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Zeolite Nanocrystals

Design and Size Control of Uniform Zeolite
Nanocrystals Synthesized in Adjustable Confined
Voids Formed by Recyclable Monodisperse Poly-
mer Spheres**

Xiaoyu Yang, Yefei Feng, Ge Tian, Yunchen Du, Xin Ge,
Yan Di, Yonglai Zhang, Bo Sun, and Feng-Shou Xiao*

Zeolite nanocrystals have attracted much attention because
of their potential uses as active catalysts, effective mem-
branes, low-k thin films, and model systems for fundamental
studies of zeolite crystal growth.''® For most of these
applications, dispersible zeolite nanocrystals with controlled
and uniform size are preferred.'2!

There are a number of examples of the preparation of
zeolite nanocrystals.'*2 For example, zeolite nanocrystals
with small size and narrow distribution could be prepared by
control of synthetic gel composition or crystallization temper-
ature/time.”' ! Addition of organic templates to synthetic
gels can effectively reduce the size of the zeolites.”-%121426-30]
Space-confined synthesis by means of carbon black can be
used to prepare zeolite nanocrystals, the sizes of which are
generally controlled by the various types of carbon black.P!
Thermoreversible polymer hydrogels are novel media for the
synthesis of zeolite nanocrystals, and the polymer hydrogels
are recyclable.’? However, design and size control of uniform
zeolite nanocrystals is still not easy owing to the complexity of
their synthesis and limitations of various synthetic routes.

Recently, uniform and monodisperse polymer spheres
were synthesized, and there are voids between these polymer
spheres in aqueous media.’¥ Interestingly, these confined
voids can be simply adjusted by the solid content and
diameter of the polymer spheres. The adjustable confined
voids formed by polymer spheres could potentially serve as
micro- or nanoreactors for controlling zeolite growth. More-
over, these polymer spheres are stable in the temperature
range 0-160°C,*! which is suitable for the synthesis of most
types of zeolites. Furthermore, these polymer spheres can
easily be transformed into polymer chains dissolved in an
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appropriate solvent, and the polymer chains can be trans-
formed back into polymer spheres by evaporation of the
solvent,**! which allows convenient recycling of polymer
spheres in zeolite synthesis.

Herein we report a simple route for the design and size
control of uniform zeolite nanocrystals synthesized in con-
fined voids formed by polymer spheres. Interestingly, the size
(60-500 nm) of zeolite nanocrystals observed experimentally
is in good agreement with that estimated from theoretical
calculations. Moreover, the polymer spheres could be recy-
cled during the synthesis of zeolite nanocrystals, which is an
environmentally benign procedure. The general synthetic
procedure is illustrated in Figure 1.
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Figure 1. Schematic representation of the synthesis of zeolite nano-
crystals in confined voids formed by polymer spheres: a) the emulsion
with monodisperse polymer spheres, b) the aluminosilicate and titano-
silicate gels are homogenously mixed with the emulsion, c) crystalliza-
tion of zeolite nanocrystals, d) confined growth of zeolite nanocrystals
in the voids controls the final size of the zeolite nanocrystals, e) the
polymer spheres are dissolved to give a mixture of zeolite nanocrystals
and polymer solution, f) separation of the polymer solution from the
zeolite nanocrystals by centrifugation and washing, g) isolated zeolite
nanocrystals, and (f)— (a) the solution of polymer chains is trans-
formed into polymer spheres by evaporation of the solvent.

Figure 2 shows X-ray diffraction (XRD) patterns of ZSM-
5 nanocrystals synthesized with various contents of polymer
spheres. Notably, the XRD peaks of all samples are character-
istic of ZSM-5 crystals, but the peaks become progressively
weaker with increasing content of polymer spheres in the
synthesis. This indicates that the size of the zeolite nano-
crystals decreases with the increasing content of polymer
spheres.

Figure 3 shows scanning electron microscopy (SEM)
images of polymer spheres and ZSM-5 nanocrystals synthe-
sized at various contents and diameters of polymer spheres.
The zeolites have crystal sizes of around 60-500 nm (Fig-
ure 3b-f), and each zeolite sample has an almost uniform
crystal size. For example, when the content of polymer
spheres with a diameter of 340 +20 nm in the synthesis (see
the Experimental Section) is 7.5 g, ZSM-5(7.5) has a crystal
size of around 60 nm (Figure 3 f), and when the content of the

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

polymer spheres

www.angewandte.de

T
5 10 15 20 25 30 35 40
26/°

Figure 2. XRD patterns of nanosized a) ZSM-5(1.5), b) ZSM-5(3),
c) ZSM-5(6), and d) ZSM-5(7.5) zeolites.

200 nm

Figure 3. Field-emission SEM images of a) polymer nanospheres
b) ZSM-5(1.5-500), c) ZSM-5(1.5), d) ZSM-5(3), e) ZSM-5(6), and
f) ZSM-5(7.5) zeolites.

same polymer spheres is 1.5 g in the synthesis, ZSM-5(1.5) has
a size of about 340 nm (Figure 3¢). A content of polymer
spheres with a diameter of 500 +30 nm of 1.5 g results in
ZSM-5(1.5-500) with a size of around 500 nm (Figure 3b),
and a content of the same polymer spheres of 3.0 g leads to
ZSM-5(3-500) with a size of about 300 nm (see the Support-
ing Information). More importantly, the polymer spheres
used for the synthesis of zeolite nanocrystals could be
recycled.® (For an example of an SEM image of monodis-
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perse polymer spheres (~ 350 nm) synthesized from recov-
ered polymer chains, see the Supporting Information).

Furthermore, transmission electron microscopy (TEM)
studies of these zeolite samples confirm that they have
uniform nanocrystals with high crystallinity. For example, a
TEM image of ZSM-5(1.5) shows very uniform nanocrystals
(see the Supporting Information).

Figure 4 shows N, adsorption/desorption isotherms of
calcined ZSM-5 samples, and textural parameters are pre-
sented in Table 1. Notably, the samples exhibit a steep rise
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Figure 4. N, adsorption/desorption isotherms of nanosized

a) ZSM-5(1.5), b) ZSM-5(3), c) ZSM-5(6), and d) ZSM-5(7.5) zeolites.
Isotherms b), ), and d) are offset by 100, 220, and 390 cm®*g™",
respectively, along the vertical axis for clarity.

Table 1: Calculated and experimental size of zeolite nanocrystals synthe-
sized in confined voids formed by polymer spheres.

Sample Polymer  Exptl crystal Calcd crystal BET surface
content [g] size [nm]®  size [nm]®  area [m?g™]
ZSM-5(1.5) 1.5 340430 340420 489
ZSM-5(3) 3.0 200420 200412 496
ZSM-5(6) 6.0 90438 8944 516
ZSM-5(7.5) 7.5 60+6 5844 521
ZSM-5(1.5-500) 1.5 500440 500430 438
ZSM-5(3-500) 3.0 300+£30 294+£18 490

[a] Experimental crystal size was measured by SEM. [b] Calculated crystal
size=2R, (R, is calculated by the equation R,=[2.29M; '*—1]R,, in
which M; = polymer content and R,=radius of a polymer sphere).

followed by flat curves at low partial pressures that are typical
Langmuir curves. These results are reasonably assigned to
complete filling of the micropores with N,. Additionally, the
samples also show quite narrow hysteretic uptakes at high
partial pressures, which are assigned to mesopores formed by
the aggregation of ZSM-5 nanocrystals. Interestingly, the
BET surface area of the samples is relatively high compared
with that of conventional ZSM-5 samples (Table 1). This
further supports the fact that the zeolite ZSM-5 nanocrystals
have small crystal sizes.

The synthesis of ZSM-5 nanocrystals of various sizes
should be attributed directly to the use of various contents of
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polymer spheres because during synthesis all other parame-
ters, such as temperature, time, template, pH value, and
composition, are completely the same. Therefore, we suggest
that the ZSM-5 nanocrystals crystallize in the confined voids,
and the size of ZSM-5 nanocrystals should depend on that of
the confined voids, which could be adjusted by the content of
polymer spheres in the synthesis. The model of adjustable
confined voids is proposed in Figure 5 (confined voids are
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Figure 5. Proposed model of confined voids for crystallization of
zeolite nanocrystals.

simplified as spherelike and polymer spheres are considered
as hard, inflexible, and relatively actionless balls in the
solution). According to this model, the relationship between
the radius of a confined void R,, the radius of a polymer
sphere Ry, and the total weight of polymer spheres M is given
by Equation (1).

R, ~ 229 M *-1] R,FT (1)

Clearly, the radius of the confined voids depends on the
content and radius of the polymer spheres, and the confined
voids can be designed and size-controlled by means of these
parameters of the polymer spheres in the synthesis of zeolites.
Figure 6 shows the good agreement between the size of
zeolite nanocrystals calculated by Equation (1) and the
experimental size of zeolite nanocrystals measured by SEM.
This indicates that the size of zeolite nanocrystals can be
simply designed and controlled by means of the adjustable
voids formed by monodisperse polymer spheres.
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Figure 6. Plots of experimental crystal size of zeolite nanocrystals
observed by SEM versus the simulated crystal size of zeolite nanocrys-
tals estimated by a mathematical model of the confined voids

(Figure 5 and the Supporting Information).

The synthesis of zeolite nanocrystals in confined voids is
not limited to ZSM-5; zeolites such as A, X, Y, L, MOR, f,
and TS-1 can also be synthesized. For example, samples of
zeolite § with sizes of about 340 and 60 nm were synthesized
at contents of polymer spheres of 1.5 and 7.5 g, respectively
(Figure 7), and zeolite TS-1 with a size of around 200 nm was
obtained at a content of polymer spheres of 3.0 g (see the
Supporting Information). The strategy reported herein pro-
vides a unique, effective, and potentially general approach for
the synthesis of zeolite nanocrystals and the other nano-
crystals with controllable size under hydrothermal conditions.

Experimental Section

The monodisperse polymer spheres were supplied by BASF, and
zeolite nanocrystals with various sizes were synthesized with varying
contents of the polymer spheres.

Typical synthesis of ZSM-5 nanocrystals: 1) Aluminosilicate gel
was prepared by mixing aqueous tetrapropylammonium hydroxide
(TPAOH) solution (25%; 5mL) with H,O (5mL), followed by
addition of 0.3 g of AL(SO,);18H,0 (0.3 g) and tetraethyl orthosi-
licate (TEOS; SmL) with stirring (AlLO,/SiO,/TPAOH/C,H;OH/
H,0 molar ratio of 1.0:30:8:120:1500). The mixture was then aged at
140°C for 3 h to form the aluminosilicate gel. 2) An emulsion (5 mL)
containing 1.5, 3, 6, or 7.5 g of the polymer spheres with an average
size of around 340 nm was mixed with the aluminosilicate gel
(containing 60 mmol of SiO,. 5 mL) obtained in step 1. The mixture
was stirred at room temperature for 4 h, then transferred into an
autoclave for further reaction at 140°C for 96 h. 3) The crystallized
product was treated with ethyl acetate, followed by washing by water,
centrifugation, drying, and ultrasonic redispersion in water until the
polymer was completely washed away. The final products are denoted
ZSM-5(1.5), ZSM-5(3), ZSM-5(6), and ZSM-5(7.5), in which the
number in parentheses is the content of polymer spheres in the
synthesis. 4) The calcined samples were heated at 550°C for 4 h to
remove the TPA*' template

Zeolite $(1.5) and B(7.5) samples were synthesized with polymer
spheres (1.5 and 7.5 g) with a diameter of about 340 nm at a molar
ratio of AlL,O,/SiO,/TEAOH/H,0 of 1.0:60:25:800, and TS-1(3) was
prepared with polymer spheres (3.0 g) with a diameter of about
200 nm at a molar ratio of TiO,/SiO,/TPAOH/C,H;OH/H,O of
1.0:30:8:120:375. Similarly, samples of ZSM-5(1.5-500), ZSM-5(3.0—
500), and B(7.5-500) (see the Supporting Information) were synthe-
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Figure 7. Field-emission SEM images and XRD patterns (inset) of
nanosized a) $(1.5) and b) B(7.5) zeolites.

sized with polymer spheres (1.5, 3.0, and 7.5 g) with a diameter of
around 500 £ 30 nm.

XRD patterns were obtained on a Siemens D5005 diffractometer
by using Cug, radiation. SEM experiments were performed on a JSM-
6700F electron microscope (JEOL, Japan). TEM experiments were
performed on a JEM-3010 electron microscope (JEOL, Japan) with
an acceleration voltage of 300 kV. The nitrogen adsorption and
desorption isotherms at liquid-nitrogen temperature were measured
on a Micromeritics ASAP 2020M system. The samples were degassed
for 10 h at 300°C before measurements. The Si/Al and Si/Ti ratios of
the samples were measured on a Perkin-Elmer 3300DV ICP and by
chemical analysis.
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Combining Equations (6)-(8) gives the following equation:
R, =[(2/3") (k Vi My) "~ 1] R, ©)

in which k=0.7405, V=10 mL, and p,=1.046 mLg~!. There-
fore, the relationship between R,, R, and My is:

R,~[229M; P~1]xR, (10)
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