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Abstract 60Co γ rays induced styrene emulsion polymer-
izations were carried out with sodium undec-10-enoate
(UDNa) as emulsifier at room temperature and the
different kinetics was discussed. The influence of
absorbed dose rate, monomer concentration and emulsi-
fier concentration on kinetics and latex particles was
studied. The polymerization kinetics relation was found
as RP∝ D0.37 · M0.75 · E0.70 (RP, maximum polymerization
rate; D, absorbed dose rate; M, monomer concentration; E,
emulsifier concentration). The particles’ diameter
increases and particle size distribution (PSD) becomes
narrower with the decrease of absorbed dose rate and
increase of monomer content. The effect of UDNa content
on particles’ diameter and particle size distribution is the
same as that of emulsifier in conventional emulsion
system. This type of emulsion polymerization can easily
form monodisperse particles.
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Introduction

Emulsion polymerization has been used widely in industry
and its products have many advantages. But the conven-
tional emulsifiers often desorbs from the surface of the latex
particles during its shelf life or under conditions of high

shear and freeze-thaw etc. [1, 2] This can cause environ-
ment pollution and create a problem in treatment of the
latter. [3, 4] All problems can be owing to emulsifiers’
physical adsorption on surface of polymer latexes. Based
on the above problems, polymerizable emulsifiers
emerge. Polymerizable emulsifier molecule contains not
only hydrophilic and hydrophobic segments but also
reactive groups which can copolymerize with primary
monomer [5, 6]. The desorption of the emulsifier from
the latex particle surface or migration in the polymer
film is eliminated by chemical incorporation of the
emulsifier into the polymers. As an initiated polymeriza-
tion method, 60Co γ rays have many advantages over
chemical initiators. [7–9]

Many polymerizable emulsifier systems have been
deeply studied [10–15] and research about 60Co γ rays
induced emulsion polymerization were also found. [16–18]
But there were few articles about kinetics of 60Co γ rays
induced emulsion polymerization with ionic comonomer as
emulsifier.

This article paper focuses on the kinetics and latex
particles of the 60Co γ rays induced emulsion of styrene
using another anionic polymerizable emulsifier UDNa.

Experimental

Synthesis of polymerizable emulsifiers

UDNa (sodium undec-10-enoate, CH2=CH(CH2)8COO
-Na+)

was synthesized by reaction of undec-10-enoic acid and
sodium hydroxide in absolute ethanol; the light yellow
precipitation was collected, washed three times by absolute
ethanol and freeze dried 12 h.
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Characterization

Monomer conversions were determined gravimetrically
(see polymerization part). The polymerization rate Rp was
obtained by derivation of the conversion versus time curves
as followed equation:

Rp ¼ W � Cm � DL

MSt � V ;mol � L�1 �min�1 ð1Þ

where W (g) is the weight of all mixture, Cm (=10%) is
monomer content, DL (% /min) is maximal vertical ordinate
value of differential curve from conversion~time curve,
MSt (=104 g/mol) is mole mass of styrene, V (L) is the
volume of all mixture. Since the monomer content is very
low, the density of all mixture is approximatively regarded
as that of pure water.

FT-IR spectra of were recorded with a VECTOR22
spectrometer. Particle size and morphology of polystyrene
latex were examined by a Hitachi-H800 transmission
electron microscope with 200 kV accelerating voltage.
The particle size distribution and the average number of

polymer particles per unit of aqueous phase were calculated
according to the reference with use of Eqs (2 and 3). [19]
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where Dn is number average diameter, Dw is weight average
diameter, Dv is volumer average diameter, ni is the number
of polymer particles with diameter Di and PSD is the
particle size distribution, m is the weight of monomer per
unit volume of water, x is the fractional conversion, ρp is
the density of polystyrene at 60°C.

Emulsion polymerization in presence of polymerizable
emulsifiers

Monomer, UDNa and water were mixed together in a
round bottom flask and stirred with high speed; then the
mixture was divided into a certain amount of little glass
bottles with same volume and each glass bottle can
contain 5 g mixture; purified nitrogen was bubbled
through every glass bottle for about 45 min to get rid
of oxygen and sealed immediately; the system was
subjected to the field of a 2.22×1015 Bq 60Co γ rays
source at room temperature; a glass bottle was taken out at
different time to calculate monomer conversion.

Fig. 1 FT-IR spectra of UDNa

Fig. 2 a Conversion vs time curve at different absorbed dose rates; b effect of absorbed dose rate on RP
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Results and discussion

Characterization of surfactant monomer

From the FT-IR spectra of UDNa we can see that double bond
obviously appears at the wavenumber 1640 cm-1 in Fig. 1.

As is known that undec-10-enoic acid (CH2=CH
(CH2)8COOH) is the deep processing product of castor
oil, it not only has surface activity but also can inhibit
fungus. Sodium undec-10-enoate resulted from undec-10-
enoic acid has both polymerization activity and emulsifying
function (CMC=43 mM). [20] So it is an environment-
friendly emulsifier.

Polymerization kinetics

Effect of irradiation dose rate

The dependence of the conversion on the reaction time at
different absorbed irradiation dose rates is shown in Fig. 2a.
The correlation between the absorbed irradiation dose rate
and the polymerization rate (Rp) is displayed in Fig. 2b and
can be expressed as RP / D� 0:37 which is similar to that of
conventional emulsion polymerization RP / D� 0:40. The
higher the absorbed irradiation dose rate is, the faster the
rate of formation free radicals is; hence higher polymeriza-
tion rate appears.

Fig. 3 a Conversion vs time curve at various monomer concentrations; b effect of monomer concentration on RP

Fig. 4 a Conversion vs time curve at various UDNa contents; b effect of UDNa content on RP
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Effect of monomer concentration

Figure 3a shows the polymerization rate~conversion curves
obtained at various monomer concentrations. The effect of
monomer content on polymerization kinetics can be
calculated asRP / M0:75 from Fig. 3b.

Effect of UDNa concentration

Figure 4a is conversion~time curves obtained at various
UDNa contents. The effect of UDNa content on polymer-
ization kinetics is displayed asRP / E0:70 from Fig. 4b. A
higher UDNa concentration means more reaction centers
and causes faster UDNa adsorption which result in higher
polymerization rate. In dispersion polymerization, the impact
exponent of stabilizer concentration on RP is often lower
than 0.7 with the reason that the system is homogeneous
phase in early reaction while that of microemulsion is greater
than 1 with the use of much emulsifier. [21, 22]

Diameters of latex particles

Effect of dose rate

We can see that the average particles’ diameter increases
and PSD becomes narrower with the decrease of absorbed
dose rate from Table 1 and Fig. 5. More reactive radicals

generated in water at higher absorbed dose rate result in
faster nucleation and congregation; furthermore this will
lead to more polymer particles and increase of NP which is
similar to that of chemical initiators’ systems [23]. Under
this condition, smaller polymer particles will form with the
same weight monomers. But large number of particles will
collide and congregate each other and this makes PSD
become narrow.

Effect of monomer content

Figure 6 and Table 2 show that particle diameter increases
and PSD becomes narrow as monomer increases. Since the
number of oligomers derived from the reaction between
styrene and UDNa at early polymerization is constant because
of stable UDNa’s concentration, the number of oligomers that
stabilize monomer will decrease with increase of monomer,
which leads to less chance of smaller particles’ formation and
narrow PSD; that the oligomers is constant makes the number
of generated latex particles keep invariable, so the monomer
addition has no effect on nucleation and then NP in Table 2
keeps nearly constant.

Effect of UDNa concentration

The effect of UDNa concentration on the latex particles is the
same as that of emulsifier in conventional emulsion system
which can be seen in Table 3 and Fig. 7.

The essential role of the ionic comonomer UDNa in the
emulsifier-free emulsion polymerization is that it can be
chemically bonded onto the particles’ surface to provide
better electrostatic stability, but different comonomers
usually provide different reactivities and hydrophilic prop-
erties which lead to different polymerization behaviors in
the aqueous phase and nucleation behaviors. [24] That
the —COO- groups chemically bonded on particle surface
increased with increase of UDNa content explained the
relationship with particles’ diameter. Because the ionized
comonomer reacted with radicals generated by γ rays to

Table 1 The effect of absorbed dose rate on the latex particles
according to Fig. 5

Run(different
dose rate,
Gy/min)

Dn (nm) Dw (nm) Dv (nm) PSD Np (×10
15/ ml)

D1 (130.32) 62.17 63.17 62.52 1.016 1.24

D2 (83.63) 85.46 86.15 85.69 1.008 0.48

D3 (45.36) 90.47 90.92 89.30 1.005 0.41

D4 (31.20) 94.23 94.63 94.36 1.004 0.36

Fig. 5 TEM images of St
latex particles at different dose
rates: D1, 130.32Gy/min,
58644Gy, 97.09%; D2,
83.63Gy/min, 43905.75Gy,
96.86%; D3, 45.36Gy/min,
31298.4Gy, 99.24%; D4, 31.20
Gy/min, 25272Gy, 98.04%
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form many oligomer radicals, the primary particle forma-
tion was accelerated with increasing UDNa concentration
and resulted in decreasing diameter and increasing NP.
Meanwhile, numerous primary particles are likely to collide
which causes increasing PSD. Moreover, UDNa is a
soluble-water monomer; the —COO- groups were at the
surface of the latex particle as far as possible after UDNa
copolymerized with St. [25] This can be seen carefully
from the TEM images.

The particles of all the TEM images have good
monodispersity. The monodispersity is only obtained when
the initiation and nucleation stage is very short compared
with the overall reaction period. At the same time, the
period of repetitive nucleation must be made so short that
monodispersity arise from subsequent uniform growth on
the existing nuclei. [26] For our work, 60Co γ rays produce
a higher rate of free radicals formation and initiation and
the formation of nuclei is a quite short time (about 10-6 s)
after radiation. [27] The number of the particles becomes
constant as soon as the nuclei form, which results in
monodisperse particles.

Shell life of the prepared emulsions

Table 4 shows shell life of the prepared emulsion samples.
All samples can keep being not stratified for at least
3 months and almost no coagulum was found, indicating

Table 2 The effect of monomer concentration on the latex particles
according to Fig. 6

Run (different
monomer/water
ratio, mol/L)

Dn (nm) Dw (nm) Dv (nm) PSD Np (×10
15/ ml)

M1 (0.75) 79.24 84.51 81.05 1.066 0.40

M2 (1.07) 85.46 86.15 85.69 1.008 0.48

M3 (1.32) 103.85 106.03 104.57 1.021 0.33

M4 (1.70) 117.02 118.02 117.36 1.007 0.30

Fig. 6 TEM images of St
latex particles at different
monomer concentrations
(monomer/water, mol/L): M1,
0.7541; M2, 1.0684; M3,
1.3198; M4, 1.6968

Table 3 The effect of UDNa concentration on the latex particles
according to Fig. 7

Run(different
UDNa/water ratio,
×10-3mol/L)

Dn (nm) Dw (nm) Dv (nm) PSD Np

(×1015/ ml)

E1 (7.93) 123.93 124.01 123.96 1.001 0.15

E2 (15.86) 85.46 86.15 85.69 1.008 0.48

E3 (31.73) 62.61 63.32 62.85 1.011 1.19

E4 (64.46) 50.57 53.29 51.57 1.054 2.19

Fig. 7 TEM images St
latex particles at different
UDNa concentrations (UDNa/
water, 10-3mol/L): E1, 7.932;
E2, 15.864; E3, 31.728; E4,
63.456
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better stability of prepared latexes than that of conventional
emulsion products.

Since our system is essentially emulsifier-free emulsion
copolymerization of styrene with anionic monomer which
follows oligomer micellar nucleation mechanism and 60Co γ
rays induced polymerization is adopted, more complicated
mechanism for particle formation exists. UDNa acts as not
only a comonomer but also an emulsifier. It copolymerizes
with the main monomer and becomes covalently bound to
integrate with the main polymer chains. This makes the
microlatexes possess firm surface-active groups which
provide the electrostatic stabilization for the microparticles.
The presence of more ionic groups at particle surfaces
certainly enhances the electrostatic repulsive forces between
the particles and hence, the coagulation of primary particles
would be restricted. Meanwhile, the charged particles
generated by water under the irradiation of 60Co γ rays can
also stabilize latex particles. The aforesaid two effects cause
almost no coagulum in the final emulsion. In polymerizable
surfactant emulsion system, fast particle nucleation and the
rapid depletion of monomer are apt to occur. [28] So it can
easily lead to monodisperse latex particles.

Conclusions

In this work, the specific kinetics features of the 60Co γ
rays induced styrene emulsion polymerization have been
studied. This method had both the advantages of irradia-
tion induction and emulsifier-free polymerization. At the
same time, uniform polymer particles were obtained.
Polymerization rate increases with the increase of dose
rate, stabilizer concentration and monomer concentration.
While the particle size increases with decrease of dose
rate, increase of monomer and decrease of stabilizer
concentration. Generally, the latex particles have good
monodispersity. The colloidal stability of γ rays induced
latex prepared with a surfmer is better than that of
prepared with a conventional surfactant. Further study of
the different monomers and other ionic polymerizable
surfactant systems are in progress.
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