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Abstract Monomer mixtures of vinyl acetate (VAc)/butyl acrylate (BuA) were
polymerized in batch reactions at 60 °C with potassium persulfate as the initiator in
microemulsions consisting of VAc:BuA (85:15 wt/wt)/water/sodium dodecyl sul-
fate (SDS)/polyoxyethylene (23) dodecyl ether (3:1 wt/wt). The effect of the con-
centration of the monomer mixture on the kinetics was studied. It was found that, as
the total monomers concentration ([M],) increases, the polymerization rate increases
also, and that the maximum polymerization rate is proportional to [M])2°. Particle
size increases with total monomers concentration. In all cases, final average particle
diameter was less than 50 nm. Particle number density is independent of total
monomers concentration. A mathematical model that takes into account the parti-
tion of monomers between the different phases during polymerization using a
minimum of adjustable parameters was applied to simulate the experimental data. A
correlation for the radical desorption coefficient, which is a function of the rate of
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monomer chain transfer and of the probability of desorption, was used in the model.
Radical capture by micelles and particles was assumed to occur by diffusion. The
model takes into account both micellar and homogeneous nucleation. Good
agreement between the model and the experimental results was observed.

Introduction

Microemulsion polymerization has gained importance in the last two decades,
mainly due to the necessity to obtain water-based lattices containing particles with
sizes smaller than those obtained by emulsion polymerization, which can have
special applications. The homopolymers and copolymers of VAc are prepared in
industry mainly by emulsion polymerization. Although there are no reports on the
use of microemulsion polymerization in industrial applications yet, this method has
some potential due to: a better control of particle size [1, 2], the nanometer-scale
average particle sizes that are obtained [3], and because of these sizes, adhesive,
mechanical, and physical properties of the films are improved [4]. However, a
limitation to extend the industrial application of microemulsion polymerization for
homopolymers and copolymers, in general, is the low ratio of polymer/surfactant in
the final latex [5, 6]. Although VAc microemulsion polymerizations have been
studied [7-9], there is a lack of reports on the microemulsion copolymerization of
VAc with BuA, copolymers which are of industrial interest, e.g., in the coating,
paint, and textile industries [10].

The purpose of this work is to study the characteristics of batch microemulsion
copolymerization of the VAc/BuA system using a mixture of SDS/Brij-35 as
emulsifier. Here, the mathematical model reported by Ovando-Medina et al. [11]
was modified by replacing the adjustable parameters by correlations to calculate
kinetic and transport parameters and used to simulate the microemulsion copoly-
merization of VAc with BuA. The model, as presented in this report, predicts the
kinetic behavior of the microemulsion copolymerization of monomers with different
water solubility such as the VAc/BuA system.

Experimental
Materials

Potassium persulfate (KPS), hydroquinone (HQ) and the non-ionic surfactant Brij-
35 were purchased from Aldrich (>99%). VAc and BuA monomers from Aldrich
were purified by washing them with an aqueous solution of NaOH (10 wt%). After
washing, the monomers were dried with anhydrous magnesium sulfate for 12 h
before distillation at reduced pressure at 35 and 50 °C, respectively, and stored at
4 °C. Water was deionized tridistilled grade obtained from a set of ionic interchange
columns (Cole-Parmer Instruments Company) and the ultra-high purity argon was
from Infra.
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Experimental

The o/w microemulsion region for the VAc:BuA (85:15 wt/wt)/H,O/SDS:Brij-35
(3:1 wt/wt) system at 60 °C was determined following the methodology reported
elsewhere [12], which consists in the titration of mixtures of different surfactants/
water ratios with the monomers mixture. The microemulsion boundaries were
detected visually.

Polymerizations were carried out in a 250 mL glass reactor at 60 °C with
magnetic stirring. Table 1 shows the recipes used in the polymerizations. The
mixture of surfactants and water was charged to the reactor, cooled, vacuum
degassed and saturated with argon, then the previously degassed monomers mixture
saturated with argon was added to the reactor. The reaction mixture was heated to
60 °C and the KPS (2 wt% with respect to the monomer mixture) was charged to the
reactor to initiate the polymerization. The reacting system was continuously stirred
throughout the reaction and purged with argon each time that a sample was taken.
Conversion was followed gravimetrically: samples were withdrawn from the
reacting system at given times and poured into vials (of known weight) containing
0.5 g of an aqueous hydroquinone solution (0.4 wt%), which were immersed in an
ice bath. Then, the vials were weighed and the water and the residual monomer were
eliminated by freeze-drying using a Labconco Freeze Dry System/R45. The weight
of polymer was estimated by subtracting the known weights of surfactants and
hydroquinone from the total weight of the freeze-dried sample.

Characterization

Particle size was measured in a Malvern 4700 quasielastic-light-scattering (QLS)
apparatus equipped with an argon laser (1 = 488 nm). Measurements were
performed at 25 °C at an angle of 90°. Copolymer samples were washed with hot
water (to remove surfactants), vacuum dried at 40 °C and then dissolved in
chloroform and precipitated with anhydrous ethylic ether; finally, the polymer was
vacuum dried for 24 h. Copolymer compositions were determined by 'H-NMR in
an FTNMR Gemini 200, Varian (200 MHz) apparatus, using 10 mg/mL sample
solution in deuterated chloroform. Average molar masses and molar mass
distributions (MMD) of copolymers were determined in a Hewlett-Packard series

Table 1 Recipes used

in the batch microemulsion Component (g) [Mlo (wt%)

copolymerizations of VAc/BuA 2 3 4
H,O 140.874 139.437 138.000
SDS 4.594 4.547 4.500
Brij-35 1.531 1.515 1.500
VAc 2.550 3.825 5.100
BuA 0.450 0.675 0.900
KPS 0.060 0.090 0.120
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1100 gel permeation chromatograph equipped with a refractive index detector and
using HPLC-grade tetrahydrofurane (Aldrich) as the mobile phase. Because
polystyrene standards were used, the weighted averages of the parameters in the
Mark—-Houwink equation, « and K, were calculated using the cumulative copolymer
composition (obtained previously by 'H-NMR spectrometry) following the
procedure reported by Jovanovic and Dubé [13] for correction of GPC results.

Results

To obtain a large microemulsion zone using a low surfactant concentration, a
combination of ionic and non-ionic surfactant was used. In previous experiments,
we tested five surfactant systems trying to find a combination of anionic and non-
ionic surfactants that gave the widest microemulsion region while keeping a low
proportion of these components. The mixture of SDS/Brij-35 (3:1 wt/wt) met the
requirements.

Figure 1 shows the water-rich partial phase diagram of the pseudo-ternary
VAc:BuA (85:15 wt/wt)/water/SDS:Brij-35 (3:1 wt/wt) system at 60 °C. The partial
phase diagram reported here presents a larger microemulsion region at low
surfactant/water ratios than that reported by Torres-Plata [ 14] for a similar system but
using bis(2-ethylhexyl) sulfosuccinate (AOT) as the surfactant instead of Brij-35.

Surfactants (3:1 w/w)

—&—SDSAOT
—o—SDS Brij-35

0.00

7
0.05 0.10 015 VAc:BuA
Water (85:15 wt./wt)

Fig. 1 Partial phase diagram at 60 °C in which the microemulsion (pie) and emulsion regions for the
VAc:BuA (85:15 wt/wt)/H,O/SDS:Brij-35 (3:1 wt/wt) system is presented. Data corresponding to the
VAc:BuA (85:15 wt/wt)/H,O/SDS:AOT (3:1 wt/wt) system were taken from Torres-Plata [14]. Dark dots
correspond to compositions where polymerizations were made
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It is known that the presence of a non-ionic surfactant results in a marked
reduction of the critical micellar concentration (CMC) of the emulsifier mixture.
This reduction in CMC is due to the intercalation of polar heads of the non-ionic
groups between the polar heads of the anionic surfactant (sulfate) introducing
enough separation among the sulfate groups so that any change in ionic strength has
an effect on electrostatic interaction [15]. Donescu et al. [16] studied ternary
microemulsions of vinylic and acrylic monomers. They found that hydrophobic
monomers are solubilized toward the hydrocarbon interior of the micelles whereas
the hydrophilic ones, toward the polar head of the surfactant. This localization of the
hydrophobic monomers (water solubility of BuA ~ 0.16% [17]) has a synergistic
effect as a co-emulsifier, which increases with SDS concentration. The broadening
of the microemulsion region at low surfactant concentrations could imply that the
co-emulsifier effect of the BuA monomer is significant in this region and weakens
when surfactant concentration is increased, particularly when Brij-35 content is
increased.

Figure 2 shows a comparison between experimental results and model predic-
tions of conversion versus time data as a function of the initial monomers
concentration. High final conversions were obtained. Initially, clear microemulsions
were obtained which turned bluish and translucent at the early stages of the reaction,
and became less translucent towards the end of the polymerization. The latexes were
very stable and no phase separation or precipitation was observed after 9 months of
storage. Simulations were made using the modified model as detailed in the
Appendix. Good agreement between experimental results and model predictions
was obtained.

Figure 3 shows the experimental and simulated evolution of average particle size
as a function of conversion for different monomers mixture concentrations. Both,
experimental and calculated results show that particle size increases with increasing

Fig. 2 Experimental and 1
simulated conversion versus
time plot for the batch
microemulsion
copolymerization of VAc:BuA 08
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conversion and monomers mixture concentration in the recipe. After the particle
diameter grows to ~30 nm, simulation shows a slight decrease in particle size
reaching a minimum value between 25 and 30% conversion and then it grows again.
This minimum is related to particle formation by homogeneous nucleation, which is
more evident because the reaction starts to be controlled by the VAc polymerization
due to BuA depletion.

In Fig. 4, the experimental and simulated particles number density, N,, as a
function of conversion are shown. An increase in N, with conversion can be
observed. Equation 1 was used to calculate N, [18]:

6|M], X

-

p,Fp

where N, is the number density of particles, [M], is the initial monomers

concentration in the reactor, X is the conversion, D, is the experimental average

diameter of the particles (with the assumption that they are spherical and mono-

disperse) and pj, is the copolymer density. In Eq. 1, the z-average particle diameter
obtained from QLS measurements was used.

As illustrated in Fig. 5, only two populations can be clearly seen (continuous
curves) for the MWD at low conversions and the proportion of high molecular
weight population decreases as conversion increases. To reveal hidden peaks in the
experimental MWD, deconvolutions at different conversions were carried out with
commercial software (Peak fit v4®, AISSN Software, Inc.) using Gaussian distri-
butions. It was found that at low (19%) and until relatively high (84%) conversions,
deconvolutions revealed three populations which collapsed into two towards the end
of the copolymerization (94% conversion).

Figure 6 shows simulated results of copolymer composition versus global
conversion for the microemulsion copolymerization of VAc/BuA (85:15 wt/wt)
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Fig. 4 Number of particles (a)
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with the three [M], investigated and the experimental data for [M], = 4 wt%. It can
be seen that there is good agreement between experimental and calculated data for
the conversion interval studied. Inasmuch as [M], varied between 2 and 4% in the
simulations, the copolymer composition was not very sensitive to the initial
monomer mixture content.

Figure 7 shows the average number of radicals per particle (7, defined for zero-
one kinetics as the ratio of the number of active particles/total number of particles)
calculated with the modified simulation model for the 85:15 wt/wt of VAc/BuA
ratio, this behavior is similar to that reported for emulsion polymerization [19]. The
inset in Fig. 7 shows the results of simulations for the calculation of the average
number of radicals per particle, at low conversions for different monomer
compositions in the initial charge. It can be seen that the higher the BuA content,
the higher the average number of radicals per particle.

Discussions

Compared with other polymerization processes (bulk, solution, or suspension)
microemulsion copolymerization is a more complicated system. Polymerization rate
is determined by a number of simultaneous events, among them, monomer
partitioning between the phases, particle nucleation, adsorption, and desorption of
radicals [20]. Particle stability is affected by the amount and type of surfactant and
pH of the dispersing medium. In the present study, each component of the mixture
of surfactants employed plays a different stabilization role: the anionic surfactant
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Fig. 5 Experimental molecular weight distributions and deconvolutions for different conversions in the
batch microemulsion copolymerization of VAc:BuA (85:15 wt/wt) at 60 °C, 2 wt% of KPS with respect
to the monomers content and 4 wt% of monomers mixture in the initial charge
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stabilizes the polymer particles by electrostatic effects whereas the non-ionic
surfactant (Brij-35) stabilizes the particles by steric effects. During reaction, pH
shifts from an initial value close to 7.0—4.0 at the end of the copolymerization due to
initiator decomposition [12]. The electrostatic effects in the microemulsion
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Fig. 7 Average number of radicals per particle throughout the batch microemulsion copolymerization of
VAc:BuA (85:15 wt/wt) at 60 °C, 2 wt% of KPS with respect to the monomers content and 4 wt% of
monomers mixture in the initial charge determined from simulation. Inset different monomers
compositions in the initial charge (50:50 and 85:15 wt/wt at low conversions)

polymerization of vinyl acetate using AOT as the surfactant were studied by Sosa
et al. [12], and found that the pH of the reacting medium influences the efficiency of
KPS to initiate the reaction but it has no effect on 2,2’-Azobis(2-methylpropio-
namidine) dihydrochloride (V-50) efficiency. Furthermore, at neutral pH, faster
reaction rates and higher conversions are achieved with KPS than with V-50 due to
the different electrostatic interactions of free radicals with the negatively charged
microemulsion droplets and polymer particles. These facts influence the dependence
of the rate of polymerization as a function of the initial monomers concentration.
From a logarithmic plot of maximum polymerization rate (not shown here), R, ,
vs. initial monomers mixture concentration it was found that R, is proportional to
[M](1)'26, which is different to the result reported by Torres-Plata [14] who found
Ry o [M](IJ‘65 using V-50 (2,2'-azobis[2-amidinopropane] 2HCI) as initiator and
AOT as surfactant (anionic) for the same VAc/BuA ratio. The electrostatic cage
effect is operative in the Torres-Plata reacting system; that is, positively charged
primary and/or oligomeric radicals are attracted to the negatively charged particles
interface and trapped there reducing their efficiency to initiate the reaction. By
contrast, the negatively charged KPS [21] free radicals are repelled by the droplets
into the aqueous phase where they can react with the monomer dissolved there.
These oligomeric radicals can grow up to a critical size and enter microemulsion
droplets and existing particles or can be stabilized by recruiting surfactant and grow
to become particles. Further, at 60 °C V-50 decomposes, independently of pH, ten
times faster than KPS generating a higher radical flux (kqv.50 = 3.2 X 1077 s,
kakps = 3.1 x 107 7! [12]) whereas KPS decomposes at different rates as pH
changes with a maximum at a pH of 7 [22]. Thus, the change of initiator and
stabilizing agent changes the environment surrounding the polymerization loci and
results in different dependencies of R,  with the monomer mixture concentration.

@ Springer



142 Polym. Bull. (2011) 66:133-146

Model simulations gave satisfactory fits for conversion (Fig. 2), particle
diameters (Fig. 3), number density of particles (Fig. 4), and copolymer composition
(Fig. 6) assuming micellar and homogeneous nucleation. Micellar nucleation occurs
when an oligomeric radical in the aqueous phase is captured by a monomer swollen
micelle (microemulsion droplets); in homogeneous nucleation, a radical in the
aqueous phase reaches a critical size and precipitates, and it is stabilized with free
surfactant forming a new particle.

The kinetics of microemulsion polymerization have much in common with that of
emulsion polymerization, the most similar characteristic feature is the compartmen-
talization, where the radicals growing inside the particles are separated from each
other, suppressing termination to a high extent and, as a consequence, high rates of
polymerization and high molecular weights are obtained. In this work, the effect of
monomers content on the kinetics of the copolymerization reaction was studied.
When the initial monomer concentration increases, due to water-particle monomer
equilibrium, higher monomer concentration should be present inside the particles
giving as a result faster reaction rates. The values of the average number of radicals
per particle predicted by the model decrease with conversion (Fig. 7) and with the
VAc content (inset in Fig. 7), which is consistent with the experimental reports for
VAc and BuA microemulsion and emulsion homopolymerizations [23, 24]. In the
polymerization of VAc, it has been reported that monomer transfer reactions occur
[24] leading to very low n values because monomeric radicals desorb to the water
phase due to their hydrophilicity. This 7 behavior is similar to that reported in the
literature [19]. At low conversions, monomeric radicals generated by chain transfer
to monomer inside the polymer particles are mainly BuA-type (hydrophobic),
therefore, a lower number of radicals are desorbed from the particles. However, as
the BuA is depleted, more hydrophilic radicals (VAc-type) are formed by chain
transfer to monomer which can leave the particles before adding monomer to initiate
a new chain. The increase of the polymerization rate when most of the BuA has been
depleted was explained by Delgado [25] and by Kong et al. [19] by the higher value
of the propagation rate constant for VAc monomer compared to that for BuA
(kpvac = 4000 L mol™" s™'; kppua = 200 L mol™" s71).

The small decrease of the average particle size at conversions between 25 and
30% (Fig. 3) implies that more particles are being nucleated. In a previous section,
mention was made to the high water solubility of VAc which favors homogeneous
nucleation during polymerization. Before the BuA is depleted, the less hydrophilic
radicals generated by chain transfer to BuA do not escape to the aqueous phase,
however, when BuA in the particles practically disappear, only VAc radicals are
generated by chain transfer to monomer and some of them can escape to the
aqueous phase, increasing the radical concentration there and giving as a result, a
larger amount of particles formed by homogeneous particle nucleation, which is
reflected by the model (Fig. 4).

It was found that the size of polymer particles increased with monomer
concentration. The fact that the same surfactant concentration was used in the three
polymerization conditions reported here implies that the higher the monomer
concentration the higher the micelles swelling (Vo ), as can be seen in Table 2.
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Table 2 Initial volume fractions of each component in microemulsions calculated from thermodynamic
equilibrium for different [M],

Mo (Wt%) 2 3 4

Pyac Org. 0.45 0.62 0.71

Ppun OIL. 0.55 0.38 0.29

Pvac aq. 1.7 x 1072 2.1 x 1072 23 x 1072
PBua aq. 7.0 x 107 40 x 107* 2.0 x 107
Dwater AQ. 0.982 0.980 0.977

Vorg, (cm®) 0.748 1.83 331

Vg, (cm?) 144.11 145.36 146.31

org. organic phase composed by BuA and VAc, aq. aqueous phase composed by solubilized VAc and
BuA + water

Table 3 Final characteristics of copolymer latex obtained for different [M],

[M]y Wt% Conversion M, x 1076 PDI* Dy (nm) Np/cm3 of water x 1074
(wt%) (g/mol) . .
Exp. Sim.°  Exp. Sim.¢
2 80.7 1.8 7.3 33 30 79 11.2
3 91.7 2.0 11.9 38 38 8.8 9.0
4 94.2 1.7 9.0 43 42 8.6 8.9

 Polydispersity index, b experimental, © simulation

Then, there is more monomer that can be transferred from the micelles to the
particles causing larger particle size. Due to the high water solubility of VAc,
homogeneous particle formation throughout the reaction will produce a relatively
broad particle size distribution.

Figure 6 shows that there is a marked drift on copolymer composition throughout
the reaction and that the copolymer becomes richer in PVAc with conversion. The
initial copolymer composition is much richer in BuA due to the preference of the
BuA to react with itself (rgu,a = 6.2) and because the VAc tends to react with BuA
(rvac = 0.028) [20], and when the BuA is consumed the copolymer becomes richer
in VAc.

Table 3 shows the final characteristics of the copolymer latex obtained for
different initial monomers concentrations. It can be seen that M, is not a function of
monomer concentration and that polydispersity indices are greater than those
reported in other microemulsion systems [18, 24, 26]. The MWD’s (Fig. 5) are
broad and at least two shoulders are present. The displacements of the MWD’s to
low molecular weights at high conversions indicate the formation of a new
population of macromolecules. Because initially chains formed are richer in BuA
(BuA has a chain transfer constant of kympp/kpgg = 6.6 X 1073 [27]), Fig. 5, higher
molecular weights are obtained. At high conversions, when copolymer chains
become richer in VAc, the probability of chain transfer to VAc monomer is higher
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(kimaalkpan = 1.75 x 107* to 2.25 x 107* [17]) resulting in shorter polymer
chains.

From deconvolution analysis of the MWD results (Fig. 5), at low conversions
three peaks can be observed and two peaks at final conversion. Peak 3 corresponds
to chains richer in BuA; peak 2 corresponds to chains containing appreciable
amounts of both monomers and peak 1 to chains richer in VAc. The proportion of
high molecular weight population decreases as conversion increases (peak 3)
because only chains richer in both monomers and in VAc are formed.

Conclusions

The partial phase diagram of the VAc:BuA/H,0O/SDS:Brij-35 shows an o/w
microemulsion region slightly wider than the VAc:BuA/H,O/SDS:AOT system.
Micellar aggregation, solubilization, and interaction between emulsifiers and mono-
mers are interrelated in a complex way which results in a broader o/w microemulsion
region when Brij-35 replaces AOT as stabilizer. Monomer partitioning in micro-
emulsion copolymerization systems has an important effect on the kinetics and
particle nucleation when one or both monomers present relatively high water
solubility. It was found that the initial monomers mixture concentration affects R,
with a power of 1.26 which reflects the complex interactions of the reacting entities
during the copolymerization.

It was found that particle size is a function of the initial monomers mixture
concentration for a constant surfactant concentration. Latexes with average
D, < 50 nm were obtained.

The modified mathematical model with a minimum of adjustable parameters
simulated adequately the microemulsion copolymerization of the VAc/BuA system.
The model predicts homogeneous nucleation throughout most of the reaction due to
the high water solubility of VAc. Good agreement between experimental and model
predictions for conversion, copolymer composition, particle size and particle
number versus time data was observed.

Acknowledgments Author Ovando-Medina acknowledges a scholarship (165731) from CONACyT
Mexico and UASLP CO08-FAI-04-5.9. This research was partially supported by CONACyT (Grant CB-
61345).

Appendix

The mathematical model reported by Ovando-Medina et al. [11] to simulate
microemulsion copolymerization was modified replacing the adjustable parameters
by correlations to calculate kinetics and transport parameters. The main feature of
the model includes micellar and homogeneous nucleation and thermodynamic
equilibrium for the calculation of monomer partitioning between the phases.

@ Springer



Polym. Bull. (2011) 66:133-146 145

Radical capture by micelles and particles

Radical capture was assumed to occur by diffusion. The rate coefficient for radical
capture by micelles and particles is given by [28]:

kemi = 4n rijDwiNAv
kcpi =4r I’ijDW,'NAv

where k.m; and k.p,; are rate coefficients for type i radical capture by micelles and
particles, respectively. F; is the radical capture efficiency, r, and r,, the radius of
polymer particles and micelles, respectively, and D,, the diffusion coefficient of the
radicals in the aqueous phase, N, is Avogadro’s number. F; remains as an
adjustable parameter; this parameter accounts for all resistances to radical entry
other than diffusion. The value used in the simulations for F; was 1 x 10~ which
fitted well the experimental results and is in agreement with values reported in the
literature [29].

Radical desorption from particles

Individual desorption coefficients were calculated as the rate of chain transfer to
monomer and the probability of desorption of a single unit free radical [28]:

_ (kunaiPy + kthiP%)Mip(ZDp/rg)
4 =
(2Dp /15 + kpiaMap + kpinMpp)

where kiy,;; is monomer chain transfer rate coefficient, D, is the diffusion coefficient
of radicals in polymer particles, M;; are the concentrations of monomers A and B in
the polymer particles, respectively, and PR and P} is the time-averaged probability
of finding a free radical with ultimate type A and B unit, respectively, in the
polymer particles phase [30] and is given by:

kpBaM ap

P} =
A kypaMap + kpaMsp,

and PR =1 — PX.
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