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6. Effect of free radical desorption on the polymerization process
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This paper shows that the Smith—Ewart kinetic model developed so far
for emulsion polymerization of water-insoluble monomer is applicable to
the prediction of the average number of radicals per particle. The classical
model is not applicable for emulsion copolymerization of monomers highly
soluble in water to the prediction of kinetic parameters. It is reported that
the radical desorption is governed by the chain transfer step and the copoly-
merization process is significantly influenced by the desorption of oligomer
radicals.

The equilibrium monomer concentration within monomer swollen po-
lymer particles is constant and independent of the emulsifier concentration
and increases with increasing acrylonitrile content in the monomer feed.

The average number of radicals per particle is estimated to increase with
decreasing emulsifier concentration and butyl acrylate content in the feed.
In the presence of a radical scavenger low values of both the radical con-
centration and the average number of radicals per particle are estimated.

B pa6ote moka3bIBaeTcs, YTO KHHEeTHYeckas Moaenb CMuTa—3BapTra,
pa3paboTaHHas A 3MYJILCHOHHOM NMOJMMEPH3allK BOJIOHEPACTBOPUMO-
T0 MOHOMEpA, IPUTO/IHA IS IPeCcKa3aHus CpeIHEro YHcia paJuKalioB Ha
vactuny. Knaccuyeckast MoieJb He IPUIIOKHMA IS TPEeCKa3aHUs KUHETH-
YECKHX [MapaMeTpPOB 3MYJIbCHOHHOH CONONMMEpH3allMd MOHOMEPOB,
XOpolIo pacTBOpUMbIX B Boge. Coobiiaercs, 4To AecopOuus panaukanoB
yNpaBJIfeTCs CTaAMeH TepeHoca UENH, W MPOLECC COMOJMMEPU3ALMU B
3HaYUTENBHOM Mepe 3aBHCHT OT JecOpOLMHM OJIMTOMEPHBIX PaIHKaJIOB.

PaBHOBecHas KOHIEHTpAIMsi MOHOMEpPA BHYTPH HaOYyXIIIHX MOHOMEPOM
MOJIMMEPHBIX YaCTHI| TIOCTOSIHHA U HE 3aBUCUT OT KOHIIEHTPAIMH 3MYJIbra-
Topa. OHa BO3pacTaeT NpH yBeJIHYEHUH CONEPKaHU aKPIIOHUTPHIIA B HUC-
XOIHOM MOHOMEDHOM CHIPbE.

Onpepensercs, YTO CPeAHEE YUCIIO PAANKAJIOB Ha YACTHUIY YBEIHYUBAET-
Csl IPH CHHXKEHUHU KOHIEHTPALMK SMYJIbraTopa U COAepXaHus OyTHIaKpH-
JaTa B ChIpbe. B pHCYTCTBMH akUeNTOpa paguKaloB OTMEYAIOTCS HU3KHE
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3Ha4YeHMs] KaKk KOHIIEHTPAIMK PaJUKAJIOB, TAK U CPEIHEro YKCIa paIdKajioB
Ha YacTHI.

Although emulsion copolymerization is industrially more important than the
emulsion homopolymerization, the kinetic study of the emulsion copolymeriza-
tion systems has so far received only little attention compared to the emulsion
homopolymerizations and bulk or solution polymerizations. This is mainly due
to the complicated character of the emulsion copolymerization. It is also impor-
tant to verify the accepted kinetic theories developed so far for emulsion
polymerization for a comonomer system in which at least one of the monomers
has high water solubility, since it may significantly influence the polymerization
kinetics.

The characteristic features of the emulsion polymerization are due to the fact
that each polymer particle where polymerization takes place should have at
most one polymerizing radical. With increasing the average number of radicals
per particle (Q) from 0.5, the characteristics of this system gradually change
from those of emulsion to bulk high conversion polymerizations.

The radical concentration within polymer particles is reported to be affected
by the radical desorption from the particles [1]. It seems that the exit of radicals
from latex particles depends on quantities such as the initiator concentration,
the mass fraction of polymer within particles, the surface properties of polymer
particles, and the water solubility of monomers [2].

Ballard et al. [3] proposed a mathematical model for emulsion copolymeriza-
tion systems which is essentially applicable in all range of 0. With increasing the
value of 0, however, estimation via this model becomes more and more com-
plex.

Nomura et al. [4] have proposed a simple method predicting the average
number of radicals per particle and their kinds in emulsion polymerization
systems.

In this paper, therefore, a simple model predicting the average number of
radicals per particle for emulsion copolymerization is developed by extending
emulsion homopolymerization theory [4].

The authors [5] studied the emulsion polymerization of methyl methacrylate
which has relatively high water solubility. They found, however, that the av-
erage number of radicals per particle is much higher than 0.5.

The effect of the radical desorption from the polymer particles on the emul-
sion polymerization process is thus still open to both experimental and theoreti-
cal verifications.

In this paper the emulsion copolymerization of water-insoluble butyl acrylate
and high water-soluble acrylonitrile has been studied. The data are quantitative-
ly interpreted using the generalized Smith—FEwart [6] and Nomura [4] models.
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Theory

The rate of emulsion polymerization of monomer A is expressed by

Up = kpAA[A J[A] = (kpAA/ NW)[Alq N 0 (1)

where [A],, is the equilibrium concentration of monomer A in the polymer
particle, N is the number of particles, Q is the average number of radicals per
particle, k oo is the propagation rate constant, and N, is the Avogadro’s
constant.

For free radical copolymerization of monomers A and B the rate is given by
the following expression

U = KpaalA<][A] + kpan[A+][B] + kppa[B-][A] + kypp[B<] [B] &)

Here A- and B- represent growing radicals with terminal units A and B, ky,,,
ko> Kopa, and K pg are propagation rate constants.
From the steady-state assumption in free-radical copolymerization follows

konslA-1[B] = k,pa[B-][A] 3
Consequently
[B-]/[A] = kpAArBL/(kpBBrA) )
and
[A][A] = v,ra/(kppn(ra + 2L + rg L?) )

where L is the ratio [B]/[A] and r, and rp are the reactivity ratios (ratio k;/k;).
For emulsion copolymerization of monomers A and B the rate is expressed
by the equation [7]

kpankops V' O [Ml, (ra + 2L + rgLl?)

| 6)
NA(kpBB"A + kpAArBL)(l + L)
where [M],, = [A], + [Bl,-
Consequently for emulsion homopolymerization
[A<] = (N/NA) O 7)
and for copolymerization
[A<] + [B<] = (N/N,) Q. ¥)

Let us consider an emulsion system where two monomers A and B are
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copolymerized and the desorption of free radicals from polymer particles is

taken into account. The Nomura’s model [4] predicting the radical desorption is

extended for emulsion copolymerization. This model has the following steps:
1. Transfer of free radical activity to monomer within polymer particle

Rl = ktr,A [A]eq (9)
Consequently for comonomer system we can write
k!r,Aktr.B(rszA + 2X,Xp + rpXp) Ml

R, .= (10)
(k. praxa + ki arpxp) (1 + L)

where k,, , and k., j are the transfer rate coefficients and x, and x; are the mole
fractions of monomers A and B in the feed.

2. Diffusion of the resulting free radical to the particle surface. If this step is
rate-determining, then

RZ = 3ZDpklr,A/kpAA2r§ (11)
and for the binary system we can write

_ 3ZDJklr,Aklr,B(kpBBrAxA + kpAAerB)

2r3kPAAkpBB(ktr‘ BraXa + ktr.AerB)

(12)

2.¢

where : is the degree of polymerization of the exiting radical, D, is the diffusion
coefficient of the free radical species in the particle, and r, is the swollen particle
radius.

3. Finally, if diffusion of free radicals away from the particle through the
aqueous phase is rate-limiting, then

R3 = 32Dwktr,A/kpAAqr§ (13)
For the binary system we propose

_ 3zD,k,, aky p(koparaXa + koaatsXs)
qrfkpAAkpBB(k!r. 87aXa + Ky aT5Xp)

(14)

3¢

where D, is the diffusion coefficient of the free radicals in the aqueous phase and
g is the partition coefficient for the exiting radicals between the organic and
aqueous phase. The value of ¢ is calculated from the ratio [M],/[Ml,q ... Where
[M],q« is the saturated monomer concentration in the aqueous phase.

_. In the system where the desorption of free radicals is significant the average
number of radicals per particle Q; is given by the following equation [8]

O; = 1/2(J/R}/REN* + 2R/R;N — R/R; N) (15)
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where R; is the rate of radical production, R; is the average rate coefficient for
the radical desorption from particles, and N is the total number of particles.
The parameter R, is given by eqn (/6)

R; = 2fk4[I] Ny = R{ N, (16)

where f stands for the initiator efficiency, k4 is the decomposition rate constant
of initiator. [I] is the concentration of initiator and R/ is the rate of initiation.

Experimental

Materials

Acrylonitrile (A) and butyl acrylate (B) were purified by conventional methods. Anal.
grade ammonium persulfate was used as polymerization initiator. Dowfax 2A1 (sodium
dodecylbenzenedisulfonate DW, molecular mass = 569) of polymerization grade was
used as emulsifier. Water was distilled under pure nitrogen.

Procedure

Polymer emulsions were prepared by the batch technique as described earlier [9] under
strict exclusion of oxygen. After vigorous stirring for 30 min in a thermostat at 70 °C, the
polymerization was initiated by injection of an aqueous solution of the initiator. The
polymerization was carried out for 2 h. The recipe in all runs comprised 140 g of water,
about 97g of monomer(s) (see later), and 0.772 g of ammonium persulfate. The
emulsifier concentrations varied from (0.6 to 7.32) x 10"2mol dm 3.

The values of the equilibrium monomer concentration within polymer particles were
determined by a “‘static swelling” method [7]. The particle sizes of latexes were deter-
mined by light scattering. All measurements were run at wavelength of 400 nm using a
Specord UV VIS spectrophotometer, according to the method described in [10]. The
number of polymer particles was determined from experimental data of latex particle
radii and polymerization kinetic data according to the method described in [11—14].

Results and discussion

The values of the equilibrium monomer concentration, the propagating
radical concentration, the rate of copolymerization, the average number of
radicals per particle, and the number of latex particles are expressed as a
function of the emulsifier concentration and the monomer feed composition in
Tables 1 and 2.
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Table 1

Kinetic parameters of the emulsion copolymerization of acrylonitrile (A) and butyl acrylate (B)
Initial monomer concentrations: [A] = 1.345 mol dm~3, [B] = 2.24 mol dm?

[DW]- 10 [Al, [Bl,° [A-] [B-]° . N-1071¢ v, ¢
mol dm ™3 mol dm™3 mol dm~? ¢ 1dm™3 moldm3s~!
x 107 x 10°
7.32 2.1 3.4 5.5 173 2.0 0.69 353
2.88 2.1 34 2.0 8.5 1.9 0.35 17.0
1.18 20 34 2.1 6.6 3.0 0.17 13.3
0.63 20 33 1.4 44 2.3 0.15 8.7

a) The equilibrium monomer concentration within polymer particles; ) the radical concentra-
tion of propagating radicals within polymer particles; c) the average number of radicals per particle;
d) the number of particles per 1 dm’ of the aqueous phase; e) the rate of copolymerization of
acrylonitrile and butyl acrylate in the interval 2, taken from [15].

Table 2

Kinetic parameters of the emulsion polymerization of butyl acrylate and copolymerization
of acrylonitrile and butyl acrylate
[DW] = 7.32 x 10" mol dm ™3

Feed compcfSition (Al, [Bl, “[A+] [B*] b N-10-'%4 v, e
(mole fraction of . o
butyl acrylate moldm~® moldm™ 1dm™3 moldm3s~!
x 107 x 10°
1.00 — 44 — 19.6 0.3 4.2 17.4
0.79 1.1 4.0 32 218 0.9 1.8 30.5
0.62 2.1 34 55 173 2.0 0.7 353
0.43 33 25 49 7.1 2.1 03 23.5
0.29 45 19 6.1 48 38 0.2 26.0

For a—e see the footnote to Table 1.

The value of [M],, for acrylonitrile and butyl acrylate slightly increases with
increasing emulsifier concentration. But it is more affected by the nature of
monomer, i.e. the value of the equilibriurh monomer concentration is directly
related to the level of water solubility of the monomer as has been shown earlier
[11—14]. As shown in [15], the value of [M], ., for acrylonitrile, however,
increases significantly with increasing emulsifier concentration.

Radical concentration is a function of the rate of polymerization, the mo-
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nomer feed composition, and the homo- and the cross-propagation rate con-
stants. It is estimated to increase with increasing emulsifier concentration and
to reach a maximum with increasing butyl acrylate content in the feed. The
concentrations of propagating macroradicals are estimated to be such that butyl
acrylate ends mostly predominate in this series of experiments. This is to be
expected from the relative reactivities of the acrylonitrile and butyl acrylate
radicals and the monomer feed composition. The effect of the particle size is
noticeable in the estimates of the average number of radicals per particle. The
average number of radicals is a function of both the emulsifier concentration
and the monomer feed composition. This is to be expected from the dependence
of the particle size on the emulsifier concentration and the monomer feed
composition, since the probability of coexistence of radicals increases with
increasing particle size.

The effect of the additives on the kinetic parameters of emulsion polymeriza-
tion is summarized in Table 3. The polymerization was carried out in the
presence of radical scavengers: hydroquinone (QH,) and benzoquinone (Q),
which are highly soluble in water.

Table 3

Effect of hydroquinone (QH,) and p-benzoquinone (Q) on the kinetic parameters of the emulsion
polymerization and copolymerization of butyl acrylate (B) and acrylonitrile (A)
[DW] = 7.32 x 102 mol dm ™}

Feed corpposition - [A+] [B-]° ., v, ¢ N.10-18¢
(mole fraction of butyl ~ Additive =~————— r— =
acrylate) mol dm moldm™s 1dm
x 107 x 10°
1.0 — — 196 0.28 17.4 42
1.0 QH, — 028 0.004 0.25 4.61
1.0 Q — 1.43 0.015 1.27 5.59
0.62 — 55 1713 1.99 353 0.7
0.62 QH, 035 L1 0.13 225 0.7
0.62 Q 034 1.1 0.12 2.2° 0.7
0.29 — 6.1 4.8 3.75 26.0 0.3
0.29 QH, 0.33 027 0.05 1.4 0.3
0.29 Q 0.96 0.75 0.15 4.V 103

a) The radical concentration of propagating radicals within polymer particles; b) the average
number of radicals per particle; c) the rate of polymerization and copolymerization in the interval
2; d) the number of particles (per 1 dm® water); e) from Ref. [16]; f) from Ref. [17].

[QH,] = 1.74 x 10™* mol dm~3, [Q] = 1.77 x 10~>* mol dm>.
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As shown in Table 3, the rate of polymerization, propagating radical con-
centration, and the average number of radicals per particle are lower than those
in the absence of the radical scavenger. These values show that most of radicals
formed from persulfate in the aqueous phase are trapped by the scavenger, but
some start the polymerization. After the latex particles are formed, the poly-
merization rate is governed by the entry rate of radicals and/or scavenger
molecules. The polymerization in the presence of the scavenger shows a lower
polymerization rate but unchanged molecular mass products [16, 17]. Accor-
dingly, the lifetime of macroradicals within polymer particles should be the same
for both systems (in the presence and in the absence of a radical scavenger).

The dependence of the rate of emulsion polymerization on the monomer feed
composition is described by the curve with a maximum corresponding to a
certain monomer feed composition (Tables 2 and 3). It is well known that the
rate of emulsion polymerization increases with increasing concentration of
polymer particles [6]. Here however the rate of polymerization does not run
parallelly with the number of polymer particles. This indicates that also other
factors influence the polymerization process. These include the reactivity of
radicals, the nucleation history, the primary particle concentration, the stability
of mature polymer particles, and the radical desorption as discussed later.

If we admit even an error +5 % in v, and N values [15], Tables 1—3 show
that the experimental inaccuracies cannot explain the variation of the average
number of radicals with the emulsifier concentration and the monomer feed
composition and therefore this explanation seems to be reasonable.

Tables 4 and 5 show the values of the rate coefficient for radical desorption
from the particles and the average number of radicals per particle for both low

Table 4

Values of calculated kinetic parameters of emulsion copolymerization of acrylonitrile (A)
and butyl acrylate (B)
[A] = 1.345 mol dm~3, [B] = 2.24 mol dm >

2, a b c
B B B R ¢ O0¢  RJR. 0JO
mol dm s s s
7.32 0.2 4.5 1.3 9.0 0.41 6.5 49
2.88 0.2 2.5 0.7 9.4 0.44 3.5 4.3
1.18 0.2 1.5 0.4 9.6 0.47 2.0 6.4
0.63 0.2 1.4 0.4 9.6 0.47 2.1 49

a—c) Rate coefficients for radical desorption; d) the ratio [M].,/[Ml,, sa;; €) the average number
of free radicals per particle corrected on the radical desorption (for calculation R, . values were
used).
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Table 5

Values of calculated kinetic parameters of emulsion polymerization and copolymerization
of acrylonitrile (A) and butyl acrylate (B)
[DW] = 7.32 x 10~ ? mol dm~?

Feed composition R, ° R, * R.
(mole fraction of L —2s - q or R; /R, . 0./0;

-1
butyl acrylate) &

w

S

1.00 0.29 58.2 0.71 220 0.22 24 1.4
0.79 0.19 6.8 0.91 18.2 0.26 4.8 35
0.62 0.20 4.5 1.3 9.0 0.41 6.5 4.9
0.43 0.21 3.0 1.3 59 0.46 6.2 4.6
0.29 0.23 1.9 0.93 5.5 0.44 4.0 8.6

For a—e see the footnote to Table 4.

and high emulsifier concentrations and for different monomer feed com-
positions calculated on the basis of Nomura’s model [4]. For these estimations
the following parameters were used: k., =0.065dm’mol~'s™!, k. 5=
=0.166dm’mol~'s™' [18]; z=1; D,=13x10""m’s [2] (at @, =0.6);
D, = 1.7 x107°m?s [2];f = 0.7[7], and k, is estimated to be 7.0 x 10~3s~'[19].

The rate coefficient for radical desorption shows a dependence on the mo-
nomer feed composition and the emulsifier concentration. The chain transfer is
predicted to be the rate-limiting step for systems with acrylonitrile. In the system
with butyl acrylate alone besides the chain transfer also the diffusion of free
monomeric radicals away from the particle is the rate-limiting step most prob-
ably due to the much lower water solubility of butyl acrylate compared with that
of acrylonitrile. Similar results were observed by desorption radical studies also
in the systems with styrene [20] and methyl methacrylate [2].

In the range of low emulsifier concentrations also the transport of free
radicals from particles seems to be the rate-limiting step. It is speculated that the
desorption rate coefficients are affected by the change in diffusion characteristics
of the reaction system concerning the thickness and density of the boundary
particle surface layer of emulsifier. Adopting values for [M],, ., the degree of
polymerization of butyl acrylate macromer which separates from the aqueous
phase is 5 and for aciylonitrile/butyl acrylate comonomer system it is approxi-
mately 25 [17]. It is reasonable to expect that also these resulting oligomeric free
radicals exit from polymer particles. This expectation leads to the conclusion
that the rate coefficients R, . and R; . should be at least 5 or 10 times higher than
those shown in Tables 4 and 5. Thus the chain transfer seems to be the rate-limit-
ing step for the studied systems.
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The radicals produced by the chain transfer to monomer which are located
on the polymer particle surface or near this surface, will exit from latex particle
easier than those generated and located within the polymer particle core. This
approach seems to agree very well with the statement that the rate of desorption
is inversely proportional to the particle radius [6, 21, 22].

Good agreement is observed between the average number of radicals O,
(applying Smith—Ewart model) and Q; for systems with butyl acrylate or its
high content in the monomer feed. With rising the mole fraction of acrylonitrile
in the monomer feed the ratio 0./Q; increases. Transfer coefficients for both
monomers are approximately equal, they contribute to the ratio 0./Q; by the
same portion. However, different water solubilities of butyl acrylate and acry-
lonitrile monomer and their oligomeric radicals are most probably responsible
for the change in the ratio Q./Q; with changing monomer feed composition.
Thus with increasing acrylonitrile concentration the concentration of monomer-
ic or oligomeric radical soluble in water which is able to exit from the polymer
particle into the aqueous phase increases.

The rate of copolymerization does not run with Q_, Qror N but runs parallelly
with the ratio R; /R, .. This observation indicates that the diffusion of radicals
through the particle/water interface into the aqueous phase plays an important
role in the whole mechanism of polymerization. Thus the nature of particle
surface dependent on the mechanism of particle growth (by particle coalescence
or conversion of monomer within polymer particle) seems to influence the rate
of radical desorption and the radical concentration within polymer particles.

The sorption and desorption processes proceed so quickly that the equilib-
rium distribution of radicals between the aqueous and the polymer particle
phases is reached [23]. Exited radicals can take part in the initiation of poly-
merization or bimolecular termination in the aqueous phase or enter the mo-
nomer swollen emulsifier micelles or polymer-monomer particles [2, 3, 5]. Re-
-entered radicals can either initiate the growth of the macromolecular chain or
terminate the growing polymer radicals.

Conclusion

This paper explains:

1. The Smith—Ewart kinetic model (case II) is applicable for the emulsion
polymerization of butyl acrylate but it is not convenient for the emulsion
copolymerization of butyl acrylate and acrylonitrile due to the radical
desorption from polymer particles.
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2. The chain transfer process is the rate-determining step in the desorption

of radicals from the polymer-monomer particles.

3. The desorption of radicals plays an important role in the overall copoly-

merization process.

—

23.
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