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In emulsification processes, the estimation of the droplet size distribution is important data not
only because it is linked with the manufacturing process, but also because it is an important
parameter affecting the emulsion stability. The aim of this research is to use the ultraviolet-visible
transmission spectrum as a tool for emulsion characterization (droplet size and stability) to be a
function of monomer concentration, and to verify of emulsion stability using the volume of
separated phase’s technique. Both techniques are applied to monomer emulsions as a function
of emulsifier concentration. Results show correlations between droplet size measurements and
stability of emulsions using the spectroscopy technique; results were also found to be in agreement

using the cleared volume method.

Keywords Droplet size, emulsion, emulsion polymerization, multiwavelength spectroscopy,

stability

INTRODUCTION

As is known, some liquids disperse in another immisci-
ble ones that exhibit more or less stability depending on
the application.”? The stability against drop coalescence
is provided by the presence of a small amount of a third
component, the so-called emulsifier, which, in general, is
a surface-active agent or surfactant, that adsorbs at the
drop interface and produces some interdrop repulsion
according to a variety of static and dynamic phenomena.'?!
Macroemulsions are liquid-in-liquid dispersions, with drop
size ranging typically from 1 to 100 um that, in general, are
large enough to settle under the influence of gravity.
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In most cases, they are made systems, manufactured with
a specification in mind, that is, to generate a population
of droplets that dramatically increase the surface area
available for mass transport, and as a result, they have
not only a profound impact on the rate of reaction and
on the final properties of the latex, but also in deciding
about the locus of particle nucleation in emulsion polymer-
ization process. The most important parameters affecting
the stability of an emulsion is the droplet size and the dro-
plet size distribution of the droplet populations, which are
influenced by the emulsification procedure and the type
and amount of surfactant. When the drops are formed by
effect of mechanical shearing the presence of surfactant
reduces the interfacial tension between the two liquids
and consequently the thermodynamic instability of the sys-
tem resulting from the increase in the interfacial area
between the two phases so that breaking is favored. On
the other hand, the adsorption of surfactant onto the
freshly produced interface results by forming mechanical,
steric, and/or electrical barriers around them. The steric
and electrical barriers inhibit the close approach of one
droplet to another. The mechanical barrier increases the
resistance of the dispersed droplets to mechanical shock
and prevents them from coalescing when they collide.”!
Thus, the surfactant plays a role in the breaking and
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coalescence steps, that is, the dynamic balance that
determine the drop size.’) Much work has been carried
out in determining droplet size and stability of emulsions
as function of surfactant concentration and the so-called
formulation variables'* ' but very little experimental work
has been reported in the area of characterization of mono-
mer emulsions en terms of droplet size and stability. For
instance, monomer droplet size has been determined using
osmium tetroxide staining to get cold stage electron micro-
scopy pictures.*'>13! Droplet size of methyl-metacrylate
emulsions has been reported utilizing techniques which
require a camera and light microscopy.'* Conductance
measurements have been used to monitor the emulsifica-
tion process and indicate something about stability,!'>'"!
and shelf life stability measurements were used in order
to verify conductance as a method to evaluate the stabi-
lity.'"® Light scattering techniques are not new and have
a long history of development, both in terms of hardware
and in terms of the algorithms and methods used for the
interpretation of the scattering signal. Commercial light
scattering techniques are quite powerful and can be used
for online applications. However, standard monochro-
matic light scattering techniques have difficulties resolving
broad droplet size distributions (DSDs) because the
scattering contribution from large particles or droplets
overwhelms the contribution to the total scattering from
small particles when a mixed population of large and small
particles is present. Ultraviolet-Visible (UV-Vis) transmis-
sion spectroscopy appeared more than five decades
agol'®? and has regained interests in the process indus-
try!?!??l due to recent advances in the algorithms using
inverse-solution methods®® and the increase and reliability
of modern spectrometer, which enables the acquisition of
the complete ultraviolet-visible near infrared (UV-Vis-
NIR) spectra with excellent wavelength resolution and
short measurement times leading to real-time continuous
monitoring applications.** 2% The resolution in terms of
droplet size near infrared is proportional to the size para-
meter o defined as: o =D/A, where D is the particle dia-
meter and A is the wavelength, leading to spectroscopy
measurements over a broad range of wavelengths and a
large range for particles analysis.?® *®! The information is
obtained from spectroscopy analysis of a sample measured
over a broad range of wavelength and/or with the scattered
light measured at one or several observation angles. In the
diluted regime, Mie theory can be used for the interpreta-
tion of transmission and angular scattering data. This the-
ory describes the absorption and scattering behavior of
spherical particles of any size and refractive index and it
has shown to be very successful in a large variety of appli-
cations.>*-% Techniques for the estimation of particle size
distribution from multi-wavelength spectral data have been
reported in the literature."?***!) However, most of these
techniques require that the shape of the particle size distri-

bution (PSD) be known, or rely on the advantages inherent
in the mathematical properties of particle size distributions
such as the Lognormal, Gaussian, etc. In addition, most
measurement techniques rely on a limited number of wave-
lengths and do not address issues related to differences in
chemical composition.?**! The spectroscopy technique
applied herein utilizes a broad wavelength range (190-
820 nm), which makes possible particles population analy-
sis with sizes ranging from nanometric to micrometer
range®’*%321 and this technique is based on the regularized
solution to the inverse scattering problem posed by the
multiwavelength turbidity equation. As such, it does not
require prior assumptions regarding to the shape of the
droplet size distribution.****3¥ Systematic spectroscopy
study over range of wavelength (190-820 nm) and analysis
of emulsions, in terms, of droplet size distribution in the
spectral region (300-820nm) have been successfully
obtained and applied to continuous and batch emulsifica-
tion process,?* 2*3 and it has been applied to the stability
of emulsions."” This quantitative stability criterion is
developed from the observation that, if an emulsion is
diluted, the dilution ratio or oil concentration necessary
to reduce the emulsion droplet size is a measured of its sta-
bility. In many instances the concept of emulsion stability
is linked with a visual change in appearance or tactility,
that is, the time required for a certain amount of emulsion
to separate (as a coalesced or clear phase) is a fairly good
indication of the stability trend and allows to make some
comparisons. If the emulsion is not too stable this may be
a nice way to follow up the decay. If it takes too long a time
to get visible measurable changes, then some time accelera-
tion tactics would be advised.-*! As coalescence proceeds
one (or both) of the aqueous and oleic phase tends to clear,
then the cleared volume is monitored versus time. When
coalescence is completed, the volume valor at infinite time
of the emulsion (noted Voo) is taken as a reference, and
the relative cleared volume (Vc/Voo) is plotted versus time,
so that, after complete settling the Vc/Voo ratio varies from
zero to unity. The aims of this article is characterize styrene
emulsions in terms of droplet size and droplet size distribu-
tion, and to study their stability using both a spectroscopy
technique as function of the monomer concentration and
emulsifier concentration and a method of cleared phase
for stability as function of emulsifier concentration.

EXPERIMENTAL

Materials

The ionic emulsifier, sodium dodecyl benzene sulfonate
(SDBS) is obtained from Fluka (Buchs, Switzerland). The
absence of the characteristic dip prior to the critical micel-
lar concentration (CMC) in the surface tension versus
emulsifier concentration curve indicates the purity of this
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material. The CMC is 1.4g/L+0.1. Styrene is obtained
from Aldrich Chemical Company (St. Louis, MO, USA)
with a 99% of purity. For styrene, the inhibitor is removed
by washing several times the monomer with a sodium
hydroxide solution (NaOH). The amount of NaOH added
corresponding to a NaOH solution: styrene molar ratio of
3:2. After, the inhibited monomer is stored at 4°C.
Sterilized de-ionized water is used in emulsion preparation.
The equipment utilized for the preparation of the emulsions
consists of a 250 ml jacketed reactor, a water bath with
temperature controller obtained from Cole Parmer
(Vernon Hills, 1L, USA), an electric stirrer IKA model
RW20DZM.N provided by Works Inc., and a spectrometer
(Hp8453) equipped with temperature controller (Peltier).

Methods
Emulsion Preparation

The monomer-in- water emulsions are prepared accord-
ing to the recipe based on a 34 wt% of monomer, (0.6, 1.2,
3, 4 wt%) of emulsifier. The procedure used for preparation
of emulsions is summarized as follows. In a 250mL
jacketed reactor with baffles, the necessary amount of
sterilized de-ionized water is added to the bottom of the
reactor together with the amount required of emulsifier
(SDBS) with mixing until complete dissolution is reached.
Monomer is added to the mixture and allowed to equili-
brate during 30 minutes, after, this mixture is heated to
25°C with stirring at 500 rpm using a water bath with
temperature controller connected to the jacketed reactor
and a stirrer equipped with a 4-paddle Rushton turbine
impeller during 15 minutes. A sample slip stream of the
emulsion is drawn from the reactor and diluted with
sterilized de-ionized water at the same process temperature
to bring the concentration of the emulsion sample
within the linear range of the spectrometert!®2¢2%321 and
the spectra are used for further analysis. At the same
time, the other part of the emulsion is used for stability
analysis.

Spectroscopy Measurements

Spectra of the emulsions, monitored over the entire
wavelength (190-820 nm) are interpreted where no absorp-
tion takes place (300-820 nm), leading to the quantitative
characterization of the emulsions in terms of droplet size
and droplet size distribution.?’?%3? The Uv-vis transmis-
sion spectra from the liquid-liquid dispersions are recorded
using a diode array spectrometer having an acceptance
angle smaller than 2°, and a thermoelectric cell holder with
a temperature controller with temperature programming
capabilities. Prior to recording the spectrum of each sample
the spectrometer is zeroed to account for any stray light.
To avoid the effect of inhomogeneities in the suspending
medium, the background spectrum is taken using the

respective suspending media from the batch utilized in
the preparation of the original sample (sterilized de-ionized
water). The spectroscopy technique requires as input the
optical properties of the components of the emulsion which
were reported in previous article.”®!

Sample Preparation

For dilution experiments of optical technique samples
are taken from the top of the reactor by means of a
disposable graduated pipette and there is a time lapse of
30 seconds from the time the sample is taken until the first
dilution is obtained. The dilution process consists in doing
successive dilutions to the sample taken from the emulsion
by approximately three orders of magnitude to be within
the appropriate absorbance range for measurements (0.01
—1Au). The monomer concentration after of dilution is
in the range 1.0 x 107*—10"*gmL~". The dilutions are
done directly in 1cm path length quartz cuvette and
3.5ml of volume. Successive dilutions are accomplished
using sterilized de-onized water. For stability analysis,
10ml of emulsion is poured into a graduated test tube.
The cleared volume (V) is measured as function of time
and V_ is the same phase volume value at infinite time.
Therefore, the relative cleared volume (V./V.) is plotted
versus time.

RESULTS AND DISCUSSION

To quantitative interpretation of spectral data, emul-
sions of styrene/SDBS/H,0O are selected. Styrene is of
interest for further understanding of the mechanisms of
nucleation, and together with the emulsifier (SDBS)
ensures the appropriate contrast throughout the spectrum
for data interpretation. Figure 1 shows the transmission
spectra of styrene/SDBS/H,O at 25°C obtained as
function of the wavelength and monomer concentration.

Styrene :34.wt?% SDBS:4.Wt% T=25°C

2 C1: 4.099e-3g.mL1
C6: 1.897e-3 g.mL"

Optical density (Au)
-
a
L

1 - ct
0.5 - =
0 = i 1 I
190 390 590 790

Wavelength (nm)

FIG. 1. Optical density of styrene/SDBS/H,O emulsions as function
of monomer concentration in the range (4.099 e-3-1.897 -3 gmL "), wave-
length range of 190 to 800 nm. Styrene: 34 wt%, SDBS: 4 wt%, T =25°C.
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FIG. 2. \Variation of the optical density of styrene/SDBS/H,O
emulsions as function of wavelength and monomer concentration (wave-
length range: 270-300 nm). Styrene: 34 wt%, SDBS: 4 wt%, T =25°C.

As can be seen, the optical density decreases with the
monomer concentration (dilution process). The region
between 300 and 820 nm contains, primarily, information
on the scattering behavior of the emulsions, and therefore
on the droplet size.*”*®3%1 Figure 2 shows the spectra of
the same emulsions in the wavelength range of 270 to
300nm. As can be appreciated, the region between 270
and 300 nm reflects the absorption due to the phenyl group
of styrene which corresponds to the peaks of absorption of
styrene (282nm and 292 nm), which were shown in pre-
vious article.”® The purpose of Figure 3 is to establish or
using spectroscopy as a tool for emulsion characterization:
droplet size, droplet size distribution, and stabi-
lity.[19-27-28:321 The effect of emulsifier concentration and
monomer concentration on droplet size for styre-
ne/SDBS/H,0 emulsions can be appreciated. First of all,
it is observed the effect of monomer concentration
(dilution process) on droplet size. As can be seen, for
emulsifier concentration of 4 wt%, the droplet size is fairly

28

= * Styrene :34wt. %, T=25°C

§ 261

] .4

L

L 24 A A A Asa

£ ] ¢ L X se

o 221 B 4

® nln bn phg My whm 4
(]

g 2

S mdwt % SDBS A 3wt %SDBS

[

a 184

£ ® 12wt % SDBS A06wt % SDBS

=

Z 16 r " . . .

15E03 20E03 25E03 30E03 35E03 4.0E03 45EO03
Monomer concentration (g mL-")

FIG. 3. Variation of droplet size for styrene/SDBS/H,O emulsions as
function of emulsifier concentration and monomer concentration. Styrene:
34 wt%, SDBS: (4 wt%, 3 wt%, 1.2wt%, 0.6 wt%), T=25°C.

constant until monomer concentration of 2.15¢-3 gmL™"
and after the droplet size increases which is attributed to
droplet coalescence. The same is observed for emulsifier
concentration of 1.2wt%, in where the droplet size is
approximately constant until monomer concentration of
2.46e-3gmL"", then the droplet size increases. Therefore,
the dilution range, which the droplet size is maintained,
is higher for emulsions with emulsifier concentration
(4wt%). In accordance with the stability criterion,['”! the
more stable emulsion is that of higher emulsifier concentra-
tion (4 wt%). Second, it also is shown the effect of emulsi-
fier concentration with the droplet size. As it is indicated,
the droplet size of these emulsions undergoes changes with
the emulsifier concentration. An increase in emulsifier con-
centration generally tends to speed up the emulsifier
adsorption, which is associated with interfacial tension
decreasing and droplet breaking. All of these effects pro-
mote the formation of smaller droplets.*” It can be cor-
roborated in Figures 4 and 5, which show the droplet size
distributions as function of monomer concentration and
emulsifier concentration of styrene/SDBS/H,0O emulsions
at 25°C. As can be appreciated, in Figure 4, there are not
significant changes in the breadth of the distribution for
dilution range where the droplet size is maintained fairly
constant. However, in Figure 5 is observed that the ampli-
tude of the distribution is narrower while the emulsifier
concentration is higher for a constant monomer concentra-
tion (Cm: 3.6e-3 g mL™"). The smaller the range of sizes, the
more stable the emulsion. Since larger particles have less
interfacial surface per unit volume than smaller droplets,
in macroemulsions they are thermodynamically more stable
than the smaller droplets and tend to grow at the expense of
the smaller ones.”” The model includes the measured and
the calculated spectrum that corresponds to the extinction
and scattering component respectively. As seen in
Figure 6, the excellent agreement between the measured

c s Styrene :34wt. % " Styrene :34wt. %
SDBS:4wt. % s SDBS: 1.2wt. %

'% 40 T=25°cW -% L T=25°C "
2 1 AlEw B
2 o
o o
g 2000 E m
5 m Sm

0 0

0 2 4 6 8 A R A A

Diameter (um)

Diameter (um)

FIG. 4. Variation of number based droplet size distribution for styr-
ene/SDBS/H,0 emulsions as function of emulsifier concentration and
monomer concentration (Cl, C4). A: (Cl=3.66e-3gmL™!; C4=
2e-3gmL "), Styrene: 34 wt%, SDBS: (4 wt%), T =25°C. B: (C1 =3.8¢-3 g
mL™!; C4=23e-3gmL™}), Styrene: 34 wt%, SDBS: (1.2wt%), T=25°C.
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FIG. 5. Variation of the number based droplet size distribution for
styrene/SDBS/H,O emulsions as function of emulsifier concentration.
Styrene: 34 wt%, SDBS: (4 wt%, 1.2wt%, 0.6 wt%), Cm:3.6e-3gmL’l,
T=25C.

and calculated spectrum of the styrene emulsion at
Cn=4e-3gmL™" in the wavelength range (300-820nm)
show the quality of the model interpretation. To verify
the spectroscopy technique as a tool to determine the emul-
sion properties, the cleared volume method was applied to
evaluate the stability of the emulsions.?> Figure 7 shows
the variation of Vc/Voo versus time as function of emulsi-
fier concentration for styrene/SDBS/H,O emulsions at
25°C. As it is appreciated, all plots have the same tendency;
it is a change of cleared volume with the time and emulsifier
concentration. Emulsions prepared with lower emulsifier
concentration result in higher cleared volumes that these
prepared with higher emulsifier concentration. The settling
caused by the density differences between the water and
monomer phases is proportional to the second power of

20
— Measured spectrum

= = = Cdculated spectrum

Optical density (Au)
=
=)

Styrene :34wt. %; SDBS:4wt. %;T=25°C

00 u T T
20 400 600 800

Wavelength (nm)

FIG. 6. Measured and calculated spectrum for styrene/SDBS/H,O
emulsion as function of the wavelength at Cm 4e-3gmL™'. Styrene:
34 wt%; SDBS: 4 wt%; T =25°C.
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0.9 - Styrene :34wt. % SDBS: Emulsifier T=25°C

Vc/Voo

0.3 4 —2—4 wt. % SDBS
——3 wt. % SDBS
02 1 ——1.2 wt. % SDBS
0.1 - ——0.6 wt. % SDBS
0 R
0 20 40 60 80 100 120
Time (min.)

FIG. 7. Variation of the cleared volume for styrene/SDBS/H,0O
emulsions as function of time and emulsifier concentration. Styrene:
34 wt%, SDBS: (4 wt%, 3 wt%, 1.2wt%, 0.6 wt%), T=25°C.

the droplet diameter (Stokes law).*®! It is while the emulsi-
fier concentration decrease the droplet size is larger; conse-
quently, the settling velocity is higher leading to higher
cleared volume. As it is noted, there is a relation between
the droplet size and stability as function of monomer con-
centration and emulsifier concentration by using spectro-
scopy techniques and is this relationship is found to be in
agreement with the volume cleared technique for evaluation
of emulsion stability. Therefore, UV-Vis spectroscopy tech-
niques together with the inversion algorithms have been
identified as the experimental tool for the characterization
of monomer emulsions in terms of droplet size and stability.
Multiwavelength transmission measurements provide the
relevant and necessary information of the reaction mixture
for identifying the most likely nucleation locus. These stu-
dies are ongoing in order to quantify the droplet population
in the nanoemulsion range.

CONCLUSIONS

Styrene/SDBS/H,0 emulsions have been characterized
in terms of droplet size and stability by using
multi-wavelength UV-Vis spectroscopy measurements and
found to be in agreement with the assessment of emulsion
stability by using cleared volume method. Correlations of
monomer droplet size as function of the dilution process
and emulsifier concentration show the highest stability
for emulsions prepared with emulsifier concentration of
4 wt% resulting in narrower droplet size distribution and
lower cleared volume with the time. The characterization
of monomer emulsions, in terms of droplet size and droplet
size distribution, and stability, as function of emulsifier
concentration provides the groundwork necessary for con-
tinuing studies on the determination of smaller droplets in
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order to identify the most likely nucleation locus which
leading to a better understanding of particle nucleation
during polymerization reactions.
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