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Various nanozeolites microspheres with uniform diameters from 3 ton8were prepared by a
polymerization-induced colloid aggregation method. The obtained nanozeolite microspheres possess a
regularly spherical morphology and a large and adjustable secondary pore architecture that are believed
to be useful in the separation of biomolecules. Moreover, the nanozeolite microspheres well retain the
properties of the original colloidal nanozeolites and exhibit similar advantages to those of zeolite
nanoparticles in protein adsorption. More importantly, the large secondary pore sizé(Q(1Bn) of
nanozeolite microspheres has been proven to have little limiting effect on the adsorption rate of various
proteins, and a saturated adsorption is achieved even within 10 min, which may also facilitate microspheres’
applications in catalysis involving diffusion limitations.

1. Introduction nanocrystals have been applied to enrich and directly identify
o . trace peptides and proteins by matrix-assisted laser desorption
Because of the combination of the shape-selectivity of iz ation-time-of-flight mass spectromethas well as to
micropores, acid catalytic activity, and thermal/hydrothermal jmopilize enzymes for use in biosensors because of their
stability, zeolites have been widely used as heterogeneousy ge adsorption capacity and proper interactions with
catalysts and gdso_rbents in the field of oil refining and N proteins and enzymésn addition, through a uniform outer-
the petrochemlcal mdustﬁyln.the past decade, nanosized ¢ face grafting, metal-ion-immobilized zeoljfenanopar-
zeolites have attracted considerable atteffidrecause of  ijes could further be used to isolate and identify phospho-
their poten_tlal advan_tages m_both the solution of diffusion peptides from protein digestdvioreover, the thermal, acidic/
problems in catalysis involving large molecules and the gajine; and attrition stabilities of zeolite materials would
preparation of zeolitic structured materials with a hierarchical 410w them to be applied under some severe condiffons.
porosity. Recently, a series of characteristic surface propertiesHowever, in many practical bioapplications such as chro-

of nanozeolites was explored in our group, such as a largemaiographic separation, the nanozeolites cannot be directly

external surface area, tunable surface charges, abundanseq pecause of their small size and, consequently, a high-
exposed active sites, and a high self-dispensability in both pressure drop; although, Sakaguchi efediave predicted

aqueous and organic solutions, which may open up POS-inat zeolite materials should be much better chromatographic
sibilities for some unconventional applications, especially g riers than the hybrid silica. To overcome this problem,

those involving biomacromolecules. For example, zeolite \ye have electrostatically adsorbed nanozeolites on the surface
of disklike diatomites and found that the €eexchanged
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obtaining a homogeneous, rapid adsorption and desorptionof urea, and 5Q:L of a HCI solution (36 wt %) were added in
behavior. Recently, some micrometer-sized hollow zeolite sequence, and the resultant mixture was stirred until the urea was
spheres have been fabricated through adsorbing the zeolit€ompletely dissolved. Afterward, 3g4. of a formaldehyde solution
nanocrystals onto the removable spherical hard templates. (38 Wt %) was added under stirring, and a white precipitate was
However, the mechanical strength of the obtained materialsgenpfrated within several seconds. After being statically placed at
was too low for most practical applications. Although the 2TPient temperature (ca. 26) for 1, the product was recovered

. . by filtration, washed with distilled water and ethanol, and dried at
secondary hydrothermal treatment could improve their me- 60 °C. Finally, the sample was calcined in air at 78D for 3 h
chanical strengt® the characteristics of ngnozeolltes would \ith a heating rate of 1C min* to remove the ureaformaldehyde
be lost because of the growth of the zeolite crystals. For the polymer and the organic templates in the nanozeolites.
purpose of optimizing the catalytic performance and the 2.3, Adsorption and Adsorbing Dynamics Processes of
convenience of handling, Sterte and co-workerfirst Proteins in Nanozeolite Microspheres.2.3.1. Experiment of
prepared mesoporous solid zeolite spheres with a diametelAdsorbing Proteins (Ferritin, @albumin, and Lysozymel total
of several-hundred micrometers by in situ crystallization of of 2.0 mg of nanozeolite microspheres was dispersed in 1.0 mL of
the colloidal precursor of zeolites containing the macroporous @ 20 mM phosphate buffer solution (PBS) containing 1.0 mgnL
anion-exchange resin beads. In this paper, a universal ancPf Protein at different pH values (from pH 2 to 12) and kept in a
simple processing method called polymerization-induced water bat_h at 37C for 1 h. The_ adsorption amount of the protelns_
colloid aggregation (PICA} is first employed to prepare was obtained through measuring the UV absorbance of the protein

nanozeolite microspheres with various compositions and solution atl = 280 nm before and after adsorption. For comparison,
. . P . P the adsorption behavior of zeolite nanocrystals for proteins was
uniform diameters of 38 um, which well match the

. ) . S also determined as follows. A total of 14 of a 10 mg mL?
optimum size for most chromatographic applications. The panozeolite suspension was dispersed in 0.5 mL of PBS containing
as-synthesized nanozeolite microspheres feature a uniformg 0.1 mg m:! protein solution at different pH values and kept in
spherical morphology and a large and adjustable secondarya water bath at 37C for 1 h. The adsorption amounts of the proteins
pore architecture. More importantly, the polymeric shaping at different pH values were measured by the method mentioned
process from dispersed zeolite nanoparticles to nanozeoliteabove. To accurately calculate the adsorption amount, a calibration
microspheres well maintained the characteristic propertiescurve was created by using a series of protein solutions with
of colloidal nanozeolite crystals, such as a high adsorption different concentrations in 20 mM PBS at pH 7.0 before measure-
capacity and a rapid adsorption rate for proteins even with Ment _ _ _ _

high molecular weights, which are expected to be useful in __2-3-2- Experiment of Adsorbing Dynamics of ProteiAgtotal

the adsorption and separation of proteins with a wide range ' 2:0 ™9 ©f rj?nozeo_llte microspheres was dispersed in 1.0 mL of
. a 1.0 mg mL? protein solution buffered at pH 8 for lysozyme
of molecular weights.

adsorption and pH 5 for ferritin adsorption, respectively, and kept
in a water bath at 37C for 2, 10, 20, 30, 50, 80, and 120 min. The
2. Experimental Section adsorption amount of the protein at different adsorption times was
obtained through measuring the UV absorbance of the protein
solution atA = 280 nm as mentioned above.

2.4. Characterization. SEM and transmission electron micro-
scopic (TEM) studies of nanozeolite microspheres were performed
on Philips XL 30 and JEOL 200 apparatuses with accelerated
voltages of 20 and 200 kV, respectively. The thermogravimetric
and differential thermal analysis (FEDTA) of the samples was
performed on an Sll TG/DTA 6200 apparatus from room temper-
ature to 800°C at a heating rate of 1C min~t in the air. The N
sorption isotherms of the samples were measured by using a

2.2. I_:abncatlon of Nanozeqllte Mlcrospheres.The typical Micromeritics TriStar 3000 system at liquid-nitrogen temperature.
synthesis process of nanozeolite microspheres was as follows. Aqy o crystalline type of zeolites was characterized by XRD on a

total of 1.1 g of & 10_0 _mng zeolite nanocrystals suspension was Rigaku D/max-llA diffractometer with Cu ¥ radiation at 40 kV
added to 4 mL of distilled water. Then, 0.38 g of ethanol, 0.34 g and 20 mA. The UV absorbance of the protein solution was

recorded on a Shimadzu UV-2450 spectrophotometer.

2.1. Materials. Formaldehyde (38 wt %), urea, hydrochloric acid
(36 wt %), and ethanol were obtained from Shanghai Chemical
Reagent Company. Lysozyme (14.3 kDa), ovalbumin (43 kDa),
and ferritin (440 kDa) were purchased from Aldrich. All of the
chemicals were directly used without further purification. Zeolite
nanocrystals 4, ZSM-5, and silicalite-1) were hydrothermally
synthesized according to previous repéft$he particle size and
crystalline structure of the nanozeolites were determined by
scanning electron microscopy (SEM) and X-ray diffraction (XRD).
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Caruso, F.; Zhang, B.; Mann, &hem. Mater200Q 12, 2832. 3. Results and Discussion
(10) (a) Valtchev, VChem. Mater2002 14, 956. (b) Valtchev, VChem. . . . .
Mater. 2002, 14, 4371. 3.1. Fabrication of Nanozeolite MicrospheresFigure 1
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J. J. U.S. Patent 3,782,075, Jan 1, 1974. (c) Unger, IRdfous Silica it — i i i
Eisevier Press: New York. 1979 Chapter 2. nanozeol!tqﬁ polymer hybrid rmcrosphere; fabricated from
(13) (a) Camblor, M. A.; Corma, A Mifsud, A.; Perez-Pariente, J.. Nnanozeolitgd (80) under the typical synthesis process. It was

Valencia, SStud. Surf. Sci. Catall997 105, 34. (b) Persson, A. E.; found that the product could be recovered 1 h and

Schoeman, B. J.; Sterte, J.; Ottesstedt, Zdnlites1994 14, 557. ; ;
(c) Persson, A. E.; Schoeman, B. J.; Sterte, J.; OttesstediZéskites possesses a regularly spherical morphology with a very

1994 15, 611. uniform diameter of um and a rather smooth surface. The



Uniform Nanozeolite Microspheres Chem. Mater., Vol. 18, No. 7, 20@%3

and 650°C may correspond to the decomposition of organic
species or templates in the micropores of nanozeolite. There
was no weight loss above 65Q, indicating that the polymer
and organic template in the hybrid microspheres have been
completely removed below this temperature. Figure 2c shows
the product after completely removing the polymer and
organic template. The resultant nanozeolite microspheres well
retained the regularly spherical morphology of the original
hybrid microspheres except for a small shrinkage of diameter
from 7 to 6.3um. Because of the removal of the organic
component, the zeolite nanoparticles could be clearly ob-
served on the surface of the calcined microspheres (Figure
2c). The TEM image (Figure 2d) clearly indicates that the
k: obtained microspheres are composed of interlinked nanozeo-
Figure 1. SEM images of (a) zeolit§ (80), (b) 8 (50), (c) silicalite-1 lite particles, which self-support the intact spherical morphol-
(80), and (d) ZSM-5 (150). The scale bars argri. ogy of the product. Furthermore, the 3D-connected large
mesoporosity between the nanozeolite particles could also
be clearly distinguished on the peripheral zone of the
microspheres. More importantly, the product exhibited a good
mechanical stability. No damage or collapse of the nanozeo-
lite microspheres could be observed even under a rigorous
, ultrasonication for about 30 min.
@ 100 200 300 400 500 600 T SO0

Temperature (°C) The N, sorption isotherms of nanozeolitie(80) micro-
S spheres are shown in Figure 3a. A large hysteresis loop is
observed at a high relative pressug#pg), revealing the
presence of large mesopores in the nanozeglitaicro-
spheres. The total BrunaueEmmett-Teller surface area
of the product is 578 ing~?, while the micropore area and
external surface ared plot) are 414 rhig! and 164 M
i g%, respectively, indicating that the nanozeolite component
o o is well-crystallized and has an abundant exposed surface area.

Figure 2. SEM image (a) and TG-DTA curves (b) of the nanozeelite ; iotri ; ;
polymer hybrid microspheres obtained from zeofit¢80). SEM (c) and The pore diameter distribution curve derived from the

TEM (d) images of the nanozeolitd (80) microspheres obtained by ~ Barret-Joyner-Halenda (BJH) model displays a clear
calcining the nanozeolitepolymer hybrid microspheres in part a. The scale  secondary porosity with a diameter ranging from 20 to 75
bars in the SEM images are;an. nm (Figure 3a, inset), which is believed to be advantageous
prolonging of the reaction time has little influence on the for the adsorption and separatipn of.Iarge biomolecules. The
morphology of the product. The TEDTA plot (Figure 2b) XRD p_attern of the nanoz.eohtel microspheres proves the
of the prepared nanozeolifz(80)—polymer hybrid micro-  crystalline structure of zeolitg (Figure 3b).

spheres in air has three weight-loss steps. The first one, Two factors were found to be important for the fabrication
appearing below 108C, could be assigned to the desorption of nanozeolite microspheres. One is the content of the
of water. The second steep step, accompanied by a largenanozeolite particles in the initial synthesis solution, which
endothermic peak between 200 and 28D, could be greatly influences the morphology of the final product. Figure
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Figure 3. N sorption isotherms (a), pore diameter distribution (a, inset), and XRD pattern (b) of the nanqgz€8@jemicrospheres.
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Figure 4. Relationship (A) of the sizes of nanozeolit¢80) microspheres
before (a) and after (b) calcination with the content of nanozeolite in the

original synthesis solution. Parts B and C represent the typical SEM images
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Figure 5. N sorption isotherms and pore diameter distribution (inset) of
the nanozeolit¢g (50) microspheres.

nanozeolite microspheres before and after removing the
polymer. Obviously, both of the sizes and the shrinkage ratios

during calcination of nanozeolite microspheres vary with the

content of nanozeolites in the initial synthesis system. When

the nanozeolite content is lower than 10 mg thLthe

amount of nanozeolite incorporated into the hybrid micro-
spheres is insufficient to support their spherical structure,
which leads to a remarkable shrinkage and even a collaps
of their spherical morphology after calcination (Figure 4B).
In contrast, if the content of nanozeolite exceeds 25 mg
mL~1, the size of the nanozeolite microspheres would

abruptly increase, and the nanozeolite particles cannot be
completely incorporated into the composite microspheres

during the ureaformaldehyde polymerization. Some re-

sidual zeolite nanocrystals were clearly observed in the final
product (Figure 4C). When the content of nanozeolites in
the original synthesis solution is between 10 and 25 mg
mL~%, the spherical morphology of the product could be well
retained after calcinations. Moreover, with the increasing

content of nanozeolites in the synthesis solution, the shrink-
age ratios of the product during calcination decrease while
their compact degree and mechanical stability increase. The
product with the smallest shrinkage ratio and the highest
mechanical stability was obtained at the nanozeolite content

Kang et al.

of 17 mg mL* (Figure 2c). The second key factor for the
fabrication of nanozeolite microspheres is the size of the
zeolite nanopatrticles, which determines the secondary pore
size of the final product. For example, when the size of
zeolite nanocrystals decreased from 80 nm (Figure 1a) to
50 nm (Figure 1b), the most probable secondary pore
diameter of the product decreased from 51.9 nm (Figure 3a,
inset) to 31.7 nm (Figure 5, inset). Because the mesoporous
structure in the final nanozeolite microspheres is resulted
from the accumulation of the nanozeolite particles, we could
easily adjust it via employing nanozeolite particles with
different sizes.

Besides, the acidity of the initial solution could also affect
the formation of nanozeolite microsphere. Generally, the size
of nanozeolite microspheres decreases with the increasing
acidity of the synthesis solution. The polymerization of urea
formaldehyde can be catalyzed by atidnd thereby, a high-
er degree of acidity would lead to a high polymerization rate.
As a result, with increasing acidity, the number of hybrid
microspheres increases, but their size decreases. However,
an excessively high acidity would lead to the separation of
nanozeolites from polymers in the product because of the ex-
tremely fast polymerization rate, whereas too low of an acid-
ity would cause the incomplete polymerization of uréarmal-
dehyde. Therefore, taking the size and morphology of nano-
zeolite microspheres into consideration, the appropriate acid-
ity, that is, the amount of HCI solution (36 wt %) added in
the synthesis solution, is in the range from 10 tgdOmL .

This approach is also applicable to other types of nanozeo-
lites with medium or high Si/Al ratios, such as silicalite-1
(Figure 1c) and ZSM-5 (Figure 1d). The products obtained
by the aforementioned typical synthesis process are shown
in Figure 6B and C. The corresponding patrticle size, surface
area, pore volume, and secondary pore diameter distribution
of various nanozeolite microspheres are listed in Table 1.
Their crystalline structures are proved by their XRD patterns
(Figure 6D). It is clear that their textural properties depend
on both the type and the size of zeolite nanocrystals. The
influence of the type of nanozeolites on the size of the final
product may be attributed to the different surface properties
of various nanozeolites (Figure 6 and Table 1).

3.2. Adsorption of Proteins in Nanozeolite Micro-
spheresAs it has been pointed out, nanozeolite crystals have

%een suggested as promising candidates for the enrichment

and immobilization of proteins and enzymes because of their
large external surface area and adjustable surface proper-
ties*®> However, in most of the applications, a shaping
process is desired to assemble the zeolite nanocrystals into
the aggregates without losing their original characteristics.
To reveal the influences of such a shaping process on the
properties of nanozeolite crystals, herein, three proteins with
different molecular weights and sizes, lysozyme (14.3 kDa),
ovalbumin (43 kDa), and ferritin (440 kDa), were selected
as model proteins to study the protein adsorption behavior
of the synthesized nanozeolite microspheres.

Figure 7a shows the adsorption amounts of three proteins
in nanozeolitgs (80) microspheres under different pH values.

(14) Liu, G. Q.; Yu, Z. L.Chromatography Column Technigu&éhemical
Industry Press: Beijing, 2002; Chapter 4.
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Figure 6. SEM images of nanozeolite microspheres derived from zefl{t&0) (A), silicalite-1 (B), and ZSM-5 (C) nanoparticles and their XRD patterns
(D). The three XRD patterns in D correspond to the nanozeolite microspheres of pe(@d¢ (a), silicalite-1 (b), and ZSM-5 (c), respectively. The scale
bars in the SEM images and their insets are 5 apain? respectively.

Table 1. Textural Properties of Various Nanozeolite Microspheres

nanozeolite type Dmicrospherd Dsecondarypor% Amicroporé Aexternalsurface Vmicroporéj Vmesopmg
(size /Inm) fum /nm /m2g~t /m2g-t /lem3gt /lemigt
A (80) 6.3 51.9 414.9 164.6 0.18 1.17
B (50) 5.8 31.7 401.8 218.9 0.18 1.37
silicalite-1 (80) 3.3 40 321.7 174.5 0.14 0.68
ZSM-5 (150) 5.0 75 251.6 172.6 0.11 0.45

a Diameter of nanozeolite microsphefaviost probable diameter of the secondary pore in nanozeolite microsghdieropore area and external surface
area of nanozeolite microsphere calculated by t-plot metfibticropore and mesopore volumes of nanozeolite microspheres obtained by t-plot method and
desorption data using BJH model between 1.7 and 300 nm width, respectively.

because of electrostatic repulsion. The proteins with a lower pl

?‘} :I:‘)esl'ri[in y %} b :Fen’inl:m 7 Y "
2300 fL;g:::::‘ E300{ ° 5 il only have net positive charges under acidic conditions, where-
E,, ' ' § - 5 as the proteins with a higher pl have a positive charge in a
g"m £ 1 wide pH range. Therefore, two different adsorption behaviors
£ 100 Eioo were observed according to the pl values of the proteins.
£ § ; More notably, for the proteins with a relatively low molecular
g0 : g 2 T2 Y § T8 10 weight (or volume), the hierarchically structured nanozeolite
pH P microspheres possess a similar protein adsorption amount

Figure 7. Adsorption amount of ‘three mc_)del proteins with different to that of the dispersed zeolite nanocrysta|s (Figure 6b), im-
molecular weights in the nanozeolijfe(80) microspheres (a) and on the

dispersed zeolit@ (80) nanoparticles (b) under different pH values. The plylng that _thIS shape-processmg process h_ardly mﬂu_ences
protein/nanozeolite ratio during adsorption is 0.5 (w/w). the adsorbing performance of the nanozeolites; that is, the

secondary pore formed during the shape processing is large
Obviously, the nanozeolite microspheres display different enough for the accommodation of proteins with a relatively
adsorption behaviors for the different proteins. Similar to small size. However, for the protein with a very large size
the dispersed zeolite nanocrystals (Figure 7b), nanozeolite(e.g., ferritin), its adsorption amount in nanozeolite micro-
microspheres have a large adsorption capacity under acidicspheres (Figure 7a) is a little lower than that in the colloidal
conditions for the proteins with a lower isoelectric point (pl) zeolite nanocrystals probably because of the spatial limitation
(e.g., ovalbumin, pk 4.6; ferritin, pl= 4.5), while the re- of the secondary pore (Figure 7b).
markable adsorption of proteins with a higher pl (e.g., lyso-  To give a comprehensive picture for the effect of the
zyme, pl= 11.0) occurs in a wide pH range. This phenom- shaping process on the protein adsorption behaviors on the
enon could be explained by the interaction of the positively nanozeolite microspheres, the adsorbing dynamics of two
charged proteins (at a pH below their pl) and the negatively typical proteins in nanozeolitg (50) microspheres were
charged surface of nanozeolites, which could help proteinsfurther investigated. Figure 8 displays the adsorption amount
to be adsorbed on the nanozeolites via electrostatic attrac-curves of lysozyme (14.3 kDa) at pH 8 and ferritin (440
tion.” When the pH of the solution is above the pl of the kDa) at pH 5 in the nanozeoli{g (50) microspheres. Both
proteins, the proteins will carry a negative charge, which of the proteins present an amazing adsorption rate in the
would prevent the protein’s adsorption on the nanozeolites nanozeolite microspheres even if the nanozeolite micro-
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4. Conclusions
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t7 e In conclusion, various types of dispersed zeolite nanoc-
' rystals have been assembled into uniform nanozeolite mi-
crospheres with a secondary porosity through a PICA
method. The obtained nanozeolite microspheres feature a
uniform spherical morphology and a large and adjustable
secondary pore architecture. They provide the greatest degree
—=—Ferritin of retainment for the properties of the original nanozeolites
-a- Lysozyme and thereby have a protein adsorption amount similar to that
0 2'0 4'0 6I0 8I0 1(')0 12'0 of the dispersed nanozeolites. Furthermore, the open pore
structure of the nanozeolite microspheres, that is, the large
_ _ N ~ diameter of the secondary pore (larger than 30 nm), leads to
T B e . by @ 1apid adsorption rate for proteins with a wide range of
nanozeolite ratio during adsorption is 0.5 (w/w). molecular weights from 14 to 440 kDa, which would provide

_ _ _ a new material for the separation and immobilization of
spheres with a relatively smaller fecondary pore size (31.7yarious proteins. Additionally, the nanozeolite microspheres
nm) were used here. Almost 90% of the proteins can be 56 4150 believed to find their applications in catalysis

involving diffusion limitations owing to their uniform

adsorbed into nanozeolite microspheres in less than 2 min,
and a saturated adsorption was achieved within 10 min. Such : .
spherical morphology and abundant secondary porosity.

a rapid adsorption rate is similar to that on the dispersed
zeolite nanocrystals, indicating that the space structure of
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