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Effect of Synthesis Time on Morphology of Hollow Porous Silica Microspheres
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Hollow porous silica microspheres may be applicable as containers for the controlled release in drug delivery systems
(DDS), foods, cosmetics, agrochemical, textile industry, and in other technological encapsulation use. In order to control
the surface morphological properties of the silica microspheres, the effect of synthesis time on their formation was
studied by a method of water-in-oil (W/O) emulsion mediated sol-gel techniques. An aqueous phase of water,
ammonium hydroxide and a surfactant Tween 20 was emulsified in an oil phase of l-octanol with a stabilizer,
hydroxypropyl cellulose (HPC), and a surfactant, sorbitan monooleate (Span 80) with low hydrophile-lipophile balance
(HLB) value. Tetraethyl orthosilicate (TEOS) as a silica precursor was added to the emulsion. The resulting silica
particles at different synthesis time 24, 48, and 72 hours were air-dried at room temperature and calcinated at 773 K for
3 hours. The morphology of the particles was characterized by scanning electron microscopy and the particle size
distribution was measured by laser diffraction. The specific surface areas were studied by 1-point BET method, and pore
sizes were measured by Image Tool Software. Both dense and porous silica microspheres were observed after all three
syntheses. Hollow porous silica microspheres were formed at 24 and 48 hours synthesis time. Under base catalyzed sol-
gel solution, the size of silica particles was in the range of 5.4 um to 8.2 um, and the particles had surface area of

111 m*/g—380 m*/g. The longer synthesis time produced denser silica spheres with decreased pore sizes.
Keywords: silica, hollow porous microspheres, synthesis time, sol-gel, water-in-oil emulsion.

INTRODUCTION

In recent years, hollow porous micron or nanosized
silica spheres have attracted great attention from both
industry and academies due to the increasing applications
of controlled release in pharmaceutics, cosmetic, food and
coating industry [1—5]. Controlled release is a key
function in drug delivery systems (DDS), in which a core-
shell structure of the particles is formed by the encapsula-
tion technique. The core materials may include drugs,
enzymes, inks, dyes, vitamins and proteins [1,2, 6—7].
Typically the encapsulating carriers/shells have been
organic compounds, such as polymers [8,9]. However,
many polymers may decompose under acidic conditions so
that the core materials lose their protection and will be
exposed to the environment [10]. Hence, the inorganic
oxides like amorphous silica are developed as encapsulat-
ing carriers in order to overcome the limitations of
polymers [11]. Hollow silica microspheres with mesopor-
ous structure (pore size 2nm-—50nm) are particular
interesting due to their distinguished properties including:
light weight, low density, large specific surface area,
mechanical and thermal stability, surface permeability,
optical transparency, chemical and biological compatibility
[2,6,7,12—-14]. The hollow silica spheres have a high
storage capacity as their core is acting as a “molecular
reservoir”. The direct encapsulation and storage of water
soluble molecules into silica microcapsules can be
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achieved using the water phase in a W/O emulsion as a
container, forming an emulsion prior to addition of TEOS
[14]. Furthermore, with the controlled pore size they also
have desired release properties.

There has been a variety of approaches developed to
fabricate hollow spheres of various compositions. These
include nozzle reactor processes (spray drying or pyroly-
sis) [2, 15, 16], sol-gel/emulsion method [1, 2, 14, 17—18],
sacrificial core techniques [7,19], and layer-by-layer
deposition [20]. Among these methods, hollow porous
silica spheres prepared by sol-gel/emulsion method pre-
sents the most effective and economical solution [14]. By
it the characteristic features of particles, e. g. particle shape
and size, pore size, density, and micro or nanostructure,
can be tailored by controlling the kinetics of reaction,
especially the process of hydrolysis and condensation.
Furthermore, the sol-gel/emulsion method takes place with
simple facilities at ambient condition, thus offering a cost-
saving process [1, 6, 10, 14].

The sol-gel technique is defined as a wet-chemical
process to produce inorganic and hybrid materials at low
temperatures [21—23]. Typically the process starts from
metal precursors, such as Si alkoxides, and undergoes a
series of hydrolysis and condensation under acid or base
catalysts [23—25]. The hydrolysis reaction involves the
replacement of alkoxy groups (OR) by hydroxo ligands
(OH) (Eq. 1), and the subsequent condensation creates
either water or alcohol to produce silicon dioxide (Egs. 2
and 3) [24].

=Si—OR + H,0 «> =Si-OH + ROH, (1



where R is an alkyl group, C,Hyp41 .
=Si-OR + HO- Si= « =Si-O-Si=+ ROH . (2)
=Si—-OH + HO- Si= « =Si-0- Si= + H,0 . 3)

The sol-gel synthesis undergoes either at base or acid
catalyst. The rate of hydrolysis exhibits a minimum at
pH 7, and increases when the pH is smaller or higher than
7 [24]. In contrast, the rate of condensation exhibits a
minimum around pH 2, obtains a maximum at pH 7 and
starts to decline at pH > 7. Thus, acidic catalyzed sol-gel
solution exhibits high rate of hydrolysis, and it tends to
form homogeneous particles with loose and open structure
that collapses upon drying. At base catalyzed solution,
hydrolysis is hindered to some extent but high rate of
condensation is promoted. This produces the middle
products oxopolymers, hence, leading to inhomogeneous,
cross-linking and dense structure [14, 24, 25]. The partially
hydrolyzed middle product Si(OR), ,(OH), can link
together in a condensation reaction (Egs. 4 and 5), and
produce larger silicon containing molecules as the
polymerization proceeds [24]:

(OR);Si-OH + HO-Si(OR); —

— (OR);Si~O-Si(OR); + H,0 (4)
or

(OR);Si-OR + HO-Si(OR); —

— (OR);Si-O-Si(OR); + ROH . (5)

Emulsion is a heterogeneous systems consisting of at
least two liquids, in which one liquid phase in the form of
droplets is dispersed into another in the presence of
surfactants or polymers [2, 6, 26]. The emulsion system is
stabilized by adsorbing surfactants or polymers onto the
interfaces between immiscible phases [18]. There is a
variety of emulsion systems, such as oil-in-water (O/W),
water-in-oil (W/O), water-oil-water (W/O/W), and oil-
water-oil (O/W/O) [10, 26]. The most common emulsion
systems in synthesizing solid or hollow silica particles are
oil-in-water (O/W) and water-in-oil emulsions (W/O) [26].
In sol-gel/emulsion method, silica particles are prepared
via the emulsion droplets acting as microreactors for the
hydrolysis and condensation reactions of Si alkoxides
[10, 14, 27]. The balance of thermodynamic and kinetic
mechanism is influenced by a number of processing
factors, including: water-to-alkoxide ratio, type and
amount of the catalysts, type and amount of the
surfactants, type of the solvents, calcination temperature
and time. Consequently these factors contribute to the
resulting properties and surface morphology of silica
particles.

The size of silica particles greatly depends on the
emulsion parameters, such as type and concentration of
surfactants and solvents. Typically nonionic surfactants
(e.g. HPC, Span 80, Tween 20) and a non-polar solvent
(e.g. 1-octanol) are selected in controlling the interfacial
tension of W/O interface when mixing with sol-gel
solutions. During mixing, polar sol-gel droplets are
dispersed in the non-polar solvents and forms W/O
interface acting as a microreactor in which the hydrolysis
and condensation of silicon alkoxide takes place. Thus, the
size of silica particles is dependent on the size of water
droplet in the emulsion [1, 14, 18].
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HLB (hydrophile-lipophile balance) value is denoted
as the affinity of surfactants to water (hydrophilic) and to
oil (lipophilic), and it is expressed as a ratio of hydrophilic
and lipophilic groups of amphiphilic surfactants. HLB
value < 10 indicates hydrophilicity, and HLB value > 10
lipophilicity. For synthesizing the microspheres with W/O
technique HLB value of the surfactant should be less than
10, for example, as HLB =4.3 for Span 80 [14]. The
surfactant Span 80 surrounds water droplets thus limiting
the size of primary silica particles [18]. If several surfac-
tants are applied, their influence on the size of the
microspheres depends on the concentration of surfactants,
for example as in [18] that of the mixture of Tween 20,
SDS (sodium lauryl sulfate) and Span 80.

HPC acts as a stabilizer in an emulsion that prevents
the phase separation and influences to the solubility of
TEOS. Its polymer chain swells in the oil phase, thus
increasing the viscosity of the emulsion and enhancing the
stability of emulsion system. The increased viscosity of
emulsion system limits the penetration speed of TEOS as
well as the mobility of water droplets, hence, preventing
the aggregation between the primary silica particles [2, 14,
18]. In [2] where 3 wt.% of Span 80 was used in oil phase
together with HCP concentrations of (0.8—1.4) wt.%, it
was shown that with these HCP amounts the silica particle
size distribution was 1 um—10 pm. Furthermore, it was
observed that 1.4 wt.% of HPC results in more spherical
particles.

The factors that affect the hydrolysis and condensation
in the sol-gel process along with surfactants from the
emulsion system influences the porosity properties of silica
spheres [18, 26, 28].

As shown many researchers have studied the effect of
the processing parameters on the physical properties and
surface morphology of silica spheres [2, 6, 14, 18].
However, there are no reports published on the relation
between properties of silica spheres and synthesis time. In
this paper, we study the effect of synthesis time on
morphology of hollow silica spheres synthesized by water-
in-o0il (W/O) emulsion mediated sol-gel technique.

MATERIALS AND METHODOLOGY

The materials used in the synthesis were tetraethyl
orthosilicate (Si—(OC,Hs)s, TEOS, 98 %, Acros Organics)
as a precursor, 1-Octanol (CgH;30, 99 %, Sigma-Aldrich)
as an oil phase, hydroxypropyl cellulose (HPC, average
Mw ca. 100,000, Acros Organics) as a stabilizer of
emulsion, and Sorbitan monooleate (C,4H4404, Span®80,
Fluka) as a low-HLB surfactant to disperse the oil phase.
Also Tween 20 (Acros Organics) as a high-HLB
(hydrophilic-lipophilic  balance) surfactant, deionized
water, ammonium hydroxide (NH4OH, 25 %, J. T. Baker)
as a catalyst and ethanol (C,HsOH, 96.1 vol.%, Altia) as a
washing reagent were used.

The hollow porous silica microspheres were synthe-
sized by W/O emulsion combined with sol-gel technique
(Fig. 1). First, the oil phase was prepared by dissolving
1.6 g HPC in 250 ml 1-octanol, the mixture was heated at
353 K and mixed by a magnetic stirrer with heating (RCT
basic IKAMAG® safety control, IKA®-Werke, GmbH &
Co.KG) for 0.5 h. Then 6.2 ml Span 80 was added to the



oil phase, and was kept at 313 K for 0.5 h. Second, the
water phase was prepared by mixing 2.2 ml ammonium
hydroxide in 21 ml deionized water by a magnetic stirrer
(KMO 2 basic IKAMAG®, IKA®-Werke, GmbH &
Co.KG) for 0.5 h. Then 1.7 ml Tween 20 was added, and
the mixture was stirred for another 0.5 h. Then the oil
phase and water phase were mixed together at 313 K for
0.5 h, and 64.5 ml of TEOS was added drop wise to the
emulsion. The molar ratio of TEOS: water: ammonium
hydroxide was kept at 1:4:0.2. After this the silica
synthesis stage was followed during the long stirring
period. Three syntheses were carried out at a stirring rate
of 550 rpm at 313 K for 24, 48, and 72 h, respectively.
After the synthesis, the samples were aged at room
temperature for 48 h, then washed with ethanol repeatedly
and centrifuged for 3 min. The resulting white particles
were dried in air for 24 h, and finally calcinated in air at
773 K for 3 h. Yield of powder from the 72 h synthesis
was considerable more than that from the 24 h and 48 h
processes.
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Fig. 1. The process of W/O emulsion combined with sol-gel
method

Surface morphology of silica particles was observed
by scanning electron microscopy (SEM, Hitachi-S4700
FEG-SEM). A small amount of silica particles was first
diluted with ethanol, then mixed in an ultrasonic mixer
(Ultrasonic M03, FinnSonic) and dropped onto a silicon
wafer. After the evaporation of the ethanol, the dried
sample was placed onto a carbon tape. The samples were
sputtered with a gold-palladium layer by precision etching
coating system (Gatan model 682).

Particle size distributions of the silica powders were
determined by the laser diffraction (Malvern Mastersizer
2000, Malvern Instruments). The particle size distribution
was calculated with Mie theory, using the refractive index
1.45 and absorption 0.1 for silica. For each powder type
three measurements were made. Water was used as a
dispersant to avoid agglomeration. The measurements
were carried out at both with and without the ultrasonic
mixing.

Specific surface areas of the silica particles were
measured with the 1-point BET method by Micromeritics
Flowsorp 2300 II instrument, using nitrogen-helium gas
mixture, containing 30 vol.% nitrogen. Surface area
calculations were based on the amount of adsorbed
nitrogen at liquid nitrogen temperature (77 K), where it
forms monomolecular layer on the surface of the particles.
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RESULTS AND DISCUSSIONS

Fig. 2 shows the particle size distributions of the
microspheres three samples with different synthesis times,
1# (24 h), 2# (48 h), and 3# (72 h), with (Fig. 2, a) and
without (Fig. 2, b) the ultrasonic mixing. The mean size of
the silica samples with different synthesis time, under
ultrasonic mixing is in the range of 5.4 pum-8.2 pm
(Table 1, Fig. 2, a). With the ultrasonic mixing powders 1#
and 2# exhibit nearly similar high peaks at about
5 um—6 um, and 4 pm—35 pm, respectively. In the sample
1# there is also a secondary peak at larger particle size
(200 pm—250 pum).

Table 1. Properties of silica porous spheres prepared at different
synthesis time

Synthesis Megn sphere Me.an SP h € Surface .
time size no size w1th area Main
(h) ultrasonic ultrasonic (mz I9) structure
mixing (um) | mixing (um) &
24 17.4 6.5 330 | Hollow,
porous
48 14.3 5.4 366 | Hollow,
porous
72 8.3 8.2 111 Porous

Also, in powder 2# there seems to be a tail in the
pattern from the larger particles (sizes up to 200 um). It is
noteworthy that the sample 3# shows a mixed two-peak
distribution, the lower peak being at smaller particle size
(2 um—-3 um) than the higher one (9 um—10 um).
Furthermore, there seems not to be so large particles as in
the powders 1# and 2#. The particle sizes of the sample 1#
(24 h) vary from 1.4 um to 316 um, while they are in the
sample 2# (48 h) 1.4 um—200 pm, and in the sample 3#
(72h) 0.6 um—60 um. When the measurements were
carried out without the ultrasonic mixing (Fig. 2, b) the
results differ to some extent from the above mentioned.
The sample 3# seems to behave similarly in both tests, but
there is major difference in the other two. The sample 1#
takes the mixed-two peak and separate third peak form.
The first smaller peak is at the same size (~5 pm) as the
high peak in the measurement with the ultrasonic mixing,
while the highest peak is located at 20 um—25 pm, and the
separate third peak still at 200 um. The clearest change
occurred in the sample 2# where the single peak turned to
the mixed-three peak format and even the first highest
peak was at larger size (4 um—5pum) than in the
measurement with the ultrasonic mixing. The second peak
took place at 10 pm—30 um, and then the smallest elbow-
like part was at 200 um—350 um. Thus, it can be
concluded that without the ultrasonic mixing, the samples
1# and 2# contain aggregated smaller particles, while in
the sample 3# the size distribution is showing sizes of the
actual particles formed in the long synthesis process.

The morphology of the synthesized particles was
studied with SEM. Figs. 3, a—c, shows SEM images of
silica spheres from different synthesis time. In all three
processes, the majority of the silica spheres seem to be
porous, but in all of them also some dense particles are
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Fig. 2. Particle size distributions (a) with and (b) without
ultrasonic mixing

present. In Fig. 3, a, the size distribution of 1# particles is
also correlating to some extent with the particle size
distribution measurements carried out with this powder as
majority of the spheres are of size 4 um—6 pm, though
there are smaller ones and one large one, too. The same
applies to the Fig. 3, b, presenting the morphology of the
powder 2# after 48 h synthesis. Here one can note that in
addition to the spherical particles, also some with the
unformed shape are present. The powder sample 3# in
Fig. 3, ¢, has not as many particles as the previous ones.
The particles have spherical form, and their size (about
4 pm—5 pum) corresponds to the first lower size
distribution peak (Fig. 2, a). The morphology of the hollow
porous silica spheres is shown more in details for the
samples from the different syntheses (Figs.4,a—c).
Hollow porous particle synthesized for 24 h seems to
exhibit relatively thin shell structure that has cracked.
Furthermore, the surface seems crater-like and the pore
density is not as high as in the particles with longer
processing times. The measurement of pore size by Image
tool reveals that average pore size of silica spheres from
24 h syntheses time is greater than that of 48 h and 72 h.
At 48 h synthesis, the shell structure seems to be thicker.
After 74 h synthesis the particle surface resembles to some
extent the previous one, but there appears kind of second
surface shell layer. The particle seems to be more sponge-
like than a hollow sphere. Maybe this assumption is
supported by the surface area measurements which gave
111 m*/g for the sample 3#, and 380 m*/g and 366 m*/g for
the samples 1# and 2#, respectively.

69

Fig. 3. Silica powders obtained with the different synthesis times
a—24h (1#); b—48 h (2#); and c — 72 h (3#)

The formation of hollow structure relates to the
emulsion process. The nonpolar alkyl chains of TEOS
molecules slowly diffuse through surfactants, and the sol
forms at water/oil interface. The hydrolyzed TEOS mole-
cules orient towards the nonpolar 1-octanol oil. As the
proceeding of hydrolysis and condensation, the growth of
silica shells performs. This stage is influenced by the syn-
thesis time. In the present study 8 wt.% ammonium
hydroxide in aqueous phase was added to reach approxi-
mately pH =10 in the emulsion system. With the 24 h
synthesis the particles were clearly hollow with relatively



Fig. 4. Silica powders obtained with the different synthesis times:
a—24h(1#); b—48 h (2#); c — 72 h (3#)

thin shell wall, while with the longer processing time
tended to favor more thick-walled, even particles which
were not actually hollow, but sponge-like.

Typically for sol-gel/emulsion method, ionic and
nonionic surfactants are used as structuring agents for pore
formation because of their solubilization properties. This is
related to the micelles interactions of surfactants to form
thermodynamically stable isotropic solution with reduced
thermodynamic activity of the solubilized material. The
pore size is affected by the concentration of surfactants and
synthesis conditions. For example, nonionic surfactants
Tween 20 is associated with water and silicates by
hydrogen bonding, and gives materials with larger pores
and thicker shell walls. Increasing oil-soluble surfactant,
e.g. Span 80, will decrease the pore size distribution.
During air-drying, shrinkage and consolidation of silica
network takes place, this affects the densification of the
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matrix and consequently the pore sizes [1, 18]. Further-
more, at base catalyzed sol-gel/emulsion reaction,
increasing synthesis time favors smaller pore size of silica
microspheres. This is in accordance with the pore size
measurements carried out from the SEM pictures as the
average pore size after 24 h is greater than that of 48 h and
72 h.

CONCLUSIONS

Hollow porous silica microspheres were synthesized at
base solution by W/O emulsion combined with sol-gel
method. The emulsion system consists of multiple surfac-
tants, HPS, Tween 20 and Span 80, 1-octanol as external
oil phase and TEOS as silica precursor. Three experiments
with different synthesis time 24, 48, and 72 h were per-
formed. Both dense and porous silica microspheres were
observed with SEM after all syntheses. The SEM
investigation and measurement of surface area reveals that
the hollow porous silica microspheres were formed in the
samples at 24 h and 48 h synthesis time, and porous silica
microspheres were formed at 72 h. The impact of synthesis
time on the mean value of particle size measured with
ultrasonic mixing is insignificant, and the pore size of
silica microspheres decreases with increasing synthesis
time. Based on this study, we would later focus on the
improvement of current process, such as, shortening the
synthesis time by pre-hydrolyzing TEOS before the
formation of emulsion.

Acknowledgments

The RESCOAT project funded by Tekes (the Finnish
Funding Agency for Technology and Innovation), and
consortium of Finnish companies is acknowledged for
support.

REFERENCES

1. Barbé, C. J., Kong, L., Finnie, K. S., Calleja, S., Hanna,
J. V., Drabarek, E., Cassidy, D. T., Blackford, M. G. Sol-
gel Matrices for Controlled Release: From Macro to Nano
Using Emulsion Polymerisation Journal of Sol-Gel Science
and Technology 46 (3) 2008: pp. 393-409.

Park, J-H., Oh, C., Shin, S-I., Moon, S-K., Oh, S-G.
Preparation of Hollow Silica Microspheres in W/O
Emulsions with Polymers Journal of Colloid and Interface
Science 266 (1) 2003: pp. 107—114.

3. Caruso, F., Caruso, A. R., Mohwald, H. Nanoengineering
of Inorganic and Hybrid Hollow Spheres by Colloidal
Templating Science 282 (5391) 1998:pp. 1111-1114.

Park, J-H., Bae, S-Y., Oh, S-G. Fabrication of Hollow
Silica Microspheres through the Self-assembly Behavior of
Polymers in W/O Emulsion  Chemistry Letters 32 (7)
2003: pp. 598 —-599.

http://dx.doi.org/10.1246/c1.2003.598

Le, Y., Chen, J-F., Wang, J-X., Shao, L., Wang, W-C. A
Novel Pathway for Synthesis of Silica Hollow Spheres with
Mesostructured Walls  Materials Letters 58 (15) 2004:
pp- 2105-2108.

Singh, R. K., Garg, A., Bandyopadhyaya, R., Mishra, B.
K. Density Fractionated Hollow Silica Microspheres with
High-yield by Non-polymeric Sol-gel/Emulsion Route



10.

11.

12.

13.

14.

15.

16.

Colloids and Surfaces A: Physicochemical and Engineering
Aspects 310 (1-3) 2007: pp. 39—45.

Zhu, Y. F., Shi, J. L., Chen, H. R., Shen, W. H., Dong, X.
P. A Facile Method to Synthesize Novel Hollow
Mesoporous Silica Spheres and Advanced Storage Property
Microporous and Mesoporous Materials 84 (1-3) 2005:
pp. 218-222.

Yang, Y-Y., Chung, T-S., Ng, P.N. Morphology, Drug
Distribution, and in vitro Release Profiles of Biodegradable
Polymeric Microspheres Containing Protein Fabricated by
Double-emulsion Solvent Extraction/Evaporation Method
Biomaterials 22 (3) 2001: pp. 231-241.

Yang, M-S., Cui, F-D., You, B-G., Fan, Y-L., Wang, L.,
Yue, P.,, Yang,H. Preparation of Sustained-release
Nitrendipine Microspheres with Eudragit RS and Aerosil
Using  Quasi-emulsion  Solvent  Diffusion = Method
International Journal of Pharmaceutics 259 (1-2) 2003:
pp- 103—113.

Hwang, Y-J., Oh, C., Oh,S-G. Controlled Release of
Retinol from Silica Particles Prepared in O/W/O Emulsion:
The Effects of Surfactants and Polymers Journal of
Controlled Release 106 (3) 2005: pp. 339—349.
http://dx.doi.org/10.1016/j.jconrel.2005.05.007

Barbé, C., Bartlett,J., Kong, L., Finnie, K., Lin, H. Q,
Larkin, M. M., Calleja, S., Bush, A., Calleja, G. Silica
Particles: a Novel Drug Delivery System Advanced
Materials 16 (21) 2004: pp. 1959—-1966.

Wu, M. M., Wang, G. G., Xu, H. F., Long, J. B., Shek, F.
L.Y., Lo, S. M-F., Williams, 1. D., Feng, S. H., Xu, R. R.
Hollow Spheres Based on Mesostructured Lead Titanate
with Amorphous Framework Langmuir 19 (4) 2003:
pp- 1362-1367.

Iwamoto, M., Tanaka, Y., Sawamura, N., Namba, S.
Remarkable Effect of Pore Size on the Catalytic Activity of
Mesoporous Silica for the Acetalization of Cyclohexanone
with Methanol Journal of the American Chemical Society
125 (43) 2003: pp. 13032 -13033.

Ciriminna, R., Sciortino, M., Alonzo, G., Schrijver, D. A.,
Pagliaro, M. From Molecules to Systems: Sol-Gel
Microencapsulation in Silica-Based Materials  Chemical
Reviews 111 (2) 2011: pp. 765—789.
http://dx.doi.org/10.1021/cr100161x

Caruso, F. Hollow Capsule Processing through Colloidal
Templating and Self-Assembly  Chemistry — A European
Journal 6 (3) 2000: pp. 413—-419.

Luo, P., Nieh, T. G. Preparing Hydroxyapatite Powders
with Controlled Morphology Biomaterials 17 (20) 1996:
pp. 1959—-1964.

71

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Jiang, Y. Q., Ding, X. F., Zhao, J. Z., Bala, H., Zhao, X.,

Tian, Y. M., Yu, K. F., Sheng, Y., Guo, Y. P., Wang. Z.
C. A Facile Route to Synthesis of Hollow SiO,/Al,0;
Spheres with Uniform Mesopores in the Shell Wall
Materials Letters 59 (23) 2005: pp. 2893 -2897.

Lee, Y-G., Oh, C., Yoo, S.-K., Koo, S.-M., Oh, S.-G. New
Approach for the Control of Size and Surface Characteristics
of Mesoporous Silica Particles by Using Mixed Surfactants
in W/O Emulsion Microporous and Mesoporous Materials
86 (1—-3) 2005: pp. 134—144.

Yang, L. L., Yang, Z. H., Cao. W. X. Stable Thin Films
and Hollow Spheres Composing Chiral Polyaniline
Composites  Journal of Colloid and Interface Science
292 (2) 2005: pp. 503-508.

Dai, Z. F., Meiser, F., Mohwald, H. Nanoengineering of
Iron Oxide and Iron Oxide/Silica Hollow Spheres by
Sequential Layering Combined with a Sol-gel Process
Journal of Colloid and Interface Science 288 (1) 2005:
pp- 298 —300.

Arakawa, M., Sukata, K., Shimada, M., Agari, Y.
Organic-Inorganic Hybrid Materials. II. Preparation and
Properties of Higher Silica Containing Polycarbonate-Silica
Hybrid Materials  Journal of Applied Polymer Science
100 (6) 2006: pp. 4273 -4279.

Livage, J. Sol-gel Synthesis of Hybrid Materials Bulletin of
Materials Science 22 (3) 1999: pp. 201-205.

Schmidt, H. Considerations about the Sol-gel Process: From
the Classical Sol-gel Route to Advanced Chemical
Nanotechnologies Journal of Sol-Gel Science and
Technology 40 (2—3) 2006: pp. 115-130.

Brinker, C. J., Scherer, G. W. Sol-Gel Science: The
Physics and Chemistry of Sol-Gel Processing. Academic
Press, San Diego, CA, 1990: pp. 3—4, 103—119.

Young, K. S. Overview of Sol-Gel Science and Technology
ARL-TR-2650 Army Research Laboratory Aberdeen
Proving Ground, MD 2002: pp. 1-9.

http://www.arl.army.mil/arlreports/2002/ARL-TR-2650.pdf

Teng, Z. G., Han,Y.D., Li,J.,, Yan,F., Yang, W.S.
Preparation of Hollow Mesoporous Silica Spheres by a Sol-
gel/Emulsion Approach  Microporous and Mesoporous
Materials 127 (1-2) 2010: pp. 67-72.

Zhang, H. J., Wu, J., Zhou, L. P., Zhang, D. Y., Qi, L. M.
Facile Synthesis of Monodisperse Microspheres and
Gigantic Hollow Shells of Mesoporous Silica in Mixed
Water-Ethanol Solvents Langmuir 23 (3) 2007:
pp- 1107-1113.

. Ishizaki, K., Komarneni, S., Nanko, M. Porous Materials:

Process Technology and Applications. Kluwer Academic
Publisher, 1998: p. 71.

Presented at the 20th International Baltic Conference
"Materials Engineering 2011"
(Kaunas, Lithuania, October 27-28, 2011)



