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Polymer microsphere and polymer-
ferrite nanocomposite preparation
by precipitation from water-in-oil

microemulsions

Abstract A simple method to
encapsulate intramicellar solutes
(enzymes, nanoparticles) in polymer
microspheres is described. The
method involves dissolving a polymer
in a minimum amount of solvent. The
polymer solution is then added to

a large volume of a nonsolvent system
containing bis(2-ethylhexyl)sulfo-
succinate (AOT) reversed micelles.
Immediate precipitation of the
dissolved polymer takes place. The
precipitation results in the formation
of stable microparticles ~0.1-1 yum in
diameter. There is a direct correlation
between the internal voidage of the
particles and the water content of the

micelles. Precipitation also leads to
encapsulation of intramicellar solutes,
resulting in the formation of micro-
spherical composites.
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Introduction

The interaction between organized surfactant assemblies
and polymers is an area of great interest from both scient-
ific and industrial perspectives [1]. Aqueous solutions
of such systems have been studied extensively [2].
Nonaqueous systems, however, have received limited at-
tention [3]. The present work reports the use of water-in-
oil microemulsions (also known as reversed micelles) as
a nonsolvent medium for polymer precipitation. We have
recently established that it is possible to dissolve a presyn-
thesized polymer (poly(4-ethylphenol), PEP) in a solvent
and precipitate it in spherical morphology, using a water-
in-oil microemulsion as the nonsolvent [4]. The practice of
dissolving a polymer in a minimal amount of solvent and
then adding it to a large amount of nonsolvent to effect
almost immediate precipitation of the dissolved material is

well known in the chemical literature [5]. While the use of
nonsolvent typically involves a single homogeneous phase,
Chang has reported the use of surfactant-free water-in-oil
emulsions as the nonsolvent for the synthesis of polymer
microcapsules [6]. While a number of generic methods
exist for fabricating microspheres [7], precipitation using
a complex nonsolvent, i.e. a three-component water-in-oil
microemulsion is a new technique and perhaps has some
unique features. One of these as described here, is the fact
that the internal voidage of the microspheres can be con-
trolled easily by changing the water content of the micelles.
A second remarkable feature of precipitation is the fact
that intramicellar solutes (e.g. biomolecules such as pro-
teins and enzymes and nanoclusters solubilized in the
water pools of the reverse micelles) become trapped in
the precipitating polymer matrix. Thus, in addition
to microsphere formation, such precipitation can be used
as a microencapsulation method. This may lead to the
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Polymer precipitation from w/o microemulsions
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formation of novel materials where the encapsulate confers
its specific property to the composite.

In this paper we report details on such microencap-
sulation, including a systematic study of the influence of
the water content of the microemulsion on the morpho-
logy of the precipitated polymer. As an example of
microencapsulation, we report the encapsulation of super-
paramagnetic ferrite nanoparticles in the polymer.

Experimental section

All chemicals were purchased from Sigma-Aldrich (St.
Louis, Mo) in analytical grade purity. The surfactant used
was bis(2-ethylhexyl)sodiumsulfosuccinate (NaAOT). The
bulk organic phase was isooctane. The polar solvent used
for dissolution of the polymer prior to reprecipitation was
acetone. The specific polymer used here was poly(4-ethyl-
phenol) which was synthesized using an oxidative enzyme,

horseradish peroxidase, in the microstructured media of
water~-in-oil microemulsion [8]. This is an ideal medium to
enzymatically synthesize polyphenols, since the micro-
aqueous phase sustains enzyme solubility with activity
retention, while the monomers partition to the oil-water
interface through hydrogen bonding with the surfactant
[8]. Figure 1A illustrates a simplified representation of the
condensation of 4-ethylphenol to the polymer. Figure 1B
illustrates the chemical structure of the surfactant and
monomer partitioning to the interface. The polymer that is
formed in the reaction, precipitates out, allowing for easy
recovery from the micellar system. The recovered polymer
was washed several times with isooctane to remove the
traces of adsorbed surfactant, dried and stored for future
use. The polymer is amorphous at room temperature, has
negligible solubility in water and in aliphatic hydrocar-
bons (hexane, isooctane, etc.). It is moderately soluble in
CCl4 and chloroform, and highly soluble in polar solvents
(acetone, THF, DMSQO, etc.). The polymer has an average
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molecular weight (Mn) of ~ 1600 Da (polydispersity index
~ 1.4), as determined by GPC (polystyrene standards, and
elution in a Jordi DVB column using THF as an eluent).

Our experiments described here relate to the dissolu-
tion of the polymer in a polar solvent and re-precipitation
using a large excess of a reversed micellar solution. We
have also used reversed-micellar solution containing fer-
rite nanoparticles for the synthesis of polymer-ferrite
composites. Our results pertain to the morphological and
magnetic properties of the nanocomposite that is formed.

In all experiments involving polymer precipitation, the
general methodology was kept the same. The presynthe-
sized polymer was dissolved in acetone (0.1 g polymer/ml
acetone) (solution A). A second solution (nonsolvent
solution B) consisting of the reverse micellar solution at an
AOT concentration of 0.5 M and the required wo (wo is the
water to surfactant molar ratio) was also prepared. In
specific cases, the solution B also contained the y-Fe>O3
nanoparticles (which was to be entrapped within the pre-
cipitated polymer microspheres) as an intramicellar solute.

The synthesis of the y-Fe2Os3 nanoparticles was carried
out in AOT/isooctane reverse micelles (wo = 10). Two
separate miceliar solutions were made containing precal-
culated amounts of FeSO4 and NH4OH. The reaction was
initiated by adding the NH4OH reversed micellar solution
to the FeSO4 reversed micellar solution. The solution
turned deep red in a few minutes. The reaction was al-
lowed to proceed for a few hours [9].

The choice of the polymer/solvent/nonsolvent ternary
system is extremely important, since it governs the produc-
tion of polymer microspheres. Acetone was used as the
solvent because it is miscible with isooctane. This allows
essentially complete diffusion of acetone into the bulk
isooctane phase, inducing the formation of a polymer
precipitate which is essentially acetone-free. On the other
hand, the choice of a polymer solvent which is immiscible
with isooctane would result in the formation of two fluid
phases on mixing, with the polymer remaining dissolved in
the solvent rich phase. Additionally, in this particular
instance, acetone also affects the conformation of the poly-
phenol chains. In nonpolar solvents (e.g. CCls), intra-
molecular hydrogen bonding generates a coiled polymer
conformation. On the other hand, polymer-solvent hydro-
gen bonding in polar solvents such as acetone leads to
a fully open conformation in solution, prior to precipita-
tion [4].

Typically, in all experiments, 1 ml of solution A was
added to 20 mi of solution B in small aliquots. The solu-
tion B was kept stirred using a magnetic stirrer throughout
this process. The clear solution B becomes cloudy immedi-
ately after the addition of a drop of solution A, indicating
that the dissolved polymer has phase-separated. After the
addition is complete, the mixture is kept stirred briefly.

The supernatant is then removed, and the polymer washed
thoroughly with isooctane, to remove all traces of the
surfactant.

It is true that besides the water content of the nonsol-
vent microemulsion phase, a number of other parameters
are expected to play a critical role in deciding the proper-
ties of the final precipitate. For example, the rate of injec-
tion of the polymer solution, the stirring rate, the nature of
the injection solvent, initial concentration of the polymer,
all affect the final morphology, particle size and distribu-
tion. However, our primary objective here is to demon-
strate the general feasibility of the precipitation process to
generate microspheres and also to evaluate its potential as
a microencapsulation technique. Therefore, the effect of
systematically changing the process variables listed above
on the outcome of the microprecipitation has not been
examined.

A Perkin-Elmer atomic absorption spectrometer fitted
with a Fe lamp, was used to determine the ferrite contents
in the polymer composite. The morphology of the precipi-
tated polymer was characterized by electron microscopy,
using a JEOL 820 Scanning Electron microscope operat-
ing at 15-30kV, and a Phillips 410 transmission electron
microscope operating at 80 kV. Aluminium stubs (SEM)
and carbon-coated copper grids (TEM) were used to
mount the samples. The sample preparation involved re-
dispersing a small amount of the precipitated polymer
(washed) into isooctane. For SEM, a drop of this solution
was then added to the stub and the solvent was allowed to
evaporate under ambient conditions. The sample was then
sputter-coated with a 20 nm thick gold layer. For TEM,
the grid was placed on a filter paper and a drop of the
dilute isooctane dispersion of the polymer was added onto
the grid. The sample was then air-dried. The SEM micro-
graphs supply information on the overall topography and
surface structure of the sample. In TEM, the contrast
translates to differences in local “mass thickness” (thick-
ness x density) [10]. The dark regions correspond to re-
gions of greater mass density.

Results and discussion
Polymer morphology

The research involves the use of polyphenols, and we have
specifically used para-substituted polyphenols synthesized
enzymatically using an oxidative enzyme, horseradish per-
oxidase which is solubilized in the water pools of AOT
reversed micelles. The enzymatic synthesis of such poly-
mers is very feasible and gram quantities of the polymer
can be easily obtained. Enzymatic polymerization leads to
coupling of the monomers primarily at positions ortho to
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the hydroxyl group (Fig. 1A). The polymers typically have
low molecular weight (M, = 1600) and are therefore
oligomers or prepolymers having on an average ~ 14
monomeric units. They are insoluble in reversed-micellar
solutions and during synthesis in this medium, precipitate
out. The polymer recovered after synthesis is washed with
isooctane to remove all traces of the surfactant, and is now
the presynthesized material.

The technique to prepare microspheres discussed here
(see Experimental section) utilizes these presynthesized
polymers. Thus, poly(4-ethylphenol) is dissolved in a suit-
able solvent to destroy all gross traces of morphology.
Subsequently, the polymer is reprecipitated by contact
with a large excess of a reversed-micellar solution which is
a nonsolvent for the specific polymer. The theoretical basis
of our technique is relatively simple. A stream of good
solvent carrying the dissolved polymer is injected into an
agitated volume of nonsolvent. The nonsolvent diffuses
into the carrier phase and the carrier solvent counter
diffuses into the nonsolvent. The polymer molecules nu-
cleate rapidly and phase-separate.

The use of reversed micelles as a nonsolvent to precipi-
tate polymers, is novel, especially if studied in the applied
context of micellar solute encapsulation. The specific
polymer used here, poly(p-ethylphenol), is also rather
interesting since it has amphiphilic properties. In nonpolar
solvents (e.g. benzene or CCls4), at low concentrations,
intramolecular hydrogen bonding leads to chain folding
and curvature, while in polar solvents {e.g. acetone) the
polymer adopts a more open structure due to the domi-
nant solvent-segment hydrogen bonding interactions [4].
More interestingly, the surfactant AOT used to form rever-
sed micelles also interacts with the polymer by hydrogen
bonding through the carbonyl and sulfonate proton accep-
tor groups, although in AOT-isooctane reversed micelles,
the interactions are not strong enough to sustain polymer
solubility. In AOT-CCls reversed micellar solutions (a
solvent for the polymer), perturbations to the AOT C=0
frequencies are seen upon dissolving the polymer [4]. The
polymer is therefore “sticky” due to its strong tendency to
hydrogen bond.

Figure 2 illustrates the morphologies of polymer ob-
tained after precipitation in AOT-isooctane reversed
micelles as characterized through scanning and transmis-
sion electron microscopy. The micrographs illustrate the
change in particle characteristics as the water content in
the micelle is varied. The water content is quantified
through the water-to-surfactant molar ratio (wo). As the
figure illustrates, finely dispersed spherical particles are
observed in each case. The microsphere formation is not
particularly noteworthy since it is simply due to surface
free energy minimization as a consequence of particle
nucleation upon supersaturation when contacted with the

’

A 0.1pm (x 133,000)

Fig. 2 Electron micrographs of the polymer particles when precipi-
tated with (A, A)wp = 0, (B, B')wg = 20 and (C, C')wy = 35 micelles.
(A, B, C) refer to scanning electron micrographs while (A’, B', C') refer
to transmission electron micrographs. A comparison of the particle
sizes from the SEM (A) 0.1-0.3 um, (B) 0.1-0.8 ym, (C) 0.1-1.5 um
clearly indicates particle swelling with use of higher water containing
micelles. The TEM illustrates that with increasing water content the
internal density of the precipitated particle decreases and at wo = 35
many particles show a definite core and shell-type morphology

nonsolvent. Microspheres can be realized simply through
direct precipitation in isooctane, although the particle size
is typically larger (> 1 um) than the microspheres shown in
Figs. 2A and 2A’. Particles precipitated using the micellar
nonsolvent do not show any appreciable shrinkage upon
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B 0.1um (x 96,800)

Fig. 2B, B’

drying and form loose aggregates, which can be easily
redispersed employing mild sonication. Perhaps, the most
interesting aspect of the precipitation using the micellar
nonsolvent is the role of intramicellar water. As Fig. 2 illus-
trates, in the presence of water, the polymer particles swell,
and seem to have significantly lower internal densities.
With wy > 30, over 70% of the particles have a somewhat
hollow interior. Such particles are not observed when
precipitation is carried out with dry or low-water contain-
ing micelles.

C 0.1pm (x 96,800)

Fig. 2C, C'

These observations are intuitively rationalized. In the
case of dry (water-free) micelles, the polymer-acetone solu-
tion is initially above its cloud point. Upon contact with
the micellar solution, the mutual solubility of acetone and
the excess bulk isooctane phase leads to diffusion of the
acetone into the bulk hydrocarbon phase. This produces
local regions of supersaturation, where a polymer-rich
phase begins to separate out. The phase separation prob-
ably proceeds via nucleation, which produces droplets of
a polymer-rich phase. These droplets are unstable and
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coalesce and grow in size. At the molecular level, hydro-
gen-bonding interactions lead to a combination of chain-
folding, chain—chain aggregation and chain interactions
with the surfactant. The micelles may additionally serve to
compartmentalize the initial seed nuclei. Eventually, the
droplets of the polymer-rich phase lose all solvent and
precipitate in the nonequilibrium configuration of poly-
meric microspheres. We note that the microspheres (typi-
cally > 0.1 um) are at least an order of magnitude larger
than micelles (less than 0.01 um).

The formation of the more hollow particles through
precipitation in high-water-containing micelles, probably
involves more complex interfacial phenomena. Evidently,
there is incorporation of water in the precipitating poly-
mer, with retention of water in the microspheres being
facilitated by the polar hydroxyl groups of the polymer
chains. The hollow sphere morphology may simply be
a consequence of the tendency of the incorporated water to
segregate from the bulk aliphatic hydrocarbon solvent
into the precipitating polymer matrix.

Encapsulation of nanoparticles

The reversed-micellar medium is well suited to the syn-
thesis of inorganic clusters, since the micelles act as
nanoreactors restricting growth to the nanometer size
range. Thus, superparamagnetic ferrite particles were syn-
thesized in the water pools of reversed micelles using
well-established methods of contacting micelles containing
the iron (I1) sulfate salt with micelles containing ammon-
nium hydroxide (see Experimental section) [9, 11]. The
colloidal ferrite nanoparticles stay suspended in the micel-
lar medium. Following ferrite synthesis, polymer precipita-
tion was carried out using the ferrite-containing micellar
medium as the nonsolvent. The precipitating polymer en-
traps the ferrite particles, and depending on the amount of
polymer precipitated, over 70% of the ferrite content in the
micelles can be entrapped in the polymer matrix.

Figure 3 illustrates the magnetization curves for a
polymer—ferrite microsphere composite containing 51.2 mg
Fe/g polymer. A SQUID magnetometer was used to deter-
mine the magnetic properties. Field-dependent hysteresis
loops were generated in the temperature range 2.0-300 K.
Typical trends of the magnetic composite are described
through hysteresis loops recorded at 100 and 4.5 K. The
100 K loop exhibits no hysteresis, i.e. the magnetization vs
field data are perfectly superimpossible as the field is
cycled between + 50 kG. The lack of hysteresis is a charac-
teristic of superparamagnetic particles. Such particles have
very small size, and thermal fluctuations are sufficient to
overcome the anisotropy barrier, allowing magnetization
to spontaneously reverse direction. At a lower temperature

100 K

M (emu/g)
o

| |
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-40000 -20000 0 20000
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-10000

-5000 0
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Fig. 3 (A) Magnetization curves for the composite (polymer—ferrite)
at 100 K. The sample does not show any hysteresis. (B) The Magnetic
hysteresis loop of the same sample measured at 4.5 K. At this low
temperature, the sample begins to some hysteresis with coercivity
H:.~300G. The presence of low-temperature hysteresis together
with the absence of hysteresis at higher temperatures confirms the
superparamagnetic nature of the polymer—ferrite composite

of 4.5 K, however, the loop does exhibit hysteresis. The
presence of low-temperature hysteresis is due to the
freezing of magnetic dipoles. X-ray diffraction analyses
indicate broad peaks due to the nanometer size of the
ferrite particles, but with distinct features at 26 values of
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35.6° and 62.9° attributed to the presence of maghemite
(y-Fe,O3) [12].

At 50 kG, the polymer-Fe,O; composite has a mag-
netic saturation moment of 5.76 emu/g. With 5.2% Fe or
8% y-Fe, 05 (wt%), the calculated saturation moment for
the y-Fe, O, particles is 72 emu/g, which fits reasonably
well with the bulk saturation moment of 76.0 emu/g for
maghemite [13].

The slope of the magnetization curves (Fig. 3) near
H = 0 can be used to estimate the upper bound for ferrite
particle size in the composite, through the Langevin func-
tion [14].

M(T) = M, [coth(uH/kT) — kT /uH] . 1)

For superparamagnetic particles, the Langevin function
describes the relationship between magnetization at a par-
ticular temperature (M(T)) and the applied magnetic field
(H) according to Eq. (1). M, is the saturation magnetic
moment, k is the Boltzmann constant and T the absolute
temperature. The above equation can be used to estimate
the size of the largest particles present in a sample of
nonuniform particle sizes using the equation shown below:

dmag(max) = [(lng/RpMsz)(dM/dH)H=0] > (2)

where p is the density of maghemite (5.07 g/cm?®). Using
the value of the measured slope (dM/dH)y-o of
6.5 x 10~ * emu/(Gauss g composite) (the limiting slope
near the origin was determined from the hysteresis plots by
curve fitting the linear portion of the data), the largest
magnetic particle size (dmagmax) 15 about 6 nm. With an
8% by weight y-Fe,O; loading in the polymer, there are
approximately 10* ferrite nanoparticles in polymer micro-
spheres of diameter 0.5 um. Such polymer—ferrite com-
posites have applications in magnetic separations
and magnetic coatings. The ease of functionalization of
phenolic groups indicates the possibility of immunoaffinity

ligand attachment to the polymer for biochemical
separations [15].

Conclusions

We have, thus, established a simple method of microsphere
preparation where the internal density of the microspheres
can be varied. Additionally, the technique can also be used
for the microencapsulation of intramicellar solutes. In
contrast to traditional composite preparation, where the
microsphere is first prepared and the inorganic clusters
subsequently synthesized within the pores of the micro-
spheres [16], the technique described here is more of
a ship-in-a-bottle approach to entrapping ferrite nanopar-
ticles in nucleating polymer particles. While this paper has
dealt with the encapsulation of ferrites, it is also possible to
encapsulate enzymes that are previously solubilized in the
water pools of the micelles. When enzyme encapsulation is
carried out, particularly with the higher water content
micelles that lead to the swoilen microspheres, the result-
ing polymer—enzyme composite is catalytically active [4].
The rather high polydispersity of the swollen micro-
spheres, could be a deterrent to applications requiring
monodispersity. However, the ability to manipulate par-
ticle size and internal density may lead to interesting
polymer—nanoparticle and polymer—-enzyme composites.
Although we have used enzymatically synthesized poly-
phenols, it should also be possible to use commercially
available linear, phenolformaldehyde polymers [17] since
the hydrogen bonding interactions of these materials
should be similar to the polymer used here [18].
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