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ABSTRACT: A bifunctional catalyst of Ru supported in
zeolite HZSM-S, Ru/HZSM-S (Si/Al = 25), exhibited
excellent hydrodeoxygenation activity toward the conversion
of lignin-derived phenolic monomers and dimers to cyclo-
alkanes in aqueous solution. The oxygen-containing groups in
mono- and binuclear phenols were removed through a
cleavage of C—O bonds in phenolics followed by an integrated .
metal- and acid-catalyzed hydrogenation and dehydration. Asa Monomers / dimers
bifunctional catalyst Ru/HZSM-S, the presence of both the

Bronsted acid site in the pores of HZSM-S for dehydration and a metallic function of Ru for hydrogenation was indispensible for
the formation of alkanes from lignin-derived phenolics. Our findings also reveal that the Ru/HZSM-S with the lowest Si/Al ratio
of HZSM-S proved to be most selective to cycloalkanes, indicating that more acid sites over zeolite are favorable for the
dehydration of cyclohexanol during hydrodeoxygenation process, which leads higher selectivity to hydrocarbons. This approach
for the construction of bifunctional catalyst highlights an efficient route for hydrodeoxygenation of lignin-derived phenolic oil to
transportation biofuels.
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Bl INTRODUCTION In the literature for the hydrodeoxygenation of lignin-derived
phenols, Lercher'®'7**?**> and Kou***® made impressive
progress on selective hydrodeoxygenation of lignin-derived
phenolic monomers and dimers to cycloalkanes,'”*>***>?® 35
well as on up%rading of the crude bio-oil components in
aqueous-phase.’® Zhang and co-workers achieved direct
catalytic conversion raw lignocellulosic materials in an efficient
way over a carbon supported Ni—W,C catalyst.>” Dyson et al.
did nice work on hydrodeoxygenation of lignin-derived phenols
into alkanes by using nanoparticle catalysts combined with
Bronsted acidic ionic liquids.”® Jones et al. developed an
efficiently bifunctional catalyst of HY zeolite-supported Pt for
the hydrodeoxygenation-hydrogenation-coupling of phenol in a
fixed-bed reactor at elevated hydrogen pressure.'® Zhao et al.
reported hydroalkylation and hydrodeoxygenation of phenol
and substituted phenols to bicycloalkanes in a tandem reaction
over Pd nanoclusters supported on a large-pore molecular sieve
HBEA at 473—523 K using water as solvent.”* Fukuoka
reported hydrodeoxygenation of phenols as lignin models

Bio-oils, sustainably produced from fast pyrolysis of abundant
lignocellulosic biomass, have attracted global attention as a
feedstock for the renewable production of biofuels.'™>
Currently, biofuels have been deemed to be a promising
alternative to fossil fuels. Lignin is a phenol-based biopolymer
showing a high energy density than cellulose and hemi-
celluloses among lignocellulosic biomass. Moreover, lignin is a
rich source for phenolic bio-oils.® Due to the large oxygen
content, phenolic bio-oils, consisting of phenolic molecules
such as phenol, guaiacol, syringol, and their derivatives, requires
significant deoxygenation to convert into conventional trans-
port alkane fuels. Therefore, phenolic compounds are generallg
regarded as important model compounds for bio-oil;*
whereas, hydrodeoxygenation was used for bio-oil upgrading.*’
Sulfide catalysts such as cobalt- or nickel-doped molybdenum
sulfides are currently used for hydrodeoxygenation pur-
pose.*'°™'> An inherent drawback of these sulfide catalysts is
the product contamination by sulfur transfer during upgrading
process. An alternative approach based on nonsulfide catalysts,

such as zeolite-supported nanocatalysts,"®™>° Pt/C,*' Pd/ Received: October 4, 2013
C,*>* Ni,'%**%" and ionic liquid-stabilized nanocatalystszg’29 Revised:  December 11, 2013
have been recently evaluated for hydrodeoxygenation purpose. Published: December 26, 2013
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under acid-free conditions with carbon-supported platinum
catalysts.”" Resasco and co-workers investigated bifunctional
transalkylation and hydrodeoxygenation of lignin model
compounds over a Pt/HBeta catalyst."”

In addition to catalyst system, model compound researches
are of also importance to establish a proper condition for
efficient conversion of phenolic-rich feedstock.'”***>** Besides
the hydrodeoxygenation of phenolic monomers, the selective
cleavage of the aromatic carbon—oxygen bonds in aryl ethers of
lignin-derived phenolic dimers is also challenging.***%*'

Recently, we developed a new highly efficient one-pot route
for hydrodeoxygenation of aqueous phenolics to cycloalkanes
over a dual-functional catalyst system which combined the
metal function of ionic liquid-like copolymer-stabilized
ruthenium with a mineral acid.*® However, the bottleneck for
the industrial application of such a process is related to the
catalyst recycling and an added mineral acid, leading to a
relatively corrosive reaction environment. We thus thought it
would be highly efficient and promising to construct an acid-
metal bifunctional catalyst by supporting a transition metal on a
solid acid support for hydrodeoxygenation purpose. Herein, we
report on the use of acid—metal bifunctional catalyst, that is, a
weaker solid acid of zeolite (HZSM-S)-supported ruthenium
(Ru/HZSM-S), for the quantitative hydrodeoxygenation of
diversely substituted lignin-derived mono- and binuclear
phenols to cycloalkanes in aqueous solutions at a mild
temperature (473 K). Recently, an optimum balance between
acid and metal functions for bifunctional catalyst was revealed
to achieve a maximum yield of desired product by Sels and
us.*>** Herein, the relationship between the acidity of HZSM-5
(in the term of Si/Al) and the selectivity of Ru/HZSM-$ to
alkane products was investigated as well.

B EXPERIMENTAL SECTION

Materials. Unless otherwise stated, all chemicals in this work were
commercial available and used without further purification. 4-n-
Propylguaiacol was prepared by selective hydrogenation of eugenol
according to the literature method.**

Catalyst Preparation. All of the Pd, Pt, and Ru-loaded catalysts
investigated in the hydrodeoxygenation were prepared by the
conventional incipient wetness impregnation with the corresponding
supports. For Ru/HZSM-5, the supported Ru catalysts were prepared
by impregnating HZSM-S with an aqueous solution of RuCl;, the
resultant suspension was stirred for 12 h at ambient temperature
followed by evaporating excess water at 343 K. The solids remained
were dried at 393 K under vacuum and calcined at 573 K for 3 h with a
ramp of 10 K/min under the air. The catalysts were reduced at 523 K
for 2 h with the heating rate of 10 K/min under 4 MPa H, before use.
The prepared catalysts with different Si/Al molar ratios were denoted
as Ru/HZSM-5 (Si/Al).

Catalytic Performance. The hydrodeoxygenation reactions were
optimized by varying the noble metals (Pd, Pt, and Ru), the catalyst
supports [ALO;, SiO,, HZSM-S (Si/Al = 25, 38, 50, 150, 360)], and
reaction parameter, such as temperature and time. The reaction
conditions used are noted in the footnotes of the each table.

The hydrodeoxygenation reaction was carried out in a 60 mL
stainless steel reactor equipped with a magnetic stirrer. In a typical
experiment, phenol (200 mg, 2.13 mmol) or other lignin-derived
monomers or dimers (2.0 mmol) and catalyst were added to 10 mL
water in the stainless steel reactor. After purging the reactor three
times with hydrogen, the outlet valve was then closed to maintain 5.0
MPa of hydrogen pressure (ambient temperature). Reactions were
conducted at 473 K for 4 h with a stirring speed of 600 rpm. After the
reaction was halted, the reactor was cooled to room temperature. Ethyl
acetate was used to extract the organic mixture and the aqueous phase
was also collected. The organic phase and aqueous phase were both
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analyzed by a gas chromatograph (GC) and gas chromatograph—mass
spectrometer (GC-MS).

B RESULTS AND DISCUSSION

Hydrodeoxygenation of Phenol over HZSM-5-Sup-
ported Metal Catalyst. An initial experiment was carried out
to investigate the effect of the metal sites on the hydro-
deoxygenation of phenol at 423 K. A series of noble metals
supported on HZSM-S (Si/Al = 38) were evaluated as catalysts
for aqueous-phase hydrodeoxygenation of phenol; the Ru is
more active and selective to afford cyclohexane than Pd and Pt
as shown in Table 1 (entries 1—2 and 6). This result can be

Table 1. Aqueous-Phase Hydrodeoxygenation of Phenol®

selectivity [%]

catalyst M/HZSM-

conversion

entry S(Si/Al) [%] cyclohexane  cyclohexanol
1 Pd/HZSM-5(38) 99.9 73.5 243
2 Pt/HZSM-5(38) 99.9 68.6 286
3 Ru/HZSM-5(360) 99.9 04 97.1
4 Ru/HZSM-5(150) 99.9 0.7 96.9
S Ru/HZSM-5(50) 99.9 14.4 83.0
6 Ru/HZSM-5(38) 99.9 872 9.9
7 Ru/HZSM-5(25) 99.9 96.3 02
8 Ru/SiO, 99.9 04 96.8
9 Ru/Al,O; 99.9 0.1 97.6

“Reaction conditions: phenol (200 mg, 2.13 mmol), catalyst (100 mg,
metal loading 1.0 wt %), water (10 mL), Py, (S MPa), T (423 K), t (2
h).

attributed to the higher hydrogenolysis activity of Ru.*®
Moreover, the price advantage of Ru over Pd and Pt raises a
potential application purpose for the developed Ru/HZSM-S.

In addition to metallic sites, the Si/Al ratio has been shown
to be a critical factor in determining the acid strength as well as
hydrophobicity of the catalyst. We thus explored the effect of
the Si/Al ratio of HZSM-S support in the hydrodeoxygenation
of phenol as described by the data in Table 1. The conversions
of phenol, exceeding 99.9% under all investigated conditions,
did not depend on the Si/Al ratio and topology of the zeolite
used. Moreover, all catalysts displayed high activity to phenol
hydrogenation (Table 1, entries 3—7). However, the selectivity
to cyclohexane steeply increased with the decreasing Si/Al ratio
of HZSM-S, with a significant rise to 96.3% of cyclohexane
selectivity for a Si/Al ratio of 25 (Table 1, entry 7). On the
other hand, the selectivity to cyclohexanol sharply decreased
with Si/Al ratio of HZSM-5 (Table 1, entries 3—7). The
dehydration of cyclohexanol was further investigated over pure
HZSM-5 (Supporting Information Table S1). As expected, the
conversion of cyclohexanol to cyclohexene decreased with the
increasing Si/Al ratio of HZSM-S, indicating that HZSM-5
support with lowest Si/Al ratio is beneficial for the dehydration
of cyclohexanol. Moreover, in the case of HZSM-5(25)-
promoted cyclohexanol dehydration, a trace amount of
dicyclohexyl ether was observed through the pathway of
intermolecular dehydration of cyclohexanol (Supporting
Information Table S1, entry 1). The above result indicates
that the catalyst Ru/HZSM-S with the lowest Si/Al ratio of
HZSM-S proved to be most selective to cyclohexane, which is
consistent with more efficient dehydration.

In the cases of Ru/SiO, and Ru/ALO; catalysts containing
the support of negligible acidity and nonporous structure, the
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Figure 1. Product distributions of hydrodeoxygenation of phenol (a) and guaiacol (b) as a function of reaction time in aqueous-phase. Reaction
conditions: phenol (200 mg, 2.13 mmol) or guaiacol (265 mg, 2.13 mmol), Ru/HZSM-5 (100 mg, Ru 1 wt %, Si/Al = 25), water (10 mL), T (413

K), Py, (S MPa).

main products were cyclohexanol and subsequent reaction of
dehydration was not observed (Table 1, entries 8—9). This
result implies that the presence of dual catalytic functions is
indispensible for the formation of cyclohexane from phenol
through hydrodeoxygenation process.*® Hydrogenation of
phenol on Ru leads to cyclohexanol as the initial product. Its
dehydration in water is catalyzed by Brensted acid site in the
pores of HZSM-S.

NH;-TPD Study on Catalyst. The temperature pro-
grammed desorption of ammonia (NH;-TPD) profiles for
pure HZSM-S and Ru/HZSM-5 (Ru 1 wt %) were shown in
Supporting Information Figures S1 and S2, respectively. In the
NH;-TPD curves of HZSM-S, peaks are generally observed in
two temperature regions referred to as low-temperature and
high-temperature region, respectively (Figure S1). Moreover,
both peak areas and maximum temperatures for each profile
reduce significantly with an increasing Si/Al ratio from 25 to
360, indicating the reduced acid amount and strength with an
increasing Si/Al ratio (Figure S1). The formation of ruthenium
nanoparticles on HZSM-S could, however, result in pore
blockage leading to the reduction of the amount of active acid
sites of Ru/HZSM-S compared with pure HZSM-S (Figures S1
and S2). As shown in Figure S2, two desorption peaks were
observed over the Ru/HZSM-5, the one at 555—628 K was
attributed to weak adsorption of NH; over the Bronsted acid
site, corresponding to NH; association with Si—OH.>” The
other peak at 727—827 K was ascribed to strong desorption of
adsorbed NH; on the acidic Si-OH—Al group (Figure S2a—
¢).>® A broad peak of NH; desorption at a lower temperature
was observed for the catalyst Ru/HZSM-S with a higher Si/Al
ratio of 360 (Figure S2a). A shift of desorption peaks toward
higher temperature was observed over the Ru/HZSM-$ catalyst
as the decrease of the Si/Al ratio (Figure S2a—c), indicating a
stronger interaction between NH; and the acid sites of HZSM-
5 support.>®*® The NH,;-TPD results further proved the
tendency in Table 1 (entries 3—9), indicating that the stronger
acidity of zeolite may cause dehydration and lead to higher
selectivity to hydrocarbons.

Effects of the Reaction Parameter on Hydrodeoxyge-
nation of Phenol. The influences of reaction temperature and
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time on the hydrodeoxygenation of phenol into cyclohexane
with Ru/HZSM-S as catalyst were shown in Supporting
Information Table S2. An initial experiment was carried out
at 373 K, and the conversion of phenol was 99.9%; however,
even with a prolonged reaction time to 24 h, the predominant
product was cyclohexanol rather than cyclohexane (Table S2,
entries 1—2). It was also found that temperature dramatically
affected the formation of cyclohexane and the selectivity of
cyclohexane increased from 1.2 to 98.1% in the temperature
range from 373 to 473 K; whereas, the selectivity of
cyclohexanol decreased from 95.1 to 0.1% (Table S2).
Moreover, the times needed for a maximum selectivity of
cyclohexane are different, based on the different reaction
temperatures; that is, the higher the temperature is, the shorter
the reaction time needs to be. These results indicate that the
dehydration step is highly temperature-dependent and the rate-
determining step for the phenol hydrodeoxygenation, which is
in accordance with the reported results.”***

Catalyst Recycling. To test for catalyst recyclability, a
batch of Ru/HZSM-5 (Ru 1.0 wt %, Si/Al = 25) catalyst was
repeatedly used on the phenol hydrodeoxygenation at 473 K
and S MPa H, for 1 h. It is important to highlight that nearly
identical results were achieved after three recycles (Supporting
Information Table S3, entries 1—3). No changes regarding the
conversion of phenol and only slightly reduced selectivity
toward cyclohexane were observed respect to the fresh catalyst.
Moreover, catalyst recycling was performed at 373 K for 0.5 h
with a low level of phenol conversion as well to obtain a further
insight into the mechanism. Under the above conditions,
phenol conversions slightly reduced from 44.9 to 40.7%, the
selectivities of cyclohexanol slightly reduced from 94.3 to 91.9%
after four recycles (Table S3, entries 4—7). The above results
further suggest that the dehydration step is highly temperature-
dependent and catalyst Ru/HZSM-S is recyclable. Moreover,
the expected cyclohexanone product was unobserved and only
trace amount of cyclohexene was obtained, indicating that the
phenol hydrodeoxygenation goes through a cyclohexanol
intermediate rather than cyclohexanone. On the basis of
NH;-TPD analysis, the desorption curves of NH; over recycled
catalyst Ru/HZSM-S (Supporting Information Figure S2d)
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shows a shift of strong NH; desorption peak toward lower
temperature than the fresh one (Figure S2c), presumably due
to a strong adsorption of phenol in the pore of recovered
HZSM-S. Inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES) analysis of the organic phase and the
aqueous solution after each cycle did not show even traces of
leached Ru.

Hydrodeoxygenation Profiles of Phenol and Guaiacol.
To probe the stepwise aqueous-phase hydrodeoxygenation of
phenols over Ru/HZSM-S, phenol and guaiacol were selected
as model compounds. Figure la plots the aqueous phase
conversion of phenol at 413 K with Ru/HZSM-5 as catalyst
versus reaction time. It can be seen that both the selectivity of
cyclohexanol and phenol conversion increased steeply during
an initial 15 min. After 30 min, the reaction progress was
accompanied by an increase in cyclohexane selectivity and a
decrease in cyclohexanol selectivity. Cyclohexane was obtained
quantitatively after S h. Notably, these results were, however,
inconsistent with Pd/C—H;PO, system-catalyzed phenol
hydrodeoxygenation, in which phenol is hydrogenated to
cyclohexanone in the first step and then to cyclohexanol.**** In
our case, the “intermediate” cyclohexanone was unobserved
under the investigated conditions.

Recently, Tomishige and co-workers reported high yields of
n-hexane production from hydrogenolysis of aqueous sorbitol
using Ir-ReO,/SiO, catalyst combined with HZSM-S as a
cocatalyst.*' Moreover, the authors further proved that Ru
catalyst were more active in the C—O hydrogenolysis of
glycerol than Pt and Pd compounds.42 Therefore, in our case, a
reaction pathway of direct cyclohexanol hydrogenolysis over
Ru/HZSM-5 to give cyclohexane might also be involved in the
phenol hydrodeoxygenation (Scheme 1).

Scheme 1. Proposed Reaction Pathway for
Hydrodeoxygenation of Phenol

OH OH
@ H,, Ru @ HZSM-5 @ Hy, Ru O
i i ii

I H,, RU/HZSM-5 T

iv

The elementary reactions for phenol hydrodeoxygenation
over Ru/HZSM-S in the aqueous-phase thus are divided into
the following three processes (Scheme 1), (i) direct phenol
hydrogenation to cyclohexanol over Ru/HZSM-S, (ii) cyclo-
hexanol dehydration to cyclohexene over HZSM-S, and (iii)
cyclohexene hydrogenation to cyclohexane over Ru/HZSM-S.
Moreover, (iv) a direct cyclohexanol hydrogenolysis to
cyclohexane over Ru/HZSM-5 might be another elementary
reaction involved in phenol hydrodeoxygenation (Scheme 1).
Table 2 shows the turnover frequencies (TOFs) for the
hydrogenation of above network. The TOF of phenol
hydrogenation over Ru/HZSM-5 was 118 moleq molg, ™!
h™ at 393 K under a low phenol conversion level of 10%
(Table 2). Under the above conversions, cyclohexanol was
observed to be the predominant product with a selectivity of
86.5%. The rate of cyclohexanol dehydration over HZSM-5 was
about 15 molyiohexanol molyy; ! h™" with observed selectivity of
99.9% to cyclohexene. The TOF rate of cyclohexene hydro-
genation to cyclohexane over Ru/HZSM-S was 2.1 X 10°
MOl ciohexene molg,”" h™', a far higher value than that of the
phenol hydrogenation. In the case of cyclohexanol conversion,
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Table 2. Turnover Frequencies for the Network of Phenol
Hydrodeoxygenation over Ru/HZSM-§

process over Ru/HZSM-S or
HZSM-5

TOF [mol,, molg,~* h™']*¢
or [mol,, molyy; " hfl]b

(i) phenol hydrogenation” 118

(ii) cyclohexanol dehydration® 15

(iii) cyclohexene hydrogenation” 2.1 X 10°
(iv) cyclohexanol hydrogenolysis® 7

(i) phenol hydrogenation®® 1.3 x 10*

“Reaction conditions: substrate (2.13 mmol), Ru/HZSM-5 (40 mg,
Ru 1 wt %, Si/Al = 25), water (10 mL), Py, (5 MPa), T (393 K).
bCyclohexano] (2.13 mmol), HZSM-S (40 mg, Si/Al = 25), water (10
mL), Py, (5§ MPa), T (393 K). °T (473 K) was used instead of 393 K.

the rate of cyclohexanol hydrogenolysis was extremely inferior
over Ru/HZSM-S; the obtained TOF values were about 7
Mol ohexanol molg, ! h™ with observed selectivity of 52.3% to
cyclohexane. Notably, the TOF rate of phenol hydrogenation is
highly temperature-dependent; the observed TOF value for
phenol hydrogenation over Ru/HZSM-S was 1.3 x 10*
MOl henol molg, ' h™" at 473 K, which is in sharp contrast to
the TOF value of 118 mol,en molg, ™ h™" at 393 K.

As shown in Table 3, the hydroxyl (—OH) and methoxy
(—OCH;) are the major functional groups of lignin derived
phenolics. Therefore, guaiacol (2-methoxyphenol) with ad-
jacent methoxy and hydroxy functional groups at the aromatic
ring is a typical phenolic model compound, which also
represents a thermal conversion product of biomass lignin.'?
In addition to phenol, the catalytic hydrodeoxygenation of
guaiacol was investigated as well over Ru/HZSM-5 at 413 K
(Figure 1b). It can be seen that, under low temperature
hydrodeoxygenation of guaiacol, 2-methoxycyclohexanol is,
however, the predominant product with a selectivity of more
than 50%. In the case of Pd/C—H;PO, system-catalyzed
guaiacol hydrodeoxygenation, 2-methoxycyclohexanone was
primary product.”® Moreover, both the 2-methoxycyclohexanol
selectivity and guaiacol conversion increased steeply over Ru/
HZSM-5 at an initial 30 min. Three species of 2-
methoxycyclohexanone, cyclohexanone, and cyclohexanol
were observed to be formed and later gradually consumed in
the interval of time, suggesting an intermediate behavior under
the investigated conditions. The selectivity of cyclohexane
increased slowly with guaiacol conversion. Moreover, the facts
that 2-methoxycyclohexanol shows a higher selectivity than 2-
methoxycyclohexanone at all reaction times investigated and 2-
methoxycyclohexanone shows a higher initial concentration
over cyclohexanone suggest that the fastest step is the metal-
catalyzed hydrogenation of the aromatic ring in guaiacol rather
than the acid-catalyzed hydrolysis of the methoxy group. In
comparison with phenol, guaiacol has an adjacent methoxy
group. Therefore, the observed incomplete hydrogenation
product of 2-methoxycyclohexanone can presumably be related
to electron donation by the adjacent methoxy group,
preventing its further hydrogenation.

Hydrodeoxygenation of Monomeric Model Com-
pounds. In an extension to phenol, a series of monomeric
lignin model compounds were efficiently converted into alkanes
using Ru/HZSM-5(25) as a bifunctional catalyst under the
optimized hydrodeoxygenation conditions (473 K, S MPa H,, 4
h) as shown in Table 3. In the cases of representative
bioderived phenolic monomers, anisole, catechol, and guaiacol
were quantitatively converted to hydrocarbons with the
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Table 3. Hydrodeoxygenation of Phenolic Monomers over Ru/HZSM-5“

ent substrates conversion selectivity
i (%] [%]
OH o]
C6 backbone O @ @ CH;0H
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1 @ >99.9 93.4 0.1 0.1 / 2.1
OH
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“Reaction conditions: phenolic monomer (2.0 mmol), Ru/HZSM-S (135 mg, Ru 1.0 wt %, Si/Al = 25), water (10 mL), Py, (S MPa), T (473 K), t

(4 h).

cyclohexane yields ranging from 93.4 to 95.7% under the
investigated conditions (Table 3, entries 1—3). In sharp
contrast, this catalyst Ru/HZSM-5, however, showed moderate
activity (76.2% conversion) with syringol (2,6-dimethoxyphe-
nol) at 473 K (Table 3, entry 4), implying that the two
methoxy groups increase steric effect, stabilize the aromatic
ring, and increase the difficulty for hydrogenation.

Moreover, phenolic monomers, containing seven to nine
carbon atoms directly linked in the backbone, were investigated
as well. In most cases, the one-pot aqueous phase process led to
over 89% yields of hydrocarbons, being highly atom economic
and energy efficient (Table 3, entries S—10). In addition, these
hydrocarbon products, produced from the bifunctional catalyst,
were mainly saturated alkanes as shown in Table 3, further
emphasizing high hydrogenation activity of the catalyst Ru/
HZSM-S.

Due to weak acidity of the support HZSM-S (Si/Al = 25),
acid catalyzed skeletal isomerization (ring contraction)
products derived from cycloalkane, such as 1,3-dimethyl-
cyclopentane, ethylcyclopentane, 1-ethyl-3-methyl-cyclopen-
tane, and 1-n-propyl-2-methyl-cyclopentane were obtained for
the C7—C9 backbone phenolic-monomer conversion, with

687

selectivities from 0.8 to 4.0% (Table 3, entries 6—8). Similarly, a
skeletal isomerization product of 1-ethyl-3-methyl-cyclohexane
from 2-methoxy-4-n-propylphenol and eugenol (4-allyl-2-
methoxyphenol) was observed as well (Table 3, entries 8—
10). Moreover, in these reactions, the methoxy group was
hydrolyzed or hydrogenolyzed to give methanol in 1.3—3.3%
vields. 1722232529

Notably, with a comparable or even higher -catalytic
performance, the hydrodeoxygenation temperature is 473 K
for Ru/HZSM-S, which is remarkably low than in the cases of
Ru/copolymer—H;PO, (513 K),*® Pd/C—H,PO, (523 K),*>**
Raney Ni—Nafion/SiO, (573 K),*® Pt/AC (553 K),*' and Pt/
HBeta (673 K),'"” Pt/HY (523 K),* Ni—Mo/y-AL, O, (553
K),** and Ni—Cu/CeO, (573 K).* These results thus
indicate that the new catalytic approach with the developed
bifunctional catalyst of Ru/HZSM-5 can be effectively applied
in the hydrodeoxygenation of the diverse substituted phenolic
monomers.

Hydrodeoxygenation of Dimeric Model Compounds.
To explore the scope of the application of the Ru/HZSM-§
catalyst, we further investigated the hydrodeoxygenation of
more complicated bioderived phenolic dimers under the same
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Table 4. Hydrodeoxygenation of Phenolic Dimers over Ru/HZSM-5“

entry substrates conversion selectivity
%] (%]
1 CLOQ 99.8 O Q
(4-0-5) 96.8 0.3
OH
2 HOQOQOH 99.8 O ©
(4-0-5) 97.4 ol
3 @ro 99.9 O O O
(a-0-4) 345 48.8 13.1
s 99.9 o O OL
(0-0-4) 38.6 50.4 6.7
5 @EZH 99.9 O O- O—< @—< b—<
(a-0-4) 25.8 33.5 20.5
6o?m&m&&&wJ
(5-5) 50.2 10.8 22.7
OH
fo?m&mww&wJ
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“Reaction conditions: phenolic dimer reactant (2.0 mmol), Ru/HZSM-S (135 mg, Ru 1.0 wt %, Si/Al = 25), water (10 mL), Py, (5 MPa), T (473
K), t (4 h). "The hydrodeoxygenation reaction was performed at 493 K instead of 473 K.

conditions. Typically, the model compounds shown in Table 4
were chosen to represent 4-O-5 (entries 1-2), a-O-4 (entries
3=S5), f-S phenylcoumaran (entries 8—9) ether linkages and
the S—5’ aryl—aryl linkage (entry 6), which can be found in the
lignin structure. As can be seen, >99% conversions of phenolic
dimers were achieved in all cases, and the overall selectivities to
alkanes were excellent (>96%; Table 4, entries 1—5 and 8—9)
to good (>84%; Table 4, entry 7).

The 4-O-5 dimers diphenyl ether (DPE) and 3,3’-dihydroxy-
substituted DPE were quantitatively converted to C6 cyclo-
hexane over Ru/HZSM-5 at 473 K and 5 MPa H, (Table 4,
entries 1—2). By comparison, the previously explored catalysts
of Ru/copolymer—H;PO, required 513 K to efficiently
hydrodeoxygenate DPE and dihydroxy-substituted DPE to
cyclohexane,” again showing that Ru/HZSM-$ is a more
efficient catalyst. Moreover, DPE was found to remain
unchanged using only HZSM-S (Si/Al = 25) as catalyst at
same hydrothermal conditions, suggesting that synergistic effect
between Ru and HZSM-5 might be involved in the bifunctional
catalyst system.

The benzyloxybenzene (a-O-4) and the p- or o-hydroxyl-
substituted a-O-4 model compounds were also quantitatively
converted to C6—C10 alkanes under these conditions (Table 4,
entries 3—S5). This result was, however, inconsistent with the
dual catalyst system of Pd/C and HZSM-§ (Si/Al = 45), in
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which only C6 cyclohexane and C7 methylcyclohexane were
obtained as hydrocarbons.'” Previous work has shown that the
methyl in the methoxyl of phenolics could be transferred to the
aromatic ring through acid catalyzed transalkylation reactions
over HZSM-5.*® Therefore, the formation of C8—C10 alkanes
in our case was presumably due to the acid catalyzed
transalkylation reactions over HZSM-S (Si/Al = 25) followed
by subsequent isomerization of substituted cyclohexanes on the
stronger Bronsted acid sites of HZSM-S. This result indicates
that the product distribution of liquid oil during the upgrading
of phenolics-containing bio-oils can be controlled by adjusting
the metal/acid balance.*>*

The compounds 2,2’-biphenol (Table 4, entry 6), coumaran
(dihydrobenzofuran, Table 4, entry 8), and benzofuran (Table
4, entry 9) represent some key features of the S—5 and the
phenylcoumaran-type linkages encountered in lignin.”'® For
2,2"-biphenol, in addition to a 50% yield of expected 1,1'-
bi(cyclohexane), an about 43% vyield of the cyclohexenyl-
substituted cyclohexanol intermediates were also detected after
4 h reaction time at 473 K, suggesting that the hydrogenation
rate of 2,2'-biphenol is considerably lower than those of other
dimers (Table 4, entry 6). This may be attributed to the fact
that the intramolecular hydrogen bonds in 2,2"-biphenol could
hinder the attack of the catalyst.*” Moreover, a phenolic
hydroxyl group, a strongly hydrogen-bridging interacting
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Figure 2. (a) SEM micrographs of an HZSM-S (Si/Al = 25); (b, ¢) SEM and (d) TEM micrographs of fresh Ru/HZSM-S (Ru 1.0 wt %, Si/Al = 25)
at different magnifications; (e) TEM micrographs of recovered Ru/HZSM-S after four recycles with the reaction conditions described in Supporting
Information Table S3 run 4; TEM micrographs of Pd/HZSM-S (f) and Pt/HZSM-S (g), (Pd and Pt, 1.0 wt %, Si/Al = 25).

system,”* "> can presumably interact strongly with a Si—OH—

Al group on the HZSM-S surface through hydrogen bonds to
form strong O—H:-O—Si(Al) interactions. Therefore, the
existence of the incomplete hydrodeoxygenation product
cyclohexenyl-substituted cyclohexanols may also be attributed
to relatively strong adsorption of 2,2'-biphenol on the surface
of HZSM-S. Both excellent conversion of 2,2'-biphenol
(99.8%) and good selectivity to alkanes (83.5%) could still be
reached with an increased reaction temperature to 493 K
(Table 4, entry 7).

Both dihydrobenzofuran and benzofuran are common probe
molecules for hydrodeoxygenation reactions> and can serve as
B-S linkage model compounds that resemble phenylcoumaran
linkages in lignin.*® After reacting over a Ru/HZSM-5 catalyst
for 4 h at 473 K and 5 MPa hydrogen pressure, >99% of both
the dihydrobenzofuran and benzofuran were converted. As can
be seen in Table 4 (entries 8—9), high selectivity toward
alkanes is achieved; moreover, ethylcyclohexane, obtained by
hydrogenation of aromatic ring followed by dehydration and
hydrogenation reactions, is predominant deoxygenated prod-
uct. The above results about hydrodeoxygenation of dimeric
model compounds suggest that the one-pot approach with Ru/
HZSM-S can be applied for widely diverse phenolic dimer
conversion.

Catalyst Characterization. To identify the active species
for the hydrogenation, X-ray powder diffraction (XRD) analysis
was performed for Ru/HZSM-5. However, no diffraction peaks
corresponding to Ru crystallite can be observed over the
catalyst (Supporting Information Figure S3), which indicates
that highly dispersed Ru species exist in the very small
nanoparticle or in amorphous structure. Moreover, the XRD
patterns of recovered Ru/HZSM-5 show some slight variations
than the fresh one, indicating partial loss of crystallinity in the
support HZSM-S for the recovered catalyst (Supporting
Information Figure S3). The Brunauer—Emmett—Teller
(BET) surface analysis indicates that the specific surface area
significantly decreases from 254 m* g' for the fresh Ru/
HZSM-S to 204 m> g~' for the recovered one (Supporting
Information Figure S4), further suggesting a change in zeolite
crystallinity or adsorption of phenol in the pore after the reuse
of Ru/HZSM-5 under hydrothermal conditions.

Figure 2 shows the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of Ru/
HZSM-5 catalyst. SEM observations of the HZSM-5 zeolite
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show well ordered and uniform crystallites with a quasi-
spherical shape (Figure 2a). The pure HZSM-S presented as a
relatively smooth surface with the size of several micrometers.
With the Ru loading, the size of HZSM-S remained almost
unchanged, and the Ru particles were hardly seen, which were
due to the small particles size and high dispersion of Ru
particles on the HZSM-S surface (Figure 2b—c). This result was
well consistent with XRD patterns (Supporting Information
Figure S3). Figure 2d shows the typical TEM images for Ru
loaded on HZSM-5 sample. Analysis of this Ru fraction showed
that the average Ru particle size of 2.3 nm with a dispersion of
28.4% according to the equations reported by Van Der Grift et
al>* However, the recovered Ru catalyst after four-time
recycling (Table S3, run 4—7) had average particle sizes of
4.0 nm (Figure 2e). Therefore, the slightly reduced phenol
conversions in the catalyst recycling as described in Table S3
was presumably related to the increase in average particle size
of recovered Ru nanoparticles and partial loss of crystallinity of
support HZSM-5. In the case of catalysts Pd/HZSM-S and Pt/
HZSM-S (Pd and Pt, 1.0 wt %, Si/Al = 25), TEM analyses
show average particle size of 6.0 nm for Pd (Figure 2f) and 3.3
nm for Pt (Figure 2g).

Ru/HZSM-S was evaluated further by X-ray photoelectron
spectroscopy (XPS). The XPS elemental survey scans of the
surface of the Ru/HZSM-S show peaks corresponding to
oxygen, ruthenium, aluminum, and silicon (Supporting
Information Figure SSa). The XPS spectrum of Ru3d can be
deconvolved into two peaks with the binding energies of 280.1
eV (assigned to Ru3dS/2) and 286.0 eV (assigned to Ru3d3/
2), as illustrated in Figure SSb. The binding energy of the
Ru3dS/2 level in the Ru/HZSM-S is 0.1 eV lower than that of
the standard zerovalent state of Ru (280.2 eV),** indicating that
the Ru** ion was successfully reduced to Ru’ state in Ru/
HZSM-S.

B CONCLUSIONS

In summary, the acid-metal bifunctional catalyst Ru/HZSM-$
(Si/Al = 25) showed a high selectivity in removing oxygen-
containing groups from lignin-derived phenolic monomers and
dimers in water at 473 K. Our result also indicates that the
presence of dual catalytic functions of Ru/HZSM-S is
indispensible for the formation of alkanes from lignin-derived
phenolics through hydrodeoxygenation process, ie., both the
presence of Brensted acid site in the pores of HZSM-5 for
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dehydration and a metallic function of Ru for hydrogenation
were needed. Moreover, the dehydration step is highly
dependent on both the acidity of the support HZSM-5 and
reaction temperature. This approach for the construction of
bifunctional catalyst opens an eflicient route for hydro-
deoxygenation of lignin-derived phenolic oil to transportation

biofuels.
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