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The free-radical emulsion copolymerization of acrylonitrile and butyl
acrylate initiated by potassium peroxodisulfate at 60°C in the presence of
the blend of anionic and nonionic emulsifier has been investigated. The
effect of the emulsifier blend composition on the surface tension of anionic
—nonionic emulsifier systems at 30 °C has been described.

Two kinds of micelles (one rich in anionic emulsifier and the other rich
in nonionic one) coexisting in the present mixed emulsifier solutions were
formed.

The rate of polymerization was found to increase and the latex particle
size to decrease with increasing concentration of the anionic emulsifier in the
reaction system. An abrupt increase in the polymerization rate within the
mole fraction range of the anionic emuisifier from 0 to 0.1 and from 0.9 to
1.0 has been observed.

Over the interval 2 the rate of polymerization is proportional to the 0.55
power of the final polymer particle number, to the 0.36 power of the anionic
emulsifier concentration and to the 1.09 power of the total emulsifier con-
centration.

MccnenoBana cBobomHO-paauKkaibHash 3MYJIbCHOHHAS COMOJIUMEpH3a-
1[Ms] aKPHJIOHUTPHJIA ¥ OyTHIIaKpHIIaTa, HHUIIMAPOBAHHAN IEPOKCOAUCYIb-
¢datom kanus npu 60°C B NpUCYTCTBHH CMECH aHHOHHOTO M HEHOHHOIO
aMyJsibratopoB. OMUCaHO BJIMSIHHE COCTaBa CMECH 3MYJIBFaTOpOB Ha IIO-
BEPXHOCTHOE HaNpshkeHHe aHHOHHO-HEHMOHHBIX CHCTEM 3MYJIbIaTOPOB NPHU
30°C.

O6HapyxeHO obOpa3oBaHHME ABYX THUIIOB MHUIENI (OQHOrO C BBICOKHM
coJlep)KaHHEM aHHOHHOTO 3MYJIbraTopa, a BTOpOro ¢ npeobnasaHueM He-
HOHHOT0), OJHOBPEMEHHO HAXOIIIUXCS B JaHHOH CMEIIAHHOH CHCTEMe
3MYJIBIaTOPOB.

OG6HapyXeHO, YTO CKOPOCTb IIOJIAMEPH3AlM¥ BO3pACTaeT, a pa3Mep
YaCTHIL JIaTEKCA YMEHbIIAETCA NPHU NMOBBIIIEHHH KOHIEHTPAllUi aHHOHHOT O
IMyJbraTopa B peaknuoHHo# cucreme. Habnronancs peskuii poct ckopoc-
TH MOJIMMEPHU3ALHM B TPAaHHIIAX OJHOMOJIPHOM KOHIEHTPALIMA aHHOHHOT O
amyaberatopa npu nepexoge ot 0 x 0,1 u ot 0,9 x 1,0 M KoHUEHTpaMH.
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B uHTEpBasE 2 CKOPOCTH MOJIUMEPU3ALMH IPONOPILMOHAIbHA KOHEYHOM
KOHIIEHTPALWH NOJIMMEPHBIX 4acTHI B cTeneHd 0,55, KOHIEHTpanuu aHu-
OHHOroO 3MyJbratopa B crenenu 0,36 u oOleil KOHIEHTPALUK 3MYJILraTo-
poB B crenenu 1,09.

The micellar and homogeneous nucleation theories [1, 2] have gained wide
acceptance for describing the emulsion polymerization and copolymerization of
a wide range of monomers [3—9]. These include primary particle formation by
entry of a free radical into a micelle or by homogeneous nucleation of oligomeric
free radicals in the aqueous phase. After their formation, primary particles may
simply grow by conversion of a monomer to polymer within these particles.
There is experimental evidence for nucleation being a coagulative process and
the appropriate “coagulative nucleation model” describing especially emulsion
polymerizations containing monomers partly soluble in water has been de-
rived [10].

A major problem in deciding which mechanism(s) is (are) applicable to a
given monomer under a particular set of conditions is that experimental data are
often consistent with more than one mechanism.

In our early papers [11—13] we investigated the effect of anionic, nonionic,
and cationic emulsifier and monomer feed composition under low or high
initiation rate on the polymerization behaviour. The rate of polymerization was
proportional to [emulsifier]’¢ for the system containing monomers insoluble in
water or comonomer pairs containing butyl acrylate with low amount of acry-
lonitrile. Experimental data showed that the exponent on emulsifier concentra-
tion decreases with increasing acrylonitrile concentration in the monomer feed.
In addition, the value of the order with respect to the emulsifier concentration
is lower at high emulsifier concentration.

The aim of the present work is to establish the limits of the validity of
emulsion polymerization mechanism(s) if a monomer with appreciable water
solubility and the blend of anionic and nonionic emulsifiers are applied.

Experimental

Purification of acrylonitrile (AN), butyl acrylate (BA) and other materials has been
described earlier [11].

Reagent grade emulsifiers Dowfax 2A1 (DW) (anionic emulsifier, sodium dodecyl-
phenoxybenzenedisulfonate provided by DOW Chemicals Co., M, = 569) and Slova-
sol 2430 (SLO) (nonionic emulsifier, alkyl polyoxyethylene ether type —
C,4H4O(CH,CH,0),,CH,CH;, M, = 1660.3) were used as supplied.

Anal. grade potassium peroxodisulfate (Lachema, Brno) was used as supplied.

The surface tension was determined by the stalagmometric method [11, 14]. Constant
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temperature (30°C) was maintained by connecting the jacketed stalagmometer to an
adjustable temperature water-bath pump [11].

Emulsion copolymerizations of acrylonitrile and butyl acrylate were carried out at
60°C. In all runs a recipe containing 180 g of water, 29 g of acrylonitrile, 91 g of butyl
acrylate, 2.4 g of emulsifier blend, and 0.18 g of potassium peroxodisulfate was used.
Emulsifier ratio (DW/SLO) varied as shown later. Emulsifier concentrations were refer-
red to the aqueous phase. The polymerization technique used has been described in detail
elsewhere [3].

The particle sizes of latexes were determined by the light scattering method [15] (here
also doubled by electron microscopy).

Conversion of monomers was determined from the data obtained by gravimetry and
gas chromatography [16]. The polymerization rate was determined as the mean rate
within the region of 40—60 % conversion and equals the maximum rate.

The number of the particles N was estimated from the experimental value of the
root-mean-cube average particle radius according to the method described elsewhere
[17]. The number of polymer particles per 1 cm® of the aqueous phase is illustrated in the
present paper.

Results and discussion
Micelle studies
Fig. 1 shows that in the case of the mixed emulsifier (DW—SLO) system, the

surface tension vs. emulsifier concentration curve breaks at two intervals. Here
are illustrated three systems with a different emulsifier blend composition. With

40 1 ] I ] 1 ] ]
0 20 40 60

[ow] - 10"/(mo( dim 4
Fig. 1. Variation of the surface tension y with increasing emulsifier concentration [DW] in mixed
emulsifier solutions of the DW—SLO system at different emulsifier blend compositions. § = 30°C.

1. xpw = 0.2; 2. xpw = 0.6; 3. xpw = 0.9 (given in mole fraction of DW in mixed emulsifier aqueous
solutions).
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increasing concentration of DW in the emulsificr blend the sharp decrease of the
surface tension was observed. Note also that this sharp decrease was the most
pronounced in the system with the lowest concentration of anionic emulsifier.
In all cases the surface tension decreases temperately after the first CMC point
with increasing emulsifier concentration but remains constant above the second
critical micelle concentration. Thus the obtained values of CMC, (rich in
anionic emulsifier, curve 2), CMC, (rich in nonionic emulsifier, curve 3) together
with the proposed CMC values (curve 1) are illustrated in Fig. 2.
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m

cMC/(mmol d

Fig. 2. Variation of the critical micelle con-
centration with xp,, (the mole fraction of DW in
mixed emulsifier solutions of the DW—SLO
system). 6 = 30°C.

1. CMC value of the mixed micelle proposed;
2., 3. CMC, and CMC, values observed in
mixed emulsifier solutions. Other conditions are
DW given in the legend to Fig. 1 and in Table 1.

Results in Fig. 2 show that both micelles coexisting (one rich in anionic and
the other rich in nonionic emulsifier) exhibit negative deviation from ideality.
The deviation from ideality (dashed line) is large. It indicates the presence of the
strong interaction between both emulsifiers attending the formation of micelle.

These two kinds of micelles are found to be formed in the mixed emulsifier
systems with the nonionic emulsifier which has longer polyoxyethylene chain
(above 10 or 20 oxyethylene units) [18]. The nonionic emulsifier used (SLO)
fulfils this assumption.

Initially the CMC for the emulsifier blend rich in nonionic emulsifier de-
creases with increasing mole fraction of DW and on the contrary after reaching
a minimum at xpy = 0.5, increases almost linearly. The depression of CMC may
be taken as evidence for micellar stabilization [19]. We come to the conclusion
that the anionic emulsifier affects micellization of SLO in a similar way as
aliphatic alcohols, i.e. it stabilizes at low cosolvent concentrations and de-
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Fig. 3. Variation of the monomer conversion C in the emulsion copolymerization of butyl acrylate
(BA) and acrylonitrile (AN) with the reaction time and with the mole fraction of DW in the mixed
emulsifier solution (mixtures of DW and SLO). 8 = 60°C.

Recipe: 180 g of water, 29 g of AN, 91 g of BA, 0.18 g of K,S,04. 2.4 g of emulsifier blend
(DW and SLO).

Xpw = 1. 1.0 (@); 2. 0.985 (O); 3. 0.898 (A); 4. 0.746 (@); 5. 0.595 (A): 6. 0.4 (O): 7. 0.255 (M)
8.0.11 (©); 9. 0 ().

stabilizes them at higher concentrations [20]. However, in the case of alcohols
the maximum depression of CMC is larger than when DW is used as additive.

The CMC for the mixed emulsifier system rich in anionic emulsifier abruptly
decreases with increasing mole fraction of SLO from 0 to 0.3 and then decreases
only slightly. Here the depression of CMC indicates the formation of micelles
with higher stability.

Thus at low SLO concentrations the additive enters the micellar palisade
region and stabilizes the aggregates presumably by hydrophobic interaction
with the hydrocarbon chain near the micellar surface (i.e. the interaction be-
tween the hydrophobic group in anionic emulsifier and that in nonionic one)
[19].

Such placement of SLO molecules, however, is expected to increase the free
(Helmholtz) energy of micellization by reducing the dielectric constant in the
medium between ionic heads. The decrease of the hydrophobic free energy or
possibly entropic effects due to the entry of SLO in DW micelles result in an
overall stabilization of the micelles as evidenced by the decrease of CMC.

Polymerization studies

The conversion—time data of the emulsion copolymerization of acrylonitrile
and butyl acrylate initiated by a water-soluble initiator are shown in Fig. 3. The
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curves illustrate the effect of the emulsifier blend composition on the poly-
merization process. The emulsifier blend is composed of the anionic and nonion-
ic emulsifiers. With the exception of the curve 9 (a system containing only a
nonionic emulsifier), the curves show two-rate regions: a nonconstant region up
to 15 or 20 % conversion and after 70 or 80 % conversion and a constant-rate
region within 20—60 % conversion (the so-called interval 2).

The rates of polymerization obtained in the interval 2 (maximum rate) are
expressed as a function of the mole fraction of DW xpy, in Fig.4 (curve 1). As
expected, the polymerization proceeds at a high rate in systems rich in the
anionic emulsifier (xpw — 1.0) and at low rate with a nonionic emulsifier
(xpw — 0). One can also observe that the addition of a small amount of anionic
emulsifier (xpy < 0.1) causes an abrupt increase of the polymerization rate. On
the contrary, the addition of a small amount of nonionic emulsifier (xpy > 0.9)
causes an abrupt decrease of the polymerization rate. Over the middle amount
of DW (0.1 < xpw < 0.9) only slight increase of the polymerization rate with
increasing xpy, has been observed.
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Fig. 4. Variation of the rate of copolymerization v, and of the mean particle diameter d with the mole
fraction of DW xp,,. Other conditions are given in the legend to Fig.3 and in Table 1.

According to the simple micellar and homogeneous theories [1, 2] the rate of
polymerization is approximately inversely proportional to the polymer particle
size. The rate of polymerization is a function of the effective area of polymer
particles [21]. The curve 2 (Fig.4) follows the expected trend, excluding the
region with the value of xpy, close to 1.0. Here a small decrease of the polymer
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particle size was parallelled with the abrupt increase in the values of the poly-
merization rate.

It was shown [22] that the size of mixed micelles decreases with the increasing
mole fraction of the anionic emulsifier. Consequently, the radical capture effi-
ciency increases with the increasing effective surface area of micelles, i.e. it
increases with increasing concentration of the anionic emulsifier in the solution.

The entry of charge radicals (primary and oligomer radicals) into micelles
and into polymer particles is somewhat hindered due to electrostatic repulsion
[23, 24]. Consequently, micelles and polymer particles rich in nonionic emulsifier
absorb negatively charged radicals easier than those rich in anionic emulsifier.
The rate of polymerization is related to the rate of the entry of radicals into
micelles and polymer particles.

The surface charge density is most probably influenced by the degree of
ionization. It was shown that the degree of micellar ionization in the mixed
emulsifier system decreases with increasing concentration of nonionic emulsifier
over the high concentration range of anionic emulsifier. It is supposed that the
abrupt decrease of the polymerization rate observed on the additicn of a small
amount of nonionic emulsifier (xpy — 0.9) is most probably due to the increase
of the surface charge density which inversely influences the radical capture
efficiency.

Itis interesting to note that the efficiency of the nonionic emulsifier is strongly
suppressed by the anionic emulsifier present even at low concentration (below
its CMC). The addition of a small amount of the anionic emulsifier leads to a
decrease of the particle size and simultaneously an increase of the rate of
polymerization is observed.

The nonionic emulsifier sterically stabilizes the polymer particle at high
surface coverages, i.e. polymer colloids are only stable at high emulsifier con-
centrations. Under these conditions, however, mostly large latex particles are
formed.

The theory of steric stabilization predicts that the steric repulsive energy
governing particle size is dependent upon the concentration of emulsifier in the
adsorbed layer. This concentration is determined by the bulk polymer con-
centration and the affinity of the emulsifier adsorption to the particle surface.
The stability of a sterically stabilized colloid is mainly determined by the
magnitude of the Gibbs energy change of the steric interaction produced by the
close approach of the emulsifier-coated particles.

It appears that the anionic emulsifier influences strongly the thickness of the
adsorbed layer of nonionic emulsifier to the particle surface and favours the
change of the steric to the electrostatic interaction accompanied with the high
degree of ionization. Besides the interaction between SLO and DW and
emulsifier and polymer influences the effective emulsifier surface area.

Chem. Papers 42 (6) 763—1772 (1988) : 769
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To specify the effect of the mixed emulsifier solutions and each type of
emulsifier the rate of polymerization (maximum rate) was followed as a function
of total and simple emulsifier concentrations. The rates of polymerization (taken
from Fig. 3) together with the final particle number on a log—log scale are
shown in Figs. 5 and 6. The slopes of the straight lines in Fig. 5 give the following
reaction orders (obtained by the least-squares method) v, ~ [DW]**,
N ~ [DW]**, and v, ~ N*%. First two equations (considering only DW) give
the expression v, ~ N** which is in good agreement with that for the whole
system (considering the mixed emulsifier compositions shown in Fig.3 and
Table 1).

14 + log N

0.0 0.5 1.0 1.5
1.0 I T I I T 1.0

+
3 +log o
1% +log N

3+ log [DW]

Fig. 5. Variation of the rate of copolymerization (maximum rate) of acrylonitrile and butyl acrylate

with the final particle number N and the concentration of DW and of the number of final particles

N with the concentration of DW in the mixed emulsifier solutions in log—-log scale. Other conditions
arc given in the legend to Fig.3 and in Table 1.

We have already reported [13] that the rate of copolymerization of acryloni-
trile and butyl acrylate in the presence of DW was proportional to the 0.41
power of the emulsifier concentration. This value is close to 0.36 obtained here
in the mixed emulsifier system. This also indicates that the whole mechanism of
the emulsion copolymerization in the presence of the emulsifier blend is gover-
ned by the anionic emulsifier. Similarly, the slopes of the straight lines in Fig. 6
give reaction orders v, ~ ([DW] + [SLO])'” and N ~ ([DW] + [SLO])"* which
somewhat differ from those above. In these calculations dependences v, and N

L]
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Fig. 6. Variation of the rate of copolymerization (maximum rate) and of the number of final particles
with the total emulsifier concentration ((DW] + [SLO]). Other conditions are given in the legend to
Fig.3 and in Table 1.

Table 1

Concentrations of emulsifiers in mixed emulsifier solution of the DW—SLO system used in both
micelle and polymerization studies

¢

Xou® [DW]-10? [SLO]- 102 y
moldm? mNm™'

0.0¢ 0.0 0.803 —
0.114 0.092 0.797 —
0.2 0.19 0.73 48.6
0.255¢ 0.24 0.704 —
0.44 0.42 0.646 48.2
0.5 0.587 0.587 48.0
0.6 0.77 0.523 47.6
0.7 1.01 0.437 473
0.75¢ 1.15 0.39 —
0.8 1.34 0.32 45.0
0.85 1.52 0.26 43.6
0.9¢ 1.7 0:192 42.0
1.0¢ 2.34 — —

a) The mole fraction of DW in the mixed solution of the DW—SLO system; b) the constant
surface tension value (above the second critical micelle concentration); c) referred to the aqueous
phase; d) emulsifier blend compositions used in polymerization runs (see Figs. 3—6).
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(IDW] + [SLO])) give the expression v, ~ N**° which is also close to that

obtained from the dependence v, on N. As expected, the rate of polymerization
increases with increasing total emulsifier concentration.

On the other hand, the dependences v, and N vs. the concentration of

nonionic emulsifier give negative reaction orders. This may be taken as indica-
tion that the nonionic emulsifier does not play an important role in the poly-
merization mechanism (nucleation and growth of polymer particles, etc.) but
rather stabilizes polymer particles.

wn Hh W -

~N N
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