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ABSTRACT: We carried out the suspension polymeriza-
tion of styrene, initiated with benzoyl peroxide at 80°C, in
the presence of the simultaneous polymerization of acrylic
acid in the water phase, initiated by potassium peroxidisul-
fate (KPS) at the same temperature. The polymerization in
the water phase was started at certain times after the begin-
ning of the polymerization of styrene. Then, a continuous
addition of KPS was carried out at a given landing rate and
during variable feeding times. The water-phase polymeriza-
tion actually produced a copolymer of styrene and acrylic
acid, which displayed surface-active properties. The particle

size distribution depended on the variables mentioned ear-
lier (starting time, KPS feeding rate, and addition time),
being controlled by the molecular weight, and on the com-
position of the copolymer produced and its availability at
the increasing conversion of styrene. A second distribution
of submicronic particles was produced. Both families of
particles had about the same molecular weight. © 2002 Wiley
Periodicals, Inc. J Appl Polym Sci 86: 3271–3285, 2002

Key words: particle size distribution; stabilization; water-
soluble polymers; surfactants

INTRODUCTION

In the suspension polymerization process, monomers
rather insoluble in water and oil-soluble initiators are
dispersed as liquid droplets by the action of vigorous
stirring. The system is considered a turbulence-stabi-
lized dispersion, which is unstable on cessation of
agitation, coalescing and separating into two distinct
phases. Figure 1 shows schematically the generally
accepted the mechanism of formation of the suspen-
sion. Mechanical agitation subjects the bulk monomer
phase to a viscous drag, causing elongation into a
threadlike form with subsequent degeneration into
drops. Simultaneously, through the reverse process of
coalescence, the drops tend to revert to the original
monomer mass. In a simple mechanical suspension
under a constant overall shear rate, a dynamic equi-
librium is quickly established. Clusters of globules,

which are held together by weak residual forces but
are not fused, tend to disperse under the disruptive
stress of the stirrer. Efficient surface-active agents
alone will deflocculate these aggregates. With the on-
set of polymerization and the corresponding increase
in viscosity of the organic phase, there is increasing
resistance to distortion of the droplets due to viscous
drag, but unfortunately, there is a greater tendency
toward coalescence through collisions with neighbor-
ing drops. The latter phenomenon is minimized by
suspension stabilizers, which are selectively adsorbed
at the interface between the two phases, forming a
protective film of molecular proportions.1

The control of particle size distribution (PSD) is one
of the most important issues in the suspension poly-
merization. Studies of drop sizes in liquid–liquid dis-
persion have demonstrated that the stirrer speed, in-
terfacial tension, viscosities of both phases, and vol-
ume fraction of the dispersed phase has important
effects on the droplet size.2–4 In practice, some param-
eters, such as the geometry of the reactor or the stirrer
and the operating parameters, are fixed by the pro-
ductivity requirements and by polymerization kinet-
ics. Consequently, the remaining parameters to estab-
lish a control of PSD are the stirring intensity and the
type and concentration of stabilizer.
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The new idea explored in this work consisted of the
in situ synthesis of a suspension agent. The formation
of the suspension agent was achieved by the free-
radical copolymerization of acrylic acid (AA) and sty-
rene (STY) in the aqueous phase during the polymer-
ization of STY in the dispersed phase, with potassium
peroxidisulfate (KPS) as the initiator for the polymer-
ization in the continuous phase and benzoyl peroxide
(BPO) for the dispersed phase. The suspension agent
formed by the in situ synthesis modified the interfacial
tension between the monomer–polymer droplet and
water, and it formed a film, or skin, around the mono-
mer–polymer droplet surface to prevent coalescence
by a mechanism similar to steric stabilization when
collisions occurred. The variation of these two prop-
erties of the system as a function of the reaction time
of the dispersed phase performed a control of the final
PSD. The interfacial tension in this system depended
on the suspension agent concentration, its composi-
tion, and its affinity to the interface. The formation of
the protective film depended on the molecular weight
of the suspension agent, its concentration, and its in-
terfacial activity. Reports in the literature shows that a
good polymeric stabilizer, although water soluble,
should have enough hydrophobic character to be
rather strongly adsorbed onto the surface of the par-
ticles and to stay at the interface of the two phases.
Suspension polymerization uses low levels of protec-
tive colloid (�0.1 wt %) with little increase in the
viscosity of the continuous phase. It has been admitted
that the effect of interfacial adsorption is more impor-
tant than the increase in viscosity of the aqueous phase
when a suitable stabilizer is chosen.4

PSD in the suspension polymerization of sty

Normally, in a liquid–liquid dispersion in a turbu-
lently agitated vessel, two regions are proposed to
describe the breakup coalescence behavior of a drop-
let: the impeller region, where the droplets are broken
up, and the circulation region, where they grow by
coalescence. In the case of the suspension polymeriza-
tion, the breakup and coalescence of the droplets
maintain a balance during the reaction until the drops
are transformed into solid particles due to the ad-
vancement of the reaction.2,3 Turbulent fluctuation in
the velocity over a distance at most equal to droplet
diameter produces shear forces, which produce a de-
formation and finally a breakup of the droplet; how-
ever, the surface tension forces tend to hold the drop-
let together. Coalescence takes place when a collision
of two droplets occur because the film of the contin-
uous phase between the droplets is totally drained, so
that the droplets touch and are fused in one; then, the
droplet size always depends on the equilibrium of
these rates (breakup and coalescence). The PSD evo-
lution in suspension polymerization has been ex-
plained by correlations based on the Weber number
theory.4–6

The suspension polymerization process can be di-
vided into three stages with respect to the monomer
conversion. In the first stage, when the viscosity of the
dispersed phase remains low (� � 1.0 poise), the drop-
let size distribution results from the equilibrium be-
tween the breakup of the dispersed droplets due to the
shear stress imposed by the stirring conditions. When
the viscosity of the dispersed phase, due to the in-

Figure 1 Schematic diagram of the states of dispersion in suspension polymerization.
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creasing conversion, reaches a critical value, (�cr1 � 1
poise), the coalescence tends to overcome the breakup,
and the droplet size tends to increase (the sticky point);
normally, the stabilizer tends to oppose the coales-
cence process, so that if it is present and efficient
enough, the coalescence is delayed, and the particle
size increases slowly. The end of the second stage, also
named the sticky stage, takes place when the viscosity
of the dispersed phase reaches a second critical value
(�cr2 � 103 poise). The coalescence is avoided, the
particle growth is stopped due to the elastic nature of
the particle collisions, and the size of the particles
remains fixed [the particle identity point (PIP)]. The
corresponding conversion is the beginning of the third
and last stage, where the PSD is fixed and conse-
quently definitive.7,8

The stabilizer does not play any role in the third
stage and is efficient only during the second sticky
stage, when the viscosity of the dispersed phase is in
between �cr1 and �cr2. A typical evolution of the vis-
cosity of the dispersed organic phase versus STY con-
version is shown in Figure 2, where the evolution of
the droplet diameter is also displayed, as well as the
two critical viscosities.9

It can be seen that neither in the first stage nor in the
third one does the droplet size change significantly.
The stabilizers, which control the interfacial tension,
are not useful in these two stages. They play a signif-
icant role only during the second stage, where they
may control the growing process of the polymer par-
ticles.

Qualitatively, the in situ formation of the suspension
agent in the continuous phase should begin at the end

of the stage I or at the beginning of the stage II of
polymerization of the dispersed phase (see Fig. 2). The
in situ synthesis of stabilizer should be possible if the
polymerization rate in the continuous phase is accu-
rately synchronized with the rate of polymerization of
the particles in the dispersed phase. The polymeriza-
tion rate of the suspension agent in the continuous
phase should be such that a large enough amount of
the suspension agent has been produced at the point
when the coalescence is maximum and the rupture of
the polymerization is minimum. This point is experi-
enced by the system practically at the end of the
second interval.10

In situ polymerization model

The in situ synthesis of suspension agent is deter-
mined by the kinetics parameters of the system, initi-
ator, and monomer concentrations and the partition
between the liquid phases. The kinetic model for free-
radical polymerization, adapted from a comprehen-
sive model for addition polymerization, was the basis
for our polymerization model.11–13 The reactions af-
fecting the aqueous-phase and dispersed-phase radi-
cal species of our process are listed in Table I.

In the case of polymerization in the water phase, the
effect of the monomer concentration in the formation
of primary radicals is included in the reaction mech-
anism. This behavior of the AA polymerization has
been reported in several publications, and it has been
explained by participation of the monomer in the dis-
sociation of the peroxidisulfate ions (IKPS

w ). The AA
(M1

w) molecules assist the formation of the primary

Figure 2 Dispersed phase viscosity and average particle diameter as a function of monomer conversion.
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radical trapped in a “cage structure” (2RC)w.14,15 This
effect results in a 3/2 dependence of the polymeriza-
tion rate with respect to monomer concentration. Mj

w

refers to monomers ( j � 1 for AA and 2 for STY), Rn,i
w

and Pn
w refer to live polymer radicals and dead poly-

mer, respectively, of length n with monomer type i at
the growing end, in the water (w) or continuous
phase. In the case of dispersed phase polymerization
Rn,i

D refers to live polymer radicals of length n with
monomer type i at the growing end, and D refers to

the dispersed phase. To simulate both simultaneous
polymerizations, the following assumptions were in-
corporated into the model: (1) the stationary-state hy-
pothesis and long-chain hypothesis were assumed
valid for all radical species, and (2) the quasistationary
of the instantaneous copolymer composition was as-
sumed. When these assumptions are valid, it is possi-
ble to model the kinetics of both phases, dispersed and
continuous phase. A total balance for the AA and STY
gives

dM1

dt � �Vw�kp11�R1
w��M1

w� � kp21�R2
w��M1

w� � ktm11�R1
w��M1

w� � ktm21�R2
w��M1

w�	

� VD�kp11�R1
D��M1

D� � kp21�R2
D��M1

D� � ktm11�R1
D��M1

D� � ktm21�R2
D��M1

D�	 (1)

dM2

dt � �VD�kp12�R1
D��M2

D� � kp22�R2
D��M2

D� � ktm12�R1
D��M2

D� � ktm22�R2
D��M2

D�	

� Vw�kp12�R1
w��M2

w� � kp22�R2
w��M2

w� � ktm12�R1
w��M2

w� � ktm22�R2
w��M2

w�	 (2)

where [Mj
f] � Mj/Vf is the monomer j concentration at

time t in the reactor, Vf the volume of f phase, and [Rj
f]

is the total live polymer concentration with monomer
type j at the growing end:

�Rj
f� � �

n�1




�Rn,j
f � (3)

The STY and AA consumptions take into account the
reactions in water and in the droplets, and we mod-

eled the partition of monomers in the different phases
considering that a fast thermodynamic equilibrium is
achieved. The partition coefficients (K�j) of each mono-
mer is defined as follows:16,17

K�j �
�Mj

D�

�Mj
w�

(4)

The last two terms of the kinetics mechanism were
excluded in the model because the interfacial area was

TABLE I
Reactions Affecting Aqueous and Dispersed Phase Polymerization

Continuous Phase Dispersed Phase

Initiation
IPS

w ¡

kd

�2RC	w IBPO
D O¡

KD

2R1
D

�2RC	w � M1
w ¡

k�

R1,1
w � R1

w R1
D � Mj

DO¡
KI

R1, j
D

R1
w � Mj

w ¡

k�j

R1, f
w

Propagation Rn,i
w � Mj

wO¡
kpij

Rn1, j
w Rn, i

D � Mj
DO¡

kpij

Rn1, j
D

Termination Rn, i
w � Rm, j

w O¡
ktcij

Pnm
w Rn, i

D � Rm, j
D O¡

ktcij

Pnm
D

Transfer to monomer Rn, i
w � Mj

wO¡

ktrmij

Pn
w � R1, j

w

Rn, i
D � Mj

DO¡

ktrmij

Pn
D � R1, j

D

Capture of radicals by droplets Rn, i
w � GO¡

kcapi

Rn
D

Desorption of radicals from droplets Rn, i
D O¡

kdesi

Rn,2
w

G � droplet.
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not very important due to the fact that the mean
droplet diameter was large (�100 �m). Then, capture
and desorption of water radicals by the droplet were
negligible in the suspension polymerization. More-
over, the addition of an oil-soluble initiator such as
BPO and a water-soluble initiator such as KPS could
hinder both phenomena. A detailed description of this
approach is given in the Appendix.

Viscosity to zero shear of the polymerizing reaction
mixture in the dispersed phase was estimated as a
function with a correlation found in the literature,
relating the polymer fraction in the dispersed phase,
its molecular-weight average, and the temperature of
the system:18

log10��0	 � �12.116 � 1496T�1 � Mw
0.2845

� �8.679xp � 15.024xp
2 � �2.828 � 4500T�1	xp

3� (5)

where �0 is the zero shear viscosity (poise), T is the
temperature in Kelvin, xp is the weight fraction of the
polymer, and Mw is the weight-average molecular
weight in thousands.

Interfacial activity of the suspension agents

Few selection methods of the stabilizer for suspension
polymerization are reported in the literature due to
the high complexity of the phenomenon of adsorption
of soluble polymers at liquid–liquid and liquid–solid
interfaces in suspension polymerization. Mendizabal
et al.19 proposed a method for selecting a poly(vinyl
alcohol) (PVA) for STY suspension polymerization
without carrying out polymerization reaction: the sta-
bility of the nonreacting systems is issued to predict
the stability of the same system when it is reacting.
Olayo et al.20 studied the effect of the degree of hy-
drolysis and of the molecular weight of PVA on the
interfacial tension of the STY/water–PVA systems
and, by the Szyszkowski model, related the interfacial
activity of the PVA to the stability of the STY suspen-
sion polymerizations.

The Szyszkowski model correlates the interfacial
tension with the bulk concentration of the stabilizer at
a constant temperature:

� � � � �0 � ��*sK*T*In�1 � �C	 (6)

where � is the difference of the interfacial tension of
the pure phases (�0) and the interfacial tension of
stabilizer solutions (�, dyne/cm), �s is the interfacial
stabilizer concentration when the interface is saturated
(molecules/cm2), K is the Boltzman constant, T the
temperature in Kelvin, � is the adsorption intensity,
and C is the bulk concentration of the stabilizer. The
Gibbs equation proposes a relationship between the
amount of adsorbed stabilizer and the change of in-

terfacial tension in function of the stabilizer concen-
tration:

�2 � �� C
KT

d�

dC�
T

� �� 1
KT

d�

d ln C�
T

(7)

The substitution of eq. (6) in eq. (7) gives

	 �
�2

�S
�

Cd ln�1 � �C	

dC �
�C

1 � �C (8)

where �2 is the interfacial concentration of the stabi-
lizer (molecules/cm2) and 	 is the surface coverage.
Equation corresponds to the Langmuir isotherm equa-
tion.

It is clear that the adsorption of soluble polymers at
liquid–liquid and solid–liquid interfaces is a highly
complex phenomenon. The polymer chains could
have a large number of possible configurations at the
interface. The Langmuir isotherm assumes that there
is a single average configuration of the molecule at the
interface. However, macroscopic models for polymers
adsorption, which take into account the number of
segments of molecules attached at the interface and
individual adsorption constants for every segment,
are reduced to the Langmuir form at high surface
coverage.21

EXPERIMENTAL

The experiment was divided in two parts. In the first
part, the partition of the monomers under our reaction
conditions was studied, and in the second part, the in
situ syntheses of stabilizers were performed.

Materials

AA (Aldrich, Milwaukee, WI) was purified by vac-
uum distillation. KPS, BPO, STY, tetrahydrofuran
(THF), and toluene (Aldrich) were used without any
purification, and deionized water was used in the
reaction system.

Partitioning of AA and STY

A mixture of water, STY, and AA was placed in a
hermetically closed vial and mixed vigorously with a
shaker for 30 min to attain partition equilibrium. The
vial was placed in a water bath at 80°C. Table II shows
the recipes used in the experiments. After the phase
separation, samples of 1.0 g were drawn from each
phase and dissolved in 12 mL of THF previously
prepared with toluene as an internal standard. The
concentrations of STY and AA were measured, respec-
tively, in each phase by gas chromatography (5890
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Hewlett Packard chromatograph with an HP-5 col-
umn of 0.25 �m and 25 m) (Avondale, PA).

Polymerization procedure

The suspension polymerization reactions of STY were
carried out with two different concentrations of AA in
a 2-L glass round-bottom reactor (see Fig. 3).22 The
operating conditions and the geometrical array of the
reactor are described in Table III. The initiators se-
lected for in situ synthesis were soluble in only one
phase; KPS was the selected initiator for the continu-
ous phase, and BPO was the initiator for the dispersed
phase. The reaction water was preheated to 90°C in
the reactor and stirred at 350 rpm; then, the STY with
dissolved BPO was added into the reactor. After a few
minutes (�3 min), the temperature was controlled at
80°C; the time when all STY mix was added to the
reactor was named time zero of the reaction (t � 0).
Starting time (ST) of the in situ synthesis of the sus-
pension agent was defined by the ST of the semicon-
tinuous addition of KPS solution, and it varied from
30 to 60 to 120 min after t � 0 (the beginning of
dispersed-phase polymerization). The batch addition
of AA was done 3 min before the ST. The feeding rate
(FR) of the addition of KPS and the feeding time (FT),
during which the semicontinuous addition of initiator
was performed, were other variables in this work.
Table IV shows the conditions of in situ syntheses. The
reactions were stopped after 5 h, when the system
reached and passed the PIP.

Individual conversions of STY and AA were fol-
lowed during some experiments. A sample drawn
from the reactor was dissolved in THF; the monomer
concentrations was determined by the same technique
(gas chromatography) used for the partition experi-
ments, and water contained in the sample was deter-
mined by Karl–Fisher titration.

To compare this new process against the traditional
suspension polymerization, we carried out four com-
plementary experiments were carried out, three exper-
iments with a commercial PVA (88% of hydrolysis and
Mw � 100,000) and one experiment with a poly(acrylic
acid) (PAA) synthesized in water solution with a Mw

of approximately 80,000. A solution of PVA or PAA
was prepared containing 14.25 g dissolved in 100 mL

of water; the solution was added to the STY suspen-
sion polymerization at the same ST of the in situ
reactions. The suspension polymerizations were car-
ried out under the same conditions of temperature,
BPO concentration, and agitation used in the in situ
experiments (see Table V).

The polymer beads were separated by filtration on a
200 mesh filter and the final PSD was obtained by
sieving, according to the ASTM D 1921 method. The
serum was generally milky and contained an emul-
sion of small particles. These particles were separated
on ultracentrifugation, leaving a clear solution of wa-
ter-soluble copolymer. All the three kind of polymers
were analyzed by size exclusion chromatography
(Waters instrument, Model 510) to obtain their molec-
ular-weight distribution. The compositions of reaction
products were determined by 1H-NMR, and molecu-
lar-weight distributions were determined by aqueous
size exclusion chromatography (Waters, with polysty-
rene gel columns, calibrated with polyoxyethylene
standards).

Figure 3 Schema of the internal array of the reactor.

TABLE II
Determination of the Monomers Partition at 80°C

Water (g)
AA
(g)

STY
(g)

Weight fractions in the
aqueous phase

Weight fractions in the
dispersed phase

XAA XSTY XAA XSTY

7.107 0.000 2.895 0.00 6.53 � 10�4 0.00 1.000
7.081 0.031 2.883 0.389 � 10�2 6.49 � 10�4 1.05 � 10�4 0.999
7.046 0.098 2.867 1.122 � 10�2 6.46 � 10�4 4.73 � 10�4 0.999
7.001 0.150 2.854 1.997 � 10�2 6.38 � 10�4 10.38 � 10�4 0.998
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Finally, the interfacial tension of water-soluble
product solution against STY was measured at 25°C
by a Du Nouy ring method in a Kruss 12 tensiometer
(Krüss GmbH, Hamburg, Germany).

RESULTS AND DISCUSSION

Partition of monomers

Figure 4 shows the experimental results for the equi-
librium partitioning of AA between aqueous and or-
ganic phases at a natural pH of 2.6 and at 80°C. It was
there clear that under these conditions, around 4 mol
% of AA was present in the organic phase and 96%
was in the water phase. As a consequence, the poly-
merization of AA took place mainly in the water phase
because the presence of AA in the droplets was neg-
ligibly small, where its consumption should have been
negligibly small compared to that of STY.

Figure 5 shows that the concentration of STY in the
water phase remained practically constant at a con-
centration of about 0.045 mol/L. We can expect that

the consumption of STY preferentially took place in
the droplets, with a very small consumption in the
continuous phase. However, its concentration in the
water phase should have been enough to produce
significant amounts of copolymers able to present
some surface activity.

Polymerization in the dispersed and continuous
phases

Clear particles with spherical shape with diameters on
the order of a millimeter were obtained in all suspen-
sion polymerizations performed at a high initial AA
concentration. The suspension particles were sepa-
rated by a mesh 200 from the aqueous phase; the
residual aqueous phase had whiteness coloration, and
the presence of submicronic particles was observed.
After an exhaustive centrifugation of the aqueous
phase, the submicronic particles were separated, and
the water-soluble product was recovered from the
serum. The results of product characterization are

TABLE IV
Recipes of the In Situ Syntheses and Product Characterization

Experiment
AA
(g)

Addition conditions of PPS Water soluble polymer Suspension particles PSD analyses

ST
(min)

FR
(mg/min)

FT
(min) Mw � 10�4

STY
(mol %)

Submicronic
Mw � 10�3

Beads
Mw � 10�3

Dm
(mm)

STD
(mm)

1 22.6 30 48.7 30 16.1 13.9 90 82 0.11 0.07
2 22.6 60 48.7 30 — — 81 82 0.20 0.20
3 22.6 120 48.7 30 9.6 14.1 94 77 0.37 0.23
4 22.6 120 24.3 60 14.9 14.3 90 78 0.55 0.24
5 22.6 120 12.2 120 15.5 13.8 86 79 0.64 0.27
6 13.6 120 29.2 30 18.3 17.6 89 82 0.85 0.28
7 13.6 120 14.6 60 — — — — — —
8 13.6 120 7.3 120 — — — — — —

Mw � Mw in daltons; Dm � mean particle diameter; STD � standard deviation of PSD. The variables are ST (the time at
which the AA polymerization was started), FR of KPS addition, and FT, during which the addition of KPS was performed.

TABLE III
Operating Conditions for Suspension Reactions and Geometrical Array of the

Suspension Reactor

Parameter Value

Initial volume at 25°C V0 � 1.500 L (1.0 L of water  0.5 L of STY)
Dispersed/continuous volume phase at 25°C � � 0.50
Initiator concentration (BPO) [BPO]0 � 0.037 mol/L of STY
Polymerization temperature T � 353.15 K (80°C)
Polymerization time t � 5 h
Agitation speed N � 350 rpm
Internal diameter of vessel T � 10.0 cm
Impeller diameter D � 5.0 cm
Number of impellers 2
Impeller type 4-blade, 45° pitch
Blade width W � 0.32 cm
Liquid height Z � 20.0 cm
Position of bottom impeller H1 � 5.0 cm � T/4
Position of top impeller H2 � 13.3 cm � (2/3)Z
Number of baffles Four every 90°
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summarized in Table IV. The average molecular
weights of the polystyrene beads and submicronic
particles had about the same values, and the reaction
time to reach the PIP was always around 4.5 h for all
experiments. These data indicate that there was no
influence of the suspension agent on the polymeriza-
tion kinetics of the dispersed phase polymerization.

Figure 6 shows the 1H-NMR spectra of water-solu-
ble product with the typical peaks of CH
 and CH2�
of the PAA backbone between 0.7 and 3.2 ppm, aro-
matics protons of the STY units in the copolymer
between 6.5 and 8.5 ppm, and finally, a sharp peak
between 9.0 and 12.0 ppm for the carboxyl proton. The
integration of CH
, CH2�, and aromatic peaks gave
the global compositions a water-soluble product. As
pointed out previously, it was evident that a copoly-
merization occurred in the continuous phase.

The analyses of 1H-NMR of both sizes of particles
obtained in the in situ experiments showed that the
AA was not detected in the composition of the poly-
meric chain. Only the peaks of CH
 and CH2� of the
backbone between 1.2 and 2.5 ppm and of aromatics
protons between 6.2 and 7.3 ppm were observed in the
spectra (see Figs. 7 and 8). A copolymerization could

have occurred in the dispersed phase only after the
moment of the addition of the AA to the reaction
system; however, due to very low fraction of AA in
the dispersed phase, the polymer had very few mole-
cules of AA in the backbone, not even detectable for
the 1H-NMR analyses.

Figure 9 shows the simulation results and the ex-
perimental data of the STY conversion and the esti-
mate of the viscosity with eq. (5) for experiments 1, 4,
and 5. The high polymerization rate of our experimen-
tal conditions produced a rapid increase of the dis-
persed phase viscosity after 60 min of reaction. We
assumed that after this reaction time, the �cr1 was
reached, and this marked the beginning of the second
stage of the reaction. Konno et al. reported the same
zoning values of the viscosity to mark the separation
between the first and second stages. After 200 min of
reaction, the viscosity was very high (conversion � 0.70),
so we considered that the growth or sticky stage of
droplets was between these two reaction times.

Figure 10 shows the estimated values of the mean
molecular weight and average molecular weight plot-
ted as a function of the reaction time and against the
experimental determination. In these two last figures,

Figure 5 STY concentration ([M2]W in mol/L of water) as
function of AA concentration ([M1]W in mol/L of water) in
the water phase.

TABLE V
Recipes of the Traditional Suspension Polymerization with PVA and PAA

Stabilizer (g)
Addition time

(min)
Submicronic
Mw � 10�3

Beads
Mw � 10�3

PSD analyses

Dm (mm) STD (mm)

PVA
9 14.25 30 90 81 0.44 0.82

10 14.25 60 86 79 0.34 0.43
11 14.25 120 Coalescence —

PAA
12 14.25 30 Coalescence —
13 14.25 0 Coalescence —

Dm � mean particle diameter; STD � standard deviation of PSD.

Figure 4 Partition coefficient of AA at 80°C and at a vol-
ume phase ratio � � 0.5.
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we observed that the simulation of the kinetics of the
STY polymerization in the dispersed phase had good
agreement with experimental data; a slight autoaccel-

eration phenomenon was found at around 70% of
monomer conversion (the parameters used in the sim-
ulation are in Table VI).

Figure 6 1H-NMR spectrum of the water-soluble polymer in experiment 1.

Figure 7 1H-NMR spectrum of the polymer formed in the droplets in experiment 1.
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Figures 11 and 12 show experimental data of the AA
conversion followed in experiments 1, 4, and 5 and in
the simulation results. The AA conversion reached
high values in the first moments of KPS addition, but
when the KPS addition was stopped, the rate of poly-
merization decreased considerably, and finally, the
conversion was stopped, probably due to the total KPS
dissociation, as can be seen from the dotted lines of
Figure 11.

Final PSDs

In our reaction system, we detected that the �cr1 and
the �cr2 were about 50 and 3000 cP, respectively. The

corresponding conversions Xcr1 and Xcr2 were about
0.30 and 0.70, respectively, and reaction times of the
dispersed phase for these critical values were around
60 and 200 min.

The effect of the ST (of the in situ synthesis of
suspension agent) on the final PSD was studied first.
Three different STs from the beginning of dispersed
phase polymerization were used to start the water-
phase polymerization. Figure 13 shows the final PSDs
of these first three experiments. In experiment 1 (ST
� 30 min), the system was in the early stage, and the
viscosity was below 20 cP; the high production rate of
the suspension agent provided a good stabilization of
the dispersed phase and prevented the coalescence
during the whole reaction. Then, the drop size re-

Figure 8 1H-NMR spectrum of the polymer formed in the submicronic particles in experiment 1.

Figure 9 STY conversion and estimated dispersed-phase
viscosity versus reaction time. Experimental points: (�) ex-
periment 1; (�) experiment 4, and (Œ) experiment 5. Predic-
tions of the model for the (—) conversion and (– – –) viscos-
ity.

Figure 10 Molecular weights of polystyrene as a function
of reaction time. (– – –) Model predictions for number-
average molecular weight (Mn) and (—) model predictions
for Mw. (�) Experimental Mn of experiment 1, (�) experi-
mental Mw of experiment 1, (E) experimental Mn of exper-
iment 4, and (F) experimental Mw of experiment 4.

3280 VILCHIS ET AL.



mained unchanged around 100 �. When the ST was
changed and took place at the beginning of the second
stage (ST � 60 min), the particles had began to grow,
and the dispersed phase viscosity was about 60 cP;
with large particles appearing as a tail of the PSD;
however, 50% of the mass remained with small size.
At ST � 120 min, the dispersed phase viscosity was
about 800 cP, and the coalescence dominated over the
breakup. The high production rate of the suspension
agent could have prevented the full coalescence of the
system and stabilized the particles with large sizes.
This shift of the PSD could be assigned to growth of
particles, due to the increment of viscosity of the dis-
persed phase when the formation of the suspension
agent was started.

The effect of the polymerization rate of the suspen-
sion agent was studied as a second variable. Changes
on the FR (of KPS) modified the polymerization rate in
the water phase. Figure 14 presents the final PSD for
experiments 3–5. In the middle stage, the particle size
showed a high dependence on the stabilizer concen-
tration; the maximum coalescence was around 190–
210 min, and the dispersed phase viscosity changed
from 100 to 2500–3500 cP during this period. At each
time, the system had to reach equilibrium as a func-
tion of stabilizer concentration, interfacial area, and
coalescence rate. When the initiator FR decreased, a
growth on the particle sizes was observed. When the
initiator FR was reduced, the polymerization rate was
affected, and consequently, the stabilizer concentra-
tion was reduced during the critical coalescence pe-
riod of the system (120–150 min); small differences in
the stabilizer concentration in each experiment (3–5)
showed an important influence on the particle sizes.

Figure 13 Effect of ST on the final PSD of polystyrene. ST
� (}) 30, (�) 60, and (Œ) 120 min.

TABLE VI
Parameters and Values Used in the Kinetic

Polymerization of STY

Parameter and value Units Reference

kp11 � 3.60 � 109exp(�3100/RT) L/mol min 15
ktc11 � 1.08 � 109 L/mol min 15
r1 � 0.13 13
KDBPO � 4.16 �

1015exp(�29,270/RT) L/min 12
kp22 � 6.306 � 108exp(�7068/

RT) L/mol min 12
ktm22 � 6.128 � 1010

� exp(13,450/RT) L/mol min 12
ktc22 � 7.550 � 1010

� exp(�1677/RT) L/mol min 12
r2 � 0.38 13
R � 1.987 cal/mol K

Transfer to monomer and gel effect parameters are de-
scribed in ref. 12.

Figure 11 AA conversion as a function of reaction time
during the in situ formation of the suspension agent. Exper-
imental points: (�) experiment 1, (F) experiment 4, and (Œ)
experiment 5. (—) Predictions of the model for AA conver-
sion and (– – –) estimation for initiator concentration.

Figure 12 Predictions of the model for the water soluble
polymer concentrations [Pw]: (�) experiment 1, (Œ) experi-
ment 2, (F) experiment 3, (}) experiment 4, (�) experiment 5,
(�) experiment 6, (‚) experiment 7, and (E) experiment 8.
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At 140 min of reaction, the amounts of stabilizer pro-
duced were 8.5, 7.1, and 5.8 for experiments 3, 4, and
5, respectively. The low stabilizer concentrations of
experiments 4 and 5 in this period could not efficiently
prevent the coalescence, and a shift of the PSD to large
sizes occurred and caused a reduction of the interfa-
cial area until the equilibrium on the system was
reached.

In the third series of experiments, a reduction of
the AA concentration was tried with a ST of 120 min
and FTs of 30, 60, and 120 min. Here again, the ST
was at the end of middle interval, where the stabi-
lizer concentration had an important effect on the
stability of the system. Only the stabilizer concen-
tration of experiment 6 prevented the full coales-
cence of the system. In experiments 7 and 8, the
stabilizer concentration during the critical period of
coalescence was not high enough, and stable disper-
sions could not be maintained. Figure 15 shows the
effect of AA concentration on the final PSD (exper-
iment 3 [AA] � 23.8 g/L of water and experiment 6
[AA] � 14.3 g/L of water).

In the case of the traditional suspension polymer-
ization carried out with PVA, the system was stable
only when the addition of the solution was at 30 and
60 min after the ST of the dispersed-phase polymer-
ization. When the addition was at 120 min after the
ST, the suspension collapsed at around 200 min of
reaction. This effect could be attributed to a maxi-
mum coalescence at that point; the effective stabi-
lizing layer had not yet formed, and the coalescence
frequency was not quickly controlled. Then, the sys-
tem became unstable, and the stability of the sus-
pension was lost during this stage. In the case of the
suspension reaction with PAA as a stabilizer, any
reaction was stable, even if the addition of solution
was at the beginning of the polymerization of the
dispersed phase. The high hydrophilic character of
the homopolymer molecules did not allow a strong
enough adsorption at the droplet–water interface. If

the polymer is not strongly adsorbed, desorption
may occur during a particle collision. The total co-
alescence of droplets could not be prevented before
the system reached the PIP.

Figure 16 shows the final PSD of experiments 1, 2, 9,
and 10. The suspension agents formed by the in situ
process had better performance avoiding the coales-
cence than PVA in the traditional process. In experi-
ments 1 and 2, the intensity of the growth was better
limited by the efficiency of the stabilizing layer of the
in situ agent, and their final PSDs remained in the
small sizes. In experiments 9 and 10, the growth of the
particles should have happened until the breakage–
coalescence equilibrium was established by the effi-
ciency of the protective layer.

It is well known that the thickness of the adsorbed
polymer increases with the molecular weight, and
then, the coalescence is better prevented by higher
molecular weights.23

Figure 14 Effect of the FR of KPS on the final PSD of
polystyrene at a high AA concentration ([M1] � 25.1 g/L of
water). FR � (Œ) 48.7, (�) 24.3, and (�) 12.2 mg/min.

Figure 15 Effect of AA concentration on the final PSD of
polystyrene: (Œ) experiment 3 and (�) experiment 6.

Figure 16 Effect of the process and kind of suspension
agent on the PSD. In situ process: (}) experiment 1 and (�)
experiment 2. Traditional process with PVA: (F) experiment
9 and (E) experiment 10.
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Properties of the suspension agents at the interface

The in situ synthesized water-soluble copolymers
showed a strong influence on the interfacial tension.
Figure 17 shows the behavior of the interfacial tension
of several water solutions of suspension agents against
STY as a function of their concentrations. A large
decrease in interfacial tension was observed at very
low concentrations of the in situ formed stabilizers.
The sequence of STY in the backbone of the water-
soluble copolymer (�14 mol %) should have given a
high affinity of copolymer to the interface, and a full
coverage of the interface could be reached with a low
copolymer concentration. PVA exhibited a moderated
influence on the interfacial tension at low concentra-
tion, whereas PAA exhibited the lowest influence on
the interfacial tension.

Table VII shows the coefficients of the Szyszkowski
model estimated by applying eq. (6) to the experimen-
tal results of the measures of interfacial tension as a
function of the stabilizer concentration. The intensity
of absorption (�) showed a great dependence on the
kind of suspension agent; the effect of the hydropho-
bic sequences of STY included in the backbone of the
in situ formed polymer favored the adsorption of the
stabilizer at the interface, as shown in � values. The
PAA had the lowest � value because in its structures,

there are no hydrophobic sequences attached at the
interface.

Figure 18 shows the surface coverage (	) estimated
by applying the eq. (8); a full coverage of the interface
needed a larger amount of the PAA homopolymer
than for the in situ formed copolymers and also PVA.
It has been reported, in the case of absorption exper-
iments of PVA,24 that several layers are formed
around the polystyrene particle to stabilize the poly-
mer particles.

This behavior at the interface could explain the re-
sults of the stability system; the protective film formed
by PVA was less efficient in preventing the coales-
cence than the in situ formed agent. Although the in
situ formed agent in experiment 1 gave good control of
the PSD in the small sizes, the PVA in experiment 9
allowed the particles to grow, and the final PSD was
centered on intermediate values. The same behavior
was observed in experiment 2 as compared with ex-
periment 10.

The PAA showed a low affinity to the interface. Its
water solutions had the highest values in interfacial
tension. The PAA could be adsorbed to the interface;
however, it did not form an efficient protective film
that prevented the catastrophic coalescence of the sys-
tem.

Second group of small particles

When the polystyrene beads obtained by our in situ
process and by the traditional process were filtrated,
the remaining water phase was milky, and it became
clear only on ultracentrifugation. The solid residue
could be redispersed easily in water as a diluted latex,
from which the particle size could be measured by
quasielastic light scattering. The mean particle sizes of
this group of particles was around 100 and 200 nm.
Initially, it was thought that the production of these
particles was due to a side process of emulsion poly-

Figure 17 Interfacial tension of several suspension agents:
(Œ) experiment 6, (�) experiment 1, (E) PVA, and (}) PAA.

TABLE VII
Coefficients of the Szyszkowski Model

Suspension agent Experiment
�S � 10�13

(molecules/cm2)
�

(L/g)

AA–STY copolymer 1 5.779 459.94
AA–STY copolymer 6 6.960 1103.60
PVA 9 5.058 26.84
PAA 12 6.540 2.80

Figure 18 Adsorption isotherms for the suspensions
agents: (Œ) experiment 6, (�) experiment 1, (E) PVA, and (})
PAA.
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merization, which might have come from the use of
KPS as initiator in the water phase in the in situ
process. However, it seemed not to be the case because
when the traditional experiments were performed; the
remaining water phase was milky, too, but with a
lower coloration, due to a smaller amount of particles.
Furthermore, in our case, the molecular weight of the
polymer from these small particles was about the
same as for the polystyrene beads. In addition, NMR
analysis indicated that they were composed of pure
polystyrene so that a typical emulsion polymerization
process could be excluded. Possibly, it may have been
related to a strong breakup process and reduction in
the interfacial tension.

CONCLUSIONS

It is possible to obtain stable suspensions of poly-
styrene beads with in situ synthesis of the stabilizer
(suspension agent) through the polymerization of a
water-soluble monomer such as AA. This process
allows a good control of the PSD as a function of the
ST and the production rate of the in situ stabilizer.
The water-soluble polymer in our experiment was
actually a copolymer of STY and AA containing
about 14 mol % STY, even if the solubility of STY in
the water phase was low. The copolymer showed
high surface-active properties and was located at
the interface between the two phases. The high sta-
bility of the in situ system could be attributed to the
high affinity of the STY–AA copolymer to the inter-
face. Then, a good steric stabilizer was strongly
adsorbed, providing a thick steric barrier, which
was related to its hydrophobic character. The PSD
was highly dependent on the conversion of STY, at
which the water phase polymerization was started,
and it was shifted toward larger sizes if the produc-
tion of the copolymer was delayed.

The Szyszkowski model described reasonably well
the behavior of the suspension agents at the interface
and related these observed behaviors with the suspen-
sion stability. High values of the � parameter of the
model represented a good adsorption of the stabilizer
at the interface and might have assured the stability of
the suspension system. The stabilizers with STY in-
cluded in the chains had the highest � values, proba-
bly because they were better attached at the interface.
The homopolymers of AA, which had the lowest �
values, did not correctly prevent the coalescence of the
suspension polymerization, whereas copolymers of
AA–STY (larger � values) seemed to be well adsorbed
into the oil–water interface, resulting in better stabi-
lizers than PVA for the STY suspension polymeriza-
tions.

APPENDIX

Kinetics model

Polymerization in each suspension droplet may be
considered a microbulk monomer polymerization,
and it proceeds through the same kinetic mechanism
of bulk polymerization; this assumption is valid for a
water-insoluble or a slightly water-soluble monomer,
such as styrene.

Copolymerization kinetics parameters

The pseudoconstants for the propagation reaction
(kp), chain transfer to the monomer (ktm), termination
by disproportionation (ktd), and termination by com-
bination (ktc) are given by the following equations:

kp � �
i�1

N

kpij�*i fj

ktm � �
i�1

N

ktmij�*i fj

ktd � �
i�1

N �
j�1

N

ktdij�*i�*j

ktc � �
i�1

N �
j�1

N

ktcij�*i�*j

where N is the number of monomers, kpij and ktmij are
the kinetics rate constants for propagation and chain
transfer to the monomer, respectively, and the sub-
scripts i and j are used to designate the types of
polymer radical and monomer, respectively. The ki-
netics rate constants ktdij and ktcij are for termination
reactions by disproportionation and combination, re-
spectively. The molar fraction of radical of type i is �*i,
namely

�*i �
�R*i �

�
i�1

N

�R*i �

where [R*i ] is the radical concentration of the polymer
whose radical is located on monomer unit i. The molar
fraction of monomer j in the reaction mixture is fj
namely

fi �
�Mj�

�
j�1

N

�Mj�
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Based on the application of the method of moments
to the mass balance for each of the existing species in
the polymerization mix, the live and dead polymer
chain-length distribution moments are defined as fol-
lows. The i moment for live polymer

Yi � �
n�1




ni�R*n�

The i moment for dead polymer

Qi � �
n�1




ni�Pn�

where [R*n] and [Pn] represent the concentration of live
and dead polymer chains with length n, respectively.
The following set or ordinary differential and alge-
braic equations are obtained with the consideration
that Y2 � Y1 � Y0.

Moments of dead polymer concentration distribu-
tion are defined as follows. Zeroth

1
V

d��Q0�V	

dt � �
1
2 KtcY0

2 � Ktrm�M�Y0

First

1
V

d��Q1�V	

dt � �KtcY0Y1 � Ktrm�M�Y1

Second

1
V

d��Q2�V	

dt � �Ktc�Y0Y2 � Y1
2	 � Ktrm�M�Y2

Moments of the live polymer concentration distri-
bution are defined as follows. Zeroth

Y0 � � �2fKd�I�	
Ktc

�1/2

First

Y1 � � �2fKd�I�	 � Kp�M�Y0

KtcY0 � Ktrm�M� �1/2

Second

Y1 � � �2fKd�I�	 � 2Kp�M�Y1

KtcY0 � Ktrm�M� �1/2

where V is the volume of the reacting mix, f is the
initiator efficiency, d/dt represents the rate of change
with time, and brackets indicate concentration. Mn

and Mw are calculated with moments of the chain
length distribution as follows:

Mn � MWM

Q1 � Y1

Q0 � Y0

Mw � MWM
Q2 � Y2

Q1 � Y1

Diffusion limitations at high conversions lead to a
dramatic decrease in the termination rate, resulting in
an autoacceleration of the polymerization, a phenom-
enon known as the Tromsdorff, Norrish–Smith, or gel
effect. At even higher conversions, propagation be-
comes diffusion controlled, and eventually, polymer-
ization stops (the glass effect).
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