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ABSTRACT: Multiple strategies for the synthesis of high-
solids, low-viscosity latices have been established in modern
polymer industry. The basic principle supporting these
strategies is the polydispersity of the particle size distribu-
tion. However, polymerization procedures are often based
on experience, tacit knowledge acquired with time and re-
petitive trial-and-error procedures. Recently, a novel cou-
pled polymerization–viscosity model has been proposed.
The model aids screening of potential polymerization strat-
egies. This work presents use of the model as a powerful tool

to design new strategies for obtaining highly concentrated
aqueous polymer dispersions. By incorporating some sim-
plifying assumptions into the coupled model, the feasibility
for synthesizing high-solids latex with low viscosity using
novel polymerization strategies was assessed. © 2005 Wiley
Periodicals, Inc. J Appl Polym Sci 97: 733–744, 2005

Key words: polymerization–viscosity model; emulsion po-
lymerization; dispersions; latices; synthesis

INTRODUCTION

High-solids content, low-viscosity latices offer impor-
tant potential advantages over conventional latices
having lower polymer content. First, concentrated la-
tices can be viewed as ecofriendly because their man-
ufacturing energy consumption is proportionally
lower, minimizing the contribution of the production
process to the product life-cycle assessment. Second,
drying rates are comparatively higher, favoring the
application process.1 Not surprisingly, commercial
emulsion companies rushed to direct their research
efforts toward gaining expertise for the synthesis of
concentrated polymer dispersions.2–9 New players
risk entry into the uncertain and resource-consuming
activity of fostering new polymerization formulations
through trial-and-error approaches.

Recently, do Amaral et al.10 proposed a simple cou-
pled polymerization–viscosity model that could be
used to aid in screening strategies for the synthesis of
high-solids content (HSC), low-viscosity latices. In-
stead of focusing merely on the know-how, the au-
thors proposed an alternative methodology to quali-
tatively and quantitatively judge the probability of
success of a given formulation.

The aim of this work was to assess the applicability
of the coupled polymerization–viscosity model as a
screening tool for the development of alternative po-
lymerization strategies for HSCs.

This article is organized as follows. First, a brief
overview of the current state of the art for the poly-
merization of HSCs is given. Then, we focus on check-
ing the possible application of the coupled polymer-
ization–viscosity model as a screening and predictive
tool for the synthesis of HSCs using alternative syn-
thesis strategies. To the best of our knowledge, some
of the polymerization strategies have not been previ-
ously attempted, either because of their novelty or
because of the fact that they are usually viewed as too
unpredictable. Some mechanistic assumptions were
incorporated into the model to extend its applicability.
The alternative strategies were simulated and then,
based on the simulation results, experiments were
carried out and analyzed.

STATE OF THE ART FOR SYNTHESIZING
HIGH-SOLIDS, LOW-VISCOSITY LATICES

A general trend can be found in polymerization pro-
cedures dealing with high-solids latices that consti-
tutes, either implicitly or explicitly, ways of producing
a polymer dispersion having a broad particle size
distribution (PSD), usually depicted as the sum of
a PSD of large particles with a PSD of small parti-
cles.2–9,12–27 For ease of comparison, techniques may
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be grouped according to the means used to manipu-
late the PSD, and by the mode of operation, either
batch12,18 or semibatch.2–9 Within the semibatch group
several subgroups are found. The basic framework is
seed polymerization. Then, there are different ways of
producing small particles, different seed composition,
or different strategies to favor the growth of larger
particles.

López de Arbina and Asua12 tried to produce HSC
latices with low viscosity, starting from concentrated
miniemulsions. Although coarse coagulation was ob-
served for polymerizations aiming to surpass the 60%
solids content level, coagulum-free latices of 60% sol-
ids content were obtained. Under similar conditions,
conventional emulsion polymerization could not lead
to stable systems beyond 50% solids content. Becker et
al.18 used a blend of rather large (�1 �m) and small
particles, where particles were swollen with monomer
and further polymerized. The authors remarked that,
for the production of high-solids latices, one needs:
first, a basic understanding of the main factors influ-
encing the viscosity; second, the expertise for the cre-
ation of a desired PSD for a given monomer and
stabilizer system; finally, the resulting product should
possess required defined application properties.

Semibatch polymerization constitutes the core of
examples dealing with high-solids, low-viscosity poly-
mer dispersions. The use of polymer seeds is almost
ubiquitous. On the other hand, the most striking fea-
ture is the selected procedure to affect the PSD. Vari-
ous ways have been investigated to influence the PSD
and thus the viscosity.

Monomer miniemulsions have been used to gener-
ate seeds with broad polydispersity.13–15 Most often
the monomer miniemulsion was used in the initial
charge. BASF AG (Ludwigshafen, Germany) holds
two patents where the use of miniemulsion is pro-
posed.4,25 According to the patents, the miniemulsion
is not necessarily restricted to the initial charge. It can
also be added throughout the polymerization to help
control the PSD.

Systematic work covering the synthesis of high-
solids, low-viscosity latex was performed by Chu et
al.16,17 Bimodal and trimodal latices were prepared.
New particles were formed when the surfactant cov-
erage was �70%. It was observed that, the higher the
amount of excess surfactant added, the greater was the
proportion of small particles. Stable latices, with solids
content of 64.5 wt % and viscosity of 100 mPa s�1,
were obtained. An important drawback of this tech-
nique is the amount of excess surfactant needed to
generate new small particles, which is of the order of
7 wt % based on the total polymer mass. The alterna-
tive of generating new small particles by excess sur-
factant, for the synthesis of high-solids latices, is also
covered in several patents.4,5,20,22,23

Chu et al.27 also studied the synthesis of high-solids
content latices using a blend of seeds having different
particle sizes. The large seed was present from the
beginning of the reaction, whereas the small seed was
added shotwise at a given moment of the reaction. The
exact point was selected to have an optimum relation
between the final total mass of large and small parti-
cles. Tang and Chu28 observed that it was very impor-
tant, for obtaining latex having large particles, for it to
be as concentrated as possible, and to have the lowest
possible viscosity; otherwise, the unavoidable dilu-
tion, caused by the addition of the small-particle latex,
would make the polymerization more susceptible to
variations of stability because their addition could
rebalance the surfactant distribution.

Several companies hold patents covering this
strategy,2,3,7,29 where the difference is focused on final
product application.

Recently, Schneider et al.30,31 proposed a new pro-
cedure to control the PSD and, consequently, master
the final viscosity. The variation consisted of favoring
the growth of larger particles over that of smaller, by
the use of an organo-soluble initiator. The idea is to
avoid the undesirable narrowing of the PSD, as ex-
plained by Vanderhoff et al.32 The process consisted of
swelling a large seed and adding an oil-soluble initi-
ator. After reaching a solids content of about 60%, a
monomer preemulsion and small seeds were added to
the reaction medium. Schneider et al.31 used a redox
initiation system: the authors claimed that such a sys-
tem would help to reduce the amount of hydrosoluble
material by the end of the polymerization.

Under certain circumstances the secondary nucle-
ation process can be enhanced. Homogeneous nucle-
ation, for instance, can be favored by the presence of
ionic monomers or by the presence of other ionic
species. The number of particles during polymeriza-
tion can also be influenced by limited stability, causing
a reduction in the number of particles attributed to
coalescence among them. It is widely known that
those processes are neither easy to control nor easy to
model. Nevertheless, through experience one becomes
acquainted with the general tendencies, and some pro-
cesses explore this empirical knowledge.6,20,21

There are but a few examples where no preprepared
polymer dispersions are used at some point in the
processes where a highly concentrated preemulsion is
fed semicontinuously and the final result is a suitably
broad PSD, to enable the production of concentrated
latices with low viscosity. Because the references are
found only in patents, no clear explanation of the
nucleation mechanism is given.19,24

Bimodality may also be achieved33 by the use of a
nonionic block copolymer surfactant. The mechanism
is not given, but it is supposed to follow the one
proposed by Piirma and Chang,34 and observed by
several other authors.34–37 Accordingly, a second crop
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of polymer particles is generated by micellar nucle-
ation, ascribed to the nonionic surfactant being liber-
ated from the monomer droplets, upon disappearance
during the transition of Interval II to Interval III. The
second particle mode appears only after a certain
monomer conversion. The authors noted three disad-
vantages: (1) the intrinsic result of producing too large
particles, which enhance the instability of the disper-
sion; (2) worse properties, which were supposed to be
between the properties of large and small particle
systems; and (3) a lower rate of polymerization.

In spite of the great interest that the subject gener-
ates, much of the work still relies on old rules-of-
thumb, such as: the broader the PSD for a given poly-
mer volume fraction, the lower the latex viscosity. The
widespread use of empirical guidelines is easily dem-
onstrated by the fact that none of the works seems to
discuss the limits of viscosity and/or solids content for
a given polymerization strategy. Several studies seek
to perfect these rules, but do not seek fundamental
knowledge: engineers often tend to accept these im-
proved rules and sometimes avoid seeking in-depth
understanding.38,39

EXPLORING NEW STRATEGIES

The coupled polymerization–viscosity model10 was
used to explore four different strategies of polymer-
ization. To ease the analysis of the simulations, a
known seeded strategy was also simulated. The fol-
lowing polymerization strategies were simulated:

1. Starting with large and small polymer seeds,
and carrying out a seeded semicontinuous po-
lymerization.

2. Small seeds were swollen with oil-soluble inhib-
itor in an attempt to favor the volumetric
growth of large particles.

3. Using polymer-stabilized miniemulsion, the
possibility of using polymer beads as seeds for a
small particle crop was investigated.

4. Starting with two miniemulsions, instead of be-
ginning with premade polymer particles.

5. Late addition of acrylic acid (AA). Fixing the
total amount of AA at 2% based on the total
polymer mass and delaying its addition in an
effort to favor second particle crop generation
by homogeneous nucleation.

The first strategy represents a polymerization meth-
odology established in the literature,2,3,6,7,9,27,31 which
complies with the basic assumptions initially built into
the model. This strategy was used as a framework for
the development of alternative polymerization proce-
dures. Strategies 2 to 4, on the other hand, represent
novel strategies, whereas Strategy 5 represents a meth-

odology codified in the patent literature, but most
often viewed as too unpredictable.

In the process of developing alternative strategies,
those working with polymerization in dispersed me-
dia must face the great complexity of the nucleation
stage. Under conditions often found in industrial prac-
tice, the challenge is to master the factors that influ-
ence the generation and growth of polymer particles:
the type and concentration of emulsifier, or emulsifier
mixture, the rate of free-radical generation, the chem-
ical nature of the initiator, the type and concentration
of electrolyte, the reaction temperature profile, mono-
mer type and amounts, procedure and schedules of
addition of reagents, agitation type and intensity, in-
gredients that could act as swelling agents, and other
factors that are not easily discernible, such as raw
materials impurities, are characteristics that often
have a great impact on the final properties of a latex.11

Nevertheless, through experience, one usually knows
how most factors act, and how to avoid the deleterious
action of others. As a result, some mechanistic as-
sumptions can be formulated that can be incorporated
in the coupled polymerization–viscosity model to
quickly develop alternative synthesis routes, avoiding
the costly trial-and-error procedure.

Polymerizations were simulated, using the coupled
polymerization–viscosity model developed by do
Amaral et al.,10 consisting of a means of computing the
particles’ competitive growth and then updating the
PSD of the polymer dispersion [eq. (1)] to calculate the
viscosity of the aqueous polymer dispersion [eq. (2)].

dvi

dt � �
j�A,B

kPAjPA
P � kPBjPB

P�Mj�P

ñi

NA

PM

�p
(1)

where vi is the volume of the particles of class i, kpAj
is

the propagation rate constant of radical type A adding
monomer j, PA

P is the relative frequency of radicals
presenting monomeric unit of type A on its active end,
[Mj]p is the concentration of monomer type j within
the polymer particles, P� M is the average molecular
weight of the monomer mixture, �p is the polymer
density, NA is the Avogrado number, and ñi is the
average number of radicals per particle.

ln��

�0
� � �����n

� � 1����n � �

�n
�1��

� 1� (2)

where �0 is the continuous medium viscosity, [�] is
the intrinsic viscosity; �n is the maximum packing
fraction; � is the volume fraction; and � is the particle
interaction coefficient,40 which is quantitatively re-
lated to physicochemical characteristics of the latex
formulation and to the particle size distribution, as
given by the following equation:
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� �
�pc

Dn
� �S (3)

where �pc accounts for the influence of substances
adsorbed on the particle surface, and �s reflects the
contribution of the ionic species dissolved in the aque-
ous phase to the particle interaction coefficient �. Dn is
the number-average particle size.

The magnitude of the parameters used in the sim-
ulations is given in Table I.41–44

To simulate the alternative strategies, some coarse
mechanistic simplifications were taken into account.
For Strategy 2, small particles swollen with oil-soluble
inhibitor, it was considered that the addition of the
inhibitor would lead to a lag time in the polymeriza-
tion within the small seeds. Particles smaller than 90
nm, and consisting of about 20 wt % of the initial
charge mass, were considered. Accordingly, small
particles were in the reaction media, but could not
grow in size until the end of the first 0.5 h of the
semicontinuous polymerization. For Strategy 3, it was
considered that, because of the poor swelling capacity
of high molar mass compounds,45,46 the small mono-
mer droplets would lose monomer to other particles
present in the system. After monomer diffusion, the
resultant small monomer droplets would act as poly-
mer seeds. In the simulation, an average droplet size
of 120 nm was considered, and the volume fraction of
the small monomer droplets accounted for about 65%
of the initial total organic mass. In the simulation of
Strategy 4 it was considered that no significant Ost-
wald ripening46,47 would occur and that monomer
droplets of different sizes would behave in a manner
similar to that of polymer seeds. Here, small monomer
droplets of 80 nm, about 8 times smaller than the large
monomer droplets, were considered, and corre-
sponded to 10% of the initial total monomer charge.
Finally, Strategy 5 used no small seeds in the initial
charge, and it was regarded that small particles, ini-
tially smaller than 15 nm, were generated by homo-
geneous polymerization as a result of late addition of
acrylic acid into the reaction medium. The values of
initial monomer droplet size, initial latex particle size,
and the mass proportion between large and small
species reflect reasonable values often found in prac-
tice.

Admittedly, some of the assumptions incorporated
into the coupled model are oversimplifications. How-
ever, as discussed later, the model still applies for the
screening purposes of this work.

Figure 1 shows the simulated evolution of the vis-
cosity of the proposed strategies. Strategy 1, taken as
the reference because it represents a procedure com-
monly used to produce concentrated latices, could
produce a 65% solids content latex with a low shear
viscosity of 372 mPa s�1. By swelling small particles
with oil-soluble inhibitors, the procedure used for
Strategy 2, an attempt was made to hinder the volu-
metric growth of small particles. As discussed by do
Amaral et al.,10 with the progress of the polymeriza-
tion the PSD tends to narrow,32 which is unfavorable
for obtaining a low viscosity at high-solids content.40

Applying this hypothesis to the coupled polymeriza-
tion–viscosity model, considering that small particles
present a lag time in the polymerization, a lower value
of viscosity (115 mPa s�1) at an equivalent solids
content could be obtained. Strategy 3, which uses
miniemulsion stabilized with a high molar mass com-
pound to generate small particles, gave a final viscos-
ity higher than that obtained in the reference case.
Nevertheless, according to the simulation, the strategy
could still be used to obtain a latex with about 65 wt %
with a viscosity � 3 Pa s�1. The final viscosity simu-
lated for Strategy 4, where two miniemulsions of dif-
ferent droplet size were used, was also found to be

TABLE I
Constants Used in the Simulationsa

Parameter Value Parameter Value Parameter Value

[I2] 5.9 � 10�6 (mol/cm3) kI [44] 5.78 � 10�5 (s�1) NA 6.023 � 1023

k*a [42] 7.0 � 108 (cm3/mol.s.nm) k*d [42] 8.33 � 10�5 (cm3/mol.s.nm) ktw [43] 7.0 � 1010 (cm3 mol�1 s�1)
kt [43] 9.5 � 104 (cm3 mol�1 s�1) �s [41] 1.3 F 0.04
�pc [41] 8 (nm�1) 	 [40] 0.247 �m [40] 0.639
�n,ult [40] 0.857

a Reference numbers are indicated in brackets.

Figure 1 Simulation of the viscosity evolution with solids
content: Strategy 1 (�); Strategy 2 (ƒ); Strategy 3 (j), Strat-
egy 4 (‚); Strategy 5 (E).
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higher than the viscosity obtained for Strategy 1. Fi-
nally, comparing Strategy 5 with the reference case, at
the beginning of the polymerization large seeds would
not be competing with smaller particles for radical
capture. By the time small particles would be available
in the reaction medium, the large particles would have
a relatively larger diameter. Furthermore, small parti-
cles generated by homogeneous nucleation would
probably have an initial diameter smaller than the
diameter of the small seed used in the reference reac-
tion. Taking into account these two aspects, a lower
viscosity would be expected, as found in the result of
the simulation of Strategy 5. In summary, according to
the simulation results all the proposed alternative
Strategies 2 to 5 are devised to obtain a high-solids
latex with low to moderate viscosity.

EXPERIMENTAL

Materials

Technical-grade monomers, 2-ethylhexyl acrylate and
methyl methacrylate containing 10–20 ppm of hydro-
quinone monomethyl ether (MEHQ) and with mini-
mum purity of 99%, were purchased from Quim-
idroga S.A. (Barcelona, Spain), and used as supplied.
Technical-grade acrylic acid (AA), with purity 
 99%,
was purchased from Fluka Chemika (Buchs, Switzer-
land). Dowfax 2A1 and Disponil A 3065, supplied by
Dow Chemical (Midland, MI) and Cognis GmbH
(Düsseldorf, Germany), respectively, were used as re-
ceived. Reagent-grade NaHCO3 (Panreac Quı́mica
S.A., Barcelona, Spain), Na2S2O5 (Aldrich, Milwaukee,
WI), (NH4)2S2O8, Na2S2O8 (Fluka), sodium formalde-
hyde sulfoxylate (Fluka), ascorbic acid (Fluka), tert-
butyl hydroperoxide, acetone (Sigma, St. Louis, MO),
and hexadecane (Aldrich), were also used as received.
Methoquinone, 2,5-di-tert-butylhydroquinone, and
phenotiazine were purchased from Aldrich and used
as received. Doubly deionized water (DDI) was used
throughout the work.

Polymerizations were carried out in a 500-mL reac-
tor equipped with a reflux condenser, stainless stirrer
with pitched blades, sampling device, nitrogen inlet,
and feed inlet tubes when appropriate. Control of the
reaction temperature and inlet flows of the semicon-
tinuous feeds was carried out by means of Camile TG
software (Sagian, Inc., Indianapolis, IN).

Conversion was measured by gravimetry. Latex
samples of about 1-mL were withdrawn during the
polymerization, placed in a preweighed aluminum
capsule, and immediately thereafter shortstopped
with about 0.2 mL of an aqueous 1% hydroquinone
solution. The capsule was dried to a constant weight at
50°C. A monomer miniemulsion was prepared by
means of ultrasonication or a high-pressure homoge-
nizer. The sonic dismembrator model Branson 450

(Branson Ultrasonics Corp., Danbury, CT) or the Man-
ton-Gaulin (UK) Lab 60 TBS homogenizer was used.

Particle size characterization

Latex particle size distribution (PSD) was measured
by capillary hydrodynamic fractionation, using the
Matec CHDF 2000 apparatus (Matec Applied Sciences,
Northborough, MA). This technique is based on the
fractionation of dispersed colloidal particles that are
carried through a capillary tube by a carrier fluid,48

and has been shown to be capable of providing reli-
able information regarding the PSD of polydisperse
systems.49 Carrier fluid 1X, supplied by Matec, was
used as received. To minimize the probability of clog-
ging, the C-202 column was used. The accuracy of the
measurement was frequently assessed by checking the
calibration of the apparatus. The light-scattering tech-
nique (Coulter N4 Plus; Coulter, Fullerton, CA) was
also used to determine the droplet size of monomer
miniemulsions and of the particle size of particles
swollen with oil-soluble inhibitor. In both cases the
colloidal dispersion was diluted with DDI water.

Latex viscosity

The viscosity of the high-solids content latices was
measured by means of a viscometer (Model ELV-8;
Viscometers UK). All measurements were carried out
at room temperature and, whenever possible, the vis-
cosity was assessed at a constant shear rate (60 rpm)
and using spindle number 4.

Synthesis of the small-seed latex

The small-seed latex was obtained by a semicontinu-
ous emulsion polymerization. The reactor was initially
charged with 230 g of DDI water, 0.375 g of NaHCO3,
1.25 g of Na2S2O8, 2.78 g of Dowfax 2A1, and 3.85 g of
Disponil A 3065. The reactor was kept under a nitro-
gen atmosphere throughout the polymerization. The
polymerization temperature was set at 80°C, and the
stirring rate was 250 rpm. The monomer mixture was
semicontinuously fed at a rate of 2.125 g/min.
Na2S2O8 (5.9 wt % solution in water) was added at a
feeding rate of 0.177 g/min. The addition of the semi-
continuous streams was carried out by means of com-
puter-controlled feeding pumps for 2 h. After the end
of the feeding period, the reactor was maintained at
80°C for 1 h. The reactor was then cooled and the latex
was collected. No coagulum was found.

Synthesis of the large-seed latex

The large-seed latex was synthesized by miniemulsion
polymerization. The aqueous solution of surfactant
(230 g of DDI water, 0.37 g of NaHCO3, and 3.85 g of
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Disponil A 3065) was mixed with the solution of
monomers and hexadecane (250.6 g of a monomer
mixture composed of 88/10/2 wt % of 2-EHA/
MMA/AA and 5 g of hexadecane) by means of a
magnetic stirrer for 10 min. Immediately thereafter,
the coarse dispersion was fed into the Manton-Gaulin
high-pressure homogenizer, whose first valve was set
at 2000 psi, and its second at 400 psi. Five cycles were
used to homogenize the dispersion. The miniemulsion
was immediately charged to the reactor, set at 50°C,
and then an aqueous solution of 1.25 g of ammonium
persulfate and 1.25 g of Na2S2O5 in 15.5 g of DDI water
was added to the reactor. The polymerization was
carried out for 4 h.

Strategies for the synthesis of high-solids latices

A similar semicontinuous addition time, varied from
240 to 360 min, was used in all five strategies. The
feeding period was determined to mimic process con-
ditions often found in industrial practice, where pro-
cess optimization seeks to reduce process time.

Strategy 1: starting with large and small polymer
seeds

Strategy 1 consisted of a seeded polymerization,
where large and small seeds were used in the initial
charge. Monomer preemulsion and initiator were
added for a period of 4 h. The formulation is given in
Table II.

Strategy 2: small particles swollen with oil-soluble
inhibitor

The inhibitors were first dissolved in reagent-grade
acetone. This solution was added dropwise to the latex

of small seed particles. The latex was kept under mild
agitation at room temperature until all the acetone
evaporated. The inhibitor-swollen particles were later
used in the initial charge. Table III details the inhibitor
used for each polymerization. Inhibitors of differing
water solubilities were used, ranging from phenotia-
zine and 2,5-di-tert-butylhydroquinone, considered as
water insoluble, to methoquinone, which possesses a
water solubility of 4.1 g/100 g. The concentration is
given as parts per hundred of the total polymer mass
obtained at the end of the polymerization, considering
complete monomer conversion and the formation of
no coagulum. The formulations used for the polymer-
izations are given in Table IV.

TABLE II
Formulation of Strategy 1

Reactions Strategy 1
Temperature 70°C
Initial charge

DDI water, g 30
Large-seed latex, g (Dn: 590 nm) 53
Small-seed latex, g (Dn: 34 nm) 13

Additional streams Feeding time: 240 min
Initiator

DDI water, g 30
(NH4)2S2O8, g 2.9

Preemulsion
DDI water, g 77
Disponil A3065, g 1.1
Dowfax 2A1, g 4.9
NaHCO3, g 0.22
Monomer,a (g) 292.5

Final total solids content (%) 64.2

a Monomer composition: 2-EHA/MMA/AA: 88/10/2 wt %.

TABLE III
Oil-Soluble Inhibitors Used to Swell the Small

Polymer Seeds

Inhibitor Concentration

0.01 phm S2_A

Methoquinone
0.1 phm S2_B

0.045 phm S2_A

2,5-Di-tert-butylhydroquinone
0.045 phm S2_A

Phenotiazine

TABLE IV
Formulations of Strategy 2

Reaction S2_A S2_B
Temperature 80°C 80°C
Initial charge

DDI water, g 20 20
Large seed, g

(Dn: 590 nm)
53.06 53.06

Small seed, g 23 (87 � 32 nm) 23 (77 � 21 nm)
Disponil A3065, g 0.5 0.5

Feed 1 Feeding time: 360 min
DDI water, g 30 30
Initiator, g 2.925 2.925

Feed 2 Feeding time: 360 min
DDI water, g 78 78
Surfactant
Dowfax 2A1, g 4.78 4.78
Disponil A3065, g 2.206 2.206
NaHCO3, g 0.215 0.215
Monomer,a g 292.5 292.5

a Monomer composition: 2-EHA/MMA/AA: 88/10/2 wt %.
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Strategy 3: using polymer-stabilized miniemulsion

A miniemulsion was prepared with high molar mass
polystyrene as hydrophobe: its formulation is given in
Table V. The aqueous phase was mixed with the or-
ganic phase for 10 min at 1000 rpm by means of a
magnetic stirrer. Afterward, the coarse monomer dis-
persion was sonicated for 5 min at 80% duty cycle and
8 output. This miniemulsion was added to the initial
charge, as detailed in Table V. The initial charge also
contained the large seed latex: the initial charge was
kept at 80°C for 1 h before starting the polymerization.
Therefore, monomer from the miniemulsion droplets

could migrate to the polymer particles, given the lim-
ited swelling capacity of the polymer.45,46

Strategy 4: starting with monomer miniemulsions of
different droplet sizes

Two monomer miniemulsions were initially charged
in the reactor under this strategy. The monomer mini-
emulsion with small droplet size was obtained accord-
ing to the formulation given in Table VI. The aqueous
phase was mixed with the organic phase for 10 min at
1000 rpm by means of a magnetic stirrer. Afterward,

TABLE VI
Polymerization Formulation of Strategy 4

Reaction S4_A
Temperature 80°C
Initial charge

Large droplet miniemulsion, g
(Droplet size: 620 nm)

100

Small droplet miniemulsion (g)
(Droplet size: 80 nm)

20, from which

Organic phase
MMA: 6; hexadecane: 15 mmol (based on water)

Aqueous phase
DDI water: 14: Dowfax 2A1: 5 mmol (based on water)

Feed 1 Feeding time: 240 min
DDI water, g 30
Initiator, g 2.7

Feed 2 Feeding time: 240 min
DDI water, g 107
Dowfax 2A1, g 1.35
Disponil A3065, g 2.025
NaHCO3, g 0.2
Monomer,a g 270

a Monomer composition: 2-EHA/MMA/AA: 88/10/2 wt %.

TABLE V
Formulation of Strategy 3

Reaction S3_A
Temperature 80°C
Initial charge

Large seed, g (Dn: 590 nm) 48.2
Miniemulsion, g 98.2, from which

(Droplet size: 120 nm) Organic Phase
2-EHA: 40.9; MMA: 4.54; AA: 0.91; poly(styrene): 5.91

Aqueous Phase
DDI water: 45.45; Dowfax 2A1: 0.75; Disponil A3065: 0.17

Disponil A3065, g 0.468
Feed 1 Feeding time: 240 min

DDI water, g 27.3
Initiator (APS), g 2.66

Feed 2 Addition time: 240 min
DDI water, g 71
Surfactant
Dowfax 2A1, g 4.34
Disponil A3065, g 2.00
NaHCO3, g 0.219
Monomer,a g 266

a Monomer composition: 2-EHA/MMA/AA: 88/10/2 wt %.
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the coarse monomer dispersion was sonicated for 5
min at 80% duty cycle and 8 output. The large droplet
size miniemulsion was generated according to the
procedure previously described for the synthesis of
the large-seed latex. Table VI gives the high-solids
polymerization formulation, with all quantities ex-
pressed in grams. The polymerization was carried out
at 80°C, and the semicontinuous streams were added
within 4 h.

Strategy 5: late addition of acrylic acid

The late addition of AA strategy consisted of manip-
ulating the mode of feeding the acrylic acid into the
reactor. Monomers were added in two separate
streams. A preemulsion was prepared without acrylic
acid. A second stream of neat monomer was prepared
with the entire amount of acrylic acid (to achieve 2 wt
% in the final polymer composition). The neat mono-
mer stream was fed to the reactor only after 75 min
from the beginning of the reaction. Consequently, the
instantaneous concentration of AA in the polymeriza-
tion loci was increased, without changing the overall
monomeric composition. Table VII further describes
the experiments, with all quantities expressed in
grams.

RESULTS AND DISCUSSION

Strategy 1: starting with large and small polymer
seeds

A coagulum-free latex was obtained: after the poly-
merization, the stirrer and reactor walls were free
from lumps of polymer. The time evolution of the total

solids content is given in Figure 2. During the poly-
merization of the bimodal latex, samples were taken to
analyze the PSD. Figure 3 shows the progress of the
latex PSD: the bars in the figure represent the predic-
tions of the model for the final size of the large and
small seeds. The discrete values of the final size of the
seeds, calculated with the model, are also illustrated in
the figure. The predicted final average diameter of
both large and small seeds gave values smaller than
those observed experimentally. This indicated, most
probably, the occurrence of coalescence among parti-
cles. An alternative explanation could be the number
of small particles used in the simulation, obtained
from the number-average particle size of the small
seed latex, which had a higher polydispersity. Using
this number-average particle size could have led to the
calculated number of particles in the reactor being
greater than that under the experimental conditions. It
is worth mentioning that the PSD data indicated that
the formation of a new population crop was negligible
for the bimodal strategy. This is consistent with many
industrial processes, in which the number of particles
is controlled by the seed and a judicious addition of
surfactants, and consistent with the assumption made
in the model that no new particles are generated.

The final solids content and the latex viscosity data
are given in Table VIII. The value of the viscosity

TABLE VII
Polymerization Formulation of Strategy 5

Reaction S5_A
Temperature 80°C
Initial charge

DDI water, g 30
Large seed, g (Dn: 590 nm) 65
Disponil A3065, g 0.5

Feed 1 Feeding time: 240 min
DDI water, g 30
Initiator, g 2.925

Feed 2 Feeding time: 240 min
DDI water, g 77
Dowfax 2A1, g 4.87
Disponil A3065, g 1.125
NaHCO3, g 0.219
2-EHA, g 232.3
MMA, g 25.8

Feed 3 Lag and feeding time: 75,
165 min

2-EHA, g 25.8
MMA, g 2.58
AA, g 5.735

Figure 2 Time evolution of the total solids content: Strat-
egy 1 (�); Strategy 2: S2_A (ƒ), S2_B (�); Strategy 3 (j),
Strategy 4 (‚); Strategy 5 (E).

Figure 3 Latex final PSD: experimental and predicted PSD
of Strategy 1.
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calculated with the viscosity equation [eq. (2)] for the
experimental PSD is also given in the table. The vis-
cosity obtained from the model was not taken into
account because of the difference of the simulated and
real PSD values. Good agreement between the pre-
dicted and the measured viscosity for both latices was
obtained, indicating that the parameter of the viscosity
could reflect rather well the physicochemical charac-
teristics of the latex.

Strategy 2: small particles swollen with oil-soluble
inhibitor

This polymerization strategy consisted of trying to
maximize the size difference between large and small
particles. Taking the reaction with two seeds as a
reference, by enhancing the pace of growth of the
large seeds, with respect to the small seeds, the cou-
pled polymerization–viscosity model predicts a lower
viscosity. To a certain extent, the central idea of this
strategy is similar to that proposed in a recent patent
issued to Atofina,9 based on the study by Schneider et
al.,31 in which the growth of large seeds is favored by
swelling large seeds with oil-soluble initiators. How-
ever, in this study the way of favoring the growth of
larger seeds was attempted by avoiding the growth of
smaller ones.

Table III shows the particle size of the small seeds
swollen with oil-soluble inhibitor. The addition of the
oil-soluble inhibitor led to an increase of the particle
size from its initial value (68 � 18 nm), which could
not be explained by the small amount of inhibitor
added to the latex. Some limited coalescence likely
occurred in the process. Other factors being equal,
starting with a larger size of the small seed would lead
to a comparatively higher final viscosity with respect
to the reference reaction. The kinetics of the total sol-
ids content is shown in Figure 2. The final PSD values,
obtained in S2_A and S2_B, are given in Figure 4. The
PSD of the reference case (Strategy 1), and the predic-
tions of the coupled model, are also included in the

figure. The PSD obtained in Strategy 2 was close to the
PSD of the reference case, except for a lower intensity
of the large particles. The final solids contents of S2_A
and S2_B are given in Table VIII.

Table VIII also presents the experimental viscosity
of the latices, as well as the viscosity that was calcu-
lated using the experimental PSD data, and the values
of the parameters of the viscosity equation used in the
model calculations (Table I), which were considered to
be representative for the formulations studied. It can
be seen that very high viscosities were measured and
that they were significantly different from those cal-
culated using the viscosity equation, indicating that
the parameters chosen to represent the system were
not accurate. Higher rates of interaction among the
polymer particles could increase the particle interac-
tion coefficient,41 thus increasing the latex viscosity;
however, under the experimental conditions, it was
not possible to infer the phenomenon leading to a
higher particle interaction. This result indicated that,
for substantial changes in the system composition (in
the present case the change was not expected a priori),
it is mandatory to determine the correct value or mag-
nitude of the parameters of the viscosity equation;
otherwise, this powerful tool might become useless.

TABLE VIII
Results Obtained in the Synthesis of High Solids Latices Using Different Polymerization Strategies

Strategy Reaction
Total solids
content (%)

Measured viscosity
(mPa s�1)

Viscosity equation
	 model PSDa

(mPa s�1)

Viscosity equation
	 experimental
PSDb (mPa s�1)

1 S1 64.2 370 366
2 S2_A 61.3 6830 140
2 S2_B 64.7 24,900

(Spindle 2 at 30 rpm)
100

3 S3_A 65.5 4360 3200 3600
4 S4_A 64.7 220 1375 330
5 S5_A 64.7 51 140

a Viscosity calculated with the final particle size predicted by the coupled model.
b Viscosity calculated with the viscosity equation using the measured PSD.

Figure 4 Latex final PSD: S2_A (�), S2_B (E); Reference
case Strategy 1 (	). Bars represent the model predictions for
Strategy 2.
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Although is was possible to produce high-solids
content latices, the supposition that, under the exper-
imental conditions proposed, the growth of the small
particles would be reduced and that the large particles
would grow more with respect to the reference for-
mulation did not hold. By comparing the PSD values
of S2_A and S2_B with the reference case, it could be
seen that both reactions presented a higher weight
intensity relative to that of the small particles. The fact
that the starting size was larger, for the reactions using
small seeds swollen with inhibitor, might have some
influence, but the results strongly suggest that the
inhibitor did not preferentially hinder the growth of
the small particles.

In the investigation of the transport phenomenon
during miniemulsion polymerization it was demon-
strated that the water-insoluble 2,5-di-tert-butylhydro-
quinone could be transferred to other particles or
droplets through reciprocal collision50: such a process
might also happen under the experimental conditions
chosen for the strategy using small particles swollen
with inhibitors.

Strategy 3: using polymer-stabilized miniemulsion

The droplet size of the small sized miniemulsion was
measured by light scattering immediately after its
preparation, and was found to have a value 120 � 15
nm. No inhibition was noticed, and the reaction pro-
gressed steadily. A coagulum-free latex was obtained
at the end of the reaction. The kinetics of reaction S3_A
is given in Figure 2, whereas the final PSD is given in
Figure 5, which includes the PSD of the reference case,
and the simulated final value of the polymer particles.
The final PSD was found to some have some relevant
differences with respect to the reference case. First,
several particle modes were observed for S3_A. Fur-
thermore, the small particles showed a larger value in
Strategy 3. A comparison of experimental results with
the simulation showed reasonable agreement. It is
important to remember that some major simplifica-

tions were made to use the coupled model to provide
a quantitative orientation with respect to the proposed
alternative for synthesizing a high-solids, low-viscos-
ity latex.

The final solids content and the latex viscosity are
given in Table VIII. A final high-solids content was
obtained at a moderately high viscosity. The result
obtained from the model, and the viscosity calculated
with the viscosity equation using the latex final PSD,
are also included in Table VIII.

Good agreement between the experimental viscos-
ity, and the value calculated with the viscosity equa-
tion using the experimental PSD, was found, indicat-
ing that the assumption—that the viscosity parame-
ters were representative for the system under study—
was correct. The results show the feasibility of
Strategy 3 for obtaining high-solids latex. In spite of
the major assumptions incorporated into the model it
was shown that the model could still guide the devel-
opment of this alternative strategy for the synthesis of
high-solids content latices, whose nucleation mecha-
nism is admittedly complex.

Strategy 4: starting with monomer miniemulsions
of different droplet size

The droplet size of the small-size miniemulsion was
measured by light scattering immediately after its
preparation, resulting in a value of 80 � 7 nm. The
large-sized miniemulsion was also characterized by
light scattering, and the droplet size was 620 � 250
nm. The latex obtained was free from coagulum. The
time evolution of the total solids content is repre-
sented in Figure 2. The final PSD, together with the
final size of the large and small particles obtained by
simulation, is given in Figure 6.

The results, given in Figure 6, show that it was quite
difficult to predict the possible shape of the latex final
PSD. S4_A presented a PSD of complex shape, with
multiple particle modes. Some important facts need to
be taken into account. First is that the oversimplifica-
tion, that no droplet degradation would happen under

Figure 6 Latex final PSD: S4_A and model predictions.

Figure 5 Latex final PSD: S3_A (E), Strategy 1 (	). Bars
represent the model predictions for Strategy 3.
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the experimental conditions, did not hold. Second, the
model used the discrete value of the droplet size ob-
tained by light scattering, but the result indicated by
the standard deviation that both miniemulsions pos-
sibly had a broad distribution of droplet size. More-
over, as already discussed, coalescence among parti-
cles could make the simulation results differ quite
significantly from the experimental results.

The final solids content and the latex viscosity are
given in Table VIII. The results obtained from the
polymerization simulation and from the low shear
viscosity equation, using the latex PSD data and the
same viscosity parameters used in the model, are also
given in the table.

The viscosity obtained from the simulation differed
significantly from the experimental result. Most prob-
ably, the discrepancy resulted from the difference of
PSD values. On the other hand, using the viscosity
equation and the experimental PSD, good agreement
could be found, indicating that the viscosity parame-
ters were substantially representative for the interac-
tion among particles in the formulation used. The low
viscosity, obtained for this strategy, resulted from the
PSD, which favored larger particle size modes, and
could be correctly predicted by the viscosity equation.

Most of the processes, for making use of miniemul-
sion in high-solids, low-viscosity formulations, advo-
cate its use for the generation of a polymer seed of
broad PSD.5,8 However, usually just one miniemulsion
is present that usually represents only a small propor-
tion of the final polymer mass.5 Furthermore, starting
from monomer miniemulsion can be viewed as a pro-
cess simplification because it is no longer necessary to
store the latex to be used as seed.51 However, it pre-
sents the disadvantage of having to produce two mini-
emulsions at once.

Strategy 5: late addition of acrylic acid

The kinetics of reaction S5_A is given in Figure 2,
whereas the final PSD of Strategy 5 is represented in
Figure 7, together with the PSD of the reference case,
Strategy 1. The PSD of S5_A supports the hypothesis
that is underlined in the strategy of late addition of
acrylic acid. Considering the reference PSD, it can be
seen that a lower weight intensity and a smaller size
were obtained for the small particles. This result fa-
vored a lower viscosity of S5_A with respect to the
reference case, as discussed below.

The final solids content and latex viscosity are given in
Table VIII. The predicted viscosity is also included in
Table VIII: it was calculated from the experimental PSD
data, using the viscosity parameters previously experi-
mentally determined by do Amaral41 that were consid-
ered to be representative for the reactions carried out.

The result obtained in reaction S5_A agreed with the
previous qualitative analysis carried out using the cou-

pled polymerization–viscosity model. Furthermore, us-
ing the viscosity equation, it was possible to determine—
with limited accuracy—the magnitude of the viscosity.
The slight difference in the results indicated that the
values of the parameters of the viscosity equation were
reasonably representative for the interaction among par-
ticles. However, a more precise estimation of the param-
eters of the viscosity equation would probably enable the
correct estimation of the latex viscosity. From the final
PSD it is clear that it was possible to generate a second
crop of small particles. However, it is important to note
that, for this strategy, some slight coagulation was ob-
served, lower than 2 wt %. The lack of stability was likely
attributable to the absence of acrylic acid during the
early period of the polymerization. The fact is that the
role that monomer plays on the generation of new par-
ticles cannot be disassociated from its role on the particle
stabilization.52

As a general remark, it was difficult, in the analysis
of all strategies, to dissociate the multiple aspects in-
fluencing particle nucleation and coalescence from the
general assumptions and simplifications concerning
particle nucleation proposed for each strategy. For
instance, new small particles could always be gener-
ated by homogeneous nucleation, which was not
taken into account in the model. However, to counter-
act their stabilizing ability and favor a coalescing pro-
cess, a very small amount of surfactant was used in all
polymerizations. Particle coagulation could also have
an important impact on the accuracy of the model
predictions because it was not taken into account
therein. The PSD could to a large extent be modified
by the coagulation of particles. As a consequence, the
latex final viscosity would also be altered.

Manipulating probability can be risky under some
circumstances. In fact, by favoring a nucleation pro-
cess over others, one is just changing the probability of
each of the possible mechanisms. Because the strate-
gies represent systems that could hardly be phenom-
enologically described, one relies on experience and
general knowledge to expect a certain level of particle

Figure 7 Latex final PSD: S5_A (�) and Strategy 1 (F).
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coalescence and new particle generation. On the other
hand, because the coupled polymerization–viscosity
model enables one to precisely know how a given PSD
affects the final viscosity it is possible to guess within
which borderlines one is traveling. Therefore, the pro-
cess of devising new formulation alternatives is safer
than merely relying on trial-and-error. This potential
application may be considerably extended by incorpo-
rating into the polymerization process model a more
comprehensive phenomenological description of the
particles’ nucleation and growth.53–56

CONCLUSION

It has been shown that the coupled polymerization–
viscosity model is a powerful tool to supplement the
practice of educated guesses. By coupling the new
insight into the phenomena influencing the viscosity
of concentrated aqueous polymer dispersion with ex-
perience on emulsion polymerization, it is rather
straightforward to formulate new polymerization
routes. The miniemulsion polymerization technique
was incorporated into two new strategies for the syn-
thesis of high-solids latices, which were experimen-
tally assessed: a rather low viscosity at moderate to
high solids was obtained.

Most of the alternative routes lie within a region
that is usually pictured as too dangerous to be exper-
imentally assessed through trial-and-error ap-
proaches. Nonetheless, the quantitative and qualita-
tive analysis provided by the developed model can
contribute to develop safer and novel strategies for
obtaining high-solids, low-viscosity systems.57
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