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a b s t r a c t

Rice husk ash (RHA) was used to synthesize RHA-Ga, RHA-In and RHA-Fe catalysts by direct incorporation
of the respective ions into rice husk ash silica at room temperature. The prepared catalysts were used to
catalyze the benzylation of p-xylene (p-Xyl) with benzyl chloride (BC). The catalysts had a BET specific sur-
eywords:
enzylation
ylene
ice husk silica
eterogeneous catalyst
ol–gel

face area of ca. 272–347 m2 g−1. The catalytic activity increased with a decrease in the p-Xyl/BC molar ratio.
However, the selectivity towards the mono-benzylated product decreased. RHA-Fe showed the highest
catalytic activity whereas RHA-In and RHA-Ga gave higher selectivity to 2,5-dimethyldiphenylmethane
(2,5-DMDPM). The catalytic activity followed the order: RHA-Fe > RHA-In > RHA-Ga. The activity of RHA
catalyst towards Xyl isomers was found to follow the order: o-Xyl > m-Xyl > p-Xyl whereas the selectivity
for DMDPM products decreased in the order: m-Xyl > p-Xyl > o-Xyl.
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. Introduction

The production of dielectric fluid [1] involves the use of
imethyldiphenyl methane’s (DMDPM’s) as intermediates. One of
he starting materials for DMDPM’s is the series of xylene (Xyl)
somers. These xylenes are benzylated to yield the respective
MDPM’s. Benzylation of xylenes with benzyl chloride (BC), which

s a typical example of Friedel-Crafts alkylation, is generally known
o proceed over homogenous Lewis acid catalyst, i.e. AlCl3 [2].

Many problems are associated with the use of homogeneous
ewis acid catalysts such as AlCl3, FeCl3, ZnCl2, GaCl3 and InCl3.
hese include their handling (highly hygroscopic), the necessity
f using large amount of substrates (required in stoichiometric
mounts) and the difficulty in the separation from the products.
n addition, these halides being strong Lewis acids also catalyze
ther undesirable reactions like alkyl isomerization and transalky-
ation [3]. For these reasons, considerable efforts have been directed
owards the replacement of conventional problematic homoge-
ous acid catalysts with heterogeneous solid acid catalysts for the
riedel-Crafts reaction. The solid acid catalysts that have been stud-

ed include: Lewis acids supported on mesoporous molecular sieves
4–8], zeolites (e.g. ZSM-5 [9], H� [10]), clays [11–13], alumina [14],
r poly acid salts [15,16] as well as rice husk ash (RHA) silica [17–19].

∗ Corresponding author. Tel.: +60 4 6533567; fax: +60 4 6574854.
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All these catalysts were tried mainly for the benzylation of ben-
ene or toluene. However, only few of them [5,6,10] were used for
he benzylation of p-Xyl as part of the benzylation study. The activ-
ty towards this aromatic at 80 ◦C was observed to be less than
hat of benzene and toluene. However, at the refluxing tempera-
ure of 139 ◦C, p-Xyl was reported to be more active than benzene
nd toluene over Lewis acid supported apatite [15,16]. With In-Mg-
ydrotalcite anionic clay [11], p-Xyl was found to be less active than
oluene at the toluene refluxing temperature of 110 ◦C for the ben-
ylation reaction. A detailed study for the liquid-phase benzylation
f o-, m- and p-Xyl over zeolite catalysts was reported by Singh et
l. [20]. For the benzylation of o-Xyl over zeolite H-beta with o-
yl/BC molar ratio of 5:1 at 90 ◦C, only 33.5% BC conversion and
2.2% selectivity to mono-benzyl o-Xyl products were obtained.
he major product was 3,4-DMDPM. However, about 1% of 2,3-
MDPM was also detected. Lower rates of reactions were found

or m-Xyl (24%) and p-Xyl (11%) reactions at the same reaction
onditions.

In this work we report the catalytic activity of the heteroge-
eous catalysts which were prepared by the direct incorporation
f some Lewis acids (In3+, Ga3+ and Fe3+) onto silica from RHA.
hese catalysts showed high activity and selectivity to DMDPMs
or the benzylation of o-, m- and p-xylenes at 80 ◦C (a temperature

◦
uch lower than the Xyl refluxing temperature of ∼140 C). It is
oteworthy that the activities of these catalysts are superior to all
ther catalysts reported so far. These catalysts are also compara-
le to that of our recently reported catalyst for the benzylation of
enzene [18].

http://www.sciencedirect.com/science/journal/13858947
mailto:farook@usm.my
dx.doi.org/10.1016/j.cej.2008.08.028
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. Experimental

.1. Raw material

Indium nitrate monohydrate and gallium nitrate monohydrate
from Alfa Aesar, 99.99%) and iron granules (Aldrich, 99.999%) were
sed as the source for indium, gallium and iron respectively. Other
aterials used were sodium hydroxide and nitric acid (Systerm, 99

nd 65% respectively), BC (Fluka, 99%), o-, m- and p-Xyl (Acros, 99%
r higher). Rice husk (RH) was obtained from a rice mill in Penang,
alaysia. All chemicals used were of AR grade or higher purity and
ere used directly without further purification.

.2. Methods

.2.1. Catalyst preparation
The treatment of RH and the preparation of the catalysts were

one following published procedures [18]. In a typical run, the
reated RHA was dissolved in 1.0 M NaOH and filtered. The filtrate
as titrated with 3.0 M HNO3 or 3.0 M HNO3 containing 5 wt% of

e3+, Ga3+ or In3+ ions, with constant stirring to pH 5. The gel formed
as aged for 24 h. The precipitate was filtered, washed thoroughly
ith distilled water and dried at 100 ◦C for 18 h. The silica or metal

on modified silica xerogel was ground to powder and labeled as
HA-SiO2, RHA-Fe, RHA-Ga and RHA-In. Catalysts labeled RHA-
0%In and RHA-15%In were also prepared by loading 10 and 15 wt%
f In3+ ions respectively.

.2.2. Characterization of the catalysts
The prepared samples were characterized using the previously

eported physico-chemical techniques [18], i.e. FT-IR spectroscopy,
2 sorption analysis, powder X-ray diffractometry, scanning elec-

ron microscopy (SEM), energy dispersive spectrometry (EDX), and
C/GC–MS chromatography (for product detection and confirma-

ion).
Gas chromatograms of the benzylation products were obtained

sing Clarus 500 (PerkinElmer) gas chromatograph with a VB-1
on-polar capillary column, 30-m length and 0.32-mm inner diam-
ter and equipped with an FID detector.

.2.3. Catalytic benzylation reactions
Liquid phase Friedel-Crafts benzylation reactions of xylenes over

he prepared catalysts were carried out in a magnetically stirred
0.0 mL two-neck round bottom flask fitted with a reflux condenser.
he temperature of the reaction vessel was maintained precisely
sing an oil bath. The reactions were carried out under the contin-
ous flow of argon gas to avoid the effect of moisture.

In a typical reaction, 1.0 mL of dodecane (as internal standard)

nd 23.5 mL of o-, m- or p-xylene were added to 0.1 g of RHA-Ga,
HA-In or RHA-Fe catalyst (which had been activated overnight
t 100 ◦C and flushed with argon for 1 h). The reaction mixture
as maintained for about 30 min at the predetermined temper-

ture. This was followed by the addition of 1.5 mL of BC to obtain

c
c

h
i

able 1
he N2 adsorption surface analysis parameters and metal contents for RHA-SiO2, RHA-In,

ample Specific surface area (m2 g−1) Average pore volume (cm3 g−1)

HA-SiO2 347 0.87
HA-Ga 332 0.82
HA-Fe 284 1.10
HA-In 272 0.87
HA-10% In 208 0.99
HA-15% In 114 0.42

a The values shown are from EDX analysis.
b The values in brackets are the actual amounts of metal ions determined by ICP-MS sp
ig. 1. The powder X-ray diffraction spectra of (a) RHA-SiO2, (b) RHA-In, and (c)
HAGa and RHA-Fe.

he required Xyl/BC molar ratio of 15:1. Reactions over the cata-
ysts of higher metal loading, i.e. RHA-10%In and RHA-15%In were
arried out under the same conditions using p-Xyl. The effect of
ther molar ratios of ca. 5:1 and 25:1 was also studied with p-
yl over RHA-In catalyst. Samples for analysis (∼0.50 mL) were
ithdrawn at regular intervals from the reaction mixture and ana-

yzed by gas chromatography. The products were confirmed by
C–MS.

Reusability experiments were conducted by running the reac-
ion successively with the same catalyst (RHA-In) according to
he published procedure [18,21]. A leaching experiment was car-
ied out for RHA-In catalyst for p-Xyl reaction by separating the
olid catalyst after 15 min by filtration at the reaction temper-
ture (80 ◦C) using a micro membrane filter. The filtrate was
uickly returned to the original flask allowing the reaction to
roceed further. The products were analyzed in the usual man-
er.

All experiments were repeated three times to confirm the
epeatability of the experimental data obtained.

. Results and discussion

.1. Characterization of the catalysts

Fig. 1 shows the X-ray diffraction of the catalysts prepared in this
ork. The X-ray diffraction patterns of RHA-SiO2 as well as RHA-In,
HA-Ga and RHA-Fe catalysts, indicated the absence of any ordered
rystalline structure. All the catalysts had similar diffraction pat-
erns, i.e. a broad peak centered at 2� angle of around 22◦ which

onfirmed the amorphous nature of the samples. These results were
onsistent with our previous studies [17–19].

Nitrogen adsorption–desorption isotherms of these catalysts
ad been reported earlier [18]. These catalysts exhibit the same

sotherm shapes and hysteresis loops indicating almost similar tex-

RHA-Ga and RHA-Fe

Average pore diameter, D (nm) Average content of metal ions (mmol g−1)a

10 –
10 0.29 (0.36)b

15 0.67 (0.66)
13 0.35 (0.24)
15 0.98 (0.73)
13 1.25 (1.04)

ectrometer (PE-SCIEX-ELAN 6100).
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Fig. 2. The FT-IR spectra of RHA silica and metal modifie

ural properties. The corresponding specific BET surface areas, pore
izes and pore volumes are shown in Table 1. All the metal ion
odified silica samples, i.e. RHA-In, RHA-Ga and RHA-Fe as well

s the silica support, RHA-SiO2 showed a type (IV) isotherm. Type
IV) isotherms are normally exhibited by porous materials. The
ysteresis loops were of type H1 (IUPAC classification), which is
characteristic of porous materials consisting of agglomerates or
aving nearly uniform and regularly packed pores. The shapes of
hese isotherms are similar to those synthesized from the opti-

ized concentration of alkali, i.e. 1.0 M NaOH solution as reported

reviously [18]. For RHA-In with varying metal composition, it was
ound that the specific surface area decreased linearly with a lin-
arity coefficient of 0.988 (graph not shown) as the metal content
ncreased.

c
a
1
r

Fig. 3. The FT-IR spectra of modified silica by loading different amoun
a (a) RHA-SiO2, (b) RHA-Fe, (c) RHA-In and (d) RHA-Ga.

This decrease in the specific surface area is probably due to
he metal filling up the inter-particle voids by the formation of
O–M–O– bonds (M = Fe3+, In3+ or Ga3+).

Fig. 2 shows the FT-IR spectra of RHA-SiO2, RHA-Ga, RHA-In and
HA-Fe. The absorption bands at about 470, 800 and 1099 cm−1

ere attributed to the stretching vibrations of SiO4 tetrahedra [22].
he peak at 972 cm−1 was attributed to Si–OH stretching vibration.
he intensity of this peak decreased in the metal ion incorporated
HA silica (Fig. 2) and completely diminished for samples with
igher percentages of In3+ metal ions (Fig. 3). This might indi-

ate that some metal ions are attached on the surface of the silica
s non-framework metal species, i.e. Si–O–M. The band around
099 cm−1 was shifted to lower wave number for metal incorpo-
ated RHA. Since this band is due to the vibration of Si–O–Si bond,

ts of In3+ ions (a) RHA-5%In, (b) RHA-10%In and (c) RHA-15%In.
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Fig. 4. The SEM micrographs of (a) RHA-

he red shift observed is consistent with the increasing presence of
etwork metallic species as the metal ion content was increased.
ig. 3 shows that when the metal ion content was increased (i.e.
HA-10%In and RHA-15%In) the red shift also increased for this
ibration band.

The SEM micrographs of the catalysts are shown in Fig. 4. These
icrographs together with the TEM images (not shown) and N2

orption isotherms [18] clearly illustrate the porous structure of
HA-SiO2 and the metal ion modified catalysts. The surface mor-
hology and spherical structure of the particles were retained even
hen the silica was modified with In3+, Ga3+ or Fe3+ ions.

EDX elemental analysis for the metal ion modified silica sam-
les showed the presence of In, Ga and Fe ions on the silica surface
Table 1). However, an irregular distribution of In3+ ions were
etected for the catalysts prepared by introducing higher amounts

f the metal ions, i.e. RHA-10% In (9.9–12.7%) and RHA-15% In
11.3–19%). This showed that the metal was not homogeneously
istributed on the surface. Unlike the In and Fe supported cata-

ysts, the amount of Ga species detected on the surface of RHA-Ga
by EDX) were much lower than the actual metal ions which was

i

3

I

(b) RHA-In, (c) RHA-Ga and (d) RHA-Fe.

etermined by ICP-MS. This could be explained because most of
he gallium ions are accommodating the framework positions of
he silica-metal complex of RHA-Ga. The result of 71Ga MAS NMR
or RHA-Ga (not shown) supports this hypothesis. Therefore, this

aybe one of the reasons why RHA-Ga was found to be less active
han RHA-In, although In and Ga have similar redox properties and
ill be discussed latter.

.2. Catalytic reactions

The Friedel-Crafts benzylation of p-Xyl with BC was carried
ut using different experimental conditions, namely varying molar
atios of reactants, reaction temperature, reaction time, catalyst
ype, metal ion loading, recyclability, and leaching. In addition, a
omparison of the catalytic behavior with other xylene isomers,

.e. o- and m-Xyl was also carried out at the optimum condition.

.2.1. Influence of reactant molar ratio
Fig. 5 shows the percentage conversion and selectivity of RHA-

n. The rate of reaction was found to decrease as the p-Xyl/BC ratio
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ig. 5. The reaction profile for the reaction between p-Xyl and BC at 80 ◦C using
ifferent molar ratios of p-Xyl/BC and over the catalytic activity of RHA-In.

as increased. The reaction time required for complete conversion
f BC for the 5:1, 15:1 and 25:1 molar ratios were found to be 25,
0 and 60 min respectively.

Whereas, the selectivity to mono-benzylated product, i.e. 2,5-
MDPM increased from 81 to 96% when the molar ratio was varied

rom 5 to 25 respectively. This showed that a decrease in BC con-
entration increased the selectivity for 2,5-DMDPM while taking a
onger time to reach complete conversion.

.2.2. Influence of reaction temperature
As shown in Fig. 6, the catalytic performances were strongly

ffected by temperature. The conversion rate of BC increased with
ncreasing reaction temperature. However, the selectivity for the

ono-substituted product (2,5-DMDPM) decreased. However, this
ecrease was very small. It was clear that the conversion and the
electivity could be easily controlled by simply adjusting the reac-
ion temperature.
.2.3. Metal ion loading
The effect of metal ion loading was tested for the benzylation of

-Xyl at the optimum conditions using 0.1 g of the catalyst with dif-
erent loading of indium ions, i.e. RHA-In, RHA-10%In or RHA-15%In.
ig. 7 shows the percentage conversion of BC increased drastically

ig. 6. The reaction profile of p-Xyl and BC for the 15:1 p-Xyl/BC molar ratio and
ver the catalytic activity of RHA-In at different temperatures.

i

R

t

F
r

ig. 7. The reaction profile between p-Xyl and BC at 80 ◦C using 15:1 p-Xyl/BC molar
atio and over the catalytic activity of RHA-In with different loading of indium ions.

hen the percentage of loaded metal ion (indium) was increased
rom 5 to 10%. Higher metal loading (15%In) did not show further
nhancement in the percentage conversion.

Although higher conversion was registered in a shorter time
ith the catalysts of 10 and 15% In loading, there was a slight
ecrease in the selectivity for 2,5-DMDPM. Nevertheless, the selec-
ivity remained above 90% for all the three indium composition in
he catalysts.

.2.4. Influence of catalyst type
In order to study the effect of the incorporated metal, the p-Xyl

enzylation reaction was studied further over RHA-Ga and RHA-Fe
atalysts. The reactions were carried out at the optimum conditions
i.e. at 80 ◦C and p-Xyl/ BC molar ratio of 15:1) using 0.1 g of the
atalyst. The results were compared with that of RHA-In.

No reaction was seen over RHA-SiO2 (blank). However, the type
f supported metal ions on the RHA silica was found to influence the
atalytic activity significantly. Fig. 8 shows the reaction profiles of
he catalysts studied. The rate of the benzylation reaction decreased
n the following order of the catalysts:
HA-Fe > RHA-In > RHA-Ga

Although there were clear changes in the rate of the reaction,
he variation in the selectivity at the time of complete conversion

ig. 8. The reaction profile between p-Xyl and BC at 80 ◦C using 15:1 p-Xyl/BC molar
atio and over the catalytic activity of different catalysts.
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ig. 9. The reaction profile of xylene isomers on BC conversion over the catalytic
ctivity of RHA-In at 80 ◦C using 15:1 Xyl/BC ratio.

as considered not significant as it was between a narrow range of
3–94%.

The activity of RHA-M (M = In, Ga or Fe) catalysts can be
ttributed to the presence of In3+, Ga3+ or Fe3+ ions on the cata-
yst surface and/or matrix. This is true as there was no reaction

ith RHA-SiO2. The catalytic activity correlated well with the redox
roperties of the metal ions, since the variation in the activities
eems to follow the change in their redox potentials. This redox
roperty was expected to play an important role for initiating the
C carbocation for the benzylation reaction [8,23,24]. The iron,
aving the highest redox potential value (+0.77 V), showed supe-
ior activity over the rest. However, the higher activity of RHA-In

ver RHA-Ga catalyst could be due to the lower amount of non-
ramework Ga species present on the surface of RHA-Ga. Since the
wo supported metals ions (In and Ga) have equivalent redox poten-
ials (−0.44 V). Similar explanation was given by Choudhary and
ana [21].

r
p
g
m
t

ig. 10. The expected positions targeted for the BC carbocations to react with the o-, m- an
arbon atoms.

able 2
he effect of different xylene isomers on the percentage conversion and product distribut

atalyst Xylene 50% BC conversion

Time (min) Selectivi

HA-Ga o-Xylene 15 97.7
m-Xylene 23 98.7b

p-Xylene 32.3 97.3

HA-In o-Xylene 10.4 97.1
m-Xylene 13.5 98.3b

p-Xylene 15.9 96.4

HA-Fe o-Xylene 2.3 93.5
m-Xylene 3.4 97.8b

p-Xylene 6.0 95.7

a Turn over rate for 50% conversion in �mol g−1 s−1.
b Two mono-substituents 2,4-DMDPM and 2,6-DMDPM in a percentage ratio of about 7
ring Journal 145 (2008) 328–334 333

.2.5. Effect of different isomers
The reaction of o- and m-Xyl isomers was also investigated at

he optimum condition using RHA catalysts. A reaction profile of
he catalyst (RHA-Ga as example) over different xylene isomers is
hown in Fig. 9. It is obvious that higher percentage of BC conversion
as observed with o-Xyl, while p-Xyl showed the lowest activity.
owever, the selectivity for DMDPM decreased in the following
rder of xylene isomers:

-Xyl > p-Xyl > o-Xyl

Nevertheless, the variation of the selectivity can be considered
ot very significant. The same trend of activity and selectivity with
espect to the xylene isomers was also observed for RHA-In and
HA-Fe as shown in Table 2.

Fig. 10 shows the positions which are expected to be attacked by
he benzyl carbocations. The differences in reactivity and selectivity
etween these isomers (Table 2) might be assigned to the steric and
eld effects, i.e. the directing ability of the methyl substituents.

In p-Xyl, each substitutable carbon centre on the benzene ring
xperience a positive ortho directing effect by the adjacent methyl
roup, while the other methyl substituent decreases this enhance-
ent for substitution because it is in a meta position. All four

ubstitutable carbons are chemically equivalent, and therefore, only
ne mono-substituted product was observed, i.e. 2,5-DMDPM.

However, the advantage of the field effect together with the
lightly lower steric effect allowed m-Xyl to produce relatively
igher percentage of mono-benzylated products compared to other
ylene isomers.

From Fig. 10, it can be seen that there are three possible positions
or substitution on m-Xyl. However, only positions 1 and 2 had been
ubstituted yielding 2,4-DMDPM and 2,6-DMDPM in a percentage

atio of about 79:21. No product was observed for substitution at
osition 3 due to the field effect, considering the fact that methyl
roups are poor meta directors. The percentage of 2,6-DMDPM was
uch lower because position 2 is much more sterically hindered

han position 1. Furthermore, there are two possible position 1 sites

d p-Xyl isomers. Similar numbers on each molecule indicate chemically equivalent

ion at 80 ◦C and Xyl/BC molar ratios of 15:1

90% BC conversion TORa

ty (%) Time (min) Selectivity (%)

35 94.6 71.7
42 96.5b 46.8
61 94.8 33.3

23.8 94.2 103.4
24.5 96.4b 79.7
23.5 94.6 67.6

4.0 92.7 467.4
5.5 96.3b 316.2

10.2 93.3 179.2

9:21.
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Table 3
The effect of RHA-In reuse on the percentage conversion and product distribution
at 80 ◦C and p-Xyl/BC molar ratio of 15:1

Catalyst BC conversion (%) 2,5-DMDPM (%)

Fresh 100 93.6
1st 100 91.6
2nd 100 93.8

Table 4
Leaching effect for RHA-In at 80 ◦C and p-Xyl/BC reactant molar ratio of 15:1 during
the benzylation of p-Xyl with BC

Reaction time (min) BC conversion (%) 2,5-DMDPM (%)
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15 44.6 96.7
0a 50.7 96.7

a Duration of reaction after catalyst had been removed.

s compared to only one position 2 site. The observed product dis-
ribution for m-Xyl conforms to the statistical availability of the
ubstitution sites.

For o-Xyl, the possible products are 2,3-DMDPM (substitution at
osition 2) and 3,4-DMDPM (substitution at position 1). However,
he only mono-substituted product observed was 3,4-DMDPM.

hile 1% of 2,3-DMDPM was observed by Singh et al. [20], this
roduct was not observed in this study. This could be due to the
teric hindrance of position 2 by the adjacent methyl group. How-
ver, the percentage reported by Singh et al. is very low and can be
onsidered insignificant.

In all three cases the di-substituted products were also observed,
aking the total product composition 100% (not shown in Table 2).

.2.6. Reusability
The recyclability of the catalyst was studied by running the

enzylation reaction successively (under the optimum conditions)
ith p-Xyl and RHA-In as described earlier. The results are shown in

able 3. In three successive trials the percent conversion and selec-
ivity did not show any significant change. These results indicate
he catalyst could be reused several times.

.2.7. Leaching effect
In order to study the heterogeneous nature of the reaction, a

est reaction using RHA-In was conducted according to published
ethod [25]. Table 4 shows the results of this study. No significant

ncrease in the BC conversion was observed after the removal of
he catalyst. This indicated that the heterogeneous RHA-In catalyst
as necessary for the reaction to proceed. It was therefore safe to

onclude that a purely heterogeneous catalytic reaction was taking
lace when RHA-In was used as the catalyst.

. Conclusion

The catalytic activity of RHA-In, RHA-Ga and RHA-Fe were tested
n the benzylation of p-Xyl employing BC as the alkylating agent.
HA-Fe showed the highest catalytic activity whereas RHA-In and
HA-Ga gave higher selectivity to 2,5-DMDPM. The catalytic activ-

ty followed the order: RHA-Fe > RHA-In > RHA-Ga. The catalysts
lso showed good activity for the benzylation of o- and m-Xyl. The
ctivity of the catalyst towards xylene isomers followed the order:
-Xyl > m-Xyl > p-Xyl whereas the selectivity for DMDPM products
ecreased as follows: m-Xyl > p-Xyl > o-Xyl. Increasing the In3+ ion
oading from 5 to 10% was found to accelerate the catalytic activ-
ty drastically whereas further increase in In3+ ion loading did not
how significant changes in activity or in the selectivity. The cat-
lysts could be reused for the benzylation reaction several times
ithout significant change in their activity and selectivity. These

[

[
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atalysts showed superior catalytic activity compared to other cat-
lysts reported in the literature.
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