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The mechanism of vinyl chloride (VCM) polymerization is discussed in detail from both a chemical and 
a physical point of view. A comprehensive kinetic model for VCM bulk/suspension polymerization is 
developed based on all of the important elementary reactions for two-phase polymerization. A series of 
kinetic experiments covering an extensive temperature range with different initiator systems was carried 
out in an agitated 51 batch reactor. Kinetic parameters were estimated by using these experimental data. 
The present model is in excellent agreement with experimental rate data measured in different laboratories 
and can be used to predict polymerization rate, conversion history and other kinetic features over the 
entire monomer conversion range. 
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I N T R O D U C T I O N  

The mechanism and kinetics of free radical bulk or 
suspension polymerization of vinyl chloride (VCM) have 
been extensively studied experimentally. VCM polymer- 
ization mechanisms proposed are based mainly on 
polymerization kinetics, chain microstructure and par- 
ticle morphology studies. The extent and variety of 
research work dealing with the same problem reflects not 
only the great interest in, and extensive practical use of 
poly(vinyl chloride) (PVC), but also the complexity of 
VCM polymerization. The considerable experimental 
data in the literature reflects the pattern of VCM 
polymerization kinetics reasonably well, although a 
comprehensive kinetic model which can predict with 
adequate accuracy physical and chemical property 
changes during VCM polymerization has not been 
published to date. 

In the present paper, the main contributions to the 
mechanisms and kinetics of VCM polymerization in 
terms of elementary chemical reactions, physical pheno- 
mena and kinetic modelling are reviewed. A comprehen- 
sive kinetic model which accounts for these elementary 
reactions, physical phenomena and reactor operational 
conditions for VCM polymerization over the entire 
conversion range is derived. Extensive kinetic experi- 
ments were done to evaluate the present model and 
to estimate kinetic and thermodynamic parameters. 
The main features of heterogeneous polymerization 
with diffusion-controlled reactions are accounted for 
quantitatively. 

MECHANISMS OF VCM POLYMERIZATION  

Chemica l  reaction types  

A typical free radical polymerization mechanism 
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includes initiation, propagation, chain transfer to small 
molecules and bimolecular termination steps. However, 
recent research has revealed that some reactions, such as 
chain transfer to monomer, involve more complicated 
mechanisms 1-9. 

Initiation reactions have not been studied in detail. In 
kinetic modelling, it is assumed that initiation reactions 
occur in both monomer- and polymer-rich phases 1°-1T. 
Lewis et al.18 studied the sites of initiation and concluded 
that the main site of initiation at low conversions during 
VCM bulk polymerization is the continuous monomer 
phase. Marinin et al. 19 measured the decomposition rate 
constants of some peroxide initiators in the polymer 
phase under subsaturated pressure and found that the 
decomposition rate constant in the polymer phase can 
be significantly lower than that in the monomer phase. 
Important  parameters for kinetic modelling, such as 
initiation efficiency, initiator partition coefficient and 
decomposition rate constant for VCM polymerization, 
have not been extensively studied in the literature. 

The propagation reaction is considered to be mainly 
a head-to-tail addition of the monomer double bond to 
the radical centre 3'2°. However, the existence of a small 
number of head-to-head structures in PVC has been 
suggested earlier 21. Rigo et al. ~ first proposed that the 
head-to-head propagation reaction causes the formation 
of chloromethyl branches in PVC. Bovey et al. 3 gave 
evidence for the presence of this structure by x 3 C nuclear 
magnetic resonance (n.m.r.) measurements on reduced 
PVC. Starnes et al. 4"5 provided further evidence for the 
proposed mechanism. This mechanism can more reason- 
ably explain how chain transfer to monomer occurs 
during free radical polymerization of VCM. Hence 
propagation reactions can involve several types of 
radicals in addition to the most common radical type as 
shown in Figure  1. 

Chain transfer to monomer plays a very important role 
in controlling molecular weight development in VCM 
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Figure l Mechanism of radical transfer to monomer and formation 
of some defect structures of PVC 

polymerization. In classical kinetic studies of VCM 
polymerization, chain transfer to monomer was con- 
sidered to involve a polymer chain transferring its radical 
centre to monomer directly 22-2a by abstraction of a 
chlorine or hydrogen from the V C M  24'27. However, 
the unsaturated end groups formed by this chain 
transfer mechanism cannot be found by n.m.r, measure- 
ments 29'a°. Therefore, Caraculacu et al. 29'3° suggested 
that transfer to monomer would be realizable only by 
abstracting an atom from a high energy structure such 
as from head-to-head addition polymer radicals, the 
monomer being the acceptor. Detailed n.m.r, measure- 
ments showed that chain transfer to monomer involves 
a more detailed mechanism as shown in Figure I.  As 
mentioned above, the head-to-head addition was pro- 
posed by Rigo et al. ~. The chlorine abstraction step was 
suggested by Bezdaea et al. 2, while Caraculacu et al. 29'3° 
and Starnes et al. 4"5 suggested the subsequent chlorine 
addition to the monomer double bond. Hjertberg et al. 9 
suggested that the chlorine atoms which result from 
head-to-head addition abstract hydrogen atoms from the 
polymer backbone and this results in the formation of 
internal double bonds or long chain branches. The 
mechanism of chain transfer to monomer is supported 
by the following findings: 

(1) the major part of the unsaturated chain ends has 
1-chloro-2-alkene structureV'aLa2; 

(2) the major part of the saturated chain ends consists 
of the 1,2-dichloro-alkane structure 4'7'8'31,32; and 

(3) the presence of chloromethyl branches 3-6'33-35. 
Clearly, the classical mechanism involving macro- 

radical direct chain transfer to monomer is not valid for 
VCM polymerization. 

Whether the bimolecular termination reaction between 
polymer radicals is combination or disproportionation 
is difficult to determine because of the significance of 
chain transfer to monomer in this system. Razuvayev et 
al. 36 were first to investigate the mechanism of bimolec- 
ular termination in the free radical polymerization of 
VCM by 14C-labelled initiators. It was found that, in the 

bulk and suspension polymerization of VCM, the average 
number of initiator end groups per polymer molecule is 
0.19-0.40, i.e. a maximum of 19-40% of the polymer 
molecules are produced by bimolecular termination 
reaction. Park et al. a7 studied solution polymerization of 
VCM using 14C-labelled initiator and found that 25% of 
bimolecular termination occurs by combination and 75 % 
by disproportionation. Hence a maximum 5-10% of the 
polymer molecules are produced by combination termin- 
ation. Note that the resulting structure by combination 
termination is similar to that by head-to-head addition. 
But the content of head-to-head structure is so low that 
it cannot be detected by ~3C-n.m.r.4. Hjertberg et aL as 
estimated the head-to-head structure to be less than 0.2 
per 1000 monomeric units using a chemical method. 
Assuming the degree of polymerization to be 1000, one 
may estimate that there is a maximum of 20% of the 
polymer molecules with one head-to-head structure. 
Therefore, 10-15% of the polymer molecules experience 
one head-to-head followed by tail-to-tail propagation 
addition. 

In addition to bimolecular termination and propaga- 
tion, macroradicals experience other reactions, including 
chain transfer to polymer, intramolecular chain transfer 
or back-biting reactions 6'32'39. All these reactions 
result in short or long chain branches. Primary radical 
termination may also occur in VCM polymeriza- 
tion 4°-42. However, the significance of this reaction for 
the calculation of total radical concentration is uncertain. 

All of the chemical reactions which have been identified 
by kinetic and microstructural studies and are important 
for kinetic and reactor modelling are now summarized. 

Init iation 

Kd decomposition of 
1 I --* Ri" initiator 

Ki 
2 Ri'--* Ri" generation of 

polymer radicals 

Propagat ion and chain transfer reactions 
Kp 

3 R r + M --* R~+ 1 head-to-tail 
propagation 

K1 
4 R[ + M --* R~*I head-to-head 

propagation 

K2 
5 R~* ~ (R~*)' chlorine shift reaction 

K3 
6 R~* + M ~ R~+ 1 tail-to-tail 

propagation 

K4 
7 (R~*)' + M -~ R~+ 1 formation of chloro- 

methyl branches 

K5 
8 (Rr'*)' -~ P, + CI" splitting off CI" 

r~ 
9 CI" + M ~ R~ initiation of polymer 

radicals by CI" 

r~p CI" transfer to 
10 Cl" + Pr Rr + HC1 

polymer 
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Kp 

11 R~' + M ~ R[+ 1 

Kc 
12 R2 ~ P~+CI" 

Kfp 

13 R~+ P ~  R; '+ P r 

Kp 

14 R~' + M --* R~+ 1 

propagation towards 
formation of a chain 
branch 

formation of an 
internal double bond 

chain transfer to 
polymer 

formation of long 
chain branch 

T e r m i n a t i o n  
Ktc 

15 R~+ R ~  Pr+s 

Ktd 

16 R r + R ~ P , +  P , 

Kti 

17 Rr + R~'--' Pr 

Ktci 

18 R~'+ CI" ~ P~ 

O t h e r  r e a c t i o n s  
Kb 

19 R; ~ Rr, b 
gp 

20 gr ,  b + M ~ R~+ l,b 

combination 

disproportionation 

primary radical 
termination 

termination with C1 ° 

back-biting reaction 

propagation towards 
formation of a short 
branch 

All the reactions shown above may occur in both 
monomer and polymer phases simultaneously. A kinetic 
model involving all these chemical reactions has not been 
reported to date. In the present model development, these 
elementary reactions will be considered and their effects 
on polymerization rate discussed in detail. 

P h y s i c a l  p h e n o m e n a  

Because PVC is effectively insoluble in its own 
monomer, VCM polymerization is a heterogeneous 
process which involves several physical transitions 
throughout the course of polymerization. The final PVC 
product of bulk or suspension polymerization is made 
up of primary particles and their agglomerates. For valid 
kinetic modelling it is necessary to understand the 
mechanisms for formation, growth and aggregation of 
primary particles. 

The formation of primary particles has been studied 
by many investigators 43 s9. Based on turbidimetric 
measurements, Boissel et  al. 48 found that polymer 
precipitates from the monomer phase at conversions as 
low as 0.001%. This value is much lower than that (0.03% 
solubility of PVC in monomer at ambient temperature) 
measured by Ravey et  al. 6°. Cotman et  al. 43 estimated 
that macroradicals become insoluble in the monomer at 
a degree of polymerization of 25 32. Rance e t  al. 54 
recently suggested that the solubility of polymer in the 
monomer is limited to polymer chains containing 10 
monomer units or fewer based on the Flory interaction 
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parameter. Although the range of these values is large, 
they do indicate that phase separation during VCM 
polymerization occurs at a very low conversion. The first 
particles which appear at these low conversions are so 
called microdomains, which are 0.01-0.02/~m in dia- 
meter. They are believed to result from precipitation and 
coagulation of single polymer radicals. Their lifetimes are 
<30 s and, therefore, cannot be measured by photon 
correlation spectroscopy methods 54. The aggregation 
of microdomains produces domains (primary particle 
nuclei, 0.1-0.3~m in diameter), the first observ- 
able entities of the new monomer swollen polymer 
phase47-5~,61 63. Willmouth et  al. 55 and, more recently, 
Tornell et  al. 64 studied the conversion dependence of 
particle size and number density at earlier stages of 
polymerization. From information in the literature, one 
can conclude that a domain is formed and grows by the 
following processes: 

(1) aggregation of microdomains; 
(2) precipitation of macroradicals and macromole- 

cules (chain length r > re) on the formed microdomain 
or domain; and 

(3) polymerization inside the microdomain or domain. 

These three processes occur simultaneously during the 
early stages of polymerization. 

Further aggregation or growth of domains results in 
the formation of primary particles. The primary particles 
grow with conversion at almost the s a m e  r a t e  43-46' ' .9 '65.  

The average diameter of primary particles is g0.8-  
1.0 #m. Much of the existing work on grain formation 
has involved studies of the very early stages of the 
process or over a narrow conversion range. Recently, 
Smallwood 66 studied the later stages of the polymeriza- 
tion process at commercial polymerization temperatures 
(51 71°C). PVC samples were taken at 5-85% conver- 
sion. A series of scanning electron micrographs shows 
that the primary particles increase in size until 50-70% 
conversion, depending on reaction temperature. Then the 
primary particles fuse together at higher conversions 
(aggregation of primary particles has occurred since low 
conversion). By examining those results 66, one may find 
that the primary particles increase in size with conversion 
until the free monomer phase disappears. Hence, one can 
conclude that the primary particles grow by accretion of 
microdomains or domains onto their surface and poly- 
merization inside the primary particles. 

The limiting size of primary particle is ~ 1.4 #m and 
the final number of primary particles is ~2.0 x 10 ix 
cm -3 for all reaction temperatures (51 71c)C) 66. 

Wilson et  al. 5° and Davidson et  al. 53 demonstrated 
that the primary particles carry negative charges which 
may result from the presence of HCI formed during 
polymerization (see reaction 10). 

As the primary particles increase in size and the volume 
fraction of the polymer phase increases, aggregation will 
involve multiparticle contacts. Thus aggregation will 
result in a decrease in primary particle number and in 
the formation of a continuous network of primary 
particles throughout the polymer particle/monomer 
droplet. The continuous network is likely to form at 
between 10 and 30% conversion 66. According to Small- 
wood's results 66, after the monomer phase disappears, 
further polymerization leads to fusion of primary par- 
ticles and formation of agglomerates. Hence, at high 
conversion, only agglomerates of primary particles can 
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be seen, and their size strongly depends on reaction 
temperature. 

In view of the preceding observations, one can 
summarize the mechanism of formation of PVC grains 
as follows. 

Stage 1. Macroradicals or macromolecules with chain 
length more than a critical value rc begin to precipitate 
from the monomer phase (at ~0.001% conversion). 

Stage 2. Aggregation of macroradicals and macro- 
molecules after precipitation produces microdomains 
(0.01-0.02 #m, at <0.01% conversion). The micro- 
domain is not well defined. 

Stage 3. Aggregation of microdomains produces 
domains (0.1-0.3 #m, <1% conversion) stabilized by 
negative charge. This stage is completed at 5-10% 
conversion. 

Stage 4. Aggregation and growth of domains causes 
formation of primary particles until the formation 
of continuous networks in droplets (about 15-30% 
conversion). 

Stage 5. Primary particles grow and aggregate until 
free monomer phase disappears; the diameter of final 
primary particles is ~ 1.2-1.5/~m (50-70% conversion). 

Stage 6. Primary particles fuse together as agglomer- 
ates (5-10/zm) until the limiting conversion is reached. 

There is no clear boundary line between stages; 
two neighbouring stages may occur simultaneously dur- 
ing polymerization. Allsopp 67'68 proposed a schematic 
representation of the mechanism of VCM polymeriza- 
tion. With recent findings in mind, we suggest a modified 
scheme of the mechanism of VCM polymerization as 
shown in Figure 2. 

Dynamics and modelling of VCM polymerization 
The dynamics of VCM polymerization processes as a 

whole has not been studied comprehensively. Meeks 69 
first measured conversion, polymerization heat and rate, 
reactor pressure, cooling water temperature and flow rate 
simultaneously as a function of polymerization time. 
Recently, Nilsson et al. 7° measured polymerization rate, 
reactor pressure and amount of liquid monomer as a 
function of conversion in suspension and emulsion 
polymerization systems. In most of the kinetic studies, 
only conversion change with time was measured. 

Based on data in the literature, one can summarize the 
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main dynamic features of VCM polymerization as 
follows: 

(1) The polymerization rate increases with conversion 
at a low critical conversion, i.e. the so-called auto- 
acceleration 12-t5'22'25'28"43"6°'69'71-84. The maximum 
rate of polymerization occurs just after the reactor 
pressure starts to drop 69"7°. Then the polymerization rate 
decreases dramatically with conversion 13,60,69,70,84. The 
polymerization rate effectively decreases to zero before 
100% conversion of monomer at commercial polymeriza- 
tion temperatures. 

(2) The reactor pressure, for isothermal polymeriza- 
tion, remains constant until a certain high conversion 
and then the pressure decreases gradually with conver- 
sion 69'7°'s5. The pressure may start to drop slowly before 
the monomer phase disappears 7°. The same phenomenon 
was noticed in our recent laboratory experiments. 

(3) The reaction order with respect to initiator concen- 
tration is between 0.5 and 0,813'15'22'40'43'71'79'80'84'86'87. 
These results were based on relatively low conversion 
rate measurements. 

(4) The molecular weight of PVC does not strongly 
depend on monomer conversion or initiator concentra- 
tion 11'13'22'71'8s, but it increases with decreasing poly- 
merization temperature a3. At very high conversions, the 
molecular weight decreases with conversion s9. 

(5) Chain transfer to monomer plays a dominant role 
in controlling molecular weight 13. The ratio of the chain 
transfer to monomer rate constant to the propagation 
rate constant is as large as 1.0-5.0 × 10-3 at commercial 
polymerization temperatures 13,15,27,43,71,79. According 
to the new mechanism of chain transfer to monomer, this 
value is for a group of kinetic rate constants. This will 
be discussed later. 

A comprehensive kinetic/reactor model which can 
describe these dynamic features of VCM polymerization 
has not been reported to date. Most kinetic studies to 
date have emphasized polymerization rate modelling. 

Based on the pertinent phenomena of VCM polymer- 
ization above, one knows that phase separation occurs 
at very low monomer conversions. For kinetic modelling, 
therefore, it is reasonable to assume that polymerization 
occurs in the monomer and polymer phases simul- 
taneously from the very beginning of the polymerization. 
The solubility of PVC in monomer is so low (~ 0.001%) 
that the monomer phase is considered to be essentially 
pure monomer, while the polymer phase is swollen with 
about 30% monomer. As the reaction proceeds, the mass 
of the monomer phase decreases while that of the polymer 
phase grows, but the composition of each phase is 
essentially constant 1°'vl, because the rate of monomer 
diffusion into polymer particles is sufficiently high to 
ensure equilibrium during polymerization with a con- 
stant equilibrium concentration of monomer in the 
particles 14 before the monomer phase is consumed. As 
long as VCM exists as a separate phase, it will exert its 
own vapour pressure and the pressure in the reactor will 
be essentially constant during isothermal polymerization. 
When conversion reaches a value Xf the pressure in the 
reactor begins to drop s5 and polymerization proceeds in 
the polymer phase until a limiting conversion is reached. 
Therefore, a model valid for the entire conversion range 
must describe two-phase polymerization before and 
single phase polymerization after conversion Xf. 

When conversion is <X f, the following equations 
apply for a batch reactor: 

Vinyl chloride polymerization: T. Y. Xie et al. 

d ~  
- - - -  = K p l [ M ] I [ R ' ] I V  1 + K p 2 [ M ] 2 [ R ' ] z V 2  (1) 

dt 

If Kpl = Kp2 = Kp, then equation (1) becomes 

dN m [ + ([M]2[R']2 
dt - K p [ M ] I [ R ' ] I V  1 \ [M]I [R ' ]a  

(2) 

where Kp depends only on temperature; [M]I and r M ] 2  
are also constant and [M]I > [M]2 when X < Xf; [R']I  
will decrease gradually due to decrease in initiator 
concentration; the total volume V will decrease due to 
the larger polymer density; the polymer phase volume 
fraction (])2 is positive (~D 2 < 1.0) and will increase 
gradually with conversion. Considering typical polymer- 
ization rate profiles, one may conclude that only the 
following condition can be true: 

[M]IER']E 1 >0  (3) 
[M]IER'], 

or  

[R ' ]E / [R ' ] ,  > [ M ] ~ / [ M ] =  > 1 (4) 

Therefore, the following inequality is always true for 
VCM polymerization: 

[R']E> [R'], (X <Xf) (5) 
It is clear that to develop a valid model for rate of 

polymerization the most important task is properly to 
express [R']2/[R']I  as a function of the variables which 
are known or can be measured experimentally. This is 
the main reason why most kinetic models differ according 
to the relations used for radical concentrations in the 
two phases, 

Although polymerization in the polymerization phase 
was suggested earlier (Reference 44 and references 
therein), Talamini 1°'71 first proposed a two-phase poly- 
merization scheme and modelling approach. The major 
assumption in Talamini's model was setting [R']2/[R']~ 
constant (= P). An oversimplified model with adjustable 
parameter P was thus derived. The following important 
factors were neglected in Talamini's model: unequal 
initiator partition between the two phases; consumption 
of initiator; volume shrinkage due to the density 
difference between VCM and PVC; and radical migration 
between the two phases. 

Abdel-Alim et al. 13 modified Talamini's model by 
considering reaction volume change and initiator con- 
sumption and first extended the model to conversions 
above Xf. But unequal initiator partition and radical 
migration were neglected in the model. 

To modify Talamini's model, Ugelstad et al. 12'82 
proposed radical exchange between the two phases. But 
Ugelstad et al. over-emphasized the importance of 
absorption and desorption of radicals and still assumed 
a constant value for FR']z/[R']I.  Therefore, the kinetic 
model remains the same in form but gives a different 
explanation for magnitude of the ratio [R']2/[R']I .  

Kuchanov et al. ~4 considered that the desorption of 
radicals from the polymer phase can be ignored because 
only a small fraction of the radicals with short chain 
lengths can desorb from the polymer phase. They further 
assumed that the ratio of mole fraction of initiator in 
both phases remains constant. Unfortunately, they only 
compared the model predictions with low conversion 
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data. However, when the authors extended the model to 
high conversions (>77%), they still considered the 
monomer as a separate phase. This seems to contradict 
the observed physical phenomena discussed earlier. 

Olaj 15 further assumed that all of the radicals formed 
in the monomer phase transfer to the polymer phase, i.e. 
there is no termination reaction in the monomer phase. 
Hence, in Olaj's model, the reaction order with respect 
to initiator concentration is 1.0, which is higher than that 
observed experimentally. 

More recently, Suresh et  al. 16 proposed a concept 
'kinetic solubility', which assumes that rapidly growing 
polymer chains have considerably greater solubility than 
the thermodynamic solubility of preformed polymer 
molecules of the same size and so can remain in solution 
even under thermodynamically unfavourable conditions. 
In the model development, radical precipitation and 
transfer to monomer were considered, but radical 
termination in the monomer phase was neglected. Hence 
the rate equation has features which are similar to Olaj's 
model. 

Kelsall et  al. 17 considered the unequal partition of 
initiator between the two phases and derived model 
equations. During their simulation of VCM polymeriza- 
tion, radical migration between phases was treated as a 
mass transfer process. The validity of their model has 
not been examined experimentally. 

In view of these observations, one can conclude that 
polymerization in two phases is commonly accepted. The 
significance of radical migration between the two phases 

still remains unclear. The main ideas for a two-phase 
model are summarized in F i g u r e  3. 

Very few studies of the kinetics of polymerization at 
high conversions (X > Xf) have been made. Abdel-Alim 
et al. 1 a first extended the two-phase model to single phase 
polymerization at high conversions. More recently, 
Kelsall et  a l J  7 simulated VCM polymerization to high 
conversion levels. Hamielec et  al. 9° first accounted for 
diffusion-controlled bimolecular termination and propa- 
gation at high conversions. In fact, sufficient experimental 
kinetic data for high conversions (X > Xf) have not 
accumulated in the literature to test comprehensively the 
validity of existing kinetic models. 

Although the quality of kinetic modelling has steadily 
improved, none of the existing models is directly 
applicable to commercial processes for the following main 
reasons: 

(1) reactor operation conditions have not been con- 
sidered in the kinetic modelling; 

(2) diffusion controlled bimolecular termination and 
propagation and initiation efficiency in the polymer phase 
have not been studied in detail, particularly at the higher 
monomer conversion levels which are commercially 
important; and 

(3) valid kinetic parameters have not been estimated 
for VCM polymerization over the entire conversion 
range. 

For the present kinetic model development, we pay 
attention to the entire conversion range and particularly 
emphasize high conversion levels. Extensive kinetic 
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experiments, covering the commercial reaction tempera- 
ture range, were made to evaluate the model and estimate 
valid kinetic parameters. 

MODEL DEVELOPMENT 

The kinetic mechanisms of VCM polymerization dis- 
cussed above will be accounted for in the present model. 
The following assumptions are made in the model 
development. 

(1) Polymerization of VCM in the water and vapour 
phases is negligible. 

(2) Polymerization of VCM proceeds in two phases 
monomer and polymer phases - when conversion is < Xf. 
When conversion is > Xf, polymerization proceeds in the 
polymer phase. 

(3) Polymer radicals can transfer from the monomer 
phase into the polymer phase by precipitation and 
capture. Transfer of polymer radicals in the reverse 
direction is limited to small radicals with r < re. Instan- 
taneous equilibrium with respect to transfer of mobile 
radicals between monomer and polymer phases is 
assumed. 

(4) Monomer and initiators diffuse into and out of the 
polymer phase rapidly so that equilibrium partition of 
these species is assumed at all times. 

(5) Bimolecular termination of polymer radicals in the 
monomer phase is chemically controlled, but bimolecular 
termination in the polymer phase is diffusion controlled 
over the entire conversion range. Propagation reactions 
are also diffusion controlled at X >Xf  and initiator 
efficiency falls rapidly at high monomer conversion due 
to a large increase in radical recombination in the cage 
('cage effect'). 

If the long chain approximation is considered valid for 
both monomer and polymer phase, with the assumptions 
above, the polymerization rate in terms of conversion 
per unit time can be expressed as 

dX Kp 
- ( [R ' ] tM ~ + [R']2M2) (6) 

dt NoM m 

where No is the initial number of moles of VCM, M m is 
molecular weight of VCM, and M1 and M 2 are the 
weights of monomer in the monomer and polymer 
phases, respectively (which can be expressed as a function 
of conversion and reactor operation conditionsSS). 

Strictly, all of the radicals consuming monomer should 
be included in [R ' ] I  and [R']2. However, according to 
the microstructure of ordinary PVC 91, the structure due 
to initiation reactions (2) and (9) is about one unit per 
polymer molecule and hence monomer consumption due 
to these reactions is negligible. Similarly, monomer 
consumption due to head-to-head and tail-to-tail propa- 
gation is <0.02%. Therefore, the long chain approxima- 
tion is valid for VCM polymerization. It is assumed that 
radical centres forming short and long chain branches 
have the same reactivity as radical centres on chain ends. 
Hence [R ' ] I  and [R']2 include radicals on chain ends 
and polymer backbone radicals. From the conversion 
rate point of view, this treatment is valid. However, these 
radical types have to be considered individually for PVC 
molecular weight and microstructure modelling. 

Radical and monomer concentrations, initiation rate 
and kinetic parameters are essential factors in any 
polymerization rate expression. These factors are now 
discussed separately. 

Vinyl chloride polymerization." T. Y. Xie et al. 

Radical concentrations 

From the previous section, one knows that the radical 
concentration in the polymer phase is much greater than 
that in the monomer phase. It is assumed that there is 
no mass transfer of radicals from the monomer phase to 
the polymer phase when the chain length r < r c (chain 
length at which macroradicals start to precipitate from 
the monomer phase). Radicals with r ~> r c can transfer 
from the monomer to the polymer phase by precipitation 
and capture. On the other hand, desorption of radicals 
from the polymer phase is limited to the radicals with 
chain length < r~. Thus the total radical balance for the 
two phases can be expressed as follows: 

d(R')l  
-- R,I + K'p[Cl'] 1[M31 - KplEM] l[R'rc-,]1 

V 1 dt 

- KII[R'] , ( [R~] + [ C l ' ] , ) -  Ks[R '* ' ] ,  

- Kt~[R'] 2 + Kde ~ [R;]2V2/V1 
r = l  

= 0  (7) 

d(R')2 
- R,2 + KpI[M]I[R;-1] ,V1/V2 

V2dt 

+ K'pz[CI']2[M]2 + Ktp[Cl']2(Q1)2 

- KI2[R']2([R;]2 + [C1"]2) - Ks[R'* ']2 

- Kae ~ [ R ; 3 2 -  Kt2[R']2 z 
r = l  

= 0 (8) 

where 

o o  

(R')i = E (R~)i + backbone radicals (i = 1,2) 
r = l  

and n < r c. 
Based on the reaction mechanisms shown in the 

previous section, the radical concentrations [R~]2, [CI'] ,  
[R" ] ,  [R'*] ,  [R'*'] ,  [R'i]  and [R'r] 2 can be expressed 
in the following steady-state equations: 

dR~ 
- R,2 + K'p[CI']2[M] 2 - Kp[M]2 [R;]2 

V2dt 

- Kt2[R']2[R~]2 - Kac[R~] 2 

= 0 (9) 

d(Cl')l  
_ _  _ Ks[R '* ' ] ,  + Ke l [R"]  , + Kae[Cl']2 

V 1 dt 

- K'p,[CI ']I[M]I - K~p[Cl']x(gl) , 

= 0  

d(Cl')2 
- -  Ks[R'* ']2 + Ke2[R"]2 - Kd~[CI']2 

V2dt 

- K'p2[M]2[CI']2 - K'rp[Cl']2(Ql) 2 

= 0  

d R "  

Vidt 

(10) 

(11) 

- K'fpi[Cl']i(Q,)i- Kp i [R"] i [M] i -  K~[R"]I 

= 0  (12) 
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dR'* 
-- K I [ M ] i [ R ' ] i  - K2[R'*]~ - K a [ R ' * ] i [ M ] i  

V, dt 

= 0  (13) 

dR'*'  
- -  K2[R'*]i - K4[R'*']i[M]~ - Ks[R'*']i  

V~dt 

= 0 (14) 

dR'i _ Ru _ K i i [ M ] i [ R ~ ] i  _ K~ i [R , ] i [R[]  i 
Edt 

= 0  (15) 
dR; 

- Kp2[M]2[R',-  a]2 - Kt2[R;]2[R']2 
V2 dt 

= 0 (16) 

where i = 1, 2, indicating monomer and polymer phases 
respectively. The phase subscripts for K~, K2, K3, K4, 
Ks are dropped for simplicity. 

From equation (12), one has 

[R.,~ K'fpi[Cl']i(Q1)i 3 , -  (i = 1, 2) (17) 
Kpi[M]i + K~i 

Because solubility of PVC in the monomer is very low, 
(Qa)t is negligible, so that [R°']x can be neglected. 

Equation (13) gives 

[R'*], = K x[M]/[R'] '  (i = 1, 2) (18) 
K2 + Ka[M]i 

Substituting equation (18) into equation (14), one 
obtains 

K1K2[M]i[R']i 
[ R ' * ' ] , -  (i = 1, 2) 

(K2 + Ka[M]i)(K4[M]~ + Ks) 
(19) 

Substituting equation (19) into equation (I0), and 
keeping in mind that [R"]I  = 0, one has 

[Cl']~ = [- 
K1K2Ks[M]I[R' ] I  

L(K2 + K3[M]I)(K4[M]I + Ks) 

] /  + gde[C1 ]2 KpI[M]I (20) 

Reaction (9) is a very active reaction and hence 
K'pl[M]I >>Kdc[Cl']2 can be assumed. Thus, equation 
(20) is simplified to 

K I K 2 K s [ R ' ] a  
[ C l ' ] ,  - ( 2 1 )  

K'px(K2 + Ka[M],)(K4[M]I + Ks) 

Similarly, substituting equations (17) and (19) into 
equation (11), one has 

K,K2Ks[R]'E[M]2 
[C1"]2 = 

where 

(g2  + Ks [M]2) (K4[M]2  + Ks) 
x (K~2[M]2 + K~p(Q1) 2 + Kac - K') 

(22) 

K ' -  Ke2K'fP(Qa)2 
Kv2[M]2 + Ke2 

From information on microstructure of PVC, one knows 
that reaction (9) is much faster than reactions (10) and 

(12). Hence K'p21-M]z >>K~p(QI) 2 and K~21-MI2 >> Kde 
can be assumed. K' is very small because Kpz >> KeK'fw 
Therefore, K'p2[M]2 >> [K~p(Q1) 2 + Kd~ -- K'], and equa- 
tion (22) can be simplified to 

K 1 K 2 K s [ R ' ]  2 
[C1"]2 = (23) 

K~2(K2 + Ka[M]2) (K4[M]2  + Ks) 

Comparing reaction (9) with the classical chain transfer 
to monomer reaction, one finds that the following 
equation should hold 

Kpl[Cl '] ,[M]x = (Kym)I[R'],[M]I (24) 

Substituting equation (21) into equation (24), one has 

K1K2K5 
(gfm)l - (25) 

(K2 + K3[M]I)(K4[M]a + Ks) 

Similarly, 

K1K2K5 
(Kfm)2 - (26) 

(K2 + Ks[M]2)(K4[M]2 + Ks) 

From equations (25) and (26), one can see that the 
effective rate constant for chain transfer to monomer is 
a function of monomer concentration. 

Using equations (25) and (26), one may rewrite 
equations (21) and (23) as 

[CI'] 1 - (Kfm)~l [R']  1 (27) 
K'pl 

[C1"]2 - (Kfm)2 [R']z (28) 
K~2 

Using chain transfer to monomer constants reported 
in the literature, one can estimate that the concentration 
of chlorine radicals is at least three orders of magnitude 
smaller than the polymer radical concentration. There- 
fore, bimolecular termination reactions with C1- can be 
neglected. 

From equation (15), one has 

[ R ' d j  - R,j (j = 1, 2) (29) 
Ko.EM] j + K~jER']j 

The primary radical concentration in equation (29) is 
also three to four orders of magnitude smaller than the 
polymer radical concentration. Hence bimolecular ter- 
mination with R[ may not be significant during VCM 
polymerization. 

Substituting equation (28) into equation (9), one can 
find that 

RI2 + (Kfm)2[R']2[M]2 
[R;] 2 - (30) 

Kp2[M]2 + g t 2 [ R ' ] 2  + Kd© 

From equation (16), one has 

[ g ' , ] 2  --- ( ! ) r -  1jR" 112 (31) 

where 

Z = K t 2 [ R ' ] 2 / K p 2 [ M ] 2  

Substituting equation (30) into equation (31) and 
considering KpE[M]2 >> Kt2[R' ]2  + Kd~ and RI2 >> 
(Kfm)2[R']2[M]2', one can simplify [R'r] z as 

(~) r -  1 Ri2 (32) 
[R ' r ]  2 = Kp2[M] 2 
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Therefore, the desorption term in equations (7) and (8) 
can be written as 

Kde [R'r ]  2 = Kde r= 1 r =  1 Kp2[M] 2 KdeR12 

(33) 
Based on the above discussion and noticing that 

K'pl[Cl'] 1[M]1 = K s [ a ' * ' ] l  

K'pE[CI']2[M]2 + K~p[CI']2(Q1)2 = Ks[R'* ' ]2  

equations (7) and (8) can be simplified to 

d ( R ' h  
- Ru - Kpl [M]I [R ' r~ - , ]1  - -  Kt l [R ' ]  2 

V 1 dt 

+ K'deRI2V2/VI 
= 0 (34) 

d(R')2 
-- R,2 + K p I [ M ] I [ R ' , ° - i ] i  V1/V2 

V2dt 

- K , d R ' ] ~  - K~eR,~ 

= 0 (35) 

where K p l [ M ] I [ R ' , ° - I ] I  represents the formation and 
precipitation rate of radicals with chain length r e in the 
monomer phase. [ R ' , _ I ]  1 can be obtained by the 
following equations 

dR "~_ i 
_ _ -  K p [ R ' _ 2 ] I [ M ] I -  K p [ R ' , _ I ] I [ M ] I  

V 1 dt 

- -  Kt l [R ' ] I [R"  _1] 1 - Ks[R;*'I] I 

= 0  (36) 

dR;~l 

V 1 dt 
- -  - K2[R;-*l]l -- K4[R;-*I]I[M]I -- K s [ R ; - * i ] I  

= 0 (37) 

dRy* 1 
- -  K I [ R "  _ 2 1 1 [ M ] I  - K 2 [ R ; * I ]  I 

V 1 dt 

- -  K3[R2*I ] I [M]  1 

= 0 (38) 

dR" 
1 _ _  R, 1 + K ; [ C I . ] I [ M ] I  _ Kp[M]I[R.1]  1 

V 1 dt 

- K t l [ R ' ] I [ R ' 1 ] I  

= 0  

From equations (36)-(38), one can find 

[ R , r _ l ] l  __ Kp[M]~ - (Kfm)l[M]l  [R,r_2] l  
Kp[M]I + Kt l [R ' ]  1 

: ('l 1 -- C m ~[R.  r 
+ Kt l  [-~-]~-Kp[M] 1// - 231 

( ! ~ C m  " ~ r - 2  

= 1 + K t l [ R ' ] I / K p [ M ] l f  [R'111 

= (1 -- Cm)r-2[R°l]l  

where Ktl [R ' ]  1/Kp[M] 1 << 1 is assumed. 
Let r = r c. Then equation (40) becomes 

JR're_ 1] 1 = (1 -- Crn)rC-2[R'1]l 

where Cm = (Kfm)l/Kp. 

(39) 

(40) 

(41) 

Vinyl chloride polymerization: T. Y. Xie et al. 

Substituting equation (27) into equation (39) and 
considering Kp[M]I >> Kt l [R ' ] I ,  one has 

R,1 + (Kfm)I[M]I[R' ] I  
[R ' I ]  1 - (42) 

Kpl[M]I  

Substituting equation (42) into equation (41), one gets 

[R'r  _1] 1 = K* Ru + (Kfm)IEM]I[R']I 
Kpl[-M]l 

where 

K* = (1 - C m )  r e - 2  

a precipitation constant for polymer radicals. 

(43) 

Substituting equation (43) into equations (34) and (35), 
one finally obtains the total radical balance for VCM 
polymerization as follows: 

RI1 -- K*(RI1 -4- (Kfm) l [M] l rR ' ] l )  - K t l [R ' ]~  

+ K'deRI2V2/V 1 = 0 (44) 

RI2 + K*(R,1 + (Kfmh[M]I[R']I)V1/V2 

- Kt2[R']  2 - K'deR,2 = 0 (45) 

Solving equations (44) and (45), one can obtain the 
polymer radical concentrations for both phases (loci of 
polymerization) as follows: 

(j2 + 4KtlJ2)l/2 _ _  Jt 
[ R ' ] I  = ( 4 6 )  

2Ktl 

R~2(1 - K'ae) + K*Rn  V1/V2 
[R°]2 = {  + JI(V1/V2)[(J2 +4KtlJ2)I/2--J1]/2K"} 1/2 

Kt2 
(47) 

where 

J1 = K * ( K f m ) I [ M ] ,  

Jz = R,t(1 - K * )  + K'a,R,2V2/V 1 

Monomer concentrations 
During suspension polymerization, monomer parti- 

tions in monomer,  polymer, water and vapour phases, 
respectively. Monomer in the water and vapour phases 
was ignored during kinetic modelling by previous 
investigators. The total amount  of monomer in the water 
and vapour phases is ,~4% under commercial reactor 
operation conditions. Hence it is important to consider 
monomer distribution for valid kinetic/reactor model- 
ling. The monomer distribution as a function of conver- 
sion and reactor operation conditions was developed in 
a previous paper sS. The main equations are summarized 
here: 

M1 = Mo(1 - X) - Mg -- Mw -- M2 

° X M o ( 1 / D m -  1/Dp) 1 

M w = K W w  

M2 = X [ M o 0  - Xf)  - M , x , -  M w ] / X f  

where 

Mgxt m 

(48) 

(49) 

(50 )  

(51) 

XrMo(1/Dm__l/Op)Oml MmPm (1 .0  - W3V, + 
Rr Vm G J 
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I f  volume additivity is assumed, 
monomer and polymer phase are: 

Hence 

Y. Xie et a l. 

the volumes of 

(52) 

(53) 

(54) 

(55) 

V 1 = M 1/Dm 

V 2 = Mz/D m + MoX/Dp 

[M] 1 = Dm/Mm 

[M]z = M2/MmV 2 

Initiator partition, efficiency and decomposition rate 
constant 

According to the two-phase polymerization scheme, 
initiation reactions occur in both monomer and polymer 
phases. The ratio of initiation rates per unit volume in 
the monomer and polymer phases can be expressed as a 
constant because the monomer concentrations in the two 
phases are constant for the conversion range X < Xf, i.e.: 

RI 2 2f2Kd2[-I] 2 
K, - - (56) 

Rll 2f lKdl[I]  1 

If Kd2 = Kdl and f2 = f l  are assumed, equation (52) 
becomes 

K, = [ I ]z / [ I  ]1 (57) 

where K l is a initiator partition coefficient depending on 
solubility of the initiator in both monomer and polymer 
phases. However, solubility data for initiator in monomer 
and polymer phases are not available. Therefore, K~ is 
used as an adjustable parameter in the model. Based on 
a total initiator mole balance, the initiator concentrations 
can be written as: 

[111 = Io e x p ( -  Kdt)/(V 1 + K, V2) (mol 1-1) (58) 

[I]z = K,[I] 1 (mol 1-1) (59) 

Decomposition rate constants and efficiencies of 
initiators depend on solvent type as well as temperature. 
The initiation mechanism can be expressed as follows: 

gd 

(a) I , 2[R,]  radical pair in cage 
KRt 

(b) 2[R[ ] , inert recombination in 
r.2 cage 

(c) 2[R~] ~ I (peroxide) recombination in 
Ko cage 

(d) 2[Ri'] , 2R~ diffusion out of 
K~ cage 

(e) 2[R/" ] , R~ + R[ reaction of radical 
r'p pair with monomer 

(f) R~+ M , R ~ generation of 
polymer radical 
chain length unity 

Based on the definition of initiator efficiency and use 
of the stationary-state hypothesis, one can find 

KD + Kx[M] 
f - (60) 

KR1 + KD + Kx[M] 

For  peroxide initiators, reaction (b) may involve decarb- 
oxylation and fl scission reactions. IfKR2 >> KR1, reaction 
(b) can be neglected and initiator efficiency of peroxide 
initiators can then be simplified to: 

f ~ 1 (peroxide initiator) (61) 

Therefore, for the azo initiator system, f is a function 
of conversion. For  certain peroxide initiator systems, the 
initiator efficiency is equal to or close to one, but the 
decomposition rate of initiator is governed by reactions 
(a) and (c), i.e.: 

d[I]  
- Ka[I ] - KR2 [2Ri] 

dt 

where 

. f KR2 + KD + K x [ M ]  '/,-.-, 
= t ~ d /  - - - - - - _  ~ILU 

kK . ,  + K.2 + KD + K X M J /  

=K~ [ I ]  (62) 

KR2 q- K D + Kx[M] 
K~t = Ka 

KR1 "b KR2 + KD + Kx[M] 

an effective decomposition rate constant. 
From equation (62), one can see that the analysis of 

concentration of initiator in a solvent gives the effective 
decomposition rate constant K~ instead of K d. This may 
partly explain why the decomposition rate constant of 
peroxide initiators depends on solvent type. Hence the 
effective decomposition rate constant of the peroxide is 
a function of conversion at high conversions. 

Using radical and monomer concentrations and initi- 
ator partition coefficient, one can express polymerization 
rate as a function of the physical properties of the reaction 
system and reactor operation conditions. Substituting 
equation (46) and (47) into (6), one can rewrite the 
polymerization rate as 

dX _ 1 (/Kp 1[(J2 + 4KtxRI1J2)l/2 _ j1]M1/2Ktl 
dt NoM m \ 

Kp2 {Ri2(1 -- K'de) + K * R .  V1/V2 
K,~2/2 

)1/2 \ 
JIV1 [(j2+KtlJ2)l/2 (63) 

+ 2KtlV2 -- J l ]~  M2/) 

where M1 and M2 are shown as equations (48)-(51). 
Equation (63) describes the total polymerization rate 

of VCM in two phases. This model shows that the 
Talamini model is a special case of the present model. 

If K* = 0 and K~ie = 0, equation (63) gives: 

d X _  l (Kpl  R~/2Ml + ~  RUE2M2 ) (64) 
dt NoM m \Klt/12 

Equation (64) indicates that the polymerization occurs 
in two phases independently. This equation will lead to 
Talamini's model. K * = ( 1 - C m ) r ° - 2 = 0  means that 
r c = o~. Hence precipitation of radicals does not occur 
during polymerization, which is also the main limitation 
of Talamini's model. 

If K* = 1.0 and K~e = 0, equation (63) becomes: 

dX _ Kp2 
dt NoMmKlt/22 (RI2 + RIIV1/V2)I/2M (65) 

which means that all of the polymerization occurs in the 
polymer phase. 

K* = 1.0 is consistent with rc = 2, i.e. the critical chain 
length for precipitation is two monomeric units. All the 
radicals will precipitate and transfer to the polymer phase 
before further propagation and termination occurs in the 
monomer phase. 
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Therefore, K* must be between 0 and 1 (0 < K* < 1). 
The value of K* observed will show how significant the 
precipitation of radicals is during polymerization. 

When X > Xf, the monomer phase no longer exists 
and the polymerization proceeds in the polymer phase. 
In fact, the expressions for radical and monomer 
concentrations in this conversion range are straight- 
forward. However, the kinetic rates which become 
diffusion-controlled will have associated rate constants 
which depend on polymer concentration and thus on 
monomer conversion. The modelling of diffusion-con- 
trolled reactions will be discussed later. The polymeriza- 
tion rate can now be expressed in the usual form as 

dX Kp2 
- (RI2/Kt2)½M2 (66) 

dt N o M  m 

where 

M2 = M o ( 1 - X ) - M g - M  w 

Mg - R T  (1.0 - W,.)Vr + Mo(1/D m - 1/Dp) 

x X + X f D m _ _ D g o / j  

Mw = K WwPm/P2 

RI2 = 2fKalo exp( - Kat)/V2 

Limiting conversion 

The glassy-state transition temperature of commercial 
PVC is about 80°C, which is higher than the normal 
polymerization temperatures used. The glassy-state tran- 
sition temperatures of PVC-VCM mixtures (the mono- 
mer acting as a plasticizer) are lower than that of pure 
PVC. Therefore, for the commercial polymerization 
temperature range, PVC-VCM mixtures (polymer 
phase) will experience a glassy-state transition below 
100% monomer conversion. The conversion at which the 
polymer phase experiences a glassy-state transition is 
called the limiting conversion. Polymerization now 
occurs in the solid state with rates that for production 
purposes may be considered zero. The limiting conver- 
sion XL may be expressed as 

M o - M 2 - M w -  Mg 
X L = (67) 

Mo 
where 

M2 = MoXLDm(1 - ~bp) (68) 
D.4,. 

Mw = KWwPm/Pm (69) 

MmPm [ 
Mg - R T  (1 - W~)V r + Mo(1/D m - lID.)  

x D,o 
X L +  fDm__/ )go ;  j (70) 

Substituting equations (68)-(70) into equation (67), 
one has 

! 

M o -- K WwPm/P~, - Mgx, 
X L = 

Mo{l + [Dm(l - ep)/D.4.] 
+ M m P m ( I / D  m -- l /Dp) /RT}  

(71) 

Vinyl  chlor ide po lymer izat ion:  T. Y. Xie et al. 

where 

MmPm V | - Wi)V r + X f M ° ( ! / D m ~  I/Dp)D,° 1 
M'gx, 

R T  L (1 O m-Dg o d 

According to the free volume theory 92, the free volume 
fraction of the polymer-monomer  mixture may be 
expressed as: 

Vf = [0.025 + % ( T -  Tgp)]t~p 

+ [0.025 + ~ m ( T -  Tgm)](1 - qSp) (72) 

At the glassy-state transition, the free volume fraction 
is taken to be 0.025. Hence, polymer volume fraction at 
the glassy transition state can be expressed as: 

q~p = ~m(r  -- Tgm) (Tg m < r < Tgp) (73) 
%(Tgp - T) + ~m(T -- Tgm) 

Partial pressure of monomer can be calculated using 
the Flory-Huggins equation93: 

Pm/nm = (1 - -  ~ b p )  exp(~bp + )~q52) (74) 

Substituting equations (73) and (74) into equation (71), 
one can find the limiting conversion as a function of 
reactor operation conditions and the physical properties 
of polymer phase. 

Diffusion controlled reactions in the polymer phase 

Several attempts have been made to model diffusion- 
controlled termination and propagation 1v'9°. However, 
the fall in initiator efficiency at high conversions has been 
neglected. Hamielec et al. 9° first applied the free-volume 
theory to model diffusion-controlled termination and 
propagation to explain the properties of PVC obtained 
at high monomer conversions. These modelling attempts 
were premature due to the inadequate amount of kinetic 
data at these high conversion levels. 

The free radical polymerization of VCM involves four 
reaction types based on the size of the reactants: 

(1) single molecules, such as reactions (1), (5), (8), (12) 
and (19); 

(2) two small molecules, such as reactions (2) and (9); 
(3) macromolecule and a small molecule, such as 

reactions (3), (4), (6), (7), (10), (11), (14), (20); and 
(4) two macromolecules, such as reactions (13), (15) 

and (16). 
These reactions occur in both monomer and polymer 

phase simultaneously. The monomer phase is essentially 
pure monomer due to the low solubility of PVC. Hence, 
all the reactions in the monomer phase are probably 
chemically controlled. However, the polymer phase 
contains ~ 70 wt% polymer over the conversion range, 
0 to Xf. Therefore, bimolecular termination reactions 
involving macromolecule reactants should be diffusion 
controlled in the polymer phase over the entire monomer 
conversion range. At some conversion, X > Xf, it is 
expected that propagation reactions are diffusion con- 
trolled and that the initiator efficiency or decomposition 
constant falls significantly with conversion. 

At glassy-state transition, the propagation reaction 
rate should fall effectively to zero. The effect of environ- 
ment on the initiation rate depends on the chemistry of 
the initiator as mentioned above. For azo initiators, the 
efficiency will decrease significantly with conversion 
because KD would fall appreciably with increase in 
viscosity of the medium. For peroxide initiators, the 
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effective decomposition rate constant will decrease sig- 
nificantly with conversion, which has been shown with 
the experimental results of Marinin et al. 19 

Kinetic parameters for diffusion controlled reactions 
for VCM polymerization are not available in the 
literature. In the present model, all of the rate constants 
for diffusion-controlled reactions are modelled using the 
free volume theory as follows: 

')1 L \vf. V~,, (75) 
1oo 

where gtl  and Kt2 are number-average termination 
9O 

constants (this accounts for chain length dependence of 
bimolecular termination), so 

F ( ( ,o 

Kp = Kpx f exp - B* . . . . .  X > Xr) ~- so 
L \Vfp Vfx¢l_J ~ so 

(76) .~ 
V / ~ 1 \ ' 3  

Kpf ' /2=(Kpf ' /2 )x fexp | -Bt[  "~-  "~)|  (X > X,) 
40 

L \Vf. VfxJJ ,o 

(77) ~o 

Kd=Kdx'exp[--C*(~p Vf~,) ] (X > X f) to  

(78) 

where A*, B*, B* and C* can be estimated by fitting 
model predictions with experimental rate data. Kp and 
f cannot be separated for an azo initiator in the present 
model. 

E X P E R I M E N T A L  

To estimate parameters for the present model, a series 
of kinetic experiments was made over a wide temperature 
range. 

The equipment used for the experiments included an 
agitated 5 1 stainless steel reactor with a calibrated 
vacuum pressure gauge and a thermocouple, and a 
Hewlett Packard (5880 A) gas chromatograph with an 
automatic gas sampler controlled by a microcomputer.  
The reactor temperature was maintained by a steam and 
water mixture that circulated in the reactor jacket, which 
was controlled by a P.I.D. controller. 

The reactor was filled with a weighed amount  of 
deionized, distilled water with dissolved stabilizer and a 
weighed amount  of initiator at a temperature around 
10°C. A weighed amount  of VCM was injected into the 
reactor after the reactor was evacuated. The reactor 
temperature was then raised to the polymerization 
temperature in ,~ 5 min. Conversions were determined 
by the n-butane tracer method which has been discussed 
in detail in a previous paper 94. 

VCM was provided by the B.F. Goodrich Company 
(Niagara Falls, Ontario, Canada). 

Stabilizer, polyvinylalcohol (PK-08) (degree of hydro- 
lysis 71-75 mol%),  and initiator, bis(4-tert-butylcyclo- 
hexyl) peroxydicarbonate (Perkadox 16-W40) (40% 
liquid suspension), were provided by A K Z O  Chemicals 
(The Netherlands). Azobis(isobutyronitrile) (AIBN) re- 
crystallized was also used as an initiator for polymeriza- 
tions at higher temperature. 

The suspension polymerization conditions and the 
basic recipe are as follows: 
reactor volume: 5.0 1; 
temperature range: 40-80°C; 

monomer:  
water: 
stabilizer: 
initiator: 

l l 1 6 g ;  
2232 g; 
0.08 wt% (based on water); 
various amounts. 

RESULTS A N D  D I S C U S S I O N  

The present experimental results are shown in Figures 
4-7. The accuracy of the experimental results was 
discussed in a previous paper 94. 

• , • , . , . , • , . , . , • , • 
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Figure 4 Conversions versus reaction time for suspension polymeriza- 
tion of vinyl chloride at 50°C with Perkadox 16-W40 as initiator. [I] 
(wt%): O, 0.100; A, 0.125; O, 0.150; o, 0.175; v, 0.200; *, Gravimetry; 
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Figure 5 Suspension polymerization of VCM at different tempera- 
tures with Perkadox 16-W40 as initiator, [I] = 0.175 wt%: O, 40; A, 
45; F-l, 50; o, 55; v, 60°C; *, gravimetry; - - ,  model 
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55°C; *, gravimetry; - - ,  model 
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Figure 7 
initiator, [I] = 0.15 wt%: O, experimental data; 

Physical properties used in the model 
The parameters  of physical properties of VCM, water 

and PVC are as followsSS: 

D m = 9 4 7 . 1 -  1 .746t-3 .24 x 1 0 3 t  2 (g1-1) (79) 

Dp= 103 exp(0.4296-- 3.274 x 10 -4 T) (g 1 -~) (80) 

Dw = 1011.0 - 0.4484t 

K = 0.0472 - 11.6/T 

P~ = 12722 e x p ( - 2 4 1 1 . 7 / T )  

;( = 1 2 8 6 . 4 / T -  3.02 

(g1-1) (81) 

(82) 

(atm) (83) 

(84) 

where t is temperature in °C and T is temperature in K. 
The glassy state transition temperature of VCM, Tgm, 

was estimated using Fedors universal correlation95: 

Tg m = 70.0 K (85) 

The glassy state transition temperature of PVC, Tgp, 
depends on the synthesis temperature according to the 
results of Reding et al. 96 and Ceccorulli et al. 97, as shown 
in Figure 8. The correlation between Tgp and polymeriza- 
tion temperature can be obtained using a least squares fit: 

Tgp = 87.1 - 0.132t (86) 

The glassy state transition temperature of P V C - V C M  
mixtures as reported in the literature 98-1°° are shown in 
Figure 9 together with the present limiting conversion 
data. Fitting equation (73) with these data, one can 
estimate the thermal expansion factors for VCM and 
PVC as follows: 

5~ m ~---9.98 x 10-* (87) 

% = 5.47 x 10 -4 (88) 

These values are used in the model. 

Kinetic parameters 
The decomposition rate constant of AIBN has been 

estimated by many investigators 1°1-1°6 for different 
solvents over a wide temperature range. These data are 
shown in Figure 10. One can see that K d for AIBN is 
independent of solvent type and level. The temperature 
dependence of K d can be estimated using a least squares 
fit as: 

K d = 2 . 8 8  X 101Sexp(-31 .2kcal /RT)  (s -1) (89) 

Vinyl chloride polymerization." T. Y, Xie et al. 

The decomposition of Perkadox 16-W40 has not been 
studied in detail although it is a common initiator in 
commercial processes. Very limited data have been  
reported by A K Z O  chemicals 1°7 as shown in Figure lO. 
Temperature dependence of K~ of Perkadox 16-W40 can 
be estimated roughly as: 

K~t = 2.31 x 1015 exp( -29 .1  kcal/RT) (s -1) (90) 

Equation (90) can only be used for X < Xf. When X > Xf, 
K~ can be calculated by using equation (78). 

The efficiency of AIBN in VCM bulk or suspension 
polymerization has not been determined. A value of 0.77 
was determined by Arnett et al)  °8 in solution polymeriz- 
ation of VCM and this value will be used in the present 
model for X < Xf. For  X > Xf, efficiency will be estimated 
based on equation (77) together with Kp. 

Individual kinetic constants such as Kp and K t for bulk 
or suspension polymerization of VCM are not available 
in the literature. Normally,  the ratio K./K~t/2 is estimated 
based on conversion-t ime data 13'14'i°9At°. However, 
the results strongly depend on model applied and 
conversion range used. In the present work, Kp/Klt/2 was 
estimated by using very low conversion data. At very low 
conversion, K* = 0, K~e = 0 and M a = 0 may be assumed. 
Equation (63) can then be simplified for homogeneous 
polymerization,which can be integrated as 

- l n ( 1  - X ) =  K - -{2fKd'~l/2rl]l/2t (91) 
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Figure 8 Polymerization temperature dependence of glassy transition 
temperature of PVC: O, Reference 96; V3, Reference 97 
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Figure 10 Decomposition rate constants of AIBN and Perkadox 
16-W40: O (lower curve), AIBN in benzene~°~; A, AIBN in benzene or 
toluene~°2; I-q, AIBN in di-n-butylphthalate~°3; o, AIBN in toluene~°4; 
x,  AIBN in toluene~°S; v, AIBN in vinyl chloride monomerS°6; ©, 
(upper curve), Perkadox 16-W40 in chlorobenzene ~°7 

Therefore, the initial slope can be found by plotting 
- l n ( 1 -  X) against t as shown in Figure 11. Kp/K~/2 
can be obtained from these initial slopes as shown in 
Figure t2. The relationship between Kp/K~t/2 and 
temperature was estimated by the least squares method as 

Kp/Klt/2 = 10.4 exp( - 3.78 kcal/RT) (1 mol -  1 s-  1) 
(92) 

These results are in agreement with data estimated by 
Kuchanov et al. 14. The rate constant ratio given by 
equation (92) was used for polymerization in the 
monomer phase. 

During model evaluation, a group of kinetic constants 
(g fm) l /K t l  is involved, which strongly correlates with 
other parameters in non-linear regression calculations. 
Hence the literature values determined in solution 
polymerization 111 were used in the present model: 

(Kfm)l = 1.9 x 105 exp(-7800/RT) (1 mol -  1 s-  ~)~ 
(93) 

Ktl = 1.3 x 1012 e x p ( - 4 2 0 0 / R T )  (1 tool -1 s -1) 
(94) 

The calculation of the critical conversion Xf at which 
the monomer phase is consumed by the model was 
illustrated in a previous paper as. The critical free volume 
fraction Vfx f can be calculated by using Xy. The critical 
free volume fraction V f c r i  at which the bimolecular 
termination reaction of polymer phase becomes diffusion 
controlled is difficult to estimate. However, the following 
inequality should be true: 

V f p  < V f e r i  < V f m  ( 9 5 )  

Both Vep and Vfm are constant for X < Xf. Considering 
a hypothetical homogeneous PVC-VCM solution, one 
may assume that the bimolecular termination reaction 
of polymer radicals becomes diffusion controlled at 

30% conversion. At this conversion for the hypothetical 
s y s t e m ,  V f c r i  is equivalent to 80% Vfm. A value of 80% 
Vfm was used for Vforl in the present model. 

Desorption of polymer radicals from the polymer 
phase into the monomer phase involves their molecular 
diffusion out of primary particles. The desorption rate 

constant, therefore, is a function of molecular diffusion 
coefficients and diameter of the primary particle. Apply- 
ing Nomura 's  equation 112, one may write the modified 
desorption rate constant as 

_ _  * 2 
Kde - -  Kde/d p (96) 

where K~e is a function of temperature and dp is the 
diameter of the primary particle, which is a function of 
conversion and temperature. 

Information about diameter of primary particle as a 
function of conversion and temperature is very limited 
in the literature. Smallwood 66 determined the diameter 
of primary particles as a function of conversion over the 
temperature range 51-71 °C. Based on Smallwood's data, 
the diameter of primary particles can be expressed as the 
following correlation: 

dp = [(0.045t(°C) - 0.76)X 1/2 - 0.21] 10- 5 (dm) 

(0.02 < X < Xf) (97) 

The remaining parameters in the present model were 
estimated with a non-linear regression method, fitting the 
experimental data with solutions of the differential 
equation. The results are shown in Figures 4-6. One can 
see that the present model can satisfactorily fit the 
experimental data over the entire conversion range. 

The parameters K*, A*, K* e and K~ were estimated 
by using conversion-time data for X < Xf. The para- 
meters B*, B*, and C* were estimated by using 
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conversion-time data for X > Xf. The results are shown 
in Figures 13 and 15-17. 

In Figure 13, one can see that K* increases with 
polymerization temperature. The temperature depen- 
dence of K* can be expressed using the following 
correlation: 

K* = [0.25t(°C) - 7.893 x 10 -4 (98) 

With K* values, one can estimate the significance of the 
precipitation of radicals from the monomer phase. At 
50°C, for example, K* ~ 4.7 x 10 -4, which indicates that 
~4.7 x 10-z% radicals produced from initiation and 
transfer to monomer will precipitate out from the 
monomer phase before termination based on the present. 
model equations (44) and (45). This magnitude of K* 
indicates that the precipitation may not affect the radical 
concentration in the monomer phase significantly. How- 
ever, the precipitation of these radicals will increase the 
radical concentration in the polymer phase significantly 
at relatively low conversion, because the ratio of reaction 
volume between monomer and polymer phase is very 
high at low conversions as shown in Figure 14. This effect 
will decay dramatically with conversion. K* estimated 
in the kinetic model is based on radical population in 
the different phases. It may not give accurately the 
thermodynamic solubility chain length. 

Temperature dependence of K~' e is shown in Figure 15. 
It can be expressed as the following correlation: 

K~' e = 5.08 x 10 -8 e x p ( - 4 7 9 0 / T )  (dm 2) (99) 

Substituting equations (97) and (99) into equation (96), 
one can find K~e. At 50°C, for example, K~, ~ 0.5 when 
the diameter of PVC particles is ~ 0 . 0 2 p m  at ~ 2 %  
conversion. The desorption of radicals from the polymer 
phase is very significant at this stage. However, when the 
diameter of the primary particles is ~0.5 #m at ~ 2 0 %  
conversion, K~e is as small as 0.0008. Therefore, the 
desorption of radicals is negligible when the diameter of 
primary particles is >0.5/~m. Although desorption of 
radicals is very significant at low conversion, it will not 
affect radical concentration in the monomer phase 
because the volume of polymer phase is very small 
compared with that in the monomer phase. With K* and 
K ~  values, one can conclude that the absorption and 
desorption of radicals are significant only at very low 
conversions (<  10% conversion). Radical exchange be- 
tween phases only affects radical concentration in the 
polymer phase. This effect cannot even dominate the radical 
concentrations in both phases at very low conversions. 

Initiator partition coefficients have been neither inde- 

Vinyl chloride polymerization: T. Y. Xie et al. 

pendently measured experimentally nor estimated by 
modelling. It has often been assumed that K~ ~< 1 in the 
literature 16'17. This study is the first time that K~ has 
been estimated by fitting a model with conversion-time 
data. One can see, from Figure 16, that KI values are 
very scattered and seem to be independent of temperature 
and initiator type. The average K~ value is 0.77 based on 
the present data. Note that K* and K~ are highly 
correlated in the present estimation. Therefore, it is 
difficult to estimate these values precisely. However, it 
appears that K~ < 1. 

Figure 17 shows the temperature dependence of the 
free volume parameters. The correlations obtained by 
least squares fitting are as follows 

A* = 6.64 x 106 e x p ( - 4 9 8 6 / T )  (100) 
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Figure 14 Reaction volume and the ratio of reaction volume versus 
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Figure 17 Temperature dependence of free volume parameters: 
©, A*; A, B*; I-q, B*; ,~, C* 

B* = 1.85 x 103 exp(-2595/T) (101) 

B* = 4.01 x 104 exp(-3464/T) (102) 

C* = 477.0 exp(-  2291/T) (103) 

From equations (100)-(103), one can see that A*> 
B* > C* at a given temperature. These values imply that 
the sensitivity of bimolecular termination, propagation 
and initiation to change in free volume at high conversion 
also follows this order. 

All the parameters involved in the model have been 
estimated as discussed above. With these parameters, one 
can further predict the features of VCM polymerization 
quantitatively. 

Simulations using the present model 
With the physical and kinetic parameters estimated 

above, one can quantitatively describe the features of the 
two-phase polymerization of VCM. 

Figure 18 shows the monomer distribution during 
suspension polymerization under the present experi- 
mental conditions. The total amount of monomer in the 
monomer phase decreases gradually with conversion 
until Xf, at which time the free monomer is consumed. 
For X >Xf, monomer concentration in the polymer 
phase decreases gradually with time until the limiting 
conversion XL is reached. A total of ,~4% of monomer 
is in the water and gas phases. 

Figure 19 shows the partition of initiator between the 
two phases. Initiator concentrations in both monomer 
and polymer phases increase significantly for AIBN. 
Therefore, the total concentration of AIBN increases with 
conversion before Xf. This is because the decomposition 
rate of AIBN is very small and the reaction volume shrinks, 
the consequence being an increase of total concentration of 
AIBN. At very high conversions, the reaction rate is very 
slow. Hence reaction volume shrinkage rate is also very 
slow, but the decomposition of AIBN still proceeds and 
the total concentration of AIBN decreases as a result. 
For Perkadox 16-W40, the total concentration of 
initiator decreases gradually because the decomposition 
rate of Perkadox 16-W40 is much higher than the reaction 
volume shrinking rate before Xf. At high conversions, 
the concentration of initiator increases slightly because 
of the decrease of K~ and reaction volume. 

Equation (5) shows that, in general, the radical 
concentration in the polymer phase is higher than that 
in the monomer phase. Based on the present model 
predictions, as shown in Figure 20, radical concentration 
in the polymer phase is about 30 times that in the 
monomer phase at 50°C. This is the consequence of the 
lower termination rate in the polymer phase. It also 
explains the auto-acceleration in polymerization rate 
observed for VCM polymerization. At high conversions, 
the radical concentration increases dramatically. The 
model prediction of radical concentration needs to be 
tested by radical concentration measurements. 

If Ktx in equation (94) is used for the monomer phase, 
the polymerization rates in the monomer and polymer 
phases can be calculated, respectively, as shown in Figure 
21 together with the total polymerization rate. In Figure 
21, one can see that the reaction rate in the monomer 
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Figure 18 Monomer distribution of suspension polymerization of 
vinyl chloride at 50°C: , monomer phase; . . . . .  , polymer 
phase; . . . . .  , gas phase; . . . . .  , water phase 
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Figure 19 Initiator concentration v e r s u s  conversion for suspension 
polymerization of VCM: . . . . .  , monomer phase; . . . .  , polymer 
phase; - - ,  total concentration of initiator 
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Figure 21 Polymerization rate v e r s u s  conversion in different phases 
with Perkadox 16-W40 as initiator, [ I ]=0 .175wt%, present 
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, total polymerization rate 

phase gradually decreases with conversion and the 
reaction rate in the polymer phase increases dramatically 
with conversion until Xf, and then decreases sharply until 
limiting conversion XL. The monomer phase dominates 
the polymerization rate only below ~ 7% conversion at 
50°C. At higher conversions polymerization in the 
polymer phase dominates. This is in agreement with the 
assumption of several previous investigators12' 15,82. The 
total polymerization rate is in excellent agreement with 
the experimental rate data calculated by differentiating 
conversion-time data, as shown in Figure 22. The highest 
reaction rate occurs at a conversion near Xf. 

Figures 4-7, 18 and 22 all show that the polymerization 
rate falls dramatically beyond conversion Xf. Figures 
23-26 further show the change of model parameters. 
Beyond Xf, the monomer phase does not exist and 
polymerization continues in the primary particles and 
their agglomerates. Hence, the free volume fraction 
decreases gradually with conversion until the glassy state 
transition as shown in Figure 23. With decreasing free 
volume, the termination and propagation rate constants 
and initiator efficiency for AIBN and decomposition rate 
constant for peroxide decrease dramatically. The rate of 
change depends on the nature of the reactions, as shown 
in Figures 24-26. 

The limiting conversion varies with polymerization 
temperature as shown in Figure 27. The experimental 

Vinyl chloride polymerization. T. Y. Xie et al. 

data are the final conversions obtained by the present 
experiments. The difference between predicted limiting 
conversion and experimental data is < 1%. The polymer- 
ization times in our experiments are much longer than 
typical commercial polymerization times. Hence Figure 
27 also suggests that the limiting conversion cannot be 
reached with commercial polymerization times. Theoret- 
ically, 100% conversion can be reached if the polymeriza- 
tion temperature is higher than the glassy state transition 
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Figure 22 Total polymerization rate v e r s u s  conversion at different 
temperature with Perkadox-16 as initiator, [ I ] =  0.175 wt%: A ,  6 0 ° C ;  
(3 ,  5 0 ° C ; - - ,  model 
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Figure 23 Free volume fraction of polymer phase v e r s u s  conversion 
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Figure 27 Limiting conversion v e r s u s  polymerization temperature: 
(3, present experimental data; , model 

temperature of PVC. Practically, the 100% conversion 
cannot be obtained even for temperatures > Tgp of PVC. 
Figure 7 shows a typical run at 80°C, a temperature which 
is higher than Tgp of PVC produced at this temperature. 
One can see from Figure 7 that the model does not fit 
the experimental data at high conversions. The final 
conversion measured by gravimetry is lower than that 
expected. In fact, the PVC produced at this temperature 
is pink rather than the normal white. The dehydro- 
chlorination rate of this PVC is much higher than that 
of ordinary PVC produced at lower polymerization 
temperature. Therefore, at high temperature and at high 

conversions, the VCM polymerization mechanism may 
be more complicated than accounted for in the model. 

The parameter estimation and kinetic properties of 
VCM polymerization have been discussed above. Figures 
3-6 only show that the present model can fit the 
experimental data satisfactorily over the entire conver- 
sion range and cannot predict the reliability of the 
parameters discussed above. To evaluate the reliability 
of the present model further, we compared the model 
prediction by using the parameters mentioned above and 
individual experimental conditions with different experi- 
mental data measured by gravimetry as shown in Figures 
28-30. These experimental data were obtained in three 
laboratories (MIPPT, AKZO and Zhejiang University) 
independently with different sized reactors and polymer- 
ization recipes. In Figure 28, one set of data was obtained 
by stopping the reaction at different times in our 
laboratory; the other set of data was measured by AKZO 
with a different reaction recipe. The data in Figures 29 
and 30 were obtained by gravimetry in a smaller reactor 
with different operation conditions and reaction recipe 84. 
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Figure 28 Model prediction for suspension polymerization of vinyl 
chloride under different conditions: ©, present work, 51 reactor, VCM 
1116 g, water 2232 g; Perkadox 16-W40, [I] = 0.125 wt% at 60°C; A, 
A K Z O  data,  51 reactor, VCM 675 g, water 2700 g, Perkadox-26, 
[I] = 0.0853 wt% at 53.5°C; - - ,  model prediction 
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Figure 29 Model prediction for suspension polymerization of vinyl 
chloride at different temperatures: 0.201 reactor, VCM 40 g, water 80 g; 
AIBN, [I] = 0.16 wt%; IV], 62°C; O ,  5 7 ° C ; - - ,  model prediction 
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Figure 311 Model prediction for suspension polymerization of vinyl 
chloride at 60°C: 0.201 reactor, VCM 40 g, water 80 g, initiator AIBN; 
O, 0.16 wt%; A, 0.09 wt%; , model prediction 

Cons ide r ing  the accuracy  of each ba tch  by  grav imet ry ,  
one can see tha t  the mode l  p red ic t ion  is in excellent  
agreement  with the exper imenta l  results.  This  not  only  
proves  the re l iabi l i ty  of  the mode l  pa rame te r s  es t imated  
but  also suggests tha t  the type  of suspending  agent  and  
cond i t ions  of  mixing  m a y  not  affect the kinet ic  behav iou r  
significantly.  I t  is bel ieved tha t  the present  mode l  should  
find use in the design,  op t imiza t i on  and  con t ro l  of  P V C  
reactor .  

C O N C L U S I O N S  

A comprehens ive  kinet ic  mode l  which appl ies  over  the 
ent ire  convers ion  range (to l imit ing convers ion)  and a 
useful t empera tu re  range has been developed.  The  mode l  
p red ic t ion  is in excellent  agreement  with independen t  
exper imenta l  results with different reac tor  ope ra t ion  
condi t ions  and  chemical  recipe. 

The present  model  can descr ibe  the ma in  features of 
two-phase  po lymer i za t i on  quant i ta t ive ly .  Radica l  t rans-  
fer from phase  to phase  m a y  not  be governed  by the mass  
transfer  process  and  it depends  on the na ture  of V C M  
polymer iza t ion .  Prec ip i ta t ion  of radical  from the 
m o n o m e r  phase  can be expressed as a p a r a m e t e r  K* 
which depends  on tempera ture .  The  modif ied  deso rp t ion  
rate cons tan t  K~e depends  on bo th  t empera tu re  and  
part ic le  size. Radica l  exchange between two phases  is 
significant only  at very low convers ions .  The pa r t i t ion  
coefficient of in i t ia tor  is ~ 0 . 7 7  and  is independen t  of 
t empera tu re  and  the na ture  of  ini t ia tor .  The concent ra -  
t ion of  radicals  in the po lymer  phase is ~ 30 t imes that  
in the m o n o m e r  phase  at  50°C. The acce lera t ion  
behav iour  of V C M  po lymer i za t ion  rate  cont inues  until  
convers ion  is near  X r for the no rma l  po lymer i za t ion  
but  the peak  rate  depends  on in i t ia tor  half  life and  
concen t ra t ion  used. 

The b imolecu la r  t e rmina t ion  reac t ion  in the po lyme r  
phase  is diffusion cont ro l led  over  the ent ire  convers ion  
range.  The  p r o p a g a t i o n  reac t ion  becomes diffusion 
cont ro l led  and the in i t ia tor  efficiency falls d rama t i ca l ly  
after the m o n o m e r  phase  is consumed.  The  in i t ia t ion  
mechanism for high convers ions  depends  on the na tu re  
of the in i t ia tor .  The  in i t ia tor  efficiency for A I B N  and  the 
effective decompos i t i on  rate cons tan t  for peroxide  initi- 
a to r  decrease significantly at  high convers ions .  

Vinyl chloride polymerization." T. Y. Xie et al. 

V C M  po lymer i za t ion  above  the glassy state t rans i t ion  
t empera tu re  of PVC involves a more  compl i ca t ed  
reac t ion  mechanism.  Pink  PVC produc t s  were ob ta ined  
for po lymer i za t ion  t empera tu res  above  70°C. 
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NOMENCLATURE 

A* 
B* 

C* 
c.  
dp 

Dw 
f 
I 
[I] 
J 
K 
K* 
Kd 
Kale 
KD 

KR1 
KR2 
K~ 

Kfm 

Free volume factor used in Kt equation 
Free volume factor used in Kp equation 
Free volume factor used in Kpf 1/2 equation 
Free volume factor used in K~ equation 
Ratio of Kfm to Kp 
Diameter of primary particle, dm 
Vapour density at vapour pressure (g l-1) 
Density of monomer (g 1-1) 
Density of polymer (g 1-1) 
Density of water (g 1-1) 
Initiator efficiency 
Initiator 
Concentration of initiator (mol 1-1) 
Parameter defined in the model 
Solubility constant of VCM in water 
Parameter of precipitation defined in the model 
Decomposition rate constant of initiator (s-1) 
Desorption rate constant of radicals 
Rate constant of primary radical diffusion out 
from cage 
Rate constant of inert formation in cage 
Rate constant of recombination in cage 
Rate constant of radical pair reacting with 
monomer in cage 
Chain transfer to monomer rate constant 
(1 mo1-1 s -1) 
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R! 
R~ 
[R ' ]  

Kfp Chain transfer to polymer rate constant 
(1 mo1-1 s -1) 

K i Initiation rate constant (l m o l - '  s - l )  
Kp Propagation rate constant (1 mol-  1 s-  1) 
K t Termination rate constant (1 tool- 1 s- 1) 
KI_ 5 Reaction rate constant defined in reaction 

(4)-(8) 
K, Initiator partition coefficient 
M Monomer 
M 1 Monomer in the monomer phase (g) 
ME Monomer in the polymer phase (g) 
[M] Concentration of monomer (mol 1-1) 
Mg Monomer in the gas phase (g) 
Mgxr Monomer in the gas phase at Xf (g) 
M m Molecular weight of monomer 
M o Initial monomer charged (g) 
Mw Monomer in the water phase (g) 
N m Mole number of monomer 
Pm Partial pressure of monomer (atm) 
P~ Vapour pressure of monomer (atm) 
(Q 1 ) Polymer concentration (mol units 1- ~ ) 
r c Critical chain length to precipitate 
R Gas constant (1 atm mol-  1 K -  ~ or 

cal mol-  1 K -  1) 
Initiation rate (mol 1 - ' s-  1) 
Radical with chain length r 
Radical concentration (mol 1- ~) 

R; 
t 
T 
T,m 
T,p 
V 
v, 
Ww 
X 
x, 

Vinyl chloride polymerization: 7. Y. Xie et al. 

Primary radical 
Reaction time (min) or temperature (°C) 
Temperature (K) 
Glassy transition temperature of monomer 
Glassy transition temperature of polymer 
Reaction volume (1) 
Reactor volume (1) 
Water charged (g) 
Fraction conversion 
Critical conversion at which the monomer phase 
is consumed 
Limiting conversion 

Greek letters 
~m Thermal expansion factor for VCM 
% Thermal expansion factor for PVC 
~bp Volume fraction of polymer in the polymer phase 
(/)2 Volume fraction of polymer phase 
;( VCM-PVC interaction parameter 

Subscripts 
0 Initial state 
1 Monomer phase 
2 Polymer phase 
m Monomer 
p Polymer 
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