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Liquid-phase semihydrogenation of phenylacetylene under mild conditions has been investigated on a
series of solvothermal-derived nano-TiO, supported Pd catalysts with various TiOy crystallite sizes in
the range of 9-23 nm. As revealed by CO chemisorption and transmission electron microscopy, all the
catalysts exhibited strong metal-support interaction (SMSI) when reduced at 500°C. The catalysts with
SMSI show remarkably high catalytic performance in terms of both hydrogenation activities (turnover
frequencies (TOFs) 9.1-21.4 s~!') and moderate-high selectivities to styrene (86-90%) at complete
conversion of phenylacetylene. Without SMSI effect (the catalysts reduced at 40°C), styrene selectivity
and catalytic activity depended largely on the Pd particle size in which small Pd particles (formed
on small crystallite size TiO, supports) exhibited lower phenylacetylene conversion and poor styrene
selectivity. Moreover, the TOF values of the non-SMSI catalysts were similar to those reported in the
literature for other supported Pd catalysts in liquid-phase semihydrogenation of phenylacetylene under

TiO, crystallite size

mild conditions (TOFs 1.3-2.8 s~1).

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Phenylacetylene removal by selective hydrogenation is a pro-
cess of great industrial importance because phenylacetylene is a
poisoning impurity in styrene feedstocks that causes deactivation
of the styrene polymerization catalyst and degrades polystyrene
properties [1]. From academic points of view, semihydrogenation
of phenylacetylene has often been employed as a model reac-
tion for evaluation of selective hydrogenation catalysts under very
mild conditions. New heterogeneous catalysts for the liquid-phase
semihydrogenation of phenylacetylene with high styrene selectiv-
ity have been continuously developed and reported. Most recent
studies focus on preparation of Pd nanoparticles in the forms of
dispersed colloids [2] and supported systems [3,4]. The latter, how-
ever, may be more commercially attractive for industrial applica-
tions due to their better handling properties and low separation
problems. In the past, different inorganic and organic materials
have been studied as Pd catalyst supports in liquid-phase semi-
hydrogenation of phenylacetylene including carbon [2,5-7], SiO;
[8,9], y-Al;03 [10], pumice [11,12], zeolites [4], polymers [1,13],
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organic matrices [14], pillared clays [15,16], mesostructured silica
such as MCM-41, HMS, MSU-X [4,17,18], and TiO, [19].

Despite a number of studies on support effects on the reactivity
of Pd in such a reaction, controversy regarding structure sensitiv-
ity of the reaction still exists. Typically, the turnover frequencies
(TOFs) were determined based on the number of palladium sites
measured by irreversible CO or H, chemisorption. Comparing the
results obtained under mild reaction conditions (ambient temper-
ature and low H, pressure), the TOF values of Pd catalysts in most
of the aforementioned references fall into the same range (about
1-3 s~ 1) suggesting structure insensitive characteristic of the reac-
tion. Nevertheless, significant increase of the TOFs of Pd nanopar-
ticles by at least fourfold to an order of magnitude has recently
been reported on some specially prepared supported Pd catalysts
[4,17]. In those studies, the hydrogenation of phenylacetylene was
suggested to be structure-sensitive because the TOFs were found
to increase with increasing Pd nanoparticle diameter. However,
it is noticed that the remarkable high activities of supported Pd
catalysts coincidently reported by the two different groups were
obtained when Pd nanoparticles were supported on MCM-41 via
simultaneous synthesis (simultaneous self-assembling of the MCM-
41 and Pd incorporation). Conventional impregnation of palladium
on MCM-41 gave similar activities compared to the others [4,18].
We speculate that by simultaneous synthesis, the Pd nanoparticles
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may be surrounded by support matrices resulting in the inhibition
of CO chemisorption and as a consequence high TOF values being
calculated. Such phenomenon was probably similar to the decora-
tion of metal surface by partially reducible metal oxides after high
temperature reduction or so-called “the strong metal-support in-
teraction” (SMSI) effect [20].

Thus, it was of interest in this study to verify the effect
of SMSI on the catalytic activities and selectivities of Pd cata-
lysts in the liquid phase semihydrogenation of phenylacetylene to
styrene. Nanocrystalline TiO, powders with various crystallite sizes
in the range of 9 to 23 nm were synthesized via solvothermal
method and employed as supports for Pd catalysts. It is well-
known that TiO, manifests SMSI with group VIII transition metals
(e.g. Pd, Pt, Ni, and Ir) after high temperature reduction. Signif-
icant improvement of catalyst performance due to the SMSI ef-
fect has been reported in many catalytic reactions such as CO
oxidation [21], methanol synthesis [22], selective acetylene hy-
drogenation [23-25], and liquid-phase hydrogenation [19,26-33].
Moreover, the degree of SMSI effect on Pd/TiO, has been shown
to depend largely on both the TiO, crystal structure (anatase and
rutile) [25-27] and TiO; crystallite size [19]. The reduction by H;
at 200°C resulted in SMSI for anatase titania supported palladium
catalyst, but not for the rutile sample [27]. A very recent study
from our group shows the absence of SMSI effect on Pd/TiO, when
the crystallite size of TiO, was fairly large (>0.1 um) [19]. There-
fore, in order to ensure the occurrence of SMSI, the TiO, supports
used in this study were pure anatase TiO, with average crystallite
sizes in the nanometer range. The Pd/TiO; catalysts were character-
ized by X-ray diffraction (XRD), N, physisorption, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and
pulse CO chemisorption. Furthermore, the catalytic properties of
the Pd/TiO, catalysts were evaluated in the liquid-phase semihy-
drogenation of phenylacetylene to styrene under mild conditions.

2. Experimental
2.1. Preparation of TiO» and Pd/TiO; catalysts

The solvothermal-derived nano-TiO; was prepared according to
the method described in [34] using 15-25 g of titanium(IV) n-
butoxide (TNB) 97% from Aldrich. The starting material was sus-
pended in 100 ml of 1,4-butanediol in a test tube and then set
up in an autoclave. In the gap between the test tube and auto-
clave wall, 30 ml of solvent was added. After the autoclave was
completely purged with nitrogen, it was heated to the desired tem-
perature (300-340°C) at a rate of 2.5°Cmin~! and held at that
temperature for 0.5-12 h. Autogenous pressure during the reaction
gradually increased as the temperature was raised. After the reac-
tion, the autoclave was cooled to room temperature. The resulting
powders were collected by centrifugation after repeated washing
with methanol. They were then air-dried at room temperature.

The 1%Pd/TiO, catalysts were prepared by the incipient wet-
ness impregnation technique using an aqueous solution of the de-
sired amount of Pd(NOs );-6H,0 (Aldrich). The catalysts were dried
overnight at 110 °C and then calcined in air at 450°C for 3 h.

2.2. Catalyst characterization

The specific surface areas, pore volumes, and average pore di-
ameters were determined by N, physisorption using a Micromerit-
ics ASAP 2020 automated system and the Brunauer-Emmet-
Teller (BET) method. Each sample was degassed under vacuum at
<10 pm Hg in the Micromeritics system at 150°C for 4 h prior
to Ny physisorption. The average pore size was calculated using
the BJH desorption method. The XRD patterns of the catalysts
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Fig. 1. XRD patterns of the solvothermal-derived TiO, with different crystallite sizes.

were measured from 10° to 80° 26 using a SIEMENS D5000 X-
ray diffractometer and CuK, radiation with a Ni filter. The catalyst
morphology was obtained using a JEOL JSM-35CF scanning elec-
tron microscope (SEM) operated at 20 kV. Metal crystallite sizes
were obtained using the JEOL JEM 2010 transmission electron mi-
croscope that employed a LaBg electron gun in the voltage range
of 80-200 kV with an optical point to point resolution of 0.23 nm.
The amounts of CO chemisorbed on the catalysts were measured
using a Micromeritics Chemisorb 2750 automated system with
ChemiSoft TPx software. Prior to chemisorption, the sample was
reduced in a Hy flow at the desired temperature for 2 h and then
cooled down to ambient temperature in a He flow.

2.3. Reaction study

Approximately 0.05 g of 1%Pd/TiO, catalyst was placed into a
50 ml autoclave. 0.5 ml of phenyl acetylene and 4.5 ml of ethanol
(solvent) were mixed in a volumetric flask before being introduced
into the autoclave reactor. Afterward the reactor is purged with hy-
drogen gas. The liquid phase hydrogenation was carried out with
H, pressure of 1-5 bar and at room temperature for 5-60 min. Af-
ter the reaction, the vent valve was slowly opened to prevent the
loss of product. The product mixture was analyzed by gas chro-
matography with flame ionization detector (FID) and a GS-alumina
capillary column. GC analysis of the reactant after being purged
with hydrogen prior to a start of run confirmed that no catalytic
reaction occurred before the actual experiment took place.

3. Results and discussion
3.1. Catalyst characterization

In this study, the crystallite size of solvothermal-derived nano-
TiO; was varied in the range of 9-23 nm by changing the synthesis
conditions such as the amount of TNB, reaction temperature, and
holding time. Increasing the amount of TNB, reaction temperature,
or holding time resulted in an increase of TiO, crystallite size.
Fig. 1 shows the XRD patterns of the various nano-TiO, samples
prepared. The characteristic peaks of pure anatase phase titania
were observed at 260 = 25, 38, and 48° [35] without contamination
of other phases such as rutile and brookite. The average crystallite
sizes of TiO, were calculated from the full width at half maximum
of the XRD peak at 26 = 25° using the Scherrer equation. The
synthesis conditions and the average crystallite size, BET surface
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Table 1
Synthesis conditions and physical properties of the nanocrystalline TiO,.
Sample TNB Temp. Holding XRD crystallite size (nm) BET surface Pore volume® Avg. pore
o H a C i C
® ) (i As-syn Reduced® at 40°C Reduced® at 500°C area (51) (em®/g) diameter
(h) (m*/g) (nm)
Ti02-9 nm 15 300 0.5 9 9 11 145 0.42 8.1
TiO2-12 nm 25 300 2 12 12 13 88 0.37 12.5
TiO2-17 nm 25 320 6 17 17 18 65 0.38 17.9
Ti02-23 nm 25 340 12 23 23 23 51 0.32 20.2

2 Holding time during the solvothermal synthesis of TiO, (after the autoclave was heated to 320°C at a rate of 2.5°Cmin—").

b After Pd was impregnated and calcined.
¢ As-syn TiO, samples.

TiO,-23 nm

Pd/TiO,-23 nm R40

Pd/Ti0O,-23 nm R500

Fig. 2. SEM micrographs of calcined and reduced Pd/TiO; catalysts. Reduction temperature = 40 °C (R40), 500 °C (R500).

area, pore volume, and average pore diameter of the obtained TiO,
samples are given in Table 1. As the average TiO, crystallite size
increased from 9 to 23 nm, the BET surface area decreased mono-
tonically from 145 to 51 m?/g. The pore size distribution of various
crystallite sizes of TiO, supports indicated that the pores of all
TiO, samples were mesopores (results not shown). After impreg-
nated with approximately 1 wt% Pd, calcined, and reduced at 40 or
500°C, the crystallite sizes of all the TiO, samples as determined
by XRD were essentially unaltered except that of the smallest crys-
tallite size TiO, (TiO2-9 nm) in which a slight increase of the TiO,
crystallite size from 9 to 11 nm was observed. It is generally found
that the crystals of small crystallite size show less thermal stability
than the crystals of large crystallite size [36].

Fig. 2 shows the SEM micrographs of TiO-9 nm and TiO;-
23 nm supports and the corresponding 1 wt% Pd/TiO, catalysts
after reduced at 40 and 500°C. The nano-TiO, was consisted of
irregular shape of very fine particles agglomerated. Morphologies
of the reduced 1%Pd/TiO, catalysts were not significantly different
from the corresponding TiO, supports. The particle size and shape
of the catalyst particles were also not affected by impregnation of
palladium (no changes in the particle size/shape). TEM analysis has
been carried out in order to physically measure the TiO, crystal-
lite size as well as Pd particle/cluster sizes on the various Pd/TiO;
catalysts. The TEM results are shown in Fig. 3. The crystallite sizes
of the TiO, supports were consistent to those obtained from XRD
results. The presence of small palladium particles/clusters with an

average particle size around 5-6 nm were apparent only on the
Pd/Ti02-23 nm.

The BET surface area, pore volume, average pore diameter,
and CO chemisorption results of the various Pd/TiO, catalysts are
shown in Table 2. The decreases in BET surface areas and pore vol-
umes of the Pd/TiO, catalysts compared to the TiO, supports sug-
gested that palladium was deposited in some of the pores of the
TiO,. From the CO chemisorption results, it can be seen that for the
Pd/TiO; catalysts reduced at 40°C, the amount of CO chemisorp-
tion decreased from 18.1 x 10’8 to 9.73 x 10'® molecule CO/g cat.
as the TiO; crystallite size increased from 9 to 23 nm. This was
probably due to the lower specific surface area of the larger crys-
tallite size TiO, supports that resulted in lower Pd dispersion. For
the same catalyst, the amount of CO chemisorption was much
lower when reduced at 500°C. The amounts of CO chemisorp-
tion were in the range of 0.9 to 1.31 x 10'® molecule CO/g cat.
However, the CO chemisorbed on all the R500 catalysts can be to-
tally restored indicating that the palladium particles did not sinter
during high temperature reduction at 500°C and all the catalysts
exhibited the SMSI effect. The Pd® metal particles calculated from
CO chemisorption results for the catalysts reduced at 40°C were
found to be 3.2-5.9 nm depending on the TiO, crystallite size. The
results were consistent with TEM analyses. For the catalysts re-
duced at 500°C, the Pd® metal particle sizes were not determined
since it would result in an over-estimation of the particle size. Low
amounts of CO or Hy chemisorption and an over-estimation of Pd
particle size have occasionally been reported in other supported



202 P. Weerachawanasak et al. / Journal of Catalysis 262 (2009) 199-205

Pd/TiO,-23 nm R40

Pd/TiO,-23 nm R500

Fig. 3. TEM micrographs of Pd/TiO2-9 nm and Pd/TiO»-23 nm reduced at 40 °C (R40) and 500 °C (R500).

Table 2
N, physisorption and CO chemisorption results of the Pd/TiO; catalysts.
Catalyst BET surface Pore volume Avg. pore CO chemisorption® (x10~18 %Pd dpdpd®
area (m?/g) (cm?/g) diameter (nm) molecule CO/g cat.) dispersion (nm)

Pd/TiO2-9 nm R40 135 0.30 6.3 18.1 35.5 3.2
Pd/TiO2-9 nm R500 89 0.20 6.2 1.31 (18.4) n.ds n.d.
Pd/TiO3-12 nm R40 84 0.31 1.1 15.6 30.5 3.7
Pd/TiO2-12 nm R500 75 0.30 10.7 1.02 (16.1) n.d. n.d.
Pd/TiO2-17 nm R40 62 0.30 14.3 121 23.8 4.7
Pd/TiO2-17 nm R500 60 0.30 14.2 0.9 (12.0) n.d. n.d.
Pd/TiO2-23 nm R40 47 0.28 19.8 9.73 19.1 5.9
Pd/TiO2-23 nm R500 42 0.29 19.7 111 (11.8) n.d. n.d.

2 Experimental error as determined directly from the measurements = +5%.

b The number in parenthesis indicated the amount of CO chemisorption after the R500 catalyst was re-calcined and re-reduced at 40°C.

¢ n.d. = not determined.

d

Based on d = (1.12/D) nm [47], where D = fractional metal dispersion.

Pd catalyst systems such as Pd/MCM-41 prepared via simultane-
ous synthesis [4,17] and Pd/SiO, prepared by one-step flame spray
pyrolysis [37]. In those studies, the synthesis of support phase oc-
curred simultaneously with the formation of Pd nanoparticles so
the Pd particles may be surrounded by support matrix (i.e., in
the form of Si-O group). This could result in the inhibition of
CO chemisorption. Such phenomena were somewhat similar to the
SMSI effect on Pd/TiO». It is generally known that SMSI occurs after
reduction at high temperature due to the decoration of the metal
surface by partially reducible metal oxides [38,39] and/or by an
electron transfer between the support and the metals [40,41] re-
sulting in CO and H; chemisorption suppression.

3.2. Catalytic tests

The performance of Pd/TiO, catalysts was evaluated in the
liquid-phase semihydrogenation of phenylacetylene to styrene in
a batch-type stainless steel reactor under mild reaction conditions
(Hy pressure 5 bar and 30°C). Fig. 4 shows the change in prod-
uct distribution with reaction time from 5-60 min. In all cases,
phenylacetylene was hydrogenated up to nearly 100% conversion
within 20 min under the reaction conditions used. The hydro-
genation of styrene to ethylbenzene occurred when the concen-
tration of phenylacetylene was sufficiently low indicating a slower
parallel reaction pathway for the direct hydrogenation of pheny-
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Fig. 4. Liquid-phase semihydrogenation of phenylacetylene over the Pd/TiO, catalysts: O = phenylacetylene A = styrene [J = ethylbenzene, solid symbols = Pd/TiO, catalysts
reduced at 40°C and open symbols = Pd/TiO, catalysts reduced at 500 °C (a) Pd/TiO2-9 nm, (b) Pd/TiO,-12 nm, (c) Pd/TiO-17 nm, (d) Pd/TiO,-23 nm (reaction conditions
were Hy pressure =5 bar and 30°C).

lacetylene to ethylbenzene. Similar profiles were found for other
Pd catalyst systems reported in the literature such as Pd/SiO;,
Pd/C, and commercial Lindlar catalyst in semihydrogenation reac-
tion of alkynes to alkenes [6,42]. The catalyst performance plots
(styrene selectivity versus conversion of phenylacetylene) for the
various Pd/TiO, catalysts are shown in Fig. 5. As can be observed,
the catalyst performance was significantly improved when reduced
at 500°C. High styrene selectivity (around 86-90%) was achieved
at complete conversion of phenylacetylene for all the catalysts re-
duced at 500°C while for the non-SMSI catalysts, the selectivity
for styrene significantly dropped to 20-60% when conversion of
phenylacetylene reached 100%. Such results confirm the beneficial
effect of SMSI in Pd/TiO, catalysts on the catalyst performance
[8,19]. Charge transfer from the TiO, support to Pd during high
temperature reduction caused electron enrichment of Pd particles
which favored rapid desorption of styrene molecules. Similar re-
sults have also been observed for the Pd catalysts supported on
organic matrices such as oligo-p-phenylenterephthalamide (OPTA)
which induces electron transfer from support to metal surface [14].
In gas-phase selective hydrogenation of acetylene to ethylene on
Pd/TiO; catalysts, the charge transfer from Ti species to Pd weak-
ened the adsorption strength of ethylene on the Pd surface and,
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Fig. 5. Performance curves of the various Pd/TiO, for selective hydrogenation of
phenylacetylene.
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Table 3
Catalytic activity of the Pd/TiO, catalysts in liquid-phase semihydrogenation of
phenylacetylene.

Catalyst Initial rate? TOF? TOFgao/TOFgs00
(mole products/g cat.s) (s

Pd/TiO2-9 nm R40 0.14 1.3

Pd/TiO2-9 nm R500 0.07 9.1 7.2

Pd/TiO2-12 nm R40 0.18 1.9

Pd/TiO2-12 nm R500 0.09 15.2 8.1

Pd/TiO2-17 nm R40 0.20 2.8

Pd/TiO2-17 nm R500 0.11 20.3 7.3

Pd/TiO3-23 nm R40 0.16 2.8

Pd/Ti02-23 nm R500 0.14 21.4 7.6

4 Reaction conditions were Hy pressure = 1 bar, T = 30°C, and reaction time =
10 min.
b Based on CO chemisorption results.

hence, higher ethylene selectivity was obtained [23-25]. However,
among the R40 series catalysts, the Pd/TiO-9 nm R40 exhibited
the lowest styrene selectivity at complete conversion of pheny-
lacetylene despite its highest Pd dispersion. This could probably
be attributed to longer residence time of styrene on small metal
particles [10]. Low dispersed palladium catalysts also showed to
be more selective to partial hydrogenation than highly dispersed
ones [43].

The initial rates of phenylacetylene hydrogenation and the cor-
responding TOF values for the eight catalyst samples are given
in Table 3. The measured TOF values were based on the experi-
mental results obtained under the reaction conditions that yielded
phenylacetylene conversion less than 50% for all the catalysts (Hy
pressure 1 bar 30°C and reaction time 10 min). For the R40
series (non-SMSI catalysts), the TOFs were not significantly dif-
ferent ranging from 1.3 to 2.8 s~'. The values were very close
to those reported in the literature for supported Pd catalysts in
liquid-phase hydrogenation of phenylacetylene under mild con-
ditions as summarized in Table 4. The relatively low activity of
Pd/TiO02-9 nm R40 can be attributed to the very small Pd par-
ticles being formed on the small crystallite size TiO, support.
There has been an establishing trend in the literature that spe-
cific activity (turnover frequencies) of Pd in selective hydrogena-
tion decreases as Pd particle size decreases especially when the
average Pd particle size is very small (<3-5 nm) [4,8,44]. Dimin-
ishing activity of small metal particles was probably due to the
different band structure characteristics of nano-sized metal com-
pared to bulk metals and that they appear to be electron defi-
cient [45].

For the R500 series, (SMSI catalysts), all the catalysts exhib-
ited very high TOFs (9.1-21.4 s~1). The catalyst performance was
proved in terms of both hydrogenation activity and selectivity to
styrene. It may be assumed that the presence of SMSI effect fa-
vors the formation of active Pd species participating in the re-
action. The strong interaction between metal and support and
the formation of interfacial Pd-TiO, sites have also been found
in the Pd/TiO; catalysts prepared by sol-gel method [28]. They
were suggested to be the reasons for the catalysts exhibiting
high conversion and high yield towards butyric acid in liquid-
phase hydrogenation of maleic anhydride. Remarkable high activ-
ities in the hydrogenation of alkynes were also reported for the
Pd/MCM-41 catalysts prepared via simultaneous synthesis [4,17]
and Pd/SiO, prepared by one-step flame spray pyrolysis [37]. It
was suggested that simultaneous formation of Pd nanoparticles
in the support matrices resulted in the formation of active en-
sembles for the reaction. In the present study, largest improve-
ment on the catalytic performance for Pd/TiO, catalysts reduced at
500°C was observed on the smallest crystallite size TiO, (Pd/TiO;-
9 nm) probably because the formation of substoichiometric TiOy
species was more facile over small crystallite size TiO, [46]. The
ratios of TOF values of the SMSI and non-SMSI catalysts for the
Pd/TiO, with different TiO, crystallite sizes (see Table 3), how-
ever, were quite similar, implying that the degree of SMSI effect
on the hydrogenation rate did not depend on the Pd particle
size.

4. Conclusions

The presence of SMSI on Pd/TiO; catalysts when reduced at
500°C has proven to produce great beneficial effect on both
catalytic hydrogenation activities and selectivities to styrene in
liquid-phase semihydrogenation of phenylacetylene under mild
conditions (ambient temperature and low H, pressure). With-
out SMSI effect, the turnover frequencies of Pd/TiO, were sim-
ilar to those of other supported Pd catalysts reported in the
literature and the catalyst performance depended largely on Pd
particle size. In the range of Pd particle size studied (3.2-
5.9 nm), the TOF values and styrene selectivity at complete con-
version of phenylacetylene increased with increasing Pd particle
size.
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Table 4

Comparison of the catalytic activities of supported Pd catalysts in liquid-phase semihydrogenation of phenylacetylene under mild conditions.

Catalyst BET surface Reactant: Pd Reaction Pd® particle size TOFs Source
area (m?/[g) molar ratio conditions? (nm) (s1

Pd/TiO, reduced 40°C 42-135 1000 T =298 K, P=1 bar 3.2-5.9 13-2.8 This work

Pd/TiO;, reduced 500°C 9.1-214

Pd/C 136-1343 n/aP T=323K, P=1 bar 2.5-5.6 0.81-0.96 [3]

Pd/MCM-41 875-970 7300 T=323K, P=1 bar 2.5-6.8 1.0-4.0 [4]

Pd/Al-MCM-41 928-1066 24-76 1.0-6.5

Pd/Al,03 54 21 1.0

Pd/beta zeolite 390 24 1.0

Pd/SiO; 234-248 1000 T =303 K, P =1 bar 10-12 1.2-1.6 [8]

Pd/pumice 5 1000 T =298 K, P =1 bar 6.3-11.0 6.0-7.7 [11,12]

Pd/organic matrices n/a n/a T=283K 2.0-12.8 13-2.7 [14]

Pd/Al,03, Pd/C n/a 2500 T=298K, P=1 bar 19,52 0.9, 2.2 [15]

Pd/MCM-41 806-1099 2000 T =298 K, P=1 bar 10-23 51-12.9 [17]

Pd/mesostructured silica 910-1469 2500 T =298 K, P =1 bar 0.7-3.2 2.0-4.0 [18]

4 T =reaction temperature, P = Hy pressure.
b n/a = not available.
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