Applied Catalysis A: General 408 (2011) 137-147

journal homepage: www.elsevier.com/locate/apcata

Contents lists available at SciVerse ScienceDirect

Applied Catalysis A: General

Palladium catalysts supported on N-functionalized hollow vapor-grown carbon
nanofibers: The effect of the basic support and catalyst reduction temperature

Serap Sahin?, Piivi Miki-Arvela?, Jean-Philippe Tessonnier®, Alberto VillaP, Sylvia ReicheP,
Sabine WrabetzP®, Dangsheng SuP, Robert Schlégl®, Tapio Salmi?, Dmitry Yu. Murzin®*

2 Process Chemistry Centre, Abo Akademi University, Biskopsgatan 8, Turku FI-20500, Finland
b Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradagweg 4-6, 14195 Berlin, Germany

ARTICLE INFO

Article history:

Received 26 July 2011

Received in revised form

12 September 2011

Accepted 13 September 2011
Available online 19 September 2011

Keywords:
Carbon nanofiber
Lipase
Hydrogenation
Pd

ABSTRACT

The basic N-functionalized vapor-grown carbon nanofibers (N-VGCF) were synthesized by post-treating
oxidized VGCFs in gaseous NH3 at high temperature (ammonolysis) prior to Pd addition by sol immobi-
lization. The catalysts were characterized by nitrogen adsorption, hydrogen temperature programmed
desorption, adsorption microcalorimetry and by SEM and TEM. Catalytic activity was evaluated in a
model reaction, synthesis of (R)-1-phenylethyl acetate starting from hydrogenation of acetophenone to
racemic 1-phenylethanol over Pd supported on N-VGCFs, at 70°C under atmospheric hydrogen pres-
sure in toluene, followed by acylation over an immobilized lipase in the same reaction pot. The main
parameters investigated in this work were the role of the basic N-VGCF supports as well as the reduction
procedure of the supported Pd catalysts (Pd-N-VGCF). The results revealed that the catalytic activity of
the Pd-N-VGCF catalysts was highly dependent on the reduction procedure. The highest desired product
yield, 35%, was obtained over a Pd-N-VGCF catalyst when the support was treated at 400 °C with gaseous
ammonia prior to Pd addition.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The demand for single enantiomers of chiral intermediates
raised in the pharmaceutical industry and thus considerable efforts
are put on their production for the preparation of bulk drug sub-
stances [1,2]. Aside from being useless, the biologically inactive
enantiomers may display unwanted side effects. Therefore, regu-
latory authorities oblige the development of single enantiomers
of chiral intermediates and their introduction to the market. This
requires the development of processes to produce the enantiomer
with the desired biological activity [3]. Kinetic resolution with
enzymes is the most widely used method for separating the two
enantiomers of a racemic mixture with the majority of kinetic res-
olution of racemates being performed with lipases [4]. The main
drawback of this method, however, is that the chemical yield is
limited only to 50%. Some additional processes, such as separation,
racemization and repeated resolution can be performed to increase
the yield [5]. Furthermore, in situ racemization of the unwanted
enantiomer over a racemization catalyst together with the enzyme
[4,6] is another way to increase the yield and thus to overcome this
limitation.
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The catalytic hydrogenation of acetophenone, which is one of
the simplest molecules containing carbonyl and phenyl groups,
is a complex reaction due to the presence of both these groups
in one molecule [7-12]. The hydrogenation of acetophenone can
produce racemic 1-phenylethanol through a carbonyl hydrogena-
tion process. The consecutive reaction of dehydration to styrene
with subsequent hydrogenation leads to ethyl benzene as a side
product (Fig. 1). Palladium based catalysts are widely used in the
hydrogenation of acetophenone due to their high selectivity to
hydrogenate only the carbonyl groups [8], as palladium properties
could be modified to increase selectivity [9]. A sequential method,
in which acetophenone was hydrogenated over a heterogeneous Pd
catalysts supported on either silica or alumina in the first step fol-
lowed by the acylation with an immobilized enzyme in the second
step was demonstrated [10]. The main product was ethyl benzene
with a yield of 62% after 1600 min of reaction time for the pre-
liminary experiments carried out over Pd/C and an immobilized
enzyme catalyst. High ethyl benzene formation was due to the acid
catalyzed dehydration by Pd/C of racemic 1-phenylethanol [11].
Since the results with Pd/C catalysts were not very good due to
side reactions, other Pd catalysts such as basic Pd/MgO were tested
in the one-pot synthesis of (R)-1-phenylethyl acetate [10]. Unfortu-
nately, Pd/MgO exhibited the lowest initial rates among all tested
catalysts, which was explained by the low surface area and low Pd
dispersion. Nevertheless, only traces of ethyl benzene were formed
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Fig. 1. The reaction scheme for one-pot synthesis of (R)-1-phenylethyl acetate starting from acetophenone hydrogenation.

over the basic Pd/MgO catalyst with the highest desired product
selectivity at the same conversion levels [10]. A logical continu-
ation of the previous work [10] consists therefore in the use of
other basic supports. In this study, heterogeneous palladium cat-
alysts supported on vapor-grown carbon nanofiber (VGCFs) were
used for hydrogenation. The performance of the catalysts is signif-
icantly affected by their pretreatment conditions, as well as by the
nature of the supports which play an important role in the catalytic
activity and selectivity [ 10]. The VGCF supports were functionalized
by treating them with gaseous ammonia at different temperatures
prior to Pd addition. Depending on the treatment temperature,
the basic character of the Pd catalysts supported on N-VGCF was
changed.

VGCFs have become the focus of scientific and technological
attention in the last two decades [13-18] due to their availabil-
ity and relatively low price. They have a larger diameter than
carbon nanotubes (CNTs) [14] and are produced by catalytic chem-
ical vapor deposition (CCVD) method, based on the catalytic vapor
phase decomposition of hydrocarbons such as methane, propane,
acetylene, benzene, ethylene, etc. or carbon monoxide over metals
(Fe, Ni, Au, Co) or metal alloys such as Ni-Cu, Fe-Ni [14]. Differ-
ent morphologies and characteristics of VGCFs can be obtained
depending on the feedstock, catalyst and operation conditions. The
morphology of VGCFs is similar to that of multi-wall carbon nan-
otubes (MWCNT), and the major benefit of VGCFs over MWCNTSs is
that they are less expensive [15].

VGCFs have potential applications in batteries [19], in auto-
motive industry [14] and in conductivity related applications. In
addition, polymers filled with VGCFs are promising materials for
biological applications such as the ones containing proteins and
DNAs in the hollow core of fiber [20].

The aim of the present study was to report (i) a preparation
procedure and characterization of the N-functionalized Pd cata-
lysts supported on vapor-grown carbon nanofibers (Pd-N-VGCF),
(ii) their application in the liquid phase selective hydrogenation of
acetophenone into the corresponding alcohol under mild reaction
conditions, i.e. at 70 °C and atmospheric pressure of hydrogen, and
(iii) the effect of the catalyst reduction temperature on the one-pot
synthesis of (R)-1-phenylethyl acetate starting from acetophenone.

It should be also clearly emphasized that the goal of the wok was
in preparation and characterization of N functionalized materials,
while synthesis of (R)-1-phenylethyl acetate was used as model
reaction, which is very sensitive to acidic properties of carbon sup-
ports, as the latter could lead to substantial formation of a side and
undesired product - ethylbenzene.

2. Experimental

2.1. Synthesis of the N-functionalized supports

Vapor-grown carbon fibers (Pyrograf Products, USA, product
PR24-PS) were used as starting material. A detailed characteriza-
tion of this sample can be found in [21]. The vapor-grown carbon
fibers (VGCFs) were first oxidized with concentrated nitric acid for
2hat 100°C, and then treated with gaseous NH3 in tubular quartz
reactor either at 200°C, 400°C or 600°C for 4h to create basic
nitrogen-containing functional groups by ammonolysis [22].

2.2. Palladium deposition by sol immobilization

Palladium nanoparticles were deposited on the N-
functionalized VGCFs (N-VGCFs) by immobilization of Pd® colloids
[23]. Solid NayPdCl, (0.043 mmol) and 0.22 ml PVA solution (2%,
w/w) (Pd/PVA 1:1, w/w) were added to 130 ml of H,O. After 3 min,
0.860 ml of 0.1 M NaBH4 solution was added to the yellow-brown
solution under vigorous magnetic stirring. The brown Pd® sol was
immediately formed. An UV-visible spectrum of the palladium sol
was recorded for ensuring the complete reduction of Pd2*. Within
few minutes from their generation, the colloids (acidified at pH 2,
by sulphuric acid) were immobilized by adding the support under
vigorous stirring. The amount of support was calculated in order
to obtain a final metal loading of 2 wt%. After 2 h the slurry was
filtered and the catalyst washed thoroughly with distilled water.
The prepared samples were finally dried at 100 °C overnight.

2.3. Characterization techniques

The catalysts were characterized by nitrogen adsorption method
(Sorptometer 1900, Carlo Erba Instruments). The catalysts were
out-gassed at 150 °C for 3 h prior to the surface area measurements.
The specific metal surface areas were calculated by using the BET
equation. Temperature programmed reduction (TPR) of the fresh
catalyst was carried out in 5 vol% H, /Ar using a temperature ramp of
5°Cmin~! up to 400 °C using Micromeritics, Autochem 2910 appa-
ratus. Temperature programmed desorption (TPD) was performed
with a temperature ramp 5 °C min~! under He flow. Prior to the des-
orption experiments, the catalysts were further reduced at either
100°C or 200°C, cooled down to room temperature and flushed
with He for 30 min in order to remove any physisorbed hydro-
gen. The palladium (Pd) dispersion was determined by CO pulse
chemisorption. Prior to measurements the catalysts were reduced
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either at 100 °C or 200 °C. Palladium stoichiometry was taken as 2
[22]. The acid-base titrations of the N-VGCF supports were per-
formed as follows: 100 mg of sample was dispersed in 50 ml of
103 M KCl solution and stirred for overnight. Prior to measure-
ments, the mixture was degassed under Ar for at least 1 h until the
pH value was constant. The titration was carried out under Ar, using
a0.01 M HCl solution. The initial pH (pHjpitia1) values of the solution
were recorded.

For adsorption microcalorimetry measurements A SETARAM
MS70 Calvet calorimeter was combined with a custom-designed
high vacuum and gas dosing apparatus, which has been described
in detail in [24]. The dosing volume is 139ml, and an absolute
pressure transducer (MKS Baratron type 121) measures pressure
variations of 0.003 mbar in this volume (provided the box tempera-
ture does not vary by more than +1.5 K), allowing (as a conservative
estimate) to dose as low as 0.02 pmol into the sample cell. An
all-metal cell was employed as described in [25], but without the
basket-like insert. The degassing of the samples was conducted
inside the calorimeter cell. After evacuation at 313K to a pres-
sure <1078 mbar, the cell was closed. CO 3.7 (Westfalen) or CO,
4.5 (Air Liquide) was introduced into the initially evacuated cell,
and the pressure evolution and the heat signal were recorded for
each dosing step. The adsorption isotherm was derived from the
dosed amount and the equilibrium pressure (in comparison to an
empty cell). The differential heats of adsorption were calculated
by converting the signal area into a heat by using the calorime-
ter’s calibration factor and then dividing the heat by the number
of molecules adsorbed in this step. All data sets (consisting of one
isotherm and the corresponding heats of adsorption) were obtained
by treating a fresh sample.

The morphology and homogeneity of the samples were inves-
tigated with a Hitachi S-4800 scanning electron microscope
(FE-SEM) equipped with SE and YAG-BSE detectors for imaging.
The samples were loosely dispersed on conductive carbon tape.
Images were first acquired with both SE and YAG-BSE detectors
using an acceleration voltage of 15kV in order to check the homo-
geneity of the samples, in particular the absence of any large metal
aggregate. EDX spectra were also acquired at 15kV primary elec-
tron energy. Quantification was done using the standard-less ZAF
correction method in the Genesis software from EDAX. High mag-
nification images were acquired using an acceleration voltage of
1.5kV for better resolution of surface features. The microstructure
of the reduced catalysts was investigated by high-resolution trans-
mission electron microscopy (HRTEM), using a Philips CM200 FEG
TEM operated at 200 kV. The samples were dispersed in chloroform
and deposited on a holey carbon film supported on a Cu grid.

2.4. Experimental set-up

Typical experiments were performed at 70°C in toluene (J.T.
Baker, 99.5%) under atmospheric pressure of hydrogen (AGA,
99.999%) with a volumetric flow rate of 295 ml/min. To elimi-
nate external mass-transfer limitations for substrates, the reaction
media was stirred vigorously (500 rpm). The internal mass trans-
fer was overcome by using small catalyst particles (<100 wm). The
liquid phase volume and the initial reactant concentration were
125 ml and 0.02 mol/l, respectively. Ethyl acetate (Sigma-Aldrich,
>99.5%) with the concentration of 0.06 mol/l was used as an acyl
donor. The catalytic hydrogenation of acetophenone (Acros, 99%)
was carried out over 2% (w/w) Pd-N-VGCF (312.5mg) and the
formed (R)-1-phenyl ethanol was acylated in the same pot to (R)-
1-phenyl ethyl acetate using an immobilized lipase (Novozym 435,
62.5mg) (Fig. 1). The experiments were performed with the fol-
lowing catalysts, which were all chemically reduced with NaBH,4
during synthesis: (1) fresh catalysts (catalysts without additional
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Fig. 2. The pHj,;iia as a function of reduction temperature (symbols; a: fresh cata-
lysts, B: supports reduced at 200 °C for 120 min under H; flow, O: supports reduced
at 100 °C for 30 min under H; flow).

reduction prior to experiments), (2) catalysts reduced at 100 °C for
30 min, (3) catalysts reduced at 200 °C for 120 min.

2.5. Product analysis

The products were analyzed by a gas chromatograph equipped
with a chiral column CP Chirasil Dex (Varian, USA) (250 wm x
0.250 m x 25m) and a flame ionization detector. The following
temperature program was applied: 100°C (1 min)-0.30°Cmin~!
min-130°C-15°Cmin~! min-200°C (10 min). The temperature of
the injector and split ratio were 280 °C and 100:1, respectively. The
products were identified using gas chromatography/mass spec-
trometry (GC-MS).

3. Results and discussion
3.1. Catalyst characterization

3.1.1. Acid-base titration

The solutions were always out-gassed by bubbling Ar for 1h
(until the pH was constant) before starting the measurement. The
pH of the solutions progressively raised during the out-gassing
because of the progressive desorption of CO, from the basic
N-containing functional groups. All the samples analyzed gave rel-
atively similar starting pH values (pHjpjtia1)- These pHjpitiar values
depend on the presence of O-containing groups created during the
treatment with nitric acid and on the presence of basic N-groups
formed by ammonolysis on the surface. The number and the nature
of both the O- and N-groups are sensitive to the temperature of the
NHj3 treatment [22,26]. Acid-base titrations showed that during the
additional reduction processes at 100 °C or 200 °C, many basic sites
were lost, thus leading to lower pH values for the reduced catalysts
than for the starting N-VGCFs supports (Fig. 2). This might be due
to the temperature-induced rearrangement of the N-containing
groups, as already shown in [26] when heating similar supports
in vacuum.

3.1.2. Temperature programmed reduction

TPR was performed for the fresh catalysts. Temperature reduc-
tion results for the fresh catalysts prepared by sol immobilization
exhibited that higher reduction temperatures needed for the cat-
alyst treated at 200°C with gaseous ammonia since the highest
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Fig. 3. Temperature programmed reduction for the catalysts prepared by sol immobilization (SGI) and chemically reduced.

hydrogen uptake was at 310 °C (Fig. 3). The hydrogen uptake tem-
peratures decreased with increasing gaseous ammonia treatment
temperatures. A small negative peak with maximum at around
78 °C can be attributed to decomposition of PVA (polyvinyl alcohol),
while a high temperature H, consumption peaks could have been
associated with the reduction of Pd2* ions to Pd® [27,28]. However,
since Pd catalysts prepared by sol immobilization were already (at
least partially) reduced (Pd?), the treatment is in fact removing
PVA from the surface rather than reduction of Pd%* ions, formed
because of slight oxidation of Pd® by contact with air, back to PdP°.
The maximum temperature for hydrogen uptake for the catalysts
treated with gaseous ammonia either at 200°C, 400 °C or at 600 °C
prior to Pd addition was 310°C, 242°C and 225°C, respectively
(Fig. 3). This result indicated that when the catalyst was treated at
higher temperature with gaseous ammonia, it was easier to remove
PVA.

3.1.3. Adsorption microcalorimetry study

In order to understand the influence of catalyst reduction by
hydrogen, adsorption studies using microcalorimetry were per-
formed with the support N-VGCF treated with ammonia at 400°C
(sample A), 2 wt%Pd on the same support with Pd particles covered
with a protective agent PVA and chemically reduced with NaBH,4
during the catalyst synthesis (sample B) as well as 2 wt% Pd when
PVA was removed by H, reduction at 100°C for 30 min (sample
C). In the results below the calorimetric sign criterion, i.e. positive
energetic quantity for an exothermic process, was adopted.

Fig. 4a displays CO, adsorption isotherms at 40°C on these
samples. It clearly follows from Fig. 4a that introduction of Pd to
N-VGCF673K Pd leads to a lower amount of adsorption places for
CO, at the same partial pressure. The bare N-VGCF673K provides
adsorption capacity of 15.4 wmol/g, while presence of metal dimin-
ished adsorption capacity to approximately 9 umol/g. The identical
amount of basic surface site for the Pd catalysts reflects the same Pd
loading in samples B and C. The Pd-N-VGCF673K exhibits roughly
6.4 pmol/g or 38% less basic surface sites than the Pd free supported
materials, proving that oxygen and basic nitrogen surface species
created during ammonia treatment represent the anchor sites for
the metal nanoparticles.

The differential heats of adsorption as a function of adsorbed
amount of CO, are reported in Fig. 4b. For all samples the heat
profiles indicate an energetically homogeneous surface, although
sample C exhibits few basic sites (<0.3 wmol/g) with higher heat
of adsorption. The final differential heat for samples containing
Pd (B and C) was ca. 23 kJ/mol, while the bare support exhibits
a final differential heat of 19 kJ/mol. It can be concluded that the
basic surface properties are very weak, however, it seems that Pd
doping gives rise to slightly stronger basic sites, which are still
weak.

It is interesting to note that similar treated support mate-
rial described in [26] shows differential heat of CO, of 50kJ/mol,
which could be at least partially associated with different stor-
age time of these samples. The heat of CO, adsorption for the
commercial VGCF is very low of ca. 30kJ/mol. Furthermore, it is
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reported that depending on the amination temperature the N-
VGCF surface provides energetically different basic sites which
are heterogeneously distributed. It is obvious that the surface
basic states are very sensitive to the preparation, oxidation and
amination procedure. For CO, adsorption at 25°C on NaZSM-5
zeolite an initial differential heat of 53 kj/mol and a final differ-
ential heat of 39 kJ/mol were observed indicating weak basic sites
[29].

In all measurements CO, could be completely desorbed by evac-
uation at the adsorption temperature to a final pressure of ca.
3 x 10~8 mbar. The resulting registered integral desorption heat
(Gintegra =30 m]J) was comparable to the sum of the heats for the
individual adsorption steps ((integrat = 33 mJ), indicating that CO; is
reversibly adsorbed on all sample. The complete reversibility could
be confirmed by re-adsorption of CO, after desorption of CO, from
the Pd containing samples (not shown).

The titration of the acidic properties of samples A, B and C
using CO at 40°C is reported in Fig. 5. The amount of adsorbed
CO on sample C was negligible and consequently the correspond-
ing heat signals were very small, therefore the differential heat
could not be precise specified. This measurement is in agree-
ment with the acid-base titrations and confirms that the acidic
O-containing groups were fully replaced by basic N-containing
groups by ammonolysis. The surface of the supports therefore con-
sists of a mixture of weakly basic oxygen- and nitrogen-containing
groups. In Fig. 5a, the isotherms of the Pd containing samples could
be attributed to the selective adsorption of CO on the Pd surface.
As can be seen from Fig. 5a, reduction in H; results in higher
amounts of accessible Pd sites, the difference being 0.44 pmol/g.
These results are consistent with the TPR and demonstrated that
H, led to a partial (~16%) removal of the PVA compared to chem-
ical reduction, as well as to the reduction of any PdO formed by
storage of the samples in air. The differential heat of CO adsorption
as a function of the amount of adsorbed CO is shown in Fig. 5b. At
low coverage, small heat plateau of around 47 kJ/mol for the sam-
ple C and 40 kJ/mol for the sample B indicate that both Pd catalysts
exhibit a small amount of energetically uniform Pd sites; approx-
imately 1.16 wmol/g for the former one and 0.86 pmol/g for the
latter. At higher coverage the heat decreases rapidly indicating that
in this range either the monolayer is completed and/or decrease of
adsorption is a result of lateral interactions between the adsorbed
CO. CO adsorption on ca. 2 wt% Pd supported on oxides (SiO5, Al, O3,
TiO5, Si0,/Al;05) at 300K after reduction at 573 K was reported in
[30]. The initial differential heat of all samples was similar varying
in the range of 93-136 kJ/mol. One of the possible explanations
of the large difference between this literature data and experi-
mentally observed ones for the Pd/N-VGCF could be incomplete
palladium reduction and influence of PVA.

3.1.4. Surface area and metal dispersion

The total surface area determined from the BET equation
(Table 1), ranges from 29 m2 g~! to 35m? g~!. The low specific sur-
face area of Pd-N-VGCF is due to the wall thickness of the N-VGCFs
[31]. This observation is in agreement with a previous study show-
ing a correlation between specific surface area, carbon nanotube
diameter and number of walls [32].

The metal dispersions for the catalysts decreased with increas-
ing gaseous ammonia treatment temperature when the catalysts
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Table 1
Catalyst characterization results.

Entry Catalyst NH; treatment Metal dispersion (%) Metal particle size (nm) Metal specific surface
temperature (°C) area(m?g1!)
1.1 Pd/N-VGCF 200? 13 8 32
1.2 200 18 6 32
2.1 Pd/N-VGCF 400° 11 10 35
2.2 400° 19 6 35
3.1 Pd/N-VGCF 6002 9 12 29
3.2 600° 16 7 29

3 Pd catalysts were pre-reduced at 100°C for 30 min.
b Pd catalysts were pre-reduced at 200 °C for 120 min.

were reduced at 100 °C for 30 min under H, flow (Table 1, Entries
1.1, 2.1, 3.1). Slightly higher metal dispersions were, however,
achieved when these catalysts were reduced at 200 °C for 120 min
under H; flow (Table 1, Entries 1.2, 2.2, 3.2) than when reduced at
100°C for 30 min under H, flow. This result can be explained by
the fact that PVA was not totally removed at 100°C and probably
still covered part of the Pd surface, while at 200 °C, all the PVA was
removed. Furthermore, at 200 °C, no sintering took place.

A more detailed CO adsorption study was performed for samples
A and B. As could be seen from Fig. 6 a simple Temkin (loga-
rithmic) adsorption isotherm, which corresponds to energetically
nonuniform surface, describes experimental data with reasonable
accuracy, being in line with microcalorimetric study (Fig. 5b).

For each sample, images were obtained with 15kV in SE mode
and in YAG-BSE mode since the electrons can go through the fibers
as a result of the high accelerating voltage. Consequently, parti-
cles inside the VGCFs were observed. The YAG-BSE detector is very
sensitive to heavy elements. Pd appears as very bright particles in
the SE/BSE images, with diameters below 5 nm. The metallic wires
(bright lines) observed in some of the images actually correspond
to encapsulated Fe, used as catalyst to grow the VGCFs by methane
CCVD (Figs. 7 and 8).

Most of the particles have a size of ca. 2 nm. The TEM images
obtained from Entries 2.1 and 3.1 showed many small particles
(Figs. 9 and 10). Although not obvious in the metal dispersion

measurements, some sintering/aggregation was observed for Entry
2.1 and even more Entry 3.1 such as melted like Pd particles.

3.1.5. Hydrogenation of acetophenone

In this work hydrogenation of acetophenone was carried out
over 2% (w/w) Pd/N-VGCF catalysts differently pretreated. The
previous studies [10,11] conducted with palladium supported on
active carbon (Pd-AC) catalyst in one-pot hydrogenation of ace-
tophenone showed that ethyl benzene was formed as a major
product due to the acidic support since typically Pd/AC catalysts
exhibit acidic surface groups, such as carbonyl, carboxylic, phe-
nolic hydroxyl, lactone and quinone groups. The influence of the
acid-base properties of the support on the catalytic activity has
been investigated by treating oxidized VGCFs with NHj at differ-
ent temperatures in order to introduce various amounts of basic
N-containing groups on the surface. The basic properties of the
catalysts were increased by increasing the treatment temperature.
The results shown in Table 2 demonstrated that the initial hydro-
genation rates and conversions increased by increasing treatment
temperature. No activity was observed with the supports alone
(N-VGCF) which confirmed the need for the metal as an active
hydrogenation site.

The effect of the pre-reduction procedure was also investigated.
Preliminary experiments showed that if the hydrogenation cata-
lysts were just reduced chemically during preparation without any

Fig. 7. The SEM images of samples which were treated by gaseous ammonia at 400 °C prior to Pd addition and reduced at 100 °C for 30 min under H; prior to the reaction.
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Fig. 8. The SEM images of samples which were treated by gaseous ammonia at 400 °C prior to Pd addition and chemically reduced.

pre-reduction with hydrogen, higher conversions were obtained
after 480 min compared to pre-reduced samples. The hydrogena-
tion catalysts, thus, were studied as such with chemical reduction or
pre-reduced either at 200 °C for 120 min, 100 °C for 30 min under H,
flow. The results explicitly indicated that the initial hydrogenation
rates increased with decreasing pre-reduction temperature prior
to the experiments.

3.1.6. Turnover frequency and initial rates

Turnover frequencies (TOF) were calculated (Table 2) taking
into account metal dispersion. TOF values were in the range
0.4x1073571-7x 1073571 in line with the literature [33]. The

highest TOF value was obtained over Entry 3.1 which was treated
with gaseous ammonia at 600 °C and reduced at 100 °C for 30 min
under Hy flow prior to the experiment (Table 2). It was observed
that the TOFs significantly increased with increasing ammonia
treatment temperature (Fig. 11). Moreover, the TOFs increased with
increasing average Pd particle size (Fig. 12). Recently similar clus-
ter size effect, e.g. increase of TOF with an increase of ruthenium
cluster size was observed in enantioselective hydrogenation of ace-
tophenone [34].

The initial hydrogenation rates over the catalysts with sup-
ports treated with gaseous ammonia at 400°C and 600°C were
0.09 mmol/minga and 0.08 mmol/minc,e, respectively. Higher

Fig.9. The HR-TEM images of samples which were treated by gaseous ammonia at 400 °C prior to Pd addition and reduced at 100 °C for 30 min under H; prior to the reaction.
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Fig. 10. The HR-TEM images of samples which were treated by gaseous ammonia at 600 °C prior to Pd addition and reduced at 100°C for 30 min under H prior to the

reaction.

initial hydrogenation rates were achieved over the catalysts chemi-
cally reduced with subsequent reduction at 100 °C for 30 min under
H, flow prior to the experiments than for the catalysts without
such. The initial hydrogenation rates similarly to TOF increased
with increasing gaseous ammonia treatment temperature.

3.1.7. Effect of ammonia treatment temperature on TOF and
initial rates

Experiments with 2% (w/w) Pd/N-VGCF catalysts showed that
the highest TOF was 7 x 10-3s~! over the catalyst treated with
gaseous ammonia at 600°C prior to Pd addition, followed by
chemical reduction and further exposure to gaseous hydrogen for
30min at 100°C (Table 2, Entry 3.1). The second highest TOF was
5x 103 s~! for Entry 2.1 (Table 2) when the support was treated

Table 2

at 400 °C with gaseous ammonia and the catalyst was additionally
reduced at 100 °C for 30 min prior to the experiments.

The results indicated that TOF increases with increasing gaseous
ammonia treatment temperature (Fig. 11). This trend showed also
that the initial TOFs were higher when Pd catalysts with lower
dispersion were applied.

3.1.8. Reaction rates and conversions after prolonged reaction
time

The increasing ammonia treatment temperature increased the
hydrogenation rates and acetophenone conversions after pro-
longed reaction times. Furthermore, the catalysts reduced only
chemically exhibited higher rates and acetophenone conversions
than the reduced ones (Table 2). Thus catalysts reduced at 200°C

Kinetic results for the synthesis of (R)-1-phenylethyl acetate starting from acetophenone hydrogenation using Pd catalysts and immobilized lipase.

Entry Catalyst NHj3 treatment Initial

TOF ¢ x 103 (s71)

Conversion after Conversion after Selectivity to EB selectivities (%)

temperature (°C)  hydrogenation rate 300 min (%) 480 min (%) (R)-PEAC (%)
(mmol/(min geat.))
1.0 Pd/N-VGCF? 200? 0.03 i 67 82 (97) 194 (25)¢ 184 (20)¢
1.1 200 0.01 1 33 47 (78) 384 (19)f 164 (15)f
1.2 200¢ 0.004 0.4 7 10 (30) 174 (38)¢ 3d(5)
2.0 Pd/N-VGCF® 4002 0.09 i 95 98 (99) 154 (33)¢ 04 (8)°
2.1 400° 0.03 5 76 89 (98) 264 (33)¢ 04 (10)¢
22 400¢ 0.009 0.8 32 45 (75) 324 (21)" 209 (15)r
3.0 Pd/N-VGCF¢ 6002 0.08 i 96 98 (98) 64 (24)° 04 (7)e
3.1 600° 0.03 7 77 88 (98) 224 (31)¢ 04 (11)¢
3.2 600¢ 0.02 2 54 71 (94) 274 (18)¢ 174 (15)¢

Pd catalysts without pre-reduction.
Pd catalysts pre-reduced at 100 °C for 30 min.

Selectivities to (R)-1-phenylethyl acetate (R-PEAc) and ethyl benzene (EB) at 30% reactant conversion.

a
b
¢ Pd catalysts pre-reduced at 200 °C for 120 min.
d
e

Selectivities to (R)-PEAc and EB at 90% reactant conversion.
f Selectivities to R-PEAc and EB at 78% reactant conversion.
& Selectivities to R-PEAc and EB at 10% reactant conversion.
h Selectivities to R-PEAc and EB at 75% reactant conversion.
i CO pulse chemisorption was not performed for un-reduced Pd catalysts.
I The conversions in parenthesis were obtained after 1320 min reaction time.
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Fig. 11. The TOFs as a function of ammonia treatment temperature for catalysts
subsequently reduced at 200 °C for 120 min under H; flow.

for 120 min exhibited lower conversions than the ones reduced at
100°C for 30 min under H; flow prior to the experiments.

3.1.9. Effect of ammonia treatment temperature on conversions
and product distributions in one-pot synthesis

Experimental results for one pot synthesis of (R)-1-phenylethyl
acetate are given in Figs. 13-15. The highest acetophenone
conversion was 98% after 480 min with 36% selectivity to (R)-1-
phenylethyl acetate (Table 2, Entry 2.0) in one-pot operation mode
combining heterogeneous and enzymatic catalysts. In this entry
the support was treated with gaseous ammonia at 400 °C prior to
palladium addition and the catalyst was only reduced chemically
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Fig. 12. TOFs versus average Pd particle size for the catalysts subsequently reduced
at 200 °C for 120 min under H; flow.

(Fig. 14a). Although, the catalyst prepared treated with gaseous
ammonia at 600 °C prior to palladium addition and used without
reduction by hydrogen (Table 2, Entry 3.0) displayed the same ace-
tophenone conversion, 98% after 480 min (Fig. 15a), the selectivity
to (R)-1-phenylethyl acetate was 30% at this conversion (Fig. 15d).

Ethylbenzene could be formed by dehydration of phenylethanol
to styrene with subsequent hydrogenation to ethylbenzene (Fig. 1)
or debenzylation of the desired product (R)-1-phenylethyl acetate.
Kinetic data (Figs. 13-15) demonstrate that the concentration of
latter product passes through a maximum, which is an indication of
consecutive transformation of (R)-1-phenylethyl acetate. The basic
sites in N-VGCF should in principle display low catalytic activity in
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Fig. 13. Kinetic results in one-pot synthesis of (R)-1-phenylethyl acetate (a) acetophenone conversion, (b) concentration of (R)-1-phenylethyl acetate, (c) concentration of
ethyl benzene and (d) selectivities to (R)-1-phenylethyl acetate as a function of conversion. Catalysts were treated with gaseous ammonia at 200°C prior to Pd addition
(symbols; a: only chemical reductions, O: additional reduction at 100 °C for 30 min under H, flow, B: additional reduction at 200 °C for 120 min under H; flow).
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dehydration reaction, which is catalyzed by acid sites. In order to
check a hypothesis of dehydration catalyzed by bases a separate
experiment was performed with ZrO,KCl catalyst (a basic catalyst
with basic sites/CO, uptake 292 wmol/g and BET equal 57m2 g~1)
resulting in the absence of any dehydration.

As mentioned above a decrease in the initial hydrogenation rates
was observed with more complete catalyst reduction. Based on
Figs. 13-15 it could be stated that such decrease was associated
with higher initial selectivity to the desired product and much
lower rates of ethylbenzene formation. Among various possible
explanations for this behavior, metal oxidation state, resistance to
deactivation, structure sensitivity and influence of PVA could be
mentioned. Most probably differences in metal dispersion as well as
catalyst stability cannot be responsible for substantial differences
in catalytic performance, which could be tentatively attributed to
partial removal of PVA during post catalyst synthesis reduction
with hydrogen leading to additional metal reduction.

The maximum yield of (R)-1-phenylethyl acetate over Entry
2.0 was 35% at 98% conversion of acetophenone corresponding
to 36% selectivity over 312.5mg of Pd-catalyst in combination
with 62.5 mg of immobilized lipase. The desired product yield was
improved by using Pd-N-VGCF catalysts comparing to the yields
obtained with Pd on active carbon as the maximal yield reported
for the latter catalyst was 15% at 66% conversion of acetophenone
[35]. In addition for one pot reaction with Pd on active carbon the
major product was ethyl benzene due to the acidic character of the
support.

4. Conclusions

The effect of functionalization of vapor-grown carbon
nanofibers (N-VGCF) by treatment with gaseous ammonia at
various temperatures followed by introduction of Pd and the influ-
ence of different reduction procedures were in the focus of this
study. These materials were evaluated in the synthesis of (R)-1-
phenylethyl acetate starting from acetophenone over Pd/N-VGCF
in combination with an immobilized lipase at mild reaction
conditions in toluene.

TOFs significantly increased with increasing ammonia treat-
ment temperature and the highest TOF was obtained over the
catalysts treated with gaseous ammonia at 600°C, chemically
reduced and subsequently treated at 100°C for 30 min under H,
flow prior to the experiment. Furthermore, TOFs increased with
increasing average Pd particle size.

The highest acetophenone conversion was 98% after 480 min
with corresponding selectivity to (R)-1-phenylethyl acetate of 36%.
This is a significant improvement compared to utilization of pal-
ladium on active carbon catalysts, which results in significant
ethylbenzene formation.

The effect of additional reduction with gaseous hydrogen after
chemical reduction of Pd catalysts prepared by sol immobilization
was significant, which could be in part explained by more complete

removal of polyvinylalcohol (PVA), used during catalyst prepara-
tion.
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