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Abstract

Nanocrystalline zeolite beta with Si/Al ratios 12.5–50 has been synthesized by applying a two-stage varying temperature synthesis and super-
critical fluid aided crystallization. Low temperature nucleation of clear aluminosilicate gel and SCF aided crystallization gave quantitative yields
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f nanocrystalline zeolite beta in shorter crystallization time without the use of alkali cations and seeded gel. The obtained nanocrystalline zeolite
eta catalysts are thoroughly characterized by X-ray diffraction, N2 adsorption, 29Si and 27Al MAS NMR, IR spectroscopy and Al incorporation in
ramework was studied by XPS. These nanocrystalline zeolite beta catalysts displayed good activity and high selectivity towards 4-nitro-o-xylene
n the nitration of o-xylene when compared to microcrystalline zeolite beta.
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. Introduction

The increasing demand of new chemical processes has led to a
rowing need of highly active and selective catalysts. Nanotech-
ology is considered a serious option to meet the expectation
1–3]. Crystal size in nanocrystalline materials is reduced to

few unit cells. This leads to the presence of large number
f atoms/ions located at the edges and on the surface, which
rovide inturn a number of active sites for catalyzing the sur-
ace reactions. Selectivity also increases due to reduced diffu-
ion limitations [3]. Zeolite beta a three-dimensional large pore
luminosilicate is developing into a major catalyst in organic
hemicals conversion, contributing to low waste technology [4].
anocrystalline zeolite beta has received much attention in the

atalytic applications, when compared to ordinary microcrys-
alline zeolite beta, because of its higher activity, selectivity and

inimal catalyst decay [5–7].
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Numerous reports of zeolite crystallization exist in the
literature and the key factors in controlling the crystal size
are the crystallization conditions such as temperature, stirring,
seeding, gel aging and composition-dependent parameters such
as alkalinity, dilution, ratio between Si and tetrahedron forming
elements, template concentration, ionic strength, presence of
crystallization poisons [8]. Nanocrystalline zeolites A, X, ZSM-
5 and beta [9–13] are prepared by changing the compositional
or crystallization parameters. Nanocrystalline zeolite beta,
which was synthesized based on dry gel conversion method
in specially designed autoclave in presence of alkali metal
cations needs post-treatment to generate acidic sites [12]. On
the other hand, in the synthesis of nanocrystalline zeolite beta
[13] in absence of alkali metals, the crystallization efficiency
on the basis of silicon is low even after longer crystallization
times.

Supercritical fluids (SCFs) offer a series of technical advan-
tages in separation technology and chemical engineering [14]
because of their unique solubility and diffusivity properties.
Proper use of these supercritical fluids in heterogeneous catalysis
can afford enhancement of rate of reaction and process intensifi-
mchoudary@gmail.com (B.M. Choudary). cation in catalyst preparation [15]. Nanocrystalline porous metal

381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2006.02.044

mailto:lkmannepalli@yahoo.com
mailto:bmchoudary@gmail.com
dx.doi.org/10.1016/j.molcata.2006.02.044


M.L. Kantam et al. / Journal of Molecular Catalysis A: Chemical 252 (2006) 76–84 77

oxides are prepared from drying of hydrolyzed gels in presence
of supercritical fluids [16]. It was also found that supercritical
fluids are ideally suited for rapid transport of Al into meso-
porous silicates to achieve homogeneous Al dispersion [17] and
enhancing the rate of deposition of silane based self-assembled
monolayers onto mesoporous silicates due to their low viscos-
ity and high diffusivity [18]. Therefore, we hypothesized that
supercritical fluid enhance the rate of crystallization and ease the
separation to provide finely homogenized crystalline zeolite beta
with quantitative yields. We herein report a novel approach for
the synthesis of nanocrystalline zeolite beta with different Si/Al
ratios in quantitative yields and in about 2 days by modifying
nucleation and effecting hydrothermal as well as supercritical
fluid aided crystallization. These catalysts display good con-
versions and high selectivity towards 4-nitro-o-xylene in the
nitration of o-xylene, which is an important intermediate in the
synthesis of riboflavin.

2. Experimental

2.1. General

The raw materials used were TEOS (tetraethylorthosili-
cate, 98%, Aldrich), TEAOH (tetraethylammonium hydrox-
ide, 35 wt% in water, Aldrich), Al(NO3)3·9H2O (Aldrich)
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2.3. Characterizations

The crystallinity and phase purity of the solids were deter-
mined by powder X-ray diffraction (XRD) using a Siemens
D5000 diffractometer and Cu K� radiation. The IR spectra
for the framework vibration were recorded on a Nicolet–740
instrument with a resolution of 4 cm−1 using KBr wafer tech-
nique. The content of aluminum of the crystallization products
was measured by atomic absorption spectroscopy (Perkin Elmer
AAanalyst 300). The amount of Silicon was measured by con-
ventional gravimetric analysis. CHN analyses were performed
by Elementar Vario EL (Germany) instrument. N2 physisorption
was carried out at 77 K on Autosorb-1 (Quantachrome, USA)
instrument. The catalysts were outgassed in vacuum at 250 ◦C
for 12 h before measurement. The surface area was estimated
according to BET equation and micropore volume was obtained
by t-plot method. TGA–MS thermograms were recorded on a
Mettler–Toledo TGA/SDTA 821e instrument coupled to a Blaz-
ers Thermostar GSD300T in the temperature range 25–700 ◦C
with heating rate of 10 ◦C/min in a air atmosphere.

MAS NMR spectra were recorded on a Chemagnetics
CMX-300 spectrometer operating at 59.68 MHz for 29Si and
78.17 MHz for 27Al. In both cases single pulse detection method
with hydrogen decoupling was used, where the pulse duration
was 1.5 �s (corresponding to about π/6 pulse). For 29Si MAS
NMR spectra, the rotor spin rate was 4 kHz, with a delay time of
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nd deionized water. Other chemicals used were o-xylene
S.D. Fine Chem. Ltd.), HNO3 (70%, S.D. Fine Chem. Ltd.),
ichloroethane (S.D. Fine Chem. Ltd.). Commercial (micro-
rystalline) zeolite beta catalysts were obtained from Zeolyst
nternational.

.2. Preparation of nanocrystalline zeolite beta

Nanocrystalline zeolite beta catalysts A, B, C, D are syn-
hesized with the compositions of Al2O3:xSiO2:(0.26x + 1)
EA2O:15xH2O, where x values are 25, 30, 50 and 100, respec-

ively. A solution containing aluminum nitrate in 35% aqueous
olution of TEAOH was added drop wise to TEOS under stirring
t room temperature for 30 min to form a clear gel. Evaporation
f ethanol formed during hydrolysis results into a viscous gel,
hich was aged under stirring at room temperature for 24 h.
ydrothermal treatment of the nucleated gel was carried out

n stainless steel autoclave for 24 h at 130 ◦C to obtain white
olloidal suspension. To this colloidal suspension, a mixture of
ethanol and toluene was added in 1:1 ratio (the solvent to

el ratio is 4.0–4.3) and then flushed with N2 gas. The reac-
or was pressurized with N2 gas up to 150 psi and heated to
65 ◦C by raising the temperature slowly 1 ◦C/min and kept at
his temperature for 10 min. The solvent vapor was vented at
his temperature by controlled evaporation within 1 min. The
eactor was removed immediately from the heater, flushed with

2 gas for about 5 min, allowed to cool to room temperature
o obtain nanocrystalline zeolite beta. Nanocrystalline zeolite
eta was dried in an oven at 120 ◦C for 12 h and calcined in
flow of air at 600 ◦C for 6 h to remove organic template
olecules.
0 s and 2000 transients were accumulated. Tetramethylsilane
TMS), fused in a glass tube was used as an external reference
0 ppm). For 27Al, 0.1 M solution of Al(NO3)·6H2O was used
s the external reference (0 ppm), with a rotor spin rate of
kHz and a delay time was 30 s. The number of transients

ecorded were 2000. Deconvolution into gaussian peaks was
erformed to obtain site-resolved 29Si NMR peak intensities
orresponding to the Q1(1Al) site, Q0(5-membered ring) and
0(4-membered ring). Deconvoluted curves and the sum of

hem were completely in agreement with the original spectra.
he 13C MAS CP (cross polarization) NMR spectra were also

ecorded on a Chemagnetics CMX-300 spectrometer operating
t 75.54 MHz for 13C and 300.44 MHz for 1H with MAS rate of
kHz. The 1H 90◦ pulse width was 3.65 �s and the contact time
as 5 ms. Proton decoupling was adopted during recording
ID. The pulse delay was 30 s and the typical accumulation
umber was 7000. Chemical shifts were referred to external
damantane that exhibits two peaks at 37.9 and 28.5 ppm with
espect to tetramethylsilane (TMS). TEM images of the samples
ere recorded on a PHILIPS make TECNAI 12 FEI TEM

nstrument. The samples were suspended in distilled water and
reated with ultrasound for 30 min. One drop of the sample was
ept on to a Formvar coated copper grid, dried and recorded the
EM images. The operated voltage was 100 kV.

XPS spectra were recorded on a KRATOS AXIS 165 with
dual anode (Mg and Al) apparatus using the Mg K� anode.
he pressure in the spectrometer was about10−9 Torr. For energy
alibration the carbon 1s photoelectron line was used. The car-
on 1s binding energy was taken to be 285.0 eV. Spectra were
econvoluted using Sun Solaris based Vision 2 curve resolver.
he location and the full-width at half maximum (FWHM) for a
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species was first determined using the spectrum of a pure sample.
The location and FWHM of products, which were not obtained
as pure species, were adjusted until the best fit was obtained.
Symmetric Gaussian shapes were used in all cases. Binding
energies for identical samples were, in general, reproducible
to within ±0.1 eV.

The measurements of temperature-programmed disorption
of ammonia (NH3-TPD) were carried out using a Sorbstar-200
instrument. After activating the sample (400 mg) at 400 ◦C in
a flow of argon (50 ml min−1) for 4 h, followed by cooling to
room temperature, gaseous ammonia (1 vol% in argon) was
passed over the activated sample for 1 h. Loosely bound ammo-
nia was removed by purging the catalyst with pure argon for 1 h.
Then the sample was heated from 150 to 700 ◦C with a ramp
of 10 ◦C min−1 while monitoring the evolved ammonia con-
centration using thermal conductivity and mass spectrometric
detectors.

2.4. Catalytic tests

In a typical reaction, 1.06 g (10 mmol) of o-xylene and 0.1 g of
the dried catalyst (120 ◦C, overnight) were taken in a 50-ml two-
necked round-bottomed flask along with 6 ml of dichloroethane
as the solvent. The resulting mixture was heated to 85 ◦C and
when the steady state was acquired, 1.06 g (12 mmol) of nitric
acid (70%) was slowly added for 1 h and continued the reac-
t
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a flame ionization detector (FID) and a capillary column (HP-1
fused silica). The products were also identified by GC–MS (Agi-
lent 6890) analysis. Calibration of GC peak areas was carried
out by taking solutions of known compositions. The conversion
was calculated on the basis of weight percent of substrate. The
initial weight percent of o-xylene was divided by initial area per-
cent (o-xylene peak percent from GC) to get the response factor.
The unreacted weight of o-xylene was calculated by multiply-
ing response factor with the area percentage of the GC peak for
o-xylene obtained after the reaction. The conversion and selec-
tivity of was calculated as follows:

Conversion (wt%) = initial wt% − final wt%

initial wt%
× 100

Selectivity of 4-nitro-o-xylene (%)

= GC peak area of 4-nitro-o-xylene

sum of the GC peak area of all products
× 100

Recycling of the catalyst was done by following the proce-
dure: (i) separation from the reaction mixture by filtration, (ii)
thorough washing with dichloroethane (20 ml), (iii) drying at
110 ◦C for 2 h and (iv) activation at 450 ◦C for 2 h in air.

3. Results and discussion

3
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a

ion for 5 h. A reverse Dean-Stark apparatus was used to sepa-
ate water formed during the reaction. After completion of the
eaction, the reaction mixture was filtered and the filtrate was
ubjected to base wash to remove the excess acid. The products
ere analyzed in a gas chromatograph (HP 6890) equipped with

ig. 1. TEM images of nanocrystalline zeolite beta (Si/Al ratio = 15) during the

nd (B) nanocrystalline zeolite beta.
.1. Synthesis of nanocrystalline zeolite beta

Fig. 1 shows the evolution of nanocrystalline zeolite beta con-
aining Si/Al ratio = 15 through various stages of transformation
ight from gel to zeolite by TEM images. Controlled addition of

sis: (P1) hydrolyzed gel, (P2) nucleated gel after 24 h, (ES) extended structures
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Fig. 2. XRD patterns of nanocrystalline zeolite beta (Si/Al ratio = 15) obtained
by applying different conditions: (a and b) SCF aided crystallization of nucleated
gel for 10 min and 12 h, respectively, (ES) without SCF aided crystallization and
(B) hydrothermal treatment coupled with SCF aided crystallization.

aluminate solution to silica source and evaporation of ethanol
formed during hydrolysis yields reactive hydrolyzed gel. Low
temperature aging (nucleation) of this hydrolyzed gel forms sil-
icate and aluminate monomers required for the building blocks
of zeolite beta nuclei. The samples P1 and P2 are hydrolyzed gel
and nucleated gel respectively show the aluminosilicate gel par-
ticles. IR spectrum of the sample P2 shows the absorption band
at 550 cm−1, which confirms the formation of 5-membered ring
subunits of zeolite nuclei [19]. Hydrothermal treatment of nucle-
ated gel for 24 h gives the aluminosilicate nanoparticles (Fig. 1
ES). XRD spectrum of this sample is amorphous (Fig. 2 ES) and
IR spectrum of the sample has shown similar absorption bands to
that of intermediate structure of zeolite beta [20]. The 29Si NMR
spectrum of this sample has shown broad resonance bands cen-
tered at −89.7, −100.4 and −109 ppm, these resonance bands
indicate the presence of Si(OH)2 defect groups, Si(1Al) and
Si(0Al) sites, respectively [21,22] and 27Al NMR spectrum of

this sample reveals that Al is in tetrahedral coordination. These
data indicate the presence of extended structures of zeolite beta.
Finally SCF aided crystallization and depressurization of the
supercritical fluids in short period allow the formation of free
flow powder of nanocrystalline zeolite beta (B) (Figs. 1 and 2).

TEOS and aluminum nitrate or aluminum sulfate have been
used as silica and aluminum sources as these compounds form
highly reactive gels and evaporation of ethanol formed during
hydrolysis aids a faster nucleation from gel during aging [23,24].
It has been widely accepted that aging of hydrolyzed gel at ambi-
ent temperature decreases the duration of crystallization and
crystal size [25,26] but zeolite beta is known to crystallize at
higher temperature only [27]. So we applied a two-stage vary-
ing temperature synthesis for both nucleation and crystallization
steps. It has also been reported that the absence of alkali cations
in the synthesis of nanocrystalline zeolite beta greatly effects the
crystallization kinetics and complete crystallization will occur
after longer crystallization time [13]. As enumerated the above
advantages in the use of supercritical fluids, we studied the effect
of supercritical fluids to synthesize the nanocrystalline zeolite
beta in shorter crystallization time. The samples subjected to
direct SCF aided crystallization of the nucleated gel by using
a mixture of hydrophobic and hydrophilic solvent for about
10 min and 12 h, respectively (Fig. 2a and b) yield amorphous
product. The application of SCF aided crystallization to the sam-
ple obtained after 24 h of hydrothermal treatment of nucleated
g
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Table 1
Physicochemical characteristics of the nanocrystalline zeolite beta catalysts

HT 15 HT 50

Si/Al ratio
Gel 15.0 50.0
Zeolite 10.0 19.7

Yield (%)a 68.08 57.10
XRD crystallinity (%) 40 Am
S
M
C
S
B

α

A

d as a
st int

ergie
urface area (m2/g) 381.8 116.4
icropore volume (cm3/g)c 0.0694 −0.003
rystal size (nm)d >200 –
i/Al ratio (XPS) 9.35 15.94
inding energies (eV)
Si 2p 103.5 103.7
Al 2p 74.1 74.9

1 (eV)e – –
cidity TPAD (mmol/g) – –

a Yields are calculated from the weight of nanocrystalline zeolite beta obtaine
b Reference zeolite and crystallinity is calculated from the intensity of the mo
c From the t-plot.
d Estimated from TEM images.
e The modified auger parameter (α1) obtained from the sum of the binding en
el at 130 ◦C results nanocrystalline zeolite beta in high purity
nd in quantitative yield. To substantiate the effect of SCF step
n the crystallization of zeolite beta, we have conducted con-
rolled reaction subjecting the hydrothermally treated nucleated
el for 24 h at 130 ◦C to the high temperature used in SCF step
130–265 ◦C) without SCFs. Table 1 listed the physicochemi-
al properties of high temperature treated extended structures of
eolite beta (HT 15 and HT 50) and nanocrystalline zeolite beta
atalysts obtained by SCF aided crystallization (A–D). The Si/Al
atio of the initial gel and obtained zeolite were well matched

A B C D

12.5 15.0 25.0 50.0
12.5 15.0 25.0 50.0
98.75 98.65 96.88 96.75
100b 100 84 70
515.3 493.6 433.0 425.0
0.1979 0.1759 0.1429 0.1438
40–80 60–80 70–80 80–90
10.89 17.45 26.20 52.45

103.6 103.6 103.5 102.2
74.7 74.5 74.5 75.4
1460.3 1460.3 1460.1 1460.5
0.782 0.562 0.473 0.349

proportion of the total weight of SiO2 and Al2O3 initially present in the gel.
ense (302) reflection peak appearing at 22.4◦.

s of Al 2p and kinetic energy of photoelectron resulting from Al KLL peak.
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for the samples A–D whereas large difference is observed in
the samples HT 15 and HT 50. The yields of the samples A–D
are high when compared to the samples HT 15 and HT 50. The
XRD crystallinity of the sample HT 15 is low when compared
with the sample obtained by SCF aided crystallization (B) and
TEM image of the sample HT 15 shows large particles. More-
over amorphous product is formed for the sample HT 50. The
samples (A–D) shows high surface area and micropore volume
values whereas the samples HT 15 and HT 50 are not. This
indicates that the hydrothermal treatment is important to initiate
the crystallization, while SCF aided crystallization increases the
rate of crystallization by rapid transportation of aluminosilicate
nanoparticles into fully crystalline zeolite beta to give quantita-
tive yields. The absence of SCFs and high temperature treated
extended structures yield non-porous large particles with low
crystallinity and low yields.

The unique properties of fluids just above the critical point
can be applied beneficially in various ways in heterogeneous
catalysis. To the best of our knowledge this report represents the
first use of SCFs to prepare the nanocrystalline zeolite beta. The
enhancement of rate of the crystallization of zeolite beta can be
attributed to the fact that the SCF crystallization is carried out
at significantly higher pressure than the regular hydrothermal
crystallization. An associative process will have a negative �v‡
and �v◦ (volume of activation and volume of reaction, respec-
tively) associated with it, and increasing the reaction pressure
w
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Fig. 4. FTIR spectra of the calcined samples of nanocrystalline zeolite beta
catalysts containing different Si/Al ratios: (A) 12.5, (B) 15.0, (C) 25.0 and (D)
50.0.

the intensity of the most intense (302) reflection peak appear-
ing at 22.4◦ of highly crystalline zeolite beta (Table 1). The
crystal sizes obtained by applying Scherrer’s equation to (302)
reflection peak are in the 20 nm range. Furthermore the high
crystallinity of these nanocrystalline zeolite samples can be
ascertained from their framework IR spectra (Fig. 4), which
show in the 500–650 cm−1 region the features characteristic of
zeolite beta [20]. The large and broad peak appeared in the range
of 1060–1090 cm−1 is due to asymmetric stretching vibration
(υa(OTO)), which is sensitive to the silicon and aluminum con-
tents in the zeolite framework and it shifts to lower wavenumber
with the decrease of Si/Al ratio [29]. The peak appeared at
950 cm−1 in the samples of low Si/Al ratio is related to the
terminal SiO− groups consequence of small crystallites [13].

29Si NMR spectra (Fig. 5) of as made zeolite beta samples of
different Si/Al ratios (A–D) reveal three major overlapping res-
onances. Those around −113, −114 and −109, −110 ppm are

F
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ill accelerate such a process as well as drive any equilibrium
oward the adduct [28]. The synthesis of zeolite beta is the cul-

ination of nucleation and crystal growth. These processes are
ssociative processes and are therefore expected to accelerate
ith the increased process pressure.

.2. Characterization of nanocrystalline zeolite beta

XRD powder patterns of the calcined samples of nanocrys-
alline zeolite beta (A–D) are presented in Fig. 3. All samples
xhibited the typical pattern of highly crystalline zeolite beta
ith broad and sharp reflections [20] and no other phase impu-

ities were observed. Relative crystallinity is calculated from

ig. 3. XRD powder patterns of the calcined samples of nanocrystalline zeolite
eta catalysts containing different Si/Al ratios: (A) 12.5, (B) 15.0, (C) 25.0 and
D) 50.0.
ig. 5. 29Si NMR spectra of as made nanocrystalline zeolite beta catalysts con-
aining different Si/Al ratios: (A) 12.5, (B) 15.0, (C) 25.0, (D) 50.0 and (ES)
xtended structures of zeolite beta (Si/Al ratio = 15.0).
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assigned as two different types of Si (4Si) sites which are char-
acteristic of this zeolite [21] and the peak at −104 to −105 ppm
is assigned as Si (3Si, 1Al) sites. For the higher Si/Al ratios, a
large and broad peak around at −107 ppm is assigned to Si(3Si,
1OH) species and this peak hinders the observation of Si(3Si,
1Al) band. No other resonance band is observed in these sam-
ples. 27Al NMR spectra of as made zeolite beta samples of A–D
show the resonance centered at 52.3 ppm and FWHM around
7 ppm. This chemical shift is typical of Al in Al(OSi)4 tetrahe-
dral environments and no other coordination is observed in as
made zeolites. These data confirms the formation of crystalline
zeolite beta with different Si/Al ratios.

The binding energies of Si 2p and Al 2p levels vary between
103.5 and 103.7 eV and between 74.5 and 74.9 eV, respectively.
These values are close to those reported recently [30] for zeo-
lite beta. The results of the bulk and the surface Si/Al ratios
determined by chemical analysis and XPS (Table 1) are in good
agreement, which indicate the homogeneity of the samples. The
values of auger parameter (α1) obtained from sum of the binding
energy of Al 2p and the kinetic energy of photoelectron resulting
from Al KLL peak, for all Si/Al ratios are close to 1460 eV to
prove aluminum is in 4-fold coordination.

Fig. 6 presents TEM images of nanocrystalline zeolite beta
prepared by SCF crystallization and depressurization of the zeo-
lites containing different Si/Al ratios (Fig. 6A–D). Smaller par-
ticles are observed in the samples containing lower Si/Al ratios.

s
c

[31]. CHN chemical analyses reveal that the C/N ratio of as made
samples is constant at 8. These results indicate that the incorpo-
rated TEA cation is intact during the SCF aided crystallization
and depressurization.

The TG–DTG profiles (Fig. 7) of as made zeolite beta cata-
lysts provide further support to the formation of zeolite beta with
different Si/Al ratios without degradation of template molecules
during the SCF crystallization and depressurization. The zeolite
beta, when synthesized in the absence of alkaline cations, only
the TEA+ cations are balancing the Al in Al(OSi)4

− framework
positions and SiO− groups in connectivity defects. Table 2 indi-
cates the weight loss in four regions, which are in the following
temperature ranges: (I) 25–150, (II) 150–350, (III) 350–500 and
(IV) 500–750 ◦C. Up to 150 ◦C there is an endotherm due to the
desorption of occluded methanol and toluene, supercritical fluids
added during preparation of zeolite beta. In range of 150–350 ◦C,
the major products desorbed are ethylene, triethylamine and
carbon dioxide as determined by MS, which indicate the degra-
dation of TEA moieties by Hoffmann elimination reaction and
the presence of hydrocarbons (Hc) heavier than ethylene shows
some oligomerization followed by rearrangement and cracking
of the resulting oligomer occurred at acidic sites. The temper-
ature region II is thus assigned to TEA+ cations balancing the
charge of SiO− groups in connectivity defects. In this region, the
weight loss increases as Si/Al ratio increases. The same prod-
ucts are also detected in third weight loss region (350–500 ◦C)
a
f
a

13C NMR analyses of nanocrystalline zeolite catalysts (A–D)
how two resonance lines centered at 6 and 52 ppm in all spectra
orresponding to carbon atoms of methyl and methylene groups
Fig. 6. TEM images of nanocrystalline zeolite beta catalysts containing
nd the signal intensity increases as Si/Al ratio decreases. The
ourth weight loss region corresponds to the burning of organics
nd signal intensity decreases as Si/Al ratio increases. The high
different Si/Al ratios: (A) 12.5, (B) 15.0, (C) 25.0 and (D) 50.0.
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Fig. 7. TGA–DTG profiles of as made nanocrystalline zeolite beta catalysts
containing different Si/Al ratios: (A) 12.5, (B) 15.0, (C) 25.0 and (D) 50.0.

temperature regions III and IV are assigned to TEA+ cations
balancing the framework Al(SiO)4

− species so in this region
the weight loss increases as Si/Al ratio decreases.

Temperature-programmed desorption of ammonia (NH3-
TPD) curves exhibits (Fig. 8) three desorption peaks. The peak
present between 215 and 225 ◦C is assigned to weak acidic cen-

Fig. 8. Temperature-programmed desorption of ammonia (NH3-TPD) profiles
of nanocrystalline zeolite beta catalysts containing different Si/Al ratios: (A)
12.5, (B) 15.0, (C) 25.0 and (D) 50.0.

ters of silanol groups and defect sites. The peak present around
400 ◦C is due to Bronsted acid sites created by framework alu-
minum. The third and high temperature shoulder peak at 500 ◦C
is assigned as framework Lewis acidic sites [32]. The amount of
ammonia desorbed depends on the Si/Al ratio and it decreases
with increasing Si/Al ratio (Table 1).

3.3. Activity of nanocrystalline zeolite beta in nitration of
o-xylene

The mononitro derivatives of o-xylene isomers are used as
intermediates for the production of vitamins, agrochemicals,
fragrances and dyes. Although 4- and 3-nitro-o-xylenes are
useful starting materials for the production of riboflavin (Vita-
min B2) and mefenamic acid, an agrochemical, respectively,
the former is required in large tonnage. Selective nitration of o-
xylene, thus, assumes higher importance. Nitration of o-xylene
in the conventional method, using a mixture of nitric acid and
sulfuric acid as the nitrating mixture gives a mixture of 4-nitro-
o-xylene 31–55% and 3-nitro-o-xylene 45–69%. The excellent
applications of 4-nitro-o-xylene isomer in general and the poor
isomeric selectivity towards 4-nitro-o-xylene or large amounts
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Table 2
Thermogravimetric analysis in air: weight loss (wt%) as a function of temperature

Sample Signal (temperature) Total

I (25–150 ◦C) II (150–350 ◦C) III (350–500 ◦C) IV (500–700 ◦C)

A 1.43 5.81 7.95 6.54 21.73
B 0.76 6.92 7.89 5.64 21.21
C 1.53 10.89 4.45 2.86 19.73
D 0.48 11.38 2.80 1.97 16.63

of oxygenates [33] expressed in the nitration of o-xylene in the
classic nitration reaction in particular prompted us to undertake
the present nitration of xylenes using beta zeolite in an effort
to evolve eco-friendly and high atom utilization process. In this
series we have reported that microcrystalline zeolite beta is an
efficient and eco-friendly catalyst for the nitration of o-xylene
with high regio-selectivity in liquid phase. The reusability of the
solid acid catalyst is also being possible by azeotropic removal
of water formed in the reaction and present in nitric acid [34].

Nanocrystalline zeolite beta catalysts synthesized by SCF
aided crystallization are tested for the nitration of o-xylene
and these catalysts showed good activity and higher selectiv-
ity than the microcrystalline zeolite beta catalysts. The results
are given in Table 3. Among the catalysts studied, A containing
Si/Al = 12.5 is more active. The higher activity of the nanocrys-
talline zeolite beta catalysts can be attributed to the fact that
the presence of small crystals containing large external sur-
face area and also the presence of the higher number of acidic
sites.

Moreover nanocrystalline zeolite beta catalysts (Si/Al ratios:
12.5–50) display consistently higher selectivity towards 4-nitro-
o-xylene (Fig. 9). The selectivities are quite impressive over the
microcrystalline zeolite beta. The higher selectivity of the nano
zeolites is attributed to the fast diffusion enabling the reaction
inside the pores of zeolite. This result is in consonance to the ear-
lier observation [35]. The reusability of nanocrystalline zeolite
A
s

T
N

C

B
M
M
H

A

B
C
D

R
H

l

Fig. 9. Nitration of o-xylene using different zeolite beta catalysts as a function
of Si/Al ratio (�) conversion, (�) selectivity of 4-nitro-o-xylene (reaction con-
ditions: 100 mg of catalyst, 10 mmol of o-xylene, 12 mmol of 70% HNO3, 6 ml
of dichloroethane under reflux, and stirring for 5 h).

Zeolite beta obtained by high temperature treatment and in
absence of supercritical fluids (HT 15) is also tested for the nitra-
tion reaction. Low conversions and selectivities are observed
(Table 3), which can be ascribed to the presence of non-porous
large particles.

4. Conclusions

In conclusion, nanocrystalline zeolite beta catalysts with dif-
ferent Si/Al ratios are prepared by hydrothermal treatment cou-
pled with SCF aided crystallization. The use of supercritical
fluids in the preparation method further provides quantitative
yields of nanocrystalline zeolite beta in shorter crystallization
time and dispensing with the general protocols adopted for the
separation of zeolites. The obtained nanocrystalline zeolite beta
is thoroughly characterized by various techniques. XRD, IR,
TEM and MAS NMR analyses of the intermediate structures of
nanocrystalline zeolite beta demonstrates the influence of super-
critical conditions on the rate of crystallization and provides
better understanding on the formation of nanocrystalline zeolite
beta. The obtained nanocrystalline zeolite beta samples show
good conversions and high selectivity towards 4-nitro-o-xylene
in nitration of o-xylene.
was tested for 5 cycles. Consistent activities were observed but
electivity towards 4-nitro-o-xylene decreased slightly (Table 3).

able 3
itration of o-xylene using different zeolite beta catalysts

atalyst Conversion (wt%) 4-/3- ratio

lank 20.0 0.93
icrocrystalline zeolite beta IIa 42.0 2.27
icrocrystalline zeolite beta Ia 20.0 1.54
T 15 32.0 1.31

First cycle 54.5 3.29
Fifth cycle 53.0 3.20

52.5 2.96
34.7 2.92
32.2 2.82

eaction conditions: 100 mg of catalyst, 10 mmol of o-xylene, 12 mmol of 70%
NO3, 6 ml of dichloroethane under reflux, and stirring for 5 h.
a SiO2/Al2O3 ratio: microcrystalline zeolite beta II = 22, microcrystalline zeo-

ite beta I = 27 and reaction time 4 h.
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