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Particle formation and growth in the monomer-starved emulsifier-free emulsion polymerisation of
monomers with different water solubility including methyl acrylate (MA), methyl methacrylate (MMA),
and vinyl acetate (VA) were studied. The rate of formation of precursor particles, via homogenous
nucleation, is proportional to the monomer concentration in the water phase. One may think that the
maximum number of particles will be obtained when the water phase is saturated with the monomer.
The number of PMA particles showed a maximum when the water phase was starved with the monomer.
The number of PVA particles did not show any sensitivity to the monomer concentration in the water
phase. More unexpectedly the final number of PMMA particles showed a minimum when the water
phase was just saturated with the monomer. The minimum in the final number of PMMA particles was
correlated with the enhanced rate of particle growth due to the gel effect. Under monomer-starved
conditions, the number of particles produced was in the order of water solubility of the monomers;
MA>VA>MMA. A reverse order was produced under monomer-saturated conditions as particle
coagulation became progressively more important for some of the monomers.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Emulsion polymerisation is an important industrial process for
manufacturing of wide varieties of polymer latexes. Emulsifier-free
emulsion polymerisation is of both industrial and academic interest
since the resulting polymer latex is free from absorbed surfactant
and could contain highly monodisperse polymer particles [1,2]. For
emulsifier-free emulsion polymerisation, Fitch proposed a mecha-
nism of homogenous nucleation, whereby radicals would propa-
gate in the water phase by free radical polymerisation mechanism
[3]. Oligomeric radicals continue to grow by propagation until they
reach a critical size at which they become surface active – i.e.
a surfactant. At this critical size, they may have a number of fates. If
they terminate in the aqueous phase, they will act as an in situ
surfactant. They may also enter either an existing polymer particle
or may continue to propagate. After further propagation in the
water phase the polymer chain reaches a critical size, jcr, at which it
precipitates as a precursor particle. Precursor particles are only
marginally stable since small particles have a large amount of free
energy across their surface. Precursor particles grow by two
mechanisms: propagation, or coagulation with other precursor
fax: þ44 020 7848 2932.
(S. Sajjadi).
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particles [4,5]. By either way, precursor particles continue to
expand until they are sufficiently stable.

The monomer concentration in the water phase can probably be
considered as the most influential parameter in the kinetics of
emulsifier-free emulsion polymerisations. This is because the rate of
formation of precursor particles is directly related to the monomer
concentration in the water phase. The kinetics of emulsifier-free
emulsion polymerisation has been studied in great detail. A few
investigators have considered the effect of monomer concentration
on the kinetics of polymerisation as well as particle size [6–8].
However, these studies either concentrated on a certain range
of monomer concentration or did not elaborate on the kinetic
features in the region of transition from monomer-starved to
monomer-saturated conditions. One application of monomer-starved
polymerisation is usually encountered in semibatch processes.
Emulsifier-free semibatch emulsion polymerisation processes are
designed for preparing monodisperse and structured particles with
good stability [9]. Semibatch processes are usually started with
a small quantity of monomer charge to produce seed particles
followed by addition of monomer to grow the particles [10].
Therefore, it is quite important to understand the kinetics of
monomer-starved emulsifier-free emulsion polymerisation and the
conditions under which particles with desired size can be produced.

The purpose of this article is twofold; first is to study particle
formation and growth in ab initio emulsifier-free emulsion poly-
merisation in a wide range of monomer concentrations and in
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particular in the monomer-starved range. Second, to show how the
pattern of particle formation versus monomer concentration may
change with monomer type and solubility in water.

2. Experimental

2.1. Chemicals

Analytical grade potassium persulfate (Aldrich) and sodium
hydrogen carbonate (Aldrich) were used as initiator and buffer,
respectively. The monomers methyl acrylate (MA), vinyl acetate
(VA), and methyl methacrylate (MMA) were supplied at 99.9%
purity by Aldrich, inhibited against thermal polymerisation with
trace quantities of an inhibitor. This inhibitor was removed prior to
the use by an ion exchange column (Aldrich). Uninhibited mono-
mers were stored at �20 �C and used within a week.

2.2. Apparatus

The apparatus consists of a round-bottomed jacketed glass
reaction vessel of 1 l internal capacity. The reactor was equipped
with a four-bladed stainless steel flat turbine type impeller with
a width of 1/2 of vessel diameter and standard four baffle plates
with the width of 1/10 of vessel diameter located at 90� intervals.
The stirrer rate was kept constant at 300 rpm for most reactions.
The temperature of the reactor contents was controlled at
60�1.0 �C by pumping water with appropriate temperature from
a water bath through the jacket. Sampling was carried out at the
desired time interval by removing an aliquot of 1–2 g latex by
a hypodermic syringe through a septum.

2.3. Procedure

The reactor was initially charged with most of the de-ionised
water (580 ml) and the buffer (0.0503 g or 1�10�3 mol/l) and
allowed to heat up to the desired reaction temperature while being
purged with nitrogen under strong mixing (550 rpm). The purging
continued at the reaction temperature for another 15 min. Then the
nitrogen line was lifted to sit well above the surface of the water to
prevent evaporation of monomer from the reaction mixture and
also to allow for degassing of the water. The nitrogen rate was
reduced to provide only slight overpressure and the agitation speed
was then reduced to 300 rpm. A weighed quantity of a monomer,
defined as a percentage of its saturation concentration (solubility)
in water, was added into the water. The system was allowed to
return to reaction temperature. The initiator solution (0.1622 g or
1�10�3 mol/l), dissolved in 20 ml of de-ionised water from the
overall recipe, was then added to the vessel. An inhibition period in
the order of 3.0–9.0 min was observed for polymerisation reactions
to start, depending on the monomer type and concentration. The
onset of reaction was continuously monitored by sampling from the
vessel and precipitating the samples in methanol. The reaction time
zero for the start of reaction was considered when polymer was
detected in the reaction mixture.

In order to be able to compare different monomers in terms of
their water solubility, we present the results in terms of percentage
or ratio of the saturation concentration of the monomers in water;
saturation ratio (Sr). The saturation ratio of Sr¼ 100% can be defined
as the concentration at which water is saturated with monomer
and no more monomer will dissolve in water. At Sr< 100%, the
monomer will dissolve completely into the water which is starved
with monomer. At Sr> 100% the excess monomer will separate out
into monomer droplet phase. The saturation concentration of
monomers MA, VA, and MMA in water is 5.0, 2.5, and 1.5 wt%,
respectively. These correspond to 0.58, 0.29, and 0.15 mol/l for the
above monomers, respectively.
2.4. Measurements

Conversions were measured gravimetrically. The initial rate of
polymerisation reaction (Rp) was calculated from the gradient of
the initial linear part of polymer mass–time curves for each
experiment. The z-average diameter of particles (Dz,ds) was
measured using laser light scattering (nanosizer, Malvern).

Given the mass of polymer in the system and the average
particle diameter, it is possible to calculate the number of particles
(per unit volume of the aqueous phase; l�1

(aq)) according to the
following equation:

Np ¼ 6mp=pD3
vrp (1)

The numerator, mp, gives the mass of polymer (per unit volume of
the aqueous phase; g l�1) in the system at any given time, Dv is the
average-volume diameter of unswollen polymer particles, and rp is
the polymer density which is 1.22, 1.16, 1.178 g/ml for PMA, PVA,
and PMMA, respectively [11].

For calculation of Np, as given in Eq. (1), volume-average diameter
should be known. It is known that dynamic laser light scattering gives
an estimation of hydrodynamic diameter of particles, and also
produces z-average diameter which is larger than the volume average.
The application of z-average hydrodynamic diameter to the above
equation causes an underestimation of Np. In order to obtain a better
estimation of volume-average diameter, some final samples were
examined by using transmission electron microscopy (TEM; Nippon
Denshi Co., Japan, 200 kV) and analysed for size distributions. TEM
provides the complete distribution data from which all average
diameters can be calculated. To construct PSD curves, at least 1000
particles were measured. The number-, weight-, volume-, and z-
average particle diameters (Dn, Dv, Dw, and Dz, respectively) and poly-
dispersity index (PDI) were calculated using the following equations:
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PDI ¼ Dw=Dn (6)

All samples examined had a rather sharp and monomodal distri-
bution, which is a characteristic feature of emulsifier-free emulsion
polymerisation, as shown in Fig. 1. The PDI of the final latexes was
found to be 1.02� 0.008. The ratio of Dv/Dz of latexes, obtained by
TEM, was 0.98� 0.01. From the comparison of z-average diameter
(Dz) obtained by TEM (using Eq. (5)) with z-average hydrodynamic
diameter directly obtained by laser light scattering (Dz,ds), and
relating their ratio to Dv (using Eq. (4)), the conversion factor of
Cf¼ 0.84� 0.01 was found so that Dv¼ Cf�Dz,ds.

Most experiments were carried out twice. The reproducibility of
the results was quite good as there was no significant change in the
rate of polymerisation and particle size. Only minor variations in
the final conversions were recorded for some reproduced runs.

3. Results

3.1. Mass of polymer versus time

Figs. 2–4 show the variations in the mass of polymer produced
versus time for MA, VA, and MMA monomers, respectively. It is
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Fig. 1. Final particle size distribution obtained by TEM for MA, VA, and MMA mono-
mers at Sr values of 100%, 100% and 75%, respectively (the insets show the corre-
sponding TEM micrographs).

Fig. 3. Mass of PVA versus time for monomer saturation ratios of (a) Sr� 100% and (b)
Sr� 100%.
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obvious from the plots that the initial rate of polymerisation (Rp;
mol/l(aq) s or g/l(aq) min) increases with the monomer concen-
tration for all monomers for Sr� 100%. The exponent for the initial
rate of polymerisation in terms of monomer concentration in the
water phase, Rp ¼ ½M�aw, was found to be 1.71, 1.32, and 1.24 for MA,
VA, and MMA monomers, respectively (the exponent for VA only
corresponds to a limited range of Sr¼ 25–50% as Rp approached
almost a constant value for the higher range of Sr).

For Sr> 100%, different trends were observed for the monomers.
For the most water-soluble monomer studied, MA, the rate of
polymerisation slightly increased with the monomer concentra-
tion. For VA monomer, the initial rate of polymerisation did not
vary significantly with the monomer concentration, though some
variations in the rate occurred later during the polymerisation. One
Fig. 2. Mass of PMA versus time for monomer saturation ratios of (a) Sr� 100% and (b)
Sr� 100%.
of the features of VA emulsion polymerisation is that Rp is inde-
pendent of monomer concentration in the particles up to high
conversions. For MMA monomer, the least water-soluble monomer
used, Rp surprisingly decreased with increasing monomer
concentration. At a later stage of reaction, however, the rate of
polymerisation underwent massive auto-acceleration due to the
gel effect [12].

The final conversion increased with monomer concentration for
all monomers (not shown). Since these monomers are partially
water soluble, there will be a certain amount of monomer that will
remain dissolved in the water and not be easily available for reac-
tion. The lower was the monomer concentration, the larger fraction
of monomer remained in the water phase and the smaller was the
final conversion.
3.2. Size of particles

The results for particle size versus time are shown in Figs. 5–7 for
the monomers. The size of final particles increased with monomer
concentration, as was expected. The size of particles at the outset of
polymerisation increased with monomer concentration for
Sr� 100%. The effect, however, was less obvious for VA monomer.
The results suggest that the monomer concentration in the water
phase can significantly affect the kinetics of particle formation and
growth.

For Sr� 100%, where monomer droplets exist, the size of parti-
cles at the outset of polymerisation varied slightly with concen-
tration of MA and MMA monomers. However, it became
progressively different with reaction time for both monomers. The
size of particles for VA monomer was similar in the course of
reaction until high conversions. A constant pattern of particle size–
reaction time in the region of Sr� 100% corroborates with
a constant rate of polymerisation in the same region for VA
monomer (see Figs. 3a and 6a) [13,14]. For MA monomer with
Sr¼ 200%, polymerisation had to be stopped at an intermediate



Fig. 4. Mass of PMMA versus time for monomer saturation ratios of (a) Sr� 100% and
(b) Sr� 100%.

Fig. 5. Dv versus time for MA polymerisation for monomer saturation ratios of (a)
Sr� 100% and (b) Sr� 100%.
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conversion due to a massive coagulation. Limited coagulation also
occurred in the later stage of MA polymerisation with Sr¼ 150%.
These suggest that particle coagulation contributes to particle
growth for this monomer.

In opposite to MA polymerisation, the size of particles in MMA
polymerisation decreased with increasing monomer concentration
for Sr> 100%. One may consider the formation of small particles, as
shown in Fig. 7a, as the cause for a low rate of polymerisation in this
region. Zimmt [15] showed that any increase in the rate of poly-
merisation of MMA because of diffusion-controlled termination
(gel effect) can only be observed for particles with swollen diam-
eter of 65 nm and larger. The minimum size of the unswollen
particles formed in the initial stage of polymerisations was 50 nm
(>65 nm in terms of monomer-swollen diameter) indicating that
the particles were potentially capable of undergoing the gel effect.
This refutes the size of particles as the main cause for a sharp drop
in the rate of polymerisation. We will show in the next section that
the reduced growth of particles is in fact a consequence of low rate
of polymerisation and not the cause for it.

4. Discussion

4.1. Rate of polymerisation

In the region of Sr> 100%, the initial rate of polymerisation
slightly increased with monomer concentration for MA, remained
almost constant for VA, and slightly decreased for MMA. In the
region of Sr� 100%, the rate of polymerisation increased with
monomer concentration for all three monomers. One important
observation for MMA monomer was that the rate of polymeri-
sation was greater under monomer-starved condition than under
monomer-saturated one, as seen in Fig. 4. This is quite intriguing
and deserves further explanation. It is clear from Fig. 4 that Rp

for the run with Sr¼ 25% is even greater than that with
Sr¼ 500%. This behaviour has been previously observed for MMA
emulsifier-free emulsion polymerisation [7,8], however, has not
been explained yet. The reason that the rate of polymerisation of
MMA in the region of Sr< 100% increased, in comparison to that
in the region of Sr> 100%, can be attributed to the gel effect,
which occurs in particles containing a high polymer weight
ratio (wp).

The following empirical equation was used to correlate the
monomer concentration in the water phase ([M]w) to that in the
polymer phase ([M]p) [16].

½M�w
½M�w;sat

¼
 
½M�p
½M�p;sat

!0:60

(7)

where [M]p,sat and [M]w,sat are the corresponding saturation values.
The amount of free monomer in the polymer phase is:

mp ¼ m0 �
�
½M�wVw þ ½M�pVp þ ½M�dVd

�
Mmon (8)

where m0 indicates the initial amount of monomer in the vessel, mp

is the weight of polymer in the particles, Mmon is the molecular
weight of the monomer, and Vw, Vp, and Vd are the volume of water
phase, polymer phase, and monomer droplet phase per unit
volume of water phase, respectively. The polymer weight fraction
in polymer particle (wp) is

wp ¼ mp=
�
mp þmm

�
for wp � wp;sat ¼ 0:33 (9)

where wp,sat¼ 0.33 is the conversion above which polymerisation
shifts from monomer-saturated condition to monomer-starved
condition, and mm (¼[M]pVpMmon) is the weight of monomer in
polymer particles. wp is correlated with [M]p according to the
following equation:

½M�p¼
1�wp 

1�wp

rm
þwp

rp

!
Mmon

(10)



Fig. 6. Dv versus time for VA polymerisation for monomer saturation ratios of (a)
Sr� 100% and (b) Sr� 100%.

Fig. 7. Dv versus time for MMA polymerisation for monomer saturation ratios of (a)
Sr� 100% and (b) Sr� 100%.

Fig. 8. wp versus time for MMA polymerisation with different saturation concentration
ratios (Sr).
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where rm is the density of the monomer. Assuming [M]p,sat and
[M]w,sat to be 6.60 mol/l and 0.15 mol/l [11], respectively, and knowing
mp from the rate data, wp can be calculated using Eqs. (7)–(10).

Fig. 8 shows the variations in the calculated wp with reaction
time for MMA monomer. It is assumed that particles are saturated
with the monomer (wp¼wp,sat¼ 0.33) in the early stage of poly-
merisation if wp�wp,sat. Note that for Sr� 100%, particles are
monomer starved right from the beginning.

Conventional MMA emulsion polymerisation in interval III, or at
high conversions, is usually treated as pseudo-bulk kinetics where
the gel effect is predominant. Particles under such conditions can
contain more than one growing radical because of an increase in
the viscosity of particles and termination reaction being controlled
by diffusion. As a result, the rate of polymerisation increases
significantly. In pseudo-bulk kinetics the rate of polymerisation is
independent of Np, as this can be easily inferred from the slope of
the reaction rates in the region of the gel effect (see Figs. 4 and 8).

It should be noted that the increase in the rate of polymerisation
under starved conditions may not be operative for the conventional
MMA emulsion polymerisation. No significant change in Rp with
monomer concentration can be inferred from the data reported by
Nomura and Fujita [17] on ab initio MMA emulsion polymerisation
in the presence of a surfactant. This is probably due to the fact that
particles formed in the presence of surfactant were quite small and
could not undergo the gel effect [15], as explained before.

Table 1 shows the average radical number per particle, n, in the
initial stage of MMA polymerisations carried out using different
monomer concentrations. n was calculated using the following
equation:

n ¼ RpNA

kp½M�pNp
(11)

The values of n reveal a significant decrease with increasing Sr. The
large values of n for Sr� 100% represent polymerisations at the high
conversion (gel effect) during which particles could accumulate
a large number of radicals due to the reduced rate of termination.
For the runs with Sr [ 100%, small values of n were obtained.
Particles in this region are most probably confined to a zero–one
system. In a zero–one system, secondary radical entry into
a particle already containing a growing radical leads to instanta-
neous termination. At very low values of n, the fate of a growing
radical in particles is termination by chain transfer to monomer
followed by desorption of the monomeric radical into the aqueous
phase [18]. It can be concluded that with increasing monomer
concentration, the kinetic regime of polymerisation shifts from
a pseudo-bulk kinetics to a zero–one system.

4.2. Diffusion-controlled monomer transport

The presence of a large number of monomer droplets in the
reaction mixture allows for a rapid diffusion of monomer into
polymer particles via the water phase. The diffusion-controlled
monomer transport is more likely to be operative at low monomer
concentrations where the total surface area of monomer droplets is
small. A slight increase in the rate of MA polymerisation with Sr in



Table 1
Calculated n for MMA emulsion polymerisation with different monomer saturation
ratios.

Sr (%) 25 50 75 100 150 200 300 500
[M]p

a (mol/l) 0.54 1.79 3.06 4.36 6.58 6.58 6.58 6.58
Np

b (�10�15 1/l) 1.15 1.25 1.64 1.51 1.11 1.51 1.64 2.29
Rp (�105 mol/l s) 1.21 2.51 5.15 6.32 0.87 0.82 0.50 0.39
nc 13.96 8.16 7.47 6.95 0.86 0.60 0.33 0.19

a An average [M]p corresponding to the linear part of the reaction rate–time curve
has been considered.

b An average Np corresponding to the linear part of the reaction rate–time curve
has been considered.

c n is calculated using Eq. (11). The propagation rate constant, kp¼ 830 l/mol s,
was obtained from the interpolation of the data given in Ref. [11].
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the region of Sr¼ 100–200% suggests a possible limitation in
monomer transport. Indications of limitation in MMA monomer
transport can be inferred from the data given in Table 1. For the
intermediate range of Sr, 100–200%, where monomer droplets exist
and particles are theoretically saturated with the monomer, n has
a value within the lower range of pseudo-bulk model. We think that
particles are monomer starved in this region so that wp in the
particles is above the saturation value (wp>wp,sat) even though
there exists monomer droplets. The argument is supported by the
particle size data, as shown in Fig. 7a. Particles formed early in the
reaction became smaller with increasing Sr (in the region of Sr >

100%), probably, as a result of a high rate of radical termination in
the particles (small n). There is another sign of diffusion-controlled
limitation within the particles which can be inferred from the onset
of the gel effect, as shown in Fig. 4a. The slope of polymer mass–
time data starts to increase at an earlier conversion than that
shown in Fig. 8 based on the assumption of equilibrium distribution
of the monomer (wp ¼ 0.33). For VA monomer in the region of
Sr> 100%, the initial rate of polymerisation was independent of
monomer concentration. Consequently, it is not possible to discuss
the limitation in VA monomer transport by analysing the reaction
rate data.

In order to provide an evidence for diffusion-controlled mono-
mer transport occurring in the systems under study, experiments
were carried out using a higher stirring speed than the previous
experiments; 325 rpm. A high rate of agitation serves to expand the
interfacial area by making small droplets and thus may improve the
rate of monomer transport. The rate of MA and MMA polymerisa-
tions and the number of resulting particles are shown in Fig. 9. It
can be observed that Rp increased with rpm for MA but decreased
b
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Fig. 9. Polymer mass versus time at two rpm for (a) MA, and (b) MMA monomers. The insets
(Sr¼ 150% and 200% for MA and MMA monomers, respectively).
for MMA. These trends, though seemingly opposite, reflect a limi-
tation in monomer transport for both monomers.

The diffusion-controlled monomer transport from the droplets
to the growing polymer particles is operative for MA monomer due
to its rapid rate of polymerisation. For this monomer, Rp increased
with rpm, similar to the effect produced by increasing Sr. Note that
the increase in Rp occurred despite the concomitant reduction in
the number of particles due to particle coagulation, as shown in the
insets of Fig. 9a. Assuming that conventional Weber number
correlations apply to the monomer drops in the current system (d32

a rpm�0.75 to rpm�1.2 for coalescence and break up dependent
regimes, respectively, d32 is the average surface diameter), then an
increase of stirrer speed from 300 rpm to 325 rpm would decrease
the drop size by about 9%, and increase the total surface area of
drops by almost the same value (the surface area of drops per unit
volume of the dispersed phase is inversely proportional to the size
of drops). This is consistent with the increase in the rate of MA
polymerisation with rpm, which was around 12% (note that the
mass transfer coefficient also increases with rpm). Knowing Rp and
Np, from the insets of Fig. 9b, it is possible to calculate ½M�pn from
Eq. (11). Assuming a constant Np for the early stage of polymeri-
sation at both rpm values, the value of ½M�pn shows a 12% rise with
the increase in rpm. PMA is a soft polymer that does not allow
diffusion-controlled termination to occur. Therefore, the increase in
½M�pn may be attributed to a higher [M]p. This confirms that an
increase in rpm will enhance monomer transport.

For MMA monomer, the increase in rpm produced a lower rate
of polymerisation, similar to the effects produced by increasing Sr,
but almost with the same number of initial particles. The calcula-
tions show that an increase from 300 to 325 rpm reduced ½M�pn by
38%. It is obvious from Table 1 that n changes in the reverse
direction of [M]p. We cannot decouple [M]p from n. It is reasonable
to assume that [M]p increases with stirring speed so as a result n
should decrease. However, the drop in n is seemingly more
significant than the rise in [M]p. It can be concluded that increasing
Sr, as well as increasing rpm, improves the rate of monomer
transport from the droplets to the particles until it approaches the
rate of polymerisation under saturated conditions; reaction
controlled. Particles are most likely saturated with MMA monomer
at Sr¼ 500% because Rp does not further decrease with increasing Sr

beyond this point (not shown). Arai et al. [8] also provided a strong
evidence for monomer-transport limitation in the emulsifier-free
emulsion polymerisation of MMA carried out under the conditions
similar to those used in this research.
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in figures (a) and (b) show the early polymer mass–time and Np–time data, respectively



Fig. 10. The variations in (a) Np, (b) final Dv, and (c) Rp with monomer saturation ratio
for MA polymerisation (note that Rp in Figs. 10–12 is based on the number of moles of
monomer reacted in 600 ml of water).

Fig. 11. The variations in (a) Np, (b) final Dv, and (c) Rp with monomer saturation ratio
for VA polymerisation.

Y. Chen, S. Sajjadi / Polymer 50 (2009) 357–365 363
4.3. Particle formation

The time evolution of the number of particles demonstrates
most clearly the effect of monomer concentration on the particle
formation and coagulation. Obviously we could not monitor coag-
ulation of primary particles during nucleation stage due to its fast
dynamics; however, the degree of particle coagulation during the
growth stage was monitored and is judged by the number of
particles lost in the course of polymerisation.

Fig. 10 shows the final and initial Np, final Dv, and Rp for MA
monomer. The values for the initial (maximum) number of primary
particles were extracted from the size data in the early minutes of
reactions. It is quite likely that the real maximum in the number of
particles could have occurred at an earlier time [19]. We think,
however, that the first maximum measured is useful for this
discussion as it can represent the extent of particle coagulation in the
course of polymerisation. The average size of particles increased
almost exponentially with MA concentration. The number of parti-
cles was maximum when monomer saturation ratio was 50%. This
may not be an artefact as the whole curve was reproduced. It is clear
from Fig. 10 that particle coagulation during the growth stage is
negligible at Sr� 50%, but becomes progressively more important at
higher Sr ratios (note that the coagulation of precursor particles is
beyond this discussion). The rate of polymerisation continues to
increase with monomer concentration for Sr> 100%, but at a low
rate, indicating a declining diffusion-controlled monomer transport.

Fig. 11 shows the initial and final Np, final Dv, and Rp for VA
monomer. Almost the same number of particles was initially formed
for the range of monomer concentrations used in this study. The
final Np remained almost constant for Sr� 100% as particle coagu-
lation practically did not occur within this range of monomer
concentration. A constant number of particles in the range of
Sr� 100% is in contrast with the data of Dunn and Taylor [20] who
reported a decreasing number of particles with increasing Sr in the
same region, but is in accordance with the data reported by
Napper and Parts [21] indicating a constant Np in the range of
67%< Sr< 100% (0.22–0.33 mol/l). The rate of coagulation, however,
increased with monomer saturation ratio for Sr> 100% resulting in
a gradual decrease in Np. This could be possibly the reason for a slight
decrease in the rate of polymerisation in the intermediate range of
conversion with increasing Sr.

Fig. 12 depicts the initial and final Np, final Dv, and Rp for MMA
monomer. The size of final particles increased significantly with
monomer concentration for Sr< 100%, reached a maximum at
Sr¼ 100% and then decreased slightly for Sr> 100% (Fig. 12b). The
results indicate that the number of initial particles was almost constant
for Sr� 100%. Particle coagulation was negligible at Sr¼ 25% but
became increasingly more significant with monomer concentration up
to Sr¼ 100%. The rise in the rate of coagulation with monomer
concentration in this region is associated with a rise in Rp. Particle
coagulation continuously declined with increasing monomer concen-
tration for Sr> 100% due to concomitant decrease in Rp, until it almost
ceased to exist for Sr¼ 500%. As a result of these opposing trends,
a minimum in Np appeared in the region of Sr¼ 100%. Using a mathe-
matical model, Arai et al. [8] predicted that the number of particles in
emulsifier-free emulsion polymerisation of MMA continuously
increases with monomer concentration until the saturation concen-
tration is reached. An opposite trend was produced in this research.

The mechanistic understanding of particle nucleation in emul-
sion polymerisation has immensely improved over the last two
decades. However, the integration of particle coagulation with
particle formation is still the weakest link of the nucleation models.
The major difficulty with inclusion of coagulation is that the
treatment contains many parameters whose values are difficult to
determine, as well as making it difficult to judge the correctness of
the model assumptions [11]. This, together with diffusion-
controlled monomer transport occurring in the starved systems
persuades us to adopt a qualitative approach in order to explain the
wide disparity in the particle numbers. The rate of particle forma-
tion via homogeneous nucleation mechanism is:

dNp

dt
¼ Rgen � Rcoag (12)

where Rgen is the rate of precursor particle formation given as:



Fig. 12. The variations in (a) Np, (b) final Dv, and (c) Rp with monomer saturation ratio
for MMA polymerisation.

Fig. 13. Np versus monomer saturation ratio for MA, VA, and MMA polymerisations
(the second abscissa is in terms of molar concentration of corresponding monomers).
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Rgen ¼ kjcr�1
pw

h
IM+

jcr�1

i
½M�w (13)

where kjcr�1
pw is the propagation rate constant for a growing radical

with the chain length of jcr � 1 and ½IM+
jcr�1� is the concentration of

the initiator-derived radical in the water phase given as [11]:

h
IM+

jcr�1

i
¼

kjcr�2
pw

h
IM+

jcr�2

i
½M�w

kjcr�1
pw ½M�wþktw½R+� þ kjcr�1

ap Np

(14)

where [R�] is the total radical concentration ð¼
Pjcr�1

i¼1 ½IM
+
i �Þ, kap is

the rate constant of the capture of radicals by polymer particles. The
capture rate constant is given by Smoluchowski as:

kjcr�1
ap ¼ 4pDjcr�1rpNA (15)

where rp is the swollen particle diameter and Djcr�1 is the diffusion
coefficient of a radical with chain length jcr� 1 in the water phase.
It can be inferred from Eqs. (13)–(15) that the rate of particle
formation is significantly affected by [M]w.

Rcoag is the rate of particle coagulation which can be shown by:

Rcoag ¼ kN2
p (16)

where k is a complicated function of particle size and charge
density. The rate of particle coagulation is purely electrostatic and
function of surface charge density on the particles, given the ionic
strength of the aqueous medium is constant in the system under
study. This charge is theoretically composed of the ionic end groups
and in situ generated surfactants. For monomers with a high water
solubility and propagation constant, such as those studied in this
work, the formation of in situ surfactants in the water phase
appears to be negligible. Whichever the source is, Rcoag is expected
to increase with the size of primary particles with a fixed number of
ionic end groups attached. Particles that undergo fast polymerisa-
tion are more vulnerable to particle coagulation because of their
large size and small surface charge density. A fast rate of poly-
merisation could simply be due to a large kp (as is the case for MA
monomer), a high [M]p (as is the case for monomer-swollen
particles during polymerisation), or a large n (as is the case for
termination-controlled polymerisation of MMA monomer under
starved conditions).

There are at least two competing effects in the starved region
(Sr� 100%). A lower concentration of monomer in the water phase
decreases the rate of radical propagation in the water phase and as
a result the rate of particle formation (note that the rate of initiator
decomposition may be also altered by a change in the monomer
concentration in the aqueous phase leading to further reduction in
the rate of radical generation). Counteracting this is that particles
usually grow at a reduced rate under monomer-starved conditions
(except for PMMA particles) and as a result they are more stable (for
a fixed number of attached initiator-derived radicals) and thus less
vulnerable to particle coagulation. Therefore, both particle formation
and coagulation are usually depressed under starved conditions. The
number of particles in terms of Sr is thus determined by the extent to
which these reductions occur. This may dictate different trends for
different monomers such as the occurrence of the minimum in Np for
MMA monomer and the maximum for MA monomer.

In the monomer-saturated range (Sr� 100%), where the water
phase is saturated with monomer, the number of particles is
dictated by the rate of particle growth/coagulation as the rate of
particle formation is expected to remain constant. The comparison
of the final number of particles with the initial number of particles
indicates a significant coagulation occurred during the nucleation
and growth stages. The decrease in the number of particles with
reaction time is one of the common features of emulsifier-free
emulsion polymerisations [3,22]. A high rate of propagation for MA
monomer, that allows a rapid growth for the particles, plays the
main role for the extensive coagulation during this polymerisation.
Particle coagulation occurred to an intermediate degree for VA
monomer. For MMA monomer, the rate of particle coagulation
progressively decreased with increasing Sr because of a concomi-
tant drop in Rp, as explained before.

One may expect that the rate of particle coagulation to be also
affected by the state of polymer particles. The glass transition
temperature of polymethyl acrylate, polyvinyl acetate and poly-
methyl methacrylate is approximately �30 �C, 28 �C, and 104 �C,
respectively. Polymethyl methacrylate is therefore the hardest latex
among three at the reaction temperature of 60 �C. Nevertheless,
results show significant particle coagulation for this monomer.

Fig. 13 compares the final number of particles obtained for the
monomers in terms of Sr as well as concentration of individual
monomers (mol/l). At a low Sr, where the effect of particle
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coagulation was minimum for some monomers, the number of
particles produced was in the order of water solubility of mono-
mers; MA>VA>MMA. This pattern changed significantly with
increasing monomer concentration as particle coagulation became
progressively more important for some monomers. At Sr¼ 500%,
the order was reversed so that the largest number of particles was
obtained for the least water-soluble monomer studied; MMA.

5. Conclusions

The monomer concentration strongly affects the number of
particles formed in emulsifier-free emulsion polymerisations
depending on monomer type and solubility. The results indicate
that particle formation via homogeneous nucleation is a complex
function of monomer concentration in the water phase, concen-
tration of monomer droplets, and the rate of polymerisation. There
are two distinctive regions in terms of monomer concentration:

1- Monomer-starved region (Sr< 100%): the rate of polymerisa-
tions increases with monomer concentration almost for all
monomers. For MA monomer, the maximum number of parti-
cles was obtained at monomer saturation ratio of 50%. Emulsion
polymerisations of VA showed almost no variation in the
number of particles in this region. For MMA, the number of
particles decreased significantly with increasing Sr due to
significant rate of particle coagulation.

2- Monomer-saturated region (Sr> 100%): the rate of polymerisa-
tion increased with monomer concentration for MA monomer,
remained constant for VA monomer and decreased for MMA
monomer. Particle coagulation occurred moderately in the
course of polymerisation for VA monomer but severely for MA
monomer. The extent of particle coagulation for MMA monomer
decreased with increasing monomer concentration. The
maximum rate of coagulation for MMA corresponds to the
maximum rate of polymerisation that occurred when the water
phase was saturated with the monomer; Sr¼ 100%. Evidence
was found that particles may not be saturated with monomer
when Sr is not significantly greater than 100%.
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