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Abstract
In this work, the effect of the sonification time on the stability of styrene and styrene/butyl acrylate (50/50) miniemulsions 
was investigated by centrifugation. Octadecyl methacrylate (ODMA) miniemulsion was used as a comparative system owing 
to its degradation by monomer diffusion being minimum. The droplet and particle size distributions were also evaluated by 
capillary hydrodynamic fractionation (CHDF) and dynamic light scattering (DLS) for the various sonification times. For 
the styrene/butyl acrylate miniemulsions, the most stable were those formed with the shortest sonification times tested, 1 
and 2 min. For the styrene miniemulsions, longer sonification times were required than for the styrene/butyl acrylate minie-
mulsions and the most stable sample was formed by the use of 4 min of sonification. It was observed that larger droplets 
(300 to 1000 nm) were formed at shorter sonification times, although the numbers of these were reduced significantly after 
polymerization owing to monomer diffusion from these larger “reservoir” droplets to the smaller droplets and particles.

Keywords Miniemulsion stability · Sonification time · Droplet size distribution

Introduction

The miniemulsion polymerization technique combines many 
attractive characteristics of conventional emulsion polym-
erization (i.e., no solvents, ease of temperature control, 
compartmentalization of free radicals in the polymer par-
ticles, which can affect simultaneous high polymerization 
rates and high molecular weight polymers) with the pos-
sibility of using water-insoluble reagents in the dispersed 
phase (El-Aasser and Miller 1997; Asua 2002). Therefore, 
this technique allows the preparation of structured particles, 
such as hollow nanoparticles, encapsulated inorganic solids, 
dispersed polymers with well-defined microstructure, highly 
hydrophobic latexes that form more water-resistant films, 
and others with unique characteristics and with great com-
mercial interest.

Miniemulsions are comprised of relatively stable oil 
droplets (e.g., monomer), which can range in size from 50 
to 500 nm, and are normally dispersed in an aqueous phase 
with the aid of a surfactant and a costabilizer (El-Aasser 
and Miller 1997). Because of the difficulty of implementing 
monitoring techniques to measure monomer droplets size 
during the polymerization reaction, many studies on minie-
mulsion stability have been carried out prior to or without 
the polymerization reaction.

As the droplets are being formed, the miniemulsions can 
begin to degrade as a result of monomer diffusion, costabi-
lizer diffusion, sedimentation or creaming and droplets coa-
lescence (Higuchi and Misra 1962; Webster and Cates 1998; 
Capek 2004; Tauer 2005). However, variables including the 
type and concentration of the costabilizer and surfactant, 
type and duration of homogenization, dispersed phase con-
tent, among others, contribute to the miniemulsion stability 
(Asua 2002). Delgado et al. (1986) reported in their studies 
that the miniemulsion stability in ultracentrifugation experi-
ments was increased when the concentrations of the costabi-
lizer and the surfactant were increased. Miller et al. (Miller 
et al. 1994, 1995a, b, c) and Blythe et al. (Blythe et al. 1999c, 
a, b, 2000) observed that the presence of a small amount of 
polymer in the miniemulsion droplets helped to preserve 
these monomer droplets, enhancing droplet nucleation and, 
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thus, leading to the formation of a higher number of poly-
mer particles and higher reaction rates. Huang et al. (2006) 
concluded through centrifugation studies of styrene/hexa-
decane miniemulsions, that 1 min of sonification produced 
the most stable miniemulsions as determined by the degree 
of monomer separation upon centrifugation and this stabil-
ity decreased with increased sonification time (tested up 
to 10 min). This miniemulsion was characterized in terms 
of average droplet size (volume-average: Dv) by soap titra-
tion; at 158 nm, it was approximately two times the average 
size of the droplets produced with 10 min of sonification. 
According to the authors, this condition occurs because the 
surface of the droplets, obtained with 1 min of sonification, 
possess greater coverage by the surfactant. The surfactant 
coverage was estimated to be 30% for 1 min of sonification 
as compared to only 15% reached after 10 min of sonifica-
tion owing to the smaller droplet size of the latter. Lower 
surface coverage can lead to increased collisional instability 
of the droplets and can also contribute to increased diffu-
sional instability by the increased droplet/water interfacial 
tension. Diffusional and/or collisional instability of minie-
mulsion droplets can lead to not only changes in the droplet 
size distribution, but also in the compositional distribution in 
a two-components miniemulsion system, such as those typi-
cally used in encapsulation and other miniemulsion applica-
tions. Therefore, stability studies are considered important 
for the technological development and application of minie-
mulsions in industry.

The objective of this work was to study the effect of the 
sonification time on the stability of styrene and styrene/butyl 
acrylate (50/50) miniemulsions as determined by centrifu-
gation, using octadecyl methacrylate (ODMA) miniemul-
sions (considered ‘ideal’) for comparison. In addition, final 
polystyrene particle size distributions measured by capillary 
hydrodynamic fractionation (CHDF) and averages obtained 
by dynamic light scattering (DLS) were compared to the 
droplet size distributions and averages of the respective 
original styrene miniemulsions.

Experimental

Materials

Styrene, butyl acrylate and octadecyl methacrylate (ODMA) 
(all three from Aldrich) were repeatedly washed (3–7 times) 
with 10% aqueous NaOH, followed by deionized water and 
then dried over anhydrous sodium sulfate  (Na2SO4) (Fisher 
Scientific) before being used. Sodium lauryl sulfate (SLS) 
(Fisher Scientific), hexadecane (Aldrich) and polystyrene 
(PS) (Innova S.A.; Mw = 175,000 g/mol), as well as potas-
sium persulfate  (K2S2O8) (Aldrich) and sodium bicarbonate 

 (NaHCO3) were used as received. Deionized water was used 
in all experiments.

Miniemulsion preparation and polymerization

The general procedure used for preparing the miniemulsions 
is described below following the formulations shown in 
Tables 1 and 2. The aqueous phase, composed of surfactant 
(SLS) and deionized water, was prepared by magnetic stir-
ring for 15 min. The oil phase was composed of monomer 
and hexadecane and in the case of styrene and styrene/butyl 
acrylate miniemulsions also of a small amount (1 wt% in 
relation to monomer) of polystyrene was included to help to 
preserve monomer droplets and therewith enhance droplet 
nucleation (Miller et al. 1994, 1995a, b, c; El-Aasser and 
Miller 1997; Blythe et al. 1999c, a, b, 2000). In these cases, 
the PS was dissolved in the monomer prior to the addition 
of hexadecane. The aqueous and oil phases were mixed with 
a magnetic stirrer (~ 400 rpm for 15 min) to form a coarse 
emulsion. The miniemulsion (around 187 g) was formed 
using a sonifier (Model 450, with ¾” horn, Branson Ultra-
sonics) of the mixture in a cylindrical reinforced borosilicate 
glass container with 6 cm in diameter by 10 cm in height, 
with a volumetric capacity of 250 mL at an output power of 
7 (280 watts) and 60% duty cycle, in an ice bath.

Table 1  Recipe for the preparation of styrene, styrene/butyl acrylate 
(50/50) and octadecyl methacrylate miniemulsions

* Based on monomer; **Not used in the octadecyl methacrylate 
miniemulsions

Component Weight Concentration

Deionized water 150.00 g
SLS 0.4025 g 10 mM
Hexadecane 1.2375 g 3.5 wt%*
Polystyrene (Mw = 175,000 g/

mol)**
0.3535 g 1.0 wt%*

Monomer 35.00 g

Table 2  Recipe for styrene miniemulsion polymerizations

a Based on water; bBased on monomer

Component Weight Concentration

Water 150.00 g
SLS 0.4025 g 10  mMa

Hexadecane 1.2375 g 3.5 wt%b

Polystyrene (Mw = 175,000 g/
mol)

0.3235 g 1.0 wt%b

Styrene 34.996 g
NaHCO3 0.015 g 0.94  mMa

K2S2O8 0.100 g 2.47  mMa
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After preparing the miniemulsion, the initiator  (K2S2O8) 
was dissolved in a small aliquot of the formulation and 
added under stirring. 120 mL bottles containing the minie-
mulsions were purged with nitrogen, sealed, and placed in 
the polymerization unit where they were left to react for 4 h 
at 70 °C with end-over-end rotation at 40 rpm.

Miniemulsion stability

The stabilities of the styrene, styrene/butyl acrylate and 
ODMA miniemulsions were studied by centrifugation. The 
miniemulsions were prepared by varying the sonification 
time from 1 to 10 min, using the recipe shown in Table 1, 
and then centrifuged (IEC HT; Damon/IEC Division) 
(10,000 rpm for 20 min) at ambient temperature. Follow-
ing centrifugation, the test tube was promptly photographed 
and any oil layer (delimited in red in Fig. 1) situated at the 
sample´s top was extracted using a syringe and subsequently 
weighed. The stability of the miniemulsions was analyzed 
in terms of the amount of the oil phase that was present 
as the oil layer in comparison to the total oil phase pre-
sent in the initial formulation. This methodology followed 
that described by Huang et al. (2006), where the relative 
stability of styrene/hexadecane miniemulsions containing 
a RAFT (reversible addition fragmentation chain transfer) 
agent for controlled radical polymerization was measured. 
The reproducibility of measurements was assessed based on 
three parallel measurements, with the standard deviation for 
the quantity of the oil phase found to be below 5%, indicat-
ing the reliability of the results.

Droplet and particle size distributions

Droplet size distributions and polymer particle size dis-
tributions were measured by capillary hydrodynamic 

fractionation (CHDF). To accomplish and optimize these 
measurements, two CHDF models were used. A specially 
modified CHDF model 1100 (MATEC Applied Sciences) 
was used to measure the droplets size distributions (Casey 
et al. 2014) while a CHDF model 2000 (MATEC Applied 
Sciences) was used to measure particles size distributions, 
both with C-202 Cartridge. The CHDF model 1100 was cali-
brated and operated with the eluent saturated with the mono-
mer to avoid the dissolution of the monomer droplets. Latex 
samples were diluted to 4 wt%, using 1 part of the sample in 
4 parts of monomer-saturated eluent containing proprietary 
surfactants as supplied by the equipment manufacturer. For 
the measurements effected in the CHDF 2000 (polymer par-
ticle distributions), the diluted latex samples were filtered 
with a 5 μm filter before being injected into the instrument. 
Average droplet and particle sizes were also measured by 
dynamic light scattering (DLS, NICOMP, Model 370; Par-
ticle Sizing Systems). The samples were diluted in water 
saturated with monomer and the used surfactant.

Calculation of the surfactant concentration 
in the aqueous phase

The surfactant can be present at various loci: adsorbed on 
the surface of the monomer droplets and polymer particles, 
dissolved in the water and, in the form of micelles, if present 
in sufficient quantity. The concentration of emulsifier in the 
aqueous phase (dissolved and in micelles) was calculated 
via Eq. 1:

where [E]T is the total concentration of surfactant (adsorbed 
on the surface of the monomer droplets and polymer parti-
cles, dissolved in the water and as micelles). The second 
term of the equation on the right-hand side represents the 
amount of surfactant adsorbed on the particles, where Vaq is 
the volume of the aqueous phase and ap

T is the total surface 
area of the dispersed phase (particles or droplets):

where Dv is the volume-average particle (or droplet) diam-
eter and Np the number concentration. as is the surface area 
covered by a molecule of the surfactant at saturation. For 
the surfactant SLS stabilizing styrene droplets containing 
4 wt% of hexadecane, as is 71.2 Å2/molecule, as measured 
by Erdem et al. (Erdem et al. 2000). For polystyrene par-
ticles stabilized with SLS, as has been reported to be 44.0 
Å2/molecule, as reported in the literature (Colombié et al. 
2000) but can be as large as 61.3 Å2/molecule as reported by 
another source (Brandrup et al. 1999). At the beginning of 

(1)[E]aq = [E]T −
aT
p

asV
aq

(2)aT
p
= �D2

v
Np

Fig. 1  Centrifuged (10,000  rpm for 20  min) styrene/butyl acrylate 
(50/50) miniemulsion samples prepared with different sonification 
times (1, 2, 4, 6, 8, and 10 min) at an output power of 7 (280 watts) 
and 60% duty cycle
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the polymerization reactions, when the monomer concentra-
tion is high, a value of as for monomer droplets with 4 wt% 
of hexadecane was used (as = 71.2 Å2/molecule = 4.29 ×  109 
 cm2/mol (Erdem et al. 2000)). It is important to highlight 
that the use of Dv for the calculations of ap

T and Np was due 
to the availability of only the data of Dn, Dv and Dw provided 
by the equipment, making it impossible to calculate Ds. In 
this way, Dv was used because it is expected to be the clos-
est to Ds.

The particle (or droplet) number was calculated using 
Eq. 3:

where Mmw, Mpw and Mcw are the initial monomer, polymer 
and costabilizer to water ratios, x is the conversion, and ρp, 
ρm and ρc are the polymer (1.05 g/cm3), monomer (0.905 g/
cm3) and costabilizer (0.77 g/cm3) densities.

Results and discussion

Styrene, styrene/butyl acrylate (50/50) and octadecyl meth-
acrylate (ODMA) miniemulsions were prepared according 
to the recipes shown in Table 1. ODMA miniemulsions were 
used as a comparative system for this study, once ODMA 
possesses a minimum degradation by monomer diffusion 
and very low solubility in water (Casey et al. 2014), being 
considerably lower than that of styrene (0.0043 mol/L) 
and butyl acrylate (0.0062 mol/L) at 50 °C (Gilbert 1995). 
The relative stability of these miniemulsions was inferred 
from the amount of oil phase separated by centrifugation at 
10,000 rpm for 20 min (Huang et al. 2006).

Figure 1 shows pictures of test tubes after centrifuga-
tion of styrene/butyl acrylate miniemulsions prepared with 
different sonification times (1, 2, 4, 6, 8, and 10 min) at 
an output power of 7 (280 watts) and 60% duty cycle. For 
this monomer system (styrene/butyl acrylate (50/50)), all 
miniemulsions showed some monomer separated as an oil 
layer and that increasing the sonification time above 2 min 
led to an increase in the amount of the oil layer (Fig. 2). The 
observed white layer on the upper part of the vial consists 
of miniemulsion droplets that have risen under the action of 
the centrifugal field (creaming).

The wt% of the separated oil layer in relation to the total 
oil phase is shown in Fig. 2 for styrene and styrene/butyl 
acrylate (50/50) miniemulsions. In the case of the ODMA 
miniemulsions, owing to the insignificant solubility of this 
monomer in water, no oil layer was observed after cen-
trifugation for any of the evaluated sonification times. For 
the styrene and styrene/butyl acrylate (50/50) miniemul-
sions, the most stable samples were formed by applying 

(3)Np =

[

(Mmwx +Mpw)

�p

+
Mmw(1 − x)

�m

+
Mcw

�c

]

6

�D3

v

respectively, 4 and 2 min of sonification, showing the small-
est amounts of separated oil phase. In addition, whereas for 
the styrene miniemulsions, the greatest oil separation was 
observed for 1 min of sonification (lowest evaluated sonifica-
tion time), in the case of the styrene/butyl acrylate (50/50), 
the greatest oil separation was found with 10 min of sonifica-
tion (highest evaluated sonification time). The considerably 
poorer stability of the styrene miniemulsion compared to the 
styrene/butyl acrylate (50/50) miniemulsion, both prepared 
with 1 min sonification, may be attributed to the greater dif-
ficulty in dispersing the former in the aqueous phase owing 
to the higher oil/water interfacial tension of styrene (31.9 
mN/m at 25 °C) (Dong and Sundberg 2003) compared to 
that of butyl acrylate (17.5 mN/m at 25 °C) (Dong and Sund-
berg 2003).

The presence of the separated oil phase after the cen-
trifugation of the styrene and styrene/butyl acrylate (50/50) 
miniemulsions suggests the importance of the diffusional 
stability and its efficient combination with the colloidal sta-
bility mechanism. It was observed that the increase of the 
sonification time resulted in larger amounts of small drop-
lets, as shown in Fig. 3, enhancing in this way the total sur-
face area. In using the same surfactant concentration for all 
miniemulsions (10 mM), it cannot be expected that this be 
sufficient to cover and stabilize different amounts of drop-
lets, with varied sizes and consequently, distinct total surface 
areas. Therefore, the increase of the sonification time can 
produce droplets with smaller diameters (greater interfacial 
area) and, in this way, with a lower percent of surfactant 
coverage, as discussed by Huang et al. (2006). In this way, 

Fig. 2  Weight percentage of the monomer separated as an oil layer 
by centrifugation as a function of sonification time for styrene/butyl 
acrylate and styrene miniemulsions
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miniemulsion stability can be increased by the manipulation 
of the sonification time to reach the optimum relationship 
between the droplet size and the surfactant coverage.

As can be observed in Table 3, for 2 min of sonification of 
the styrene miniemulsion, 33% of the surface of the droplets 
was covered by the surfactant, whereas for 10 min of soni-
fication only 23% was covered. These results are in good 
agreement with those of Huang et al. (2006) (30% surfactant 
coverage for styrene/hexadecane miniemulsions sonified for 
1 min and with volume-average droplet size (Dv) by soap 
titration of 158 nm compared to 15% coverage of droplets 
with approximately half this size obtained after 10 min of 
sonification).

It is important to mention that this calculation consid-
ers that all droplets possess the same size, which is clearly 

not the case. This could contribute to the finding that the 
styrene miniemulsion with the highest coverage of the drop-
lets by the surfactant (lowest sonification time, Table 3), did 
not show the highest stability in the centrifugation studies 
(Fig. 2). To elucidate further this aspect, the droplet size dis-
tributions of the styrene miniemulsions and the particle size 
distributions after polymerization were measured by CHDF.

Figure 4 shows droplet size distributions (CHDF) of sty-
rene miniemulsions prepared with varying sonification times 
(2, 4, 6, 8 and 10 min) using the recipe shown in Table 2. 
As can be seen in Fig. 4, the distributions appear to be mul-
timodal with multiple peaks and shoulders. In general, as 
the sonification time increases, the droplet size distributions 
become narrower as seen by the disappearance of the large-
droplet-size tail. This behavior can be better observed when 
the output signal data (raw data) of each measurement is 
plotted (Fig. 5). The very broad droplet size distribution for 
2 min sonification shows that it was not sufficient to pre-
pare a stable miniemulsion with this recipe. The increase 
of sonification time, on the other hand, besides reducing 
the large-particle-size tail, also reduces the percentage of 
the droplet surface covered by surfactant (Table 3) and may 
therefore favor miniemulsion degradation by coalescence. In 
this way, the minimization of both degradation mechanisms, 
monomer diffusion (owing to the narrower size distribution 
obtained compared to that with 2 min sonification) and drop-
let coalescence (owing to the higher surfactant coverage 
compared to sonification times above 4 min), explains why 
4 min sonification led to the formation of the most stable 
styrene miniemulsion (smallest top oil layer in Fig. 2) as 
determined by centrifugation Table 4.

With the aim of evaluating the average sizes and size dis-
tributions of the particles produced by the polymerization 
of styrene miniemulsions prepared with different sonifica-
tion times, the samples were submitted to polymerization 
reactions as described in the experimental section. The final 
particles were measured by CHDF and DLS techniques. 
For sonification times above 4 min, particle size averages 
measured by CHDF, reported in Table 5 and Fig. 6, show a 
good agreement with the droplet size averages of the styrene 
miniemulsions. This agreement is poorer for the DLS aver-
ages, as seen in Table 4 and Fig. 6.

Comparing both measurement techniques, DLS and 
CHDF, the weight-average diameter (Dw) which, among the 
averages shown, is the closest to the intensity-average diam-
eter measured by DLS, showed the best correspondence. In 
addition, it is important to keep in mind that a small size 
reduction from droplets to particles is expected owing to the 
higher density of the polymer (1.05 g/cm3) in comparison 
to the monomer (0.905 g/cm3). The ratio of the number of 
final polymer particles and initial monomer droplets (Np/Nd) 
is presented in Table 6, both calculated using Eq. (3) based 
on the respective volume-average diameters (Dv).

Fig. 3  DLS weight-average droplet size (Dw, nm) of styrene/butyl 
acrylate, styrene, and ODMA miniemulsions as function of sonifica-
tion time at an output power of 7 (280 watts) and 60% duty cycle

Table 3  Average styrene miniemulsion droplet size, number, surface 
area and percentage of the droplet surface covered by the surfactant 
SLS as a function of sonification time

a CMC of SLS = 2.43 ×  10–6 (mol/cm3) of the aqueous phase (Unzueta 
and Forcada 1997) and as of SLS = 71.2 Å2/molecule (Erdem et  al. 
2000)

Sonification 
time (min-
utes)

Dvb (nm) Nd  (L−1) Total 
surface area 
 (cm2)

% of the droplet 
surface covered 
by  SLSa

2 180 1.33 ×  1016 1.35 ×  107 33
4 162 1.82 ×  1016 1.50 ×  107 29
6 137 3.01 ×  1016 1.78 ×  107 25
8 139 2.89 ×  1016 1.75 ×  107 25
10 125 3.97 ×  1016 1.95 ×  107 23
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For lower sonification times, for example, 2 min, the 
average particle sizes decreased more intensively in rela-
tion to the droplets. This behavior suggests that, in this case, 
other “unwanted” nucleation mechanisms (i.e., micellar and/
or homogeneous nucleation) might be occurring besides 
droplet nucleation. The analysis of the complete droplet 

and particle size distributions may help to provide more 
information.

As can be seen in Fig. 7, sonification times from 4 to 
10 min resulted in similar polymer particle size distributions 
with particles below 200 nm and a slight tendency towards 
smaller particles with the increase of the sonification time. 

Fig. 4  Droplets size distribu-
tions of the styrene miniemul-
sions prepared with different 
sonification times at an output 
power of 7 (280 watts) and 
60% duty cycle as determined 
by Capillary Hydrodynamic 
Fractionation

Fig. 5  Output signal versus time 
of the capillary hydrodynamic 
fractionation analysis of the 
styrene miniemulsions prepared 
with different sonification times 
at an output power of 7 (280 
watts) and 60% duty cycle

Table 4  Average droplet sizes 
of styrene miniemulsions 
prepared under varying 
sonification times at an output 
power of 7 and 60% duty cycle 
and resulting polymer particle 
average sizes measured by 
Dynamic Light Scattering 
(DLS)

Sonification time Average droplet size (nm) Average particle size (nm)

Dw Dv Dn Dw Dv Dn

2 min 227 180 75 147 131 112
4 min 200 162 93 137 113 88
6 min 179 137 81 130 115 98
8 min 176 139 87 126 122 116
10 min 171 125 72 124 117 109
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Table 5  Average droplet sizes 
of styrene miniemulsions 
prepared under varying 
sonification times at an output 
power of 7 and 60% duty 
cycle and resulting polymer 
particle average sizes measured 
by Capillary Hydrodynamic 
Fractionation (CHDF)

Sonification time Average droplet size (nm) Average particle size (nm)

Dw Dv Dn Dw Dv Dn

2 min 207 120 76 160 91 59
4 min 169 90 52 127 82 56
6 min 122 73 53 121 75 51
8 min 157 86 53 117 72 50
10 min 118 71 52 114 70 49

Fig. 6  Average sizes of styrene 
miniemulsion droplets and 
resulting particles as function 
of sonification time (output 
power of 7 and 60% duty cycle). 
a Droplets (DLS), b Particles 
(DLS), c Droplets (CHDF), d 
Particles (CHDF)

Table 6  Initial droplet number 
of styrene miniemulsions 
prepared under varying 
sonification times at an output 
power of 7 and 60% duty cycle 
and resulting polymer particle 
number

Sonification time Initial droplet number per  cm3 
water

Final particle number per  cm3 
water

Np/Nd

Nd
DLS Nd

CHDF Np
DLS Np

CHDF DLS CHDF

2 min 8.86 ×  1013 2.99 ×  1014 2.00 ×  1014 5.95 ×  1014 2.25 1.99
4 min 1.22 ×  1014 7.09 ×  1014 3.11 ×  1014 8.14 ×  1014 2.56 1.15
6 min 2.01 ×  1014 1.33 ×  1015 2.95 ×  1014 1.06 ×  1015 1.47 0.801
8 min 1.92 ×  1014 8.12 ×  1014 2.47 ×  1014 1.20 ×  1015 1.28 1.48
10 min 2.65 ×  1014 1.44 ×  1015 2.80 ×  1014 1.31 ×  1015 1.06 0.906
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In contrast, the distribution of polymer particles after the 
polymerization of the styrene miniemulsion sonified for 
2 min shows a number of peaks for particles of consider-
ably larger diameter between 250 and 820 nm.

Figure 8 compares the droplet size distributions of sty-
rene miniemulsions prepared with varying sonification times 
(2 to 10 min) with the corresponding polymer particle size 
distributions after the polymerization. The most pronounced 
difference may be observed for the styrene miniemulsion 
prepared with 2 min of sonification. In this case, the huge 
tail of larger droplets observed in the droplet size distribu-
tion decreases considerably in the particle size distribution 
and the primary maximum of the distribution is also shifted 
towards smaller particles. It is interesting to observe, though, 
that the small droplet/particle shoulder does not increase 
significantly after polymerization, as would be expected if 
the decrease of the average size from droplets to particles 
observed in Fig. 8 and Tables 4 and 5 was to be attributed 
to the significant occurrence of other particle nucleation 
mechanisms besides droplet nucleation. According to Casey 
(2009), when the initial miniemulsion droplets are larger and 
with a broader distribution than the final polymer particles, 
this indicates that besides the polymerized droplets, larger 
droplets exist and act as monomer reservoirs for the reaction 
sites, supplying monomer via diffusion. This explains the 
decrease of the tail of big droplets/particles after polymeri-
zation observed in Fig. 8 for 2 min sonification time.

For sonification times equal to or above 4 min, the poly-
mer particle size distribution, in the same way as shown for 
the averages, had the same trend presented by the droplet 
size distribution, including the shoulder of smaller particles 
around 50 nm. This is an indication that in these styrene 
miniemulsions (prepared with 3.5 wt.% of hexadecane, 1.0 
wt.% of polystyrene, and 10 mM of SLS) when the sonifica-
tion time was 4 min or greater, nucleation mechanisms other 
than droplet nucleation had only a minor importance and 

monomer diffusion among droplets was less pronounced. 
This agrees with the findings of Blythe et al. (1999c, a, 
b, 2000) on enhanced droplet nucleation in miniemulsion 
polymerization with added polymer Table 6.

Conclusions

The relative stabilities of styrene, styrene/butyl acrylate, 
and ODMA miniemulsions were evaluated by centrifuga-
tion. For the ODMA miniemulsions, used as “the ideal” 
system for this study owing to its insignificant solubility in 
water, no oil separation was observed in any of the evaluated 
miniemulsions prepared with different sonification times. 
Among the styrene/butyl acrylate miniemulsions, the most 
stable were those formed with the smallest tested sonifica-
tion times, 1 and 2 min. Further increasing the sonification 
time led to the formation of less stable miniemulsions owing 
to the smaller droplet size. Hence, the higher droplet surface 
area resulted in a lower percent coverage of the droplets by 
the surfactant, since the same surfactant concentration was 
used for all miniemulsions. In the case of the styrene minie-
mulsions, on the other hand, higher sonification times were 
required than for the styrene/butyl acrylate miniemulsions 
and the most stable sample was formed by the use of 4 min 
of sonification. And lower sonification times, besides result-
ing in higher amounts of the separated oil layer by centrifu-
gation, also resulted in droplet size distributions (measured 
by CHDF) with a significant tail of larger droplets (between 
300 and 1000 nm) whose amount was reduced drastically 
after polymerization owing to monomer diffusion from these 
monomer “reservoir” droplets to the growing polymer par-
ticles (polymerization loci). In addition, for sonification 
times above 4 min, the polystyrene particle size distribu-
tions showed a fair agreement with the droplet size distribu-
tions of the original styrene miniemulsions. It is important to 

Fig. 7  Polymer particle size 
distributions after the polymeri-
zation of styrene miniemulsions 
prepared under varying sonifica-
tion times (output power of 7 
and 60% duty cycle) measured 
by Capillary Hydrodynamic 
Fractionation (CHDF)
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mention, though, that these results are case specific and that 
the enhanced droplet nucleation, due to the use of 1 wt% of 
polystyrene in the miniemulsion, contributed to these results.
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