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Crystallization of amorphous silica to silicalite-1: Effect of nature of silica sources
and tetrapropylammonium hydroxide concentration
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Dry gels obtained from different sources of silica such as SBA-15, SBA-16, fumed silica and tetraethyl orthosilicate
have been crystallized into silicalite-1 by steam assisted conversion and characterized by powder X-ray diffraction, Fourier
transform infrared spectroscopy , nitrogen adsorption, and high resolution scanning electron microscopy. The results show
that the nature of source and concentration of tetrapropylammonium hydroxide have a significant effect on shape, size and
pore structure of silicalite-1. 29Si MAS NMR spectra of the dry gels obtained from different sources show that
Si environment in these gels is similar. However, the morphology of silicalite-1 prepared under same experimental
conditions is found to differ for different sources. Further, it is observed that silicalite-1 particles obtained from same source
but under different TPAOH concentrations, exhibit different shapes and sizes. N2 adsorption results reveal that the prepared
silicalite-1 samples possess a wide pore size distribution and comprise pores in meso- and macro-pore regions, apart from
zeolitic micropores.
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In the recent years, zeolites having meso- and macropores have become highly desirable owing to their
superior mass transfer properties and lower
restrictions for the diffusion of reactants in
adsorption/separation and catalytic applications1-6.
The mesopores and the macropores may be present on
zeolite crystals (intracrystalline) or in between the
aggregated zeolite crystals (intercrystalline)7. Zeolites
with meso- and macro- pores can be prepared by
different approaches as reviewed by several
researchers6-9. The preparation methodologies can be
broadly classified into templated and non-templated.
Soft
templating10-12,
hard
templating
with
carbonaceous templates13-15, polymeric templating16-18
and templating with other solids19-21 are some
examples of strategies employed by using templates.
In the case of non-templated approaches,
desilication22-23, zeolitization of preformed solids24-27
and silanization28-30 methods have been reported.
Conversion of the preformed aluminosilicate dry
gels into zeolites can be done by steam assisted
conversion (SAC). In SAC, the dry gel containing
aluminosilicate and organic structure directing agent
(SDA) is crystallized in the presence of steam31. SAC
method has been used for the preparation of pure

silica zeolite such as silicalite-1 as well32. In SAC
method since the gel is dried, mobility of the reaction
species is highly reduced and their local concentration
maximized. The high concentration of the reaction
species is the ideal condition for massive nucleation33.
Based on this strategy, aggregates of nanocrystalline
zeolite beta that form mesoporous network have been
prepared from aluminosilicate dry gel without the
need of additional porogen33. However there is not
much work found in the literature on the mechanistic
aspects related to SAC. Further, to the best of our
knowledge, effect of structure of silica sources on
textural properties of zeolites has not been reported in
the literature. Keeping this in mind, in the present work,
dry gels obtained by mixing tetrapropyl-ammonium
hydroxide (TPAOH) with SBA-15, SBA-16, fumed
silica and tetraethyl orthosilicate (TEOS) were
converted into silicalite-1 by steam assisted
conversion. The influence of nature of silica sources
and the effect of TPAOH concentration on the
conversion of the amorphous silica sources to
crystalline silicalite-1 was studied. The study
indicated that apart from TPAOH concentration, the
nature of silica sources also influences the
morphology and pore structure of the prepared

INDIAN J CHEM, SEC A, APRIL 2015

470

zeolite. Further it was found that silicalite-1 with
multimodal porosity can be obtained without use of
any mesopore or macropore inducing templates.
Materials and Methods
Preparation of silicalite-1

SBA-15 and SBA-16 were synthesized using
tetraethyl orthosilicate (TEOS) (≥ 99.9%, SigmaAldrich) as silica source and amphiphilic triblock
copolymers, Pluronic P123 (Sigma-Aldrich) and F127
(Sigma-Aldrich) as structure directing agents according
to the synthesis procedure reported elsewhere34. The
silica source (weight of SiO2 was 0.5 g) was mixed with
appropriate quantity of tetrapropylammonium hydroxide
(TPAOH) (1 M solution in water, Sigma-Aldrich) to get
the gel. The gel was then dried at 373 K overnight to get
the dry gel. TEOS, fumed silica (powder, particle size
0.014 µm, Sigma-Aldrich), calcined SBA-15, and
calcined SBA-16 were used as silica sources. The
TPAOH/Si molar ratio was varied as 0.5, 0.25, 0.125,
0.063, and 0.031. In a typical SAC procedure, the dried
gel taken in a vial was placed inside a Teflon lined
autoclave containing 2 mL distilled water. The vial was
kept in such a manner that there was no direct contact
between the dry gel and water. The autoclave was closed
and placed in a hot air oven at 443 K for about 36 h.
After the pre-fixed crystallization period, the autoclave
was taken out and quenched to room temperature. Then
the product was collected, and calcined at 823 K for 5 h
in air to remove TPAOH.

Characterisation

Low and wide angle X-ray diffraction (XRD)
patterns of the samples were obtained using Bruker,
D8 advance X-ray diffractometer. Nitrogen
adsorption measurements were carried out using a
Quantachrome Autosorb-1 instrument at 77 K. Prior
to adsorption, the samples were out gassed at 300 °C
for 4 h. High resolution scanning electron microscope
(HRSEM) images were captured using a FE I Quanta
FEG 200 high resolution scanning electron
microscope. 29Si MAS NMR spectra of the dry gels
containing TPAOH were collected on a Bruker
DSX-300, NMR spectrometer. FTIR spectra were
recorded using Shimadzu IR affinity-1 instrument.
The samples were diluted with KBr and made into
pellets before recording the IR spectra.
Results and Discussion
Characterization of the mesoporous silicas

The low angle XRD patterns and N2 adsorption
isotherms of mesoporous silicas, SBA-15 and SBA-16
are depicted in Fig. 1. The low angle XRD patterns and
shape of the N2 isotherms are typical of the
mesoporous silicas and confirm the 2D-hexagonal and
3D-cubic mesostructure of SBA-15 and SBA-16
respectively34. The BET surface areas obtained from N2
adsorption isotherms of SBA-15 and SBA-16 are 600
and 617 m2/g respectively. The HRSEM images of the
mesoporous silicas are presented in Fig. 2. SBA-15
consists of rod shaped particles with an average length

Fig. 1 – (a) Low angle XRD and (b) N2 adsorption isotherms of mesoporous silicas. [(1) SBA-15; (2) SBA-16].
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Fig. 2 – HRSEM images of mesoporous silicas. [(a) SBA-15; (b) SBA-16].

of 700 nm, while the particles of SBA-16 are spherical
in shape with diameters ranging from 3 to 6 µm.
XRD patterns of silicalite-1

X-ray diffraction patterns of silicalite-1 samples
obtained from SBA-15 with different TPAOH
concentrations are shown in Fig. 3. Except for the
sample obtained with TPAOH/Si molar ratio of 0.031,
all the others show diffraction peaks corresponding to
MFI topology35. The absence of diffraction peaks in the
sample prepared with TPAOH/Si molar ratio of 0.031
indicates the absence of zeolite formation after SAC. In
the case of silicalite-1 prepared with TPAOH/Si molar
ratio of 0.063, the diffraction peaks overlap with
amorphous silica background indicating partial
crystallization. Since TPAOH is acting as a structure
directing agent for the formation of silicalite-1, its
concentration is critical and this may be the reason why
crystallization is hampered at low TPAOH
concentrations. XRD patterns of silicalite-1 samples
prepared from different silica sources with the same
TPAOH/Si molar ratio of 0.25 are presented in Fig. 4.
The shape and position of the diffraction peaks confirm
MFI topology of the prepared zeolites35.

Fig. 3 – XRD patterns of the crystallized dry gels obtained from
SBA-15 with different TPAOH/Si molar ratios. [(1) 0.031;
(2) 0.063; (3) 0.125; (4) 0.25; (5) 0.5].

FTIR spectra of silicalite-1

FTIR spectra (lattice vibration region) of the
silicalite-1 samples prepared from different silica
sources with TPAOH/Si molar ratio of 0.25 are shown
in the Fig. 5. In the spectra, the peaks at 1225 and
1107 cm-1 may be assigned to external and internal
asymmetric stretching of T-O-T36. The peak
appearing at 800 cm-1 may be correlated to symmetric
stretching of T-O-T36. The bands in 450-460 cm-1
region may be assigned to T-O bending vibration36. In
fully crystalline micrometer sized MFI zeolites, the

Fig. 4 – XRD patterns of calcined silicalite-1 samples obtained
from different silica sources. [TPAOH/Si molar ratio = 0.25.
(1) TEOS; (2) fumed silica; (3) SBA-15; (4) SBA-16].
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Fig. 5 – FTIR spectra of silicalite-1 samples obtained
from different silica sources. [TPAOH/Si molar ratio = 0.25.
(1) TEOS; (2) fumed silica; (3) SBA-15; (4) SBA-16].

Fig. 6 – N2 adsorption isotherms of silicalite-1 samples obtained
from SBA-15 with different TPAOH/Si molar ratios. [(1) 0.063;
(2) 0.125; (3) 0.25; (4) 0.5].

Table 1–N2 adsorption data of silicalite-1 samples prepared from SBA-15 under different TPAOH/Si molar ratios
No.
1
2
3
4

TPAOH/Si
molar ratio

BET surface area
(m2/g)

Mesopore area
(m2/g)

Micropore area
(m2/g)

Micropore vol.
(cc/g)

Total pore vol.
(cc/g)

0.5
0.25
0.125
0.063

224
274
282
212

71
47
63
58

153
226
219
154

0.08
0.123
0.116
0.082

0.23
0.46
0.32
0.154

pentasil (double five membered rings (D5R)) vibration
band normally appears at 550 cm-1and is used to
confirm the formation of MFI structure36. It has been
shown that when nanosized MFI particles are present,
the pentasil band shifts to higher wavenumbers and
also, the band may split into two peaks37,38. In the
present study, the pentasil band appears at 560 cm-1 and
the splitting (560 cm-1 and 548 cm-1) is visible in
samples obtained from SBA-16. The above
observations confirm MFI topology of the prepared
zeolites and further indicate nanosize of the particles.
N2 adsorption of the silicalite-1

Nitrogen adsorption isotherms of silicalite-1
samples obtained from SBA-15 with different
TPAOH concentrations are shown in Fig. 6. All the
samples prepared from SBA-15 exhibit type I
isotherm. In Fig. 6, disappearance of the hysteresis,
originally observed in SBA-15 (see Fig.1(b)) can be
observed,
indicating
disappearance
of
the
mesostructure of SBA-15 upon SAC. The low angle
XRD patterns of the corresponding samples also

indicate absence of ordered mesopores (results not
shown). All the silicalite-1 samples possess micropore
area higher than 150 m2/g due to the presence of
zeolitic micropores (Table 1). Micropore area and
micropore volume increase when the TPAOH/Si ratio
is increased from 0.063 to 0.25. However, when the
molar ratio is increased further to 0.5, both micropore
area and micropore volume decrease. The silicalite-1
sample obtained with TPAOH/Si molar ratio of 0.25
exhibits a distinctively visible hysteresis loop. This
hysteresis appears at relative pressure greater than 0.9
and indicates presence of pores larger than
micropores. Further this particular silicalite-1 sample
possesses relatively higher BET surface area,
micropore area, total pore volume and micropore
volume. Hence TPAOH/Si molar ratio, 0.25 was
selected to prepare silicalite-1 from other silica
sources also. In the present study, since no alkali
hydroxide is used to prepare the dry gel, TPAOH acts
not only as a structure directing agent but also as a
mineralizer. In zeolite synthesis, the mineralizer plays
an important role in forming silicate mobile species,
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conveying chemical reactivity between silicate
species and in stabilizing the final solid material39.
Hence, when TPAOH concentration is altered, it will
have some effect on reactivity of silicate species and
growth of the zeolite crystal. This may be the reason
for the changes seen in the porosity of the obtained
zeolites on changing the concentration of TPAOH.
Nitrogen adsorption isotherms and pore size
distribution curves of silicalite-1 samples prepared
from different silica sources with TPAOH/Si molar
ratio of 0.25 are compared in Fig.7(a). All the samples
exhibit type I isotherm and possess H1 type hysteresis
loop with the exception of the sample prepared from
SBA-15. The position of the hysteresis loop shows the
presence of pores in meso- and macro-pore regions.
The BJH desorption pore size distribution curves of
the samples are presented in Fig. 7(b). The data show
that all the silicalite-1 samples possess wide pore size
distribution, which falls in meso- and macro-pore
region as classified by IUPAC. The upper limit of the
pore size could not be deduced due to the limitations
of the N2 adsorption technique. The shape of the
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isotherm of silicalite-1 obtained from fumed silica
(Fig.7(a)) is different from that of the others. In this
sample, the adsorption increases more steeply in the
mesopore region. Further, the shape of the t-plot
(not shown) and data derived from it (Table 2) indicate
absence of micropores, suggesting that the micropores
of this sample may be covered with amorphous silica
although the XRD patterns clearly show the presence
of MFI topology (Fig. 3). Such kind of coating of
amorphous layer covering the zeolites crystals has been
observed by Valtchev et al.40 during the synthesis of
LTA nanozeolite. From the above results we conclude
that the prepared silicalite-1 samples have multimodal
pore system since micro-, meso- and macro-pores are
present. However, at present it is not clear whether
there is any interconnectivity between the micro-,
meso- and macro-pores.
HRSEM images of the silicalite-1

High resolution scanning electron microscope
(HRSEM) images of silicalite-1 samples obtained from
SBA-15 with different TPAOH/Si molar ratios are

Fig. 7 – (a) N2 adsorption isotherms and (b) BJH pore size distribution of silicalite-1 samples obtained from different silica sources.
[TPAOH/Si molar ratio = 0.25. (1) SBA-15; (2) SBA-16; (3) fumed silica; (4) TEOS].
Table 2–N2 adsorption data of silicalite-1 samples prepared from different silica sources with TPAOH/Si molar ratio of 0.25
No

Silica source

1
2
3
4

SBA – 15
SBA – 16
Fumed SiO2
TEOS

BET surface area
(m2/g)
274
259
296
271

Mesopore area
(m2/g)
47
70
296
64

Micropore area
(m2/g)
226
189
0
207

Micropore vol.
(cc/g)
0.123
0.097
0
0.110

Total pore vol.
(cc/g)
0.46
0.47
0.56
0.49
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Fig. 8 – HRSEM images of crystallized dry gels obtained from SBA-15 with different TPAOH/Si molar ratios. [(a) & (b) 0.031;
(c) & (d) 0.063; (e) 0.125; (f) 0.25; (g) 0.5].

presented in Fig. 8. When TPAOH/Si molar ratio is
0.031, the shape of the particles is similar to that of
SBA-15 (Fig. 2 (a)). However, a closer look at the rod
shaped particles reveals etching of the surface due to the
action of the base, TPAOH. This observation along with
XRD data (Fig. 3 (a)) suggests that the concentration of
TPAOH is not sufficient for the crystallization of the
silica into silicalite-1. While TPAOH/Si molar ratio is
increased to 0.063, large micrometer sized silicalite-1
crystals along with particles similar to that observed
under the TPAOH/Si molar ratio of 0.031 can be seen.
This observation justifies the corresponding XRD
pattern of this sample (Fig. 3 (b)), wherein diffraction by
silicalite-1 crystals is obtained along with amorphous
silica background. Increasing the molar ratio to 0.125
makes the rod shaped amorphous silica particles to
disappear completely. Now the particles look crystalline

and layer by layer growth can be visualized. At
TPAOH/Si molar ratio of 0.25, typical coffin shaped
zeolite crystals are observed along with rectangular
shaped crystals. When the molar ratio is increased to 0.5,
the crystals grow larger and become rectangular in
shape. As discussed earlier under N2 adsorption studies,
TPAOH acts not only as a structure directing agent but
also as a mineralizer. Hence, when the TPAOH
concentration is altered, it will have some effect on the
formation, shape and morphology of the zeolite crystals.
HRSEM images of silicalite-1 samples obtained
from fumed silica, TEOS and SBA-16 under the
same TPAOH/Si molar ratio of 0.25 are presented in
Fig. 9. Silicalite-1 samples obtained from both
fumed silica and TEOS are non-agglomerated
nanocrystals. The morphology of silicalite-1
obtained from SBA-16 is different from others. In
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Fig. 9 – HRSEM images of silicalite-1 samples obtained from different silica sources. [TPAOH/Si molar ratio = 0.25. (a) fumed silica;
(b) TEOS; (c) & (d) SBA-16].

this sample, the silicalite-1 crystals interconnect with
each other and form a network like structure. This
network arrangement creates macropores, which are
clearly visible in the images. When comparing
silicalite-1 samples prepared from the four different
sources under the same TPAOH/Si molar ratio
(0.25), it can be seen that SBA-15 yields relatively
larger silicalite-1 crystals.
In summary, fumed silica and silica from TEOS,
which mostly have interparticle porosity, yield nonagglomerated silicalite-1 nanoparticles with similar
morphology and particle size. SBA-16, which has 3D
cubic interconnected mesopore system and spherical
morphology, yields interconnected silicalite-1
nanocrystals under the same SAC conditions.
SBA-15, which has 2D hexagonal mesopore system,
yields typical coffin shaped silicalite-1 crystals along
with smaller rectangular nanoparticles under the same
SAC conditions.
29

Si MAS NMR spectra of the dry gels
29

Si MAS NMR spectra of the dry gels, prepared
under the TPAOH/Si molar ratio of 0.25 are presented
in Fig. 10. The dry gels show a broad resonance from

Fig. 10 – 29Si MAS NMR spectra of the dry gels obtained from
different silica sources. [TPAOH/Si molar ratio = 0.25. (1) TEOS;
(2) fumed silica; (3) SBA-15; (4) SBA-16].
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–70 to –120 ppm. This broad resonance indicates a
mixture of different Si species41. The resonance peaks
can be resolved into Q2, Q3, and Q4 Si species
appearing at –92, –99 and –108 ppm respectively39.
Among the three Si species, Q3 is dominant over Q4.
The lesser contribution from Q4 species and the
dominance of Q3 species indicate partial hydrolysis of
the original Q4 species present in silicas into Q3
species in the dry gel41. Comparison of the NMR
spectra shows that the Si environments in the starting
dry gels are almost similar.
As the dry gels already have some order as shown
by 29Si MAS NMR spectral data, preparation of
silicalite-1 from dry gels by SAC can be viewed as
transformation of a semi-ordered gel network into a
well ordered zeolite network. The SAC method of
preparation of zeolites can be considered as zeolite
crystallization under hydrothermal conditions but in
the absence of visible liquid phase39. Even though the
mechanism of zeolite formation is similar for both
conventional hydrothermal method and SAC method,
there will be differences in these two methods for
nucleation and crystal growth39. Compared to
conventional hydrothermal method, in SAC method,
lower mass transport limitations, high concentration
gradients and high surface to volume ratio of the mobile
phases are expected39. Such differences would cause
changes in the formation rate, crystal morphology and
state of aggregation42,43. The morphology and pore
structure of the silica sources used in the present study
are different. These differences may change mass
transfer, concentration gradient and surface-to-volume
ratio of the dry gels obtained from the sources. This may
be the reason why the different silica sources yield
silicalite-1 with different shapes and sizes under the
same experimental conditions.
Conclusions
Morphology and pore structure of amorphous
silica sources as well as concentration of
tetrapropylammonium hydroxide used as both
structure directing agent and mineralizer have a
significant effect on the pore structure and
morphology of silicalite-1 prepared by steam assisted
conversion. The prepared silicalite-1 samples exhibit
multimodal porosity as they have meso- and macropore apart from zeolitic micropores.
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