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Abstract

In this work, the optimal surfmer feeding profile for stabilizing a high-solid-content acrylic latex with a non-ionic alkenyl
functional TMMaxemul 5011 was calculated. For this purpose, the model developed by de la Cal and Asua (J. Polym. Sci., Part
A: Polym. Chem. 39 (2001) 585) was used. It was observed that, in spite of the low reactivity of the surfmer, it was possible to
increase substantially the surfmer conversion using an optimal surfmer addition policy. To cite this article: E. Aramendia et al.,
C. R. Chimie 6 (2003).

© 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Le profil d’addition optimum pour stabiliser un latex acrylique à haut taux de solides avec le tensioactif réactif non ionique
alcénique TMMaxemul 5011 a été calculé à l’aide d’un modèle développé par De la Cal et Asua (J. Polym. Sci. Part A: Polym.
Chem. 39 (2001) 585). En dépit de la faible réactivité du surfmère, il est possible d’augmenter sa conversion de manière
substantielle en utilisant le processus optimum d’addition. Pour citer cet article : E. Aramendia et al., C. R. Chimie 6 (2003).
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1. Introduction

Surfactants are key components in emulsion poly-
merisation since they control the nucleation process as
well as the stabilization of the polymer particles during

the polymerization and storage of the latex. However,
surfactants may have negative effects on the properties
of emulsion polymerisation latexes, mainly caused by
desorption of the surfactant from the polymer particles
surface. Indeed, it has been reported that the migration
of the unbounded surfactant through the film can
modify adhesion, water sensitivity and the optical
properties [1–7]. A solution to these problems is the
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use of polymerisable surfactants, referred as surfmers.
The surfmers remain covalently bonded to the poly-
mer, preventing migration during storage and film for-
mation.

In order to be effective, the surfmers must react in
such a way that for the main part of the process the
surfmer conversion should be low (to avoid surfmer
burying and hence to maximize the amount of surfmer
present at the surface of the polymer particles) and
towards the end of the reaction high surfmer conver-
sion should be achieved (to avoid surfmer migration
during film formation) [7,8]. These requirements limit
the useful range of values of the reactivity ratios of the
surfmer/monomers system [8]. In addition, one impor-
tant variable to control the conversion of a given sur-
fmer is the surfmer addition policy.

In this article, optimal surfmer addition policies
were developed for the high solids content emulsion
copolymerization of methyl methacrylate (MMA)/
butyl acrylate (BA)/acrylic acid (AA). The surfmer
used was a non-ionic alkenyl-functional TMMaxemul
5011 (supplied by Uniqema), with a general formula:
CH3(CH2)11CH=CH–CxOyHz–PEO–CH3. The goal
was to maintain latex stability maximizing the final
surfmer conversion. A mathematical model able to
describe surfmer polymerisation [9] was used in the
optimisation process. The values of the parameters of
the model for this process were previously estimated
[10].

2. Optimisation of surfmer feed flow rate

2.1. Objective function

The objective function to be minimized should take
into account the following aspects:

• (i) the conversion of the surfmer should be maxi-
mum at the end of the process (first term of Eq. 1);

• (ii) the effective concentration of the surfmer (sur-
fmer that contributes to colloidal stability) per
surface area unit should be maximum (second
term of Eq. 1);

• (iii) at any time during the reaction, there should
be a minimum amount of surfmer available for the
stabilization of the polymer (third term of Eq. 1)

• (iv) the total amount of surfmer in the formulation
is fixed (fourth term in Eq. 1); in this work, the

total surfmer used was 3 wt% with respect to the
monomer; this quantity was proven experimen-
tally to be enough to stabilize the high solids
content acrylic latexes [11].

Therefore, the objective function was as follows:

(1)
J = �1� 1 − xsurf � + �2� ceff ,max − ceff �

+ d C1 + C2�Ws −�S +�
0

t f

Rs dt��
where �i are weighing factors, xsurf is the conversion of
the surfmer, ceff is the concentration of effective
surfmer per area unit, ceff,max is a reference value for
the surface concentration of the polymer particles (as
explained below), d is a Dirac function that is zero
when the restriction is met and 1 when the constraints
of the system are not fulfilled, Ws is the total amount of
surfmer used in the reaction (mol), S is the unreacted
surfmer (mol), Rs is the rate of polymerisation of the
surfmer (mol s–1) and Ci are the parameters related to
the constraints of the system.

The values of the weighing factors were inversely
proportional to the order of magnitude of the corre-
sponding terms. �2 was varied by a factor of 10 to
check the effect of this parameter on the optimisation.
The values used are reported in Table 1.

The minimum amount of surfmer required in every
moment to stabilize the polymer particles (included in
the objective function by means of C1) was calculated
by estimating with the mathematical model the surface
coverage of a stable latex produced under conditions
similar to those of the optimal process (seeded emul-
sion polymerisation of a MMA/BA/AA: 49/49/2, par-
ticle size of the seed: 42.5 nm, 3 wt% of surfmer with
respect to the monomers, constant surfmer feeding
rate, total feeding time of 4 h, potassium
persulfate/sodium metabisulfite as redox initiator sys-
tem, solids content of 52% – Run 1) [11]. Fig. 1 shows
the evolution of the surface coverage for this latex. In
addition, the ideal situation with no surfmer burial is

Table 1
Values of the weighing factors and Ci coefficients used in the objec-
tive function

Coefficient Value
�1 0.216
�2 3600 and 36 000
C1 5.0 × 1011

C2 5.0 × 109
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also presented. It can be seen that if all the surfmer
contributed to stabilization, the surface coverage
would be almost 20% at the end of the process. The
concentration of surfmer per unit area corresponding
to this surface coverage was taken as the reference
value for ceff,max (3.5 × 10–11 mol cm–2). On the other
hand, when surfmer burial was considered, the mini-
mum surface coverage was between 15% and 14.7%.
Since this process yielded stable latex, the lower limit
chosen for the surface coverage was 14.7%.

The optimal surfmer addition profiles were deter-
mined by minimizing the objective function (Eq. 1),
the surfmer feed rates were obtained. For simplicity,
the feeding period was divided into six intervals and
the feed rate was kept constant within each interval, but
it varied between intervals.

Additional constraints took into account in the opti-
misation were as following.

• (i) The surfmer feeding time was fixed. Optimisa-
tions were performed for two different surfmer
feeding times: 4 and 2.5 h. In both cases, the total
feeding time for monomers was 4 h.

• (ii) The maximum amount of surfmer fed at any
interval was limited, to avoid secondary nucle-
ations. This value was calculated by analysing the
minimum surface coverage needed to nucleate
new particles. An experiment with 10wt% surfmer
was carried out for this purpose. Fig. 2 shows the
evolution of the number of particles in this experi-
ment (rest of conditions as in Run 1), and its
corresponding surface coverage, estimated with
the model is plotted in Fig. 3. It can be seen that

when the surface coverage exceeded 38–40%,
new polymer particles were nucleated. Therefore,
the maximum surfmer feed rate was fixed to en-
sure a maximum surface coverage of 38%. This
corresponds to a concentration of the surfmer in
the aqueous phase of 3.5 × 10–6 M, well below the
CMC of the Maxemul (1.8 × 10–4 M), which
indicates that homogeneous nucleation was op-
erative.

2.2. Results of the optimisation

The minimization of the objective function was car-
ried out by using the method developed by Nelder and
Mead [12] (DBCPOL subroutine from the Fortran
ISML library). Fig. 3 shows the optimal surfmer feed
rate calculated for the two surfmer feeding times con-
sidered (2.5 and 4 h). The surfmer conversion as well
as the percentage of buried surfmer at the end of each
process is summarized in Table 2. In this table, the
values of this variable in the reference reaction, in

Fig. 1. Estimated evolution of the surface coverage for Run 1, with
3 wt% of surfmer [11]. Legend: (——) considering surfmer burial;
(----) no surfmer burial considered.

Fig. 2. Evolution of the number of particles (Np) when 10 wt%
surfmer is used.

Fig. 3. Estimated evolution of the surface coverage when 10 wt%
surfmer is used.

1315E. Aramendia et al. / C. R. Chimie 6 (2003) 1313–1317



which a constant surfmer feeding rate was used (Run
1) are also included.

Table 2 shows that the final estimated surfmer con-
version increased from 58% (in the reference reaction)
to about 75% when an optimal surfmer feeding profile
was implemented. On the other hand, it was observed
that decreasing the feeding time of the surfmer from 4h
to 2.5 h, surfmer conversion could increase about 5%,
without a significant increase of the amount of surfmer
buried. This is significant considering that TMMaxemul
5011 is not a very reactive surfmer because it has an
alkenyl double bond.

It was also found that in the studied intervals, the
optimisation results did not depend on the weighing
factors.

2.3. Experimental check

Two reactions were carried out using the optimal
flow rate profiles given in Fig. 4, keeping the rest of
operational variables as in Run 1. These reactions will
be referred to as Run 2 (surfmer feeding time of 4 h)
and Run 3 (surfmer feeding time of 2.5 h).

Fig. 5 shows the experimental evolution of the
monomer and surfmer conversion for Run 2 as well as

the predictions of the model. As it can be seen, surfmer
conversion increased up to 69.1%, while in the refer-
ence reaction (Run 1, surfmer feed rate constant) only
63.8% was achieved. The colloidal stability was satis-
factory as the amount of coagulum obtained was
slightly lower than when the surfmer was fed at con-
stant rate (1.48% in Run 2 vs. 1.55% in Run 1).

The evolution of surfmer conversion was properly
described by the model, but some model mismatch was
observed for the monomer conversion at the onset of
the process. This may be because at the beginning, a
high surfmer feed rate was used. Under these circum-
stances, the concentration of the surfmer at the surface
of the polymer particles was high and could reduce the
entry of radicals into the polymer particles [13,14],
effect that the model does not take into account. A
simpler reason for the low initial monomer conversion
is that some inhibition occurred. On the other hand,
particle size distribution measurements carried out by
means of capillary hydrodynamic fractionation
(CHDF), showed that secondary nucleations were not
produced. This is somehow expected since the esti-
mated maximum concentration of free surfmer in the

Table 2
Comparison of the surfmer performance for different surfmer addition policies

Reaction Surfmer addition policy Surfmer feeding time (h) Surfmer conversion Buried surfmer
Run 1 Constant 4 0.58 0.20
Run 2 1 Optimal 4 0.70 0.25
Run 22 Optimal 4 0.70 0.25
Run 31 Optimal 2.5 0.75 0.26
Run 32 Optimal 2.5 0.76 0.26
1 �2 = 36 000, 2 �2 = 3600

Fig. 4. Optimal surfmer feed rate. Legend: (——) surfmer feeding
rate: 4 h; (——) surfmer feeding rate: 2.5 h

Fig. 5. Experimental data (•) and model prediction (----) for surf-
mer conversion, and experimental data (● ) and model prediction
(——) for monomer conversion in Run 2 (surfmer feeding rate: 4 h).
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aqueous phase was 2.5 × 10–6 M, below the estimated
value to avoid secondary nucleations.

Fig. 6 presents the evolution of the monomer and
surfmer conversion in Run 3 (surfmer feeding time of
2.5 h), and the predictions of the model. In this case,
the final surfmer conversion was 71.7%. The amount of
coagulum was similar to that in the reference poly-
merisation, Run 1 (1.55% in Run 1 and 1.75% in Run
3), and no new nucleation was observed by CHDF.
From those results it can be concluded that it is pos-
sible to increase the incorporation of the surfmer to the
particles keeping the latex stable.

On the other hand, in this run, as occurred in Run 2,
the evolution of monomer conversion at the beginning
of the process was not as well predicted by the model.
This seems to support the hypothesis of a slow radical
entry rate at the beginning of the process, although the
possibility of inhibition cannot be rejected.

3. Conclusions

The optimisation of the surfmer feed policy was
carried out, aiming at obtaining a stable high solids
content MMA/BA/AA (49/49/2) latex stabilized with a
non-ionic alkenyl functional TMMaxemul 5011 sur-
fmer chemically bound to the polymer. It was observed
that, in spite of the relatively low reactivity of the

surfmer due to the presence of the alkenyl double bond,
using the optimal policy it was possible to increase the
surfmer conversion in about 11% (from 58% when
constant feed rate is used to 69% with the optimised
profile, with a surfmer feeding time of 4 h). In addition,
the incorporated surfmer increased until 72% when the
surfmer feeding time was reduced to 2.5 h, maintaining
the stability of the latex. On the other hand, the experi-
mental results were in good agreement with the predic-
tions of the model, which validate the model used.
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