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Abstract Microcapsules containing tetrachloroethylene as an internal phase were
prepared by in situ polymerization of urea—formaldehyde (UF) without prepoly-
merization. The effects of different emulsifiers on the process of microencapsulation
and morphology of microcapsules were investigated. The results show that the
emulsifier gum arabic (GA) can effectively slow down the deposition rate of resin
onto the oil/water interface, which can lead to smooth and compact surface of
microcapsules. The surface activity of GA was also enhanced by complex formation
of gum arabic and sodium dodecyl benzene sulfonate. The microcapsules represent
good thermal and barrier property as a result of the formation of capsule wall with
compact microstructure.
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Introduction

Microcapsules are used in various applications, such as pharmaceuticals [1, 2], dyes
[3, 4], coatings [7], food additives [5, 6], catalysts [7, 8], energy storage [9, 10] and
so on. In recent years, they are spotlighted as electrophoretic ink, which is used for a
display element of Digital Paper [11]. To apply a microcapsule for an electropho-
retic ink, it is preferable to use monodispersed small microcapsules having a thin
membrane. One class of wall materials which is frequently used for microencap-
sulation is amino resins (especially resins of melamine and formaldehyde) which are
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low-cost and easy to handle. For microcapsules based on amino resins an in situ
encapsulation process, which is described in literature [12-16], is used.

The traditional process for preparing poly(urea—formaldehyde) (PUF) microcap-
sule is based on the following two steps: First, preparation of precondensate: a
mixture of urea and formaldehyde was adjusted to pH 8-9 with triethanolamine or
NaOH and stirred at 70 °C for 1-1.5 h, the viscosity of the liquid increases and a
linear formalin—urea polymer is formed. The product is water-soluble and in
solution state. Second, encapsulation: the appropriate amount of precondensate is
dissolved in some of deionized water and an oily core material is emulsified and
dispersed in the solution under agitation. Acid is added to the dispersion to reduce
the pH from 4 to 3.5. The dispersion is then agitated for about 34 h at a
temperature of 45 to 50 °C. The precondensate becomes cross-linked, yielding a
three-dimensional water-insoluble structure which precipitates and envelops the oil
drops. The preparation process for PUF microcapsules has been reported in detail in
many publications [17, 18].

Another process of preparing PUF microcapsules is letting urea and formalde-
hyde react under acidic conditions without preparing precondensate [19, 20].
Compared to the above-mentioned two-step process, we might call this process as a
one-step process, which is time saving and easily operated as a result of absence of
precondensating and no need to adjust pH carefully during the condensation period.
In the one-step process, emulsifier plays an important role in the formation of the
capsule membrane [21]. The common emulsifiers used in one-step process are
negatively charged polyelectrolyte material, such as ethylene maleic anhydride
copolymer, poly(areylic acid), methylvinyl ether maleic anhydride copolymer, and
styrene maleic anhydride copolymer [22]. Although a capsule prepared by these
emulsifiers has a smooth inner surface, its outer surface is rough. This certainly will
influence the optical behaviors of the electronic ink microcapsules.

To improve the morphology property of microcapsule, we investigated the role of
emulsifier on the formation of the microcapsules. The key parameters involving
emulsifier type, the emulsifier concentration, and the complex formulation of
emulsifier were investigated in detail.

Experimental part
Materials

Urea, formaldehyde (37% aqueous solution), ammonium chloride, sodium chloride,
and resorcinol used as shell material were purchased from Shanghai Lingfeng
Chemical Regents Factory, China. Tetrachloroethylene (TCE) used as core material
was purchased from Shanghai Resin Plant. China. Sodium dodecyl benzene
sulfonate (SDBS) (83% purity) and gum arabic (GA), used as emulsifier, were
purchased from Shanghai Lingfeng Chemical Regents Factory, China. The polymer
surfactant, poly(ethylene-alt-maleic anhydride) (poly(E-MA)), was purchased from
Sigma—Aldrich Co. Ltd (China).
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Microcapsule preparation and characterization

An aqueous solution containing urea as a monomer, resorcinol and ammonium
chloride as a crosslinking agent and surfactant were used as the continuous phase.
The dispersed phase was the TCE. Figure 1 shows the preparation process of the
microcapsules. After the pH of the aqueous phase was adjusted to pH 3.5 with
NaOH or HCI aqueous solution, O/W emulsions were formed using a homogeniser
at the rotation speed of 500 rpm. Then, the polycondensation reaction was started by
adding 37 wt% formalin solution. To ensure a slow and sufficient liquid/liquid
phase separation, the emulsion was heated at a rate of 1 °C min~"' to the target
temperature of 55 °C. After 4 h, the reaction was ended. The microcapsules that had
formed were separated from aqueous solution with suction filtration (filter pore size
is about 11 pm) and the microcapsules were collected.

Surface morphology of microcapsule was observed using a scanning electronic
microscope (SEM, JSM-6360, FEI). Microcapsules were mounted on adhesive tape
and ruptured with a razor blade for shell thickness measurement.

Optical microscopy (OM) was recorded with an optical microscope (XSP-8C,
Changfang). Microcapsules size distribution was analyzed by image analysis
software (Motic image plus 2.0). Mean diameter were determined from data sets of
at least 250 measurements.

Continuous phase
150ml Deionized H, O Dispersed phase

2.50g Urea
0.25g Ammonium chloride Tetrachloroethylene(TCE) 20 ml

0.25g Resorcinol
5.0g NaCl
Surfactant

'

Adjust pH=3.5

'

Agitation
500 rpm
|
React 3h at 55°C
v

Suction filtration

v !

‘ Microcapsule | | Filtrate |

Fig. 1 Flowchart of one-step preparation process of the microcapsules
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Thermogravimetric analysis (TGA) was performed with the TA SDT-Q600
from TA Instruments, under a nitrogen flow from 25 to 500 °C at a heating rate of
10 °C/min.

Results and discussion
Effect of the emulsifier type on the microcapsule formation

Emulsifier plays important roles in the preparation of microcapsules. With the help
of emulsifier, the core materials emulsion can be stable and then the prepolymer is
adsorbed and deposited on the surface of core particles. In this experiment, three
emulsifiers, including Sodium dodecylbenzene sulfuric (SDBS), poly(ethylene-alt-
maleic anhydride) (poly(E-MA)), GA, were used to improve the dispersion of the
oil phase in the water phase. The concentration of emulsifiers in aqueous solution is
0.1, 0.4, 0.1 wt%, respectively. Under the same experimental conditions, they are all
emulsified by stirring (500 rpm) for 30 min. The average droplet diameters for these
systems containing 20 ml of TCE are presented in Fig. 2. It is found that using
EMA and GA as emulsifiers yields large droplets with a broad size distribution,
while using SDBS as emulsifiers yields small droplets with a narrow size
distribution. These smaller droplet sizes are directly related to the fact that the O/W
interfacial tension is decreased by a much greater extent when they are employed.

Figure 3 shows the optical micrographs of prepared microcapsules in SDBS,
EMA, and GA. It is found that the influence of surfactant on the preparation of
microcapsules is obvious. When no surfactant is used, microcapsules have irregular
shapes as shown in Fig. 3a, which indicates that the core droplets in solution are not
stable even with the aid of the mechanical agitation. The large amount aggregated
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Fig. 2 Size distribution of microcapsules prepared by selecting different emulsifier types

@ Springer



Polym. Bull. (2011) 67:15-27 19
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Fig. 3 OM morphologies of microcapsules prepared by selecting different emulsifiers

PUF nanoparticles in solution indicate that it is difficult for PUF nanoparticles to
deposit on the surface of microcapsule. Obviously, the surfaces of microcapsules are
not compact, so the microcapsules are easily fractured during the washing process.

SDBS is a common emulsifier to prepare PUF microcapsules. Yuan et al. [23, 24]
reported to successfully prepare PUF microcapsules with it by two-step process.
However, there was no microcapsule generated in this case. The microcapsules
prepared with SDBS were observed in the cocktail solution after appointed reaction
time (Fig. 3b). The resultant cocktail solution was separated to oil and water phases
after it was settled. This is because SDBS is destabilization in the reaction solution,
which will cause the emulsion to break. The microencapsulation process of SDBS as
an emulsifier was monitored by OM. Figure 4 shows a sequence of aliquot images
along with the temperature and pH value. From the figure we found that the
emulsion breaking occurs after the pH has dropped dramatically from initial
conditions. It indicates that the dramatically drop in pH may be lead to the emulsion
breaking. To confirm this, we prepared microcapsules at constant pH (pH = 3.5)
conditions by drop-wise addition of NaOH and HCI. The emulsion breaking was not
happening during this process, but the UF nanoparticles remained in suspension and
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Fig. 4 Temperature and pH profile during microencapsulation. Aliquot appearance was obtained by
quenching in 15 °C water at periodic intervals and imaging by transmitted light

did not deposit onto the microcapsule surface. The presence of suspended
nanoparticles made the filtration process cumbersome and yields were low. This
phenomenon accords well with the results reported by the Ref. [19]. Prepared
microcapsules as mentioned above, however, were ruptured after drying process.
EMA has been used as surfactant in preparing PUF microcapsule in many
literatures [19, 25, 26]. Different from traditional small molecular emulsifier such as
SDBS, the macromolecular emulsifier EMA possesses stronger adsorbability and
dispersibility in oil-in-water emulsion system. Figure 3¢ shows the OM micrograph
of microcapsule prepared by using EMA as an emulsifier. The microcapsules have
the clear “hedgehog” morphology (as shown in Fig. 3c, inset). It can be explained
as follows: when the emulsion is formed, the hydrophilic end of a poly(ethylene-
alt-maleic anhydride) molecule stretches out its carboxyl group toward the water
phase but its oleophilic end is dissolved in the oil droplet interior. A chain of
poly(ethylene-alt-maleic anhydride) molecules is very long and has a lot of carboxyl
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groups (~COOH) on it. With the polymerization, the carboxyl on a poly(ethylene-
alt-maleic anhydride) molecule will catalyze polymerization and make UF polymer
produce around its chain. Thereby, the “hedgehog” morphology around the
microcapsule will be produced. The microcapsules rough outer surface will
obviously influence the optical behaviors of the microcapsule when it used in
electrophoretic display field. Meanwhile, the thick layer of porous UF caused
agglomerations in solution and after filtration when the core material was a solution
or resin and solvent.

GA is a weak polyelectrolyte that carries carboxylic groups, and microelectro-
phoretic measurements have shown that GA is negatively charged above pH 2.2,
because the dissociation of the carboxylic groups is suppressed at low pH (<2.2)
[27]. When GA was used as an emulsifier, the large size and hydrophilicity of
polysaccharide moiety form viscous adsorbed layers at liquid-liquid interface [28].
On one hand, it can protect droplets against aggregation over a wide range of
unfavorable conditions. On the other hand, this viscous adsorbed layer slow down
the deposition rate of UF nanoparticles on the microcapsule surface, resulting in
smooth and compact surface of the PUF wall shell as shown in Fig. 3d.

Based on above results, it is believed that GA is the optimal emulsifier for
preparing microcapsules with smooth surface morphology.

Effect of the GA concentration on the properties of microcapsules

To investigate the influence of GA concentration on the formation of PUF
microcapsules, microcapsules with different GA concentration were prepared.
Figure 5 displays SEM pictures of capsules synthesized with GA concentration of
0.05, 0.1, and 0.2 wt%. It can be seen that the surface roughness of the capsules
decreases with increasing the GA concentrations. When in low GA concentrations
due to the viscosity of the oil-water interface is too low that UF nanoparticles’
precipitation rate on the surface of the capsules is so fast that lead to higher surface
roughness of the wall. When in high GA concentration, the viscosity of the oil-
water interface is so large that the nanoparticles can not deposit on the interface,
microcapsules with a smooth and thin polymer wall are formed. However, after
drying of the product the capsules are strongly agglomerated and collapsed. This
means that a capsule wall is formed during the encapsulation, but in the drying

Fig. 5 Scanning electron microscopy pictures of capsules synthesized using a GA concentration of
a 0.05 wt%, b 0.1 wt%, and ¢ 0.2 wt%
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Fig. 6 Size distribution of microcapsules prepared by selecting different surfactant concentrations

process the wall is partially broken and the TCE is released. Thus, the capsule wall
is not stable enough to endure stress in practical application. So there is an optimal
GA concentration in preparing PUF microcapsule. In this study, GA concentration
of 0.1 wt% is beneficial for preparing smooth surface and mechanically stable
microcapsules.

Figure 6 shows the size distributions of microcapsules prepared with different
GA concentrations (0.05, 0.1, and 0.2 wt%). Over the concentration investigated,
the GA concentration has no significant influence on the microcapsule size
distribution.

Complex formulation of GA and SDBS

Gum arabic is an effective emulsifier at low pH and high ionic strength. Nevertheless,
the level of surface activity is actually rather low in comparison with typical low-
molecule-weight emulsifiers. The performance problem of low-molecule-weight
emulsifiers, however, relates to the major contribution of electrostatic interactions to
the adsorbed layer structure. Combined with the low surface coverage, this makes the
emulsions susceptible to destabilization under unfavorable environmental conditions.
For instance, SDBS-based emulsions are sensitive to destabilization at low pH value,
as mentioned above. In contrast, the large molecular size and predominant
hydrophilicity of GA allows for the formation of a thicker stabilizing layer that is
capable of protecting droplets against aggregation over a wide range of unfavorable
conditions, such as low pH and high ionic strength. So its interest in exploiting the
combined advantages of SDBS and GA as functional ingredients via the develop-
ment of SDBS—-GA complexes as emulsifier and stabilizer.
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Figure 7 shows the size distribution of microcapsules prepared with surfactant
containing mixture of 0.1 wt% GA and different concentrations of SDBS. When the
SDBS concentration is below 0.133 wt% (SDBS: GA < 1.3), the microcapsule size
distribution becomes narrow and the mean diameter of microcapsules decreases
with the addition of SDBS (Fig. 8b). Further increase of SDBS concentration from
0.133 to 0.2 wt% (1.3 <SDBS: GA <2) leads to the aggregation of the
microcapsules (Fig. 8c). At 0.267 wt% (SDBS: GA > 2), most of the droplets
cannot form stable microcapsules (Fig. 8d).

This phenomenon can be interpreted as follows: At low rations of SDBS to GA
(approximately <1.3), the majority of the SDBS molecules may be complexed with
the GA molecules. Due to bound SDBS, the conjugate is much more surface-active
than GA on its own; hence the conjugate is able to achieve surface layer saturation
at a much lower bulk concentration. At the same time, due to the bound GA, the
adsorbed SDBS layer is protected against destabilization under unfavorable
environmental conditions (e.g., heating, low pH, high electrolyte concentrations,
etc.). At high ratios of SDBS to GA (>2), the system is probably destabilized by the
self-association of SDBS, which is not complexes with the GA molecules. Most of
the droplets cannot form stable microcapsules due to the ability of SDBS to desorb
GA from oil droplets.

The experimental results show that composite emulsifier is more effect than
simple emulsifier, and the optimal emulsifying effect could be obtained at the ratio
of SDBS to GA less than 1.3. The presence of one or more GA molecules on the
external surface of the complex at low SDBS: GA ratios may provide increased
steric stabilization and may explain the remarkable pH stability of the complexes
reported herein.

30
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—A— 0.133wt % SDBY
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Fig. 7 Size distributions of microcapsules prepared with surfactant containing mixture of 0.1 wt% GA

and different concentrations of SDBS
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(c) 0.200wt % SDBS (d) 0.267wt % SDBS
Fig. 8 OM micrographs of microcapsules prepared with surfactant containing mixture of 0.1 wt% GA
and different concentrations of SDBS

Stability of microcapsules

Figure 9 shows the TGA diagrams of PUF material and microcapsules prepared
with 0.1 wt% of GA as surfactant. The gradual weight loss, not more than 30%, of
microcapsules is found below the degradation temperature, due to the desorptions of
small molecules such as H,O as well as the release of TCE. Since the range of the
degradation temperature is much higher than the boiling point of tetrachoroethylene
(121.2 °C). It is believed that microcapsules have good thermal property and the
wall structure of microcapsules is compact.

The barrier property of the microcapsule, i.e., the ability of the capsule wall to
protect core materials and prevent core materials from releasing outside, is
important to the practical application. Figure 10 shows the weight loss of
microcapsules at 50 °C. The weight loss was only less than 8% after heating for
10 h. It is obvious that microcapsules prepared with GA as emulsifier are stable and
suitable for practical application.
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Fig. 9 TGA diagrams of PUF material and microcapsules prepared with 0.1 wt% of GA as surfactant
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Fig. 10 Weight loss of microcapsules prepared with 0.1 wt% of GA as surfactant at 50 °C

Conclusion

Microcapsules containing TCE as an internal phase were prepared by in situ
polymerization of UF without prepolymerization. The effects of different emulsi-
fiers on the process of microencapsulation and morphology of microcapsules were
investigated. The results show that the emulsifier gum arabic can effectively slow
down the deposition rate of resin onto the oil/water interface, which can lead to
smooth and compact surface of microcapsules. It is shown that the interfacial
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behavior of the phases in the system plays an important role in the process of
microencapsulation, and a slow and sufficient liquid/liquid phase separation effected
by an appropriate emulsifier under appropriate conditions is necessary for producing
microcapsules of good morphology and membrane strength. The average diameter
of microcapsules descends with the addition of complex formulation of GA and
SDBS. Owing to the formation of capsule wall with compact microstructure, the
microcapsules represent good thermal and barrier property, which are advantageous
for the practical use of microcapsules in electrophoretic display.
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