Dynamic Simulation of Primary Particle-Size Distribution in

Vinyl Chloride Polymerization

C. KIPARISSIDES,* D. S. ACHILIAS, and E. CHATZI

Chemical Engineering Department and Chemical Process Engineering Research Institute,
Aristotle University of Thessaloniki, P.O. Box 472, Thessaloniki, Greece

SYNOPSIS

In the suspension polymerization of vinyl chloride, colloidally stable primary particles are
formed inside the polymerizing monomer droplets. The nucleation, growth, and aggregation
of these particles are responsible for the formation of the internal particle morphology and
associated properties, such as pore-size distribution, specific surface area, and plasticizer
uptake. In the present investigation, a population balance model is derived describing the
time evolution of the primary particle-size distribution in the polymerizing monomer drop-
lets. The resulting integrodifferential equation accounts for the coalescence rate of elec-
trically charged colloidal primary particles through the use of the Fuchs modification of
the extended Smoluckowski coagulation equation. Simulation studies were carried out to
determine both the effects of the model parameters and to afford a direct comparison of
model predictions with experimental measurements of the time evolution of the primary
particle-size distribution. The dependence of the total number and of the mean diameter
of the primary particles on several process variables (i.e., the ionic strength of the medium,
total particle charge, temperature, initial initiator concentration, and agitation rate) is
quantitatively analyzed. Finally, the predictive capability of the present model is demon-
strated by a direct comparison of model predictions with the experimental data of Willmouth

et al. and Té6rnell and Uustalu. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Poly (vinyl chloride) (PVC) is one of the oldest
polymers and the second largest in volume ther-
moplastic manufactured in the world.! The enor-
mous expansion of the PVC industry is due to the
high versatility of PVC as a plastic raw material. A
review of the qualitative and quantitative aspects of
PVC polymerization can be found in reviews by
Butters,? Burgess,® Rance,* and Langsam® and more
recently by Tornell,® Xie et al.,”® and Yuan et al.®
PVC is effectively insoluble in its own monomer;
thus, vinyl chloride monomer (VCM) polymeriza-
tion is a heterogeneous process that involves several
physical transitions during the polymerization. As
a result, the final particulate product is made up of
primary particles and its aggregates. The nucleation,
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growth, and aggregation of these particles are re-
sponsible for the internal morphology of the partic-
ulate PVC and its associated properties such as pore-
size distribution and specific surface area. In what
follows, a brief review of the physical phenomena
taking place during VCM polymerization is pre-
sented.

The formation of primary particles has been the
subject of numerous investigations over the past 30
years.!®! According to Rance*!® and Allsopp,'” the
mechanism of nucleation, growth, and aggregation
of PVC primary particles includes the following
stages:

Stage 1: Primary radicals formed by the thermal
fragmentation of initiator rapidly react with mono-
mer molecules to produce PVC macromolecules that
are insoluble in the monomer phase. Aggregation of
the closely spaced polymer chains results in the for-
mation of unstable polymer microdomains with di-
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ameters in the range of 10-20 nm (conversion
=<0.01%).

Stage 2: Due to the very limited stability of the
microdomains, they rapidly aggregate to form the
primary particle nuclei, also called domains. The
initial size of these domains lies in the range of 80-
100 nm (conversion range, 0.01-10%).

Stage 3: The primary particles carry negative
electrostatic charges; hence, they form stable col-
loidal suspensions in the monomer phase. In the
early stages of the polymerization (conversion
<5%), primary particles grow in size mainly by
capturing unstable microdomains and, to a lesser
degree, by polymerization of the absorbed monomer.

Stage 4: At conversions around 10-30%, primary
particles start aggregating and form a continuous
polymer network throughout the VCM droplet. The
primary particles continue to grow until the disap-
pearance of the free monomer phase (e.g., conversion
of about 75% ). The final size of the primary particles
is in the range of 1000-1500 nm. Aggregates formed
by coalescence of primary particles are in the size
range of 3-10 um.

Stage 5: Finally, at higher monomer conversions,
primary particles fuse together. The conversion at
which the primary particles fusion occurs is about
the same as the conversion at which the free mono-
mer phase disappears.

Willmouth et al.® and Térnell et al.?*?" investi-
gated experimentally the dependence of the total
number and of the mean diameter of the primary
particles on the VCM conversion during the early
stages of polymerization. The development of struc-
ture within the grains of suspension PVC (e.g., con-
versions 5-85% ) was experimentally investigated by
Smallwood.? Despite the different polymerization
conditions employed (i.e., temperature, stirrer speed,
etc.), it was found that the primary particles reached
the same limiting values of 1.4 um for the average
particle diameter and 2.0 X 10!! primary particles
per cm®. Furthermore, Smallwood?? showed that the
final porosity of the product was strongly related to
the conversion at which the primary particles net-
work was first formed.

Despite the fact that the end-use properties of
particulate PVC are strongly related to the particle
morphology, there is only limited work published in
the open literature dealing with the development of
quantitative models describing the size evolution of
primary particles in terms of the process conditions.
This is undoubtedly due to the complexity of phys-
ical and chemical phenomena taking place in a po-
lymerizing monomer droplet, as well as the formu-

lation and solution of the resulting population bal-
ance equation. Ray et al.* presented a model for the
prediction of the PVC primary particle-size distri-
bution using a semiempirical form for the calcula-
tion of the particle coalescence rate constant.
Kiparissides®* developed a population balance model
to describe the time evolution of the primary par-
ticle-size distribution as a function of the process
variables such as temperature, ionic strength of the
medium, and type and amount of steric stabilizer.
Later on, Kiparissides et al.®® derived detailed
expressions for the calculation of the coalescence
rate constant of two colloidal particles by taking into
account both electrostatic and steric stabilization
forces.

The aim of the present study was to develop a
comprehensive mathematical model for the quan-
titative prediction of the evolution of primary par-
ticle-size distribution during the free-radical poly-
merization of VCM. The present model has the
ability to predict the dynamic behavior of the pri-
mary particle population from the start of polymer-
ization up to the formation of particle aggregates.
It is based on the model and detailed expressions
developed by Kiparissides et al.***® and describes
quantitatively the effect of the most important pro-
cess variables, such as temperature, the initial con-
centration of initiator, the ionic strength of the me-
dium, and the particle charge density on the for-
mation, growth, and aggregation of primary
particles. One of the most important developments
in this study is the excellent agreement obtained
between the theoretical model predictions and the
experimental results of Willmouth et al.® and T6r-
nell and Uustalu.?’

POPULATION BALANCE MODEL

A typical PVC suspension polymerization reactor is
shown in Figure 1. The magnified portion of the
suspending medium shows a VCM droplet during
the initial stages of polymerization. Droplet coales-
cence is typically controlled by the addition of pri-
mary and secondary suspending agents. Inside the
monomer droplet, one can identify the polymer mi-
crodomains as well as the primary particles. The
microdomains initially formed have a diameter of
about 20 nm. They rapidly coalescence to form the
nuclei of domains having diameters in the range of
100-200 nm.

The population balance equation describing the
evolution of the primary particle-size distribution
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PVC Polymerization Reactor

Figure 1 Schematic representation of the electrostatic stabilization of PVC primary

particles in a polymerizing monomer droplet.

inside a polymerizing VCM droplet has been derived
by Kiparissides®* and has the following general form:

on,(V,t)  OlLn(V,t)]
ot Y%

1 [vvo
=§f BwvV-U,U)n,(V—-U,t)n,(U,t)dU

- fw BV, Uyn,(V, t)n, (U, t) dU (1)

The initial as well as the boundary conditions
required for the integration of eq. (1) are expressed
as

ny(V,0)=00; t=0 (2)

2@% = —n,(Vy, t) J’w B(Vo, U)n, (U, t) dU

+r{(Vy, t); t>0;, V=V, (3)
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where n,(V, t) is the number-volume density func-
tion. The term n,(V, t)dV denotes the number of
particles of volume V to V + dV at time t per unit
volume of the reaction medium. Equation (1) ex-
presses the change of the density function n,(V, t)
with respect to time (first term) and particle volume
due to polymerization in the polymer-rich phase
{second term). The first term on the right-hand side
of eq. (1) accounts for the rate of generation of par-
ticles in the size range V to V + dV due to agglom-
eration of two particles of volumes V — U and U.
The factor 1 that multiplies this term accounts for
the double counting of particle pairs appearing in
the integration. Finally, the last term of eq. (1) rep-
resents the rate of disappearance of particles in the
size range V to V + dV due to agglomeration of a
particle of size V with particles of any other size.
The term r(Vy, t) in eq. (3) represents the rate at
which basic particles (i.e., microdomains) of volume
V, are generated due to polymerization and chain
precipitation in the monomer-rich phase.

It is often more practical to use the number-di-
ameter density function, np(D, t), instead of the
number-volume distribution. Accordingly, np (D, t)
dD represents the number of primary particles in
the size range D to D + dD at time ¢ per unit volume
of the reaction medium (no. particles/(m2). It can
be shown that np(D, t) is related to n, (V, t) ac-
cording to the following equation:

xD?
2

nD(D7 t):nv(V, t)%znu(‘/, t) (4)

Using eq. (4), the population balance eq. (1) can
be expressed in terms of the number-diameter den-
sity function as

an’D(D, t) + a[‘[DnD(I)) t)]
at oD

1 (Da_Dg)ua
=5L B(D', Aynp (D', t)np(A, t)
0

X D*A™*dD' - np(D, t)
XfD B(D', Dynp(D’, t) dD' (5)

where

DS 13
mD* U:7rD (6)

A:(DS__DrS)l/S; V = :
6 6

The initial as well as the boundary conditions
required for the integration of eq. (5) are expressed
as

np(D,0)=00; t=0 ()

dnp (Do, t)
at

= —np{Do, t) L B(Do, D'Ynp (D', t) dD'

+r(Dy, t); t>0, D=D, (8)

Calculation of the Rate of Formation of
Microdomains

The rate of generation of microdomains, r(Vy, t),
will depend on the rate of polymerization in the
monomer-rich phase R,,, and will be given by

Rpme

Vo, t) = ——Pmw
rtVo, ) = 0 — o)V

(9)

where M,,, d,, and ¢,, denote the monomer molecular
weight (62.5 for VCM), the density of PVC
{10%exp[0.4296 — 3.274107* T(K)], g/L} and the
equilibrium monomer volume fraction in the poly-
mer-rich phase, respectively. The latter can be ex-
pressed as

~ 1- X,
1— X.(1-dyn/dy)

Prm (10)

where X, is the critical conversion at which the sep-
arate monomer phase disappears [0.8 — 1.9107°
T(°C)].d,, and V; denote the density of the mono-
mer [947.1 — 1.746 T(°C) — 3.2410 2 T?(°C)] and
the initial volume of the microdomains, respectively.

Calculation of the Primary Particle Growth Rate

The rate of growth of the primary particles due to
polymerization of the absorbed monomer in the
polymer-rich phase, Iy, can be expressed in terms
of the overall rate of polymerization in the polymer-
rich phase, R, using the following equation:

Ryp

= x

(11)

where [ M, ] and X are the initial monomer concen-
tration and the fractional conversion, respectively.
The growth rate of primary particles in terms of
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particle diameter can be obtained from eq. (11) by
substituting V by =D3/6.

Calculation of the Polymerization Rates

The kinetics of VCM polymerization has been the
subject of numerous publications over the last 25
years.”® The mathematical models proposed to de-
scribe the evolution of the polymerization rate have
been recently reviewed by Sidiropoulou and
Kiparissides® and Xie et al.”® It is beyond the scope
of the present investigation to examine which model
describes best the kinetics of the VCM polymeriza-
tion.

Based on the pertinent phenomena of VCM po-
lymerization described in the Introduction of this
paper, it is obvious that phase separation occurs at
very low monomer conversions (e.g., X < 0.001%).
For kinetic modeling purposes, it is reasonable to
assume that polymerization occurs in both the
monomer and polymer phases from the very begin-
ning of the polymerization. According to Abdel-Alim
and Hamielec,3” the rates of polymerization in the
monomer-rich as well as in the polymer-rich phase
(Rpm, Rpp) are given by

X —-X
Ry = k[ M][R*] X(1-X) (12)
1-X.

Xa1-x) ¥

Ry, = kR, [M][R*PX

where [ R*] is the total radical concentration given
by

(14)

1/2
(R*] - (2fkd[11)

k.

where [M] and [I] denote the monomer and initi-
ator concentration, respectively, and k,, k;, and &,
the corresponding propagation, termination, and
initiator decomposition rate constants. f is the ini-
tiator efficiency. The overall fractional monomer
conversion is obtained from the numerical integra-
tion of the following differential equation:

dX
E=kp[R*](1-X—AX+PAX)/

(1 -BX)? (15)

where B is the volume contraction coefficient and
the parameters A and P are given by®’

B =—f'l”—di—dﬂ (16)
A=1 ;{X" (17)
 (2fka/ke)}?
~ 2fkaf k) (18)

The value of P is greater than unity and varies with
temperature® [P = 27 — 0.14 T(°C)].

Calculation of the Coalescence Rate Constant

The term 8(V, U) or (D, D') appearing in the pop-
ulation balance eq. (1) or (5) denotes the coales-
cence rate constant of two colloidal particles having
volumes U and V or diameters D and D’. Since the
initial particle growth occurs mainly by particle ag-
gregation and to a smaller extent by polymerization
of the absorbed monomer in the polymer-rich
phase,® knowledge of analytical expressions for the
coalescence rate constant is of profound importance
to the solution of the population balance model
[eq. (5)].

Kiparissides et al.>’ derived detailed expressions
for the calculation of the coalescence rate constant
for electrically charged colloidal particles. The co-
alescence rate constant,® g(D;, D,), is given by the
Fuchs3® modification of the extended Smolu-
chowski coagulation equation:

1‘35

2kT (R, + R)® 1

ﬁ( is j) 61 Ef 3 u RiRj' Wi'

(19)

where k, T', u, and W;; denote the Boltzmann’s con-
stant (1.38 X 1072 J /K), the reaction temperature,
the viscosity of the monomer phase® [2.1 X 10™*
—1 X 1078 T(°C), Nsm™2] and the stability ratio,
respectively. R; and R; are the radii of the ith and
Jth particles. E; is a lumping parameter that ex-
presses the effect of the degree of agitation in the
polymerization vessel on the primary particle co-
alescence rate.

The stability ratio W measures the effectiveness
of the potential barrier in preventing the particles
from coagulating.*® This means that when there ex-
ists a repulsive energy barrier only a fraction 1/W
of the collisions between particles lead to coales-
cence. The stability ratio was calculated according
to the approximation proposed by Reerink and Ov-
erbeek.*' The calculation of the total interaction en-
ergy V, which is given by the sum of the van der
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Waals attractive, V4, and electrostatic repulsive, Vi,
potentials, follows the developments described in
Kiparissides et al.,*® Prindle and Ray,*? Feeney et
al.,*® and Ottewil.**

For a given colloidal system, the attraction forces
are assumed to be constant while the electrostatic
repulsion forces can vary with the ionic strength of
the medium. The reciprocal of the thickness of the
electrical double layer, x, appearing in the calculation
of Vjz, expresses the effect of the electrolyte con-
centration on the repulsion forces. The reciprocal
Debye length, «, is defined as***°

e2NA , 1/2
= iM; 2
K ( =T >z M) (20)

i

where M; is the concentration of the ions of type
“1” and z; is the corresponding valence number. Note
that for a completely dissociated 1 : 1 electrolyte,
eq. (20) can be expressed in terms of the concen-
tration of the electrolyte (mol/L) and the absolute
temperature of the solution. Assuming that the con-
centration of the ionic species of an unknown 1 : 1
electrolyte in VCM is equal to 1 umol /L, the value
of x at 323 K will be approximately equal to?? 1.3

X 10" m™!.

Calculation of the Surface Potential

The surface potential can be calculated from the
Poisson-Boltzmann equation assuming spherical
symmetry and that the Debye-Hiickel approxima-
tion for weakly charged particles is valid.**** Inte-
gration of the charge that is contained from the sur-
face of the particle to infinity provides (with a sign
change) the total charge on the surface of the par-
ticle, @;. However, in dilute solutions, where the
value of « is very small, the surface of shear may be
considered that coincides with the particle surface
and, therefore, the particle potential can be approx-
imated by the zeta potential of the charged parti-
cles:1°

Q;

" 4meR, (1 + kR;) (21)

Voi

Equation (21) expresses the surface potential in
terms of the particle charge, which is an unknown
function of the particle size. Térnell et al.?? proposed
a semiempirical expression (22), which relates the
primary particle radius to the total particle charge,
to investigate the electrostatic stability of PVC pri-
mary particles:

Q: = C,R? (22)

p is an adjustable parameter taking values in the
interval [0, 2]. Note that for p = 0, eq. (22) will
satisfy the condition of constant electric charge for
all particles. On the other hand, for p = 2 and «R;
> 1, eq. (21) will satisfy the case of constant surface
potential. The zeta potential of PVC primary par-
ticles has been measured by several investigators
and found to be in the range of —80 to —120 mV.
Cooper et al.!” measured the electrophoretic mobility
of PVC primary particles in liquid VCM and re-
ported a value of —1.2 X 1078 m? V! s7! for PVC
particles with a radius of 150 nm, which corresponds
to a zeta potential of —80 mV (Rance?). Accordingly,
the particle charge can be calculated from eq. (21)
for k = 1.0 X 10" m™! to be 1.57 X 10~ Cb. The
value of parameter C, is then calculated from eq.
(22) and the known values of @; and R; for different
values of the exponent p:

C,=157X107" (15X 107)*  (23)

NUMERICAL SOLUTION OF THE
POPULATION BALANCE

Prior to the numerical solution of eq. (5), the log-
arithmic transformation after Gelbard and
Seinfield*® was applied to eq. (5) to recast it into
the following form:

om(w, t) R, Im(w,t)]
at 3[My]XIndJ Jw
J3w

i
f B(x,z)ym(x, t)m(z,t)
2 Jo

X (J* = J**) ' de — m(w, t)

1
X f Blw,z)m(z,t)dz (24)
4]

ln(D/Dmin) _ ln(D,/Dmin)

= R ) L, 25
Y (Do Do) © (Do Do) 2
_ ln(JSw _ J3z) ) J _ Dmax A

3lndJd ! Do’
In (J% —
Z' = _I_IL__—I) (26)

3In J

m(w, t) = n(D,t) Q =n(D,t)DIndJ (27)
dw
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m(x,t) = n(At) E
dx

= Dpin(J3% — J)V30(A, t)In J  (28)

D, and D, are the minimum and maximum di-
ameter of primary particles, respectively.

Accordingly, the initial as well as the boundary
conditions required for the integration of eq. (24)
are written as

m(w,0)=00;, w=0 (29)

1
Q—n—(a(t)’—t)- = -—m(0,t) J; B(0, z)Ym(z,t) dz

Mln J; t>0 (30)
wdy (1 — @) Dj

Several numerical methods have been proposed
in the literature for solving partial integrodifferential
equations.?” These include finite-difference meth-
ods, 334849 the method of moments,*® the method of
weighted residuals,®® and collocation on finite ele-
ments,5253

To simplify the numerical solution of eq. (24),
the partial differential term dm(w, t)/dw was as-
sumed to be negligible. This is especially true in the
early stages of polymerization when primary parti-
cles grow mainly by capturing unstable microdo-
mains. Indeed, at low monomer conversions (< 5%},
the rate of polymerization in the polymer-rich phase
is approximately three orders of magnitude smaller
than the corresponding rate in the monomer-rich
phase.

Discretization of the Population Balance

To solve the integrodifferential population balance
eq. (24), the whole range of variation of the dimen-
sionless diameter w was divided into a suite of
equally spaced diameters, w1, ..., wy and eq. (24)
was approximated by a system of N differential
equations. wy was set equal to one corresponding to
the maximum size of the primary particles (i.e., D,y
= 1000 nm).

The set of N differential equations obtained from
the discretization of the population balance eq. (24)
is written as follows:

du, (w;, t)
dt

J3w,‘ Z;
2 fo B(x;, z)my (x;, t)ym; (2, t)

X (J* — I3y P de — m; (w;, t)

1
Xf Blw;, z)m; (2, t)dz (31)
0

_ ln(Di/Dmin) . _ Dmax

wi=—ns o Y . (32)
_ln(J3w"—J3z) , _ln(J3“"'—1)

¥ 3lndJ ’ P 3lndJ (33)

The corresponding initial as well as the boundary
conditions required for the integration of eq. (31)
become:

m;(w;,0)=00; w;=0; i=1,...,N (34)

1
M= —my (wy, t)f Blwy, z)mi(z, t) dz
dt 0

18R, .M,
————2-—1ndJ (35)
7rdp( 1-¢n )Djg

The total number of primary particles per unit
volume of the reaction medium will be given by the
zero moment of the number-diameter density func-
tion:

N@) = wa m(w, t) dw
o (36)

Dy
=f np(D,t) d(D)
Dy

Accordingly, the mean primary particle diameter,
D,,,, can be calculated by the general equation >t

Dy
DPnp(D, t)dD

Dy

(Dpg)?™* = =y
f Dnp (D, t) dD
Dy

(37)

where the indices p and q (p > q) can take the values
p=1,2,3andgq=0,1,2. Forp=1and g = 0, eq.
(37) defines the arithmetic mean particle diameter.

Solution of the Population Balance

The final system of ordinary differential egs. (31)
was solved iteratively using two different integration
methods® (e.g., the Gear’s predictor-corrector
method and a variable step-size fourth-order Runge-
Kutta method). Both integration methods required
the initial value of the number of primary particles,
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Figure 2 Effect of the total particle charge (parameter p) on the variation of the
mean primary particle diameter with time (x = 1 X 10" m™*; T = 323 K; initiator: LP,

1% w/w).

m;, as well as a subroutine to calculate the gradient
dm; /dt at the discrete points w;, w, ..., wy. The
various integral terms were calculated at each time
step using a composite Simpson’s rule. No signifi-
cant differences were found between the results ob-
tained by the two integration methods.

In all simulations, D, was set equal to 20 nm (di-
ameter of the basic particles) and the value of Dy
was set equal to 1000 nm. The number of collocation
points, N, used to discretize the primary particle-
size distribution into a set of ordinary differential
equations, was set equal to 100. Although the use of
a greater number of discretization points (e.g., 200)
increased exponentially the computational effort, it
did not improve significantly the simulation results.

The calculation of the integral terms required an
iterative procedure. To integrate the system of N
differential eqgs. (31) from ¢t — At to t, the integral
terms were initially approximated using the known
discrete values of the number diameter density
function, m;, at time t — At (iteration one). Ac-
cordingly, the system of N differential equations was
numerically integrated and the new values of m; were
used to reevaluate the integral terms (iteration two).
The iterative procedure was repeated several times

(e.g., 3—4 iterations) until the satisfaction of the fol-
lowing convergence criterion:

VN
Vn, (V, 1) dV
Vo
_fDN”D3n (D t)dD—M (38)
o 6 dp(1 — @)

Equation (38) implies that the total volume of the
primary particles, given by the first moment of the
number-volume density function, must be equal to
the volume of the monomer-swollen polymer phase
calculated in terms of the overall monomer conver-
sion. Notice that the monomer conversion is ob-
tained from the integration of eq. (15).

RESULTS AND DISCUSSION

In the present section, simulation results obtained
from the numerical solution of the population bal-
ance model (5) are presented showing the time evo-
lution of the primary particle-size distribution in a
batch PVC polymerization reactor. The effects of
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Figure 3 Time evolution of the primary particle-size distribution for two different values
of the parameter p (x = 1 X 10" m™!; T = 323 K; initiator: LP, 1% w/w).

the ionic strength of the medium, total particle
charge, temperature, degree of agitation, initial con-
centration, and type of initiator on the average pri-
mary particle size and the total number of primary
particles are quantitavely analyzed and compared
with the experimental data of Willmouth et al.'® and
Té6rnell and Uustalu.?’

As already discussed in the previous section, the
total electric charge of a primary particle, @;, de-
pends on the particle radius, R;, and the parameter
p [eq. (22)]. In this way, we can account for the
variation of the surface potential, y;, with the size
of the primary particles. In Figure 2, the mean pri-
mary particle diameter is plotted against the poly-
merization time for different values of the exponent
p. In all simulated cases, the reciprocal Debye length
was set equal to 1 X 10" m™! and the temperature
at 323 K. As can be seen for p = 1.0, the mean par-
ticle diameter is approximately constant and equal
to the initial diameter of the microdomains (20 nm).
On the other hand, as the value of p increases (p
> 1), the growth rate of primary particles increases.

Figure 3 depicts the time evolution of primary
particle-size distribution in a batch reactor for two
different values of the parameter p. The results were
obtained for xk = 1 X 10" m™! and a polymerization

temperature of 323 K. Figure 3 shows a clear shift
of the particle population toward higher diameters
as the polymerization proceeds for both values of
the parameter p. Note that at ¢t = 1 min the primary
particle-size distribution has two characteristic
mode diameters corresponding to the basic and pri-
mary particle population, respectively. However, as
the size of the primary particles increases, the co-
alescence rate constant between basic and primary
particles increases, which results in the disappear-
ance of the first characteristic mode diameter of the
bimodal particle distribution. The corresponding
values of the monomer conversion at 1 and 5 min
of polymerization time are 0.1 and 0.7%. Higher ag-
gregation rates are obtained as the value of the ex-
ponent p increases. For p = 1.5, the size of the pri-
mary particles exhibits a higher growth rate due to
the higher rate of coalescence between unstable basic
and primary particles.

The effect of the ionic strength (i.e., reciprocal
Debye length, «) on the time evolution of the total
number and the mean primary particle diameter is
shown in Figures 4 and 5. The results were obtained
for p = 1.2 and a polymerization temperature of 323
K. It has been postulated® that an increase of the
value of « (i.e., increase of the ionic strength of the
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medium) results in a decrease of the particle surface
potential, Y, , which is accompanied by a decrease
of the repulsion forces as well as of the stability of
the primary particles. As a consequence, the primary
particle size increases while the total number of pri-
mary particles decreases. Note that the value of «
varies from 0.1 to 4.0 X 10" m™.22

Figure 6 depicts the effect of the polymerization
temperature on the time evolution of the mean pri-
mary particle diameter. It is known that the poly-
merization rate increases with temperature. Fur-
thermore, as the temperature increases, the maxi-
mum energy barrier, V..., decreases, resulting in an
increase of the coalescence rate constant §8;, and of
the mean particle diameter.

The influence of the agitation rate on the primary
particle coalescence rate was indirectly taken into
consideration through the introduction of a lumped
empirical parameter, E; [see eq. (19)]. According
to the results of Figure 7, as the rate of agitation
decreases, E;, the coalescence rate constant, §,;, de-
creases. As a consequence, the growth of primary
particles due to particle coalescence decreases while
the total number of primary particles increases.
However, it should be pointed out that the depen-
dence of E; on the rate of agitation can exhibit a
complex U-shaped behavior, which means that E;

can either increase or decrease with rpm, depending
on the range of variation of rpm.

The effect of the initial initiator concentration
(i.e., dilauroyl peroxide) on the time evolution of
the primary particle-size distribution is illustrated
in Figure 8. It can be seen that at the very early
stages of polymerization (e.g., reaction time of 5 s)
the primary particle-size distribution is not influ-
enced by the initial initiator concentration. How-
ever, at longer polymerization times, (e.g., t = 5
min), the number-diameter density function shifts
to larger diameters and the mean diameter increases
with increasing values of [I],.

In Figures 9 and 10, the model predictions are
compared with the experimental data of Willmouth
et al.’® on the mean primary particle diameter and
the total number of primary particles at two different
temperatures. The numerical values of the param-
eters used in these simulations were D,;, = 20 nm,
Doy = 1000 nm, E; = 1.0,p = 1.5,k = 1.3 X 10" m™?
at T'=50°C,xk =1.610"m ' at T = 35°C, [I], = 1%
w/v. It can be seen that model predictions for the
mean particle diameter are in excellent agreement
with the experimental data. On the other hand, the
predicted number of primary particles is of the same
order of magnitude with the experimentally mea-
sured values of N. In view of the large experimental
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m™}; T = 59°C; p = 1.42; E; = 1.8; initiator: LP, 0.092% w/w).
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and 450 s and constant temperature T = 35°C, are
shown in Figure 11. According to the results of this
figure, it can be postulated that at the initial stages
of polymerization a bimodal particle distribution is
obtained. As the polymerization proceeds (i.e., at
180 and 450 s), the first characteristic mode diam-
eter decreases, the distribution becomes narrower,
while the mean particle size shifts to larger values.

Finally, in Figure 12, a comparison between the
model predictions and the experimental data of
Toérnell and Uustalu? for the mean diameter and
the total number of primary particles is shown. The
parameters used for the theoretical simulations were
k=14X10"m™, T =59°C,p = 1.42, E; = 1.8, and
[I]o=0.092% w/w. It is interesting to note that the
present theoretical model is capable of predicting
the time evolution of both the mean particle diam-
eter and total number of primary particles equally
well. Note that the experimental data were collected
from a 1 L bulk VCM polymerization reactor agi-
tated at a constant speed of 1.5 m/s.

CONCLUSIONS

In the present article, a mathematical model has
been developed that quantitatively describes the
time evolution of the primary particle-size distri-
bution during the batch polymerization of VCM. The
effect of the most important process parameters on
the mean diameter as well as on the total number
of the PVC primary particles has been thoroughly
investigated. It can be postulated that an increase
of the primary particle mean diameter is favored by
an increase of the ionic strength of the medium, the
total particle charge (parameter p), the initial ini-
tiator concentration, the temperature, and the agi-
tation.

The above process parameters, except the poly-
merization temperature, have exactly the opposite
effect on the total number of primary particles, i.e.,
the total number of primary particles increases as
the mean particle diameter decreases. Finally, the
predictive capabilities of the developed theoretical
model have been successfully demonstrated by com-
parison of model predictions with the experimental
data of Willmouth et al.’® and T6rnell and Uustalu®’
for the bulk polymerization of VCM.

NOMENCLATURE

I, rate of particle growth (m®s™1)
K reciprocal Debye length (m™)

M, concentration of “i” type ions (geq
m3)

n,(V,t) dV number of primary particles in the
size range Vand V + dV (# m™3)

N, Avogandro’s number

t time (s)

T temperature (K)

\% volume of primary particle (m®)

w stability ratio, dimensionless

X fractional monomer conversion

Greek Letters

s
2

B; coalescence rate constant between particles
and ujn (mZ S—l)
Yo particle surface potential (V')
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