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Room temperature synthesis of diphenylmethane over novel
mesoporous Lewis acid catalysts
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Abstract

Highly selective synthesis of diphenylmethane (DPM) was carried out by Friedal–Crafts benzylation of benzene using benzyl chloride (BC) as
alkylating agent in the presence of a flow of nitrogen under liquid phase reaction conditions over novel mesoporous SO4

2−/Al-MCM-41 catalysts
with different Si/Al ratios. For these reactions, the influences of various reaction parameters, such as different catalysts, reaction temperature,
time, mmol ratios of reactants and recyclability are discussed. With increasing the Si/Al ratios of SO4

2−/Al-MCM-41 catalysts from 21 to 83,
the conversion of BC and selectivity of DPM decreased because the number of Lewis acid sites in SO4

2−/Al-MCM-41 catalysts are found to
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ecrease almost linearly with increasing ratios of Si/Al. Further the catalytic results were compared with those obtained by using 0.8
cid, different Si/Al ratios of Al-MCM-41, HY, H�, HM and H-ZSM-5 zeolites. From the comparison of the results, SO4

2−/Al-MCM-41(21)
s found to be a highly active and recyclable heterogeneous catalyst for the highly selective synthesis of DPM. Thus, the selectivity
O4

2−/Al-MCM-41(21) is higher than that in other SO4
2−/Al-MCM-41 (Si/Al = 42 and 83), Al-MCM-41 (Si/Al = 21, 42 and 83), HY, H�, HM

nd H-ZSM-5.
2005 Elsevier B.V. All rights reserved.

eywords: SO4
2−/Al-MCM-41; Zeolites; Catalytic activity; Acidity; Recyclability conversion of BC; Selectivity of DPM

. Introduction

Diphenylmethane (DPM) is considered important for its use
n pharmaceutical and fine chemical industries[1]. They have
een prepared typically by Friedel–Crafts benzylation reaction

n liquid phase using strong Lewis acids, such as AlCl3, FeCl3
nd ZnCl2 as catalysts[2]. These catalysts pose number of
onsiderable problems in handling and disposal coming from
he large amount of acidic effluents and difficulties in product
solation. Thus, there has been a strong need for the replace-

ent of the homogeneous catalysts mentioned above by reusable
nd easily separable catalysts, i.e. heterogeneous solid catalysts
aving high activity in Friedel–Crafts type reactions. Earlier
tudies[3,4] on the highly acidic solid catalysts, such as the
Y and H-ZSM-5 zeolites, showed poor benzylation reactivity
nd selectivity of DPM due to the diffusion limitation caused by

he microporous networks.

∗ Corresponding author. Tel.: +82 2 2123 5751; fax: +82 2 312 6401.
E-mail address: teddy.lee@yonsei.ac.kr (T.G. Lee).

The discovery of mesoporous material such as MCM-4[5]
has greatly extended the applicability of porous material
catalysts in various organic reactions. Unfortunately, the
strength of the MCM-41 resembles that of the amorphous s
alumina rather than that of the more strongly acidic zeolite[6].
Several approaches have been proposed to increase the
[7] and Bronsted acid[8,9] strength of the MCM-41. Selvaraj
al. reported the synthesis and characterization of the SO4

2−/Al-
MCM-41 with different Si/Al ratios for the production of ner
line [10], dypnone[7] and 2-acetyl-6-methoxynaphthalene[11].
The catalysts were found to have higher surface areas, ca
activities and reusability. Some researchers reported the sy
sis of DPM over the mesoporous AlCl3/Si-MCM-41 [12] and
sulfated ZrO2 [13].

Recently, there has been an increasing interest in dev
ing processes with minimum environmental threats and m
imum economic benefits. In that sense, a great dema
develop highly selective heterogeneous catalyst with large
ber of Lewis acid sites under mild reaction conditions with
employing toxic materials. To the best of our knowledge, t
are no reports on the heterogeneously catalysed Friedal–
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.08.020
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benzylation of benzene over SO4
2−/Al-MCM-41. Herein we

disclose a first time report on a DPM synthesis using novel
SO4

2−/Al-MCM-41 catalysts under the liquid-phase reaction
conditions. The catalytic results are correlated and compared
for 0.8N (N-normal) sulfuric acid solution and other solid cata-
lysts such as different Si/Al ratios of Al-MCM-41, HY, H�, HM
and H-ZSM-5.

2. Experimental

2.1. Synthesis and physicochemical characterization of
Al-MCM-41 and SO4

2−/Al-MCM-41

The mesoporous Al-MCM-41 (Si/Al = 21, 42 and 83) was
synthesized using cetyltrimethylammonium bromide (CTABr)
as template under hydrothermal conditions and also character-
ized using several sophisticated instrumental techniques accord-
ing to the published method by Selvaraj et al[8,9]. The
SO4

2−/Al-MCM-41(21) was prepared by impregnating 1 g of
the calcined Al-MCM-41 with 50 mL of sulfuric acid (0.8N)
with stirring at 500 rpm for 3 h in room temperature[10]. Then
the sample was dried at 110◦C for 12 h. While the different
SO4

2−/Al-MCM-41 materials were synthesized in a similar
manner using different Si/Al ratios of Al-MCM-41, 0.1 and 4N
of sulfuric acid.
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ther the catalyst was washed at five times in a similar procedure.
The recycled SO42−/Al-MCM-41 catalyst was again prepared
with a similar manner.

2.5. Leaching of sulfate experiment studies from
SO4

2−/Al-MCM-41

After the catalyst reaction, catalyst was equilibrated with dis-
tilled water for 1 week at 100◦C (pH < 5), and kept in water bath
and the supernatant was checked for SO4

2− with barium chloride
using Nephelometer (Elico Limited, India). The experiment was
repeated to verify reproducibility before reporting the results.

3. Results and discussion

3.1. Physicochemical properties of SO4
2−/Al-MCM-41

The XRD patterns of both the Al-MCM-41 and SO4
2−/Al-

MCM-41 showed (Fig. 1) well-resolved reflections typical of
the mesoporous MCM-41 structure[9,10]. The surface area,
pore size and pore volume was estimated by the BET and BJH
method using N2-adsorption measurements, and the results are
shown inTable 1. Impregnation of the Al-MCM-41 with sulfuric
acid resulted in the decreased crystallinity,d-spacing, unit cell
parameter, surface area and pore diameter[10]. Particularly, the
m M-
4 ed
[ MR
r
M -
f
a ere
.2. Commercial catalytic materials

H� (Si/Al = 20, Strem), HY (Si/Al = 2.9, PQ), H-mordeni
Si/Al = 20, PQ) and H-ZSM-5 (Si/Al = 30, PQ) were obtain
rom commercial sources. These catalysts were then calcin
00◦C in air for 6 h before catalytic reaction.

.3. Catalytic reaction

Synthesis of DPM was carried out in a 100 mL rou
ottomed (RB) flask equipped with a reflux condenser a
agnetic stirrer under liquid phase reaction conditions.

ypical reaction procedure, benzene was mixed with BC
.2 g of catalyst in the presence of a flow of nitrogen in the
he mixture was then vigorously stirred for the desired tim
ifferent temperature. After the reaction, the samples was
rawn periodically and analyzed by a Hewlett-Packard 6890
hromatograph fitted a flame ionization detector and a cap
olumn (50 m× 0.2 mm) with methyl silicon gum. The produc
ere confirmed by GC–MS.

.4. Experimental for recyclable catalysts

After the initial use, the SO42−/Al-MCM-41 usually suffers
rom the activity loss and hence the catalyst needs to be reg
ted by calcination. In contrast, SO4

2−/Al-MCM-41 is excellen
atalyst for the Friedel–Crafts benzylation of benzene to D
t can be recycled by washing with dichloromethane and e
cetate at 40◦C followed by hot water to remove the organ
nd unreacted reactants. It was dried at 140◦C overnight. Fur
at

-
s

r-

l

esoporous structure in the high sulfate-containing Al-MC
1 (4N-H2SO4 impregnated Al-MCM-41(21)) was collaps

10]. We have concluded the following from the solid state N
esults (Fig. 2): (1) upon impregnation of SO42− ion in the Al-
CM-41, the octahedral coordination of Al3+ ion became non

ramework on the silica surface because of the SO4
2− ion which

re bonded to Si(IV) and (2) the strong Lewis acid sites w

Fig. 1. X-ray diffraction patterns of SO42−/Al-MCM-41 catalysts.
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Table 1
Physicochemical characterization of SO4

2−/Al-MCM-41 and Al-MCM-41

Catalysts d-Spacinga (Å) Unit cell parametera

a0 (Å)
Surface areab

(m2/g)
Pore sizeb D (Å) Pore volumeb (m3/g) Wall thicknessc (Å)

Al-MCM-41(21) 38.41 44.35 830 27.5 0.866 16.85
Al-MCM-41(42) 39.26 45.33 880 29.8 0.907 15.53
Al-MCM-41(83) 43.09 49.76 978 34.6 0.976 15.10
SO4

2−/Al-MCM-41(21) 35.31 40.77 725 25.9 0.85 14.87
SO4

2−/Al-MCM-41(42) 33.63 38.83 850 26.3 0.89 12.53
SO4

2−/Al-MCM-41(83) 32.75 37.05 950 27.4 0.91 9.65
SO4

2−/Al-MCM-41(21)d 43.7 50.4 810 26.8 0.810 23.6
SO4

2−/Al-MCM-41(21)e – – 230 – – –

a Values obtained from XRD studies.
b Values obtained from N2 adsorption results.
c Wall thickness (t) = Unit cell parameter (a0) − pore size (D).
d 0.1N H2SO4 was used.
e 4N H2SO4 was used.

generated on the surface of the SO4
2−/Al-MCM-41 due to the

inductive effect of the sulfate group in the presence of octahedral
aluminum ions (Fig. 3) from the sulfuric acid impregnation[10].
Above results (Lewis acid sites) were reconfirmed by the FTIR-
pyridine analyses[10], and the results are shown inTable 2.
While the uniformity of the SO42−/Al-MCM-41 pore size was
verified with TEM images[11], and pore size and hexagonal
symmetry of the all sulfate-containing MCM-41 was found to
be smaller than those of the Al-MCM-41 due to non-framework
aluminum caused by impregnation of sulfate-ions[7].

3.2. Synthesis of DPM

The Friedal–Crafts benzylation of benzene using BC as alky-
lating agent in the presence of a flow of nitrogen for the synthesis

F
4

of DPM (Fig. 4) was carried out with different optimal con-
ditions such as different catalysts, reaction temperature, time,
mmol ratios of reactants and recyclability reactions, and the all
results are discussed below.

3.3. Effect of different catalysts for synthesis of DPM

The Friedal–Crafts benzylation of benzene using BC in the
presence of a flow of nitrogen for the synthesis of DPM was
carried out over H-ZSM-5, HM, H�, HY, Al-MCM-41(21),

Fig. 3. Scheme proposed for the sulfate-containing Al-MCM-41 material show-
ing possible Lewis acid sites (LA, Lewis acid sites and BA, Bronsted acid sites).
ig. 2. 27Al MAS-NMR spectra of calcined Al-MCM-41 and SO42−/Al-MCM-
1 catalysts.
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Fig. 4. Scheme of benzylation of benzene reaction.

Table 2
Bronsted acidity and Lewis acidity of the SO4

2−/Al-MCM-41 and Al-MCM-41 samples measured by FTIR spectroscopy combined with pyridine adsorption and
desorption at different temperatures

Catalysts Total acidity from TPD-pyridine
studies (mmol pyridine g−1)

Bronsted acidity (�mol pyridine g−1)a Lewis acidity (�mol pyridine g−1)a

Rb 100c 200c 300c Rc 100c 200c 300c

Al-MCM-41(21) 0.099 23.8 18.3 12.3 11.3 11.9 10.3 8.3 6.3
Al-MCM-41(42) 0.092 18.5 15.3 10.4 10.1 9.25 8.5 6.7 4.2
Al-MCM-41(83) 0.052 12.4 10.4 4.5 4.0 6.20 5.40 4.5 3.2
SO4

2−/Al-MCM-41(21) 0.501 20.3 18.4 16.5 8.3 88.3 85.3 70.3 65.3
SO4

2−/Al-MCM-41(42) 0.403 18.3 14.3 11.5 6.5 50.2 47.2 37.3 25.3
SO4

2−/Al-MCM-41(83) 0.302 10.3 8.2 5.8 3.3 30.6 28 25.3 23.4
SO4

2−/Al-MCM-41(21)d 0.100 22.6 15.3 10.5 9.3 42.3 35.3 30.3 27.3
SO4

2−/Al-MCM-41(21)e 0.800 9.3 7.2 6.3 4.3 90.3 86.3 84.5 78.1

Total acidity measured by TPD-pyridine.
a Values obtained from FTIR-pyridine studies.
b Room temperature (◦C).
c Temperature (◦C).
d 0.1N H2SO4 was used.
e 4N H2SO4 was used.

Al-MCM-41(42), Al-MCM-41(83), SO4
2−/Al-MCM-41(21),

SO4
2−/Al-MCM-41(42), SO4

2−/Al-MCM-41(83) and 0.8N
H2SO4 as catalysts and their results are shown inTable 3.
The order of catalytic activity for the selectivity of DPM
was found to be SO42−/Al-MCM-41(21) > SO4

2−/Al-MCM-
41(42) > SO4

2−/Al-MCM-41(83) > HY>Al-MCM-41(21)>H�
> Al-MCM-41(42) > Al-MCM-41(83) > 0.8N H2SO4 > HM >

H-ZSM-5. Above results on the catalyst acid strength is based
on the FTIR and TPD analysis of the adsorbed pyridine
[10,14,15]. The mesoporous SO42−/Al-MCM-41(21) (pore
size = 25.9Å), SO4

2−/Al-MCM-41(42) (pore size = 26.3̊A)
and SO4

2−/Al-MCM-41(83) (pore size = 27.4̊A) shows high
catalytic activity for the formation of high selectivity of DPM
in room temperature with no diffusional constraint. But the

Table 3
Benzylation of benzene over various types of catalysts

Catalysts Si/Al ratio Reaction time (h) Conversion of BC (%)a DPM selectivity (%) Sulfate-ions content per gram of
catalyst surface after reaction (%)

SO4
2−/Al-MCM-41(21) 21 4 100 99.1 1.999

SO4
2−/Al-MCM-41(42) 42 4 96.1 85.3 1.987

SO4
2−/Al-MCM-41(83) 83 4 90.5 78.3 1.986

Al-MCM-41(21)b 21 6 82.2 62.9 –
Al-MCM-41(42)b 42 6 72.4 53.4 –
Al-MCM-41(83)b 83 6 65.3 48.3 –
0.8N H2SO4 – 4 64.2 48.1 –
SO4

2−/Al-MCM-41(21)c 21 4 85.4 73.2 0.249
SO4

2−/Al-MCM-41(21)d 21 4 67.4 59.1 9.987
H�b 20 6 63.1 55.3 –
HYb 2.9 6 56.3 65.3 –
H-ZSM-5b 30 6 2.9 2.9 –
HMb 20 6 5.2 7.2 –

Reaction conditions: 0.2 g of catalyst; 90 mmol of benzene and 10 mmol (9:1) of benzyl chloride were introduced into batch reactor and stirred at room temperature
under a flow of nitrogen.

into p
a Conversion of BC is defined as a total percentage of BC transformed
b Reaction temperature of 80◦C.
c 0.1N of H2SO4 was used.
d 4N of H2SO4 was used.
roduct.
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selectivity of DPM in the SO42−/Al-MCM-41(21) is higher
than that of other SO42−/Al-MCM-41 due to the higher number
of acid sites on its surface by increasing octahedral aluminum
[10]. When Al-MCM-41 was impregnated with 0.8N H2SO4,
the selectivity of DPM increased from 48.1 to 99.1 mol%, a
much higher value than the case of using sulfuric acid solution
(64.2%, BC conversion) itself as a catalyst at room tempera-
ture. This indicates that the sulfuric acid modification of the
Al-MCM-41(21) enhances both catalytic activity and catalyst
acidity. In order to verify this, the SO42−/Al-MCM-41(21)
was first stirred and washed in de-ionized water and then the
filtrate was analyzed by atomic absorption spectroscopy (AAS).
The resulting filtrate was found to contain aluminum cation.
Furthermore, the resulting catalyst exhibited a significant
decrease in BC conversion, from 99.1 to 40.1%. We believe that
the non-framework aluminum existing in the intrachannel space
is supposed to increase the catalyst activity due to the increase
of Lewis acidity[10]. The BC conversion and DPM selectivity
of the 0.8N H2SO4-sulfated Al-MCM-41(21) was higher than
those of the 0.1N and 4N H2SO4-sulfated Al-MCM-41(21) due
to the higher catalytic activity. But, the selectivity was found
to be very lower for the 4N H2SO4-sulfated Al-MCM-41(21)
because of the collapsed pore structure of the catalyst (Table 3).
A very low percentage of conversion and selectivity was
observed at room temperature (27◦C) for 8 h (the values are not
shown inTable 3) over different Si/Al ratios of Al-MCM-41,
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Fig. 5. Variation of conversion of BC and selectivity of DPM with different
reaction temperature over SO4

2−/Al-MCM-41(21).

the mmol ratios of reactants and recyclability were studied on
SO4

2−/Al-MCM-41(21).

3.4. Effect of reaction temperature

The synthesis of DPM was carried out with different reaction
temperature from room temperature to 95◦C with 9:1 mmol ratio
of BC to benzene in the presence of a flow of nitrogen for 4 h
over SO4

2−/Al-MCM-41(21) catalyst and as given inFig. 5.
The conversion of BC is to remain constant upto 85◦C, but the
conversion of BC at higher reaction temperature (>85◦C) and
also selectivity of DPM from 35 to 95◦C decreased because of
the formation of consecutive alkylation products (the isomers
of dibenzylbenzene (DBB) such as 1,4-DBB, 1,3-DBB and 1,2-
DBB). From the above catalytic results, the optimum reaction
temperature was found to be room temperature for highly selec-
tive synthesis of DPM.

3.5. Effect of reactants ratio

The synthesis of DPM was carried out at room temperature
with various mmol ratios of reactants for 4 h in the presence of
a flow of nitrogen over SO42−/Al-MCM-41(21), and the results
are shown inTable 4. A decrease in conversion of BC and selec-
tivity of DPM was observed at 1:1, 1:2 and 5:2 mmol ratio of BC

T
B over
S

B (%)

1
1
5
9

R r-
a

Y, HM and H-ZSM-5, but, the selectivity is found to be hig
or reactions at 80◦C for 6 h exhibiting the values (selectivit
n the following order: HY > Al-MCM-41(21) > H� > Al-

CM-41(42) > Al-MCM-41(83) > HM > H-ZSM-5 as show
n Table 3. The conversion and selectivity in Al-MCM-41(21)
igher than that in other Al-MCM-41 catalysts due to the hig
umber acid sites on its surface. Zeolite H� is found to be mor
ctive (63.1% BC conversion) compared to the HY (56.3%
onversion). However, in terms of selectivity, H� is found to
e less selective (55.3%) than HY (65.3%) in the reaction.
igher selectivity of HY might be explained on the basis o
trong acidity and slightly larger pore opening size (7.4Å) than
� (7.6, 5.4Å) while geometrical constraints produced by�
id not allow the formation of bulkier products in the sm
hannels, and, hence a higher selectivity of DPM is achi
ver HY rather than H� zeolite. HM and H-ZSM-5, in spit
f its strong acidity achieved by several researchers, but

ound to be less active in the reaction. The small pore size o
M (7.1Å) and H-ZSM-5 (5.4Å) zeolites imposes diffusio
ontrol through which the bulky product DPM cannot diff
ut with the formation of the small amount of the prod
robably through a surface reaction. From the compariso
ll catalytic results, SO42−/Al-MCM-41(21) is found to be
ighly active and novel heterogeneous catalyst for the h
elective synthesis of DPM at room temperature for 4 h.
vident that the pore size and acid strength of the catalyst
major role during the synthesis of DPM, a large mole
hile the important relation is between pore size and mole
ize of the reactant/product. The pore size of the catalyst
e accessible to reactant and product molecules in ord

ake part in the reaction. Thus, the effect of temperature,
f

s

r
t
o
,

able 4
enzylation of benzene over different mmol ratios of benzene and BC
O4

2−/Al-MCM-41(21)

enzene/BC mmol ratio BC conversion (%) DPM selectivity

:1 25.4 15.8
:2 50.5 42.4
:2 85.3 75.4
:1 100 99.1

eaction conditions: 0.2 g of SO4
2−/Al-MCM-41(21) catalyst; reaction tempe

ture = 27◦C (room temperature); reaction time = 4 h.
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Fig. 6. Variation of conversion of BC and selectivity of DPM with different time
over SO4

2−/Al-MCM-41(21).

to benzene. This may be due to insufficient quantity of the reac-
tants to react with each other. But, an increase in conversion of
BC and selectivity of DPM was observed in the 9:1 mmol ratio
of BC to benzene at the same reaction conditions. This may be
due to equilibrating of each reactant quantity on the acid sites
of the inner side surface of catalyst. Further experiments were
carried out and also reconfirmed to obtain DPM with maximum
selectivity as shown inTable 4.

3.6. Effect of reaction time

The variation of reaction time on the Friedal–Crafts ben-
zylation of benzene was studied in the range of 1–10 h at
room temperature with 9:1 mmol ratio of BC to benzene over
SO4

2−/Al-MCM-41(21), and the results are shown inFig. 6. The
conversion of BC and selectivity of DPM increased with increas-
ing reaction time upto 4 h because the contact time is decreased
between reactants and active sites of the catalyst. Further the
reaction time is increased; the conversion is to remain constant,
but the selectivity of DPM decreased because of the formation
of consecutive alkylation products (the isomers of dibenzylben-
zene (DBB) such as 1,4-DBB, 1,3-DBB and 1,2-DBB) due to
very high contact time. From the above results, the optimum
reaction time was found to be 4 h for highly selective synthesis
of DPM.

3

l zene
T with
9 yn-
t
N er 4
r C
a ling
S ity

Fig. 7. Variation with run of the catalysts with conversion of BC and selectivity
of DPM over SO4

2−/Al-MCM-41(21) and SO4
2−/Al-MCM-41(83).

decreased only in SO42−/Al-MCM-41(83) with each cycling at
the same reaction conditions. This may be due to decreasing the
catalytic activity along with acid sites on the surface of the cata-
lyst. It was verified that the reaction did not occur in the absence
of catalyst. Also, the sulfate ion in recycled samples confirmed
that SO4

2−/Al-MCM-41 was resistant to leaching under reaction
conditions tested in this study.

3.8. Leaching of sulfate from SO4
2−/Al-MCM-41

From the experiments on leaching studies carried out using
SO4

2− impregnated Al-MCM-41 it was observed no leaching
of SO4

2− from the catalyst after the catalytic reaction.

4. Conclusions

The synthesis of DPM was carried out over Al–MCM-41,
SO4

2−/Al–MCM-41, 0.8N H2SO4 and different types of zeo-
lites as catalysts. A decrease in BC conversion and DPM selectiv-
ity in the Al-MCM-41 and SO42−/Al–MCM-41 was observed
with increasing Si/Al ratios at different reaction temperature.
Further the conversion and selectivity results were compared
with those obtained by using 0.8N sulfuric acid, 0.1N and 4N
H2SO4-sulfated Al-MCM-41(21), different Si/Al ratios of Al-
MCM-41, HY, H�, HM and H-ZSM-5 zeolites. From the com-
p
t when
i syn-
t
f n of
b

A

ore
R 024-
0

.7. Recyclability of the catalysts

SO4
2−/Al-MCM-41(21) and SO42−/Al-MCM-41(83) cata-

ysts was reused for the Friedal–Crafts benzylation of ben
he reaction was carried out at room temperature for 4 h
:1 mmol ratio of BC to benzene for the highly selective s

hesis of DPM, and the results have been depicted inFig. 7.
o loss of catalytic activity and Al-ions were observed aft

uns in SO4
2−/Al-MCM-41(21). Instead, its conversion of B

nd selectivity of DPM is to remain constant with each cyc
O4

2−/Al-MCM-41(21). But, the conversion and selectiv
.

arison of the results, finally, SO42−/Al-MCM-41(21) is found
o be a highly active and recyclable heterogeneous catalyst
t is compared to the above catalyst for the highly selective
hesis of DPM. In the context, the SO4

2−/Al-MCM-41(21) is
ound to be more suitable for the Friedal–Crafts benzylatio
enzene to highly selective synthesis of DPM.
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