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We have successfully synthesized NaX zeolite crystals with controlled sizes from 20 nm
to 0.8 µm, using a novel organic-additive-free approach. We show that the NaX crystal size
depends on the silicate source and hydrothermal crystallization conditions, especially
crystallization temperature and agitation. The physical properties of NaX-nano (20-100
nm) were characterized by X-ray diffraction, high-resolution scanning electron microscopy,
FT-IR spectroscopy, 29Si solid-state NMR spectroscopy, and N2 adsorption. The results were
compared with those for micrometer-sized NaX crystals, NaX-µ. As expected, the external
surface area of NaX-nano was found to be significantly enhanced compared with that of
NaX-µ. Porosity analysis indicates that NaX-nano has a broad distribution of mesopores
from 2 to 20 nm, associated with interparticle voids. Both FT-IR and 29Si solid-state NMR
spectra revealed the presence of Q3 silicon atoms in NaX-nano. All four Q3 species were
assigned in the 29Si NMR spectra.

Introduction
The synthesis of nanometer-dimension zeolites has

received much attention in the past decade because
nanometer-sized zeolitic crystals can have different
properties than their micrometer-sized counterparts.1-10

The reduction of the particle size from the micrometer
to the nanometer scale can change the mass- and heat-
transfer resistances in catalytic and sorption processes,
thereby improving the catalytic selectivity and reducing

coke formation in some petroleum reactions.11 Further-
more, nanocrystalline zeolites can be used to fabricate
zeolitic membranes and ordered porous materials.12-15

Various nanometer-sized zeolites, including NaA, fau-
jasite-X and -Y, ZSM-5, and silicate-1, can be synthe-
sized via hydrothermal procedures using clear alumi-
nosilicate solutions in the presence of organic tem-
plates.1-10 For instance, nanocrystalline faujasite zeo-
lites have been synthesized with the assistance of
tetramethylammonium (TMA) as a template.1-3,6 How-
ever, the organic-template approach has several draw-
backs. These templates are expensive and nonrecycla-
ble, and the removal of the templates can lead to an
irreversible aggregation of nanocrystals into larger solid
particles.16 We are interested in the synthesis of na-
nometer-sized zeolites, in part because they are the most
widely used catalysts in petroleum cracking and reform-
ing processes.17 In an earlier communication, we re-
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ported our novel and organic-additive-free method to
synthesize nanocrystalline NaX zeolite (NaX-nano).18

This approach has the following advantages: (a) It is
possible to control the size of the crystals. (b) It is more
efficient and economical than processes using organic
templates. (c) It advances our understanding of nucle-
ation and crystal growth during the hydrothermal
process. (Kasahara et al.19 found that ultrafine faujasite
crystals formed from a clear aqueous nuclei solution in
the very early aging stage effectively produce zeolite-
Y.) (d) With this approach, it is possible to synthesize
the zeolitic host matrix directly around guest molecules,
making nanocomposites by the “build-the-bottle-around-
the-ship” method.20,21 This one-step method offers sev-
eral other advantages for the synthesis of nanocompos-
ites, including high purity and homogeneity.

Here, we report more detailed studies of synthetic
conditions used to control the particle size of NaX
crystals and characterization of the resulting materials.
In comparison with micrometer-sized NaX (referred to
as NaX-µ), several novel properties of NaX-nano are
revealed by FT-IR spectroscopy, N2 absorption, and 29Si
solid-state NMR spectroscopy.

Experimental Methods

Preparation of Samples. The chemical reagents used
included fumed silica (11 nm, Sigma), tetraethyl orthosilicate
(TEOS, Aldrich), SM-30 colloidal silica (Aldrich), silica (20-
40 µm, Aldrich), NaOH (Aldrich), Al(OH)3 (McArthur Chemi-
cal), and NaAlO2 (Allied Chemical). All were used without
further purification.

Molecular sieve 13X with an average particle size of 2 µm
was purchased from Aldrich. It was calcined in air at 500 °C
for 4 h to remove any organic residues before being used
further. The calcined sample is referred to hereafter as NaX-
Ald.

The nanometer-sized faujasite-X zeolite was synthesized by
hydrothermal crystallization in a temperature-controlled shaker.
Aluminosilicate gel was prepared by mixing freshly prepared
aluminate and silicate solutions together in the molar ratio
5.5 Na2O:1.0 Al2O3:4.0 SiO2:190 H2O. Typically, an alumino-
silicate gel containing 5.34 g of NaOH, 2.42 g of NaAlO2, 3.43
g of SiO2, and 50.0 g of H2O was adopted. SM-30, fumed silica,
and TEOS were chosen as the silicate sources. For TEOS, the
hydrolysis was controlled at 0 °C to obtain nanometer-sized
aluminosilicate gel. First, a 250-mL plastic bottle containing
freshly prepared sodium aluminate solution and a stirring bar
was immersed into an ice-water bath. The mixture was cooled
for 1 h with stirring. Next, a measured amount of TEOS was
added. Stirring was continued at 0 °C for 6 h and then at room
temperature for another 24 h. For SM-30 and fumed silica,
the silicate sources were directly mixed with freshly prepared
aluminate solution at room temperature and then immediately
moved to a shaker at the desired temperature for hydrother-
mal crystallization. Hydrothermal crystallization was con-
ducted at 60 °C for 1-4 days in a shaker with a rotation rate
of 250 rpm. The powdered products were recovered with
centrifugation, washed with DI water until pH < 8, and then
dried at room temperature for 24 h for further characteriza-
tion. X-ray fluorescence analysis shows that the Si/Al ratio for

the 4-day crystallization sample was 1.25, within the range
of 1.0-1.5 for NaX. Hereafter, this sample is referred to as
NaX-nano, based on the characterization results described
below.

To investigate the effect of the synthetic conditions on the
final crystal sizes of NaX, other experiments were carried out
using all of the same conditions as for the synthesis of NaX-
nano, but with fumed silica as the silicate source. In these
experiments, the effects of temperature, agitation (stirring/
shaking), and duration of the crystallization were investigated.
Again, the powdered products were completely washed with
DI water until pH < 8 and then dried at room temperature
for 24 h before further characterization. Within the range of
crystallization parameters investigated (temperatures up to
90 °C, no agitation to 250 rpm shaking, 1-4 days for crystal-
lization), X-ray fluorescence analysis showed that the Si/Al
ratio was 1.25 ( 0.05, again within the range of 1.0-1.5 for
NaX, although other properties varied somewhat. For example,
hydrothermal crystallization at 90 °C for 2 days with no
agitation produced particles of larger sizes, hereafter denoted
NaX-µ (see below for details). Because of the limited temper-
ature range of the shaker, all high-temperature syntheses, e.g.,
90 °C, were performed in an oil bath with the stirring rate
and temperature controlled by a hotplate.

Characterization. X-ray powder diffraction (XRD) patterns
were recorded at 20 °C on a Rigaku Miniflex system using Cu
KR radiation (30 kV, 15 mA ) with a scanning speed of 1° (2θ)
min-1. The crystallinity of each sample was determined from
the peak areas of 6° [111], 16° [331], and 27° [642] using NaX-
Ald as a reference.

High-resolution scanning electron microscopy (HRSEM)
images were obtained on uncoated samples with a Hitachi
S4700 cold-field emission scanning electron microscope oper-
ated at 3 keV. Micrometer-sized crystals were imaged using a
JEOL 35CF SEM with a 10-kV accelerating voltage.

FT-IR spectra were recorded on a Nicolet 510P FT-IR
spectrometer with 4 cm-1 resolution. The zeolite powders were
mixed with Nujol and then dispersed on a CsI pellet. In each
case, 32 scans were used.

Solid-state single-pulse/magic-angle-spinning (SP/MAS) and
1H/29Si cross-polarization/magic-angle-spinning (CP/MAS) spec-
tra were obtained on a Bruker AMX-400 spectrometer. The
SP/MAS experiments were performed using a 45° pulse width
with a relaxation delay of 2 min at a spinning rate of 7 kHz.
The CP/MAS experiments were performed using a 6-ms
contact time and a relaxation delay of 10 s. The spinning rates
were 4 and 7 kHz for NaX-nano and NaX-µ samples, respec-
tively.

Nitrogen isotherms at T ) 77 K were determined using a
volumetric adsorption apparatus (Micromerities, ASAP 2010).
Before measurement, all samples were degassed at 200 °C
until the pressure was less than 1 Pa and the degassing rate
was less than 1 Pa min-1. The surface area was estimated by
the BET method, and the pore distribution was determined
using a cylindrical pore geometry model (see below for details).

Results and Discussion

Powder X-ray diffraction (XRD) patterns taken after
different hydrothermal crystallization periods, while
using the fumed silica source and maintaining the same
temperature (60 °C) and shaking conditions (250 rpm),
are presented in Figure 1. After the first day, only weak,
broad zeolite “diffraction” peaks were observed (curve
a). Both the intensity and sharpness of the diffraction
peaks were significantly enhanced after a second day
of crystallization (curve b), but they did not change
appreciably after an additional 2 days of crystallization
(curve c). These results indicate rapid formation of many
zeolitic nuclei with very tiny grains at the beginning
stages and relatively low crystal growth rates. It is likely
that the synthetic conditions, relatively low crystalliza-
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tion temperature and strong shaking, work together to
accelerate nucleation efficiently while keeping the crys-
tal growth rates low, thereby allowing production of
ultrafine zeolitic crystals. All of the XRD patterns match
very well with the simulated XRD powder pattern for
FAU zeolite,22 indicating that the synthesized crystals
are pure FAU zeolite. From the diffraction peaks at 2θ
values of 6° [111], 16° [331], and 27° [642] and Scherrer’s
equation, we calculated2,23 an average crystal dimension
of 23 ( 4 nm for the sample crystallized at 60 °C for 4
days (NaX-nano).18

We have also found that crystallite sizes of NaX
zeolites can be modified by changing the synthetic
conditions. The XRD patterns in Figure 2 for samples
produced using fumed silica under different crystalliza-
tion conditions (different temperatures, shaking condi-
tions, and crystallization times) clearly indicate that the
diffraction peak widths and intensities of the as-
synthesized samples greatly depend on the hydrother-
mal crystallization conditions. Crystallization at 90 °C
for 2 days with no shaking or stirring gave the sharpest
and most intense XRD peaks of the three methods
presented (Figure 2c), indicating that much larger
zeolite crystals were formed; the XRD pattern was
comparable to that of the commercial sample NaX-Ald
(Figure 2d), and from SEM (see below), the crystal sizes
were found to be on the order of 1 µm (NaX-µ). From
other experiments, we have found that lowering the
crystallization temperature or introducing agitation
(stirring or shaking) during the crystallization period
favors reduced particle sizes. Crystallization with shak-
ing at 60 °C for 2 days gives NaX-nano (Figure 2a),
whereas the sample crystallized in two stages (45 °C
for 2 days followed by 90 °C for 16 h) with stirring gives

an XRD pattern with peak widths and intensities
between those of NaX-nano and NaX-µ (Figure 2b), and
SEM results (see below) confirm the intermediate
particle size for this sample. These results further
demonstrate that nucleation processes and crystal
growth rates, the key factors for the formation of
particular particle size ranges of NaX, can be controlled
by both crystallization temperature and shaking condi-
tions.

An additional parameter that can influence the
particle size of the product is the silicate source. This
factor is important in the nucleation kinetics, as found
recently for silica fibers.24 Nanometer-sized silicate
sources likely are a requirement for the formation of
NaX-nano in our system. In addition to fumed silica,
we have successfully achieved nanometer-sized NaX
with both SM-30 silicate gel and TEOS sources. In the
case of TEOS, we found that the hydration has to be
conducted at 0 °C (ice-water bath) to obtain nanometer-
sized aluminosilicate gel.

High-resolution scanning electron microscopy
(HRSEM) images were recorded for the as-synthesized
zeolitic samples, some of which are shown in Figure 3.
Figure 3a clearly indicates that the particle size of NaX-
nano is ultrafine and within a range of 20-100 nm,
which is one of the smallest faujasite crystal sizes
reported.1,4,6 This size distribution is consistent with the
results calculated from the XRD patterns, verifying that
our method can indeed successfully synthesize ultrafine
NaX crystals without the assistance of any organic
templates. Figure 3b shows NaX-µ particles to be in the
micron range (ca. 0.8 µm), again as expected from the
XRD results. SEM results (Figure 3c) show that the
particle size is about 300 nm for the sample judged to(22) Treacy, M. M. J.; Higgins, J. B.; von Ballmoos, R. Collection of
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Figure 1. X-ray powder diffraction patterns after different
crystallization times at 60 °C with shaking at 250 rpm for (a)
1, (b) 2, and (c) 4 days.

Figure 2. X-ray powder diffraction patterns for samples
prepared using different synthetic conditions: (a) crystalliza-
tion at 60 °C for 2 days with shaking, (b) crystallization at 45
°C for 2 days and then at 90 °C for 16 h with stirring, (c)
crystallization at 90 °C for 2 days with no shaking, and (d)
commercial sample NaX-Ald.
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be intermediate between NaX-nano and NaX-µ (see
Figure 2b for its XRD pattern). Judging from these
results, we can easily tailor a variety of sizes of NaX
zeolite, ranging from 20 nm to 1 µm, for various
applications.

The N2 adsorption isotherms of several different NaX
samples are shown in Figure 4. NaX-µ gives a typical
type I isotherm according to the classification of Brunau-
er et al.,25 with complete filling of the micropore system
at very low partial pressures. NaX-Ald behaves in a
similar fashion. However, for NaX-nano, there is a
hysteresis loop starting at P/P0 ≈ 0.5, indicative of a
type III isotherm,26 which can be explained by molecular
nitrogen condensation in meso spaces. With NaX-nano,
however, mesoporous space would only be formed from
interparticle voids, because of the stacking of nano-
meter-sized crystalline particles. Porosity distributions
for NaX-µ, NaX-nano, and NaX-Ald were calculated
from nonlocal density functional theory methods,27 and
these distributions are shown in Figure 5. All three
samples exhibit a major peak at about 0.7 nm and then
broad distributions of larger pores (5-30 nm), especially
dominant in NaX-nano. From the t-plot analysis of the
isotherms, carried out for P/P0 < 0.3 as recommended,28

the specific surface area and the external surface area
were found to be 570 ( 30 and 43 ( 5 m2/g, respectively,
for NaX-µ. The corresponding values were 530 ( 30 and
115 ( 10 m2/g for NaX-nano. The increase in external
surface is consistent with the reduction in particle size
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Figure 3. SEM images of (a) NaX-nano (uncoated) obtained
on a Hitachi S4700 cold-field emission scanning electron
microscope, (b) NaX-µ (gold-coated) obtained on a JEOL 35CF
microscope using a 10-kV accelerating voltage; and (c) the
intermediate-sized sample (gold-coated) for which the X-ray
powder diffraction pattern is shown in Figure 2b, obtained on
a JEOL 35CF microscope using a 10-kV accelerating voltage.

Figure 4. N2 isotherms of NaX-nano (O, adsorption; b,
desorption), NaX-µ (4, adsorption; 2, desorption) and NaX-
Ald (0, adsorption; 9, desorption) at 77 K.
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observed by HRSEM. However, if the NaX-µ sample
were composed of perfect 0.8 ( 0.2 µm cubes, its
external surface would be expected to be 5 ( 1 m2/g,
much less than that observed, indicating that there is
significant surface roughening of the NaX-µ sample, as
observed in the SEM images (Figure 3). On the other
hand, if the NaX-nano sample consisted of perfect cubes,
each 23 ( 4 nm on all sides (this is the average particle
size from the analysis of the X-ray powder diffraction
data), this would lead to an external surface area of 180
( 40 m2/g, in fairly good agreement with 115 ( 10 m2/g
observed, indicating that the surfaces of NaX-nano are
much smoother than those of NaX-µ.

Both NaX-nano and NaX-µ were further characterized
by FT-IR spectroscopy, as shown in Figure 6. Three
features were noted. First, a symmetric stretching band
at 744 cm-1 was observed in NaX-nano,29,30 with a
corresponding peak at 750 cm-1 in NaX-µ. Second, the

double-ring vibration at 566 cm-1, characteristic of
faujasite zeolites, appears as two bands at 608 and 566
cm-1 in NaX-nano. Third, a new broad band at 860 cm-1

was observed in NaX-nano, and it can reasonably be
assigned to the silanol (Si-OH) bending mode associ-
ated with the Q3 silicon species (Si connected to three
O atoms that have connections to Si or Al),30 detected
with 29Si solid-state NMR spectroscopy, as discussed
below. The existence of an abundance of silanol groups
is attributed to the significant increase of the external
surface area, demonstrated from the N2 adsorption
experiments.

High-resolution solid-state NMR techniques, such as
magic angle spinning (MAS), are powerful structural
tools in studying molecular sieve materials.30-34 Mi-
crometer-sized faujasite-X and -Y zeolites with 4-coor-
dinate silicons (referred to as Q4) in the frameworks
have been intensively investigated with 29Si MAS NMR
spectroscopy and the chemical shifts for the five Q4

species Si(OAl)4, Si(OAl)3(OSi), Si(OAl)2(OSi)2, Si(OAl)-
(OSi)3, and Si(OSi)4 are assigned at approximately -84,
-89, -94, -99, and -103 ppm, respectively.30-34 Only
a few reports have focused on silicon atoms linked to
one hydroxyl group (Q3) or two hydroxyl groups (Q2) in
faujasite zeolites.35-38 Because of the presence of nearby
protons, the 1H/29Si cross-polarization/magic-angle-spin-
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Figure 5. Porosities of NaX-nano, NaX-µ, and NaX-Ald.

Figure 6. FT-IR spectra of NaX-nano and NaX-µ. The peaks
marked with * are attributed to Nujol.
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ning (CP/MAS) technique is adopted when studying Q3

and Q2 silicons, leading to sensitivity enhancements.
However, quantification is still not easy for three
reasons: (a) the efficiency of cross-polarization strongly
depends on the distance between the silicon and the
hydrogen atom, but the Q3 atoms arising from dealu-
mination or crystal defects are weak and random; (b)
the presence of hydrogens belonging to organic tem-
plates might also be involved in cross-polarization; and
(c) there is often overlap with Q4 species. NaX-nano,
prepared via the organic-additive-free approach, could
provide ideal crystals to study the Q3 species from the
very large external surface (more than 20% of the total
surface area, as determined from the N2 adsorption
studies). The Q3 and Q2 species arising from crystal
defects likely are negligible in the NaX-nano sample,
because there was no further thermal treatment. The
presence of Q3 species in the NaX-nano sample is also
evidenced by the IR spectrum (Figure 6).

Single-pulse/magic-angle-spinning (SP/MAS) and CP/
MAS techniques were used to measure 29Si NMR
spectra for both NaX-nano and NaX-µ samples, pri-
marily to determine the presence of Q3 species in NaX-
nano. The SP/MAS 29Si NMR spectra of both NaX-nano
and NaX-µ are shown in Figure 7. The NaX-µ sample
gives all five 29Si signals for Q4 at -84.8, -89.5, -94.2,
-99.3, and -103.1 ppm, which can be assigned to Si-
(OAl)4, Si(OAl)3(OSi), Si(OAl)2(OSi)2, Si(OAl)(OSi)3, and
Si(OSi)4, respectively. Applying the formula

where In is the area of the NMR peak corresponding to
the Si(nAl) building unit, we calculate a Si/Al ratio of
1.2 for NaX-µ, which is consistent with the result from
the X-ray fluorescence analysis. NaX-nano also gives the
five Q4 peaks as for NaX-µ. Furthermore, there are some
shoulders broadening its SP/MAS NMR spectrum. These
weak shoulders likely are due to the contribution of Q3

species.
For NaX-µ, there was no obvious difference between

the SP/MAS and CP/MAS spectra as shown in Figure
8. This means that the contribution of the Q3 species in
NaX-µ is too small to be detected. However, the situation
is quite different in NaX-nano: compared to the SP/
MAS spectrum, the CP/MAS NMR spectrum (Figure 9)

shows four enhanced/new peaks located at about -82,
-87, -93, and -98 ppm, which can be reasonably
assigned to silicon species linking to hydroxyl, i.e., Q3.

In silicate-1, the Q3 NMR shift of Si(OSi)3(OH) was
-103 ppm, about 9 ppm downfield with respect to Si-
(OSi)4 at -112 ppm.5 In a highly dealuminated faujasite
zeolite, the Si(OSi)3(OH) signal was observed at -100
ppm, about 7 ppm downfield relative to Si(OSi)4 at -107
ppm.37 In comparison with -103 ppm for Si(OSi)4
observed in NaX-nano, we can reasonably assign the
signal at -98 ppm to Si(OSi)3(OH). It is well-known that
the replacement of a silicon atom with an aluminum
atom causes an approximate 5-6 ppm downfield shift
in the 29Si NMR signals of zeolite materials. Therefore,
the remaining three peaks at -93, -87, and -82 ppm
can be assigned to the other three Q3 species Si(OAl)-
(OSi)2(OH), Si(OAl)2(OSi)(OH), and Si(OAl)3(OH), re-
spectively. Among them, Si(OAl)2(OSi)(OH) and Si-
(OAl)3(OH) show greater intensity. To the best of our
knowledge, this is the first time that all four Q3 species
have been observed in a faujasite zeolite.

Conclusions
Various NaX zeolitic crystals with controlled sizes and

surface properties have been synthesized with a newly
developed organic-template-free approach using ap-
propriate silicate sources and control of hydrothermal
crystallization conditions, such as temperature and
agitation. Ultrafine NaX zeolite (20-100 nm) was

Figure 7. Solid-state single-pulse/magic-angle-spinning 29Si
spectra of NaX-nano and NaX-µ.

(Si/Al)NMR )
I4 + I3 + I2 + I1 + I0

I4 + 0.75I3 + 0.5I2 + 0.25I1
(1)

Figure 8. Solid-state single-pulse and 1H/29Si cross-polariza-
tion/magic-angle-spinning spectra of NaX-µ.

Figure 9. Solid-state single-pulse and 1H/29Si cross-polariza-
tion/magic-angle-spinning spectra of NaX-nano. New/enhanced
peaks are marked.
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prepared by growth at 60 °C for 4 days using silica, silica
colloid, or TEOS as the silicate source. Several tech-
niques, including N2 adsorption and FT-IR and solid-
state NMR spectroscopies, were employed to character-
ize all of the synthesized materials. Compared with the
micrometer-sized NaX zeolite, the nanozeolite displays
a huge external surface (about 20% of its specific surface
area) and larger portion of 2-20-nm mesopores. Both
FT-IR and 29Si solid-state NMR spectra reveal an
abundance of Q3 silicon atoms (silanol groups) in NaX-
nano.
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