
Journal of Molecular Catalysis A: Chemical 213 (2004) 257–266

Benzoylation of toluene withp-toluoyl chloride over triflic acid
functionalized mesoporous Zr-TMS catalyst
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Abstract

The catalytic liquid phase benzoylation of toluene (Tol) to 4,4′-dimethylbenzophenone (4,4′-DMBP) with para-toluoyl chloride (p-T-Cl)
has been studied in a batch reactor at atmospheric pressure in the presence of different loadings of triflic acid (TFA) functionalized on the
walls of mesoporous Zr-TMS (f-Zr-TMS/Zr-TMS-O-SO2-CF3/mesoporous≡Zr-O-SO2-CF3) catalysts. Conventional catalysts, CF3SO3H and
Zr-TMS (zirconium oxide with a mesostructured framework; TMS is transition metal oxide mesoporous molecular sieves) are also included for
comparison. Under identical reaction conditions, f-Zr-TMS is considerably more active than Zr-TMS, whereas CF3SO3H shows higher activity.
The conversion ofp-T-Cl, rate ofp-T-Cl conversion (turn over frequency (TOF)), selectivity to 4,4′-DMBP and 4,4′-DMBP/2,4′-DMBP ratio
over f-Zr-TMS-15, after 8 h of reaction time and at 403 K are ca. 50.7%, 14.5 (10−1 h−1 mol−1 S), 73.5% and 3.2, respectively. Acidity and
mesoporosity of the f-Zr-TMS catalyst play an important role in the conversion ofp-T-Cl, rate ofp-T-Cl conversion and product distribution.
The effect of various parameters such as duration of run, reaction time, catalyst concentration, reaction temperature, Tol/p-T-Cl molar ratio
and re-use of catalyst, on the catalyst performance is examined in order to optimize the conversion ofp-T-Cl and selectivity to 4,4′-DMBP.
The conversion ofp-T-Cl using f-Zr-TMS-15 is increased significantly with the increases in reaction time, catalyst concentration, reaction
temperature and Tol/p-T-Cl molar ratio. f-Zr-TMS-15 catalyst is recycled one time (fresh+ one cycle) and a decrease inp-T-Cl conversion
is observed after one cycle, which is related to the minor leaching of anchored CF3SO3H by HCl (formed during reaction).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

4,4′-Dimethylbenzophenone (BMBP) (Di-p-toluoyl ke-
tone) is used mainly as a photosensitizer and applied to the
UV-curable coatings and inks. Disubstituted diphenylke-
tones are also used as intermediates for pharmaceutical and
agricultural chemicals[1]. It gives high whiteness back-
ground and high d. images showing good resistance to
plasticizers[2]. Also, 4,4′-DMBP is extensively used as UV
light stabilizers in plastics, cosmetics (as fixative in per-
fumes) and films[3]. The primary function is to protect the
long-term degradation from all forms of wavelength of light
and also helps in absorbing the UV radiation and prevents
the formation of free radicals[4]. 4,4′-DMBP is usually syn-
thesized by the Friedel-Crafts reaction of toluene with phos-
gene as an acylating agent using AlCl3 as catalyst, resulting
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in lower yield of 4,4′-DMBP [5–7]. It is also been produced
by reacting toluene with oxalyl-chloride as an acylating
agent and AlCl3 as a catalyst with yield of only 55% along
with 33% ofp-toluic acid as a side product[8]. Other process
includes the preparation of 4,4′-DMBP by transcarbony-
lation reaction in which acylation of toluene withp-toluic
acid in presence of polyphosphoric acid (PPA) as a catalyst
gives 4% yield[9]. Also, oxidation of Di-p-toluoyl methane
with chromic acid in presence of acetic acid leads to the
formation of Di-p-toluoyl ketone along withp-toluic acid
as a side product, with comparable low yield of 4,4′-DMBP
[10]. Again, oxidation ofp, p′-dimethyldiphenylmethane
in presence of copper naphthenate yields 4,4′-DMBP. [11].
Recently, 4,4′-DMBP is prepared by reactingp-toluic acid,
toluene and various metal (praseodymium, dysprosium,
indium, bismuth, cerium, thorium, scandium and yttrium)
triflate catalysts; the yield of 4,4′-DMBP obtained was in
the range of 4–30%[12]. Several homogenous acidic cat-
alysts (Al3Cl3, TiCl4, FeCl3, SnCl4, BF3, HF, CF3SO3H,
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FSO3H, and H2SO4) have been widely used for the acy-
lation reactions[13–17]. However, the above used catalyst
have several disadvantages; wasting a lot of homogeneous
catalyst, because the reaction being mainly equimolar and
of the difficulty of recycling it after use, and corrosion of
containers by evolved acidic gases[18]. Some catalysts are
toxic. In addition, halides of aluminium, being strong Lewis
acid also, catalyze other undesirable reactions such as iso-
merization andtrans-alkylation reactions[19]. Also, they
tend to give less yield of 4,4′-DMBP. In order to overcome
these difficulties, solid acid catalyst such as Nafion-H[20],
clay [21], heteropoly acids[22], metal oxides promoted by
sulphate ions (SO42−/Al2O3, SO4

2−/ZrO2, SO4
2−/TiO2,

FeSO4 and Fe2(SO4)3, SO4/SnO2, SO4/Al2O3, SO4/HfO2,
SO4/Fe2O3) [22–25]. But these catalysts have non-shape
selective nature and insufficient acidity in some cases. Zir-
conium oxide is of particular interest because it contains
both acidic and basic surface sites. Also, zirconia has a
high melting point, low thermal conductivity, high corro-
sion resistance, and amphoteric behavior, all of which can
be useful properties for a support material. The possibility
of obtaining such materials with a mesoporous texture has
made this oxide even more interesting[26]. “Triflic acid
is known to be a ‘strong’ acid”. It is widely used in many
organic reactions. However, the recovery of the triflic acid
from the reaction mixture results in the formation of large
amounts of waste, which is environmentally unacceptable.
The desire to perform acid-catalyzed reactions over solids
has resulted in new research in this area and supported tri-
flic acid is now becoming available to replace homogeneous
acid solutions[27–29]. CF3SO3H and its conjugate base
have extremely high thermal stability and resistance to both
reductive and oxidative cleavages. In addition, the use of
triflates or triflic acid as homogeneous acid catalysts has re-
ceived attention because of the electron-withdrawing effect
exerted by the trifluoromethanesulfonyl group. Hence, the
triflic acid functionalized Zr-TMS (f-Zr-TMS) was chosen
to meet all the requirements for acid catalyzed reactions.
f-Zr-TMS is highly acidic, thermally stable and environ-
ment friendly material[30,31]. In this paper we disclose
the report for the first time of our studies on the catalytic
activity of a environmentally friendly, acidic, stable and
recyclable f-Zr-TMS catalyst in the benzoylation of toluene
with p-T-Cl at atmospheric pressure (Scheme 1). Herein,
we also report the influence of different wt.% loading of tri-
flic acid on Zr-TMS, duration of run, reaction time, catalyst
concentration, reaction temperature, molar ratios of reac-
tants and reuse of the catalyst (f-Zr-TMS) on the conversion

of p-T-Cl and selectivity to 4,4′-DMBP. The results ob-
tained over triflic acid functionalized mesoporous Zr-TMS
catalyst are compared with CF3SO3H, and Zr-TMS.

2. Experimental

2.1. Synthesis of Zr-TMS

The synthesis of Zr-TMS was carried out using the fol-
lowing gel composition and procedure:

0.07Zr(OC4H9)4 : 1.4BuOH : 0.02CTMABr

: 0.014TMAOH : 1.7H2O

A mixture of zirconium(IV) butoxide and 1-butanol was
stirred for 10 min. Then, the required amount of water was
added dropwise into this mixture under stirring to hydrolyze
the zirconium(IV) butoxide to Zr(OH)4. Further, the pre-
cipitated Zr(OH)4 mixture was added to aqueous solution
of N-cetyl-N,N,N trimethyl ammonium bromide (CTMABr)
and tetra methyl ammonium hydroxide (TMAOH) under
continuous stirring. After further stirring for 2 h, the result-
ing synthesis gel (pH 10.5–11.0) was transferred to a round
bottom flask and refluxed at 363 K for 48 h under stirring.
The solid product was obtained by filtration, washed with
de-ionized water and acetone, and dried at 373 K for 2 h.
The surfactant from the synthesized material was removed
by the extraction with a mixture containing 100 g of ethanol
and 2.5 g of HCl (36 wt.%) per gram of the solid material un-
der reflux condition for 48 h. Thus the Zr-TMS was washed
with water and acetone and dried at 373 K for 2 h.

2.2. Synthesis of f-Zr-TMS

The resulting solid mesoporous material, Zr-TMS, was
functionalized with triflic acid by post synthesis procedure
[30,31].

Triflic acid (30 wt.%) was added dropwise into the mix-
ture of toluene and Zr-TMS at 363 K under nitrogen atmo-
sphere and further it was refluxed for 2 h. Then, the mixture
was cooled, filtered, washed with acetone and dried at 373 K
for 6 h. The Soxhlet extraction of the material was carried
out at 348 K for 24 h using a mixture of dichloromethane
(100 g) and diethyl ether (100 g) per gram of the catalyst.
Then, the sample was dried at 473 K for 10 h. The syn-
theses of different (5 and 15 wt.%) loading of triflic acid
on Zr-TMS were carried out by varying the wt.% ratios of
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Zr-TMS and CF3SO3H. Triflic acid functionalized Zr-TMS
are designated as f-Zr-TMS-5, -15 and -30.

2.3. Catalyst characterization

The synthesized materials were mainly characterized
by powder X-ray diffraction (XRD) for phase purity and
crystallinity, N2 adsorption–desorption techniques for spe-
cific surface area, total pore volume and average pore
diameter, Fourier transform infrared (FTIR) spectroscopy
for functional group confirmation, elemental analysis for
C and S to measure the triflic acid loading in the mate-
rial, temperature-programmed desorption (TPD) of NH3
for total acidity, scanning electron microscopy (SEM) for
the particle size and morphology, transmission electron
microscopy (TEM) to view the crystalline structure and
thermogravimetric-differential thermal analysis (TG-DTA
and DTG) to study the decomposition and thermal stability
of the catalysts.

The powder X-ray diffraction patterns of synthesized
Zr-TMS and f-Zr-TMS were recorded on a Rigaku D
MAX III VC (Ni-filtered Cu K � radiation,λ = 1.5404 Å).
The BET surface area, total pore volume, and average
pore diameter were measured by N2 adsorption–desorption
method by NOVA 1200 (Quantachrome) at 77 K. The FTIR
spectra were obtained in a range of 400–4000 cm−1 on
a Shimadzu FTIR 8201 PC using a Diffuse Reflectance
scanning disc technique. Elemental analysis for C and S
were done by EA1108 elemental analyzer (Carlo Erba
Instruments). Temperature-programmed desorption mea-
surements were carried out to measure the acid strength of
f-Zr-TMS with various loading of triflic acid, and Zr-TMS
using ammonia as an adsorbate[32–34]. The SEM micro-
graphs of Zr-TMS and f-Zr-TMS materials were taken by
Jeol-JSM-5200 scanning microscopy. TEM was performed
on a Jeol JEM-1200EX instrument with 100 kV of accelera-
tion voltage to probe the mesoporosity of the materials. The
TG-DTA and DTG analysis of the Zr-TMS and f-Zr-TMS
catalysts were carried out with Mettler Toledo 851e equip-
ment using an alumina pan under a nitrogen (80 ml/min)
atmosphere from ambient to 1273 K with the increasing
rate of 293 K/min.

2.4. Benzoylation of toluene

High purity dry toluene, A.R. gradep-T-Cl and nitroben-
zene were used without further purification. The catalyst
was activated at 383 K for at least 2 h before use in the ex-
periments, so as to maintain the dry conditions. The liq-
uid phase catalytic benzoylation was performed in a 50 ml
round bottom flask fitted with a condenser, N2 gas supply
tube and a septum. The temperature of the reaction ves-
sel was maintained using an oil bath. In a typical run, a
mixture of toluene (0.01 mol),p-T-Cl (0.01 mol), nitroben-
zene (10 ml) and activated catalyst (0.5 gm), was magnet-
ically stirred and heated to attain the reaction temperature

(403 K) in the presence of N2 gas. The product samples were
withdrawn at regular intervals of time and analyzed period-
ically on a gas-chromatograph (HP 6890) equipped with a
flame ionization detector and a capillary column (5�m thick
cross-linked methyl silicone gum, 0.2 mm×50 m long). The
product samples were also identified by injecting authentic
samples and GC–MS (Shimadzu 2000 A) analysis.

Conversion ofp-T-Cl is defined as the weight percentage
of p-T-Cl consumed. The turnover rates forp-T-Cl conver-
sion (TOF, 10−1 h−1 mol−1 S) was calculated as the moles
of p-T-Cl converted per hour over per mol of sulphur. The
selectivity to a product is expressed as the amount of a par-
ticular product divided by the amount of total products and
multiplied by 100.

3. Results and discussion

3.1. Catalyst characterization

The various catalysts used in this study and their
physico-chemical properties are presented inTable 1, which
lists the elemental analysis highlighting the output of car-
bon and sulphur (wt.%), loading of CF3SO3H (wt.%),
BET surface area, and crystal size. These data reveal that
f-Zr-TMS catalysts are highly mesoporous.Table 1 also
illustrates the amount of NH3 desorbed from catalysts in
different temperature steps, which shows the acidic nature
of the catalyst. The detailed characterizations of the catalyst
have been reported in our previous reports[30,31].

3.2. Catalytic activity of various catalysts

The results of the catalytic activities in the benzoylation of
toluene withp-T-Cl using conventional catalyst CF3SO3H,
Zr-TMS and various amounts of CF3SO3H anchored over
Zr-TMS (f-Zr-TMS) are depicted inTable 2. The main
product of the reaction is 4,4′-DMBP. A small amount of
2,4′-DMBP is also observed. The formation of 4,4′-DMBP
and 2,4′-DMBP results from the aromatic substitution
of toluene. The activities of various catalysts are com-
pared under identical reaction conditions using data after
8 h run.

The conversion ofp-T-Cl, rate of p-T-Cl conversion,
product distribution and 4,4′-DMBP to 2,4′-DMBP ratio
depend on the type of catalysts used. As can be seen from
the Table 2, f-Zr-TMS-30 catalyst is found to be more ac-
tive than any other catalysts. Zr-TMS is less active due to
its lower acidic nature. The conversion ofp-T-Cl (wt.%),
rate ofp-T-Cl conversion (10−1 h−1 mol−1 S) and selectiv-
ity (wt.%) for 4,4′-DMBP over f-Zr-TMS-5, f-Zr-TMS-15,
f-Zr-TMS-30 and Zr-TMS after 8 h of reaction time are
found to be 46.0, 50.7, 54.0, 22.4 (wt.%), 13.2, 14.5, 15.5,
6.4 (10−1 h−1 mol−1 S) and 75.9, 73.5, 74.2, 78 (wt.%),
respectively. CF3SO3H produces 20.1 wt.% 2,4′-DMBP
and 76.4 wt.% 4,4′-DMBP at 87.5 wt.% conversion level of
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Table 1
Physico-chemical properties of catalysts

Catalyst Elemental analysis
(output) (wt.%)

Loading of
CF3SO3H (wt.%)

BETa surface
area (m2 g−1)

Crystalb

size (�m)
NH3 desorbed (mmol g−1) NH3 chemisorbed at

303 K (mmol g−1)c

C S Input Output 303–343 K 343–383 K 383–423 K 423–473 K 473–573 K

Zr-TMS – – – – 371 0.33 0.07 0.13 0.16 0.10 0.04 0.50
f-Zr-TMS-5d 0.98 1.01 5.0 4.7 355 0.37 0.12 0.20 0.26 0.13 0.06 0.77
f-Zr-TMS-15d 1.33 2.79 15.0 13.0 320 0.38 0.18 0.30 0.35 0.16 0.06 1.05
f-Zr-TMS-30d 2.00 4.86 30.0 22.8 284 0.40 0.18 0.44 0.63 0.25 0.05 1.55

a Measured by N2 adsorption–desorption at 77 K.
b Measured by Jeol SEM (JSM-5200).
c Total acid sites determined in the solid catalyst by NH3 adsorption–desorption.
d Numbers denote wt.% (input) of triflic acid loading over Zr-TMS.
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Table 2
Benzoylation of toluenea

Catalyst Reaction
time (h)

p-T-Clb conversion
(wt.%)

TOFc

(10−1 h−1 mol−1 S)
Product distributiond (wt.%) 4,4′-DMBP/2,

4′-DMBPe

2,4′-DMBP 4,4′-DMBP Others

Zr-TMS 8 22.4 6.4 22 78 0 3.5
24 42.2 4.0 15.5 78.6 5.9 5.0

f-Zr-TMS–5 8 46.0 13.2 22.1 75.9 2.0 3.4
24 72.0 6.8 23.0 73.3 3.7 3.1

f-Zr-TMS–15 8 50.7 14.5 22.5 73.5 4.0 3.2
24 82.1 7.8 21.4 74.1 4.5 3.4

f-Zr-TMS–30 8 54.0 15.5 22.5 74.2 3.3 3.2
24 85.0 8.1 22.8 73.9 3.3 3.2

CF3SO3H 0.25 87.5 420.1 20.1 76.4 3.5 3.8
3 100 40.0 21.2 75.2 3.6 3.5

a Reaction conditions: catalyst(g) = 0.5; toluene(mol) = 0.01; p-toluoyl chloride (mol) = 0.01; reaction temperature(K) = 403; nitrobenzene
(ml) = 10.

b p-T-Cl: para-toluoyl chloride.
c TOF = moles ofp-T-Cl transformed per second per mol of sulphur.
d 2,4′-DMBP: 2,4′-dimethylbenzophenone; 4,4′-DMBP: 4,4′-dimethylbenzophenone.
e Ratio of 4,4′-dimethylbenzophenone/2,4′-dimethylbenzophenone.

p-T-Cl after 0.25 h reaction time. Amongst the f-Zr-TMS
with various loadings of triflic acid studied, f-Zr-TMS-30
revealed the highestp-T-Cl conversion and rate ofp-T-Cl
conversion, which may be attributed to its stronger acid
sites as seen from NH3 desorption experiment (Table 1).
In order to gain an understanding of the acidity of the cat-
alyst, the desorption of NH3 was carried out in five steps
(303–343, 343–383, 383–423, 423–473 and 473–573 K) af-
ter allowing the catalyst to adsorb ammonia at room tem-
perature and flushed with nitrogen to remove physisorbed
ammonia.Table 1also shows the total number of acid sites
(determined via NH3 chemisorbed at 303 K) of Zr-TMS,
f-Zr-TMS with various loadings of triflic acid. The quantita-
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Fig. 1. Conversion ofp-T-Cl (wt.%) vs. reaction time over various catalysts. Reaction conditions as in footnote ‘a’ ofTable 2.

tive distributions of the acid sites (in the five regions) are also
shown.

The total number of acid sites on the catalysts was
found to increase proportionally with increased loading of
triflic acid over Zr-TMS. The total number of acid sites
on the Zr-TMS was found to be 0.50 mmol g−1. The total
amount of NH3 chemisorbed at 303 K was 0.77 mmol g−1

for f-Zr-TMS-5, 1.05 mmol g−1 for f-Zr-TMS-15 and
1.55 mmol g−1 for f-Zr-TMS-30. Triflic acid alone is also
known to be a superacid[35]. The catalysts used in this
study, show the following decreasing order of activity
after 8 h of reaction time: CF3SO3H > f-Zr-TMS-30 >
f-Zr-TMS-15 > f-Zr-TMS-5 > Zr-TMS. The results indicate
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Fig. 2. Effect of reaction time on the conversion ofp-T-Cl (wt.%),
TOF (10−1 h−1 mol−1 S), product distribution (wt.%) and 4,4′-DMBP/
2,4′-DMBP isomer ratio using f-Zr-TMS-15. Reaction conditions as in
footnote ‘a’ of Table 2.

that mainly ortho- and para-substitutions take place over
f-Zr-TMS catalyst, which is expected for an electrophilic
aromatic substitution pathway[20].

3.3. Duration of the run

The conversion ofp-T-Cl as a function of reaction time
for the benzoylation of toluene over various f-Zr-TMS (5, 15
and 30 wt.% TFA) and other catalysts such as Zr-TMS and
TFA are given inFig. 1. Increasing reaction time increased
the conversion ofp-T-Cl over all catalysts. f-Zr-TMS-30
showed considerably superior performance throughout the
reaction and its activity is found to be higher compared with
those of other catalysts. The reason could be, the higher
strength and number of acid sites. Zr-TMS is found to be
much less active. CF3SO3H is the most active catalyst and
within 0.25 h, 87.5 wt.% conversion ofp-T-Cl is obtained
(Fig. 1). The catalytic activity of various catalysts used in
this study after 24 h of reaction time can be arranged in the
following order: CF3SO3H > f-Zr-TMS-30 > f-Zr-TMS-15
> f-Zr-TMS-5 > Zr-TMS.

3.4. Influence of reaction time using f-Zr-TMS-15

The influence of reaction time on the conversion of
p-T-Cl, product distribution and 4,4′-DMBP/2,4′-DMBP
using f-Zr-TMS-15 as catalyst at 403 K is presented in
Fig. 2. The conversion ofp-T-Cl increased almost linearly
up to 22 h of reaction time and then a marginal increase
in the conversion ofp-T-Cl is observed.p-T-Cl along with
toluene leads mainly to 4,4′-DMBP with 78 wt.% selectivity
within 0.5 h reaction time and decreases to 74.1 wt.% after
24 h. The results show that the reaction time influenced the
conversion ofp-T-Cl, but did not affect significantly the
4,4′-DMBP/2,4′-DMBP isomer ratio to a great extent.
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3.5. Influence of catalyst / p-T-Cl (w/w) ratio

To study the effects of catalyst concentration on the
conversion ofp-T-Cl, rate of p-T-Cl conversion, product
distribution and 4,4′-/2,4′-isomer ratio, the catalyst con-
centration (catalyst/p-T-Cl ratio (w/w)) was increased from
0.06 to 0.45 and the results are depicted inFig. 3. The
different ratios of catalyst/p-T-Cl were obtained by varying
the amount of catalyst and keeping the concentration of
p-T-Cl constant. The conversion ofp-T-Cl increased from
12.6 to 59.1 wt.% as the catalyst concentration increases
from 0.06 to 0.45. No change in the product distribution is
seen against the change in catalyst concentration. The rate
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of p-T-Cl conversion (TOF) decreases continuously due to
the increase in catalyst concentration and a corresponding
increase in the concentration of sulphur in the total amount
of catalyst used in the benzoylation of toluene.

Fig. 4 shows the conversion profile ofp-T-Cl ver-
sus reaction time using different catalyst concentrations
(catalyst/p-T-Cl (w/w) ratio). It may be seen that the
catalyst/p-T-Cl (w/w) ratio had a strong effect on the con-
version of p-T-Cl. A rapid increase in the conversion of
p-T-Cl is observed at the early stages (up to 8 h) of the re-
action over all catalyst/p-T-Cl (w/w) ratios. The maximum
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Fig. 6. Effect of reaction temperature (K) on the conversion ofp-T-Cl
(wt.%) over f-Zr-TMS catalyst with reaction time (h). Other reaction
conditions as in footnote ‘a’ ofTable 2.

increase in the conversion ofp-T-Cl with reaction time is
found for a catalyst/p-T-Cl (w/w) ratio of 0.45.

3.6. Influence of reaction temperature

The effect of reaction temperature was studied on the rate
of benzoylation of toluene withp-toluoyl chloride as ben-
zoylating agent over f-Zr-TMS-15 catalyst in the tempera-
ture range 383–413 K using a toluene/p-T-Cl molar ratio as
1. When the temperature is increased from 383 to 413 K,
both the conversion ofp-T-Cl and TOF increased from 28.3

1.8

2.2

2.6

3

2.4 2.45 2.5 2.55 2.6 2.65

1000/T(K-1)

ln
 r

at
e 

(T
O

F
, 1

0-1
h

-1
m

o
l-1

S
)

Eact = 38.1kJ/mol

Fig. 7. Arrehenius plot for the benzoylation of toluene byp-T-Cl over
f-Zr-TMS-15.
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to 69.5 wt.% and from 8.1 to 19.9 (10−1 h−1 mol−1 S), re-
spectively. However, the selectivity for 4,4′-DMBP remains
nearly unchanged with the increase in reaction temperature,
as shown inFig. 5.

One of the reasons for the increased rates at higher tem-
perature may be ascribed to an enhancement of the rate of
diffusion of p-T-Cl inside the channel of the catalyst, how-
ever, reaction rates are usually more temperature dependant
than rate of diffusion[36]. Increasing the reaction temper-
ature increases the catalytic activity and the conversion of
p-T-Cl increases sharply at the initial stages (8 h) of the reac-
tion and finally (22 h) reaches a relatively steady state value
over all temperatures as shown inFig. 6.

0 5 10 15 20 25
0

20

40

60

80

100

 1:1
 3:1
 4:1

C
o

n
v.

 o
f 

p
-T

-C
l (

w
t%

)

Reaction time (h)

Fig. 9. Effect of different molar ratios of Tol/p-T-Cl molar ratio on the conversion ofp-T-Cl (wt.%) vs. reaction time (h). Other reaction conditions as
in footnote ‘a’ of Table 2.

The apparent activation energy ofp-T-Cl conversion
over f-Zr-TMS-15 catalyst is estimated to be 38.11 kJ/mol
as it is depicted inFig. 7 in the temperature range of
383–413 K.

3.7. Influence of molar ratios of the reactants

The results of the influence of Tol/p-T-Cl molar ratios on
thep-toluoyl chloride conversion, TOF, product distribution
and 4,4′-DMBP/2,4′-DMBP ratio is shown inFig. 8.

The ratios were changed by keeping the amount of
p-T-Cl as constant. The data at 403 K show that, when
Tol/p-T-Cl ratio is increased from 1 to 4, the conversion
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Table 3
Recycling of f-Zr-TMS-15 in benzoylation reactiona

Cycle Loading of
CF3SO3H (wt.%)

Conversion of
p-T-Clb (wt.%)

Product distributionc (wt.%) 4,4′-DMBP/2,
4′-DMBPd

TOFb

(10−1 h−1 mol−1 S)
Crystallinity
(%)e

2,4′-DMBP 4,4′-DMBP Others

Fresh 15.0 50.7 22.5 73.5 4.0 3.2 14.5 100
1st recycle 14.1 49.2 21.6 74.5 3.9 3.4 14.9 98

a Reaction conditions: catalyst(g) = 0.5; toluene(mol) = 0.01; p-toluoyl chloride (mol) = 0.01; reaction temperature(K) = 403; nitrobenzene
(ml) = 10.

b p-T-Cl: para-toluoyl chloride.
c TOF = moles ofp-T-Cl transformed per second per mol of sulphur.
d 2,4′-DMBP: 2,4′-dimethylbenzophenone; 4,4′-DMBP: 4,4′-dimethylbenzophenone.
e By X-ray diffraction.

of p-T-Cl and rate ofp-T-Cl conversion increase linearly
from 50.7 wt.% and 14.5 (10−1 h−1 mol−1 S) to 85.6 wt.%
and 24.5 (10−1 h−1 mol−1 S), respectively. In addition, the
selectivity to 4,4′-DMBP is found to be unaffected over the
wide range of Tol/p-T-Cl ratio. The conversion ofp-T-Cl vs.
reaction time increases with all molar ratios of Tol/p-T-Cl.
A higher increase in thep-T-Cl conversion with reaction
time is observed when Tol/p-T-Cl molar ratio of four is
used in the benzoylation of toluene (Fig. 9).

3.8. Catalyst recycling

In order to check the stability and catalytic activity,
the catalyst was recycled (fresh+ one cycle) by using
f-Zr-TMS-15 in the benzoylation of toluene. The results are
presented inTable 3. After workup of the reaction mixture,
the catalyst was separated by filtration, washed with acetone
and activated for 16 h at 473 K in the presence of air before
use in the next experiment. Thus, the recovered catalyst
after each reaction was characterized for its chemical com-
position by elemental analysis and crystallinity by X-ray
diffraction. Elemental analysis showed a downward trend in
the content of anchored CF3SO3H of f-Zr-TMS-15 catalyst
after one cycle. A slight decline was observed in thep-T-Cl
conversion from 50.7 to 49.2 wt.%, when the catalyst was
reused for first time. The leaching of the CF3SO3H from
the Zr-TMS catalysts by HCl (formed during the reaction)
may be attributed for the decrease in catalytic activity after
one cycle. The result reported here are in good agreement
with the earlier reported data for the acylation of biphenyl
using f-Zr-TMS catalysts[30,31].

4. Conclusions

In summary, benzoylation of toluene to 4,4′-DMBP
reactions were performed on f-Zr-TMS-5, f-Zr-TMS-15,
f-Zr-TMS-30, Zr-TMS and TFA catalysts. f-Zr-TMS-30 cat-
alyst catalyzes the benzoylation of toluene efficiently with
para-toluoyl chloride and is superior to other f-Zr-TMS
catalysts due to its higher acidity. The conventional ho-
mogeneous catalyst, CF3SO3H, shows higher activity. To-
tal acidity obtained at 303 K of Zr-TMS and f-Zr-TMS

with different wt.% loading of triflic acid show direct
co-relationship between acidity and catalytic activity in the
benzoylation of toluene. The influence of the duration of
the run, catalyst concentration, reaction temperature and
Tol/p-T-Cl molar ratio on the catalyst performance is ex-
amined in order to optimize the conversion ofp-T-Cl and
selectivity to 4,4′-DMBP. The conversion ofp-T-Cl using
f-Zr-TMS-15 increased significantly with an increase in
reaction time, catalyst concentration, reaction temperature
and Tol top-T-Cl molar ratio. f-Zr-TMS-15 was recycled
one time and a decrease inp-T-Cl conversion is observed
after one cycle, which is related to a minor leaching of
CF3SO3H from the catalyst. The formation of acylated
products of toluene is explained by an electrophilic attack
of acyl cation (R–CO+; where R = CH3–C6H5) on the
toluene ring, whose formation is facilitated by acid sites on
f-Zr-TMS catalysts.
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