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Highly Selective Copper Catalyst Supported on
Mesoporous Carbon for the Dehydrogenation of Ethanol

to Acetaldehyde

Qing-Nan Wang, Lei Shi, and An-Hui Lu*"

The dehydrogenation of ethanol to acetaldehyde is of great
importance in synthetic chemistry and the fine chemical indus-
try. In this study, we report that a mesoporous-carbon-support-
ed Cu catalyst exhibited a high reaction rate and excellent
product selectivity in ethanol dehydrogenation to acetalde-
hyde. Under the severe conditions of an ethanol concentration
of 15vol% and a gaseous hourly space velocity of 8600 h™',
the Cu-based carbon catalyst maintains a conversion of ~73 %
and an acetaldehyde selectivity of ~94% at 553 K. Meanwhile,
a prominent space time yield (225 h™") of acetaldehyde is ob-
tained, which is far higher than that (112 h™") on the mesopo-
rous-SBA-15-supported Cu catalyst. Ethanol adsorption studies

Introduction

The increase of alternative energy produced from renewable
biomass and its derivatives helps to alleviate our dependence
on fossil resources."? Ethanol, which is obtained easily from
biomass fermentation,® is particularly attractive because of its
increased annual production and low cost™® In synthetic
chemistry and the fine chemical industry, ethanol is utilized
widely for the production of hydrogen, acetic acid, 1-butanol,
ethyl acetate, 1,3-butadiene, acetaldehyde, and other chemi-
cals.*®' In particular, acetaldehyde, a significant bulk chemi-
cal, is valuable for the production of peracetic acid, pentaery-
thritol, pyridine bases, butanediol, and trichloroacetic alde-
hyde, with a worldwide production over 10° tons per year.!>'¥

As hydrogen is the sole byproduct, the dehydrogenation of
ethanol to acetaldehyde (DHEA)!""'>" represents an atom-eco-
nomic process,®*'® which is a more favorable and green alter-
native to the current Wacker process of oxidation ethylene to
make acetaldehyde using PdCl, and CuCl, as catalysts in
strong acidic solutions.” Currently, in industrial production and
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prove that the enrichment of the carbon support for reactants
makes a contribution to the high reaction rate. Importantly, ki-
netic measurements indicate that the scarce surface groups of
the mesoporous carbon support minimize the secondary reac-
tions of acetaldehyde, which are generally catalyzed by —OH
and/or —COOH on the surface of the support as exemplified by
the mesoporous-SBA-15-supported Cu catalyst. This accounts
for the excellent selectivity toward acetaldehyde on the meso-
porous-carbon-supported Cu catalyst. Therefore, these surface
characteristics of the carbon support show great advantages in
this dehydrogenation reaction.

literature reports, SiO,-supported Cu catalysts are mainly used
in DHEA because of the nearly neutral surface of SiO, com-
pared with Al,O;, ZnO, and ZrO,. However, the selectivity to-
wards acetaldehyde is not entirely satisfactory.">"""'¥ The low
selectivity is a fatal result of secondary reactions, that is, aldoli-
zation and ketonization,”>?? which are generally catalyzed by
acid and/or base sites on the support surface."” Hence, there
is still a desire to develop new catalysts that have a notable se-
lectivity to acetaldehyde during DHEA.

Compared with conventional oxides, for example, SiO, and
Al,0,, carbon materials possess a chemically inert nature®®2¥
and intrinsically hydrophobic properties.”>?”" The surface inert-
ness of the carbon material may inhibit the secondary reac-
tions of DHEA, and the hydrophobic surface probably exhibits
a potential enrichment ability for organic molecules, such as
ethanol. Moreover, mesoporous carbons (MCs) possess a fully
interconnected mesoporosity, which favors the dispersion of
active components and diffusion of reactants.”*?®' Consequent-
ly, it can be envisaged that if such an MC-supported Cu cata-
lyst is used for DHEA, excellent selectivity might be achieved.
To the best of our knowledge, there has been little research on
the use of MC-supported Cu catalysts for DHEA.

In this paper, we selected MC as the support for the prepara-
tion of Cu catalysts and studied its catalytic performance for
DHEA. In comparison, a mesoporous silica SBA-15-supported
Cu catalyst (Cu/SBA-15) was evaluated for DHEA. It was found
that MC-supported catalysts exhibited excellent acetaldehyde
selectivity of 94.1% and a space time yield of 225 h™' at 553 K
under a gaseous hourly space velocity (GHSV) of 8600 h™". Fur-
thermore, the influence of the enrichment ability of the sup-
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port for the reactant on the reaction rate was investigated.
Combined with kinetic measurements, the origin of the high
selectivity to acetaldehyde on Cu/MC was elucidated.

Results and Discussion
Physicochemical properties of the catalysts

The precursors of the Cu/MC and Cu/SBA-15 catalysts were
prepared by the incipient wetness impregnation of Cu(NO;),
aqueous solution (see details in the Experimental Section). The
physicochemical properties of the fresh catalysts are reported
in Table 1 and Figures 1 and 2. Highly dispersed metallic Cu
tends to be oxidized to high-valence oxide upon exposure to
the ambient atmosphere. Thus, insitu XRD characterization
(Figure 1a) was adopted to investigate the phase evolution of
Cu/MC catalysts under 5 vol% H,/Ar as a function of the reduc-
tion temperature. Diffraction peaks at 26=43.3, 50.4, and
74.1° became observable because some Cu®* species on the
Cu/MC catalysts precursor were reduced to metal Cu if the re-
duction temperature was ramped to 523 K. According to the
JCPDS card 04-0836, these diffraction peaks correspond to the
specific (111), (200), and (220) crystal planes of Cu, respective-
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Figure 2. H,-TPR profiles of Cu/MC and Cu/SBA-15.

ly. In thermodynamic terms, there is little energy difference be-
tween the different low-index faces, so Cu metal is liable to
form multifaceted crystalline surfaces.”” This result indicates
that only metallic Cu is visible after hydrogen treatment, which
is consistent with the result of Choi and Vannice.” With a fur-
ther increase of the reduction temperature to 823 K, the Cu
particle size increases slightly from 13.4 to 14.1 nm, which is
calculated by the Scherrer equa-
tion using the Cu (111) reflec-
tion. The particle size obtained
at the reduction temperature of
723 K for 2 h is presented in the
Table 1. For the Cu/SBA-15 cata-
lyst after reduction at 723 K, only
an amorphous diffraction peak
that ranges from approximately
15 to 35° is detected, therefore,
neither the peaks of metallic Cu
nor copper oxide appear (Fig-
ure S1a). This agrees with the re-
sults of Zhao et al. on Cu/Si0,.2”
The crystallite size of the Cu on
this catalyst may be quite small
(below the detection limit of
XRD) or metallic Cu is oxidized
to a higher valence and, sponta-
neously, to a monolayer disper-
sion®” upon exposure to air
during analysis.

Figure 1. a) In situ XRD patterns, b) N, sorption isotherm, and c and d) TEM images of the Cu/MC catalyst.

Table 1. Structure parameters of the bare supports and the supported Cu catalysts after reduction.

Catalyst Cu loading Seer Viotal D, Particle size [nm] Dispersion of Cu surface®
[wt %] [m2g~"] [cmig™] [nm] XRD TEM N,O Cu [%] Mm% 9c. ']

MC 0 532 0.38 5.8 - - - 0 0

Cu/MC 10 545 0.35 4.4 9.3 14.0 16.2 7.0 47.2

SBA-15 0 815 1.03 7.9 - - - 0 0

Cu/SBA-15 10 470 0.83 6.8 ND®! ND 9.8 1.5 78.1

[a] Dispersion and surface of Cu were determined by N,O surface oxidation and H,-TPR titration. [b] ND, not detected.
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The porous structure and surface area of these samples
were analyzed by N, sorption measurements at 77.4 K. The ni-
trogen sorption isotherm of the Cu/MC catalyst is of type IV in
shape, which represents a typical mesoporous structure (Fig-
ure 1b and Figure S1b). The Cu/SBA-15 sample also shows
a type IV isotherm, which is the same as that of the bare sup-
port.t2

The morphologies and structural details of the Cu/MC cata-
lyst were examined using TEM. The dark metal nanoparticles
assignable to Cu are highly dispersed in the mesopores of the
MC (Figure 1c and d and Figure S2). The inset statistical histo-
gram shows a narrow particle size distribution with an average
Cu nanoparticle size of approximately 9.3 nm, which is smaller
than that (=20 nm) of Cu/carbon nanofibers.®¥ This is in line
with the results obtained from the in situ XRD patterns. It was
also reported that the reduction of CuO/C can partially remove
the anchoring groups from the carbon support to yield CO, or
CO, which results in increased Cu particle sizes.?* High-resolu-
tion transmission electron microscopy (HRTEM) shows that the
Cu particles have a d spacing of a0.209 nm, which corre-
sponds to the Cu (111) plane. This is consistent with the re-
sults of insitu XRD (Figure 1a), which includes only a small
proportion of (200) and (220) planes.

The structural parameters of Cu/MC and Cu/SBA-15 are sum-
marized in Table 1. The surface area and pore volume of Cu/
MC are almost the same as those of the bare support. Howev-
er, the pore diameter decreases from 5.8 to 4.4 nm. The surface
area, pore volume, and pore size of Cu/SBA-15 are dramatically
decreased compared to those of the support, for example, the
surface area is reduced from 815 to 470 m’g™". This implies
that most of the deposited Cu component is filled into the
mesopores of the SBA-15 support. The average particle sizes of
the catalysts determined by N,O chemisorption, in situ XRD,
and TEM are also presented in Table 1. If we assume that the
Cu particles are spherical, the dispersion (D) of Cu on the Cu/
MC catalyst is 7.0%, which is lower than that (11.5%) of Cu/
SBA-15. Therefore, the Cu size of Cu/MC calculated by the
chemisorption of N,O is larger than that on Cu/SBA-15.

Hydrogen temperature-programmed reduction (H,-TPR;
Figure 2) was performed to reveal the type of metal species
and reducibility of Cu/MC and Cu/SBA-15. For the MC-support-
ed sample, there is a main reduction peak at 478 K, which rep-
resents the reduction of Cu®* to Cu. In addition, two shoulder
peaks appear at 460 and 533 K. Dandekar et al. reported that
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surface carboxyl groups on a carbon support were beneficial
to render a higher dispersion of Cu.*¥ Although MC was ob-
tained by the pyrolysis of the carbon precursors at 1073 K,
a small amount of surface groups might remain.?” Thus, the
first shoulder at 460 K is the reduction of highly dispersed Cu
particles.’*3” The H, consumption peak at 533 K can be as-
signed to the reduction of larger cupric oxide particles.®" The
H, consumption of these reduction processes are approximate-
ly 7.2, 32,6, and 5.3 mL/g s Which correspond to the areas
of the peaks at 460, 478, and 533 K, respectively. The quantity
of H, consumed is higher than the theoretical value, approxi-
mately 35 ML/gqyse Which indicates the complete reduction
of Cu** to Cu. In addition, another H, consumption peak ap-
pears gradually for this sample in a relatively high temperature
range of 713-950 K. This indicates the alkylation of carbon
with H, catalyzed by Cu. The etching process enlarged the sur-
face area of the carbon support (Table 1) and favored the ex-
posure of active components to result in metal-porous/hollow
carbon catalysts.®¥ This special structure might facilitate the
diffusion and reaction of reactants in the nanospace around
the Cu particles. A further increase of the reduction tempera-
ture leads to a decrease of this effect, which then becomes
absent as the particle size of Cu becomes larger. For Cu/SBA-
15, a sharp reduction peak appears at 496 K with a shoulder at
540 K. This main peak indicates the reduction of dispersed cup-
reous particles on the silica support."* The total H, uptake of
this sample is approximately 41.5 mL/g,ys» Which implies the
complete reduction of the CuO phase. Moreover, this result
also confirms that the active component on MC is reduced
easily to Cu under H, treatment. The H,-TPR result is consistent
with the above discussion about the particle size distribution
and surface area of Cu/MC listed in Table 1.

Catalytic performance of Cu/MC and Cu/SBA-15 catalysts

Ethanol dehydrogenation, catalyzed by Cu catalysts, is known
to produce acetaldehyde and hydrogen. However, byproducts
of ethyl acetate, methyl ethyl ketone, acetone, butanal, and
butanol®'>7 are also generated as a result of the further
reaction of acetaldehyde catalyzed by the acid and/or base
sites of the supports.'®'” The results for the catalysis of DHEA
are compiled in Table 2 and Figures 3 and 4.

Under a GHSV of 26000 h™' and 553 K (Table 2), there is
a slight difference between these two catalysts in terms of

Table 2. Catalytic results for ethanol dehydrogenation to acetaldehyde on Cu/MC and Cu/SBA-15."!

Catalyst GHSV Conv. Rate!™ Selectivity [%]'! Yield STY®
th™'] [%] [s7] AC EAC MEK ACE Others [%] h™1
Cu/MC 26000 83.0 0.110 95.1 1.7 0.7 0.7 1.8 79.0 258
Cu/SBA-15 26000 90.1 0.070 82.1 8.2 1.3 1.0 74 73.9 147
Cu/MC 8600 72.7 0.096 94.0 3.0 14 0.6 1.0 68.4 225
Cu/SBA-15 8600 82.8 0.064 68.1 1.7 2.0 0.7 16.1 56.4 112

100. [e] STY represents the space time yield of acetaldehyde.

[a] Reaction conditions: catalyst 0.100 g, WHSV,04=2.4 h™", N, 40 or 10 mLmin™", 553 K. [b] Rate represents the reaction rate of ethanol. [c] AC: acetalde-
hyde, EAC: ethyl acetate, MEK: methyl ethyl ketone, ACE: acetone, Others: 1-butanol, butanal, and C6+. [d] Yield is calculated as conversion X selectivity/
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Figure 3. C,H;OH reaction rate and CH;CHO selectivity during dehydrogena-
tion over Cu/MC and Cu/SBA-15 as a function of the reaction temperature.
Reaction conditions: catalyst 0.1 g, weight hourly space velocity (WHSV) of
C,HsOH=24h"", N, 40 mLmin"', C,H;OH/N,=5:95, GHSV =26000 h™".
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Figure 4. Selectivity and space time yield of CH;CHO during dehydrogena-

tion over Cu/MC and Cu/SBA-15 as a function of the reaction temperature.

Reaction conditions: catalyst 0.1 g, WHSV . 04=2.4 h™", N, 10 mLmin™",

C,HsOH/N,=15:85.

conversion, 83.0% for Cu/MC and 90.1% for Cu/SBA-15. To re-
flect the real catalytic efficiency of these two catalysts, the re-
action rate is calculated as the amount of ethanol converted
[mmol] per the amount of surface Cu [mmol] obtained from
the metal dispersion [s7'] at each reaction temperature. The
comparison of reaction rates on these catalysts is shown in
Figure 3. Cu/MC shows a higher reaction rate than Cu/SBA-15
above 473 K. This superiority becomes clearer as the reaction
temperature increases, 0.11 versus 0.07 s™' at 553 K. According
to literature reports,"*'"'¥ Cu is the active center for this
DHEA. Although Cu/MC possesses a lower Cu dispersion than
Cu/SBA-15 (Table 1), it shows an excellent reaction rate for eth-
anol. So, to shed light on this phenomenon, the effect of the
support characteristics on the catalytic performance is consid-
ered.

If we consider the enrichment ability of hydrophobic carbon
for organic reactants, the adsorption experiments of ethanol
on MC and SBA-15 were conducted (Figure S3). The results
show that the carbon surface has a higher ethanol concentra-
tion than the silica surface. The reaction order of DHEA with re-
spect to ethanol is approximately 0.5 (Figure S4), therefore,
a high density distribution of ethanol molecules on the carbon
surface accelerates the reaction rate. As a result of the lower
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Cu dispersion of Cu/MC than that of Cu/SBA-15, at tempera-
tures below 473 K the reaction rate of Cu/MC is lower than
that of Cu/SBA-15. At temperatures above 473 K, with a de-
creased reactant concentration, the collision frequency be-
tween ethanol and active sites may be high, for which the en-
richment of the carbon support for the reactants contributes
to the high reaction rate. In view of the selectivity of acetalde-
hyde, Cu/MC is better than Cu/SBA-15, especially at a high re-
action temperature, for example, at 553 K the selectivity of Cu/
MC is 95.1%, whereas that of Cu/SBA-15 is 82.1% (Figure 3).
For catalytic reactions, the selectivity to the target products is
of importance. Although the Cu/MC catalyst has a lower Cu
dispersion than Cu/SBA-15, excellent acetaldehyde selectivity
and reaction rate are obtained. These exciting results show
that MC is a potential support for the preparation of active Cu-
based catalysts for DHEA. A comparative summary of the litera-
ture on ethanol dehydrogenation is listed in Table 3, which
supports the extraordinary activity of our carbon-supported
catalyst described here. This summary likewise presents what
is known about SiO,-based catalysts to aggravate side reac-
tions in ethanol dehydrogenation.

Table 3. Comparison of the catalytic performance of Cu/MC and Cu cata-
lysts reported in the literature.

Catalyst Cu T Conv. Select. Yield Ref.

[wt %] [K] [%] [%] [%]
Cu/mc™ 10 553  83.0 95.1 789 This work
Cu/SiO, 30 493 76.1 21.0 16.4 [12]
Cu/SiO, 144 673 80.0 85.0 68.0 [17]
553 22.2 90.1 19.8

Cu/Sio, 10 553 53.1 61.0 32.7 [18]
Cu/SiO, 10 498 41.0 87.2 35.6 [19]

[a] Reaction  conditions: catalyst 0.1g, WHSVc,o4=24h"", N,
40 mLmin~", C,H;OH/N,=5:95.

Moreover, to explore the advantages of carbon-supported
Cu catalysts on product selectivity, more extreme reaction con-
ditions were investigated, for example, a lower GHSV of
8600 h™" and a higher ethanol concentration of 15 vol%. The
selectivity and space time yield of acetaldehyde are shown in
Figure 4. The space time yield of acetaldehyde was defined as
the mass of acetaldehyde [g] formed per mass of surface Cu
[g] calculated from the Cu dispersion in 1 h [h™'] at each reac-
tion temperature. A selectivity of 94% retained almost con-
stant from 473 to 553 K. However, for Cu/SBA-15, it showed an
inverse proportional function between the selectivity and the
reaction temperature, and its selectivity was as low as approxi-
mately 68% at 553 K. Therefore, the space time yield of the
carbon-supported Cu catalyst is approximately twice as high as
that of Cu/SBA-15 at 553 K, which is accordingly 225 and
112 h™'. These results further demonstrate that MC is a favora-
ble alternative to silica to make highly active catalysts for the
dehydrogenation of ethanol.
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Kinetic measurements

Generally, the characteristics of the active component have
a significant influence on the product distribution. To illumi-
nate the difference in product selectivity over these samples,
kinetic measurements were considered. An Arrhenius plot of
ethanol reaction rate (Figure 5) allows us to identify that the
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Figure 5. Arrhenius plot of the reaction rate on the Cu/MC and Cu/SBA-15 at
453-533 K. Reaction conditions: catalyst 0.010 g for Cu/MC and 0.005 g for
Cu/SBA-15, WHSV 4, o4 =24 or 48 h™!, N, 40 mLmin~", C,H;OH/N,=5:95.

apparent active energy for the dehydrogenation reaction is
51.9 kkmol™" for Cu/MC and 54.9 kimol™" for Cu/SBA-15. This
result implies that there is no difference in the nature of the
active sites between the two catalysts. It has been proven that
this reaction is structure insensitive.®**" Hence, it is apparent
that the properties of the supports are the dominant factors
that influence the acetaldehyde selectivity. Thus, we deduce
that the secondary reactions may be attributed to the selectivi-
ty difference between Cu supported on MC and SBA-15.

To verify the above deduction, the effect of residence time
(W/F) on the product selectivity and ethanol conversion over
the two catalysts was investigated. With increasing W/F, the se-
lectivity to acetaldehyde decreases from 100 to 95.1%
(Figure 6), whereas the selectivity to byproducts increases from
0 to 3.1% on Cu/MC. Byproducts include ethyl acetate, methyl
ethyl ketone, acetone, 1-butanol, butanal, and C6+, which are
created by the cross- and self-aldol condensation of butanal
and acetaldehyde.*” These results demonstrate clearly that
acetaldehyde appears as the primary product and the others
are obtained in the secondary reactions. On the basis of these
data, it was concluded that the acetaldehyde formed in a pri-
mary step was transformed successively to C3 or C4 oxygen-
containing components by aldolization and ketonization. This
tendency of Cu/SBA-15 is the same as that of the carbon-sup-
ported catalyst. However, the selectivity to acetaldehyde on
the SiO,-based catalyst is lower than that on Cu/MC. As the
active sites on both Cu-based MC and SBA-15 catalysts are
identical (Figure 5), the different product distributions are at-
tributed to the diverse surface nature of the supports. General-
ly, the difference between them is the amount of oxygenic
groups of the supports. On the surface of SBA-15 there are nu-
merous —OH groups, the only type of oxygen-containing
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Figure 6. Dependence of product selectivity and ethanol conversion on W/F
in the DHEA over a) Cu/MC and b) Cu/SBA-15. Reaction conditions:

WHSV .on=24-48 h™", N, 40 mLmin ™', C,H;OH/N,=5:95, 533 K. Byprod-
ucts included ethyl acetate, methyl ethyl ketone, acetone, 1-butanol, buta-
nal, and C6+.

groups, ~1.040.1 nm2“**1 which survive in isolated silanol
groups: Si—OH."! However, the surface of the carbon material,
pyrolyzed at 1073 K, contains ~0.04 —COOH and —OH groups
per nm? in addition to few other oxygenic units such as O—C=
0.5 Furthermore, the mass fraction of oxygen on mesopo-
rous silica SBA-15 is 53.3 wt %, which is much higher than that
on MC of 3.4 wt%."” Hence, on the basis of these results, we
consider that the different amounts of —OH and/or —COOH
groups on support surfaces lead to the significant distinction
between Cu/MC and Cu/SBA-15 on acetaldehyde selectivity.
We combined our results with those in the literature to pro-
pose a possible schematic model of the reaction pathway of
ethanol dehydrogenation on MC- and silica-supported Cu cata-
lysts (Figure 7). To exhibit this difference vividly, the scarce sur-
face groups on the carbon support, ~0.04 —COOH and —OH
groups per nm?, are not shown. The secondary reactions are

Mesoporous Carbon

Figure 7. Scheme of C,H;OH conversion on Cu/MC and Cu/SBA-15.
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catalyzed by Si—OH on the surface of the SBA-15 support. As
a result, the selectivity to acetic aldehyde on Cu/MC is higher
than that of Cu/SBA-15.

Conclusions

Cu nanoparticles supported on mesoporous carbon (MC) is an
active catalyst for the dehydrogenation of ethanol to acetalde-
hyde with excellent selectivity compared with Cu/SBA-15. The
reaction rate over Cu/MC was 1.7 times as high as that of Cu/
SBA-15 at 553 K with a C,H;OH/N, molar ratio of 5:95 and
a gaseous hourly space velocity (GHSV) of 26000 h™'. A de-
crease of the GHSV and an increase of the reactant concentra-
tions led to a selectivity of 94% and a space time yield of
225 h™" at 553 K and a GHSV of 8600 h™' over the carbon-sup-
ported Cu catalyst, whereas a selectivity of 68% and an output
of 112 h™" were obtained for Cu/SBA-15. A series of studies
were employed to explore the structure-activity relationship of
the catalysts. The high reaction rate of Cu/MC is attributed to
the strong enrichment ability of the carbon support for etha-
nol molecules. Kinetic measurements show that the essence of
the active sites is the same for the carbon- and silica-support-
ed catalysts, and the difference in acetaldehyde selectivity is
ascribed to the nature of the supports. The dependence of
product selectivity and ethanol conversion on residence time
suggests that abundant surface Si—OH groups of SBA-15 pro-
mote the secondary reactions, which are largely responsible
for the low acetaldehyde selectivity of Cu/SBA-15. Conversely,
side reactions are minimized on the carbon-supported Cu cata-
lyst. Potentially, such a mesoporous carbon support with
a unique nanostructure can be a promising candidate for the
preparation of highly selective catalysts for ethanol dehydro-
genation.

Experimental Section
Preparation of supports and catalysts

Resorcinol (99.5%) and formalin (37 wt% formaldehyde) were pur-
chased from Tianjin Kermel Chemical Reagent Co., Ltd. 1,6-Diami-
nohexane (DAH, 99.0%), Cu(ll) nitrate trihydrate (>99.0%), and
ethanol (99.7%) were supplied by Sinopharm Chemical Reagent
Co., Ltd. Pluronic F127 was purchased from Fluka. All chemicals
were used as received. Mesoporous silica SBA-15 was synthesized
according to a previous report.?

MC was prepared using a procedure reported previously.“® Typical-

ly, resorcinol (24 g) and Pluronic F127 (10 g) were dissolved in a sol-
vent mixture of ethanol (90 mL) and deionized water (72 mL) at
298 K. Afterward, 1,6-diaminohexane (1.247 g) was added to the
above solution, which was stirred for ~30 min at 298 K. Subse-
quently, formalin (32.6 mL) was injected quickly into the solution.
After it was stirred at 298 K for another 10 min, the white homoge-
neous emulsion was then sealed in a flask and transferred to an
oven at 363 K for 4 h. The as-made polymer monolith was dried at
323 K for 24 h, followed by pyrolysis at 1073 K for 2 h under N, at-
mosphere to obtain MC. Before catalyst preparation, MC was dried
at 393K for 2h in a clean vial to eliminate water. Cu/MC with
10 wt% of Cu was prepared by incipient wetness impregnation
with a Cu(NO,),,3H,0 aqueous solution (0.625 gmL™"). After im-
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pregnation, the catalyst precursors were kept at 298 K for 30 min
followed by drying at 323 K for 12 h. Catalysts were reduced by
10vol% H, at 723K for 2 h before reaction. For comparison,
10 wt% Cu/SBA-15 was also prepared using the same method.

Catalyst characterization

The in situ XRD measurements of Cu/MC were performed by using
a Panalytical X'pert Pro Super X-ray diffractometer using Cuy, radia-
tion (1=0.15418 nm) with a scanning angle (26) of 30-80°. The
tube voltage was 40 kV, and the current was 40 mA. Typically, Cu/
MC catalyst precursor was placed in a stainless-steel holder. Then
a 5vol% H,/Ar mixture was introduced at a flow rate of
30 mLmin~". Temperature ramping programs were performed from
RT to 423, 523, 623, 723, and 823 K at a rate of 5 Kmin~". The XRD
patterns were collected after samples reached the preset tempera-
tures for 30 min. The XRD pattern of Cu/SBA-15 after reduction at
723 K for 2 h was obtained by using a D/MAX-2400 diffractometer
using Cuy, radiation (40 kV, 40 mA, 2=0.154056 nm).

Nitrogen adsorption—-desorption isotherms were measured by
using a TriStar 3000 adsorption analyzer (Micromeritics) at 77.4 K.
The supports were degassed at 473 K for 4 h before analysis, and
reduced samples were degassed at 363 K for 4 h. The BET method
was used to calculate the specific surface areas (Sgg). Total pore
volumes (Vi) were calculated from the amount adsorbed at a rela-
tive pressure P/P, of 0.99. Pore size distributions (PSDs) were deter-
mined from the adsorption branches of the isotherms using DFT.

TEM and HRTEM measurements were conducted by using a Tecnai
G? 20 S-Twin microscope with an acceleration voltage of 200 kV.

The reducibility of 10 wt% Cu/MC and 10 wt% Cu/SBA-15 was de-
termined by H,-TPR by using a Micromeritics Autochem 112920 in-
strument. Catalyst precursors (100 mg) were loaded into a quartz
tube and dried in an argon stream at 373 K for 30 min before re-
duction to drive off water adsorbed physically. After it was cooled
to 350 K, the sample was then heated in 30 mLmin~" of 8 vol% H,/
Ar at a rate of 10 Kmin™' to 950 K. The amount of H, consumed
during the run was detected by using a thermal conductivity de-
tector (TCD).

A H,-N,O titration method was used to measure the Cu dispersion
and average particle diameter in three processes.*” First, the
sample was reduced with 8 vol% H,/Ar at 723 K for 2 h. The first
H, consumption X at 350-650 K was collected. This H, consump-
tion provides the total number of Cu atoms. It was confirmed that
no further H, consumption was observed at a higher temperature
by the reduction of Cu** to Cu. Second, the catalyst was cooled to
363 K, and 5 vol% N,O/He was purged to the sample for 30 min
for the oxidation of metallic Cu to cuprous oxide. Third, the
second H,-TPR was conducted from 313-573 K to reduce Cu* to
Cu to obtain the second H, consumption Y. The dispersion was cal-
culated by D [%]=2Y/Xx 100.>"

Catalytic tests

DHEA was performed in a fixed-bed quartz tube reactor (i.d. 8 mm)
under atmospheric pressure. Typically, catalyst (100 mg) was
placed in the central zone of the reactor. Before the reaction, the
catalyst was pretreated by in situ TPR from RT to 723 K for 2 h at
a rate of 5Kmin~' using 10vol% H, in N, (44 mLmin~" in total).
When the temperature decreased to 373K, ethanol (WHSV=
2.4 h™") was introduced into the evaporator (373 K) by using a sy-
ringe pump and carried into the reactor by flowing nitrogen gas
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with a total flow rate of 40 mLmin~' (C,H;OH/N,=5:95, molar
ratio). The product line was heated at 393 K before a cold trap to
remove the condensed liquid products. A GC7900 GC fitted with
a FFAP capillary column (30 m, 0.32 mm, 0.5 um) and a flame ioni-
zation detector (FID) was connected to the line between the reac-
tor outlet and cold trap to analyze the products in the effluent
gas. After the cold trap, the dry gas was detected by a TCD
equipped with molecular sieves 5 A and GDX-102 columns for the
analysis of gas products (e.g., C;H,, CH,, and others). CH, was used
to bridge FID and TCD. The carbon balance of these reactions is
more than 96% [Egs. (1) and (2)].

Ethanol conversion = (Ethanol,,—Ethanol,)/Ethanol;, x 100 %

(M

Product selectivity =Carbon in given product/

()

Carbon in all products x 100 %
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