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Abstract

The pre-exponential factor and the activation energy of the intrinsic rate coefficients for propagation, chain transfer to monomer, chain
initiation by a Cl radical and termination in the suspension polymerization of vinyl chloride are estimated by regression of experimental data
for the monomer conversion, ranging from 3 to 85%, and for the moments of the molecular mass distribution as a function of batch time over
the temperature range of 308-338 K and for initiator (fert-butyl peroxyneodecanoate) concentrations from 0.026 to 3.0 wt%, based on the
monomer. Termination by combination is the dominant termination mechanism. ClI radicals, formed in the chain transfer to monomer,
contribute to the termination by recombination with macroradicals and, hence, attenuate the gel effect. Physically meaningful and statistically
significant estimates for the pre-exponential factors and activation energies, 24.9 kJ mol ' for propagation and 54.3 kJ mol ' for chain
transfer, allow to describe the experimental data over the full range of investigated conditions.

© 2005 Published by Elsevier Ltd.
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1. Introduction

The vinyl chloride suspension polymerization has been
modeled by several groups, most recently by those of Xie et
al. [1,2], Kiparissides et al. [3], Talamini et al. [4,5] and
Krallis et al. [6]. The derived models allow to calculate
among others, the monomer conversion and the moments of
the molecular mass distribution (MMD) as a function of
polymerization time. In the model of Xie et al. [1,2] and of
Talamini et al. [4,5] diffusion parameters are estimated from
a set of experimental data to enable the calculation of
diffusional limitations on the polymerization reactions. In
the model of Kiparissides et al. [3] diffusional limitations
are accounted for by implementing free volume theory to
calculate the diffusion coefficients and adjusting some of the
diffusion parameters to experimental data. All of these
authors use values for the important intrinsic rate
coefficients of the polymerization reactions (propagation,
chain transfer, termination) obtained from literature [7,8]
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and corresponding to other than vinyl chloride suspension
polymerization systems. The kinetic data from Burnett and
Wright [7] are related to photosensitized solution polym-
erization, while those from Abdel-Alim and Hamielec [8]
originate from bulk polymerization experiments. Recent
literature [9-11] provides no values for the vinyl chloride
polymerization either.

The estimation of intrinsic rate coefficients of free-
radical polymerization reactions by regression of exper-
imental data is virtually impossible without considering the
effects of different diffusion phenomena [12,13]. The three
main reactions that can become diffusion-controlled are
initiation, propagation and termination, corresponding to the
so-called cage, glass, and gel effect. Accounting for
diffusion phenomena during the regression is necessary to
obtain information on intrinsic rate coefficients because
experimental data almost inevitably are affected by
diffusion. Hence, the diffusion parameters and intrinsic
rate coefficients are often estimated simultaneously by
regression of experimentally obtained monomer conver-
sions and moments of the MMD [14,15]. Such an approach
can lead to strongly correlated values of the estimated
parameters. It has been shown, however, that for vinyl
chloride suspension polymerization, the diffusion can be
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Nomenclature

a

root-mean-square end-to-end distance per
square root of the number of monomer units in a
polymer chain [m]

reparameterized pre-exponential factor of
intrinsic rate coefficient [m3 mol ! s_l]
concentration of Cl radicals in phase k

[mol m™— 3]

self-diffusion coefficient of component x
(x=Cl, i, m) [m*>s ']

pre-exponential factor of the self-diffusion coef-
ficient of component x (x=Cl, i, m) [m2 s l]

D,(cent) centre-of-mass diffusion coefficient of a com-

D,

D, (rd)
D ;H—rd

Dy

Di

reptation

E
E*

f app
f chem

G
fH,x

app
k ife

kchem

kd,k
ktr,k
kinl,k

kinCl,k

kp

ij
ktc,k

ponent x (x=Cl, i, m) [m2 s 1]

centre-of-mass diffusion coefficient of a
macroradical with chain length i [m2 s 1]
reaction diffusion coefficient [m2 S l]

diffusion coefficient of a macroradical with
chain length i [In2 s

pre-exponential factor of the macroradical self-
diffusion coefficient including the activation
energy [m*s™ ']

reptation theory polymer melt diffusion
coefficient [m2 s

activation energy [J mol ']

activation energy required to make a diffusional
jump [J mol ']

apparent initiator efficiency [—]

intrinsic initiator efficiency [—]

initiator efficiency in phase k [-]

fractional hole free volume at the glass transition
temperature for component X (x=m, p) [-]
shear modulus of the rubbery plateau [N m 2]
concentration of initiator molecules in phase k
[mol m_3]

apparent rate coefficient [mol m ™~ * s~ ']
diffusion contribution to the apparent rate
coefficient [mol m 3s” l]

intrinsic rate coefficient [mol m 3 s™]
initiator decomposition rate coefficient in phase
ks~

apparent chain transfer to monomer rate
coefficient in phase k [m3 mol ! sfl]

apparent chain initiation rate coefficient for the
primary radicals R4 in phase k [m®mol 's™ "]
apparent chain initiation rate coefficient for the
Cl radicals in phase k [m3 mol ! sfl]

apparent propagation rate coefficient in phase k
[m3 mol ™! s_l]

initiator derived radical recombination rate
coefficient [m3 mol s

apparent rate coefficient for termination by

tc,k

i
ktd,k

1J
ktd,k

(ktc,Z)

(kia2)

lel,k

(S

NEI

combination between two radicals R;

and R; with chain length i and j in phase k

[m3 mol ~!s™1]

apparent rate coefficient for termination by
combination between two radicals Ry, and Ry ,,
representing macroradical classes 4; and 4;
[m3 mol ~!'s™1]

apparent rate coefficient for termination by
disproportionation between two radicals R;

and R; with chain length i and j in phase k
[m3 mol ™! s_l]

apparent rate coefficient for termination by
disproportionation between two radicals Ry,
and Ry ,, representing macroradical classes 4;
and 4y [m* mol ™' s 1]

overall apparent termination rate coefficient for
termination by combination in phase 2 (Eq. (31))
[m3 mol ~!'s™1]

overall apparent termination rate coefficient for
termination by disproportionation in phase 2
(Eq. (31)) [m®> mol ~'s™ ']

apparent termination rate coefficient between a
Cl radical and radicals R; with chain length 7 in
phase k [m3 mol ™! s_l]

free volume parameter of the pure monomer=
V?n(Tg,m)al,m [In3 kgil K™ l]

free volume parameter of the pure monomer =
S/ m [K]

concentration of monomer molecules in phase k
[mol m73]

molecular mass of the monomer [kg mol 3
critical molecular mass for entanglement of the
polymer chains [kg mol ']

molecular mass of the polymer molecules with
chain length i [kg mol ']

molecular mass of the jumping unit of the
monomer (=mm,,) [kg mol ™ l]

molecular mass of the jumping unit of the
polymer [kg mol ']

mass averaged molecular mass of polymer
molecules [kg mol 1]

mass averaged molecular mass of polymer
molecules in phase k [kg mol ']

number averaged molecular mass of polymer
molecules [kg mol ™1

number averaged molecular mass of polymer
molecules in phase k [kg mol ']

z averaged molecular mass of polymer mol-
ecules [kg mol ]]

z averaged molecular mass of polymer mol-
ecules in phase k [kg mol ]
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Na Avogadro constant [molfl]

Piy concentration of dead polymer molecules with
chain length i in phase k [mol m ™ °]

R universal gas constant [J mol ! K™

Rox initiator derived radical (or primary radical)
concentration [mol m73]

R concentration of (macro)radicals with chain
length i in phase k [mol m 3]

(R?) mean-square end-to-end distance of the polymer
chains [m2]

Ri» sum of all radical concentrations in class 4;
[mol m~3 ]

Ry» average concentration of radicals belonging to
class 4; [mol m_3]

T temperature [K]

Ty x glass transition temperature of component x
(x=Cl, i, m) [K]

Tymp glass transition temperature of the monomer—
polymer mixture [K]

Vi volume of phase k [m?]

Ven specific hole free volume of the mixture

[m* kg™ ]

Venx  specific hole free volume of the pure component
x (x=m, p) [m’ kg ']

Veux  specific hole free volume of the pure component
X (x=m, p) at the glass transition temperature

[m® kg™ ']

Vi van der Waals specific volume [m> kg~ ']

Vs specific hole free volume required for the
component X to jump (x=i, m, p) (=\72(0))
[m’ kg™ ']

172 or VQ(T) specific volume of the equilibrium liquid
component x (Xx=1i, m, p) (at temperature 7)
[m’kg™']

\72(0) volume of equilibrium liquid per mole of
component X molecules at 0 K [m3 mol 1]

1% hole free volume required for a jump per mole of
jumping units [m> mol ']

V:j hole free volume required for a jump per mole of
jumping units of component x (x=Cl, i, m, p)
[m> mol ']

Vc)x molar volume of component X (x=m, w) at its

critical temperature [m> mol ']

Vg hole free volume per mole of all individual
jumping units in the mixture [m> mol ~ ']

Greek symbols

Qe p close-packed crystalline state volumetric ther-
mal expansion coefficient [K ™ 1]

Q) x volumetric thermal expansion coefficient of

component X (X=m, p) above glass transition
temperature [K™ 1]
average overlap factor for the hole free volume
of the mixture [-]

Yx overlap factor for the hole free volume of the
pure component X (X=m, p) [-]

Ox solubility parameter of component X (X =m, p)
72 em 32

A; class I of grouped macroradical chain length
distribution [—]

|4,] number of macroradical chain lengths in class I
(-]

n liquid or polymer viscosity [N s m 2]

Ner OF Mo(M.;) polymer zero shear melt viscosity at
polymer molecular mass M., [N s mfz]

Ask s-th moment of the macroradical chain length
distribution in phase k

sk s-th moment of the polymer chain length
distribution in phase k

Pp density of the polymer [kg m "]

Om reaction distance [m]

Wy mass fraction of component x (Xx=m, p) in the

polymer-rich phase (k=2) [-]

Subscripts

app apparent
diff diffusion
chem intrinsic

i chain length, initiator derived

m monomer

p polymer

k phase, monomer-rich phase (k=1), polymer-
rich phase (k=2)

Superscripts

i,j chain length

G property at glass transition temperature

* free volume theory property for diffusional jump

described independently, based on the physical properties of
the polymerization mixture [16]. The latter methodology is
applied in this paper to estimate the intrinsic rate coefficients
for propagation, kp chem, Chain transfer to monomer, Ky chems
chain initiation by a Cl radical, ki,cichem, termination
between macroradicals, ki chem and Kig chem, and termination
between macroradicals and a Cl radical, ki chem, from the
experimental data for monomer conversion and moments of
the MMD (M,,, M,,, M,). Although it must be expected that
there will always be some influence of the applied diffusion

model on the estimated intrinsic rate coefficients, the
accuracy of the obtained values for the intrinsic rate
parameters increases when the diffusion effects are
accounted for independently.

2. Suspension polymerization

The suspension polymerization of vinyl chloride is
performed in a batch reactor with the monomer dispersed
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in water. The dispersion is maintained by adding suspension
stabilizers and by stirring. An initiator is dissolved in the
monomer phase. Polymerization is started by bringing the
reactor to the desired temperature. The reactor is operated at
a pressure of about 10 bar, corresponding to the monomer
and water vapor pressure.

Three stages are distinguished during the vinyl chloride
suspension polymerization process [1-5,17]. Each stage is
characterized by the number of phases present in the
polymerization reactor. During the first stage the polym-
erization occurs in the monomer phase, called the monomer-
rich phase. Because the polymer is almost insoluble in its
monomer, it almost immediately forms a separate phase in
the monomer phase, called the polymer-rich phase. This
second stage starts at a monomer conversion of about 0.1%.
During the second stage, polymerization proceeds both in
the monomer-rich phase and the polymer-rich phase. The
polymer molecules that are formed in the monomer-rich
phase, are transferred to the polymer-rich phase, leading to a
constant composition in this phase of approximately 30 wt%
of monomer. This composition is determined by the
solubility of the monomer in the polymer-rich phase. Due
to the constant composition of the polymer-rich phase and
the increasing conversion of vinyl chloride, the monomer-
rich phase decreases in volume while the polymer-rich
phase volume increases. At a conversion of about 65%,
named the critical conversion, the monomer-rich phase
disappears and the third stage starts. During this stage,
polymerization takes place in the polymer-rich phase only,
the composition of which now changes due to the further
conversion of monomer. As a result the viscosity of this
phase increases notably. According to Gibb’s phase law,
there is a reactor pressure drop during the third stage.

3. Experimental

In this work, batch suspension polymerization exper-
iments are performed in the temperature range of 308-
338 K with concentrations of the initiator fert-butyl
peroxyneodecanoate (TBPD) varying between 0.026 and
3.0 wt%, based on the monomer. Experiments are
performed in an agitated 0.002 m® stainless steel reactor
with 0.7 kg of distilled, deionized water and 0.3 kg of vinyl
chloride. After adding the initiator at 298 K, the reactor is
heated to the polymerization temperature in about 20 min,
while cooling of the reactor to stop the polymerization
process takes 2-3 min. The reported polymerization times
are defined with respect to the start of the heating of the
reactor. The temperature is monitored continuously and
accounted for in the calculations.

The monomer conversion is measured gravimetrically.
The molecular mass distribution is determined according to
the triple detection GPC/SEC principle (Viscotek). The
GPC system used in this work includes a HP-1050 pump
operating at 1.0 ml/min. A Spectra Physics SP8875

autosampler (Thermo-Finnigan) is used. All injection
volumes are 100 pl. All samples are dissolved in THF.
The set of columns used to perform the separation consists
of a PSS SDV pre-column (length 50 mm, internal diameter
8§ mm), a PSS 1000 A SDV column (Iength 300 mm,
internal diameter 8 mm) and a PSS 10° A SDV column
(Iength 300 mm, internal diameter 8 mm). The temperature
during operation is kept constant at 40 °C.

The elution curves are evaluated with Viscotek triple
detection, that combines refractive-index, viscosity, and
light scattering measurements. A Viscotek model 250 dual
detector, consisting of a refractometer and viscometer is
employed. The refractometer is operated at 35 °C and at a
wavelength of 670 nm. The viscometer is thermostated at
35°C. A Viscotek model 600 Right Angle Laser Light
Scattering detector with a cell volume of 12 pl, operating at
670 nm is used. The results of these measurements are
processed using Viscotek Tri-SEC software.

4. Regression analysis

Parameter estimates are obtained by minimizing the
objective function S (b) with respect to the parameter
estimates b (b;, j=1,...,p) [18]:

n
Sb) = (y; — §)"=7"(y; — §)) — minimum ()

i=1
in which y; and §; (i=1,...,n) are the vectors of the observed
and the calculated response values of the i-th experiment.
Each experiment i includes v responses y; and §; (k=
1,...,v). There are 85 experimental observations used for the
regression, each providing four responses: Monomer
conversion and three moments of the MMD (M, M,,, M,)
and corresponding to eight sets of conditions, i.e. of
combinations of temperature and initiator concentrations.
The objective function is minimized with a multi-response
Levenberg—Marquardt algorithm [19]. The initial values for
the pre-exponential factors and activation energies in the
non-isothermal regression are obtained from isothermal
parameter estimation. The matrix £~ ' is the inverse of the
(vXv) error covariance matrix 2 and contains the weights
of the regression. The elements o7, of £ are estimated from:

2 __ Z?=](Yik _)A]ik)(yil _yi])

T = (nv — p)lv

2

To start, a diagonal error covariance matrix 2 is applied,
calculated from the reciprocal of the squared average
magnitude of the responses. It is known that correlation
between the experimental errors on the responses can have a
significant effect on the parameter estimates. Hence, the
parameter estimates obtained by minimization of Eq. (1)
with a diagonal error matrix were used to obtain an estimate
of the full error covariance matrix using Eq. (2). With the
latter the objective function was again minimized leading to
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a new set of parameter estimates. In the present work, this
approach leads to only marginal changes in the values of the
parameter estimates.

The model adequacy is tested with duplicate exper-
iments. The statistical significance of the global regression
is expressed by the F test, based on the sum of squares of the
calculated response values and the residual sum of squares.
A high F value corresponds to a high significance of the
global regression. The parameter estimates are tested for
statistical significance on the basis of their individual ¢
values. The Arrhenius equations for the intrinsic rate
coefficients are reparameterized in order to avoid strong
binary correlation between the pre-exponential factors and
the corresponding activation energies (T = 323 K):

k =A*exp(—%(%—%>) (3)

5. Kinetic model

In this section, the reactions that are taken into account in
the modeling of the suspension polymerization are
discussed first. Next, the applied strategy to describe the
effect of diffusion on the reaction kinetics is discussed. The
mass balances are constructed and the method of moments
is used to reduce the large number of mass balances and to
calculate the moments of the molecular mass distribution.

5.1. Polymerization reactions

The reactions taken into account for the vinyl chloride
suspension polymerization are summarized in Table 1. The
reaction scheme is valid in both the monomer-rich phase
(k=1) and the polymer-rich phase (k=2). All reactions can
be regarded as the result of two consecutive steps. The first
is the encounter of two reactant species, which entails the
reactants diffusing towards each other. The second is the
actual reaction step, in which the reactants overcome an
activation barrier. If the rate-determining step is the former,
the reaction is diffusion-controlled. If the rate-determining
step is the latter, the reaction is reaction-controlled.

Reactions in the polymer-rich phase (k=2) can become
diffusion-controlled, while reactions in the monomer-rich
phase (k=1) are reaction-controlled. As a result, the
observed rate coefficients (also called apparent rate
coefficients) in the monomer-rich phase are related to the
reaction step only and are equal to the intrinsic rate
coefficients. The observed rate coefficient in the polymer-
rich phase can be regarded as the sum of a reaction-related
term and a diffusion-related term [20], see Eq. (4).

5.2. Combination of reaction and diffusion
The nature of diffusional limitations is similar for all

considered reactions. Despite this similarity, the effect of
diffusion is often modeled with different expressions for the

Table 1
Vinyl chloride polymerization reactions in the monomer-rich (k=1) and
the polymer-rich phase (k=2), with i, j=1,...,%

Type of reaction

Sicka

Decomposition of the initiator I,—>2R;,

Kintx

Chain initiation Rox +My—R,

. Kok
Propagation Riy + My—Ri 11

. K
Chain transfer to monomer Riy +My—>P; ,+Cl,

in initiati i Kincl,
Chain initiation by a Cl radical Cl + M, CLk Ris
kiex
Rix+ Rjj—Piyji
K

Rix+ Riy—>Pi+ Py

Termination by combination

Termination by disproportionation

ki

Termination with Cl radical R+ Cli—P;;

diffusional effects. In this paper, the effect of diffusion on
reaction is modeled following an identical method for all
diffusional effects and applied to all the components of the
considered reactions. All the apparent rate coefficients, kypp,
are consistently calculated based on an intrinsic rate
coefficient k.perm, and on a diffusion contribution kg;e [20,21]:

L_1 @

kapp kchem kdit‘f

The diffusional contribution kg is consistently modeled
with the Smoluchowski expression for all diffusion-
controlled reactions [22]. The diffusion coefficients in this
Smoluchowski expression for kg; are calculated based on
the physical properties of the components of the mixture
with the free volume theory. This approach avoids the need
for adjustable diffusion-related parameters. The validity of
this strategy to model diffusional limitations in the
suspension polymerization of vinyl chloride has been
verified by De Roo et al. [16]. Also, in the present approach
diffusion limitations are taken into account for all the
reactions shown in Table 1, i.e. not limited to initiation,
propagation and termination reactions.

The initiator efficiency in the polymer-rich phase is
derived by applying the pseudo-steady-state approximation
to the initiator derived radicals in their cage
(Ro***COy"**Ry),. This results in:

Viz w = 2kqigr(Ro. . .Ro)y = 2kdiffﬁ (5)
and, as by definition,

Viz w = 2frkarl (6)
it follows that

1ok (7)
f2 kit

The value of &, , in Eq. (7) is taken equal to 1 m>mol 's!
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[45]. The latter value is found for peroxide radicals. A more
general expression, analogous to Eq. (4), for the apparent
initiator efficiency f,,, (where f,,,=f>) is obtained by
introducing the so-called chemical or intrinsic initiator
efficiency f.pem:

1 1  1m’mol's™")
Japp  Sehem kgife

The chemical efficiency, finem, is defined as the initiator
efficiency when no diffusional limitations are present. Its
value is determined by the decomposition mechanism of the
initiator. The above approach for deriving Eq. (8) implies
that fuem=1 (Eq. (7) with k.,=1m>mol~'s~"). How-
ever, for a number of initiators a value smaller than one is
proposed semi-empirically: 0<f.pem <1. The initiator
(tert-butyl peroxyneodecanoate), TBPD, undergoes decar-
boxylation due to a concerted two-bond scission [23].
Recombination (k.,) produces an inert molecule L,
resulting in an initiator efficiency smaller than one:

®)

L =2 (Ry...CO5.. Ry)y —% Roy+ Ry

Jk ©)

8
fenem 18 fixed at 0.7 for all calculations. The diffusion
contribution kg and, therefore, f, depends on the initiator,
the temperature and the composition of the polymer-rich
phase. The initiator efficiency in the monomer-rich phase,
f1, 1s equal to f.pem as no diffusion limitations are considered
in the monomer-rich phase. The initiator decomposition rate
coefficient kg, is taken to be equal in both phases and
Arrhenius parameter values provided by the initiator
manufacturer are used. The initiator partition coefficient
between the two phases K;=I/I, is fixed at 0.77 [1].
Furthermore, the phase equilibria calculations for, e.g. the
determination of the composition of the polymer-rich phase,
are calculated as described in Kiparissides et al. [3] using
the physical properties as given in De Roo et al. [16].

5.2.1. The diffusion contribution

The diffusion contribution for a general reaction of
reactants y and z is calculated using the Smoluchowski
expression [22]:

kgise = 41(ry +r,)(Dy + D,)Ny (10)

ry+r,is the distance between the two species when reaction
occurs and is taken equal to the Lennard—Jones diameter of
a monomer molecule (0,=4.69X10" 10 m) for all
reactions. (Dy+D,) is the mutual diffusion coefficient
consisting of two individual diffusion coefficients of the
reacting species y and z [24,25]. The individual diffusion
coefficients of the reacting species Dy (x=y or z) are the
diffusion coefficients of the reactants. For the monomer,
the initiator derived radicals and the Cl radicals the D, are
the center-of-mass diffusion coefficients D, (cent). For the
macroradicals the individual diffusion coefficient Dy in Eq.

(10) consists of two terms: The center-of-mass diffusion
coefficient Di,(cent), depending on the chain length i, and
the reaction diffusion coefficient Dj, (rd), accounting for the
movement of the radical chain end during a propagation
step. D, (rd) is calculated from:

1
Dp(rd) = gkp’zMzaz (1 1)

a is the root-mean-square end-to-end distance per square
root of the number of monomer units in a polymer chain
(=6.09X10" ' m). The centre-of-mass diffusion coeffi-
cients D, (cent) are calculated as the self-diffusion
coefficients, using the free volume theory. For the monomer,
the initiator derived radicals and the CI radicals the self-
diffusion coefficients are written as D,,, D; and D¢,. For the
macroradical the individual diffusion coefficient in Eq. (10)
is written as Di, 4.

Djiq = Dy + D,(rd) (12)

where Df, is the self-diffusion coefficient of a macroradical
R;, with chain length i. Applying the above, the diffusion
contributions kg to the apparent rate coefficients for
initiator decomposition, propagation, chain transfer to
monomer, chain initiation by a ClI radical and termination
are obtained from the following expressions:

decomposition kg = 470, (2D;)Ny (13)
propagation, chain transfer kg = 470, DnNa (14)
initiation by a Cl radical kg = 470, (D + Dco)N,y  (15)

combination, disproportionation
(16)

ké{ff = 27Wm( ptrd T D]p+rd)

Cl termination kg = 270, DNy a7

5.2.2. Calculation of self-diffusion coefficients

The self-diffusion coefficients for the monomer (D,,), the
macroradicals with chain length i (Dé,), the initiator primary
radicals (D;) and the Cl radicals (D¢;) are calculated with the
free volume theory [26-28]:

D D ( E*> \7;-
« = Dyoexp| ——= Jexp| — =
RT Veu/y (18)
x =ClLi,m
D —Dpoexp — ~ij 19)
Veu/y

The self-diffusion coefficients are determined by three
parameters: (1) A pre-exponential factor, (2) an activation
energy E* representing the energy required to make a
diffusional jump and (3) a free volume contribution
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representing the availability of free volume for diffusion. The
macroradical diffusion coefficient pre-exponential factor
accounts for the molecular mass dependency. V,fj x=
Cl,i,m, p) is the molar volume a molecule needs to make
a diffusional jump. Vg is the hole free volume of the
polymer—monomer mixture of the polymer-rich phase
available for diffusion and v is the overlap factor
(0.5<vy <1, [29)]). This factor is needed to take into account
the overlap between volume elements. The free volume
contributions in Eqgs. (18) and (19) allow to account for the
concentration and most of the temperature dependency. This
results from the dependency of Vgyy/y on the mass fraction
of the polymer in the polymer-rich phase w, and on the
temperature. The temperature dependency follows from
the thermal expansion properties of the monomer and the
polymer in the monomer—polymer mixture. The ratio of Vi
/v can be calculated from:

VFH _ VFH/Y
0% (w M) + (w,/Mp;)

(20)
M,,; and Mp; are the molecular mass of the monomer and
macroradical jumping unit and wy, and w, are the monomer
and polymer mass fractlon in the polymer-rlch phase. V
can also be expressed as Vs « My, with Vy the spemﬁc Volume
that a molecule needs to make a diffusional jump. Vg is the
specific hole free volume and is calculated from the physical
properties of the mixture (Tym p, <T<T,,,) [28]

‘7 T
Ve _, Volgm) V(T ( o J al,mdr’)
Y Ym Tom

V
+ w, 2 ) (fSp — (up — o )Ty — 1)) (21)
P

Table 2

Physical properties and free volume properties of the monomer and the polymer

The temperature dependency of the monomer thermal
expansion coefficient ¢, is taken into account while for
the polymer the liquid thermal expansion coefficient ¢, , can
be considered constant over the considered temperature
range. Tgx (x=m, p) and Ty, , are the glass transition
temperatures of the pure monomer, the pure polymer and the
monomer—polymer mixtures. For T, ,<T, (a;p,—ocy)
is replaced with a; ;, [28]. f,fﬁx and VS(Tg,X) are the fractional
hole free volume and the specific volume of the pure
component (x=m, p) at Tg. v« is the hole free volume
overlap factor. The close-packed crystalline state expansion
coefficient a , is calculated from Eq. (22) [28].

aep = Lln M (22)
T,y Vp(o)

5.2.3. Calculation of diffusion related parameters

5.2.3.1. Pre-exponential factors. Dy, o is calculated with the
Dullien equation [27,28,30]:

0.124 X 10719V RT (

mo — ~0
mm,nV,

'YmV;/Kll
Ky =Ty +T

=1.14 X 10 "m?s7!
(23)

in which K;/y, and K,; are the monomer free volume
parameters, equal to \72,( Ty m)0m/Ym and fH /0 m, TESpECE-
ively and calculated as such (Table 2). chm (=179%10"°
m® mol ™, [31]) and mm,, are the monomer molar critical
volume and molecular mass; 7 and V?n are the pure
monomer viscosity and volume. Despite the presence of

Property Units X=m (monomer) x=p (polymer)
py = 1/P02P [kgm ™3] 94.469/ 1394 —0.203(T—273.15)
0.27071+(-T(K)y432)22716 —2.19X1073 (T—273.15)
7° [Nm™?s] 10~%exp(9.373 — 648.32/T -
—4.294 X 1072T+ 4.316 X 107°T?)
V=720 [m* kg™ '] 7.94%10™* 6.66X10™*
Vi =0y [m® mol '] 49.6X107° 132.85X107°
o -1 0.025 0.025
o8 K1 1.42%x1073 5.85X107*
Ty x [K] 70 353.15
Yx [-] 1.0 1.0
E* [J mol '] 16,400 0.0
5, [Am 3" 16.1910° 19.73%10°
mm,, [kg mol ™" 0.0625
* Ref. [32].
® Ref. [33].
¢ Fitted equation with 213-413 K data from Ref. [34].
4 Ref. [35].
° Eq. (28).
' Ref. [36].
g

Ref. [37].
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temperature in Eq. (23), the value of Dy, ¢ does not strongly
depend on temperature and can be considered constant. The
pre-exponential factors D, o and D; ¢ are taken equal to Dy, o.
This assumption is made since no better means are
available. The pre-exponential factor of the polymer
diffusion coefficient Dp,o is determined by calculating the
polymer diffusion coefficient at w,=1 and setting this
coefficient equal to the diffusion coefficient derived from the
reptation theory [38]. Because the polymer-rich phase is a
concentrated solution over the entire conversion range, it is
expected that Di, o« M2, As the free volume theory can be
best applied in concentrated or highly concentrated
solutions [39], it should equal the melt diffusion coefficient
as described by the reptation theory. The reptation diffusion
coefficient D! is calculated from Refs. [40,41]:

replauon

b _ Gx (RRT\ ((RY)\ M, (24)
reptatlon 1 35 GIQI Ml Mlz ncr

in which GY% is the shear modulus of the rubbery plateau.
(R?) is the mean square end-to-end distance of the polymer
chain with molecular mass M;=mm,,i and density pp. 7,
(or ng (M,,)) is the zero shear melt viscosity at the critical
molecular mass of the polymer M,,. In Table 3, the values
and expression for the physical properties used in the
calculation of Dieptmion in Eq. (24) are given. The two
expressions are set equal at 1.27; , and solved for D, . At
this temperature both theories are valid and the physical
properties required for the diffusion coefficients calculations
are known. At T=T,, a lot of physical properties change
drastically implying a higher degree of incertainty.

= Dily, —1:7=127,, (25)

i
Dreptatlon |wp =1; T=12T,,

From Eq. (25) one obtains:

_ 6.53x 10710 124 %1077
Dpo = M2 T T I (26)

5.2.3.2. Activation energy. E* is estimated from an
experimentally determined plot of E* as a function of the
solubility parameters Om and 6 and the molar volume of the
pure solvent V [m> mol ~ ] at a reference temperature
(293 K) [28]. A fit of this plot (Eq. (27), [43]) is used to
calculate E*. E* equals 16.4 kJ mol ~ ! (Table 2) and is used
in the calculation of all D,.

* (6m - 6p)2‘7?n
log E* = 0.8988 In | log 11868

+3.4575 Q27)

5.2.3.3. Free volume parameters. Calculated diffusion
coefficients, based on the free volume theory, require the
knowledge of detailed volumetric and physical properties of
the monomer and the polymer. Their temperature relation-
ships are obtained from correlations (Table 2), while the

Table 3
Values and expressions for physical properties used in the reptation theory
diffusion coefficient Dfuion (Eq. (24))

Parameter Units Value/expression
G [Nm~?] 1.5 10°

M>* [kg mol "] 6.25

(RH' (this study) [m] 2.83X 10~ M5

log 1e(1.2T, )" [Nm ?Zs] 3.89

2 GUT) = 2p(T)RTIM,,.
° Ref. [35].
© Ref. [42].

jump volumes V:j(x = Cl,i, m, p) are calculated as the size
of the jump units at 0 K obtained from group contribution
methods [26-28]. The monomer jump volume V;j is the
volume of the molecule itself while the polymer jump
segment can be calculated from Eq. (28) [28,43].

Vg = 0.6224 X 107°T,, — 86.95 X 10~° (28)

The primary radical jump unit is calculated as the volume of
the largest primary radical at0 K(=158.1X 10~ m® mol ™).
The Cl radicals have a jump unit volume equal to 19.3X
107 °m® mol~'. The fractional hole free volume at the
glass transition temperature f}?’x(xz m, p) is derived from
the Williams—Landel-Ferry (WLF) equation. Other import-
ant free volume parameters are the overlap factors v, and
vp- For v, it is suggested to regress viscosity—temperature
(n) and density—temperature V data of the pure monomer
with Eq. (23) to obtain the values for the parameters K/,
K> —Tym and Dy, o. However, no statistically significant
results could be obtained from this regression due to the
strong correlation between these parameters, even after
reparameterization of the exponentional term. Furthermore,
as several good fits of the experimental data could be
obtained with sets of different parameter values, these
regression results are not used as such. The main conclusion
that could be drawn from the regression was that v, is close
to one or should be even higher. Theoretically the maximum
value of vy, is 1, hence vy, is taken equal to one. v, can be
calculated from Eq. (29) [28].

V(T Vp(Tep)
29
Tp = Kiolv, (29)
with
K v
22 __p (30)
’)/p 2303C1C2

C,=19.84 and C,=43.89 are the WLF constants for the
polymer [33]. The resulting value for v, is also higher than
one. Therefore, the maximum value of one is used in all
calculations.

5.3. Model equations

The mass balances for the different components involved
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Table 4

Mass balances for the different components in the suspension polymerization of vinyl chloride in the monomer-rich (k=1) and the polymer-rich phase (k=2).
Stage 1: k=1; stage 2: k=1, 2; stage 3: k=2. [, =I,—o, M\ =M,—¢ at t=0; R; ;, P, 1 =0 at r=0; R; 5, P; » =0 at start of stage 2 (monomer conversion=0.1%)

Initiator

L dViMy)

v e =—kady

Monomer

Jk d(vﬁM‘) = —2fikasli — (ks + ki) Dozt RigMy — Kiner e CleMy

Macroradicals R;;(i=1, ..., )
d(VR w

v% % = —=2fikasli — kp xRy My — kg Ry kM + Kinc1xCliMy — 2R 1 Y02 (kw o+ ki k) — 2kic1xR1 4 Cle
AR _ o (i y

v% =k MRy — Rig) — ke RigMi — 2R 4 D72 (klik + ktik)R_/‘,k — 2kicrkRip Cl

Polymer molecules P;;(i=1, ..., ®)
AV, P

v S = Dy Ry i Cly

dVeP) o
= u* —2hkicixRix Cly + ki g Rimy xMy + 312 k{c’ij AR+ R D01 ki (R

Ve T dr

in the reactions shown in Table 1 are given in Table 4. The
pseudo-steady-state approximation is applied to the R
radicals. This implies that the rate coefficient corresponding
to the chain initiation reaction by an initiator derived radical
(kinr 1) 1s no longer present in the balances. The mass balance
for the monomer in both phases allows the calculation of the
monomer conversion. The method of moments is applied to
calculate the average properties (M,, M, M,) of the
molecular mass distribution (Table 5). In these equations,
the pseudo-steady-state approximation is applied to both the
Cl; and the Ry, radicals. The corresponding initial
conditions are also given in Tables 4 and 5, where =0
corresponds with the start of the heating of the reactor. The
polymer moments in each phase (M, ;, My, M, with k=
1,2) are calculated from the ratio u, 41 /s x(s =0, 1, 2) and
are combined according to Xie et al. [2] to calculate the total
moments of the MMD.

Note that no energy equations are given. The calculations
of the monomer conversion (Table 4) and the moments of
the MMD (Table 5) account for the experimentally
measured temperatures..

The apparent rate coefficients for termination by
combination and disproportionation, k"’ <, and ktd 5, are
considered to be chain length dependent. This follows
from the chain length dependent diffusion of a macroradical
R; 5, that is explicitly taken into account in the calculation of

Table 5
Equations for the moments of the macroradical distribution (A4, s=

0,...,3) and the polymer molecule distribution (u,, s=

a chain length dependent diffusion coefficient, incorporated
in kil (Eq. (16)).

The overall termination rate coefficients for combination
and disproportionation in the polymer-rich phase, (k. ») and
(kia.2), are calculated from:

Zz—l Zj—l ktc 2
(> Ri,z)

<ktc,2> =

(31
izt 2oim kgaRioR;
- 2
(Zizl Ri,z)

The calculation of these overall termination rate coeffi-
cients, as well as the calculation of the termination related
terms in the higher order moment equations, requires the
knowledge of the concentration of macroradicals R; . These
values are obtained by solving the algebraic equations
resulting from the application of the pseudo-steady-state
approximation to the macroradicals R;, [44]. Since the
macroradical chain length i in vinyl chloride suspension
polymerization covers a range of one to theoretically
infinity but in practice approximately 20,000, the number
of equations to be solved simultaneously is large. Therefore,
a coarse graining technique is applied [24,25]. According to
this technique, the macroradical distribution is truncated at a
reasonable maximum chain length and divided into a

(ktd,2> =

0,...,3) in the monomer-rich phase

(k=1) and in the polymer-rich phase (k=2). A1, ;1 =0 at t=0; A, 5, u;2=0 at start of stage 2 (monomer conversion=0.1%)

- dw‘ Am) = 2fickasly — 2(kicx) + (a4 — ki roxCli
v% W =2fickasly — 23 21 iRy Do (kié’k + kfék)R
W S = Dfeg il — 2 Y PRig S ( ex T kijk)
Vlk d(m“) =2fickasdy — 2321 PRy Yot (kff,k + k:ik)RJk
> M = (ke + gD A4 + ki dosClic + ki, kMMo k

— 2kcix (Ao + A1) Cli + ko My Ao g + ki kM (Ao — A1)
— 2kcix(Aox + A1 )Cli + kM Qo i + 241 1) + ke kM (Ao — Ao i)
— 2kcix(Aox + A30)Cl + kM (Ao + 3214 + 3204) + ki Mi (Ao — A3 )

aw, .
v% ( WH) = LiYE k{c kJR Rk 22 1 ki y RiaRy ke + 2k x Cly + kM (Ao + 24 40)

aw, o i )
v% (ﬁ—‘,‘“)= S k{c kJR GRS PR S ld,kR_/,k + 2k 1 Aok Cli + ke ke My (Ao g + 241 1 + Aog)

1 dVips )

(7 A Yy k{clij AR+ R PR SR k:g,kRj,k + 2kic1 kA3, Clic + ke kM (Ao + 3411+ 304 + A3p)
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number of classes 4;, covering a range of chain lengths |4,].
The macroradicals in one class are assumed to have identical
properties. The width of a class 4; varies as a function of the
chain length i. For small chain lengths, a class contains only
one chain length (| 4,| = 1), for higher chain lengths the classes
become broader (| 4,| > 1). This is acceptable, since there is no
difference from kinetic viewpoint between a macroradical of
chain length 1000 and 1001. The radical concentration of a
class 4y, Ry, is defined as:

R, = ZRi,Z =Ry ,l4l (32)

i€d,

in which Ry, is the average radical concentration of all
radicals belonging to class 4; (R;2=Ry,, i€4;). This
approximation is valid if R;, varies slowly as a function of
chainlength i € 4,. By grouping a number of chain lengths into
a class, the mass balances for the macroradicals R;, are
transformed into mass balances for the group of macroradicals
in a class 4y, R;,. For the first class 4, and for the following
classes 4; of the distribution this becomes:

1 d(VaRy,)

= 2frkyrl, — R M, — k>R, M
Vv, di fokarly — kpaRi oMy — kipoR oM,

+ kpyzclez

— 2Ry Z (kh +kighRy > — 2kicioR; 2CL,)
7=

(33)
1 d(VaRpp) _ kpoMoRi—1n  kpoMoRy,
V) de 4,41 |4,]
— k2R oM,
— 2R, Z (kich + kigh) Ry
=
— 2kic12R;,Cly (34)

From the application of the pseudo-steady-state approxi-
mation to the macroradical classes R;, the following equations
are obtained:

2frkaols + k2 Cla M,

R, =

k

p,2M2R1—1,2/|Al—1 |

Rip =

kpaMy + kyoMy +23 77 (ktl(;{Z + kf&{z)RJ,z + 2kic12Cly

reached. Convergence is tested for the calculated overall
termination by combination and disproportionation rate
coefficients, (k) and {(kq5), the total radical concentration,
the number averaged and the mass averaged moments of the
macroradical distribution. The relative tolerance is set equal to
10°°.

The overall termination rate coefficients can only be used
for the calculation of the zeroth order moment equations.
For higher order moments, however, the termination related
terms can no longer be written as a function of the overall
termination coefficients and the total radical concentrations.
The summations have to be calculated rigorously in order to
correctly take into account the chain length dependent
nature of the termination processes.

6. Regression results
6.1. Parameter estimates

The Arrhenius parameters of the intrinsic rate coeffi-
cients for propagation, chain transfer to monomer, chain
initiation by a Cl radical, termination by combination and
disproportionation and termination with Cl radicals were
estimated. The activation energies of the intrinsic termin-
ation by combination reactions, E. and E\c, could not be
estimated significantly and were fixed at zero. Termination
by combination is the dominant termination mechanism.
This conclusion is based on the following argumentation.
The termination between two macroradicals with chain
length i and j, R;4 and R;;, was assumed to occur by both
combination and disproportionation, with apparent rate
coefficients k/, and kj,. However, no statistically
significant estimates for the Arrhenius parameters corre-
sponding to the termination by disproportionation reaction
were obtained during the regression of the experimental
data. The correlation of parameters corresponding to the
termination by disproportionation reaction with parameters
corresponding to other reactions was smaller than 0.9
allowing to conclude that termination occurs predominantly
by combination. Note that, according to the terminology
introduced in Table 1, the chain transfer to monomer

(35)

In these equations, the R;, remain a function of the
macroradical concentrations Ry, in class 4; because of the
summation in the denominator. Therefore, the Egs. (35) and
(36) are solved in an iterative cycle until convergence is

(kp oM 4| + ke pMy +23 75 ( o+ ktI&{Z)RJ,Z + 2kic12Cly

(36)

reaction is not considered to be a termination reaction. The
10 remaining estimated parameter values and their 95%
confidence intervals are given in Table 6. The error
covariance matrix and the related error correlation matrix
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Table 6

Estimates of the reparameterized pre-exponential factor and activation
energy of the intrinsic rate coefficients for propagation, kp, chem, for chain
transfer to monomer, Ky chem, fOr termination, ki chem and kicjchem, and for
chain initiation by a Cl radical, kinc) chem With their 95% confidence limits
(rate coefficient k = A*exp((—E/R)((1/T) — (1/T))) and T = 323 K)

Rate coefficient A* [m*mol ~'s™ 1] E [kJ mol ']
kp, chem 8.740.2x10! 249+1.0
ke, chem 8.94+0.3x10~* 543422
klc, chem 7.1 iOSX 10+4 0‘d
lel. chem 79 i 34)( 10+5 0“
kinCl, chem 6.1 i07 X100~ ! 284i 8.0

* Fixed.
Table 7

are given in Table 7. The correlations between the errors of
the responses (lower diagonal) are sufficiently low to
assume the independence of the different responses. This
explains the low sensitivity of the estimated values of the
parameters on the choice of X in the objective function (Eq.
(1)). From the diagonal elements of the error covariance
matrix a non-biased estimate for the pure error of each
response can be calculated (Eq. (2) for k=I). For
conversion, this is a satisfactory 5% absolute error. For
the moments M,, M,, and M, this is 3.6X10°, 7.9X10°
and 2.3 10* gmol ™! as compared to absolute values of
about 5 X 104, 1X10° and 2 X 10°, respectively.

From Table 6, it can be seen that the estimates of the
Arrhenius parameters for propagation and chain transfer to

Error variance—covariance matrix (diagonal and above diagonal) estimated with Eq. (2) and corresponding error correlation matrix (below diagonal) between
the responses for monomer conversion (X) and the moments (M,,, M,,, M,) of the molecular mass distribution

Response X M, M, M,
X 2.63x107° 3.04Xx 10" —1.41x10' —3.30x 10’
M, 0.164 1.31X107 1.04X 107 5.62X10°
M, —0.035 0.366 6.17X 107 1.15x 108
M, —0.028 0.068 0.644 517X 108
100 100
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Fig. 1. Monomer conversion as a function of polymerization time for given temperatures and concentrations of the initiator tert-butyl peroxyneodecanoate
(TBPD). Initiator wt%: @, 0.0262; 4, 0.0392; W, 0.0785; A, 0.1569; ¥, 0.2354; @, 3.02. Solid lines are calculated using equations in Table 4 with set of
intrinsic Arrhenius parameter values given in Table 6 and kq;=1.52X 10'4exp(— 115,470/RT), fepem=0.7.
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monomer are most accurate. This can be explained by the
fact that the parameters corresponding to these reactions
influence the calculation of the conversion and molecular
mass distribution to a larger extent than the other
parameters. The 95% confidence interval of the Arrhenius
parameters related to the chain initiation reaction by a CI
radical is wider in comparison to the 95% confidence
interval of the other parameters. The value of the kiyc) chem
rate coefficient is only affecting the calculation of the
monomer conversion and not the calculation of the moments
of the molecular mass distribution (Tables 4 and 5).
Therefore, less experimental data are available to estimate
the Arrhenius parameters corresponding to this reaction in
comparison to the other parameters, resulting in a less
accurate estimate.

The estimated activation energies of propagation and
chain transfer to monomer, 24.9 and 54.3kJ molfl,
respectively, correspond well with earlier reported values
of 27.6 and 50.6 kJ mol ~ ' [8]. For the Arrhenius parameters
corresponding to the other reactions no literature values are
available. Differences between the values of rate coeffi-
cients at a given temperature reported in this article and
previously reported values can be explained by the different
treatment of diffusion limitations. Indeed, the applied
diffusion model always has an influence on the estimated
intrinsic rate coefficients. The accuracy of the obtained
values for these intrinsic parameters, however, increases
when diffusion effects are accounted for independently.

A comparison between the calculated and experimental
conversion and moments of the MMD as a function of
polymerization time is shown in Figs. 1 and 2. A good
agreement is observed.

The F value for the significance of the regression
amounts to 3538. The binary correlation coefficients
between the parameter estimates shown in Table 8 are
lower than 0.9, signifying a sufficiently low correlation.

The calculated moments M, and M,, of the MMD
correspond well with experimental data over the complete
range of investigated conditions, while the calculated M, is
too low up to intermediate polymerization times (Fig. 2).
After a short initial rise of the calculated molecular mass in
the first stage of the polymerization, the heating of the
reactor causes the calculated moments to decrease at the
start of the polymerization. However, the latter cannot
entirely explain the difference between the observed and the
calculated M, profile. The deviation between the simulated
and experimental M, can be attributed to the transfer of
macroradicals between the monomer-rich phase and the
polymer-rich phase. In the present model, it is assumed that
macroradicals do not transfer between phases: Only the
transfer of dead polymer molecules from the monomer-rich
phase to the polymer-rich phase is taken into account. As the
apparent termination rate coefficient in the polymer-rich
phase is lower then in the monomer-rich phase, because of
the gel effect, taking into account the transfer of
macroradicals from the monomer rich phase to the

polymer-rich phase would produce longer chains, which
could explain the deviations for M, as seen in Fig. 2. At
308 K (Fig. 2(a)) the deviation is most pronounced because
at this temperature the largest difference is calculated
between the average molecular mass produced in the
monomer-rich phase and in the polymer-rich phase. This
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Fig. 2. Moments of the molecular mass distribution (experimental: l, Mn;
&, M,; A, M,) as a function of polymerization time for given
temperatures and concentrations of the initiator fert-butyl peroxyneode-
canoate (TBPD). Solid lines are calculated using equations in Table 5 with
the set of intrinsic Arrhenius parameter values given in Table 6 and kq ;= 1.
52X 10"exp(— 115,470/RT), funem=0.7.
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Table 8

Binary correlation matrix between the estimates of the reparameterized pre-exponential factor and activation energy of the intrinsic rate coefficients for
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propagation, kp chem, for chain transfer to monomer, ki chem, for termination, kic chem and kicichem, and for chain initiation by a Cl radical, kinci,chem

kp. chem ktr, chem klc, chem lel. chem kinCl. chem
A* E A* E A* E
ko, chem A* 1.0
E —0.393 1.0
kir, chem A* 0.657 —0.353 1.0
E —0.496 0.569 —0.7476 1.0
ki, chem 0.826 0.117 0.394 —0.029 1.0
ki1, chem 0.213 —0.754 0.252 —0.627 —0.571 1.0
kincl, chem A* —0.405 —0.287 —0.311 0.120 0.503 0.374 1.0
E 0.128 —0.865 0.183 —0.327 —0.160 0.821 0.418 1.0

is caused by the smaller chain transfer to monomer rate
coefficient ki, (highest activation energy) giving a MMD in
each phase much more determined by termination than at
higher temperatures. Therefore, at low polymerization times
shorter chain lengths are calculated because in the applied
model most of the polymer is produced in the monomer-rich
phase. At higher polymerization times the polymer chain
length increases because most of the polymer is produced in
the polymer-rich phase, in which longer chains are formed.
It is expected that adding the transfer of macroradicals
between the monomer-rich and the polymer-rich phase to
the model will hardly affect the estimated values for the
intrinsic rate coefficients because the influence is only
pronounced at low conversions and for one of the three
moment responses, namely M,.

6.2. Effect of diffusion on termination reactions

The chain length dependency of the apparent termination
by combination rate coefficient, k;/, is shown in Fig. 3(a).

This behavior is a consequence of the chain length
dependency of the diffusion coefficient Di)ﬂd of the
macroradicals R;,. From Fig. 3(b), it can be seen that
D;Jrrd decreases rapidly as a function of chain length. Until a
chain length of i=2000, Dj, 4 decreases; then it reaches a
plateau at a value of £3X 10~ ¥ m? s~ !, This is due to the
two diffusion coefficient contributions of the diffusion
coefficient Df)ﬂd: Di, calculated with the free volume theory
and the reaction diffusion coefficient D,4. At a chain length
of i=2000, Di) becomes so small that for higher chain
lengths the reaction diffusion is the dominant diffusion
coefficient contribution in Di,+rd. From Fig. 3(a) it can be seen
that the reaction of a macroradical with chain length j=1 is
only weakly diffusion-controlled, since kigz is independent of
i. The termination rate coefficient for macroradicals R;, with
higher chain lengths, ktlél,z decreases very fast as a function of i
and reaches an asymptotic value which is determined by the
diffusion coefficient of the smallest macroradical. For
example, with j=10, the asymptotic value of kf’cfg is already
one order of magnitude lower than that of ki’cl’z.
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Fig. 3. (a) Apparent termination by combination rate coefficient k' between macroradicals R;; and R;, in the polymer-rich phase as function of the chain

tc,2

lengths i and j (from Egs. (4) and (16)); the profiles for j= 10,000 and j=20,000 are indistinguishable. Reaction conditions: 328 K, 0.0785 wt% initiator tert-
butyl peroxyneodecanoate (kg o= 1.52X 10" *exp(— 115,470/RT), fuhem =0.7), t=1630's, conversion=3.3%. (k. 2)=945 m®> mol ~' s ™", w,=0.70. (b) (solid
line) Macroradical diffusion coefficient Dfmd from Eq. (12) and (dotted line) macroradical concentration in the polymer-rich phase R;, as a function of the
chain length i, from applying pseudo-steady-state approximation to R;, using equations from Table 4.
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The macroradical concentrations R;, decrease as a
function of chain length i, as is shown in Fig. 3(b). The
R, are calculated using a coarse graining technique to solve
the equations obtained by applying the pseudo-steady-state
approximation to the R;, balances from Table 4. As
mentioned before, this coarse graining technique divides
the macroradical distribution into several classes, assuming
that the concentration of the radicals within a class 4; is
equal to a constant value Ry ,. The Ry, are obtained from
R, via Eq. (32). The latter are determined by the R;_»
multiplied with a propagation probability, which is close to
one during the polymerization process (Eq. (36)). As a
result, a straight line as a function of chain length is
observed. As the termination between two macroradicals
R;x and R;; occurs via combination, the termination
between a Cl; radical and a macroradical R;; is also
assumed to occur via combination. The estimated value for
kic1chem (Table 6) is one order of magnitude larger than
kic chem and is situated in between the values for bimolecular
termination between macroradicals and bimolecular ter-
mination between halogenic radicals, such as Cl [45]. Note,
however, that the concentration of macroradicals is
typically three orders of magnitude higher than that of the
Cl radicals. Hence, in the monomer-rich phase the intrinsic
termination rate corresponding to recombination of macro-
radicals is still two orders of magnitude higher. In the
polymer-rich phase, accounting for the higher diffusion rate
of Cl radicals compared with macroradicals, however, the
apparent termination rate by recombination of macroradi-
cals is only one order of magnitude higher, as long as there
is a monomer-rich phase. As soon as the latter disappears,
the polymer concentration in the polymer-rich phase starts
to increase. Hence, the diffusion limitations become more
pronounced, in particular for the recombination of two
macroradicals. Termination by Cl radicals attenuates
strongly this gel effect. The importance of termination
with Cl radicals is illustrated in Fig. 4. The calculated
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Fig. 4. Calculated monomer conversion (328 K, 0.0785 wt% initiator) and
polymer-rich phase termination rate r,, as a function of polymerization
time (from equations in Table 4, parameter values taken from Table 6).
Solid line: Calculations including CIl radical termination,
rio = e ) (X R,-_z)2 + kic12Cly > R;»; dotted line: Calculations exclud-
ing Cl radical termination, 7,5 = {kic2)(3; Ri’z)z.

monomer conversion and polymer-rich phase termination
rate with and without Cl radical termination are compared as
a function of batch time. Accounting for Cl radical
termination decreases the final conversion with 10% and
provides agreement with the measured conversion, see
Fig. 1.

7. Conclusions

The Arrhenius parameters of the intrinsic rate coeffi-
cients for propagation, kpchem, for chain transfer to
monomer, Ky cpem, fOr chain initiation by a Cl radical,
kincClchem, and for termination by combination, ki chem and
kic1.chem» 1N the vinyl chloride suspension polymerization are
estimated. The diffusion contributions in the apparent rate
coefficients are calculated from the physical properties of
the reaction medium. Termination by combination between
two macroradicals is dominant over the termination by
disproportionation between macroradicals. Termination of
macroradicals with Cl radicals has to be taken into account
because it decreases the final conversion in the third stage of
the polymerization by the attenuation of the gel effect. The
estimated intrinsic rate coefficients allow to obtain a good
agreement between experimental and calculated conversion
and moments of the molecular mass distribution (M,,, M,
M,) as a function of polymerization time for a broad range
of temperatures and initiator concentrations as well as of
conversion. However, comparison of calculated and
experimental values for the moments of the MMD suggests
that transfer of macroradicals between the monomer-rich
phase and the polymer-rich phase can significantly affect the
M, molecular mass profile at low conversions. Explicitly
and independently accounting for the diffusional transport
next to the intrinsic reaction kinetics is necessary in order to
construct kinetic models for polymerization reactions which
are valid over a wide range of conditions.
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