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PARTICLE FORMATION IN EMULSION POLYMERIZATION:
PARTICLE NUMBER AT STEADY STATE

Z. SONG and G. W. POEHLEIN

School of Chemical Engineering
Georgia Institute of Technology
Atlanta, Georgia 30332-0100

ABSTRACT

The number of particles formed in batch emulsion polymerization over
wide ranges of emulsifier and initiator concentration has been investi-
gated by computer simulation with a mathematical model developed
in a previous paper. The influence of particle coagulation is also con-
sidered. The results show that, at low emulsifier concentration, the
steady-state particle number N; is governed by homogeneous nuclea-
tion so that N; increases slowly with increasing emulsifier concentra-
tion [S]. In this range, NV increases with increasing monomer polarity.
The steep rise in Ny with emulsifier concentration after [S] exceeds a

- critical value suggests a transition from homogeneous nucleation domina-
tion to micelle nucleation. The slope of the Ny vs [S] relationship in-
creases as the particle coagulation rate constant K increases. The power
x in the empirical relationship Ny ~ [S]* decreases with increasing polar-
ity of monomer in this region. At very high micelle concentration, in-
sufficient radical generation and the increasing tendency for particle
coagulation cause Nj to be less dependent on emulsifier concentration.
These phenomena have been reviewed by Vanderhoff and confirmed by
the experimental data presented by Sutterlin. The particle number in-
creases with increasing initiator concentration {I] when {S] is above
the CMC. As [I] continues to increase, however, Ng becomes relatively
constant, Experimental data for styrene, butyl acrylate, and methy!
acrylate from the literature are compared with the model predictions.
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Agreement between the theoretical predictions and the experimental
data is evident over a wide range of emulsifier and initiator concen-
trations.

INTRODUCTION

Smith and Ewart [4] proposed the following simple relationship for the
final particle number, N, in emulsion polymerization:

Ns = K(pifu)®*(as [S])°C, )]

where K is a constant, equal to 0.37 for the lower limit and 0.53 for the upper
limit, y is a constant rate of increase in the volume of each particle; a; is the
interfacial area occupied by a mole of emulsifier, [S] is the molar emulsifier
concentration, and p; is the initiation rate. Equation (1) has often formed the
basis of a test of the applicability of the Smith-Ewart theory in emulsion
polymerization. Some results (most are for styrene) were in agreement with
the theory, but others were not. An exponent of 0.5 has been reported by
Breitenbach and Edelhauser [5], Morton and Landfield {6], and Friis and
Nyhagen [7] for the dependence of N on [S]. Chen and Chang [8] as well
as Chatterjee and Banerjee [9] have reported a 0.5 exponent for initiator con-
centration, [I], even for the styrene monomer systems. Zollars [10] and
Friis and Nyhagen [7] have reported some cases in which Ny was independent
of initiator concentration. Zollars [10] reported that the power relationship
between N and [I] changed with the magnitude of [I] as well as with tem-
perature for the emulsion polymerization of vinyl acetate.

In general, the Smith-Ewart theory is believed to be applicable to mono-
mers with limited water solubility, such as styrene. Vinyl acetate and methyl
methacrylate are not commonly observed to follow Smith-Ewart kinetics be-
cause of their relatively high solubilities in water and for other reasons, such
as the gel effect and radical desorption. However, data from the emulsion
polymerization of monomers whose water solubilities are less than that of
styrene do not follow the Smith-Ewart theory. Moore [11] investigated the
emulsion polymerization of a very sparingly water-soluble monomer, vinyl
stearate (water solubility 7 X 1077 mol/L compared with that of styrene
3.5 X 1073 mol/L). He reported that the particle number Ny was indepen-
dent of initiator concentration. N increased with emulsifier concentration
[S], but no linear relation was observed between log Ny and log [S], as is
predicted by Eq. (1). Piirma [12], using mixed emulsifiers, also noticed that
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the data for styrene emulsion polymerization did not fall on a straight line on
the plot of log Ry, vs log [S]. Gerrens and Kohnlein [13] reported, for the
emulsion polymerization of 2,4-dimethylstyrene (whose solubility in water is
supposed to be less than that of styrene), a dependence of Vg on the first
power of [S] and on the 0.08 power of initiator concentration [I]. Thus, it
can be seen that the relationship between N and [S] and p; can be complex
for different monomers and under different reaction conditions.

Sutterlin [3] carried out experiments with a series of acrylates, methacryl-
ates, and also styrene to investigate the influence of monomer polarity on
particle formation. He observed three regions on the Ny [S] curves.

Ist region: At emulsifier concentrations markedly below the CMC, very
little soap is available for stabilization of the oligomer radicals. In this range
the higher self-stabilization of the polar monomers and their more rapid rate
of particle formation in the homogeneous phase dominates. The number of
particles formed per unit volume thus increases with increasing monomer
polarity.

2nd region: Near the CMC the availability of emulsifier is drastically in-
creased. This is of particular benefit to nonpolar monomers which, due to
their moderate self-stabilization and poor water solubility, do not readily
form particles in the homogeneous phase. The result is a steep rise of the
N = f([S]) function in the vicinity of the CMC.

3rd region: At soap concentrations noticeably above the CMC, sufficient
soap is available to cover the internal surface of the system. Since hydro-
phobic interfaces are more densely covered with soap, they are also better
stabilized. Such systems show a reduced agglomeration tendency and, there-
fore, their particle number increases more steeply with the soap concentra-
tion than that of more polar monomers.

Sutterlin et al. [3, 14] found that the exponent x of the function Ny =~
[S]x decreases with increasing monomer polarity above the CMC.

Vanderhoff [2] summarized previous work and presented a typical varia-
tion of Ny with emulsifier concentration, as shown in Fig. 1. At emulsifier
concentrations well below the CMC, Ny increases slowly at first and then
more rapidly, until it rises almost vertically at the CMC, to level off at an
emulsifier concentration well above the CMC. The near-horizontal part of
the curve at very low emulsifier concentration suggests that initiation in
the aqueous phase is the principal mechanism of particle nucleation and
that Ny is determined more by the stabilizing effect of the sulfate end groups
introduced by the persulfate initiator than by the adsorption of emulsifier.
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FIG. 1. Typical variation of the number of particles with emulsifier con-
centration {2].

The near-horizontal curve at emulsifier concentrations well above the CMC
suggests that, here, N is determined more by the rate of radical generation
than by the number of micelles. Vanderhoff postulated that the steep rise
in N near the CMC might result from the formation of emulsifier aggregates
(micelles) at concentrations well below the CMC.

Recently, Lichti, Gilbert, and Napper [15] observed from the positively
skewed plot of particle size distribution (PSD) that the rate of production of
new latex particles increased during much of the nucleation period. To ex-
plain this, Lichti et al. {15} and Feeny et al. [16] proposed a two-step coagu-
lative nucleation model, according to which the “true™ (i.e., mature) latex
particles are formed through coagulation of so-called “precursor particles”
rather than through growing of the precursor particles by polymerization.
The precursor particles can be formed, in turn, by the homogeneous nuclea-
tion or by micelle-entry nucleation. The precursor particles are colloidally
unstable because of their small size (<5 nm).

Feeny et al. [16] determined the steady-state (or final) particle number
with the two-step coagulative model by assuming that the formation of new
precursor particles ceases when there is no longer any free surfactant to
stabilize them, the same assumption used by Smith and Ewart [4].

Napper and Gilbert [17] pointed out that “to-date, coagulative nuclea-
tion theory has only been applied to styrene emulsion polymerizations.
Whether it is applicable to the emulsion polymerization of other monomers
remains to be determined experimentally.”

Dunn and Hassan [18] carried out emulsion polymerization of styrene
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using Aerosol MA or Lankropol KMA as emulsifier, also finding S-shaped Vg
vs [S] curves. Dunn and Hassan believed that micellar nucleation dominated
when the emulsifier concentration was above the CMC. However, coagula-
tion was important and coagulative nucleation might operate at emulsifier con-
centration below the CMC. The constant particle number achieved in emul-
sion polymerization with emulsifier concentration either above or below the
CMC might actually result from a steady state in which the rate of particle
formation happens to balance that of particle coagulation.

The mechanisms of particle nucleation in emulsion polymerization were
discussed, and a mathematical model was proposed in a previous paper [1].
A three-parameter analytical solution was obtained from this model for the
dynamics of the particle number N during the transient portion of batch emul-
sion polymerization. In this paper, model predictions of the particle number
at the steady state, Vg, will be examined by computer simulation. Experi-
mental data from the literature are used for comparison with the model pre-
dictions.

THEORY

The following equation for particle generation rate in emulsion polymer-
ization was developed in a previous paper [1]:

d[P)/dt = bp; - K.BB;[P] - K([P]?, Q@)

where [P] is the particle concentration, b is a parameter which accounts for
aqueous phase termination, and p; is the initiation rate of oligomeric radicals
in the aqueous phase. K, is the average rate constant of radical capture by
particles and is defined by

K= 3 eilPi]
i=t [P]

3)

where [P;] is the concentration of particles of size i, [P] is the total particle
concentration defined by [P] = Z [P;], and K; is the rate constant of radical
i=1

capture by particles of size L Ky in Eq. (2) is the average coagulation constant
of particles and is defined by
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(12) Z ZKpPAB)+0/2) E K’

Kf = [P] 2 2 (4)

where Kp;; is the coagulation constant between particles of size i andj. The
parameters B;, B, and b are defined by the following equations:

oo 5)
kpMy, (1 - 0p)
B;i =1+ pig/p; + Pim/pi + (Kefen[P1NA)/p;, (6)
b=1-(1-C) k;szBi2p,', 7
a n*-2
c=—2P>t _ el L e -n”‘ozp"*‘2 + 2n*o¢1,,”*‘1 - (n* - l)ap"*],
J-0" ")
(8)

where k), is the propagation rate constant; M,, is the monomer concentration
in the aqueous phase; k;,, is the termination rate constant in the aqueous
phase; p;, and p;y,, are the rates of chain transfer to chain transfer agent (CTA)
and to monomer, respectively; p, = Kofent [PV is the rate of radical desorp-
tion from particles; K, is a desorption rate constant; # is the average number
of radicals per particle; N4 is Avogadro’s number; f is the fraction of radicals
in the particle phase (7[P] V4 ) that can be desorbed; n* is the critical chain
length above which an oligomer will precipitate from the aqueous phase, and
ap is defined by

kpM,,

Qp = 5
P KoMy + Ko [Mc] + Kimg[Md] + K [P] + ke [Ryp] + K, [CTAL + KMy

©)
where [Mc], [Md], and [CTA],, are the concentrations of micelles, monomer
droplets, and chain-transfer agent, respectively; K, . and Kj;, 4 are the rate
constants for radical capture by micelles and monomer droplets; and k;» and
k:rm are the rate constants for chain transfer to chain transfer agent and mono-
mer. [R,,] is the total radical concentration in the aqeuous phase. The follow-
ing aqeuous-phase balance equations for the total radicals and individual radi-
cals with chain length i, {M;], are used to determine [R,,]. The assumption
of a steady-state free radical concentration is employed.
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- 2k [Ry]? - k1 [CTAL, [Ry ] + kigM,, [A°] =0, (10)
dM
Ldtl_lzpi+pe,-gkpMW+ch[Mc1 + KmaMd] +K,[P]} [M]]

- 2ksy [Ry ] [My ] - k4, [CTA] wiMi]+kigM,, [A-]

+ KtrmMw ”%‘1 Mpn] =0, (11)
m=2
d[‘l;:m] =kpMyy [Mm_y] - {kpr +Kp e [Mc] + Kina[Md]
+ K. [P1} [Mm] - kew [Ryw] Mpe] - K2y [CTALL, [Mp ] + Defem =0,
(12)
d[A-]
=k [CTA]y [Ry] - kigMyy [A*] =0, (13)

where [A-] is the concentration of chain-transfer agent radicals in the aque-
ous phase, kj, is the reinitiation rate constant for monomer by the chain-
transfer agent radicals, and fg,, is the fraction of desorbed radicals with
chain length m. Equations (11) and (12) can be written as follows at the
steady state:

Pit Pig t pim + Pefel
M;] = M , a4
p My,

My} = 0p {Mm-11 +Pefem/(pMw)}  (m=2,3,...,n*-1), (15)

where p;; and p;,y, , the rates of chain transfer to CTA and monomer, respec-
tively, are defined by

Pig =ker [CTA]w [Ry] (16)
Pim = ktrmMy [Ryw] an

Assuming that only monomer radicals (i.e.,M)can be desorbed from particles,
combination of Egs. (14) and (15) then yields
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m Pit Piat Pim *+ Pefel
kpM,,

Mp] =y m=1,2,...,n*-1). (18)

Thus,

(1-0p"* 1) (0 + pig + Pim *+ Pefel)
(1 ‘ap)(kpr) .

[Rw] = ”mé-ll Mpl=ap (19)

Substituting Eqs. (13), (18), and (19) into Eq. (10) and rearranging yields

Di(1- " " 1)ap/(1 - 4p)]> + Dyap/(1 - ap) - 1 =Dy /(1 - "1 (20)

where
Kiw(pi + pig t pefel)
Dy = wlP; ia i e , @1)
(kpMy)
K,,.[Mc] + K, Myl + K. [P
D, = mc[ ] md[ d] el ] ; (22)
kpr
. + o
Dy = Pia T Pim 23)

Pt Pig * Pim t Pefer

The particle concentration at the steady state, [P], can be determined by
setting d[P] /dt = 0 in Eq. (2) and solving for [P],:

K .BB; 4bK
[P]s=8l_c__l_ 1+ __{_2_1 . (24)
2Ky |V pi(KcBB;)

COMPUTER SIMULATION

The key point in determining [P] ¢ with Eq. (24) is to estimate a, so that
B and b can be calculated by Egs. (5) and (7), respectively. The defining equa-
tion, Eq. (9), shows that o can be considered to be the probability of homo-
geneous propagation of radicals in the aqueous phase. &, can be determined
with Eq. (20). When chain transfer reactions can be neglected (i.e., pyg = pim
=0), D3 = 0 and Eq. (20) can be reduced to
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Dlapn._l + (l +D2 —Dl)ﬁ!p2 - (D2 + 2)ap +1=0. (25)

If ap""l <<1,(1-~ ap”*‘l) =1 and Eq. (25) can be solved for ap:
VD2 +4D, -D
ap = St R (26)
VD,% +4D, - D, +2D,

In the following computer simulation, values of o, calculated by Eq. (26)
are used as initial values for solving Eq. (25) for the true values of & by New-
tonian iteration.

The computer simulation is for the situation where chain-transfer reactions
and the desorption of radicals from particles can be neglected, i.e., pj; = pjm =
pe = 0 (though this situation does not hold for VA and VCl systems). Thus,
D, is calculated by

ktwpi

= (—-———kpr ¥ 27

1

In the model simulation, D, is assumed to be constant since micelles and
monomer droplets are transformed into particles. Note the decrease in [Mc]
and [Md] is only partially compensated for by the increase in [P] but, as has
shown by Fitch and Tsai [19], K should be greater than K, . and similarly
K, 4. Consequently, the increase in the term K [P] counterbalances the de-
creases in the terms K, - [Mc] and K, 7 [Md] in Eq. (22), thus maintaining
D, relatively constant. When the micelle nucleation mechanism is dominant,
Dj is estimated by

K, .M
D, =6m lc[__ﬂ"_ (28)
koM,

where [Mc}, is the initial concentration of micelles and §,, is the parameter
introduced to account for the difference between the rates for radical cap-
ture by micelies and by particles. The parameter 8, also includes the effect
of the disappearance of micelles to supply emulsifier to those parts of the
particle surface produced through particle growth by polymerization.

Equations {5)-(8), (25), (27), and (28) were sotved simultaneously. The
rate coefficients for free radical capture by particles and micelles, K, and
K o, respectively, were estimated with a diffusion model, as suggested by
Hansen and Ugelstad [27] :
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TABLE 1. Constants Used in the Simulation

kp, ksy X 1078,

Monomers L/molss  L/mol+s M,,, mol/L  n*
Styrene (St) 209 115 0.0035 58
Butyl acrylate (BA) 2100 330 0.011 20b
Methyl methacrylate (MMA) 410 24 0.15 66¢
Viny] chloride (VCI) 11000 2100 0.17 60b
Vinyl acetate (VA) 2 640 117 0.29 50d
Temperature, °C 50 50 25-50
Reference 24 24 2

8Hansen and Ugelstad [27].

bAssumed in this study.

CFitch and Tsai [19].

dpriest [29].

where D,, is the diffusion coefficient for free radicals in the aqueous phase;
rp and ry, are the average radii of the particles and micelles, respectively; and
Ny is Avogadro’s number. The values §, and &, are introduced to account
for radical absorption reversibility by micelles and particles, respectively.

The values used for determining K. and K, in the simulation are D, =
5X 1071° dm?/s, rp=2X107",rp=2X 107 dm, and 8p =8mc=1. The
parameter §,, in Eq. (28) is set equal to 1.0. Other kinetic parameters used
are listed in Table 1.

1. Variation of Emulsifier Concentration

Figures 2-6 show the influence of the initial number of micelles present on
the number of particles formed, Vg, and on other parameters in the model. In
the calculations, p; is 2.2 X 10™® mol/L-s, and K is set equal to 234 L/mol-s.
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FIG. 2. Variation of the particle number Ny with micelle number Ny, .
for various monomers. Kf=234 L/mol-s, p; =2.2 X 1078 mol/L-s.

Figure 2 shows the variation of particle number at the steady state with
micelle concentration. Note here that Ny = Ny [P]s. The shape of the N
vs [Mc], curves in Fig. 2 is similar to that in Fig. 1 presented by Vanderhoff
[2]. The generally observed S-shaped N vs [S] curves, such as shown in
Fig. 1, have not yet been simulated by models presented in the literature.

Please note that micelle concentration [Mc], is used in Fig. 2 instead of
the emulsifier concentration [S]. This implies that the emulsifier concentra-
tion is above the critical micelle concentration (CMC). However, the near-
horizontal part of the curves at very low [Mc], shows that [Mc], has little
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influence on Ny in this range. In fact, the N values of the ordinate are calcu-
lated for [Mc], = 0 instead of the [Mc] ¢ value (8 X 10® micelles/L, note
[Mc] 4 = Ny /N mol/L) indicated at the origin of the log-log coordinates.
Thus the near-horizontal part of the curves at low [Mc], is due to the domi-
nation of homogeneous nucleation, and the values of NV in this part represent
Ny at emulsifier concentrations below the CMC.

Figure 2 shows that NV, in the homogeneous-nucleation-dominated region
varies among different monomers. In general, higher polarity favors homo-
geneous nucleation so that particle concentration is higher for more polar
monomers at emulsifier concentrations below the CMC. As the emulsifier
concentration increases, the number of micelles in the system is increased,
and micelle nucleation begins to compete with homogeneous nucleation. This
is shown by the steep rise in Ny at Ny, of about 10*° micelles/L for styrene,
10*® micelles/L for butyl acrylate and methyl methacrylate, 5 X 10'7 micelles/
L for vinyl acetate, and 10*® micelles/L for vinyl chloride. The amount of
emulsifier needed to produce such numbers of micelles is small compared to
the CMC. Suppose sodium dodecyl sulfate (SDS) is used as the emulsifier for
which Vanderhoff [2] reported a CMC of about 0.008 mol/L. If a micelle
consists of 60 emulsifier molecules, as suggested by Sutterlin [3], 10!®
micelles/L requires an emulsifier concentration of only 10™® mol/L, lower
than the CMC of 0.008 mol/L.

The small number of micelles just before the steep rise in Ny may be attri-
buted to the aggregation of emulsifier molecules below the CMC, as suggested
by Vanderhoff [2]. Vanderhoff, in explaining the steep rise in Ny just below
the CMC in Fig. 2, suggested that some of the aggregates of emulsifier might
be capabie of solubilizing monomer and serving as a locus for particle nuclea-
tion. Recent measurements of the partial specific volume of sodium lauryl
sulfate solutions by Bonner [20] suggest that aggregates of lauryl sulfate ions
are present at concentrations well below the CMC.

Figure 2 also shows that, for the more water-soluble monomers such as
VA and VCI, the steep change in N occurs at higher NV, . than that for spar-
ingly water-soluble monomers such as styrene (St). This is because homo-
geneous nucleation is more significant for VCl and VA systems so that more
micelles are needed for the micelle nucleation mechanism to be able to com-
pete with homogeneous nucleation. The contribution of various reaction
mechanisms to the steady-state particle concentration can be illustrated by
the other parameters of the model.

Figure 3 shows the variation with [Mc] ¢ of a; which represents the prob-
ability of free-radical propagation in the aqueous phase. A radical needs to
add n* - 1 monomeric units before it precipitates from the aqueous phase by
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FIG. 3. Variation of the agqueous-phase propagation probability ap with
micelle number Ny, o for various monomers. Ky=234 L/mol*s, p;=2.2 X
108 mol/L-s.

homogeneous nucleation. Thus, the probability of homogeneous nucleation
will be ap" -1 Large ap values favor homogeneous nucleation. Figure 3
shows that ap is small for nonpolar monomers such as St. As the micelle con-
centration increases, micelles will compete with monomer molecules in the
aqueous phase to capture radicals so that ap decreases. The concentration

of micelles at which &y begins to drop corresponds to the point at which Ng
begins to rise in Fig. 2. This concentration increases with increasing water
solubility of the monomer.
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FIG. 4. Variation of the total radical concentration in the aqueous phase
[Rw] with micelle number Ny, . for various monomers. Ky= 234 L/mol-s,
0;=2.2X 1078 mol/L-s.

The point at which micelles begin to contribute to particle nucleation can
also be illustrated by the decrease in the total radical concentration in the
aqueous phase, [R,,], with increasing micelle concentration, as shown in Fig,
4. Figure 5 shows the variation of b with [Mc],. The parameter b in our
model, and also suggested by Fitch and Tsai [19], accounts for aqueous-phase
termination. It is always less than unity, as seen from its definition (Eq. 7).
Smaller b values reflect more significant aqueous-phase termination. Figure 5
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FIG. 5. Variation of b with micelle number Np, . for various monomers.
Kf=234 L/mol-s, p; = 2.2 X 107 mol/L-s.

shows that b decreases with decreasing water solubility of the monomers at
emulsifier concentrations below the CMC. At emulsifier concentrations far
above the CMC, large numbers of micelles will capture almost all radicals
and prevent aqueous-phase termination. Therefore, b tends to be 1.0, no
matter what monomers are used.

Figure 6 shows the variation of C with N, .. Cis the fraction of dead
oligomers produced by aqueous-phase termination that have chain lengths
exceeding n*. These oligomers will precipitate from the aqueous phase to
form new particles. Similar to b in Fig. 5, C in Fig. 6 increases with increas-
ing water sotubility of the monomer at emulsifier concentrations below the
CMC. Aqueous-phase termination is extremely limited at emulsifier concen-
trations far above the CMC. As a result, C tends to be zero.

Figure 2 shows that all curves converge above that 10'® micelles/L, be-
cause the same value (234 L/mol-s) of the particle coagulation coefficient Ky
is used for all monomer systems. However, in practice, Ky would be expected
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FIG. 6. Variation of C with micelle number Ny, for various monomers.
Kf=1234 Ljmol"s, p; = 2.2 X 107 mol/L¢s.

to vary among different monomer systems. Sutterlin [3] suggested that the
more hydrophobic monomers presented a reduced agglomeration tendency.
Therefore, K¢ should decrease with decreasing polarity of the monomer. The
influence of K¢ on the shape of Ng vs [Mc] o curves is shown in Figs. 7-11 for
different values of K for each monomer. The siope of the log N vs log
[Mc], curves at emulsifier concentrations well above the CMC decreases as
Ky increases. Thus, if smaller values of Ky are assumed for less polar mono-
mers, the slope of these curves would be expected to decrease with increas-
ing monomer polarity. Such results are consistent with the experimental
facts reported by Sutterlin [3]. In fact, all the features observed by Sutterlin
[3] for N vs [S] curves in the three regions, which were discussed earlier,
appear in Fig. 2 and Figs. 7-11, obtained by computer simulation with the
new model.

The near-horizontal part of the log Ny vs log [Mc], curves at emulsifier
concentrations well above the CMC suggests that, here, N is determined
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FIG. 7. Variation of the particle number N; with micelle number Ny,
for styrene at different values of the coagulation rate constant K fopi=2.2
X 107® mol/L-s.

more by the rate of radical generation than by the number of micelies, That

is, the availability of radicals to enter micelles for particle nucleation becomes
the controlling step. Particle coagulation can also contribute to this near-hori-
zontal part of the log Ny vs log [Mc], curves. As [Mc], increases, V; increases.
Consequently, the extent of particle coagulation will increase, as indicated by
the Jast term in Eq. (2). Eventually, an equilibrium will be reached when the
increase in Ny due to increasing [Mc], is just compensated for by the de-
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FIG. 8. Variation of the particle number Ny with micelle number Ny,
for butyl acrylate at different values of the coagulation rate constant Ky.
pi=2.2X 1078 mol/L-s.

crease in V; due to increased coagulation, thus causing N to be independent
of [Mc],.

Significant literature exists concerning the dependence of particle concen-
tration on initiator and emulsifier concentrations. Thus, a more detailed dis-
cussion of emulsifier concentration effects seem appropriate. Figure 2 shows
that the siope of the log N; vs log [Mc], curve changes with emulsifier con-
centration, At very low emulsifier concentration where the homogeneous
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FIG. 9. Variation of the particle number Ny with micelle number Ny, for
methyl methacrylate at different values of the coagulation rate constant K7y,
pi=2.2X 1078 mol/L-s.

nucleation mechanism dominates, the slope is close to zero. The slope is about
1.0 in the range of emulsifier concentration where particle concentration in-
creases steeply with increasing [Mc] o (section BC in Fig. 2). Emulsifier con-
centrations usually employed in emulsion polymerization are located within
the section CD of Fig. 2, where the slope changes from 1.0 to almost zero.
This is why the exponents of emulsifier concentration reported in the litera-
ture are so widely scattered. It should also be noted that the ranges of emulsi-
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FIG. 10. Variation of the particle number Ny with micelle number Ny,
for vinyl acetate at different values of the coagulation rate constant X £
pi=2.2X 1078 mol/L-s.

fier concentration investigated in the literature are narrow (less than two
orders of magnitude), and, moreover, these experiments were generally de-
signed for comparison with the Smith-Ewart theory which predicts a power
relationship between N and [S]. As a result, straight lines were likely to
result on the log N; vs log [S] plots of these investigations. However, studies
by Sutterlin [3], Okamura and Motoyama [21], and Van der Hoff [22] which
involve a large range of emulsifier concentrations yielded sigmoidal curves like
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for vinyl chloride at different values of the coagulation rate constant Ky.
0;=2.2X 1078 mol/L-s.

that presented by Vanderhoff [2] in Fig. 1 and predicted by our model in
Fig. 2. Therefore, when discussing the relationship between emulsifier con-
centration and particle number, the reaction conditions must be specified.

2. Variation of Initiation Rate

Variation of the rate of initiation of radicals in the aqueous phase also in-
fluences the shape of log N; vs log [Mc], curves (Figs. 12-16). When emul-
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FIG. 12. Variation of the particle number Ny with micelle number Ny,
for styrene at different values of the initiation rate p;. Ky=234 L/mol-s.

sifier concentrations are above the CMC, the particle concentration increases
with increasing initiation rate. The slopes of these curves for all monomers
decrease with decreasing radical initiation rate at emulsifier concentration
just above the CMC. The slopes tend to be zero and independent of initiation
rate as the emulsifier concentration increases far beyond the CMC.

When low micelle concentrations are used, the homogeneous nucleation
mechanism dominates and the initiation rate has a different influence on the
various monomer systems. Figures 12-16 show that the particle concentra-
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FIG. 13. Variation of the particle number Ny with micelle number Ny, ¢
for butyl acrylate at different values of the initiation rate p;. Kr=234
L/mol-s,

tion decreases with increasing initiation rate. This prediction, however, does
not reflect the real situations, considering that the same Ky (234 L/mol-s) was
used for all the initiation rates in the simulation. The low emulsifier concen-
tration region in Figs. 12-16 can be considered as an emulsifier-free region. In
emulsifier-free systems, particles are stabilized, in most cases, by initiator end
groups. Obviously, any change in the initiation rate by increasing initiator
concentration will increase the number of initiator end groups for stabilizing
particles, resulting in a decrease of K¢. It has been shown above that N in-
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FIG. 14. Variation of the particle number Ny with micelle number Ny,
for methyl methacrylate at different values of the initiation rate p;. Ky=
234 L/mol-s.

creases as Ky decreases. If Ky decreases as the initiation rate increases, Ny may
increase with increasing initiation rate instead of the opposite as indicated in
the low N,y . region in Figs, 12-16. In contrast, a constant value of Ky
assumed for different initiation rates in the high emulsifier concentration re-
gion, which we discussed above, is reasonable since now particles are stabil-
ized mainly by emulsifier molecules, and Ny is compared at the same emulsi-
fier concentration. Therefore, the predictions by Figs. 12-16 at high emulsi-
fier concentration reflect real situations.
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FIG. 15. Variation of the particle number N; with micelle number Ny, ¢
for vinyl acetate at different values of the initiation rate p;. K= 1234
L/mol-s.

Figures 17-19 show the influence of p; on ap, [Ry], and b. p; has little
influence on &y and b at high micelle concentration. This is expected since
free-radical absorption by micelles is much more significant than radical
propagation and termination in the aqueous phase. At low micelle concen-
trations, however, both a and b decrease with increasing p;. This results
from the increasing termination in competition with the propagation reac-
tion in the aqueous phase because of the increased free-radical concentra-
tion in the aqueous phase, [R,,]. The increase in [R,,] with increasing p;
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FIG. 16. Variation of the particle number Ny with micelle number Ny,

for vinyl chloride at different values of the initiation rate p;. Kr= 234
L/mol-s.

is demonstrated by Fig. (8. Initiation rates affect {R,,} over the whole range
of micelle concentration.

The effect of p; on the final particle number Ng can be better shown by

plotting V; against p; at fixed emulsifier concentration while changing K, as
shown in Figs. 20-22. At emulsifier concentrations above CMC, N increases
with increasing p; until it reaches a constant value at high p;. The slope of
the straight line in the increasing region is about 0.5, in agreement with the
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FIG. 17. Variation of ap with micelle number Ny, for styrene at different
values of the initiation rate p;. Kf=234 L/mol*s.

prediction of the Medvedev model [23], which assumes initiation on the
micelle surface and is close to the 0.4 power dependence of Ny on [S] pre-
dicted by the Smith-Ewart theory. As p; increases, the slope of the log N vs
log p; curve decreases. At very high p;, Ny becomes independent of p;. Here,
the value of Ny is determined more by the number of micelles produced and
by aqueous-phase termination than by the rate of radical generation. That is,
the fixed number of micelles and increased aqueous phase termination due to
increased radical concentration limit and control the particle formation.
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FIG. 18, Variation of the total radical concentration in the aqueous phase
R, with micelle number N,y for styrene at different values of the initiation
rate p;. Kf=234 L/mol-s.

Figures 20-22 also show that a greater tendency for particle coagulation (i.e.,
larger K) causes Vg to tend to a constant value at a higher p;. The systems
with larger K have smaller N before rising to the constant level for the fixed
value of p;.
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FIG. 19. Variation of b with micelle number Ny, for styrene at dif-
ferent values of the initiation rate p;. K= 234 L/mol's,

3. Some Limiting Cases of the Model

The particle number at the steady state is determined by

NapiKBB; 4bK
Ny:ﬂi_l 1+ —F U (24)
2Ky pi(K:BB;)?
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FIG. 20. Variation of the particle number Ny with initiation rate p; for
styrene at different values of the coagulation rate constant Kr. Ny = 6.023
X 10%° micelles/L.

(2) When B, = 4bK// [p{(K.BB;)*] is much less than 1, (1 + B4)*/? = 1 +
(B4/2) and Eq. (24) reduces to

Ny = bN A [(KcBB;)- @31
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Assuming B; = 1 and substituting Eq. (5) into Eq. (31) gives

= 32
Keap(1 - aph*-1) ¢2)

s



18: 04 24 January 2011

Downl oaded At:

1618 SONG AND POEHLEIN

Particles/L

-12

0% 10% 10° 10° 10
pi, mol/L-s

FIG. 22. Variation of the particle number N with initiation rate p; for
styrene at different values of the coagulation rate constant Kf. Ny = 6.023
X 10%% micelles/L.

When @, is small so that ap" *-1 can be neglected, D, can be calculated by
Eq. (26). When [Mc], = 0 and monomer of low water solubility is used
(Fig. 3), D, = 0 and the following equation can be used for estimating ay:

& = VD:/(VD; +Dy) (33)
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Substituting Egs. (27) and (33) into Eq. (31) yields
Ny = Npbkn,'"*0;' %K. (34)

At low initiator concentration, b = 1 (Fig. 19), and the above equation sug-
gests that Vg is proportional to the 0.5 power of p;, as shown in Fig. 20. The
slope of the straight part of the log N vs log p; plot is about 0.5.

(b) When B, >>1.0, (1+B,)!'?-1)=B,''?. Equation (24) can be
reduced to

N_g:NAbl/zpil/Z/Kfl/z. (35)

Equation (35) indicates the 0.5 power dependence of Ny on p; when b= 1,
i.e., when the emulsifier concentration is far above the CMC or when a more
water-soluble monomer is used (Fig. 5) or when p; is very low (Fig. 19).

(c) When K¢ = 0, N can be obtained directly from Eq. (2) by setting
d[P]/dt=0. Thus,

- * : (36)
K. BB; K Bjop(l -op” -1

s

When @ is small (this condition can be met when [Mc], is large, as shown
in Fig. 3), ap""l can be neglected and Eq. (26) can be used. If [Mc], is
high so that D, >> D,, Eq. (26) reduces to [by using (1 +x)/? =~ 1 +
/D]

ap = 1/(1+Dy). (37
Substituting Eq. (37) into Eq. (36) and rearranging yields

Ng = NpbK o [Mclo /K. (38)
Because [Mc] o is high, b = 1 (Fig. 5). Therefore, Eq. (38) indicates that N
depends on [Mc] , to the first power when particle coagulation is negligible.

This can be shown by the slope of the log N vs log [Mc] o curves in Figs.
7-11 at very high [Mc], for Ky near zero.



18: 04 24 January 2011

Downl oaded At:

1620 SONG AND POEHLEIN
COMPARISON WITH EXPERIMENTAL DATA

Experimental data have been taken from Sutterlin [3} who investigated
the polymerization of styrene and a series of methacrylates and acrylates over
a wide range of emulsifier concentrations. The reaction conditions were as
follows: 630 g water, 160 g monomer, and variable amounts of sodium
lauryl sulfate (SLS) were emulsified and heated to 82°C in a 2-L reactor
equipped with a stirrer and contact thermometer. The polymerization was
started with a solution of (NHg4),S,0y initiator in 10 g water. As a result
of the initiator addition, the temperature dropped to 80°C, and this temper-
ature was maintained during the polymerization. Methyl acrylate polymeri-
zation was carried out at 73°C because of the low boiling point of the mono-
mer. Particle numbers were determined after complete conversion by tur-
bidity measurements, correlated with electron microscopy and light-scatter-
ing measurements.

The kinetic parameters used in the model simulations are listed in Table 2.
The propagation rate constant, kp, and the termination rate constant, ky,y,
for styrene are calculated from the following equations, which are obtained
by regression of the data presented by Brandrup and Immergut [24) with the
Arrhenius equation.

kp =1.052 X 10° exp (-5052.3/T), 39)
kpw =4.0225 X 10'3 exp (-4302/7). (40)

Values of kp = 22 and ky,, = 18 000 L/mol-s for butyl acrylate (BA) at 80°C
were obtained by extrapolation with the Arrhenius equation from the data

at 25 and 35°C of Brandrup and Immergut [24]. Values of kp = 3155 and
ksw = 1.015 X 107 L/mol-s for methyl acrylate (MA) were calculated from
the following equations, given by Flory [25} and Goodall and Wilkinson [26] :

kp = 10° exp (-3586/T), (41)
kg = 1.5 X 100 exp (-2525/T). (42)

The decomposition rate constants kg for (NH;),S,0; were taken from the
data for K,S,05 of Brandrup and Immergut [24]. Values of k4 at 73°C
were obtained by interpolation. The initiator efficiency f is assumed to be
0.3 for all conditions. Values of f between 0.3 and 0.4 have been reported
by Van der Hoff [22] for K,S8,054 in a styrene system. In determining K,
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TABLE 2. Kinetic Parameters Used in the Model Simulation of Sutterlin’s
Experiments [3]

Monomer St BA MA Ref.
Temperature °C 80 80 73
[S] mol/L Variable Variable Variable
[1] X 103 mol/L Variable  6.35 6.35
Kg X 10° st 9.16 9.162 3.192 24
kp L/mol's 640 224 3155 24,30, 25
kpw X 1078 L/mol's 205 0.018 10.15 24, 30, 25
M,, mol/l 0.0035  0.011 0.65 3
n* 5 20b 80b 26
f 0.3 0.3 0.3 22
p A 672 672 672
'm A 12.6 12.6 12.6 28
D,, X 10'° dm?/s 5.0 5.0 5.0 27
Ky L/mol's 750 750 2500
Sm Varies
with [I]

30btained by interpolation or extrapolation of the data of Brandrup and
Immergut [24].
bAssumed in this study.

and K¢y by Eqgs. (29) and (30), the micelle radius 7, and particle radius rp,

are assumed to be 12.6 and 673 A, respectively. The diffusion coefficient for
radicals in water, D,,,, is assumed to be 5 X 1071 dm?/s, as given by Hansen
and Ugelstad [27]. The monomer concentration in the aqueous phase, M,,,

is approximated by the solubility of the monomer in water. Thus M,,, = 0.0035
0.011, and 0.65, as reported by Vanderhoff [2], are used for styrene, butyl
acrylate, and methyl acrylate, respectively. A critical chain length for homo-
geneous nucleation, n*, of 5 for styrene was recommended by Goodall and

>
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Wilkinson [26}. For methyl methacrylate, n* has been determined by Fitch

and Tsai [19] to be about 66. Considering the difference in their water solu-

bitities, values of 20 and 80 for n* are assumed for BA and MA, respectively.
The initial micelle concentration [Mc], is determined by

[Mc]o = (IS] - CMC)/mec, (43)

where [S] is the emulsifier concentration charged, me is the number of emul-
sifier moleculesin a micelle and is taken to be 60 in the mode! calculation, as
recommended by Odian [28], and CMC is the critical micelle concentration.
The CMC for sodium lauryl sulfate (SLS) measured by physical means (such
as changes in surface tension and electrical conductivity) is reported by Sutter.
lin {3] to be 6.35 X 10~ mol/L. The CMC measured physically, however,
does not really correspond to the critical point at which micelles are formed
for particle nucleation. Vanderhoff [2] reported that aggregates of SLS are
present at concentrations well below the physically measured CMC. These
aggregates of the surfactant molecules are obviously able to serve as sites for
particle nucleation. Therefore, in the model simulation, 1075 mol/L is
assumed for the CMC in Eq. (43).

The average particle coagulation rate coefficient K is set equal to 750
L/mol-s for both styrene and butyl acrylate. According to Sutterlin [3],
particle coagulation is more significant with more water-soluble monomer
systems. Therefore, a Ky of 2500 L/mol*s is assumed for methy! acrylate.

In fact, K rwas used as an adjustable parameter in the model simulation, and
these values of Ky were obtained by fitting the experimental data.

The parameter §,, in Eq. (28) was found to change with initiator concen-
tration [I], and the following equation was used:

§m = 0.2296 + 2.138[1] 5. (44)

This gives 8,, = 0.4 for styrene, buty! acrylate, and methyl acrylate for [I] =
6.35 X 1073 mol/l.

Comparison of experimental results with model simulations are shown in
Figs. 23-30; the symbols are experimental data and the lines are model pre-
dictions. The theoretical predictions are generally in agreement with the ex-
perimental data. The poor agreement at low emulsifier concentration in Figs.
23-29 probably results from the use of Eq. (28) for calculating D,. Equation
(28) is derived based on the assumption of domination by the micelle nuclea-
tion mechanism, which is obviously not very good at low emulsifier concen-
trations. In addition, the same initiator efficiency, f= 0.3, has been assumed
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FIG. 23. Variation of the particle number Ny with emulsifier concentration
[S] for butyl acrylate at 80°C. Initiator ((NHg);S,0s), [1} = 0.00635 mol/L.
Symbols are experimental data {3]. Curve is from the model prediction with
Kf=750 L/mol*s, f=10.3, 8, = 0.4.

for all systems even though a wide range of emulsifier concentrations was in-
vestigated (about 4 orders of magnitude).

Van der Hoff [22] reported that the decomposition rate of persulfate is a
function of laurate concentration below the CMC. Furthermore, a fixed value
of the coagulation coefficient Ky is used for a given monomer system over the
whole range of emulsifier concentrations. Ky would be expected to change



18: 04 24 January 2011

Downl oaded At:

1624 SONG AND POEHLEIN

o
M an I
e
—~ %5
~ —3
o ]
O -
N
— O
(18] 3
o n
z:” |
Egc)—d
—
3 o
. o
[Tl
0
E _Srﬁ IlIHI]_T lllﬂlIFST ITIHTI]_ZI TTTT ‘1 TTTTTI
10 10 10 10 10 10

[S] mol/L

FIG. 24. Variation of the particle number Ny with emulsifier concentration
{S] for methyl acrylate at 73°C. Initiator (NH4;)2S;04), [1] = 0.00635
mol/L. Symbols are experimental data {3]. Curve is from the model prediction
with K¢ =2500 L/mol-s, f=0.3, 8, = 0.4.

with emulsifier concentration since particle coagulation rates are a measure of
latex stability, and latexes are stabilized by emulsifier. In spite of all the sim-
plifications used in estimating model parameters for the simulation, the agree-
ment between model predictions and the experimental data is evident in Figs.
23-30.
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FIG. 25. Variation of the particle number Ny with emulsifier concentra-
tion [S] for styrene at 80°C. Initiator ((NH4);5,0s), [1] = 0.00159 mol/L
Symbols are experimental data [3]. Curve is from the model prediction with
Kf=1750L/mol*s, f=0.3,5, =0.315.

SUMMARY

The curve of log Ny vs log {Mc] ¢ is of sigmoidal shape with a steep rise
around the CMC. When the emulsifier concentration is low, the steady-state
particle number, N, is governed by homogeneous nucleation, so that N in-
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FIG. 26. Variation of the particle number Ny with emulsifier concentra-
tion [S) for styrene at 80°C. Initiator ((NH4),5,03), [1] = 0.00317 mol/L.
Symbols are experimental data [3]. Curve is from the model prediction with
Kf="750 L/mol*s, f= 0.3, §;; = 0.35.

creases slowly with increasing emulsifier concentration. In this region, N in-
creases with increasing polarity of the monomer. The steep rise in Ny with
micelle concentration [Mc], at higher emulsifier concentrations suggests a
transition from domination by homogeneous nucleation to domination by
micelle nucleation. The slope of the rising line increases with decreasing rate
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FIG. 27. Variation of the particle number N with emulsifier concentra-
tion [S] for styrene at 80°C. Initiator ((NH4)28,05%), [I}) =0.00635 mol/L.
Symbols are experimental data {3). Curve is from the model prediction with
Kf="750 L/mol*s, f= 0.3, 6 = 0.4,

constant for particle coagulation Ky. Thus the power x of the relationship
N = [S8]* decreases with increasing polarity of the monomer in this region.
When the micelle concentration is high, an insufficient supply of radicals
for particle nucleation via micelles and an increasing tendency of particle co-
agulation due to the increased particle number causes N to be independent
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FIG. 28. Variation of the particle number Ny with emulsifier concentra-
tion [S] for styrene at 80°C. Initiator ((NH4),S2038), {11 =0.0127 mol/L.
Symbols are experimental data [3]. Curve is from the model prediction with
Ky=750 L/mol*s, f=0.3,8,, = 0.47.

of emulsifier concentration. These phenomena have also been reported by
Vanderhoff [2] and were confirmed by the experimental results presented
by Sutterlin [3]. When [S] exceeds the CMC, the particle number increases
with increasing initiation rate and then tends to be constant at higher initia-

tion rates.

The model predictions are in general agreement with experimental data
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FIG. 29. Variation of the particle number Ny with emulsifier concentra-
tion [S] for styrene at 80°C. Initiator ((NH4),5,0s), [1] = 0.0189 mol/L.
Symbols are experimental data [3]. Curve is from the model prediction with
Ky=1750 L/mol*s, f=0.3,8,, = 0.523.

for various monomers with different water solubility over a wide range of
emulsifier and initiator concentrations.

The computer simulation presented in this paper is based on some assump-
tions (e.g., that D, is constant and that chain-transfer reactions can be ne-
glected), and the experimental data used for comparison with model pre-
dictions are all based on short-chain anionic surfactants as stabilizers.
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FIG. 30. Variation of the particle number N; with initiator concentration
(1] for styrene at 80°C at different emulsifier concentrations {S]. Symbols
are experimental data [3]. Curve is from the model prediction with K F=1750
L/mol*s, f=0.3,8,, =0.2296 + 2.138[[]9-5.

Hence, the results might not be applicable to all emulsion polymerization
systems.
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