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SYNOPSIS

On the basis of the so-called two-films theory for mass transfer, a mathematical model for
transfer of chain transfer agents from monomer droplets to polymer particles, where chain
transfer agent molecules are consumed by the chain transfer reaction, is developed for an
emulsion polymerization system. It is shown by the model that the concentration of chain
transfer agent in the polymer particles during the polymerization is decreased to a value
much less than that which would be attained if thermodynamic equilibrium for chain transfer
agent were reached between the polymer particles and the monomer droplets, due mainly
to the resistance to transfer of chain transfer agent molecules across the diffusion films at
the interface between the monomer droplets and the water phase. The validity and utility
of the model developed for predicting the diffusion and consumption rates for chain transfer
agent are demonstrated experimentally using five normal aliphatic mercaptans from n-C,
to n-C,, as chain transfer agents in the seeded emulsion polymerization of styrene. © 1994

John Wiley & Sons, Inc.

INTRODUCTION

It is well known that chain transfer agents (CTAs)
such as mercaptans of high molecular weight are
often used in emulsion polymerization systems to
regulate the molecular weight of polymer produced.
In some cases, other ingredients, which directly par-
ticipate in the polymerization reaction, are also often
used to modify the properties of latex produced. In
these cases, the reacting species must be transported
from one phase like monomer droplets, via the water
phase, to monomer-swollen polymer particles where
the reaction usually takes place. Therefore, it is im-
portant to clarify quantitatively the diffusional be-
havior of these reacting species in an emulsion po-
lymerization system.

To date, only a few investigators!™ have discussed
mass transfer problems in emulsion polymerization
systems. Smith' showed experimentally that the
consumption rate of mercaptan of sufficiently low
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molecular weight was the same in both emulsion
and bulk polymerization systems, whereas, in the
case of mercaptan of high molecular weight, the
consumption rate of such mercaptan in an emulsion
polymerization system was much lower than that
observed in a bulk polymerization system, and that,
in the emulsion polymerization of styrene, the ap-
parent transfer constant of normal aliphatic mer-
captans with carbon atoms less than 9 was practi-
cally constant, but began to decrease with an in-
crease in the number of carbon atoms in mercaptan
when it exceeded 10. This indicates that, in the case
of mercaptan of high molecular weight, the mercap-
tan concentration in the polymer particles must be-
come lower than that which would be attained if
thermodynamic equilibrium for mercaptan were
reached between the polymer particles and the
monomer—mercaptan droplets because the rate of
transport of mercaptan molecules is impeded by dif-
fusion resistances located between the monomer
droplets and the polymer particles.? Brooks®* dis-
cussed the effect of mass transfer on emulsion po-
lymerization and arrived at the conclusion that the
interfacial resistance to mass transfer which took
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place at the water—polymer particle boundary could
have noticeable effects on the polymerization, al-
though in most cases simple diffusion resistance
would not affect the course of the polymerization.
On the other hand, Harada et al.® have shown that,
in the emulsion polymerization of styrene, mass
transfer resistance at the interface between the
monomer droplets and the water phase becomes
dominant when the monomer droplets are large due
to a low intensity of agitation.

In this paper, a mathematical model for the
transport of CTA from monomer droplets to polymer
particles, where CTA molecules are consumed by
the chain transfer reaction, is first developed for
emulsion polymerization systems on the basis of the
so-called two-films theory for mass transfer.® Then,
it will be demonstrated by the model that the con-
centration of CTA in the polymer particles during
the polymerization can be decreased to a value much
less than that which would be attained if thermo-
dynamic equilibrium for CTA were reached between
the polymer particles and the monomer droplets be-
cause of the resistance to mass transfer across the
diffusion films at the interfaces between the mono-
mer droplets and the water phase, and between the
polymer particles and the water phase. Moreover,
the model is extended so as to predict the consump-
tion rate of CTA. The validity and utility of the
model for predicting the diffusion and consumption
rates of CTA will be demonstrated experimentally
by using five normal aliphatic mercaptans from n-
C; to n-Cy, as CTA in the seeded emulsion poly-
merization of styrene.

A MATHEMATICAL MODEL FOR CTA
TRANSPORT

The Concentration of CTA in the Polymer
Particles

If we employ the classical two-films theory® to ex-
plain the mass transfer mechanism of CTA mole-
cules among phases in an emulsion polymerization
system, we have a schematic diagram of the con-
centration profile of CTA among phases as shown
in Figure 1. The theory suggests that the two phases
are in thermodynamic equilibrium at the interface,
that there is consequently no resistance to transfer
across the interface, and that the resistance to mass
transfer occurs in the thin films on either side of
the interface. At steady state, the rate of diffusion
of CTA across each interface, J, is equal to the
rate of consumption by chain transfer reaction in
the polymer particles, rr, and can be expressed, ac-

Interface
/ \

Polymer-particle

P
1,28 |

~L [T, ]

Monomer -CTA droplet

Figure 1 A schematic diagram of the concentration
profile of chain transfer agent among phases.

cording to Figure 1, by the following diffusion equa-
tions, if the consumption of CTA in the water phase
due to the reaction with the water-phase radicals is
assumed to be negligible because the concentrations
of both species in the water phase are extremely
low:

JIr = kwAs([Ta) — [ Ta)) = RawAa([ T — [Tuw])
= kiprp([Tw] - [Tw}f) = klpAp([Tp}i - [Tp])
= ke[ T,)AN, = ry (1)

where kj, is the film mass-transfer coefficient for a
particular phase k, A, and A, are the surface areas
of the monomer droplets and the polymer particles
per cm® water, respectively, [ T}] is the concentration
of CTA in the bulk of the phase k, and [ T:] " is that
in the phase k adjacent to the interface j. kr is the
rate constant for chain transfer to CTA, n is the
average number of radicals per particle, IV, is the
number of polymer particles per cm® water, and rp
is the consumption rate for CTA. The suffixes d, p,
and w denote the monomer droplet, polymer particle,
and water phases, respectively.

As stated above, we assume that the concentra-
tions of CTA on either side of each interface are in
thermodynamic equilibrium as shown below:

[Tal; = m[T,]¢, 1T, =m'[T.]Y (2)
where m and m’ denote the partition coefficients
of CTA.

Combining eqs. (1) and (2) and rearranging leads
to the following expression which gives the overall
resistance R for the transport of CTA from the
monomer droplets to the polymer particles:
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The first and the second terms of the right-hand
side of eq. (3) represent the diffusion resistances
across the thin films at the interfaces between the
monomer droplets and the water phase, and between
the water phase and the polymer particles, respec-
tively. The third term, on the other hand, denotes
the so-called reaction resistance. Furthermore, it is
evident from eq. (3) that we can evaluate the overall
resistance R by measuring the concentration of CTA
in the monomer droplets, [ T;;], and the consumption
rate of CTA, r,.

Let us consider the film mass transfer coefficient
for CTA in the individual diffusion films. There are
a large number of published studies concerning the
film mass transfer coefficient in the outer diffusion
film around a sphere in a flowing fluid. One of these
is the following semitheoretical correlation proposed
by Rantz and Marshall”:

Sh =kd/D =2+ 0.6 Sc!/*Re!/? (4)

where Sh is the Sherwood number, Sc is the Schmidt
number (u/pD), and Re is the Reynolds number
(dup/u). k; is the film mass-transfer coefficient, d
is the diameter of a sphere, D is the diffusion coef-
ficient of CTA, u is the relative velocity between a
sphere and a flowing fluid, u is the viscosity in the
diffusion film, and p is the density of the fluid. Since
the monomer droplets and the polymer particles are
so small, and the density difference between the
spheres and the fluid is also so small, that these
spheres will move with the eddies of the fluid in a
stirred tank reactor for emulsion polymerization,
there will be no relative velocity between the sphere
and the fluid and accordingly, the value of Re can
be regarded as zero, that is, Sh = 2. Then, we have

ki =2D/d (5)

Considering that the values of m and m’ are al-
most the same order of magnitude and are much
larger than 10® as shown later, and that the film
mass transfer coeflicient in the inner diffusion film
of a sphere is almost the same order of magnitude
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as that in the outer diffusion film given by eq. (5),
eq. (3) can be approximated as

R:@:(_"L) 1 +(_m_)i+_m_ (6)

rr Kiw ) Ad  \kpw ) A, EriNym'

The surface areas of monomer droplets and polymer
particles per cm® water can be calculated by the fol-
lowing expressions:

Ay = 7d3N,, A, = ndiN, (7)

where d; and d, denote the average diameters of
monomer droplets and polymer particles, respec-
tively, and N, and N, are the numbers of monomer
droplets and polymer particles per cm® water, re-
spectively. Introducing egs. (5) and (7) into eq. (6)
leads to the final expression for the overall diffusion
resistance

[Ta] m + m 4 m
rr QWDTdde 27I'DpoNp kTﬁNpm’

(8)

R =

where Dy is the diffusion coefficient of CTA in the
water phase.

We can assume that the monomer concentration
in the polymer particles is in thermodynamic equi-
librium with that in the monomer droplets from the
start to the end of polymerization because monomer
molecules can transfer very rapidly among the
phases, and further that the partition equilibrium
of CTA between the polymer particles and the
monomer particles is approximately the same as that
for monomer.? Considering these and eq. (2), we
can also assume the following simple linear partition
equilibrium for CTA and monomer:

[Tola _ [M,] _m/ )
[Te] [My]l m

where [ T}, ].q denotes the equilibrium concentration
of CTA in the polymer particles which would be at-
tained if there was no diffusion resistance to the
transport of CTA from the monomer droplets to the
polymer particles and thermodynamic equilibrium
for CTA was reached between the monomer droplets
and the polymer particles. [M,] and [ M,] are the
concentrations of monomer in the polymer particles
and in the monomer droplets, respectively.

Using eqs. (8) and (9), we can derive the degree
of saturation of CTA in the polymer particles, [ 1,1/
[ Tpleq> which shows how far the actual concentra-
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tion of CTA in the polymer particles is apart from
the equilibrium concentration [T, ]e,, owing to the
diffusion resistance, as

_ (m/2xD7)(1/dyNy + 1/d,N,)

10
m/ kg Nym' (10)

A Model for Predicting the Consumption Rate for
CTA

The conversion vs. time history for CTA can be pre-
dicted by using the mathematical model developed
in the preceding section. The consumption rates for
monomer and CTA are respectively expressed by
the following well-known kinetic equations:

_dXy  k[M]nN, M,

R 11
P dt M,N, (11)
dXp kT[Tp]ﬁNpMT
= = 1
Rr="4 ToN. (12)

where k, is the propagation rate constant, N, is the
Avogadoro’s number, M, and T, are the weights of
monomer and CTA initially charged per cm?® water,
X and Xr are the conversions of monomer and
CTA, M,, and M, are the molecular weights of
monomer and CTA, respectively. In calculating the
consumption rate of CTA by eq. (12), the experi-
mental value of the average number of radicals per
particle, i, obtained by applying eq. (11) to the ini-
tial slope of the observed monomer conversion vs.
time curve is used here. However, if it is necessary
to predict the value of n theoretically, the following
expression will be used®:

1 2 w 1/2
A= -{[(aw +3“’-) + 2(aw+-a—)]
2 my my,

(ot (5 -
e+ =)+ {+2] —= (13)
m 2

where the nondimensional parameters, a,, and m,,
are defined as «a,, = (r;v,/k,,N,) and m, = (kv,/
ky,), respectively. Here, k; denotes the rate coeffi-
cient for radical desorption from the polymer par-
ticles, k,, is the rate constant for radical termination
in the polymer particles, and r; is the rate of radical
production in the water phase.

Next, let us explain how to calculate the concen-
trations of monomer and CTA in both the polymer
particles and the monomer droplets. Mass balances
on monomer and CTA are written as

Md+Mp: M()(].—XM) (14)
T+ T, =To(l—~Xr) (15)

where M, and M, represent the weights of monomer
contained in the polymer particles and in the mono-
mer droplets per cm® water, respectively. T, is the
weight of CTA initially charged per cm® water and
T, and T, are the weights of CTA contained in the
monomer droplets and in the polymer particles, re-
spectively. The total volumes of polymer particles,
Vs, and monomer droplets, V;, per cm?® water and
their individual volumes, v, and v,, can be expressed
approximately by the following equations, respec-
tively:

oo (M) ¢ (Z) 4 (2]

Pm or pp
M T

Vd = l/de = (_d) + (_d) (17)
Pm PT

where p,,, pp, and pr are the densities of monomer,
its polymer, and CTA, respectively. The concentra-
tions of monomer and CTA in both the polymer
particles and the monomer droplets, on the other
hand, can be calculated in mol/dm? by the following
respective equations derived with the assumption
that the volume of each component (monomer,
polymer and CTA) is additive:

[M,] = i&mﬂ‘f (18)
[M,] = ﬁiﬂ‘fj (19)
[T,] = 11\(4)5 (20)
[T.] = ]1\3;5: (21)

Furthermore, we can derive the following equa-
tion which connects [ T,] with [ T,], from eqgs. (9)
and (10):

[T,] _ (m'/m)
[T4] 1+

(22)



where Q denotes the ratio of the total diffusion re-
sistance to the so-called reaction resistance in the
polymer particles defined by eq. (10).

EXPERIMENTAL

Materials

Styrene monomer of commercial grade was washed
with 15% aqueous KOH solution to remove inhib-
itor. The monomer thus treated was further washed
with deionized water, then distilled twice under re-
duced nitrogen pressure, and stored at —20°C in a
refrigerator. Five commercially available normal
aliphatic mercaptans (n-C;, n-Cg, n-Cq, n-Cyy, and
n-Cy,) of reagent grade were used without further
purification. Potassium persulfate (KPS) and so-
dium laurylsulfate (NaLS) of extra pure grade were
used as received as initiator and emulsifier, respec-
tively. Deionized and distilled water was used in all
experiments. The diameter of polystyrene seed la-
texes used in these experiments was 35 nm. These
polystyrene seed latexes were prepared by synthe-
sizing at 70°C using the same reactor, initiator, and
emulsifier. The polymerization for preparation of
seed latex was completed until nearly no residual
monomer could be detected. A portion of the latex
thus produced (80 cm?) was then washed with about
500 cm?® of 0.05% NaLS aqueous solution through a
Millipore membrane filter with a nominal molecular
weight limit of 10* in a ultrafiltration apparatus to
remove the residual initiator in the aqueous phase
of the seed latex. The polystyrene seed latex thus
prepared was stored at 5°C in a refrigerator just be-
fore use.

Apparatus and Experimental Procedure

Emulsion polymerization experiments were carried
out in a cylindrical glass reactor of 75 mm diameter
(400 cm®) with a dished bottom, equipped with a
four-blade paddle-type impeller. Four baffles made
of stainless steel were set on the reactor wall at every
90° interval to improve mixing of the reaction mix-
ture. The dimensions of the reactor, buffles, and im-
peller are the same as those used in the previous
experiments.’ The reactor was first charged with the
desired amounts of monomer, chain transfer agent,
emulsifier, and purified water, a small portion of
which was put aside for preparing an aqueous ini-
tiator solution. A small amount of NaL.S emulsifier
was added to the reaction mixture so as to be 0.3
g/dm?® water to avoid coagulation of polymer par-
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ticles. The desired amount of mercaptan was charged
as a monomer solution so that the initial concen-
tration of mercaptan was 4.22 X 107° mol/g mono-
mer in all experiments. Then, the dissolved oxygen
was purged by bubbling pure nitrogen gas (99.995% )
through the reaction mixture for about 20 min. The
polymerization was started by pouring the aqueous
initiator solution, which had been deoxygenated with
the pure nitrogen gas and stored in a dropping fun-
nel, into the reaction mixture. In all experiments,
the reaction temperature was kept within 50 + 0.5°C
in a thermostatted water bath. Impeller speed was
400 rpm unless otherwise stated. Monomer conver-
sion was determined gravimetrically and mercaptan
conversion was measured by gas chromatography
(GC) with a flame photometric detector (FPD).
Samples for the measurement of monomer and mer-
captan conversions were withdrawn from the sam-
pling cock attached to the bottom of the reactor.
Polymer was precipitated by pouring the weighed
sample into excess acidified methanol, collected by
filtration with a G4 glass crucible, dried overnight
at 50°C in an oven, and weighed for determination
of monomer conversion. The filtrate was, on the
other hand, subjected to GC measurement for de-
termination of mercaptan conversion.

RESULTS AND DISCUSSION

Figure 2 shows typical examples of the mercaptan
conversion vs. time curves observed when the num-
ber of carbon atoms in normal aliphatic mercaptan
was changed from 7 to 12 with the number of seed
polymer particles, the initial initiator, monomer, and
mercaptan concentrations fixed at constant. The
solid line through the closed circles shows the con-
version vs. time curve for styrene monomer. It is
seen that the initial regions of the conversion vs.
time curves for each mercaptan and the monomer
are almost linear and that the rate of mercaptan
consumption decreases drastically with increasing
the number of carbon atoms in mercaptan, although
the value of the chain transfer constant for each
mercaptan is almost the same.

Next, let us explain how to calculate the observed
initial value of [T},]/[Tp]eq- The initial concentra-
tion of mercaptan in the polymer particles, [ T,]o,
can be obtained by introducing both the initial con-
sumption rates for mercaptan, Rrq, and for mono-
mer, R,,, determined from the initial slope of re-
spective conversion vs. time curves, to the following
expression which was derived from egs. (11) and
(12):
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Figure 2 Typical examples of the mercaptan conversion
vs. time curves observed when the number of carbon atoms
in mercaptan is changed. Recipe and reaction conditions:
50°C, M, = 0.2 g/cm® water, I, = 1.25 g/dm® water, S,
= 0.3 g/dm® water, N, = 1.0 X 10" particles/cm® water,
dpo = 4.8 X 107 ¢m, Ty = 8.44 X 107¢ mol/cm® water.
(®) Monomer conversion; Mercaptan conversion: (1) n-
Co; (W) n-Cg; (A) n-Co; (A) n-Cyo; (O) n-Cys.
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where C; denotes the chain transfer constant to
mercaptan, kz/ k,. Furthermore, the initial mercap-
tan concentration in the monomer droplets, [ Ty1o,
can be calculated by the following mass balance on
the mercaptan initially charged:

[T5)oVeo + [Ta)oVao = Tho (24)

where V,, and V,, are the initial volumes of the
monomer-swollen seed polymer particles and the
monomer—-mercaptan droplets per cm?® water, re-
spectively. T',,o is the number of moles of mercaptan
initially charged per cm® water. Assuming that the
volume of each component in the polymer particles
is additive, and further that the initial volume of
mercaptan absorbed by the monomer-swollen seed
polymer particles is negligible because the weight of
seed polymer particles initially charged is very small,
we can calculate the volume Vo by

1
Vo = (l+—)PO (25)
Pm Pp

where P, is the weight of seed polymer particles ini-
tially charged per cm® water, p, is the density of

Table I Numerical Values of the Parameters
Used (60°C)

Constant Value Unit
Rk} 212 dm?/mol sec
Cr 20 —
m'/m 0.65 —

d, 35 nm

Pm 0.88 g/cm®
Pp 1.05 g/cm?®
pr 0.83 g/cm®
¥ 0.33 —
kaf © 6.7 X 1077 1/s

polymer, and v is the so-called monomer/polymer
ratio (M /P). The first term of the right-hand side
of eq. (25) denotes the volume of monomer absorbed
by the seed polymer particles, so that the volume of
monomer droplets, V;,, can be calculated by sub-
tracting the volume of monomer absorbed by the
seed polymer particles, vPy/ pn, from the volume of
monomer initially charged, V,. All the numerical
constants used in this work are listed in Table 1
except for the values of m and D, which will be
shown later in Table II.

The observed initial value of [ T,]/[T;l.q for each
mercaptan, calculated by applying egs. (9) and (23)-
(25) to the experimental data in Figure 2, is pre-
sented in Figure 3 to compare with the theoretical
prediction. The theoretical values of [T,]/[T,]eq
shown by the solid lines in Figure 3 were calculated
by eq. (10) with changing initial diameter of mono-
mer droplets, dy,, and the value of the partition coef-
ficient of mercaptan, m. The value of n used in these
calculation was 0.5. The values of m and D for each
mercaptan are listed in Table II. The value of Dy
was predicted by the semiempirical correlation given
by Wilke and Chang.® The values of m for n-C, n-
Cg, and n-Cy mercaptans were calculated directly

Table II Partition Coefficients and Diffusion
Coefficients for Normal Aliphatic
Mercaptans Used

Dy
Mercaptan m [—] (cm/s)
n-C, 6.0 X 10* 8.0Xx 107
n-Cg 2.1 X 10° 7.5 X 1078
n-Ce 7.0 X 10° 7.0 X 107
n-Cyo 2.5 X 108 6.6 X 107
n-Cyy 4.9 X 107 6.0 X 1078
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Figure 3 Comparison between the observed and cal-
culated results: Effect of partition coefficient of mercaptan,
m, on the initial value of the degree of saturation of mer-
captan in the polymer particles, [T,]/[T,]. (data cor-
respond to those in Fig. 2).

from the water-solubility data at 25°C shown in
Figure 4.1° On the other hand, the values of m for
n-C;y and n-C;; mercaptans, whose solubility data
are not given in Figure 4, were calculated by using
the estimated values obtained by extrapolation in
the figure. Although the value of D, changes slightly
with the number of carbon atoms in mercaptan, the
value of Dy = 7.0 X 107® cm/s was used as an average
value in these calculations. It is seen in Figure 3
that most experimental data points gather around
the theoretical lines for dyo = 3-7 um except the
data point for n-C,,. This means that when impeller
speed was 400 rpm, the initial average diameter of
monomer droplets must be within 5 + 2 ym, which
agrees well with the recent experimental data re-

[gN-water]

Solubility in water

Number of carbon atoms

Figure 4 Literature data for the solubility of normal
aliphatic mercaptan in water at 25°C vs. the number of
carbon atoms in the mercaptan.
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ported in the presence of a surface-active agent,!!
and also with our experimental finding obtained in
a reactor with almost the same dimensions and con-
ditions as adopted in these experiments.!? Only the
data point for n-C,, mercaptan deviates far from
these theoretical lines and is rather close to the
theoretical line for dy, = 1.0 um. It is very doubtful
that the initial average diameter of monomer drop-
lets, dgy, 1s around 1 um only in the system with n-
C,; mercaptan, although we did not measure it. The
reason for this is not clear because we could not
succeed in measuring the exact value for the water
solubility of n-C,, mercaptan due to its great diffi-
culty, but may be rather that the estimated water
solubility of n-C;; mercaptan is lower by about an
order of magnitude than the actual value.
Furthermore, the effects of the number of seed
polymer particles, N,,, and the amount of monomer,
M,, initially charged per cm?® water on the initial
value of [ T,,]/[ Tpleq were investigated by using n-
C,, mercaptan. The experimental values are plotted
with open circles in Figures 5 and 6, respectively, to
compare with the theoretical predictions obtained
by eq. (10) with n = 0.5. The closed circles in these
figures represent the values to which the experi-
mental values were corrected according to eq. (10)
so as to correspond to 1 = 0.5. It is seen that all the
corrected data points in these figures fall on the
theoretical line close to that for d;o = 1.0 um, as can
be expected from the data point for n-C,, mercaptan

10° T .

o [T, 1/IT, Ik
® Corrected 0.1
(o] \
Py 0.5

[-1

&
2
o
5 E
; <4
2
=
1015

N, [particles/cc-water]

Figure 5 Comparison between the observed and cal-
culated results: Effect of the number of seed polymer par-
ticles, N, initially charged on the initial value of the degree
of saturation of n-C,, mercaptan in the polymer particles,
[T,]/1Tsleq- Recipe and reaction conditions: same as those
in Figure 2 except for N, = 2.0 X 10'%, 2.0 X 10™, 5.5
X 1012, 1.0 X 10" particles/cm?® water.
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Figure 6 Comparison between the observed and cal-
culated results: Effect of the initial monomer concentra-
tion M, on the initial value of the degree of saturation of
n-C;, mercaptan in the polymer particles, [T,]/[Tp]eq-
Recipe and reaction conditions: same as those in Figure
2 except for the initial monomer concentration; M, = 0.05,
0.10, 0.20, 0.30, 0.50 g/cm?® water.

shown in Figure 3, although dyy = 1.0 um may be
doubtful due to the reason mentioned previously.
In Table III, on the other hand, several examples
are represented where the percent resistance (the
ratio of each resistance to the overall diffusion re-
sistance ), which was calculated according to eq. (8),
are compared when the kind of mercaptans and the
reaction conditions are changed, to make clear which
resistance is the most significant among three re-
sistances. These are the diffusion resistance across
the thin films at the interface between the monomer
droplets and the water phase, the diffusion resistance
across the thin films at the interface between the
water phase and the polymer particles, and the so-
called reaction resistance in the polymer particles.
Here, R; denotes the percent resistance for the dif-
fusion step across the interfacial diffusion films
around the monomer droplets, R, is that for the dif-
fusion step across the interfacial diffusion films

around the polymer particles, and R, shows that for
the so-called reaction resistance. From the compar-
ison shown in the table, we can consider that, in the
case where C;; mercaptan is used and N, > 1 X 10"
particles /cm® water, the principal diffusion resis-
tance for the mercaptan is located in the mass
transfer step from the monomer droplets to the wa-
ter phase.

It is concluded from the comparisons shown above
that the analysis of mass transfer resistance by the
present model gives reasonable results except for
the doubtful prediction that the average diameter of
monomer droplets in the presence of n-C,, mercap-
tan is around 1 um. It is also concluded that when
the values of m for transporting species are less than
10*, the diffusion resistances for them can be prac-
tically neglected in emulsion polymerization sys-
tems.

Next, let us examine whether the mathematical
model developed in this work can predict the mer-
captan conversion versus time history, (1) by as-
suming that the number of monomer droplets, N,
remains constant throughout the polymerization, or
(2) by assuming that the average diameter of mono-
mer droplets, dg, remains constant during the entire
course of the polymerization. In Figure 7(a), an ex-
ample of comparison between the calculated and ex-
perimental conversion vs. time data for n-C,, mer-
captan is presented to see which of the above as-
sumptions is much closer to the actual situation.
The dotted line is the calculated conversion vs. time
history for n-C;; mercaptan obtained with the
former assumption that the number of monomer
droplets is constant at Ny = N4, = 1.1 X 10*2 drop-
lets /cm?® water, which corresponds to the initial di-
ameter of the monomer-mercaptan droplets, dgg
= 1.0 um, while the solid line through the closed
circles is that calculated with the latter assumption
that the average diameter of the monomer droplets
1s constant at dyo = 1.0 um as long as the monomer-
mercaptan droplets exist in the water phase. The
solid line through the open circles, on the other hand,

Table III Comparison of % Resistances for the Respective Diffusion and Reaction Steps in Transport of
Mercaptan Molecules from Monomer Droplets to Polymer Particles?®

M, N, d, dy Ry (%) R, (%) R, (%) m
n-C, 0.2 1.0 X 10 0.1 7 3.3 X 10° 47 0 53 6.0 X 10*
n-Cus 0.5 1.0 X 10 0.1 1 1.3 X 10* 79 8 13

0.2 2.0 X 10" 0.1 1 4.0 X 10* 64 14 22 2.9 X 10*

0.2 1.0 X 10 0.1 1 2.9 X 10* 90 4 6

® Units: M, = g/cm® water, d,=pm,d;=pum,R =s.
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Figure 7 {(a) Comparison between the calculated and
observed conversion vs. time data for n-C;, mercaptan.
Recipe and reaction conditions: same as those in Figure
2 except for My, = 0.5 g/cm® water. Experimental: (O)
monomer conversion; (®) n-C,; mercaptan conversion.
Calculation: ( )dg=dgo=1.0um); (- -+) Ng= Ny,
= 1.1 X 10'?/cm® water.

shows the monomer conversion vs. time curve cal-
culated with n = 0.55. Considering that the exper-
imental data points given by the closed circles agree
much better with the solid line than with the dotted
line, we can conclude that the latter assumption (2)
is much closer to the actual situation compared with
the former assumption (1). Figure 7(b) plots the
calculated monomer and mercaptan concentrations
in the polymer particles vs. monomer conversion.
Figure 7(c) shows the calculated variation of the
number, N,, and the total volume, V,, of the mono-
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Figure 7 (b) Calculated variation of the concentrations
of monomer and mercaptan in the polymer particles with
the monomer conversion corresponding to Figure 7(a).
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Figure 7 (¢) Calculated variation of the number and
the total volume of monomer—mercaptan droplets per cm®
water with the monomer conversion corresponding to
Figure 7(a).

mer—mercaptan droplets per cm® water with the
monomer conversion, corresponding to Figure 7(a).
As can be seen from Figure 7(b), the present model
predicts that the monomer concentration in the
polymer particles is 5.45 mol/dm?® particles up to
around 40% monomer conversion and then de-
creases almost linearly with the monomer conver-
sion, which coincides very well with the experimen-
tal observation so far obtained in the emulsion po-
lymerization of styrene,'? while the mercaptan
concentration in the polymer particles decreases
gradually with the monomer conversion from about
2.8 mol/dm? particles without any drastic change
even in the vicinity of 40% monomer conversion,
where the monomer-mercaptan droplets have almost
depleted, as can be seen from Figure 7(c).

In order to examine in more detail whether the
assumption (2) can really be satisfied during the
whole course of the polymerization, even when the
reaction conditions such as My, N, and m are widely
changed, comparisons were carried out between the
experimental and predicted conversion vs. time his-
tories by changing the values of My, N, and m (the
kind of mercaptan). A few examples of the com-
parison are represented in Figures 8, 9, and 10, re-
spectively. The closed circles in these figures show
the experimental conversion vs. time data for mer-
captans, while the solid lines are the theoretical
conversion vs. time curves for them predicted by
using egs. (10)-(22). The open circles in Figures 9
and 10, on the other hand, denote the experimental
monomer conversion vs. time data, and the solid
lines through these data points show the predicted
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Figure 8 (a) Comparison between the calculated and
observed conversion vs. time data for n-C;; mercaptan.
Recipe and reaction conditions:; same as those in Figure
2. Calculation: (——) dg = dgo = 1.0 um when 0 < X,
< 1.0; (- - +) dy = dgo = 1.0 um when X, < 0.44, and N,
= Ngo = 1.84 X 10'°/cm® water when X, = 0.44.

monomer conversion vs. time curves calculated by
using eqgs. (10)—(22). Figure 8(a) shows a compar-
ison between the predicted and observed conversion
versus time history for n-C,, mercaptan when only
the initial monomer concentration, My, was changed
from 0.5 to 0.2 g/cm?® water. Theoretical calculations
were carried out with the experimental value of n
= 0.5 and d;o = 1.0 um. It is seen that the observed
consumption rate of the mercaptan is in good agree-
ment with the predicted one up to about 50% con-
version, but suddenly accelerates around this con-
version and begins to deviate from the predicted
values. A slight indication of the same tendency
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Figure 8 (b) Calculated variation of the number and
the total volume of monomer—-mercaptan droplets per cm?®
water with the monomer conversion corresponding to
Figure 8(a).
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Figure 9 Comparison between the calculated and ob-
served conversion vs. time data for n-C,; mercaptan. Rec-
ipe and reaction conditions: same as those in Figure 8(a)
except for N, = 2.0 X 10 particles/cm® water.

could also be seen in the higher conversion range in
the case of My = 0.5 g/cm® water shown in Figure
7(a). The reason for this seems to be that, in the
region where X3; = 0.44, the number of monomer-
mercaptan droplets becomes higher than that pre-
dicted with the assumption that the average diam-
eter of the monomer-mercaptan droplets remains
constant. In order to check whether this is the case
or not, the observed data are compared in Figure
8(a) with the predicted values shown by the dotted
line, which was calculated by assuming that in the
region where X, > 0.44, the number of monomer—
mercaptan droplets, N, is kept constant at the value
determined at X, = 0.44 (1.84 X 10 droplets/cm?®
water). Considering that the calculated line is in
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Figure 10 Comparison between the calculated and ob-
served conversion vs, time data for n-Cg mercaptan. Recipe
and reaction conditions: same as those in Figure 2.



good agreement with the observed data points, we
can conclude that in the region where X,, > 0.44,
the number of the monomer—-mercaptan droplets is
kept rather constant at the value determined at X,
= (.44, as 1s expected, although the average diameter
of the monomer-mercaptan droplets remains ap-
proximately constant in the region where X, < 0.44.
This means that the coalescence rate of the mono-
mer-mercaptan droplets would be greatly decreased
or practically zero in the region where X,, > 0.44.
This could take place, considering that the total vol-
ume of the monomer-mercaptan droplets was so low
in this region, as shown in Figure 8(b) (e.g., V,
= 0.0096 cm®/cm® water at Xy = 44% and Xrp
= 43.5%), where the calculated variations of the
number and total volume of the monomer-mercap-
tan droplets per cm® water with monomer conversion
are shown. The predicted and observed conversion
versus time histories for the monomer and n-Cy
mercaptan are compared in Figure 9, where only the
number of seed polymer particles initially charged
was decreased to 2.0 X 10 particles/cm® water.
Theoretical calculations were carried out with the
experimental value of n = 0.66 and dyo = 1.2 um.
Fairly good agreement can be seen, although a
somewhat higher value for the average diameter of
monomer-mercaptan droplets was necessary com-
pared with other cases with n-C; mercaptan. Figure
10, on the other hand, shows comparisons between
the predicted and observed conversion vs. time
curves for both the monomer and n-Cg mercaptan.
The calculated lines obtained using the experimental
value of n = 0.5 and d o = 4.0 um agree very well
with the experimental data points. We can conclude
from the comparisons shown in Figures 7-10 that
the present model can also give a good prediction
for the consumption rate of CTA with the assump-
tion that the average diameter of the monomer-CTA
droplets remains approximately constant in the re-
gion where X, < 0.44, while, in the region where
Xy = 0.44, the number of these droplets is kept
rather constant at the value determined at X,
= 0.44.

CONCLUSION

It was experimentally demonstrated that the con-
centration of CTA in the polymer particles during
the course of polymerization could be decreased to
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a value much less than that which would be attained
if thermodynamic equilibrium for CTA was reached
between the polymer particles and the monomer
droplets. We developed a mathematical model to
explain this experimental finding quantitatively and
demonstrated theoretically that the decrease in the
concentration of CTA in the polymer particles was
due mainly to the resistance to mass transfer across
the diffusion films at the interfaces between the
monomer droplets and the water phase. It was also
demonstrated that the proposed model could predict
well the consumption rate for CTA in the polymer
particles with the assumption that the average di-
ameter of the monomer-CTA droplets remains
rather constant in the region where X, < 0.44, while,
in the region where X,; > 0.44, the number of these
droplets is kept approximately constant at the value
determined at X, = 0.44.

It is supposed that the proposed model can also
be applicable to the transport of any sparingly water-
soluble reacting species from the monomer droplets
to the polymer particles where these molecules par-
ticipate in reactions.
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