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A mordenite (MOR) sample with submicron crystallite size (0.1 lm) has been synthesized by hydrothermal transformation

of a layered sodium silicate magadiite (Na-magadiite) using tetraethylammonium hydroxide (TEAOH) as an intercalating agent

and/or structure directing agent. The MOR sample obtained from Na-magadiite was found, by XRD and N2 adsorption

measurements, to have high crystallinity and high BET surface area. However, the 27Al MAS NMR spectrum of the calcined

MOR sample showed the presence of extra framework octahedrally coordinated aluminum. The catalytic activity of the MOR

sample obtained from Na-magadiite was tested for the isopropylation of biphenyl and compared with results obtained with a

commercial MOR sample with larger crystallite size (1.0 lm). Both samples showed comparable catalytic activity for the

isopropylation of biphenyl, especially at higher temperatures. Under the reaction conditions used, the MOR sample obtained

from Na-magadiite showed about 10% lower selectivity for the desired products 4,40-DIPB and 4-IPBP compared to the

commercial MOR sample. Furthermore, unexpectedly, the conversion of 4,40-DIPB over the MOR sample obtained from

Na-magadiite was significantly lower than that of the commercial MOR sample. These differences in catalytic activity might be

related to the presence of extra framework octahedrally coordinated aluminum in the MOR sample obtained from

Na-magadiite.
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1. Introduction

4,40-Dialkylbiphenyls are important monomers for
the production of advanced polyester fibers, engineer-
ing plastics and liquid crystalline polymers [1].
Conventionally, the alkylation of biphenyl is carried
out in the presence of catalysts such as aluminum
trichloride [2] and silica–alumina catalysts [3]. These
catalysts generally produce large amounts of unde-
sired products along with less than 30% of the
desired 4,40-dialkylbiphenyls. The isopropylation of
biphenyl over various zeolite catalysts is well docu-
mented in the literature [4–11]. Zeolite catalysts are
attractive for several reasons: enhanced selectivity of
the desired product, easy separation, reusability and
most importantly they are environmentally benign
materials. Among zeolite catalysts, mordenite (MOR)
type zeolite possesses particularly good shape selec-
tivity characteristics for the isopropylation of biphe-
nyl with propylene [12–17]. In comparison to low-
silica MOR catalysts, highly dealuminated MOR
catalysts showed high activity and improved selectiv-
ity in the isopropylation of biphenyl.

It is well known that the crystal size has profound
influence on the properties of the zeolite catalysts.
Conventional zeolite catalysts normally have crystal
sizes in the micrometer range. Large crystal sizes can
cause heat and mass transfer problems in catalytic
processes, thus reducing the performance of the cata-
lysts. In order to meet the requirement of high effec-
tiveness of the zeolite catalysts, there has been
considerable interest in the synthesis of nanosized
zeolites. One of the notable characteristics of nanosized
zeolites is their shorter diffusion path length. Thus, they
exhibit higher catalytic activity and coking resistance
compared to conventional zeolite catalysts [18,19].

We have recently reported the hydrothermal trans-
formation of a layered silicate, Na-magadiite, into
MOR type zeolite, using TEAOH as an intercalating
agent and/or structure directing agent [20,21]. MOR
crystallites obtained from Na-magadiite are in the
submicron (0.1 lm) range, much smaller than the
MOR crystallites (1–15 lm) synthesized by conven-
tional hydrothermal crystallization with and without
the aid of organic structure directing agent (Mordenite
type zeolite (SiO2/Al2O3 ¼ 18.7) obtained from Tosoh
Corporation, Tokyo, Japan) [22,23]. Very recently, the
synthesis of MOR nanocrystals (62–100 nm) in the
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absence of organic structure directing agents has also
been reported [24].

Although more than 50–90% yield of 4,40-DIPB
can be achieved in the isopropylation of biphenyl over
the catalysts known so far (dealuminated H-MOR and
Ce-modified H-MOR) [15,25], the use of MOR type
zeolite (0.1 lm) obtained from Na-magadiite should
lead to a reduction of diffusion limitations and an
increase in conversion in comparison to the use of the
above mentioned catalysts. The objective of the
present study is to extend our investigation of
isopropylation of biphenyl with propylene to the use
of MOR type zeolite catalyst obtained from Na-
magadiite. In this paper, we report the synthesis and
characterization of MOR type zeolite obtained from
Na-magadiite and its catalytic activity in the isopro-
pylation of biphenyl to 4,40-DIPB and the isomeriza-
tion of 4,40-DIPB. The results are compared with a
commercial MOR sample obtained from Tosoh Cor-
poration, Tokyo, Japan.

2. Experimental

2.1. Hydrothermal transformation of Na-magadiite
into MOR type zeolite

A MOR sample with a SiO2/Al2O3 ratio of 13.4 was
synthesized by a hydrothermal transformation of Na-
magadiite. The molar composition of the Na-magadiite
sample used in this study was 13.8 SiO2 : Na2O : 9.8
H2O. The hydrothermal transformation of Na-magadiite
into MOR was performed as follows: Na-magadiite was
added to a solution containing tetraethylammonium
hydroxide (TEAOH, 30% aqueous), sodium hydroxide
(99%, Fluka), potassium hydroxide (85%, Fluka) and
deionized water and then the mixture was stirred for 45
min. The required amount of sodium aluminate (19.93%
Al2O3 and 19.11%Na2O, Tricat GmbH) was then added
dropwise and the stirring was continued for another 1 h.
The molar composition of the reaction mixture was: 0.33
Na2O : 0.08 K2O : 0.025 Al2O3 : SiO2 : 0.35 TEAOH :
35 H2O. The resultant mixture was transferred into a
Teflon-lined autoclave (50 mL) and heated at 175 �C
for 24 h. The resultant product was collected by
centrifuging at 6000 rpm, dried at room temperature
and then calcined at 550 �C for 12 h in air. The
calcined MOR sample (Na-form) was converted into
its protonic form by ion-exchanging with 1 M
NH4NO3 solution at 70 �C for 12 h and then recalc-
ined at 550 �C for 12 h. The ion-exchange procedure
was repeated two times.

2.2. Characterization

The powder X-ray diffraction patterns were re-
corded on a Philips X-ray diffractometer using CuKa

radiation. The range of scanning was 2–50� at a rate

of 0.1�/min)1. The morphology and the particle size
were examined by scanning electron microscopy
(SEM). SEM was carried out using a JEOL JSM
6400 scanning electron microscope operated at 20 kV.
The N2 adsorption measurements were obtained at
77 K using an automated nitrogen adsorption analyzer
(Micomeritics, ASAP 2010). The samples were out-
gassed at 300 �C for 3 h prior to adsorption. The total
acidity of the catalysts used in this study was
determined by temperature programmed desorption
of ammonia (NH3-TPD, AMI-100, Altamira). The
elemental analyses of the samples were determined by
Inductively Coupled Plasma Atomic Emission Spec-
troscopy (Perkin-Elmer 400). 13C CP MAS NMR and
27Al MAS NMR spectra of the as-synthesized samples
were recorded on a Varian UNITY Inova 400 FT-
NMR spectrometer. The o-xylene adsorption measure-
ments were performed at 120 �C using a gravimetric
method.

2.3. Catalytic experiments

In order to probe the reactivity of both internal
and external acid sites of the catalysts, the catalytic
cracking of aromatic compounds including cumene
(IPB) and bulkier 1,3,5-TIPB were carried out on the
MOR samples. The catalytic experiments were carried
out in a conventional pulse reactor at 400 �C using
10 mg of the catalyst. Pure helium was used as the
carrier gas. The products were analyzed by on-line
Gas Chromatograph (Shimadzu 4C) with a FID
Detector.

The isopropylation of biphenyl was carried out in a
100 mL batch reactor (SUS-316) in the temperature
range of 200–350 �C at a propylene pressure of
0.8 MPa using the MOR sample obtained from
Na-magadiite as the catalyst. For comparison, the
isopropylation of biphenyl was carried out over a
commercial MOR (SiO2/Al2O3 ¼ 18.7) sample ob-
tained from Tosoh Corporation, Tokyo, Japan. In a
typical run, 50mmol of biphenyl and 0.25 g of the
catalyst were introduced into the autoclave. Prior to
heating, the autoclave was purged with nitrogen and
heated to attain the desired reaction temperature.
After the reactor temperature was attained, propylene
was introduced into the autoclave. The propylene
pressure (0.8 Mpa) was kept constant over a period of
4 h. After completion of the reaction (4 h), the
autoclave was cooled to room temperature. The
catalyst was then filtered and washed with toluene.
The reaction products were analyzed in a gas chro-
matograph (Shimadzu GC-14A) fitted with an Ultra-1
capillary column (HP, 25 m · 0.3 mm). The identity
of the products was established by GC-MS
(Shimadzu, QP 5000). The conversion and selectivity
were calculated on the basis of a method reported
previously [25].
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3. Results and discussion

3.1. Catalyst characterization

Physico-chemical properties of the MOR samples
used in this study are given in table 1. The XRD
patterns of the starting material Na-magadiite and the
MOR sample obtained from Na-magadiite and the
commercial MOR sample are shown in figure 1.

The XRD pattern of Na-magadiite (curve ‘a’) matches
well with the XRD pattern reported in the literature
[26]. All the reflections are typical of Na-magadiite and
indicate that the product is free from impurities. The
D-spacing of Na-magadiite is 15.4 Å, which is very
similar to values reported previously [26,27]. The XRD
pattern of the MOR sample (curve ‘b’) obtained from
Na-magadiite is in good agreement with the reported
XRD pattern of the MOR structure [28]. The absence
of additional peaks related to Na-magadiite and the
high intensity of the peaks, indicate that the MOR
sample is pure and highly crystalline. As far as the peak
positions are concerned, the XRD pattern of the MOR
sample obtained from Na-magadiite is very similar to
the XRD pattern of the commercial MOR sample.
However, the reflections of the commercial MOR
sample are much weaker in intensity. The MOR
sample obtained from Na-magadiite has a higher
percentage of crystallinity (100%) in comparison to
the commercial MOR sample (31%). The commercial
MOR sample is synthesized in the absence of template
whereas the transformation of Na-magadiite to MOR
is achieved in the presence of template (TEAOH). It is
well known that the hydrothermal synthesis of zeolites
in the presence of templates generally yields highly
crystalline material [29]. This is one of the main
reasons for the difference in the percentages of
crystallinity.

Figure 2 shows the SEM images of the MOR
sample obtained from Na-magadiite and the commer-
cial MOR sample. The MOR crystallites obtained from
Na-magadiite are in the submicron range (0.1 lm). In
general, the starting material Na-magadiite exhibits
rosette-like morphology comprised of spherical aggre-
gates of about 8–0 lm in diameter [20]. It is evident
that the MOR crystallites obtained from Na-magadiite
are free from agglomerates and/or impurities related to
Na-magadiite. However, the SEM image of the com-
mercial MOR sample shows crystallites which are
significantly larger in size (1 lm) in comparison to
the MOR crystallites obtained from Na-magadiite.

Figure 1. X-ray powder diffraction patterns of: (a) Na-magadiite, (b)

MOR sample (SiO2/Al2O3 ¼ 13.4) obtained from Na-magadiite at

175 �C for 24 h [0.33 Na2O : 0.08 K2O : 0.025 Al2O3 : SiO2 : 0.35

TEAOH : 35 H2O] and (c) commercial mordenite sample (SiO2/

Al2O3 ¼ 18.7).

Table 1

Physico-chemical properties of mordenite samples used for isopropy-

lation of biphenyl

Sample SiO2/Al2O3

ratio

Particle

size

(lm)

Surface

area

(m2 g)1)

Micro-

pore

volume

(cm3 g)1)

Acidity

(lmol � g)1)a

H-mordeniteb 13.4 0.1 419 0.17 168

H-mordenitec 18.7 1 440 0.18 620

aTotal acidity was determined from NH3-TPD measurements.
bSample obtained from Na-magadiite.
cCommercial sample (Tosoh Corporation, Tokyo, Japan).

Figure 2. SEM images of: (a) mordenite sample (SiO2/Al2O3 ¼ 13.4) obtained from Na-magadiite at 175 �C for 24 h [0.33 Na2O : 0.08

K2O : 0.025 Al2O3 : SiO2 : 0.35 TEAOH : 35 H2O] and (b) commercial mordenite sample (SiO2/Al2O3 ¼ 18.7).
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For simplicity, the MOR sample obtained from Na-
magadiite is referred hereafter to as the ‘‘nanosized’’
MOR sample.

The N2 adsorption isotherms of the nanosized MOR
sample and the commercial MOR sample are shown
in figure 3. Both samples show type I isotherms which
are characteristic of microporous materials. The BET
surface area (419 m2 g)1) and micropore volume
(0.17 cm3 g)1) of the nanosized MOR sample are
comparable to values for the commercial MOR sample
(surface area, 440 m2 g)1; micropore volume,
0.18 cm3 g)1).

Since samples composed of small crystallites have a
larger external surface area than those with large
crystallites, the prior generally have higher adsorption
capacity for organic molecules. Thus, the rate of
o-xylene adsorption is a sensitive measure of the particle
size of the catalysts. Figure 4 shows the adsorption
kinetics of o-xylene over the nanosized MOR sample and
the commercial MOR sample. As expected, the uptake of
o-xylene over the nanosized MOR sample (35 mg/ g)1 of

catalyst) is slightly higher than that for the commercial
MOR sample (29 mg/ g)1 of catalyst) at the end of the
adsorption period of 5 min. Such high adsorption
capacities for o-xylene are indicative of the purity of
the MOR samples used in the present study.

Figure 5 shows the 29Si-MAS NMR spectra of the
nanosized MOR sample (H-form) and the commercial
MOR sample (H-form). The 29Si-MAS NMR spec-
trum of the nanosized MOR sample (curve ‘a’)
exhibits a peak at )113.4 ppm which can be assigned
to Si atoms with no adjacent aluminum [Si(0Al)]. In
our previous study [21], however, we observed three
signals at )113, )105 and )99 ppm for the as-
synthesized nanosized MOR sample. We assigned the
latter two signals to Si atoms with one adjacent
aluminum atom, [Si(1Al)] and Si atoms with two
adjacent aluminium atoms [Si(2Al)], respectively.
However, the 29Si-MAS NMR spectrum of the com-
mercial MOR sample (curve ‘b’) shows a strong signal
for Si(0Al) ()112.5 ppm) and a poorly resolved signal
for Si(1Al) ()106.8 ppm). The 27Al MAS NMR
spectrum (figure 6a) of the nanosized MOR sample
is composed of a strong signal at 55.4 ppm and a
broad signal at 0.4 ppm. The strong signal (55.4 ppm)
is attributed to the presence of aluminum atoms in
tetrahedral coordination. The broad signal at 0.4 ppm
is related to the presence of extra framework octa-
hedrally coordinated aluminum atoms that were
removed from the tetrahedral positions during the
calcination process. It is important to mention here
that no such extra framework aluminum species were
observed in the as-synthesized nanosized MOR sample
[21]. It is interesting to note that the 27Al MAS NMR
spectrum of the commercial sample (figure 6b) shows
a sharp signal at 55.6 ppm and a very weak signal at
)1.3 ppm. It appears that the commercial MOR
sample has a much lower content of extra-framework
species in comparison to the nanosized MOR sample.
These results are further substantiated by the NH3-
TPD measurements (table 1). The NH3-TPD studies
reveal that the total acidity of the nanosized MOR
sample (168 lmol g)1) is considerably lower in
comparison to the commercial MOR sample
(620 lmol g)1).

3.2. Cracking of cumene (IPB) and
1,3,5-triisopropylbenzene (1,3,5-TIPB)

In order to probe the reactivity of both internal
and external acid sites of the catalysts, the catalytic
cracking of aromatic compounds including relatively
small IPB and bulkier 1,3,5-TIPB was carried out over
the MOR samples. As seen in table 2, the conversions
of IPB are comparable for these two catalysts indi-
cating they are indeed active solid acid catalysts.
However, the nanosized MOR sample exhibits very
low catalytic activity (10.9%) for the cracking of

Figure 3. N2 adsorption isotherms of: nanosized mordenite sample

(SiO2/Al2O3 ¼ 13.4) (m) and commercial mordenite sample (j).

Figure 4. Adsorption kinetics of o-xylene over: nanosized mordenite

sample (SiO2/Al2O3 ¼ 13.4) (�) and commercialmordenite sample (d).
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bulkier 1,3,5-TIPB compared to the commercial MOR
sample (89.7%). The difference in the catalytic crack-
ing of 1,3,5-TIPB might be due to a low density of
acid sites on the external surface of the nanosized
MOR sample compared to the commercial MOR
sample. Since the size of IPB is small enough to enter
the MOR type zeolite pores, we can reasonably
conclude that the cracking of IPB indeed occurred
inside the pores of the nanosized MOR catalyst.

3.3. Isopropylation of biphenyl

Figure 7 shows the conversions and the product
selectivities of the isopropylation of biphenyl over the
nanosized MOR sample (SiO2/Al2O3 ¼ 13.4) and the
commercial MOR sample (SiO2/Al2O3 ¼ 18.7) as a
function of temperature. At all reaction temperatures
studied, the biphenyl conversions are comparable for
these two catalysts. It is evident that the conversion of
biphenyl increases rapidly as the temperature is
increased from 200 to 300 �C and thereafter only a

marginal increase in the conversion of biphenyl is
observed up to 350 �C. At lower temperatures, the
4,40-DIPB and 4-IPBP are the predominant products
and the amounts of 3,4¢-DIPB and 3-IPBP are small in
both cases. The selectivities to 4,40-DIPB and 4-IPBP
remain constant up to 250 �C. From the product
distribution, it is seen that the selectivity for 4,40-DIPB
is dependent on temperature. At higher temperatures,
the selectivity for 4,40-DIPB decreases due to the
isomerization of 4,40-DIPB to the more thermodynam-
ically stable 3,4¢-DIPB. The selectivities of 4,40-DIPB
and 4-IPBP are found to be about 10% lower
compared to the commercial MOR sample. It is
pertinent to mention here that nanosized MOR sample
should show higher catalytic activity for the isopro-
pylation of biphenyl than the commercial MOR
sample due to its high external surface area. However,
due to the lower external surface activity of the
nanosized MOR sample (section 3.2), the biphenyl
conversions are comparable for both samples under
the reaction conditions used in the present study.

Figure 5. 29Si MAS NMR spectra of: (a) nanosized mordenite sample (SiO2/Al2O3 ¼ 13.4) and (b) commercial mordenite sample (SiO2/

Al2O3 ¼ 18.7).
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3.4. Isomerization of 4,40-DIPB

Furthermore, the isomerization of 4,40-DIPB has also
been carried out over both the catalysts at different
temperatures by keeping the propylene pressure
(0.8 MPa) constant. The results on the isomerization
of 4,40-DIPB over the nanosized MOR and the com-
mercial MOR samples are shown in figure 8. Since
nanosized particles have a much higher external surface

than larger particles, they should allow easy access to
the active sites by the reactants. Therefore, a higher
conversion of 4,40-DIPB is reasonably expected over the
nanosized MOR sample than that over the commercial
MOR sample. However, the isomerization of 4,40-DIPB
over the nanosized MOR sample is considerably lower
than the commercial MOR sample in the temperature
range of 250–350 �C. The difference in catalytic activity
might be related to the presence of extra-framework
aluminum species on the external surface and the lower
acidity of the nanosized MOR sample.

4. Conclusions

In conclusion, MOR type zeolite has been synthe-
sized by hydrothermal transformation of Na-magadiite
at 175 �C using TEAOH as the intercalating and/or
structure directing agent. SEM reveals that the MOR
crystallites obtained from Na-magadiite are of submi-
cron size (0.1 lm). The catalytic activity of the
nanosized MOR sample obtained from Na-magadiite

Table 2

Cracking of cumene (IPB) and 1,3,5-triisopropylbenzene (1,3,5-TIPB)

over mordenite catalystsa

Catalyst Conversion (%)

IPB 1,3,5-TIPB

H-Mordenite (SiO2/Al2O3 = 13.4)b 96.1 10.9

H-Mordenite (SiO2/Al2O3 = 18.7)c 89.1 89.7

aReaction conditions: catalyst = 10 mg, temperature=400 �C.
bSample obtained from Na-magadiite.
cCommercial sample (Tosoh Corporation, Tokyo, Japan).

Figure 6. 27Al MAS NMR spectra of: (a) nanosized mordenite sample (SiO2/Al2O3 ¼ 13.4) and (b) commercial mordenite sample (SiO2/

Al2O3 ¼ 18.7).
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in the isopropylation reaction of biphenyl is compa-
rable with that of a commercial MOR sample. The
selectivities to 4,40-DIPB and 4-IPBP, however, are
about 10% lower on the nanosized MOR sample
under similar reaction conditions. The reasons for the
differences in catalytic activity of the nanosized MOR
sample are: the presence of extra framework alumi-
num species and also the lower acidity in comparison
to the commercial MOR sample.
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