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Abstract

Fine Dechlorane (DCR) particles with an average size of 12 Am were successfully encapsulated with poly(methyl methacrylate) (PMMA)

and poly(1-vinyl-2-pyrrolidone) (PVP) polymers via in situ dispersion polymerization in supercritical carbon dioxide (scCO2). Adjusting the

process parameters can control the coating thickness, surface morphology, and degree of particle agglomeration. A uniform thin-film

encapsulation of the host particles has been achieved under appropriate operating conditions, which is very difficult to obtain using other

methods of supercritical fluid processing.

SEM micrographs from our experiments show a variety of coating morphologies. It is found that dispersed polymer particles can deposit

and aggregate on a thin layer of polymer coated on DCR and undergo plasticization, coagulation, and fusion into the encapsulating polymer.

When the pressure is low or the concentration of stabilizer is high, a coexistence of smooth thin-film coating in contact with uncoagulated

polymer particles was found. These observations suggest that polymerization occurs simultaneously through two parallel routes: reaction in

dispersed polymer particles and reaction in the polymer domains nucleated on the surface of the host particles, which later develop into a

uniform polymer layer. The latter resembles a precipitation polymerization as compared to conventional dispersion polymerization. It is also

found that the stabilizer plays an important role in polymer growth and particle coarsening on the surface of the host particles. Without the

stabilizer, PMMA could not be coated on the host particles and with a large amount of stabilizer, coagulated rough surface morphologies

were observed due to steric repulsion. The effects of various process parameters, such as concentrations of monomer, surfactant stabilizer and

initiator, and reaction pressure, are also discussed.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Polymeric particle coating finds wide applications in

various important industries [1–5]: pharmaceutical, food,

fertilizer, cosmetics, electronic, and biomedical, just to name

a few. It is often a crucial industrial process in particle

handling to enhance compatibility, flowability, wettability,

and dispersibility, or to serve as a barrier for controlled
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release or masking. Conventional polymeric particle coating

usually involves solution chemistry and the use of a large

amount of organic solvents may raise serious air and water

pollution concerns. Therefore, effective and clean coating

methods are of strong interest.

There has been a continuing growth of interest in

replacing conventional organic solvents with environmen-

tally friendly supercritical fluids in chemical processes.

Among them, supercritical carbon dioxide (scCO2) emerged

as an excellent candidate due to its superb characteristics

and properties: it is inexpensive, nontoxic, nonflammable,

readily available, easily recycled, and as a solvent, it
46 (2004) 32–45



Fig. 1. Molecular structures of Dechlorane PlusR 515 and PDMS-MA

macromonomer.
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possesses both gas-like diffusivities and liquid-like densities

and solvencies. Successes in applying scCO2 as a solvent or

processing medium have been found in various areas from

the well-established supercritical extraction and separation

to the relatively new engineered particle formation [6,7].

One area that has seen very much progress is polymer

synthesis and processing [8–12,15].

From the aspect of processing, polymers can be

fractionated, purified, impregnated, or foamed by using

scCO2 as a processing solvent. One of the recent interesting

applications is coating of particles with polymers via rapid

expansion of supercritical solution (RESS) or via a super-

critical antisolvent (SAS) process [4,5]. In the RESS

process, dissolved polymers precipitate out after CO2

depressurization, while in the SAS process, the solvents

that initially dissolve the polymers are extracted by scCO2,

and the polymers precipitate on the surface of the host

particles. Because many polymers exhibit low solubility in

scCO2, organic solvents are often used as either solvents (in

SAS) or cosolvents (in RESS), which may cloud the

environmental benefit of using scCO2. In addition, homo-

geneous and complete encapsulation is often difficult to

achieve.

In the area of polymer synthesis, following the seminal

work of fluoropolymer synthesis in scCO2 by DeSimone et

al. [13] in 1992, many common polymers were produced

using scCO2 as the reaction medium. Dispersion polymer-

ization, an important industrial process, is one of the most

studied methods for polymer synthesis in scCO2. It features

an initially homogeneous solution reaction, where mono-

mer, initiator, and surfactant are all dissolved in a solvent.

The system becomes heterogeneous once the molecular

weight of the polymer exceeds the solubility limit and

polymer precipitates. The polymers produced by this

method usually form spherical particles with a size range

between 100 nm and 10 Am. Exploiting the favorable

transport properties and controllability of the reaction in

scCO2, researchers have synthesized many important vinyl

polymers using dispersion polymerization.

In this paper, we present a new coating method based on

the principles of dispersion polymerization in scCO2.

Common filler material, Dechlorane PlusR 515 (DCR)

particles, with an average size of 12 Am were chosen as

model host particles and were introduced into the high-

pressure coating vessel. Poly(methyl methacrylate)

(PMMA) and water-soluble poly(1-vinyl-2-pyrrolidone)

(PVP) were synthesized in situ via dispersion polymer-

ization in scCO2 during the coating process.

It is found that the new coating method is efficient for

selected systems. Uniform encapsulation was obtained

even at low polymer to particle weight ratio and the

coated particles exhibited good flowability. In the pres-

ence of excessive monomer, polymer particles either

coagulated and attached to the polymer-coating layer or

precipitated out as loose agglomerates. On the other hand,

when a small amount of monomer was used, thin-film
coating was achieved. The coating thickness and mor-

phology can be controlled by changing process parame-

ters, including the monomer to particle weight ratio,

reactor pressure, and the concentrations of the surfactant

stabilizer and initiator. The effects of the process param-

eters will be discussed individually in the Results and

discussions section.
2. Experimental section

2.1. Materials

Dechlorane PlusR 515 particles from Occidental

Petroleum, an aliphatic chlorine-containing crystalline

organic compound (Fig. 1), in the form of free-flowing

powders, were used as the host particles without further

processing. The melting temperature of Dechlorane is 350

8C. Methyl methacrylate (MMA), 1-vinyl-2-pyrrolidone

(2-VP), poly(dimethyl siloxane) methacrylate (PDMS-MA;

Fig. 1), and 2,2V-azobisisobutyronitrile (AIBN) were

obtained from Sigma-Aldrich and were used as received.

Carbon dioxide gas was purchased from Matheson with

N99% purity.

2.2. Experiment setup

The experiment setup is shown in Fig. 2 and consists of a

25-ml Parr Instruments high-pressure reactor vessel with

two sapphire windows at both ends. There are four openings

on the reactor sidewalls which are designed for the

thermocouple, pressure transducer and safety disc, inlet

for reactant and CO2 injection, and outlet for CO2. The

thermocouple and pressure transducer were connected to

Watlow panel meters for digital readout. The reactor

pressure was manually controlled by pumping or releasing

CO2 through the inlet/outlet. Electric silicon rubber heating

tape was wrapped around the reactor and the temperature



Fig. 2. Schematic diagram of the high-pressure reaction system used in this study.
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Fig. 3. Experimentally determined T–P diagram at two different final

pressures. The initial load pressure at room temperature is determined from

this diagram.
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was controlled by changing the voltage applied to the

heating tape.

2.3. Procedure

Coating via polymerization-induced phase separation was

conducted in the high-pressure reaction vessel. During

polymerization, AIBN acts as free-radical initiator and

PDMS-MA functions as a surfactant. The structure of

PDMS-MA and the schemes of reactions are shown in Fig.

1 and Scheme 1, respectively. All components were

premixed and charged into the reactor, followed by purging

with low-pressure CO2 gas. After purging, liquefied CO2

was pumped into the reactor by a Haskel Air-Driven pump at

room temperature until an appropriate pressure was reached.

An experimentally determined CO2 T–P diagram was used

to project the initial load pressure at room temperature to the

desired final pressure at the reaction temperature (Fig. 3).

Before the reaction started, the monomer, surfactant, and

initiator were all dissolved in CO2 and the heavy DCR

particles stayed at the bottom of the vessel during the

reaction. No stirring was applied to suspend the DCR

particles in scCO2 because the DCR particles are loosely

packed and the high diffusivity of the reactant in supercritical

CO2 reduces spatial inhomogeneity in the void spaces among

the DCR particles. Repeated experiments were conducted to

show that there was no significant difference in the results

with and without stirring.

The vessel was then heated to 65 8C to initiate the free-

radical polymerization and the pressure reached its desired

final value. The reactor remained closed during the experi-

ment and a decrease in pressure of 100–200 psia due to

volume shrinkage from the polymerization was observed

after the reaction completed. Most of the experiments were

run for 48 h (reaction time), after which CO2 was released
Scheme 1. Polymerization of methyl methacrylate (MMA) and 1-vinyl-2-

pyrrolidone (2-VP) in supercritical CO2.
and the reactor was cooled down to room temperature

followed by sample collection.

2.4. Characterization

The homogeneity of coating and the morphology of the

polymer were examined with a LEO32R field emission

scanning electron microscope (FESEM). Specimens were

coated with a thin carbon film before FESEM character-

ization. The mass of coated polymer on the DCR particles’

surface was determined by thermogravimetric analysis

(TGA) using a NETZSCH STA409PC LUXXR thermal

analyzer. O2 was supplied during the TGA experiment and a

heating rate of 5 8C/min was applied until the maximum

temperature of 500 8C was reached. A Beckman Coulter LS-

230R particle size analyzer was used to measure the particle

size distribution before and after coating. Samples were first

dispersed in ethanol and were sonicated in a water bath for

half an hour to break the loose agglomerates before each

measurement.
3. Results and discussions

3.1. Dispersion polymerization in scCO2

We first examine our synthesis results of PMMA and PVP

via dispersion polymerization in scCO2. Synthesis of PMMA

has been reported by many groups under different conditions

[14,17–21]; however, synthesis of PVP has been reported

only by Carson et al. [16]. The progress of the reaction was

monitored visually through two sapphire windows on the

reactor with the help of an illuminating light source. Initially,

the reaction medium was transparent with observable traces

of strong convective motions. Approximately 2 h after the



Table 1

Reaction conditions for particle encapsulations

Entry DCR

(g)

Monomer

(ml)

AIBN (g),

% in MMA

Surfactant (ml),

% in MMA

Pressure

(psia)

1 0 2 0.04, 2% 0.40, 20% 4000

2 1 2 0.04, 2% 0.40, 20% 4000

3 1 2 0.04, 2% 0.04, 2% 4000

4 1 2 0.04, 2% 0.00, 0% 4000

5 1 1 0.02, 2% 0.20, 20% 4000

6 1 1 0.02, 2% 0.20, 20% 3000

7 1 1 0.02, 2% 0.20, 20% 2000

8 1 0.5 0.01, 2% 0.10, 20% 4000

9 1 0.33 0.01, 3% 0.05, 17% 4000

10 1 0.2 0.004, 2% 0.04, 20% 4000

11 1 0.2 0.04, 20% 0.04, 20% 4000

12 0 2 0.04, 2% 0.40, 20% 4000

13 1 1.5 0.03, 2% 0.30, 20% 4000

Entries 1–11 are conditions for PMMA synthesis and coating, while entries

12 and 13 are for poly(1-vinyl-2-pyrrolidone) synthesis and coating.
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reaction condition was reached, the turbidity of the medium

started to increase slowly. After 4 h, there was no light

penetrating through the reaction medium and a milky white

appearance similar to conventional aqueous latex was

observed in the areas close to the windows. However, no

particle precipitation was observed until a few hours later—

depending on the initial monomer concentration. After the

reaction completed, polymer in the form of free-flowing

white powders were collected. The sizes of the polymer

particles in this study were found to be in the range of a few

hundred nanometers. Fig. 4(a) and (b) are SEM micrographs

of typical PMMA and PVP particles obtained in our experi-

ments. The reaction conditions are listed in Table 1.

It has been well accepted that in dispersion polymer-

ization, phase separation of polymer in the medium

occurs almost immediately after the reaction starts with a

very low conversion [11,12,17–27]. The main production

of polymer will then shift to sites in the dispersed

polymer domains, which are stabilized by stabilizers,

such as block copolymers or macromonomers. Given an

initial monomer concentration, the number density of

polymer particles depends on the initiator concentration

and the extent of stabilization. Flocculation before
Fig. 4. SEM micrographs of (a) aggregated PMMA particles synthesized in scCO2 under reaction condition 1, (b) aggregated PVP particles synthesized in

scCO2 under condition 13, (c) uncoated DCR 515 particles showing crystalline morphology, and (d) bare surface of DCR before coating.
depressurization or coagulation after depressurization may

occur as a consequence of insufficient stabilization.

Lowering the pressure of scCO2 or decreasing the mono-

mer concentration may decrease solvency to the btailsQ of
the stabilizers and therefore reduce steric repulsion. In
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general, higher surfactant concentration and higher initiator

concentration or lower monomer concentration leads to

smaller polymer particles.

3.2. Coating with dispersion polymerization

In addition to homogeneous nucleation in dispersion

polymerization, introducing inert fine DCR particles to
Fig. 5. SEM micrographs of PMMA-coated DCR particles show the effect of M

the magnified surface features of the left. Significant morphology changes were

1/2 (e, f); 1/3 (g, h); 1/5 (i, j), respectively.
the reactor may induce heterogeneous nucleation. It will

be shown later that polymerization occurred simultane-

ously on the surface of DCR particles, where small

nucleated polymer domains on the surface expanded

through polymerization and developed into an encapsulat-

ing layer. This mechanism of polymer growth is more

likely a precipitation polymerization compared to conven-

tional dispersed polymerization according to the following
MA to DCR ratio on coating morphology. Images in the right column are

observed at different MMA/DCR ratios. MMA/DCR=2/1 (a, b); 1/1 (c, d);



Fig. 5 (continued).
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three aspects: first, the reaction sites are constrained on

the immobile solid substrates instead of the dispersed

polymer particles wandering throughout the medium;

second, the specific area is much smaller; and third, the

role of stabilizers is different. The final size, appearance,

and degree of coagulation of polymer particles produced

in dispersion polymerization depend strongly on the

efficiency of stabilization; such dependence is much less

sensitive in precipitation polymerization.

As will be demonstrated later, the final morphology

on the host particles depends on the deposition and

coagulation of the dispersed polymer particles, followed

by possible plasticization and fusion of the deposited

polymer particles. If an excessive amount of dispersed

polymer particles are produced, the coating morphology

exhibits a rough surface consisting of coagulated small

polymer particles. On the other hand, a lean polymer

production leads to smooth thin-film coating. Fusion of

polymer particles due to plasticization under high scCO2

pressure leads to a smoother morphology; however,

strong stabilization may hinder fusion. A detailed

discussion of the effects of several process parameters,

including monomer concentration, reaction pressure, sta-
bilizer concentration, and initiator concentration, is pre-

sented below.

3.2.1. Effect of monomer concentration

In this study, the reactions were conducted at five

different MMA (ml)/DCR (g) ratios: 2/1, 1/1, 1/2, 1/3 and

1/5 to study the effect of monomer concentration.

Reaction conditions were listed in Table 1. Fig. 4(c) and

(d) are SEM micrographs of bare DCR particles before

coating which featuring crystalline facets and smooth

surfaces. SEM micrographs of the coated products were

shown in Fig. 5(a–j) in which the coating thickness

decreased dramatically with decreasing MMA/DCR ratio,

accompanied by certain morphological changes. When the

MMA/DCR ratio was 2/1 [Fig. 5(a) and (b)], DCR

particles were covered by thick layers of coagulated

PMMA particles with excessive PMMA particles or

agglomerates scattered around. Reducing the monomer

concentration to 1/1 ratio [Fig. 5(c) and (d)] caused

separate PMMA particles to undergo coagulation and

fusion into the PMMA layer on the DCR surface. These

micrographs indicate that PMMA was synthesized simulta-

neously through dispersion and precipitation polymeriza-
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tions. Polymer particles formed via dispersion polymer-

ization had the tendency to aggregate on the polymer layer

developed on the surface of DCR. ScCO2 plasticization

facilitated fusion of the coagulated polymer particles and

increased the coating thickness.

When the ratio is decreased to 1/2 [Fig. 5 (e) and (f)],

film coating with smooth morphology and complete

coverage was observed. There is, however, some trace

amount of incomplete fusion of PMMA particles into the

coated polymer layer. For the ratios of 1/3 and 1/5 [Fig.

5(g–j)], only smooth thin-film coating with a reduced

thickness was observed; no separate particles were

observed. The micrographs indicate that higher monomer

concentration favors the formation of polymer particles

because dispersion polymerization has a higher reaction

rate as compared to precipitation polymerization. It is also

evident that plasticization of PMMA in scCO2 facilitates

the formation of a smooth coating surface via fusion of the

attached polymer particles. The smooth morphology

observed at low monomer concentration may result from

a decrease of solvency to the stabilizer and therefore a

decrease in stabilization power, which enhances the rate of

fusion.

The approximate mass of PMMA in each sample was

measured using thermogravimetric analysis (TGA). As

seen in Fig. 6, the decomposition temperature for DCR

was found at 350 8C, in agreement with the reported data.

We used this temperature as the reference point to

determine the polymer content in coated DCR particles.

Samples from MMA/DCR ratios of 2/1, 1/1, 1/2, and 1/5

were tested; a sample at a ratio of 1/2 prepared without

surfactant was also tested. Taking into account a 15%
Fig. 6. TGA analysis for samples from four differe
residue left at T=350 8C for pure PMMA, the calculated

mass percentages of PMMA in coated samples are 67%,

44%, 24%, and 5% for MMA/DCR ratios of 2/1, 1/1, 1/2,

and 1/5, respectively. Considering the density of

MMA=0.94 g/ml and the amount of MMA placed in

the reactor, the corresponding polymerization yields at

these four ratios are approximately 100%, 78%, 63%, and

26%. The calculated polymerization yields at high MMA/

DCR ratios (2/1 and 1/1) are within the typical range for

pure PMMA synthesized in dispersion polymerization

under similar reaction conditions. This implies that most

of the polymer was formed in the scCO2 and then

attached to the DCR particles. The yield for the lowest

MMA/DCR ratio 1/5 is smallest (26%). From Fig. 5(i)

and (j), it suggests that the lower the MMA/DCR ratio,

the more prevalent the precipitation polymerization is. On

the other hand, dispersion polymerization is dominant

when the monomer concentration is high.

Fig. 7 shows the particle size distribution obtained from

light scattering (Beckman Coulter LS-230R) as an indica-

tion of the agglomeration of DCR particles. The average

particle diameter increased from 12 Am for the bare DCR

to 19, 23, and 39 Am of the coated DCR at the MMA/DCR

ratios of 1/5, 1/2, and 1/1, respectively. The increase in the

average particle size is obviously due to coating and

coating-induced agglomeration, as shown in the SEM

micrographs. Based on the information obtained from

TGA, and the average size of the agglomerates obtained

from particle size analysis, we can make a rough estimate

of the coating thickness. Assuming all the bare DCR

particles are spherical with a buniformQ effective radius

ro=6 Am and a buniformQ effective radius r1 after coating,
nt MMA/DCR ratios: 2/1, 1/1, 1/2, and 1/5.



Fig. 7. Particle size distributions and average sizes from four different

MMA/DCR ratios: 0/1, 1/1, 1/2, and 1/5. As shown in panel (a), the peak

position of particle diameter shifts to the right as polymer amount increases.

Average sizes at three ratios are given in panel (b).
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the weight percentage v(%) of PMMA obtained from TGA

can be expressed as:

v ¼
r31 � r3o
� �

qP

r3oqD þ r31 � r3o
�
qP;

� ð1Þ

where the densities of PMMA and DCR are qP=1.2 g/cm3

and qD=1.8 g/cm3, respectively.
Table 2

Estimate of particle size, coating thickness, and degree of agglomeration at three

MMA/DCR

ratio (ml/g)

PMMA

content (%)

Diameter

of coated DCR

agglomerates (Am)

1/1 44 39

1/2 24 23

1/5 5 19
After rearrangement, the average radius of a coated DCR

particle is given as:

r1 ¼ ro

"
vðqD�qP

qP
Þ þ 1

1� v

#1
3

; ð2Þ

and the coating thickness t:

t ¼ r1 � ro ¼ ro

*"
v
�

qD�qP

qP

�
þ 1

1� v

#1
3

� 1

+
: ð3Þ

The average agglomeration number N of the DCR particles

can then be estimated as:

Nc

	
R

r1


3

; ð4Þ

where R is the mean radius of the agglomerates obtained

from particle size analysis.

The results calculated from Eqs. (2)–(4) are listed in

Table 2, where the agglomeration number increased with the

increasing amount of polymer. This estimation is by no

means accurate; nevertheless, it indicates only mild agglom-

eration formed in our process, as also attested by the SEM

images. It is important to note that complete and uniform

encapsulation can be achieved through our process and the

layer thickness and morphology can be adjusted by

changing the monomer concentration. This is very difficult

to achieve for other supercritical processes, such as SAS or

RESS.

3.2.2. Effect of CO2 pressure

One of the most appealing features of using scCO2 as a

reaction or processing medium is that the solvent strength

and density can be tuned by changing the temperature or

pressure. This unique feature allows one to control the

solvent properties for polymerization coating. In addition,

the plasticization in high-pressure scCO2 can significantly

lower the glass transition temperature and facilitate the

formation of a smooth morphology.

Fig. 8 shows SEM micrographs of DCR coated with

MMA/DCR=1/1 at three different pressures: 4000, 3000,

and 2000 psia. At P=4000 psia, the morphology [shown in
different MMA/DCR ratios

Mean radius

of individual

coated particle (Am)

Coating

thickness (Am)

Degree of

agglomeration

7.7 1.7 16

6.7 0.7 5

6.3 0.3 3



Fig. 8. SEM micrographs of PMMA coating at three different pressures: 4000 psia (a, b); 3000 psia (c, d); and 2000 psia (e, f). The MMA/DCR ratio=1. Images

in the right column are the magnified surface features.
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Fig. 8(a) and (b)] exhibited residues of PMMA particles

that underwent fusion into the encapsulating layer. When

the pressure is reduced to 3000 psia, small PMMA

particles aggregated on the surface of polymer layer as

shown in Fig. 8(c) and (d). The effect of plasticizing was

not as obvious compared to the case of P=4000 psia.

Further lowering the pressure to 2000 psia resulted in

many scattered polymer aggregates with irregular shapes

and widely distributed sizes collected along with the DCR
particles [Fig. 8(e) and (f)]. This is due to poor

stabilization under low pressure. The magnified micro-

graph in Fig. 8(f) shows uneven polymer coating with

coagulated polymer particles manifesting limited plasticiz-

ing at low pressure.

3.2.3. Effect of stabilizer concentration

Surfactant stabilizer plays a vital role in dispersion

polymerization. It has been reported that increasing surfac-
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tant concentration results in a smaller average size of

dispersed polymer particles and an increase of particle

number density [17]. The yield of polymerization is also

found to be lower in an unstabilized system than in a

stabilized system, as confirmed by our TGA analysis in Fig.

6. Because there have been extensive studies on the effect of

stabilizer concentration on polymer property, only the effect

on coating morphology is addressed here.
Fig. 9. SEM micrographs of PMMA coating show the effect of surfactant concentra

d); and 0 vol.% (e, f), respectively. The MMA/DCR ratio=2. Images in the right co

when no surfactant was applied.
Fig. 9 depicts the coating morphology at three PDMS-

MA to MMA ratios: 20, 2, and 0 vol.% under conditions of

P=4000 psia and MMA/DCR ratio=2/1. The SEM micro-

graphs show that higher stabilizer concentration results in

higher number density of polymer particles and less

flocculation and fusion of polymer particles on the surface

of DCR. In Fig. 9(a) and (b), excessive polymer particles

aggregate together resulting in a rough morphology on the
tion on coating morphology. PDMS-MA/MMA=20 vol.% (a, b); 2 vol.% (c

lumn are the magnified surface features. Note that no coating was observed
,



B. Yue et al. / Powder Technology 146 (2004) 32–45 43
surface of DCR. As the PDMS-MA concentration is

lowered to 2 vol.%, the surface morphology is smoother.

However, scattered polymer particles with a wide size

distribution and irregular shapes are also observed which

denotes insufficient stabilization in dispersion polymer-

ization [Fig. 9(c)]. Fig. 9(d) shows some incomplete fusion

of attached particles on a much smoother surface compared

to Fig. 9(b). Strikingly, when no stabilizer is used, PMMA

cannot be coated on DCR, as depicted in Fig. 9(e) and (f),

where large PMMA particles are scattered around the bare

DCR host particles. This observation suggests the necessity

of stabilization during nucleation and growth of polymer

domains on the surface of DCR; the role of the surfactant

stabilizer may not be solely for providing steric repulsion

but for facilitating surface precipitation polymerization.

3.2.4. Effect of the initiator concentration

Initiator molecules break into free radicals and initiate

polymerization once the temperature is raised to a certain

level. Increasing initiator concentration produces more free

radicals and thus more nucleation sites are created. Fig. 10

shows the SEM micrographs of the coating for two initiator

(I) to MMA ratios at 2 and 20 wt.% under conditions of
Fig. 10. SEM micrographs of PMMA coating show the effect of initiator concentr

b) and 20 wt.% (c, d) respectively. Although excessive initiator may produce very

(d)], most coated areas are smooth and uniform.
MMA/DCR=1/5 and P=4000 psia. It is found that uniform

thin-film coating was achieved at both the low and high

initiator concentrations. However, under higher initiator

concentration (20%), small PMMA particle aggregates were

observed on the coated surface [Fig. 10(c) and (d)]. This is

in agreement with the established theory in dispersion

polymerization that the number density of PMMA particles

increases with the initiator concentration.

3.3. Coating with PVP

To test the effectiveness and expandability of our

encapsulating method, a common water-soluble polymer

and pharmaceutical excipient, poly(1-vinyl-2-pyrrolidone)

(PVP) was synthesized for encapsulating DCR using the

same surfactant. As shown in Fig. 11, monodisperse

submicron-sized PVP particles were synthesized under the

condition of VP/DCR=1.5/1, AIBN=2% and P=4000 psia.

Similar to the coating of PMMA, PVP formed a complete

and smooth coating layer on the DCR surface. Nevertheless,

separate PVP particles were in loose physical contact with

the coated PVP layer or with other PVP particles. Some of

the PVP particles detached from the coated PVP layer and
ation on coating morphology. The MMA/Dec ratio=1/5. I/MMA=2 wt.% (a

small PMMA particles attached to DCR surface [as shown in panels (c) and
,



Fig. 11. SEM micrographs of coating of DCR with PVP. A thick and smooth PVP layer covering DCR surface was loosely attached by PVP particles. 2-VP/

DCR=3/2. Micrograph (b) shows clear marks left by the PVP particles falling off the PVP covered surface.
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left clear dented marks [Fig. 11(b)]. The observed morphol-

ogy suggests that the PVP particles were well protected by

the stabilizers. Fig. 11(a) and (b) depicts the evidence in

support of our hypothesis that parallel polymerizations

(dispersion vs. precipitation) occurred simultaneously in the

beginning of the process, followed by possible deposition

and coagulation of particles onto the surface of the host

particles. The final morphology of the coating should be

tuned with the process variables mentioned above.
4. Conclusions

Fine dechlorane particles with an average size of 12 Am
were encapsulated successfully with PMMA and PVP

polymers via in situ polymerization in scCO2. PDMS-MA

macromonomer was used as a stabilizer. Changing process

variables, such as monomer concentration, reaction pres-

sure, stabilizer concentration, and initiator concentration,

can control the coating thickness, surface morphology, and

the degree of particle agglomeration. In particular, smooth

film encapsulation has been achieved by our method which

is difficult to obtain using other supercritical fluid processes,

such as SAS or RESS.

SEM micrographs from our experiment showed that

dispersed polymer particles can deposit and aggregate on a

thin polymer layer coated on the host particles then undergo

plasticization, coagulation, and fusion into a thicker layer.

When the pressure was low or the concentration of stabilizer

was high, smooth thin-film coating attached by uncoagu-

lated polymer particles was found. These observations

suggest that the polymerization occurs simultaneously

through two parallel routes: reaction in dispersed polymer

particles and reaction in the polymer domains nucleated on

the surface of the host particles which later develop into a

uniform polymer encapsulating layer. The latter resembles a

precipitation polymerization, in contrast to a conventional

dispersion polymerization.
It was also found that the stabilizer plays an important

role in polymer growth and particle coarsening on the

surface of host particles. Without the stabilizer, PMMA

cannot be coated on the host particles; with too much

stabilizer, coagulation and fusion of polymer particles will

be hindered. Changes of various process variables affect

dispersion polymerization and the coating mechanism.

High pressure favors plasticization and increases the

mobility of the polymers which leads to a smoother

morphology.

The new coating method has shown excellent results in

encapsulation of fine particles; it can be further developed

for drug coating or other industrial applications.
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