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ABSTRACT Catalyzed agglomeration, restricted to the particle formation phase of emulsion polymeriza- 
tion, can be used to distinguish experimentally whether or not a homogeneous nucleation mechanism is 
operative in a given persulfate-initiated emulsion polymerization system. The agglomeration catalyst used 
had a mode of action disclosed in earlier work, which proves that a homogeneous and not the generally 
accepted micellar nucleation mechanism is effective in a persulfate-initiated polymerization system even 
for monomers of low water solubility, such as styrene and butadiene, and emulsifier concentrations > cmc. 
Using catalyzed agglomeration, particle size and the monodispersity coefficient as well as the particle for- 
mation time were investigated as a function of monovalent cation concentration, emulsifier concentration 
and polymerization temperature. All correlations found either were consistent with homogeneous nucle- 
ation or completely excluded micellar nucleation. This means that poor water solubility of monomers like 
styrene and butadiene can no longer be a criterion for micellar nucleation. Homogeneous primary particle 
formation followed by agglomeration, which may be more or less pronounced or-in a few cases-does not 
occur at all, is most applicable and seems to be the particle formation mechanism generally valid for per- 
sulfate-initiated emulsion polymerization. 

Introduction 

Emulsion polymerization is one of the most important 
processes for manufacturing polymers. However, many 
mechanistic aspects of emulsion polymerization remain 
unclear despite its industrial importance. This applies 
especially to the initial stage of emulsion polymeriza- 
tion, the particle formation phase. Many mechanisms 
have been proposed for particle formation in emulsion 
polymerization systems. The most important are micel- 
lar n~cleation, '-~ homogeneous and coag- 
ulative In this paper, an attempt will be 
made to use catalyzed agglomeration as a means of decid- 
ing experimentally whether or not a homogeneous nucle- 
ation is operative in a specific polymerization system using 
in particular styrene and butadiene as monomers. 

According to the micellar nucleation mechanism, rad- 
icals generated in the aqueous phase enter monomer- 
swollen soap micelles and initiate polymerization to form 
monomer-swollen polymer particles. Only one of every 
100-1000 micelles captures a radical and becomes a poly- 
mer particle: the others disband, giving off monomer and 
soap molecules to neighboring micelles that have cap- 
tured a radical. 

According to the homogeneous nucleation mecha- 
nism, the radicals generated in the aqueous phase add 
monomer molecules until the oligomer radicals have 
exceeded their solubility limit and precipitate. The pre- 
cipitated oligomer radicals form spherical particles that 
adsorb emulsifier molecules and absorb monomer mole- 
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cules, thus becoming primary particles. These primary 
particles may be stable or may be stabilized by agglom- 
eration. 

In view of the questions raised in this paper, it is advis- 
able to particularly emphasize three characteristic dif- 
ferences between micellar and homogeneous nucleation: 

(1) When initiation is in the micelles, the end of the 
particle formation phase is characterized by complete dis- 
appearance of the micelles. When initiation is in the aque- 
ous phase, particle nucleation continues during the course 
of polymerization but is moderated by capture of precip- 
itated oligomer radicals and by agglomeration of pri- 
mary and secondary particles. Consequently, the rate of 
particle formation (dN/dt) is only initially the same as 
the rate of radical formation (RJ .  Within a short period 
of time, a steady state is reached between initiation and 
capture of precipitating oligomer radicals (R,) and agglom- 
eration of primary and secondary particles (R,):5 

W / d t  = Ri- R,- R, 
Therefore the number of particles remains unchanged if 

R, + R, = Ri 
(2) A fundamental difference between micellar and 

homogeneous nucleation is the different action of mono- 
mer droplets and soap micelles. For initiation in micelles, 
monomer droplets serve as reservoirs providing the micelles 
with monomers via the aqueous phase, whereas for ini- 
tiation in the aqueous phase the micelles provide the emul- 
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sifier for stabilization of the polymer particles precipi- 
tating from the aqueous phase and possibly agglomerat- 
ing. 

(3) Micellar nucleation is generally considered to be 
the mechanism for those monomers that have a poor sol- 
ubility in water, such as styrene, butadiene, and n-butyl 
acrylate. On the other hand, homogeneous nucleation is 
postulated as the mechanism for those monomers that 
are considerably more soluble in water, such as vinyl ace- 
tate, methyl acrylate, and acrylonitrile. For monomers 
with intermediate water solubility, such as ethyl acry- 
late, methyl methacrylate, and vinyl chloride, both mech- 
anisms have been proposed in separate examples. None- 
theless, homogeneous nucleation has also been proposed 
for monomers of low water solubility, such as styrene., 
Furthermore, there are some hints to homogeneous nucle- 
ation in order to explain some particularities observed 
in styrene/ butyl acrylate polymerization." 

Uncertainties about the operative nucleation mecha- 
nisms remain, despite the new theory of "coagulative 
nucleation"." This theory has been derived from the pos- 
itively skewed plot of particle volume distribution obtained 
in the early stage of the emulsion polymerization of sty- 
rene. Such a particle volume distribution agrees only with 
an increased production rate of new latex particles dur- 
ing the particle formation period and is inconsistent with 
both a one-step micellar or a one-step homogeneous nucle- 
ation mechanism. Consequently, a two-step "coagula- 
tive nucleation model" has been proposed. According to 
this model, in a first step "precursor particles" are formed 
either by micellar or by homogeneous nucleation and 
because of their insufficient stability they do not become 
"true" polymer particles until after agglomeration. It is 
argued that the precursor particles are so unstable chiefly 
because of their small size (<5 nm) and as a result agglom- 
erate. Furthermore, it is emphasized that micellar nucle- 
ation cannot be excluded safely by the coagulation nucle- 
ation theory. 

Coagulative nucleation, however, is also said to be appli- 
cable to  emulsifier-free emulsion polymerization, in which 
a micellar nucleation mechanism must be excluded." 

Under these circumstances, it should be possible to dis- 
tinguish between the two competing nucleation mecha- 
nisms by catalyzed agglomeration. This means attempt- 
ing to accelerate the agglomeration postulated for coag- 
ulative nucleation specifically in the particle formation 
phase by means of agglomeration catalysts whose modes 
of action are sufficiently well-known and that, however, 
must possess the following properties: 

(1) The catalysts must not be active when the precur- 
sor particles have formed in a micelle and, in the initial 
stage of polymerization, are still completely saturated with 
emulsifier molecules. This means that the catalyst does 
not work in the particle formation phase in the case of 
micellar nucleation (case 1). 

(2) In the case of homogeneous nucleation, the cata- 
lysts must be active in the particle formation phase toward 
only the unstable precipitating precursor particles and 
induce no agglomerations of the more stabilized second- 
ary particles, although these particles may be unsatur- 
ated with emulsifier. This means that a specific agglom- 
eration activity, adjusted to the low stability of the pre- 
cursor particles, is required (case 2). 

In fact, catalysts with properties corresponding to case 
1 have been described in the 1iterature.l3-l5 It is also 
known that the agglomeration activity of these catalysts 
can be adjusted a t  wi11.l' Therefore, it should also be 
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fairly easy to adjust the agglomeration activity as required 
by case 2. 

Furthermore, the mode of action of these catalysts is 
based on sensitization of the polymer particles toward 
electrolytes. This means that the agglomerating action 
of electrolytes already present in the polymerization sys- 
tem is simply enhan~ed . '~  

Consequently, it is the primary goal of this paper to 
show how it  has become possible with the aid of cata- 
lyzed agglomeration to establish the operative nucle- 
ation mechanism and thus to settle the fundamental ques- 
tion of the existence of a micellar or homogeneous nucle- 
ation mechanism. For these studies a polymerization 
system with monomers of low water solubility, styrene 
and butadiene, was chosen. This polymerization system 
is generally considered in the literature to have a micel- 
lar nucleation mechanism. 

Experimental Details 

Materials. Styrene and butadiene used had a percentage 
purity of >99.5%. Acrylic acid was 99.7% pure. 

The emulsifier was a C,,-C,, sulfonate prepared by sulfo- 
chlorination (K30 from BAYER AG). The disulfonate fraction 
was 10%. The emulsifier contained 3.75% sodium chloride and 
0.075% Na,SO,, which must be considered in the polymeriza- 
tion procedures. 

Ammonium persulfate had a percentage purity of >99%. 
The tetrasodium salt of ethylenediaminetetraacetic acid 

(EDTA) still contained about 13% di- and trisodium salts of 
EDTA. Sodium chloride, potassium chloride, and (NH,),SO, 
were analytically pure products. tert-Dodecyl mercaptan had 
a percentage purity of >97%. 

The agglomeration catalyst (PEO,,) was prepared from a low 
molecular weight polyethylene glycol from Huls AG by air oxi- 
dation on the basis of the patent specifications U.S. 3 330 795 
and EP 0 330 865." 

Polymerization. Virtually all  polymerizations were carried 
out in 40-L autoclaves in "batch operation" with the polymer- 
ization temperature during the particle formation period nor- 
mally set at 50 O C .  In a basic procedure, the following com- 
pounds were utilized (in parts): styrene (57.5), butadiene (40), 
acrylic acid (2.5), fully demineralized water (150), emulsifier K30 
(0.5), EDTA (0.013), tert-dodecyl mercaptan (0.5), and ammo- 
nium persulfate (0.2). In three series of experiments, this basic 
procedure was modified as follows: (1) the concentration of ammo- 
nium, sodium, and potassium ions was varied by addition of 
different amounts of ammonium persulfate, ammonium sul- 
fate, and sodium and potassium chloride. (2) The emulsifier 
concentration was varied. (3) The polymerization temperature 
during the particle nucleation period was altered. Further details 
can be found in Tables 1-111. 

Particle Size Determination. Samples were diluted with 
distilled water to give a concentration of between 0.01 and 0.05 
g/cm3 and were stained with OsO,. The dispersions were sprayed 
onto Formvar-coated electron microscope grids and examined 
in a Philipps 200 electron microscope. In order to obtain rep- 
resentative sampling for particle size analysis, several grids were 
examined for each latex. For calibration, a micrograph of a 
diffraction grating was taken at the same microscope setting as 
that used to examine the latex particles. The particle size deter- 
minations were made by using a Carl Zeiss TGZ 3 particle size 
analyzer. For each sample, approximately 1000 particles were 
measured on enlargements of the electron micrographs. The 
data were analyzed in order to obtain the number- and volume- 
average diameters. 

Theoretical Basis. The particle number N was calculated 
from the volume-average particle diameter d, by using the for- 
mula 

(1) N = -  6KG 

where KG = polymer content in g/cm3 and p = polymer den- 
sity = 0.98 g/cm3. 

d v 3  
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Table I 
Variation of Particle Diameter with Cation Concentrationn 

To determine the stability factor W ,  the following relation 
was derived from the Smoluchowski coagulation equation,1° which 
had been extended by the formation rate g of the primary par- 
ticles: 

where k, = Boltzmann constant, T = absolute temperature, q 
= viscosity of aqueous medium, and g = formation rate of pri- 
mary or precursor particles. Derivation of eq 2 is given in the 
Appendix . 

The particle nucleation rate dNldt as a function of time t 
is obtained by differentiation of the Smoluchowski coagulation 
equation extended by the particle formation term g 

Bt g sinh (Bt) + Et 
B cosh (Bt) + 1 N = C tanh (T) - (3) 

with 

and by using the relation 
BC = 2g 

to give 

(4) 

sinh (Bt) + (Bt) sinh (Bt) 
(cosh (Bt )  + 1)2 + dN/dt = g( 1 

cosh' (B(t/2))-' 

The preceding equations are based on the assumption that sec- 
ondary agglomerations do not occur after the particle forma- 
tion period at higher polymerization conversions, as has already 
been postulated in the case of micellar nucleation according to 
the Smith-Ewart theory. As regards homogeneous nucleation, 
it is generally assumed that secondary particles generated in 
the course of the initial stage of polymerization act as nuclei 
that terminate the production of new particles when all pri- 
mary particles formed thereafter are captured. To corroborate 
the absence of secondary agglomerations the monodispersity 
coefficient K = d,/d, of the individual dispersions, with d, being 
the number-average and d, the volume-average particle diam- 
eter, was determined after all polymerizations. It is assumed 
that secondary agglomeration can be safely ruled out when the 
monodispersity coefficient is >0.95. 

Results 

Influence of Cation Concentration. The salts used 
to  adjust the different cation concentrations are found 
in Table I. The sum of the cations was determined from 
the ammonium persulfate, ammonium sulfate, sodium chlo- 
ride, and potassium chloride concentrations. It is espe- 
cially important to  note that the sodium ions allotted 
stoichiometrically to  the emulsifier concentration are not 
included in this sum, as these ions are for the most part 
bound by mi~e1les.l~ All salt concentrations are related 
to  the volume of the aqueous phase. However, the con- 
centration of the agglomeration catalyst is related to  the 
weight of the monomers, styrene and butadiene. 

The data contained in Table I reveal the strong influ- 
ence of cation concentration on the particle size in cata- 
lyzed reactions but a weak influence is also evident in 
the noncatalyzed reactions at higher concentrations. The 
values of the monodispersity coefficient K are lower in 
the noncatalyzed reactions, while in catalyzed reactions 
they level off at extremely high values for larger particle 
sizes. The corresponding particle number densities ( N ,  
dm-3) were calculated from the particle diameters by using 
eq 1. Figure 1 shows the variation of particle number 
with cation concentration [C] for the catalyzed and non- 
catalyzed reactions and indicates that  for both reactions 
a critical initial cation concentration is required to pro- 

ammonium 
latex persulfate concn, [NH,+] + [Na+] + d, (final), 
no. lo3 mol dm-3 [K+], lo3 mol dm-3 nm K 

Noncatalyzed Reactions 
1 5.8 14.7 94 0.955 
2 14.5 32.7 73 0.975 
3 23.2 49.5 83 0.960 
4 29 61.1 105 0.965 
5 43.5 90.1 119 0.966 

Catalyzed Reactions 
6 5.8 14.7 99 0.96 
7 8.7 20.5 108 0.975 
8 11.6 26.5 111 0.985 
9 14.5 32.1 138 0.985 
10 5.8 32.1b 149 0.995 
11 5.8 32.1' 145 0.976 
1 2  14.5 43.8d 190 0.985 
13 14.5 49.5' 230 0.990 
14 23.2 49.5 230 0.976 
15 29 61.1 283 0.993 
16 23.2 72.1' 326 0.991 
17 23.2 90.1f 334 0.983 
a Emulsifier (C14-C17 sulfonate) concentration = 9.025 mol X 

agglomeration catalyst (PEO,,) = 40 ppm (ppm = parts per 
million/monomer). * Ammonium sulfate added, [NH,+] = 
17.4 x mol dm-3. Potassium chloride added, [K+] = 17.4 
x moldm-3. Sodiumchloride added, [Na+] = 11.6 X 10-3mol 
dm-3. e Ammonium sulfate added, [NH,'] = 22.6 X mol dm-3. 
f Ammonium sulfate added, [NH,+] = 40.6 X mol dm-3. 
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Figure 1. log particle number density (N) as a function of log 
cation concentration [C] computed from volume-average diam- 
eter d,, eq 1, by using values given in Table I. 
voke an  agglomeration effect. The declining linear por- 
tion of curve 1 shows a dependence that can be expressed 
bY 

log N - -2.5 log [C] 
To  a first approximation, this dependence appears to also 
be valid for the noncatalyzed reaction corresponding to 
curve 2. Because of the uncontrolled course of agglom- 
eration, reliable particle number values could no longer 
be determined for curve 2 at still higher cation concen- 
trations. 
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Figure 3. Particle formation rate W / d t  (parti~les/lO-~~ dm3 
9-l) as a function of time t (s), computed from eq 4, by using 
parameters of latex 2 in Table I. 

The stability factor W was calculated by using eq 2. 
The formation rate of primary particles g was estimated 
from the decomposition rate of 1 X mol dms of ammo- 
nium persulfate at 50 "C with g - 1015 particles dm-3 
5-l.l' The efficiency factor of persulfate was -0.35 in 
this case. In Figure 2 the values calculated for W are 
plotted as in Figure 1 against the cation concentration 
[C] both for the catalyzed and for the noncatalyzed reac- 
tions. Curve 1 exhibits a dependence of 

log W N -6 log [C] 
which again appears to be approximately valid for the 
non-catalyzed reactions. The distance between curves 1 
and 2 is about 2.5 orders of magnitude. This means that 
the agglomeration rate of the primary particles is increased 
by a factor of 320 in the presence of the catalyst. 

The particle formation rates as a function of time are 
calculated for some of the latices listed in Table I by 
using eq 4 and are plotted in Figures 3-5. Comparison 
of Figures 3 and 4, which are based on latex 2 or latex 

6 4  
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t 

Figure 4. Particle formation rate W / d t  (parti~les/lO-'~ dm3 
s-l) as a function of time t (s), computed from eq 4, by using 
parameters of latex 16 in Table I. 
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Figure 5. Particle formation rate W / d t  (particles/ lo-'' dm3 
s-l) as a function of time t (s), computed from eq 4, by using 
parameters of latices 2, 3,9, 12, 13, 14, and 16 in Table I. 

16 of Table I, reveals a drastic difference between the 
polymerization carried out with and without agglomera- 
tion catalyst. Whereas in the first case without cata- 
lyzed agglomeration the particle formation period is not 
over until after about 1600 s, in a catalyzed agglomera- 
tion with a cation concentration of 72 X mol dm-3 
there are no new particles formed after only about 16 s. 
The duration of the particle formation period can be mark- 
edly influenced by the cation concentration and, in cat- 
alyzed reactions, it can even be controlled by relatively 
low cation concentrations in the aqueous phase. This is 
evident from Figure 5, in which the nucleation rates of a 
series of latices of Table I are plotted against the loga- 
rithm of time. The different levels of the curves in Fig- 
ure 5 are caused by differing persulfate concentrations, 
which determine the formation rate of primary parti- 
cles. Thus, curves 2,9,12, and 13 are based on an ammo- 
nium persulfate concentration of 14.5 X mol dm-3 
and curves 3, 14, and 16 on one of 23.2 X mol dm-3. 

Influence of Emulsifier Concentration, The same 
procedure was used to study the influence of emulsifier 
concentration as that used to study the influence of cat- 
ion concentration. Preparative details can be found in 
Table 11. The critical micelle concentration (cmc) of the 
emulsifier in pure water was determined as 1.5 X 
mol dm-3. With the influence of salts taken into account, 
all adjusted emulsifier concentrations are thus above the 
cmc. The data obtained show that  the particle size 
decreases with increasing emulsifier concentration. The 
monodispersity coefficient K abruptly adapts to a lower 
value a t  the high emulsifier concentration. This is caused 
by a bimodal particle size distribution. 
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Table I1 
Variation of Particle Diameter with Emulsifier 

Concentrationn 
C,,-C,, sulfonate 

latex concn, lo3 mol dm-3 d, (final), nm K 
1 48.86 
2 36.1 
3 18.05 
4 9.025 
5 6.32 
6 3.61 
7 1.62 
8 0.90 

150 0.54' 
145 0.970 
150 0.988 
190 0.991 
208 0.998 
276 0.990 
280 0.995 
337 0.988 

a Ammoniumpersulfate concentration = 14.61 X mol dm-3; 
sodium chloride concentration = 11.96 X mol dm-3; agglom- 
eration catalyst (PEO,,) = 40 ppm (ppm = parts per million/ 
monomer). * Bimodal particle distribution. 

1 '80 - ~-~~ _ _ ~  
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Figure 6. log particle number density (N) as a function of log 
emulsifier concentration [SI computed from volume-average diam- 
eter d,, eq 1, by using values given in Table 11. 

4 -  

d N / d t  

2 -  

- 1  0 1 2 3 4 
l o g  t 

0 L 
Figure 8. Particle formation rate dN/dt (parti~les/lO-~~ dm3 
s-l) as a function of the log of time t (s) computed from eq 4, 
by using parameters of latices 1, 4, 5,  6, and 8 in Table 11. 

61 -1 

Figure 9. log stability ratio (W) as a function of temperature 
0 ("C) computed from particle number (N) and rate of produc- 
tion of primary particles (g), eq 2. 

Table 111 
Variation of Particle Diameter with Temperature* 
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Figure 7. log stability ratio (W) as a function of log emulsi- 
fier concentration [SI computed from particle number (N) and 
rate of production of primary particles (g), eq 2. 

In Figure 6, the particle number calculated by using 
eq 1 is plotted against the emulsifier concentration [SI 
on the double-logarithm scale. The slope of the rising 
straight line fits the relation 

log N - 0.9 log [SI 
The particle number is no longer dependent on the emul- 
sifier concentration starting a t  18.05 X low3 mol dm-3. 
According to Figure 7 ,  a similar curve is also obtained 
when log W is plotted against log [SI. The slope of the 
straight line fits the relation 

log W - 1.73 log [SI 
In Figure 8, the particle formation rate dN/dt  is plotted 

ammonium [NH,+l + 
persulfate concn, [Na+] + [K+], temp, d, (final), 

latex lo3 mol dm-3 lo3 mol dm-3 OC nm K 
1 23.2 49.5 40 176 0.98 
2 23.2 49.5 50 227 0.98 
3 23.2 49.5 60 251 0.99 

a Cation concentration = 49.52 X mol dm-3; emulsifier 
mol dm-3; agglomeration catalyst concentration = 9.025 X 

(PEO,,) = 40 ppm (ppm = parts per million/monomer). 

against the logarithm of time. Here, as for the high cat- 
ion concentrations, relatively short particle formation peri- 
ods are obtained-however, a t  low emulsifier concentra- 
tions. 

Influence of the Polymerization Temperature. Pre- 
parative details and particle size data can be found in 
Table 111. A pronounced influence of the polymeriza- 
tion temperature on particle size can be found in the tem- 
perature range from 40 to 60 "C. Larger particles are 
obtained with a higher polymerization temperature. This 
result conflicts with the usual findings for the influence 
of temperature on emulsion polymerization. In general, 
in emulsion polymerization, smaller particles are obtained 
with increasing temperature due to the more rapid decom- 
position of the polymerization activator. This has also 
been found for emulsifier-free polymerization.18 The oppo- 
site effect of temperature found here is caused specifi- 
cally by catalyzed agglomeration. 

According to Figure 9, a strictly linear relation is obtained 
between the logarithm of the stability factor W and the 
polymerization temperature. 
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the emulsifier concentration in the aqueous phase is con- 
siderably below the cmc, and even below the critical emul- 
sifier concentration needed for a complex formation 
between catalyst and emulsifier as has been 
shown in earlier work." The abrupt termination of the 
agglomeration reaction a t  a latex surface tension of 40- 
42 mN/m could be explained by such a complex forma- 
tion between the catalyst (PEO,,) and the soap mole- 
c u l e ~ . ~ ~  This means that a t  the start of polymerization 
the catalysts exist as emulsifier adducts in a latent state 
of reaction. In such a case, it  is irrelevant that the pri- 
mary particles are especially unstable due to their small 
size. The catalyst molecules can only become active when 
already in the first seconds of polymerization a large sur- 
face area has been formed by precipitation of "naked" 
primary particles. Then the catalyst/emulsifier adducts 
are disbanded and catalyst and emulsifier are adsorbed 
on the new polymer surface. During the reaction the cat- 
alyst is continuously replaced by the preferred adsorp- 
tion of emulsifier as long as emulsifier is in excess, i.e., 
as long as micelles are present. Thus, it  becomes obvi- 
ous why agglomeration in the particle formation phase 
can also proceed according to the same mode of action 
as agglomeration following p ~ l y m e r i z a t i o n . ' ~ * ~ ~  This 
explains why the agglomeration rate also changes with 
the sixth power of cation concentration. Further fac- 
tors, such as rate of production of primary particles and 
rate of disbandment of catalyst/emulsifier adducts or of 
micelles, which must also be taken into account for the 
total course of agglomeration in the particle formation 
phase, can be considered to be nearly ineffective in this 
first series of experiments dealing with the dependence 
of agglomeration rate on cation concentration. 

Second, it might be postulated that the agglomeration 
catalyst also possesses the property of being active only 
toward the unstable primary particles and, a t  higher poly- 
merization conversions, induces no agglomeration of sec- 
ondary particles although these particles may not be sat- 
urated with emulsifier. This is shown by the extremely 
high monodispersity coefficients found in Table I, which 
are obtained with catalyzed agglomeration. Thus, a micel- 
lar nucleation mechanism can be ruled out solely by the 
mode of action of the agglomeration catalyst in the par- 
ticle formation phase. 

However, further results to be discussed are either con- 
sistent with homogeneous nucleation or completely exclude 
micellar nucleation. Thus, in the second series of exper- 
iments the influence of the emulsifier on the agglomera- 
tion rate does not show the antagonistic effect already 
found for agglomeration after polymerization, which is 
acceleration of the agglomeration process as well as retar- 
dation or termination of it.l39l5 This is not surprising as 
the emulsifier molecules exist as micelles during agglom- 
eration in the particle formation phase whereas they are 
adsorbed on the particle surface during agglomeration 
after polymerization. 

The relation found, according to Figure 6 

log N - 0.9 log [SI 
corresponds to the findings that have usually been obtained 
for emulsion polymerizations. For example, an expo- 
nent of 0.72 was found for the emulsion polymerization 
of methylstyrene and of 1.0 for dimethylstyrene.22 This 
comparison reveals that, in principle, the mode of action 
of the emulsifier is not influenced by catalyzed agglom- 
eration. It is true that the exponents of 0.72 and 1.0 do 
not correspond to the value of 0.6 postulated for micel- 
lar nucleation from the Smith-Ewart theory. The pre- 

dN/dt 

1 8  J 
-I 

I 

1 5  

I I 

I ' I 

0 6  I 

0 3 -  I 
0 0 ,  I 

-1 0 1 2 3 1, 
log t  

Particle formation rate cW/dt (particles/10-l6 Figure 10. 
dm3 s-') as a function of the log of time t (s) computed from eq 
4, by using parameters of latices 1 (40 "C), 2 (50 "C), and 3 (60 
"C) in Table 111. 

The influence of the polymerization temperature on 
the particle formation rate can be seen as a function of 
time in Figure 10, where the nucleation rate is plotted 
against the logarithm of time. Figure 10 shows that with 
increasing temperature the duration of particle forma- 
tion shortens from about 100 to 10 s, with the height of 
the curves increasing considerably. This is caused by the 
increased formation rate g of the primary particles result- 
ing from faster persulfate decomposition a t  higher tem- 
peratures. The formation rates g were calculated or if 
necessary extrapolated on the basis of rate constants of 
the persulfate decomposition at  different temperatures, 
as taken from the literature. The efficiency factor of per- 
sulfate was assumed to be 0.3 in this case. 

Discussion 
The polymerizations described in detail in this paper 

were aimed primarily a t  gaining insight into the particle 
formation mechanism with the aid of catalyzed agglom- 
eration. In doing so, the fundamental question of the 
presence of a micellar or a homogeneous nucleation mech- 
anism in the polymerization system under study was to 
be settled. 

The experimental results obtained clearly suggest that 
in the polymerization system studied, a homogeneous 
nucleation mechanism is operative, even with monomers 
of low solubility like styrene and butadiene. However, 
for these monomers the operation of a micellar nucle- 
ation mechanism is generally accepted in the literature. 
Why this is unlikely will be explained in detail. 

First, it might be postulated that the agglomeration 
catalyst possesses the property of being inactive when 
the primary or precursor particles have formed in a micelle 
and are therefore enclosed by emulsifier molecules through- 
out the entire particle formation period. Proof of this is 
provided by individual results obtained in studies on the 
influence of cation concentration on final particle size. 

The fact that (a) the catalyst molecules sensitize the 
polymer particles toward cations present in the aqueous 
phase and (b) the agglomeration rate changes with the 
sixth power of cation concentration, as revealed by the 
diagram of log W versus log [C] in Figure 2, clearly reveals 
that the agglomeration catalyst is highly active and that 
its mode of action is the same as that already demon- 
strated by agglomeration rate measurements after po- 
1ymeri~ation.l~ 

Thus, if the mode of action of the catalyst can be con- 
sidered to be the same for agglomeration after polymer- 
ization and in the nucleation phase, it must also be true 
that the catalyst molecules can only then be active when 
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mary particles, is obtained for the nucleation time t ,  at 
which all emulsifier molecules are adsorbed on the latex 
particles and no new particles can be formed. When the 
particle formation time is calculated both from the Smith- 
Ewart relation and from the extended Smoluchowski coag- 
ulation equation (4), the order of magnitude of the dura- 
tion of the particle formation period agrees only for the 
noncatalyzed reactions. Particle formation times of 10- 
20 s can only be explained by the fact that in such short 
time intervals so many stable secondary particles could 
be formed by agglomeration that they are capable, as 
nuclei, of subsequently capturing all primary particles 
forming thereafter. Whereas this is impossible for mono- 
mer-swollen primary particles that have formed in micelles 
and are still completely embedded by emulsifier mole- 
cules, it is possible for wholly or partly naked primary 
particles to agglomerate at  an exceedingly high rate. I t  
can be seen from the literature that agglomeration times 
of s, are possible when the agglomeration reaction 
is nearly diffusion contr01led.l~ Agglomeration in the par- 
ticle formation phase also takes place in a matter of sec- 
onds at  high cation concentrations, low emulsifier con- 
centrations, and higher polymerization temperatures, as 
can be estimated to a first approximation from the com- 
puted stability factors W. Thus, these considerations very 
clearly show that a micellar nucleation is unlikely in the 
polymerization system used. The described procedure 
was applied to other persulfate-initiated systems on the 
basis of styrene/ butadiene monomers. For instance the 
same correlations were obtained when the C,,-C17 sul- 
fonate was replaced by potassium oleate and polymer- 
ization was carried out without acrylic acid, which may 
be considered as an in situ emulsifier generator to stabi- 
lize the particles during polymerization. 

Thus, this work has shown how catalyzed agglomera- 
tion can be used to establish the homogeneous nucle- 
ation mechanism in a polymerization system with mono- 
mers of low water solubility and emulsifier concentra- 
tions > cmc. The experimental results suggest that  
homogeneous nucleation followed by a more or less pro- 
nounced agglomeration may be considered a generally 
valid particle formation mechanism in persulfate- 
initiated polymerization comprising emulsifier-contain- 
ing and emulsifier-free polymerization systems. 

The schematic representation in Figure 11 depicts this 
proposed mechanism in the light of the experimental find- 
ings. Assuming that the precipitating primary particles 
have a diameter of only 3 nm, in accordance with the 
size range of 2-5 nm given in ref 11 for the correspond- 
ing primary precursors, no agglomeration can be calcu- 
lated in the case of latex A, considering the final parti- 
cle size of 42 nm, despite the small size of the primary 
particle. This is only possible when the monomer/water 
ratio has been significantly increased as is shown by latex 
B. This result reveals that the monomer/water ratio is 
also an important factor for agglomeration in the parti- 
cle formation period. 

As there is no homoagglomeration of primary parti- 
cles in the case of latex A and the Smith-Ewart theory 
provides no agglomeration, the duration of the particle 
formation period of this latex was calculated by using 
both the extended Smoluchowski equation (4) and the 
Smith-Ewart formula (5). It can be seen from Figure 12 
that the Smith-Ewart time t, of 257 s coincides exactly 
with the time period at  which the particle formation rate 
dN/dt  reaches a maximum as predicted by eq 4. This 
suggests that in exceptional cases, Le., only when no pri- 
mary particles undergo homoagglomeration, the max- 

diction of this theory that 

log N - 0.6 log [SI 
was originally derived by assuming a micellar nucleation 
m e c h a n i ~ m . ~ . ~  Later it was pointed out that the same 
exponent with respect to [SI is predicted also by a homo- 
geneous nucleation m e ~ h a n i s m . ~  According to the lit- 
erature,' identical exponents should be predicted by vir- 
tually any mechanism when there is no agglomeration, 
and particle formation ceases when the total surface area 
can no longer be completely covered with emulsifier mol- 
ecules. This, however, cannot explain the conformity 
obtained in the present investigations, as strong agglom- 
eration occurs and the end of particle formation does not 
coincide with exhaustion of emulsifier. 

In the present case the significantly higher exponent 
of 0.9 rather agrees with homogeneous nucleation than 
with micellar entry. This can be shown by analyzing this 
result mathematically with appropriate equations derived 
in a recent paper, although these equations deal with semi- 
continuous emulsion p~ lymer i za t ion .~~  

Furthermore, the bimodal particle size distribution 
obtained at  the high emulsifier concentration may be 
explained by the fact that at  higher conversion agglom- 
eration of primary and secondary particles is no longer 
possible due to the high surface coverage of the second- 
ary particles that have incorporated too many sulfate 
groups from persulfate initiator decomposition and are 
highly covered with normal emulsifier molecules. As the 
surface tension of the latex is still sufficiently high, there- 
fore it is not imaginable that emulsifier micelles play a 
role in the formation of new particles at  higher conver- 
sion. Similar conclusions have also been drawn from study- 
ing particle formation in continuous emulsion polymer- 
ization of synthetic rubber l a t i~es . ' ~  

The dependence of log Won temperature is apparent 
in Figure 9. After transformation of this relationship into 
a true Arrhenius equation, a formal activation energy of 
24 kcal mol-' is obtained for the agglomeration rate in 
the particle formation period. However, an activation 
energy of 8 kcal mol-' has since been determined for 
agglomeration after polymerization by using a polymer- 
ization system reported in an earlier work.13 This means 
that the higher value of 24 kcal mol-' is mainly deter- 
mined by persulfate decomposition, which controls the 
production of primary particles. However, very differ- 
ent activation energies of 33.5 and 25 kcal mol-' have 
been reported in the l i t e r a t ~ r e . ~ ~  Hence, although there 
is a clear temperature dependence, which suggests a homo- 
geneous nucleation mechanism, reliable activation ener- 
gies of persulfate decomposition are required in order to 
safely discriminate between the two competing nucle- 
ation mechanisms. 

Proof that there is no micellar nucleation is provided 
by the relatively short particle formation periods in con- 
nection with the high monodispersity coefficients K at 
higher cation concentrations, lower emulsifier concentra- 
tions, and higher polymerization temperatures obtained 
by eq 4 in all series of experiments. It may be taken as 
a rule that the higher the monodispersity coefficient, the 
shorter the particle formation period.26 

According to Smith-Ewart, the equation 

t ,  = 0.65( -) a,[S] 315 

KZJ3g ( 5 )  

with a, = the surface area that a soap molecule covers, 
[SI = the emulsifier concentration, K = the volume growth 
rate of polymer particles, and g = formation rate of pri- 



Macromolecules, Vol. 23, No. 6, 1990 

= 

0 
c 
2 

Particle Formation and Agglomeration 1625 

fully acknowledged. I am indebted to J. Lohmar (Huls 
AG) for particle size data determined by electron micros- 
copy. I thank 0. Schlueter (University of Kiel) for his 
assistance in carrying out computerized calculations and 
diagrams. 

Appendix. Derivation of Equation 2 
Equation 2 is derived by calculating N ,  the final par- 

ticle number, as the particle number at infinite time from 
eq 3. (A derivation of (3) is found in ref 10, which also 
reasons the form of B and C.) Equation 3 gives 
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Figure 11. Schematic representation of particle formation and 
growth in persulfate-initiated emulsion polymerization compris- 
ing emulsifier-containing and emulsifier-free polymerization sys- 
tems. +Polymerization was carried out under intense nitrogen 
gas flow. 
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Figure 12. Particle formation rate W / d t  (particles/ 
dm3 s-') as a function of time t (s) computed from eq 4 by 
using parameters of latex A in Figure 11. Dashed line indi- 
cates time t ,  computed from the Smith-Ewart formula given 
in eq 5 with a, = 0.6 nm2 and K = 170 nm3 s-l, 

ima of the Smoluchowski curves indicate the disappear- 
ance of emulsifier micelles. This feature, however, can- 
not prove a micellar nucleation mechanism but rather 
indicates that heteroagglomeration of primary and sec- 
ondary particles becomes more and more the dominat- 
ing process, according to the scheme in Figure 11. As 
heteroagglomeration becomes more pronounced with 
increasing size of the secondary particles, the scheme 
reveals and explains by the scaled secondary particle sizes 
the shifting of the maximum values of dN/dt to extremely 
short time periods as well as the great differences in final 
particle size between emulsifier-containing and emulsi- 
fier-free polymerization systems. Thus, catalyzed agglom- 
eration fills the gap still existing between these two arche- 
typal polymerization systems. 
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Bt g sinh (B t )  + Bt N = lim C tanh - - ( 2 1 B cosh (B t )  + 1 t -m 

= C - g / B  
Using the relations 

it is easy to see that g / B  = C / 2 .  That gives 

N = C / 2  

This may be solved for the stability ratio W to yield eq 
2 
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