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Recent Advances in Selectively Catalytic Hydrodeoxygenation of
Lignin-derived Oxygenates to Arenes

Jianghao Zhang, ? Junming Sun*? and Yong Wang*?®

Utilization of the lignin-derived compounds is an important part of biomass valorization. One promising way to achieve this

goal is to reduce/eliminate the oxygen content via hydrodeoxygenation (HDO), producing valuable fuels and chemicals.

However, most of HDO catalysts are not selective in arene production, having the tendency to saturate aromatic rings and

thus consuming excess hydrogen. In this review, we summarize the recent advances in catalysts for phenol HDO and

understanding of reaction mechanisms involved, aiming to provide a perspective for developing highly efficient HDO

catalysts. In particular, we first present an overview of HDO of phenolics, including the challenges in selective removal of

oxygen without saturating the aromatic ring. Then we focus on the characteristics of four types of HDO catalysts, i.e. sulfides,

base metals (oxides), noble-metal-based catalysts, and carbides/nitrides/phosphides, and the potential approaches to

improve their arene selectivity. Finally, we attempt to generate a correlation between catalysts’ oxophilicity and the

performances in the HDO of phenolics, which can potentially serve as the basis for the design of selective HDO catalysts.

1 Introduction

With more stringent environmental regulations and the
concerns of depleting fossil resourcel, various unconventional
energy carriers (e.g. shale gas, solar, biomass, etc.) have been
investigated and developed?4. Among these potential
alternatives, biomass is the only renewable organic carbon
resource in nature.®> Due to its abundancy and inedibility,
lignocellulosic biomass, comparing with other forms of biomass
such as algae and vegetable oil, has attracted greatest interest
in both industry and academia for the production of biofuels ¢
8, Lignocellulosic biomass is composed of three major
components: cellulose, hemicellulose and lignin.? Unlike the
other two components, lignin is the most recalcitrant
biopolymer to protect the plant tissue from mechanical stress
and microbial attack. However, lignin is underutilized in most
of the current refinery processes??, e.g., it usually serves as the
low-value solid fuel burned to generate power for maintaining
the biorefinery process? or even is treated as waste in pulp and
paper plants!3. Valorization of lignin has thus been attracting
attentions given that it is the most abundant source for
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renewable aromatic compounds!4, which makes up 15-30% by
weight5-17 and up to 40% by energy?® 16 of lignocellulose.

One potential process to valorize lignin is to convert it into fuel
components that are compatible with the petroleum-derived
fuels® 19 Since lignin is an amorphous macropolymer with
three-dimensional structure which is primarily composed of
monolignols with ether and C-C linkage®, the indispensable step
to upgrade lignin to fuel is depolymerization2°,
Depolymerization of lignin mainly produces aromatic
oxygenates such as anisole and guaiacol3. The feasibility of
directly mixing the aromatic oxygenates, such as anisole and
guaiacol, with gasoline for spark ignition engine has been
investigated. Although blending 10 vol.% of these oxygenates
with Euro95 fuel showed no significant differences in thermal
efficiency, the anti-knock quality was negatively impacted?l.
Additionally, these oxygenates decrease the volatility and
increase the viscosity of the fuels?2. Therefore, oxygen removal
is preferred to resolve the above problems, as well as to
increase the energy density23.

Oxygen removal from phenols can be achieved with different
approaches such as deoxygenation using a variety of hydrogen
donors?427, deoxygenation through resin-bound aryl triflate2s,
enzymatic conversion?s, etc. Among those,
hydrodeoxygenation (HDO) is considered as one of the most
viable processes %39, In a HDO process, aromatic oxygenates are
exposed to hydrogen atmosphere in the presence of catalyst at
a moderate temperature usually between 200 °C to 500 °C
where the oxygen in the substrates is removed in the form of
water and/or other small oxygenates (CO,, methanol, etc.) 31-33,

This journal is © The Royal Society of Chemistry
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Figure 1. Van Krevelen diagram of hydrotreatment of lignin
and lignin-derived phenols. Reprinted from Olcese et al.,3”
Copyright (2012), with permission from Elsevier.

Two typical reaction pathways are widely accepted in the
catalytic HDO of aromatic oxygenates: (1) hydrogenation-
deoxygenation (HYD) to ring-saturated hydrocarbons and (2)
direct deoxygenation (DDO) via C-O bond cleavage to aromatic
hydrocarbons34. Due to the high bond dissociation energy (BDE)
of Caromatic-O bond?5: 35, DDO route usually has a higher barrier
and the HYD route with its ring-saturated products dominate
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over most of the sulfur-free catalysts. However, preserving the
aromatic ring during selective removal of oxygen is preferred3®
in order to minimize hydrogen consumption and to produce a
gasoline blending stock with higher octane number (higher anti-
knock quality)?2. The Van Krevelen diagram plotted for
hydrotreatment of lignin and phenols (Figure 1) further
highlighted the desirable DDO pathway to produce benzene,
toluene, xylene (BTX) from lignin-derived pyrolytic 0il3’. In the
U.S. Department of Energy’s Multi-Year Program Plan 2016 for
Bioenergy Technologies Office, oxygen removal strategies and
hydrotreating catalysts that are highly selective to desired end
products are counted as the main challenges and barriers in
biomass conversion38. Therefore, great efforts have been
devoted in selective hydrodeoxygenation of phenols, and
indeed a few catalysts with high arene selectivity have been
developed39: 49,

Some excellent reviews have provided extensive summary of
the precedent understanding of HDO reaction*! 42, historical
development??, as well as recent advance of this hydrotreating
process?3 44, etc. Certain publications focused on the HDO of
lignin-derived phenols” 13. 18, 45 gnd the reaction parameters
that influence the product selectivity*®. To our best knowledge,
no review has been reported focusing on the catalyst
developments for selective HDO to arenes. Herein, we
summarize the recent advances in developing selective HDO
catalysts, in an attempt to provide the deep insights into the
reaction mechanism involved as well as perspectives for the
design of highly efficient HDO catalysts toward arene
production.
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Figure 2. The selected aromatic oxygenates derived from pyrolysis of lignin®.
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2 Structure and Properties of Lignin-derived
Oxygenates

Lignin is randomly polymerized with three primary monolignols:
coumaryl, coniferyl, and sinapyl alcohols, forming the
recalcitrant phenolic macromolecules?’”. Currently, the
depolymerization of lignin are mainly processed through
thermochemical approaches such as pyrolysis, oxidation,
hydrotreating and hydrolysis. Other than that, biological and
electrochemical methods have been also investigated*’. 48, The
composition of depolymerized products is highly dependent on
the process employed. Pyrolysis produces pyrolytic oil
consisting of phenolic compounds, as well as certain amounts
of gasified compounds and char*®. Hydrotreating converts lignin
to liquid oil including phenols, which may be further in-situ
deoxygenated to hydrocarbons in the presence of catalyst0.
Oxidation process produces phenols and aromatic aldehydes>%
52 The details on the depolymerization of lignin have been well
summarized in several recent literature!2 47.51,53,54 Regardless,
these lignin depolymerization processes mainly result in the
production of an arsenal of aromatic oxygenates (Figure 2).
Majority of oxygen-containing functional groups in these
aromatics could be classified as hydroxyl (CaromaticcOH bond) and
ether (CaromaticO-C bond). Table 1 displays the BDE of Caromatic-
OH and Cairomatic-O-C bonds in the representative molecules. It’s
clear that the BDE sequence follows the order of Caromatic-OH >
Caromatic-OC > CaromaticO-C. In addition, it has been demonstrated
that, over Ni catalyst, activation energy of hydrogenolysis of
ether bond can be well correlated with the BDE'?. Most of the
catalysts cleave the weakest CairomaticO-C bond forming the
strongest CaromaticOH bond in hydrogen atmospheress 56,
Therefore, the main challenge in selective HDO of phenolic
oxygenates is the removal of oxygen in the Caromatic-OH group,
with phenol as the simplest representative.

Table 1. The bond dissociation energy (BDE) of representative
lignin-derived compounds3% 57,

Molecule Bond BDE (kJ/mol)
. CgHs-OCH3 418.8+5.9
Anisole
CgHsO-CH3 263.2+4.2
X HOCgHs-OCH3 379.1
Guaiacol
HOCgHs0-CH3 235.6
CeHs-OC,H 416.7 5.4
Ethyl phenyl ether s 2
CgHs0-C,Hs 269.0+4.8
Phenol CgHs-OH 463.6 + 4.2
Cresol CH3CgHs-OH 443

Green Chemistry

A detailed reaction network for the conversion of
representative phenolic compounds was summarized by
Runnebaum et al.>® based on the HDO reaction over Pt/y-Al,O3
catalysts (Figure 3). In this hydroprocessing with the aim of
oxygen removal, deoxygenation is accompanied with other
reactions such as acid-catalyzed transalkylation, hydrogenolysis
of ether bond (e.g. cleavage of CgHsO-CH3 bond) and
hydrogenation of the aromatic ring. Three groups of products
are obtained: aromatic hydrocarbons, aliphatic hydrocarbons
and aliphatic oxygenates. The relations between the formation
of different products with extent of oxygen removal, as well as
the amount of H, consumption are displayed in Figure 4 where
phenol HDO is taken as an example. Producing benzene shows
the lowest H; consumption and highest oxygen removal ratio to
increase the energy density. Moreover, arenes have much
higher octane number?2, which can also be interpreted as better
anti-knock quality than that of aliphatic hydrocarbon.
Therefore, selective production of arenes from aromatic
oxygenates is desired in HDO process.

From thermodynamics point of view, preservation of the
aromatic ring is only favored in a limited range of reaction
conditions. Olcese et al.3? calculated the equilibrium from
guaiacol and hydrogen at 1 atmospheric pressure. By
determining the variation of free Gibbs energy at different
temperatures, it is proposed that the preservation of the
aromatic ring started to be favored at above 427 °C, where coke
tends to form. Baddour et al.>? also calculated the equilibrium
constant for cyclohexane — benzene — hydrogen system as a
function of temperature (Figure 5a), and the change of
equilibrated product distribution by variation of pressure at 300
°C is shown in Figure 5b. The results suggest that only at low
hydrogen pressure and high temperature the formation of
aromatic hydrocarbon is favorable. This result is consistent with
the study by Yohe et al.1> that decreasing the hydrogen pressure
from 342 psi to 14.2 psi dramatically increases the arene
selectivity from near 0% to above 90% and by Rensel et al.®? that
increasing the temperature from 300 °C to 400 °C promotes the
arene selectivity from 28% to 90%.

3 Overview to the HDO of Lignin-derived
Aromatic Oxygenates

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Reaction network in the conversion of lignin-derived compounds catalyzed by Pt/y-Al,03 at 300 °C and 140 kPa.

CH;

Deoxygenation, hydrogenolysis, and hydrogenation (or dehydrogenation) reactions are represented by dashed green, blue,
and black arrows, respectively. Transalkylation reactions are represented by solid black arrows. H; as a reactant is omitted

for simplicity. Reprinted from Runnebaum et al.>8

In general, three reaction pathways have been proposed in the
HDO of phenols: direct C-O bond cleavage, direct aromatic ring
hydrogenation, and keto-enol tautomerization (isomerization
of phenol to form cyclohexadienone followed by hydrogenation
of C=C and C=0 bonds)®?, as summarized in Figure 6 for the case
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Figure 4. Oxygen removal and H, consumption ratio as a
function of yielding different products in the HDO of phenol.

This journal is © The Royal Society of Chemistry 20xx

of phenol. Although each reaction pathway can lead to benzene
formation, the productivity varies significantly at same reaction
condition. At high H; partial pressures, direct ring saturation
pathway is not able to produce benzene because the
dehydrogenation of  cyclohexene to benzene is
thermodynamically unfavorable, whereas direct C-O bond
cleavage forms benzene as a primary product in this pathway.
Also, high H; pressure can enhance the hydrogenation of
intermediates in tautomerization pathway, resulting in
decreased benzene selectivity. Our recent work further
demonstrated that over Fe-based catalysts, tautomerization
pathway is the major cause of ring saturation in the liquid-phase
HDO of phenol at high H, pressures (above 10 bar)®2. At low H,
pressure where dehydrogenation of cyclohexene is no longer
the thermodynamic bottleneck, both direct ring saturation
pathway and tautomerization pathway are able to vyield
benzene with high selectivity, as demonstrated by previous
studies®® 64, Based on the reaction network, an efficient
methodology to selectively produce arene should be realized by
kinetically enhancing the direct C-O bond cleavage activity

and/or inhibiting the ring hydrogenation steps.

J. Name., 2013, 00, 1-3 | 4
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Figure 5. Thermodynamic equilibrium for the reaction of benzene and hydrogen to produce cyclohexane
plotted as a function of temperature (a) and total pressure (b).

Life time is one of the key parameters to evaluate a catalyst.
Extending the catalyst life time always relies on the fundamental
understanding of the deactivation mechanism. Given the complex
composition of products from depolymerization of lignin®® 65, the
deactivation mechanisms may vary depending on impurities,
reacting conditions and catalysts. One common cause for the
deactivation of HDO catalyst is the block of active site by coke or
strongly adsorbed species. Coking, one of the major challenges for
HDO reaction?3, has been reported during the HDO on sulfides®® 67,
noble metals®8, catalysts with zeolite as support®, etc. Another
reason for the deactivation is surface phase transformation of
catalyst during the HDO. For example, Mo0S,;’° and Fe’! could be
oxidized in the presence of water and other oxygenates, leading to
the less active phase on surface. The third deactivation mechanism
is the poisoning of active site by the impurities. For example, alkali
metals had been reported to poison the Ni-based and sulfide
catalysts’2 73. The deactivation can also be caused by sintering that
decreases the amount of active sites’4. Several previous publications
have well reviewed the deactivation mechanisms and potential
regeneration of catalysts, the reader is referred to these literatures®’.
75,76 for in-depth discussion.
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Figure 6. The proposed reaction pathways for HDO of phenol.
Adapted from Zhang et al. 52 Copyright (2020), with permission
from Elsevier.

This journal is © The Royal Society of Chemistry 20xx

4. Selective HDO of Lignin-derived Aromatic
Oxygenates

Selective HDO of aromatic oxygenates has been extensively
studied to produce arenes in both vapor-phase and liquid-phase
conditions. The developed catalysts for HDO of phenolics can be
classified into four categories: 1) metal sulfides; 2) base metals
(oxides); 3) noble-metal-based catalysts; and 4) metal carbides,
nitrides and phosphides.

4.1 Metal sulfide catalysts

The sulfided NiMo/Al,0;s and CoMo/Al,Os; catalysts were
initially applied in commercial hydrotreatment such as
hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) in
petroleum refineries’® 77, With the inspiration of the similarity
between the above processes and HDO, these sulfide catalysts
have been also explored in HDO reactions. In these sulfides,
CoMoS and NiMoS serve as the active phase. Several models
have been proposed to interpret the catalytic performance of
Mo-based sulfide including adsorption geometry’8, “rim-edge”
model?9, sulfur vacancies® etc.

J. Name., 2013, 00, 1-3 | 5
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4.1.1 Proposed approaches to control the arene selectivity of
sulfide catalyst

Adsorption geometry is proposed to influence the selectivity of
hydrogenolysis and hydrogenation in HDS reaction: planar
adsorption configuration favors the hydrogenation whereas
perpendicular one favors hydrogenolysis as shown in Figure 7.
Hensen et al.8! employed different supports for MoS; yielding
distinct degree of average stacking. With a higher degree of
stacking, the fraction of MoS; layers not directly attached to the
support increased, leading to a favorable m-complexation with
aromatics8l. Conversely, a lower stacking degree favors
perpendicular adsorption through S atom 81, and consequently
increases the hydrogenolysis selectivity in HDS. This model was
also proposed in HDOB82, Another DFT calculation shows the
perpendicular geometry of guaiacol and phenol over CoMoS;
and MoS; leads to adsorption via OH functional group being the
most stable mode, which contributes to the dominant DDO
reaction pathway to arene’é,

The “rim-edge” model, proposed in HDS of dibenzothiophene
(DBT)®3, describes a stack of several layers of sulfide, where top
surface of the discis inert basal plane, the top and bottom layers
are associated with rim sites and the sandwiched layers are
edge ones. In this particular model, hydrogenation of aromatic
ring is proposed to occur predominately on rim sites for DBT
whereas hydrogenolysis takes place on both sites83. This
difference can be attributed to the fact that rim sites display
higher coordinative unsaturation that facilitates interaction
with aromatic ring. Since the relative fractions of the two sites
depend on the number of the stacking layers, the MoS; with
different stacking layers results in different hydrogenolysis
selectivities. Wang et al.”? synthesized MoS, with different
average stacking layers for HDO of p-cresol, and confirmed the
“rim-edge” model by the morphology-selectivity relationship
showing that highest selectivity was achieved on the catalyst
with largest number of stacking layers.

However, several reports cannot be fully interpreted by the
above “rim-edge” model. The aforementioned study by Hensen
et al.81 showed the seemingly opposite trend against “rim-edge”
model about stacking degree and catalytic selectivity. Yang et
al.8* also showed that the MoS, with lowest stacking degree
displayed minimum ring saturation whereas the most severe
saturation happened over a moderate stacking. It should be

F]
9 P o
o ‘ ‘ ‘ o
HYD ~ DDO
]
Planar Perpendicular g ’
J - \ !
W3 .0

MoS,

Figure 7. lllustration about adsorption geometry influences the
reaction pathway and product distribution.

This journal is © The Royal Society of Chemistry 20xx

Brim site

Figure 8. Different pathways may occur on brim site and sulfur
vacancy during the HDO of phenol.

noted that the range of average stacking layer in Hensen’s
report8! is 1.4-2.5, while the range in “rim-edge” model study33
is 3.1-15.2. Therefore, it’s possible that inverse volcano curve
may exist such that when the number of stacking layer increases
from 1 to ~3.1, the adsorption configuration gradually switches
to a planar mode which favors ring saturation, while further
increasing the stacking to a higher number (where “rim-edge”
model applies) provides more edge sites to enhance the
hydrogenolysis. This explanation can also fit Yang’s report3* well
(MoS; with 1.8 and 57 stacking layer number both showed
lower saturation to the ring than that of 9).

Another model for sulfide catalysts consists of sulfur vacancies
and brim sites8 as shown in Figure 8. In this model, the
vacancies act as selective deoxygenation active sites while the
brim sites hydrogenate the aromatic ring. Therefore, increasing
the amount of sulfur vacancies on the surface promotes both
the activity and arene selectivity, which can be achieved by
adding Co or Ni since they weaken the sulfur-metal bond at the
sites where the Co and Ni are anchored and promote the sulfur
elimination®. In the HDO reaction, the phenols are adsorbed
with n1 modes® (adsorption through O atom) onto the
vacancies, followed by the C-O bond cleavage. The brim site
located near the edge of the basal plane is proposed to catalyze
the hydrogenation. Over the brim site, it was also proposed that
the n6 adsorption (adsorption through the aromatic ring)
contributes to the hydrogenation of aromatic ring8%, as
referenced from the adsorption geometry model. Consistent
with this model, the sulfur vacancies were also found to
promote activity in another novel work, showing monolayer Co-
MoS; catalyst displayed high activity even at 180 °C4°,

4.1.2 Selective metal sulfide catalysts

In terms of catalytic performances, sulfides are by far the most
reported catalysts showing high arene selectivity (Table 2).
Victoria et al.87 tested a commercial MoS,; for HDO of cresol and
identified two primary reactions, i.e. C-O bond cleavage to yield
toluene and ring saturation followed by dehydration to form
cyclohexene. The MoS; catalyst achieved 73% arene selectivity
at 325 °C and 41 bar pressure. Wang et al.”? found that the
surfactants involved in the synthesis influence the arene
selectivity of MoS; catalysts. Specifically, hydrothermal method
was employed for the synthesis in the presence of different
surfactants: hexadecyltrimethylammonium bromide (CT),
polyvinylpyrrolidone (PV), and sodium lauryl benzenesulfate
(DB). It was found that different types of surfactants adjusted

J. Name., 2013, 00, 1-3 | 6
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the stacking degree of the MoS; layers, and that PV led to the
highest degree of stacking. As a result from rim-edge model (the
range of stacking layer in this study is 3.7-4.9), MoS, derived
from PV surfactant displayed a much higher arene selectivity (>
90%) than other Mo sulfides investigated in HDO of cresol at
300 °C and 40 bar. Besides the influences from synthesis
method, the effect of water generated in the HDO reaction was
also investigated®8. The presence of water was found to slightly
improve the arene selectivity from 74.6% to 88.0% at 275 °C and

Green Chemistry

40 bar. The adsorbed water was proposed to dissociate to form
Mo-OH group which perturbs the electron pair of oxygen in
phenols, leading to facilitated C-O bond cleavage. Meanwhile,
the n6 adsorption of aromatic ring (contributing to ring
hydrogenation) which requires at least two neighboring S
vacant sites was also found to be inhibited by the adsorbed
water occupying certain amount of the S vacancies. Note that,
the stability of the catalyst was negatively impacted by the co-
fed water due to the severe loss of S on the active sites®s.

Table 2. Catalytic performances of sulfides with high arene selectivity in the HDO of aromatic oxygenates.

Reaction condition

Catalyst Q) p Solvent/Reactor? Substrate Conv. (%) Sarene (%) Note Ref
(bar)
Mo-S 325 41 Decalin/b Cresol 24 73 - &7
Mo-S 300 40 Dodecane/b Cresol 40.4 74.4 hexadecyltrimethyla 79
Mo-S-CT 300 40 Dodecane/b Cresol 98.8 76.1 mmonium bromide 79
(CTAB),
Mo-S-PV 300 40 Dodecane/b Cresol 90.6 92.9 polyvinylpyrrolidone 7
(PVP)
Mo-S 275 40 Hexadecane/b Cresol 33.3 74.3 - 89
Mo-S 300 40 Dodecane/b Cresol 67 74.1 - 90
Mo-S 1:1 275 40 Dodecane/b Cresol 95.4 88 water to cresol ratio 88
Mo-50.5:1 275 40 Dodecane/b Cresol 96.7 83.3 water to cresol ratio 88
Mo-S 1.25:1 275 40 Dodecane/b Cresol 73.7 85.2 water to cresol ratio 88
Mo-S 300 30 Decalin/b Cresol 25.8 94 - 40
FMo-S 300 30 Decalin/b Cresol 69.6 87.2 F: few layer 40
SMo-S 300 30 Decalin/b Cresol 98.7 83.1 S: single layer 40
Co-SMo-S 300 30 Decalin/b Cresol 83.6 99.2 - 40
Co-Mo-S 300 40 Decalin/b Phenol 100 100 - 91
Co-Mo-S 300 40 Decalin/b Cresol 100 100 - a
Co-Mo-S-A-0.2 350 28 Decane/b Phenol 98.2 80.3 A: amorphous 22
Co-Mo-S-A-0.6 350 28 Decane/b Phenol 97.9 75.9 Number: Co ratio 92
Mo-S 275 40 Dodecane/b Cresol 42 80.5 - 93
Co-Mo-5-0.1 275 40 Dodecane/b Cresol 83.6 84.9 Number: Co/Mo 93
Co-Mo-5-0.7 275 40 Dodecane/b Cresol 92.1 92.9 mole ratio 93
Co-Mo-5-0.1 275 40 Hexadecane/b Cresol 66.3 97.5 Number: Co/Mo 89
Co-Mo-5-0.5 275 40 Hexadecane/b Cresol 76.4 96.5 mole ratio 89
Co-Mo-S 300 40 -/c Guaiacol ~84 selectivity is in the o4
Co-Mo-S/Zr0, 300 40 -/c Guaiacol ~72 O-free products 95
Co-Mo-S/Al,03 340 40 Dodecane/b Cresol ~24 ~85 - &0
Co-Mo-S/Al,03 250 15 Xylene/c Phenol 36.4 92.9 - 9%
Co-Mo-S/Al,03 300 15 Xylene/c Phenol 71.9 86.4 - 9%
Ni-S 300 40 Dodecane Cresol 6.8 87.1 - 97
Mo-S 300 40 Dodecane Cresol 43.1 83.8 - 97
Ni-S+Mo-S 300 40 Dodecane Cresol 59.2 84.6 - 97
Ni-Mo-S 300 30 Decalin/b Cresol 77.5 75.4 - %8
Ni-Mo-W-S 300 30 Decalin/b Cresol 97.8 87.2 - 98
Ni-W-S 300 30 Decalin/b Cresol 31.1 89.2 - %8
Mo-W-S 300 30 Decalin/b Cresol 50 89 - 9
Ni-Mo-W-S 300 30 Decalin/b Cresol 100 94.4 - 99

ab: batch reactor; c: continuous flow reactor.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. a, Kinetic studies at 3 MPa and 300 °C for HDO of 4-methylphenol to toluene showing activity order of Co—MoS, >
SMoS; > FMoS; > bulk MoS;.; b,e, STEM-HAADF image of a Co-substituted S sites in Co—*MoS;. ¢,d,f,g, Image simulation (c,f) and
atomic model (d,g) from geometry optimized DFT of a Co-substituted S sites in Co—>MoS,. Adapted by permission from

Springer Nature, Nature Chemistry, Liu et al.*® Copyright (2017).

In order to achieve higher activity and selectivity of sulfide
catalysts in HDO, the effect of promoters has also been
extensively studied on the Mo-based sulfide catalysts. Shabtai
et al.l% screened the promoters by comparing the rate
constants for C-O bond hydrogenolysis of diphenyl ether versus
that for hydrogenation of aromatic ring (i.e., hydrogenation of
naphthalene). The enhancement of C-O bond hydrogenolysis
was found to follow the order of Ru > Co > Cr > Ir> Re > Pd > Fe
> Rh > Pt > Ni. It was also found that, besides the nature of the
the
and

promoter, concentration of promoter, method of

preparation, sulfiding conditions can influence the
selectivity. Given Co is able to form Co-Mo-S active phase, also
balancing the cost and activity enhancement of additives, cobalt
was usually chosen as promoter on the MoS, catalyst in HDO.
Recently, Liu et al.#° reported a catalyst with isolated Co atoms
being covalently bonded to sulfur vacancies of the MoS;
monolayer sheets for the HDO of cresol. The added Co was
found to benefit the formation of new basal S vacancies at Co-
S-Mo interfacial sites. Consequently, the Co-SMoS, displayed
superior activity and selectivity (99.2%) than the non-promoted
conventional catalysts as shown in Figure 9. The unique
structure led to sufficiently high activity at temperatures as low
as 180 °C at 30 bar pressure under which S leaching and
deactivation were inhibited. Song et al.? employed the self-
induced method to regulate the Co-substituted S site to
minimize the CoSx phase and form highly dispersed Co-Mo-S
phase. The characterization showed that most of Co-Mo-S
phase was on the surface of bulk MoS, so that this catalyst
displayed high arene selectivity (>85%) and stability in the
conversion of a variety of phenolics. Yooksuk et al.?2
investigated the influence of crystallinity on the catalytic
performances by comparing MoS; with different morphologies.
Under the tested conditions, namely 350 °C and 28 bar,
amorphous MoS; (surface area: 368 m2/g) showed much higher
apparent activity and arene selectivity (65.6% selectivity at
71.0% conversion) than crystalline one (surface area: 11 m?/g,
20.3% selectivity at 30.0% conversion) in a 1-h reaction. This
was attributed to the smaller particle size and more highly bent
sites leading to more S vacancies, which contributed to DDO

20xx

selectivity and activity. In addition, incorporation of Co
facilitated the formation of S vacancies, which enhanced activity
and arene selectivity (above 75%). The promotion from Co was
also studied by Wang et al.?3 and it was found that adding Co
into the MoS; decreases the surface area but increases the HDO
activity and promotes arene selectivity up to 93.5% at 275 °C
and 40 bar. The correlation was made between the number of
layers in stack and arene selectivity by adjusting the Co amount
in catalysts, suggesting that a higher number of stacking layers
enhanced the arene selectivity as explained by the “Rim-Edge”
model. The same group also synthesized flower-like Co-Mo-S by
adjusting the Co/Mo ratio to 0.3. This specific structure
enhanced mass transfer and enlarged edge interfaces. The
formed CoS; species benefited the nl adsorption via oxygen
atom, leading to the DDO pathway. In HDO of cresol, DDO route
dominated, leading to up to 97.5% arene selectivity at 85.6%
conversion®, Bui et al.®* studied the effect of Co on MoS; in
HDO of guaiacol. The DDO pathway was significantly facilitated
in the presence of CoMoS phase (Co promoter located at the
edges of MoS; layers) comparing with non-promoted MoS,,
leading to the promotion of arene selectivity from around 30%
to around 83% in the O-free products at 300 °C and 40 bar.
These researchers further studied the support (Al,03, TiO,,
Zr0,) effect for CoMoS catalysts, showing that CoMoS/ZrO,
displayed high selectivity towards C,romaticcO hydrogenolysis
(72% in the O-free products) with demethoxylation and DDO as
the main reaction pathways?>. This was attributed to the surface
hydroxyl groups on ZrO, that might have influenced the
adsorption configuration. In contrast, CoMoS with Al,O3; and
TiO; as supports catalyzed the demethylation, forming catechol
followed by both DDO and HYD.

Niis another promoter in the sulfide catalysts with the main role
of increasing the activity although the arene selectivity is usually
negatively impactedi01103, Bunch et al.104 105 studied the
reaction network in HDO of benzofuran over sulfided Ni-
Mo/Al,O3 catalyst. In the sulfide form, Ni addition maintained
the hydrogenolysis as dominant reaction pathway, but the

This journal is © The Royal Society of Chemistry
J. Name., 2013, 00, 1-3 | 8
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produced ethylbenzene was readily hydrogenated to
ethylcyclohexane. It should be noted that co-feeding H,S
promoted the conversion of 2,3-dihydrobenzofuran but
inhibited the conversion of 2-ethylphenol (EP), which should
not occur if the reaction took place via direct C-O bond cleavage.
This led to the proposition of another reaction pathway: partial
hydrogenation of the ring followed by dehydration to form
arene. It was also proposed that the S vacancies acted as the
ring-hydrogenation sites10% 105 which is contradictory to the
widely accepted conclusion that the S vacancies contribute to
the direct C-O bond cleavage. Wang et al.?0 investigated the Ni-
Mo sulfide catalyst in HDO of cresol and showed that
incorporation of Ni could promote the activity. With the
increase of Ni content, however, the toluene selectivity
gradually decreased. In comparison, they also synthesized NiSx
with microwave-assisted hydrothermal method and mixed it
with MoS; to promote the activity of HDO of cresol®? at 300 °C
and 40 bar. It was found that mixing NiSx with MoS; enhanced
the conversion but had no effect on the product distribution.
The comparison of Ni-Mo-S (Ni atom on the edges of MoS;
layers) with NiSy/MoS, (MoS, supporting NiSx) and physically
mixed NiSy+MoS, implied that synergies between NiSx and
MoS,, other than forming Ni-Mo-S phase, contributed to the
promotion in activity®®. Therefore, the remote control model®
106 was proposed to interpret the results that cresol mainly
adsorbs on MoS; site and reacts with active H dissociated on
NiSx and transferred to MoS..

While WS, is a typical hydrotreating catalyst, it can also be
incorporated into Mo-based sulfide to achieve higher reactivity.
Prior to the HDO reaction, the improvement in activity by
incorporating W to sulfide catalysts was also reported in the
HDS reactions197. 108, The amount of W incorporated can adjust
the number of active sites (proposed as the S vacancies), leading
to a typical “volcano” curve relationship between activity and
W content!97. With this inspiration, besides Co and Ni, W was
also used as a promoter in HDO on the metal sulfide catalysts.
The Ni-Mo-W sulfide synthesized with mechanical activation
method was also reported to exhibit arene selectivity above
95% in HDO of cresol at 300 °C and 40 bar®8.°°. W was proposed
to promote the DDO pathway by increasing the Ni atoms
engaged in the mixed “NiMo(W)S” active phase. However,
when the synthesis method was changed to hydrothermal
method using different precursors as reported by Wang et al.109,
the slab length was drastically decreased from ~100 nm
(mechanical activation synthesis®®) to < 20 nm, leading to
increased number of corner sites for HYD pathway. As a result,
arene selectivity was decreased to around 30% whereas the
reactivity was enhanced by increased number of active sites via
W addition.

Since the sulfide catalysts have been shown promising in the
selective HDO of phenols, and the current petroleum refinery
system also employs sulfide catalyst for hydrotreating, from
practical application point of view, co-processing of aromatic
oxygenates and fossil fuels is considered as a potentially
economic approach to selectively produce arenes being
blended with traditional fuel. One benefit from co-processing is
to reduce the cost since it utilizes the existing infrastructure and
distribution systems, and avoids the risk of establishing a new
parallel system for bio-0il119. In a co-processing study conducted
by Pinheiro et al.l'1, the aromatic oxygenates (3.38 wt.% for

This journal is © The Royal Society of Chemistry 20xx
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anisole, 1.94 wt.% for guaiacol) did not show inhibition to HDS
and HDN of straight-run gas oil (SRGO). Bui et al.11? studied co-
processing guaiacol (5000 ppm) as a model compound with
SRGO using Co-Mo-S on alumina in HDS process. Partial
deoxygenation products (i.e. phenol, methylphenol etc.)
dominated with limited ring saturation at 300 °C and 40 bar H,.

An issue for the application of sulfides is deactivation that could
be caused by the oxygen-containing molecules, including the
oxygenate reactant and water which is ubiquitous in the
feedstock and also the product in HDO process. It was found
that Mo has much higher affinity for oxygen than sulfur, which
can lead to the replacement of sulfur by oxygen to form oxides
(which is less active than sulfides)12 113 gnd ultimately, the
catalyst deactivation14. Co-feeding sulfide additive was used to
maintain the sulfide form and reactivity of catalysts!i®.
Gutierrez et al.116 studied the HDO of guaiacol using sulfided Co-
Mo and Ni-Mo catalysts. It was found that the methoxy group
in guaiacol is able to react with the SH-to form the S-containing
compounds in the products (whereas phenol hardly causes the
S-leaching). Overall, although sulfides may lead to high arene
selectivity, conventional hydrotreating catalysts33 suffer from
the issues like sulfur contamination in products, accumulated
coking and deactivation due to the loss of sulfur!® 117 which are
the major barriers for the further application in HDO”’. Efforts
have been made on the development of alternative sulfur-free
catalysts including base metal catalysts, noble-metal-based
catalysts, and metal carbides, nitrides, phosphides, etc32.

4.2 Base metals (oxides)

Base metals are generally oxophilic, inexpensive and
environmentally benign, making them as promising candidates
for selective HDO catalysts. Among the base metal catalysts, Fe,
Ni and Mo have been extensively studied for HDO of phenols.
Although both experimental studies and theoretical
calculations have demonstrated that planar adsorption, a
configuration facilitating aromatic ring saturation, is the most
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Figure 10. Correlation between the intrinsic energy barrier for the
hydrogenation reaction and deoxygenation reaction of phenoxy on
different metal surfaces and the adsorption energies of the atomic
oxygen (oxophilicity) on these metal surfaces. Reprinted from Tan
et al.12! Copyright (2017), with permission from Elsevier.

J. Name., 2013, 00, 1-3 | 9



Green Chemistry

favorable adsorption configuration for phenol over Fe and Ni118-
120 high arene selectivity can still be obtained by controlling key
parameters such as the intrinsic oxophilicity, particle size, and
oxygen vacancies, etc. as proposed below.

4.2.1 Key factors affecting the arene selectivity on base metal
(oxide) catalysts

Oxophilicity describes the tendency to form oxide so that it is
related to the reactivity in abstracting the O in phenols. By
combined experimental and theoretical studies, Tan et al.121
investigated the HDO of anisole over Fe and noble metals (Pt
and Ru). The intrinsic energy barriers for the hydrogenation
reaction and deoxygenation reaction of phenoxy are correlated
to oxophilicity expressed as adsorption energies of the atomic
oxygen, i.e. with the increase of oxophilicity, energy barrier for
the direct C-O bond cleavage decreases while barrier for
hydrogenation increases, as shown in Figure 10. Although
Fe(110) has the same planar adsorption configuration for
anisole as noble metals such as Pt(111) and Ru(0001), the higher
oxophilicity of Fe leads to the lower activation barrier for direct
cleavage of C-O bond and high arene selectivity. In another
study, the oxophilic Fe has been calculated to interact
preferably with oxygen-containing functional groups, distorting
the C-O bonds to a greater degree, which should facilitate the
direct C-O bond cleavage and formation of arenes!12.

Oxygen vacancies, similar to the sulfur vacancies on sulfide
catalysts, are proposed to activate the C-O bond and contribute

4.2.2 Selective base metal (oxide) catalysts

% ~ H,
H
H ?I) 0. | fo) ?
SN SN SN | C
o} o} 0O 00 00 O o H I H O
SN SN SN s SN SN

Figure 11. Mechanism of the direct deoxygenation (DDO) route of
m-cresol on the vacancies of molybdenum oxide site species.33

to the improved arene selectivity over metal oxidel?2,
Gongalves et al.33 correlated the number of oxygen vacancies of
MoOy on different supports measured by oxygen chemisorption
with DDO reaction rates. The correlation suggests that the
oxygen vacancies involving reduced Mo species (Mo** and
Mo#**) play a major role in the DDO reaction route, as shown in
a proposed reaction mechanism in Figure 11. Briefly, the oxygen
vacancies, i.e. coordinately unsaturated sites (CUS) of Mo,
created by H, reduction interact with O in the phenols and
weaken the C-O bond>7 which is further cleaved by the hydride
species originated from H, dissociation. The vacancies are
subsequently recovered by releasing water to complete the
catalytic cycle. The function of oxygen vacancies is similar to the
oxophilicity model proposed for the metallic base metal such as
Fel23,124 'j e. C-O bond scission is due to the strong interaction
between hydroxyl and metallic surface, followed by elimination
of aryl and hydroxyl groups with dissociated H to form arene
and water.

Table 3. Performances of base metal (oxide) catalysts with high arene selectivity in the HDO of aromatic oxygenates.

This journal is © The Royal Society of Chemistry 20xx
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Reaction condition
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Catalyst Substrate Conv. (%) Sarene (%) Ref
T(°C) P (bar) Solvent/Reactor?
Fe 300 1 -/c Cresol 1~10 >90 125
Fe 300 1 -/c Cresol 21 90 124
Fe/SiO, 400 1 -/c Guaiacol >80 >90 126
Fe/SiO, 375 1 -/c Anisole 8 85 121
Fe/SiO, 300 1 -/c Cresol 8.8 60.2 64
Co/SBA-15 300 1 -/c Anisole 62 70 127
Ni/CeO, 290 3 -/c Anisole 96 58 56
Ni/TiO, 290 3 -/c Anisole 51 74 56
5wt%Ni/SiO2-2nm 300 1 -/c Cresol 95.6 79.2 128
S5wt%Ni/SiO2-5nm 300 1 -/c Cresol 93.6 68.7 128
5wt%Ni/SiO,-10nm 300 1 -/c Cresol 98.9 68.1 128
Ni/SiO, 300 1 Methanol/c Phenol >90 >90 129
Ni-based 450 7.9 -/c Guaiacol 100 ~85 130
Ni/Al,03 260 1 -/c Cresol 30 67.8 13
Ni-Fe/SiO; 300 1 -/c Cresol 13.7 52.6 64
Ni/Cep.3Nbg 70, 300 1 -/c Phenol 9.53 86.9 132
Ni/Nb,Os 300 1 -/c Phenol 10.1 90 132
MoOs3 325 1 -/c Cresol 48.9 99.4 57
MoOs 300 5 Octane/b Phenol 23.1 73.9 133
Mo0s/ZrO, 320 1 -/c Cresol 78 99 122
Mo0Os/TiO, 320 1 -/c Cresol 47 99 122
Mo0Os/CeO, 320 1 -/c Cresol 8 97 122
Mo0Os/Al,03 320 1 -/c Cresol 13 76 122
Mo03/SiO; 320 1 -/c Cresol 10 90 122
MoO3 320 1 -/c Cresol 13 99 122
Mo0,/SiO, 340 40 -/c Cresol 23.8 81.9 33
MoO,/SBA-15 340 40 -/c Cresol 23.9 82.8 33
Mo0O,/Al,03 340 40 -/c Cresol 22.1 85.5 33
MoOs 325 41 Decalin/b Cresol 61 63 87
MoOs/TiO, 350 25 -/c Phenol ~28 ~89 134
Ni-Mo/SiO, 410 1 -/c Phenol 99 99 135

ab: batch reactor; c: continuous flow reactor.

Table 3 summarizes the representative base metal (oxide)
catalysts with high arene selectivity in HDO of aromatic
oxygenates. Fe-based catalysts have been studied for the
phenolic HDO recently which show high arene selectivity in the
vapor-phase reactions. Olcese et al.37, 126, 136 stydied Fe
supported on SiO, and active carbon (AC) catalysts. Both
guaiacol model compound and the real lignin pyrolysis vapor
products were used as reactants, and hydrogenation of
aromatic ring was barely observed. Using guaiacol substrate, an
arene yield of 38%, along with other aromatic oxygenates
products (i.e., phenol, anisole, cresol), was achieved at 74%
conversion over Fe/SiO, under the conditions studied (400 °C, 1
bar)3’. a-Fe was identified as the major phase after reaction,
suggesting the metallic Fe are the active sites. Moreover, due to
its weak acidic nature, SiO, support exhibited the mitigated
coke formation during HDO, leading to enhanced catalyst

This journal is © The Royal Society of Chemistry 20xx

stability. With the simulated lignin pyrolysis vapor mixture (i.e.,
guaiacol + H, + CO + CO, +H,0), the initial arene selectivity of
Fe/SiO, was higher than 90% at conversion above 80%126. TEM
of deactivated catalyst showed coke formation in the vicinity
region of iron particles on SiO,. In contrast, Fe/AC produced
phenol and catechol as the main products with arene selectivity
< 2%. These results seemingly indicate the Fe-SiO; interface is
the HDO active site. However, recent studies on Fe/AC 123 and
the support-free Fe'?* displayed high reactivity for arene
production in the HDO of phenolics (i.e, guiacol and cresol) at
450 and 300 °C, respectively. Together with their DFT studies29,
a direct C-O bond cleavage was proposed as the most
energetically and kinetically favorable pathway in comparison
with others parallel ones like tautomerization, followed by
partial hydrogenation and dehydration. These results suggest
that Fe itself could serve as the active sites in the selective HDO
of phenolics to produce arenes. In the conversion of real

J. Name., 2013, 00, 1-3 | 11



Green Chemistry

pyrolysis vapor, the Fe/SiO, could reduce O content by
producing benzene and phenol from molecules containing two
or more oxygen atoms per aromatic ring (i.e, guaiacol, catechol
and vanillin)136, The catalytic performance of Fe was also
studied experimentally and theoretically using anisole as a
The results indicated that the strong metal
oxophilicity facilitated the direct scission of Caromatic-O bond of
the surface phenoxy to benzene, rather than that of Cp3-O bond

reactant???,

(demethylation) to phenol followed by a secondary reaction
(dehydroxylation). These studies imply that Fe-based catalysts
are potentially selective, though it suffers low activity/stability.
To improve the activity/stability of Fe, promoters such as noble
metals123 (will be detailed in section 4.3.3) and Ni have been
demonstrated to be efficient. Nie et al.’* employed Ni and
prepared the bimetallic Fe-Ni on SiO; for cresol HDO at 300 °C
and 1 bar. While the monometallic Ni mainly saturated the
aromatic ring, the bimetallic catalysts exhibited comparable
arene selectivity (> 90%) but much higher activity than the
monometallic Fe. Tautomerization to methyl-
cyclohexadienone followed by a carbonyl hydrogenation and
dehydration was proposed as the main reaction pathway. When
the oxophilic Fe is alloyed with Ni, its interaction with the
aromatic ring is weakened but that with carbonyl group is
enhanced. Their DFT calculations also showed a repulsion to the
aromatic ring from Ni-Fe alloy surface. These factors
contributed to the promoted arene selectivity. It is worth
mentioning that, other than the unique properties of catalysts,
the arene selectivity could also be significantly influenced by the
reacting conditions that determine the thermodynamic
equilibrium. For example, on the same Ni-Fe catalysts, another
study shows much lower (~ 10%) arene selectivity at 250 °C and
10 bar (versus the >90% arene selectivity at 300 °C and 10
bar)137,

Ni-based catalysts are another group of catalysts being widely
investigated in HDO. Monometallic Ni was supported on
different supports like y-Al,03, carbon, TiO,, CeO,, SBA-15, Al-
SBA-15 for the HDO of anisole at around 300 °C5%. The results
suggested that the nature of supports was an important factor

in influencing the product distribution, e.g. strong metal-
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support interaction reduces the hydrogenation capacity. For
example, the Ni/TiO, with strong metal-support interaction
displayed the highest arene selectivity (~80%) among the
catalysts studied. Yang et al.128 synthesized 5%Ni/SiO, with
different preparation methods to adjust the particle sizes from
2 nm to 22 nm. As the Ni particle size decreased, both the
intrinsic reaction rates (TOF) of cresol conversion and arene
formation the increasing more
dramatically. As a result, both arene selectivity and activity were

increased with latter
improved (Figure 12). The size effect was ascribed to the
increased number of highly coordinatively unsaturated surface
Ni sites on smaller particles on which the barrier for DDO
pathway was lowered by a facilitated adsorption and
stabilization of -OH in the transition state, evidenced by the DFT
calculations. In another study on Ni/SiO, for HDO of phenol, it
was found that the activity toward DDO was enhanced as Ni
particle size increased from 1.4 nm to 3.7 nm, leading to
increased arene selectivity from 16% to 99%!2°. This result
suggests that there could be a volcanic dependence of
selectivity on the Ni particle size with 2-3.7 nm being the most
selective ones. Other Ni-based catalysts such as Ni/Al,03 and Ni
for commercial hydroprocessing have also been investigated
showing high arene selectivity in vapor-phase reaction30 131,
Resende et al.’32 supported Ni on CeNb,O, for HDO of phenol at
300 °C and 1 bar. Tautomerization followed by carbonyl
hydrogenation and dehydration was proposed as the main
reaction pathway to produce benzene. It was observed that a
higher Nb content led to enhanced arene selectivity and
suppressed ring saturation, which was attributed to the highly
oxophilic nature of Nb species that benefited the formation of
oxygen vacancies. The oxygen vacancy sites strongly interacted
with O in phenol, and thus hydrogenation of carbonyl group was
enhanced to produce benzene.

Mo-based catalysts, such as oxide, sulfide, carbide, nitride, and
phosphide, are commonly selective to DDO of phenolics. By
comparing these Mo based catalysts, Whiffen et al.8” found that
lowering the electron density of the Mo led to a higher
reactivity. In addition, the presence of Brgnsted acid sites and
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Figure 12. a, Proportion of different surface sites obtained from H,-TPD, b, theoretical proportion based on a model of cube-
octahedron which is shown in the inset picture as a function of Ni particle size and c, turnover frequencies of m-cresol
conversion to different products at reaction conditions: T =300 °C, P = 1 atm, TOS = 30 min. Adapted with permission from Yang

et al.128 Copyright (2018) American Chemical Society.
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anionic vacancies were also proposed to promote the activity of
partially reduced MoOy in the HDO of cresol. Prasomsri et al.5?
investigated the MoOs for the vapor phase HDO of a group of
phenolics at 325 °C and 1 bar. For all the aromatic compounds
studied, MoOs tended to cleave the Caromatic-O bonds over the
weaker CaiiphaticO bonds. The induction period for fresh
catalysts could be eliminated by a 3-hour pre-reduction, and the
oxycarbohydride (MoO4C,H,) phase could be readily formed
after the introduction of carbon source (i.e. cresol). Therefore,
the Mo>* Lewis acid center (i.e. oxygen vacancy) was proposed
as active site for the enhanced Ciromatic-O bond cleavage. The
same group also studied the MoOs supported on different
oxides (i.e., SiO;, Al,03, TiO,, ZrO, and CeO,) for vapor-phase
HDO of cresol at 320 °C and 1 bar 122, All the catalysts displayed
high arene selectivity with no ring saturation. It was found that
the supports led to different proportions of Mo>* species
correlated with the reactivity and stability. For the catalysts
showing low reactivity, the Mo species were dominated with
Mo®*, Mo or metallic oxidation state. The results suggest the
coordinatively unsaturated Mo>* sites involved in the DDO
reaction, as demonstrated by the oxygen-vacancy driven
mechanism. Recently, operando near-ambient pressure (NAP)
XPS was also employed to study the active site and reaction
mechanism on the Mo03!38. Mo species was found to transit
between 5+ and 6+ oxidation state during reaction conditions,
which provided a solid evidence for the proposed oxygen-
vacancy driven mechanism. The bimetallic system Ni-Mo was
studied in the HDO of anisole, phenol and guaiacol, achieving
~98% arene selectivity at 410 °C135, Arene selectivity maintained
for only about 1.5 h before the deactivation occurred.
However, combustion in air flow at 550 °C was able to
regenerate the catalyst, which showed practically stable
performance in the 14 regeneration cycles tested. Based on this
observation and the NHs-TPD results showing the decreased
NHs; adsorption on spent catalyst compared with fresh one,
carbon deposition was hypothesized to cover the active sites
and change the Mo oxidation state, leading to the deactivation
of catalysts in terms of both activity and selectivity.

Yang et al.12? compared Ni and Co supported on SBA-15 in
vapor-phase HDO of anisole 300 °C and 1 bar. Although Co/SBA-
15 displayed lower reactivity than Ni/SBA-15, the arene

Table 4. Catalytic performances of monometallic noble metals.

Reaction condition

Green Chemistry

selectivity was much higher, reaching to around 70% at high
In the study using bimetallic Ni-Fe®, the
performances of monometallic Ni and Fe were also compared.

conversion.

The arene selectivity of Fe (60.2%) was much higher than that
of Ni (14.2%), while Mo oxide displayed higher arene selectivity
than Fe, by cross-comparison of literature reports®% 87, The
performances of these base metals could be correlated with
their intrinsic oxophilicities that is discussed in section 5.

4.3 Noble-metal-based catalysts

For clarification, “noble-metal-based catalyst” in the review are
mainly divided into two groups, i.e., catalysts with solely noble
metal functionality (i.e., monometallic noble metal supported
on an inert support) and catalysts bearing not only noble metal
but other functionalities that may play synergistic role with the
noble metal in HDO reactions.

4.3.1 Performances of monometallic noble metal catalysts

Over noble metals, planar configuration is the most favorable
adsorption for phenols, as has been confirmed by both
experimental results and theoretical calculations39-141, This
adsorption configuration, together with the facile activation of
H,, leads to the dominant hydrogenation of aromatic ring on
noble metals in HDO of phenolics, especially under high
hydrogen pressure® 142,143 Therefore, the monometallic noble
metals usually display low arene selectivity. Carbon is typically
used as a support to minimize the support effect!?? in the HDO
of phenols. A summary of catalytic performances of carbon
supported noble metal catalysts are shown in Table 4. In
general, noble metals (Ru, Rh, Pd, Pt et al.) predominantly
produce ring-saturated products. The underlying reasons for
in the
previously reported reviews18 32 144,145 However, it should be
that the
monometallic noble metals. For example, Pd/C124 and Pt/C146
were recently reported showing higher arene selectivity (Table

ring-saturation have been extensively discussed

noted several exceptions can be found on

4, entry 7 and 9). A further looking into the cases indicate that,
over the same Pt/C catalyst4®, distinct arene selectivity was
reported under different reaction conditions, i.e. 47% at 350 °C
and 5 bar versus 0% at 250 °C and 20 bar (Table 4, entry 9 vs
entry 10). This could result from the controls by both kinetics
and thermodynamic equilibrium (Figure 5).

Entry Catalyst 0 b (bar) Solvent/Reactor Substrate Conv. (%) Sarene (%) Ref
1 Ru/C 275 50 Hexadecane Propylphenol 100 0 143
2 Ru/C 275 50 Hexadecane Eugenol 100 0 143
3 Ru/C 200 50 Water/b Phenol 100 0 147
4 Rh/C 200 50 Water/b Phenol 100 0 e
5 Pd/C 200 50 Water/b Phenol 100 0 e
6 Pd/C 250 50 Water/b Phenols 100 0 148
7 Pd/C 300 1 -/c Cresol 10 78 124
8 Pd/C 275 100 -/b Phenol 100 0 149

This journal is © The Royal Society of Chemistry 20xx
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9 Pt/C 350 5 -/c Cresol 32-38 47 146

10 Pt/C 250 20 -/c Cresol 32-38 0 146

11 Pt/C 200 50 Water/b Phenol 100 0 147
ab: batch reactor; c: continuous flow reactor.

Anisole on Pt(111) surface
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Figure 13. Proposed pathways and intermediates for the adsorption and reaction of anisole on Pt(111) and Zn/Pt(111) surfaces.
Reprinted from Shi et al.15! Copyright (2016), with permission from Elsevier.

4.3.2 Approaches to control the arene selectivity: noble metal
with added new functionalities

In contrast to the monometallic noble metal catalysts,
bimetallic catalysts containing noble and base metals/metal
oxides have been demonstrated to be highly efficient for
selective HDO to produce arenes from phenolics. In this
particular case, the highly selective DDO of the bimetallic
catalysts is mainly ascribed to the adjusted adsorption
geometry of phenols or newly gained functionalities/properties
(e.g., oxophilicity). As proposed and demonstrated on the
sulfide catalysts’8, a perpendicular adsorption configuration of
phenols enhances the direct cleavage of C-O bond and thus
inhibits the hydrogenation of aromatic ring. A similar effect is
also proposed for the noble metals, such as supported Pt-
based%? and Ru-based catalysts!?’. Since the noble metals favor
planar configuration, the function of metal additive is proposed
to tilt away the aromatic ring from surface. Shi et al.15! studied
the function of Zn to Pt catalyst using HDO of anisole as a model
reaction. Over monometallic Pt(111), the strong interaction
between phenyl ring and the surface, which facilitated the ring
saturation, was observed using temperature programmed
desorption (TPD) and electron energy loss spectroscopy (EELS).
However, over the Zn-modified Pt(111), anisole was found to
bond to surface by oxygen at Zn or adjacent Pt sites with ring
tilted away from the surface as shown in Figure 13. This change
in adsorption geometry led to the significant difference in
catalytic performance: Pt/C catalyst converted anisole to
saturated products with 100% selectivity while around 70% of
products was phenol from CH3-O bond cleavage over PtZn/C
catalyst.

Another way to promote the arene selectivity is via
additives/supports with high oxophilicity. This approach has
been extensively studied and a detailed discussion is shown in
the next section. A brief example is the comparative study on
Ru-based catalysts with different supports?>2, showing Ru/TiO,
had high selectivity toward DDO pathway and arene production.
H, spillover over small Ru particles was found to generate the
Ti3* sites, and the dominant benzene produced over Ru/TiO;

This journal is © The Royal Society of Chemistry 20xx

was attributed to the oxophilic Ti3* sites which interacted
strongly with oxygen in phenol, weakening the C-O bond and
facilitating the direct bond cleavage as shown in Figure 14.

DDO at reduced metal-interface sites

H,
H+H/ Ru O—H
Tis* Tist

TiO,

Figure 14. Schematic illustration of DDO reaction over Ru
particle on TiO2: Ru dissociates hydrogen reducing TiO; to
Ti4O7 or other Ti3* defect sites where the phenol hydroxyl
group can form a Ti-O bond, leading to hydrogenolysis in a
DDO mechanism. 12

4.3.3 Selective noble-metal-based catalysts

Among the selective noble-metal-based catalysts (Table 5), Ru
has lower barrier for direct dehydroxylation than other noble
Rh, Pd, Pt!%3, However, the
dehydroxylation>4, Ru is also highly active in activating H, for

metals such as besides
hydrogenation and cracking the reactants/intermediates to
methanel2l. 153 A base metal (oxide) is necessary to gain new
functionality and modification for the Ru-based catalysts.
Recently, Shao et al.13> reported Ru/Nb,Os catalyst for direct
HDO of organosolv lignin showing 64 wt.% arene selectivity and
a total mass yield of 35.5 wt.% in 20h reaction, both of which
were much higher than that of Ru supported on ZrO;, Al,03 and
TiO,. This catalyst for HDO of cresol displayed 80% arene
selectivity at 250 °C and 5 bar H,. A combined inelastic neutron
scattering (INS) and DFT calculation confirmed the different
binding between adsorbed phenol and surface/reaction activity
over different supports. Nb,Os strongly adsorbed phenol and
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significantly reduced the energy barrier for Ciromatic-O bond
cleavage as shown in Figure 15 while Ru contributed to
dissociation/activation of H,. In addition, the generated arene
desorbed readily which further mitigated the hydrogenation of
the aromatic ring. All these factors jointly led to this high arene
selectivity. Besides Nb,Os, Ru could also be modified with WO
which was developed by Huang et al.’>¢ on the Ru-WOx
bifunctional catalyst. Based on the activity results using possible
intermediates, direct C-O bond cleavage which involved O atom
in adsorbed phenol being chelated with oxophilic sites (Lewis
sites from W and supports) was proposed as the likely
mechanism. The synergy between Ru (activating H,) and W
(activating C-O bond) provided this catalyst with high selectivity
in cleaving Caromatic-O bond in phenols and lignin-derived ethers.
By adjusting the ratio of Ru/W and selecting an appropriate
support, Ru-WOx catalyst achieved 81% arene selectivity in HDO
of butylphenol at 270 °C and 20 bar H,.
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Figure 15. a, Calculated energies for phenol adsorption and
disassociation of the C—O bonds upon adsorption over Nb,Os, ZrO,,
Al,O3 and TiO,. b, Views of the corresponding DFT-optimized
structural models for the phenoxide. Reprinted from Shao et al.1>>

Table 5. Performances of noble-metal-based catalysts with high arene selectivity in the HDO of aromatic oxygenates or lignin.

Reaction condition

Catalyst

T(°C) P (bar) Solvent/Reactor?
Ru/TiO, 300 45.8 -/b
Ru/TiO, 300 45.8 Water as additive/b
Ru/Nb,0s 250 5 Water/b
Ru-WO,/SiAl 270 20 Water/b
Ru-WO0,/ZrO, 270 20 Water/b
Ru/HZSM-5 240 2 Water/b
Ru/HZSM-5 240 2 Water/b
Ru/HZSM-5 240 2 Water/b
Ru/TiO, 300 10 Decane/b
RuFe/TiO; 300 10 Decane/b
Ru-Fe 300 1 -/c
Pd/ZrO, 300 1 -/c
Pd/TiO, 300 1 -/c
Pd/Nb,Os 300 1 -/c
Ni@Pd/SiO2-Al,03 450 1 -/c
Pd/SiO>-Al,03 450 1 -/c
Pd-Fe/C 450 1 /e
Pd-Fe 300 1 -/c
Pd-Fe 300 1 -/c
Pt/Hbeta 400 1 -/c
Pt/Hbeta 400 1 -/c
Pt/SiO; 400 1 -/c
Pt/SiO, 400 1 -/c
Pt/Al,03 260 1 -Jc
Pt/TiO, 300 1 -/c

This journal is © The Royal Society of Chemistry 20xx

Substrate Conv. (%) Sarene (%) Ref
Phenol 12 85 152
Phenol 30 95 157
Cresol 100 80 155

Butylphenol 100 81 156
Butylphenol 27 65 156
Guaiacol 100 95 36
Methyl-guaiacol 100 93 158
Syringol 100 94 158
Anisole 81 79 159
Anisole 98 82 159
Cresol 76 98 124
Phenol 77 66 160
Phenol 7 66.8 74
Phenol 6.6 80.2 161

Guaiacol 96 82 162

Guaiacol 83 73 162

Guaiacol 100 83 123
Cresol 1~6 >90 125
Cresol 48 92 124
Cresol 100 >90 163
Anisole 100 >90 164
Anisole 100 69 164
Cresol 91 >75 163
Cresol 30 65 131
Cresol 17 89 63
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Pt/ZrO, 300 1 -/c
Pt/TiO, 350 5 -/c
Pt/Hbeta 350 1 -/c
Pt-WO,/C 300 36 Dodecane/b
Pt-Sn/CNF/Inconel 400 1 -/c
Pt-Mo/CNT 300 1 -/c
Pt-Fe 300 1 -/c
Pt/Al,03 NH4*Z-Y 250 40-50 Water/b
Rh/Al,03 NH4*Z-Y 250 40-50 Water/b
Rh-Fe 300 1 -/c
ReO,/CNF 300 30 Dodecane/b
Re-VO,/TiO, 300 30 Dodecane/b
Re-Mo0O,/TiO; 300 30 Dodecane/b
Re-Mo0O,/TiO; 300 50 Dodecane/b
Re-Mo0,/TiO; 300 50 Dodecane/b
ReO«Ni/CeO, 350 1 -/c
ReONi/ZrO; 350 1 -/c
ReO«Ni/ZrCeO, 350 1 -/c
Re-Ni/SiO; 300 1 -/c

Cresol 12 67 63
Cresol 32-38 78 146
Guaiacol 100 >85 165
Cresol 61 98 166
Anisole ~75 ~80 167
Dihydroeugenol 100 93.2 15
Cresol 62 94 124
Lignin 45 68 117
Lignin 41 70 117
Cresol 88 97 124
Phenol 10 ~72 168
Anisole 10 ~50 169
Anisole 10 ~56 169
Phenol 33 85 170
Cresol 35 83 170
Cresol 45.7 83 71
Cresol 63.9 90 71
Cresol 42.5 80 71
Cresol ~11.5 60 39

ab: batch reactor; c: continuous flow reactor.

Nelson et al.157 reported the Ru/TiO, catalyst for HDO of phenol in a
solvent-free reaction at 300 °C and 45.8 bar. Using H,0 (~10 wt.%) as
an additive dramatically increased the arene selectivity to 95% in
comparison with 38% in the reaction without additive. The isotope
and DFT studies suggested the DDO pathway to produce benzene
was largely determined by the initial C-O bond cleavage occurring on
the interfacial site between Ru cluster and TiO; (H; spillover from Ru
produced the oxygen vacancies). On the other hand, H,O adsorbed
on partially reduced TiO, acted as co-catalyst that lowered the
barrier for C-O cleavage by donating a proton to phenolic OH group.
The produced OH group then reacted with the heterolytically
dissociated proton to regenerate H,O co-catalytic site. The Ru/TiO,
catalyst could also be modified with Fe. As reported by Phan et al.1%9,
the addition of Fe increased the number of oxygen vacancies on TiO..
Even without water co-catalyst, the modification of Fe is still able to
change the major reaction pathway from HYD over Ru/TiO, to DDO
over Ru-Fe/TiO, at 300 °C and 10 bar. The synergy was proposed as
Ru particle took the role for H, activation, while oxophilic Fe
strengthened the interaction between support and the oxygen-
containing functional group. Ru-based catalysts were also studied by
Luo et al.3® with a series of phenolic reactants including phenol,
anisole, guaiacol and syringol. The low hydrogen pressure and high
temperature were found to be crucial for the hydrogenolysis routes
in their developed catalysts. Among the catalysts with various
supports (i.e. AlOs, ZrO,, TiO,, activated clay, SiO,, HZSM-5),
Ru/HZSM-5 showed 100% arene selectivity in the conversion of
guaiacol at 240 °C, 2 bar H, and 6 bar N,. In their following study?°8,
HZSM-5 with different morphologies were synthesized and utilized
as supports for Ru. The cross-shaped HZSM-5 supported Ru showed
selective benzene production with a 97% vyield in HDO of guaiacol
under the same reaction condition. Based on the characterization
results, the high C-O cleavage reactivity was ascribed to the strong
interaction between small Ru nanoparticles and HZSM-5 support

This journal is © The Royal Society of Chemistry 20xx

which led to electron-deficient and strongly electronegative Ru with
high activity for hydrogenolysis of C-O bond.

Besides Ru, Pd-based catalysts have also been reported showing high
arene selectivity. Sun and Hong et al.123. 124 have studied the Pd-Fe
bifunctional catalyst for vapor-phase HDO of guaiacol and cresol at 1
bar pressure. While monometallic Fe is highly selective catalyst for
arene production, it displayed low reactivity and stability.
Monometallic Pd, on the other hand, saturates the aromatic ring.
Bifunctional Pd-Fe showed a significantly enhanced reactivity, and
the arene selectivity remains same as that of monometallic Fe.
Combining the characterizations and the follow-up kinetic studies?>,
the synergistic effect was elucidated as the Pd facilitated the H,
dissociation and stabilized metallic Fe surface, which was the active
site to cleave the C-O bond. This synergy was also proved to be
applicable to other noble metal-Fe bimetallic catalysts!?4. Moreover,
the X-ray photoelectron spectroscopy (XPS) revealed that the
electronic property of Pd is modified by Fe'’2 which may have
inhibited the ring-saturation activity. Further Ambient-Pressure XPS
results suggested that the pseudo-first-order deactivation of
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Direct HDO Intermediates Pool

Pt-WO,/C Pt/C
Figure 16. Comparison of simplified reaction networks and DFT-
optimized adsorption structures for HDO reaction of m-cresol
over Pt/C and Pt-WO,/C catalysts. Reprinted with permission
from Wang et al.16¢ Copyright (2018) American Chemical Society.
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monometallic Fe catalyst could be correlated with the gradual
oxidation of Fe during HDO of cresol, whereas the Pd-Fe catalyst
showed negligible oxidized Fe species and thus no deactivation’.
This correlation supported the proposed role of Fe and Pd in the
synergetic catalysis. The Pd on different supports were employed to
study the reaction pathway and intermediates for HDO of phenol
using a fixed-bed reactor 300 °C and 1 bar 160, Pd on SiO, mainly
saturated the aromatic ring to produce cyclohexanone, while Pd on
the oxophilic support (i.e. ZrO,) displayed ~67% selectivity towards
benzene. The in situ DRIFTS measurements suggested the
involvement of 2,4-cyclohexadienone as the key intermediate in
both pathways producing benzene and ring-saturated products. Over
Pd/ZrO,, the C=0 bond in this keto tautomer was hydrogenated to
form cyclohexadienol, followed by rapid dehydration to produce
benzene. Pd not only activated H,, but also contributed the Pd-
support interface for dehydration (pure support showed negligible
dehydration activity). Based on these results, it was proposed that
the product distribution in HDO of phenols could be controlled by
using supports with varied oxophilicity. These researchers further
investigated the effect of support on the reaction mechanism over
the Pd catalysts’4. The DRIFTS spectra showed that phenol adsorbed
dissociatively over CUS metal cations, an oxophilic site. The greater
interaction between oxygen in the enone intermediate enhanced the
selective hydrogenation of C=0 bond, consequently promoting the
benzene formation in the proposed reaction pathway, as occurred
over the Pd/TiO, showing 66.8% selectivity to benzene. Similar study
by Barrios et al.161 reported the Pd/Nb,Os catalyst for vapor-phase
HDO of phenol at ambient pressure. Due to the strong interaction
between the Nb cations and the oxygen in reactant as well as the
enhanced hydrogen activation by Pd, Pd/Nb,Os converted phenol to
benzene with 80.2% selectivity, which was much higher than that of
SiO; supported Pd catalyst that mainly saturates the aromatic ring.
This strong interaction was correlated with the typical band of C=0
in DRIFTS, suggesting the Nb**/ Nb>* cations promotes the formation
of ketone intermediates during the reaction.

Pt-based catalysts could also be selective to arene by surface
modification and adjusting the reaction conditions. Zhu et al.163, 164
studied the bifunctional Pt/HBeta catalyst for HDO of cresol at 400°C
and 1 bar, leading to arene as the major product (>90%) and
methylcyclohexane as the minor one. Pt/HBeta had a turnover
frequency that was 3 times higher than that of Pt/SiO,, which was
proposed due to the synergetic bifunctionality: Pt partially
hydrogenated the ring to form cyclohexadienols and Brgnsted acid
site catalyzed the dehydration to produce arene. In addition, Pt
significantly reduced the coking on acid sites to mitigate the
deactivation. Further study!®> showed this catalyst might favor the
adsorption configuration as phenyl ring on Pt and oxygen on acid
sites. Brgnsted acid sites catalyzed transalkylation and
deoxygenation while Pt sites catalyzed the hydrogenolysis of O-CH3
in anisole and partial hydrogenation of the ring, resulting in the
bifunctionality of both transalkylation to mitigate carbon loss and
deoxygenation over Pt/HBeta due to the close proximity of Pt and
acid sites. Phuong et al.13! investigated the Pt/Al,03 catalyst in the
vapor phase HDO of cresol under 300 °C and 1 bar. The HDO
mechanism was proposed as two consecutive steps: partial
hydrogenation of the aromatic ring to form cyclic alcohol (e.g.
methylcyclohexedienol) followed by dehydration to produce
toluene. Since ring hydrogenation was slower than its sequential
dehydration, 65% arene selectivity was achieved at 30% conversion.
Nie et al.53 studied the kinetics of cresol HDO over supported Pt-
based catalysts by employing the Langmuir-Hinshelwood model.

This journal is © The Royal Society of Chemistry 20xx
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Tautomerization was proposed as the key step in reaction pathway.
When using the TiO; and ZrO; supports, chemoselective
hydrogenation of C=0 group in the tautomer (methyl-
cyclohexadienone) was enhanced by the oxophilic sites (i.e., Tie* and
Zr ¢*) to form the methyl-cyclohexadienol, which was readily
dehydrated to toluene on the acid site. As a result, the arene
selectivity reached up to 88% and 67% on Pt/TiO, and Pt/ZrO,,
respectively. The effects of support and reaction condition were
studied by Griffin et al.146 using HDO of cresol as modelling reaction.
The DFT results showed that the direct ring hydrogenation over Pt
(111) had the minimum energy barrier, while TiO, mainly catalyzed
the DDO and partial hydrogenation of cresol followed by dehydration
at high temperature (e.g. 350 °C). When Pt was supported on TiO,,
H, spillover facilitated the oxygen vacancies formation to catalyze
the deoxygenation. This synergy between hydrogenation catalyst
(i.e. Pt) and reducible metal oxide support (i.e. TiO,) could enhance
the production of toluene such that Pt/TiO; displayed much higher
aromatic selectivity than monometallic Pt/C. Together with the
thermodynamically favorable conditions (i.e., higher temperature
and lower H, pressure) a toluene selectivity of 78% was obtained on
Pt/TiO, at 350 °C and 5 bar H,. Wang et al.166 compared the HDO of
cresol on Pt/C and Pt-WO,/C. The Pt-WO,/C shows much higher
conversion (61%) than Pt/C (8.3%) and 98% selectivity to toluene at
300 °C and 36 bar pressure as shown in Figure 16. The close
interaction between Pt and WOy lowered the barrier to form oxygen
vacancies, on which hydroxyl group of cresol was bonded with the
aromatic ring being oriented away from the Pt. Consequently, direct
cleavage of the C-O bond was promoted, as confirmed by the
experimental results and DFT calculation. Sn is another metal that
promotes the performance for selectively producing the arenes. The
bimetallic Pt-Sn displayed higher activity and stability than
monometallic Pt and Sn catalysts®’”. However, the reaction
conditions employed in this study (400 °C and 1 bar)
thermodynamically favor the arene production, the comparisons
about selectivity were ambiguous. The Pt-based and Rh-based
catalysts were also evaluated for the conversion of oligomeric
technical lignin with average molecular weight centered at 1710 —
2590 Dall’. Among various combination of noble metals and solid
acid supports (NH4* Z-Y zeolite), the Pt/Al,03 and Rh/Al,O; displayed
66%-70% toluene selectivity. The high selectivity to toluene was
ascribed to the vertical adsorption of phenolic intermediate on the
Al,03 support.

Other noble-metal-based catalysts have also been reported to
display high arene selectivity. The ReOy supported by carbon
nanofiber was evaluated for HDO at 300 °C and 30 bar, showing ~72%
selectivity to benzenel%8, The characterization including XPS of fresh
and spent catalysts suggested that it was the in situ generated
oxygen vacancies that catalyzed the HDO reaction and exhibited
preferred DDO of phenol to benzene. The mechanism involved the
coordinatively unsaturated Re*" interacting with oxygen in phenol,
proton transfer to form phenoxide ion, C-O bond cleavage and
regeneration of oxygen vacancies by H,O elimination. These
researchers further studied the effect of partially reduced MoOy and
VOy on the Re catalysts in the HDO of anisolel®®, which significantly
increased the arene selectivity from ~20% to >50%. The promotion
effect was attributed to the enhanced adsorption of anisole on
oxygen vacancies of MoOy and VOx. The Re-Ni bimetallic catalyst was
also reported showing the synergy with Re adsorbing O atom and Ni
adsorbing phenyl ring, which facilitated deoxygenation to toluene.
Compared with monometallic Ni, Re-Ni showed improved toluene
selectivity in the HDO of cresol??, due to the enhanced DDO rate. In
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addition, Re addition reduced the electronic density in d states of Ni
weakening the adsorption of the aromatic ring, which also likely
inhibited the ring saturation.

To summarize this part, two key factors have been generally
accepted to influence the selectivity of noble-metal-based catalysts,
namely the adsorption configuration of phenolic compounds and the
oxophilic properties of additives/supports. One remaining open
question for further discussions is whether the oxophilic
additives/supports would change the adsorption configuration, or
both are essentially doing same synergic chemistry but interpreted
from two different angles. Additives/supports that have been widely
reported to enhance the noble-metal-based catalysts include WOy,
NbO,, TiOx and Fe. However, the role of the oxides/metals in
promoting the selectivity is still in debate. For instance, WO, on Pt
substrate was found to tilt the aromatic ring away from Pt to inhibit
the hydrogenation of aromatic ring but the high oxophilicity caused
by WOy is demonstrated to promote the DDO reaction ratel%, On the
Ru-WOy catalyst, the high arene selectivity was attributed to
oxophilicity of WO,, rather than adsorption geometry%6, Another
comparison study modifying Pt surface with Zn®1, which has low
oxophilicity!”3, demonstrated that the adjusted adsorption of anisole
from parallel configuration to vertical one is the key factor that
lowered the ring saturation activity. While Ru over different supports
display distinct C-O bond cleavage energies and arene selectivity
even with the same vertically adsorbing configuration®s5, it suggests
one selectivity promoter may play both roles, i.e. adjusting
adsorption configuration and oxophilicity, over HDO catalysts to
increase the arene selectivity.

4.4 Metal carbides, nitrides and phosphide

4.4.1 Overview of carbides, nitrides and phosphides: structural
properties and catalytic performances

Metal carbides, nitrides and phosphides exhibit similar physical
properties as metals and ceramics!’4. They are catalytically active for
many hydrogen-involved reactions such as: CO hydrogenation'’>,
ammonia synthesis'’6, neopentane hydrogenolysisl’’, etc. Carbides
can be classified as covalent, ionic and interstitial types, with SiC,
CaC; and WC as the representative of each typel’8, Among the three
categories, the interstitial one is the most commonly utilized HDO
catalyst. In 1970s, Levy et al.17° reported that formation of tungsten
carbide affected the electronegativity of tungsten, making the new
species behave like platinum in catalyzing the reaction of H, and O..
This observation motivated great interests in the following
exploration of the carbides’ catalysis which have been ascribed to the
modification of d-band occupation and Fermi level of the metal by
carbon78, Similar to the interstitial carbides, the nitrides are formed
with nitrogen atoms residing in the interstitial spaces between the
host metal atoms, forming crystal structures like face-centered cubic,
simple hexagonal and hexagonal closed-packed!8. The formed metal
nitrides are also described as having similar catalytic performance as
noble metals.17?, For phosphides, however, phosphorus atom is
usually located at the center of triangular prism since the radius of
phosphorus is considerably larger than carbon and nitrogen, making
it unstable in octahedral coordination®. The detailed structures of
these materials have been well summarized elsewherel74 178,181,182,
and those will not be discussed in this review.

This journal is © The Royal Society of Chemistry 20xx
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Figure 17. Transient mass spectrometer (MS) signals of the
products in HDO of anisole over Mo,C tested in the vapor phase
anisole HDO reaction at ~423 K under ambient pressure. Reprinted
with permission from Lee et al.}®’” Copyright (2015) American
Chemical Society.

Applications of carbides, nitrides and phosphides catalysts in
hydroprocessing (HDS, HDN, etc.) can be dated back decades ago.
Ramanthan et al.!®3 evaluated a series of transition metal carbides
and nitrides in hydrotreatment of model compound mixtures and
showed that these materials could be promising hydrogenation
catalysts. In the meantime, Robinson et al.18* investigated a group of
transition metal phosphides that showed outstanding HDN activity.
Since then, more and more researches have been devoted to the
applications  of carbides, nitrides and phosphides in
hydroprocessing?81. 185,186 |nspired by their catalytic performance in
HDS and HDN, HDO over the catalysts (C/N/P) have received
extensive attentions for the past decade. Several recent papers have
well reviewed the metal -carbide catalysts for biomass
valorization.182, 187-189 |n these literatures, two interstitial carbides
(i.e. MoCx and WCy) were discussed in the HDO of lignin-derived
phenols and other oxygenates, with main focus on and the synthesis
methods of the carbides and reaction mechanisms. Herein, we
mainly highlight the factors that contribute to the improved
selectivity. Transition metal phosphides, such as FePy, CoPy, NiPy,
MoPy, WPy, as well as the bimetallic phosphide, have also been
studied as HDO catalysts1?0-1%2, The P ligand can form surface P-OH
group with acidity!®® to catalyze dehydration of the partially
hydrogenated enol from phenolics to produce arene!®. Nitride
catalysts studied for HDO are not as many as those of carbides and
phosphides. The reported nitrides include MoN,, WN, VN, NbN and
TiN et al.183, 194,

4.4.2 Selective carbide, nitride and phosphide catalysts

Although the general approaches to promote the arene selectivity
has not been adequately established for
carbides/nitrides/phosphides, certain catalysts have displayed high
arene selectivity in HDO of phenolics (Table 6). Lee et al.1®> applied
Mo,C for the anisole HDO at low temperature (147 °C - 247°C) and
ambient pressure. The catalyst displayed >90% arene selectivity
which was attributed to the inhibition of the hydrogenation
functionality of catalyst by the in situ generated oxygen-containing
species (surface oxycarbide formed by abstracting the O in anisole).
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A similar study for HDO of phenolic mixture was also reported
showing >90% arene selectivity on Mo,C'%. Based on the results of
in situ methanol and/or water titration of benzene/toluene
hydrogenation, modification of the catalyst surface by oxygenates
was proposed as the major cause for the inhibited ring saturation.
Active sites for selective deoxygenation of anisole using chemical
titration and transient kinetics were later on studied?®’. As shown in
Figure 17, no oxygenate but only cyclohexane was initially observed
right after the anisole/H, mixture was introduced into the reactor,
suggesting the initial oxygenates’ accumulation (~0.29 monolayer)
on the catalyst surface. With time on stream, oxygenates were
observed in the outlet. Meanwhile, benzene was detected which
increased at the expense of cyclohexane. Temperature-programmed
surface reaction with H; of spent Mo carbide catalyst (without
exposure to air) produced oxygen-containing species such as H,0,
CO, CO; and methanol. This result indicated that the generated
surface oxygen species on Mo,C might have suppressed the ring
saturation and thus increased arene selectivity. Mo,C was also
pretreated with different oxygenates (H.O, CO,, O,) to study the
influence of surface oxygen on the catalytic performances in HDO of
m-cresol1%8, Oxygen uptake measured from TPSR was found to
correlate with toluene formation rate. The turnover frequencies
based on CO titration of catalysts pretreated with different
oxygenates were similar. This implied that the effect of adsorbed
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oxygen was independent of the oxygen source. The surface
chemistry of Mo,C during HDO reaction was also studied by
Murugappan et al.138 with operando NAP-XPS. The spectra in C and
O regions suggested the presence of both surface carbidic and
oxycarbidic species. The formation of oxycarbidic species was an
indication of surface oxidation of carbide (Mo?*) to other oxidic Mo
species (i.e., Mo®* and Mo®*). Together with the improved reactivity
(comparing with oxide) along with the formation of oxycarbic
species, it was proposed that the carbide/oxycarbide was
responsible for the HDO over Mo,C. This is aligned with their
previous study>’ on MoO; where the oxycarbide formation is
observed in the induction period, and was correlated with the
enhanced activity. It was also proposed that oxycarbide might help
to maintain the Mo®* oxidation state to catalyze the reaction. The
spectra for C 1s showed the carbonaceous deposits grew during
reaction, indicating coking was probably the main reason for the
deactivation. Carbides and oxycarbides were also studied by Wang
et al.1% with Mo,C-MoCO, supported on active carbon, displaying
>70% arene selectivity in the HDO of cresol at 350 °C and 4.3 MPa.
XPS results confirmed the presence of Mo,C and MoO«C, phases. The
kinetics (apparent activation energy for DDO and HYD and reaction
rate) had no strong correlations with the Mo,C/MoCOy ratio,
suggesting both phases may serve as the active sites.

Table 6. Catalytic performances of carbides, nitrides and phosphides with high arene selectivity for the HDO of model compounds.

Reaction condition

Catalyst Substrate Conv. (%) Sarene (%) Ref
T(°C) P (bar) Solvent/Reactor?
Mo,C 150 1 -/c Anisole ~10-~19 ~95 197
Mo,C 150 1 -/c Anisole <14 90-94 195
Mo,C 150 1.1 -/c Anisole ~40 80 200
W,C 171 13 -/c Anisole ~20 96 200
0,-0.05kPa-Mo,C 150 1 -/c Cresol ~18 95 198
0,-1kPa-Mo,C 150 1 -/c Cresol ~1.5 91 198
H,0-1kPa-Mo,C 150 1 -/c Cresol ~18 96 198
CO,-1kPa-Mo,C 150 1 -/c Cresol ~8.7 96 198
Mo,C 150 1 -/c Cresol 21 95 198
Mo,C 280 1.1 -/c Phenolic mixture 94 93 196
MoC-SiO, 320 60 Hexadecane/b Anisole ~65 ~70 201
MoC, 250 1 -/c Anisole 49 ~87 202
MoC, 350 4.4 -/c Guaiacol 99.8 ~81 59
MoC,0y/Carbon 325 43 Decalin Cresol ~25 ~70 199
Mo,C/TiO, 350 25 Decane/c Phenol ~65 ~90 134
Mo,N/TiO; 350 25 Decane/c Phenol ~9 ~91 134
MoP/TiO; 350 25 Decane/c Phenol ~25 ~82 134
Ni,P/SiO, 300 1 -/c Guaiacol 80 60 191
Co,P/SiO; 300 1 -/c Guaiacol 32 52 191
MoP/SiO, 300 1 -/c Guaiacol 54 53 191
Ni,P/SiO, 300 1 Tridecane/c Guaiacol 85 62 203
Ni,P/SiO, 300 1 -/c Guaiacol 55 86 204
Ni,P/SiO, 300 1 -/c Anisole 71 81 204
Ni,P/SiO, 400 15 -/c Anisole 100 60.6 205

This journal is © The Royal Society of Chemistry 20xx
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MoP-CA 350 44 Decalin/b
FeMoP 400 21 Decalin/b
FeMoP 350 21 Decane/b

Cresol 58 60 206
Phenol >99 90 60
Phenol 63 70 60

a b: batch reactor; c: continuous flow reactor.

Lu et al.2%0 prepared the ordered mesoporous Mo,C and W-,C by the
hard template method. These catalysts are among the scarce
examples of mesoporous carbides with very large surface area for
HDO reaction. At ambient pressure and low reaction temperature
(i.e., 150 °C for Mo,C and 170 °C for W,C) anisole was deoxygenated
to arenes with selectivity of 80% and 96%, respectively. The higher
arene selectivity for W,C than Mo,C at such a low reacting
temperature was ascribed to the stronger oxygen affinity of W.
However, the TOF of W,C based on by CO titration (adsorbing on the
metal-like active sites) is much smaller than that of Mo,C, which
might be attributed to the extremely high oxophilicity of W retarded
the redox cycle for catalytic HDO (the detailed discussion is
presented in section 5). lida et al.202 encapsulated MoCy nanocluster
inside the pores of zeolites with faujasite (FAU) topology, and used
the bifunctional catalyst for vapor-phase HDO of anisole as shown in
Figure 18. The largest benefit provided by this catalyst was the
promoted alkylation with high aromatic selectivity, which preserved
the carbon in the desirable products. The formation of alkylated
aromatics was attributed to the transalkylation of methoxy groups
from one anisole molecule to another by Brgnsted acid sites in close
vicinity to the MoCy species in the MoC,/FAU catalysts. Comparing
with the physically mixed Mo,C and FAU, the bifunctional MoC,/FAU
displayed significantly improved stability within 20h of time-on-
stream reaction. Besides the vapor-phase reaction, MoC has also
been investigated in the liquid-phase reaction. Smirnov et al.201
prepared the MoC,-SiO; and bimetallic NiMoC,-SiO; for the HDO of
anisole. The MoC,-SiO; converted anisole to benzene with ~70%
selectivity at 320 °C and 60 bar pressure. The kinetic study showed
that reaction pathway involved the direct C-O bond cleavage to
CaromaticOCH3 bond forming benzene, rather than via the phenol
intermediate. Using Ni as the promotor (presenting both on the
catalyst surface and in the carbide particles) increased the activity
toward ring saturation, making the bimetallic catalysts less selective
(i.e, arene selectivity was 3%-40% depending on the variation of Ni
content).

The application of nitrides in HDO of phenols are not as extensive as
that of carbides. Several researchers studied the nitride catalysts
(e.g. MoNy, CoMoNy) with guaiacol as the model compound, which

OCH, ! H/‘ CH,

+ |—|2
y @ + CH30H —_—

HDO products

Alkylated
aromatics

## : Deoxygenation site by MoC,
€% : Bransted acid site by zeolite

MoC, encapsulated
in zeolite micropore

Figure 18. Anisole conversion by MoCx encapsulated FAU zeolite
catalyst for producing alkylated aromatics and C2~C5 light gas
elements by the combination of zeolitic Brgnsted acid sites and
MoC, deoxygenation sites. Reprinted with permission from lida et
al.202 Copyright (2017) American Chemical Society.
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was partially deoxygenated to other phenols297. 208, This makes it
difficult to directly compare the arene selectivity. Ghampson et al.2%®
also studied Mo,;N and CoMoNy catalysts in the HDO of guaiacol.
These nitrides directly cleave the CiromatiOCHs bond in guaiacol
forming phenol, but then saturate the ring during HDO process to
form cyclohexene and cyclohexane at 300 °C and 50 bar H, pressure.
However, the product distribution can be adjusted by applying the
oxophilic support. For example, when Mo;N is supported on TiO,, the
catalyst displayed ~91% arene selectivity in the HDO of phenol at 350
°C and 25 bar total pressure!3*. Ghampson et al.210 compared two
different supports for MoNy-catalyzed HDO of guaiacol. MoN,/Al,03
mainly transformed guaiacol to catechol by demethylation, while the
MoN,/SBA-15 converted guaiacol to phenol by directly removing the
methoxy group, which was a more efficient deoxygenation pathway
to eventually obtain the arene products. This might be due to the
formation of y-Mo;N crystalline phase on SBA-15 (whereas Al,03
support led to small crystallites of nitrides) that led to the higher
activity in direct cleavage of CaromaticcOCHs bond. No correlation
between activity and relative content of nitride/oxynitride was
discovered, implying multiple active phases might catalyze the
guaiacol conversion.

As one class of hydroprocessing catalysts, transition metal
phosphides are another group of potential candidates for HDO of
phenols. The pioneer study has shown that MoP has the higher
activity, lower activation energy and high arene selectivity comparing
with its sulfide and oxide counterparts®’. Following that, a series of
phosphide catalysts including Fe,P/SiO;, Co,P/SiO,, NiP/SiO,,
MoP/SiO, and WP/SiO,, were tested in the vapor-phase HDO of
guaiacol at 1 bar and different temperatures®l. Among the catalysts
tested, Ni,P/SiO, displayed the highest turnover frequency and
benzene selectivity (60%). The kinetic measurements showed the
apparent activation energy of 40 kJ/mol for Ni,P/SiO,, which is lower
than that of the direct C-O bond cleavage, implying that the
enhanced benzene formation was from the hydrogenation of C=C
double bonds in the aromatic ring followed by dehydration. The HDO
properties of Ni,P/SiO, were also studied by Moon et al.2% using
guaiacol as the model compound at different reacting conditions.
Reaction pressure was found to largely determine the reaction
pathway and product distribution: DDO to benzene dominated (62%
selectivity) at 1 bar and 300 °C while HYD to produce cyclohexane
(benzene selectivity is 8%) prevailed at 8 bar pressure. This
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observation is consistent with other studies showing that
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Figure 19. The proposed reaction pathways of guaiacol HDO over
Ni,P catalyst: product distribution is dependent on the densities of
surface OH group and more reduced metal sites.293
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dicylcohexane was main O-free product in HDO of dibenzofuran at
30 bar pressure,?!! and ring saturation is favored in HDO of anisole at
lower temperature and higher H, pressure and vice versa2, Further
XAFS measurement revealed the slightly oxidized surface on the
spent catalyst tested at 1 bar, and DFT calculations showed that both
H and OH were able to adsorb on unsaturated threefold hollow
(TFH)-Ni site. Based on their results, it was proposed that the DDO
pathway was favored by the surface OH groups, while HYD pathway
was favored on more reduced surface. Therefore, arene selectivity
could be tuned by the relative populations of H and OH groups on
the surface, as shown in Figure 19. Lan et al.2%4 studied the HDO
reactions on Ni,P/SiO; catalysts at 300°C and 1 bar using guaiacol and
anisole. Guaiacol and anisole were deoxygenated to benzene with
86% and 81% selectivity, respectively. Benzene selectivity decreased
and phenols selectivity increased as the reaction time proceeded.
This gradual change was accompanied with the increase of Ni¥*+Ni®
amount and the decrease of P/Ni ratio. Ni®* was proposed as Lewis
acid site to catalyze the demethylation rather than demethoxylation,
and Ni° only showed low reactivity for dehydroxylation. In addition,
decrease of P/Ni ratio reduced the amount of Brgnsted acid sites so
that the dehydroxylation was suppressed. These factors jointly led to
the decrease of benzene selectivity.

Besides NiPx, MoPy is another series of phosphide reported for the
HDO reaction. Whiffen et al.2% prepared the MoP with the addition
of citric acid (MoP-CA) which generated residual C on the catalyst and
hence mitigated the agglomeration of the formed MoP nanoparticles
(i.e., 5-9 nm). Compared with the MoP prepared in the absence of
citric acid, MoP-CA displayed promoted activity and toluene
selectivity (60% vs 49%). It is proposed that the MoP-CA has less
highly reduced and weak electrophilic sites on which HYD occurs, and
thus inhibiting ring saturation. MoP could be further modified by Fe
on the bimetallic phosphide FeMoP, which showed much higher
arene selectivity than monometallic FeP, MoP, and a physical mixture
of FeP+MoP in the HDO of anisole®®. HDO of several model
compounds (i.e., anisole, phenol, 2-phenoxyethyl benzene) showed
that ring saturation with FeMoP could be inhibited by decreasing H,
concentration or using high reaction temperatures. In the following
investigation?12, a correlation was discovered that the catalyst with
higher amount of P vacancies showed enhanced selectivity to arene
even at high conversion of phenol. This was possibly due to vacancy
bond to the hydroxyl group in phenol to destabilize the C-O bond to
achieve the selective C-O bond cleavage.

5. Perspective

The challenge of HDO of phenolics is to achieve both elimination of
oxygen and preservation of aromatic ring (i.e., DDO pathway) in
order to minimize hydrogen consumption and to increase the octane
number of the products. With numerous efforts, several efficient
strategies have been developed and demonstrated for the DDO of
phenolics, including catalyst design (e.g., oxophilicity of the
catalysts), reaction engineering control (e.g., different
thermodynamics/kinetic regime and reaction mechanism in gas
phase vs liquid phase), or a combination of both. Note that some
catalysts, being selective in vapor-phase reaction, dramatically lose
the selectivity in liquid-phase reaction®® 213, This distinct
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performance, as abovementioned, could be caused by the different
control of thermodynamics/kinetics under different reacting
conditions, change of surface adsorption configuration or surface
reaction mechanisms. A definitive answer still requires further
investigations to fully obtain the insights, which will provide the
guidance for the design of selective HDO catalysts/processes. To this
end, our recent studies on PdFe catalysts, comparing the HDO of
phenolics in vapor-phase vs liquid-phase reactions®?, revealed that,
despite of the highly selective DDO of phenolics on PdFe in vapor-
phase reaction conditions, a much facile tautomerization reaction
pathway was opened up in liquid-phase reaction conditions, leading
to the dominant aromatic ring saturation. Though it remains
ambiguous in terms of what caused the enhanced tautomerization
pathway, this study suggests that suppressing tautomerization may
improve the catalyst selectivity under the liquid-phase conditions.

Although the anionic ligand in a catalyst can alter the electron density
and thus catalytic properties of the metall92 214 jts effect to arene
selectivity seems limited. In the comparative studies of metal sulfide,
oxide, carbide, nitride and phosphide, regardless of anionic ligand
used, while Mo-based catalysts display high arene selectivity (>50%)
87, 134 Ni-based catalysts (i.e., metallic3 201, sulfidel®® or
phosphide?> 216) mainly saturate the aromatic ring in the liquid-
phase reaction conditions (i.e., high hydrogen pressure). Another
factor that may lead to their similar selectivity is the surface
reconstruction, namely, regardless of the as-synthesized phase of
catalysts, the surface may eventually change into a similar structure
in HDO reaction conditions. For instance, oxycarbide species, which
are probably necessary for selective HDO38, appeared on both
Mo03%7 and Mo,C'¥7 catalysts as the reaction processed.
Understanding the nature of metals may be essential to design
selective HDO catalyst.

Other than the anionic ligand, oxophilicity of metals is a key
descriptor that had been extensively studied. Since the reported data
were obtained over a wide range of reacting conditions, it is
impossible to make a quantitative comparison of the catalysts.
However, we qualitatively cross-compare the catalytic performances
of each monometallic catalyst reported in the literatures3% 40,122,123,
127,146, 148, 149, 155, 156, 168, 217-219 Ag shown in Figure 20a, a clear trend
is present, i.e., arene selectivity for HDO of phenols increases with
oxophilicity index from O (with Pd as representative) to 0.6 (with Mo
as representative). Further increase of oxophilicity (with Ti, Ce as
representative) dramatically decreases the reactivity (Figure 20b).
Based on their oxophilicities, the metals are divided into three
groups, namely low (0 — 0.3), moderate (0.4 — 0.7) and high (0.8 - 1)
oxophilicity. From the above correlations, low oxophilic metals are
not active enough to abstract O to achieve direct C-O bond cleavage
but show high activity to saturate the aromatic ring; whereas the
high oxophilic metals tend to strongly interact with the abstracted O,
making it difficult to release the O even in the presence of H; such
that the redox cycle cannot be completed. Only the metals with
moderate oxophilicity is able to not only abstract the O from the
phenolics but readily eliminate it with the help of H, making those
catalysts good candidates for HDO. A similar conclusion was also
drawn on oxide catalysts by Goulas et al.22° who reported a volcano-
type dependence of reaction rate for C-O bond cleavage in furfural
on the Gibbs free energy of metal oxide formation (another way to
evaluate the oxophilicity of metal). This correlation?? for oxide
catalysts originated from the reverse Mar-van Krevelen C-O bond
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Figure 20. A qualitative summary about the relation between arene selectivity (a), activity for conversion of phenols (b) in HDO
with oxophilicity of the monometallic species. The oxophilicity is referred from the literature’3.

activation mechanism, which needs a trade-off between the O
abstraction and elimination on the vacancy site.

As mentioned above, elimination of the abstracted O is essential to
close the redox cycle during the HDO reactions, other than using
moderate oxophilic metals, the combination of low/moderate,
low/high and moderate/high oxophilic metals to form bifunctional
catalysts is another potential approach for selective HDO, with Pd-
Fel23, 124 Ryu-NbO,!5%, Ru-W0,1%¢, Pt-WO,15, Ru-TiO,1%7, Pd-NbO,!6?
etc. as examples. Over these catalysts, it is proposed that the highly
oxophilic metal species abstract the O atom to cleave the C-O bond
and the low oxophilic metals activate the H; to facilitate the redox
cycle. This also implies the potential application of single-atom
catalysts, i.e. low oxophilic metals with atomic dispersion on highly
oxophilic support. By atomic dispersion, both oxophilicity of support
and Hj-activation capacity of guest metal are tuned, and more
importantly the nature of low oxophilic metals is changed (i.e.,
support modifies the property of atomically dispersed metal) so that
the direct ring-hydrogenation is inhibited. However, one barrier that
needs to overcome is the aggregation22l 222 of the low oxophilic
metals especially in reduction atmosphere at HDO temperature
(usually above 250 °C)22. The reduction and aggregation will create
identity of low oxophilic metals (i.e., large metal particles showing
intrinsic property similar/same as the bulky metal) that decrease the
HDO selectivity. For the metals not included in Figure 20, one can
find the oxophilicity index of a specific metal in ref 173,

Majority of current HDO of phenolics focuses on the structure of
catalyst or mechanism. The effect of water or solvent (regarding to
mechanism and performance) have yet been fully understood. In
fact, promising results have been shown to control arene selectivity
by applying the solvent effect or using water as co-catalyst 10 157, 224,
225 For example, water additive significantly promoted the arene
selectivity of Ru/TiO,, and water was proposed to lower the barrier
for C-O cleavage!®”. Whereas, another possibility could be the

This journal is © The Royal Society of Chemistry 20xx

presence of water stabilizes the highly dispersed Ru single
atom/clusters against the formation of large Ru particles so that the
high arene selectivity is achieved. Moreover, applying water as
solvent has been reported to provide alternative reaction pathway in
hydroprocessing?26. Overall, further study about effect from water or
solvent to arene selectivity is needed. Another species that needs
more investigation in phenolic HDO is alkali, which is usually reported
with negative impact to HDO catalysts’? 73, However, alkali-metal
species has been proved as a promising promoter in C-O bond
cleavage of aryl ethers227-229_ |n these studies, base additive such as
sodium tert-butoxide (NaO'Bu) inhibits the ring saturation to make
the catalytic system selectively produce aromatics227-22%, which is a
valuable inspiration for development of phenolic HDO catalysts.
Finally, despite of the extensive studies, majority of those are still
focused on using model compounds (aromatic oxygenates or
simulated mixtures). Applications of the selective catalysts discussed
in real bio-oil are still quite limited. However, several catalysts
reported recently have been shown promising in the process of real
bio-oil, including PtFe—C/Si0,23° for pyrolysis-oil vapor, Fe/Si0,13¢ for
lignin pyrolysis vapor, Ru/Nb,Os for real lignin>5, Pt/Al,03 NH4* Z-Y
and Rh/Al,03 NH4* Z-Y117 for oligomeric technical lignin, etc. Future
work needs to further deepen the fundamental insights that guide
catalyst design for practical application of the selective HDO catalysts
in the real bio-oil upgrading.
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