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ABSTRACT: In this work, a generalized mathematical
model was developed to estimate the variation of particle
concentration during the entire course of soapless emulsion
polymerization of methyl methacrylate with ferrofluid. Two
mechanisms for the nucleation and growth of particles
throughout the polymerization reaction were discussed:
Mechanism I – seeded polymerization; and Mechanism II –
self-nucleation polymerization. Here, the self-nucleation in-
cluded homogeneous nucleation and micelle nucleation. Co-
agulation between particles, which came from different nu-
cleation mechanisms during the course of polymerization,
was considered and included in this model. When appro-

priate parameters were selected, this model could be suc-
cessfully used to interpret the variation of particle concen-
tration during the entire reaction. Under different condi-
tions, rate of polymerization, number of radicals in each
particle, average molecular weight of polymers, and rate
constant of termination were also calculated. All of them
explained the experimental results quite well. © 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 100: 4925–4934, 2006

Key words: Fe3O4; PMMA; composite latex particle; nucle-
ation mechanism; kinetic model

INTRODUCTION

Ionic and nonionic1 emulsifiers are usually used as
stabilizers in emulsion polymerization. Madaeni2 pre-
pared polystyrene latices by emulsion polymerization.
Three types of surfactant, i.e., sodium dodecylbenzene
sulfonate (anionic), Triton X-100 and Vulcastab LW
(nonionic), and hexadecyltrimetyl ammonium bro-
mide (cationic), were used. The micelle formation of
the surfactants played the major role of particle nucle-
ation.

Soapless emulsion polymerization has received
more attention in recent decades because it provides
advantages for the synthesis of monodisperse latex. In
this type of system, ionized initiators stabilize poly-
mer particles. Several particle nucleation mechanisms
have been proposed for emulsifier free systems, which
can be divided into two main categories:

1. Micellar-like nucleation: This was proposed by
Goodall et al.,3 Cox et al.,4 Chen and Piirma,5 and
Vanderhoff.6 As the oligomeric radicals in the

aqueous phase reached critical length, several of
them aggregated together to form a micellar-like
primary particle and began nucleation.

2. Homogeneous nucleation: This was proposed by
Priest,7 Fitch and Tsai,8,9 and Hansen and Ugel-
stad.10–14 When above the critical chain, each
growing oligomeric radical precipitated from the
aqueous phase and became a primary particle.

Both the aforementioned nucleation mechanisms
could reasonably describe the phenomena of particle
nucleation in different soapless emulsion polymeriza-
tion systems. The former applied if a hydrophobic
monomer was used. The latter was more desirable if a
hydrophilic monomer was chosen. According to the
GPC analysis, Fitch and Tsai8 found that the maxi-
mum degree of polymerization of poly(methyl
methacrylate) (PMMA) oligomers in the aqueous
phase was 66. This was accepted as the critical chain
length of PMMA oligomers in particle nucleation. In
homogeneous nucleation, primary particles are unsta-
ble because they do not have enough surface charge.
These primary particles start to coagulate, and their
sizes grow until they have enough charge density on
their surfaces to stabilize themselves. Then, the parti-
cle concentration in the aqueous phase levels off until
the end of the reaction.

In addition, seeded emulsion polymerization was
proposed to be an effective way to control particle
concentration and size over the course of polymeriza-
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tion. In our previous work, Lee et al.15–17 synthesized
the poly(methyl methacrylate)–polystyrene (PMMA/
PS) composite latex by the method of two-stage soap-
less emulsion polymerization. PMMA latex particles
obtained from the first stage of polymerization acted
as seeds, and the second stage of polymerization of
styrene followed. The kinetic behavior of seeded po-
lymerization was discussed in detail.

In this work, MMA emulsion polymerization was
conducted in the presence of ferrofluid. A generalized
kinetic model was proposed to simulate the particle
nucleation and to interpret the variation of particle
concentration, rate of polymerization, and average
molecular weight of polymers during the entire course
of polymerization.

THEORETICAL TREATMENT

According to our previous work,18 two nucleation
mechanisms were proposed as given later to explain
the particle growth and the morphology of Fe3O4/
PMMA particles at different experimental conditions
Mechanism I–seeded nucleation. Ferrofluid acted as
seeds. The primary particles generated from Mecha-
nism I were Fe3O4 containing particles. Mechanism II
–self-nucleation. It included homogeneous nucleation
and micelle nucleation. The primary particles gener-
ated from Mechanism II were Fe3O4-free particles.

For the emulsion polymerization of MMA with po-
tassium persulfate (KPS) as initiator in the presence of
ferrofluid, particles could generate from ferrofluid
seeds, or from precipitated PMMA oligomers in water,
or from the accumulated micelle formation of lauric
acid. In our system, seeded nucleation, homogeneous
nucleation, and micelle nucleation were considered
simultaneously. During polymerization, the particles
grew and coagulated with each other until the poly-
mer particles received enough surface charge to stabi-
lize themselves.

Based on the aforementioned nucleation mecha-
nisms, the following kinetic equations could be de-
rived.

Concentration of polymer particles

Three kinetic equations [eqs. (1)–(3)] were used to
simulate the concentration of polymer particles.

dN1

dx � �
kf

2N1
2 (1)

dN2

dx � �kpMwR jcr�u�x� � u�x � x0�� � kfN1N2 �
kf

2N2
2

� �f�x� (2)

N � N1 � N2 (3)

where u(x � x0) represents a step function, i.e.,

u�x � x0� � 1 x � x0

u�x � x0� � 0 x � x0

Where N1 is the concentration of composite polymer
particles, i.e., particles containing Fe3O4; N2 is the
concentration of pure PMMA particles, i.e., particles
not containing Fe3O4; N is the total concentration of
polymer particles; x is the conversion; and kf is the
coagulation constant. Equation 1 represents the con-
centration change of N1 through coagulation. Accord-
ing to the Smoluchowski’s coagulation equation,14 kf

can be written as19

kf � kf0 exp� � Vtoc

kT � (4)

and Vtoc is the total potential energy.14 Assuming that
there is a linear relationship between Vtoc and conver-
sion x, i.e., Vtoc � ax � b, then kf can be expressed as

kf � kf0 exp� � �ax � b�

kT � (5)

The first term in eq. (2) represents the homogeneous
nucleation of MMA during the initial stage of poly-
merization when the growing oligomers of MMA in
water reach their critical chain length, they precipitate
from the aqueous phase and form primary particles. �
is a correction factor in the homogeneous nucleation.
With the existence of ferrofluid, the growing oligomer
radicals in water can be largely adsorbed by the fer-
rofluid, and so the probability of homogeneous nucle-
ation decreased. f(x) represents the micelle nucleation
during the course of polymerization. When polymer
particles grew and coagulated during polymerization,
the surfactant desorbed from particles gradually accu-
mulated to a critical concentration for micelles, and
then micelle nucleation occurred in the reaction. � is a
factor to express the possibility of micelle nucleation at
different experimental conditions.

In our previous work, M15 was formed almost
purely through seeded nucleation. For this extreme
case, only seeded polymerization was considered [eq.
(1)]. For the pure PMMA system, only homogeneous
nucleation [eq.(2) omitting f(x)] was considered in the
calculation. All the other systems in this work consid-
ered both eqs. (1) and (2) to calculate N1 and N2.
Reasonable parameters were used in the simulation as
shown in Tables I and II.
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Combined with kf in eq. (5), the concentration of
particles, N1, N2, and N with different conversion can
be calculated numerically by solving eqs. (1)–(3).

Rate of polymerization

The rate of polymerization of MMA can be expressed
as

Rp � �M�0

dx
dt � kp�M�pn� N (6)

where �M�0 is the total initial amount of monomer
charged per liter of aqueous phase; x is the conversion;
�M�p represents the monomer concentration in poly-
mer particles; N is the concentration of polymer par-
ticles in the water phase; and n� expresses the average
number of radicals per polymer particle. In eq. (6), Rp

is obtained from the conversion–time curve. Further-
more, if the values of kp, N, and �M�p are known, the
variation of n� with reaction time can be determined.

Volume of a swollen polymer particle

The definition of [M]p is as follows:

�M�p �
Vmonomer�m

M0�Vpolymer � Vmonomer�
(7)

where Vpolymer is the volume of polymer in a polymer
particle; Vmonomer is that of the monomer; �m expresses
the monomer density; and M0 represents the molecu-

lar weight of monomer. Equation (7) can be rear-
ranged as

Vmonomer �
�M�pVpolymer

�m

M0
� �M�p

(8)

Using TEM measurement, the number average di-
ameter of dry polymer particles (D� ) was obtained. It
was the diameter of one particle that contained no
monomer. Substituting eq. (8) into (7) Vp can be ex-
pressed as

Vp � Vpolymer � Vmonomer

� �1 �
�M�p

�m

M0
� �M�p�Vpolymer (9)

According to the aforementioned definition, Vpolymer
is expressed as

Vpolymer �
4
3	�D�

2�
3

(10)

Under different experimental conditions, the varia-
tion of Vp during the reaction can be calculated using
eqs. (9) and (10).

Average molecular weight of polymers and rate
constant of termination

The number average molecular weight of polymer is
approximately described as

TABLE I
Symbols, Ingredients and Conditions for the Synthesis of Composite Polymer Latex

Symbol M15
M30

(or1KPS or1FD) M45 0.5KPS 2KPS 0.5FD 2FD Pure PMMA

Methyl methacrylate (MMA) (g) 15 30 45 30 30 30 30 30
Initiator (K2S2O8) (g) 0.405 0.405 0.405 0.203 0.811 0.405 0.405 0.405
Deionized water (g) 650 650 650 650 650 700 550 750
Ferrofluid volume (mL) 100 100 100 100 100 50 200 0

N2; 80°C; stirring rate: 300 rpm; reaction time: 60 min.

TABLE II
Parameters Used in the Simulation

T (353 K) Reference

N1(0) [mol/L-H2O] 3.1 � 10�7

N2(0) [mol/L-H2O] 0 20
kpMwRjcr [mol/L-H2O] 6.33 � 10�6 19,20–22
kf0 [mol/L-H2O] 5 � 108 19
X0 0.01887 19
f(x) [mol/L-H2O] 9 � 10�8x�8.23 �10�8x2

[Mp] X 	 0.25, [Mp] � 6.0 (mol/L)
X � 0.25, [Mp] � 6.0(1�X)/(1�0.25) (mol/L) 20
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Mn � M0

Rp

Rt
� M0

Rp

kt

VpNAN�n� N�2

(11)

where Rt is the rate of formation of polymers; kt is the
rate constant of termination; Vp is the volume of a
swollen polymer particle; and NA is the Avogadro’s
number.

Combining particle concentration [eq. (3)], rate of
polymerization [eq. (6)], the volume of a swollen poly-
mer particle [eq. (9)], n� [eq. (6)], and the experimental
results of Mn, the termination rate constant kt varied
with conversion can be estimated from eq. (11).

EXPERIMENT

Material

Methyl methacrylate (MMA) was distilled under a
nitrogen atmosphere and reduced pressure prior to
polymerization. The other materials were of analytical
grade and used without further purification. Distilled
and deionized water was used throughout the work.

Synthesis of Fe3O4/PMMA composite polymer
latex

In our previous work, the Fe3O4/PMMA composite
polymer latex was synthesized by the method of soap-
less emulsion polymerization of MMA in the presence
of ferrofluid. The symbols, ingredients, and conditions
of the polymerization are listed in Table III. The syn-
thesis of composite polymer latex was carried out at
80°C under a nitrogen atmosphere. The stirring rate
was controlled at 300 rpm. After reacting for 1 h, the
polymerization was completed.

Conversion

During the emulsion polymerization, a sample of the
emulsion latex was periodically taken out of the reac-
tor, immediately poured into a chilled hydroquinone
methanol solution, and immersed in an ice bath to

quench the reaction. The precipitated latex was dried
in an oven at 50°C until the loss of weight did not
change.

The conversion of the emulsion polymerization was
calculated as follows:

Conversion�
W2 � W1 
 F% 
 S

W1 
 M0%
(12)

where W1 is the weight of the sample taken from the
vessel; W2 is the weight of dry composite polymers
obtained from the taken sample; M0% is the weight
percentage of monomers (MMA) initially in the reac-
tion mixture; F% is the volume percentage of the fer-
rofluid initially in the reaction mixture; and S is the
solid content of the ferrofluid (g/mL).

Morphology and size of latex particles

The morphology of latex particles was observed under
transmission electron microscopy (TEM). The particle
size was measured from TEM photos by taking the
average of 50 latex particles, where the number aver-
age diameter was considered. To improve the contrast
of the images of TEM photos, the latex samples were
stained with 1% phosphotungstate solution at room
temperature for 2 min prior to the TEM experiments.

Particle concentration versus conversion

The concentration of latex particles (N) as a function of
conversion was calculated from the average diameter
of polymer particles measured by TEM [eq. (13)]. Two
assumptions were made: (1) the volume is additive
between Fe3O4 and PMMA, and (2) Fe3O4 nanopar-
ticles were encapsulated in PMMA particles.

N �

WMx
dp

�
WFe3O4

dFe3O4

	

6D� 3

(13)

TABLE III
Parameters Used in the Simulation at Different Experimental Conditions

Symbol kf � �

Pure PMMA 5 � 108 e��1.8�10�13x�5�10�15

1.38�10�16�353 � 1 0

M15 3.5 � 108 e��1.5�10�11x�4�10�12

1.38�10�16�353 � 0 0

M30 (or1KPS or1FD) 3 � 108 e��8�10�13x�3�10�15

1.38�10�16�353 � 0.1 1

2FD 4 � 108 e��5�10�13x�3�10�15

1.38�10�16�353 � 0.05 1

0.5KPS 3.5 � 108 e
�3.5�10�13x�3�10�15

1.38�10�16�353 0.05 0.2

2KPS 3 � 108 e��9.5�10�13x�6�10�15

1.38�10�16�353 � 0.2 1
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where WM was the initial weight of monomer per liter
of H2O, x was the conversion of monomer, dp was the
density of polymer (1.19 g/cm3), WFe3O4 was the weight
of Fe3O4 per liter of H2O, dFe3O4 was the density of
Fe3O4 (5.12 g/cm3), and D� was the number average
diameter of dry polymer particles measured by TEM.

Average molecular weight of polymers

The concentrated HCl (10 mL) was added in the sam-
ple of dried composite polymer (about 1 g) to remove
Fe3O4 particles, and then toluene (10 mL) was used to
extract the polymer. The extracted polymer was
washed by water (10 mL, 3 times), and then dried in
oven. A Waters Associates Chromatograph (Model
6000A pump) was equipped with three columns, one
Polymer Laboratories Mixed-C and two American
Polymer Standard 100 in series, connected to the Sho-
dex RI-71 refractive index detector. THF was used as
the eluent and the flow rate was set as 1 mL/min. The
average molecular weights of polymers were deter-
mined from the calibration curve established by
means of polystyrene (PS) standards.

RESULTS AND DISCUSSION

All the experimental conditions in the following dis-
cussion are listed in Table III.

Conversion and rate of polymerization (Rp)

Curves of conversion versus time for different exper-
imental conditions are shown in Figure 1. With eq. (5),

the rate of polymerization can be calculated from the
experimental curves of conversion versus time.

Figure 2 shows that in the emulsion polymerization,
the rate of polymerization would be higher with lower
concentration of MMA. The dome shape of the curve
was a result of the gel effect; the less the monomer
concentration, the earlier the maximum point ap-
peared.

Similarly, from the curves of Rp versus time, it was
found that the greater the amount of the ferrofluid, the
faster is the polymerization rate. However, when the
ferrofluid was more than 100 mL, there was no signif-
icant difference in the polymerization rate.

Also, as expected, the rate of polymerization was
higher under the conditions of higher initiator concen-
tration.

The morphology of composite polymer particles

Figure 3(a) shows the morphology of polymer parti-
cles of sample M15 at conversion of 91.80%. As the
figures indicate, the magnetite was well encapsulated
in polymer. The polymer particles of M15 were gen-
erated from seeds and it was a seeded emulsion po-
lymerization, and so our modeling equation consid-
ered only eq. (1). Figure 3(b) shows the morphology of
polymer particles of sample M30 at conversion of
90.84%. Some particles did not contain Fe3O4. The
polymer particles of M30 were mostly generated from
seeds and partially from self-nucleation. The other
cases in this work showed similar morphology as
M30. This meant that most of the particles encapsu-
lated Fe3O4, but some particles did not contain Fe3O4,

Figure 1 Conversion versus time of emulsion polymeriza-
tion reaction at different monomer concentrations.

Figure 2 Rate of polymerization versus time at different
monomer concentrations.
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and so our modeling equations considered eqs. (1) and
(2) simultaneously.

Concentration of polymer particles (N)

The number average diameter (D� ) of polymer particles
was obtained by measurement using a transmission
electron microscope (TEM).18 Then the experimental
concentration of particles (N) was calculated by eq. (7).
The results are shown in Figures 4–6 as point symbols.
The particles of the samples of M45 and 0.5FD were
not considered because the magnetic particles in these
two samples coagulated seriously and influenced the
results of the calculation.

Monomer concentration effect

Figure 4 shows the particle concentration versus con-
version at different monomer concentrations. It indi-
cates that the higher the monomer concentration, the
less is the particle concentration. The sample of M15
was mostly synthesized by seeded polymerization.
The particle concentration kept constant during the
course of polymerization. The extent of coagulation
was very small. In the system of M30, the particle

concentration dropped first and then slightly in-
creased. Micelle nucleation occurred and caused the
particle concentration to increase. For the pure PMMA
system, there was a marked decrease in the particle
concentration with the increasing conversion. After
initial homogeneous nucleation, the coagulation oc-
curred continuously during polymerization, and
hence the concentration of the particles decreased.

Ferrofluid concentration effect

Particle concentration versus conversion, at different
ferrofluid concentrations, is shown in Figure 5. As the
figure indicates, the particle concentration of 2FD was
lower than that of 1FD. The reason might be that the
bilayer structure of surfactant in ferrofluid was unsta-

Figure 3 TEM photographs of sample (a) M15 at conver-
sion of 91.80% and (b) M30 at conversion of 90.84%.

Figure 4 Concentration of composite polymer particles ver-
sus conversion at different monomer concentrations.

Figure 5 Concentration of composite polymer particles
versus conversion at different ferrofluid concentrations.
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ble, and the greater the particle concentration of fer-
rofluid, the larger is the coagulation.

Initiator concentration effect

Figure 6 shows the particle concentration versus con-
version at different initiator concentrations. The con-
centration of particles for 2KPS and 1KPS was almost
the same because both systems followed mostly
seeded polymerization and partially self-nucleation
polymerization, and so the concentration of KPS had
no significant influence on particle concentration. But
for the case of 0.5KPS, the particle concentration de-
creased obviously. Because the lesser amount of SO4

�

charge (which came from KPS) on the surface of the
latex particles decreased the repulsion force among
particles, the lower surface charge density caused the
larger extent of coagulation.

Simulation of concentration of polymer particles

In eq. (4), parameters a and b were adjustable con-
stants (Table II). Other parameters needed in calcula-
tion are given in Table I. If the Runge-Kutta fourth-
order method was selected, the concentration profile
of composite polymer particles at different conditions
could be simulated by eqs. (1)–(3). The results of sim-
ulation are shown in Figures 4–6. Compared with the
experimental data of particle concentration, the theo-
retically simulated curves conformed well with the
experimental data.

Average number of radicals per polymer particle

Once the calculation of Rp and N was completed,
together with the equation of [Mp](Table I), n� could
then be calculated by eq. (5). The results are described
in Figure 7. When the conversion became higher, the
gel effect gradually became more serious and lessened
the probability of polymer radicals toward termina-
tion. Therefore, n� increased quickly as the conversion
was greater. This result also coincided with ESR’s
study.21,23,24

Monomer concentration effect

Comparing the curves of M15, M30 and pure PMMA
in Figure 7, the n� value was in the order of M15 	 M30
	 pure PMMA. The reason was due to the size of
particles and the corresponding gel effect. The particle
size of the pure PMMA system was larger than that of
the systems with ferrofluid, so the diffusion effect (or
gel effect) at high conversion was more significant. As
a result, the n� value was the largest for pure MMA
system and n� was the lowest for M15.

Ferrofluid concentration effect

Comparing the curves of 1FD and 2FD in Figure 7, the
n� value was in the order of 1FD 	 2FD. Because the
particle size of 2FD was larger than that of 1FD, the n�
value of 2FD was larger than that of 1FD.

Initiator concentration effect

Comparing the curves of 0.5KPS, 1KPS, and 2KPS in
Figure 7, the n� value was in the order of 0.5KPS

Figure 7 Average number of radicals per polymer particle
versus conversion at different monomer concentrations.

Figure 6 Concentration of composite polymer particles
versus conversion at different initiator concentrations.
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 1KPS�2KPS. The particle size of 0.5KPS was larger
than that of 1KPS or 2KPS, and so the n� value of
0.5KPS was larger.

Volume of a swollen polymer particle

Under different experimental conditions, the variation
of Vp during the reaction could be calculated using
eqs. (9) and (10). This is shown in Figure 8.

Monomer concentration effect

M15 composite polymer latex was mostly synthesized
by seeded polymerization. The Vp value slowly in-
creased up to about 1.12 � 10�19 (dm3) with increasing
conversion. The coagulation between particles was
almost negligible. In the system of M30, more mono-
mer was present in the emulsion; the Vp value was
larger than M15 as expected. As for the sample of M45,
the ferrofluid bilayer structure was destroyed by the
excess monomer, and the latex polymer particles were
mostly generated through self-nucleation. So, the
curve of M45 was very similar to the curve of pure
PMMA. There was a marked increase in the Vp with
increasing conversion. It indicated self-nucleation for
the system of M45.

Ferrofluid concentration effect

Comparing the curves of different ferrofluid concen-
trations, the Vp versus conversion was similar in the
cases of 1FD and 2FD. Both systems were mostly

through seeded emulsion polymerization and par-
tially from self-nucleation. But Vp versus conversion
curve of 0.5FD had a different shape, analogous to
M45, where particles were mainly generated through
self-nucleation.

Initiator concentration effect

As for the cases of different initiator concentrations,
the Vp value in both 1KPS and 2KPS cases were almost
the same. But the Vp of 0.5KPS value was larger and
kept going up at high conversion, because the latex
particles had not enough surface charge SO4

� from
initiator to prevent coagulation.

Average molecular weight of polymers

Figure 9 shows the GPC curves at different experi-
mental conditions. Two peaks were observed in most
of the systems (except M15). The higher molecular
weight peak was attributed to the diffusion effect dur-
ing polymerization. The calculated average molecular
weight and polydispersity of polymers from GPC
curves are shown in Table IV.

Monomer concentration effect

The average molecular weight of polymers was in the
order of M15 	 M30 	 M45 	 pure PMMA. It was due
to the extent of gel effect. When the particles were
smaller in size, the lower diffusion effect was ob-
served, as reflected in the GPC curves.

Ferrofluid concentration effect

The average molecular weight of polymers was in the
order of 1FD 	 2FD 	 0.5FD. It could also be ex-
plained by the extent of diffusion effect. The larger the

Figure 9 GPC curves at different experimental conditions.

Figure 8 Volume of a swollen polymer particle versus con-
version.
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value of n� , the larger is the diffusion effect, and there-
fore, the average molecular weight of polymers in-
creased.

Initiator concentration effect

The average molecular weight of polymers was in the
order of 0.5KPS 
 1KPS 
 2KPS; the larger the con-
centration of initiator, the smaller is the average mo-
lecular weight as expected.

To make sure of the diffusion effect for the higher
molecular weight peak of GPC curves shown in Figure
9, GPC curves of pure PMMA at different reaction
times were measured. Only one peak was observed
when conversion was low (x 	 xc). A second peak
with larger molecular weight appeared when conver-
sion increased (x � xc). For the PMMA system, the
critical conversion xc (at which monomer droplets dis-
appeared) was about 0.25.20 When x 	 xc, the mono-
mer in particles kept saturated concentration, and
only one peak was observed. The diffusion effect was
not important. When x � xc, the monomer concentra-
tion in particles decreased gradually, the viscosity in
particles increased, and the termination between poly-
mer radicals was difficult. As a result, the diffusion
effect was more and more obvious at high conversion.

Figure 10 shows the variation of Mn with conversion
for pure PMMA. When x 	 xc, the molecular weight
was smaller. When x � xc, because of the appearance
of the larger molecular weight peak, the number av-
erage molecular weight was larger.

As also seen in Figure 10, for the ferrofluid system,
the Mn of polymers at the end of the reaction was
always lower than the Mn of pure PMMA system. The
different extent of gel effect at different experimental
conditions explained the results.

Termination rate constant (kt)

Combining the values of Rp, n� , Vp, and Mn, the termi-
nation rate constant (kt) could be calculated from eq.
(11). The result is described in Figure 11. For pure
PMMA, when x 	 xc, the value of kt ranges from 3.0
� 106 to 6.0 � 106 (L/mol s), close to the values
reported in other references.20 But when x � xc, kt

decreased significantly with conversion due to the gel
effect. The kt value of the system with ferrofluid was

TABLE IV
Average Molecular Weight and Polydispersity of

Polymers from GPC

Mn Mw PDI

Monomer effect
Pure PMMA 83,500 248,900 2.98
M45 71,800 219,900 3.06
M30 49,800 147,800 2.97
M15 47,100 112,200 2.38

Initiator effect
0.5KPS 71,800 211,900 2.95
1KPS 49,800 147,800 2.97
2KPS 37,400 123,900 3.31

Ferrofluid effect
0.5FD 57,000 201,800 3.54
1FD 49,800 147,800 2.97
2FD 53,800 159,600 2.97

Figure 10 Number average molecular weight of polymers
versus conversion.

Figure 11 Termination rate constant versus conversion.
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also calculated and is also shown in Figure 11 for
comparison. The higher kt values for the systems M30,
2FD, and 2KPS indicate the lesser extent of gel effect.
This result is in agreement with the data of Mn and n� ,
as discussed earlier.

CONCLUSIONS

In this work, a combination of seeded nucleation, ho-
mogeneous nucleation, and micelle nucleation was
considered to simulate the concentration of polymer
particles under different experimental conditions for
soapless emulsion polymerization of MMA with fer-
rofluid. The simulation results conformed well with
the experimental data. From the calculation of particle
concentration, the coagulation rate constant kf with the
conversion (x) was also obtained. The average number
of radicals per polymer particle (n� ) increased with
increasing conversion (x), which infers that a gel effect
was obvious with increasing conversion. For the pure
PMMA system, the n� value was the largest. For the
case containing ferrofluid, the particle size was
smaller and the n� value was smaller, and so the gel
effect was reduced. From the variation of Mn (number
average molecular weight of polymers) with conver-
sion in GPC curves, the gel effect occurred at x � xc (xc:
monomer droplets disappeared), which was reflected
in the variation of termination rate constant kt with
conversion during the reaction.
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