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Summary: The vinyl chloride suspension polymerization is kinetically modeled with
a general approach for the independent calculation of diffusion effects on
polymerization reactions. For the initiator decomposition, propagation and
termination an apparent rate coefficient is determined, built up from two
contributions: the intrinsic rate coefficient and a diffusional contribution. The
diffusional contribution is calculated with the Smoluchowski model, the diffusion
coefficients being determined from the free volume theory. When applying the free
volume theory no adjustable parameters are used. The intrinsic rate coefficients are
taken from the literature. Hence, a model without any adjustable parameters is
obtained. Calculations show that the glass effect appears only at (very) high
conversions. Due to the cage effect the initiator efficiency decreases strongly as soon
as the monomer phase has disappeared. The gel effect always occurs in the polymer-
rich phase and results in a decrease of the termination rate coefficient at the start of
the third stage in the polymerization process. There is a good agreement with
experimental results.

Keywords: diffusion-controlled reactions; free volume theory; glass effect; kinetics
(polym.); poly(vinyl chloride) (PVC)

Introduction

The suspension polymerization of vinyl chloride has been modeled extensively!'™. In general, a
good simulation of the monomer conversion and the moments of the molecular mass distribution

is obtained. However, an evaluation of the applied models'®”

shows that an adjustment of
parameters to calculate the effect of diffusional limitations on the polymerization reactions is
required. As a result, extrapolation to other operating conditions becomes difficult. This paper
reports on a modeling effort to avoid the need for adjustable parameters by the independent
calculation of the diffusional effects. The considered diffusion-controlled processes are the cage
effect, the glass effect and the gel effect, corresponding to initiation, propagation and termination
respectively. For the description of the polymerization process in three stages, reference is made

to literature!' .
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Polymerization reactions
The reactions taken into account in the free radical suspension polymerization of vinyl chloride

include initiation, propagation, termination and chain transfer to monomert!] (Table 1).

Table 1. Reactions in the suspension polymerization of vinyl chloride

Type of reaction

Decomposition of the initiator TN} 3 1)
Chain initiation Ry + M, —S1i R @
Propagation R,+M, BTN R ©)
Chain transfer to monomer R, +M, LTI B, +Cl, O]

Cly+ M, —294 5 R, ®)
Termination by combination R, +R,, Fior P (6)
Termination by disproportionation R 4R Kax o p P Q)

i,k Jk i, J

Termination with CI radical R, +Cl, _haw P, 8

The reaction scheme is valid in both the monomer-rich phase (k¥ =1) and the polymer-rich phase
(k =2). The reactions in the polymer-rich phase are considered to become diffusion-controlled,
while the reactions in the monomer-rich phase are reaction-controlled. Hence, the rate
coefficients in the monomer-rich phase are equal to the intrinsic rate coefficients, mafked with
subscript 0. The initiator is a peroxide and the partitioning of the initiator between the monomer-
rich phase and the polymer-rich phase is fixed to 077", The phase equilibria calculations and the
calculation of the Flory-Huggins interaction parameter are taken from literature®, with the
solubility parameters calculated as discussed further.

As a first approximation, the apparent rate coefficients k,,, and k., , respectively for the chain
initiation with an initiator primary radical R,, (step (2)) and a CI, radical (step (5)), are taken
equal to the apparent propagation rate coefficient &, , (step (3)).

The chain transfer to monomer reaction (steps (4) and (5)) is different from the classic transfer of
the radical function to a monomer molecule!™®. It starts with a head-to-head propagation step
(included in step (4)), followed by a C/ shift and a B scission, resulting in a dead polymer

molecule Py, and a Cl; radical. The reaction of the Cl; radical with a monomer molecule (step
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(5)) starts a new macroradical R; 4, completing the chain transfer to monomer reaction. If it is not
required to calculate the branching content of the polymer molecules, these elementary reactions
are combined into steps (4) and (5), and an overall apparent rate coefficient &, is applied for step
(4). Termination of macroradicals with Cl; radicals (step (8)) is also included in the model. The
apparent rate coefficients of the above reactions are considered to be chain length independent.

As for the termination mechanism, there is still discussion in literature whether the combination
(step (6)) or the disproportionation (step (7)) is dominant®), Here, they are both considered. The

apparent termination rate coefficients are considered to be chain length dependent.

Mass balances

The reaction scheme results in the following mass balances for the involved components.

1d(y1,) _

Initiator: V. di == fikgi 1, )

Macroradicals R; (i =1,...,0 ):
(the [UPAC preferred factor 21! is introduced in the termination reaction contributions)

1dR,)

” p =2fikg A —k, R M, ~k, R M, +k, CIM,
A i1

- (10)
- 2R1,k z(ktldj,k + kzlcj,lc )Rj,k - 2ktCI,kR1,kClk
j=1

1 dV.R,) @
v, ckit = Ko (Ri_l’k TRy My =y Ry M - 2Ry, z (k'ftk ki )Rj.k =2k, 4R, CL (11)
3 =i
Polymer molecules P; (i =1,...,0):
AN o
- ;t Lk/ _ 2R, , zk,lj,kRj,k + 2k, R, Cly (12)
k Jj=1
1 dy,p,) = Qo
- ;t SL=2R > kb R+ 2k R CL R, RO M+ Y KPIR R a3)
k = =

For the primary radicals Ry and for the Cly radicals the steady state approximation is applied,

resulting in:

R = 2fkkd,k1k e ktr,kMk i1 Ri,k

o : L= - (14)
kp,kM/c kp,kMk + ktCLk Zf:1 Riv’f

© 2004 WILEY-VCH Verlag GmbH & KGaA, Weinheim



218

Moment balances
The method of moments is used to calculate the average properties of the molecular mass
distribution (MMD). The s-th moment of the number molecular mass distribution for the

macroradicals 4, (s=0,1,2,3) and for the polymer molecules x,, (s=0,1,2,3) is calculated (egs.
not shown here) to obtain the moments of the molecular mass distribution (M, ,, M, ,,M,,) in
each phase k (k=1,2). The MMD moments are calculated with g, /4, (s=0,1,2) and are
combined!?! to calculate the total moments (M, , M, , M) of the molecular mass distribution.

In deriving the moment balances use is made of the overall termination rate coefficient <k,,2> (eq.

15), which is a function of the apparent termination rate coefficients k, (=k, + k% ,) for steps

(6) and (7) and the macroradical concentrations R;:
(k) == (15)

The R; are found by solving the algebraic equations (10) — (11) resulting from the application of

the pseudo steady state approximation to the macroradicals!'”. The fraction of termination by

disproportionation (<k,d,2> / <k,’2>) and combination (<k,c’2> / <kt,2 >) is taken equally important.

Combination of reaction and diffusion

In general, the apparent rate coefficient &, of a reaction is influenced by two contributions (eq.
16): the intrinsic rate coefficient k..., and a diffusion contribution kd,-ﬁlg’”].

1 1 1
—= +— (16)

b Ketom kdiff

The apparent termination rate coefficient in the polymer-rich phase, kl” ,» is then calculated from:

1 1 1
— =t — 17
kK, k, k an

if
1,2 0 diff' 2

Likewise, expressions for the apparent propagation rate coefficient k,,, for the apparent chain

transfer to monomer rate coefficient k., and for the apparent termination rate coefficient

© 2004 WILEY-VCH Verlag GmbH & KGaA, Weinheim



219

between a macroradical and a Cl radical £, , are used (eq. 18).

1 1 1 1 1 1 1 1 1
—_— = ; = ; =—+ (18)
p.2 PO kdijf,z ktr,z ktrO kdi//,z k:ct,z ktO kd:‘f/,z
The decomposition of the initiator is modeled according to"¥):
kqz K2
=" (Ryg.. Rgh=——> Rp2 T Ry
bz o (19)

ka7 is the decomposition rate coefficient of the initiator, k., the recombination rate coefficient
for the primary radicals Ry, and kup» is the diffusion contribution for the rate of the
decomposition of the initiator. Reaction (19) corresponds to reaction (1) with overall rate
coefficient f7k,>. The mass balance for the initiator, making use of the steady state assumption for
the primary radicals in their cage (Ry...Ryp); results in:

L) _

k
v dr "kd,zjz + k—d,z(RO"'Ro)z = __iﬁlz“‘kd,zlz = _.f2kd,212 (20)
2

kdi[f,z + kvd.z

in which f; is the fraction of primary radicals that effectively turns into growing macroradicals.

This leads to the following equation for /> :

1y, R

fa kdiﬂ,Z

@n

However, reaction scheme (19) does not account for side reactions, such as recombination after
decarboxylation, which lead to a more reduced efficiency!'™l. This is accounted for by introducing
a chemical efficiency fj:
1 1 k.
I N
L fo kaga

The initiator efficiency in the monomer-rich phase f; is equal to f; and is fixed for all simulations.

(22)

Furthermore, as k., 7 is unknown, its value is put equal to 1 m®mol™'s™, which leads to:
1 1 1
_——=—
i 2 f 0 kdif/,z
Eq. (23) is derived from a simple kinetic scheme. In reality more reactions occur during the

(23

decomposition of the initiator. However, for a more fundamental approach to model diffusional
limitations more data concerning the kinetic rate coefficients of these reactions are needed.

Furthermore, it is found that eq. (23) gives a good description of the initiator efficiency as a
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function of concentration and temperature. Moreover, the same modeling approach for diffusional
effects is used as for the diffusional effects in propagation and termination reactions (egs. (17)
and (18)). There are no adjustable parameters with this approach. Finally, if more data on initiator

decomposition become available, eq. (23) is easily extended to complex kinetic reaction schemes.

The diffusion contribution &
A general expression for the diffusion contribution &2 of the apparent rate coefficient for two
species y and z is determined using the Smoluchowski model¢181;

kopo =4nlr, +7, XD, +D, )N, (24)
(ry+r,) is the distance between the two species when reaction occurs. The latter is taken as the

Lennard-Jones diameter of a monomer molecule o‘m[13](=4.69 10" m). Ny, is the Avogadro
constant. (D,+D;) is the mutual diffusion coefficient consisting of two contributions of the
reacting species y and zI'®'”). For the initiator primary radical, the monomer and for the C/ radical
these contributions are the center-of-mass diffusion coefficients D,(cent) (x=y or z). It is
reasonable to calculate Dy(cent) as the self-diffusion coefficient!'”), as described with the free
volume theory (see next paragraph). For a macroradical with chain length i, the contribution

called D;,, consists of two terms: D (cent), and the reaction diffusion coefficient Dy(rd). The

latter corresponding to the movement of the radical chain end during a propagation step.

D; (cent) is also calculated as the self-diffusion coefficient. D, (rd) follows from!!>16-17);

D, (rd) = %kp)zMzaz (25)
a is the root-mean-square end-to-end distance per square root of the number of monomer units in
a polymer chain (=6.09 10"'° m). Applying the above, the diffusion contributions ka2 to the
apparent rate coefficients for initiator decomposition, propagation, chain transfer to monomer and

termination are obtained from the following expressions:

decomposition kg, =470, (2D)N (26)
propagation, chain transfer kyy, =4mo,D, N, 27)
termination ki, =2m0,(D, + DN, (28)

Cl termination kyy, =270,D N, (29)

The factor 2 instead of 4 arises from the application of the Smoluchowski model to the
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termination reaction. The diffusion coefficients remain to be determined.

Self-diffusion coefficients : General equations
The self-diffusion coefficients for the monomer (D,(cent)), the macroradicals with chain length i

(D; (cent)), the initiator primary radicals (D{cent)) and the CI radical (D (cent)) are calculated

with the free volume theory!'*!! (the notation ‘cent’ is omitted in order not to overload the eqs.):

* V'
D, =D_,exp _E exp| — = x=c,i,m (30)
: RT Von 17
R v
D, =D, ,exp| - ==~ 31
Veu 1y

The diffusion coefficients are determined by three parameters : (1) a pre-exponential factor, (2) an
activation cnergy E representing the energy needed to make a diffusional jump and (3) a free
volume contribution representing the availability of free volume and thus accounting for the

concentration and most of the temperature dependency. The macroradical diffusion coefticient

pre-exponential factor Bp’o accounts for the molecular mass dependency (see further). I7Xj

(x=c¢,i,m, p) is the (molar) volume a molecule needs to make a diffusional jump. I7FH is the

hole free volume of the polymer-monomer mixture of the polymer-rich phase available for
diffusion and y is the mixture overlap factor (0.5 <y <102}y This factor is needed to take

into account the overlap between free volume elements. I7FH and y can be calculated from™®?):

- Via !
Ven 1y = w17 32)
wm wl’
+
M mj M o

M,,; and M,; are the molecular mass of the monomer and macroradical jumping unit and @, and

a, are the monomer and polymer mass fraction in the polymer-rich phase. 17,” can also be

expressed as V;M with 17; the specific volume a molecule needs to make a diffusional jump.

X2

V. 1s the specific hole free volume and is calculated from the physical properties of the mixture

(T

21].
emp ST<Tg’P) :
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2 VAT,,.) g , VAT,,)
;” —w,,,y—g'(f:,m + Ial,de)+w,,—’fyi(f,f,,, ~(a,, - @ )T, -T)  (33)
m T, P

gum

The temperature dependency of the monomer thermal expansion coefficient o, is taken into
account, while for the polymer the liquid thermal expansion oy, can be considered constant over
the considered temperature range. T, (x=m,p) and Tg .., are the glass transition temperatures of

the pure monomer, the pure polymer and the monomer-polymer mixture. For 7, <T,
(¢, ,—a,,) is replaced with a;,pm]. £ HG . and I/A'XO (7, ) are the fractional hole free volume and

the specific volume of the pure component (x=m,p) at T, .. » is the hole free volume overlap
factor. The close-packed crystalline state expansion coefficient ¢, is calculated from eq. (34"

a,, = Lm[—n Te,)0- 7 ”*”)] (B4
T, V,(0)

Self-diffusion coefficients : Calculation of parameters

Pre-exponential factors D, is calculated from the Dullien equation?®2'%);

0.1241077**RT y VIIK
o = Af,m CXp m’ m 11
' MmT’Vn? K, -T,

£.m

J=1.14107mzs] (35)

in which K;,/y, and K, are the monomer free volume parameters, equal to I}"? T,,.)e 'y, and

m

1 HG &, respectively and calculated as such (Table 2). 17”, (=179 10 m*mol™PYy and M,, are

the monomer molar critical volume and molecular mass; 7 and V. are the pure monomer

viscosity and volume. Despite the presence of temperature in the equation, the value of D,, o does
not strongly depend on temperature and can be considered constant.

The pre-exponential factors D,y and D;, are taken equal to D, . This assumption is made
because no better means are available for the direct calculation of these pre-exponential factors.

The pre-exponential factor of the polymer diffusion coefficient D, is determined by calculating

p.0
the polymer diffusion coefficient at @,=1, and setting this coefficient equal to the diffusion
coefficient derived from the reptation theory?®®!. Because the polymer-rich phase is a concentrated

solution over the entire conversion range, it is expected“6] that D;i; ~ M?. As the free volume
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[30]

theory can best be applied in concentrated or highly concentrated solutions'™, it should equal the

melt diffusion coefficient as described by the reptation theory.

Table 2. Physical properties and free volume properties of the monomer and the polymer

Property Units x=m (monomer) x=p (polymer)

p, =1/p0143 [kgm™]  94.469/0.2707"0TKIED™ 103 exp(0.4296 — (3.27410° T(K)))

7 [NmZs] 6.410°7°-5.27 10°T+1.18 10° ;

Vi =700k [m’kg] 7.9410* 6.66 10

Vo =V (0)PO4D imol ] 49.6 10° 132.8510°
W [-] 0.025 0.025

P K] 1.42 107 5.8510™

Ty K] 70 353.15

% [ 1.0 1.0

E [kJmol™] 16.4 -

5,261 [Om>"4 16.1910°® 19.73 10°

M, [kgmol] 0.0625 -

(1) From : 8u—~(Ecot/ ¥° )" Econ=AHyap-RT with AH,,=20.4 kJmol ™' (20°C)

is calculated from®":

i
reptation

The reptation diffusion coefficient D

i _ Gy ['DPRT]Z <R2> M, (36)

reptation Eg Gg 7 M 2 .

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 (=iM,,) and density p,. 7., is the zero shear

melt viscosity at the critical molecular mass of the polymer M, In Table 3, the values and

i
reptation

expressions for the physical properties used in the calculation of D in eq. (36) are given.

The two expressions (eq. (31) at @,=1 and eq. (36)) are set equal (eq. 37) 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 Ty, itself a lot of physical properties change

drastically implying a higher degree of uncertainty.

i
replation

=D! (37)

©,=LT=12T, , Plo,=1;1=127, ,

From eq. (37) one obtains [mzs'l]:

~10 -7
5 _65310™ 12410

07 1892 -1.892
’ M i

(38)
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Table 3. Values and expressions for physical properties used in D}, (eq. 36)

Property Units Value/expression
Gy (F2p,RT/M )P [Nm?] 1.5 10°
M, [kgmol™] 6.25
<R*>'” (this study) [m] 2.833 10700
10g77(1.2Tg )" [Nms] 3.89

Activation energy E’ is estimated from a plot[m as a function of the solubility parameters &, and
&, and the molar volume of the pure solvent 17"? [m’mol™] at a reference temperature (20°C). A
fit of this plot®? (eq. 39), is used to calculate £” [Jmol™']. The same £ is used in all D, (eq. (30)).
log(£") =0.8988In{log((5,, - &, F 7/° /4.1868))+ 3.4575 (39)
Free volume parameters Calculating diffusion coefficients based on the free volume theory

requires the knowledge of detailed volumetric and physical properties of the monomer and the

polymer. Their temperature relationships are obtained from correlations (Table 2), while the jump

volumes I7xj (x=c,i,m,p) are calculated as the size of the jump unit at OK obtained from group

contribution methods!'*?"). The monomer jump volume 17,:] is the volume of the molecule itself
while the polymer jump segment can be calculated from eq. (40)".

171;. =0.622410°T, , -86.9510° (40)
The primary radical jump unit is calculated as half of the initiator (Bis(2-ethylhexyl)
peroxydicarbonate or Trigonox EHP) volume at 0K (=149.5 10 m*mol™). For the CI radical a
value of 19.3 10® cm’mol” is used. The fractional hole free volume at the glass transition

temperature f, : . (x=m,p) is derived from the Williams-Landel-Ferry (WLF) equation”®”),

Other important free volume parameters are the pure component overlap factors y, and 7. For %,
it is suggested to regress viscosity-temperature (77) and density-temperature (17"? ) data of the pure

monomer with eq. (35) to obtain values for the parameters K;;/%, K2;-Tpm and D,, 9. However, no
statistically significant results could be obtained from this regression due to the strong correlation
between these parameters, even after reparametrization of the exponential term. Furthermore, as
several good fits of the experimental data could be obtained with sets of significantly different

parameter values, these regression results are not used as such. The main conclusion that could be
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drawn from the regression was that %, is close to one or should be even higher. As the

theoretically maximum value is 1, y, is taken equal to 1. y, can be calculated from!?"!

S

240§ V
yp=—t en)o i gpich Koo o (41)
Knl7, Ly, 2303CC,

C1=19.84 and (,=43.89 are the WLF constants for the polymer®’). The resulting value for 7 18

also higher than 1. Therefore, the maximum value of 1 is used in all calculations.

Effect of conversion on diffusion

This effect follows from the dependence of the self-diffusion coefficients on the polymer mass
fraction @, in the polymer-rich phase. The calculated self-diffusion coefficients at a
polymerization temperature of 55°C are presented in Figure 1 as a function of «,. The initiator is
the peroxide Bis(2-ethylhexyl) peroxydicarbonate or Trigonox EHP (f;=1). Only one

macroradical diffusion coefficient is presented corresponding to a molecular mass of 10° g mol™.
D; and D; have a stronger concentration dependency than D,, as expected. For D,, this
dependency is even smaller. It is less obvious that the initiator primary radical diffusion

coefficient D; has an even stronger concentration dependency than D; , but this follows from the

free volume theory. The jump unit molar volume of the initiator primary radical 17,; is higher than

that of a polymer segment 17,; (see Table 2). The absolute value of D; is higher than D; because
the pre-exponential factor of the polymer diffusion coefficient is lower than that of the initiator.
D; and D; roughly have the same value for high values of @,. These diffusion coefficients can

now be used to calculate the apparent rate coefficients, the conversion and the moments as a

function of polymerization time.

Simulation of conversion and molecular mass distribution

With the values for intrinsic kinetic rate coefficients from literature (Table 4) and the calculated
diffusion coefficients, the variation of the apparent rate coefficients as a function of conversion is
shown in Figure 2. The calculated conversion and the moments of the MMD as a function of

polymerization time are also shown in Figure 2.
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Figure 1. Self-diffusion coefficients for the Cl radical (D), the primary radical of initiator (D;) for
Trigonox EHP, the monomer (D,,) and one polymer chain length (D; , 10° g mol™) as a function

of the polymer mass fraction @, in the polymer-rich phase.

It can be seen in Figure 2 that the gel effect (expressed by <k;»>) and the cage effect (expressed
by f>) become very pronounced from the start of the third stage. As the monomer is consumed, the
viscosity in the polymer-rich phase increases and the diffusion coefficients decrease significantly.
However, the apparent propagation rate coefficient 4, does not decrease. This is in agreement
with literature®”! where experimental evidence for the absence of diffusion-control of the
propagation rate coefficient was reported. For the simulation in Figure 2, a final conversion of
86% is reached and a negligible glass effect is calculated. The minimum conversion levels at
which the glass effect is not yet pronounced were estimated”™” between 83% to 91%.

Table 4. Intrinsic rate coefficients data

Rate coefficient A E
ky=Aexp(-E/RT) [m’mol's "] [kJ mol™]
R 5.0 10* 27.63
g4 1310° 17.59
Cr=kuro/ g 5.78 [-] 23.01

This can be further elaborated when considering experimental data for the T, of the monomer-
polymer mixture!’! (=T, emp). Agreement with the reported results is obtained. At the considered
reaction temperature the composition of the polymer-rich phase to undergo a transition to the

glassy state of the mixture is about 90wt% to 95wt% of polymer. As the monomer conversion to
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obtain such a high composition is never reached in the simulation shown in Figure 2, the drop in
k, > is not seen here. However, a separate calculation of the apparent propagation rate coefficient
(dotted line in Figure 2) for higher mass fractions of polymer in the polymer-rich phase results in
a drop of k, » starting at 90wt% to 95wt%, corresponding with the experimental data for 7, g,,,,_pm.

The drop in the polymerization rate can completely by explained by the gel effect and the cage

Py S (X
effect. The glass effect does not play a role until higher conversions®”,
25 ¢ 1 3EH3 100 1 2.5E+05
<k, 7> Q- % }
—_— 20 r 80 1 2.0E+05
- kp.l ‘\ :\/ —_ ,&
3 V2B < E
wn
o = g S|
=] —_ % ~
.-.g B, 2 10E+05 T2’
& LEH3 ‘B_’. g E_
8 L [ary
e w, J 5.0E+04
i
0.E+00 . . 0.0E+00
0 20 4 6 8 10 0 5000 10000 15000 20000
conversion [%], o, [wt% ] polymerization time [s]

Figure 2. (left) (full lines) Apparent rate coefficients in the polymer-rich phase as a function of
conversion and (dotted line) predicted apparent propagation rate coefficient &, > as a function of
the polymer mass fraction @, in the polymer-rich phase; (right) Conversion (#) and molecular
mass moments (0) as a function of polymerization time; (full lines) simulation (integration of egs.
(9)-(13) with method of moments with parameters of Tables 2-4; reactor volume = 0.002 m’,
vinyl chloride = 0.3 kg, water = 0.7 kg, initiator 0.061 wt% based on the monomer).

Conclusions

The effect of diffusional limitations on the polymerization reactions has been calculated from first
principles. An elementary reaction scheme is considered for this calculation. Both the
combination of reaction and diffusion and the calculation of the diffusion contributions to the
apparent rate coefficients for the polymerization reactions that can become diffusion-controlled
are performed in a consistent way for all reactions. It is found that the decrease in polymerization
rate is entirely accounted for by the gel effect and the cage effect. The glass effect only slightly
appears at higher conversions. This is in agreement with experimental results. Also the predicted
conversion at which the glass effect becomes pronounced, agrees with experimental data for the

glass transition temperature of the monomer-polymer mixture. As the effect of diffusion can now

© 2004 WILEY-VCH Verlag GmbH & KGaA, Weinheim



228

be calculated independently, the estimation of the intrinsic rate parameters of the vinyl chloride

suspension polymerization from experimental data is within reach.
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