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Abstract

Submicron scale particle aggregates with defined shape were prepared by self-assembling of sulphonated polystyrene latex particles at

the interface of emulsion droplets. Several parameters were considered during the preparation, including the sulphonation time of the

polystyrene latex particles, the composition of the oil phase, and the zeta potential of the sulphonated latex particle. To further improve the

mechanical stability of the particle aggregates, a hard composite layer was formed by addition of melamine-formaldehyde (MF) prepolymer

into the emulsion. The prepolymer was crosslinked onto the particles surface of sulphonated PS particle aggregates. The crosslinking reaction

was catalysed by the acidity of sulfogroup. After evaporating off solvent, PS/MF hollow microsphere composites were obtained as

mechanically stable dry material. The hollow microsphere composite was characterized by TGA, FTIR, optical microscopy, scanning and

transmission electron microscopy.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of fabrication methods for advanced

colloid materials is an important area in science and

technology. The synthesis of hollow spheres in the

nanometer to millimeter range has attracted much interest

in recent years due to a wide variety of applications ranging

from light weight composites encapsulation for controlled

release systems and drug delivery to catalytic applications

by incorporation of catalyst materials inside the hollow

spheres or the capsule wall [1–3].

A variety of techniques have been developed to fabricate

hollow particles. The water-in-oil-in-water emulsion poly-

merization [4], the layer-by-layer technique [5], and

vesicles method [6]. Especially, the micelles of self-

assembled block copolymer has been researched and used

to prepare hollow particles [7–9]. However, despite the

enormous progress in encapsulation technologies, these
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methods are often limited in their applicability, in the range

of materials that can be used, in the uniformity of hollow

sizes, or in the ease of synthesis and yield. A feasible and

versatile technique should provide efficient encapsulation

structures whose size, mechanical strength, and compat-

ibility can be easily controlled. Ideally, it should be feasible

to construct these capsules from a wide variety of inorganic,

organic, or polymeric materials to provide flexibility in their

uses. Recently, there has been increased interest in using

self-assembled colloids at emulsion droplet interface to

form microcapsules for controlled delivery applications

[10–15]. In this method, emulsion droplets are used as 3D

colloidal ‘templates’ whose size and shape determine the

morphology of the obtained particle aggregates. The capsule

surfaces are composed of a close-packed layer of colloidal

particles, linked together to form a solid shell. After the

particles are self-assembled and fixed, the emulsion droplets

are dissolved and the particle aggregates are extracted as a

colloid suspension. This method presents a flexible

approach for the preparation of hollow and elastic capsules

of different types of colloid particles, with sizes ranging

from micrometers to millimeters and with easily adjustable

and controlled permeability and elasticity.

Following these studies, methods were further developed
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Scheme 1. Schematic representation of the preparation procedure of PS/MF hollow microspheres composite.
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to improve the mechanical stability of the particle

aggregates. One way of doing so is to fabricate aggregates

with more than one colloid component–composite aggre-

gate. The composites usually incorporate a combination of

metallic/organic [16], oxide/organic [17–20], or two types

of organic particles [16]. The emulsion droplets provide an

environment for the assembling of composite aggregates

from different types of colloid species, when a second type

of colloid particles is adsorbed on the out layer surface of

the particle aggregates. This may be regarded as a variation

of the layer-by-layer adsorption process [5,21]. The

electrostatic attraction between the underlying oppositely

charged aggregate layers leads to a compact and mechani-

cally stable composite aggregate. Velev et al. have

described such an example of using latex particle-packed-

droplets as a core for the fabrication of composite

aggregates [11]. Two different types of composite

assemblies, one with a full core and one with a hollow

core, were prepared. However, the thickness of the com-

posite shells was nonuniform, and the shapes of the

composite aggregates were uneven, especially for the

hollow core sample.

In this study, we report the preparation of PS/MF hollow

microsphere composite by the self-assembling of PS latex

particles at the emulsion droplet interface. The preparation

procedure is shown in Scheme 1. The polystyrene latex

particles were sulphonated to increase hydrophilicity of the

particles surface so that the modified particles can be

stabilized at the oil–water interface. The influential factors

that control the self-assembly of the latex particles at the

emulsion droplet interface were studied. In order to improve

the mechanically stability and composite properties, MF

prepolymer was added into the emulsion and its crosslinking
reaction was catalysed by the sulfogroup. The crosslinked

product spontaneously shrinks into conglobation. Because

of their weak positive charges, the so-formed MF particles

will be adsorbed and fixed on the surface of sulphonated PS

particle aggregates. As a result, PS/MF composite shell was

formed with uniform thickness, and the shape of the

composite aggregates is spherical. The composite aggre-

gates can be conserved for long period of time in aqueous

solution without any change of their physical and chemical

properties. After removing the oil cores, hollow micro-

sphere composites were obtained as mechanically stable dry

materials.
2. Experimental
2.1. Materials

Styrene (St) monomer was purified by vacuum distilla-

tion before used. The 1-octanol, toluene, concentrated

sulfuric acid, ethyl alcohol, polyvinylpolypyrrolidone,

melamine, and formaldehyde were used as received.
2.2. Preparation of sulphonated polystyrene latex particles

Monodispersed polystyrene (PS) particle powder of

560 nm in diameter was prepared by dispersion polymeriz-

ation as described elsewhere [22]. The polystyrene particles

were sulphonated in concentrated sulfuric acid at 40 8C. The

degree of sulphonation could be controlled by the reaction

time. After diluting, the sample was repeatedly centrifuged

and washed with ethanol–water, then dried in vacuum.



Fig. 1. FTIR spectra of sulphonated PS particles after different sulphonation

time: A (0 h), B (8 h) and C (30 h).
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2.3. Preparation of melamine-formaldehyde prepolymer

dispersate

Two gram of melamine and formaldehyde (1/3 mol/mol)

mixture was stirred continuously with magnetic agitator at

60 8C for 20 min, then was transferred into 2 kg deionized

water under stirring at 60 8C for 7 min. The product was

used immediately in the following synthesis.
2.4. Typical preparation procedure for hollow microsphere

composite

The process is divided into two steps. The first step is an

interfacial assembly of sulphonated polystyrene particles:

0.05 g sulphonated PS latex particles were first added into

2.5 ml oil phase (toluene/octanol 90/10 v/v). The mixture

was briefly homogenized to form a transparent solution.

Then 7.5 ml deionized water was introduced and stirring

was continued by using lower shear. The mixture changed
Table 1

Stability of the emulsions stabilized by PS latex particles with different

sulphonation time at 25 8C (conductivity kZ185 mS/cm for 2 wt% aqueous

latex and pHZ4)

Sulphonation time (h) FTIR

I1126/I1451 Emulsion stability

after 24 h

1 0.00207 100% Coalescence

3 0.00386 30% Coalescence;

cream

5 0.00552 9% Coalescence;

cream

7 0.00693 5% Coalescence;

cream

9 0.00801 Creaming only

11 0.00993 Creaming only

15 0.01537 Creaming only
from turbid into creamy-white in appearance gradually. The

emulsification took about 5 min to complete.

The second step is the fabrication of PS/MF composite

aggregates: 7.5 ml of the 1 g/l MF prepolymer was added to

17.5 ml of above step emulsion under slow stirring. This

mixture was placed at room temperature for 60 min with

occasional shaking and then centrifuged for 30 min at

1000 rpm to separate the composite aggregates from the

solution. The composites were collected and redispersed in

25 ml deionized water, then centrifuged again. The final

products were dried in a vacuum at 25 8C for 24 h to obtain

the hollow microsphere composite.

2.5. Characterization

The obtained emulsions were examined by optical

microscopy equipped with a high-resolution digital CCD

camera in transmitted illumination. The morphology and

size of the assembled microspheres were observed by a

Nicolet SEM X-65 scanning electron microscopy (SEM)

and a Hitachi Model H-800 transmission electron micro-

scope (TEM) at an accelerating voltage of 200 keV. Fourier

transform infrared (FTIR) spectroscopy was carried out on a

Bruker Vector-22 FTIR spectrometer using a KBr pellet.

Thermogravimetric analysis (TGA) was performed with a

Shimadzu TGA-50H instrument under a stream of nitrogen.

The sample was heated at 10 8C/min from 20 to 600 8C. The

measurements of electrophoretic mobility were carried out

using a Zetasizer Nano ZS z-potential analyzer. The

z-potentials are calculated from the obtained electrophoretic

mobility by using the Smoluchowski equation. At least 10

repeats were counted in each measurement.
3. Results and discussion

3.1. Effect of sulphonation time on emulsions stability

The polystyrene latex particles in their original state

cannot be adsorbed at the oil–water interface. Therefore, it

is necessary to modify their surface properties (i.e.

electrostatic charge and hydrophilicity). The ideal modifi-

cation of the latex surfaces should not cause the flocculation

of the particles in the suspension and 2D coagulation after

the particles were adsorbed to the interface. Furthermore,

emulsion type (O/W, or W/O), preferred drop sizes, and

emulsion stability (with respect to creaming, sedimentation

and coalescence) were all crucially depend on the

hydrophilicity of the particles [23].

The hydrophilicity and electrostatic charge of the PS

particles surface can be modified by sulphonation. The

FTIR spectra of two representative sulphonated PS particles

and PS particles are shown in Fig. 1. The spectra of both B

and C reveal well-defined characteristic bands (3060, 3026,

2924, 2850 cmK1, and 1601, 1492, 1451 cmK1) of styrene

unit. The characteristic peaks at 1126 and 1039 cmK1 are



Fig. 2. Optical microscopy image of self-assembled oil-in-water emulsion

stabilized by sulphonated PS latex particles for 30 h.

Table 2

z-Potentials of the 30 h sulphonated PS latex particles during neutralizing at

25 8C (0.4 wt% aqueous latex and conductivity kZ5 mS/cm)

pH 4 5 6

z-Potential (mV) K26.0 K30.3 K36.8
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attributed to SO3H groups [24]. With prolonged sulphona-

tion time, the intensity ratio of the vibration band (peak area

integral) at 1126 cmK1 to that at 1451 cmK1 (I1126/I1451)

increased from 0.00751 to 0.04306, suggesting that more

SO3H groups were incorporated into PS.

During the emulsification process, oil droplets were

gradually covered with sulphonated PS latex particles. The

stability of the emulsions stabilized by PS latex particles

with different sulphonation time is summarized in Table 1.

Emulsion stability at 25 8C was assessed in graduated

vessels by monitoring the movement of the oil–emulsion

and emulsion–water interfaces with time.

Clearly, minimum sulphonation time was required for a

stable emulsion. When sulphonation time exceeded 9 h, all

the emulsions were completely stable to coalescence.

Typically, 2 wt% of the sulphonated PS particle was

sufficient to produce emulsions.

An emulsion sample stabilized by sulphonated PS latex

particles for 30 h was shown in Fig. 2. The colours of the

latex particles packed-droplets changed from light color into

black. This indicates that a close-packed layer of sulpho-

nated PS latex particles was formed on the surface of the oil
Fig. 3. Optical microscopy image (a) and scanning electron micrograph (b) of the se

sulphonated for 30 h).
droplets. The size of packed-droplets was polydisperse and

typically ranged from 10 to 100 mm in diameter.
3.2. Effect of sulphogroup on the self-assembly of

sulphonated PS latex particle

To assemble latex particles at emulsion droplet interface,

the reportorial methods were typically done via a complex

multi-step process [10–12]. The particles need to be

sensitized and the surface charge need to be carefully

adjusted to meet the conditions for adsorption. However, for

the sulphonated PS latex particle, further modification steps

are not requisite for the self-assembly. Here, the sul-

phogroup plays a key role in the self-assembling. When

SO3H group was neutralized, the latex particles are no

longer packed closely on the droplets surface and emulsion

becomes unstable. The earlier experiments conducted by

Croll et al. indicated that the presence of some succinic acid

groups on the surface of cross-linked poly (divinylbenzene-

alt-maleic anhydride) microspheres could facilitate the self-

assembly process at interface [13]. When the sulphonated

PS latex particle appeared at the oil–water interface,

ionization of the surface SO3H groups would form the

electric double layer around the particles surfaces, and the

SO3H groups will orient toward water phase. Compara-

tively, the SO3H group brings lesser charge (z-poten-
tialZK26 mV and pHZ4, Table 2) to the particle surface.

When the sulfogroups was neutralized, the particle surface

charge increased, which lead to a strong electrostatic

repulsion between the particles. As a result, the self-

assembly of the latex particles became unstable.
lf-assembled polystyrene particle aggregates after drying (PS particles were



Table 3

Adsorption of the latex particles on the droplet interfaces with different oil phase composition at 25 8C (conductivity kZ185 mS/cm for 2 wt% aqueous latex

and pHZ4)

Toluene/octanol ratio (v/v)

5/0 4/1 3/2 2/3 1/4 0/5

Hildebrand d (MPa1/2) 18.20 18.01 17.83 17.64 17.46 17.27

Particles adsorption B C C R B B

B, No adsorption; R, poor adsorption; C, compact adsorption.
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3.3. Effect of the oil phase composition

The oil phase composition also affect self-assembly of

latex particles at droplet interface. It is apt to work when

latex particles and emulsion droplets were modified to

possess opposite surface charges [11]. In the oil phase, the

octanol is negatively charged. So the negative potential of

the sulphonated latex particles will be repelled from the oil

phase. The SO3H groups make the particle surface

becoming hydrophilic and attracted by the external water

phase. Toluene is compatible to hydrophobic polystyrene

particles and holds particles in oil phase. When the SO3H

groups content remains constant, adjusting toluene/octanol

ratio of the oil phase can balance the opposite forces and

control the sulphonated PS particles assembling at the oil–

water interface.

For polystyrene latex particles sulphonated for 30 h, the

effect of the oil phase composition on the adsorption of the

particles at the droplet interfaces was summarized in

Table 3. By adding octanol into the system, the solubility

parameter d decreases, which means the change of

compatibility of oil phase to PS particles, and the negative

potential of oil phase increases. Initially, the particles pack-

density increases with decreasing toluene/octanol ratio.

However, when the ratio exceeds a certain value, particles

became loosely adsorbed at the interface and unstable

emulsions were obtained again. The appropriate toluene/

octanol ratio for a stable emulsion is 4/1–2/3 (v/v) and the

solubility paramater d is around 18.0–17.6 MPa1/2.
Scheme 2. Schematic crosslinking
3.4. Characterization of PS/MF composite aggregates

When the sulphonated PS latex particle-stabilized

emulsion was dried, collapsed capsule with a continuous

shell of conglutinative latex particles were observed from

optical microscopy and SEM (Fig. 3). The conglutination of

latex particles is because of swelling of PS monomer chain

by toluene. The result indicates that the self-assembly of the

sulphonated PS latex particles at the emulsion droplets

interface is insufficient to maintain the initial spherical

structure after the removal of the oil phase.

In order to improve the mechanical stability and

composite properties, a MF composite layer was added

onto the surface of PS particle aggregates. In the MF

prepolymer, the amidogen hydrogens of melamine mono-

mer were partially or completely displaced by methylol.

Through polycondensation reaction at acidic condition

between methylols or between methylol and amidogen or

imine group, the prepolymer was crosslinked either by ether

linkage or methylene as shown in Scheme 2. The product

spontaneously shrinks into conglobation. Because the

molecular chain ends contain amidogen and imine group

that will ionize to possess weak positive charges in aqueous

solution, the crosslinked MF particles were expected to

adsorbed and fixed on the surface of negatively charged

sulphonated PS particle aggregates.

The FTIR spectra of sulphonated PS particles, MF

prepolymer and PS/MF composite aggregates are shown in

Fig. 4. The spectra of MF prepolymer revealed strong
reaction of MF prepolymer.



Fig. 4. FTIR spectra of sulphonated PS particles (A), MF prepolymer (B)

and PS/MF composite aggregates (C).
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vibration bands of amidogen at 1560, 1334 and 1153 cmK1

and methylol at 1010 cmK1. The spectra of PS/MF

composite aggregates not only revealed well-defined

characteristics of MF but also showed the characteristic

bands of the sulphonated PS unit. The appearance of ether

linkage peak at 1053 cmK1 implied the polycondensation

reaction of the MF prepolymer.

After placing in air for 24 h, the sulphonated PS particle

aggregates and PS/MF composite aggregates were investi-

gated by TGA in nitrogen atmosphere (Fig. 5). For both

samples, the mass loss at temperature below 100 8C was due

to the evaporation of adsorbed water and the mass loss

between 100 and 200 8C was attributed essentially to the

evaporation of the toluene and octanol. The two samples

showed a mass loss of approximately 50–60% in this range.

For the sulphonated PS particle aggregates (curve A), the

steep mass loss between 320 and 450 8C was attributed to

the decomposition and evaporation of the PS latex particles.

However, for the PS/MF composite aggregates, besides a
Fig. 5. TGA curves of the sulphonated polystyrene particle ag
mass loss of 23.7% between 320 and 450 8C, a new mass

loss of 4.15% between 224 and 320 8C was observed and

maximal mass loss rate was found at 284 8C as indicated by

the DrTGA curve (Fig. 5). This mass loss was attributed to

the decomposition and evaporation of the MF polyconden-

sate. Although having partial overlapping of decomposing

region, it could still be estimated that the mass ratio of MF

polycondensate and PS particles in the composite aggre-

gates is about 1/6 (wt/wt).

Once the PS/MF composite aggregates formed, they

could be concentrated and purified by centrifugation. The

mechanical stability of the composite shells improved

dramatically, as revealed from the SEM analysis of the

dry material (Fig. 6(a)). The electrostatic attraction between

the underlying oppositely charged layers gives the

composite shells compactness and mechanical stability.

The shell structure was found to be approximately

continuous. The composite aggregates maintained effec-

tively the initial hollow spherical structure after the removal

of the oil cores. Furthermore, the hollow spherical structure

was confirmed by the TEM analysis as shown in Fig. 6(b).

The composite shell has an uniform thickness of around

1.2 mm. Interestingly, most hollow microspheres have a

pore as shown in SEM and TEM. It was found from

experiments that solvent evaporation rate has significant

effects on the pore formation. Pore exists at quick

evaporation rate and disappears at slow evaporation rate.

Compared to the reportorial materials and methods, the

self-assembling of sulphonated polystyrene latex particles at

emulsion droplet interface is much more facile and

convenient to conduct. The sulphonation of PS latex

particles not only improves hydrophilicity of particles

surface but also brings lesser charge to the particle surface.

Instead of adding oppositely charged latex particles directly

to prepare composite aggregates, we added MF prepolymer

into the system. As a result, composite aggregates with

uniform shell thickness and spherical morphology were

obtained.
gregates (A) and the PS/MF composite aggregates (B).



Fig. 6. SEM (a) and TEM (b) of the PS/MF hollow microsphere composite.
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4. Conclusions

We have prepared the polystyrene hollow spheres

successfully by self-assembling of sulphonated polystyrene

latex particles at an oil-in-water droplet interface. A closely

packed layer was formed at the droplet interface by

selecting appropriate sulphonation time for PS latex

particles and by controlling the composition ratio of the

oil phase. The MF composite layer was used to keep the

primal morphology of the PS particle aggregates after

drying. In general, this research provides a novel and

effective method to fix particle aggregates. The effect of the

composite layer on the ordering of the underlying PS

particle aggregates will be further examined in our future

study.
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