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Abstract

A comparative study was performed between Pd supported on activated hydrotalcites bi-functional catalysts and physical mixtures of activated
hydrotalcites with Pd supported on carbon nanofibers for the single-stage liquid-phase synthesis of methyl isobutyl ketone from acetone and H,.
Since it was found earlier that the dehydration reaction of diacetone alcohol over activated hydrotalcites is the rate-determining step in this process,
Mg—Al hydrotalcites were investigated in the condensation of acetone to diacetone alcohol and its dehydration to mesityl oxide to enhance the
activity. A correlation between the number of active base sites, as determined by volumetric CO, adsorption measurements at low pressures, and
the activity in the dehydration reaction could be derived. A dependency on the Pd-loading (0—1 wt%) of Pd supported on activated hydrotalcites
catalysts was found in the single-stage synthesis of methyl isobutyl ketone, whereas no such an effect was found when using physical mixtures of
activated hydrotalcites with Pd on carbon nanofibers. Results from TEM, CO, chemisorption and N, physisorption as well as catalytic experiments
in the hydrogenation of mesityl oxide and of cyclohexene indicate that this dependency is largely accounted for by entrapment of Pd particles in the

agglomerates of the irregular stacks of hydrotalcite platelets, making these sites inaccessible for the reactants.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Industrially important chemicals like methyl isobutyl
ketone (MIBK) and 2-ethylhexanal are usually produced in
a three-step process, wherein the three reactions steps are
executed separately. The first step is a base-catalyzed aldol
condensation, followed by a dehydration reaction which can be
catalyzed under acidic or under basic conditions [1]. The last
step is the selective hydrogenation of the, o,(3-unsaturated
aldehyde or ketone. The three-step process is disadvantageous,
because the yield of the first two steps is limited by the
thermodynamic equilibria while only the third step, the
hydrogenation, is thermodynamically favored towards the end-
product [2—4]. Furthermore, the large waste streams from the
use of homogeneous catalysts have to be reduced significantly.
To deal with the thermodynamic constraints and the more
stringent environmental legislation, several catalytic systems
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have been investigated for the single-stage process wherein
n-butyraldehyde and H, into 2-ethylhexanal or acetone and H,
into MIBK are directly converted. Examples of these catalytic
systems are Pd on ion-exchange resin [5], Pd or Pt on ZSM-5
[6-8], Pd on zeolite X [9,10], Pd on Na/SiO, [11], Pd/Nb,Os/
SiO, [12,13], Ni/y-Al,05 [14] and Ni or Pd on Mg(AD)O [15-
21]. Although these single-stage processes seem promising,
still high reaction temperatures and pressures are required and
side-reactions occur that lower the selectivity of the process
and cause catalyst deactivation [17,22,23]. Although the use
of catalytic distillation [24] might overcome these problems,
a process operating at low temperatures appears to be more
suitable.

Recently, we reported a preliminary study of a hydrotalcite-
based catalyst system consisting of a physical mixture of
activated Mg—Al hydrotalcites (HT) and palladium supported
on carbon nanofibers (Pd/CNF) for the single-stage synthesis of
MIBK [25]. This catalyst system converts acetone and H, into
MIBK in the liquid-phase under mild conditions (331 K and
1.2 bar H,) with high selectivity, although more research is
required to further improve the activity. As the condensation of
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acetone to diacetone alcohol (DAA) over HT proceeded very
fast and the second step, the dehydration of DAA to mesityl
oxide (MO) over HT, was found to be rate limiting in the
production of MIBK, the MIBK production rate may be
improved by enhancing the rate of the dehydration reaction.
However, in our previous work we showed that already at low
MO concentrations severe deactivation of the hydrogenation
catalyst occurred due to oligomerization of MO. The balance
between the rate of the dehydration reaction and of the
hydrogenation to MIBK is crucial in maintaining very low MO
concentrations to suppress deactivation of the hydrogenation
functionality. With a physical mixture of activated HT and Pd/
CNF this balance may be shifted with the composition of the
mixture. An alternative could be the use of a bi-functional
catalyst, in which the distance between the basic sites and
hydrogenation sites is minimized. The main advantage of such
a catalyst system might be that MO does not necessarily have to
desorb from the catalyst, but can be hydrogenated directly into
MIBK. Therefore, it is beneficial to perform a comparison
between hydrotalcite-based bi-functional catalysts and physical
mixtures.

The deposition of highly dispersed Pd supported on
hydrotalcites has been executed using various synthesis
methods, such as co-precipitation [18], deposition—precipita-
tion [26], impregnation [27-29] or by use of Pd clusters in a
polymer [30]. However, the main focus of these studies was on
the hydrogenation reaction and no attention has been given on
the basic function. Recently, Tichit et al. [29] reported on Pd
supported on a Mg/Al mixed oxide as an efficient catalyst for
the synthesis of 2-methyl-3-phenyl-propanal from benzalde-
hyde and 2-propanal, wherein basic sites as well as
hydrogenation sites are required. An interesting finding was
that by adding water to the reaction mixture the activity
increased significantly, because reconstruction of the mixed
oxide to hydrotalcites occurred. By reconstruction to hydro-
talcite strong Brgnsted-base sites (OH ) were incorporated in
the structure, which were responsible for the significant
increase in catalytic activity. Therefore, this reconstructed
material is of interest to investigate in the single-stage synthesis
of MIBK from acetone and H,.

In this paper we report on a comprehensive study on
hydrotalcite-based catalysts for the single-stage liquid-phase
synthesis of MIBK from acetone and H, under mild conditions.
The dehydration of DAA to MO over activated Mg—Al HT was
studied separately to enhance the rate-determining step. To this
end HT with different platelet sizes were investigated to derive
the relation between the number of active sites and the catalytic
performance for this reaction. Furthermore, since water is a
side-product in the dehydration reaction, investigation on the
influence of water is performed. A comparative study was made
between Pd supported on activated hydrotalcites bi-functional
catalysts and physical mixtures of activated hydrotalcites with
Pd on carbon nanofibers in the single-stage liquid-phase
synthesis of MIBK at 313 K and 1.2 bar H,. Hydrogenation
experiments were performed separately to obtain more detailed
information about the catalytic properties of the hydrogenation
function of the catalysts.

2. Experimental
2.1. Preparation of the hydrotalcite materials

HT with an Mg/Al ratio of 2 was prepared via co-
precipitation [25,31]. To an aqueous solution (70 ml) contain-
ing 0.35 mol NaOH (Merck) and 0.09 mol Na,COj3 (Acros) an
aqueous solution (45 ml) of 0.1 mol Mg(NOs3),-6H,O (Acros)
and 0.05 mol AI(NO3)3-9H,O (Merck) was added. The
resulting white suspension was heated at 333 K for 24 h under
vigorous stirring, after which the precipitate was filtered and
washed extensively. The sample, further designated as HT,,
was dried for 24 h at 393 K. For the HT samples prepared at
temperatures of 373, 423 and 473 K an autoclave was used.
These samples are further indicated with their respective
synthesis temperature.

To activate HT,, [32,33] it was heated in a nitrogen flow to
723 K (10 K min~ ") for 8 h and allowed to cool down to room
temperature (HT}ea). HTheqe Was rehydrated by suspending it in
decarbonated water under N, atmosphere for 1 h. Next, the
sample was filtered under N, atmosphere and dried in N, flow at
293 K. The sample is further denoted as HT.

2.2. Deposition of palladium on activated hydrotalcites

Pd was deposited via a method adapted from literature [27-
29]. Typically 1.5 g of HT},e, was added to a toluene solution
(20 ml) containing appropriate amounts of Pd(acac), (Acros)
(intended loading in the range of 0—1 wt%). The solvent was
evaporated under continuously stirring the suspension while
applying a dynamic vacuum. After drying in N, flow at 393 K
for 16 h, the catalyst precursor was heated in an Ar flow at
723 K for 0.5 h. Subsequently, the temperature was lowered to
the reduction temperature (473 K) and the sample was kept at
this temperature for 2 h in a 20% H, in Ar flow, followed by
rehydration at room temperature by use of a water-saturated
nitrogen flow for 72 h (samples are further denoted as Pd/HT.).

2.3. Preparation of Pd/CNF and Pd/SiO,

Pd was deposited on carbon nanofibers (0.9 wt% Pd) by ion
adsorption as described elsewhere [25,34]. Carbon nanofibers
(CNF) were grown out of synthesis gas (CO/H,) using a
commercial 57 wt% Ni/SiO, catalyst (Engelhard Ni5270P) at a
growth temperature of 773 K. Removal of the growth catalyst
and oxidation of CNF was performed by treatment in KOH and
subsequently in concentrated HNO;, followed by thorough
washing. Next, Pd was deposited by ion adsorption using
Pd(NH3)4(NO3),. The catalyst precursor was reduced at 523 K
in H, flow (further denoted as Pd/CNF). A 3 wt% Pd on SiO,
catalyst obtained from Engelhard (Q500-189, unreduced
sample) was reduced in H, flow at 523 K for 2 h.

2.4. Catalyst characterization

Powder X-ray diffraction patterns were measured using an
Enraf-Nonius CPS 120 powder diffraction apparatus with Co
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Ko radiation (A =1.789 A). Volumetric CO, adsorption
measurements in the range of 0-50 mbar were performed at
273 K with a Micromeritics ASAP 2010C apparatus after
drying the samples at 393 K in vacuum for at least 20 h. After
evacuation of the sample, CO, was dosed with small
increments. Each dose was added only after steady-state
establishment. The total number of accessible sites was
determined by taking the amount of CO, chemisorbed at zero
pressure obtained by extrapolation of the linear part of the
uptake isotherm. N, physisorption measurements were
performed using a Micromeritics Tristar 3000 analyzer after
drying the samples at 393 K for at least 20 h. H, chemisorption
data on Pd samples were recorded using a Micromeritics ASAP
2010C apparatus. Prior to the chemisorption measurements at
343 K, samples were dried in vacuum at 393 K for 16 h,
reduced in H, flow at 423 K for 2 h (5 K min~!) and degassed
for 2 h at the reduction temperature. The H/M ratios are based
on the amount of hydrogen adsorbed by extrapolating the linear
part of the isotherm to zero pressure. TEM images were
obtained with a Fei Technai 20 FEG TEM operating at 200 kV.
Samples were, after ultrasonic treatment, dispersed on a holey
carbon film supported on a copper grid. ICP analyses were
performed using a Thermo Jarrel Ash Atom Scan 16 apparatus.

2.5. Catalytic tests

Condensation and dehydration experiments were performed
under N, atmosphere with 0.5 g of activated HT catalyst and
1.8 mol acetone. Hydrogenation experiments and the single-
stage synthesis of MIBK were performed in a semi-batch slurry
reactor operating at a constant pressure of 1.2 bar H, at 313 K
[25,35]. The set-up consisted of a thermostated stirred double-
walled glass reactor, equipped with baffles and a gas-tight
mechanical stirrer. Typically, for the MIBK synthesis, 0.5 g Pd/
HT,. or a physical mixture of 0.5 g HT, with 0.14 g of Pd/CNF
was added to a solution containing 1.8 mol acetone and 6 g iso-
octane as internal standard, after which the reactor was
pressurized to 1.2bar H,. For a typical hydrogenation
experiment, 0.05 g of crushed hydrogenation catalyst was
added to a solution containing 120 ml ethanol and 6 g iso-
octane at 313 K, after which the reactor was pressurized to 1.2
bar H,. The reaction was started by injection of 0.01 mol
mesityl oxide (Acros, 99%, - and 3-isomer ratio 1:13, purified
by distillation) or cyclohexene (Acros). Aliquots of 1 ml were
taken from the reaction mixture during reaction and analyzed
using a Chrompack CP 9001 GC provided with a Chrompack
CP 9050 autosampler.

3. Results and discussion
3.1. Catalyst characterization

The XRD pattern of the as-synthesized HT (HT,s) shows the
characteristic diffraction lines typical for an HT compound
(Fig. 1). After heat treatment of HT,; at 773 K the layered
compound was destroyed and a mixed oxide (Mg(Al)O) was
formed. The original layered structure could be restored by
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Fig. 1. X-ray diffraction patterns of HT,5, HTpear, HT\e and 1 wt% Pd/HT,..

rehydration of the mixed oxide, although line broadening in the
pattern of HT,. is apparent compared with the pattern of HT,.
Palladium was deposited on the mixed oxide and, after a second
heat treatment at 773 K and reduction at 473 K, rehydrated to
form palladium supported on activated hydrotalcites (Pd/HT,.)
with loadings in the range 0-1 wt%. The line broadening is
even more pronounced with Pd/HT,., caused by the additional
synthesis steps needed for deposition of Pd and/or due to the
rehydration procedure in the vapor phase instead of the liquid-
phase. No diffraction lines from Pd are apparent in the XRD
pattern due to the low loading and small Pd particles.

The results from N, physisorption of HT,g, HT},ea, HT e and
Pd/HT,. (1 wt%) are given in Table 1. After heat treatment of
HT,, the surface area as well as the pore volume increased
significantly. Only with HT,, micropores were observed,
caused by the evolution of water and CO, during heat treatment
of HT,, [25,32,36,37]. After rehydration of the mixed oxide
(HT,.) a BET surface area similar to that of HT,; was found,
whereas Pd/HT,. exhibited a relatively low surface area. The
results from N, physisorption of Pd/CNF and Pd/SiO, are given
in Table 1. No micropores were present in Pd/CNF, whereas
micropores were observed in Pd/SiO,.

Volumetric CO, adsorption measurements were performed
to obtain information on the number of active base sites in the
HT samples (Table 1). The amount of CO, adsorbed on all Pd/
HT,. samples was found in the range 0.05-0.08 mmol gcafl, a
factor of 2-3 lower than was found for HT,. (0.17 mmol gcafl)

Table 1
Results from N, physisorption and CO, adsorption measurements

st (m?g™") Vineso Vinicro CO, adsorption
(em’g™)  (@em’g)  (mmolgey ")
HT,, 62 0.56 0.00 n.d.
HThen 212 0.77 0.01 n.d.
HT,. 67 0.38 0.00 0.174
Pd/HT,. 27 0.24 0.00 0.076
(1 wt%)
Pd/CNF 138 0.40 0.00 n.d.
Pd/SiO, 278 0.91 0.02 nd.

 Calculated with the BET method or from the #-plot when micropores were
present.
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and values reported earlier for similar materials [32,33,37—40].
This low amount of accessible basic sites is best explained by
further agglomeration of the HT platelets as could already be
observed with activated HTs [33,37,38,41,42], induced by the
additional heat treatment and rehydration procedure. This is
supported by considering the density of sites, which is in both
types of samples 2.6-2.8 mmol m 2. The regular stacks of
hexagonal platelets present in the as-synthesized HT have been
transformed into agglomerates of irregular stacks (Fig. 2A).
TEM analysis of Pd/HT,. at higher magnification and in
STEM High-Angle Annular Dark-Field mode (HAADF) shows
that Pd is distributed as small particles (1-3 nm) in the HT
agglomerates, imaged as small black dots in Fig. 2B and as
small white dots in Fig. 2C, respectively. The Pd particle size

100 nm
(A)

B [

40 nm

(©)

Fig. 2. TEM images of 1 wt% Pd/HT,.: (A and B) bright field, (C) STEM
HAADE

Table 2

Characterization results for the various hydrogenation catalysts

Pd-loading Pd particle size H, chemisorption
(ICP, wt%) (TEM, nm)
H/M (at/at) d (nm)
Pd/HT,. 1 1-3 0.71 1.6
Pd/CNF 0.9 1-4 0.43 2.6
Pd/SiO, 2.8 1-3 0.75 1.5

for all Pd/HT,. samples as determined with H, chemisorption
was typically 1.6 nm (Table 2). TEM analyses on Pd/CNF and
Pd/SiO, revealed small particles in the range of 1-4 nm as well,
in line with results from H, chemisorption (Table 2).

3.2. Condensation and dehydration over activated HTs

The formation of MO from acetone over HT,. was
investigated at various temperatures. Fig. 3 displays the initial
rate in the dehydration reaction over HT,, as a function of the
reaction temperature. In these experiments the condensation of
acetone to DAA was found to be much faster than the
dehydration reaction by almost two orders of magnitude. As
expected, the dehydration rate enhances considerably upon
increasing the reaction temperature, but this improvement is
limited due to the relatively low boiling point of acetone at
ambient pressure. A perfect fit of the experimental data was
obtained with an activation energy of 73.5 kJ mol ' (Fig. 3),
which is similar to values reported in literature [3,43,44].

Other investigations reported in literature showed that the
actual active basic sites in activated HTs are situated at the
edges of the platelets and that the number of these sites can be
varied by changing the lateral platelet size [38,40,41,45,46]. A
linear correlation between the number of active sites and the
activity in the condensation of acetone at 273 K was found
[38,40,46]. We investigated whether a similar structure—activity
relationship could be derived for the dehydration reaction as the
dehydration reaction is also catalyzed by basic sites [1]. To this
end we have prepared HTs with increasing platelet size by
increasing the synthesis temperature, 333, 373, 423 and 473 K
[38,47]. TEM- and SEM-analyses of these samples showed
that HT prepared at 473 K consisted of large platelets of about
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Fig. 3. Initial activity in the dehydration of DAA to MO over HT,. as a function
of the temperature, () experimental data and (dashed line) fitted curve (fitted
with an activation energy of 73.5 kJ mol™").
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Fig. 4. Formation of mesityl oxide at 313 K over HT,. samples with varying
platelet size, prepared at 333 K (HT,), at 373 K (HT,.373 ), at 423K
(HT,¢ 423 x) and at 473 K (HT,¢ 473 k). 1.8 mol acetone and 0.5 g catalyst were
initially present.

400-500 nm, whereas the smallest platelets (~60-90 nm) were
found for HT prepared at 333 K (data not shown). These
materials were, after activation, investigated in the condensa-
tion and dehydration to MO at 313 K (Fig. 4). In all experiments
equilibrium (~0.45 molpaa 1_1) in the condensation of acetone
was established within 15 min. The initial activity in the MO
formation increases with decreasing platelet size (Fig. 4),
similar to results obtained in the condensation of acetone. The
number of active sites in these materials was determined by
volumetric CO, adsorption measurements at low pressures. In
Fig. 5 the initial activity in the dehydration reaction is given as a
function of the CO, uptake. As expected the number of active
sites increased upon decreasing the platelet size. A similar
correlation was obtained for the dehydration of DAA to MO as
was reported earlier for the self-condensation of acetone,
indicating that the dehydration reaction also proceeds via the
basic sites situated at the edges of the platelets, although an
involvement of structural OH groups in the catalytic mechan-
ism is not excluded [48,49]. No obvious correlation could be
derived when using the surface area of the various HT samples
as derived from N, physisorption.

Water is one of the products of the dehydration reaction;
therefore, an exploratory investigation on the influence of water
on the catalytic properties was performed. The influence of water
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Fig. 5. Initial activity in the dehydration reaction vs. the number of active sites
as determined by volumetric CO, adsorption measurements.

Table 3
Rates in the self-condensation of acetone to DAA and the dehydration to MO at
313 K over HT,, with increasing initial water concentration

[H,0], (mol 1) Initial activity® (molproque g ' 07"

Condensation Dehydration
0 1.1 9.4 %1073
0.25 0.39 3.1 %1073

# Initial activity in the condensation reaction over the first 2 min, in the
dehydration reaction over the first 15 min.

added prior to reaction was investigated in the self-condensation
of acetone to DAA and the consecutive dehydration of DAA to
MO at 313 K (Table 3). The influence of water on the activity of
HT,. was also investigated in the self-condensation at 273 K, ata
temperature at which no dehydration of DAA to MO occurs, by
adding water prior to reaction as well as during the experiment.
Fig. 6 shows the relative initial activity as a function of the water
content initially present. The initial rate in the condensation of
acetone drops considerably by adding small amounts of water.
When performing the reaction at 313 K the rate of the
dehydration reaction decreased by a factor of 3 when increasing
the initial water concentration to 0.25 mol 1! (Table 3). The rate
of the condensation reaction was much higher than that of the
dehydration reaction, by two orders of magnitude. When adding
water to the reaction mixture, surprisingly, the rate of the
condensation reaction dropped by a factor of 2.8. When one
considers the catalytic mechanism of the base-catalyzed
condensation of acetone to DAA and its consecutive dehydration
to MO, the Brgnsted-base sites abstract an o hydrogen yielding
an enolate ion as reaction intermediate in both type of reactions
[1]. Accordingly, an increasing water concentration shifts the
condensation reaction to acetone and the dehydration to DAA,
respectively. Assuming that the rate of MO production is first-
order in the concentration of DAA, these results demonstrate that
H,0 does suppress the self-condensation of acetone but does not
considerably affect the dehydration of DAA to MO for reasons
unknown. These results as well as those reported by other authors
[50-52] show that the water concentration in the reaction mixture
is a crucial parameter influencing the catalytic performance of
activated hydrotalcites.
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Fig. 6. Decrease in initial activity in the self-condensation of acetone as a
function of the water content added to the reaction mixture at 273 K over HT ..
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Fig. 7. Formation of DAA, MO and MIBK in the single-stage synthesis of MIBK from acetone and H, (1.2 bar) at 313 K over 0.5 g catalyst. (A) 1 wt% Pd/HT,.. (B)
0.25 wt% Pd/HT,.. (C) Physical mixture of HT,. and Pd/CNF (0.5 g HT,. and 0.14 g Pd/CNF).

3.3. Single-stage synthesis of MIBK

The Pd/HT,. samples and physical mixtures of HT,. and Pd/
CNF were investigated in the single-stage synthesis of MIBK at
313 K and 1.2 bar H,. The formation of DAA, MO and MIBK
over 0.25 and 1 wt% Pd/HT,. as well as the physical mixture of
HT,. with Pd/CNF (0.25 wt% Pd with respect to the amount of
HT,.) is shown in Fig. 7 and Table 4. The acetone condensation
was fast and equilibrium was attained already within 15 min.
With 1 wt% Pd/HT,. the MO concentration remained low due
to rapid hydrogenation to MIBK (Fig. 7A). However, with
0.25 wt% Pd/HT,. the MO concentration increased continu-
ously during several hours of reaction, whereas the MIBK
formation was much slower and even slowed down with time
(Fig. 7B). In the latter case the hydrogenation activity gradually
decreased during the experiment likely due to catalyst

Table 4

MIBK production rate and reaction mixture composition in the single-stage
synthesis of MIBK, performed at 313 K and 1.2 bar H, with 1.8 mol acetone
initially present

MIBK production Products (mol%)°
te* lge 'h!

rate” (mmol gear ) T MO MIBK Other®
HT,. 0 819 170 0 1.1
Pd/HT,, (0.25 wt%) 2.0 80.7 126 5.5 1.2
Pd/HT,. (0.5 wt%) 2.3 82.1 104 65 1.0
Pd/HT,, (0.75 wt%) 2.6 82.3 59 99 1.9
Pd/HT,. (1 wt%) 39 81.6 1.8 137 29
Pd/CNF and HTred 5.7 78.2 0.2 199 1.7

# Calculated for the first hour.

® Determined after 6 h.

¢ Main side products are isopropanol, isophorone and triacetone alcohol.
4 Physical mixture of 0.50 g¢ HT,. and 0.14 g Pd/CNF.

deactivation [25]. Fig. 8 shows the results from the catalytic
experiments obtained with the whole series of Pd/HT,. samples
with Pd-loadings ranging from 0 to 1 wt%. A clear dependency
of the MIBK formation on the Pd-loading was found. At Pd-
loadings up to 0.75 wt% the catalyst could not keep the MO
concentration low (Table 4). At Pd-loadings of 1 wt% the rate
of hydrogenation was high enough to keep the MO concentra-
tion at such a low level that deactivation was suppressed. The
dehydration activity (calculated from the amounts of MO and
MIBK formed) is given in Fig. 8 as well. The dehydration
activity of HT,, was significantly higher than that of Pd/HT,., in
line with the measured number of active sites (Table 1).
Results from experiments using a physical mixture of Pd/
CNF and HT,. (0.25 wt% Pd with respect to the amount of
HT,.) are given in Fig. 7C and Table 4. With the physical
mixture the MO concentration could be kept very low at a

10 —100
=1 MIBK I =
. et —- Dehydration activity 180 &
£ 2
275 6 160 X
5 3 ?
E ’—E [ 40 g‘
S EYT e
2 e 2
2+ +20 ’:\=
0 } } } } 0

0 0.25 0.5 0.75 1
Pd loading (wt%)

Fig. 8. Dehydration activity (first hour) and the relative conversion of MO to
MIBK as a function of the Pd-loading in the single-stage synthesis of MIBK at
313 K over Pd/HT,. samples.
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Table 5

Activity and TOF for the MO and cyclohexene hydrogenation performed in ethanol at 313 K and 1.2 bar H,

MO hydrogenation

Cyclohexene hydrogenation

Initial activity x 10° (mol gpq ' s™")

TOF* (s 1)

Initial activity x 10% (mol gpq ' s™") TOF* (s

Pd/HT,. (1 wt%) 0.94 0.14
Pd/CNF 24 53

Pd/SiO, 9.1

1.5 0.22
11 2.8
11 1.6

# TOF is given for the first 2 min in Moleacan: hydrogenated per mole metal surface atoms in the catalyst per second.

relative loading of 0.25 wt% Pd (at a much lower Pd-loading
than with the Pd/HT,. samples). Moreover, with this catalyst
system a rather constant MIBK formation was found over
several hours of reaction.

The difference in catalytic performance between the Pd/HT,,
samples and the physical mixtures can be ascribed to either a
support-effect or to partly loss of the hydrogenation sites in the
Pd/HT,. samples brought about by agglomeration of the HT
platelets due to which part of the hydrogenation sites have
become inaccessible for the reactants. Results from N,
physisorption, XRD and especially TEM indicated the extensive
formation of agglomerates with Pd/HT,.. The low amount of CO,
adsorbed on these materials as well as the low hydrogenation
activity further indicate a loss of basic sites as well as
hydrogenation sites. Due to the favorable physico-chemical
properties of the carbon nanofibers support, such effects can be
excluded for Pd/CNF. It must be mentioned that a relatively high
H/Pd was obtained from H, chemisorption for the Pd/HT,.
samples (similar to that of Pd/SiO,), which indicates that
accessibility of Pd for H, does not pose a problem. To elucidate
on the supposition of partly loss of Pd particles in the HT
agglomerates direct MO hydrogenation experiments over Pd/
HT,. have been performed and the results are compared to those
obtained with Pd/CNF and Pd/SiO,. Cyclohexene hydrogenation
experiments were investigated as well, because this reaction is
expected not to be influenced by the basic sites present in Pd/HT,
and water present in the reaction mixture.

3.4. Hydrogenation of MO and cyclohexene

Earlier we reported that the nature of the support might affect
the activity in the hydrogenation of MO and that severe
deactivation of the catalyst occurred especially when applying
relatively high MO concentrations (~0.3 mol 1Y at low H,
pressure (1 bar) [25]. Therefore, the hydrogenation of cyclohex-
ene was performed as well. In Fig. 9 the hydrogenation of MO
and of cyclohexene over (1 wt%) Pd/HT,. and (0.9 wt%) Pd/CNF
at 313K and 1.2 bar H, are depicted. The initial rate in the
hydrogenation of cyclohexene was somewhat lower than the rate
in the hydrogenation of MO over all catalysts. Clear differences
in catalytic performance between Pd/CNF and Pd/HT,. were
observed in both reactions. In Table 5 the initial activity as well as
the turn-over frequency (TOF, based on hydrogen chemisorption
data) are given for the hydrogenation catalysts. The initial
activity and TOF in the MO hydrogenation of Pd/CNF and Pd/
SiO, differ somewhat, while these differences are less
pronounced in the cyclohexene hydrogenation. However, both
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Fig. 9. Hydrogenation of MO (0.08 mol 1™") and hydrogenation of cyclohexene
(0.08 mol 171) over (1 wt%) Pd/HT,. ((J and <, respectively) and Pd/CNF (H
and ¢, respectively) performed in ethanol at 1.2 bar H, and 313 K.

catalysts exhibited much higher activity than Pd/HT,. The
difference in TOF was found to be as large as 30 times that for the
MO hydrogenation and 11 times that for the cyclohexene
hydrogenation. Such large differences have not been reported
earlier for hydrogenation of cyclohexene using Rh and Pd
catalysts [35,53]. Jackson et al. [53] studied the hydrogenation of
cyclohexene over Pd/alumina, Pd/carbon, Pd/silica and Pd/
zirconia catalysts and found relatively small variations in the
TOF, that is, differences only up to a factor of 2. Activities
obtained for our Pd/CNF and Pd/SiO, catalysts are quite similar.

Although the lower activity in the hydrogenation of MO
might partly be ascribed to the nature of the support, these
results suggest partly entrapment of Pd particles in the
agglomerates of HT, making these less accessible for the
organic reactants. Since hydrogen chemisorption on Pd/HT,. is
similar to Pd/SiO, (Table 2), accessibility of H, does not pose a
problem. The use of HT,,, as support for Pd appears to affect the
performance of the catalyst negatively and shows that the
physical mixture of HT,, with Pd/CNF is superior over Pd/HT,,
bi-functional catalysts in the liquid-phase synthesis of MIBK
under mild conditions.

4. Conclusions

Pd supported on activated hydrotalcites and physical
mixtures of activated hydrotalcites with Pd on carbon
nanofibers catalysts were studied for the single-stage synthesis
of methyl isobutyl ketone from acetone and H,. The rate of the
dehydration reaction over activated hydrotalcites was found to
be dependent on the number of strongly basic sites, similar to
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the correlation found in the self-condensation of acetone over
activated hydrotalcites. Deposition of Pd on activated hydro-
talcites resulted in agglomerates of irregular stacks of
hydrotalcite platelets that cause inclusion of a large part of
the Pd particles. The conversion of MO to MIBK in the single-
stage experiments turned out to be dependent on the palladium
loading, which was not observed with physical mixtures of
activated hydrotalcites and Pd supported on carbon nanofibers.
Very low activities and TOFs in the hydrogenation of mesityl
oxide and of cyclohexene were obtained with the Pd supported
on hydrotalcites catalysts compared to the other hydrogenation
catalysts, which we ascribe to entrapment of Pd particles in the
hydrotalcite agglomerates making them less accessible for the
organic reactants.
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