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Two nanocrystalline NaY samples were synthesized with
Si/Al ratios of 1.8 and crystal sizes of 23 and 50 nm, respectively.
The synthesized NaY zeolites were characterized by
powder X-ray diffraction, scanning electron microscopy,
nitrogen adsorption isotherms, silicon solid-state magic angle
spinning NMR and FTIR spectroscopy. A commercial
NaY sample was analogously characterized for comparison
with the synthesized nanocrystalline NaY. FTIR spectroscopy
of adsorbed pyridine was used to elucidate the adsorption
sites on the different NaY samples. More Brønsted acid sites
and more silanol sites were detected on the nanocrystalline
NaY zeolites, relative to the commercial NaY. The
nanocrystalline NaY exhibited increased adsorption
capacities for representative pollutant molecules, such as
toluene (∼10%) and nitrogen dioxide (∼30%), relative to
commercial NaY. Functionalization of nanocrystalline NaY
was examined as a method for tailoring the properties
of nanocrystalline zeolites for specific environmental
applications through the control of zeolite properties, such
as hydrophobicity.

Introduction
Zeolites are crystalline aluminosilicates with pores of mo-
lecular dimensions that are widely used in applications, such
as separations, catalysis, ion exchange, and adsorption
(1-4). Zeolites are considered nanomaterials because of their
pore sizes that range from approximately 0.4 to 1 nm. One
of the first successful applications of nanotechnology was
the use of zeolites as catalysts for industrial processes, such
as petroleum refining (5). Recently, there has been a great
deal of interest in another aspect of zeolites related to
nanoscience, the primary crystal size, which can potentially
be exploited for use in nanotechnology. Nanocrystalline
zeolites are zeolites with discrete, uniform crystals with
dimensions of less than 100 nm that have unique properties
relative to conventional micrometer-sized zeolite crystals.
Nanocrystalline zeolites have higher external surface areas
and reduced diffusion path lengths relative to conventional
micrometer-sized zeolites, which make them promising
catalytic materials and adsorbents. For example, nanocrys-
talline ZSM-5 exhibits increased selectivity and toluene
conversion into cresol and decreased coke formation relative
to conventional ZSM-5 materials (6). Recently, it was shown
that the adsorption capacity of nanocrystalline silicalite

increased approximately 50% relative to micrometer-sized
silicalite (7). In addition, nanometer-sized zeolites can be
assembled into thin films and other porous nanoarchitectures
for use as separation membranes (8), chemical sensors (8-
10), and photochemical hosts (11, 12).

Nanocrystalline zeolites have very large external surface
areas (7, 13). For zeolite crystals with sizes smaller than ∼30
nm, the external surface area is >100 m2/g, the same order
of magnitude as the internal surface area for a typical zeolite.
Thus, the external surface of nanocrystalline zeolites can
potentially be utilized for adsorption and catalytic reactions.
In principle, a bifunctional material could be prepared from
nanocrystalline zeolites, such that the external and internal
surfaces have different reactivities. For example, the external
surface active sites could catalyze the degradation reaction
of a large molecule that could then diffuse into the zeolite
pores for further reaction. The external surface could even
be functionalized to vary the hydrophobicity/hydrophilicity
of the zeolite. This is important for many applications,
including the uptake of volatile organic compounds, such as
toluene, from aqueous solutions. Natural zeolites, such as
clinoptilolite, have been modified using surfactants and
chlorosilanes in order to enhance the adsorption of aromatics
from aqueous solutions (14, 15). Similar strategies can be
envisioned for nanocrystalline zeolites.

Zeolite Y is a faujasite molecular sieve with 7.4 Å diameter
pores and a three-dimensional pore structure (1, 2). The basic
structural units for Y zeolites are the sodalite cages, which
are arranged so as to form supercages that are large enough
to accommodate spheres with 1.2 nm diameters. The primary
application for Y zeolites has been in catalytic cracking of
petroleum molecules into smaller gasoline range hydrocar-
bons (2). Recently, the synthesis of nanocrystalline zeolite Y
has been reported by several groups (11, 16-19). The
nanocrystalline zeolite materials have been used as photo-
chemical hosts in optically transparent solutions and to study
zeolite crystal growth mechanisms (11, 12, 16).

In this paper, the synthesis, characterization, and ad-
sorption properties of synthesized nanocrystalline zeolite Y
are reported. The synthetic method used here is a modifica-
tion of the method of Creaser and co-workers (17). The
physicochemical properties of the synthesized, nanocrys-
talline NaY samples; the functionalization of the external
surface of nanocrystalline NaY; and the potential of these
materials for applications in environmental remediation are
discussed.

Experimental Section
Materials. Aluminum isopropoxide, tetraethoxyorthosilane
(TEOS), and sodium hydroxide were purchased from Alfa
Aesar. Tetramethylammonium hydroxide (TMAOH) solution
(25% wt) was purchased from Aldrich. All chemicals were
used as purchased without further purification.

Nanocrystalline NaY Synthesis. Zeolite Y was synthesized
using clear solutions according to the method reported by
Creaser and co-workers (17). Aluminum isopropoxide, half
of the TMAOH solution, and water were mixed and stirred
until the mixture became a clear solution. Next, TEOS, the
rest of the TMAOH solution, and water were added to the
clear solution. The mixture was stirred overnight to ensure
complete hydrolysis of the aluminum and silicon sources.
The final clear synthesis gel had the following composition:
0.07 Na:2.4 TMAOH:1.0 Al:2.0 Si:132 H2O:3.0 i-PrOH:8.0 EtOH;
the latter two alcohols came from the hydrolysis of the
aluminum isopropoxide and TEOS, respectively. To optimize
the formation of small NaY crystals, the sodium content was
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intentionally set too low relative to aluminum content in the
synthesis gel.

For sub-100-nm sized samples, the clear solution was
transferred into a 500 mL flask equipped with an air cooled
condenser and was heated to 95 °C in an oil bath for 84 h
with (23 nm) or without stirring (50 nm). Nanocrystalline Y
powders were recovered from the milky, colloidal suspension
of NaY after two cycles of centrifugation, washed with
deionized water, and dried at 120 °C in air. Nanocrystalline
NaY samples were calcined at 500 °C under oxygen flow for
16 h to remove organic templates.

Functionalization of Nanocrystalline NaY. The external
surface of NaY (23 nm) was functionalized following the
procedure of Grassian and co-workers (20). Specifically, 0.2
g of calcined NaY was mixed with 100 mL of dry toluene, 0.4
mL of octylmethyldichlorosilane, and 0.2 mL of pyridine in
a 250 mL flask equipped with a water-cooled condenser. The
mixture was heated in an oil bath to 95 °C with stirring for
3 h. After being cooled, the solid powders were recovered by
filtering and drying at 95 °C in an oven.

Elemental Analysis. A Perkin-Elmer plasma 400 induc-
tively coupled plasma/atomic emission spectrometer (ICP/
AES) spectrometer was used to determine the Si/Al ratio of
the zeolite Y samples. NaY samples were acid digested by
dilute HF solution followed by neutralization in NaBO3. Four
standard solutions with known silicon and aluminum
concentrations were prepared as calibration standards.
Atomic emission peak intensities at wavelengths of 309.2
nm for aluminum and 203.9 nm for silicon were recorded for
all four standard solutions and the sample solution. Exact
concentrations of aluminum and silicon in the sample
solution were obtained by projection from the working curve
generated from standard solution data.

Hitachi S-4000 Scanning Electron Microscope. To pre-
pare the sample for SEM, a drop of dilute colloidal solution
of the uncalcined sample was dropped onto the SEM sample
stud surface, and the sample stud was then dried at 60 °C
for 3 h. Shortly before acquiring an SEM image, the sample
was coated with gold. From the SEM images, small NaY
crystals are envisioned as cubic particles in order to estimate
the particle size.

X-ray Diffraction. A Siemens D5000 X-ray diffractometer
with Cu KR target and nickel filter was used to collect XRD
powder patterns for the samples. XRD patterns were collected
between 2θ angles of 5 and 35°. The full-width at half-
maximum (fwhm) of the peak from the slow scan of each
sample was obtained by simulation and was used to estimate
the crystal size of each NaY sample from Scherrer’s equation
(with K ) 1.0) given below:

where T ) crystal size (nm); K ) crystal shape factor; λ )
wavelength of X-rays (for Cu target, λ ) 1.542 Å); â ) fwhm;
and θ ) Bragg’s angle.

Nitrogen Adsorption Isotherms. Nitrogen adsorption
isotherms were obtained on a Quantachrome Nova 1200
multipoint BET apparatus using approximately 0.2 g of
sample for each measurement. Immediately prior to the N2

adsorption, each sample was vacuum degassed at 120 °C for
1 h. The specific surface area was measured by the BET
method (21), which was performed automatically by the
instrument. BET adsorption isotherms were collected for NaY
samples before and after calcination to remove the template.

Solid State 29Si NMR. 29Si (59.6 MHz) solid-state magic
angle spinning (MAS) NMR spectra were obtained using a
300 MHz wide bore magnet with a TecMag Discovery console
and a Chemagnetics double-channel 7.5 mm pencil MAS
probe with a spinning speed of ∼6 kHz. Typically, 0.2 g of

sample was used to load the rotor. Each single pulse spectrum
was acquired by signal averaging 2000 scans with a 60 s pulse
delay.

FTIR Spectroscopy. The sample cell used in the infrared
study has been described previously (22). A total of 10 mg
of Y zeolite was coated onto a 3 × 2 cm2 photoetched tung-
sten grid held in place by nickel jaws. The nickel jaws are
attached to copper leads so that the sample can be resistively
heated. A thermocouple wire is used to measure the
temperature of the sample. The tungsten grid with zeolite
sample is placed inside of a stainless steel cube. The cube
is outfitted with two BaF2 windows for infrared measurements
and is also attached to a vacuum/gas handling system. The
IR cell is held in place by a linear translator inside the sample
compartment of a Mattson Galaxy 6000 infrared spectrometer
equipped with a narrowband MCT detector. Each spectrum
was obtained by averaging 64 scans at an instrument
resolution of 4 cm-1. Zeolite samples were heated under
vacuum at 400 °C overnight to remove adsorbed water prior
to the FTIR measurements.

The NO2 adsorption experiments were conducted at room
temperature by equilibrating the zeolite with 500 mTorr NO2

for 30 min and then pumping out the gas phase for several
minutes before acquiring the FTIR spectra. In the pyridine
adsorption experiment, the zeolite was first equilibrated with
1 Torr pressure of pyridine vapor at 200 °C for 30 min. It has
been previously shown that desorption of weakly adsorbed
pyridine takes place up to ∼197 °C (23). The sample was
then evacuated for 30 min and cooled to room temperature
prior to recording FTIR spectra.

Adsorption of a Representative VOC. Toluene was
selected as a representative volatile organic compound (VOC)
to examine VOC adsorption as a function of the crystal size
of NaY. The experimental setup has been described previously
(7, 13). Prior to each experiment, 0.1 g of calcined NaY sample
was loaded into a 1/4 in. quartz tube. The sample bed was
capped with quartz wool. The sample bed was heated at 400
°C under helium prior to the adsorption at room temperature.
During room temperature adsorption, 25 standard cm3/min
of helium was directed through a toluene bubbler and then
through the sample bed. After the sample was saturated with
toluene, the toluene bubbler was bypassed to start purging
the sample by helium flow at room temperature, and then
the sampled was heated at 5 °C/min to do the TPD
experiment. Throughout the experiment, the concentration
of toluene in the gas stream was monitored by a thermal
conductivity detector (TCD) detector of a Varian 3400CX gas
chromatograph (GC), which was calibrated to give a quan-
titative measurement of the toluene concentration.

Results and Discussion
Synthesis and Characterization of Nanocrystalline NaY. The
two nanocrystalline NaY samples with different average
particles sizes of 23 and 50 nm were synthesized with (23
nm) and without (50 nm) stirring under otherwise identical
conditions. The SEM images and XRD patterns of the two
synthesized NaY samples and the commercial NaY (Aldrich)
are shown in Figures 1 and 2, respectively. Close inspection
of the SEM images indicates that the NaY (Aldrich) (Figure
1a) is composed of large intergrown NaY crystals with
diameters of ∼1-2 µm. The SEM images of the two
synthesized nanocrystalline NaY samples indicate that the
crystals are discrete with narrow size distributions and are
substantially smaller than the NaY (Aldrich) crystals. The
XRD patterns (Figure 2) agree with those for the faujasite
structure of NaY (24). The line widths increase as the particle
size decreases consistent with what is expected based on
Scherrer’s equation. The crystal sizes calculated from the
XRD line widths and Scherrer’s equation (K ) 1.0) are listed
in Table 1. Elemental analysis was performed using ICP/AES

T ) Kλ
â cos θ
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to determine the Si/Al ratio of the NaY samples. The Si/Al
ratios (Table 1) were 2.0 for NaY (Aldrich) and 1.8 for the two
synthesized samples.

Nitrogen adsorption isotherms for the synthesized NaY
samples were measured both before (as-synthesized) and
after calcination. The total surface areas of both calcined
and as-synthesized samples were obtained from the nitrogen
adsorption isotherms using the BET method and are listed
in Table 1. The total surface area of the as-synthesized
samples in which the internal surface is blocked by template
molecules represents the external surface area of the zeolite
sample. The total surface area obtained from the calcined
samples contains contributions from both the internal and
the external surfaces. The external surface areas for the as-
synthesized NaY samples were 81 and 178 m2/g with total
surface areas of 510 and 584 m2/g, respectively. For the NaY
(Aldrich) sample, only the total surface area of 477 m2/g was
measured since the material was only available in the calcined
form.

In previous work, we have demonstrated that the particle
size can be accurately estimated using the external surface
area if the crystals are assumed to be cubic (7, 13). Using the

external surface area measured from the BET method
described above, the particle size can be estimated using the
relationship below:

where Sext is the external surface area in m2/g and x is the
NaY particle size in nm (assuming cubic crystals). Using this
relationship, the particle size was estimated from external
surface area and is listed in Table 1. An analogous relationship
was derived for nanocrystalline silicalite, and the experi-
mentally determined external surface areas and particle sizes
(from SEM) agreed remarkably well with the results of the
calculation assuming cubic silicalite crystals (7, 13). As
determined in our previous work, the crystal sizes calculated
from the XRD line widths reproduce the expected trend in
crystal sizes; however, the sizes from the XRD line width are
not quantitatively consistent with the SEM and BET results,
and thus the measured line width is a poor method for
estimating the particle size.

Characterization of Nanocrystalline NaY by FTIR Spec-
troscopy. FTIR spectroscopy was used to identify structural
features and adsorption sites in the NaY samples. The FTIR
spectra of the O-H stretching region for all three NaY samples
after thermal pretreatment at 400 °C under vacuum are shown
in Figure 3 a-c. Three main peaks are observed at 3655,
3695, and 3744 cm-1. The peaks at 3655 and 3695 cm-1 are
assigned to O-H groups attached to extra framework alumina
species and to O-H groups attached to Na+ cations,
respectively, based on a comparison with the literature (25,
26). The peak at 3744 cm-1 is assigned to silanol groups (Si-
OH) on NaY (25, 26). The peaks at 3744 and 3695 are observed
for all three samples, NaY (Aldrich), NaY (50 nm), and NaY
(23 nm), although in different relative intensities. The silanol
peak at 3744 cm-1 is weakest for NaY (Aldrich), relative to
NaY (23 and 50 nm). The peak at 3655 cm-1 assigned to OH
groups on extra framework alumina sites is only observed
for NaY (50 nm) and NaY (23 nm), not for NaY (Aldrich).

The FTIR spectra of pyridine adsorbed on the NaY zeolites
are shown in Figure 4 a-c. Pyridine molecules can adsorb
and react at several different sites on the NaY zeolites. Pyridine

FIGURE 1. SEM images of three NaY samples: (a) NaY (Aldrich) (scale bar ) 500 nm), (b) NaY (50 nm), and (c) NaY (23 nm). In panels
b and c, the scale bar is equal to 100 nm.

FIGURE 2. XRD patterns of NaY samples: (a) NaY (Aldrich), (b) NaY
(50 nm), and (c) NaY (23 nm). 2θ angles between 5 and 55° were
collected.

TABLE 1. Properties of Synthesized Nanocrystalline NaY
Zeolites and Commercial NaY (Aldrich)

sample Si/Ala

BET
external
surface

area
(m2/g)b,c

BET
total

surface
area

(m2/g)c,d

size
from
BET
area
(nm)e

size
from

XRD line
width
(nm)f

NaY (Aldrich) 2.0 na 477 na 53
NaY (50 nm) 1.8 81 510 50 19
NaY (23 nm) 1.8 178 584 23 14

a Si/Al was calculated from ICP/AES data. b BET measurement of as
synthesized sample. c Standard deviations of surface areas were
measured to be between 0.4 and 1.4 m2/g; the larger errors are associated
with the higher surface areas measured. d BET measurement of calcined
sample. e Crystal size was obtained using the relationship, x (nm) )
4061/external surfacearea (m2/g). f Crystal sizeobtainedusingScherrer’s
equation (K ) 1.0).

FIGURE 3. FTIR spectra of O-H stretching region for NaY samples:
(a) NaY (Aldrich), (b) NaY (50 nm), and (c) NaY (23 nm).

x ) 4061/Sext
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molecules can interact with Brønsted acid sites forming
pyridinium ions, which are characterized by bands in the
FTIR spectra at 1400 and 1545 cm-1 (23). The absorbances
at 1621 and 1454 cm-1 are assigned to pyridine molecules
adsorbed on Lewis acid sites (23). At the same time, pyridine
molecules can physically adsorb via hydrogen bonding with
surface hydroxyl groups, giving absorption bands at 1595,
1574, and 1443 cm-1 (23). All three interactions contribute
to the band at 1489 cm-1. Notable are the differences between
the FTIR spectra of the NaY (Aldrich) sample and the NaY
(23 and 50 nm) samples. The peaks at 1545 and 1400 cm-1

attributed to pyridine molecules on Brønsted acid sites are
absent in the NaY (Aldrich) FTIR spectrum. In addition, the
peaks assigned to pyridine adsorbed on Lewis acid sites are
also very weak or absent in the FTIR spectrum of NaY
(Aldrich).

The FTIR adsorption experiments described here provide
insight into the different sites present in the NaY zeolites.
Using the FTIR results, several key differences between the
synthesized nanocrystalline NaY zeolites and the NaY
(Aldrich) zeolite are highlighted. A greater number of extra
framework alumina sites and Brønsted acid sites are detected
on the nanocrystalline NaY samples relative to the NaY
(Aldrich) sample. Since one of the major differences between
these samples is the external surface area, it is possible that
the extra framework alumina sites and the Brønsted acid
sites are located on the external surface of the nanocrystalline
zeolites. Further studies are in progress to address this issue
of location of the extra framework alumina sites and the
Brønsted acid sites.

Adsorption of a Representative VOC on NaY Zeolites.
The adsorption of a typical VOC, toluene, on NaY was
investigated using the flow apparatus described previously
(7). Representative results from toluene adsorption/desorp-
tion on NaY samples are shown in Figure 5. The TCD signal
of the GC is at a maximum when the sample bed is bypassed
or when the sample is saturated and at a minimum when no
toluene passes through the sample bed. In Region I of the
experiment, toluene adsorption on the NaY sample was
monitored. In Region II of the experiment, the NaY sample
bed was purged with helium while monitoring the desorption
of toluene, and in Region III of the experiment, a temperature-
programmed desorption of the toluene was conducted. The
amount of toluene adsorbed was obtained by measuring the
area between the maximum baseline and the experimental
curve, while the amount of toluene desorbed was obtained
from the area between minimum baseline and the experi-
mental curve profiles after the temperature ramp. Three
experiments were run for each sample, and the average

amounts of toluene adsorbed and desorbed in this experi-
ment were calculated and are listed in Table 2.

The total toluene adsorption in Region I of the experiment
was 2.08, 2.19, and 2.34 mmol/g for NaY (Aldrich), NaY (50
nm), and NaY (23 nm), respectively. The total toluene
adsorption trends with total surface area. The amount of
toluene removed during the helium purge was 0.21 mmol/g
for NaY (Aldrich), 0.40 mmol/g for NaY (50 nm), and 0.45
mmol/g for NaY (23 nm). The area under the desorption
peaks in Region III of the experiment is approximately the
same for all three samples and ranges from 1.86 to 1.95 mmol/
g. However, while the area of the TPD peak is approximately
the same for all three samples, the shape of the TPD peak
is different for the different samples. The TPD peaks for NaY
(23 and 50 nm) have two maxima, suggesting that the toluene
is adsorbed at two different sites in the zeolite. However, the
TPD peak for NaY (Aldrich) only has the higher temperature
desorption component.

Previously, for analogous toluene adsorption/desorption
experiments on silicalite and ZSM-5, the total toluene
adsorption trended linearly with total surface area (7, 13).
For the results reported here, the toluene adsorption on NaY
samples in Region I also trends linearly with the total surface
area. In the earlier work, the toluene desorbed during the
helium purge (Region II) was attributed to weakly bound
toluene on the external surface of silicalite and ZSM-5 samples
based on a strong correlation between the external surface
area and the amount of toluene desorbed during the helium
purge. This strong correlation between external surface area
and weakly adsorbed toluene does not hold for the NaY
samples used in this study. The amount of toluene desorbed
in Region II is approximately the same for NaY (23 nm) and
NaY (50 nm) despite the fact that the external surface area
for NaY (23 nm) is twice as large as the external surface area

FIGURE 4. FTIR spectra of the adsorption of pyridine on (a) NaY
(Aldrich), (b) NaY (50 nm), and (c) NaY (23 nm). The solid lines
indicate peaks assigned to pyridine molecules adsorbed on Lewis
acid sites, and the dashed lines are assigned to pyridine molecules
adsorbed on Brønsted acid sites.

FIGURE 5. Toluene adsorption on nanocrystalline NaY (50 and 23
nm) and NaY (Aldrich). Each experiment consists of three regions:
Region I, room temperature adsorption; Region II, room temperature
purge with helium; and Region III, temperature-programmed
desorption (TPD). Blue solid line, NaY (23 nm); green dotted line,
NaY (50 nm); and red dashed line, NaY (Aldrich).

TABLE 2. Toluene Adsorption and Desorption on NaY Samplesa

sample
adsorption
(mmol/g)

purge
(mmol/g)

TPD
(mmol/g)

total
desorption
(mmol/g)

NaY (Aldrich) 2.08 (0.08) 0.21 (0.01) 1.95 (0.04) 2.16 (0.05)
NaY (50 nm) 2.19 (0.03) 0.40 (0.02) 1.86 (0.08) 2.26 (0.10)
NaY (23 nm) 2.34 (0.04) 0.45 (0.01) 1.92 (0.04) 2.37 (0.05)

a Data listed are the average of three runs for each sample. Standard
deviations are in parentheses.
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for NaY (50 nm). The external surface area for NaY (Aldrich)
was not measured but is estimated to be <10 m2/g, consistent
with the small amount of toluene adsorbed on the external
surface. The amount of toluene desorbed during the TPD
experiment is approximately the same for all of the samples,
but NaY (23 and 50 nm) data indicate that some of the toluene
is more weakly adsorbed as evidenced by the low temperature
desorption feature. The significantly lower Si/Al ratios of the
Y zeolites discussed here relative to the silicalite (purely
siliceous) and ZSM-5 (Si/Al ) 20) should be noted since it
will impact the adsorption sites for toluene.

These adsorption/desorption results indicate that the
overall adsorption capacity of nanocrystalline NaY is ap-
proximately 10% greater than the NaY (Aldrich) largely due
to the higher external surface area and the weakly adsorbed
toluene that desorbs during the room temperature helium
purge of the sample. The strongly adsorbed toluene that
desorbs during the temperature-programmed desorption is
quantitatively similar for all of the NaY samples, although
two desorption peaks are observed for the nanocrystalline
NaY samples.

Adsorption of an Atmospheric Pollutant on NaY. The
emission of NOx from stationary and automotive sources,
such as power plants and lean-burn engines, is a major
environmental pollution issue. NOx leads to the production
of ground-level ozone and acid rain. The adsorption and
catalytic reduction of nitrogen oxides to N2 are important
environmental challenges for scientists and engineers. The
adsorption of NO2 on NaY was investigated using FTIR
spectroscopy. Figure 6a-c shows the difference FTIR spectra
of NO2 adsorption in all three NaY samples. Spectral features
observed can be identified as NO+ (2000-2180 cm-1 spectral
region) and NO3

- (1300-1600 cm-1 spectral region) (25-
29). The NO+ and NO3

- species are proposed to form through
a cooperative effect whereby two adsorbed NO2 molecules
in close proximity autoionize according to the reaction (27):

A second minor pathway has recently been proposed (27) in
which strongly bound H2O in NaY reacts with NO2 to from
nitric acid and nitrous acid (HONO) according to the reaction
below (30-33):

The nitric acid readily reacts with Na+ cations in NaY zeolites
to form Na+NO3

- and a Brønsted acid site. The Brønsted
acid site can then react with NO2 to form NO+ and water. In
accord with previous assignments in the literature, the band

at ∼1400 cm-1 is assigned to NO3
- adsorbed on Na+ cation

site in NaY (27, 32), and the band at 2024 cm-1 is assigned
to NO+ adsorbed on Lewis base sites. The bands at ∼1564
and 1320 cm-1 are assigned to NO3

- adsorbed on extra
framework alumina sites (26, 27).

Clear differences are observed in the spectra of NO2

adsorbed on NaY (Aldrich) as compared to NO2 adsorbed on
NaY(23 nm) and NaY (50 nm). Two prominent peaks are
observed at 1564 and 1320 cm-1 in the FTIR spectra of NO2

adsorbed on NaY (23 nm) and NaY (50 nm) (Figure 4b,c).
These two peaks are absent in the FTIR spectrum of NO2

adsorbed on NaY (Aldrich) (Figure 4a). This is consistent
with the FTIR spectra of the hydroxyl group region shown
in Figure 3, which indicated that extra framework alumina
sites were present on NaY (23 nm) and NaY (50 nm) but not
on NaY (Aldrich).

Quantitative information about the relative adsorption
capacities of these zeolites can also be obtained from the
FTIR data. Using volumetric methods, the adsorption
capacities for NO2 on NaY (Aldrich), NaY (50 nm), and NaY
(23 nm) were measured and were determined to be 1.23,
1.42, and 1.68 mmol/g, respectively. This represents a 30%
increase in adsorption capacity for NaY (23 nm) relative to
NaY (Aldrich). Work is in progress to determine the ef-
fectiveness of nanocrystalline NaY for the selective catalytic
reduction of NOx with hydrocarbons.

Functionalization of Nanocrystalline NaY for Environ-
mental Applications. The ability to tailor the properties of
nanocrystalline zeolites for specific environmental applica-
tions is an important issue. For example, nanocrystalline
zeolites can be functionalized using chlorosilane reagents to
change the hydrophobic/hydrophilic properties of the zeo-
lites. This is beneficial for applications in which pollutants
present in solvents with different properties must be removed.
This idea can be extended to include the development of
bifunctional zeolites based on the introduction of different
functionalities on the external and internal surfaces of the
nanocrystalline zeolites. In this way, a pollutant molecule
that is too large to fit inside the zeolite pores could react on
the external surface and the products could then diffuse into
the pores for further reaction or degradation of the pollutant.

NaY can be functionalized through reaction of the zeolite
silanol groups (Si-OH) with a chlorosilane reagent (34-36).
The silanol groups are located on the external surface as
discussed previously in the literature (37) and supported by
the FTIR results presented here that show that nanocrystalline
NaY contains substantially more silanol groups than Aldrich
NaY. In this work, octamethyldichlorosilane was used as the
chlorosilane reagent designed to react with the silanol groups
of NaY (23 nm) according to the following reactions (20):

To confirm the functionalization of the silanol groups, FTIR
spectroscopy and 29Si MAS NMR spectroscopy were used.
The O-H stretching region of the FTIR spectrum (not shown)
of the functionalized NaY (23 nm) indicated the complete
loss of silanol groups. The 29Si MAS NMR spectra of the
calcined NaY (23 nm) sample is shown in Figure 7a. Peaks
in the spectral region from approximately -80 to -120 ppm
are observed and can be assigned to silicate species in the
zeolite framework. Q3 and Q4 silicate signals are observed
where the Qn nomenclature is used, such that n represents
the number of siloxane bonds and (4-n) provides the number
of silanol (Si-OH) groups. When the NaY (23 nm) sample

FIGURE 6. FTIR spectra of NO2 adsorption on (a) NaY (Aldrich), (b)
NaY (50 nm), and (c) NaY (23 nm).

(NO2)2 f NO+ + NO3
- (1)

2NO2 + H2O f HNO3 + HONO (2)

tSi-OH + CH3(CH2)7SiCH3Cl2 f

tSi-O-Si-(CH3)(Cl)(CH2)7CH3 + HCl (3)

tSi-OH + tSi-O-Si-(CH3)(Cl)(CH2)7CH3 f

(tSi-O)2-Si-(CH3)(CH2)-CH3 + HCl (4)
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was functionalized with octamethyldichlorosilane, new peaks
at ∼-62 and -23 ppm are observed in the 29Si MAS NMR
spectrum (Figure 7b). Peaks in the range of 10 to -70 ppm
are typically attributed to 29Si resonances of organosilane
compounds (35, 36, 38). Consequently, these peaks are
assigned to the two functionalized Si groups depicted in
reactions 3 and 4 (35). Based on similar assignments in the
literature, the peak at -23 ppm is assigned to the monochloro
species in reaction 3 (36, 38-41). The peak at -62 ppm is
assigned to the organosilane surface species depicted in
reaction 4 (38). The functionalization of NaY (Aldrich) was
also attempted, but the functionalization of the Si-OH groups
was not detected by 29Si MAS NMR. Presumably, this is due
to the low sensitivity of the 29Si NMR experiment because of
the relatively small number of silanol groups (Figure 3)
available for functionalization.

Through functionalization of the zeolite framework with
an octamethyl hydrocarbon chain, the hydrophobicity of the
NaY is dramatically increased. A visual demonstration is
illustrated using digital camera images shown on the right
side of Figure 7. The increased hydrophobicity is illustrated
by a visual comparison of functionalized NaY (23 nm) mixed
with water (top left) and hexane (top right). When func-
tionalized NaY (23 nm) is mixed with water, the zeolite repels
the water to the extent that it aggregates and floats on the
surface of the water. This is in contrast to the uniform mixing
that was observed with hexane as a solvent. For comparison,
analogous images of the parent NaY (23 nm) in water and
hexane are shown in Figure 7 directly below the images for
the functionalized NaY (23 nm). The parent NaY (23 nm)
mixes uniformly with both water and hexane.

Future Applications for Nanocrystalline Zeolites in
Environmental Applications. Zeolites have emerged as
important materials for environmental applications, such as
emission abatement of nitrogen oxides, environmentally
benign synthesis, and adsorption of VOC’s and other
pollutants (42). Nanocrystalline zeolites have several ad-
vantages relative to conventional zeolites that may enhance
their usefulness for environmental applications. The in-
creased surface area of nanocrystalline zeolites relative to
commercial zeolites is one advantage that can be exploited
for applications of zeolites as adsorbents of VOCs and other
pollutants. The increase in adsorption capacity of the
nanocrystalline zeolites for toluene relative to commercial
zeolites ranges from 15 to 50% depending on the parent
zeolite and the size of the nanocrystalline material (7, 13).
Nitrogen dioxide adsorption on nanocrystalline NaY (23 nm)
was increased by ∼30% relative to NaY (Aldrich). Future work

in this area will focus on characterizing the different
adsorption sites on the internal and external surfaces of the
nanocrystalline zeolites so that these materials can be tailored
for specific applications.

Another potential application for nanocrystalline zeolites
is in environmental catalysis. Environmental catalysis in-
volves the use of catalysts to solve environmental problems,
in areas such as emission abatement and environmentally
benign synthesis (42-44). Many new catalysts and catalytic
processes have been developed to meet the challenges posed
by environmental concerns. Besides emissions abatement,
the emphasis of environmental catalysis has expanded to
include the development of environmentally benign synthetic
routes designed to decrease the amount of chemical waste
produced. Recently, zeolites have emerged as important
materials for applications in environmental catalysis, such
as emission abatement of nitrogen oxides and environmen-
tally benign synthesis (4, 43-45). The selective catalytic
reduction of NOx and N2O by hydrocarbons (HC-SCR) over
zeolites, particularly in the presence of oxygen, has attracted
much interest for emission abatement applications in
stationary sources, such as natural gas fueled power plants
(26, 27, 43, 46-48). HC-SCR of NOx shows promise for
applications to lean-burn gasoline and diesel engines where
noble-metal three-way catalysts are not effective at reducing
NOx in the presence of excess oxygen. Work is in progress
to evaluate nanocrystalline zeolites for applications in
environmental catalysis.
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