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ABSTRACT: A styrene miniemulsion was prepared us-
ing carboxylated polyurethane as the sole costabilizer and
sodium dodecyl sulfate as the surfactant. The effects of
the amount of carboxylated polyurethane, the amount of
the initiator and surfactant, the presence of a water-phase
inhibitor (sodium nitrite), and the reaction temperature
on the kinetics of the miniemulsion polymerization were
investigated. The evolution of the particle size during the
polymerization was measured. The results show that the

polymerization rate was proportional to the 0.21 power of
the surfactant concentration and the 0.30 power of azobi-
sisobutyronitrile. The droplet nucleation and homoge-
neous nucleation were found to be coexistent in the po-
lymerization. The hydrophility of the particle surface
plays a key role in the nucleation of the particle and,
therefore, has an important effect on the kinetics of the
polymerization. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci
87:1941-1947, 2003

INTRODUCTION

A miniemulsion is a stable submicrometer oil-in-water
dispersion stabilized by a surfactant and a costabilizer.
The kinetics and nucleation mechanism of miniemul-
sion polymerization have been investigated by many
researchers.’™” In an ideal miniemulsion polymeriza-
tion, particles are formed by droplet nucleation and
the same sizes and size distributions between the pri-
mary droplet and the final particle can be kept.! How-
ever, homogeneous nucleation coexists with droplet
nucleation in styrene miniemulsion polymerization
when the costabilizer is not effective enough.>'”

In a typical miniemulsion polymerization, there is
no interval II of the constant reaction rate as in con-
ventional emulsion polymerization because of the
droplet nucleation mechanism.'*'* The reaction has
been divided into three different intervals according
to the average number of radicals in the particle, that
is, interval I (0 < n~ < 0.5), interval Il (n~ = 0.5), and
interval IV (n~ > 0.5) in a styrene miniemulsion stabi-
lized by sodium dodecyl sulfate and hexadecane.'?
The reaction process has been divided into four inter-
vals according to the characteristics of the polymer-
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ization rate by Miller et al.'* The first two intervals are
similar to those above-mentioned. However, interval
IV is divided into two intervals (gel effect and rate-
decreasing interval).

Predissolving 0.05-1 wt % of polystyrene in the
styrene miniemulsion was reported to result in a sub-
stantial increase in the rate of polymerization when
cetyl alcohol or hexadecane was used as the costabi-
lizer.'””! Miller et al.*! attributed it to the increase in
the droplet viscosity and the reduction of the possibil-
ity of the exit of free radicals. Blythe et al.'’° found
that the increase in the overall rate of polymerization
is due to the increase in the stability of the small
droplets and more particles formed during polymer-
ization. This phenomenon, which is defined as “en-
hanced droplet nucleation” by the authors, is influ-
enced by the molecular weight predissolved, the co-
stabilizer used, and the shear strength during the
miniemulsion preparation.

The kinetics of miniemulsion costabilized by a
monomer-resoluble polymer only was also investigat-
ed.*”"192226 Reimers et al.”® found that adding 4 wt %
of polystyrene based on the monomer could impart a
styrene miniemulsion with a partial stability that is
sufficient to allow initiation of the droplets before
extensive degradation occurs. By increasing the
amount of polystyrene from 3 to 4%, the rate of poly-
merization was decreased slightly. Several investiga-
tors also found that the rate of polymerization de-
creased evidently when increasing the polymer
amount in their research on hybrid miniemulsion po-
lymerization.”*® The impedance effect of the pres-
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ence of resin on the monomer transport, the impurity
in the resin, or the inactive radical produced by chain
transfer may contribute to the decrease in the poly-
merization rate.

In a previous article of the work,? the stability of
the styrene miniemulsion using carboxylated polyure-
thane as the sole costabilizer and the effect of the
polyurethane type as well as aqueous pH on the po-
lymerization were investigated. It was found that
droplet nucleation and aqueous phase nucleation co-
exist in the polymerization process and 2,2’-azobi-
sisobutyronitrile (AIBN) is more propitious to droplet
nucleation than is potassium persulfate. The present
work aimed to study the kinetics of miniemulsion
polymerization at different polyurethane amounts,
different sodium dodecyl sulfate (SDS) amounts, dif-
ferent temperatures, and different AIBN amounts and
in the presence of a water-phase retarder (sodium
nitrite). The nucleation mechanism of the polymeriza-
tion is also discussed.

EXPERIMENTAL
Materials

Styrene (St; Junsei Chemical Co., Japan) was purified
of the inhibitor by passing it through an inhibitor
removal column for removing hydroquinone and hy-
droquinone monoethyl ether (Aldrich) and stored in a
refrigerator before use. Potassium persulfate (KPS;
Samchen Pure Chemical, Korea), 2,2'-azobisisobuty-
ronitrile (AIBN; Junsei Chemical Co.), sodium dodecyl
sulfate (SDS; Ducksan Chemical Ind., Korea), hexade-
cane (HD; Ducksan Chemical Ind.), and hydroquinone
(Junsei Chemical Co.) were analytical grade and used
as received. The carboxylated polyurethane (PU1) was
synthesized in the lab. The molecular weight and the
acid number of the PU1 resin are M,, 1.5 X 10* (M,, 3.1
% 10% and 31.7 mg KOH/g PU. Purified water, which
was passed through a Millipore purification system
(Millipore, France) with a resistivity of 18.2 M) c¢m,
was used throughout this work.

Preparation and polymerization of miniemulsion

A typical recipe of miniemulsion is as follows: 200 g
DDI water, 50.0 g St, 1.0 g PU resin, 0.40 g SDS, and
0.1 g AIBN. The miniemulsion was prepared by dis-
solving the surfactant in water and PU1 and AIBN in
St, respectively. The oily phase and the aqueous phase
were mixed with a magnetic stirrer at high speed for
15 min. The resultant emulsion was then homoge-
nized (Omni Macro Homoginizer, USA) at level 7 for
6 min. Immediately after homogenization, the result-
ant miniemulsion was transferred into the a 500-mL
jacketed glass reactor equipped with a mechanical
stirrer, nitrogen inlet, and reflux condenser. The reac-

YU ET AL.

tor was purged with nitrogen for 10 min while the
miniemulsion was heated to the reaction temperature.
The polymerization temperature and the agitation
speed were kept constant at 70°C and 300 rpm, respec-
tively, except for the experiments at different temper-
atures. Samples were withdrawn at regular intervals
and the polymerization was shortstopped with three
drops of 1% of a hydroquinone ethanol solution. The
conversion was determined gravimetrically. The rate
of the miniemulsion polymerization was obtained
from the conversion-time curve over conversion
lower than 70% unless otherwise stated.

Droplet and latex particle size

The sizes of the monomer droplet and the latex parti-
cle were measured by dynamic light scattering (Zeta-
plus Analyzer, Brokehaven Co., U.K.). The monomer
droplet size was measured by diluting the miniemul-
sion with a 0.6 wt % SDS solution saturated with the St
monomer to ensure that the average count rate of the
measurement is below 900 kcps. The particle size of the
resultant latex was measured by diluting the sample
with 0.6 wt % of the SDS solution without the monomer.

RESULTS AND DISCUSSION
Effect of the carboxylated polyurethane amount

The conversion-time curves of the miniemulsion po-
lymerizations and the evolution of the particle size at
different amounts of PU1 are shown in Figure 1. It is
seen that the rate of polymerization decreases evi-
dently when the amount of PU1 is increased from 2 to
4 wt % based on the monomer amount, which is
consistent with the results reported in the literature for
St miniemulsion with polystyrene as the sole costabi-
lizer.® In the polymerization rate of the miniemulsion
prepared with 8 wt %, however, an interesting phe-
nomenon was found in that its polymerization rate
was lower at first and became higher after some time
than that of the two miniemulsions above. The evolu-
tion of the particle sizes in Figure 1(b) show that the
particle size of the miniemulsion with 8 wt % PU1
became smaller than with 2 and 4 wt % PU1 after
conversion around 10 and 35%, respectively, and de-
creased continuously until 92% conversion. It was just
coincident with the results observed in the rate of
polymerization. This hinted that the phenomenon was
caused by the continuous nucleation in the aqueous
phase because of the low stability of the miniemulsion
prepared with a higher amount of PU1.*?®

Effect of the SDS amount

The conversion—-time curves and the evolution of the
particle sizes at different SDS amounts are shown in
Figure 2. The relationship between the polymerization
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Figure 1 (a) Conversion versus time curves and (b) particle size versus conversion of the miniemulsion polymerization of

St at different amounts of carboxylated polyurethane PUL.

rate and the concentration of SDS appears compli-
cated. The rate of the polymerization increased with
an increase in the concentration of SDS in first hour
and showed no obvious dependence on the SDS con-
centration thereafter. The evolution of the particle size
at different concentrations of SDS showed a similar
trend. The particle size became smaller in the first
hour of polymerization when the SDS concentration
was increased, that is, the particle number was larger
in higher SDS concentrations. This means that the
difference of the reaction rate is ascribed mainly to the
difference of the particle number in the polymeriza-
tion systems at different surfactant concentrations; in
other words, droplet and homogeneous nucleation
coexisted in this system.

The conversion data for the first hour were used to
calculate the rate of polymerization; the dependence

of In R, on In[SDS] is 0.21 as shown in Figure 3. The
result was agreement with the data in the miniemul-
sion copolymerization of vinyl acetate and butyl acry-
late using sodium hexadecyl sulfate as the surfactant
and hexadecane as the costabilizer,” although carbox-
ylated polyurethane was used as the sole costabilizer
in the present system. However, it was lower than the
values reported in the miniemulsion polymerization
of vinyl acetate® and in the miniemulsion copolymer-
ization of St and butyl acrylate®® when hexadecane
was used as the costabilizer.

Effect of the temperature and aqueous pH

Because of the hydrophility of the carboxylated poly-
urethane, the polymerization temperature and the
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Figure 2 Effect of SDS amount on the miniemulsion polymerization of St using PU1 as the sole costabilizer: (a) conversion

versus time curves; (b) evolution of particle size.

aqueous pH value may have some influence on the
diffusion of polyurethane molecules from the inner
droplet or particle to the surface and, therefore, may
influence the kinetics of polymerization. The conver-
sion-time curves at different temperatures at aqueous
pH 4.5 and 8.0 are shown in Figure 4. The rates of
polymerization increased as expected when the tem-
perature was increased at aqueous pH 4.5 and 8.0
because of the higher decomposition rate of AIBN at
higher temperature. The relationship between the
rates of polymerization and temperature calculated
from Figure 4 is shown in Figure 5. No visible differ-
ence was observed between the two lines at different
aqueous pH’s although the rate of polymerization at
pH 8.0 is lower than that at pH 4.5 at the same tem-
peratures. This means that an increase in the aqueous
pH has no or little influence on the active energy of the
polymerization of St although it may increase the hy-
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Figure 3 Relationship between the rate of polymerization
(R,) and the concentration of SDS in logarithm.
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Figure 4 Effect of reaction temperature and aqueous pH on
the miniemulsion polymerization of St costabilized by PU1.

drophility of the particle surface and, consequently,
decrease the rate of polymerization.*”*®

Effect of the initiator

In this series experiment, the amount of AIBN was
varied from 1.46 to 9.72 mM while [SDS], the PU1
amount, and the polymerization temperature were
kept constant at 5.54 mM, 2 wt % based on the mono-
mer, and 70°C, respectively. The profiles of conversion
and particle size versus time are shown in Figure
6(a,b). It is seen that the rate of polymerization be-
comes higher as the AIBN concentration is increased.
An unexpected lower rate of polymerization was also
noticed at the lowest concentration of AIBN. Figure
6(b) shows that the particle size of the latex at the
lowest initiator concentration is reduced more slowly
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Figure 5 Relationship between the rate of polymerization
(R,) and reciprocal of the reaction temperature at aqueous
pH of 4.5 and 8.0.
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Figure 6 (a) Conversion versus time curves and (b) evolu-
tion of particle size of the miniemulsion polymerization of St
at different amounts of AIBN.

than that at higher initiation concentrations; however,
the other three concentrations show similar profiles of
particle size versus time, which hints that some differ-
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Figure 7 Relationship between the rate of polymerization
(R,) and concentration of AIBN in logarithm.
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Figure 8 Effect of sodium nitrite amount on the miniemul-
sion polymerization of St using PU1 as the sole costabilizer:
(a) conversion versus time curves; (b) evolution of particle
size.

ence in the nucleation mechanism may have occurred
among them.

The relationship between In R, and In[AIBN] of this
series holds the slope of 0.30 as shown in Figure 7. In
this figure, the rate of polymerization at a concentra-
tion of 1.46 mM was not included, considering the
possible different nucleation mechanism. This slope is
consistent with the slope of methyl methacrylate mini-
emulsion polymerization using hexadecane and SDS
as a costabilizer and surfactant.>' However, it is lower
than are the slopes in the miniemulsion polymeriza-
tions of St using a reactive costabilizer® and the co-
polymerization of St and butyl acrylate using a redox
initiator.> In view of the similar profiles of particle
size, the difference of the polymerization rate must be
caused by the higher average radical number in the
particles at higher AIBN concentration.

Effect of aqueous retarder amount

Figure 8(a,b) shows the rate of polymerization and the
evolution of the particle size in the presence of differ-
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ent concentrations of sodium nitrite. For the sake of
comparison, the data of the rate of polymerization and
the evolution of particle size with similar initial drop-
let sizes but without sodium nitrite are also included
in the figure. It is seen from Figure 8(a) that the rate of
polymerization decreased remarkably in the presence
of sodium nitrite and it does not depend on the con-
centration of sodium nitrite for a long time after initi-
ation.

It was reported that the rate of the miniemulsion
polymerization of methyl methacrylate remained at a
similar value when the concentration of sodium nitrite
was below 1 mM and fell off at the concentration of 5
mM when potassium peroxide and poly(methyl
methacrylate) were used as the initiator and the costa-
bilizer, respectively.” As a water-soluble initiator is
more sensitive to the water-phase retarder than is an
oil-soluble initiator, the difference may be attributed
to the hydrophility of the particle caused by diffusion
of the carboxylated polyurethane from inside to the
surface and, consequently, the hindrance of the oligo-
meric radical’s entry into the particle. Therefore, the
rate of polymerization becomes more sensitive to the
presence of an aqueous retarder.

In comparing the conversion-time curves and the
evolutions of particle size in Figure 8(ab), it was
found that the particle size decreased obviously when
the rate of polymerization increased and the diver-
gence point of the polymerization rate was consistent
with that of the particle size. This suggests that the
higher rate of polymerization is accompanied by
higher nucleation in the aqueous phase; therefore,
aqueous nucleation plays an important role in this
system.

Various mechanisms for the generation of single
radicals have been reported in miniemulsion polymer-
ization using an oil-soluble initiator.>* The data above
show that the polymerization rate was dramatically
influenced by the existence of an aqueous retarder and
increased simultaneously with the particle number.
This is clearly evidence that AIBN free radicals un-
dergo desorbance from monomer droplets or particles,
then reabsorbance as oligomers to start the polymer-
ization.

CONCLUSIONS

This investigation of a St miniemulsion using carbox-
ylated polyurethane as the sole costabilizer and SDS as
the surfactant demonstrates that droplet nucleation
and aqueous nucleation coexist during the polymer-
ization. A higher amount of carboxylated polyure-
thane or a higher aqueous pH has an impedance effect
on the polymerization rate and is favorable to homo-
geneous nucleation. The kinetic results also showed
that the polymerization rate was increased when the
reaction temperature was increased and was propor-
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tional to the 0.30 power of the concentration of AIBN.
The polymerization rate was found to depend on the
0.21 power of the surfactant concentration during the
initial process of polymerization; however, it has no
obvious relation to the surfactant amount in the mass.
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