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Carbothermal Methods

Highly Dispersed Copper Nanoparticles Supported on
Activated Carbon as an Efficient Catalyst for Selective

Reduction of Vanillin

Ruoyu Fan, Chun Chen,* Miaomiao Han, Wanbing Gong, Haimin Zhang,

Yunxia Zhang, Huijun Zhao,* and Guozhong Wang*

Highly dispersed copper nanoparticles (Cu NPs) supported on activated
carbon (AC) are effectively synthesized by one-pot carbothermal method at
temperature range of 400-700 °C. The X-ray diffraction, transmission electron
microscopy, X-ray photoelectron spectroscopy, and Brunauer—-Emmett-Teller
analysis reveal that Cu NPs with diameters of 20-30 nm are evenly anchored
in carbon matrix. The 15 wt%-Cu/AC-600 catalyst (derived at 600 °C) exhibits
best bifunctional catalysis of aqueous-phase hydrodeoxygenation (HDO)

and organic-phase transfer-hydrogenation reaction (THR) to selectively
transform vanillin to 2-methoxy-4-methylphenol (MMP). In HDO of vanillin,
the as-prepared catalyst achieves a 99.9% vanillin conversion and 93.2%
MMP selectivity under 120 °C, 2.0 MPa H, within 5 h. Meanwhile, near-
quantitative vanillin conversion and 99.1% MMP selectivity are also obtained
under 180 °C within 5 h in THR of vanillin by using 2-propanol as hydrogen
donor. The transforming pathways of vanillin are also proposed: vanillin is
transformed into MMP via intermediate of 4-hydroxymethyl-2-methoxyphenol
in HDO case and by direct hydrogenolysis of vanillin in THR course. More

1. Introduction

The conversion of biomass into fuels and
chemicals is an effective way to reduce the
world dependence on fossil resources and
environment pollution simultaneously.!?
As one of the three major components in
lignocellulosic biomass, lignin is the only
renewable source that can be firsthand
applied to produce aromatic compounds,
like bio-0il.Bl However, these products
cannot be directly used because of high
oxygen content Catalytic hydrodeoxy-
genation (HDO), which involves hydro-
genation of unsaturated functional groups
like C=C bonds followed by the hydrogen-
olysis of C—O bonds, has been deemed to
be one of the most important and effective
upgrading strategies to reduce the oxygen
content.>]
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importantly, the activity and the selectivity do not change after 5 cycles, indi-
cating the catalyst has excellent stability. The Cu-based catalyst is relatively
cheap and preparation method is facile, green, and easy scale-up, thus
achieving a low-cost transformation of biomass to bio-oils and chemicals.
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As an important aromatic monomer
in lignin, vanillin can be selectively trans-
formed into 2-methoxy-4-methylphenol
(MMP), which has been widely used as fra-
grances or the intermediates of drugs and
fragrances, by the catalytic HDO over var-
ious heterogeneous catalysts.®l Among them, noble metal-based
catalysts are predominant because of their high activity, such as
Au/carbon nanotubes,” Ru nanoclusters,'% Ru/carbon nano-
tube,' hollow Pd/metal organic framework nanosphere,'?l Pd/
single-walled carbon nanotube-SiO,,!'l and Pd/MSMF (MSMF:
superhydrophilic mesoporous sulfonated melamine-formalde-
hyde resin),'! Pd/SO;H-MIL-101(Cr), etc.™ It could be easily
found that cumbersome synthetic strategies or complicated
supports were usually unavoidable for construction these high
active noble metal-based catalyst.'®2? In addition, using noble
metal-based catalysts are prone to fall into the dilemma of low
selectivity to MMP, yielding the mixture of MMP and 4-hydroxy-
methyl-2-methoxyphenol (HMP).['3l More seriously, noble metal-
based catalysts are usually limited to practical application by
coke formation, easy deactivation, as well as their low reserves
and high cost. On these basis, there is a pressing need for devel-
oping highly active, selective and steady non-noble metal-based
catalysts with the prospects in practical application.?324

Recently, several non-noble metal catalysts have been devel-
oped to catalyze the reaction of HDO, such as Co, Ni, and Cu
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catalysts, which are preferable than noble metal catalysts for
the potentials of commercial application and economy. Xia
et al. reported HDO of vanillin to MMP in liquid-phase can
be achieved with a selectivity of 64.6% over a highly dispersed
Ni/nitrogen-doped carbon black catalyst.”’l Tsang et al. reported
an efficient catalyst (Co-MoS,), which exhibits high catalytic
performance in HDO of 4-methylphenol under mild reaction
conditions.”! Chen and co-workers reported well-dispersed
Mo,C nanoparticles supported on activated carbon, exhibiting
excellent catalytic activity in HDO of vanillin but poor selectivity
for target products under mild reaction conditions.”’”l Although
these catalysts have demonstrated identified activity of HDO, a
great challenge is upgrading the selectivity to the target product.
Among various types of non-noble catalysts, Cu-based heteroge-
neous catalyst has a unique advantage for chemoselective HDO
of aromatic or heterocyclic aldehydes in view of its moderate
activity and specific adsorption manner. It has reported that
the hydrogenation of aromatic or heterocyclic aldehydes over
Cu-based catalyst usually following a n'(O)-aldehyde (perpen-
dicular) configuration, in which the O atom of aldehyde group
is contacted with Cu to form n'(O)- species and at the same
time the aromatic or heterocyclic ring is repelled away from the
catalyst surface to remain largely unaffected.?®! By this adsorp-
tion manner, the reaction site can be confined to the aldehyde
group, and thus achieving chemoselective HDO of aromatic or
heterocyclic aldehydes.?”) Therefore, Cu is the desired candidate
as active metal element for selective HDO of vanillin toward
MMP. Compared with Ni- or other metallic-based catalyst, the
Cu-based catalyst possesses moderate catalytic activity and has
low tendency to catalyze aromatic or heterocyclic ring which
can prevent excessive HDO of reactant to some by-products,
thus improving its selectivity.?¥ Up to now, Cu-based cata-
lysts have been widely used for the HDO reaction, such as Cu/
$i0,,% Cu-HZSM-5,31 CuMgALB2 CuZnAlP? Cu/MgO,l
Co-Cu/SBA-1534 and Cus,Cry/7-AL0;. Lomate et al.
have studied selective hydrogenation of levulinic acid to
y-valerolactone over Cu-SiO, catalysts.[3%l Nagaraja et al. reported
a highly efficient Cu/MgO catalyst for vapour phase hydrogena-
tion of furfural to furfuryl alcohol, in which high conversion
of furfural (98.0%) and high selectivity toward furfuryl alcohol
(98.0%) were achieved.’3] Recently, Petitjean et al prepared a
Cu-PMO (PMO: porous metal oxide) catalyst and applied it into
HDO of vanillin, which gave a 100% conversion and 90% MMP
selectivity under 180 °C and 4.0 MPa H, pressure within
18 h.37I Moreover, the corresponding catalyst could be extended to
catalytic reduction of other unsaturated compounds. However,
more or less, these Cu-based catalysts had some imperfections,
such as complicated or multisteps synthetic method, harsh reac-
tion conditions and easy deactivation. In addition, they could
only be used in conventional catalytic hydrogenation process
with the assistance of high pressure H,, which would induce
many drawbacks, such as high cost, low solubility, complex
reactor design, and high requirements for storage, transporta-
tion, and safety. Although catalytic conversion of vanillin were
also achieved without using molecular H, by transfer hydro-
genation reaction (THR), the catalysts were confined to noble
metal-based materials, such as PdsoAgs,/Fe;0,/nitrogen-doped
reduced graphene oxide,'” Ag-Pd@g-C;N,,1?” and Pd/nitrogen-
enriched highly mesoporous carbon catalysts.3¥l Therefore, we
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aim at developing a bifunctional non-noble metal-based catalyst,
which can not only display high activity in direct HDO of van-
illin by molecular H,, but also can efficiently convert vanillin
toward MMP with H,-free via a THR route.

Here, metallic Cu was selected as the active component.
And for constructing of highly active heterogeneous Cu-based
catalyst, an eligible support with the properties of high surface,
good thermal stability and economy is necessary, like carbon
materials. Furthermore, the use of carbon as support can also
reduce the formation of coke, which is difficult to avoid in other
supports, like Al,O3, in the course of HDO reactions. Consid-
ering that there is a strong interaction between metal ions and
carbon at high temperature (reducing property of active carbon),
a carbon supported Cu catalyst (Cu/AC) was constructed by car-
bothermal method, in which the Cu ions was reduced by carbon
and the formed Cu nanoparticles (NPs) were in situ anchored
on the carbon. In this process, the carbon was acted as the
reductant, stabilizer, dispersant, as well as the support for Cu
NPs. The Cu/AC catalyst was applied in the processes of HDO
and THR of vanillin toward MMP under a moderate reaction
condition, and their activities and selectivities were also evalu-
ated and correlated with the structures of prepared material.

2. Results and Discussion

2.1. Screen for the Cu/AC-600 Catalyst

First, we screened the structure and morphology of 15 wt%-Cu/
AC-600 catalyst and the corresponding characterization results
are shown in Figure 1. The powder X-ray diffraction (XRD) pat-
terns of the as-obtained sample displays a broad peak located at
26 = 23.0°, which could be attributed to the characteristic peak
of amorphous carbon (Figure 1a). And another three character-
istic diffraction peaks at 26 values of 43.3°, 50.5°, 74.2° are cor-
responded to (111), (200), (220) planes of metallic Cu (JCPDS
01-070-3039), suggesting the Cu precursors are effectively
reduced into metallic Cu by the carbothermal method. The
average size of the Cu NPs is 32.1 nm calculated by Debye—
Scherrer formula. The specific surface area of Brunauer—
Emmett-Teller (Sggr) and pore volume (Vo) of the prepared
sample were also determined by the N, physisorption tech-
nique (Figure 1b), which displays microporous solids (pore size
of 1.4 nm) and high surface area of 822 m? g}, being benefit
for catalytic conversion of vanillin. In addition, the morpholo-
gies and metal dispersions of 15 wt%-Cu/AC-600 catalyst were
also characterized by transmission electron microscopy (TEM),
the formed metallic Cu NPs are well dispersed on the AC and
the average size of NPs is 31.2 + 3.2 nm as shown in Figure 1c,
which is consistent with XRD result. In high-resolution TEM
(HRTEM) images (Figure 1d), the characteristic spacing
of 0.208 nm agrees well with the Cu (111) crystallographic
planes, indicating the main component is metallic Cu in the
15 wt%-Cu/AC-600 catalyst.

In the characterization of catalytic properties, the obtained
15 wt%-Cu/AC-600 catalyst displays 99.9% vanillin conversion
and 93.2% MMP selectivity in vanillin HDO (Table 1, Entry 1)
under 120 °C, 2.0 MPa H, pressure within 5 h. By contrast,
the HDO reaction does not proceed without catalyst (Table 1,
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Figure 1. The characterization of 15 wt%-Cu/AC-600 catalyst. a) X-ray diffraction patterns, b) nitrogen adsorption—desorption isotherm and DFT pore
size distributions, ¢) TEM image and the corresponding size distribution plot of Cu NPs (inset), and d) the HRTEM image.

Entry 2) or active metal (Table 1, Entry 3) under the identical
reaction condition. In order to determine the active sites of Cu-
based catalyst in the HDO of vanillin to MMP, the 15 wt%-Cu/
AC-600 catalyst was further treated in air atmosphere at 200 °C.
The obtained sample (15 wt%-Cu/AC-air-200) is mainly com-
posed of copper oxide, as shown in Figure S1 (Supporting Infor-
mation), and displays no activity in HDO of vanillin (Table 1,
Entry 4), suggesting that the active sites are metallic copper
rather than copper oxide. On this base, we also further reduced
the 15 wt%-Cu/AC-air-200 catalyst in a reducing gas (H,) at
300 °C. With reduction time prolonging, copper oxides are pro-
gressively reduced to metallic copper, as shown in Figure S1
of the Supporting Information (15 wt%-Cu/AC-reduced-1h,
15 wt%-Cu/AC-reduced-3h and 15 wt%-Cu/AC-reduced-6h in
Supporting Information). Meanwhile, vanillin conversion and

Table 1. The catalytic performance in HDO of vanillin.

Catalyst? Mass [g] ~ Conversion [%] Selectivity [%]

MMP HMP
1 15 wt%-Cu/AC-600 0.03 99.9 93.2 6.8
2 - - - _ -
3 AC 0.03 - - -
4 15 wt%-Cu/AC-air-200 0.03 - - -

JReaction conditions: vanillin (0.5 mmol), water (10 mL), P(H,) = 2.0 MPa.
Reaction temperature, 120 °C; reaction time, 5 h.
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MMP selectivity gradually recover and are highly correlated
with the reduction extent, as shown in Table S1 (Supporting
Information). After 6 h reduction, the sample are mainly com-
posed of metallic copper and displays 99.0% conversion and
90.7% selectivity, which are similar with the 15 wt%-Cu/AC-600
catalyst (99.9% conversion and 93.2% selectivity). Therefore,
we deduce that the active sites of the 15 wt%-Cu/AC-600 cata-
lyst are metallic Cu in HDO of vanillin. In view of the catalytic
HDO performances (reaction conditions, conversion, selectivity,
and TOF), the 15 wt%-Cu/AC-600 catalyst can be comparable
with most reported high-performance HDO catalysts, including
noble metal-based catalysts (Table S2, Supporting Information).

2.2. Aqueous-Phase HDO of Vanillin

A series of catalytic and characterization tests were conducted
to experimentally investigate the influence of key parameters
on activity of supported Cu catalysts, including carbothermal
temperature, Cu loading amount, as well as some reaction
variables.

2.2.1. Effect of Synthesis Parameters on Activity in HDO of Vanillin
Firstly, we prepared a series of 15 wt%-Cu/AC samples,

which are derived from different carbothermal temperature
(400-700 °C). In these samples, the actual Cu contents are

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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basically same (14.4-14.8 wt% by inductively coupled plasma
(ICP) analysis, Table S3 (Supporting Information)), and are
consistent with the addition of precursors, suggesting the car-
bothermal temperature would not affect the Cu content. Con-
sequently, we conducted the catalytic performance of these
samples in aqueous-phase catalytic HDO of vanillin to MMP
under a mild condition of 120 °C, 2.0 MPa H, within 5 h.
Figure 2 shows the correlations between carbothermal temper-
ature and catalytic performance for 15 wt%-Cu/AC catalysts.
As shown in Figure 2a, vanillin conversion raises from 29.4%
to 93.2% with the carbothermal temperature of 15 wt%-Cu/
AC catalyst increasing from 400 to 500 °C. And then near-
quantitative vanillin conversion and 93.2% MMP selectivity
are achieved when the carbothermal temperature increased
to 600 °C. Meanwhile, as shown in Figure 2b, the copper
phases are mainly composed of copper oxide at low carboth-
ermal temperature of 400 °C, in which the diffraction peaks at
35.5° and 38.7° can be attributed to (002) and (111) planes of
CuO (JCPDS 00-005-0661), and the peaks at 29.6°, 36.4°, 61.4°,
73.6°, 77.4° can be indexed to (110), (111), (220), (311), (222)
planes of Cu,O (JCPDS 01-078-2076). It could be seen clearly
that the intensity of copper oxide phases gradually decreases

www.small-journal.com

with the carbothermal temperature increasing from 400 to
600 °C, and meanwhile the metallic copper becomes the main
phase. This is mainly due to the reduction of copper precursor
by AC followed as CuO—Cu,0—Cu, which is strongly associ-
ated with temperature in carbothermal process. Meanwhile, the
reacted AC is converted to carbon monoxide (CO) and some-
times carbon dioxide (CO,) to form cavity on the surface of
AC. Therefore, the values of Sy increases from 769 m? g™! (at
400 °C) to 840 m? g! (at 700 °C) due to the formation of more
cavity on the surface of support by the stronger interaction
between AC and Cu precursor with carbothermal temperature
increase (Table S3 and Figure S2, Supporting Information).
However, the activity of 15 wt%-Cu/AC catalyst is not directly
proportional to the surface area because too high carboth-
ermal temperature would induce NPs agglomeration that could
be proved by TEM analysis. Hence, we further detected the
morphologies and metal dispersions of 15 wt%-Cu/AC cata-
lysts obtained at different temperatures (400, 500, 700 °C). As
shown in Figures 1c and 2c, it can be seen clearly that the NPs
are well dispersed on the AC substrate when the carbothermal
temperature in the range of 400-600 °C, and the sizes of NPs
are about 18.3 + 2.7 nm at 400 °C, 27.8 + 3.9 nm at 500 °C,
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Figure 2. The structure—activity relationship under different carbothermal temperature. a) Catalytic activity in HDO of vanillin and b) XRD patterns of
15 wt%-Cu/AC catalysts obtained under 400, 500, 600, and 700 °C, ¢) TEM image of 15 wt%-Cu/AC catalysts (inset is the corresponding size distribu-
tion plot of Cu NPs) and their corresponding HRTEM at 400, 500, and 700 °C, respectively.
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Figure 3. a) The catalytic performance of Cu/AC-600 catalyst with different loading amount of Cu. (Reaction conditions: 0.5 mmol vanillin, 10 mL
water, 30 mg catalyst, 2.0 MPa H, pressure, 120 °C reaction temperature, 5 h reaction time.) b) XRD diffraction patterns of Cu/AC-600 catalysts with

different Cu contents calcined at 600 °C in N, for 2 h.

and 31.2 £ 3.2 nm at 600 °C. These NPs are proved again as
copper oxide (CuO and/or Cu,O) at low carbothermal tem-
perature of 400 and 500 °C, and metallic Cu NPs are obtained
at carbothermal temperature of 600 °C, which were further
examined by HRTEM images. With the carbothermal tem-
perature increasing to 700 °C, although the NPs are displayed
in the form of metallic Cu particles, a serious agglomeration
of NPs occurs on the surface of support, which would greatly
reduce the activity in HDO of vanillin. Combining the results
of Figure 1, Table 1, and Figure 2, therefore, we deduce the
metallic Cu is the active sites in HDO of vanillin, which is con-
sistent with previous reports.[28:33:36]

In addition of carbothermal temperature, the Cu loading
amount also has a great influence on the catalytic activity
of Cu/AC-600 catalyst. Therefore, we prepared series of
Cu/AC-600 catalyst with different Cu loading amount, and
tested their catalytic activity in aqueous-phase HDO of vanillin
under a mild condition of 120 °C, 2.0 MPa H, and 5 h. As shown
in Figure 3a, the reaction of vanillin HDO cannot occur in the
absence of metallic Cu. Then, vanillin conversion increases to
49.1% by using 5 wt%-Cu/AC-600 catalyst, suggesting metallic
Cu is the essential element for transforming vanillin. The
activity almost doubles as Cu loading amount increasing from
5 wt% to 10 wit%, indicating the metallic Cu NPs is participated
effectively in HDO reaction. And then, full vanillin conversion
is obtained when Cu loading amount is 15 wt%, which also
gives highest MMP selectivity (93.2%). The XRD patterns and
TEM images of Cu/AC-600 catalysts with different Cu loading
have been displayed in Figure 3b and Figure S3 (Supporting

Information). The XRD pattern of metallic Cu shows higher
and sharper intensity with the increase of Cu loading due to the
formation of more metallic Cu (Figure 3b), and the size of Cu
NPs is not obviously affected by Cu loading except the 20 wt%
system (Figure S3a—c, Supporting Information). These results
further indicate clearly the metallic Cu can greatly enhance
the activity and selectivity of catalytic HDO of vanillin. How-
ever, the catalytic activity of Cu/AC catalyst is reduced when the
Cu loading increasing from 15 wt% to 20 wt% probably due
to the agglomeration of metallic Cu at high loading amount
(Figure S3d, Supporting Information). In view of these results,
15 wt% loading amount of Cu in the Cu/AC catalyst can give an
optimal catalytic efficiency in aqueous-phase HDO of vanillin
to MMP.

2.2.2. Optimization of Catalytic System and Reaction
Pathway in HDO of Vanillin

The influence of the reaction temperature, time, and H,
pressure were investigated to put forward the possible reac-
tion pathway of vanillin over the 15 wt%-Cu/AC-600 catalyst,
and the corresponding results were presented in Figure 4
and Figure S4 (Supporting Information). First, the reaction
behavior of vanillin HDO varying with reaction temperature
over 15 wt%-Cu/AC-600 catalyst was depicted in Figure 4a and
Figure S4a (Supporting Information). Vanillin conversion is
enhanced evidently from 24.6% to 97.6% as reaction temper-
ature increasing from 70 to 90 °C and further elevates up to
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Figure 4. Effect of reaction conditions on the HDO of vanillin over 15 wt%-Cu/AC-600 catalyst (0.5 mmol vanillin, 10 mL water, 30 mg catalyst).
a) Effect of reaction temperature at 2.0 MPa H, pressure for 5 h. b) Effect of H, pressure at 120 °C for 3 h. c¢) Product distributions as functions of

time at 120 °C and 2.0 MPa H, pressure.
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99.9% at 120 °C. Furthermore, the reaction temperature has a
great influence on product distribution. At the reaction temper-
ature lower than 100 °C, vanillin is mainly converted into HMP
by the hydrogenation of C=0 group of vanillin with low MMP
selectivity. When the temperature increased from 70 to 120 °C,
MMP selectivity upgrades from 9.7% to 93.2%, and then gradu-
ally approaches up to 99.5% as temperature further elevated to
150 °C because the C—O bond is activated as the temperature
increases. As a result the hydrogenolysis of C—O is enhanced to
generate the finally product of MMP.[22 On these basis, a plot of
In(Cya/Cya,) versus reaction time is depicted at different tem-
peratures (Figure S5, Supporting Information). It is found that
HDO of vanillin follows pseudo-first order kinetics. The values
of k at various temperatures were calculated from the slope
of the linear part of each plot in Figure S5a of the Supporting
Information to determine the activation energy (E,). Figure S5b
of the Supporting Information shows the linear fitting of Ink
and 1/T. The apparent E, could be calculated from the Arrhe-
nius equation: Ink = InA — E,/RT, where InA is the intercept of
the line and R is the gas constant. Consequently, the calculated
E, value is =45.7 £ 1.9 k] mol™, indicating the 15 wt%-Cu/
AC-600 catalyst has high activity in the HDO of vanillin.
Besides reaction temperature, the participation amounts of H,
would also influence the catalytic activity in HDO of vanillin.
The effect of H, pressure was investigated by varying in the
range of 0.5-4.0 MPa (Figure 4b; Figure S4b, Supporting Infor-
mation). Vanillin conversion is 39.8% at 0.5 MPa H, pressure,
and then it reachs to 76.7% and 94.1% when the H, pressure
increased to 1.0 and 2.0 MPa, respectively. Complete vanillin
conversion is obtained when the pressure further increased
to 4.0 MPa. Furthermore, MMP selectivity is also adjusted by
the H, pressure especially in the range of 0.5-2.0 MPa. The
upgraded activity of 15 wt%-Cu/AC-600 catalyst could be attrib-
uted to improvement of the dissolved H, with H, pressure
increase. Considering catalytic efficiency, economy and energy
consumption, the H, pressure at the favorable temperature
120 °C is 2.0 MPa for aqueous-phase HDO of vanillin.

To further prove the reaction pathway, the distribution of
products as a function of reaction time were tracked and ana-
lyzed over the 15 wit%-Cu/AC-600 catalyst in aqueous-phase
HDO of vanillin. Before studying the effect of reaction time,
the impact of heating stage on reaction results had been elimi-
nated as shown in Table S4 (Supporting Information), which
shows vanillin conversion is lower than 2.5% in the end of
heating indicating the reaction hardly takes place in the heating
stage and would not affect the catalytic results. As can be
seen in Figure 4c and Figure S4c (Supporting Information),
the reaction is accompanied by a rapid increase in vanillin
conversion with reaction time, and almost complete conver-
sion can be obtained after 3 h reaction. In initial period, the
reactant vanillin is mainly converted to HMP by hydrogena-
tion of branched carbonyl group (C=0). And HMP selectivity
gradually decreases, meanwhile the selectivity of target product
MMP increases obviously with reaction progressing. The result
is consistent with the reaction data in reaction temperature
(Figure 4a), further indicating HMP is the intermediate to pro-
duce MMP. Therefore, the branched C=0 group of vanillin is
initially adsorbed and activated on the surface of metallic Cu
and vanillin is converted to HMP quickly. The new formed
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C—0 bond in HMP will rupture to further generate MMP.
From these results, we can also draw a conclusion that the reac-
tion rate of C—O bond cleavage is lower than the rate of C=0
group hydrogenation.

We also investigated the dependence of chemical states of Cu
species and carbothermal temperature in the 15 wt%-Cu/AC
catalysts by X-ray photoelectron spectroscopy (XPS) analysis to
verify the active sites in HDO of vanillin (Figure 5). The higher
BE peak at =935 eV is assigned to Cu(Il) in the spinel, accom-
panied by the characteristic Cu(II) shakeup satellite peaks
(938-945 eV) (Figure 5a). The lower BE peak at =932 eV sug-
gests the presence of Cu(I) or Cu(0) species.?’l The Cu species
are mainly composed of Cu(II) (about 60.7% content) when the
15 wt%-Cu/AC sample was obtained at 400 °C. At high tem-
perature, the reduction of AC is beneficial to the formation of
low valence copper. At carbothermal temperature of 600 °C, the
15 wt%-Cu/AC is mainly composed of Cu(0) species, a small
fraction of copper oxide appears, which is due to the oxida-
tion on the surfaces of Cu (Figure 5b). Although the sample
obtained at 700 °C is also mainly composed of Cu(0) species
(Figure 5c), its lower activity in HDO of vanillin is attributed
to serious agglomeration of NPs (Figure 2c). From the catalytic
testing result (Figure 2a), we can deduce the metallic Cu is the
active sites in Cu/AC catalyst. Interestingly, almost no changes
were observed when comparing XPS spectrum of the as-syn-
thesized and reused catalysts (Figure 5b,d), indicating excellent
stability.

Generally, the transformation of a carbonyl group into
a methyl group can proceed via three pathways: (1) direct
hydrogenolysis of C=0 bond, (2) hydrogenation of C=0
bond and then dehydration, and (3) hydrogenation of C=0
bond and then hydrogenolysis of C—0.[!2131] For the first
pathway, direct hydrogenolysis of C=0 bond would not gen-
erate HMP. However, this product was detected in our cases,
especially displaying high selectivity at the initial period of
HDO of vanillin, as can be seen in Figure 4a,c. Therefore, the
first pathway can be excluded. The second and third pathway
both would produce the intermediate HMP by hydrogenation
of C=0 bond. When analysis the chemical structure formula
of HMP, it can deduce that the dehydration will not take place
because the adjacent carbon of C-OH group has no H atom
in the molecular, indicating the HDO of vanillin is unlikely
to pass through the second way.'”! Therefore, we conject that
vanillin is first transformed into HMP by the hydrogenation
of branched C=0 group on the active sites of Cu(0) species,
and then the generated C—O bond will break by the hydrog-
enolysis of C—O to generate the desired product of MMP,
and the deduction lines up with the catalytic results. As such,
the metallic Cu is the active site in HDO of vanillin and
gives high selectivity to MMP. The adsorption of vanillin on
Cu(111) gives a clear evidence that high MMP selectivity can
be achieved by the as-synthesized 15 wt%-Cu/AC-600 cata-
lyst (Figure 6), and the corresponding coordinates of relaxed
geometries had been listed in the Supporting Information.
Vanillin contains three O atoms, one in the carbonyl and the
other two are located in methoxyl and phenol hydroxyl. The
adsorption energy and distance between the O atoms and
Cu(111) can reflect the adsorption properties of functional
groups on Cu(111) surface. Based on density function theory
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Figure 5. XPS spectrums of Cu/AC (15 wt%) catalysts. a) Cu/AC-400, b) Cu/AC-600, c) Cu/AC-700, and d) Cu/AC-600-reused.

(DFT) calculations, the carbonyl group (Figure 6a) gives the
lowest adsorption energy (—=39.6 £ 2.2 k] mol™!) and shortest
distance between Cu(111) and O atom when compared with
methoxyl (Figure 6b) and phenol hydroxyl groups (Figure 6c¢).
Therefore, the 15 wt%-Cu/AC-600 catalyst can selectively
adsorb carbonyl group on active sites resulting in activation
and hydrogenation of carbonyl group. Consequently, vanillin
is highly converted to MMP.

2.3. Organic-Phase THR of Vanillin over Cu/AC
2.3.1. Hydrogen Donor in THR of Vanillin

We had demonstrated that the 15 wt%-Cu/AC-600 catalyst has
high activity in aqueous-phase HDO of vanillin at 70-150 °C.
However, even though the temperature increased to 180 °C,
almost no activity is observed without using H, (Table 2,

(@) l (b)

d=3.04A

Cu(111)
o

© COCOROTLOTOVOOCO O
O COCODOTLOTLOVOOCO O

0  © COCOROOLVOBOOCO O
© COCOROYDOTLOVEOCO O
© COCoROTVOTROBOOCO O

Entry 1), indicating water cannot use as a hydrogen donor at
this condition.l*¥! When, we added a bit of 2-propanol into the
water (Viater: Vapropanol = 9:1), 3.5% vanillin can transform into
MMP (Table 2, Entry 2), and the efficiency increases to 26.1%
when the proportion of water and 2-propanol was 1:1 (Table 2,
Entry 3). And near-quantitative vanillin conversion and 99.1%
MMP selectivity can be obtained when the solvent water was
replaced by 2-propanol (Table 2, Entry 4). These results dem-
onstrates that the protic solvent of 2-propanol can replace
molecular H, to provide active H, which can be used as sol-
vent and hydrogen donor, simultaneously. In addition, similar
to the HDO reaction, the THR reaction also do not proceed
without catalyst (Table S5, Entry 1, Supporting Information)
or active metal (Table S5, Entry 2, Supporting Information).
Notably, even the use of 15 wt%Cu/AC-air-200, which is mainly
composed of copper oxide, also displays no activity in THR of
vanillin (Table S5, Entry 3, Supporting Information) under the
identical reaction condition (Table S5, Supporting Information).

b (c)
o .

{d=2614

Figure 6. DFT Optimized geometries of oxygen functional groups in vanillin for adsorption configuration on Cu(111). a) C=O group, b) methoxyl group,
and c) phenol hydroxyl group. Red, brown, and white spheres represent oxygen, carbon, and hydrogen atoms, respectively.
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Table 2. The results of the solvent effect in THR of vanillin.

Entry? Solvent Conversion [%] MMP selectivity [%)]
1 H,0 - -

2 Viuater'Va-propanol = 91 35 99.9

3 Viuater-Va-propanol = 1:1 26.1 99.7

4 2-propanol 99.8 99.1

AReaction conditions: vanillin, 0.5 mmol; solvent, 10 mL; 15 wt%-Cu/AC-600
catalyst, 30 mg (Cu loading amount was 15 wt%); reaction temperature, 180 °C;
reaction time, 5 h.

Table 3. The results of the THR of vanillin with different alcohols.

Entry? Solvent Conversion [%] MMP selectivity [%)]
1 H,0 - -

2 Methanol 17.3 74.4

3 Ethanol 73.2 98.5

4 n-propanol 88.6 95.1

5 n-butanol 84.1 93.3

6 2-propanol 99.8 99.1

@Reaction conditions: vanillin, 0.5 mmol; solvent, 10 mL; 15 wt%-Cu/AC-600
catalyst, 30 mg (Cu loading amount was 15 wt%); reaction temperature, 180 °C;
reaction time, 5 h.

A series of alcohols were also selected as hydrogen donors
to study the effect of solvents in the catalytic THR of vanillin to
MMP. The THR tests were examined within 5 h under 180 °C
reaction temperature, and products are mainly composed of
MMP (Table 3). When using primary alcohols as the solvent and
hydrogen donors, vanillin conversion and MMP selectivity are
proportional to the chain length from the C1 to C4: n-butanol =
n-propanol > ethanol > methanol. When using 2-propanol
instead of primary alcohols, vanillin conversion and MMP
selectivity are almost close to 100% indicating the vanillin can
be completely converted into MMP under this circumstance.
Moreover, the condensation reaction between vanillin and
alcohol is also more likely to take place by using primary alco-
hols than that of 2-propanol.?*4% Therefore, 2-propanol is one
of the optimal candidates as the solvent and hydrogen donors

Conversion (%) [l Selectivity (%)

[
=
>

=
>

e
>
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N (-
= =]
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|11

150 160 170 180 190
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=

www.small-journal.com

in the process of vanillin THR to MMP over the 15 wt%-Cu/
AC-600 catalyst.

2.3.2. Optimization of Catalytic System and Reaction
Pathway on THR of Vanillin

The influence of reaction temperature on the catalytic THR of
vanillin over the 15 wt%-Cu/AC-600 catalyst was investigated
and the result is shown in Figure 7a. The vanillin THR is
hardly taken place when the reaction temperature lower than
170 °C. When the temperature reached 180 °C, the activity of
THR is suddenly woken up and almost all of vanillin is trans-
formed into MMP under this reaction condition. One of the
most important steps is to generate active hydrogen from protic
solvent by dehydrogenation. For example, the dehydrogenation
of 2-propanol will generate acetone and hydrogen.*!l At low
reaction temperature, it is hard to take place dehydrogenation
of protic solvent to release hydrogen, which will further restrict
vanillin THR. To prove this, we evaluated the catalytic activity
of 15 wt%-Cu/AC-600 catalyst in dehydrogenation of 2-pro-
panol under reaction temperatures of 150-180 °C (Figure S6,
Supporting Information). Only trace amount of acetone was
detected at 150 °C indicating dehydrogenation is hardly taken
place at low reaction temperature, and the dehydrogenation is
greatly enhanced as the temperature elevating to 180 °C. The
result is consistent with Figure 7a. Therefore, it is important
to provide sufficient energy to drive active hydrogen releasing
from protic solvent and it will be the rate controlling step to
THR.

To further investigate the reaction pathway, the distribution
of products as a function of reaction times was tracked over
the 15 wt%-Cu/AC-600 catalyst in THR of vanillin, as shown in
Figure 7b. Interestingly, the converted reactant is almost com-
pletely transformed into MMP in the THR of vanillin under
180 °C in the overall reaction, which is quite different from
HDO of vanillin. MMP selectivity can reach 90.1% at the ini-
tial reaction stage, and then up to 99.1% as the reaction time
prolonging to 5 h. Therefore, the pathway in THR of vanillin
is probably distinguished with the reaction route in HDO of
vanillin. For the possible reaction route, active H is first gener-
ated from dehydrogenation of 2-propanol on the active metallic
Cu, and then it contacts with vanillin on the surface of catalyst

—

=3

=l
T

3
=
T

60

Conversion(%)
—— Selectivity of MMP(%

——

40

201

Conversion & Selectivity(%)

=l

1 3 5 7 9
Reaction time (h)

Figure 7. Effect of reaction temperature and time on the vanillin THR over 15 wt%-Cu/AC-600 catalyst (reaction conditions: 0.5 mmol vanillin, 30 mg
catalyst, 10 mL 2-propanol). a) Effect of reaction temperature (reaction time 5 h). b) Product distributions as functions of time (reaction temperature

180 °C).

Small 2018, 1801953

1801953 (8 of 11)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

(a)? 100 Conversion (%)

Y

80

60

40 b

20+

Conversion & Selectivity(

B Selectivity (%)

cycles

x| l| II I| |
0
1 2 3 4 5

Figure 8. a) Recycling performance for the conversion of vanillin and selectivity to MMP after 5 cycles over the 15 wt%-Cu/AC-600 catalyst. b) A
representative TEM image of the as-synthesized and reused 15 wt%-Cu/AC-600 catalyst after five runs, respectively.

to directly take place hydrogenolysis reaction to form the target
product MMP. These results reveal that thel5 wt%-Cu/AC-
600catalyst not only has high catalytic performance in HDO of
vanillin, but also demonstrated excellent activity in THR with
2-propanol as the hydrogen donor for transforming vanillin
into MMP. So far, the studies of carbonyl compounds THR,
like vanillin or furfural, are mostly focused on the noble metal
catalysts. Our study also proved that the Cu-based catalyst has
an outstanding catalytic performance in carbonyl compounds
THR.B®

2.3.3. Catalyst Reusability

The reusability of 15 wt%-Cu/AC-600catalyst had also been
investigated in THR of vanillin (Figure 8). The catalyst is quite
stable and the conversion and selectivity do not change for
reusing 5 cycles (Figure 8a). The TEM images of the as-synthe-
sized and reused catalytic reaction show that the morphology of
thel5 wt%-Cu/AC-600 catalyst do not change after 5 cycle reac-
tion, and no catalyst loss or agglomeration occurs (Figure 8b).
Furthermore, the excellent stability of 15 wt%-Cu/AC-600 cata-
lyst could also be testified by XRD analysis of as-synthesized
and used catalyst, in which there are almost no changes in the
XRD diffraction peaks (Figure S7, Supporting Information).
Besides, according to ICP analysis, the Cu contents in the as-
synthesized and reused 15 wt%-Cu/AC-600 are 14.5 wt% and
14.3 wt%, respectively, suggesting that no leaching of Cu in
reaction process.

3. Conclusion

In summary, we show that Cu/AC catalyst, which was pre-
pared by one-pot carbothermal method, not only has efficient
catalytic performance in aqueous-phase HDO of vanillin, but
also exhibits high activity in organic-phase THR of vanillin. The
15 wit%-Cu/AC-600 catalyst obtained at 600 °C displays uni-
form dispersed metallic Cu NPs which acts as active sites in
the two reaction processes. In aqueous-phase HDO of vanillin,
the desired product MMP is generated through hydrogenolysis
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of the intermediate HMP, which is formed by hydrogenation
of carbonyl group in vanillin. Near-quantitative vanillin con-
version and 93.2% MMP selectivity are achieved within 5 h
under reaction temperature 120 °C and 2.0 MPa H, pressure,
which is one of the optimal conditions in identical reaction
based on catalytic and energy efficiency. When we applied the
15 wt%-Cu/AC-600 to THR of vanillin, it also presents superior
catalytic performance, in which 99.8% vanillin conversion and
99.1% MMP selectivity are obtained within 5 h under 180 °C by
using 2-propanol as the solvent and hydrogen donor. And the
cycle test suggests the prepared catalyst has good stability. In
general, the facilely prepared Cu/AC by one-pot carbothermal
method provides an alternative to noble-metal (Pt, Pd, Ru,
and Rh) catalysts in the conversion of vanillin toward MMP in
practical application.

4. Experimental Section

Chemicals and Materials: All reagents with AR purity (analytical
reagent grade) were used as received without further purification. Cupric
nitrate (Cu(NOs),-:3H,0), methanol, anhydrous ethanol, 2-propanol,
and 2-butanol were purchased from the Sinopharm Chemical Reagent.
The n-propanol, n-butanol, ethyl acetate, vanillin, and activated carbon
(AC) were purchased from Aladdin reagent (Shanghai) Co. Ltd.
Deionized water with a resistance larger than 18.2 MQ used throughout
the experiments.

Preparation of Catalysts: The supported Cu catalyst was synthesized
by carbothermal reduction method, in which Cu precursor was calcined
to copper oxide and then reduced to metallic Cu by AC under a certain
temperature. Typically, 0.57 g Cu(NO;),-3H,0 was dissolved in T mL
deionized water. Then 1 g AC was added into the above solution. After
the solution completely impregnated into the AC, the sample was dried
under vacuum at 60 °C for 24 h. The dried sample was then treated
in N, at 600 °C for 2 h at a heating rate of 5 °C min~' to obtain the
15 wt%-Cu/AC-600 catalyst. Correspondingly, the catalysts derived
at other carbothermal temperature (400, 500, and 700 °C) were also
prepared and compared with 15 wt%-Cu/AC-600.

Characterization of the Catalysts: The crystalline structures of the
samples were identified by XRD analysis (Philips X’ pert PRO) using
Ni-filtered monochromatic Cu Ko radiation at 40 kV and 40 mA. The
morphology and structure of the products were characterized using TEM
(JEOL-2010, 200 kV) with an energy dispersive X-ray spectrometer (EDS
Oxford, Link ISIS). The specific surface areas and the pore distributions
of the samples were calculated by nitrogen adsorption (Micrometrics

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

ASAP 2020M) at —196 °C using the BET equation. Quantitative
determination of the metal ion content (Cu) was performed by ICP or
inductively coupled plasma mass spectrometry (ICP-MS). XPS analysis
was performed on an ESCALAB 250 X-ray photoelectron spectrometer
(Thermo, USA) equipped with Al Koy, monochromatized radiation at
1486.6 eV X-ray source.

HDO of Vanillin: The reactions were carried out in a 25 mL stainless
steel autoclave equipped with a magnetic stirrer. Certain amount of
Cu/AC catalyst (30 mg) was introduced into the reactor together with
0.5 mmol of vanillin (reagent) in 10 mL water (solvent). When the reactor
had been pressurized with H, to a relevant pressure (0.5-4.0 MPa), the
reactor was heated to a setting temperature (70-170 °C) and maintained
at this temperature for a setting reaction time with 600 rpm stirring.
After reaction, the reactor was cooled down quickly. The product mixture
and used catalyst were separated by centrifugation.

THR of Vanillin: N, gas was used to replace H, gas and the solvent of
water was replaced by some protic solvents. The other procedure of THR
of vanillin was similar with HDO of vanillin.

Product Analysis: In HDO reaction, the liquid products were
extracted by ethylacetate (3 mL/time X 3 time) and the organic phase
was collected. In THR reaction, the liquid products were collected by
centrifugation. The samples were identified by gas chromatography-mass
spectrometry (GC-MS, Thermo Fisher Scientific-TXQ Quntum XLS), and
were quantitatively analyzed by GC (Shimadzu, GC-2010 Plus), equipped
with FID and a KB-WAX capillary column (30 m x 0.25 mm x 0.25 um,
Kromat Corporation, USA) using n-octanol as an internal standard.

Vanillin conversion, MMP selectivity and mass balance (based on
carbon) were calculated according to Equations (1-3)

Cyno—C
Conversion(9) = AL YA x 100% = (1 - CC“ X fun X 2&) % 100%
VA,0 VA,0 oC
m
A
Coc X framp X AMP
MMP selectivity (%) = CM—ZP x100% = AAOF x100% (2)
Z i ZCOC x fix Aolc
Ci +C
Mass balance:MX'IOO% (3)
CVA,O

where, Cyao is the initial concentration of vanillin, Gy is the
concentration of vanillin in mixed product after reaction, and C, is the
concentration of n-octanol. Ayy and Agc represent the peak areas of
vanillin and n-octanol detected by GC-FID, and the fy, is the correction
factor between vanillin and n-octanol. Cyyyp is the concentration of MMP
in product and C; is the concentration of product i (including MMP,
HMP and trace amount other products), Ayyp and A; are attributed to
the peak areas of MMP and product i in GC-FID chromatogram, and f; is
the correction factor between product i and n-octanol. The mass balance
(based on carbon) was checked in every experimental run and detected
to be higher than 98%.

Computational Methods: All the calculations were performed within
the framework of DFT, using the Vienna Ab initio Simulation Package
with Perdew—Burke—Ernzerhof generalized gradient approximation
function. The projector augmented wave method were used to describe
the inert core electrons. The structures were relaxed until the total
energy changes within 1 x 107 eV per atom and the Hellmann—Feynman
force on each atomic site was less than 0.05 eV A~', with a 300 eV
cutoff energy. Cu(1 1 1) slab model was constructed with three metal
layers and 20 A vacuum space. The Gamma(T')-point Monkhorst—Pack
sampling was used for the Brillouin zone. In all the calculations, the top
two layers of the surfaces were allowed to relax together with adsorbates,
while the bottom one layer was keep fixed to present the bulk properties.
The adsorption energy, E.4, is given by the following equation:
Eads = Eslab/ads - Emo\ecu|e~
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