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The cleavage of C-O bonds in phenol, catechol, and guaiacol has been explored with mono- and dual-
functional catalysts containing Ni and/or HZSM-5 in the aqueous phase. The aromatic ring of phenol is
hydrogenated in the first step, and the C-O bond of the resulting cyclohexanol is dehydrated in
sequence. The initial turnover frequency (TOF) of phenol hydrodeoxygenation increases in parallel with
the acid site concentration irrespective of the concentration of the accessible surface Ni atoms. For cate-
chol and guaiacol conversion, Ni catalyzes the hydrogenolysis of the C-O bonds in addition to arene
hydrogenation. For catechol, the hydrogenation of the aromatic ring and the hydrogenolysis of the
phenolic —OH group occur in parallel with a ratio of 8:1. The saturated cyclohexane-1,2-diol can be
further dehydrated over HZSM-5 or hydrogenolyzed on Ni to complete hydrodeoxygenation. Guaiacol
undergoes primarily hydrogenolysis (75%) to phenol via demethoxylation, and the hydrogenation route
accounts for only 25%. This is attributed to the steric effects arising from the adjacent sp® hybrid O—CHs
group. 2-Methoxycyclohexanol (from guaiacol hydrogenation) reacts further either via hydrogenolysis by
Ni to cyclohexanol or via acid catalyzed demethoxylation and rearrangement steps followed by the sub-
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sequent hydrogenation of the intermediately formed olefins. On Ni/HZSM-5, the hydrodeoxygenation
activities are much higher for the phenolic monomers than for their respective saturated analogues,
pointing to the importance of sp? orbitals. The presence of proximal acid sites increases the activities of

www.rsc.org/greenchem Ni in the presence of H, by a synergistic action.

Lignin derived bio-oil comprises of a wide variety of
Cary1~OH, Cquryi~OCHj, and Cyyi—OR as well as C=O bonds.

1. Introduction

Lignin is an abundant biopolymer composed of substituted Cq
propyl-phenol units, which are randomly cross-linked by C-C
and C-O bonds." Bio-oil derived from liquefaction or pyrolysis
of lignin is seen as a promising source for second-generation
bio-derived energy carriers.” However, the direct application of
bio-oil is limited by its poor volatility, high viscosity, as well as
its low stability caused by high contents of oxo-functionalized
compounds.” In this context, hydrodeoxygenation (HDO) is con-
sidered as the most effective method for converting oxygen-rich
lignin derived bio-oil to clean oxygen-free hydrocarbon fuels.*
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Cleavage of the C=0 double bond requires stepwise hydrogen-
ation and dehydration, whereas the former three types of C-O
single bonds can be directly cleaved by metal-catalyzed hydro-
genolysis. Alternatively, acid sites also catalyze the cleavage of
Cary1~OR and Cyji,i~OR bonds through hydrolysis. The formed
Caiyi~OH bond can be eliminated via dehydration. Removing
oxygen in the C,,-OH bond, however, involves cascade reac-
tions of hydrogenation and dehydration. The bond dis-
sociation energies of C,y-O bonds are around 80-100 K]
mol ™" higher than those of C,-O bonds;»® while on the
other hand, the steric constraints of cleaving Cjj,1~O bonds
are much higher than for C,y-O bonds. Thus, it is highly
important to understand the integrated steps of hydrogeno-
lysis, hydrogenation, hydrolysis, and dehydration, to efficiently
cleave the various C-O bonds in phenol derivatives.

In the past, sulfide-based hydrotreating catalysts have been
employed for the hydrodeoxygenation of functionalized
phenols.® For instance, in the gas phase guaiacol was reported
to be first converted via hydrogenolysis of the methoxy group

This journal is © The Royal Society of Chemistry 2015
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to catechol and methane, followed by hydrogenolysis of the
hydroxyl group of catechol to phenol, which in turn was deoxy-
genated by hydrogenolysis and hydrogenation forming
benzene, cyclohexene, and cyclohexane.” Severe coke for-
mation was observed during the conversion of both guaiacol
and catechol with Al,O; supported NiMo- or CoMo-sulfides.”*®
By comparison, using dual functional catalysts with metal/acid
sites such as Pd/C and H3;PO,, guaiacol was primarily hydro-
genated to 2-methoxycyclohexanol in the aqueous phase,
which was in turn hydrolyzed producing cyclohexane-1,2-diol
followed by consecutive acid catalyzed dehydration and metal
catalyzed hydrogenation leading to cyclohexane formation.’
Carbonaceous deposits were negligible for such an aqueous-
phase catalytic process.

Recently, we have reported that Ni supported on zeolite
HZSM-5 catalyzes quantitative hydrodeoxygenation of the
n-hexane-soluble fraction of pyrolysis oil to Cs-C, hydrocar-
bons under mild conditions (523 K, 5 MPa H,) in water.'® In
this contribution, the synergistic roles of the metal and acid
sites of Ni/HZSM-5 in the aqueous phase are explored, includ-
ing the integrated hydrogenation and hydrogenolysis over Ni
sites, as well as the dehydration and rearrangements with acid
sites of HZSM-5. The kinetics of the conversions of phenolic
monomers and of their respective saturated cyclic alcohols are
described and discussed, in order to elucidate the difference
of opening aliphatic and aromatic C-O bonds in phenols and
alcohols. The positive influence of proximal acid sites on the
Ni activities is also highlighted.

2. Experimental section
2.1 Chemicals

All chemicals were obtained from commercial suppliers and
used as received. Phenol (Sigma-Aldrich, 99%), 1,2-hydroxyl-
benzene (Sigma-Aldrich, >99%), cis-cyclohexane-1,2-diol
(Aldrich, 99%), 2-methoxyphenol (Sigma-Aldrich, oxidation
indicator), (1S,25)-(+)-2-methoxycyclohexanol (Alfa Aesar,
99%), ethyl acetate (Sigma-Aldrich, 99.9%), Ni(u) nitrate hexa-
hydrate (Sigma-Aldrich, >98.5%), urea (Sigma-Aldrich, BioRea-
gent). NH,;-ZSM-5 with framework Si/Al ratios of 11.5 and 25
were purchased from Zeolyst International, and HZSM-5 with
Si/Al = 90 were obtained from Clariant. All three zeolites were
calcined in air at 823 K for 6 h before usage.

2.2 Preparation of Ni/HZSM-5 catalysts

The deposition-precipitation (DP) method was applied to
prepare the Ni based catalysts, according to procedures
reported in the literature.’* In a typical synthesis, 250 mL
aqueous solution of Ni(NOj), (0.14 M) was prepared and
divided into two parts. 210 mL of it was made into a suspen-
sion with 2 g parent HZSM-5 zeolite, and urea was dissolved in
the rest 40 mL of the solution. The zeolite suspension was
heated up to 343 K at which the urea solution was added drop-
wise, and then the mixture was brought up to 363 K to start
the DP process. After 2 hours, the suspension was cooled to
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ambient temperature, vacuum filtered, and then the solid was
washed three times with double distilled water. The obtained
samples were dried at 383 K in air overnight. The catalyst pre-
cursors were calcined at 673 K for 4 h in air with a heating rate
of 1 K min™" (flow rate: 100 mL min™"), and then reduced in
pure hydrogen at 733 K for 5 h with a heating rate of
1 K min~" (hydrogen flow: 150 mL min~"). The preparation of
the Ni/SiO, catalyst followed similar procedures as described
for Ni/HZSM-5, but with a DP duration of three hours.

2.3 Catalyst characterization

An elemental analysis of Ni contents in the catalyst samples
was carried out by atomic absorption spectroscopy (AAS) on a
UNICAM 939 AA-spectrometer. Prior to measurements, the
sample was dissolved in a mixture of hydrofluoric acid (48%)
and nitro-hydrochloric acid at its boiling point.

The BET specific surface area and pore volume were deter-
mined by N, adsorption-desorption isotherms measured at
77 K using a PMI automatic sorptometer. The catalyst was acti-
vated in a vacuum at 473 K for 2 h before the measurements.
The specific surface areas were calculated by applying the
Brunauer-Emmett-Teller (BET) theory, and the #plot method
was used to determine the pore volumes.'?

Temperature programmed desorption (TPD) of NH; was
performed in a 6-fold parallel reactor system. About 50 mg of
each catalyst was loaded into individual reactors and activated
in He at 773 K for 1 h (heating rate: 5 K min~"). NH; was
adsorbed with a partial pressure of 1 mbar at 373 K, and sub-
sequently, the samples were purged with He (30 mL min~") for
2 h to remove physisorbed molecules. For the measurement of
temperature programmed desorption, the catalyst samples
were heated up in flowing He from 373 to 1033 K with a temp-
erature increment of 10 K min~" to desorb ammonia. The de-
sorbed species (m/z" = 16 signal) were monitored by mass
spectrometry (Balzers QME 200). For acid site quantification, a
reference (HZSM-5, Si/Al = 45 from Clariant) with known
acidity was used to calibrate the signal.

The infrared spectra of adsorbed pyridine (Py-IR) were
recorded with a Thermo Nicolet 5700 spectrometer at a resolu-
tion of 4 cm™". The sample was prepared as a self-supporting
wafer and activated in a vacuum (p = 10”7 mbar) at 723 K for
1 h (heating rate = 10 K min™"). After cooling to 423 K, the
sample was equilibrated with 0.1 mbar of pyridine for 30 min,
followed by outgassing for 1 h, and the IR spectra of chemi-
sorbed pyridine were recorded subsequently. For quantifi-
cation, molar integral extinction coefficients of 0.73 cm
pmol™ and 0.96 ecm pmol™" were used for the characteristic
vibration bands of pyridinium ions and pyridine bound to
Lewis acid sites, respectively.

Transmission electron microscopy (TEM) images were
taken by a JEM-2010 Jeol transmission microscope operating
at 120 kV. The catalyst sample was first suspended in ethanol
by ultrasonication, and a drop of the suspension was de-
posited onto a carbon-coated Cu grid. More than 300 particles
were counted to determine the average particle size.
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The crystal structures of the catalyst powder were analyzed
by X-ray diffraction (XRD) using a Philips X'Pert Pro System,
with Cu-Ka radiation operating at 45 kv/40 mA. The sample
was measured with a scanning rate of 0.017° s™" in the range
from 5 to 70° (26). The metal particle size was calculated from
the diffraction of Ni(111) by the Scherrer equation.

The IR spectra of the adsorbed CO were recorded on a
Bruker Vertex 70 spectrometer at a resolution of 4 cm™" with
128 scans. The catalyst wafer was first reduced in situ in H,
(1 bar) at 723 K for 1 h (heating rate = 10 K min~'), and then
the system was evacuated for 1 h (p = 10~® mbar). CO was
adsorbed with an equilibrium pressure of 0.5 mbar at 313 K,
followed by outgassing to remove the physically adsorbed CO.
The IR spectra were recorded every five minutes until no
changes in the spectra were observed. In order to directly
compare the surface coverage of the adsorbed CO, each spec-
trum reported was normalized by the weight of the respective
wafer. The IR spectra of the adsorbed phenol were measured
with similar activation and adsorption procedures as described
above, only that an equilibrium pressure of 0.05 mbar phenol
was applied.

For measuring H, chemisorption, the Ni based catalyst was
activated in vacuum at 588 K for 1 h and then cooled to
ambient temperature. The H, adsorption isotherms account-
ing for both chemisorption and physisorption were measured
in pressure ranging from 1 to 0.4 bar. Afterwards, the system
was evacuated for 1 h to remove physisorbed H,. The concen-
tration of chemisorbed hydrogen on the metal was determined
by extrapolating the isotherm to zero H, pressure. The Ni dis-
persion was deduced by assuming an average H/Ni ratio of 1.

2.4 Catalytic measurements

The kinetic study of the aqueous-phase hydrodeoxygenation
(HDO) of phenol was carried out as follows: 1.0 g reactant,
0.02 g Ni based catalyst, and 100 mL distilled water were
charged into a batch autoclave (Parr Instrument, 300 mL), and
stirred at a speed of 700 rpm. The reactor was purged with
30 bar H, at ambient temperature, and then heated up to
473 K at which the reaction started. Since in situ sampling was
difficult to carry out for the biphasic reaction, the conversion/
selectivity as a function of reaction time reported herein was
obtained from the analysis of separate batch reactions with
varied lengths of reaction time.

For HDO of catechol and guaiacol, 0.05 g of the catalyst was
applied. With the saturated alcohol reactants, i.e., cyclohexane-
1,2-diol and 2-methoxycyclohexanol, a reactant to catalyst ratio
of 0.2 g/0.04 g was adapted due to their relatively low activities.

After each batch reaction, ethyl acetate was applied to
extract the products in the organic phase. Both aqueous-phase
and organic-phase products were analyzed by Shimadzu gas-
chromatography mass-spectroscopy (GC-MS) equipped with a
flame ionization detector (FID) and an HP-5 capillary column.
Conversion = (weight of the converted reactant/weight of the
starting reactant) x 100%. Yield of liquid products (C%) =
(C atoms in liquid products/C atoms in the starting reactant) x
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100%. Selectivity (C%) = (C atoms of each product/C atoms in
all the liquid products) x 100%.

3. Results and discussion
3.1 Catalyst characterization

The main physicochemical properties of the parent HZSM-5
and the Ni/HZSM-5 samples are compiled in Table 1. The Ni
contents of the three Ni/HZSM-5 were comparable at 20 wt%
determined by AAS. N, adsorption-desorption isotherms were
nearly identical for the three HZSM-5, with the same micro-
pore volumes of 0.17 ecm® g™, whereas for HZSM-5 with Si/Al
of 11.5, the mesoporous surface area was notably lower than
the other two samples, ie., 28 m> g~ as compared to 57 and
77 m®> ¢”'. Upon addition of Ni, the volume of micropores
decreased (0.17 to 0.12 em® g7), indicating that a part of the
Ni particles was located in the micropores.

The acidic properties of the catalysts and the parent zeolites
were probed by the TPD of NH; and by the IR spectra of
adsorbed pyridine (Py-IR) (Table 2). The two techniques
showed excellent agreement in terms of total acid site concen-
trations (discrepancy < 5%). For Ni/HZSM-5 and the parent
HZSM-5, the concentration of Bregnsted acid sites decreased as
expected with the increasing framework Si/Al ratio, i.e., 0.93,
0.44, and 0.14 mmol g~ for HZSM-5 11.5, 25, and 90, respect-
ively. After the deposition of Ni(u) salts, the concentrations of
Bronsted acid sites decreased significantly to 0.38, 0.16, and
0.08 mmol g~ '. This is attributed to the hetero-condensation
of the zeolite acidic hydroxyl groups with Ni(u) hydrooxoaqua

Table 1 Physicochemical properties of parent HZSM-5 and Ni/HZSM-5
samples

BET surface area Pore volume

(m” g™ (em’g™")
Si/Al
Catalyst ratio Micro Meso Total Micro Meso Total
HZSM-5 11.5 386 28 414 0.17 0.04 0.21
25 381 57 438 0.17 0.08 0.25
90 362 77 439 0.17 0.09 0.26
Ni/HZSM-5  11.5 261 30 291 0.12 0.05 0.17
(20 wt%) 25 267 78 345 0.12 0.15 0.27
90 232 114 346 0.11 0.15 0.26

Table 2 Acid characterization of parent HZSM-5 and Ni/HZSM-5
measured by TPD of NHz and IR spectra of adsorbed pyridine

Acid sites determined
Py-IR (mmol g™)
Si/Al TPD-NH;

Catalyst ratio Brensted Lewis Total (mmolg™)
HZSM-5 11.5 0.93 0.15 1.07 1.07

25 0.44 0.09 0.53 0.52

90 0.14 0.01 0.15 0.14
Ni/HZSM-5 (20 wt%) 11.5  0.38 0.39 0.77 0.79

25 0.16 0.18 0.34 0.37

90 0.08 0.11 0.19 0.17

This journal is © The Royal Society of Chemistry 2015
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(a) XRD patterns of Ni/HZSM-5
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(c) TEM images of Ni/HZSM-5
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linearly bonded CO
bridged bonded CO

Si/Al = 90

Absorbance

Si/Al = 25

SilAl=11.5

2200 2100 2000 1900 1800 1700
Wavenumber (cm™)

Fig. 1 Characterization of Ni/HZSM-5 with three Si/Al ratios by (a) XRD patterns, (b) IR spectra of adsorbed CO, with dotted lines: at 0.5 mbar of CO

equilibrium pressure, and solid lines: after evacuation, (c) TEM images.

complexes during the DP process.'® In contrast, higher con-
centrations of Lewis acid sites were observed with Ni/HZSM-5
(0.39, 0.18, 0.11 mmol g~') compared to parent HZSM-5 (0.15,
0.09, 0.01 mmol g~") as the Si/Al ratio increased. These
additional Lewis acid sites stem from the incompletely/un-
reduced Ni cations, as confirmed for Ni/HBEA prepared by the
DP method.™*

XRD, TEM, and IR spectra of the adsorbed CO were applied
to characterize the size, morphology, and accessible fraction of
Ni atoms in Ni/HZSM-5 catalysts (Fig. 1). Based on the peak at
the diffraction angle (26) of 44° (Fig. 1a), dy;i(111) was calculated
according to the Scherrer equation to be 14, 5.2, and 6.5 nm
(Table 3) for the supports with Si/Al ratios of 11.5, 25, 90,

Table 3 Ni size characterization of three Ni/HZSM-5 measured by TEM,
XRD, and H;, chemisorption

Si/Al ratio drpm (nm) dxrp xi(111) (NM) Dy, chem. (%)
11.5 11+3.4 14 3.6
25 5.6 £1.9 5.2 7.2
90 5.8+2.2 6.5 9.6

This journal is © The Royal Society of Chemistry 2015

respectively. Two pronounced bands of adsorbed CO after eva-
cuation appeared at 2040-2045 cm™" and 1910-1970 ecm ™" in
the IR spectra (Fig. 1b). The former is assigned to linearly
adsorbed CO on Ni°, the latter corresponds to two or three fold
bridged adsorption of CO on Ni’." The integral area under
these two bands is proportional to the concentration of acces-
sible Ni°® sites. Ni/HZSM-5 11.5 showed the smallest intensity
of adsorbed CO, indicating that this sample had the lowest
concentration of accessible Ni atoms. Hence, we conclude that
the largest metal particles were formed on Ni/HZSM-5 11.5, in
accordance with the results obtained from XRD diffractograms
(see Table 3). This trend was also confirmed by TEM images
(Fig. 1c), in which Ni/HZSM-5 11.5 showed the largest Ni par-
ticles with an average diameter of 11 nm, while the other two
Ni/HZSM-5 samples displayed much smaller particles (5.6 and
5.8 nm).

Since all three Ni/HZSM-5 catalysts were prepared by the
same deposition—precipitation method and the resulting Ni
contents were nearly identical, the observed differences in the
Ni particle sizes are tentatively related to differences during
the preparation procedure induced by zeolite properties. As

Green Chem., 2015, 17, 1204-1218 | 1207
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PpH values of the three zeolite suspensions were measured to
be comparable (4.2-4.5), variations in the aqueous phase
environment during Ni(u) deposition can be excluded. Burattin
et al. explored key parameters controlling the size of supported
metal particles prepared by the deposition-precipitation
method,"® including the nature of the deposited Ni() phase as
well as the strength and extent of the metal-support interface.
It was shown that the interface is manifested as a brucitic layer
of octahedral Ni(u) bonding to the support surface, which pro-
vides anchoring sites for the overlying metal particles.’®” In
the present case, the nature of the deposited Ni(u) phase in
these catalysts is considered to be identical for all three
samples due to the similar HZSM-5 supports and DP con-
ditions. However, the lowest mesoporous area of HZSM-5 with
the framework Si/Al ratio of 11.5 (Table 1) was speculated to
lead to a less extended Ni-support interface, as observed in
the literature for low surface area SiO,.'®* In consequence, a
relatively inhomogeneous Ni(u) phase was formed, leading to
less uniformly distributed Ni nanoparticles. This trend agrees
well with the observed drastic difference of Ni particle size and
dispersion in the resulting catalyst samples.

In this contribution, Ni supported on neutral SiO, with a
similar metal loading (20 wt%) as the zeolite supported ones
was also investigated as a reference catalyst. The characteriz-
ation results of Ni/SiO, are compiled in Fig. 2 and Table 4.
N, sorption isotherm showed a specific surface area of 211 m?>
¢! and a pore volume of 0.52 cm® g~'. In particular, its
mesoporous surface area (194 m> g~') was much larger than
those of the three Ni/HZSM-5 catalysts (Table 1). The Ni par-
ticle size of Ni/SiO, was around 2.6 nm determined by XRD
and TEM techniques (Fig. 2), and the metal dispersion was
20% analyzed by H, chemisorption. The much smaller Ni par-
ticles present in the SiO, supported catalyst again could be
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related to its large mesoporous surface area as discussed
above.

3.2 Hydrodeoxygenation of phenol

In order to explore the roles of acid and metal sites in the
bifunctional Ni/HZSM-5 catalysts, the kinetics of hydrodeoxy-
genation of phenol (as the simplest model compound) were
performed in the aqueous phase at 473 K (Fig. 3). The reaction
proceeded in the similar pathway as proposed previously
(Scheme 1).>'” Phenol was first hydrogenated by Ni forming
cyclohexanone as the primary product, which was gradually
converted further to cyclohexanol. In the presence of Brgnsted
acid sites, cyclohexanol was dehydrated to cyclohexene, which
was subsequently hydrogenated to cyclohexane. Therefore, the
overall reaction pathway for the cleavage of the aryl C-O bond
in phenol requires two catalyst functions, with Ni catalyzing
the hydrogenation of the aromatic ring and alkene, and acid
sites mediating the dehydration of cyclohexanol.

The rate of phenol hydrogenation on Ni is formally
expressed as r = {[Phenol]"[H]?, where a and b denote the reac-
tion order with respect to adsorbed phenol and H. In our case,
the initial hydrodeoxygenation rates for the three Ni/HZSM-5
catalysts were comparable at 102, 88, and 84 mmol g~* h™"
(Fig. 3a). Considering that the concentration of accessible Ni
was very different (Table 3), we speculate that the concen-
trations of the adsorbed reactants are important properties
determining the relative hydrogenation rates of this series of
dual functional catalysts under selected conditions.

The concentration of phenol on Ni/HZSM-5 samples was
estimated via the IR spectra of adsorbed phenol from the gas
phase recorded after evacuation at 313 K (Fig. 4). Two bands at
1597 em™" and 1495 c¢cm™' are assigned to aromatic ring
vibrations typical for the phenate species; whereas the

(b) XRD pattern
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Fig. 2 (a) TEM image and (b) XRD pattern of Ni/SiO..
Table 4 Characterization of the Ni/SiO;, catalyst
BET surface area (m” g™) Pore volume (cm® g™)
Micro- Meso- Total Micro- Meso- Total drem (NM) dxrp Ni(111) (NM) Dy, chem. (%)
17 194 211 0.008 0.511 0.519 2.5+0.5 2.7 20
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800 700
700 L
600 @
600 iy
- - 500 9
£ 500 z
m - 400 =
O 400 §
300 %
300 <Q
e
200 200 2
100 ¥ 100

0 100 200 300 400 500 600 700 800
Support acidity (umoleg-1)

Fig. 3 Phenol hydrodeoxygenation on Ni based catalysts as a function of reaction time, (a) conversion, and (b) surface Ni atoms and turnover
frequencies as a function of support acidity. Reaction conditions: 1.0 g phenol, 0.02 g catalyst, 473 K, 30 bar H, (ambient temperature), stirring at

700 rpm.
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Scheme 1 Reaction pathway for phenol hydrodeoxygenation over
Ni/HZSM-5 in the aqueous phase.
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Fig. 4 IR spectra of adsorbed phenol on Ni/HZSM-5 after evacuation
at 313 K.

shoulder at 1475 cm™"' represents the C=Cring vibration
characteristic of H-bonded phenols, with contribution from
the ~OH group.'® The largest integral intensity was observed
for Ni/HZSM-5 11.5 (Fig. 4), pointing to the highest phenol
concentration on this catalyst. It should be noted that in the
sole presence of Brensted acid sites such as macroporous solid
acids like Amberlyst or heteropoly acids, phenol hardly
adsorbs from the gas phase.'® This implies that majority of the
interaction results from strong dispersion forces upon physi-
sorption of phenol in zeolite pores, as well as via its basic
oxygen atom interacting with extra-lattice AI** cations, i.e., the
strong Lewis acid sites of zeolites. The formation of H-bonded

This journal is © The Royal Society of Chemistry 2015

phenol originating from phenol interaction with SiOH groups
or Brensted acid sites in the zeolite cannot be fully excluded,
as evidenced by the shoulder at ~1475 cm™,*® but such inter-
actions of aromatic compounds with acid sites hardly contrib-
ute to the bonding.*°

When intrinsic rates of these series of Ni based catalysts
were considered, the turnover frequencies (TOF) followed the
order of Ni/HZSM-5 11.5 (769 h™") > Ni/HZSM-5 25 (324 h™") >
Ni/HZSM-5 90 (244 h™") > Ni/SiO, (127 h™"), which was in
agreement with the decreasing Brensted acid site concen-
trations of the respective supports (Fig. 3b). This suggests that
apart from catalyzing cyclohexanol dehydration, the presence
of support acidity also substantially enhances the rate of the
phenol hydrogenation step, i.e., with the increasing acid site
concentration, the intrinsic hydrogenation rate increases
accordingly.

Generally, the higher activities of noble metals (Pd or Pt) on
acidic supports have been attributed in the past to modified
adsorption properties and alteration of the metal band struc-
ture induced by proximal protons.>’ Though several models
have been proposed, the nature of the addressed metal-proton
interaction as well as its direct impact on the catalytic activity
remains unclear. We would like to involve, therefore, a
different explanation. It has been well demonstrated® that
protonated pendant amine ligands when carefully positioned
in organometallic complexes, enhance the rate of hydrogen
oxidation or proton reduction by lowering free energy barriers
for these catalytic reactions. The present case is speculated to
resemble the effect of such molecular (electro)catalysis, in
which the Brensted acid site provides an additional delivery of
the proton for the hydrogenation process.

By invoking such a cooperative action, the concentration of
active H in the above addressed rate expression would not only
be determined by the concentration of hydrogen adsorbed on
the Ni particle, but also by the concentration of the available
protons in the vicinity of Ni, hence Ni/HZSM-5 11.5 having the
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highest concentration of Brensted acid sites (Table 2) would
have the highest [H] concentration. On the other hand, the
result of phenol adsorption on Ni/HZSM-5 with different
framework Si/Al ratios suggests that the higher TOF could also
be partially attributed to the enrichment of phenol and the
reaction intermediates in the pores of the more acidic zeolite.
Considering that the reaction orders of a and b for adsorbed
phenol and H were reported to be positive in the gas phase,*?
the enrichments of phenol and hydrogen would both positively
influence the hydrogenation activity.

3.3 Hydrodeoxygenation of catechol

As Ni/HZSM-5 with the support framework Si/Al = 11.5 showed
the highest catalytic activity in phenol hydrodeoxygenation, it
was chosen to study the kinetics of a stepwise aqueous-phase
conversion of substituted phenolic monomers. Catechol, i.e.,
1,2-dihydroxybenzene, was converted over this catalyst at 473 K
in water (Fig. 5). In order to explore the complete reaction

(a) Catechol HDO

View Article Online
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network, a higher amount of catalyst was applied in compari-
son with phenol HDO. At the first stage of hydrodeoxygena-
tion, aryl C-O bond hydrogenolysis and aromatic ring
hydrogenation occurred in parallel. The latter reaction domi-
nated, leading primarily to cyclohexane-1,2-diol with around
85% yield after 120 min (Fig. 5b). 2-Hydroxy cyclohexanone as
a partial hydrogenation product of catechol was also observed
in trace amounts (yield reached 2.4% in the first 20 minutes of
reaction, and gradually consumed afterwards). The TOF for
catechol hydrogenation on Ni was 809 Mol aechol MOlgure. ni -
h™" (accounting for contributions from both cyclohexane-1,2-
diol and 2-hydroxy cyclohexanone), which was much lower
than the Pd/C catalyzed rate (~3500 molcatechol MOlgyrf, pd Y
h™),% in line with the weaker hydrogenation ability generally
observed for Ni compared to Pd. On the other hand, substan-
tial concentrations of phenol were detected as the primary
product (at ¢ = 100 min, yield = 12%), suggesting that Ni cata-
lyzed also direct hydrogenolysis of the C,~O bond in cate-

(b) Product distribution

100 50
80 A
80 70 A
S < 60 1
< X
S 60 Q 50 # cyclohexanol
‘» =)
5 @ 40 - m cyclohexanone
> 40 =
s 30 A phenol
o
20 20 @ cyclohexane-1,2-diol
10 A
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(c) Proposed pathway
OH OH O OH

Niy, Hy

X
OH

OH

é Niz, H2

TOF  Nitzsms = 108 h!

TOF, nijmzsms = 809 h'

Fig. 5 Catechol hydrodeoxygenation over Ni/HZSM-5, (a) conversion, (b) product distribution, (c) proposed reaction pathway. Reaction conditions:
1.0 g catechol, 0.05 g Ni/HZSM-5, 473 K, 30 bar H, (ambient temperature), stirring at 700 rpm.
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chol, as an alternative pathway.’ The formed phenol could be
in turn gradually hydrodeoxygenated as proposed above. By
comparison, with Pd/C as the catalyst, the rate of aromatic ring
hydrogenation was orders of magnitude faster than that of
hydrogenolysis. Thus, only the hydrogenation product was
observed during catechol conversion on Pd/C.%'”* It should be
noted that benzene was not detected at any time during the
conversion of catechol, and was also absent, when phenol was
directly used as the reactant. This infers that the C-O bond
cleavage of phenol is not favored on Ni in the aqueous phase
under the reaction conditions applied, albeit Ni is efficient in
the gas phase phenol hydrogenolysis.**

In summary, the C-O bond of catechol was directly cleaved
by hydrogenolysis with a rate that was an eighth of the arene
hydrogenation. The saturated diol produced could be further
hydrodeoxygenated under more severe conditions. These
results indicate that a much lower C-O hydrogenolysis barrier
exists for catechol compared to phenol, which is attributed to
the weaker C-O bond induced by electron donation from the
adjacent -OH substituent® or the steric influence of the
second ortho-substituted hydroxyl group in catechol.

As phenol tends to be adsorbed in a co-planar manner at
the acidic surface (Scheme 2a),>® hydrogenation is favored. The
steric hindrance from the second -OH group in catechol, or
the -OCH; group in guaiacol, leads preferentially to a non-
planar adsorption mode. Consequently, hydrogenolysis is

(a) Co-planar adsorption of phenol
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more likely to take place on catechol and guaiacol
(Scheme 2b).

As a mono-functional catalyst, HZSM-5 alone was inactive
for catechol conversion (Table 5). While with the reference
Ni/SiO,, TOFs calculated for hydrogenolysis and hydrogenation
were only 24 and 155 MOl aechol MOlgure, i+ h ™Y, Tespectively
(Table 5). This shows that hydrogenolysis and hydrogenation
on mono-functional Ni/SiO, are much slower than on bifunc-
tional Ni/HZSM-5, pointing again to the positive influences of
support acidity on the Ni catalyzed steps. In analogy to the
phenol hydrogenation discussed above, it is speculated that
the acidic zeolite also enhances the adsorption of catechol,
and provides abundant protons via zeolite Brgnsted acid sites
which are in the close vicinity of the metal.

Hydrodeoxygenation of cyclohexane-1,2-diol. Since cis-cyclo-
hexane-1,2-diol was observed to be the main product from
catechol hydrogenation, it was applied as the substrate to
further investigate the C-O bond cleavage mechanism over
Ni/HZSM-5. To overcome the higher C-O bond dissociation
energy of the saturated alcohol, higher temperature (523 K)
and catalyst to reactant ratio (1:0.2) were employed. Cyclo-
hexane-1,2-diol, the major product from catechol hydrogen-
ation, was applied in the study. 70% cyclohexane-1,2-diol was
converted in 2 h at 523 K (Fig. 6a). Fig. 6b shows the main pro-
ducts formed during cyclohexane-1,2-diol hydrodeoxygenation,

(b) Non-planar adsorption of catechol or guaiacol

R =Hor CH;
-0—R H H
N/
OH
||4 H— $-H
' 5

Scheme 2 Adsorption of (a) phenol (co-planar mode) and (b) catechol/guaiacol (non-planar mode) on Ni/HZSM-5.

Table 5 Catechol hydrodeoxygenation over HZSM-5 or Ni/SiO; in separate experiments?

Yield after 20 min (C%)

SRR Redlew

Catalyst Conv. (% TOF,” (h™) TOF,® (h™)
HZSM-5 — — — — — — — — —
Ni/SiO, 31 — 0.05 0.20 3.8 0.37 26 24 155

“Reaction conditions: 1 g catechol, 0.05 g catalyst, 473 K, 30 bar H, (ambient temperature), stirring at 700 rpm, 20 min reaction. * TOF, is
defined as moles of catechol converted to hydrogenolysis products per mole of the surface Ni site per hour. “TOF, is defined as moles of
catechol converted to hydrogenation products per mole of the surface Ni site per hour.

This journal is © The Royal Society of Chemistry 2015
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(b) Product distribution
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Fig. 6 Cyclohexane-1,2-diol hydrodeoxygenation over Ni/HZSM-5, (a) conversion, (b) product distribution, (c) proposed reaction pathway. Reaction
conditions: 0.2 g cyclohexane-1,2-diol, 0.04 g Ni/HZSM-5, 523 K, 30 bar H, (ambient temperature), stirring at 700 rpm.

including cyclohexanone, cyclohexanol, and isomerized pro-
ducts of cyclopentylmethanol and cyclopentanecarbaldehyde.
Cyclohexanol could be formed either via direct hydrogeno-
lysis of the C-O bond catalyzed by Ni or through a combi-
nation of acid catalyzed dehydration and Ni catalyzed alkene
hydrogenation (Fig. 6¢). Note that in order to calculate the
initial TOF for each individual pathway, the concentration of
primarily formed cyclohexanone was applied to determine the
dehydration TOF,, while TOF; (hydrogenolysis) was calculated
based on the concentration of cyclohexanol, assuming that
cyclohexanone hydrogenation is much slower than the de-
hydration of the saturated diol. Consequently, TOF; was
slightly overestimated at 93 mOlcyciohexane-1,2-diol MOlgyre. N}
h™', as the contribution of cyclohexanol from cyclohexanone
hydrogenation could not be fully excluded. Apart from cyclo-
hexanone and cyclohexanol, isomerized ketone and alcohol
were also produced via acid catalyzed pinacol rearrangement
in the presence of the acid catalyst (Fig. 6¢).>” The dehydration

1212 | Green Chem., 2015, 17, 1204-1218

route forming cyclohexanol had a TOF, of 21 molcyciohexane-1,2-
diol MOlgas™" h™') and the dehydration/isomerization pathway
providing isomerized cyclopentyl methanol also reached a
comparable initial TOF5 of 29 moleyciohexane-1,2-diol MOlgas + ™!
(Fig. 6¢). Note that the C-O bond hydrogenolysis rate of cyclo-
hexane-1,2-diol on Ni/HZSM-5 was lower than that of catechol
at 473 K, leaving cyclohexane-1,2-diol almost unconverted at
lower temperatures (Fig. 5b). This is related to both steric and
electronic effects. The planar benzyl molecule with highly delo-
calized = orbitals facilitates higher adsorption constants of aro-
matic molecules,”® in comparison with saturated cyclic
compounds with less regular chair conformation and sp’
orbitals.

With mono-functional Ni/SiO, or HZSM-5, different
product distributions in separate experiments were observed
for cyclohexane-1,2-diol HDO (Table 6). HZSM-5 led to a highly
selective dehydration, with direct dehydration of TOF, at

16 mMOleyciohexane-1,2-diol MOlgas™ ' h™" and the dehydration/iso-
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Table 6 1,2-Cyclohexanediol hydrodeoxygenation over mono-functional HZSM-5 or Ni/SiO,?
Yield after 2 h (C%)
_O OH OH o)
Catalyst Conv. (%) TOF,’ (h™) TOF,* (h™) TOF;? (h™)
HZSM-5 82 12 1.1 0.7 68 — 16 3.0
Ni/SiO, 68 2.7 18 20 27 11 — —

“Reaction conditions: 0.2 g 1,2-cyclohexanediol, 0.04 g catalyst, 523 K, 30 bar H, (ambient temperature), stirring at 700 rpm, 2 h reaction. ” TOF,
is defined as moles of 1,2-cyclohexanediol converted to hydrogenolysis products per mole of the surface Ni site per hour. “TOF, is defined as

moles of 1,2-cyclohexanediol converted to dehydration products per mole of the Bronsted acid site per hour.

TOF; is defined as moles of

1,2-cyclohexanediol converted to dehydration-isomerization products per mole of the Brgnsted acid site per hour.

merization of 3.0 molcyciohexane-1,2-diol molgas~t h™'. The iso-
merization rate on HZSM-5 was one magnitude lower than that
on Ni/HZSM-5 (3 versus 29 h™"), suggesting that Ni helps to
facilitate the carbocation rearrangement at the acid sites. On
the other hand, the hydrogenolysis activity with Ni/SiO,
(11 h™") was about nine times lower than that of Ni/HZSM-5
(93 h™"), demonstrating again the synergistic effects between
Brensted acid and Ni sites for enhancing the catalytic activity
of the metal. Note that some isomers of cyclopentylmethanol
and aldehyde were also observed with the Ni/SiO, catalyzed
reaction, probably formed due to the presence of the
hydronium ions originating from hot liquid water at 523 K
(pH =5.5).%°

In summary, at 523 K the C-O bond cleavage of cyclo-
hexane-1,2-diol was concluded to proceed with parallel routes
of direct Ni-catalyzed hydrogenolysis and acid-catalyzed de-
hydration, reaching an initial TOF of approximately one sixth of
that observed with catechol, even at elevated the temperature.

3.4 Hydrodeoxygenation of guaiacol

Guaiacol, i.e., 2-methoxyphenol with adjacent -OH and -OCH;
groups at the aromatic ring, is the most abundant phenolic
monomer from lignin depolymerization.’® Hydrodeoxy-
genation of guaiacol at 473 K led to the formation of a wide
range of products including cyclohexanol, cyclohexanone, aro-
matics, and methanol (Fig. 7b). Similarly to catechol, hydro-
genation and hydrogenolysis occurred in parallel on
Ni/HZSM-5. The TOF of guaiacol hydrogenation only reached
21 mOlgyaiacol MOlsyyr. i+ ™" (Fig. 7¢), which was a magnitude
slower than the hydrogenation of catechol or phenol. The
steric influence of the ortho-substituted sp® methoxy group is
concluded to make the co-planar adsorption of the aromatic
ring more difficult compared to phenol and catechol, and
hence, causes the low hydrogenation activity. This trend was
also observed for the Pd catalyzed hydrodeoxygenation of phe-
nolic monomers in the aqueous phase.’

The structure of guaiacol contains three types of C-O
bonds, i.e., C(sp3y~OATr, C(sp2-OMe, and Csp2)~OH (see Fig. 8),
with the respective bond dissociation energy (BDE) of 262-276,
409-421, and 466 k] mol™'. From the BDE point of view, the

This journal is © The Royal Society of Chemistry 2015

energy barrier of Cgp,~OH bond scission is the highest, and
this corresponds well with our result in which the yield of
methoxybenzene was lower than 0.1% (Fig. 7b). Demethylation
via Cspz)~OAr bond scission is more favorable compared with
demethoxylation via cleavage of the Csp,)-OMe bond in terms
of bond strength. For instance, sulfide catalysts usually lead to
the hydrogenolysis of guaiacol through demethylation forming
catechol.” Surprisingly, only a trace amount of catechol was
observed in the present case, while phenol (including cyclo-
hexanone, cyclohexanol, and cyclohexane as subsequent pro-
ducts) was the dominant primary product (at ¢ = 20 min,
selectivity = 78 C%). Moreover, the fact that methanol was
formed at a yield of around 1/6 of phenol, together with the
absence of methane in the gas phase confirmed the dominant
pathway of direct demethoxylation via the cleavage of the
Cayi-OMe bond, and the demethylation route on Ni/HZSM-5 was
excluded under the present reaction conditions. The demethoxyl-
ation pathway was also observed for guaiacol hydrodeoxygenation
at 543-573 K in the gas phase when Co promoted transition
metal sulfide®® or carbon supported CoMo catalysts*'” were
used. The high preference for demethoxylation over demethyl-
ation is speculated to be caused by the steric constraints, i.e., the
Canyi-OMe bond approaches the Ni surface more easily.

In summary, hydrogenolysis is faster than hydrogenation
for guaiacol hydrodeoxygenation, with a ratio of 3 : 1. This is in
contrast to catechol conversion, possibly due to the more pro-
nounced steric impact of the sp® hybrid Me-OAr orbital than
the sp® hybrid C,,,;~OH orbital.

Employing HZSM-5 alone yielded only 0.8% catechol via
guaiacol hydrolysis at 473 K (Table 7). This suggests again that
hydrolysis of methoxy groups with acid sites is a negligible
pathway for guaiacol conversion under the selected conditions.
Thus, Ni is shown to be the active site.

Remarkably also in this case, the mono-functional Ni/SiO,
led to much lower hydrogenation and hydrogenolysis TOFs
than Ni/HZSM-5; the latter reached a TOF, (hydrogenation) of
21 versus 6.2 h™" and a TOF, (hydrogenolysis) of 62 versus
14 h™" (Table 7), respectively; in perfect agreement with the
results of catechol conversion. The presence of support acidity
pronouncedly enhances the rates of Ni-catalyzed steps; this
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Fig. 7 Guaiacol hydrodeoxygenation over Ni/HZSM-5, (a) conversion, (b) product distribution, (c) proposed reaction pathway. Reaction conditions:
1 g guaiacol, 0.05 g Ni/HZSM-5, 473 K, 30 bar H, (ambient temperature), stirring at 700 rpm.
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Fig. 8 Structure of guaiacol.

implies again that protons might be directly involved in the
catalytic processes in a way that has been suggested for the
enhanced rate of hydrogen oxidation in organometallic

complexes.”*

1214 | Green Chem., 2015, 17, 1204-1218

Hydrodeoxygenation of 2-methoxycyclohexanol. Although
both cis- and trans- forms of 2-methoxycyclohexanol were inter-
mediately formed from guaiacol hydrogenation, the trans con-
former dominated and thus it was selected to explore the
further hydrodeoxygenation (Fig. 9a). At 523 K, 2-methoxy-
cyclohexanol was shown to be readily converted to cyclohexa-
nol, cyclohexanone and their isomers over Ni/HZSM-5 (Fig. 9b)
similarly to the reaction of cyclohexane-1,2-diol. However, in
the case of 2-methoxycyclohexanol, isomerized cyclopentyl-
methanol was primarily formed (at ¢ = 2 h, selectivity > 80 C%),
unlike the conversion of cyclohexane-1,2-diol, in which direct
dehydration (TOF = 21 h™") and dehydration/isomerization
(TOF = 29 h™") proceeded in parallel pathways with nearly
equal contribution. This implies that in spite of the similar
final products, hydrodeoxygenation of 2-methoxycyclohexanol
passes through a different transition state compared to the
one proposed for cyclohexane-diol (Fig. 9c). On the other
hand, even increasing both the temperature and the amount

This journal is © The Royal Society of Chemistry 2015
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Table 7 Guaiacol hydrodeoxygenation over mono-functional HZSM-5 or Ni/SiO,?

Yield after 40 min (C%)

o e
siiclosliogNe

OH

HZSM-5 0.79 — — — — — — 0.79 — —
Ni/SiO, 13 1.9 1.3 0.04 5.9 0.86 3.0 — 14 6.2

Catalyst  Conv. (%) TOF® (h™!)  TOF,° (h™%)

“Reaction conditions: 1 g guaiacol, 0.05 g catalyst, 473 K, 30 bar H, (ambient temperature), stirring at 700 rpm, 40 minute reaction. ” TOF, is
defined as moles of guaiacol converted to hydrogenolysis products per mole of the surface Ni site per hour.  TOF, is defined as moles of
guaiacol converted to hydrogenation products per mole of the surface Ni site per hour.

(a) 2-Methoxyeyclohiexanc] (b) Product distribution
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Fig. 9 2-Methoxycyclohexanol hydrodeoxygenation over Ni/HZSM-5, (a) conversion, (b) product distribution, (c) proposed reaction pathway. Reac-
tion conditions: 0.2 g 2-methoxycyclohexanol, 0.04 g Ni/HZSM-5, 523 K, 30 bar H, (ambient temperature), stirring at 700 rpm.

of catalyst, the conversion of 2-methoxycyclohexanol over from the steric and electronic influences of the saturated cyclic
Ni/HZSM-5 (6.4%) was about three times lower than guaiacol ring as discussed for cyclohexane-diol. 2-Methoxycyclohexanol
conversion (18%) at 473 K after 2 h. This is probably resulted was also much less active than the saturated diol, with an
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Table 8 2-Methoxycyclohexanol hydrodeoxygenation over mono-functional HZSM-5 or Ni/SiO,’

Yield after 2 h (C%)

_0 OH OH 0 OH
é é ® o
Catalyst Conv. (%) TOFg” (h™) TOF," (h™) TOF,? (h™)
HZSM-5 8.3 7.1 — — 0.90 0.34 — 0.8 3.9
Ni/SiO, 5.3 0.5 4.0 0.54 0.29 — 0.5 — —

“Reaction conditions: 0.2 g 2-methoxycyclohexanol, 0.04 g catalyst, 523 K, 30 bar H, (ambient temperature), stirring at 700 rpm, 2 h reaction.
b TOF; is defined as moles of 2-methoxycyclohexanol converted to hydrogenolysis products per mole of the surface Ni site per hour. ° TOF, is
defined as moles of 2-methoxycyclohexanol converted to dehydration products per mole of the Bronsted acid site per hour.  TOF,, is defined as
moles of 2-methoxycyclohexanol converted to dehydration-isomerization products per mole of the Brgnsted acid site per hour.

initial rate of conversion of 6.4 h™" compared to 143 h™". Struc-
tural influences of the ortho-substituted ~-OCH; group should
have accounted for the observed low activity.

The kinetics of applying solely HZSM-5 or Ni/SiO, was
investigated with 2-methoxycyclohexanol at 523 K in separate
experiments (Table 8). HZSM-5 alone catalyzed sequential
hydrolysis and dehydration of 2-methoxycyclohexanol, with
TOF, (towards cyclohexanone) of 0.8 h™" and TOF,, (towards
cyclopentane carbaldehyde) of 3.9 h™'. This shows that the
catalytic function of HZSM-5 is quite similar to that of the acid
sites in Ni/HZSM-5 for 2-methoxycyclohexanol conversion. Low
concentrations of cyclohexane-diol were detected, while this
product was absent with Ni/HZSM-5 catalyzed reactions. This
is attributed to the absence of the metal-catalyzed hydrogeno-
lysis of cyclohexane-diol, as its consumption rate through
hydrogenolysis is relatively fast (TOF = 93 h™", Fig. 6¢) in com-
parison with its formation rate via hydrolysis. With the metal
function only (Ni/SiO,), the hydrogenolysis activity towards the
formation of cyclohexanol (TOF: 0.5 h™") was slower than that
catalyzed by Ni/HZSM-5 (TOF: 1.5 h™') (Fig. 9¢), confirming
again the enhanced activity of Ni in the presence of Brgnsted
acid sites. Some dehydration products were also observed,
which were catalyzed by the hydronium ions originated from
hot liquid water at 523 K as discussed above.

3.5 Overall hydrodeoxygenation pathways and rates of
conversion of phenolic monomers

The activities and reaction pathways for cleaving the C-O
bonds in phenol, catechol, and guaiacol over mono- or dual-
functional Ni and HZSM-5 are summarized in Table 9. Under
selected conditions with Ni/HZSM-5, phenol was hydrogenated
to cyclohexanol in the first stage, and the C-O bond of cyclo-
hexanol was subsequently cleaved by dehydration, which is
similar to Pd/C-H;PO, catalyzed phenol hydrodeoxygenation.’
However, with the adjacent -OH or -OCHj; functional group
attached to the ortho position of the phenolic ring, the reaction
pathways for converting catechol and guaiacol change.
Catechol was hydrogenated to cyclohexane-1,2-diol (major)
and hydrogenolyzed to phenol (minor) in parallel routes over
Ni/HZSM-5. Subsequently, phenol was hydrodeoxygenated fol-
lowing the conventional hydrogenation-dehydration route,

1216 | Green Chem., 2015, 17, 1204-1218

whereas cyclohexane-1,2-diol was further converted through
either dehydration or hydrogenolysis to cleave the aliphatic
C-O bonds. Guaiacol, however, was hydrogenolyzed via
demethoxylation of the C,,-OMe bond as the dominant
route, forming phenol as the major primary product. The
remaining fully hydrogenated 2-methoxycyclohexanol was con-
verted either through cleavage of the Cgj,i~OMe bond on Ni
forming methanol and cyclohexanol, or via acid mediated
pathways toward the final formation of cyclohexanol and cyclo-
pentylmethanol. The proposed reaction networks of catechol
and guaiacol differ from the Pd-acid catalyzed reaction path-
ways, in which the cleavage of the C,,-O bond starts via full
arene hydrogenation on Pd followed by Cajiphatic—O bond scis-
sion through acid catalyzed dehydration or hydrolysis.” This
indicates that the Pd catalyzed hydrogenation rate is signifi-
cantly higher than the hydrogenolysis rate, whereas Ni is a
better hydrogenolysis catalyst. The proposed mechanism is
also different from the sole C-O bond hydrogenolysis pathway
by sulfide transition metal catalysts in the gas phase.”

Phenolic monomers are generally more active than the
corresponding fully hydrogenated intermediates. For example,
the hydrogenation and hydrogenolysis rates of catechol were
809 and 108 h™" on Ni/HZSM-5 at 473 K, respectively; while the
hydrogenolysis of cyclohexane-diol was only 93 h™" even at an
elevated temperature of 523 K (Table 9, entries 2 and 3). Simi-
larly, the hydrogenolysis rate of 2-methoxycyclohexanol was a
magnitude lower than that of guaiacol on Ni/HZSM-5 (Table 9,
entries 4 and 5). Again, the observed differences in reactivity
are attributed to both steric and electronic constraints to
cleave the C-O bond at the saturated ring. These results are of
great importance to guide the lignin depolymerization and the
subsequent upgrading processes, i.e., direct hydrogenolysis of
Cary1~OR is much easier than hydrogenolysis of the respective
CalphatiC_OR-

The results summarized in Table 9 show clearly that the
presence of support acidity has a positive impact on the activi-
ties of Ni catalyzed steps. For instance, the TOF of phenol
hydrogenation was 769 h™" over Ni/HZSM-5, and 127 h™" for
Ni/SiO,. Similarly, the rates of hydrogenation and hydrogeno-
lysis of catechol were 809 and 108 h™ on Ni/HZSM-5, while
Ni/SiO, only achieved TOFs of 155 and 24 h™" under the same
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Table 9 C-O bond cleavage pathways for phenolic monomers over Ni and HZSM-5 sites
TOF (h™")

Entry Reactant C-O cleavage pathway Active center Ni/HZSM-5 HZSM-5 Ni/SiO,
1 OH Hydrogenation-dehydration Ni? 769 — 127
2 ﬂ'l Hydrogenation Ni? 809 — 155

i OH Hydrogenolysis Ni“ 108 — 24
3 ﬂ" Hydrogenolysis Ni? 93 — 11

i OH Dehydration HZSM-5" 50 19 —
4 O/CH?’ Hydrogenation Ni¢ 21 — 6.2

_ Hydrogenolysis Ni“ 62 — 14

OH ydrogenoly:

5 O/CH?’ Hydrogenolysis Ni? 1.5 — 0.5

- Demethoxylation HZSM-5" 3.9 4.7

O/OH
“Temperature: 473 K. bTemperature: 523 K.

conditions. Similarly, rates of guaiacol HDO were much higher
with Ni/HZSM-5 than with Ni/SiO,. The acid support is on the
one hand enhancing the strength of adsorption of the pheno-
lic monomers. On the other hand, the present case might be a
remarkable analogy to the rate enhancements observed for
hydrogen oxidation by organometallic complexes, where
Bronsted acid sites are speculated to be directly involved in the
hydrogenation reaction. It highlights the importance of syner-
gistic effects of proximal metal and acid sites in a bifunctional
catalyst where a fraction of Ni being catalytically active is
present in the vicinity of the zeolite acid sites.

4. Conclusions

The mechanisms for C-O bond cleavage in phenol, catechol,
and guaiacol have been investigated in the aqueous phase.
Remarkable synergistic effects with Ni supported on and in
HZSM-5 pores are described. Phenol is hydrodeoxygenated on
Ni/HZSM-5 through primary hydrogenation to cyclohexanol,
and the subsequent dehydration of cyclohexanol, followed by
cyclohexene hydrogenation, similarly with the conversions
catalyzed by Pd in the presence of aqueous mineral acids.
Catechol is converted by parallel hydrogenation (forming
cyclohexane-1,2-o0l, 89%) and hydrogenolysis (forming
phenol, 11%) over Ni/HZSM-5. The C-O bond of cyclohexane-
1,2-diol is readily cleaved either by direct hydrogenolysis
over Ni (major route), or by further dehydration and
pinacol rearrangement on acid sites (minor route). For the
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hydrodeoxygenation of guaiacol, hydrogenation (25%) and
hydrogenolysis (75%) pathways proceed in parallel, producing
2-methoxycyclohexanol and phenol as primary products.
2-Methoxycyclohexanol can be in turn either hydrogenolyzed
to cyclohexanol (minor route) by Ni, or converted via
demethoxylation and rearrangement steps (major route) cata-
lyzed by acid sites.

The catalytic conversions of saturated cyclic alcohols are
much slower than those of their respective phenolic mono-
mers, suggesting that the cleavage of C-O bonds attached to
the saturated ring is more difficult. This is attributed to the
difference in hybridization, which imposes a steric constraint
for the active metal center to approach the C-O bonds. The
Ni/HZSM-5 for hydrodeoxygenation of phenolic monomers uti-
lizes both Ni and Brgnsted acid functions to seamlessly cata-
lyze the cascade reactions, more importantly, the acid sites in
the vicinity of metal lead to markedly promoted rates in hydro-
genation and hydrogenolysis. The synergistic effect contributes
to prominent rate enhancement compared to Ni/SiO, catalysts.
This increase is tentatively attributed to the combination of
a higher concentration of the reacting substrate and an
additional delivery of hydrogen through protons from the
nearby strong Bronsted acid sites.
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