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SYNOPSIS

Problems related to the formation and stability of primary particles in VCM suspension
and bulk polymerization were theoretically analyzed, based on the DLVO (Deryaguin—
Landau-Verwey—Overbeek ) and HVO (Hesselink—Vrij~Overbeek) theories of stability of
colloidal systems. In the absence of secondary stabilizers, PVC primary particles were
solely stabilized by negative electric charges, as a result of the presence of HCI formed by
a chain transfer reaction of chloride radicals to PVC polymer chains. The dependence of
the stability of primary particles on the ionic strength of the medium, temperature, and
total particle charge was quantitatively investigated in terms of the stability ratio and the
particle coalescence rate constant. The steric stabilization of primary particles, arising
from the addition of surfactants or polymers to the monomer phase, was examined, using
the HVO theory. It was shown that PMMA improved the stability of primary particles
and, thus, could alter the particle agglomeration kinetics. The effects of molar mass and
the amount of the adsorbed PMMA, as well as the influence of solvent quality on the steric
stabilization of primary particles, were also investigated. The experimental results, published
on the electrostatic and steric stabilization of PVC primary particles, were in good agreement

with the theoretical predictions obtained in this study. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

It is well known that VCM polymerization is a het-
erogeneous process, which involves several physical
transitions throughout the course of polymerization.
As a result, the final product of bulk or suspension
polymerization is made up of primary particles and
its agglomerates. The nucleation, growth, and ag-
gregation of these particles are responsible for the
formation of particle internal morphology and as-
sociated properties, such as pore size distribution,
and specific surface area.

Rance? reviewed the previously published work
on the formation of PVC grains and proposed the
following mechanism to describe the nucleation,
stabilization, growth, and aggregation of PVC pri-
mary particles. Primary radicals, formed by initiator
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decomposition, rapidly react with the monomer to
produce PVC macromolecules that are insoluble in
the monomer phase. These closely spaced polymer
chains combine together to form unstable polymer
microdomains, which have a radius of about 10-20
nm. However, the microdomains ( or basic particles)
have a limited stability and agglomerate rapidly to
generate the primary particle nuclei, also called do-
mains. The initial size of these domains has been
found to lie in the range of 80 to 100 nm (i.e., 0.08-
0.1 um). Contrary to the basic particles, the primary
particles carry sufficient negative electrostatic
charges®® and, thus, initially form stable colloidal
suspensions in the monomer phase. Recent inves-
tigations have shown that primary particles can be
produced up to about 5-10% monomer conversion.
Primary particles grow in size by capturing newly
formed basic particles and, to a lesser degree, by
polymerization of absorbed monomer. The size and
number of primary particles depend on the particle
stability, which decreases as the monomer conver-
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sion increases. At conversions of 10-30%, aggrega-
tion of primary particles results in the formation of
a continuous network of primary particles through-
out the VCM droplet. The structure of the floccu-
lated network, its porosity, and its strength, will de-
pend on the electrostatic and steric interactions be-
tween the primary particles, their size, and their
number density. Primary particles grow and aggre-
gate until the free monomer phase disappears. Fi-
nally, at higher monomer conversions, primary par-
ticles fuse together to form agglomerates 2-10 um
in size.

The development of structure within grains of
suspension PVC was experimentally investigated by
Smallwood.® One of the most interesting observa-
tions of Smallwood was that, although polymers
produced at different polymerization conditions (i.e.,
temperature, stirrer speed, presence of different
protective colloids and initiators) had different final
porosities, the final size and number of primary par-
ticles reached approximately the same limiting val-
ues of 1.4 um and 2.0 X 10" cm™, respectively.
Smallwood’s experimental results show that the
product’s final porosity is strongly related to the
conversion at which the primary particle network
is formed. At the critical conversion, the structure
and strength of the network will be affected by the
size, number, and interaction forces between pri-
mary particles, which are in turn influenced by the
polymerization conditions (i.e., polymerization
temperature, stirrer speed, type and concentration
of stabilizers, etc.)

Despite the commercial importance of PVC par-
ticle morphology to its end-use applications, there
has been little work done on the development of
quantitative models relating the size evolution of
primary particles in terms of process conditions.
Kiparissides’ developed a population balance model
to describe the time evolution of the primary particle
size distribution as a function of the process vari-
ables, such as temperature, ionic strength of the me-
dium, and type and amount of steric stabilizer.
However, for the solution of the population balance
model, we need to know the coalescence rate con-
stant between the primary particles. This, in turn,
requires the calculation of electrostatic and steric
stabilization forces acting on these particles.

In the present study, we derive expressions for
the calculation of the coalescence rate constant of
two colloidal particles by taking into account both
electrostatic and steric stabilization forces. It is
shown that, in the former case, the particle coales-
cence rate constant can be expressed as a function
of temperature, reciprocal Debye length, and the to-

tal particle charge, in accordance with the Miiller—
Smoluchowski coagulation theory.®° In the pres-
ence of steric stabilization forces, the variables af-
fecting the particle coagulation kinetics are the mo-
lar weight and the total mass of the adsorbed poly-
mer and the Flory-Huggins interaction parameter
of the monomer-stabilizing polymer system. In the
latter case, the Hesselink, Vrij, and Overbeek!!?
model is invoked for the calculation of the interac-
tion potential between two particles covered by an
adsorbed layer of neutral polymer.

COLLOIDAL STABILITY OF PVC
PRIMARY PARTICLES

The population balance equation, describing the
evolution of the primary particles in bulk or sus-
pension polymerization, has been derived by
Kiparissides” and has the following general form:

an(v, t) + L,n(v, t)]
at av
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where n(v, t) dv denotes the number of particles of
volume, v to v + dv, at time ¢ per unit volume of the
reaction medium. Equation (1) expresses the change
of the density function n{v, t), with respect to time
(first term) and volume, due to polymerization in
the polymer phase (second term). The first two
terms on the right side of eq. (1) represent the rates
at which particles enter and leave the size range v
to v + dv, due to particle—particle coalescence. Fi-
nally, the last term represents the rate at which basic
particles of volume v, are generated in the monomer
phase.

The term B(u, v) represents the coalescence rate
constant of two colloidal particles of volume v and
v. Note that the initial particle growth occurs mainly
by particle aggregation and, to a smaller extent, by
polymerization of the adsorbed monomer in the
polymer-rich phase.” Thus, knowledge of analytical
expressions for the coalescence rate constant is of
profound importance to the solution of the popu-
lation balance model (1), describing the time evo-
lution of the primary particle size distribution. In
what follows, the functional form of B(u, v) is de-



rived for both electrostatic and steric stabilization
conditions.

ELECTROSTATIC STABILIZATION

The origin of the electrostatic stabilization of PVC
primary particles has been the subject of much dis-
cussion and speculation. Wilson and Zichy® and
Davidson and Witenhafer* attributed these charges
to chlorine ions (Cl ™), resulting from the presence
of HCI formed during polymerization. Tornell and
Uustalu®® investigated the origin of negative chlorine
charges, found on the surface of primary particles,
and reported that the formation of chlorine ions
from an oxygen source could not solely explain the
stability of the particles at higher monomer con-
versions. Furthermore, conductivity measurements
during bulk polymerization of VCM showed that the
conductivity of the monomer phase decreased while
the conductivity of the polymer phase increased.!*
Térnell and Uustalu®® suggested that the main
source of particle stability should be the polymer-
ization process itself. One possible source of chlo-
rine-ion production can be attributed to the chain
transfer of chloride radicals to PVC polymer chains.
Hjertberg!® reported that hydrogen abstraction by
chloride radicals can occur at a rate of 1-3 reactions
per 10,000 monomer additions. Therefore, one can
assume that these electrolytically active species (i.e.,
HCIl), formed during the polymerization, are initially
concentrated on the surface of the primary particles,
thus providing the necessary negative electrostatic
stabilizing forces. However, as the size of the primary
particles increases, the contribution of the electro-
lytically active species located in the core of the pri-
mary particles decreases, resulting in a correspond-
ing decrease of the particles’ electrostatic stability.
In the case of electrically charged colloidal par-
ticles, the coalescence rate constant, 8(u, v), will
be given by the Fuchs®® modification of the extended
Smoluchowski coagulation equation:

2kT (R + R)® 1

= iA=E——
Blv, u) = B '3 RE W,

(2)

where k, T, u, and W;; denote the Boltzmann’s con-
stant, the reaction temperature, the viscosity of the
monomer phase, and the stability ratio, respectively.
R; is the radius of the ith particle. E; is a lumping
parameter, depending on the degree of agitation and
size of primary particles. It is well known that elec-
trostatically stabilized colloidal particles are sus-
ceptible to aggregation by shear. Indeed, Davidson
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and Witenhafer* have shown that PVC primary
particles, dispersed in VCM, aggregate under shear.
Thus, strong agitation will favor aggregation of pri-
mary particles at low conversions.

In the absence of repulsion forces, every collision
of two colloidal particles results in coagulation (i.e.,
in the case of rapid coagulation). However, in the
presence of electrostatic repulsion forces, the rate
of coagulation decreases by a factor of 1/W, since
not all particle collisions lead to coagulation. The
inverse of the stability ratio, W ™1, accounts for the
fraction of successful collisions and is used as a
quantitative measure of the stability of the particles.
Thus, the particle stability increases as the value of
W increases (i.e., the repulsion forces increase).

To calculate W, it is necessary to evaluate the
total energy of interaction V as a function of the
distance separating two electrically charged colloidal
particles. According to the DLVO theory, the total
interaction energy will be given by the sum of the
van der Waals attraction forces, V,, and the elec-
trostatic repulsion forces, V.

V=Vs+ Vg (3)

The attraction energy between two colloidal spher-
ical particles of unequal size can be calculated by®

VA:

A 2R R;
6 | H3 + 2Hy(R; + R))
N 2R; R,
H3 + 2Hy(R; + R)) + 4R, R;

HE+ 2Ho(R: + R;)
ny 4
"(Hg + 2Ho(R: + R)) + 4RiRj) (4)

where A is the Hamaker constant. The value of A
for the PVC/VCM has been found to be equal to?%’
A = 5.0 X 1072 J, R, is the particle radius and H,
is the shortest distance between the particle surfaces.
Equation (4) can be simplified for small values of
H,, to eq. (5), by eliminating the Hj terms.

A

v, - [ R:R; R.R;

Hy(R; + R;) Ho(R; + R;) + 2R;R;

Hy(R; + R))
+ ln(HO(Ri TR+ 212#2,-)] (5)

6

It was found that when the maximum interaction
potential occurs at small interparticle distances, the
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error obtained in the calculation of V, by using eq.
(5) was less than 10%.

For the calculation of the electrostatic repulsive
forces, Prindle and Ray!® proposed the following
expressions:

4meR%Voilo
Vg = ?0_*—:’—2-;11;-1 exp[-KH()] for KRij <3 (6)

kT\?
Vg = 327!'8R[j(;) viv;exp|[—KH,]

for 3<KR; <10 (7)

(8)

4T

v = tanh( ze%i)

where ,; is the particle surface potential. R; is an
effective radius, defined either as the arithmetic
mean value of R; and R;, or as their harmonic mean
value.

1
1 1\!1
R 2(Ri R,-) (10

For a given colloidal system, the attraction forces
are assumed to be constant, while the electrostatic
repulsion forces can vary with the concentration of
electrolyte. The reciprocal of the thickness of the
electrical double layer, K, appearing in the calcu-
lation of Vi [eqgs. (6) and (7)], expresses the effect
of electrolyte concentration on the repulsion forces.
The reciprocal Debye length K is defined as!®:

K= (eQNA

1/2
o 3 M) (1)

i

where M; is the concentration of the ions of type i
and z; is the corresponding valence number. Note
that for a completely dissociated 1 : 1 electrolyte,
eq. (11) can be expressed in terms of the concen-
tration of the electrolyte (mole /L) and the absolute
temperature of the soclution. 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 K at 323 K will be approximately equal to 1.3
X 10" m™.

In the presence of electrostatic forces, Fuchs? de-
rived the following relation between the energy of
interaction and the stability ratio:

kT

Wi 2B ) Hvzrpr (1P
y

e
exp

where V ( H) is the total interaction energy and H
is the distance separating two particles. It should be
pointed out that several approximations have been
proposed in the literature to avoid the numerical
integration of eq. (12). Often the approximate
expression (13)!° is used to estimate the value of
the stability ratio in terms of Viu,:

1 Vmﬂx
e —_ 13
Wi = KR, exp( kT ) (13)

where K is the reciprocal Debye length and V., is
the height of the energy barrier preventing particle
coalescence. A more accurate approximation of eq.
(12) was proposed by Reerink and Overbeek ?°:

W,“ =

2R‘2jv; Vmax
(Hmex + 2R;)%p exp( KT ) (14)

where

.1 d¥w

P = " orT dH? (15)

max

The results of the integration of eq. (12) were
compared to those obtained by the approximate so-
lutions (13) and (14). It was found that eq. (13)
overestimated the value of W;;, while eq. (14) re-
sulted in an error of less than 10%. As a result, eq.
(14) was chosen for all subsequent calculations of
W, due to its simple form and minimum compu-
tational effort.

Calculation of Surface Potential

In order to calculate the value of the stability ratio
in terms of the total energy of interaction, we need
to know the particle surface potential, or, otherwise,
the total particle charge as a function of the size of
primary particles. In dilute solutions, where the
value of K is small, the surface of shear may be re-
garded as that which coincides with the particle sur-
face and, therefore, the particle potential can be ap-
proximated by the zeta potential of the charged par-
ticles.'®

_ Qi
47eR; (1 + KR;)

Yoi (18)



Q; is the total particle charge and ¢ is the permittivity
of the medium (i.e., the permittivity of the vacuum
multiplied by the dielectric constant of VCM).

The zeta potential of PVC primary particles has
been measured by several investigators®* and found
to be in the range of —80 to —100 mV. Assuming
that the size of a primary particle is 300 nm and its
surface potential is —100 Mv, one can calculate from
eq.(16) for K=1.3X 10 "m lande = 4.16 X 107
J7' Cb% m™!, that the total particle charge will be
equal to 39 electronic charges, or to 6.27 X 10718
Coulombs.

Térnell et al.’® proposed the empirical expression
(17), which relates the primary particle radius to
the total particle charge, in order to investigate the
electrostatic stability of PVC primary particles.

Qi = Cpr (17)
where p is an adjustable parameter, taking values
n the interval {0, 2]. Note that for p = 0, eq. (17)
will satisfy the case of constant electric charge for
all particles. On the other hand, for p = 2 and KR;
> 1, eq. (16) will satisfy the case of constant surface
potential. The value of the parameter C, can be cal-
culated from eq. (17) and the values of Q; and R;.
Thus, for €; = 6.27 X 1078 Coulombs and R; = 0.15
X 107° m, the numerical value of C, will be equal to

C,=6.27 X 1078(1.5 X 107") 7P (18)

It appears that the parameter C, will be a function
of the exponent p.

120

100

o]
(@]

[ TR WV NS0 WS SV IO O B U B O |

STABILIZATION OF PVC PRIMARY PARTICLES 449

Figures 1 and 2 illustrate the variation of surface
potential, with respect to the particle radius for var-
ious values of reciprocal Debye length, K, (Fig. 1)
and the parameter p (Fig. 2). According to eq. (11),
the inverse thickness of the electrostatic double
layer, K, increases as the ionic strength of the me-
dium increases. From Figure 1, it can be seen that
the particle surface potential, ¢,;, decreases as the
value of K increases (i.e., the ionic strength of the
medium increases ). With decreasing surface poten-
tial, the repulsion forces decrease, as does the sta-
bility of primary particles. The effect of exponent p
in eq. (17) on y,; is shown in Figure 2. Note that for
p < 1.0, the surface potential decreases with particle
radius, while for p > 1.0, the surface potential ex-
hibits a maximum, which is followed by a slow de-
crease of y,; with R;.

STERIC STABILIZATION

Production of PVC resin, with desired characteris-
tics of porosity, plasticizer adsorption, and residual
monomer desorption, is closely related to the control
of structure, morphology, and agglomeration of pri-
mary particles at the point of network formation.
Thus, a PVC resin, with improved uniformity in
grain size and porosity, is produced when primary
particles are uniform in size, are small, and are sub-
stantially spherical in shape.

It has been experimentally determined that the
addition of so-called secondary dispersants in the
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Figure 1 Variation of the surface potential with respect to the radius of particle, R;:
Effect of reciprocal Debye length (T = 298 K, p = 1.5).
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Figure 2 Variation of the surface potential with respect to the radius of particle, K;:
Effect of adjustable parameter p (K =1 X 10" m™, T = 298 K).

suspension polymerization of VCM can increase the
porosity of PVC resin.?*"% The commonly used sec-
ondary dispersants include sodium lauryl sulfate,
sodium dioctyl sulfosuccinate, sorbitan esters, and
low molecular weight polyvinyl acetates of a low de-
gree of hydrolysis. In a recent patent,” a hydroxy
alkylacrylate comonomer is added to the reactants,
prior to the onset of polymerization, to improve resin
porosity, plasticizer adsorption, and monomer de-
sorption rate.

Despite the importance of surface-active agents
in controlling the internal morphology of PVC
grains, there is a lack of fundamental models that
can quantitatively explain the effects of various ad-
ditives on the grain morphological properties. Tor-
nell and Uustalu *?! provided sufficient experimen-
tal evidence on the influence of additives (i.e., sor-
bitan monolaurate, PMMA, EVA, and PVAc) on
the nucleation and agglomeration of PVC primary
particles. They reported that the addition of sorbitan
monolaurate to the monomer phase resulted in a
decrease of the primary particle size. On the other
hand, the addition of polymeric additives improved
the stability of primary particles, but had no marked
effect on the particle size. In the present study, an
attempt is made to quantify the effects of polymeric
additives on the agglomeration rate of primary par-
ticles.

Polymeric stabilization of dispersions has re-
ceived considerable attention (Napper,?* Sato and
Ruch®), but aggregation and flocculation processes
are equally important. When a polymer adsorbs on

a surface, the conformation of adsorbed polymer
chains is different from that found in the polymer
solution. Actually, in the adsorbed state, only a
fraction of the total polymer segments are bound to
the interface. These bound segments are referred to
as trains. The other segments, which protrude into
the solvent, are distributed as loops or tails. Both
ends of a loop are attached to corresponding trains.
On the other hand, only one end of a tail is termi-
nally bound to a train, while its free part is in contact
with the solvent molecules. Steric repulsion forces
arise between two approaching particles, covered by
polymer chains, due to mixing and entropic effects.
As with the modelling of the properties of polymer
solutions, the major approaches in describing poly-
mer adsorption are scaling theories (de Gennes?**7)
and mean field theories, as well as Monte Carlo cal-
culations. Several mean field models have been de-
veloped to describe the polymer adsorption, both in
lattice (Scheutjens and Fleer®3°), and in contin-
uum (Ploehn and Russel® ). The mean field arises
from the presence of many interacting chains in the
vicinity of the surface. The concentration gradient
in the perpendicular direction 2 gives rise to a field
that varies with z. According to the Scheutjens—Fleer
model, when two flat plates approach each other,
part of the chains are adsorbed on both surfaces
simultaneously. In dilute solutions, the attraction,
due to bridging, results in adsorption flocculation.
At higher concentrations, the segmental overlap and
conformational entropy contribute most to the free
energy and the system is sterically stabilized.



The HVO Model

In the present study, the Hesselink, Vrij, and
Overbeek!! (HVO) model was employed to calculate
the change in interaction free energy when two par-
ticles, covered by an adsorbed layer of polymer, ap-
proach each other. Despite its limitations, this sim-
ple model still provides a satisfactory description of
trends observed by experimenters in sterically sta-
bilized systems. According to the HVO model, when
two flat plates, covered by adsorbed polymer, ap-
proach each other, the resulting rise in interaction
free energy, AVy, is due to the sum of two effects:
(1) a volume restriction repulsion, AVz, due to the
decrease of configurational entropy of the adsorbed
loops and tails on the approach of the second plate,
and (i1) an osmotic or mixing effect, AVy;, due to
the mixing of the adsorbed polymeric layers. The
mixing effects can be either attractive or repulsive,
depending on the solvent quality. In general, the
total change in free energy will be given by

Meier® was the first to recognize clearly the ex-
istence of both mixing (or osmotic) and volume re-
striction (or entropic) contributions to steric sta-
bilization. In 1971, Hesselink et al.! following a me-
chanical statistical approach, modified the original
model of Meier and developed a new equation for
the calculation of the change of free energy per unit
area when two interfaces, covered by adsorbed poly-
mer, approach each other.

AV, = 20RTQ(d, i)

2w \3/2
+ 2(?) v2RT(a® — 1)<r2>M(d, 1) (20)

where v is the number of adsorbed loops or tails per
unit area, d is the interaction distance, and i denotes
the average number of segments per loop or tail, and
is related to the mean end-to-end distance of a chain,

r*,
(r?) = il” = (r*Ya’ (21)

where [ is the length of a segment, « is the expansion
coefficient of the chains due to long-range interac-
tions, and {r? g is the unperturbed mean square end-
to-end distance in a @ solvent. The expansion pa-
rameter « is given by Flory’s equation®:

271202 () — X)
5+ 3: s\2
R AU

(22)
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where X is the Flory-Huggins interaction parameter,
U, is the segment volume, and U, is the volume of
a solvent molecule. A basic requirement for calcu-
lating the expansion parameter from eq. (22) is a
knowlege of X. An estimate of the Flory-Huggins
interaction parameter can be obtained from the
Hilderbrand approximation,

Ui (8; — 82)°
=034 + ———=— 23
xX=0 BT (23)

where §; and §, are the corresponding solubility pa-
rameters of monomer and solvent, calculated from
the group contribution theory.

The first term in eq. (20) accounts for the loss
of configurational entropy of the adsorbed loops and
tails on the approach of a second interface. The sec-
ond term refers to the change of free energy, caused
by the mixing of polymer segments when the two
surfaces approach each other. The exponential
functions @{d, ) and M(d, i) account for the rise
in free energy per average loop or tail in units of kT
and will depend on the chain configuration and the
interaction distance, d. Hesselink et al.* considered
three simplified cases of polymer segment configu-
ration, namely, an equal loop distribution, an equal
tail distribution, and a tail size distribution and for
d > (il?)Y2, and they derived the following approx-
imate expressions for the volume restriction term,
Q(d, i), and the osmotic term, M (d, i).

Equal Loops

Q(d) = 2(4Bd* — 1)exp (—2pd*) (24)

M(d) =~ (3%)Y2(28d? — 1)exp(—Bd?) (25)

Equal Tails
pd’®
Q(d)=2 exp(—7) (26)
6x\/2(48d? 28d?
M(d);(ér) ( 65 —1)exp(— 35 ) 27)

Tail Size Distribution
Q(d) =~ 2 exp(—Bd?)'/? (28)

M(d) = 4[3 exp(—6B8d2) /212 (Bd?) /% - 1]
+ [eXp(—Bd2)1/2][(6d2)1/2 + 2] (29)
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where

B=—32—>; d=H-2L (30)

(r

H is the distance between the two flat interfaces
and L is the thickness of the adsorbed layer. Ac-
cording to the HVO model, the main parameters
determining the interaction energy of the two ap-
proaching surfaces, each covered by an adsorbed
polymer layer, will be: (1) The molar weight and the
amount of adsorbed polymer on the particle surface,
(i1) The chain configuration of the adsorbed poly-
mer, (iii) The quality of the solvent, (iv) The change
of existing electrostatic and attractive van der Waals
forces, due to the presence of adsorbed polymer, and
{v) The presence of nonadsorbed polymer chains,
which can increase or decrease the free energy of
the colloidal system.

The interaction energy per unit area can be con-
verted into a force, between two spherical primary
particles, by using Derjaguin’s transformation*

o«

AVs=1R; | AVsdd (31)

do

where R;; is the effective particle radius (i.e., har-
monic mean value) of the two particles and d, is the
minimal interaction distance between particles.
The kinetics of primary particle coagulation are
determined by the counteraction of the steric re-
pulsive forces and the ever-existing van der Waals
attractive forces. The overall potential of interac-
tion, when two particles approach each other, will
be given by the sum of the steric repulsive forces,
AVs, and the attractive forces, AV,, (eq. 11).

AV = AV + AV, (32)

Note that eq. (32) does not include the electro-
static repulsive forces, since, at short distances, these
forces will be negligible in comparison with the steric
forces. Furthermore, the presence of an adsorbed
steric layer disturbs the electrostatic field so that
egs. (6) and ( 7) will not be strictly valid in this case.
The calculated potential curves for sterically sta-
bilized particles will be different from those obtained
under electrostatic stabilization conditions. At large
values of d, van der Waals attractive forces predom-
inate. However, as d decreases, the osmotic repulsion
forces become significant, and finally, at closer dis-
tances, the volume restriction forces appear. Ac-
tually, in a sterically stabilized system, due to the

presence of the adsorbed polymer layer, particle ag-
glomeration can only occur at the secondary mini-
mum, AV,;., of the interaction potential curve,
which is located at a large distance from the particle
surface. At AV, the van der Waals forces will be
larger than the steric ones. The depth of the mini-
mum determines the stability of the colloidal system.
If the minimum is not protected by an energy barrier,
agglomeration of the particles can be a reversible
process. Otherwise, the particle agglomeration will
be irreversible.

When the value of the interaction energy at the
secondary minimum is less than the thermal energy
of particles, AV, < kT, the dispersion can be con-
sidered as thermodynamically stable. On the other
hand, for AV, > kT, particle agglomeration will
take place. For these cases, the stability ratio, Wy,
can be approximated by®:

AV in
W= 1—exp(——k—;——1) (33)

Note that for AV, > kT, the stability ratio will
tend towards zero and the particle agglomeration
will follow Smoluchowski’s kinetics of fast coagu-
lation.

DISCUSSION AND RESULTS

In the following section, the stability of the PVC
primary particles is quantitatively examined. First,
the electrostatic stabilization of primary particles is
investigated and the quantitative results are pre-
sented, showing the effect of ionic strength and
temperature on the stability of the primary particles.
Subsequently, the steric stabilization of primary
particles is considered and the HVO theory is in-
voked to explain the experimentally observed in-
crease of the primary particles’ stability in the pres-
ence of a PMMA additive. Theoretical results are
presented, which show the effect of molar weight,
mass, and chain configuration of the adsorbed
PMMA on the stability of PVC primary particles.

Results on the Electrostatic Stability
of Primary Particles

The electrostatic nature of primary particle stability
has been demonstrated by the ability of electrolytes
to flocculate stable dispersions of primary particles
in VCM. Indeed, T6érnell and Uustalu®” showed that,
when VCM polymerization was carried out in the
presence of completely dissociated quaternary salts
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Figure 5 Variation of the stability ratio with respect to the radius of the first particle,

R (K=1X10"m™?, T=298K,p=15).

Figures 3 and 5 show the dependence of W;; on
the parameter p. Similarly, Figures 4 and 6 depict
the corresponding variation of the particle coales-
cence rate constant. Note that for p = 1, the energy
barrier for particle coalescence exhibits a maximum
and, thus, the coalescence rate constant becomes
minimal for particles of approximately equal size
(Fig.4). As the parameter p increases (i.e.,p = 1.5),
the interaction potential curves become smoother
with no maxima and the stability of the particles
increases with size (see Fig. 5). These calculations

show that particle agglomeration most readily occurs
between small-small and large-small particles. Note
that in all calculations, the harmonic mean radius
[eq. (10)] was employed. It is important to point
out that when the arithmetic mean value [eq. (9)]
was used for the estimation of R;;, the shape of the
interaction potential curves was significantly dif-
ferent.

Figure 7 shows the effect of temperature on the
coalescence rate constant. It can be seen that §; in-
creases with temperature. Note that, as the tem-
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Figure 6 Variation of the coalescence rate constant with respect to the radius of the
first particle, B, (K=1X 10" m™, T'= 298 K, p = 1.5).
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Figure 3 Variation of the stability ratio with respect to the radius of the first particle,

R (K=1X10"m", T=298K,p = 1.0).

(i.e., BuyNBF,, Bu,NC1l), an early agglomeration of
the primary particles was observed. They reported
that smaller primary particles were obtained in the
presence of salts than in additive-free polymeriza-
tions. Furthermore, they found that early agglom-
eration of smaller primary particles promoted the
formation of porous PVC grains.

As mentioned previously, the parameter p, in eq.
(17), was introduced in order to relate the total
electric charge, @;, to the particle radius, R;. In this

4] 50
FIRST PARTICLE RADIUS R; (nm)

way, we can account for the variation of y,; with the
size of the primary particles. In Figures 3-6, the sta-
bility ratio, W;;, and the coalescence rate constant,
B;, are plotted for two values of the exponent p. In
all simulated cases, the reciprocal Debye length was
set equal to 1 X 107" m™ and the temperature was
set at 298 K. Different lines in Figures 3-6 represent
the variation of the quantity of interest (i.e., W;; or
B;), when a particle of constant size, R,, approaches
a second one of variable radius R;.

100 150 200

Figure 4 Variation of the coalescence rate constant with respect to the radius of the
first particle, R, (K=1X 10" m™, T = 298 K, p = 1.0).
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Figure 7 Effect of the temperature on the coalescence rate constant (K =1 X 10" m™,
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perature increases, the maximum energy barrier de-
creases, while the Brownian movement of the par-
ticles increases. This results in an overall increase
of the particle coalescence rate (Fig. 7).

The effect of the ionic strength (i.e., reciprocal
Debye length, K) on the particle coalescence rate
constant is shown in Figure 8 for p = 1.0. As K in-
creases, the energy barrier, V,,,,, decreases, which
results in a decrease in the stability ratio and a cor-
responding increase of 8. Note that the coalescence
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rate constant, §;, between basic and small primary
particles, is large, which means that newly formed
basic particles will rapidly be captured by the exist-
ing primary particles. From the results of these sim-
ulations, one can draw the following general con-
clusions:

1. The coalescence rate constant between
small-small and small-large primary parti-

---—o-iiizcfcasiszizzessfscrsTIzeTs:

- -

100 150 200

50
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Figure 8 Effect of the reciprocal Debye length on the coalescence rate constant (T
=298K,p=10,(—)K=8X10°m™,(- - - ) K=1X10"m™?, (----) K=5 X107

m™).
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cles increases as the value of exponent p in
eq. (17) increases.

. The coalescence rate constant between

small-small primary particles will be larger
than that between small and large primary
particles for p > 1 (Fig. 6). This indicates
that smaller primary particles will grow faster
than larger ones. Such conditions will lead to
the formation of narrow primary particle size
distribution, in agreement with the experi-
mental observations.%>610

. It was found that, for particles carrying a

constant electric charge (i.e.,p = Oineq. 17),
the calculated value of 3; between basic-basic
and basic-small primary particles was ex-
tremely small, due to the presence of high
repulsive forces (see Fig. 1). Such conditions
do not favor the coalescence of small parti-
cles, contrary to the experimental observa-
tions. Therefore, the assumptions of constant
electric charge for all primary particles is not
justifiable.

In general, the coalescence rate constant in-
creases with increasing temperature and in-
creasing ionic strength of the medium. This
can lead to an early agglomeration of primary
particles, as shown by the results of Figure
8. Thus, primary particle aggregates, formed
in the presence of dissociated electrolytes, will
have a smaller initial size promoting the for-
mation of a more porous PVC structure.®’

Results of the Steric Stabilization
of Primary Particles

Tornell and Uustalu? reported that the addition of
EVA, PEVAc, and PMMA increased the stability
of the primary particles. The largest increase was
observed with high molecular weight PMMA. The
increased primary particle stability was not followed
by a significant increase in the particle size, because
of the limited growth of the primary particles by
coalescence. The increased primary particle stabil-
ity, caused by steric stabilization forces, is thought
to be the main reason for the observed increase of
the resin porosity when a secondary dispersant is
introduced into the VCM polymerization.

It is apparent that the presence of a polymeric
additive changes the particle coalescence rate con-
stant, due to the presence of steric stabilization
forces. As discussed before, the main parameters de-
termining the stability of a colloidal system are the
configuration of the adsorbed polymer chains, the
molar mass, the amount of the adsorbed poiymer,
and the quality of the solvent expressed by the value
of the Flory-Huggins interaction parameter. The ef-
fects of these parameters on the stability of PVC
primary particles in the presence of PMMA are dis-
cussed below.

In Figure 9, the effect of configuration of adsorbed
polymer chains on the stability of primary particles
is shown. Particles, stabilized by an adsorbed poly-
mer layer, exhibiting a tail size distribution, show a

0.0 7
. i
—0.5 4 Sy STABLE
3 \ T~
—1.0 3 o=
~15 73
5 ]
N—2.0 S
g 3
E -2.5 E
3
—3.0 3 UNSTABLE
~35 3 -O- R, =
3 — A — Rz =
e
_4.5 j
0.0 200.0 400.0

600.0
Radius of first particle R, (nm)

800.0 1000.0

Figure 9 Variation of the minimum energy of interaction: Effect of polymer chain con-

figuration [polymer mass = 0.01 mgr m™?, MW = 69,000, X = 0.5, configuration: (
equal loops, (- — — -) tail size distribution].
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higher stability than particles that are covered by a
polymer with equal loops. Since both configurations
will be present in a real system, a combination of
loops and tails of adsorbed PMMA can stabilize pri-
mary particles in the range of 200-700 nm. The
amount of adsorbed polymer will also affect the sta-
bility of the primary particles. This is clearly shown
in Figure 10. It can be seen that the stability of par-
ticles increases as the mass of the adsorbed polymer

o
©

|
o
o

) mass = 0.001 mgr m~2].

increases. Figure 11 depicts the effect of molar
weight of polymer on the primary particle stability.
An increase of the molecular weight of the polymer
increases the thickness of the adsorbed polymer
layer and, thus, the effective distance of the repulsive
forces. Finally, Figure 12 illustrates the effect of the
solvent quality, in our case VCM, on the stability
of the primary particles. As the value of the inter-
action parameter for the VCM /PMMA system de-
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Figure 11 Variation of the minimum energy of interaction: Effect of molecular weight

of adsorbed polymer [X = 0.5, polymer mass = 0.05 mgr m

~2, configuration equal loops,

(----) MW = 500,000, (- — - -) MW = 200,000, (——) MW = 69,000].
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creases, that is, the solvent quality improves, the
stability of the primary particles increases.

The results of Figures 10-11 are in qualitative
agreement with the experimental observations of
Tornell and Uustalu,? who found that, as the mo-
lecular weight or/and the amount of PMMA in-
creased, the formation of primary particle aggregates
was delayed. Note that longer stabilization periods
will not necessarily lead to an increase of the primary
particle size, since particle growth is mainly con-
trolled by particle coalescence. It is important to
point out that other nonionic surfactants, such as
Span 20 and Tween 21, will have similar stabilizing
effects, leading to the production of small and uni-
form sized primary particles.?1"%

The present theoretical framework on electric and
steric stabilization offers a quantitative explanation
of experimental observations on primary particle
stability and growth, and provides the means for
controlling the structure and morphology of primary
particles in a systematic way. Effective control over
the shape, size of primary particles, and monomer
conversion at which the primary particle network
is formed, will eventually result in better control of
PVC resin porosity, plasticizer adsorption, and
monomer desorption rate.

APPENDIX: NOMENCLATURE

A Hamaker constant, (J)
C, parameter in eq. (17)

d

]

o~

)X =036, (- - — ) X =041, (----) X = 0.5 (8 solvent)].

distance between adsorbed polymer
layers, (m)

electron charge, (Cb)

separation distance between the surface
of two particles, {m)

number of segment per chain, dimen-
sionless

rate of particle growth, (m®s™)

Boltzmann constant, (J K1)

reciprocal Debye length, (m™)

polymer segment’s length, (m)

thickness of adsorbed polymer layer,
(m)

concentration of i type ions (greq m™?)

osmotic contribution to steric stabili-
zation, dimensionless

number of primary particles in the size
range v and v + dv, (m™3)

Avogadro’s number

adjustable parameter in eq. (17), di-
mensionless

charge of i particle, (Ch)

volume restriction contribution to steric
stabilization, dimensionless

rate of generation of basic particles,
(m™3s7)

universal gas constant (J mol * K1)

radius of i particle, (m)

arithmetic or harmonic value of particle
radii, R; and R;, (m)

mean end-to-end distance of a chain,

(m)



t time, (s)

T temperature, (K)

U, volume of segment (m® mol 1)

U, volume of solvent (m?® mol ™)

v volume of primary particle (m?)

1% total energy of interaction, (J)

Va London-van der Waals attraction en-
ergy, (J)

Ve entropic energy of interaction, (J)

Vi mixing energy of interaction, (J)

Vg electrostatic repulsion energy, (J)

Vs steric interaction energy, (J)

Vmex maximum energy of interaction, (J)

V min minimum energy of interaction, (J)

w stability ratio, dimensionless

z; valence number of i particle, dimen-

sionless

Greek Letters

a  Flory expanded parameter, dimensionless
B; coalescence rate constant between particles i
and j, (m%®s™?)
8; solubility parameter, ((Jm™2)1/?)
¢ permittivity of the medium, (J* Cb?m™)
u  viscosity, (kgm™'s7!)
v  number of absorbed chains per unit area (1/
m®)
X  Flory-Huggins interaction parameter, dimen-
sionless
Yo particle surface potential, (V)
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