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ABSTRACT

We report a highly efficient bifunctional catalyst, Pd/SO3;H-MIL—-101(Cr), consisting of
Pd nanoparticles immobilized on a mesoporous sulfonic acid-functionalized
metal-organic framework SO3;H-MIL-101(Cr), which exhibits high -catalytic
performance in promoting biomass refining. The use of SO;H-MIL—-101(Cr) as a support
renders highly dispersed Pd nanoparticles with uniform size distribution, sufficient
reactants contact in aqueous media, and rapid activation of the reactants induced by the
Brensted acid coordination sites (sulfonic acid groups from SO3;H-MIL-101(Cr)). Thus,
the 2.0 wt.% Pd/SOsH-MIL-101(Cr) catalyst exhibits novel synergy in the
hydrodeoxygenation of vanillin (a typical model compound of lignin) at low H, pressure
under mild conditions in aqueous media. Excellent catalytic results (100% conversion of
vanillin with exclusive selectivity for the 2-methoxy-4-methylphenol product) could be
achieved, and no loss of catalytic activity and selectivity were observed after seven
recycles in succession.
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1. Introduction

Growing worldwide energy demand, high commodity prices, high economic growth,
and growing scientific evidence that atmospheric carbon dioxide is among the most important
contributors to global climate change make it urgent to increase energy supply and reduce
worldwide greenhouse gas emissions at the same time [1-3]. Increasing energy supply
requires efficient energy production and expanded development of alternative sources of
energy. Biomass is a renewable resource and, if properly produced and catalytically converted,
can yield both biofuels that have lower greenhouse gas emissions than petroleum-based
gasoline and diesel as well as high-value chemical products such as phenols that can be directly
used in the chemical and pharmaceutical industries [4-6].

Lignocellulosic biomass feedstocks are a complex mixture of three structural biopolymers
(lignin, cellulose and hemicellulose) and minor non-structural components [7]. Unlike fossil
hydrocarbons of petroleum or natural gas feedstocks, the biopolymers are oxygenated complex
macromolecules and except for cellulose, there are no uniform repeating units in lignin and
hemicellulose. Compared to cellulose and hemicellulose, lignin, which constitutes
approximately 30 wt.% of woody biomass, is much more challenging to convert due to its
highly complex structure, which consists of oxygen-rich subunits derived from phenol,
p-coumaryl, coniferyl, and sinapyl alcohols typically connected with ether linkages [8-10].
Accordingly, it is more difficult to upgrade lignin-derived pyrolysis oil than cellulose-derived
pyrolysis oil [11,12].

Heterogeneous catalytic hydrodeoxygenation is considered to be the most important and
feasible strategy for bio-oil upgrading, in which supported catalysts are frequently used
[13-17]. Among the various supports, activation carbon, metal oxides (e.g. TiO,, MgO, CeO,,
v-Al,03), zeolites, SiO,, and carbon nanotubes are frequently applied [18-23]. However,
many of these supports may suffer from poor dispersion of the nanoparticle catalysts, weak
catalyst-support interaction, poor water dispersibility, or reaction monofunctionality. Recently,
hybrid materials have been developed as a catalyst support with enhanced catalytic
performances [24-27]. For example, Wang and co-workers found that the N-doped
carbon-supported Pd catalyst exhibits high activity in the hydrodeoxygenation of vanillin

(4-hydroxy-3-methoxy-benzaldehyde, a typical model compound of lignin). The high

2

Page 2 of 23



Page 3 of 23

Journal of Materials Chemistry A

catalytic performance of this catalyst is attributed to the structure of the N-doped
carbon-metal heterojunction, which leads to stable and uniform dispersion of Pd
nanoparticles but also to additional electronic activation of the metal nanoparticles in the
reaction medium [24]. Xiao and co-workers reported that the hydrophilic mesoporous
sulfonated melamine-formaldehyde resin (MSMF)-supported Pd catalyst is highly active for
the hydrodeoxygenation of vanillin, and the superior catalytic performance is attributed to the
good wettability of the reactant on the Pd/MSMF catalyst [25]. In addition, Zhou and
co-workers investigated the effects of the wettability of the carbonaceous
microspheres-supported Pd catalysts on the performances in the hydrodeoxygenation of
vanillin, and found that in the aqueous media, the more hydrophilic the catalyst, the more
active it was for the hydrodeoxygenation of vanillin [26]. Obviously, the nature and surface
structure of the support plays a significant role in achieving excellent catalytic

hydrodeoxygenation performance.

The field of Metal-Organic Frameworks (MOFs) has provided a new class of highly
porous crystalline materials with well-defined cavities or channels that can accommodate a
variety of guest species of different sizes and shapes for a variety of applications in gas storage,
separation and heterogeneous catalysis [27-29]. The interest in MOFs arises from their
well-ordered crystalline structure, high porosity, tunable pore size, and modifiable surface
properties [30-32]. Among the well-studied MOFs, the chromium-based MIL-101 possesses
several unique features such as a crystal structure consisting of two quasi—spherical
mesoporous cages (2.9 and 3.4 nm, respectively), extremely large surface area, numerous
unsaturated metal cation sites, and high stability in water [33]. The combination of these
features makes MIL-101 a unique candidate for gas storage, drug delivery, adsorptive
separation, and heterogeneous catalysis [34-45].

Following the pioneering work of Kitagawa and co-workers [34], Zhang and co-workers
reported a one-pot hydrothermal synthesis of a sulfonic acid-functionalized MIL-101(Cr)
catalyst [SOsH-MIL-101(Cr)] which showed superior catalytic properties in a series of
esterification and acetalization reactions attributed to the accessible Brensted acidic sites

distributed throughout the framework as well as the large mesoporous cages, thus facilitating
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the transfer of substrates [46,47].

In the present work, we take advantage of the unique properties of SO3H-MIL-101(Cr)
by encapsulating Pd nanoparticles within the mesoporous cages of SO;H-MIL-101(Cr) to
develop an efficient catalyst for the catalytic hydrodeoxygenation of vanillin as a model
system to explore the hydrogenation and deoxygenation routes of lignin as described in

Scheme 1 below.

CHO CH,0OH CHs
Hydrogenation Hydrogenolysis
R E— — e
Hz H,
OCHj; OCH;z OCHg
OH OH OH
A B C

Scheme 1. Possible reaction pathways for hydrodeoxygenation of wvanillin (A) to
2-methoxy-4-methyl phenol (C).

The rational design of the bifunctional Pd/SO;H-MIL-101(Cr) catalyst is based on
several considerations. First, the SO;H-MIL-101(Cr) framework can be well dispersed in the
reaction medium due to its hydrophilic properties [48], thus facilitating the adsorption and
diffusion of the reactants in polar reaction medium, where Pd nanoparticles activate H, and
promote the hydrogenation of vanillin to form 4-hydroxymethyl-2-methoxyphenol. On the
other hand, the presence of acidic SOsH moieties may accelerate further deoxygenation to
produce the desired 2-methoxy-4-methyl phenol product [49]. Thus, the multifunctional
catalyst system would show novel synergy in the hydrodeoxygenation of vanillin, leading to

significantly enhanced catalytic properties.

2. Experimental
2.1. Chemicals
All reagents with AR purity (analytical reagent grade) were purchased and used as

received without further purification. Terephthalic acid and 2-sulfoterephthalic acid
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monosodium salt were purchased from J&K Scientific Ltd. Chromium nitrate monohydrate,
chromium trioxide, hydrofluoric acid, hydrochloric acid (37 wt.%), methanol, ethanol,
vanillin, vanillin alcohol and 2-methoxy-4-methylphenol were purchased from Sinopharm
Chemical Reagent Co. Ltd. Hydrogen with a purity over 99.999% was purchased from
Shanghai Pujiang Special Gas Co., Ltd. Coconut shell-based activated carbon (C in
abbreviation) was kindly provided by Fujian Xinsen Carbon Corp., Ltd. Deionized water with
resistance larger than 18.2 MQ was obtained from a Millipore Milli-Q ultrapure water

purification system.

2.2. Catalyst Preparation

The one-pot synthesis of sulfonic acid-functionalized MIL-101(Cr) was based on the
following procedure: 2.5 g of CrOs, 6.7 g of 2-sulfoterephthalic acid monosodium salt, and
16 mmol of HF (40 wt.%) were mixed with 25 ml of deionized water and stirred for 15 min at
room temperature. The solution was then transferred into a Teflon-lined stainless steel
autoclave. The synthesis was conducted without agitation in an oven at 180 °C for 24 h. The
obtained green microcrystalline powder was treated in a mixed solution of diluted HCI (0.08
M) in methanol and water, and was further treated in methanol and water to remove
additional HCI. Afterward; the solid was dried in a vacuum desiccator at 150 °C for 6 h prior
to further analysis or use. The resulting sulfonic acid-functionalized MIL-101(Cr) was
referred to as SOsH-MIL-101(Cr). Pure MIL-101(Cr) was synthesized following the
procedure reported in the literature [33].

To introduce Pd nanoparticles into MIL-101(Cr), an incipient-wetness impregnation
method was applied according to the procedure described in our previous work [41]. In a
typical procedure, 0.0584 g of Pd(acac), was dissolved into 0.90 ml of chloroform with
stirring and the solution was then added dropwise into 1.0 g of SOsH-MIL-101(Cr) having a
pore volume of 0.90 cm® g™' as determined by the N adsorption isotherm at =196 °C. The
formed precursor catalyst was aged overnight at room temperature. Afterwards, the sample
was further dried at 150 °C for 5 h in a vacuum desiccator. Finally, the dried precursor
catalyst was treated in a fixed-bed stainless steel reactor with an inner diameter of 6 mm

under a mixture flow containing 10 vol.% H; in Ar with a total flow rate of 30 ml min ! and
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maintained at 200 °C for 4 h to obtain 2.0 wt.% Pd/SO;H-MIL-101(Cr). For comparison, 2.0
wt.% Pd/MIL-101(Cr) and 2.0 wt.% Pd/C catalysts were also prepared by the incipient-wet

impregnation method.

2.3. Catalyst Characterization

The X-ray powder diffraction (XRD) patterns were obtained on a Philips PW3040/60
diffractometer, using CuKa radiation (A = 0.1541 nm) in a scanning range of 1.5~50° at a
scanning rate of 1°min "

N, adsorption isotherms were obtained at -196 °C using a Micromeritics ASAP 2020
instrument. The samples were outgassed under vacuum at 150 °C for 10 h, prior to the
adsorption measurements. The pore size distribution curves were determined based on
Density Functional Theory (DFT).

The Pd content in the Pd/SO3;H-MIL-101(Cr) catalyst was measured by an IRIS Intrepid
IT XSP inductively coupled plasma-atomic emission spectrometer (ICP-AES).

Scanning electron microscopy (SEM) was performed using Hitachi S-4800 apparatus on
a sample powder previously dried and sputter-coated with a thin layer of gold.
Energy-dispersive X-ray spectroscopy (EDX) analyses were also performed to confirm the
presence and the distribution of Pd nanoparticles.

Transmission electron microscopy (TEM) was carried out on a JEOL JEM-1200
operating at 300 kV. The sample was diluted in ethanol to give a 1:5 volume ratio and
sonicated for 10 min. The ethanol slurry was then dropped onto a Cu grid covered with a thin
film of carbon.

The surface electronic states were investigated by X-ray photoelectron spectroscopy
(XPS, Thermo VG ESCALAB250 using AlKa radiation). Prior to the XPS measurements, the
samples were treated in a 10 vol.% Hy/Ar flow at 200 °C for 4 h. The XPS data were
internally calibrated, fixing the binding energy of C 1s at 284.6 eV.

Infrared (IR) spectra were collected on a Nicolet NEXUS670 Fourier transform IR
spectrophotometer in KBr disks at room temperature.

The water (or vanillin) droplet contact angles were measured at ambient temperature on

a self-supporting pressed sample disc by a contact angle measuring system, Dataphysics
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OCAZ20. Once a drop of water was deposited on the surface of the sample disc, the contact
angle was determined from pictures within 3 s captured using a high performance

charge-coupled-device camera.

2.4. Catalytic Reaction

The catalytic hydrodeoxygenation of vanillin was carried out in a 50 ml Teflon-lined
autoclave equipped with stirrer, heater, and sample port. In a typical experiment, 2 mmol of
vanillin, 0.05 g of catalyst, and 20 ml water as solvent were charged into the autoclave and
were repeatedly purged with hydrogen gas at room temperature. Afterwards, the autoclave
was heated to 100 °C and then pressurized with hydrogen up to 0.5 MPa. Finally, the
agitation was initiated with a stirring speed of 1000 rpm. A steady pressure was maintained
throughout the reaction period. The mixture was extracted with ethyl acetate and the catalyst
was taken out from the system by centrifugation before being analyzed by GC (Agilent 6820)
equipped with an FID detector and a capillary column (DB-5, 30 m x 0.45 mm X 0.42 pm).
Additionally, the reaction conditions with respect to temperature, time, hydrogen pressure,
and molar ratio of the catalyst amount to vanillin were studied. In order to test the catalytic
reusability of 2.0 wt.% Pd/SOs;H-MIL-101(Cr), after the reaction, the catalyst was separated
by filtration, washed with ethanol, and dried in a vacuum desiccator at 150 °C for 5 h, and

then the recovered catalyst was used in the next reaction run.

3. Results and Discussion
3.1. Catalyst Characterization

The low-angle powder XRD pattern of the prepared SO;H-MIL-101(Cr) (Fig. 1)
matches well with that of the pristine MIL-101(Cr) reported by Férey et al [33], and no
apparent loss of crystallinity in the XRD pattern was observed upon introduction of the
sulfonic acid groups on the framework of MIL-101(Cr). After the incorporation of Pd
nanoparticles, the structure of SO;H-MIL-101(Cr) is well preserved for the 2.0 wt.%
Pd/SOsH-MIL-101(Cr) catalyst. Additionally, no significant diffraction peak ascribed to Pd
species is observed for 2.0 wt.% Pd/SOsH-MIL-101(Cr) catalyst from the wide-angle XRD

pattern (Fig. S1), indicating that the Pd nanoparticles are well dispersed on the support. TEM
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images demonstrate that the Pd nanoparticles are well dispersed within the
SO;H-MIL-101(Cr) with a uniform size of 3.0 £ 0.6 nm as shown in Fig. 2. EDX analyses

also confirm that the Pd nanoparticles are evenly dispersed within SO;H-MIL-101(Cr) as

shown in Fig. 3.

Intensity / a.u
g

2 Theta / degree

Fig. 1. Low-angle XRD patterns of MIL-101(Cr) simulated from crystal structure data (a),
SO;H-MIL-101(Cr) (b), the refresh 2.0 wt.% Pd/SO;H-MIL-101(Cr) (c), and the used 2.0

wt.% Pd/SOsH-MIL-101(Cr) (d).

Distribution (%)

Fig. 2. TEM image of 2.0 wt.% Pd/SO;H-MIL-101(Cr) (A) and the corresponding size
distribution plot of Pd nanoparticles (B).
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Fig. 3. SEM and EDS analysis of 2.0 wt.% Pd/SO;H-MIL-101(Cr).
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Fig. 4. N, isotherms at —-196 °C (A) and DFT pore size distributions (B) of
SO;H-MIL-101(Cr) (a) and 2.0 wt.% Pd/SO3H-MIL-101(Cr) (b).
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N, gas sorption isotherms at —196 °C (Fig. 4 and Table S1) reveal that
SO;H-MIL-101(Cr) and 2.0 wt.% Pd/SO;H-MIL—-101(Cr) have BET specific surface areas of
1754 and 820.3 m” g ', respectively. The DFT pore size distribution curve of 2.0 wt.%
Pd/SO3;H-MIL-101(Cr) decreases slightly in size compared with those of the parent
SO;H-MIL-101(Cr) (Fig. 4B), implying that the introduction of Pd nanoparticles can
partially occupy the cages of SOsH-MIL-101(Cr).

Cr 2p scan B

Cr 2py,

Intensity (a.u)
Intensity (a.u)

700 600 500 400 300 200 100 0O 595 500 585 580 575 570

Binding Energy / eV Binding Energy / eV

S 2pscan (o} Pd 3d scan D

Intensity (a.u)
Intensity (a.u)

S 2ps,
MJ

174 172 170 168 166 164 348 346 344 342 340 338 336 334 332 330
Binding Energy / eV Binding Energy / eV

Fig. 5. XPS spectra of 2.0 wt.% Pd/SO;H-MIL-101(Cr): survey spectrum (A), high
resolution of Cr spectrum (B), high resolution of S spectrum (C), and high resolution of Pd
spectrum (D).

Fig. 5A shows the survey XPS data and indicates that 2.0 wt.% Pd/SO;H-MIL-101(Cr)
contained five elements Cr, O, C, S, and Pd. The S 2p spectrum of the catalyst shows two
different peaks (Fig. 5C), which can be attributed to the S—O (168.7 eV) and S=O bonds
(169.9 eV) at an intensity ratio of 1:2 with a peak separation of 1.2 eV [47]. These two bonds
indicate that the S in 2.0 wt.% Pd/SOsH-MIL-101(Cr) is mainly in the form of SOs;H groups
bonded to the MIL-101(Cr) framework [47]. The sample exhibits Pd 3ds, bands at ca. 335.8
and 341.4 eV, respectively, typical for metallic Pd [41], implying that the Pd(II) cations in the
precursor catalyst could be reduced to Pd(0) by hydrogen. The FT-IR bands related to the

sulfonic acid groups are well observed in bands ranging from 600 cm ' and 1400 cm ™' for
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both of SO3H-MIL-101(Cr) and 2.0 wt.% Pd/SOsH-MIL-101 (Fig. S2) [46,47].

Fig. 6 shows the contact angles of water and vanillin on the surface of 2.0 wt.%
Pd/SO3H-MIL-101(Cr) and Pd/C catalysts. It was observed that the water and vanillin
droplets could be immediately adsorbed within the framework of 2.0 wt.%
Pd/SO;H-MIL-101(Cr), forming a swollen surface (Fig. 6A and 6B). The hydrophilic
properties for 2.0 wt.% Pd/SOsH-MIL-101(Cr) are probably derived from the highly
hydrophilic character of the MIL-101(Cr) frameworks [48]. Considering that vanillin and
vanillin alcohol are highly soluble in the aqueous phase, the hydrophilic properties of the 2.0
wt.% Pd/SOsH-MIL-101(Cr) catalyst are anticipated to increase the catalytic efficiency in
the hydrodeoxygenation reaction by the enrichment of the organic substance on the catalyst
surface. On the other hand, the sulfonic acid groups from SO;H-MIL-101(Cr) would also
favor the adsorption and activation of vanillin and vanillin alcohol due to the interaction
between the aromatic substrate and the acidic sites [47]. The mechanisms of Brensted acid
catalysis as well as the synergy between metal and Brensted acid in the field of
organocatalysis have been discussed in the comprehensive review by Rueping et al [50].
Accordingly, the hydrodeoxygenation of vanillin, as a sequential reaction catalyzed by the
bifunctional catalyst combined Pd nanoparticles and Brensted acid sites, can be explained by
the two step reactions shown in Scheme 1. In the first step, vanillin is hydrogenated by the Pd
nanoparticles to form vanillin alcohol, in which the catalytic activity is mainly related to the
particle size of the Pd nanoparticles. Afterwards, hydrogenolyis of vanillin alcohol to
2-methoxy-4-methylphenol is triggered by the combination of Pd nanoparticles and Brensted
acid sites, in which the role of Bronsted acid sites are to activate the vanillin alcohol by
forming an ion pair intermediate [50].

While the product resulting from hydrogenolysis of vanillin is much more hydrophobic
and insoluble in water [27], which is more valuable as a fuel component, it is easily desorbed
from the active sites and can be readily incorporated in the product stream. In contrast, when
a water droplet is in contact with the Pd/C catalyst, the contact angle is as high as 46° (Fig
6B), indicating that the Pd/C catalyst exhibits more hydrophobic character in comparison
with that of the 2.0 wt.% Pd/SO;H-MIL-101(Cr) catalyst. On the other hand, when a vanillin
droplet is in contact with the surface of 2.0 wt.% Pd@SO;H-MIL-101(Cr), the angle is as

11
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low as 9.5° (Fig. 5D). The adsorption mechanism of vanillin droplets into 2.0 wt.%
Pd/SO;H-MIL-101(Cr) and Pd/C is probably based on the principle of the dissolution in the
similar material structure. These results suggest that the Pd/C catalyst has a poorer water
wettability than the 2.0 wt.% Pd/SO3;H-MIL-101(Cr) catalyst. The combination of the results
from XRD, SEM, TEM, N, adsorption, XPS, FT-IR and the contact angle characterizations,
leads to the conclusion that the sulfonic acid-functionalized MIL-101(Cr) immobilized Pd
catalyst with large surface area (820 m” g '), small well-dispersed Pd nanoparticles (3-4 nm)

and high hydrophilic character has been successfully prepared.

8 : {

l D

Fig. 6. Contact angles of water droplets on (A) 2.0 wt.% Pd/SO;H-MIL-101(Cr) and (C) 2.0
wt.% Pd/C and vanillin droplets on (B) 2.0 wt.% Pd@SO;H-MIL-101(Cr) and (D) 2.0 wt.%
Pd/C.

3.2. Catalytic Hydrodeoxygenation of Vanillin
Considering that water is a desirable solvent for chemical reactions due to its
environmentally friendly nature, low cost and easy handing, we first conducted the reaction

in water and found that excellent results for the selective hydrodeoxygenation could be
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achieved over the 2.0 wt.% Pd/SO;H-MIL-101(Cr) catalyst including a 100% conversion of
vanillin with a 100% selectivity for the 2-methoxy-4-methylphenol product within 120 min
(entry 3 in Table 1). While in the presence of 2.0 wt.% Pd/MIL—-101(Cr) catalyst, a rather low
catalytic activity and selectivity were obtained when the reaction was carried out at the same
conditions (entry 4). This is probably due to the lower acid strength of the MIL-101(Cr) as
compared to that of the SOs;H-MIL-101(Cr) support. Over the pure support
SO;H-MIL-101(Cr) or MIL-101(Cr), however, no reaction took place, implying that Pd
nanoparticles are inevitable for the vanillin hydrodeoxygenation (entries 1 and 2). Moreover,
the 2.0 wt.% Pd/SO;H-MIL-101(Cr) catalyst was also compared with the commercially
available Pd/C catalyst under the same conditions. The textural properties of the 2.0 wt.%
Pd/C are shown in Table S1. The loading amounts of Pd within the Pd/SO;H-MIL-101(Cr),
Pd/MIL-101(Cr) and Pd/C catalysts, determined by the ICP-AES analysis, were found to be
1.98 wt.%, 1.99 wt.% and 2.01 wt.%, respectively, very close to the nominal amount of 2.0
wt.%. The results (entry 5 in Table 1) clearly show that the 2.0 wt.% Pd/SOs;H-MIL-101(Cr)
catalyst gives significantly higher activity and 2-methoxy-4-methylphenol selectivity as
compared to the Pd/C catalyst. It should be noted that the selectivity for
2-methoxy-4-methylphenol over the prepared 2.0 wt.% Pd/SOsH-MIL-101 catalyst is also
significantly higher than that reported by Xiao et al [25] over 4.5 wt.% Pd/MSMF under the
same reaction conditions with a similar conversion of vanillin (entry 6). The high selectivity
over the 2.0 wt.% Pd/SO;H-MIL—-101(Cr) catalyst is probably due to the readily accessible
Bronsted acidic sites distributed throughout the framework as well as an abundance of

mesoporous cages of MIL-101(Cr) thus, greatly facilitating the transfer of substrates [46,47].
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Table 1. Hydrodeoxygenation of vanillin over different catalysts

Conversion Selectivity (%)”
Ent talyst

ntry Catalys %) B C
1° MIL-101(Cr) 0 0 0
2 SO;H-MIL-101(Cr) 0 0 0

, 2.0 wt.%
3 PA/SOSH-MIL-101(Cr) 96.6 (100) 9.1 (0) 90.9 (100)
4° 2.0 wt.% PA/MIL-101(Cr)  66.6 (86.4)  42.1(17.9) 57.9 (82.1)
5P 2.0 wt.% Pd/C 55.2 78.3 21.8
6" 4.5 wt.% Pd/MSMF [25] >99.5 45.8 54.2
7 5.0 wt.% Pd/SWNT-Si0,[27] 85 53 47

. 2.0 wt.%
8 Pd/SOsH-MIL-101(Cr) 83.4 256 4.4

J 2.0 wt.%
? Pd/SOsH-MIL-101(Cr) 100 1.6 98.4
107 Pd/CNy 132[24] 65 31 69

(V]

11¢ 2.0 wt.% 100 3.9 9.1

Pd/SO;H-MIL-101(Cr)

“B is the hydrogenation product, vanillin alcohol, and C is the hydrogenation/hydrogenolysis product,

2-methoxy-4-methylphenol (see Scheme 1).

”Reaction conditions: water, 20 ml; S/C (molar ratio of substrate to catalyst) = 200; 0.5 MPa; reaction
temperature, 100 °C; reaction time, 60 min. Data in the parentheses represent reaction for 120 min.

“Reaction conditions: 1:1 (v/v) water/decalin, 20 ml; S/C = 100; hydrogen pressure, 0.35 MPa;
reaction temperature, 100 °C; reaction time, 30 min.

?Reaction conditions: water, 20 ml; S/C = 350; hydrogen pressure, 1.0 MPa; reaction temperature,
90 °C; reaction time, 60 min.

“Reaction conditions: water, 20 ml; S/C = 1000; hydrogen pressure, 0.5 MPa; reaction temperature,
100 °C; reaction time, 300 min.

To further provide evidence in favor of the acid sites in SO3H-MIL-101(Cr) for the
hydrodeoxygenation, two control experiments were performed over 2.0 wt%
Pd/SO3;H-MIL-101(Cr) with (or without) a stoichiometric amount of pyridine with respect to
the number of acid available on the MOF for the hydrogenolysis of vanillin alcohol (the
intermediate in the hydrodeoxygenation of vanillin) with hydrogen. The conversion of
vanillin alcohol is rather low in the presence of pyridine (Fig. S3), and this limited catalytic
activity is mainly due to the poisoning of SOsH-MIL-101(Cr) acidic active sites by the strong
interaction of pyridine with the acid sites of SO;H-MIL-101(Cr) [51,52]. This result

14
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demonstrates the significant influence of acid active sites on the catalytic

hydrodeoxygenation.

Recently, Resasco and co-workers reported that good catalytic activity and selectivity
could be achieved in the hydrodeoxygenation of vanillin by depositing palladium onto
SWNT-inorganic oxide hybrid (Pd/SWNT-SiO,) in a water/oil system [27]. For example,
when Pd/SWNT-SiO, was used as a catalyst in the two-phase system, 85% of vanillin was
converted within 0.5 h with 47% selectivity for 2-methoxy-4-methylphenol (entry 7 in Table
1). For comparison, we tested the activity of the 2.0 wt.% Pd/SOs;H-MIL-101(Cr) catalyst
under 30 min reaction time and obtained 85% vanillin conversion with 47% selectivity for
2-methoxy-4-methylphenol product (entry 8). Therefore, one could conclude that the nature
of the support plays an important role on the activity and selectivity of the Pd catalysts for the
hydrodeoxygenation of vanillin. It appears that the hydrophilic property of the 2.0 wt.%
Pd/SO3;H-MIL-101(Cr) catalyst greatly affects its catalytic performance. Figure 7 shows that
after the reaction, the 2.0 wt.% Pd/SO;H-MIL-101(Cr) catalyst was well dispersed in water.
In contrast to the highly aggregated state of the traditional solid catalysts, the introduction of
SOsH group increased the hydrophilic character of the 2.0 wt.% Pd/SO;H-MIL-101(Cr)
catalyst, which resulted in enhancing the catalyst dispersion in water and improving the
exposure of the catalyst to the substrates (vanillin), thereby increasing the catalytic

performance significantly.

Pseudo-

homogeneous
phase

Fig. 7. Schematic representation of the catalytic hydrodeoxygenation of vanillin over the 2.0
wt.% Pd/SO;H-MIL-101(Cr) catalyst showing photographs of (a) the reaction mixture, (b)
the reaction mixture spinning using a magnetic stirrer (not shown), and (c) the product phase
after the end of the reaction.

15



Journal of Materials Chemistry A

For practical applications, both high yield and low cost are required. We thus conducted
the reaction with an increased vanillin/Pd (substrate/catalyst) molar ratio of S/C = 1000. Full
conversion with a high 2-methoxy-4-methylphenol selectivity of 96.1% was obtained within
300 min at 100°C (entry 11 in Table 1). The high 2-methoxy-4-methylphenol yield is
attributed to its poor solubility in water; once it is formed under the reaction conditions, it
separates from the water phase thus avoiding further hydrogenolysis and conversion to
2-methoxyphenol (Fig. 7).

In general, transformation of the carbonyl group into a methyl group theoretically can
proceed in the following three ways: (i) hydrogenation/dehydration, (ii)
hydrogenation/hydrogenolysis, and (iii) direct hydrogenolysis of the C-O bond. In the present
reaction, after hydrogenation, there is no H atom at the position adjacent to the hydroxyl
group in vanillin alcohol, so dehydration could not take place. Therefore, the transformation
of vanillin into 2-methoxy-4-methylphenol must proceed via path (ii) and/or (iii). Figure 8
shows the evolution of the product concentrations as a function of reaction time. The reaction
was accompanied by a rapid increase in vanillin alcohol and a decrease in vanillin in the first
60 min, illustrating that vanillin is mainly hydrogenated to vanillin alcohol in the first step.
However, even in the first 15 min, 2-methoxy-4-methylphenol was observed, suggesting that
hydrogenolysis of vanillin alcohol occurred or that vanillin underwent direct hydrogenolysis
of C-O as well. Xu and co-workers assumed that the direct hydrogenolysis of vanillin into
2-methoxy-4-methylphenol, without the intermediate step of hydrogenolysis of vanillin
alcohol, could take place in the present of ultrafine Pd nanoparticles loaded within the
cavities of MIL-101(Cr) [53]. As shown in Fig. 8, hydrogenolysis of vanillin alcohol
proceeded very rapidly at longer reaction times. After 120 min, almost all of the vanillin

alcohol had been converted to 2-methoxy-4-methylphenol via hydrogenolysis.
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—=— Vanillin
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—a— 2-methoxy-4-methylphenol
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Fig. 8. Trend of reactant and product proportion as a function of reaction time over 2.0 wt.%
Pd/SO3H-MIL-101(Cr) (Reaction conditions: vanillin, 2 mmol; water, 20 ml; amount of
catalyst, 50 mg; S/C = 200; hydrogen pressure, 0.5 MPa; reaction temperature, 80 °C).

In order to improve the yield of the 2-methoxy-4-methylphenol product, the reaction
conditions were optimized and the results are shown in Fig. S4 and Fig. S5. It was found that
under low H, pressure (0.2 MPa), 81.1% vanillin conversion could be achieved with
2-methoxy-4-methylphenol selectivity of 65.3% after 60 min reaction time at 100 °C, which
can be further enhanced to 100% yield of 2-methoxy-4-methylphenol under 1.0 MPa H,
pressure (Fig. S3). Similarly, raising the temperature also led to a higher rate of vanillin
conversion to 2-methoxy-4-methylphenol with a lower selectivity for vanillin alcohol (Fig.
S4). These results demonstrate that the 2.0 wt.% Pd/SO;H-MIL-101(Cr) catalyst is highly

efficient for the hydrodeoxygenation of vanillin in water under mild conditions.

Furthermore, the catalyst can easily be separated from the reaction solution by simple
filtration. The catalyst is highly stable and can be reused for seven cycles without losing its
activity and selectivity as demonstrated in Fig. 9. The BET surface area of the spent 2.0 wt.%
Pd/SO;H-MIL-101(Cr) decreased from 820.3 to 798.7 m* g ' (Table S1), which could be
attributed to the slight trapping of residual reactants or products inside the
SO;H-MIL-101(Cr) pores. In addition, we measured the XRD pattern of the spent catalysts

and found the crystalline structure of the SOsH-MIL-101(Cr) was still maintained after the
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seventh cycle (pattern d in Fig. 1). TEM images of the used 2.0 wt.% Pd/SO;H-MIL-101(Cr)
catalysts only show slight aggregation of the Pd nanoparticles (Fig.S6), which does not affect
the activity of the catalysts within the seven cycles. Moreover, the concentration of Pd in the
reaction solution was determined by ICP-AES to be < 0.1 ppm, indicating that leaching of Pd

into the solvent is negligible.

1204 [ Conversion of vanillin

N [ selectivity for vanillin alcohol
> Il Selectivity for 2-methoxy-4-methylphenol
2 90
0
Qo
]
(2]
o3 60
c
i)
e
@
S 301
]
(&]

0-

Fig. 9. Reusability of 2.0 wt.% Pd/SO;H-MIL-101(Cr) in the catalytic hydrodeoxygenation
of vanillin (Reaction conditions: vanillin, 2 mmol; water, 20 ml; amount of catalyst, 50 mg;
hydrogen pressure, S/C = 200; 0.5 MPa; reaction temperature, 80 °C; reaction time, 60 min).

4. Conclusions

In conclusion, we have developed a heterogeneous tandem catalyst for the
hydrodeoxygenation of vanillin, a common component in lignin-derived bio-oil, under mild
reaction conditions. The developed 2.0 wt.% Pd/SO;H-MIL-101(Cr) catalyst exhibits high
catalytic activity and selectivity in the tandem hydrogenation-deoxygenation reactions and
can be reused seven times without any loss in activity and selectivity. The high catalytic
performance for Pd/SO;H-MIL-101(Cr) is attributed to the unique characteristics of the

SO;H-MIL-101(Cr) support, which leads not only to very stable and uniform dispersion of
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the Pd nanoparticles but also to possible electronic activation of the reactants and good
dispersion of the catalyst in water. This 2.0 wt.% Pd/SO3;H-MIL-101(Cr) catalyst holds

promising potential for the biofuel upgrade process.
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Graphical abstract

The developed Pd/SOsH-MIL-101(Cr) catalyst exhibits novel synergy in

hydrodeoxygenation of vanillin at low H; pressure under mild conditions.

2.0 wt.% Pd/SO;H-MIL-101(Cr)

Conversion 100%
Selectivity 100%



