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Selectivity difference between hydrogenation of acetophenone over carbon nanotubes (CNTs) and
commercial activated carbons (ACs) supported Pd catalysts has been investigated. The selectivity of a-
phenylethanol over the Pd/CNTs catalyst is significantly higher than that over the Pd/ACs. The optimal
yield of a-phenylethanol over the Pd/CNTs catalyst is 94.2% at 333 K under atmospheric H, pressure for
255 min, but it is only 47.9% over the Pd/ACs catalyst. HRTEM characterization and density functional

theory (DFT) study of the two catalysts suggested that the defects of the carbon support are the main
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difference.

anchoring sites for Pd nanoparticles. Additionally, mechanistic study of the acetophenone hydrogenation
over the two catalysts suggested that the different adsorption modes of reaction intermediates (prod-
ucts) on the two kinds carbon supported Pd nanoparticles are responsible for the dramatic selectivity

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Carbon materials are attractive supports in heterogeneous catal-
ysis because of their specific properties that may be tailored to
activity and selectivity [1]. Carbon nanotubes (CNTs), as a kind of
novel carbon materials, could be promising supports for catalysts
since they own excellent electronic properties, good chemical sta-
bility, and large surface areas [2]. Our previous study by density
functional theory (DFT) suggested that noble metal nanoparticles
adhered on the point defect of CNTs might be acted as a good cata-
lystin a series of reactions, such as fuel cell and hydrogenation [3].
Additionally, experimental examples on the use of CNTs as catalyst
support, such as Pt/CNTs for the hydrogenation of nitrobenzene [4],
trans-3-methylstyrene and trans-stilbene [5], 3-methyl-2-butenal
[6] and citral [7], Pd/CNTs for the oxidation of benzylic alcohol [8]
and Suzuki cross-coupling reactions [9], and bimetallic Pt—-Ru/CNTs
[10], Pt-Ni/CNTs [11], and Pd-Ru/CNTs [12] for selective hydro-
genation of crotonaldehyde and cinnamaldehyde have also been
extensively studied. However, there are only few studies have been
done on the systematic comparison of the effects of carbon support
(CNTs, and traditional activated carbons [ACs]) on the adhesion of
noble-metal nanoparticles and their catalytic properties. Although
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the influence of the carbon support (multi-walled carbon nan-
otubes [MWNT], graphite nanofibers [GNF], single-walled carbon
nanotubes [SWNT], and commercial activated carbons [ACs])on the
selective hydrogenation of cinnamaldehyde on both monometal-
lic and bimetallic catalysts have been investigated by Serp and
coworkers [10], the comparison between CNTs and ACs supports
in terms of the hydrogenation mechanism and result catalytic per-
formance is still lack.

The selective hydrogenation of acetophenone to «-
phenylethanol is of great importance in the synthesis of
pharmaceuticals and fragrances [13,14]. Generally, the hydro-
genation of acetophenone was carried out by using transition
metals, such as Ni, Pt, Ru, Pd and Cu [15-23] supported on
Al,03, ACs, TiO,, SiO, and zeolites etc. as the catalysts. How-
ever, the high selectivity for the hydrogenation of the carbonyl
group is frequently not easy to achieve due to the formation of
unwanted products ethylbenzene via side reactions, such as the
hydrogenolysis of a-phenylethanol.

In this study, we observed that the CNTs supported Pd catalyst
(Pd/CNTs) is highly selective for the hydrogenation of acetophe-
none into a-phenylethanol, which is particularly notable since
the selectivity of a-phenylethanol is significantly lower on the
commercial activated carbon supported Pd catalyst (Pd/ACs). The
influence of the carbon supports (CNTs and ACs) on the adhesion of
Pd nanoparticles and the catalytic properties in the hydrogenation
of acetophenone were investigated by means of DFT calculations.
Additionally, the characteristics of the two catalysts were stud-
ied by means of X-ray diffraction (XRD), transmission electron
microscopy (TEM), CO chemisorption, and N, physical adsorption
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(BET). The possible mechanistic reasons for the selectivity differ-
ence of the two carbon supported Pd catalyst were also discussed.

2. Experimental
2.1. Catalysts

CNTs were supplied by Prof. W. Fei from Tsinghua University,
and ACs was purchased from Shaowu Xinsen Chemical Industry
Co. Ltd. The Pd/CNTs and Pd/ACs catalysts were prepared by adding
an aqueous solution of HyPdCly (0.05 g,y ml~1) into an aqueous
slurry of the carbon support (CNTs or ACs without oxidative pre-
treatment, the ratio of support to water was 1g:10mL) to obtain
a Pd nominal loading of 3 wt%. The slurry was vigorously stirred
at room temperature for 2 h, then the pH values was adjusted to
8-10 by adding an aqueous solution of sodium hydroxide (10 wt.%)
dropwisely. Finally, the slurry was washed by distilled water until
the pH =7 before dried under vacuum at 383K for 10 h.

The morphology and Pd particle size distribution of the Pd/CNTs
and Pd/ACs catalysts were determined by a Tecnai G2 F30 S-Twin
TEM at an operating voltage of 300 kV. The BET surface areas of the
Pd/CNTs and Pd/ACs catalysts were determined by nitrogen phys-
ical adsorption-desorption at 77 K under vacuum condition using
a NOVA 1000 e surface area analyzer (Quantachrome Instruments
Corp.). The dispersion of Pd particle on the CNTs and ACs support
were also measured by CO uptake through a pulse chemisorption
method with a mass spectrometry (Omnistar™) at ambient tem-
perature and pressure.

2.2. Acetophenone hydrogenation

The hydrogenation of acetophenone was carried out at 333K
in a 50mL flask. The Pd/CNTs or Pd/ACs catalyst (0.1g) was
reduced in situ in the flask at 333K for 2 h with H, (10 mLmin~1)
before the catalytic tests (the catalyst will be ignited when it
was contacted with air after reduction, which means the Pd
has been reduced). Then acetophenone 1mL and ethanol 20 mL
(Cacetophenone = 0.428 mol/L) was added together into the flask. Dur-
ing the reaction, H, (10 mL min—!) was bubbled through the liquid
phase (To study the catalytic mechanism, Hy will be switched into
N, at the same flow rate at a certain reaction time, or the Pd/CNTs
catalyst will be replaced by ACs after the reaction. See Fig. 4 for
the experimental setup); the liquid was stirring extensively with
a magnetic stirrer. The products were analyzed by a GC-MS (Agi-
lent 6890GC-5973MS equipped with a 25 m-HP-5 capillary column
with MS detector).

The recycling performance of the Pd/CNTs catalyst was also
conducted in the same flask under identical conditions without
separation and reactivation of the catalyst. After the first use of
the catalyst, another 1 mL acetophenone was added directly to the
liquid without any separation (noted as cycle 1), or the liquid in the
flask was carefully removed by a pipette (after setting for at least
30min) and replaced by another 1 mL acetophenone and 20 mL
ethanol (noted as cycle 2). Reactions were then carried out under
the identical conditions as mentioned before.

The acetophenone hydrogenation rates over the Pd/CNTs and
Pd/ACs were calculated based on the conversion data shown in
Fig. 3. The first three data were selected for calculation, because
the conversion is lower at this initial stage, which make sure that
the hydrogenation rate could not be affected by the changes of
acetophenone concentration (the conversion of acetophenone is
increased linearly). The equations for the calculation of the hydro-
genation rate (r (mol/gcac/min)) is shown below,

dTlA 1
4y ,
dt Mcat

r=

g = nao x (1 —x),

In which n4 represent the molar amount of acetophenone in the
reactor, t represent the reaction time, meq represent the amount of
catalyst, nyg represent the initial amount of acetophenone added
into the reactor (0.00856 mol), x represent the conversion. Because
the conversion of acetophenone was initially increased linearly, the
hydrogenation rate can now be expressed as

r=n slope of x !

= X X s
A0 Mecat

The turnover frequency (TOF) of the Pd/CNTs and Pd/ACs catalysts

for the hydrogenation of acetophenone were calculated based on

the CO chemisorption results.

2.3. DFT calculation

The first-principles DFT calculations were performed using the
DMol® module in Materials Studio [24,25]. The generalized gra-
dient approximation (GGA) with PW91 functional [26] is used to
describe the exchange-correlation (XC) effects. The double numeri-
cal plus polarization (DNP) basis set are used in expanded electronic
wave functional. In this study, the periodic supercells of (5, 5) CNTs
were adopted with optimized length of a, b, and c lattices of 25.00,

20.00, and 9.76 A. The length of c is four times of that in the peri-
dodicity of (5, 5) CNTs. The minimum distance between opposing

sidewalls of neighboring CNTs is bigger than 9.30 A, which can avoid
interaction among repeating supercells. The activated carbons are
modeled by the two layers graphite (0001) slab in 4 x 8 unit cell.
The Brillouin zone is sampled by 1 x 1 x 2k and 2 x 1 x 1k points
using the Monkhorst-Pack scheme for CNTs and ACs. All of atoms
were fully relaxation during the geometry optimization. For all of
the calculations, the convergence in energy and force was set to
10~>eVand 2 x 103 eV/A.

3. Results and discussion
3.1. Pd/ACs and Pd/CNTs catalysts

The nitrogen physical adsorption results of the Pd/CNTs and
Pd/ACs catalysts show that the BET surface areas of the two catalysts
are 218.5 and 1659 m2 g1, respectively (Table 1). The correspond-
ing pore volume and pore diameter are 1.61ccg-! and 14.7 nm,
and 1.12 ccg~! and 1.35 nm, respectively. These results suggest that
the Pd/ACs catalyst shows a significantly higher BET surface area
than the Pd/CNTs, but the Pd/CNTs catalyst possess the higher pore
volume and radius than the Pd/ACs.

The reprehensive TEM micrograph of the Pd/CNTs and Pd/ACs
catalysts are shown in Fig. 1. The carbon nanotubes are curved,
twisted together and display an average external diameter rang-
ing between 8 and 40 nm. All of the Pd nanoparticles supported
on the CNTs are round-shaped, but it seems that the shape of the
Pd nanoparticles on ACs is amorphous. The reprehensive HRTEM
images of the Pd/CNTs catalyst are shown in Fig. 1(b) and (c). The
lattice spacing of the Pd particle (Fig. 1(b)) is 0.228 nm, consistent
with the interplanar distance of the Pd (11 1) plane. To note that
XRD analysis, due to small particle size and low metallic loading
of Pd, do not gives reliable indications on these crystallographic
aspects. Although the Pd nanoparticle size of the Pd/ACs catalyst is
quite similar with that of Pd/CNTs from the TEM images, the dis-
persion of Pd on the CNTs and ACs are 21.4 and 39.6%, respectively,
according to the CO chemisorption (Table 1). Additionally, it must
be noted that the Pd nanoparticles of the Pd/ACs catalysts are also
present predominantly on the interface and boundary of the two
layer of the ACs.
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Table 1
Physicochemical property of the Pd/CNTs and Pd/ACs catalysts and the hydrogenation activity.
Catalyst Surface area (m?g—') Pore volume (mlg-1) Pore radius (nm) CO uptake (mlg=") Pd dispersion (%)? Hydrogenation rate TOF (min~1)
(mOI gcat_1 min~! )
Pd/CNTs 2185 1.61 14.7 1.35 214 0.0185 307
Pd/ACs 1659 1.12 1.35 25 39.6 0.0500 448

@ Calculated from CO chemisorption.

3.2. The adhesion of Pd clusters on ACs and CNTs

In order to provide the insights of the adhesion mechanism of
Pd clusters on the CNTs and ACs, a series of Pd clusters on the pris-
tine and point defected (with carbon vacancy) CNTs and ACs have
been investigated by means of DFT calculations. Fig. 2 shows the
geometries and binding energies of the most stable Pd clusters on
CNTs and ACs. The favorable binding site of Pd; on both CNTs and
ACs is the bridge site of carbon atoms, in which the average Pd-C
distance is 2.12 and 2.18 A. The binding energy is 2.00 and 1.93 eV,
which reveals Pd have very similar adhesion properties with Pt on
the carbon materials [3]. The structure of the most stable Pd4 and
Pdy cluster on both CNTs and ACs are very similar and the Pd atoms
in the first layer are more than those in the second layer. On the
point defected CNTs and ACs, Pd clusters are always located on the
vacancies. And the binding energies are nearly 3 times than those
on the pristine ones. Therefore, it can be expected that the defects
are the main anchoring sites of metal clusters (for example Pd in
this study) on the carbon materials. Of course, we focus on the role
of carbon vacancy on the enhanced adhesion of Pd clusters on the
supports. In fact, the defects are also including the steps, bending,
boundary, interface and kinks of CNTs and ACs as can be seen from
HRTEM micrographs shown in Fig. 1.

3.3. Selective hydrogenation of acetophenone

The experimental results of the selective hydrogenation of ace-
tophenone over the Pd/ACs and Pd/CNTs catalysts are shown in
Fig. 3. As shown in Fig. 3A, the conversion of acetophenone is
increased from 20 to 95% with the increases of reaction time from
10to 120 min (carried out at 333 K over the Pd/ACs catalyst), but the
selectivity of a-phenylethanol is decreased from 71 to 25%, accord-
ingly, and the selectivity is further decreased to only 3.8% when the
reaction time prolonged to 150 min (the only by-product observed
is ethylbenzene). These results suggested that the a-phenylethanol
can be further hydrogenated into ethylbenzene over the Pd/ACs
catalyst.

The hydrogenation of acetophenone over the Pd/CNTs cata-
lyst is quite different from that over the Pd/ACs catalyst under
the identical conditions, as can be seen from Fig. 3B. The con-
version of acetophenone and selectivity of a-phenylethanol are
95.3 and 96.5%, respectively, when the reaction was carried out
over the Pd/CNTs catalyst at 333K for 240 min. Additionally, the
selectivity of a-phenylethanol is only slightly decreased from 96.5
to 95.8%, when the reaction time is further prolonged from 240
to 255min (the conversion of acetophenone is increased from
95.3 to 98.3%). These results suggested that the hydrogenalysis

Fig. 1. Reprehensive TEM and HRTEM micrographs of the Pd/CNTs and Pd/ACs catalysts. (a), (b) and (c) Pd/CNTs, and (d) Pd/ACs.
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Fig. 2. (a) Optmized structures (b) Binding energies of Pdn (n=1, 4, 7) on the outer-side wall of pristine and point defected CNTs and ACs.

of a-phenylethanol into ethylbenzene is highly inhibited over the
Pd/CNTs catalyst.

Compared the catalytic performance of the two carbon sup-
ported Pd catalysts for the hydrogenation of acetophenone, we
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Fig. 3. Experimental results of the selective hydrogenation of acetophenone for a-
phenylethanol over (A) Pd/ACs catalyst and (B) Pd/CNTs catalyst. (O) Conversion,
(O) a-phenylethanol selectivity and (A) a-phenylethanol yield.

can conclude that the Pd/CNTs catalyst shows significantly higher
selectivity for a-phenylethanol than the Pd/ACs catalyst, although
the activity of the Pd/ACs catalyst is slightly higher than the
Pd/CNTs catalyst, the hydrogenation rate and TOF over the
Pd/CNTs and Pd/ACs are 0.0185mol gca~! min~! and 307 min~?!,
and 0.05mol ge;:~ ! min~! and 448 min~—!, respectively, as shown
in Table 1. The optimal yields of a-phenylethanol over the Pd/ACs
and Pd/CNTs catalysts are 47.9 and 94.2%, respectively.

It must be pointed out that the recycling performance of the
Pd/CNTs is not so good without reactivation since the acetophe-
none conversion decreased from 96% (for the fresh catalyst) to 80%
(for the second use cycle 1), but to 52% (for the second use cycle
2). These results suggested that trace amounts of impurities in the
solvent (ethanol) and material (acetophenone) will result in the
deactivation of the Pd/CNTs catalysts. Reactivation of the recycled
Pd/CNTs catalyst by washing, drying (desorption) or reduction to
remove the adsorbed impurities is generally required to realize the
recycling of the catalyst.

3.4. Acetophenone hydrogenation mechanism

In order to analyze the reason of the selectivity difference
between the hydrogenation of acetophenone over the Pd/CNTs
and Pd/ACs catalysts, the acetophenone hydrogenation mechanism
over the two catalysts was discussed. There are two possible routes
for the formation of by-product ethylbenzene, i.e. (1) hydrogenal-
ysis of a-phenylethanol and (2) dehydration of a-phenylethanol

OH
o -
—_— + H,0

- e} E N R . K
L ©)‘\ ) O)\ Switch of H, to N, or o (d)

replace Pd/CNTs catalyst with AC
F during the reaction

Reaction time

Fig. 4. Scheme of the experimental setup on the mechanistic study by switching
H, to N3 or replace Pd/CNTs catalyst with ACs during the reaction. (solid line)
acetophenone conversion, (dash line) a-phenylethanol selectivity.
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Fig. 5. Experimental results of the hydrogenation of acetophenone (A’) switch of H,
to N at 70 min over Pd/ACs catalyst, (B’) switch of H, to N at 120 min over Pd/CNTs
catalyst, (B”) replace of Pd/CNTs catalyst with ACs at 250 min under H, atmospheric.
(O) conversion, (O) a-phenylethanol selectivity and (A) a-phenylethanol yield.

into styrene and followed by hydrogenation of styrene. For the
second route, a-phenylethanol should be dehydrated into styrene
in the absence of H, over the Pd/ACs, or in the presence of H;
over the ACs. In order to determine the reaction route to form
the by-product ethylbenzene, we can monitor the changes of

(b)

(d)

(Ea=-1.91¢V) (Ea=-1.90 eV)

Fig. 6. Optimized structures of a-phenylethanol on Pd7/CNTs and Pd/ACs with
vacancy.

a-phenylethanol selectivity by switching H, to N, or replacing of
Pd/CNTs catalyst by ACs during the reaction. The switch of H, to N,
orreplace of Pd/CNTs catalyst by ACs during the reaction, will result
in the stop of the hydrogenation of acetophenone and hydrogenal-
ysis of a-phenylethanol (reactions with H,), but the selectivity of
a-phenylethanol will be still decreased if the a-phenylethanol was
dehydrated into styrene with the prolonged reaction time. There-
fore, the position of the selectivity line in Fig. 4(dash line) after
switch of H, to N, or replace of Pd/CNTs catalyst by ACs could rep-
resent the ratio of the occurrence of route (1) and (2), i.e., lines
(a), (b) and (c), and (d) represents the occurrence of only route (1),
both routes (1) and (2), and only route (2), respectively, as shown
in Fig. 4.

Fig. 5 shows the experimental results of the hydrogenation of
acetophenone according to the reaction scheme shown in Fig. 4 by
switching H, to N, or replacing Pd/CNTs by ACs. As shown in Figs. 5A
and B, all of the reactions was ceased as soon as H, was switched to
N,, because the products distribution was no longer changed when
the reaction was carried out under N, atmospheric. Additionally,
the replacement of the Pd/CNTs catalyst by ACs, after the reac-
tion was carried out for 250 min, no reaction was observed either,
even through under H, atmospheric (Fig. 5B”). The selectivity of
a-phenylethanol was not decreased means that by-product ethyl-
benzene could only be formed in the presence of H, and Pd metallic
active site. Additionally, ethylbenzene was produced through the
direct hydrogenalysis of a-phenylethanol or acetophenone, while
the dehydration of a-phenylethanol followed by hydrogenation
of styrene could not be the real mechanism for the formation of
ethylbenzene.

With this information, we further investigated the adsorption
properties of a-phenylethanol on the Pd/CNTs and Pd/ACs catalysts,
respectively, by means of DFT calculations, to reveal the difference
on the hydrogenation of acetophenone over these two catalysts.
The optimized geometries of a-phenylethanol on Pd7/CNTs and
Pd7/ACs are shown in Fig. 6. The results suggested that the adsorp-
tion configurations of a.-phenylethanol are different. On Pd7/CNTs,
the benzene ring of a-phenylethanol is directly bonded with Pd
clusters, while the hydroxyl-group is far away from the support
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and the Pd clusters, in which the shortest distance between oxy-
gen and Pd is 2.81A. On Pd7/ACs, although the benzene ring of
a-phenylethanol is bonded with Pd cluster, the hydroxyl-group in
a-phenylethanol is close to the interface of Pd clusters and ACs
support, in which the distance between oxygen in hydroxyl and
Pd is 2.38 A. Therefore, the hydrogenation of acetophenone on the
Pd/ACs catalyst result in the hydrogenolysis of the hydroxyl-group
in a-phenylethanol molecular, which will result in the forma-
tion of by-product ethylbenzene. While, the hydrogenolysis of the
hydroxyl-group in a-phenylethanol molecular could be inhibited
because the hydroxyl-group in a-phenylethanol is far away from
the interface of the Pd particle and CNTs support when a-phenyl
ethanol was adsorbed on the Pd/CNTs catalyst. These could be
the reason for the significantly difference in the a-phenyl ethanol
selectivity over the two catalyst.

4. Conclusions

The catalytic hydrogenation of acetophenone over the Pd/CNTs
catalyst shows significantly higher a-phenylethanol selectivity
than that over the Pd/ACs catalyst, the optimal yields over the
two catalysts are 94.2 and 47.9%, respectively. TEM characteri-
zation of the two catalysts suggested that the defects, including
the steps, bending, boundary, interface and kinks of CNTs and
ACs, are the mainly anchoring sites of the Pd particles, and the
results from DFT calculation also proved that the Pd particles
incline to adsorb on the point defect rather than the smooth part
of the CNTs and ACs. The mechanistic study of the acetophenone
hydrogenation over the two catalysts suggested that by-product
ethylbenzene was produced only through the hydrogenolysis of
a-phenylethanol. On the Pd/CNTs catalyst, the hydrogenolysis is
inhibited, because the hydroxyl-group in a-phenylethanol is far
away from the support and the Pd clusters (the shortest distance
between oxygen and Pd is 2.81A). However, the Pd/ACs catalyst
favors the occurrence of hydrogenolysis due to the hydroxyl-
group is close to the interface of Pd clusters and ACs support
(the distance between oxygen in hydroxyl and Pd is 2.38A).
These different adsorption modes of a-phenylethanol on the two
kinds of catalysts are responsible for the dramatic selectivity
difference.
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