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Abstract Vinyl acetate and butyl acrylate were copoly-
merized in microemulsion under monomer-starved condi-
tions by a semicontinuous process using different monomer
addition rates (R,). A mixture of sodium dodecyl sulfate
and polyethylene glycol dodecyl ether (Brij®35) were used
as surfactants. Potassium persulfate was the initiator. High
copolymer content latexes (around 40 wt.%), average
particle diameters (D,)<50 nm and polymer-to-surfactant
ratios (12 to 14, weight/weight) were obtained with weight
average molar masses (M,,) between 180,000 and 760,000.
D, and M,, of the copolymers decrease as R, is decreased.
As R, increases, a shoulder in the molar mass distribution
was observed at high values of M,,, which was ascribed to
chain transfer to polymer. Homogeneous copolymer com-
positions were observed throughout the reaction, which
cannot be obtained by the usual batch process.
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Introduction

Microemulsions are thermodynamically stable systems
which are formed spontaneously by mixing an organic
and an aqueous phase in the presence of a surfactant in the
proper amounts [1]. By microemulsion polymerization, it is
possible to obtain polymeric nanoparticles with diameters
(Dp) <50 nm and polymers with high molar mass and a
variety of microstructures, which influence polymer prop-
erties [2]. In microemulsion polymerization, it is necessary
to use a large amount of surfactant to stabilize the polymer
particles during polymerization and storage. Usually, the
microemulsion polymerization process yields microlatexes
with low polymer content and low polymer to surfactant
ratio, which makes the process nonsuited for practical
applications [3]. To overcome these difficulties, some
strategies have been developed: polymerizations in Winsor
I-like systems (o/w microemulsion in equilibrium with an
upper oil layer), the use of surfactants with high monomer
solubilization capacity (which increases the microemulsion
region), and the polymerization in semicontinuous regimes
[3-13].

Because of the high surfactant content employed in the
batch microemulsion polymerization process, void micelles
present in the final latex can be refilled with monomer
(semicontinuous process) to continue particle nucleation to
obtain a latex with high polymer content (>30%) with
particles sizes in the range obtained in the batch process.
Previously reported works in semicontinuous microemul-
sion polymerization have been mainly on homopolymeriza-
tions, and they were aimed to surfactant optimization and to
increase the polymer content in the final latex. Ramirez et
al. [13] studied the effect of potassium persulfate (KPS) on
particle formation of poly(butyl acrylate) in semicontinuous
polymerization of seeded microemulsions using a mixture
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Table 1 Recipes used in the microemulsion copolymerizations of VAc and BuA

Run A B C D

Component Batch SC Batch SC Batch SC Batch SC
H,0 (g) 94.0 94.0 94.0 94.0

SDS (g) 3.03 3.03 3.03 3.03

Brij 35 (g) 1.015 1.015 1.015 1.015

KPS (g) 0.061 0.061 0.061 0.061

VAc (g) 2.568 51.0 2.618 51.0 2.605 51.0 2.605 51.0
BuA (g) 0.462 9.10 0.462 9.10 0.462 9.10 0.462 9.10
R, (g/min) 0.10 0.20 0.30 0.50

SC semicontinuous

of sodium dodecyl sulfate (SDS) with Aerosol OT as the
surfactants. The resultant lattices contained particles with
D,<40 nm, polymer contents close to 30 wt.%, and
polymer to surfactant ratio, P/S, of 20:1 (wt./wt.). They
reported that D, increases with increasing initiator concen-
tration. These authors divided the polymerization process in
three periods: batch polymerization (in which a small
fraction of the total monomer in the recipe is polymerized),
semicontinuous addition, and the post-addition period. In
the batch period, they observed that D,, reaches a maximum
from which it starts to decrease, while the particle number
density (NV,) increases. Throughout the semicontinuous
period, D, and N, increase, and during the postaddition
period, D, continues growing, while ~, decreases due to
particle coagulation because when monomer addition is
completed, the system tends to reduce its free energy. The
authors concluded that the monomer concentration in the
aqueous phase is a key factor in the formation of particles.
Xue and coworkers [14] studied the effects of monomer
addition rate on the polymerization rate (R,) and on the
molar masses in the modified microemulsion polymeriza-
tion of methyl methacrylate using SDS as surfactant and
KPS or redox systems as initiators. They achieved polymer
contents of 10 to 30 wt.%, whereas D,, values were in the
range of 20 to 40 nm. Furthermore, they observed that R,
and molar masses increase with R,.

Table 2 Final characteristics of the latexes

Run  M,x107° (g/mol) PDI N,x107"7 PC.(wt%) PIS
A 1.8 5.3 1.5 38.4 14.2
B 3.0 4.4 9.9 40.0 14.6
C 2.7 4.0 9.3 39.1 14.0
D 7.6 5.5 9.6 37.8 13.4

PDI Polydispersity index, M,,/M,; P.C. polymer content; P/S polymer
to surfactant ratio, wt./wt

@ Springer

In this work, the effects of monomer addition rate on the
kinetics, particle size, copolymer molar mass, and compo-
sition in the semicontinuous microemulsion copolymeriza-
tion of vinyl acetate and butyl acrylate are reported. Also,
we report the preparation of microlatex with low surfactant
concentration containing particles with diameter (D,) less
than 50 nm and solid content around 40 wt.%, content
which is much higher than previously reported values for
microemulsion polymerization. The comonomer pair vinyl
acetate and butyl acrylate are widely used in industry for
the preparation of poly(vinyl acetate-co-butyl acrylate)
latexes that find applications in coating formulations.
Besides, their wide difference in reactivity ratios and in
water solubility makes it difficult to obtain copolymers with
homogeneous composition and represent an interesting
challenge to study its preparation in microemulsion poly-
merization under monomer-starved conditions as was
selected for this investigation.

Conversion, weight fraction
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Fig. 1 Instantaneous (filled symbols) and global (empty symbols)
conversions as a function of the relative time (z.y), at different
monomer mixture addition rates (R,)
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Experimental
Materials

Vinyl acetate (VAc), butyl acrylate (BuA), KPS, hydroqui-
none, and Brij®35 (polyethylene glycol dodecyl ether) were
purchased from Aldrich (>99%); SDS was from Fluka
(>99%). VAc was washed with a 2 N NaOH aqueous
solution and dried with CaCl, and MgSO, during 12 h and
subsequently vacuum distilled at 40 °C. BuA was dried
with CaCl, and vacuum distilled at 40 °C. All the other
reactants were used as received. Deionized, tridistilled
grade water (obtained from a system of two ionic-
interchange columns, Cole—Parmer Instruments) and argon
of ultrahigh purity from Infra were used. Tetramethylsilane
from Aldrich was used as internal reference in proton
nuclear magnetic resonance ('"H-NMR) analyses.

Copolymerizations

The one-phase o/w microemulsions at 60 °C were deter-
mined visually by titrating aqueous micellar solutions of a

0.2 03 0.4 0.5 0.6 07 08 09 1
t rel

mixture of SDS: Brij®35 (3:1 wt./wt.) with the monomer
mixture VAc/BuA (85:15 wt./wt.). The microemulsion
composition selected for polymerization is shown in Table 1
(batch column). The recipes and reaction conditions are
given in Table 1. The polymerizations were initiated in
batch mode in a 250-mL glass-jacketed reactor equipped
with magnetic stirring. The surfactant mixture and water
were charged to the reactor, cooled to 0 °C and vacuum
degassed, and then the system was saturated with argon.
The reactor was heated to 60 °C, and a fraction of the
oxygen-free monomer mixture saturated with argon was
added to the reactor. Then, a KPS solution (2 wt.% with
respect to the monomer mixture) was added in one shot to
initiate the polymerization (batch period). After 4.5 min of
initiating the reaction, the oxygen-free monomer mixture
was added continuously to the reactor using a gas-tight
syringe (Hamilton GASTIGHT®) adapted to a calibrated
addition pump (Kd-Scientific®). After the semicontinuous
addition period, the reactions were allowed to continue for
30 min. Conversion was followed gravimetrically: samples
were withdrawn from the reacting system at given times
and placed in vials (of known weight) immersed in an ice

Fig. 3 Reciprocal of the poly- 1200 10000
merization rate vs. the reciprocal a) b)
of monomer addition rate at the 1000 - ]
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acrylate E 5001 £
€ £
£ £ 6000
5 6007 P
> ﬁ 4000
é. 400 1 En
- -
200 - 2000
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bath containing 0.5 g of an aqueous hydroquinone solution
(0.4 wt.%). Then, the samples were weighed and freeze
dried (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 samples.

Characterization

Particle size was measured in a Malvern 4700 quasielastic
light-scattering (QLS) apparatus equipped with an argon
laser (A=488 nm). Measurements were performed at 25 °C
at an angle of 90°. Copolymer samples were washed with
hot water (to remove the surfactants) and vacuum dried for
24 h. Copolymer compositions were determined by 'H-NMR
in an FTNMR Gemini 200 Varian apparatus (200 MHz),
using 10 mg/mL sample solutions in chloroform-d. Average
molar masses and molar mass distributions (MMD) of
copolymers were determined in a Hewlett-Packard series
1100 gel permeation chromatograph equipped with a
refractive index detector and using high-performance liquid

Time, min

chromatography-grade tetrahydrofurane (Aldrich) as mobile
phase. Because polystyrene standards were used, for
correction of the gel permeation chromatography results,
the weighted averages of the parameters in the Mark—
Houwink equation, o and K, were calculated using the
cumulative copolymer composition (obtained previously by
"H-NMR spectrometry) following the procedure reported by
Jovanovic and Dubé [16].

Results

From previous experiments in batch mode, it was found
that the maximum polymerization rate occurs around
4.5 min after reaction initiates. Then, to allow seed
formation and to have monomer-starved conditions when
feeding starts, all the runs were carried out in batch mode
for 4.5 min, and the continuous addition of the monomers
was started at the end of this period. The originally clear
and translucent microemulsions turn bluish and opaque
upon polymerization, indicating the start of the reaction. As

Fig. 5 Particle size distribution a) b)
obtained by QLS at different X = 8% —B—X=385%
monomer addition rates and 15 - B : 15 4 —— X=91.5%
conversions: addition rate a ——X=87%
0.10 g/min; b 0.50 g/min
2 2
B Run A ®
2 101 c 10 Run D
2 2
c £
X X
5 5 -
0 T T = O R T T
0 50 100 0 50 100
Dp,, nm Dp,, nm
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more monomer reacts, the reaction mixture turns more
opaque as a consequence of the growing polymer particles
and increased monomer conversion. The final charac-
teristics of the latexes and copolymers obtained in the
semicontinuous copolymerization of VAc and BuA (85:15
wt./wt.) at 60 °C are shown in Table 2, where it can be seen
that microlatex with very high polymer content (around
40 wt.%) and high P/S ratios (~14) were obtained.

Figure 1 shows the instantaneous (x) and global (X)
conversions as a function of the relative time, f., at
different monomer mixture addition rates (R,), as detailed
in Table 1. The relative time was defined as the ratio of the
sampling time to the total addition time. Because the
monomer addition rates are different, time was normalized
to compare the polymerizations at the same amount of
added monomer. Global conversion is given by the amount
of copolymer formed at time ¢ divided by the total amount
of monomers added. In Fig. 1, it can be observed that the
instantaneous conversion increases as R, is decreased and
the polymerization time required to reach a constant x value
decreases. When the monomer addition is stopped, the
reaction continues for 30 min, and in all cases, a final
global conversion (X) of ca. 95% was obtained.

Figure 2 shows that, after #,~0.3, the overall poly-
merization rate (R,) is practically constant, and if R, is
increased, higher R, values are obtained. In our case, the
overall polymerization rate was obtained by taking the
derivative of the equation for the global conversion
(X = [Mo + (t — tpp)Ra}x/Mmt) with respect to time;
where t,, corresponds to the time of the batch polymeriza-
tion period; R,, M, and x represent the monomer addition
rate, initial amount of monomers charged to the reactor, and
instantaneous conversion, respectively. M, is the total
amount of monomers added. Therefore, R, can be expressed
by Ry = (Mio)dX /dt = [Mo + (¢ — tpp) Ry |dX /dt + xR,
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Fig. 6 Number of particles, N, as a function of time
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Fig. 7 Molar mass distributions of the copolymers at the end of
reaction

The interval where R, is constant is known as the
pseudosteady state stage (PSS) of the reaction rate [17]. If
the monomer addition rate is enough to maintain the
monomer saturation concentration in the polymer particles,
R, becomes independent of R, (flooded region). However,
if the monomer concentration in the polymer particles falls
below this value, R, approaches a constant value which
depends on R, (monomer-starved conditions) [18].

Dimitratos et al. [18] showed that, for emulsion copoly-
merizations in the PSS under starved conditions, R, is
related to R, as follows:

I/Rpjzl/Ki+Ci/Rai (1)

K ; 1s a constant which indicates the capacity of the system
to consume monomer i and is proportional to the number of
particles, to the average radicals per particle, and to the
propagation rate coefficients; ¢; is a constant which is
theoretically equal to 1.
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Fig. 8 Average molar masses (M, and M,,) as a function of global
conversion obtained at different monomer addition rates
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Fig. 9 Instantaneous copolymer composition as a function of
global conversion for semicontinuous and batch microemulsion
copolymerizations

The polymerization rate of monomer i, R,;, was
calculated using Eq. 2:
dx;
Ryi = [Rai (t - tpp) + MOi] dr + Raii (2)

Where R,;, My;, and x; represent the addition rate of
monomer / (mol/min), initial amount of monomer i charged
to the reactor (mol) and instantaneous conversion of
monomer i (VAc or BuA), respectively. Experimental
copolymer compositions were used to calculate the instan-
taneous conversion of each monomer, following the
procedure reported by Delgado [19]. From Fig. 3, the X ;
and c¢; values were obtained and compared with those
reported by Dimitratos et al. [18] for the emulsion
copolymerization of the same monomers.

The evolution of the average particle diameter as a
function of time at different R, is shown in Fig. 4. D,
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o

increases with conversion, and as R, increases, the particles
grow faster. In Fig. 5, the particle size distributions (PSD)
at two different monomer addition rates and conversions are
shown. As reaction progresses, the PSDs broaden and are
shifted to higher particle sizes. Figure 6 shows the number
density of particles, N, as a function of relative time. N,
increases continuously as monomer is added, and when
monomer addition is stopped, N, decreases slightly due to
particle coagulation.

The molar mass distributions of the copolymers at final
conversions are depicted in Fig. 7, where a shoulder at high
molar masses is observed. Also, it can be seen that this
shoulder is more pronounced, and the MMDs are displaced
to higher molar masses as R, is increased. The polydisper-
sity indexes of the final copolymers varied between 4.0
and 5.5.

In Fig. 8, the evolution of the number average molar
mass, M, and the weight average molar mass, M,, for the
lower and higher values of R, are shown. For the lower R,
employed, M,, and M, decrease slightly throughout the
reaction, and for the higher R,, M, remains almost constant,
while My, increases during the reaction.

In Fig. 9, the evolution of instantaneous copolymer
composition obtained in the semicontinuous process is
compared with the results reported elsewhere for the batch
polymerization of the same monomers [15]. It is clear that
by the semicontinuous process it is possible to obtain a
more homogeneous copolymer composition.

Discussion

It has been reported that, when using ionic surfactants, the
critical micellar concentration decreases by the incorpora-
tion of a small amount of non-ionic surfactant [20]. Then,
to obtain a large microemulsion zone using a low surfactant
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Fig. 10 Monomer concentration in the aqueous phase as a function of global conversion. a Vinyl acetate, b butyl acrylate
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Table 3 K[ and ¢; values obtained by steady state analysis of
experimental

Monomer K,'a (mol/mm) C,'a K,’b (mol/mln) C‘,'b
VAc 0.022 0.99 0.03 1.04
BuA 0.274 1.0 0.1 1.0
* This work

Reported in [17]

concentration, a combination of ionic and non-anionic
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) met
the requirements.

When the monomer concentration in the continuous
phase (aqueous) is below the saturation value, it is not
possible to obtain particles saturated with monomers, and
the system is under monomer-starved conditions [21]. In
this work, the monomer concentrations in the aqueous
phase and polymer particles were estimated using thermo-
dynamic equilibrium equations combined with mass balances
[15, 22, 23]. Figure 10a, b show the concentrations of each
monomer in the aqueous phase. At the beginning of reaction,
the monomer concentrations in the aqueous phase are
approximately 2.39 g of VA¢/100 cm® and 0.03 g of BuA/
100 cm®, and these concentrations decrease as polymeriza-
tion proceeds, giving as a result that monomer concen-
trations are always below their water saturation value, (2.5 g
of VA¢/100 ¢cm® and 0.14 g of BuA/100 cm3); then, in all
cases, the polymerizations took place under monomer-
starved conditions. In semicontinuous heterogeneous poly-
merizations under monomer-starved conditions, particle
nucleation predominates over particle growth [24, 25]. In
all cases, new particles are formed throughout the reaction
(Fig. 6), and although particle size increases with conversion
(Fig. 4) at the end of reaction, they are in the range of
microemulsion-made particles.

High instantaneous conversions, x, were obtained since
almost the beginning of reaction, and they become higher
when decreasing R, (Fig. 1). A decrease in x when R,
increases has been reported in semicontinuous emulsion
and microemulsion polymerization under monomer-starved
conditions [17, 26]. Table 2 shows that latexes with high
solid content, low surfactant amount and small particles

Fig. 11 Subtraction of tertiary H
N

H atoms from the copolymer
BuA units by a VAc reactive o +
—0

chain end [32]

H H
%m M/\|—H
—_— (@)
CI) (0]

H3C Bu

were obtained, which is an important result for this process
to be used at industrial level even though the surfactant
would have to be removed for some applications.

Table 3 shows that the ¢; values are similar to the
theoretical value. Because the K; value depends on factors
such as number of particles in the system, average number
of radicals per particle, propagation rate constants, and
others [18], the K; values obtained here differ from the
values reported in the emulsion polymerization of the same
monomers.

For a polymerization process in a semicontinuous regime
under monomer-starved conditions, the instantaneous par-
ticle growth rate, pu(¢) is given by [27]:

() =~ (3)

Equation 3 predicts an increase in p(f) when the rate of
monomer addition increases and the particle density
number decreases. This is confirmed in Fig. 4 where it
can be observed that D,, increases faster when R, increases
and the number density of particles decreases (Fig. 6).
Because in the semicontinuous polymerization process the
particle formation period is forced to extend for a longer
time compared with a batch process, the particles formed at
the onset of the polymerization grow to a greater extent
than particles formed thereafter, giving as a result a particle
size distribution skewed toward bigger particles, as observed
in Fig. 5.

In batch microemulsion polymerization, bimolecular
termination is almost absent because of the compartmen-
talization effect, and as a consequence, M,, is high because
transfer to monomer is the dominant mechanism for
termination of chain growth. Table 2 shows that, in
semicontinuous microemulsion polymerization under
monomer-starved conditions, much lower molar masses
(<1,000,000) are obtained than in batch (>1,500,000).
Table 2 also shows that the molar masses are displaced
toward lower values as R, decreases. It has been reported
[14, 28, 29] that under monomer-starved conditions when
the monomer feed rate decreases the amount of monomer
inside the particles also decreases. At low monomer
content, k, decreases substantially due to the glass effect
[30]. Because of these factors, there is a large decrease in
R, (Fig. 2) giving as a result that there is enough time for
the entry of a radical to the particle to stop chain growth
before attaining high molar mass [31].
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In Fig. 7, the molar mass distributions of the final latexes
show a high molar mass population (a shoulder in the
MMD around 3 x 10° Da) which can be explained by chain
transfer to polymer. Britton et al. [32] studied the degree of
branching in the semicontinuous emulsion copolymeriza-
tion of VAc and BuA and found a synergistic effect in
which small quantities of one of the monomers produces a
dramatic increase in the degree of branching. This branch-
ing results in the subtraction of tertiary H atoms of the
copolymer BuA units by a VAc-reactive chain end
(Fig. 11). The same authors found that chains with a
reactive VAc end subtract H atoms from the BuA units
seven to eight times faster than from VAc units; they also
found that radicals with a VAc reactive end are three to four
times more effective in the subtraction of H atoms from
BuA repetitive units than radicals with a BuA reactive end.

Because of the great difference in water solubility and in
reactivity ratios between BuA and VAc, it is not possible to
obtain copolymers of homogeneous composition by batch
microemulsion or emulsion copolymerization [33]. Figure 9
shows that under semicontinuous conditions, instantaneous
copolymer composition close to the feed composition was
obtained through the reaction, and the lower the R, used the
more homogeneous the copolymer composition. Whereas
the copolymer obtained by batch polymerization [15]
showed a high drift in composition and at global con-
versions larger than 0.2, practically only poly(vinyl acetate)
homopolymer is formed.

Conclusions

By the semicontinuous microemulsion copolymerization
of VAc and BuA under monomer-starved conditions, it is
possible to obtain latexes containing particles with average
diameters smaller than 50 nm, polymer to surfactant ratios
from 12 to 14, weight/weight with copolymer content
around ~40 wt.%, which is much higher than reported
values for microemulsion polymerization, and copolymers
with homogeneous composition (copolymer composition
close to the feed co-monomer composition) which cannot
be obtained by batch copolymerization for the VAc/BuA
comonomer pair.

Small high molar mass populations were observed in the
MMD, which can be explained by chain transfer to
polymer.

By the copolymerization process reported here, it is
possible to control particle size, copolymer composition,
and molar mass by modifying the monomer mixture
addition rate (R,).

@ Springer
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