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Study of dispersity of styrene emulsions using the method
of small-angle X-ray scattering (SAXS)

Summary — The small-angle X-ray scattering (SAXS) method was used in
studies on dispersity of emulsions of potassium oleate micelles and of styrene
emulsions obtained in the presence of this emulsifier. A lamellar structure of
oleate micelles was observed. The solubilization of styrene in the system of
emulsifier micelles was determined by refractometry. 0.6 ml styrene was dis-
solved in 100 ml of micellar solution of emulsifier. The micellar structure of the
system remained almost unchanged. The structure and dispersity of styrene
emulsions and the course of phase separation and ordering at the interface in the
function of time elapsed from preparation of emulsion by intensive mixing was
investigated. Dimensions and surface area of styrene macro- and microdroplets
in the system were also determined. In a microemulsion, styrene particles with a
diameter of about 10 nm prevailed and the ratio of the surface area of microdro-
plets to that of emulsifier micelles was about 1:20. The conditions of emulsion

preparation had a large influence of the dispersity of emulsions obtained.

INTRODUCTION

It is well known that kinetic mechanism of emulsion
polymerization of styrene (process rate, molecular weight
characteristics of polymer) as well as distribution of partic-
le size and stability of the reacting systems during synthe-
sis of the final latex depend on the dispersity of styrene
emulsion, as this dispersity determines the mechanism of
formation of polymer-monomer particles [1—6].

The study of dispersity of monomer emulsion formed in
the presence of emulsifiers and suitable surfactants of var-
ious nature during their introd uction into aqueous mono-
meric phase of the emulsion and during synthesis of emul-
sifier at the phase boundary showed [5,6] that it does not
correspond with the qualitative pattern of the emulsion
system proposed by Harkins [9,15], Yurzhenko [11], and
Smith and Ewart [1,2]. It appeared much more complica-
ted. It turned out that styrene emulsion is composed of
droplets and microdroplets of monomer and micelles of
emulsifier. The ratio of these components and their size
depend on the way of emulsion preparation. Highly di-
spersed emulsions of styrene containing big volume of
monomer microdroplets with droplet diameter about 0.2
um and of macrodroplets with diameter below 10 pm
were prepared under conditions of interfacial transfer of
emulsifier and surfactants through the phase boundary,
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according to their solubility in monomer and in aqueous
phases during the process of mixing the emulsion at a
speed of 500—800 r.p.m. Under these conditions the con-
centration of the emulsifier in the interfacial adsorption
layer becomes higher, thus considerably reducing the in-
terfacial tension and causing an effective breaking of the
monomer phase. Such conditions are provided during
preparation of emulsion when introducing emulsifier
agent into the phase where it is less soluble, synthesising
emulsifier at the phase boundary and preparing a concen-
trated monomer-water-emulsifier system to be diluted
thereafter with water and monomer [3—6].

In highly dispersed emulsions the process of formation
of polymer-monomer particles may take place from mono-
mer microdroplets and from micelles of the emulsifier
containing monomer dissolved in the bulk of micelles. The
contribution of cach mechanism to the process of polymer-
monomer particles formation depends on the volume ratio
of micelles of emulsifier to monomer microdroplets in
emulsion.

Literature data concerning this problem are practically
absent, what is evidently due to the lack of a method ena-
bling the evaluation of the particle diameters in such a wide
range of values: from dozens to thousands of nanometers.

EXPERIMENTAL PART AND DISCUSSION OF RESULTS

To determine the dimensions of highly disperse particle
fractions (micelles of emulsifier and monomer microdro-
plets) in styrene emulsions formed by different methods,
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the present work uses the method of small-angle X-ray
scattering (SAXS method).

X-ray intestigations of the system were carried out with
a small-angle KPM-1 chamber based on CuK,-radiation
monochromated with a Ni-filter and with the use of an
amplitude discriminator in the recording system. The
chamber was provided with a special cell with openings
made of a thin polymer film, where the constant tempera-
ture (298.2 K) was maintained by a liquid thermostat with
an accuracy of 0.1°C. The scattering intensity was measur-
ed in the angular range from 0.12° to 5°. The received val-
ues of intensity were treated with collimation correction
according to the programme elaborated at the Institute of
Crystallography of the USSR Academy of Sciences [7].

First of all there has been studied the structure of the mi-
celles of emulsifier — potassium oleate — which was used
later for stabilization of styrene emulsions. The emulsifier
for this experiments was synthesized from chemically
pure oleic acid and potassium hydroxide.

During the work 3% and 6% aqueous solutions of potas-
sium oleate were used which are common in emulsion
polymerization of styrene. For the dependence of scattered
light intensity I on the angle of scattering g, see Fig. 1. Itis
evident that this dependence for 3% (a) and 6% (b) solu-
tions of the emulsifying agent is characterized by the pre-
sence of several maximums, what according to publication
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Fig. 1. Dependence of the scattering intensity I on the scatter-
ing angle @ for 3% (a) and 6% (b) aqueous solutions of potas-

sium oleate

[8] indicates that the solution contains lamellar structures
of potassium oleate micelles at concentrations studied.

According to Wulf-Bragg formula 2d sin 6 = nA, where n
is the reflection order, A wavelength of X-ray radiation, d
interplanar distance in micelles of emulsifier calculated
from d = nh/@ where @ is the value of the scattering angle
at maximum scattering intensity (for CuK, radiation of
1.54 A) and ¢ = 20. It turned out that the interplanar di-
stances in 3% and 6% solutions of potassium oleate were
equal to 48 and 25 nm, respectively, what corresponds to
data given in technical literature [9]. The decrease of the
value of the interplanar distance between micelles of
emulsifier with an increase in its concentration is due to a
decrease of water layer thickness, this layer dividing the
double adsorption layers of the emulsifier aggregates.

Lamellar structures in micelles of potassium oleate were
also found during the study of aqueous solutions of potas-
sium oleate at concentrations from 4 to 30% [10].

It seemed interesting to find out whether the structure
of micelles of potassium oleate changed due to styrene
solubilization in the micellar volume.

The refractometric method worked out by Yurzhenko
was applied to determine styrene solubilization [11]. The
refractive indices of aqueous solutions of emulsifier were
determined with the help of IRF-22 refractometer. It turn-
ed out that 0.6 ml of styrene are soluble in 100 ml of the
solution of micelles formed by 6% solution of potassium
oleate.

The SAXS structural analysis showed that lamellar
structure of micelles was preserved in 6% solution of po-
tassium oleate containing solubilized styrene. The de-
pendence of I vs. ¢ is similar to that given in Fig. 1. The
monomer solubilization in micelles of emulsifier caused a
small shift of the maximum values of scattering intensity
to the range of big angles, due to a reduction of interplanar
distance (d = 19 nm), resulting from swelling of micelles
with styrene.

So, when adding styrene to an aqueous solution of
emulsifier in quantities smaller or equal to the peak solubi-
lization value, there does not occur any drastic change in
the form of micelles. )

The dispersity of the fine fraction of styrene emulsions
was determined after breaking these emulsions formed at
adding emulsifier to monomer as well as during synthesis
of potassium oleate at the phase boundary. These emul-
sions were prepared using a mixing device with a three-le-
vel impeller mixer (at 800 r.p.m.).

The duration of mixing was calculated from the kinetic
data of neutralization of oleic acid with the alkali during
formation of emulsifier on the phase boundary — it was
equal to 40 minutes [5]. The prepared emulsion was sepa-
rated into layers in a centrifuge to eliminate the fraction of
microdroplets. Then, SAXS measurements of aqueous
phases were carried out at phase boundary during forma-
tion of emulsifier. This boundary is a layer of microemul-
sion taking an intermediate place between the aqueous
and the hydrocarbon phases. The [—p dependence (Fig. 2,
curve 1) for aqueous phase of the emulsion obtained by
introducing emulsifier into water revealed that the struc-
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ture of the system changed. In the earlier studied systems
the I—p dependence had a number of clearly expressed
maximums, but now we had one maximum only. Such de-
pendence could be explained basing on the data of work
[12] by the presence of a short-range order in the location
of spherical micellar particles. These micelles form limited
areas with the face-centered cubic lattice. Due to a defined
size of such areas and some polydispersity of the system,
the scattering curve shows, however, one maximum only,
since the remaining peaks are smeared. The diameter. of
micelles with monomer solubilized in them was calculated
according to Guiniér [13]; it was equal to 10.4 nm.
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Fig. 2. Dependence of the scattering intensity I on scattering
angle @ for aqueous phases of emulsions prepared by: 1 — in-
troducing the emulsifier into aqueous phase; 2 — forming
emulsifier at the phase boundary

The study of the aqueous phase of emulsions showed
that the [—p curve was composed of two parts (Fig. 2,
curve 2). The first part of the curve reflects X-ray scattering
from big particles and the range of big angles corresponds
to X-ray scattering of small particles. The size of particles
was calculated according to Guiniér: larger particles (mic-
rodroplets of monomer) had diameter of 55 nm and smal-
ler ones (micelles of potassium oleate) 4.8 nm. Since the
X-ray scattering of the aqueous phase of emulsion was stu-
died immediately after its preparation, therefore the repar-
tition of monomer between droplets and micelles of emul-
sifier probably could not take place; that is why the micel-
les remained “empty”. To find out the possibility of sty-
rene repartition between monomer droplets and micelles
of potassium oleate, the samples were kept for three days
after being prepared. The character of the [—p depend-
ence practically did not change, but the calculations reve-
aled that the size of monomer microdroplets diminished
to 50 nm. These data showed that when storing the aqueo-

us phase of the emulsion containing both monomer micro-
droplets and micelles of emulsifier, the monomer solubili-
zation took place in micelles of potassium oleate. Mono-
mer penetrated into these micelles from monomer micro-
droplets by diffusing through the aqueous phase.

It is to be noted the identity of the I—¢p dependence re-
ceived at studying styrene microemulsion and aqueous
phase of the emulsion, and during synthesis of emulsifier
at the phase boundary.

So, the dispersity of styrene emulsions obtained by mo-
nomer emulsification with an aqueous solution of potas-
sium oleate and under conditions of synthesizing this
emulsifying agent at phase boundary, differed consider-
ably.
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In the first case, when styrene emulsion was prepared
by emulsifying monomer with an aqueous solution of po-
tassium oleate, it is composed of micelles of emulsifier
containing styrene dissolved in their bulk (the diameter of
micelles according to SAXS results was 10.4 nm), and mo-

nomer macrodroplets with average diameter (according to

laser spectroscopy data [5,6]) about 400 nm.

In the second case, when preparing styrene emulsion
under conditions of emulsifier synthesis at the phase
boundary, the monomer emulsion was composed of the
micelles of potassium oleate containing dissolved macro-
and microdroplets of styrene. The numerical distribution
according to size of droplets of monomer microemulsion
and micelles of emulsifier was'shown in Fig. 3a.

Fig. 3b gives the data on the ratio of surface area of mo-
nomer microdroplets to that of micelles of emulsifier. It is
evident that in styrene microemulsion predominated par-
ticles of 10 nm diameter and the ratio of surface area of
monomer microdroplets to that of micelles of emulsifier
was equal to 1:20. It should be reminded that the ratio of
the surface area of monomer microdroplets and to that of
micelles of emulsifier in monomer emulsions formed dur-
ing styrene emulsification with an aqueous solution of po-
tassium oleate was equal 1:1000.

Thus, these resulls are a proof that the initial emulsions
of hydrophobic monomers, such as styrene, have a more
complicated dispersity than it was shown in the qualita-
tive presentation by Harkins and Yurzhenko. They are
particularly sensitive to the methods of their preparation
(conditions of mixing, way of introducing emulsifier into
emulsion). Under certain conditions it is possible to obtain
highly dispersed styrene emulsions, where micelles of
emulsifier together with monomer microdroplets of about

50 nm diameter will participate in the formation of poly-
mer-monomer particles.
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