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Abstract

A series of Pd–Sb–TiO2 (anatase) catalysts has been prepared over a wide range of Pd loadings from 0.5 to 20 wt% and test
selective vapour-phase acetoxylation of toluene to benzyl acetate at a reaction temperature of 210◦C and a pressure of 2 bar. The cataly
were characterised by nitrogen adsorption, XRD, XPS, and TEM. The BET surface areas and pore volumes were observed t
considerably with increasing Pd content of the catalysts. XPS revealed that there is loss of both Pd and Sb in the surface region
catalysts. The particle size of Pd (measured by TEM) is found to increase dramatically in the used catalysts compared with the f
Pd particle size is observed to exhibit a strong influence on the catalytic performance of the catalysts. The activity of the catalysts
to increase continuously with increasing Pd loading, which is associated with an increase in the Pd particle size of the catalysts. T
with 20 wt% Pd has been found to display the best performance, giving conversion of toluene as high as ca. 92 mol% with a ben
selectivity of 85%. Nevertheless, the solids were observed to deactivate with time on stream due to a considerable amount of coke
on the surface. However, the catalysts can be regenerated in air and reused for more number of cycles with consistent performan
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The direct partial oxidation of hydrocarbons via the g
phase process is one of the most interesting and dema
fields in heterogeneous catalysis, mainly because of the
vironmental acceptability and sustainability of such proce
ing. At the same time, it is also a big challenge because
tial oxidised products have to be prevented from overox
tion, which easily runs to total oxidation products. The dir
partial oxidation of methyl aromatics to their respective b
zylic alcohols/aldehydes belongs to this field. Neverthel
this reaction is often unselective, as the desired product
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dergo further consecutive or parallel reactions to by-prod
and total oxidation (COx) as mentioned above. This pro
lem can be overcome to a considerable extent, howev
the partial oxidation is carried out in the presence of s
able catalysts and appropriate auxiliary reagents to pro
stable end products. One such good example for produ
stable end products appears to be acetoxylation of me
aromatics, leading to esters that can be easily and qua
tively hydrolysed to produce valuable alcohols (Scheme 1).
A number of these products are extensively used as flav
ing agents, fragrances, and building blocks in pharmac
cal industries[1,2].

Acetoxylation of various aromatic compounds w
methyl substituents, like toluene ando-, m-, andp-xylenes,
is known from the literature (e.g.,[1,2]). Methyl-substituted
compounds with additional substituents like a hydro
group, an alkoxy group, a carboxylic group, and even

http://www.elsevier.com/locate/jcat
mailto:a.martin@aca-berlin.de


A. Benhmid et al. / Journal of Catalysis 230 (2005) 420–435 421
Scheme 1.
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alkyl group with different side chain lengths can also
used as starting materials for acetoxylation reactions[3] to
produce corresponding esters in a single step. The sim
compound in this family is benzyl acetate, which is a natu
substance found in plants such as jasmine, hyacinth, ga
nias, azaleas, and so on. It is used chiefly in the perf
industry, the food industry, and the chemical industry,
tably as a solvent for cellulose acetate. The global dem
for benzyl acetate ranges between 5000 and 10,000 ton
annum.

Literature reports[4,5] indicate that Pd-based catalys
are commonly used for the acetoxylation of (i) meth
aromatics[6–8], (ii) halo aromatics[9], and (iii) naphtha-
lene[10]. It is known from the literature that Pd-based c
alysts are also active for the acetoxylation of aliphatics
ethylene[11] and propylene[12].

The majority of the research reported so far was c
ried out mostly under liquid-phase conditions and in ba
reactors[4,9]. A study by Miyake et al.[13], intended to im-
prove the catalyst life over Pd–Bi–SiO2 catalysts, resulted
in only 10% conversion of toluene. Benazzi et al.[6] and
Ebitani et al.[14] claimed yields of benzyl acetate as hi
as 77% (100% conversion of toluene) and ca. 90% ace
plus diacetate (96% conversion), respectively. Attempts h
also been made for the past three decades to develop a
able gas-phase process[15]. One such attempt by Eberso
et al. [16] achieved only very low yields of acetoxylate
products (∼1% per pass), even with the addition of vario
promoters (e.g., Au, Bi, Ag–Bi, Au–Bi, etc.) to Pd catalys
Very recently, Komatsu et al.[17] reported on the gas-pha
acetoxylation of toluene over different SiO2-supported inter-
metallic Pd compounds like Pd2Ge, Pd5Ga2, Pd3Pb, Pd3Bi,
etc.; however, only a maximum yield of benzyl acetate
around 7% could be achieved.

A survey of the literature on Pd catalysts for acetoxylat
reactions also reveals that various factors, such as (i) a
tion of a transition metal (e.g., Sb, Bi, Sn, etc.)[7,8,18–20],
(ii) particle size of Pd[6], (iii) ratio of Pd to a second meta
(Sb, Bi, Sn, etc.)[15,21], and (iv) the nature of the suppo
[6,20] greatly influence the activity and selectivity perfo
mance of the catalysts. The incorporation of Sb or Bi to
is reported to enhance both the activity and the selectivit
the catalysts in the acetoxylation of butadiene[21–24]. The
addition of Sn to Pd is reported to lower the activation
ergy of the reaction and to serve as a reducing agent in
t

-

r

t-

initial stages of Pd(0) particle formation[8]. Furthermore, it
is known that the addition of a second metal will have a s
ergistic effect in many noble metal-catalysed reactions.
influence of the support on this reaction was mainly inv
tigated on SiO2, activated carbon, charcoal, and Al2O3, but
no reports appeared in the literature on the usage of tit
(anatase) as an effective support material for the present
phase acetoxylation of toluene. Some preliminary result
these investigations were published earlier[25].

From the state of the art it becomes clear that it wo
be very interesting to increase catalyst performance
respect to gas-phase acetoxylation. In the present inv
gation, we disclose a first report on the direct synthesi
benzyl acetate in vapour phase in remarkably higher yi
compared with the known state with detailed character
tion of the catalysts at different stages of reaction. Furt
more, we report on the influence of Pd loading and part
size on the activity and selectivity behaviour of Pd–Sb–T2
catalysts. The objective of the present investigation is
to further investigate the catalyst performance with time
stream.

2. Experimental

2.1. Catalyst preparation

Two types of TiO2 (anatase, powder, Kronos; surfa
area (BET-SA), 315 m2/g; pore volume, 0.273 cm3/g)-sup-
ported catalysts (monometallic (Pd or Sb) and bimeta
(Pd–Sb)) are prepared by impregnation with PdCl2 (99.8%;
Alfa, Karlsruhe, Germany) and/or SbCl3 (99.8%; Alfa). The
monometallic samples, such as 8 wt% Sb on TiO2 (anatase)
(8Sb) and 5 wt% Pd on TiO2 (anatase) (5Pd), were prepar
by simple impregnation. The preparation of monometa
8 wt% Sb–TiO2 (8Sb) is exactly similar to the first step
bimetallic catalyst preparation described below in more
tail. For the preparation of monometallic 5 wt% Pd–TiO2
(5Pd), 0.42 g of PdCl2 was dissolved in an appropria
amount of distilled water, with a few drops of concentra
HCl, and then warmed up on a water bath at 60◦C for half
an hour until it was completely dissolved, and then the
was adjusted to 4.0 with a few drops of Na2CO3 solution.
This mixture was then impregnated on TiO2 (4.75 g) and
kept aside for about an hour; after that the excess sol
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was removed by rota vapour and dried in an oven for 1
at 120◦C.

The bimetallic catalyst preparation involves mainly t
steps.

Step 1. We impregnated commercial TiO2 (anatase) with
an aqueous solution of SbCl3 by keeping 8 wt% Sb with re
spect to the total amount of the catalyst and soaking for
followed by precipitation with (NH4)2SO4 and keeping the
temperature at 70◦C for 1 h on a water bath. After coolin
to room temperature, the solution was neutralised with
monia (adjusted to pH 7) and heated on the water bath
another hour. Afterwards the slurry was filtered and dr
on a rota-vapour to remove excess water; the resulting
mass was further dried in an oven at 120◦C for 16 h, fol-
lowed by calcination at 400◦C for 3 h in air (50 ml/min).

Step 2. The above-mentioned Sb-impregnated TiO2 sam-
ple was again impregnated with the desired amoun
acidified aqueous solution of PdCl2 to get the required
amount of Pd. The solvent was removed by rota-vap
and the sample was dried in an oven at 120◦C for 16 h
as described elsewhere[26]. The loading of Pd varied
in the range of 0.5 to 20 wt% with constant Sb load
(8 wt%). The following anatase-supported samples w
prepared: 0.5 wt% Pd (0.5Pd8Sb), 2 wt% Pd (2Pd8
5 wt% Pd (5Pd8Sb), 8 wt% Pd (8Pd8Sb), 10 wt%
(10Pd8Sb), 12 wt% Pd (12Pd8Sb), 15 wt% Pd (15Pd8
and 20 wt% Pd (20Pd8Sb). All used catalysts have the s
denotation, but “u” is added at the end (e.g., 0.5Pd8Sb(u

2.2. Characterisation of catalysts

The surface areas (BET-SA) and pore size distribu
of the catalysts were determined on a Gemini III-2375 (
cromeritics, USA) by N2-physisorption at−196◦C. Before
the measurements, the known amount of catalyst was ev
ated for 2 h at 150◦C to remove physically adsorbed wate

The X-ray diffraction (XRD) patterns of the activate
samples (300◦C/2 h/air) were obtained with an X-ray di
fractometer STADI-P (Stoe, Darmstadt, Germany) and
filtered Cu-Kα radiation (λ = 1.5418 Å). The samples wer
analysed after deposition on a quartz monocrystal sam
holder supplied by Stoe. We identified the crystalline pha
by referring to the ASTM data files.

We prepared samples for transmission electron mic
copy (TEM) studies by depositing the sample on a cop
grid (300 mesh) coated with carbon film (Lacey). The TE
analyses were carried out with a Philips CM-20 (twin)
200 kV with EDAX PV9900 (energy dispersive X-ray spe
troscopy (EDX)).

The X-ray photoelectron spectroscopic (XPS) meas
ments were done with an ESCALAB 220iXL. Al-Kα radia-
tion was used to obtain the XP spectra. The spectra wer
ferred to the Ti 2p3/2 peak of TiO2 at 458.8 eV. The binding
energy scale was calibrated with pure and clean Cu,
and Au samples. For quantitative analysis after Shirley b
ground subtraction, the peaks were fitted with Gauss
-

-

Lorentz curves. The obtained peak areas were divided b
element-specific Scofield factor and the analysator-spe
transmission function to get the composition in the ne
surface region.

ICP optical emission spectroscopy (Optima 3000X
Perkin-Elmer), with a microwave pressure digest
(MDS 200; CEM) with hydrofluoric acid and aquaregia
9 bar, was used to analyse the chemical composition of f
and spent catalysts. All samples were analysed twice, s
results are average values.

2.3. Carbon analysis

Carbon analysis was done with a CHN analyser. The s
ples were packed into lightweight containers of oxydisa
metal like Sn and dropped into a vertical quartz tube, he
to 1050◦C, through which a constant flow of helium is ma
tained. When the sample is introduced, the helium str
is temporarily enriched with pure oxygen. Flash comb
tion takes place, primed by the oxidation of the contai
The exothermic oxidation of Sn raises the temperature
nearly 1700◦C, at which point a complete combustion
the sample takes place. The resulting combustion prod
pass through oxidation reagents (WO3) to produce carbon
dioxide, water, and nitrogen from the elemental carbon,
drogen, and nitrogen (also nitrogen oxides). These gase
then passed over copper to remove excess oxygen and r
the nitrogen oxides to elemental nitrogen. Helium is use
the carrier gas. The gas from the combustion reactor is in
duced into the chromatographic column (PORAPAK QS
a stationary phase), which is heated to about 190◦C. The in-
dividual components are then separated; eluted in the o
N2, CO2, H2O; and then measured with a thermal cond
tivity detector (TCD).

2.4. Catalytic measurements

Acetoxylation runs were performed in a continuous fix
bed, vertical and tubular on-line, micro-catalytic steel re
tor (length 112 mm; i.d. 6 mm). The reaction gases,
synthetic air (20.5% O2 in N2) as the oxygen source and a
gon (99.999%) used as the diluent gas, were supplied
commercially available compressed gas cylinders and
without further purification. The flow rates of these ga
were measured with mass flow controllers. About 1 ml
0.8 g) of catalyst particles (0.425–0.6 mm size) is loa
into the reactor and activated in an air flow of 27 ml/min
at 300◦C for 2 h before each activity measurement. The
ganic feed mixture of toluene (Aldrich; purity 99.5%) a
acetic acid (Fluka; purity 99.5%) was pumped to the rea
with a HPLC pump (Shimadzu LC 9A). The liquid rea
tant mixture was vapourised before it entered the react
a preheating zone on the top of the reactor. The mola
tios of the reactants, toluene/acetic acid/oxygen/inert gas,
were 1:4:3:16. The reactor was heated to reaction temp
ture in an Ar stream. After it reached reaction temperat
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a mixture of air, argon, and vapourised liquid substrates
introduced, and the reaction was carried out at a temp
ture of 210◦C and a pressure of 2 bar. The product stre
was analysed on line by gas chromatography (GC, HP-5
with a HP-5 capillary column (50 m× 0.32 mm) and a FID
detector. The column outlet was connected to a methan
(30% Ni–SiO2 catalyst), which converts all of the carbo
containing products, including CO and CO2, into methane.

The homemade methaniser consisted of a stainless-
tube (length 60 mm; i.d. 4 mm) was used for the pres
analysis. The end of the GC column and the hydrogen su
line for the FID formed the inlets of the methaniser.

The methaniser was packed with 500 mg of a 3
Ni–SiO2 catalyst and placed at the end of the column
that all of the products could pass through the methan
after their separation in the column. During analysis,
methaniser was heated to 375◦C. When the column efflu
ent was mixed with the FID hydrogen supply and pas
through the methaniser, all compounds were converted
methane. Factors such as catalyst temperature and hyd
flow normally affect the efficiency of the methaniser. The
fore, optimised levels of these two parameters are used
better conversion efficiency and proper peak symmetry.
conversion efficiency of the methaniser is also determine
analysis of a test sample containing known concentrat
of carbon dioxide, carbon monoxide, and methane (e
1% CO2, 1% CO, 1% CH4 in argon), which is injected into
a Poraplot Q column. It is confirmed that under optimis
operating conditions the methaniser is observed to ex
a conversion efficiency of almost 100%. In other wor
the obtained areas for the calibration gases and their r
confirmed the completeness of hydrogenolysis at 375◦C. It
is also found that the hydrogenolysis of the gaseous p
ucts did not affect the GC separation quality. Additiona
periodic verification of the efficiency and stability of th
methaniser are usually checked from time to time.

As described above, the methaniser converts each c
pound, leaving the GC column to methane. This allo
quantitative detection of all of the volatile compounds
methane, which simplifies the quantitative analysis. To
culate the composition of the product gas, the GC area
the methanised compounds need only be divided by the
dividual number of carbon atoms to obtain their molar rat
Flow rates can then be easily calculated from the known
rates of the substrates:

Carbon balance: Carbon in= Carbon out.

Separate experiments have shown that the total area
ing the methaniser were not influenced by the conver
levels in the range from<1 to over 90%. This confirm
the correct functioning of the methaniser. In addition,
amount of carbon fed into the reactor (at 0% conversion
ing blank tests) is found to be comparable to the amoun
carbon leaving the reactor, even at high conversions (wi
the error margin levels of GC).
r

l

n

-

-

Coking has been detected in all of the deactivated c
lysts after several hours of catalytic runs. The coking r
estimated by the ratio between carbon content and the
tion time, was in the range of 1.85× 10−4 to 5.27× 10−4

molcarbon/(h gcat), and the conversion rates were found to
in the range of 0.99 to 5.61 moltoluene/(h gcat). In a compari-
son of coke and conversion rates, the influence of cokin
the carbon balance appears to be very low.

3. Results and discussion

3.1. Catalyst characterisation

3.1.1. BET surface areas and pore size distribution
BET-SA and pore volumes of the synthesised monome

lic and bimetallic samples with various Pd loadings are lis
in Table 1. It is clear from the table that monometallic sa
ples exhibited higher surface areas compared with bimet
catalysts. The surface areas and pore volumes of the bim
lic catalysts are observed to decrease significantly (from
to 42 m2/g and 0.215 to 0.055 cm3/g, respectively) with
increasing Pd loading. This can be attributed to the fill
of the small pores and to narrowing of the diameter of
larger pores as a result of the deposition of Pd and/or S
the porous surface of the support.

Uncalcined pure titania support exhibits a bimodal p
volume distribution (Fig. 1a). The major contribution o
pores to total pore volume occurs mainly in the range
25–35 Å, as shown inFig. 1a. In contrast, all of the fres
catalysts reveal a unimodal pore volume distribution w
dominant pore diameter at around 30 Å; this supports
assumption of pore filling. The pore volume in this region
observed to decrease continuously with increasing Pd l
ing. The used catalysts also exhibit unimodal pore volu
distribution with a dominant pore diameter around 30 Å s
ilar to that of fresh samples. Nevertheless, the decrea
trend in BET-SA and pore volumes of the used catalyst
found to be more or less similar to that of fresh cataly
(Figs. 1a and b).

Table 1
BET-SA and pore volumes of the support used, monometallic and bime
catalysts with different Pd loadings

Sample BET-SA (m2/g) Pore volume (cm3/g)

Pure TiO2 315 0.273
8Sb 181 0.228
5Pd 173 0.185
0.5Pd8Sb 161 0.215
2Pd8Sb 156 0.209
5Pd8Sb 127 0.172
10Pd8Sb 78 0.127
15Pd8Sb 55 0.090
20Pd8Sb 42 0.055
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Fig. 1. Pore volume distribution of the fresh (a) Pd–Sb–TiO2 catalysts with
different Pd loadings (a, pure support; b, 0.5Pd8Sb; c, 5Pd8Sb; d, 10P
e, 15Pd8Sb; f, 20Pd8Sb) and used (b) Pd–Sb–TiO2 catalysts with different
Pd loadings (a, 0.5Pd8Sb; b, 5Pd8Sb(u); c, 10Pd8Sb(u); d, 15Pd8S
e, 20Pd8Sb(u)).

3.1.2. X-ray diffraction
The XRD patterns of the fresh activated catalysts (the

alysts were activated as described above) and used cat
are displayed inFigs. 2a and2b. The fresh activated catalys
with lower Pd content (up to sample 10Pd8Sb) reveal o
reflections that correspond to TiO2 (anatase) (ASTM car
no. 86-1157). However, the samples with a higher propor
of Pd (above 10 wt% Pd) show the presence of both Pd
PdO phases in addition to TiO2. The XRD patterns of use
catalysts are found to be different from those of fresh c
lysts, and some of them show a very intense Pd peak, w
is indicative for strong sintering. This observation lent go
support to the observations made by TEM that the cata
underwent drastic changes during the course of the rea
as described below. The Pd and PdO phases can clea
seen in the used catalysts, and the intensity of the reflec
that correspond to these phases is increasing with incre
Pd content of the catalysts. In the present study we did
find any crystalline intermetallic phases between Pd-Sb
portions, which are well known from the literature[17,22].
;

;

ts

e

g

(a)

(b)

Fig. 2. XRD patterns of fresh (a) Pd–Sb–TiO2 catalysts with differ-
ent Pd loadings (a, 0.5Pd8Sb; b, 5Pd8Sb; c, 10Pd8Sb; d, 15P
e, 20Pd8Sb) and used (b) Pd–Sb–TiO2 catalysts with different Pd load
ings (a, 0.5Pd8Sb(u); b, 5Pd8Sb(u); c, 10Pd8Sb(u); d, 15Pd8S
e, 20Pd8Sb(u)).

The appearance of oxidised surface Sb species as de
from XPS ruled out the possibility of the formation of inte
metallic compounds. Other probable reasons for the abs
of intermetallic compounds might also be a different met
of preparation and conditioning of the catalysts like ca
nation, pretreatment/activation temperature, gas atmosp
etc.

3.1.3. Transmission electron microscopy
Fig. 3 contains a set of TEM images of various fre

Pd–Sb–TiO2 samples. In the case of sample 0.5Pd8Sb (
was difficult to determine the Pd particle size. But with
creasing Pd loading up to 10 wt%, free Pd particles ca
seen, and their size varied in the range from 1 to 10
The particle size was dramatically increased to 20 nm w
further increasing Pd content up to 20 wt% (20Pd8Sb (
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Fig. 3. Electron micrographs of fresh Pd–Sb–TiO2 catalysts with different Pd loadings (a, 0.5Pd8Sb; b, 5Pd8Sb; c, 10Pd8Sb; d, 20Pd8Sb).
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Fig. 4. Electron micrograph of Sb-impregnated titania sample (8Sb

The particle size of the fresh catalysts reveals a narrow
distribution, and the morphology of Pd-containing partic
is spherical. Chlorine was detected in the fresh catalyst
EDX analysis, and the existence of PdClx particles seems to
be likely, because calcination was not performed after
pregnation of PdCl2 during catalyst preparation. Therefor
it is assumed that Pd was present in its precursor sta
PdCl2 or PdClx (x = 2–4) [3] before activation of the cata
lysts. Chloride analysis by ICP also lent good support to
observation. Antimony was found to cover almost the wh
surface of titania, and there was no indication of separ
Sb particles (Fig. 4).

It is noteworthy that the particle size of Pd is observed
increase drastically in the used catalysts compared with
corresponding fresh samples (Fig. 5a). Catalyst 0.5Pd8Sb(u
s

(image (a)) shows a particle size up to 28 nm with spher
shape; for 5Pd8Sb(u) (image (b)) it was observed to
crease to 75 nm with a high degree of agglomeration, an
10Pd8Sb(u) (image (c)) and 20Pd8Sb(u) (image (d)) a
the particle size increases even up to 100 nm.

This growth in Pd particle size is possible at two d
ferent stages: either during the activation of the catalys
during the course of reaction. To clarify this aspect both
tivated and used catalysts were analysed by TEM, and
confirmed that the significant growth in the size of Pd p
ticles is more pronounced during the course of the reac
(Fig. 5a (image c)) rather than in the activation step (Fig. 5b),
as expected. Nevertheless, the chloride that we observ
the fresh catalysts was found to be almost removed in
activation step.

The titania is found to be crystalline, as indicated by TE
and XRD analysis. Shen et al.[27] reported from their TEM
analysis on TiO2-supported Pd catalysts with different P
loadings that Pd particles are hemispherical in shape
a narrow distribution of particles 4–20 nm in size, whi
are fixed on the well-developed planes of TiO2. As a re-
sult of such matching, the authors suggested that the su
structure could stabilise Pd particles. The TEM analysis
supported Pd catalysts by Lyubovsky et al.[28] revealed tha
the Pd particle size increases considerably after the r
tion. They have also observed that most of the particles
round and some are triangular, with sizes ranging from
to 300 nm in the used catalysts. This growth in particle s
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(u)) and
(a)

(b)

Fig. 5. Electron micrographs of (a) used Pd–Sb–TiO2 catalysts with different Pd loadings (a, 0.5Pd8Sb(u); b, 5Pd8Sb(u); c, 10Pd8Sb(u); d, 20Pd8Sb
(b) 10Pd8Sb activated sample.
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after reaction is attributed to the restructuring of metal pa
cles during the course of the reaction.

3.1.4. X-ray photoelectron spectroscopy
The spectra shown inFig. 6are the normalised XP spect

after Shirley background subtraction of some fresh and u
Pd–Sb–TiO2 catalysts with different Pd loadings. It is cle
that the catalytic reaction leads to a shift of the Pd 3d spec-
tra for the used samples to lower binding energies (BE
the fresh catalysts two components can be observed fo
higher Pd loadings. The Pd 3d peaks of the fresh 2Pd8S
sample are broad, which might be a hint of more than
component at this sample. For the used catalysts 2Pd8S
 )

and 20Pd8Sb(u) only one reduced state could be obse
whereas in the case of 10Pd8Sb(u) two components
clearly be seen.

3.1.5. Variation of bulk to surface Pd/Ti ratios in fresh and
used Pd–Sb–TiO2 catalysts with different Pd loadings

Fig. 7 shows the correlation between the Pd/Ti ratios in
the near-surface region obtained with XPS from the co
sponding bulk ratio measured with ICP. As can easily
seen, the Pd/Ti ratio of the near-surface region is a contin
ous function of the bulk ratio from the fresh and used c
lysts. At lower Pd loadings up to 2 wt% (0.5Pd8Sb, 2Pd8S
no significant differences between the bulk and near-sur
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Fig. 6. Normalized XP spectra of the Pd 3d state after Shirley backgroun
subtraction of the fresh and used Pd–Sb–TiO2 catalysts with different Pd
loadings.

Fig. 7. Variation of bulk to surface Pd/Ti ratio in fresh and used
Pd–Sb–TiO2 catalysts with different Pd loadings (a, 0.5Pd8Sb; b, 2Pd8
c, 5Pd8Sb; d, 8Pd8Sb; e, 10Pd8Sb; f, 20Pd8Sb).

region values are found. The measured BET-SA for th
samples, which was relatively high, indicates a small siz
TiO2 particles for which XPS can be regarded more or l
as the bulk method. At higher Pd loading (5, 8, 10 wt%)
Pd/Ti ratios for the fresh catalysts are observed to be ab
the bulk values. This might be explained by a small enri
ment of Pd in the surface region of the particles. For
highest Pd loading with 20 wt%, the near-surface Pd/Ti ra-
tios obtained with XPS are significantly lower than the b
values. This is a hint of an agglomeration of the Pd pa
cles at such high Pd loading. The significantly lower val
Fig. 8. Acetoxylation runs on pure titania, 8Sb, 5Pd and, 5Pd8Sb
ples (molar ratio of toluene:acetic acid:oxygen (air):argon= 1:4:3(15):16,
T = 210◦C, GHSV (STP)= 2688 h−1, τ = 1,34 s); X, conversion;
Y , yield.

obtained for the used catalyst might point to an agglom
tion of larger Pd particles, or it may be due to considera
coke deposition during the reaction. The growth of the
particles is well indicated by TEM, which is support by XP
findings.

3.2. Catalytic activity

3.2.1. Synergistic effect of Pd and SbOx

We have carried out a set of experiments under ide
cal reaction conditions with pure TiO2 support, monometal
lic 8Sb and 5Pd samples, and bimetallic 5Pd8Sb to
out the individual roles of Pd and Sb in catalytic perf
mance. The pure titania support is found to be totally inac
(Fig. 8). Furthermore, the catalysts in which Pd and Sb
present alone are found to be almost inactive, giving sig
icantly poor acetoxylation performance. 5Pd catalyst se
to mainly burn acetic acid into carbon oxides (up to 5
COx at a toluene conversion of ca. 2%). This observa
was also further confirmed by separate experiments, w
are explained below. However, it is interesting to note t
the combination of the two metals (Pd and Sb) exhib
very high catalytic performance, giving 37% conversion
toluene with a benzyl acetate yield of 32%. The presenc
Sb appears to markedly suppress the oxidative decom
tion of acetic acid and directs the reaction in a more selec
route. In addition, Sb seems to modify significantly the
dox properties; however, the precise role of the promote
still a matter of discussion.

3.2.2. Source of COx formation
To find out the origin of formation of COx whether from

toluene or from acetic acid, we have carried out ano
set of experiments under identical reaction conditions o
5Pd8Sb catalyst. In the first case, we have performed
only by feeding toluene (i.e., in the absence of acetic a
and measured the amount of COx formed. In the second cas
we excluded toluene and fed only acetic acid, and the
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Fig. 9. Confirmatory tests over 5Pd8Sb catalyst for the formation of Cx

either from toluene or acetic acid (Y , yield).

mation of COx was again measured.Fig. 9 summarises th
results.

It is surprising that the formation of COx from toluene
is almost negligible even at 300◦C, whereas the formatio
of COx from acetic acid is found to be remarkably sign
cant. Both the conversion of acetic acid and the yield of Cx

are increased continuously from 1.2 to 54% with increas
temperature from 200 to 300◦C. However, the formation o
COx from toluene in every case is less than 0.5%, regard
of temperature. These observations clearly indicated tha
formation of COx occurs mainly from the oxidative decom
position of acetic acid but not from toluene.

3.2.3. Influence of Pd loading on acetoxylation of toluen
The influence of Pd loading on acetoxylation activity o

Pd–Sb–TiO2 (anatase) catalysts is presented inFig. 10. It is
evident from the figure that the Pd loading has a promotio
effect on the conversion of toluene, which has increased
stantially from 16 to 92% with increasing Pd loading.
very low Pd loading, the conversion and yield of ben
acetate were found to be very low, about 16 and 14%
spectively. It is apparent from the results that there is a st
dependence of catalytic activity on time on stream. For be
comparison of the activity of various catalysts with differe
Pd loadings, the steady-state activity (maximum activity
considered instead of the same reaction time. This is d
because it is not appropriate to take the same time of r
tion for all of the catalysts, as the activity depends on
particle size, which is found to change with time in a w
similar to that of activity. Higher Pd loading catalysts co
taining larger Pd particles exhibit relatively higher activity
less time compared with lower loading catalysts that con
smaller Pd particles. Achieving this steady condition (tho
it is retained for a short period of time, 2–4 h) differs fro
catalyst to catalyst, depending on Pd loading, becaus
need a particular size of Pd particles to obtain better acti
The lowest Pd loading catalyst (0.5Pd8Sb) took about 1
-

-

Fig. 10. Influence of Pd loading on acetoxylation of toluene to benzy
etate over Pd–Sb–TiO2 catalysts (molar ratio of toluene:acetic acid:oxyg
(air):argon= 1:4:3(15):16, T = 210◦C, GHSV (STP)= 2688 h−1,
τ = 1,34 s);X, conversion;Y , yield; S, selectivity.

to exhibit maximum activity, whereas the highest Pd lo
ing catalyst (20Pd8Sb) took only 7 h to display maxim
activity.

The other by-products formed from this reaction are b
zaldehyde and total oxidation products (COx). The yields of
benzaldehyde vary in the range from 3 to 13%, and Cx

is found to be between 2 and 10%. However, one should
sume that the formation of COx is occurring mainly from the
oxidative decomposition of acetic acid rather than tolue
as discussed above.

The high conversions and high yields at higher Pd lo
ing are probably due to an increase in Pd particle size.
et al. [29] have observed that both the catalytic activity a
selectivity of Pd–C catalysts in the hydrogenation of 2
dinitrotoluene also increased with increase in Pd par
size. According to Suh et al.[30], the less dispersed su
ported Pd catalysts are the most active catalysts, and
attributed the increase in specific activity of Pd–C catal
also to larger Pd metal particles. A similar correlation w
also reported for catalytic oxidation of methane, a reac
that depends on Pd loading[31]. A similar effect was also
observed by Benedetti et al.[32] in the hydrogenation o
2,4-dinitrotoluene over Pd–SiO2 catalysts. Our results on th
influence of Pd particle size on the activity and selectiv
behaviour of the catalysts are in good agreement with th
reported above in the literature for various catalytic react
over supported Pd catalysts.

3.2.4. Time-on-stream studies over 20Pd8Sb catalyst
Fig. 11clearly demonstrates the changes in catalytic

formance with time on stream over 20Pd8Sb. For better c
parison of the activity of various catalysts with different
loadings, the steady-state activity is considered instea
same reaction times. It is interesting to note that all of
tested catalysts are found to attain steady-state condi
after several hours of operation. In other words, the cata
display a very low initial activity, which is observed to i
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Fig. 11. Time-on-stream behaviour of 20Pd8Sb catalyst as functio
yield, conversion and selectivity (molar ratio of toluene:acetic acid:oxy
(air):argon= 1:4:3(15):16, T = 210◦C, GHSV (STP)= 2688 h−1,
τ = 1.34 s);X, conversion;Y , yield; S, selectivity.

crease considerably with time. Normally, the catalysts
found to exhibit maximum activity after several hours of o
eration. This fact shows that the catalysts need a certain
for the growth of Pd particles to a critical size, which a
pears to be essential for obtaining maximum activity. Th
ideas are well supported by our TEM analysis results
fresh, maximum active and used catalysts. It has also
found from characterisation results that the higher activit
always associated with the catalysts that contain large
particles, which are formed during the course of reac
only after a certain period of time. However, the incre
in Pd particle size alone may not be responsible for the
ter performance of catalysts. Other alternative possibili
for better performance with increased Pd loading might a
be preferential exposure of specific crystallographic pha
formation of new active centres, enhanced metal suppor
teraction, and so on. However, our characterisation res
did not give any supporting evidence for such hypothese

The major problem with these catalysts is deactiva
due to considerable amounts of coke deposits after
eral hours of operation. The amount of coke estimated
20Pd8Sb(u) was found to be 7.3 wt% (after 14 h of time-
stream studies). No significant difference in the size of
particles between highly active and deactivated catalysts
be seen from TEM. The only difference between these
samples is the amount of coke deposits. This result indic
that the deactivation is due mainly to coke deposition ra
than the further agglomeration of Pd particles, which see
to be favourable for better performance. However, the
alysts can be effectively regenerated in air (250◦C/2 h) to
restore immediately the maximum activity that has been
because of coke deposits. The regenerated catalysts sh
consistent performance for more cycles because of the e
tive removal of coke from the catalyst surface.
,

d
-

Fig. 12. Comparison of performance of fresh and regenerated 10Pd8S
alyst (molar ratio of toluene:acetic acid:oxygen (air):argon= 1:4:3(15):16,
T = 210◦C, GHSV (STP)= 2688 h−1, τ = 1.34 s);X, conversion;S, se-
lectivity.

3.2.5. Comparison of time-on-stream behaviour of fresh
and regenerated 10Pd8Sb catalyst

Fig. 12demonstrates the time-on-stream performanc
fresh and regenerated 10Pd8Sb catalyst. It is quite obv
from the figure that the deactivated catalyst after regen
tion in air immediately restores its maximum activity and
lectivity as that of fresh catalyst. It is also indicated that th
are no significant changes between fresh and regene
catalysts, particularly in the tendency of change of activ
and selectivity behaviour with time on stream. Both the fr
and regenerated catalysts exhibited conversion of toluen
high as 68% and benzyl acetate selectivity of ca. 85%.
fresh catalyst is observed to exhibit very low initial act
ity (ca. 2%), which increases further to a maximum of 6
after around 11 h, remains stable for another 3 h, and
begins to decline with time, 46% at 22 h. At this stage, the
action is deliberately stopped, and the catalyst is regene
in air at 250◦C for 2 h, and then the reaction is continued u
der identical conditions in order to compare its performa
with that of the fresh catalyst. The dotted line inFig. 12indi-
cates the duration of regeneration time (2 h). It is notewo
that the tendency of catalytic performance is observe
be similar in all of the catalysts regardless of Pd loadi
In addition, a comparison of the activity and selectivity b
haviour of fresh and regenerated Pd–Sb–TiO2 catalysts with
different Pd loadings is presented inTable 2. It is very clear
that the regenerated catalysts consistently displayed a
formance comparable to that of fresh catalysts.

After fresh and used catalysts have been characterise
various techniques, the changes that have been observe
(i) an increase in crystallinity of the samples without a
change in the phase composition (i.e., both fresh and
catalysts contain mainly Pd and PdO phases, as seen
XRD), (ii) a significant increase in Pd particle size (fro
TEM), (iii) a considerable amount of coke deposition in t
used catalysts (from carbon analysis), and (iv) loss of b
Sb and Pd at the surface (indicated by XPS). But it is
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Table 2
Comparison of toluene acetoxylation activity of fresh and regenerated Pd–Sb–TiO2 catalysts with different Pd loadings (8 wt% Sb)

Pd
(wt%)

Fresh catalysts Regenerated catalysts

X-Tol (%) Y -BA (%) S-BA (%) X-Tol (%) Y -BA (%) S-BA (%)

0.5 16.4 13.7 83.4 16.5 13.8 83.6
2 21.7 18.0 82.9 20.8 17.4 83.4
5 37.0 32.0 86.0 36.0 31.0 86.0
8 53.8 47.1 87.6 53.2 47.0 87.7

10 68.5 58.3 85.1 68.0 58.0 85.3
12 76.4 63.4 83.0 74.9 62.6 83.6
15 85.3 71.6 84.0 84.7 72.0 85.0
20 92.6 78.7 85.0 92.0 78.5 85.3

BA, benzyl acetate;X, conversion;Y , yield; S, selectivity.
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very clear that these changes have occurred either durin
activation step (300◦C/2 h/air) or during the course of ca
alytic runs at different reaction times. Keeping these asp
in mind, we have taken 10Pd8Sb as a model catalyst
subjected it to different test runs under identical conditi
by varying reaction times and then characterised all of th
samples by various techniques. The details of the result
this catalyst subjected to different stages of reaction are
cussed in the following section.

3.3. Solid-state properties of 10Pd8Sb at different stage
the reaction

With the above-mentioned aspects in mind, the 10Pd
catalyst, which lies in the middle of the series (i.e., betw
high and low Pd loading) in addition to displaying apprec
bly good performance, has been taken as a model cat
and used to characterise further the changes that occu
ing different stages of reaction.

This catalyst has exhibited ca. 68% conversion of tolu
and 85% selectivity for benzyl acetate (Y (benzyl acetate)=
ca. 58%). The reaction is performed to a particular sta
and then the reaction is deliberately stopped, the r
tor is cooled, and the catalyst is unloaded and analy
This is how the catalyst is intentionally subjected to d
ferent stages and analysed. Different stages of reaction
were selected in the present study are (i) catalyst activa
(300◦C/2 h/air), (ii) when the catalyst becomes half act
(X = 35%; i.e., after 6 h of reaction), (iii) maximum a
tivity (X = 68%, i.e., after 11 h of reaction), (iv) after 4
of deactivation (X = 57%, i.e., after 18 h), (v) after 8 h o
deactivation (X = 46%, i.e., after 22 h), (vi) when the sam
ple is regenerated (i.e., the same sample tested for 2
Then the samples are analysed by various techniques,
as nitrogen physisorption, TEM, XPS, and XRD for bet
understanding of these changes and their possible influ
on the catalytic performance. All of these changes, obse
with various techniques, are discussed in detail in the
lowing sections.
e

t
-

.

t

.
h

e

Table 3
BET-SA and pore volumes of the 10Pd8Sb catalyst at different stag
reaction

Sample BET-SA
(m2/g)

Pore volume
(cm3/g)

Fresh catalyst 78 0.127
Activated 79 0.119
Half active (X = 35%) 88 0.136
Maximum active (X = 68%) 80 0.120
After 4 h of deactivation (X = 57%) 80 0.124
After 8 h of deactivation (X = 46%) 64 0.089
Regenerated (X = 68%) 128 0.159

3.3.1. BET-SA and pore size distribution of 10Pd8Sb
catalysts

It is clear fromTable 3that the deactivated sample e
hibited the lowest surface area (64 m2/g) and pore vol-
ume (0.089 cm3/g) due to pore blocking by coke depos
(ca. 6 wt%) and the regenerated catalyst after effective
moval of coke displays the highest surface area and
volume of 128 m2/g and 0.159 cm3/g, respectively. There
fore, the surface area has been decreased by about 5
the deactivated catalyst compared with the regenerated
The increase in BET-SA of the regenerated sample ca
attributed to the removal of coke from the catalyst surfa
which caused a weakening of the pores, and the su
structure underwent slight alterations. Moreover, during
regeneration procedure most of the surface Pd is oxid
which is also observed by XPS. However, there is no ap
ciable change in the surface areas from the fresh sample
stage of maximum activity. A slight decrease in surface a
of the most active catalyst might be due to a small amo
of coke deposition (2.3 wt%) on the catalyst surface at
stage. The amount of coke estimated to be in the deactiv
sample, after 22 h of reaction, was about 6 wt%, whic
very high.

No significant changes in the pore size distribution of
catalyst at different stages of reaction were noticed, as sh
in Fig. 13. These patterns are more or less similar to thos
the fresh and used catalysts showing unimodal pore vol
distribution. The only difference is in their intensity, which
due to the difference in their surface areas and pore volu
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Fig. 13. Pore volume distribution of 10Pd8Sb catalyst at different stag
reaction (a) fresh, (b) activated, (c) half active (X = 35%), (d) maximum
active (X = 68%), (e) deactivated after 4 h (X = 57%), (f) deactivated afte
8 h (X = 46%), (g) regenerated (X = 68%).

Fig. 14. XRD patterns of 10Pd8Sb catalyst at different stages of rea
(a) activated, (b) half active (X = 35%), (c) maximum active (X = 68%),
(d) deactivated after 4 h (X = 57%), (e) deactivated after 8 h (X = 46%),
(f) regenerated (X = 68%).

3.3.2. X-ray diffraction of 10Pd8Sb catalysts
From XRD analysis, which is described inFig. 14, no

significant changes in the phase composition of the cata
are observed at different stages of the reaction. The sam
exhibit only Pd and PdO phases in addition to intense re
tions that correspond to the support TiO2 (anatase) phase
every stage of reaction, which are similar to those of fr
and used catalysts.

3.3.3. Transmission electron microscopy of 10Pd8Sb
catalysts

Fig. 15shows a series of TEM images of 10Pd8Sb sa
ples taken at different stages of the reaction as mentio
above. The first image (a) corresponds to an activated s
ple, which is more or less similar to the fresh catalyst. T
result implies that Pd particle growth does not occur d
s

-

ing the activation step. The sample contains some large
particles up to 10 nm. However, the range of Pd particle
distributed in the range from 1 to 10 nm. If we watch the i
age (b), after 6 h of catalytic runs, where the activity reac
nearly half (i.e., 35%), the sample contains a mixture of b
smaller (∼2 nm) and some larger particles up to 20 nm,
dicating growth of Pd particles that started during the cou
of the reaction. Another interesting point is that the pa
cle size increases continuously until it reaches a maxim
(up to ca. 80–100 nm), and then no further increase is
served. Nevertheless, when the catalyst exhibited maxim
activity (image c), it also contained larger Pd particles, e
up to 100 nm. In addition, at this stage of reaction the pa
cles tend to develop some faceting, a sign of further per
tion of crystallisation. The conversion of toluene increa
from 35 to 68% with increasing Pd particle size due to f
ther agglomeration. The maximum activity remains cons
for about 3 h and starts declining without undergoing a
change in the Pd particle size. After 18 h on stream the
alyst, with more or less similar Pd particles, lost about 1
of its activity (from 68 to 57%) (image d). This tendency
decreasing activity is continued further with time on strea
After 22 h of tests, the conversion of toluene is further
duced to 46%, but there is again no change observed i
particle size (image e). This fact proves on the one hand
the catalytic performance is strongly dependent on Pd p
cle size and the larger particles are favourable for better
formance of the catalysts, which is in good agreement w
the literature[6]. On the other hand, catalyst deactivati
is mainly due to coking. The amount of coke deposition
also observed to increase continuously with time on stre
about 5.5% in the catalyst tested for 18 h, and to incre
slightly to 5.8% after 22 h of testing, against only 2.3%
the maximum active catalyst. Furthermore, this consider
amount of coke deposition, in turn, affected the surface c
centration of both Pd and Sb species, which were anal
by XPS and are discussed below. The regenerated ca
exhibited activity (X = 68%) similar to that of the maximum
active catalyst. The Pd particle size in this regenerated s
ple (image f) is found to be more or less similar to those
maximum active and deactivated samples. The only dif
ence is the lower amount of coke in the regenerated sa
compared with its corresponding deactivated catalyst. T
observation indicates that the regeneration process is e
tive in the removal of coke deposits from the catalyst surfa
but it has no effect on Pd particle size.

3.3.4. Electronic structure of Pd showing different surfac
Pd species in 10Pd8Sb catalysts

XPS analysis showed the presence of three types o
species on the surface of this catalyst at different stage
the reaction (Fig. 16). These surface Pd species are (i)
metallic species, called Pd(0); (ii) oxidised Pd compone
labelled with Pd (Ox); and (iii) a species with a lower bin
ing energy than Pd(0), denoted as Pd(δ−). The standard
value of BE for Pd(0) is 335.1 eV[33], and the species show
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Fig. 15. Electron micrograph of 10Pd8Sb catalyst at different stages of reaction (a) activated, (b) half active (X = 35%), (c) maximum active (X = 68%),
(d) deactivated after 4 h (X = 57%), (e) deactivated after 8 h (X = 46%), (f) regenerated (X = 68%).
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ing higher BE values than Pd(0) indicate that the Pd i
oxidised form. But it is difficult to assign this species to
ther Pd(II) or Pd(IV), because no standards for these spe
are available in the literature and the BE values for th
species will change with changing composition. The form
tion of the third type, the Pd(δ−) species, is probably due
the interaction between surface Pd and the deposited co

Interestingly, the three species are not present toge
on the surface of this catalyst at any stage of the reac
They may also be interconvertible from one species to
other during the course of the reaction. However, no s
changes in the electronic state of Sb are noticed. The BE
s

r

ues for surface Sb remained more or less constant at ar
540 eV, which is between Sb(III) and Sb(V) and indica
that the surface Sb species are oxidised. The exact v
of BE for Sb(III) and Sb(V) are Sb(III)= 539.5 eV and
Sb(V)= 540.4 eV[34].

3.3.5. Different Pd species on the surface of 10Pd8Sb
catalysts

To quantify these three different surface Pd species
scribed above, the next step of the investigation is inten
to derive a correlation between the amount of these
face Pd species and catalytic performance. It is evid
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Fig. 16. Electronic structure of Pd showing different surface Pd speci
10Pd8Sb catalyst at different stages of reaction (A, activated; MA, m
mum active; DA, deactivated; R, regenerated).

Fig. 17. Different Pd species on the surface of 10Pd8Sb catalyst at diff
stages of reaction (A, activated; MA, maximum active; DA, deactiva
R, regenerated).

from Fig. 17 that the activated sample, after the treatm
at 300◦C/2 h/air, contains exclusively (100%) oxidised s
face Pd species, as expected. In the catalyst, when it bec
most active, the surface consists of both metallic Pd (6
and Pd–OX (35%) species.

It is noteworthy that no Pd-oxidised surface species e
in the deactivated catalyst; instead it contains only Pd(0)
Pd(δ−) species. However, the regenerated catalyst, w
again displayed maximum activity, contains Pd–OX a
Pd(δ−) species. It is also worth mentioning that though th
different surface species exist in these samples, the t
species never present together in any sample at any sta
the reaction. The estimated carbon content of these cata
s

f
s

Fig. 18. Variation of bulk to surface Pd/Ti and Sb/Ti ratios in 10Pd8Sb
catalyst at different stages of reaction (A, activated; MA, maximum ac
DA, deactivated; R, regenerated).

was found to be almost negligible in the case of activa
catalyst and to be 2.3 wt% when the catalyst reached m
mum activity. The deactivated catalyst exhibited the high
carbon content (5.8 wt%), and the regenerated samp
air for 2 h at 250◦C exhibited the lowest carbon conte
(ca. 1.7 wt%).

We can conclude from this result that both Pd and P
are the active species for the reaction, and the formatio
Pd(δ−) comes from the interaction of Pd with carbon, whi
is deposited on the surface during the course of the reac

3.3.6. Variation of bulk to surface Pd/Ti and Sb/Ti ratios
in 10Pd8Sb catalyst at different stages of reaction

To examine the distribution of Pd and Sb in the ne
surface region (about 5 to 10 nm depth) in the 10Pd
sample at different stages of reaction, the ratios of Pd/Ti and
Sb/Ti were calculated; these are presented inFig. 18.

The surface concentration profiles of these two com
nents (i.e., Pd and Sb) indicate that both Pd/Ti and Sb/Ti
ratios are decreased considerably in the deactivated
lyst. This decrease is undeniably due to coke deposition
particle agglomeration. Nevertheless, this decrease is m
pronounced in the case of Sb compared with Pd. The pre
reason for this behaviour is not known yet; a preferred de
sition of coke on the Sb atom in the presence of Pd(0)
be suggested as the best explanation. However, the reg
ation process effectively restored an almost similar sur
concentration of Sb and partly increased Pd because o
moval of coke from the catalyst surface (see alsoFig. 17).

Interestingly, these two ratios (i.e., Pd/Ti and Sb/Ti) are
found to be more or less similar in the catalysts with the m
imum activity and the regenerated catalyst. This observa
also indicates that the presence of Sb at the surface is h
essential for obtaining better performance of the catalys
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Fig. 19. Variation of carbon to metal ratios (C/Pd, C/Sb, C/Ti) in the near
surface region of 10 Pd–Sb–TiO2 catalyst at different stages of reactio
(F, fresh; MA, maximum active; DA, deactivated; R, regenerated).

3.3.7. Variation of carbon/metal ratios (C/Pd, C/Sb,
C/Ti) in the near-surface region of 10 Pd–Sb–TiO2 catalyst
at different stages of reaction

As discussed earlier, coke deposition is observed to o
during the reaction and to increase with time on stream,
mately leading to deactivation. Keeping this aspect in m
the variations in carbon/metal ratios in the near-surface r
gion were calculated; these are illustrated inFig. 19. It is
evident from the data shown in the figure that the carbo
deposited preferentially on Pd and Sb during the reac
The deactivation is accompanied by a sudden jump in C/Pd
and C/Sb ratios in the near-surface region. Among th
three metals, Pd is strongly influenced by coke deposi
The surface ratio of C/Pd is abruptly increased from 32
the fresh catalyst to 122 in the deactivated catalyst. H
ever, the regeneration process has brought down this C/Pd
ratio to around 50 because of effective removal of coke f
the surface. A similar tendency is observed for the C/Sb ra-
tio, which is much higher in the deactivated sample (>100)
compared with all other stages of the reaction (ca. 25).
the other hand, coke deposition is found to have no con
erable influence on the surface C/Ti ratio, which varies ove
a very narrow range from 2 to 6 in the catalyst at diff
ent stages of the reaction. After the regeneration by oxy
C/Sb and C/Ti ratios were restored to nearly the same v
ues as earlier (i.e., before deactivation). In contrast, the C/Pd
ratio is found to remain at a higher level compared with fr
and maximum active stages of the reaction. This can be
plained by a strong interaction between C and Pd. This st
Pd–C interaction could be due to some negatively cha
carbon species on the Pd clusters as intermediates of th
action and a charge transfer from the carbon to the m
atoms. In all cases the main C1s peak around 284.5 eV
is typical for C–C and C–H bonds. This peak is relativ
broad, indicating a high chemical diversity of these sta
Another C1s peak could be found around 289 eV and can
correlated with carboxyl groups.
-
l

4. Conclusions

The monometallic catalysts (i.e., Pd–TiO2 and Sb–TiO2)
were not found to be active for the acetoxylation of tolue
whereas the combination of both Sb and Pd in Pd–Sb–T2
catalysts markedly enhanced the catalytic activity and r
tion selectivity for the desired product (benzyl acetate).
addition of Sb to Pd also significantly suppressed the ox
tive decomposition of acetic acid and directed the reactio
more selective route. Furthermore, the presence of Sb s
to modify the redox properties of the catalysts. Pd and P
are assumed to be the active sites for the acetoxylatio
toluene. The larger Pd particles were found to be favour
for obtaining better performance. The loss of Pd and S
the near-surface region caused by coke deposition on the
alyst surface is the main reason for the catalyst deactiva
The regeneration step was found to be mainly a clea
of coke from the surface, which has no influence on pa
cle size and phase composition. Nevertheless, this rou
a green process; the catalyst can easily be regenerate
reused for more cycles with consistent performance.
ther studies are needed, however, to verify the exact na
of the active sites and identify the probable reaction me
nism.
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