbides.”” Shown in Fig. 13 is the guaiacol HDO reaction
energy comparison among TiO,, TiC, TiN, TiS, and TiP. The TiC surface first dissociate H, into

atomic H, which is then added to guaiacol to assist the cleavage of the C-O bond between the
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benzene ring and the methoxy group (Ph-OCHj3 bond). The C-O bond in the -OCH3 group is also
broken and hydrogen is added to form CH4 and H,O. This deoxygenation/hydrogenation step of
the -O-CH3 group is thermodynamically favored as the reaction energy difference is over leV.
The resulting phenol-like intermediate subsequently undergoes C-O scission to form a benzene-
like intermediate and atomic oxygen, which is then hydrogenated and desorbs as water. The
benzene-like intermediate is further hydrogenated and desorb as benzene. It should be noted that

in this HDO pathway, the Ph-OCHj3 bond scission is preferred over the Ph-OH bond cleavage.

Fig. 13

Table 7

Table 8

3.2 Reactor evaluation over powder TMC catalysts
3.2.1 Furfural HDO over Mo,C

Bhan and co-workers’> have reported that vapor phase furfural selectively undergoes
HDO reaction to form 2-MF over Mo,C at low temperature (423K), with the C-C bond
remaining intact. This is consistent with the DFT calculations and UHV studies that the Mo,C
surface favors the carbonyl C=0O scission to produce 2-MF over C-C scission to form
furan.*>>%>7 A reaction mechanism has been proposed based on the surface studies by Madix et
al, 8%

in which furfural adsorbs on the on-top site that is accountable for CO chemisorption,

while atomic hydrogen adsorbs on a distinct site, likely a four-fold hollow site near the on-top
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site. This agrees with the DFT models established by Shi er al’® Despite the high HDO
selectivity, Mo,C is prone to deactivation caused by the decrease in the number of active sites. It
is shown that increasing Hj pressure helps slow down deactivation by preventing the oxidation of

the carbidic sites.

3.2.2 Guaiacol HDO over Mo,C and W,C
Several studies have been conducted for the HDO of guaiacol over Mo,C and W,C powder
catalysts. It is generally agreed that guaiacol first undergoes demethoxylation to form phenol,

2832 This is consistent with the

which can be further converted to benzene via deoxygenation.
DFT calculation that the Ph-OMe bond cleavage precedes Ph-OH cleavage described earlier
(Section 3.1.2)." 1t is also proposed in some literature that catechol is an intermediate between
guaiacol and phenol.*' Comparing the Ph-OMe and PhO-Me bond, the former has a higher bond
dissociation energy.” It is speculated that guaiacol should bind to Mo,C in a configuration that
favors the cleavage of the more stable Ph-OMe bond instead of the PhO-Me bond.”” It is also
believed that the active sites for converting phenol to benzene can be poisoned by oxygen-
containing molecules such as water.** Chang et al. have demonstrated that the conversion from
guaiacol to phenol occur on the MoOy site present on the as-synthesized Mo/C catalysts, while
the further Ph—O cleavage of phenol is catalyzed by the Mo,C site.”> Another study by Roman-
Leshkov et al. shows that MoOs is active and selective towards the HDO reaction of guaiacol to
produce phenol, but higher temperature (>590K) is required.”® To date, the adsorption

configuration of guaiacol on TMC surfaces and the reaction intermediates involved in the HDO

reaction are not yet well understood.
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The effect of catalyst support on the HDO reaction of guaiacol over TMCs have also
been investigated. Ordered mesoporous carbon (OMC) *!, CNT **, CNF '¢2%2%30 and AC *'*?
have been used as supports for TMCs. Santillan-Jimenez et al. studied the HDO reaction of
guaiacol over Mo,C supported on three types of carbon materials and found that the major
products were phenol and catechol, with guaiacol showing 99% conversion and 49% yield to
phenol over Mo,C/CNF.* Jongerius et al. have reported the conversion of guaiacol into phenol
and methylated phenols over a Mo,C/CFN catalyst, with a total selectivity of 69% phenolics.”® A
comparison between different types of supported TMC catalysts shows that W,C/CNF is also
active, but not as active, selective and stable as Mo,C/CNF. In addition, Li ef al. have reported
that guaiacol undergoes selective C-O bond scission to form mono-oxygenated phenols with a
total selectivity of around 85% over the a-MoC,;_/AC catalyst at 613K.%' Li et al. have utilized
sequential hydrothermal carbonization and temperature programmed reduction to synthesize
core-shell graphite encapsulated Mo,C (Mo,C@C) with promising activity, selectivity and
stability.  Guaiacol is selectively converted to phenol (68.6% selectivity) and phenolic
compounds (93.5% selectivity) over Mo,C@C with a conversion of 76.3% at 613K and 2.8

MPa.”’

3.3 HDO of other lignin-derived oxygenates

As summarized in Table 4 TMC catalysts also show promising HDO activity for several
other lignin-derived oxygenates, including anisole, m-cresol, phenol and vanillin. Anisole is
often used as a surrogate for studying lignin derivatives since it contains a methoxy group, which
usually exists in lignin-derived oxygenates. Bhan et al. have demonstrated the vapor phase

anisole HDO reaction over Mo,C to produce benzene with over 90% selectivity between 420 K
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and 520 K, which is significantly lower than the conventional reaction temperature. They also

use in situ CO titration to show that metal-like sites participate in the HDO reaction.”>**

Lu et al®

have used a single-step carburization procedure to synthesize 3D-ordered
mesoporous Mo,C and W,C with high surface area (>70 m’g ') and turnover frequencies of
around 9 and 2 x 10* mol molco ' s~ at ambient hydrogen pressure and 423—443 K. The
ordered mesoporous W,C catalyst possesses the highest benzene selectivity in anisole HDO so
far (> 96%), compared to other HDO catalysts such as transition metal phosphide (Ni,P/SiO,,
MOoP/Si0,) (<20% benzene selectivity, 1.5 MPa of H,, 573 K),”' Pt-Sn bimetallic catalysts
(<50% benzene selectivity, atmospheric pressure, 673 K),”> MoO3 (~56% benzene selectivity,
100 kPa of H,, 593 K),” and Mo,C catalysts™ (~90% benzene selectivity, 100 kPa of H,, 423
K). Similar to the other studies on Mo,C and W,C-based catalysts,'*'®** while Mo,C shows ~20%
cyclohexane selectivity and ~80% benzene selectivity, W,C shows ~100% benzene selectivity,

indicating that W,C favors the formation of unsaturated benzene over saturated cyclohexane.

(Fig. 14)

Fig. 14
In order to study the HDO of pyrolysis vapor from lignin depolymerization, Chen ez al.”’
use anisole, m-cresol, guaiacol and 1,2-dimethoxybenzene as model compounds, each of which
contain a Ph-OH or Ph-CHj3 bond. Scheme 4 summarizes the reaction pathways of the phenolic
oxygenates. Anisole, dimethoxybenzene and guaiacol all undergo Ph-O scission to form benzene
as the final product, with anisole and phenol being intermediates for the HDO of

dimethoxybenzene and guaiacol, respectively. As for m-cresol, the Ph-O bond is selectively
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broken to form toluene as the final product, which is evidenced by the increase of toluene
selectivity as the m-cresol content increases. The HDO of vanillin, a typical aldehyde product
from the pyrolysis of lignin, has also been reported. The 20.0%Mo,C/AC catalyst is highly
active and stable for the HDO of vanillin, with a conversion of 93.2% and a p-cresol yield of
50.1% under mild conditions (1.0 MPa, 373K, 3h).¥’

Guo et al. used W,C/AC to selectively catalyze C-O cleavage of several lignin model

81,82
compounds.”

The catalyst demonstrates good regenerability (5 times) and high yields to liquid
oils (up to 70.7%) and C-O scission products (up to 96.8%) from lignin in methanol under a
relatively low hydrogen pressure (0.69 MPa).* The high yield of aromatic liquid oil without any
cycloalkane for W,C/AC suggests that the catalyst is highly selective in activating the aryl ether
bonds. The effect of the lignin structure from different plant botanical species (hardwood,
softwood, and corn stalk) leads to different HDO activity of W,C/AC for the production of
aromatic chemicals, thus providing useful information on the yield and distribution of phenolic

products with the structure of lignin.*'

4. Effect of reaction conditions and catalyst stability
4.1 Effect of reaction temperature and hydrogen pressure on HDO activity

For the HDO reactions of biomass-derived molecules reviewed, the reaction conditions
(temperature, pressure) play important roles in controlling the activity and selectivity of the TMC
catalysts. It is important to optimize the reaction temperature for desired HDO products.

In addition to temperature, H, partial pressure also influence the reaction pathway

significantly.
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As shown in Section 3.1, higher hydrogen partial pressure can significantly promote the HDO
reaction pathway over others. For example, 2-MF production is favored at relatively high
hydrogen partial pressure, while furan production is favored at low hydrogen partial pressures.*
Another example is the HDO of stearic acid, which shows nearly linear relationship between
conversion and the initial hydrogen pressure between 0 and 1 MPa. As the initial hydrogen
pressure reaches 1 MPa, stearic acid is fully converted. Increasing the hydrogen pressure from 1
MPa to 4 MPa greatly enhances the selectivity to n-octadecane while suppressing the reaction

pathway to n-heptadecane formation."

4.2 Effect of oxygen on HDO activity

The presence of surface oxygen on TMC catalysts affects the HDO activity. Hwu et al. have
investigated the effect of oxygen modification on the C/W(111) surface for methanol
decomposition and found that after oxygen modification, the selectivity to methane (C-O bond
scission) is slightly reduced, while the CO selectivity (C-H and O-H bond cleavage) is
enhanced.”™ Ren ef al. have demonstrated that surface oxygen can poison the HDO active sites
for propanol/propanal on Mo,C, however, surface oxygen can be readily removed in the form of
water by hydrogen, consistent with the relatively low activation barrier, predicted by DFT
calculations.'® Two types of active sites are identified for the HDO reaction of linear chain
molecules over Mo,C. One is the metal-like site for hydrogen dissociation, while the other is an

acid site for the C-O cleavage.'"'>

Ruddy et al. have also reported that the Mo,C surface is
partially oxidized following pretreatment and exposure to reaction conditions and proposed an

oxygen vacancy site, in addition to the metal-like and acid sites. Importantly, the cleavage of the
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C=0 bond of acetic acid takes place either over the acid sites of the partially oxygenated surface
or over an oxygen vacancy at the surface of the oxycarbide species. "’

The ratio of acid sites to metal-like sites can influence the HDO activity significantly and is
dependent on the crystal phase, surface termination, composition and/or particle sizes.* In situ
oxidation and extended reductive pretreatment can be used to tune the metallic—acidic
bifunctionality of Mo,C to control the HDO reaction. Bhan and co-workers have used 13.5 kPa
O, co-feed at 369 K to modify the Mo,C catalysts, resulting in a decrease of catalyst surface area

> ¢! and an increase of Bronsted acidity. The metallic hydrogenation

from 68 to 9 m
functionality and the HDO pathway via the carbonyl hydrogenation initial step are
simultaneously suppressed due to the loss of C=0O hydrogenation sites upon oxygen
modification.'” Sullivan es al. demonstrate that Brensted acid sites are responsible for the
dehydration of isopropanol to propylene at 415 K over Mo,C and that these sites evolved from
the interaction of oxygen with the Mo,C surface (O*-M02C).65

In the case of the HDO reaction for ring-containing molecules, two types of distinct sites are

23257 Bhan et al. show that the function and

also identified, one of which is a metal-like site.
composition of the Mo,C catalyst can be modified by oxygen under reaction conditions.”® Lee et
al. report that the high deoxygenation selectivity (>90%) and low hydrogenation selectivity of
anisole HDO over Mo,C can be ascribed to the O adsorption on Mo,C during reaction. The
activity and selectivity of the Mo,C catalyst is significantly influenced by oxygen.23 They also
demonstrate that Mo,C undergoes inevitable oxidation before and during reaction. The metal-
like sites necessary for HDO reaction are prone to be poisoned by surface oxygen. Bhan and

coworkers '® have systemically investigated the vapor-phase m-cresol HDO rates on oxygenate-

modified Mo,C catalysts prepared by pretreating fresh Mo,C catalysts in 1 kPa of O,, H,O, and
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CO; at 333 K. The results show that the metal-like sites needed for the HDO reaction are subject
to poisoning by surface oxygen species and that fresh Mo,C is more likely to be poisoned by
molecular oxygen. Compared with fresh Mo,C, Mo,C modified by low concentration of oxygen
reduces the production rate of benzene from anisole due to the poisoning of some of the active

.24
sites.

4.3 Stability, deactivation and regeneration of TMC catalysts

Despite the promising selectivity toward C-O/C=0 scission, TMC catalysts deactivate
relatively easily. Understanding the deactivation of TMC catalysts during HDO reactions is of
great importance for improving their catalytic performance. The deactivation of TMCs is mainly
caused by oxidation, coke formation and particle growth. The deactivation of TMCs in the
presence of water has been reported and associated with the formation of MoO; and oxycarbides.
23757993 1 ee et al. demonstrate the in situ formation of oxycarbides that deactivate Mo,C toward
the furfural HDO reaction.”” Mo,C also shows deactivation during the vapor-phase HDO of
anisole.”> Boullosa-Eiras et al. have also found that the HDO of phenol to form benzene is
gradually decreasing with time over the Mo,C/TiO, catalyst, whereas the selectivity to
cyclohexene slightly increased, suggesting that the hydrogenolysis reaction is more prone to
deactivation than the hydrogenation reaction.”®

Despite the deactivation, it should be noted that TMC catalysts can often be regenerated.

From Lu et al., hydrogen treatment at 723K for 1 h effectively regenerates the deactivated Mo,C

after anisole HDO. Moreover, the benzene synthesis rate of the regenerated Mo,C is about 30%
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higher than that of the fresh catalyst.”> This is possibly due to the recarburization of the catalyst
surface during the H, treatment by the carbonaceous species left from the reaction. Similar

phenomenon is observed from the HDO study of furfural over Mo,C.”

5. Conclusions and future opportunities

This review summarizes the HDO reaction pathways of linear and ring-containing
biomass derivatives over TMC model surfaces and powder catalysts. Due to their strong
interaction with oxygen, TMC catalysts exhibit excellent C-O/C=0 bond cleavage selectivity,
which makes them promising catalysts for upgrading biomass-derived oxygenates. Several
model compounds are used to illustrate the HDO activity over TMCs. In the case of C2 and C3
linear chain oxygenates, Mo,C and WC tend to cleave all the C-O/C=0O bonds to produce
ethylene and propylene, respectively. As for ring-containing molecules, the location of the
oxygen significantly impacts the C-O/C=0 bond reactivity. For example, the C=0O bond in the
carbonyl group in furfural is much more reactive than the C-O bond in the furan ring. Therefore,
Mo,C selectively cleaves the carbonyl C=0O bond to produce 2-MF. Despite their excellent C-
O/C=0 scission capability, TMCs are subject to deactivation due to the poisoning of oxygen and
carbonaceous species, which interact strongly with the catalyst surface. In some cases, hydrogen
is found to be capable of alleviating the deactivation by removing surface oxygen as water.

This review also demonstrates the feasibility of combining DFT calculations and
microkinetic modeling with parallel experimental studies on model surfaces and powder
catalysts to identify promising TMC catalysts for the HDO reaction of biomass derivatives. For
instance, two competing reaction pathways of furfural over Mo,C (C-C scission and C=0O

scission) are identified by DFT calculation and microkinetics modeling. With the increase of
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hydrogen partial pressure, the dominant pathway shifts from furan production (C-C scission) to
2-MF production (C=O scission), which is consistent with flow reactor results that higher
hydrogen partial pressure promotes the C=O scission pathway to form 2-MF.

The summary of results in this review also points out several future research
opportunities for upgrading biomass derivatives using TMC catalysts:

(1). Metal modifier can be deposited on TMC surfaces to lower the oxygen binding
energy of TMCs to prevent or mitigate the deactivation due to oxygen poisoning. An approach
similar to the design of bimetallic catalyst can be used. By choosing the correct metal modifiers,
the surface d-band center of TMCs can be tuned to a proper extent such that oxygen should bind
strongly enough to react and weakly enough to be removed from the surface to complete the
catalytic cycle. In situ X-ray adsorption spectroscopy (XAS) techniques should also provide
information on the metal termination, oxidation states and coordinate numbers to better
understand the dynamics of the active sites of TMC and metal-modified TMC catalysts under
reaction conditions.”

(2). The reaction mechanism and binding configuration of lignin derivatives over TMCs
are relatively less understood. It is of importance to perform combined DFT calculations and
single crystal studies to gain the mechanistic insights to guide the design of more efficient
catalysts. One challenge is to identify proper model compounds that are small enough for DFT
calculations of reaction networks, and have high enough vapor pressure to allow UHV studies on
single crystal surfaces.

(3). As a by-product of biodiesel production, excess glycerol is available in large volume.
The selective HDO reaction is an effective way of converting glycerol to more valuable

compound, such as 1,3-propanediol and allyl alcohol. So far there are very few studies of
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selective HDO of glycerol over TMCs. Due to the excellent C-O/C=0 bond scission capability,

TMCs and metal-modified TMCs are potentially good catalysts for the HDO reaction of glycerol.

(4). Recent studies have demonstrated the feasibility of electrochemical conversion of
biomass derivatives.”” TMCs and metal-modified TMCs have shown to be active and stable
electrocatalysts for several electrochemical reduction and oxidation reactions.”®®” It should be
worth exploring whether these catalysts can be used for the electrochemical HDO reaction of
biomass derivatives in both acid and alkaline electrolytes.

(5) Because the sulfide-form of Co/Mo/Ni catalysts are often used in the petrochemical
industry for heteroatom removal,” it is also important to devote research effort to optimize the

catalyst design and operation conditions. Multiple studies’'*

have investigated the
thermodynamics, kinetics and mass transfer of these sulfide-form catalysts, which should

provide important information for further optimization for HDO reactions of biomass-derived

oxygenates.
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Table 1. HDO of linear chain oxygenates over TMC surfaces

Reactant Catalyst Technique Ref.
acetaldehyde Ni/WC DFT, TPD, HREELS 45
acetaldehyde B-Mo,C RAIS 46
acetaldehyde wC DFT, TPD, HREELS 45
acetic acid Ni/WC DFT, TPD, HREELS 45
acetic acid wC DFT, TPD, HREELS 45
acetone Mo,C DFT, TPD 10
CcO C/W(110) AES, TPD, HREELS 47
ethanol Mo,C/Mo(100) Work function, TPD, HREELS 48
ethanol Mo,C DFT, TPD, HREELS 49
ethanol TiC TPD 50
ethanol TiC(100) TPD 50
ethanol TiC(100) TPD, HREELS 51
ethanol VC(100) TPD, HREELS 51
ethanol K/Mo,C/Mo(100) Work function, TPD, HREELS 52
ethanol Ni/WC DFT, TPD, HREELS 53
ethanol Ni/Mo,C DFT, TPD, HREELS 49
ethylene glycol wC TPD, HREELS 45
ethylene glycol Ni/WC DFT, TPD, HREELS 45
formaldehyde C/W(100) TPRS 54
formic acid C/W(100) TPRS 55
glycoaldehyde Ni/WC DFT, TPD, HREELS 56
glycoaldehyde Mo,C/Mo(100) TPD, HREELS 57
methanol C/W(111) TPD, HREELS 58
propanal Mo,C/Mo(1 1 0) TPD, HREELS 59
propanal wC DFT, TPD, HREELS 9
propanol wC DFT, TPD, HREELS 9
Propanoic acid Mo,C DFT 60
1-propanol Mo,C/Mo(1 1 0) TPD, HREELS 59
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Table 2. Vapor-phase HDO of linear chain oxygenates over powder TMC catalysts

Reactant Catalyst T(K) P(MPa) H,/oxygenate Characterization Ref.
ratio Techniques
acrylicacid  Mo,C/ALO;  298-673  0.10 - DRIFTS, TPSR 61
acetic acid 0-MoC,—, in 298-873  0.13-0.15 6 XRD, TEM, TPD 62
SBA-15 silica

acetic acid Mo,C 298-873  0.10 39 XRD, N, adsorption, 11
H, Chemisorption,
TPD, XPS, DRIFTS

acetone Mo,C 573 0.1 10 XRD, SEM, TEM 10

acetone Mo,C 369 0.01-0.082 324 XRD, CO 12
chemisorption, N,
adsorption, XPS, TEM

acetone Mo,C 483 0.1 9.75 N, adsorption, TPD, 63
TGA

acetone NiMo carbide 493-573  0.1-5 - XRD, TPR, TPO, TPD 64

acetaldehyde NiMo carbide 493-573  0.1-5 - XRD, TPR, TPO, TPD 64

isopropanol ~ Mo,C 403-438  0.10-0.13 - N, adsorption, CO 65
chemisorption, XRD,
XPS, TEM, HAADEF-
STEM,

oleic acid Mo,C/RGO 623 5 4.5 ICP-AES, XPS, XRD, 17
FE-SEM, HR-TEM, N,
adsorption, CO
chemisorption

propanal Mo,C 573 0.1 10 XRD, SEM, TEM 10

propanol Mo,C 573 0.1 10 XRD, SEM, TEM 10

propanal wC 653 0.1 10 XRD, TEM 9

propanol WwC 653 0.1 10 XRD, TEM 9

soybean oil Mo,C/RGO 623 5 30 ICP-AES, XPS, XRD, 17
FE-SEM, HR-TEM, N,
adsorption, CO
chemisorption

2-propanol Mo,C 573 0.1 10 XRD, SEM, TEM 10

CNT: carbon nanotube; CNF: carbon nanofiber; AC: activated carbon; MC: mesoporous carbon;
OMC: ordered mesoporous carbon; RGO: reduced graphene oxide

37



Green Chemistry

Table 3. Liquid-phase HDO of linear chain oxygenates over powder TMC catalysts

Reactant Catalyst T(K) P(MPa) Solvent Characterization Ref.
Techniques

Coffee oil NiC 648-698 2-4 -- ICP, elemental analysis, 66
FTIR, NMR, XRD,
TGA

ethyl caprate  NiMoC/SiO, 553-593 6 hexadecane TPR, N, adsorption, 26
XRD, XPS, CO
chemisorption,
elemental analysis

hexadecana B-Mo,C/CNTs 453 4 decane XRD, N, adsorption, 19

. XPS, TEM

mide

maize oil Mo/RGO 533 2 hexane N, adsorption, Raman, 67
SEM, XRD, TEM,
EDX, TPD, XPS

maize oil Mo/AC 533 2 hexane N, adsorption, Raman, 67
SEM, XRD, TEM,
EDX, TPD, XPS

maize oil Mo/G 533 2 hexane N, adsorption, Raman, 67
SEM, XRD, TEM,
EDX, TPD, XPS

maize oil Mo/Cygp 533 2 hexane N, adsorption, Raman, 67
SEM, XRD, TEM,
EDX, TPD, XPS

methyl Mo,C/MC 543 6 -- XRD, N, adsorption, 14
TEM, TPR, XPS

stearate

methyl W,C/CNF 623 5 dodecane N, adsorption, XRD, 13
Raman, TEM

stearate

methyl Mo,C/AC 553-573 1-2 hexane XRD, FE-SEM, 15

stearate Raman, HR-TEM, N,
adsorption, TPD, ICP-
AAS

oleic acid Mo,C/CNF 623 5 dodecane N, adsorption, XRD, 16
TEM, XPS

oleic acid W,C/CNF 623 5 dodecane N, adsorption, XRD, 16
TEM, XPS

stearic acid W,C/CNF 623 5 dodecane N, adsorption, XRD, 13
Raman, TEM

stearic acid Mo,C/CNF 573-623 3-5 dodecane XRD, N, adsorption, 18
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TGA, TEM, XPS
stearic acid W,C/CNF 573-623 3-5 dodecane XRD, N, adsorption, 18
TGA, TEM, XPS
stearic acid B-Mo,C/CNTs 453 4 decane XRD, N, adsorption, 19
XPS, TEM
tristearin W,C/CNF 623 5 dodecane N, adsorption, XRD, 13
Raman, TEM
vegetable Mo,C/CNF 513-533 1-2.5 hexane XRD, TEM, TGA, 20
. SEM, Raman
oils
vegetable Mo,C/OMC 533 2 hexane XRD, TEM, STEM, N, 21
oils adsorption, XPS, FE-
SEM, Raman, ICP-MS
vegetable Mo,C/CNTs 493-533 0.5-2.5 hexane XRD, HAADF-STEM, 22
1 TEM, EDX, Raman,
ons ICP-AAS, FE-SEM
vegetable Mo,C/AC 533-573 1-2 hexane XRD, FE-SEM, 15
oils Raman, HR-TEM, N,

adsorption, TPD, ICP-
AAS
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Table 4 HDO of furan and benzene-ring containing oxygenates over TMC surfaces

Reactant Catalyst Technique Ref.
cyclopentanone B-Mo,C RAIS 71
cyclobutanone B-Mo,C RAIS, TPD, XPS 72
cyclopentanone B-Mo,C RAIS, TPD, XPS 72
cyclohexanone B-Mo,C RAIS, TPD, XPS 72
furfural Mo,C DFT, TPD, HREELS 35
furfural Mo,C/Mo(100) TPD, HREELS 57
furfural Mo,C(101) DFT 36
furfural Mo,C/Mo(110) TPD, HREELS 59
furfuryl alcohol Mo,C DFT, TPD, HREELS 35
furfuryl alcohol Mo,C/Mo(110) TPD, HREELS 59
guaiacol TiC DFT 73
guaiacol Ni;C DFT 73
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Table 5 Adsorption Energies E.4s (eV) of Surface Intermediates on the Clean Mo,C(101)

Surface (PBE values are listed in parentheses) . Adapted from Shi et a

Copyright 2016 American Chemical Society.

Config. Eads

cis-F-CHO -2.68 (-1.78)
trans-F-CHO -2.50 (-1.57)
F-CH,OH -2.23 (-1.27)
F-CH; -1.82 (-0.97)
F-H -1.58 (0.88)

41
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Table 6 — Energy Barrier E, (eV), Reaction Energy E; (eV), and Rate Constant k (423 K) of
Furfural HDO on the Clean and 4H Pre-covered Mo,C(101) Surfaces from Microkinetic

Modeling. Adapted from Shi et al. ** with permission. Copyright 2016 American Chemical

Society.
Clean Mo,C(101) surface 4H precovered Mo,C(101)
Reaction E, E, k E, E, k
F-CHO + H = FCH,0 1.11 0.12 3.95%107" 1.21 -0.07 2.39%107
F-CHO+H=F-CO+2H 0.97 0.07 2.14*10" 1.52 1.05 7.09%107°
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Table 7 Vapor-phase HDO of furan and benzene-ring containing oxygenates over TMC powder

catalysts
Reactant Catalyst T(K) P(MPa) H,/oxygenate Characterization Techniques Ref.
ratio
anisole Mo,C 420- 0.1 713 XRD, TEM, N, adsorption, 23
520 CO chemisorption, H, chemisorption
anisole Mo,C 408- 0.1 110 XRD, CO chemisorption, N, 24
438 adsorption, CO titration, TPSR
anisole mesporous Mo,C 423- 0.11- 666-1666 XPS, TEM, XAS, CO titration 25
444 0.13
anisole mesporous W,C 423- 0.11- 666-1666 SEM, TEM, XRD, XPS, N, 25
444 0.13 adsorption, XAS, CO titration
anisole MoC,/FAU 523 0.1 127 XRD, N, adsorption, CO 27
chemisorption, NH;-TPD, TEM,
XPS, TGA, HEXTS
benzofuran W,C nanorods 613 4 1000 XRD, SEM, TEM, EDX, Raman, N, 74
adsorption, XPS, TG
ethyl benzoate NiMo carbide 493- 0.1-5 - XRD, TPR, TPO, TPD 64
573
furfural Mo,C 423 0.1 405 XRD, TEM, N, adsorption, CO 75
chemisorption
guaiacol Mo/AC 623- 4 20 TPR, XPS, XRD, FTIR 32
673
m-cresol Mo,C 423 0.1 2800 N, adsorption, XRD, CO 76
chemisorption, XPS, TPSR, CO
titration
phenolic Mo,C 553 0.11 3300 XRD, CO chemisorption, N, 77
compound adsorption
mixtures
phenol Mo,C/TiO, 623- 2.5 -- XRD, N, adsorption, TPR, TGA-MS, 78
723 CO chemisorption
phenol/octanol Mo,C/ZrO, 553- 10 -- In situ XRD, in situ XAS 79
mixture 653
4-methyl-3- W,C/AC 573- 0.1 -- XRD, XPS, STEM, 80
cyclohexene-1- 648 Microcalorimetry, Raman, H,-TPR-

carbonylaldehyde

MS, ATR-IR

HCS: hollow carbon spheres, FAU: faujasite, HEXTS : high-energy X-ray total scattering
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Table 8 Liquid-phase HDO of furan and benzene-ring containing oxygenates over TMC powder

catalysts
Reactant Catalyst T(K) P(MPa) Solvent Characterization Techniques Ref.
anisole NiMoC/SiO, 553- 6 hexadecane TPR, N, adsorption, XRD, XPS, CO 26
593 chemisorption, elemental analysis
guaiacol Mo,C@C 573- 0.1-2.8 methanol XRD, SEM, EDX, HR-TEM, FTIR, 29
Graphite 613 ICP-OES, elemental analysis, TGA,
encapsulated Mo,C N, adsorption
core/shell
guaiacol MoC,./AC 573- 4.0-13.8  water, XRD, N, adsorption, ICP-OES, CO 30
623 dodecane chemisorption, SEM, EDX
guaiacol MoC,_/CNT, 573- 4.0-13.8  water, XRD, N, adsorption, ICP-OES, CO 30
623 dodecane chemisorption, SEM, EDX
guaiacol MoC,_,/CNF 573- 4.0-13.8  water, XRD, N, adsorption, ICP-OES, CO 30
623 dodecane chemisorption, SEM, EDX
guaiacol a-MoC,/AC 553- 0.1 ethanol N, adsorption, XRD, laser light 31
613 scattering, TGA, Raman
guaiacol W,C/CNF 573- 5-6 dodecane N, adsorption, XRD, TEM 28
648
guaiacol Mo,C/CNF 573- 5-6 dodecane N, adsorption, XRD, TEM 28
648
guaiacol Mo,C/AC 553- 3 Tetradecane, H,-TPR, XRD, XPS, TEM, N, 33
613 Dodecane, adsorption
Decalin,
Tetralin and
Ethanol
guaiacol Mo,C/CNF 573- 2-3 decane XRD, TEM, EDX, N, adsorption, 34
623 TPD
lignin W,C/AC 523 0.69 methanol Elemental analysis, GPC, FTIR, N, 81
adsorption, NMR
lignin W,C/AC 473- 0.69 methanol ICP-AES, XRD, Raman, GPC, NMR 82
553
lignocellulosic Mo,C 573 8 tetralin Raman, FE-SEM, HR-TEM, EDX, 83
elemental analysis, N, adsorption,
XRD
phenol MoCx/HCS 623 8 n-octane TEM, XRD, N, adsorption, EDX 84
Vanillin Mo,C/AC 353- 0.6-2 water XRD, TEM, TPD 85
453
4-methyl phenol ~ Mo0,C/MoO,C, 598- 43 decalin CO uptake, TEM, XRD, XPS 86
(4-MP) 648
4-methyl phenol ~ Mo,C/AC 623 43 decalin N, adsorption, XPS, TEM 87

(4-MP)
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Scheme 1 Transition of the glycolaldehyde and furfural binding configurations on
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Scheme 3 Possible reaction pathways for furfural conversion in the presence of H,. FA: furfuryl
alcohol, 2MF: 2-methylfuran, THFA: tetrahydrofuran, 2-MTHF: 2-methyltetrahydrofuran.

Reprinted from Lee et al.” with permission from the Royal Society of Chemistry.
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Scheme 4 Reaction pathways for HDO of lignin-derived phenolic compound mixtures

comprising m-cresol, anisole, 1,2-dimethoxybenzene, and guaiacol on Mo,C catalysts. Reprinted

L 71

from Bhan ef al."" with permission from Elsevier.
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Figures
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Fig. 1 TPD spectra of (a) Hy, (b) C,H4 (m/e = 27), (c) C,H4/CO (m/e = 28), and (d) CO, with 6 L
acetic acid exposure on WC and Ni-WC surfaces. Reprinted from Yu et al.® with permission.

Copyright 2012 American Chemical Society.



Green Chemistry Page 50 of 62

6 6
(a)WC (b) 1ML Ni-WC
1427
1028
5= 2976 5
700 K X 20| 1427
2983
4 QOOKX20 4 600 K X 20
S —4 (2]
E g
Q
9;3_ 1500 K X 20 §3_ ~_|500K X 20
7 z
= 400K X20 & 400 K X 20
- 2 £ 2
300 K X 20, 300 K X 20
200 K X 20
1 1200 K X 20 1 N—
N—_———
100 K X 20 100 K X 20
N
0 0 T T T T
0 1000 2000 3000 0 1000 2000 3000
Wavenumbers (cm ) Wavenumbers (cm ')

Fig. 2 HREEL spectra of 8 L acetic acid exposed on (a) WC and (b) 1 ML Ni—WC. Reprinted

from Yu et al.*® with permission. Copyright 2012 American Chemical Society.
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Fig. 3 Energy profile of the most favorable reaction pathway for propanol decomposition on the
WC(0001) surface. Reprinted from Ren et al.’ with permission from the Royal Society of

Chemistry.
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Fig. 5 Conversion of (a) acetic acid and hydrogen and production of (b) CHy4, CO, H,0, and CO,
and (c)HDO products (acetaldehyde, ethanol, ethylene, and ethane) over Mo,C during acetic acid
TPRxn experiments. Positive values of H, conversion correspond to H, consumption while
negative values correspond to H, evolution. Reprinted from Schaidle et al.'' with permission.

Copyright 2016 American Chemical Society.
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Fig. 8 Proposed reaction network for acrylic acid HDO on 3-Mo,C/AlL,Os. Reprinted from Rocha

et al.®" with permission from Elsevier.
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Fig. 9 Composition of the reaction mixture after the deoxygenation of stearic acid by various
tungsten-based catalysts. Bare CNFs are included as a reference. Reaction conditions: T = 623 K,

P =5 MPa H,, t = 5Sh, Mgearic acid = 28, Mear = 0.25 g, Myodecane = 36 g. Reprinted from Bitter et al®

with permission from Wiley.
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cis-F-CHO (-2.68) trans-F-CHO (-2.50) F-CH,0OH (-2.23) F-CH; (-1.82) F-H (-1.58)

Fig. 10 Top and side views of the adsorption configurations of surface intermediates as
well as the adsorption energy (eV) on the clean Mo,C(101) surface (Mo, blue; bulk C, gray;
adsorbed C, black; H, yellow; O, red; F = 2-furanyl). Reprinted from Shi et al. 3 with permission.

Copyright 2016 American Chemical Society.
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Fig. 11 Potential energy surfaces (in eV) for the reaction routes on the 4H precovered Mo,C(101)

surface (F = 2-furanyl). Reprinted from Shi et al.*®

Chemical Society.

with permission. Copyright 2016 American
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Fig. 12 HREELS of furfural (red), 2-methylfuran (black) and furfuryl alcohol (blue) adsorbed

onto Mo,C after annealing the surface to various temperatures. Reprinted from Xiong e al.”

with permission from Wiley.
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Fig. 13 Thermodynamics of guaiacol deoxygenation over 5 Ti ceramic surfaces. Reprinted from

Laursen ef al.”” with permission. Copyright 2017 American Chemical Society.
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Fig. 14 (a) Conversion and product selectivity for anisole HDO over mesoporous Mo,C catalyst.
Conditions: feed, anisole (0.16%)/ H, (balance) (mol %) at ~110 kPa total pressure and at 423
K; total flow rate, ~1.67 cm® s™'. (b) Conversion and product selectivity for anisole HDO over
mesoporous W,C catalyst. Conditions: feed, anisole (0.06%)/ H, (balance) (mol %) at ~131 kPa

L 25

total pressure and at 444 K; total flow rate, ~3.33 cm’ s7L. Reprinted from Lu et a with

permission. Copyright 2016 American Chemical Society.
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