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Abstract Mesoporous silica microspheres were synthes-

ised through a sol–emulsion–gel process using Span 80 as

the surfactant in silica sol/n-hexane water in oil emulsion

system. Surface modification of the microspheres was done

with trimethylchlorosilane to obtain hydrophobic silica

microspheres. Various parameters related to the synthesis

of microspheres, including concentration of surfactant and

viscosities of sol were studied. The hydrophobicity (wet-

tability), thermal stability, porosity, and morphological

features were also investigated.
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1 Introduction

The synthesis of mesoporous materials having regular

geometries has been of considerable interest in recent years

owing to their great potential in catalysis, adsorption,

separation, sensing, medical use, ecology, and nanotech-

nology [1–6]. Microspheres are widely employed as a feed

material for plasma sprayed coatings, as thermal insulators,

light weight filler in composites, internal confinement

fusion of nuclear material, substrates for controlled drug

release formulations, and gas storage materials [7–10].

Microspheres are generally synthesized by the dual nozzle

hollow drop generation [11], spray pyrolysis [12],

emulsion–evaporation [13], melting in dc plasma [14], or

sol–emulsion–gel techniques [15–18]. The sol–emulsion–

gel method is widely practiced for the preparation of

ceramic microspheres. Mesoporous silica microspheres

find application in diverse fields including clinical, phar-

maceutical, electronic packaging, selective adsorption,

chemical sensing, controlled drug delivery, and also in the

preparation of silica glass, structural ceramics, and chro-

matographic columns [19, 20]. Artificial opals are SiO2

microspheres synthesized by self assembly methods to

form a close packed structure [21]. Silica microspheres

have been used as an immobilization matrix for several

molecules [9, 10, 22]. Spherical silica particles with

modified surface properties are important in composite

materials, adsorbents, pigments, detergents, cosmetics, and

pharmaceuticals [23–25]. Functionalization of the silica

particle surface can be used to enhance or control the

overall properties [26–28]. In the present work, a modified

sol–emulsion–gel process was developed for the synthesis

of hydrophobic silica microspheres. Hydrophobicity has

been induced by surface modification using trimethyl-

chlorosilane. The sol–emulsion–gel process involves silica

sol generated from TEOS as aqueous phase, n-hexane as

the oil phase and sorbitan monooleate (Span 80) as the

surfactant to enhance the emulsion formation. The effect of

surfactant concentration, aging time, and viscosity of the

silica sol on microsphere formation is presented.

2 Experimental

The water in oil emulsion was prepared using silica sol as

the aqueous phase and n-hexane (S.D. Fine Chemicals,

Mumbai, India) as the oil phase. Silica sol was obtained by

hydrolyzing tetraethylorthosilicate (Sigma Aldrich Chemie
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GmbH, Steinheim, Germany) with 10-3 M hydrochloric

acid (S.D. Fine Chemicals, Mumbai, India) using isopro-

panol (S.D. Fine Chemicals, Mumbai, India) as the

homogenizing solvent. The tetraethylorthosilicate:isopro-

panol:water ratio was kept as 1:4:16 [29]. In a typical

synthesis of silica microspheres, 20 mL hexane was mixed

with 5 mL silica sol and sorbitan monooleate (Span 80,

S.D. fine chemicals, Mumbai, India) was added with stir-

ring (500 rpm). The effect of surfactant concentration on

microsphere properties was studied by varying the con-

centration of surfactant as 0.5, 1, 1.4, 1.8, and 2 vol%.

Constant stirring for 20 min resulted in silica microspheres.

The spheres were decanted, the solvent exchanged (five -

times) with n-hexane and the product divided into two

parts. One part was made hydrophobic by treating with

trimethylchlorosilane (TMCS) (Sigma Aldrich Chemie

GmbH, Steinheim, Germany) for a period of 24 h and the

other part was dried at 70 �C. The hydrophobic spheres

were solvent exchanged with n-hexane (five times) after

functionalization and dried at 70 �C. The flow chart for

microsphere synthesis is provided in Fig. 1.

In order to study the effect of viscosity, silica sols aged for

different time periods (2, 5, 8, 11, and 17 h) were used for

the preparation of the microspheres. Rheological behavior of

the precursor sol was monitored using a Rheoviscometer

(Anton Paar GmbH, Graz, Austria) employing the cylinder

and bob method.

Structural characteristics of the microspheres were

investigated by a Fourier Transform Infrared spectropho-

tometer (Magna 560, Nicolet, Madison, Wisconsin) in the

range 400–4,000 cm-1 by the KBr pellet method and ther-

mal decomposition curves of the dried microspheres

obtained using a Differential Thermal Analyzer (DTA 50,

Shimadzu, Kyoto, Japan) in air at a heating rate of

10 �C min-1. Specific surface area and adsorption isotherm

of the samples were obtained using a BET surface area

analyzer (Gemini 2360, Micromeritics, Norcross, USA).

Contact angles were measured using a Tensiometer

(DCAT11, Data Physics GmbH, Filderstadt, Germany). The

increase in square of sample weight, when in contact with

water was calculated using the same instrument. Micro-

sphere morphology was observed using an Optical

Microscope (MZ16 A, Leica, Wetzlar, Germany) in trans-

mission mode and by Scanning Electron Microscopy (JSM

5600LV, JEOL, Tokyo, Japan) in the secondary electron

image (SEI) mode.

3 Results and discussion

3.1 Effect of surfactant concentration

In a sol–emulsion–gel process, an aqueous sol phase is

dispersed in a nonpolar oil phase to form the emulsion. The

high interfacial tension between the aqueous phase and the

oil phase is reduced by the addition of an amphiphilic

surfactant making the emulsion kinetically stable [30, 31].

Mechanical agitation provides the energy to overcome the

interfacial tension and disperse the aqueous phase to form

the emulsion. Surfactant concentration and viscosity of the

sol droplets control sphere formation in a sol–emulsion–gel

process [15, 16], and although these influences have been

observed in alumina and other systems there are few

reports on their effect for silica [31]. Hence the present

paper investigated the effect of surfactant concentration

(Span 80), effect of aging time, and sol viscosity on the

synthesis outcome. Altering the concentration of Span 80

modified the morphology, diameter, and uniformity of the

resultant silica microspheres (Fig. 2). For this study,

unaged silica sol was used. When 1 vol% surfactant was

used, mostly irregular particles were obtained, as sphere

formation was incomplete and the concentration of

Fig. 1 Flow chart for the synthesis of silica microspheres

Fig. 2 Optical micrographs of silica microspheres synthesized by

varying concentration of Span 80. (a) 1 vol%, (b) 1.4 vol%, (c)

1.8 vol%, (d) 2 vol%
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surfactant inadequate to form a monodispersed emulsion.

On increasing the Span 80 concentration to 1.4 vol%

smaller and more uniform particles (50 lm) resulted

(Fig. 3). For a surfactant concentration of 1.8 vol% clus-

tering and aggregation was observed while a further

increase to 2 vol% yielded larger spheres and many

spheres collapsed. The critical micelle concentration

(CMC) of the surfactant in the continuous liquid phase

controls emulsion stability and hence sphere formation.

Figure 4 shows the variation of surface tension of n-hexane

with Span 80, where the discontinuity gives the CMC as

between 1 and 1.5 vol% [30, 31]. In a surfactant-hydro-

phobic solvent system the surfactant molecules tend to

reduce unfavorable interactions by minimizing exposure of

the hydrophilic end to the hydrophobic solvent molecules

by locating at the interface at low concentrations and

forming assembled structures at higher concentrations. The

minimum concentration required to form assembled

structures coincides with the CMC. In an emulsion when

the surfactant concentration is above CMC destabilization

of the emulsion, flocculation will ultimately occur, a phe-

nomenon exploited in the fractionation technique of

Bibette [32]. Aggregated and deformed structures result

when flocculated emulsion droplets undergo gelation.

The surface area of the microspheres decreases when the

concentration of Span 80 increases (Table 1). For 1 vol% a

surface area of 363 m2/g was obtained and decreases to

296 m2/g for 1.8 vol%. Sol–gel condensation of silica results

in a highly porous gel network which collapse partially during

drying due to stress. The high surface area values are a clear

indication of the porous nature of the spheres. The slight

increase in average pore diameter with surfactant concentra-

tion arises from agglomeration observed for high surfactant

concentrations. In the adsorption isotherms (Fig. 5) spheres

prepared at lower surfactant concentrations (1–1.4 vol% Span

80) show a plateau at high pressures that is absent at higher

concentrations. This indicates a greater contribution from

larger pores ([50 nm) in latter material due to agglomeration

[33]. When the contribution to the pore volume from larger

pores increases the surface area decreases.

It is known that viscosity of polymeric silica sol varies

with time [34]. Kim et al. observed the influence of vis-

cosity of silica sol on sphere formation in a hollow drop

Fig. 3 Scanning electron micrograph of silica microspheres synthe-

sized using 1.4 vol% Span 80

Fig. 4 Surface tension of n-hexane with different concentration of

Span 80

Table 1 BET surface area results of silica microspheres

Concentration of

surfactant (vol%)

Surface area

(m2/g)

Pore size

(nm)

Total pore

volume (g/cc)

1 363 8.3 0.76

1.4 319 8.5 0.78

1.8 296 9.4 0.93

Fig. 5 Adsorption isotherms of silica microspheres with various

concentration of Span 80
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generation method for preparing hollow silica spheres [11].

Silica sol aged for different times of 5–17 h were used at a

surfactant concentration of 1.4 vol%. Optical microscopy

showed that 8 h aging give more uniform spheres of size

*50 lm (Fig. 6), with longer times (11 and 17 h) resulting

in aggregated and deformed spheres. During aging, con-

densation reactions proceed in the silica sol and networked

clusters start to form. After gelation has proceeded con-

siderably, it will be difficult to form spherical droplets of

uniform size and shape from the sol. The optimum vis-

cosity to obtain uniform spheres represents the balance

between the extent of gelation and the droplet sizes

achievable for the particular surfactant concentration, vol-

ume ratio (discontinuous phase/continuous phase), and

shear rate. The viscosity of silica sol aged for different

times shows a direct correlation between increasing

viscosity and the degree of polymerization between silica

particles (Fig. 7). Under mechanical agitation this polymer

network breaks down at higher viscosities.

Figure 8 shows the FTIR spectra of silica microspheres

with and without surface modification using trimethyl-

chlorosilane. A broad peak at 3,449 cm-1 observed for the

unmodified and modified microspheres can be ascribed to

isolated hydrogen bonded Si–OH groups [35]. Peak

intensity is lower in the latter case due to the replacement

of Si–OH groups by the organic group leading to reduced

hydrophilicity. Silanol hydroxyls undergo silanization with

chlorosilane thereby replacing the hydroxyl groups by

methyl groups. The peak at 1,639 cm-1 corresponds to the

deformation mode of adsorbed water molecules in the

unmodified sample, and is very weak in the modified

sample. The features at 840 and 1,275 cm-1 correspond to

the Si–C bond present in the hydrophobic silica micro-

spheres [36], while the CH2 stretching vibration is located

at 2,959 cm-1 in the hydrophobic silica microspheres [36].

A schematic representation of the formation of hydropho-

bic silica microspheres is provided in Fig. 9.

Contact angles of different silica microspheres heated at

70 and 350 �C are provided in Table 2. The increase in

square of weight of the sample when in contact with water

is also given. Surface modification with trimethylchloro-

silane resulted in a contact angle of 90� and a very low

increase in weight per second (0.00003 g2/s). Spheres

without modification showed a contact angle of 84� with an

increase in weight per second of 0.00256 g2/s and shows

that surface modification with trimethylchlorosilane is

effective in making the microspheres hydrophobic. Contact

angle of unmodified silica decreases to 37� after calcination

at 350 �C where as contact angle of hydrophobic silica

microspheres remains the same. The decrease in contact

angle can be attributed to the removal of some Span 80 that

were not washed off by the solvent exchange.

Fig. 6 Optical micrographs of silica microspheres synthesized after

aging sol for different time intervals (1.4 vol% Span 80): (a) 5 h, (b)

8 h, (c) 11 h, (d) 17 h

Fig. 7 Viscosities of silica sol aged at different time intervals

Fig. 8 FTIR spectra of silica microspheres (a) with surface modifi-

cation, (b) without surface modification
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Hydrophilic microspheres show strong endothermic

peak at *120 �C due to the removal of adsorbed water,

while an exothermic peak is due to removal of residual

surfactant at 345 �C (Fig. 10) [30]. The endothermic peak

at 120 �C is absent in the case of hydrophobic micro-

spheres as expected. A sharp exothermic peak at 442 �C

reflects the decomposition of the methyl groups and so

hydrophobicity is retained to that temperature.

Silica microspheres (*50 lm) have been synthesized

through a sol–emulsion–gel technique using Span 80 as the

surfactant in silica sol/n-hexane water in oil emulsion

system. Surface modification by trimethylchlorosilane

resulted in hydrophobic microspheres with a contact angle

of *90�. Differential thermal analysis shows that the

decomposition of organic moieties responsible for hydro-

phobicity occurs around 440 �C and hence it can be

concluded that hydrophobicity is retained to that temper-

ature. It was also found that the concentration of surfactant

and viscosity of silica sol are important factors in the

synthesis of SiO2 microspheres. A surfactant concentration

of 1.4 vol% yielded highly regular spheres with a surface

area of 319 m2/g and a pore size of 8.5 nm. Silica sol aged

for 8 h gave the most uniform spheres when the aging time

was varied in the preparation of microspheres. It can be

concluded that there is an optimum surfactant concentra-

tion and aging time for the silica sol to obtain uniform

spheres, below which clustering, aggregation, and struc-

tural collapse occurs.
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