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A B S T R A C T

A n u m b e r  o f  m o d e l s  h a v e  b e e n  d e v e l o p e d  b e f o r e  t o  d e s c r i b e  t h e  

b u l k  h e t e r o g e n e o u s  p o l y m e r i s a t i o n  o f  v i n y l  c h l o r i d e ;  t h e y  a r e  o f t e n  

a p p l i e d  t o  s u s p e n s i o n  p o l y m e r i s a t i o n s .  H o w e v e r ,  t h e y  a r e  r e s t r i c t e d  

a n d  i d e a l i s e d  i n  t h e i r  a p p r o a c h .  T h e  a i m  o f  t h i s  r e s e a r c h  h a s  b e e n  

t o  d e v e l o p  a  r e a l i s t i c  m o d e l  f o r  p o l y  v i n y l  c h l o r i d e  s u s p e n s i o n  

p o l y m e r i s a t i o n  w h i c h  ( i )  d e s c r i b e s  a c c u r a t e l y  t h e  c h e m i c a l  k i n e t i c s ,  

( i i )  i s  b a s e d  o n  t h e  o b s e r v e d  m o r p h o l o g i c a l .  d e v e l o p m e n t  o f  

p r e c i p i t a t e d  PVC p a r t i c l e s ,  ( i i i )  i n c o r p o r a t e s  m a s s  t r a n s f e r  o f  

m o l e c u l a r  s p e c i e s  b e t w e e n  t h e  v a r i o u s  p h a s e s  p r e s e n t ,  a n d  ( i v )  c a n  

t a k e  a c c o u n t  o f  c h a n g e s  i n  t h e  p r o c e s s  c o n d i t i o n s .

I n  o r d e r  t o  d e v e l o p  t h e  m o d e l ,  a  s e t  o f  c o n s e r v a t i o n  e q u a t i o n s  

w a s  w r i t t e n  f o r  a l l  t h e  m o l e c u l a r  s p e c i e s  t a k i n g  p a r t  i n  t h e  

p o l y m e r i s a t i o n  ( i e ,  i n i t i a t o r ,  m o n o m e r ,  g r o w i n g  r a d i c a l s  a n d  f o r m e d  

p o l y m e r )  a l l o w i n g  f o r  m o r p h o l o g i c a l  d e v e l o p m e n t  i n  t h e  m u l t i - p h a s e  

s y s t e m .  A g e n e r a t i n g  f u n c t i o n  w a s  t h e n  u s e d  t o  r e d u c e  t h e  n u m b e r  a n d  

c o m p l e x i t y  o f  t h e  e q u a t i o n s  r e q u i r i n g  s o l u t i o n .  E q u a t i o n s  f o r  t h e  

m o m e n ts  o f  t h e  p o l y m e r  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  w e r e  t h u s  

d e r i v e d .  T h e s e  w e r e  s o l v e d  n u m e r i c a l l y  o n  a  c o m p u t e r .

T h e  s y s t e m  o f  d i f f e r e n t i a l  e q u a t i o n s  d e v e l o p e d  w a s  v e r y  ' s t i f f * :  

s m a l l  i n t e g r a t i o n  t i m e s t e p s  w e r e  r e q u i r e d  t o  o b t a i n  s a t i s f a c t o r y  

m o d e l  s o l u t i o n s .  V a r i o u s  w a y s  o f  r e d u c i n g  t h e  s t i f f n e s s  w e r e

c o n s i d e r e d  i n  o r d e r  t o  m i n i m i s e  t h e  c o m p u t e r  t i m e  u s e d .  N u m e r i c a l  

i n v e r s i o n  o f  t h e  g e n e r a t i n g  f u n c t i o n  w a s  a l s o  c o n s i d e r e d  i n  a n  

a t t e m p t  t o  d e r i v e  t h e  f u l l  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n s :  i t  i s

s h o w n  t o  b e  u n s a t i s f a c t o r y .

A n a n a l y t i c  s o l u t i o n  w a s  d e r i v e d  f o r  a  l i m i t i n g  c a s e  o f  t h e  

m o d e l ,  a l l o w i n g  t h e  a c c u r a c y  o f  t h e  n u m e r i c a l  s o l u t i o n  t o  b e  t e s t e d .  

T h e  a n a l y t i c  s o l u t i o n  w a s  m a n i p u l a t e d  t o  r e p r o d u c e  m o s t  o f  t h e  

f e a t u r e s  o f  e x p e r i m e n t a l l y  o b s e r v e d  r a t e  p r o f i l e s .  I t  c o u l d  n o t  

h o w e v e r  p r e d i c t  m o l e c u l a r  w e i g h t  b e h a v i o u r .  T h e  s e n s i t i v i t y  o f  

p r o d u c t  c h a r a c t e r i s t i c s  a n d  a u t o c l a v e  b e h a v i o u r  t o  m o d e l  p a r a m e t e r s ,  

i n i t i a t o r  l o a d i n g s  a n d  p r o c e s s  c o n d i t i o n s  w a s  d e m o n s t r a t e d  u s i n g  b o t h
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t h e  f u l l  n u m e r i c a l  a n d  t h e  a n a l y t i c a l  s o l u t i o n s .  S i m p l e  d e s i g n  r u l e s  

f o r  PVC a u t o c l a v e s  w e r e  d e v e l o p e d .

M o d e l s  o f  PVC p a r t i c l e  a g g r e g a t i o n ,  a u t o c l a v e  p r e s s u r e  a n d  m a s s  

t r a n s f e r  w e r e  a l s o  u s e d  t o  a n a l y s e  t h e  e f f e c t  o f  p r o c e s s  c o n d i t i o n s  

o n  t h e  p o l y m e r  p r o p e r t i e s .

T h e  f i n a l  m o d e l  i s  t h u s  a i d e  t o  d e s c r i b e  t h e  s u s p e n s i o n  

p o l y m e r i s a t i o n  o f  v i n y l  c h l o r i d e  o v e r  t h e  e n t i r e  c o n v e r s i o n  r a n g e .
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CHAPTER ONE 
INTRODUCTION

Poly vinyl chloride (PVC) is a long chain molecule composed of 
vinyl chloride (VC) monomer molecules (CHC1 = CH2). The chain is 
essentially linear with a small number of short branches off a main 
chain, whose length is typically about 1000 monomer units. The 
chlorine atoms on neighbouring monomer units show a slight tendency 
to alternate above and below the molecular plane as illustrated in 
Figure l.l. This type of stereoregularity is known as syndioactivity 
and the degree of stereoregularity is reflected in the crystallinity 
of PVC, which is only 10 to 15%.

Figure 1.1 
The PVC Molecule

H Cl H Cl H
H 1 H 1 H 1 H 1 H 1
1 C | C | C | C | C

\ C / 1 \ C / I N C / I N C / I N C / 1 N
1 Cl | H | Cl | H | Cl
H H H H H

In its unprocessed form, PVC is a white powder which is 
relatively unstable when exposed to heat or light. Stabilisers are 
almost always used to prevent the initiation of the chlorine radicals 
responsible for decomposition. In addition, plasticisers, or 
molecular lubricants, such as dioctyl phthalate are used to ease 
processability.

Vinyl chloride is polymerised commercially at temperatures in the 
range 40°C to 80°C at pressures upto 16 atmospheres. The higher 
pressures ensure that the vinyl chloride remains as a liquid in the 
reactor; it normally boils at -14°C under atmospheric pressure. The 
polymerisation proceeds via a free radical mechanism: the free 
radicals being shortlived, reactive molecules, which have at least 
one lone electron available for the formation of a covalent bond. 
The free radicals add to VC molecules, opening up the double bond and
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forming another, longer free radical. (Figure 1.2). Reactive 
chemicals, called initiators, such as organic peroxides, which 
undergo thermal decomposition are used as ready sources of nascent 
free radicals. Chain termination occurs when two growing radicals 
meet to produce a longer chain which cannot grow. As the 
polymerisation proceeds the ’dead* PVC chains axe precipitated from 
the liquid VCM as solid 'globules’, even at low conversions. The 
reaction is highly exothermic and the removal of heat is of vital 
importance to the success of the polymerisation.

Figure 1.2
Free Radical Polymerisation

Radical with
lone electron Longer Radical

Double bond opens up

The most common method of polymerisation is suspension 
polymerisation. The vinyl chloride and initiator are agitated with 
water and a small amount of a protective surfactant such as polyvinyl 
alcohol to form droplets approximately 40pm in diameter. These 
droplets polymerise and are recognisable as subgrains within the 
final PVC grains, 150pm in diameter.

Emulsion polymerisation is very similar in operation to 
suspension polymerisation. Much higher concentrations of emulsifier 
are used to form colloids approximate ly 1pm in diameter. 
Polymerisation proceeds within the micelles of the colloid 
dispersion. Emulsion PVC is consequently much more impure than 
suspension PVC. However, as with the suspension process, the process 
water is vital for good heat transfer.
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Bulk polymerisation makes the smallest contribution to overall 
PVC tonnage. It is a difficult process to control: there can be
localised overheating problems due to the insulating properties of 
PVC and VC; water is not used as a dispersion medium. Bulk PVC not 
only has the advantage of low amounts of impurity (due to the 
presence of initiator decay products) but its method of manufacture 
achieves process economies with the need not to dry the product.

By whatever route it is produced PVC hats a wide variety of 
applications, eg extruded films, cables, pipes and sheets, moulded 
bottles and coatings for papers and fabrics. The diversity of 
applications reflects the degree of control the manufacturer has over 
his process to produce a variety of grades of PVC. By altering 
process operating conditions, he cam modify a wide range of physical 
properties including morphology and molecular weight enabling 
different stabilisers and plasticisers to be used to achieve the 
desired processability.

The value of a process mathematical model

The production scale for bulk polymers, including PVC, means that 
small improvements in process efficiency can have a significant 
effect on production costs. Since it is the difference between these 
costs and the price the manufacturer may ask for his product which 
determines the profitability of his process, there are large 
incentives to improve process efficiency. He can do this in a number 
of ways, eg by changing (a) his use of available manpower, (b) his 
process design, (c) his operating conditions and (d) his recipe, or 
any combination of these. The basis for making improvements in 
efficiency is, of course, a complete understanding of the physics, 
chemistry, engineering and management of the (polymerisation) 
process.

Although PVC, and its manufacture, have been extensively studied 
to this end for almost forty years, advances in analytical chemistry 
and computational techniques coupled with enormous reductions in the 
real cost of computing, make process mathematical models increasingly
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viable aids for studying any process. In general, process
mathematical models offer a number of benefits. They are:-

(a) Gaining a deeper understanding of the physical and chemical 
processes of polymerisation.

The act of writing a model down can clarify what is known and 
what must be deduced about a process.

(b) Screening a large number of available process options in, for 
example, the recipe or operating conditions.

These can be assessed prior to experimental studies of the most 
promising combinations of process operating conditions.

(c) Developing new, or improved, process control strategies for, or 
otherwise modifying, existing batch process.

Modifications can be assessed for their likely contributions to 
savings in the duration of the process cycle. (Further, for 
developing sophisticated feedforward controllers the existence of 
an accurate process model is essential for programming the 
controller).

and, finally,

(d) Developing new processes.

Continuous processes are generally more economic to operate than 
batch processes: they have to be satisfactorily developed for
the manufacture of PVC.

Scope of this Thesis

Many theoretical models have been suggested for the 
polymerisation of vinyl chloride. However they all suffer from



19 -

deficiencies and are not generally applied to commercial processes. 
They are unsatisfactory for three main reasons:

(a) their treatment of heat and mass transfer; these effects are
either assumed to be negligible or to happen so rapidly that an 
equilibrium is achieved: 'effective’ kinetic parameters are thus
generated;

(b) their neglect of morphology and its development;

(c) their use of kinetic rate constants.

True values of constants are rarely available, partly because of 
the approach adopted in (a), and partly because of the sparsity of 
appropriate, accurate experimental observations. Different workers 
tend to use different values for rate constants.

The principal aim of this thesis, therefore, is to develop a new 
process mathematical model for the polymerisation of vinyl chloride 
which addresses those deficiencies, and which is capable of 
predicting the effect of changes in process variables on the nature 
of the polymer produced in commercial reactors.

A rigorous approach has been adopted, with each stage of the 
model development having its basis in known physical and chemical 
kinetic processes of the polymerisation, including morphological 
development.

As a consequence of the approach adopted, the model can predict 
for a batch reactor, amongst other things:

* reaction rates
* molecular weight and its distribution
* porosity

as functions of time, or conversion, based on:

* initial recipe



-  20 -

* polymerisation temperature
and * a supplied primary particle flocculation rate.

Not only does the model have a predictive capability, but it 
correlates existing experience well. The model therefore has 
widespread application in studying existing process operation (eg 
reactor audit studies), process control and process design.

This has been an extensive study of the fundamental processes of 
vinyl chloride polymerisation. Model development has required the 
consideration of a large number of chemical and physical processes:

* chemical kinetics
- initiation, propagation and termination reactions, together 

with various modes of chain transfer

* heat transfer
- within the reactor and within polymerising particles

* mass transfer of various species
- between phases in the reactor and within heterogeneous 

polymerising particles

* morphological development
- considering simple models for nucleation, flocculation and 

coalescence of polymerising PVC particles.

The Structure of the Thesis

The structure of the thesis reflects the rigorous approach 
adopted in setting up and solving the model. Working from first 
principles, the narrative description of physical and chemical 
processes contributing to the overall polymerisation process preceeds 
the most general mathematical statement of the multicomponent, 
multiphase polymerisation model in Chapter 3. Subsequent chapters 
outline the solution methods and necessary approximations for 
satisfactory solution of this model. The final stages of the thesis
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consider the response of the model to various parametric changes and 
the conclusions that can be made from observations of those 
responses.

The first part of Chapter 2 is therefore concerned with outlining 
both the technology and the underlying physical and chemical 
processes of vinyl chloride polymerisation. The final part of that 
chapter is a review of existing polymerisation models for vinyl 
chloride.

In Chapter 3 the phases taxing part in the overall polymerisation 
are identified and a most general mathematical statement of mass 
conservation is made, both for the chemical kinetic terms and for the 
mass transfer terms linking the phases. A detailed description is 
derived for the chemical kinetics of each phase.

The model derived in Chapter 3 is ultimately a complex and 
difficult model to solve. In Chapter 4 the mathematical armoury 
required is explained, together with important observations about the 
'conservation of mass' and 'stiffness* — two of the main problems in 
model solution. Some of the approximations necessary for 
satisfactory solution are outlined. The numerical solution relies 
upon integrating coupled ordinary differential equations for the 
moments of the molecular weight distribution, derived by 
transformation of the infinite number of mass conservation equations. 
However sun important section of Chapter 4 deals with alternative 
solution methods suggested in the literature. These generally proved 
unsuccessful, but have been included because of their importance to 
future workers in this field.

In Chapter 5 an analytic solution is presented which agrees with 
and validates the numerical solution, under the constraints 
applicable to the analytic model. Chapter 5 also contains a 
collection of the models for other aspects of product polymer 
properties, together with values of rate constants used in the 
sensitivity analyses.

The results of the analytic model and the full numerical model
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are presented in Chapter 6. Mo3t of the parameters of the model are 
changed, over at least one order of magnitude to a33ess their 
influence on the predictions of the model. The changes are generally 
presented in graphical form.

Chapter 7 is the final chapter and is devoted to concluding 
remarks and recommendations for future work.
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CHAPTER TWO

REVIEW OF VINYL CHLORIDE POLYMERISATION

Vinyl chloride is polymerised by three main routes:

(1) Suspension polymerisation accounting for about 83% of processes.
(2) Emulsion polymerisation accounting for 10% and
(3) Mass (or bulk) polymerisation, 7%.

Although polymerisation is undertaken in a variety of ways, 
downstream processing (such as monomer stripping, polymer isolation 
and drying) tends to vary only in the way it is performed rather than 
exploiting any alternative physical mechanism for the particular 
operation.

The influence of downstream processing is relatively minor: the 
overall philosophy is to minimise exposure to excessively high 
temperatures; poly(vinyl chloride) is particularly susceptible to 
thermal degradation. The reactor represents the crucial stage in 
manufacture, for it is there that the ultimate physical properties 
will principally be determined. Some of the most important 
properties include molecular weight and its distribution, bulk or 
apparent density, porosity, pore size distribution, melt flow index, 
plasticiser absorption characteristics, particle size and its 
distribution and the level of impurity in the polymer. By altering 
the process conditions, polymers with a diverse range of properties 
can be produced. A typical commercial range is shown in Table 2.1.
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TABLE 2.1
The ICI "Corvic” Range of Vinyl Chloride Polymers 

Suspension Homopolymers

Grade Characteristics Application
— ■ .... ...- {

S71/102 General purpose
High m.w. porous
easily processed particles

Plasticised composition for 
film extrusion with few fish 
eyes; injection moulding

S68/173 Medium m.w.
High packing density

Unplasticised compositions 
for extrusion of pipes etc 
at high rate

S67/111

.

Medium m.w.
av. packing density
similar to S71/102

Unplasticised compositions 
for pipes, sections etc. and 
plasticised compositions for 
films, sheeting and flooring

S67/113 Simi^lar to S67/111 
but with good electrical ,insulation characteristics

Plasticised compositions 
for cable covering

S62/109 Medium m.w.
for products of excellent 
crystal clarity

Unplasticised compositions 
for extrusion of complex 
sections; highly plasticised 
for calendering of sheets, 
eg vinyl flooring

S57/116 Low m.w. good melt flow 
for products of excellent 
crystal clarity

Blow moulding of bottles, 
injection moulding of pipe 
fittings
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In order to explain the polymerisation process, the study in this 
chapter will be divided into two broad sections. The first part will 
be devoted to a study of the suspension polymerisation process and 
the second part (Section 2.4 et seq) will be concerned with the 
physical and chemical mechanisms which form the basis of VCM 
polymerisation.

In Section 2.1 we will consider the basic concepts behind, and 
the operation of, a suspension PVC process. Section 2.2 will show 
how a process operator cam influence the polymer product properties 
by altering the process operating conditions. The final section of 
this part (2.3) will compare the suspension process with bulk and 
emulsion polymerisation processes for vinyl chloride.

Section 2.5 will be concerned with the microscopic and 
macroscopic development of PVC morphology, amd Section 2.6 will be 
devoted to a review of the major contributions to understanding the 
kinetic mechanism.

A number of review articles amd books have appeared in the 
literature relating to PVC manufacture (1,2,3,4,5). The discussion
of polymerisation processes will therefore aim to highlight those 
aspects which will be important in developing a process model.

2.1 SUSPENSION POLYMERISATION 

2.1(A) Basic Concepts

In any free radical reaction the basic chemistry may be explained 
by the following mechanism.

(a) Initiator Decomposition

Nascent free radicals are formed by the symmetric decomposition 
of initiator molecules

( 1 )
I 2R< d [ I ]

dt
= - k o t i ]
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where [I], [R-] represent the concentrations of initiator and nascent 
free radical molecules respectively.

(b ) Propaqat ion

Monomer is able to add to free radicals to form (larger) growing 
chains.

where [RX3/[M3 represent the concentration of growing radicals of 
chain length x and monomer respectively.

(c) Termination

Radicals can lose activity in a number of ways 

(i) Comb inat ion

where [Px+y] represents the concentration of dead (inactive) polymer 
of chain length (x+y).

(ii) Disproportionation

(iii ) Chain Transfer

Radical activity is transferred to another species such as

^  [Rx+1-] = Xp[Rx]CM] <2>

d_[Px+y] ^tc CRx* 3CRy * 1 (3)

^td C Rx * 3[Ry'3 (^ )

monomer, solvent or dead polymer.
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k-H-rc, d TPy]Si + Rx ’ ____ r*- Px + S * ; —- - ^trs C Rx‘ 1C S ] ( 5 )

The polymerisation of vinyl chloride however is further 
complicated by the interaction between PVC and VCM. The PVC formed 
as a result of the polymerisation is virtually insoluble in the VCM 
and precipitates from it at very low conversions as a denser phase 
swollen by VCM. The density of PVC at 50°C is 1400kgm-3: for VCM it 
is 850kgm-3.

Precipitation and phase separation in polymer solutions can be 
explained in terms of an equilibrium process. The Flory-Huggins 
theory (7) represents a fairly successful but approximate treatment. 
Using the theory, partial molar free energies may be obtained for 
solvent and polymer. The partial molar free energy is the free 
energy change per mole of component added, when an infinitesimal 
amount is added to a system with all other amounts of components 
remaining constant.

For solvent (VCM)

AGj. * (8AG/3nA )n2 = -PT{ln<t>x t <t>2(l - l/m) + x <t>22} ((o)

and for polymer (PVC)

where
AG2 = OAG/9n2 )ni = RT{ln<J>2 + 0 j. ( l  -  m) + x m ^ 2} (l)

AG is the free energy 
R,T have their conventional meanings 

4>i,<t>2 is the volume fraction of solvent (VCM) and polymer in 
the system respectively (<J>X + <J>2 = 1).

m is the degree of polymerisation (average chain length) 
of the polymer

X is the Flory interaction parameter.

At equilibrium the free energy of the system is at a minimum. 
The transfer of an infinitesimal amount of any component from one 
phase to another will produce no change in free energy: the chemical 
potential of each component is equal in both phases.
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The precipitation of PVC from VC implies a large value of x 
(-1.0); the two phases are nearly pure solvent (VCM) and slightly 
swollen polymer. The volume fractions of VCM in the polymer and 
polymer in the VCM can be obtained (approximately) by putting the 
corresponding expressions for AG equal to that of the pure component, 
which is zero. The volume fraction of VCM in the polymer phase is 
given by 4>x = e-(X+1) (setting AGt = 0) and the volume fraction of 
PVC in the VCM phase is given by <t>2 - e-m(X~i) (setting AG2 = 0). 
Moreover, the change partial molar free energy when a pure liquid A 
passes from the pure liquid state with vapour pressure p^o to a 
solution vapour pressure PA is given by

(8 ) AGA = (SAG/Sn^nj^ijdA = KT In
pAO

Equating with (6) gives the vapour pressure above a polymer 
solution

( 9 )
{ln^ + 4>2(1 - 1/m) + x <*>z z )

where P1Q is the saturated vapour pressure of the solvent, VCM.

2.1(B) A Typical Suspension Process

There are several ways of performing the polymerisation: 
suspension polymerisation is the most important method for PVC 
manufacture. A typical process flowsheet is shown in Figure 2.1. (z)
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Figure 2.1 A Typical Suspension PVC Process

In the suspension process, VCM droplets stabilised by the action 
of adsorbed surfactants are suspended in water by the action of an 
agitator within am autoclave. The water acts as a heat tramsfer 
medium, with polymerisation proceeding within each drop as if it were 
a micro-bulk reactor.

The process is operated batch wise, so that when polymerisation 
is completed within the reactor, the slurry which has formed is 
forced downstream (by the application of pressure in the reactor) to 
a stripper. Within the stripping section, any VCM remaining as 
monomer swelling the slurry is released by steam sparging the slurry. 
VCM is subsequently recovered from the steam before being reused in a 
future batch.

The * VCM free* slurry is centrifuged emd dried in hot air dryers 
before being screened (sieved) and packed for shipping to the 
customer.
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2.1(C) Operation of the Suspension Reactor

For a typical polymerisation in a 10m3 autoclave, the charge is 
<1 ):-

Water 5000kg
Stabilising Surfactant 3.5kg
Buffer 0.7kg
Initiator 1.5kg
Vinyl Chloride 3500kg

Components are carefully metered into the autoclave according to 
am operating schedule which ensures batch-to-batch reproducibility.

Process water, stabilising surfactant and initiator axe mixed by 
agitation. The reactor is purged with nitrogen and evacuated to 
remove oxygen which inhibits polymerisation. VCM is added and 
agitation continued until the VCM is adequately dispersed. After 
sufficient agitation the autoclave is heated up to the desired 
polymerisation temperature. One way of heating up is by the 
injection of steam into water circulating in the autoclave jacket. 
(Alternatively, steam may be supplied directly to the autoclave 
jacket or electrical heaters). Initially any heat of reaction (AHp =* 
-1540kJ/kg VCM) is used to aid the heating up of autoclave contents. 
However as the desired polymerisation temperature is approached, the 
heat of reaction must be removed from the reactor. Cooling water 
supply replaces the steam supply to the jacket. The continued 
autoacceleration of the polymerisation requires increasing amounts of 
cooling water to be supplied to the jacket, forcing the jacket 
temperature to continually drop. When the reaction approaches high 
conversions the rate maximises and begins to fall: the requirement
for cooling water is diminished and the jacket temperature rises 
(Figure 2.2). If the maximum rate of reaction and, therefore, 
maximum rate of heat evolution exceeds the capacity of the cooling 
system, ’runaway' conditions will exist in the reactor and the 
temperature of the autoclave will rise uncontrollably.
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Figure 2.2 A Typical Suspension Polymerisation Reaction (t)

The pressure within the reactor remains at the saturated vapour 
pressure of vinyl chloride at the reaction temperature until the 
later stages of polymerisation (c.a. 75% conversion) when it starts 
to fall, as the VCM moves by mass transfer from the vapour phase 
through the water to the suspended polymerising VCH/PVC. All the 
liquid monomer in contact with the precipitated PVC/VCM gel has 
disappeared, with subsequent polymerisation taking place at the 
expense of the monomer swelling the polymer, which can only be 
replaced from the vapour phase. Providing that the mass transfer of 
monomer between phases is effectively instantaneous the variation of 
vapour pressure with conversion is given to a good approximation by 
the Flory-Huggins theory (Section 2.LA).

The degree of pressure drop gives a crude indication of 
conversion and when conversion is c.a. 90% (corresponding to a 40% 
decrease in pressure) the reaction is usually stopped by venting 
monomer. At high conversions the rate of reaction is uneconomically 
low.

During the course of the reaction the initial oily dispersion has 
become a wet slurry, which must be stripped of VCM and dried. These 
operations are usually carried out downstream of the reactor, though 
some stripping may be performed within the reactor.  ̂^



Before the reactor can he used again any polymer fouling it must 
be removed; the continued presence of polymer would expose it to the 
risk of thermal degradation. The occcurrence of degradation products 
in future batches of PVC would reduce the commerical value of the 
polymer. Automatic high pressure water spraying systems are used to 
clean the internal surfaces of the reactor. The amount of fouling by 
polymer can be controlled by chemical agents (suppresants) which are 
sprayed onto the internal surfaces.

2.1(D) Stripping Monomer from Polymer

During the course of the mid-sixties and early seventies, it 
became apparent that vinyl chloride was a highly toxic material. It 
was linked to two rare diseases, acro-osteolysis (a bone deficiency 
disease) and angiosarcoma (a form of liver cancer). The impact on 
the industry was enormous with pressing needs to change working 
practice, to reduce VCM emissions, monitor atmoshperic VCM levels and 
to minimise operator exposure to risks. Burgess (1) discusses 
these aspects at considerable length.

Residual concentrations of VCM in the final polymer had to be 
reduced by improved stripping of VCM. Much research effort was 
devoted by manufacturers to developing more porous grades with 
enhanced stripping performance. Porous grades were also more 
suitable for applications where plasticiser (a processing agent) had 
to be added.

Stripping is achieved by sparging the polymer resin with steam, 
either (a) in the reactor, with the released monomer and saturated 
steam passing to de-entrainment equipment and to a monomer recovery 
section of the plant, or, (b) in a packed (or trayed) column by 
counter-current contacting of slurry and steam.



- J3 -

2.1(E) Drying

Suspending water, which wets both the surface of the PVC and the 
internal pores of the PVC grain, is removed in two stages. 
Centrifuging reduces moisture content to about 20%, while secondary 
drying in purpose designed driers reduces moisture content to 0.5%. 
Virtually any option is open to the manufacturer depending on his 
requirements. Lovelock (1) considers in detail the various isolation 
processes, and the following table summarises his findings.

TABLE 2.2
Advantages and Disadvantages of Principal Drier Types

Drter Type Advantages Disadvantages
1. Rotary Driers 
(a) Indirect heat

Economical to operate. 
Can dry all grades of 
PVC.

large rotating 
assembly. Difficult 
to clean. Prone to 
corrosion of the 
heating tubes. 
Difficult to control

(b) Direct heat Easy to operate and to 
clean. Can dry all 
grades of PVC.

Large rotating 
assembly. Tendency 
to polymer build-up 
round inlet air 
ports and through 
end seals. Less 
economical than (a ).

2. Flash Drters
(a) Pneumatic conveying Easy to operate and to 

clean. Very simple 
construction.

Can only dry porous 
PVC grades. High 
air temperatures 
cause danger of 
degrading some PVC.

(b) Spray Very high evaporative 
capacity. Useful when 
not required for 
emulsion polymer 
drying.

Can only dry porous 
PVC grades. very 
large installations 
with complex 
atomisation of wet- 
cake . High air 
temperatures cause 
danger or degrading 
some PVC.



3. Fluidised Bed Driers 
(a) Direct heat Occupy a small space. 

Easy to operate and to 
clean.

Can dry all grades 
of PVC but has to be 
fed with a partially 
dry product. 
Degradation on 
fluidising plate is 
possible.

(b) Indirect heat Occupy a small space. 
Can dry all grades of 
PVC. Economical to 
operate and maintain.

Corrosion of heating 
tubes requires 
special attention. 
Time consuming to 
clean. Tendency to 
overdry product.

4. Combined Flash/Long 
Residence Time Drieri 

(a) 2(a) or (b) plus 
1(b) or 3(a)

Very flexible in 
operation. Can dry 
all grades of PVC 
economically.

Has disadvantages of 
each component.

2.2 FACTORS AFFECTING ULTIMATE POLYMER PROPERTIES

The key stage in the manufacture of PVC is the reactor, Where 
most of the ultimate polymer properties are determined. A large 
number of factors are significant in the development of the PVC resin 
(3 ), among them:-

(a) temperature and its control
(b) initiator, type and concentration
(c) agitation, including effects due to agitation speed, type 

and operation design of reactor, baffles and cooling system
(d) nature of the agitated medium, which is affected by

water to monomer ratio 
water quality
and suspending agent and surfactants.

Amplification of some of these points will demonstrate much of 
the design and operating philosophy of suspension processes. While 
each is discussed separately, there is a complex interaction between 
all the factors, so that small changes in procedure markedly affect 
the type of polymer produced.



The molecular weight is principally determined by the temperature 
of polymerisation; it is a function of all the chemical rate 
processes which are temperature dependant. Billmeyer (7) shows that 
the molecular chain length for free radical polymerisation, with 
chain transfer to monomer, is given by,

i _  = _ i_  + Cmxn kp L kt J [M] m

where xn = the degree of polymerisation
Cm = fctrm/fcp and all other symbols are as previously defined.

and its variation with temperature is given by,

d ln xn = Ep - Etrm 
dt FT2

where Ep, Ê -rm are the
polymerisation and
respectively.

Since the molecular weight determines the processability of the 
polymer, with higher molecular weight polymers being more difficult 
to deform and extrude, the control of temperature is vital.

Control is achieved both by internal and external means. 
Internally, the higher heat capacity of water coupled with its higher 
thermal conductivity compared to both vinyl chloride and polyvinyl 
chloride, is used in a capacitative manner to moderate internal 
temperature changes and in a conductive manner to enhance heat 
transfer to the internal surfaces of cooling elements or jackets.

Externally, heat transfer and control is commonly effected by a 
recirculating water system with a dual range controller capable of 
allowing injection of steam, for heating up to polymerisation 
temperature, or injection of cooling water to remove heat of 
polymerisation (8).

2.2(A) Temperature and its Control

activation energies associated with 
transfer to monomer reactions
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Recirculating water systems are characterised by high flowrates 
to achieve a maximum jacket side heat transfer coefficient. Internal 
cooling surfaces are avoided because of the possibility of fouling 
and the difficulty in cleaning complex internal geometry.

The autoacclerating nature of the polymerisation means that any 
failure in temperature control is likely to lead to increased 
autoclave temperatures, and decreased molecular weight. Failures may 
arise because of reduction in the internal heat transfer coefficients 
due to poor agitation, or because the cooling system cannot remove 
all the heat of reactjbn at high rates of reaction.

2.2(B) Initiator - Type and Concentration

Vinyl chloride polymerises slowly without the use of initiators 
which decompose to form nascent free radicals. Initiation is the
rate determining step in the polymerisation with the general 
mechanism for decomposition being T-

with d [ I ]
dt

I 2R
kD[I] and = 2fkD[i]

The factor, f, represents the efficiency of nascent radicals in 
opening up the double bond of vinyl chloride. AZO-compounds, which 
decompose with the elimination of a centrally held nitrogen molecule, 
tend to be less energetic (efficient at initiating radicals) than 
peroxides which decompose with the splitting of a central 0-0 bond 
( 1 ).

As can be seen from the following table, initiators which may be 
suitable for polymerisations at 50°C would deplete too quickly at 
70°C, eg Di( 2-ethylhexyl) peroxydicarbonate. Temperature of 
polymerisation is a vital factor in initiator choice.
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TABLE 2.2
Half-lives of Initiators used in VCM Suspension Polymerisation (> )

Initiator Half-life (min)
50°C 60°C 70°C

Azodi-isobutyronitrile 4200 1080 300
Azobis( 2,4—dimethylvaleronitrile) 420 120 35
t-Butyl perpivalate 1300 360 100
Dibutyl peroxydicarbonate 300 70 18
Di(2-ethylhexyl) peroxydicarbonate 250 60 15
Di(t-butylcyclohexyl) peroxydicarbonate 250 60 15
Lauroyl peroxide 3000 800 200
Benzoyl peroxide - 3000 800
Acetyl cyclohexylsulphonyl perioxide 80 18 4

The final consideration is how much initiator to use. With too 
little initiator, the initiator will deplete before all the monomer 
is consumed. When too much is used the high rates may exceed those 
which the cooling system may adequately cope with: ’runaway’ 
conditions will occur.

By combining fast and slow decomposing initiators better use may 
be made of the cooling system. The fast decomposing initiator will 
give rise to very high initial rates, while the slow one will give 
rise to higher rates as the fast one depletes. By maintaining high 
rates throughout the course of polymerisation, the cycle time of 
batches may be considerably reduced, with maximum use being made of 
the cooling water system throughout the reaction (Figure 2.2).

2.2(C) Agitation

Agitation has important roles to play both in determining the 
heat transfer in the autoclave and in dispersing VCM. The action of 
the agitator is continually to break up vinyl chloride drops to 
smaller ones. A dispersion of vinyl chloride in water is created
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with the monomer droplets having diameters in the range 50-150pon. 
Unless stabilised by the action of a stabilising surfactant such as 
hydrolysed PVA or methyl cellulose, these droplets would rapidly 
coalesce to large monomer droplets. A dynamic equilibrium between 
the dispersive action in the shear region around the agitator, and 
the coalescence in quiescent zones away from the agitator is achieved 
which has been represented diagramatically by Winslow and Matreyek 
(6 ).

FIGURE 2.3 The Influence of Agitation on Initial Droplet Dispersion

As polymerisation proceeds the effectiveness of adsorbed 
surfactant alters and there may be a degree of floculation of 
initially stable drops as the final polymer grains axe formed. The 
balance of dispersion and coalescence will determine to an extent the 
porosity of the final polymer product.

Agitator Design

Considerable attention has been paid to agitator and reactor 
design: the development of large reactors (9,10) has required scale- 
up rules so that large vessels are as well agitated as small ones, 
both for heat transfer considerations and to aid the development of 
morphology. A variety of agitators is available, possibly coupled 
with baffles, to enhance agitation and recirculation within the 
autoclave, allowing control over relative times spent by monomer 
droplets in high shear (breakup) regions near the agitator and 
quiescent (coalescence) zones away from the agitator. Each system 
will have its advantages and disadvantages which manufacturers must 
take into account when choosing their system.
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FIGURE 2.4 Agitators for Polymerisation Reactors

2.2(D) The Nature of the Agitated Medium

(i ) Water

The polymerising suspension VCM system is one of changing 
viscosity as dispersed VCM changes to denser PVC. Water plays a 
vital role in temperature control and in the determination of slurry 
viscosity. The water/monomer charge ratio is adjusted so that the 
final slurry viscosities will not exceed those which can be agitated. 
If the final slurry viscosity is too high, the power required to 
agitate the slurry at constant speed will exceed that which the 
stirrer motor can supply. In order to prevent overloading the motor, 
it would be stopped automatically ('tripped') when this happens. 
More water would be added to allow further processing. In general 
the larger the water/monomer ratio, the more porous is the polymer
(3).
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The quality of the water must also be controlled. Buffers are 
used to ensure that the pH of the suspending water does not become 
too low because of the HC1 produced by side reactions during the 
polymerisation. Acidic water affects the abililty of the stabilising 
surfactants to stabilise droplets.

(ii) Stablising Surfactant

A variety of these chemicals has been tried, among them polyvinyl 
alcohol (PVA) and methyl cellulose derivatives. All are water 
soluble polymers with oleophilic substituted groups which adsorb at 
the vinyl chloride/water interface and offer the vinyl chloride 
droplet steric stability. The precise degree of stability is 
determined by the concentrations used. Considerable control over 
porosity is achieved allowing a variety of grades to meet stripping 
and plasticiser requirements. Johnston (3) considers the properties 
of some commercial surfactant systems.

2.3 ALTERNATIVE POLYMERISATION PROCESSES

A1 though suspension polymerisation is predominant, mass and 
emulsion processes make up a considerable share of worldwide capacity 
(c.a. 20%). With reference to suspension polymerisation, both 
processes can be constrasted.

2.3(A) Bulk Polymerisation

This method has been widely applied to polymerisations where 
polymer is soluble in its own monomer, such as for manufacture of 
polystyrene or polymethylmethacrylate. Despite considerable rises in 
viscosity, reactor temperature control is generally achieved.

However with PVC, where polymer precipitates as O.lim primary 
particles are low conversions (<1%), particularly high viscosity 
changes are obtained. Further growth and aggregation of primary 
particles magnifies the control problems of (a) achieving a required 
particle size distribution, (b) avoiding fouling and (c) overheating.
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Rhone-Poulenc (11,1) developed a two stage polymerisation process 
which overcomes many of the problems. The first stage reactor is 
used to grow seed polymer from a liquid phase up to 10% conversion. 
The second stage reactor is used to grow the polymer to a powdery 
grain, with overall conversions being in the range 70-85%. Cooling 
is enhanced by using reflux condensers. Process savings are made 
because the polymer does not have to be dried.

Bulk polymerised PVC has two main advantages over its suspension 
counterpart:

(1) lower levels of impurity - surfactants are not used.
(2) improved heat stability and dry blending characteristics — 

there is no skin on the grain.

2.3(B) Emulsion Polymerisation

The process principles for stripping and drying are similar for 
both emulsion and suspension polymerisation. There are drastic 
differences in reactor operating conditions. Principally:

(1) High concentrations of soap emulsifiers such as sodium 
dodecyl sulphate (up to 3% based on VC) are used compared to 
surfactant concentrations in suspension polymerisation of 
c.a. 0.1%.

(2) Water soluble initiators and initiator systems are used 
(eg ammonium persulphate/sodium persulphate and copper 
sulphate) to allow lower temperature polymerisations than 
suspension polymerisations, which are usually in the range 
50—70°C.

These changes give rise to latex particles with narrow particle 
size distributions centering on ljnn, compared with suspension grains 
in the region 50 to 150pim. The emulsion polymers are highly impure 
because of the amount of emulsifier used.
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The classical theories of emulsion polymerisation are due to 
Harkins (12) and Smith and Ewart (13). In the case of vinyl chloride 
they have been considerably extended by CJgelstad in a series of 
papers (14,15,16,17,18).

2.4 BACKGROUND TO PROCESS MATHEMATICAL MODEL

The first part of the chapter has concentrated on the process for 
the polymerisation of vinyl chloride and looked at the degree of 
control a manufacturer has over the process. In this work it is 
aimed to derive a mathematical model which can be used predictively, 
rather than correlating what has been done before; extrapolating 
correlations (for example, trying a new polymerisation recipe) is 
unsatisfactory because the bounds on correlation are not generally 
precise.

The key to a successful predictive model of any process is 
writing down the physics and chemistry we believe to be important in 
an unambiguous manner. All the parameters of the model must have 
basis in the physics of the process, though ultimately there may be 
considerable difficulty in their experimental determination. (The 
models can be used to determine over what range experimental 
measurements must be done to determine the parameter).

Having developed a mathematical model, we may be unable to solve 
it in its entirety. Experimental observations may be lacking to 
provide parameters for the model. More likely, the complexity of the 
proposed mathematical scheme may prove intractable. A complete 
solution may require more computational resource than is available.

The intitial mathematical description should however allow 
sufficient approximation to make the model viable yet still retain 
the essential features of the process physics.

The understanding of vinyl chloride polymerisation has developed 
along two main routes. Firstly researchers have looked at morphology 
and its development during polymerisation, and secondly, effort has
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focussed on elucidating the kinetic mechanisms. Both aspects will be 
considered before the mathematical model is proposed in Chapter 3.

2.5 DEVELOPMENT OF MORPHOLOGY

The development of the morphology of PVC occurs on two difference 
length scales: macroscopically, the evolution of the initial droplet 
size distribution can be followed and microscopically the evolution 
of growing polymer is observed. A variety of terms have been used in 
the literature to describe all the observed entities. In order to 
rationalise the nomenclature, Geil (33) proposed that the definitions 
in Table 2.3 are adopted. Wherever possible these definitions are 
used in this work.



TABLE 2.3 - PVC Morphology

Term ■--------------Approx size in
typical PVC

Origin or 
Description

Former
Names

Grain lOOjim Free flowing powder 
at room temperature

Granule
Cellular Grain

Subgrain 40 Jim Original monomer Subgranule
droplet Unicell

Agglomerate

__________________

10 jim Formed during 
polymerisation 
by merging 
primary particles

Aggregate
Cluster
Macroglobule

Primary Particle ljim Formed from single 
polymerisation site 
at conversions 
10-50%

Microgranule 
Primary Particle 

Granule 
Microglobule

Domain lOOnm Not clearly proven 
to exist, formed by 
mechanical working 
within or from 
primary particles

Primary Nucleus 
Granule

Microdomain lOnm Crystallite or 
nodule

Basic Particle
----
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2.5(A) Macroscopic Scale Development of Morphology

The vigorous agitation of an immiscible mixture of water and 
vinyl chloride (approximately 40% VCM by volume) coupled with the 
action of stabilising surfactants such as PVA serves to disperse the 
vinyl chloride as a suspension of droplets of diameter c.a. 40jim. 
Polymerisation proceeds within the droplet leading to the formation 
of a contiguous porous network of precipitated polyvinyl chloride. 
The droplets develop a pericellular membrane (19) which is thought to 
be a graft copolymer of the stabilising surfactant and the VCM (32). 
Under certain agitation/stabilising surfactant conditions the 
polymerising droplet is destabilised; stabilising surfactant is 
removed by the graft polymerisation causing a change in the nature of 
the droplet surface (i.e. interfacial tension/modulus) with 
polymerisation. The polymerising droplets aggregate to form a grain 
of diameter c.a. 100-150/im.

Johnson (20) has shown a strong correlation (Figure 2.5) between 
the particle size and its distribution with a modified Weber number/ 
defined by

we
p NZD3 W 
cr 0 By,

where p is 
N is 
D is 
W is 
a is 
© is 

and By, is

the two phase density 
the agitator speed 
the agitator diameter 
the agitator blade width 
the interfacial tension 
the agitator blade angle 
the baffle width

Physically the Weber number expresses the balance between
inertial and surface forces.
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Modified Weber No( XI Q^' )

FIGURE 2.5 - Particle Size vs Modified Weber Number

Allsop (1,21) defines three degrees of VCM droplet stability.

(a) Monomer droplets are extremely well protected. Very little 
coalescence occurs, giving rise to spherical subgrains of 
low porosity. These effects are associated with region I on 
the Weber number plot where increasing stirrer speed leads 
to smaller stabilised droplets.

(b) Intermediate protection of droplets is achieved. The 
droplets undergo some coalescence, producing an irregular 
shaped grain of higher porosity. This level of protection 
corresponds to region II on the Weber number plot where the 
surface concentration of stabilising agent is at the minimum 
level affording protection.
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( c )  I n a d e q u a t e  p r o t e c t i o n  i s  a f f o r d e d .  T h e  m o n o m e r d r o p l e t s  

c o a l e s c e  f r o m  l o w  c o n v e r s i o n s ,  g i v i n g  r i s e  t o  d e n s e ,  lo w  

p o r o s i t y  p o l y m e r s .  T h i s  c o r r e s p o n d s  t o  r e g i o n  I I I  o n  t h e  

W e b e r  p l o t  w h e r e  b e c a u s e  o f  h i g h  s t i r r e r  s p e e d  t h e  d r o p l e t s  

a r e  t o o  s m a l l  f o r  c o m p l e t e  c o v e r a g e  b y  s u r f a c t a n t .

SOLID

BATCH

ROUTE COARSER. POROUS POLYMER

.9&.
o

o o-'c;:'- J o ̂  ° oo $  # PRODUCT

FINER, DENSER POLYMER

FIG U RE 2 . 6  -  S c h e m a t i c  d i a g r a m  o f  t h e  e f f e c t  o f  VCM d r o p l e t

s t a b i l i t y  o n  t h e  m a c r o - m e c h a n i s m  o f  p o l y m e r i s a t i o n  0 > ^ i )

2 . 5 ( B )  M i c r o s c o p i c  S c a l e

T h e r e  i s  c o n s i d e r a b l e  d e b a t e  a b o u t  t h e  m i c r o p h a s e  n a t u r e  o f  PVC 

( s e e  f o r  e x a m p l e  2 2 , 2 3 ) .  S o m e p o i n t s  a p p e a r  t o  b e  w e l l  e s t a b l i s h e d :

( 1 )  PVC i s  e s s e n t i a l l y  i n s o l u b l e  i n  i t s  m o n o m e r  w i t h  t h e  

i n t e r a c t i o n  p a r a m e t e r  o f  t h e  F l o r y - H u g g i n s  E q u a t i o n ,  X/ o f  

t h e  o r d e r  0 . 9  ( 2 4 , 2 5 ) .

( 2 )  PVC i s  m u c h  d e n s e r  th e m  VCM ( Ppvc -  1 4 0 0 k g m “ 3 ;

PVCM ~  8 5 0 J c g m " 3 )

( 3 )  PVC e x h i b i t s  a  s m a l l  a m o u n t  o f  c r y s t a l l i n i t y  ( t y p i c a l l y  1 4 %  

( 2 3 ) ) .
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T h e s e  o b s e r v a t i o n s  e x p l a i n  i n  p a r t  w h y  t h e  p o l y m e r i s a t i o n  f o l l o w s  

a  p r e c i p i t a t i o n  c o u r s e  w i t h i n  a  s u s p e n d e d  d r o p l e t .  T h e y  d o  n o t  

e x p l a i n  t h e  d e v e l o p m e n t  o f  m o r p h o l o g y  w i t h i n  t h e  p o l y m e r i s i n g  d r o p l e t  

w h e r e  a  p a r t i c u l a t e  a g g l o m e r a t e  s t r u c t u r e  d e v e l o p s .

T h e  d i r e c t  e x p e r i m e n t a l  o b s e r v a t i o n  o f  t h e  p o l y m e r  p h a s e  a s  i t  

p o l y m e r i s e s  h a s  p r o v e d  d i f f i c u l t ,  t h o u g h  a t t e m p t s  t o  u s e  p h o t o n  

c o r r e c t i o n  s p e c t r o s c o p y  ( 2 6 )  h a v e  p r o v e d  s u c c e s s f u l  u p  t o  ~ 1 0 “ 2 

c o n v e r s i o n .  T u r b i d i m e t r y  ( 2 7 )  a n d  s p i n n i n g  d r o p  t e c h n i q u e s  ( 2 8 )  h a v e  

l o o k e d  a t  e v e n t s  i n  t h e  c o n v e r s i o n  r a n g e  1 0 - 3 0 % .  T h e  o t h e r  i m p o r t a n t  

t e c h n i q u e ,  o f  c o u r s e ,  i s  d i r e c t  o b s e r v a t i o n  o f  s a m p l e s  e x t r a c t e d  f r o m  

p o l y m e r i s i n g  s y s t e m s ,  u s i n g  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M ) .  

A l t h o u g h  t h i s  t e c h n i q u e  o f f e r s  t h e  p o s s i b i l i t y  o f  d i r e c t  o b s e r v a t i o n ,  

i t s  m a i n  d i s a d v a n t a g e  i s  t h a t  i n  o r d e r  t o  o b t a i n  s a m p l e s  f o r  SEM 

a n a l y s i s  p o l y m e r  s t r u c t u r e s  m a y  b e  s e v e r e l y  d i s r u p t e d  a s  m o n o m e r  i s  

v e n t e d  t o  r e l e a s e  p r e s s u r e ,  b e f o r e  s a m p l e s  a r e  t r a n s f e r r e d  f r o m  t h e  

a u t o c l a v e  t o  t h e  e l e c t r o n  m i c r o s c o p e . T h i s  d i s r u p t i o n  i s  

p a r t i c u l a r l y  l i k e l y  a t  l o w  c o n v e r s i o n s  w h e r e  p o l y m e r  s t r u c t u r e s  m a y  

n o t  b e  s u f f i c i e n t l y  d e v e l o p e d  t o  w i t h s t a n d  t h e  h a r s h  c o n d i t i o n s  

c r e a t e d  i n  s a m p l i n g .  N e v e r t h e l e s s  t h e  t e c h n i q u e  h a s  b e e n  e x t e n s i v e l y  

a p p l i e d  b y  B o r t  ( 2 9 , 3 0 , 3 1 ) ,  D a v i d s o n  a n d  W i t e n h a f e r  ( 3 2 )  a n d  T r e g a n  

a n d  B o n n e m a y r e  ( 1 9 ) .

T h e  g e n e r a l l y  a g r e e d  g r o w t h  m e c h a n i s m  w i t h i n  m o n o m e r  d r o p l e t s  

f o l l o w s  a  g r o w t h  a n d  f l o c c u l a t i o n  p r o c e s s .

G r o w i n g  c h a i n  r a d i c a l s  b e c o m e  i n s o l u b l e  a t  r e l a t i v e l y  s h o r t  c h a i n  

l e n g t h s  ( - 1 0  m o n o m e r  u n i t s )  a n d  c o n t i n u e  t o  g r o w  a s  p r e c i p i t a t e d  

c o i l e d  m a c r o  r a d i c a l s .  T h e  g r o w i n g  c h a i n s  t h e n  a g g r e g a t e  i n  g r o u p s  

o f  5 0  o r  s o  p r o d u c i n g  s m a l l  p a r t i c l e s  k n o w  a s  * m i c r o d o m a i n s  * w i t h  

d i a m e t e r s  i n  t h e  r e g i o n  o f  2 0 0 & .  T h e  m i c r o d o m a i n s  t h e n  i n  t u r n  

f l o c c u l a t e  t o  f o r m  d o m a i n s  ( o r  p r i m a r y  n u c l e i )  o f  r a d i u s  o . l - 2 j i m .  

T h i s  i s  t h e  f i r s t  o b s e r v a b l e  e v e n t  u s i n g  PC S a n d  o c c u r s  u p  t o  

c o n v e r s i o n s  o f  1 % .

A n y  m o r e  m a c r o r a d i c a l s  o r  m i c r o d o m a i n s  f o r m e d  a f t e r  t h e  f o r m a t i o n  

o f  d o m a i n s  w i l l  b e  a b s o r b e d  b y  t h e  d o m a i n s  a s  t h e y  g r o w  i n  s i z e  w h i l e  

t h e i r  t o t a l  n u m b e r  r e m a i n s  c o n s t a n t  u p  t o  3%  c o n v e r s i o n .  T h e  p r i m a r y
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p a r t i c l e s  e v e n t u a l l y  d e s t a b i l i s e  a n d  f l o c c u l a t e  a s  a g g l o m e r a t e s  w i t h  

d i a m e t e r s  o f  a b o u t  l^u n  f r o m  a b o u t  5 %  c o n v e r s i o n  u p w a r d s .

F u r t h e r  g r o w t h  o f  t h e  a g g l o m e r a t e s  w i l l  l a r g e l y  d e t e r m i n e  g r a i n  

p o r o s i t y  a n d  a p p a r e n t  d e n s i t y .  T h e y  c o n t i n u e  t o  g r o w  u p  t o  10/im  b y  

s u r f a c e  d e p o s i t i o n  a n d  i n t e r n a l  g r o w t h  u n t i l  t h e  p o l y m e r i s a t i o n  i s  

t e r m i n a t e d  a t  a b o u t  9 5 %  c o n v e r s i o n .  T h e  s e q u e n c e  o f  e v e n t s  i s  

s u m m a r i s e d  i n  F i g u r e  2 . 7 .

STAGE SPECIES CONVERSION

INITIATION sP
R- ♦ VCM — ► Coiled Macro Radicals

<1?1st AGGREGATION STEP +  -s o

Micro - Domain

2nd a g g r e g a t io n  STEP 1 - 1 0 1 1-2?

SIZE
When

Formed Finally

1 0 0 -2 0 0 ‘A ?

Domain
(Primary Nucleus)

GROWTH (INTRA-PRIMARY) |

Fused
Agglomerate

4-10?:

90?

0-1 -0-2 pm

0 6-0-8pm
' Primaries \  

now ] 
i0 -2 -0 -4 p m /

1- 2 pm

2 -1 0  pm

FIG U R E 2 . 7  -  S c h e m a t i c  R e p r e s e n t a t i o n  o f  t h e  M e c h a n i s m  o f  VCM

P o l y m e r i s a t i o n  (  2. \*)

2 . 5 ( C )  P o r o s i t y

P o r o s i t y  d e s c r i b e s  t h e  n a t u r e  o f  t h e  s p a c e  b e t w e e n  n e i g h b o u r i n g  

p r e c i p i t a t e d  s p e c i e s .  I t  m a y  b e  a p p l i e d  a t  t w o  l e v e l s .  F i r s t l y  b y  

d e s c r i b i n g  t h e  i n t e r s t i t i a l  s p a c e  b e t w e e n  t h e  s u b —g r a i n s  o r  s e c o n d l y ,
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a n d  m o r e  c o m m o n ly , b y  d e s c r i b i n g  t h e  i n t e r s t i t i a l  s p a c e  b e t w e e n  t h e  

p r i m a r y  p a r t i c l e s  a n d  a g g l o m e r a t e s  w i t h i n  a  s u b - g r a i n .

FIG U R E  2 . 8  -  I n t e r  a n d  I n t r a  S u b - G r a i n  P o r e s

P o r o s i t y  i s  t h e  c u m u l a t i v e  m e a s u r e  o f  t h e  p o r e  s i z e  d i s t r i b u t i o n ,  

m e a s u r e  a b l e  b y  m e r c u r y  p o r i s i m e t r y .  I t  c a n  b e  p r e d i c t e d  f r o m  a  

c o m p l e t e  u n d e r s t a n d i n g  o f  t h e  k i n e t i c  a n d  a g g r e g a t i v e  p r o c e s s e s  

o c c u r r i n g  w i t h i n  t h e  p o l y m e r i s i n g  s y s t e m .  E v e n  a t  l o w  c o n v e r s i o n s  

( < 3 % )  w h e n  n o  s k i n  h a s  f o r m e d  r o u n d  t h e  s u b - g r a i n s ,  i t  e x i s t s  b e c a u s e  

o f  t h e  i n t e r s t i c e s  b e t w e e n  p r i m a r y  p a r t i c l e s .  I f  p o l y m e r i s a t i o n  w a s  

t e r m i n a t e d  w i t h  o n l y  p r i m a r y  p a r t i c l e s  p r e s e n t  ( - 1 . 0 %  c o n v e r s i o n ) ,  

a n d  t h e  m o n o m e r  w a s  s t r i p p e d  f r o m  t h e  s y s t e m ,  t h e  p o r o s i t y  w o u l d  

r e p r e s e n t  t h e  i n t e r s t i c i a l  s p a c e  b e t w e e n  p r i m a r y  p a r t i c l e s .  N o r m a l l y  

a t  l o w  c o n v e r s i o n s  a n y  i n t e f s t i c i e s  i n  t h e  s u b - g r a i n s  w o u l d  b e  

o c c u p i e d  b y  f r e e  m o n o m e r .

T h e  d e v e l o p m e n t  o f  p o r o s i t y  i m p l i e s ,  t o o ,  t h a t  t h e  s u b - g r a i n s  

h a v e  b e c o m e  r i g i d  w i t h  t h e  p e r i c e l l u l a r  m e m b r a n e  o r  " s k i n "  a r o u n d  

t h e m  s t r u c t u r a l l y  p r e v e n t e d  f r o m  c o l l a p s i n g  e l s  p o l y m e r i s a t i o n  

p r o c e e d s .  I f  t h i s  w e r e  n o t  t h e  c a s e ,  t h e  d e n s e r  a g g r e g a t e s ,  ( w h i c h  

a r e  g r o w i n g  a t  t h e  e x p e n s e  o f  t h e  a v a i l a b l e  m o n o m e r )  w o u l d  c a u s e  a  

v o l u m e  c o n t r a c t i o n  o f  t h e  p o l y m e r i s i n g  d r o p l e t  w i t h o u t  t h e  

d e v e l o p m e n t  o f  i n t e r s t i c e s  ( p o r e s ) .  S i n c e  t h e  p o l y m e r i c  s p e c i e s ,  

s u c h  a s  t h e  p r i m a r y  p a r t i c l e s  a n d  a g g l o m e r a t e s ,  g r o w  a n d  f l o c c u l a t e
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w i t h  e a c h  o t h e r ,  t h e y  f o r m  a  s k e l e t a l  s t r u c t u r e  w h i c h  g r o w s  o u t w a r d s  

a s  t h e  m o n o m e r / p o l y m e r  d r o p l e t  c o n t r a c t s  o n  p o l y m e r i s a t i o n .  W hen t h e  

c o n t i g u o u s  s t r u c t u r e  i s  ' l o c k e d ' t o g e t h e r  b y  f l o c c u l a t i o n  a n d  

s u b s e q u e n t  b r i d g i n g  p o l y m e r i s a t i o n ,  t h e  d r o p l e t  ( s u b - g r a i n )  c a n  n o  

l o n g e r  c o n t r a c t  t o  a c c o m m o d a t e  d e n s i t y  d i f f e r e n c e s  b e t w e e n  VCM a n d  

PV C . F u r t h e r  p o l y m e r i s a t i o n  l e a d s  t o  t h e  d e v e l o p m e n t  o f  p o r e s  f i l l e d  

w i t h  v a p o u r  w i t h i n  t h e  s u b - g r a i n s .

FIG U RE 2 . 9  -  S t r u c t u r e  o f  a  P o r o u s  S u b g r a i n

I f  t h e  ' l o c k i n g *  m e c h a n i s m  c o u l d  b e  e n c o u r a g e d  a t  v e r y  lo w  

c o n v e r s i o n s ,  p a r t i c l e s  o f  v e r y  h i g h  p o r o s i t y  w o u l d  b e  o b t a i n e d .  

I n c r e a s i n g  t h e  n u m b e r  o f  a g g l o m e r a t e s  a n d  p r i m a r y  p a r t i c l e s  n e a r  t h e  

s u b - g r a i n  s u r f a c e  w o u l d  i n c r e a s e  t h e  p o s s i b i l i t y  o f  ' l o c k i n g '  a s  

v o l u m e  s h r i n k a g e  w o u l d  f o r c e  t h e  p r e c i p i t a t e d  p a r t i c l e s  t o g e t h e r  i n  a  

c l o s e  p a c k i n g  a r r a n g e m e n t .

- Subgrain shrinking------------->
(agglomerate growth)

FIG U R E 2 . 1 0 ' L o c k i n g ' o f  S u b - g r a i n s
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2 . 5 ( D )  P r i m a r y  P a r t i c l e  S t a b i l i s a t i o n

T h e  p r i m a r y  p a r t i c l e s  s u r v i v e  a s  r e c o g n i s a b l e  e n t i t i t e 3  

t h r o u g h o u t  t h e  p o l y m e r i s a t i o n  f r o m  t h e  l o w e s t  c o n v e r s i o n s  ( ~ 1 % ) :  t h e y  

m u s t  b e  q u i t e  s t a b l e .  T h e  s o u r c e  o f  t h e  s t a b i l i t y  h a s  b e e n  a s c r i b e d  

t o  n e g a t i v e  e l e c t r i c  c h a r g e  ( d e m o n s t r a t e d  b y  e l e c t r o p h o r e s i s )  

p o s s i b l y  a r i s i n g  f r o m  e i t h e r

( i )  I o n i s e d  h y d r o g e n  c h l o r i d e  f o r m e d  b y  t h e  d e c o m p o s i t i o n  o f  

v i n y l  c h l o r i d e  p e r o x i d e s  ( 3 4 , 3 5 , 3 6 )

o r

( i i )  C h l o r i d e  i o n s  p r o d u c e d  b y  s o m e  u n k n o w n  d e h y d r o c h l o r i n a t i o n  

r e a c t i o n s  w i t h  h y d r o g e n  a s  t h e  c o u n t e r  i o n  ( 3 2 ) .

T h e i r  d e s t a b i l i s a t i o n  t o  f o r m  a g g l o m e r a t e s  a p p e a r s  t o  b e  d u e  t o  

t h e  e f f e c t s  o f  a g i t a t i o n .  B o i s s e l  a n d  F i s c h e r  ( 2 7 )  n o t e d  t h a t  t h e  

p r i m a r y  p a r t i c l e s  a g g r e g a t e d  a t  c o n v e r s i o n s  - 1 0 %  t o  a g g l o m e r a t e s .  

S i n c e  t h e  e s s e n t i a l  d i f f e r e n c e  b e t w e e n  t h e i r  s t u d i e s  a n d  o t h e r s  b y  

M i c k l e y  ( 4 0 ) ,  C o t m a n  ( 4 3 )  a n d  B o r t  ( 4 5 )  ( w h o  h a d  n o t  o b s e r v e d

a g g l o m e r a t e s )  w a s  t h e  a g i t a t i o n  o f  t h e  r e a c t o r ,  t h e y  d e d u c e d  t h i s  w a s  

t h e  c a u s e .  T h e  o t h e r  w o r k e r s  u s i n g  u n a g i t a t e d  s y s t e m s  h a d  f o u n d  t h a t  

p r i m a r y  p a r t i c l e s  g r e w  u n i f o r m l y .

A m o r e  s o p h i s t i c a t e d  v i e w  w a s  p r e s e n t e d  b y  D a v i d s o n  a n d  

W i t e n h a f e r  ( 3 2 )  w h o  p r o p o s e d  t h a t  t h e  c h a r g e  r e t e n t i o n  w a s  d u e  t o  a  

p e r i c e l l u l a r  m e m b r a n e  a r o u n d  t h e  p o l y m e r i s i n g  d r o p l e t s .  U n d e r  

v a r y i n g  c o n d i t i o n s  o f  a g i t a t i o n  t h e  f a t e  o f  s t a b i l i s e d  a g g l o m e r a t e s  

w i l l  a l t e r .  I n  q u i e s c e n t  p o l y m e r i s a t i o n  t h e y  r e m a i n  s t a b l e  a n d  a c t  

a s  g r o w t h  c e n t r e s ,  u n t i l  s h r i n k a g e  f o r c e s  t h e  p a r t i c l e s  i n t o  a  

c o m p a c t  m a s s .  W i t h  ’ m i l d *  a g i t a t i o n  c o a g u l a t i o n  w i t h i n  t h e  p o l y m e r  

d r o p  o c c u r s  a t  b e t w e e n  2%  a n d  4 %  c o n v e r s i o n . V i o l e n t  a g i t a t i o n  

c a u s e s  t h e  p e r i c e l l u a r  m e m b r a n e  t o  c o a g u l a t e  ( F i g u r e  2 . 1 1 ) .  T h e  

a g i t a t i o n  w a s  p o s t u l a t e d  t o  a i d  t h e  m i g r a t i o n  o f  c h a r g e  f r o m  t h e  

s u r f a c e  o f  t h e  a g g l o m e r a t e s  t h r o u g h  t h e  p e r i c e l l u l a r  m e m b r a n e  t o  b e  

d i s c h a r g e d  b y  H+ i o n s  i n  t h e  w a t e r .
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PIGCJRE 2 . 1 1 -  I n f l u e n c e  o f  A g i t a t i o n  o n  M o r p h o l o g y

C l e a r l y  w h a t e v e r  t h e  p r e c i s e  m e c h a n i s m  o f  d e s t a b i l i s a t i o n  t h e  

p o l y m e r i s i n g  s y s t e m  i s  s u b j e c t  t o  c o n d i t i o n s  w h e r e  a  d e l i c a t e  b a l a n c e  

e x i s t s  b e t w e e n  e l e c t r o s t a t i c  r e p u l s i o n  f o r c e s  b e t w e e n  a g g l o m e r a t e s  

a n d  t h e  i n e r t i a l  f o r c e s  f e l t  b y  t h e m  d u e  t o  a g i t a t i o n .  T o o  v i g o u r o u s  

a g i t a t i o n  t i p s  t h e  b a l a n c e  i n  f a v o u r  o f  t h e  i n e r t i a l  f o r c e s .

2 . 6  K IN E T IC  MECHANISMS

T h e  m o r p h o l o g i c a l  d e v e l o p m e n t  o f  PVC i s  d e t e r m i n e d  b y  t h e  r a t e  o f  

p o l y m e r i s a t i o n  a n d  t h e  n a t u r e  o f  t h e  i n t e r m o l e c u l a r  f o r c e s  a r o u n d  t h e  

p r e c i p i t a t e d  p o l y m e r  s p e c i e s .  E v e n  t h e  e a r l i e s t  k i n e t i c  m o d e l s  

r e c o g n i s e d  t h e  c o n t r i b u t i o n  m a d e  t o  r a t e  b y  a  s e c o n d  ( p o l y m e r )  p h a s e . 

D e s p i t e  t h i s  n o  p u b l i s h e d  m o d e l  s a t i s f a c t o r i l y  a s s e s s e s  t h e  i n f l u e n c e  

o f  c h a n g i n g  m o r p h o l o g y  o n  p o l y m e r i s a t i o n  k i n e t i c s :  i t  i s  a n  i m p o r t a n t  

e l e m e n t  o f  t h i s  s t u d y .  T h i s  s e c t i o n  r e v i e w s  t h e  i n c r e a s e d  

u n d e r s t a n d i n g  o f  t h e  p o l y m e r i s a t i o n  m e c h a n i s m  ( e s p e c i a l l y  t h e  

c h e m i c a l  k i n e t i c s )  w h i c h  h a s  a r i s e n  f r o m  t h e  a p p l i c a t i o n  o f  

i n c r e a s i n g l y  s o p h i s t i c a t e d  e x p e r i m e n t a l  t e c h n i q u e s  a n d  t h e  

i n t e r p r e t a t i o n  o f  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .
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B e n g o u g h  a n d  N o r r i s h  ( 3 7 )  u n d e r t o o k  t h e  f i r s t  m a j o r  s t u d y  o f  

v i n y l  c h l o r i d e  p o l y m e r i s a t i o n  u s i n g  b e n z o y l  p e r o x i d e  a s  a n  i n i t i a t o r  

a n d  p o l y m e r i s a t i o n  t e m p e r a t u r e s  b e t w e e n  3 3  a n d  7 5 ° C .  T h e  r a t e  o f  

p o l y m e r i s a t i o n  g r a d u a l l y  a c c e l e r a t e d  o v e r  t h e  f i r s t  3 0  t o  4 0 %  

c o n v e r s i o n :  a t  l o w  c o n v e r s i o n s  ( < 2 0 % )  t h e  o r d e r  o f  r e a c t i o n  w i t h

r e s p e c t  t o  i n i t i a t o r  w a s  0 . 5  ( c . f .  h o m o g e n e o u s  p o l y m e r i s a t i o n  w h e r e  

t h e  r a t e  o f  p o l y m e r i s a t i o n ,  V p , i s  g i v e n  b y

( 2 . 6 . 1 )

w h e r e  k p , k ^  a n d  k -t a r e  r a t e  c o n s t a n t s  

f  i s  t h e  i n i t i a t o r  e f f i c i e n c y

[ I ]  a n d  [M ] a r e  i n i t i a t o r  a n d  m o n o m e r  c o n c e n t r a t i o n s ) .

t o

T h e  a u t o a c c e l e r a t i o n  w a s  s h o w n  n o t  b e  d u e  t o  t h e  r e m o v a l  o f  

i n h i b i t o r s  f r o m  t h e  v i n y l  c h l o r i d e .  I t  w a s  a s c r i b e d  t o  t h e  

p r e c i p i t a t e d  ' d e a d '  p o l y m e r  b e h a v i n g  a s  a  c a t a l y s t  p e l l e t  a l l o w i n g  

r a d i c a l  t r a n s f e r  a t  i t s  s u r f a c e  ( u n l i k e l y  i n  v i e w  o f  t h e  l i m i t e d  

n u m b e r  o f  c h a i n  d e f e c t s  i n  PVC ( 5 6 ) 1 ) .  T h e  l o c u s  o f  p o l y m e r i s a t i o n  

w a s  p o s t u l a t e d  t o  b e  i n  t h e  m o n o m e r  p h a s e  a t  t h e  s u r f a c e  o f  t h e  

p r e c i p i t a t e d  p o l y m e r .  T h e y  o b t a i n e d  a  s a t i s f a c t o r y  f i t  t o  t h e i r  

e x p e r i m e n t a l  d a t a  w i t h  t h e  r e l a t i o n s h i p :

-  =  K ( M + K " P 2 / 3 ) ( 2 . 6 . 2 )

w h e r e  M , P , I  a r e  t h e  m a s s  o f  m o n o m e r ,  p o l y m e r  a n d  i n i t i a t o r  

r e s p e c t i v e l y  

K , K "  a r e  c o n s t a n t s

T h e y  a l s o  c o r r e c t l y  i d e n t i f i e d ,  t o o ,  t h e  m e c h a n i s m  o f  c h a i n  

t r a n s f e r  t o  m o n o m e r  w h i c h  d e t e r m i n e s  t h e  m o l e c u l a r  w e i g h t  a n d  i t s  

d i s t r i b u t i o n  f o r  PV C .

A n u m b e r  o f  d e f i c i e n c i e s  a r e  a p p a r e n t  i n  t h e  a p p r o a c h  o f  B e n g o u g h

a n d  N o r r i s h : -



( i )  No c h e m i c a l  r e a c t i o n s  a r e  c o n s i d e r e d  w i t h i n  t h e  

p r e c i p i t a t e d  p o l y m e r  p h a s e

( i i ) n o  i n t e r p h a s e  t r a n s p o r t  o f  m o l e c u l a r  s p e c i e s  t a k e s  p l a c e

( i i i )  t h e r e  i s  n o  c o n s i d e r a t i o n  t o  t h e  d e v e l o p m e n t  o f  PVC 

m o r p h o l o g y ,  n o r  t h e  e f f e c t s  o f  a g i t a t i o n  o n  t h i s .

B e n g o u g h  a n d  N o r r i s h  n o t e d  t h e  s i m i l a r i t y  b e t w e e n  t h e  

a u t o a c c e l e r a t i o n  i n  t h e  r a t e  o f  v i n y l  c h l o r i d e  p o l y m e r i s a t i o n  a n d  t h e  

T r o m m s d o r f  o r  g e l  e f f e c t  i n  h o m o g e n e o u s  p o l y m e r i s a t i o n ,  w h e r e  t h e  

i n c r e a s i n g  v i s c o s i t y  o f  a  p o l y m e r i s i n g  s o l u t i o n  l e a d s  t o  a  d e c r e a s e  

i n  t h e  r a t e  o f  t e r m i n a t i o n  a n d  a n  i n c r e a s e  i n  t h e  o v e r a l l  r a t e  o f  

p o l y m e r i s a t i o n .  W h e r e a s  t h e y  s a w  t h e  p r e c i p i t a t e d  p o l y m e r  p h a s e  a s  a  

s i g n i f i c a n t  f a c t o r  i n  t h e  d e s c r i p t i o n  o f  a u t o a c c e l e r a t i n g  r a t e ,  M a g a t  

( 3 8 )  t h o u g h t  t h a t  t h e  f a i l u r e  t o  d e s c r i b e  a u t o a c c e l e r a t i o n  w a s  d u e  t o  

a  d e f i c i e n c y  i n  t h e  m a t h e m a t i c a l  s o l u t i o n  o f  t h e  c o n s e r v a t i o n  

e q u a t i o n s  f o r  h o m o g e n e o u s  f r e e  r a d i c a l  p o l y m e r i s a t i o n  ( s e e  7 ) .

I n  s u c h  p o l y m e r i s a t i o n s  m a s s  c o n s e r v a t i o n  e q u a t i o n s  f o r  

i n i t i a t o r ,  m o n o m e r  a n d  f r e e  r a d i c a l s  a r e  g e n e r a l l y  s o l v e d  b y  a s s u m i n g  

t h a t  t h e  p o p u l a t i o n  o f  f r e e  r a d i c a l s  i s  s m a l l  a n d  c h a n g i n g  s l o w l y  

c o m p a r e d  t o  t h e  p o p u l a t i o n s  o f  i n i t i a t o r  a n d  m o n o m e r  m o l e c u l e s :  t h e  

t i m e  d e r i v a t i v e  o f  t h e  f r e e  r a d i c a l  p o p u l a t i o n  i s  s e t  e q u a l  t o  z e r o .  

A l g e b r a i c  m a n i p u l a t i o n  o f  t h e  c o n s e r v a t i o n  e q u a t i o n s  f o r  m o n o m e r  a n d  

i n i t i a t o r  y i e l d s  t h e  r a t e  o f  p o l y m e r i s a t i o n  a s ,

( 2 . 6 . 3 )

M a g a t  s o u g h t  t o  d e s c r i b e  v i n y l  c h l o r i d e  p o l y m e r i s a t i o n  b y  

r e t a i n i n g  t h e  o n e  p h a s e  n a t u r e  o f  h o m o g e n e o u s  p o l y m e r i s a t i o n  k i n e t i c s  

w i t h o u t  m a k i n g  a  q u a s i  s t e a d y  s t a t e  a p p r o x i m a t i o n  (Q S S A ) o n  t h e  

r a d i c a l  p o p u l a t i o n s .  H e c o n s i d e r e d  t w o  c a s e s  o f  t h e  s o l u t i o n s  t o  t h e  

m a t e r i a l  b a l a n c e  e q u a t i o n s : —

( i )  w i t h  c o n s t a n t  i n i t i a t o r  c o n c e n t r a t i o n s

Mp ~ M
Mo * t

I n  ( c o s h ( k a T c t  I 0 )
1/2

t } ( 2 . 6 . 4 )
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( i i )  w i t h  f i r s t  o r d e r  d e c a y  o f  i n i t i a t o r

i/* D KX(€) - li(Q e-i/z kot 
D Ko(e) + I0 e

( 2 . 6 . 5  )

a n d  I  a n d  K a r e  B e s s e l  f u n c t i o n s  o f  t h e  f i r s t  a n d  s e c o n d

k i n d .

T h e  f i r s t  c a s e  i s  o f  c o u r s e  h i g h l y  i d e a l i s e d  a n d  u n l i k e l y  t o  h e  

o b s e r v e d  i n  p r a c t i c e :  t h e  e x p r e s s i o n  c o u l d  o n l y  b e  u s e d  t o  f i t

e x p e r i m e n t a l  d a t a  u p  t o  2 0 %  c o n v e r s i o n .  T h e  s e c o n d  ( m o r e  r e a l i s t i c )  

c a s e  w a s  n o t  t e s t e d  b y  M a g a t ; h e  h a d  n o  c o m p u t e r  t o  p e r f o r m  t h e  

i n t e g r a t i o n .  A l t h o u g h  s u c h  a n  i n t e g r a t i o n  i s  n o w  s t r a i g h t  f o r w a r d ,  

M a g a t ' s  m o d e l  i s  n o t  f u n d a m e n t a l l y  d i f f e r e n t  f r o m  t h e  c o n v e n t i o n a l  

h o m o g e n e o u s  k i n e t i c  s c h e m e :  i t  d o e s  n o t  d e s c r i b e  t h e  p h y s i c a l

p r o c e s s e s  k n o w n  t o  t a k e  p l a c e .

W h i l e  M a g a t  h a d  a t t e m p t e d  t o  e x p l a i n  t h e  a u t o a c c e l e r a t i o n  

m a t h e m a t i c a l l y ,  B r e i t e n b a c h  a n d  S h i n d l e r  ( 3 9 , 3 9 a )  h a d  r e c o g n i s e d  t h e  

i m p o r t a n c e  o f  t h e  p r e c i p i t a t e d  p o l y m e r  p h a s e  a n d  t h e  r o l e  o f  m o n o m e r  

i n  s w e l l i n g  t h a t  p h a s e .  T h u s  t h e y  c o n f i r m e d  t h e  v i e w s  o f  B e n g o u g h  

a n d  N o r r i s h  a n d  e x t e n d e d  t h e m  b y  p r o d u c i n g  a  m o d e l  W h ic h  a l l o w e d  

i n i t i a t i o n   ̂ g r o w t h  a n d  t e r m i n a t i o n  i n  t h e  p r e c i p i t a t e d  p h a s e . T h e  

m a i n  f e a t u r e s  o f  t h e i r  m o d e l  w e r e :

(  1 )  P r e c i p i t a t e d  p o l y m e r  p a r t i c l e s  s w o l l e n  b y  m o n o m e r

( 2 )  G r o w i n g  r a d i c a l s  p r e s e n t  i n  b o t h  l i q u i d  p h a s e  a n d  

p r e c i p i t a t e d  p h a s e  ( b y  i n i t i a t i o n  a n d  t r a n s p o r t  f r o m  t h e  

l i q u i d  p h a s e ) .

( 3 )  A u t o a c c e l e r a t i o n  e x p l a i n e d  b y  a  r e d u c t i o n  i n  t h e  t e r m i n a t i o n  

r a t e s
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( Kt ) o v e r a l l  ~  Kt / ( ^  + a x )

w h e r e  a  i s  a  c o n s t a n t  a n d  x  i s  c o n v e r s i o n .

( 4 )  P r o p a g a t i o n  r a t e  c o n s t a n t s  e q u a l  i n  b o t h  p h a s e s .

( 5 )  C h a i n  t r a n s f e r  t o  m o n o m e r  c o n s t a n t s  e q u a l  i n  b o t h  p h a s e s .

T h e  o v e r a l l  r a t e  e x p r e s s i o n  i s  o f  t h e  f o r m :

-  a  + b t  w h e r e  a , b  a r e  c o n s t a n t s .

I t  w a s  f o u n d  t o  b e  s u c c e s s f u l  i n  r e p r e s e n t i n g  e x p e r i m e n t a l  d a t a  

f o r  c o n v e r s i o n s  o f  u p  t o  2 0 % .

M i c k l e y ,  M i c h e a l s  a n d  M o r e  ( 4 0 )  c o n s i d e r a b l y  e x t e n d e d  t h e  t w o  

p h a s e  c o n c e p t  d e v e l o p e d  b y  B e n g o u g h  a n d  N o r r i s h  a n d  B r e i t e r i b a c h  a n d  

S c h i n d l e r .  T h e y  p r o d u c e d  a  m o d e l  w h i c h  w a s  f u n c t i o n a l l y  s i m i l a r  t o  

t h a t  o f  B e n g o u g h  a n d  N o r r i s h :  i t  d i f f e r s  i n  i t s  d e r i v a t i o n .

B e n g o u g h  a n d  N o r r i s h  t h o u g h t  t h a t  r a d i c a l s  c o u l d  o n l y  b e  

d e a c t i v a t e d  b y  t r a n s f e r  t o  p o l y m e r  ( t h i s  i s  n o t  s o ;  t h e r e  a r e  

r e l a t i v e l y  f e w  c h a i n  d e f e c t s  i n  PVC ( 5 6 ) ) .  M i c k l e y  e t  a l  h o w e v e r  

r e a l i s e d  t h a t  g r o w i n g  c h a i n s  c o u l d  a g g r e g a t e  ( t e r m i n a t e )  r e a d i l y  i n  a  

p r e c i p i t a t i n g  m e d iu m . F u r t h e r m o r e  t h e y  a r g u e d  t h a t  r a d i c a l  a c t i v i t y  

p e n e t r a t e d  p r e c i p i t a t e d  p o l y m e r  p a r t i c l e s  b e c a u s e  o f  t r a n s p o r t  i n t o  

t h e  p o l y m e r  p h a s e  ( c . f .  B r e i t e n b a c h  a n d  S c h i n d l e r ) .  T h e y  t h o u g h t  

t h a t  r a d i c a l  p r o p a g a t i o n  r a t e  i n  t h e  p o l y m e r  p h a s e  m i g h t  b e  r e d u c e d  

b y  t h e  d i f f u s i o n a l  r e s i s t a n c e  t o  m o n o m e r  w i t h  l o w e r  e f f e c t i v e  m o n o m e r  

c o n c e n t r a t i o n s  a t  t h e s e  p o l y m e r i s a t i o n  s i t e s  c o m p a r e d  t o  t h e  l i q u i d  

p h a s e .  A s s h a l l  b e  s e e n  i n  t h i s  s t u d y ,  t h i s  e f f e c t  i s  u n l i k e l y .

M i c k l e y  e t  a l  a l s o  r e c o g n i s e d  t h e  c o n t r i b u t i o n  o f  p r i m a r y  

p a r t i c l e s  m a k e  t o  t h e  r a t e  o f  r e a c t i o n ;  t h e i r  n u m b e r  c o n c e n t r a t i o n  

d e t e r m i n e s  t h e  i n t e r f a c i a l  t r a n s p o r t  a r e a s .  F ro m  S c h m o l u k o w s k i *s  

t h e o r y  o f  a g g r e g a t i o n  t h e y  d e d u c e d  t h a t  b e c a u s e  t h e  l i f e t i m e  o f  a  

g r o w i n g  c h a i n  i s  m u c h  s h o r t e r  t h a n  t h e  o v e r a l l  p o l y m e r i s a t i o n  t i m e ,  

e v e r y  p r e c i p i t a t e d  r a d i c a l  i s  a b s o r b e d  a s  s o o n  a s  i t  i s  f o r m e d  i n t o  

t h e  ( c o n s t a n t  n u m b e r  o f )  p r i m a r y  p a r t i c l e s .
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T h e  r a t e  e x p r e s s i o n  d e r i v e d  M i c k l e y  e t  a l  i s :

R a t e  o f  p o l y m e r i s a t i o n

uP = +
1/ 2

( 2 . 6 . 6 )

w h e r e  D j, ’ , D j,

[ P * l

a

v
v

a r e  d i f f u s i o n  c o e f f i c i e n t s  r e p r e s e n t i n g  a b s o r p t i o n  a n d  

d e s o r p t i o n  o f  r a d i c a l s

r e p r e s e n t s  t h e  p o l y m e r  c o n c e n t r a t i o n  i n  t h e  a c t i v e  z o n e  

o f  t h e  p r e c i p i t a t e d  p h a s e

i s  t h e  r a t i o  o f  t h e  s o l u b i l i t i e s  o f  m o n o m e r i n  t h e  

d i l u e n t  a n d  p r e c i p i t a t e d  p h a s e s  

i s  t h e  v o l u m e  o f  t h e  a c t i v e  z o n e

=  N pV p a t  l o w  c o n v e r s i o n s  W h e r e  t h e  p o l y m e r i s a t i o n  

p r o c e e d s  t h r o u g h o u t  t h e  p r e c i p i t a t e d  p h a s e  ( g i v e s  

R p a  x )

a n d

=  N p S p  a t  h i g h  c o n v e r s i o n s  W h e r e  t h e  p o l y m e r i s a t i o n  

p r o c e e d s  w i t h i n  a  t h i n  s h e l l  a t  t h e  s u r f a c e  o f  a  

p r i m a r y  p a r t i c l e  ( g i v e s  R p  a  x 2 / 3 )

N p i s  t h e  n u m b e r  o f  p r i m a r y  p a r t i c l e s  

V p i s  t h e  v o l u m e  o f  e a c h  p r i m a r y  p a r t i c l e  

6  i s  t h e  t h i c k n e s s  o f  t h e  s u r f a c e  p o l y m e r i s i n g  s h e l l  

S p  i s  t h e  a r e a  o f  t h e  s u r f a c e  s h e l l

T h e  i m p o r t a n t  f e a t u r e s  o f  t h e  M i c k l e y  m o d e l  a r e  s u m m a r i z e d  v i z :

( 1 )  n o r m a l  l i q u i d  p h a s e  k i n e t i c s  

( 2  )  r a d i c a l  o c c u l s i o n  b y  a g g r e g a t i o n

( 3 )  s h a l l o w  p e n e t r a t i o n  o f  r a d i c a l  a c t i v i t y  i n t o  t h e  p r i m a r y  

p a r t i c l e s

( 4 )  n e g l i g i b l e  m u t u a l  t e r m i n a t i o n  i n  p r i m a r y  p a r t i c l e s

( 5 )  e s c a p e  o f  t r a p p e d  r a d i c a l s  b y  t r a n s f e r  t o  m o n o m e r

a n d  ( 6 )  t h e  l i m i t a t i o n  o f  r a d i c a l  e s c a p e  b y  p r o p a g a t i o n  a n d  t r a n s f e r  

t o  m o n o m e r .

to
T h e  m o d e l  d u e  t o  M ic^L ey e t  a l  r e p r e s e n t e d  a  c o n s i d e r a b l e  a d v a n c e  

i n  u n d e r s t a n d i n g  o f  t h e  p o l y m e r i s a t i o n  m e c h a n i s m .  H o w e v e r  T a l a m i n i
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( 4 1 )  a p p r e c i a t i n g  t h e  h e t e r o g e n e i t y  o f  t h e  p o l y m e r i s i n g  VC/PVC s y s t e m  

3 e t  d o w n  a  s i m p l e  m o d e l  w h i c h  l a c k e d  t h e  s o p h i s t i c a t i o n  o f  M i c k l e y  e t

p r e c i p i t a t e d  p h a s e  y e t  w a s  a b l e  t o  f i t  e x p e r i m e n t a l  d a t a  w e l l ,  u p  t o  

3 0 %  c o n v e r s i o n .

T a l a m i n i  a s s u m e d  t h a t  t h e  p o l y m e r i s i n g  s y s t e m  p h a s e  s e p a r a t e s  t o  

f o r m  a  d i l u e n t  p h a s e  a n d  a  p r e c i p i t a t e d  o n e  ( w i t h  p o l y m e r  v o l u m e  

f r a c t i o n s  o f  < 0 . 0 0 1  a n d  > 0 . 6  r e s p e c t i v e l y ) ;  t h e  i n t e r a c t i o n  p a r a m e t e r  

X i n  t h e  F l o r y - H u g g i n s  t h e o r y  i s  o f  o r d e r  0 . 8 8 .  T h e  p r e c i p i t a t e d  

p h a s e  b y  v i r t u e  o f  i t s  i n c r e a s e d  v i s c o s i t y  h a s  a  r e d u c e d  r a t e  o f  

t e r m i n a t i o n  a n d  i n c r e a s e d  o v e r a l l  p o l y m e r i s a t i o n  r a t e  ( e q u a t i o n  

2 . 6 . 3 ) .  T h e r e f o r e

w h e r e  R p , %  a r e  r a t e s  o f  p o l y m e r i s a t i o n  i n  p o l y m e r  p h a s e  a n d

m o n o m e r  p h a s e  r e s p e c t i v e l y .

A s t h e  c o n v e r s i o n ,  x ,  i n c r e a s e s ,  t h e  f r a c t i o n  o f  r e a c t i o n  i n  t h e  

d i l u t e  p h a s e  w i l l  d e c r e a s e :  T a l a m i n i  p o s t u l a t e d  t h a t  c h a n g e  t o  b e

p r o p o r t i o n a l  t o  c o n v e r s i o n  ( f r o m  a  c o n s i d e r a t i o n  o f  t h e  d e n s i t i e s  o f  

PVC a n d  VC a n d  c h a n g e  i n  t o t a l  v o l u m e  w i t h  c o n v e r s i o n ) .  T h e r e f o r e

d x
—  -  Rm(  1  -  a x )  + Rp  a x  ( 2 . 6 . 8 )

S u b s t i t u t i n g  ( 2 . 6 . 7 )  a n d  q  =  Q a  -  a  a n d  i n t e g r a t i n g  s u b j e c t  t o  

t h e  i n i t i a l  c o n d i t i o n  t  -  0 ,  x  =  0

a l .  I t  c o m p l e t e l y  i g n o r e d  t h e  n a t u r e  o f  d e v e l o p m e n t  o f  t h e

Rp = Q %  <Q>1) ( 2 . 6 . 7 )

x ( 2 . 6 . 9 )

T h e  r a t e  i n  t h e  d i l u e n t  p h a s e  i s  g i v e n  b y

Rm = k [I]*/2 ( 2 .6 .1 0 )

w h e n c e
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^  j e x p < q  k  -  l j ( 2 . 6 . 11 )

H e n c e  a l t h o u g h  T a l a m i n i  a v o i d s  t h e  c o m p l e x i t y  o f  t h e  k i n e t i c  

m e c h a n i s m ,  i t  i s  a  u s e f u l  t o o l  f o r  e x p e r i m e n t a l  s t u d i e s :  i t  i s  s i m p l e  

t o  a p p l y ,  q  a n d  k  m u s t  b e  f i t t e d  b y  c o m p a r i s o n  w i t h  e x p e r i m e n t  f o r  a  

g i v e n  i n i t i a t o r  s y s t e m  a n d  r e c i p e .  B y e x p a n d i n g  t h e  £*poA?.nh'ci_(_ 

t h i s  e x p r e s s i o n  a l s o  e x p l a i n s  t h e  h i g h e r  o r d e r s  o f  r e a c t i o n  w i t h  

r e s p e c t  t o  i n i t i a t o r  c o n c e n t r a t i o n  o b s e r v e d  e x p e r i m e n t a l l y .

C r o s a t o - A r n a l d i  e t  a l  ( 4 2 )  u s e d  t h e  T a l a m i n i  e q u a t i o n  ( 2 . 6 . 1 1 )  t o  

i n t e r p r e t  e x p e r i m e n t a l  o b s e r v a t i o n s  f o r  d i f f e r e n t  i n i t i a t o r  s y s t e m s .  

( T h e i r  r e s u l t s  w e r e  v e r y  c l o s e  t o  t h o s e  o f  B r e i t e n b a c h  a n d  S c h i n d l e r  

a n d  o f  F a r b e r  a n d  K o r a l ) .  B y  f i t t i n g  q  f o r  a  n u m b e r  o f  

p o l y m e r i s a t i o n  s y s t e m s  a n d  r e c i p e s  t h e y  w e r e  a b l e  t o  c o n f i r m  t h e  

k i n e t i c  e q u i v a l e n c e  o f  b u l k  a n d  s u s p e n s i o n  p o l y m e r i s a t i o n  f o r  v i n y l  

c h l o r i d e .

T h e  T a l a m i n i  m o d e l  h o w e v e r  h a s  a  n u m b e r  o f  w e a k n e s s e s :

( 1 )  Q ( a n d  q )  i s  n o t  c o n s t a n t  t h r o u g h o u t  t h e  r e a c t i o n .

( 2 )  R a d i c a l  t r a n s p o r t  b e t w e e n  p h a s e s  i s  i g n o r e d .

( 3 )  M o r p h o g e n e s i s  o f  t h e  p o l y m e r  i s  e s s e n t i a l l y  i g n o r e d .

D e s p i t e  a l l  t h e s e ,  A b d e l - A l i m  a n d  H a m i e l e c  e x t e n d e d  t h e  t r e a t m e n t  o f  

T a l a m i n i  t o  a c c o u n t  f o r  c h a n g e s  i n  i n i t i a t o r  c o n c e n t r a t i o n  c a u s e d  b y  

v o l u m e  r e d u c t i o n  a s  p o l y m e r i s a t i o n  t a k e s  p l a c e .  T h e  i n i t i a t o r  

c o n c e n t r a t i o n  w a s  p o s t u l a t e d  a s  u n i f o r m  t h r o u g h o u t  t h e  p r e c i p i t a t e d  

a n d  d i l u e n t  p h a s e s .  T h e  i m p o r t a n t  e x t e n s i o n  t o  p r e v i o u s  m o d e l s  m a d e  

i n  t h i s  s t u d y  w a s  a n  a t t e m p t  t o  c h a r a c t e r i s e  t h e  m o l e c u l a r  w e i g h t  cuncl 

i t s  d i s t r i b u t i o n .  T h i s  t h e y  d i d  b y  a s s u m i n g  t h e  f o r m  o f  t h e  

m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  (M W D) i n  t h e  d i l u e n t  a n d  p r e c i p i t a t e d  

p h a s e s ,  s u m m in g  t h e m ,  a n d  c a l c u l a t i n g  t h e  i n s t a n t a n e o u s  v a l u e s  f o r  

n u m b e r  a v e r a g e  c h a i n  l e n g t h  a n d  w e i g h t  a v e r a g e  c h a i n  l e n g t h . T h e  

p r i n c i p a l  m o d e  o f  c h a i n  t e r m i n a t i o n  i n  p o l y m e r i s i n g  v i n y l  c h l o r i d e  i s  

b y  t r a n s f e r  t o  m o n o m e r .  U n d e r  t h e s e  c o n d i t i o n s  i n  a  h o m o g e n e o u s  

p o l y m e r i s i n g  s o l u t i o n  t h e  w e i g h t  f r a c t i o n  o f  m o l e c u l e s  o f  c h a i n
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length r is given by

Wr  = T2r exp(-Tr). (2 .6 .L 2 )

where r -  ̂̂ I 1/ 2
CM]

T h e  i n s t a n t a n e o u s  MWD o f  t h e  t o t a l  m i x t u r e  w a s  p o s t u l a t e d  a s

Wr  =  H i  Wr i  + M2  Wr  z ( 2 :6 .1 3 )

w h e r e  M-̂  a r e  t h e  m a s s  f r a c t i o n s  o f  p o l y m e r  p r o d u c e d  i n  p h a s e  i ,  

F u r t h e r  a n a l y s i s  y i e l d e d  t h e  n u m b e r  a v e r a g e  c h a i n  l e n g t h ,

n "  Mi Ti  + M2 T2

a n d  t h e  w e i g h t  a v e r a g e  c h a i n  l e n g t h ,

T h e r e  p o l y d i s p e r s i t y  i s  g i v e n  b y

( 2 . 6 . 1 4 )

( 2 .6 .1 5 )

z p  ~  r w / r n  ( 2 . 6 . 1 6 )

T h e  p r i n c i p a l  d i s a d v a n t a g e  o f  t h i s  a p p r o a c h  i s  t h a t  i t  a s s u m e s  a  

MWD r a t h e r  t h a n  g e n e r a t i n g  o n e  f r o m  a  c o n s i d e r a t i o n  f o  t h e  c h e m i c a l  

k i n e t i c  s c h e m e :  j u s t  h o w  t h i s  c a n  b e  d o n e  i s  s h o w n  i n  C h a p t e r  T h r e e .

S o  f a r  a l l  t h e  m o d e l s  h a v e  i g n o r e d  a n y  e f f e c t  t h e  c h a n g i n g  

p a r t i c l e  m o r p h o l o g y  m a y  h a v e  o n  t h e  r a t e  o f  p o l y m e r i s a t i o n .  A n e a r l y  

a t t e m p t  t o  i n v e s t i g a t e  t h i s  w a s  m a d e  b y  C o tm a n  e t  a l  ( 4 3 ) .

T h e i r  s t u d y  a t t e m p t e d  t o  a s c e r t a i n  t h e  r o l e  o f  p r e c i p i t a t e d  

p a r t i c l e  p r o p e r t i e s  i n  d e t e r m i n i n g  r a t e s  o f  p o l y m e r i s a t i o n  a n d  

i n v o l v e d  b o t h  k i n e t i c  m e a s u r e m e n t s  a n d  e l e c t r o n  m i c r o g r a p h  

e x a m i n a t i o n  o f  t h e  f o r m e d  p o l y m e r .  U s i n g  c h a i n  t r a n s f e r  a g e n t s  t o  

p r o d u c e  s h o r t  c h a i n  PV C , t h e y  e s t i m a t e d  t h e  s o l u b l e  c h a i n  l e n g t h s  t o  

b e  o f  o r d e r  2 5  t o  3 0  m o n o m e r  u n i t s  l o n g .
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T h e  f r e e  r a d i c a l s  w e r e  t h o u g h t  t o  p r e c i p i t a t e  o n  o r  w i t h i n  

a g g r e g a t e s  o f  p a r t i a l l y  s w o l l e n  d e a d  p o l y m e r .  A c c r e t i o n  i n  t h i s  

m a n n e r  o n  a n  o b s e r v e d  c o n s t a n t  n u m b e r  o f  n u c l e i  ( - 5  x  1 0 1 1 cm- 3 ) l e d  

t o  a  u n i f o r m  p a r t i c l e  s i z e  w h i c h  i n c r e a s e d  w i t h  c o n v e r s i o n .  T h e  

a u t o a c c e l e r a t i o n  w a s  a s c r i b e d  t o  p r o g r e s s i v e  r e d u c t i o n  o f  t e r m i n a t i o n  

r a t e  ( c . f .  B r e i t e n b a c h  a n d  S c h i n d l e r  ( 3 9 ) ) .  T h e  r e a s o n  f o r  t h e

d e m i n u a t i o n  o f  t e r m i n a t i o n  r a t e  w a s  t h o u g h t  t o  b e  d u e  t o  a  r e d u c t i o n  

i n  t h e  p r o b a b i l i t y  o f  c h a i n  t r a n s f e r  t o  m o n o m e r  b e i n g  a b l e  t o  p r o d u c e  

m o b i l e  r a d i c a l s  t o  t e r m i n a t e  o c c l u d e d  ( s t u c k )  f r e e  r a d i c a l s  i n  t h e  

p r e c i p i t a t e d  p o l y m e r .  T h e i r  e x p e r i m e n t a l  s t u d i e s  r e v e a l e d  a  

d i s c o n t i n u i t y  i n  t h e  r a t e  c u r v e  a t  l o w  c o n v e r s i o n s  ( - . 0 0 5 )  w h i c h  w a s  

t h o u g h t  t o  b e  d u e  t o  a n  a g g l o m e r a t i o n  o f  p r e c i p i t a t e d  n u c l e i  a n d  a  

c o n s e q u e n t i a l  l o s s  o f  s u r f a c e  a r e a .  T h e  m o d e l  t h e y  p r o p o s e  h o w e v e r  

i s  s i m i l a r  i n  i t s  f u n c t i o n a l  f o r m  t o  t h a t  o f  M i c k l e y  e t  a l .

K u c h a n o v  a n d  B o r t  ( 4 5 )  d e v e l o p e d  a  m o d e l  w h i c h  e x t e n d e d  a n d  

a t t e m p t e d  t o  u n i f y  e a r l i e r  e x p e r i m e n t a l  s t u d i e s  o f  t h e  k i n e t i c s  a n d  

m o r p h o l o g y  o f  PVC g r o w t h  ( 2 9 , 3 0 , 3 1 ) .  L i k e  C o tm a n  e t  a l ,  t h e y  h a d  

r e a l i s e d  t h a t  m o r p h o l o g i c a l  d e v e l o p m e n t  m i g h t  b e  s i g n i f i c a n t  i n  t h e  

d e t e r m i n a t i o n  o f  t h e  r a t e  o f  r e a c t i o n ,  t h o u g h  t h e y  p l a c e d  m o r e  

e m p h a s i s  o n  t h e  t r a n s p o r t  o f  r a d i c a l s  b e t w e e n  p h a s e s .

T h e  p r e c e p t s  o f  t h e i r  m o d e l  a r e : -

( i )  P o l y m e r i s a t i o n  o c c u r s  i n  tw o  p h a s e s : t h e  f i r s t  i s  a  

c o n t i n u u m  o f  m o n o m e r  w i t h  a  v e r y  s m a l l  c o n c e n t r a t i o n  o f  

d i s s o l v e d  p o l y m e r  a n d  t h e  s e c o n d  i s  a  d i s p e r s i o n  o f  a  

c o n s t a n t  n u m b e r  o f  ’m i c r o g l o b u l e s  * o r  p r i m a r y  p a r t i c l e s  o f  a  

d e n s e  p r e c i p i t a t e d  p o l y m e r .

( i i )  T h e  r a t e  o f  p o l y m e r i s a t i o n  i s  f a s t e r  i n  t h e  p r e c i p i t a t e d  

p o l y m e r  p h a s e  t h a n  i n  t h e  m o n o m e r  p h a s e  b e c a u s e  o f  t h e  

d e c r e a s e d  r a t e  o f  t e r m i n a t i o n .

( i i i )  F r e e  r a d i c a l s  c a n  d i f f u s e  b e t w e e n  p o l y m e r  a n d  m o n o m e r  

p h a s e s .

( i v )  I n i t i a t o r  h a s  d i f f e r e n t  s o l u b i l i t i e s  i n  e a c h  o f  t h e  p h a s e s :
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t h e  r a t i o  o f  t h e  i n i t i a t o r  s o l u b i l i t i e s  i n  t h e  p o l y m e r  a n d  

m o n o m e r  p h a s e s  i s  y  ( = t h e  N e r n s t  D i s t r i b u t i o n

c o e f f i c i e n t  f o r  i n i t i a t o r .

( v )  T h e r e  a r e  d i f f e r e n t  i n i t i a t o r  e f f i c i e n c e s  i n  e a c h  p h a s e .  

I n i t i a t o r  d i s s o l v e d  i n  t h e  p o l y m e r  p h a s e  i s  l i k e l y  t o  b e  

s u r r o u n d e d  b y  a  p o l y m e r  m a t r i x  w h i c h  r e s t r i c t s  a c c e s s  o f  

m o n o m e r  a n d  r a d i c a l s  t o  a  n a s c e n t  i n i t i a t o r  r a d i c a l .  S u c h  

n a s c e n t  r a d i c a l s  a r e  l e s s  l i k e l y  t o  p r o p a g a t e  t h a n  s i m i l a r  

r a d i c a l s  i n  t h e  m o n o m e r  p h a s e  w h i c h  a r e  s u r r o u n d e d  b y  a  s e a  

o f  m o n o m e r .

M a t e r i a l  b a l a n c e s  w e r e  c o n s i d e r e d  f o r  m o n o m e r/  i n i t i a t o r  a n d  

r a d i c a l s  i n  e a c h  p h a s e .  T h e  f l u x  o f  r a d i c a l s  b e t w e e n  t h e  m o n o m e r  a n d  

p o l y m e r  p h a s e  w a s  g i v e n  b y :

J 1 2  =  4TTD,. r  N [ R . J

w h e r e  Dx i s  a  r a d i c a l  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  p r i m a r y  

p a r t i c l e s  ( n u m b e r /  N ) 

r  i s  t h e  r a d i u s  o f  t h e  p r i m a r y  p a r t i c l e s  

a n d  [ R jl]  i s  t h e  c o n c e n t r a t i o n  o f  p r i m a r y  p a r t i c l e s  i n  t h e  

m o n o m e r  p h a s e .

M a k i n g  a  s t e a d y - s t a t e  a p p r o x i m a t i o n  o n  t h e  n u m b e r  o f  r a d i c a l s  i n  

t h e  p o l y m e r i s a t i o n  s y s t e m ,  t h e y  d e d u c e d  t h e  f o l l o w i n g  r a t e  e x p r e s s i o n  

a f t e r  c o m p l e x  a l g e b r a i c  m a n i p u l a t i o n s .

< t> (x ,y )
w

w,
y  1 A/ 2  f ( 1 - x ) F  

l - x ( 1 - y ) J L 1 + / 1 + F 2
+ . 2 9 B A y x  +

2 ( l - x )  l l V i  

1 + / 1 + F 2 ] J

w h e r e  y  

x

r e p r e s e n t s  t h e  p r o p o r t i o n  o f  i n i t i a t o r  r e m a i n i n g  

i s  a  d i m e n s i o n l e s s  c o n v e r s i o n  ( P / a 2 )

a r e  t h e  m o l  f r a c t i o n s  o f  p o l y m e r  i n  t h e  m o n o m e r  a n d  p o l y m e r  

p h a s e s  r e s p e c t i v e l y

i s  a  r a t i o  o f  d i f f u s i o n  t i m e s  o f  r a d i c a l s  t o  t h e  i n i t i a t i o n

t i m e
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F ^ A(_l-x)yV^_ ^ <w iX kti)l/z vi
x ^ 7 3 [ j . - x (  x - y ) ]*■/*■ 2 ttD , r  N

. 2 7 (  2 f  k t [ I , J  k fcj ) J- / 2  ] 
w h e r e  A ------------------------------------------------- j

B t h e  r a t i o  o f  t h e  s q u a r e  r o o t  o f  t h e  r a t e  o f  

t e r m i n a t i o n  i n  p o l y m e r  a n d  m o n o m e r  p h a s e s .

X -Z .^D z  
f i  Kdjl

Wo1 = 2 f L

,  t h e  r a t i o  o f  t h e  r a t e s  o f  i n i t i a t i o n  i n  t h e  

p o l y m e r  a n d  m o n o m e r  p h a s e s ,  

k o j .  [ 111# t h e  r a t e  o f  i n i t i a t o r  i n  t h e  m o n o m e r  

p h a s e

wo  =  k p
Wq1] V z

* t j w «2
d x

d t

T h e  m o d e l  d e s c r i b e s  t h e  p r o c e s s  w e l l  u p  t o  2 0  t o  3 0 %  c o n v e r s i o n .  

B e y o n d  t h i s  c o n v e r s i o n ,  t h e  e x t e n t  o f  a u t o a c c e l e r a t i o n  i s  

u n d e r e s t i m a t e d  b y  t h e i r  t h e o r y .  K u c h a n o v  a n d  B o r t  s u g g e s t  t h e r e f o r e  

t h a t  p o o r  h e a t  r e m o v a l  f r o m  t h e  p o l y m e r i s i n g  d r o p l e t s  o f  PVC/VCM 

l e a d s  t o  i n c r e a s e d  t e m p e r a t u r e s  a n d  t h e  d e v e l o p m e n t  o f  ' h o t  s p o t  

k i n e t i c s ' ,  i e ,  h i g h e r  r a t e  o f  r e a c t i o n ,  a t  t h e  l o c i i  o f  

p o l y m e r i s a t i o n .  T h e y  d o  n o t  t e s t  t h i s  h y p o t h e s i s  ( s e e  S e c t i o n  3 . 5 ) .

T h e  m o d e l s  o f  K u c h a n o v  a n d  B o r t  ( 4 5 )  a n d  A b d e l  A l i m  a n d  H a m i e l e c  

( 4 4 )  a r e  c o m p a r e d  i n  F i g u r e  2 . 9 .  W i t h  lo w  d i f f u s i o n  c o e f f i c i e n t s  

( D  < 1 . 2  x  1 0 ~ 1 3 H2 s _ 1 )  t h e r e  i s  g o o d  a g r e e m e n t  b e t w e e n  t h e  t w o  

m o d e l s ;  t h e  m o d e l  o f  A b d e l  A l i m  i s  t h e  l i m i t i n g  c a s e  o f  K u c h a n o v 's  

m o d e l  w i t h  n o  d i f f u s i o n  o f  r a d i c a l s .  I n c r e a s i n g  t h e  d i f f u s i o n a l  f l u x  

o f  r a d i c a l s  c a u s e s  t h e  i n i t i a l  r a t e  t o  i n c r e a s e ,  w i t h  d e c r e a s i n g  

a u t o a c c e l e r a t i o n  a t  h i g h e r  c o n v e r s i o n s :  t h i s  i s  n o t  o b s e r v e d  

e x p e r i m e n t a l l y .
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RATE VERSUS CONVERSION
-Predictions Compared Temp=50°C

F IG U R E  2 . 1 2

KEY

T e m p e r a t u r e  5 0 ° C  

K u c h a n o v  a n d  B o r t  

D  D =  1 . 2  x  1 0 “ -L-I m2 s “ 't

D y n a m i c  S o l u t i o n  o f  M a s s  B a l a n c e  ODES 

O D =  1 . 2  x  1 0 “ -L-Lm2 s - J - 

QSSA o n  r a d i c a l s  

V D < 1 . 2  x  l O - -1 3 m2 s - i  

a  A b d e l  A l i m  e t  a l

O t h e r  c o n d i t i o n s  a s  T a b l e  2 . 4



TABLE 2.4 - Parameters for Figure 2.12:For the Model Kuchanov and Bort

M o n o m e r P h a s e  ( 1 ) P o l y m e r  P h a s e  ( 2 )

P o l y m e r  M a s s  F r a c t i o n a x =* . 0 3 a 2  »  . 7 7

D e n s i t y  R a t i o  ( m o n o m e r : p o l y m e r ) u x = . 6 0 7 1 l/2  = . 6 0 7 1

I n i t i t a t o r  D e c o m p o s i t i o n  R a t e  C o n s t a n t  ( 9 ~ x ) k ^ j .  »  . 2 0 3 9  x  1 0 ~ 5 k<j2  = . 2 0 3 9  x  1 0 “ s

T e r m i n a t i o n  R a t e  C o n s t a n t  ( m 3 m o l " J- s _ i ) k t j .  = . 1 8 2 5 9  X 1 0 7 k t 2  = . 1 9 5 8 2  X 1 0 *

I n i t i a t o r  E f f i c i e n c i e s f j .  "  *7 f 2  = . 5

P r o p a g a t i o n  R a t e  C o n s t a n t 1 . 6 9 6 5 4 m 3 m o l ~ i s “ i

I n i t i a t o r  D i s t r i b u t i o n  C o f f i c i e n t y *  [i.J / [ I i ]  ® .65
I n i t i a l  V o lu m e  o f  M o n o m e r 1 . 0 m 3

Initial Rate of Initiation (w0A) 0 . 1 2 3 1 8  X 1 0 _ 3 m o l

C o n c e n t r a t i o n  o f  P r i m a r y  P a r t i c l e s  ( [ N ] ) 5  x  1 0 1 7 m—3

I n i t i a l  I n i t i a t o r  C o n c e n t r a t i o n  ( C I O ) . 4 3 1 5 ic 1 0 * m  3

T e m p e r a t u r e 5 0 ° C

F o r  t h e  m o d e l  o f  A b d e l  A l i m  a n d  H a n i e l e c

T e m p e r a t u r e 5 0 ° C

x £ . 7 7

Q 5 . 5

C o m b in e d  r a t e  c o n s t a n t  e q  2 . 6 . 1 0 )  k x 1 . 2 5  h r _ 1 ( m o l  f r a c t ) - 1 / *

R a t e  e n h a n c e m e n t  i n  p o l y m e r  p h a s e  P 2 2 . 7
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O l a j  ( 4 6 , 4 7 , 4 8 )  a n d  C J g e l s t a d  ( 1 5 , 5 0 , 5 1 )  a l s o  c o n s i d e r e d  t h e  

i n t e r p h a s e  t r a n s p o r t  o f  r a d i c a l s  t o  b e  s i g n i f i c a n t  i n  d e t e r m i n i n g  t h e  

r a t e  o f  p o l y m e r i s a t i o n  o f  v i n y l  c h l o r i d e .

O l a j  ( 4 6 , 4 7 , 4 8 )  h y p o t h e s i s e d  t h a t  t e r m i n a t i o n  t o o k  p l a c e  

p r i n c i p a l l y  w i t h i n  t h e  p r e c i p i t a t e d  p o l y m e r  p h a s e .  H e p r e s e n t e d  a  

m o d e l  o f  t h e  f o r m

^  =  a  + b  x 1 / 2
d t

w h i c h  m o d e l l e d  t h e  c o n v e r s i o n - t i m e  b e h a v i o u r  w e l l ,  u p  t o  1 0 %  

c o n v e r s i o n .  I n t e r p h a s e  r a d i c a l  t r a n s f e r  w ets c o n s i d e r e d  i m p o r t a n t :  

w i t h  r a d i c a l s  i n i t i a t e d  i n  t h e  m o n o m e r  p h a s e  t e r m i n a t i n g  i n  t h e  

p o l y m e r  p h a s e .  A u t o - a c c e l e r a t i o n  w a s  a s c r i b e d  t o  r e d u c t i o n  i n  t h e  

g e l  p h a s e  t e r m i n a t i o n  c o n s t a n t ,  w h i l e  a n  i n i t i a l  d r o p  i n  r a t e  ( a t  

c o n v e r s i o n s  < 1 % )  w a s  d u e  t o  a  r a p i d  r e d u c t i o n ,  b y  f l o c c u l a t i o n ,  o f  

t h e  n u m b e r  o f  p r e c i p i t a t e d  p r i m a r y  p a r t i c l e s .  O l a j  s h o w e d  h i s  m o d e l  

t o  b e  o f  t h e  s a m e  f o r m  a s  U g e l s t a d ' s  ( 4 7 )  a n d  b o t h  w e r e  c l a i m e d  

s u p e r i o r  i n  f i t t i n g  e x p e r i m e n t a l  d a t a  u p  t o  2 0 %  w h e n  c o m p a r e d  w i t h  

t h e  m o d e l s  o f  T a l a m i n i  ( 4 1 ) ,  B e n g o u g h  a n d  N o r r i s h  ( 3 7 )  a n d  S c h i n d l e r  

a n d  B r e i t e n b a c h  ( 3 9 a ) .  O l a j  ( 4 8 )  u s e d  h i s  m o d e l  i n  d e t e r m i n i n g  t h e  

r a t i o  k p ^ / k t ) 1 / 2  u p  t o  1 0 %  c o n v e r s i o n  f o r  p o l y m e r i s a t i o n s  u n d e r t a k e n  

a t  d i f f e r e n t  t e m p e r a t u r e s .

U g e l s t a d  s u g g e s t e d  a  m o d e l  w h e r e  t h e  i n t e r c h a n g e  o f  r a d i c a l s  i s  

i m p o r t a n t  a t  lo w  c o n v e r s i o n  ( 1 5 , 5 0 , 5 1 ) .  U s i n g  t h e  s t e a d y  s t a t e  

a p p r o x i m a t i o n  f o r  r a d i c a l s ,  i n  t h e  l i q u i d  p h a s e :

2 f  k D t I ] x .  -  k a [ R - ] L  + k a - J R - J p  -  2 k t l [ R - V L  =  o  ( 2 . 6 . 1 9 )

a n d  i n  t h e  p o l y m e r  p h a s e :

2 f  k D[ I ] p  + k a [ R . ] L  k a - ^ C R - l p  -  2 k t l [ R - ] 2  Vp  =  0  ( 2 . 6 . 2 0 )

w h e r e  k a ,  k a _ x r e p r e s e n t  a d s o r p t i o n  a n d  d e s o r p t i o n  c o e f f i c i e n t s  f o r  

r a d i c a l s  o n t o  a n d  f r o m  t h e  p o l y m e r  p h a s e .
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I f  a d s o r p t i o n  a n d  d e s o r p t i o n  d o m i n a t e ,  t h e n

k a [ R - ] L -  k a _ 1 [ R 0 ] p  ( 2 . 6 . 2 1 )

a n d

[ R o l p / C ^ o l L  “  k a / k a _ x -  Q 

w h e n c e

[ R ‘ ] l  “  C * i  I / ( V L k t L  + Q 2  Vp  k t p ) ] 1 / 2  ( 2 . 6 . 2 2 )

[ R* ]  =  [ k i  I / ( V L k t L  + Q 2  Vp  k t p ) ] l / 2  Q ( 2 . 6 . 2 3 )

T h e  c o n s e r v a t i o n  e q u a t i o n  f o r  m o n o m e r  b e c o m e s

-d M

d t
=  [ k i  I / ( V L k t l  + Q z  V p k t p ) ] l / 2  k p [M t, + QMp] 

o r  i n  t e r m s  o f  c o n v e r s i o n ,  c ,

( 2 . 6 . 2 4 )

d c * i _ L
d t  U V L k t L  + Q2  Vp  k t p J 

w h e r e  a  =  P n / P p *

I k t 1  -  c  -  a c  + q a c ( 2 .6 .2 5 )

Q m u s t  b e  f i t t e d  t o  e x p e r i m e n t a l  d a t a .  T h i s  m o d e l  i s ,  d e s p i t e  

c o n s i d e r a t i o n  o f  i n t e r p h a s e  t r a n s f e r  o f  r a d i c a l s ,  f u n c t i o n a l l y  

s i m i l a r  t o  t h a t  o f  T a l a m i n i ’ s  ( 4 1 ) .  T h e  p r i n c i p a l  d r a w b a c k  t o  t h e  

m o d e l s  o f  O l a j  a n d  C J g e l s t a d  i s  t h e  a s s u m p t i o n  t h a t  i n t e r p h a s e  r a d i c a l  

t r a n s p o r t  i s  i n s t a n t a n e o u s : i t  i s  t h e r e f o r e  u n i m p o r t a n t  h o w  t h e  

p r e c i p i t a t e d  p h a s e  i s  f o r m e d :  h o w  m u c h  i s  f o r m e d  i s  c r u c i a l .

A l t h o u g h  C o t m a n  e t  a l  ( 4 3 )  a n d  K u c h a n o v  a n d  B o r t  ( 4 5 )  h a d  

i n c o r p o r a t e d  t h e  c o n c e p t  o f  a  c o n s t a n t  n u m b e r  o f  u n i f o r m l y  s h a p e d  

p r i m a r l y  p a r t i c l e s  i n  t h e i r  d e s c r i p t i o n s  o f  t h e  c h e m i c a l  k i n e t i c s  a n d  

c o u l d  t h u s  c a l c u l a t e  t h e  a m o u n t  o f  i n t e r p h a s e  r a d i c a l  t r a n s p o r t ,  

p r i m a r y  p a r t i c l e s  w e r e  k n o w n  f r o m  s t u d i e s  o f  e l e c t r o n  m i c r o g r a p h s  t o  

h a v e  a  p a r t i c l e  s i z e  d i s t r i b u t i o n  a n d  t o  a g g l o m e r a t e  a s  a g g r e g a t e s .
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R ay  a n d  J a i n  ( 4 9 )  c o n s i d e r e d  t h e  d e v e l o p m e n t  o f  a  p a r t i c l e  s i z e  

d i s t r i b u t i o n  w i t h  a  c o n s e r v a t i o n  e q u a t i o n  o f  t h e  f o r m :

5f  3 (c  F( v,  t ) rv
—  ( V , t )  t  - > ---- r ~ - ~ -  ~  k c ( V  -  v ,  v  ) F (  V -  v ,  t  )F (  v ,  t  )dV
a t d V J o

( A )  ( B )  ( C )

r00
-  F ( V , t ) | k c ( V , v ) F ( v , t  ) d V  ( 2 . 6 . 2 6 )

J o

( D )

+ 6 ( V  — v c ) r p r e c ( Vc )

( E )

w h e r e  F ( V , t ) d V  i s  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  h a v i n g  v o lu m e  V  t o

V t  dV  a t  t i m e  t .

T e r m  ( B )  r e p r e s e n t s  t h e  r a t e  a t  w h i c h  p a r t i c l e s  e n t e r  t h e  r a n g e

V + dV  b y  p o l y m e r i s a t i o n  g r o w t h  ( t h i s  t e r m  w a s  a s s u m e d  n e g l i g i b l e ) .

T e r m  ( C )  r e p r e s e n t s  f l o c c u l a t i o n  w i t h  p a r t i c l e s  o f  s i z e  V - v  w i t h  

t h o s e  o f  s i z e  v  t o  c r e a t e  p a r t i c l e s  o f  s i z e  V .

T e r m  ( D )  r e p r e s e n t s  f l o c c u l a t i o n  o f  a l l  p a r t i c l e s  o f  s i z e  V t o  

r e m o v e  t h e m  f r o m  t h e  p o p u l a t i o n .

T e r m  ( E )  r e p r e s e n t s  t h e  p r e c i p i t a t i o n  o f  p r i m a r y  n u c l e i  f r o m  t h e  

m o n o m e r p h a s e .

k ^ V ^ V )  i s  a  k i n e t i c  f l o c c u l a t i o n  p a r a m e t e r  o f  t h e  f o r m  

a ( W ) - 1 / 3 , a  b e i n g  a  v a r i a b l e  c o n s t a n t .

T o t a l  p o p u l a t i o n s  o f  p r i m a r y  p a r t i c l e s  g i v e n  b y

NT ( t ) =  f °  F ( V , t ) d V  
J o

w e r e  f o u n d  t o  a g r e e  w e l l  w i t h  e x p e r i m e n t  ( 4 3 , 3 1 )  t h o u g h  t h i s  e n t a i l e d  

f i t t i n g  a  t o  e x p e r i m e n t a l  d a t a :  R a y  a n d  J a i n  s u g g e s t  c o r r e l a t i o n  w i t h  

a g i t a t i o n  c o n d i t i o n s ,  v i s c o s i t y ,  e t c .

R a y  a n d  J a i n  a s s u m e d  t h a t  t h e  r a t e  o f  p r e c i p i t a t i o n  o f  p r i m a r y  

p a r t i c l e s  ( t e r m  E )  w a s  p r o p o r t i o n a l  t o  t h e  r a t e  o f  p o l y m e r i s a t i o n
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which was assumed to be constant, facilitating the solution of 
(2.6.26). Hence, although the model avoids describing the chemical 
kinetic processes accurately, it offers the potential description of 
the particle size distribution (and possibly pore size 
distributions).

Two f u r t h e r  m o d e l s  a r e  w o r t h y  o f  c o n s i d e r a t i o n .  T h e  f i r s t  i s  d u e  

t o  T h i e l e  e t  a l  ( 5 2 )  a n d  o f f e r s  a n  e x t e n s i v e  t r a n s p o r t  t r e a t m e n t  o f  

t h e  k i n e t i c s ,  e x t e n d i n g  t h e  i n t e r p h a s e  t r a n s p o r t  o f  r a d i c a l s  t o  

m o n o m e r a n d  i n i t i a t o r .  T h e  o t h e r  m o d e l  i s  d u e  t o  S u r e s h  a n d  C h a n d a  

( 5 3 ) :  i t  e x t e n d s  t h e  t r e a t m e n t  o f  T a l a m i n i  ( 4 1 )  a n d  A b d e l  A l i m  ( 4 4 )  

w h o  t h i n k  t h a t  i n t e r p h a s e  t r a n s p o r t  o f  r a d i c a l s  i s  n e g l i g i b l e .

T h e  m o d e l  d u e  t o  T h i e l e  ( 5 2 )  i s  a  t w o - p h a s e  m o d e l  w i t h  a  l i q u i d  

m o n o m e r p h a s e  a n d  a  m o n o m e r  s w o l l e n  d i s p e r s e  p o l y m e r  p h a s e .  T h e  

c o n s e r v a t i o n  e q u a t i o n s  a r e :

F o r  t h e  l i q u i d ,

w h e r e  n j  r e p r e s e n t s  t h e  m o l a r  m a s s e s  o f  c o m p o n e n t  j  ( i n i t i a t o r ,  

m o n o m e r , r a d i c a l s  o r  p o l y m e r )  a n d  /3 i s  a  m a s s  t r a n s f e r  c o e f f i c i e n t .  

M a s s  t r a n s f e r  i s  n o n - s e l e c t  i v e  a n d  m o n o m e r  a c t s  a s  t h e  c a r r y i n g  

m e d iu m . T h e  B o d e n s t e i n  q u a s i - s t e a d y  s t a t e  a p p r o x i m a t i o n  i s  a p p l i e d  

t o  r a d i c a l s  a n d  a  l e a s t  s q u a r e s  m e t h o d  i s  u s e d  t o  o p t i m i s e  k i n e t i c  

p a r a m e t e r s . G o o d  a g r e e m e n t  w i t h  e x p e r i m e n t  i s  a c h i e v e d  t o  h i g h  

c o n v e r s i o n .  I t  i s  v e r y  d i s t u r b i n g  h o w e v e r  t o  s e e  t h a t  t h e  r a t e  

c o n s t a n t s  p r e d i c t e d  b y  t h e  o p t i m i s a t i o n  s t u d y  c o m p l e t e l y  d i s a g r e e  

w i t h  t h o s e  p u b l i s h e d  e l s e w h e r e  ( e . g .  4 5 ) .  S e e  T a b l e  2 . 5 .  T h e  

q u a n t i t a t i v e  r e s u l t s  o f  t h i s  s t u d y  m u s t  b e  s u b j e c t  t o  d o u b t .

( 2 .6 .2 7 )

a n d  f o r  p o l y m e r  p h a s e

( 2 .6 .2 8 )

T h e  m o d e l  d u e  t o  S u r e s h  a n d  C h a n d a  ( 5 3 )  e x t e n d s  t h e  

T a l a m i n i / A b d e l - A l i m  a p p r o a c h  b y  a s s u m i n g  t h a t  r a p i d l y  g r o w i n g  p o l y m e r



TABLE 2.5 Comparison of Rate Constants

( 1 )  f r o m  T h i e l e  e t  a l  ( 5 2 )

( 2  ) f r o m  K u c h a n o v  e t  a l  (  4 5 )

F r e q u e n c y  F a c t o r  

(M 3 k m o l - 1  m i n - 1 )

A c t i v a t i o n  E n e r g y  j 

Jm  c l ~ x

L i q u i d  P h a s e
( 1 ) ( 2 ) ( 1 ) ( 2 )

P r o p a g a t  i o  n , Kw o ̂ 6 .4 3  X 1 0 3 3 X 10® 5 .0 1  x 1 0 3 27.63 X 1

T e r m i n a t i o n  b y  k u o ^  

t r a n s f e r  t o  m o n o m e r

6 . 6 2 3 . 2 5 5  X 1011 4 .0 8  X 103 j 3 * 6 2 x  1 0 3

T e r m i n a t i o n  k a Q l 5 .4 1  x  105 7 .8  X 1013 4 .6 5  x  102 1 7 . 5 8  X 1 0 3

P o l y m e r  P h a s e

P r o p a g a t  i o n , k w o s 2 .02  x  103 3 X 10® 0 ( ? ) 2 7 . 6 3  x  1 0 3

T e r m i n a t i o n  b y ,  k u o s  
t r a n s f e r  t o  m o n o m e r

4 .83 3 .255 x 10Lt 4 .0 0  x  10 3 S ^ C L X  1 0 3

T e r m i n a t i o n  k  s  
a o 9 .58  x  103 4 .2  x  103 4 . 9  x  102 3 4 . 3 5 8  X 1 0 3

( T h e  m o s t  s e r i o u s  d i s c r e p a n c y  a p p e a r s  t o  b e  t h e  a c t i v a t i o n  e n e r g y  f o r  t e r m i n a t i o n .  A l l  t h e  o t h e r  r e s u l t s  o f  T h i e l e  

c o u l d  s t e m  f r o m  t h i s )
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c h a i n s  h a v e  c o n s i d e r a b l y  g r e a t e r  s o l u b i l i t y  t h a n  p r e f o r m e d  p o l y m e r  

m o l e c u l e s  o f  t h e  s a m e  s i z e :  t h e y  c a n  r e m a i n  i n  s o l u t i o n  u n d e r

t h e r m o d y n a m i c a l l y  u n f a v o u r a b l e  c o n d i t i o n s .  T h i s  c o n c e p t  t h e y  c a l l  

k i n e t i c  s o l u b i l i t y  a n d  i t  i s  a  f u n c t i o n  o f  c h a i n  l e n g t h .  How i t  

d i f f e r s  f r o m  s u p e r s a t u r a t i o n  i s  n o t  c l e a r l y  e x p l a i n e d .  T h e  k i n e t i c  

s o l u b i l i t y  c u r v e  ( k i n e t i c  c h a i n  s o l u b i l i t y  v e r s u s  c h a i n  l e n g t h )  i s  a  

p r i o r i  u n k n o w n , a n d  s o  a n  o p e r a t i n g  s o l u b i l i t y  c u r v e  i s  f u r t h e r  

d e f i n e d  i n  s u c h  a  w a y  t h a t  t h e  k i n e t i c  s o l u b i l i t y  i s  r e m o v e d  f r o m  t h e  

r a t e  e x p r e s s i o n .  A l t h o u g h  t h e  a u t h o r s  a s s e r t  t h a t  t h e  o p e r a t i n g  

s o l u b i l i t y  c a n  b e  r e c o v e r e d  f r o m  e x p e r i m e n t a l  r a t e  d a t a ,  h o w  t h i s  c a n  

b e  d o n e  i s  n o t  e x p l a i n e d .  N o r  i s  i t  c l e a r  o n  w h a t  t h e r m o d y n a m i c  

b a s i s  t h e  o p e r a t i n g  s o l u b i l i t y  c u r v e  c a n  p o s s i b l y  e x i s t .

SUMMARY

T h e r e  h a v e  b e e n  a  c o n s i d e r a b l e  n u m b e r  o f  m o d e l s  t o  d e s c r i b e  t h e  

p o l y m e r i s a t i o n :  m o s t  a r e  r e a s o n a b l y  a c c u r a t e  i n  d e s c r i b i n g  lo w  

c o n v e r s i o n  b e h a v i o u r .  M o s t  o f  t h o s e  r e v i e w e d  i n  t h i s  c h a p t e r  a g r e e d  

t h a t  t h e  p o l y m e r i s a t i o n  p r o c e e d s  i n  t w o  p h a s e s :  a  m o n o m e r  p h a s e  w i t h  

a  s m a l l  a m o u n t  o f  PVC d i s s o l v e d  i n  i t  a n d  a  p o l y m e r  p h a s e  s w o l l e n  b y  

m o n o m e r . T h e  m o d e l s  o f  T a l a m i n i  a n d  o f  A b d e l  A l i m  a n d  H a m i e l e c  

a s s u m e d  t h a t  r a d i c a l s  g r e w  s o  f a s t  t h a t  t h e y  p r e c i p i t a t e d  a n d  

t e r m i n a t e d  w h e r e  t h e y  w e r e  i n i t i a t e d .  I n t e r p h a s e  t r a n s p o r t  o f  f r e e  

r a d i c a l s  w a s  n e g l i g i b l e .  U g e l s t a d  a n d  O l a j  o n  t h e  o t h e r  h a n d  a s s u m e d  

t h a t  m a s s  t r a n s f e r  o f  r a d i c a l s  o c c u r r e d  i n s t a n t a n e o u s l y .  F o r  e i t h e r  

o f  t h e s e  l i m i t i n g  c a s e s  o f  a  g e n e r a l  m a s s  t r a n s f e r  m o d e l ,  t h e  

s t r u c t u r e  o f  t h e  p r e c i p i t a t e d  p h a s e  i s  u n i m p o r t a n t .  O n l y  t h e  a m o u n t  

o f  t h e  p r e c i p i t a t e d  p h a s e  m u s t  b e  k n o w n .

C o tm a n  e t  a l ,  M i c k l e y  e t  a l  a n d  K u c h a n o v  a n d  B o r t  r e c o g n i s e d  t h e  

s i g n i f i c a n c e  o f  t h e  s t r u c t u r e  o f  t h e  p r e c i p i t a t e d  p o l y m e r .  T h e y  

a s s u m e d  t h a t  a  c o n s t a n t  n u m b e r  o f  p r i m a r y  p a r t i c l e s  g r e w  u n i f o r m l y  

a n d  t h a t  t h e  e x t e r n a l  s u r f a c e  f o r m e d  a n  i n t e r f a c e  t h r o u g h  w h i c h  

r a d i c a l s  c o u l d  d i f f u s e .  T h i e l e  e t  a l  a d o p t e d  a  s i m i l a r  a p p r o a c h :  

t h e y  a d d i t i o n a l l y  a l l o w e d  n o n - s e l e c t i v e  m a s s  t r a n s f e r  o f  i n i t i a t o r  

a n d  m o n o m e r  a c r o s s  t h e  i n t e r f a c e  w i t h  t h e  f l u x  o f  t h e s e  c o m p o n e n t s  

b e i n g  p r o p o r t i o n a l  t o  t h e  f l u x  o f  r a d i c a l s . ( A l l  t h e  o t h e r  m o d e l s
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m e n t i o n e d  i n  t h i s  s u m m a ry  a s s u m e d  t h a t  m o n o m e r a n d  i n i t i a t o r  c o u l d  

t r a n s f e r  f r e e l y  b e t w e e n  p h a s e s  i n d e p e n d e n t l y  o f  t h e  r a t e  o f  r a d i c a l  

m a s s  t r a n s f e r ) .

O n l y  o n e  m o d e l  c o n s i d e r e d  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  

p r e c i p i t a t e d  p r i m a r y  p a r t i c l e s .  T h e  m o d e l  o f  R a y  a n d  J a i n  h o w e v e r  

n e g l e c t e d  t h e  r a t e  o f  p o l y m e r i s a t i o n  b y  a s s u m i n g  i t  t o  b e  c o n s t a n t :  

t h i s  i s  a  s i g n i f i c a n t  s i m p l i f i c a t i o n ;  i t  a u t o a c c e l e r a t e s  

( F i g u r e  2 . 2 ) .

T h e  o t h e r  i m p o r t a n t  c h a r a c t e r i s t i c  w h i c h  m o d e l s  p r e d i c t e d  w a s  

m o l e c u l a r  w e i g h t  a n d  i t s  d i s t r i b u t i o n .  T h i e l e  e t  a l  c o n s i d e r e d  t h e  

n u m b e r  a v e r a g e  m o l e c u l a r  w e i g h t  o n l y .  A b d e l  A l i m  a n d  H a m i e l e c ,  

b e c a u s e  o f  t h e  d o m i n a n c e  o f  c b a i n  t r a n s f e r  t o  m o n o m e r  i n  VC 

p o l y m e r i s a t i o n ,  u s e d  a  k n o w n  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  f o r  

h o m o g e n e o u s  p o l y m e r i s a t i o n  w i t h  t h i s  m o d e  o f  t e r m i n a t i o n  a n d  

c a l c u l a t e d  a n  a v e r a g e  m o l e c u l a r  w e i g h t  o v e r  t h e  p r e c i p i t a t e d  a n d  

d i l u e n t  p h a s e s .

A l t h o u g h  m o s t  o f  t h e  m o d e l s  c a n  d e s c r i b e  lo w  c o n v e r s i o n  b e h a v i o u r  

w e l l  ( l o w  c o n v e r s i o n  e x p e r i m e n t s  c a n  b e  p e r f o r m e d  w i t h  d i l a t o m e t e r s ) 

t h e y  a r e  u n a b l e  t o  r e p r o d u c e  t h e  s h a r p l y  p e a k e d  r a t e  p r o f i l e s  s e e n  i n  

c o m m e r c i a l  p r o c e s s  a t  c . a .  7 7 %  c o n v e r s i o n  ( F i g u r e  2 . 2 )  j u s t  b e f o r e  

t h e  a u t o c l a v e  p r e s s u r e  b e g i n s  t o  f a l l  a s  f r e e  m o n o m e r  d i s a p p e a r s  f r o m  

t h e  s y s t e m .  T h e  m o d e l s  o u t l i n e d  i n  t h i s  C h a p t e r  a r e  n o t  c o n s i s t e n t  

w i t h  a l l  t h e  f a c t s  w e  n o w  h a v e  a b o u t  t h e  k i n e t i c s ,  m o r p h o l o g y  a n d  t h e  

p h y s i c a l  p r o p e r t i e s  o f  PV C .

T h e  a i m  o f  t h i s  s t u d y  t h e r e f o r e  i s  t o  d e v e l o p  a  d e t a i l e d  m o d e l  o f  

t h e  PVC s u s p e n s i o n  p r o c e s s .  A r i g o r o u s  a p p r o a c h  w i l l  b e  a d o p t e d  i n  

am a t t e m p t  t o  u n i f y  t h e  e x i s t i n g  t h e o r i e s  a b o u t  t h e  p o l y m e r i s a t i o n  

p r o c e s s  i n  a n  e f f o r t  t o  p r o d u c e  a  m o d e l  w h i c h  i s  c a p a b l e  o f  a  

c o m p l e t e  d e s c r i p t i o n  o f  a l l  a s p e c t s  o f  t h e  p o l y m e r i s a t i o n .

S u c h  a  m o d e l  m u s t  c o n s i d e r  t h e  c h e m i c a l  k i n e t i c s  o c c u r r i n g  i n  t h e  

d i l u e n t  a n d  p r e c i p i t a t e d  p h a s e s  t o g e t h e r  w i t h  a n y  t r a n s p o r t  o f  

s p e c i e s  b e t w e e n  t h e  p h a s e s  w h e t h e r  i t  b e  m o n o m e r , i n i t i a t o r  o r  

r a d i c a l s .

I t  s h o u l d  b e  c a p a b l e  o f  d e s c r i b i n g  t h e  d e v e l o p m e n t  o f  t h e  p o l y m e r
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p r o d u c t  s t r u c t u r e .  T h e  p r e c i p i t a t e d  p r i m a r y  p a r t i c l e s  m u s t  g r o w ,  

f l o c c u l a t e  a n d  p a c k  t o g e t h e r  w i t h i n  t h e  g r a i n s .  I d e a l l y ,  p a r t i c l e  

s i z e  d i s t r i b u t i o n s  o f  p r i m a r y  p a r t i c l e s ,  a g g l o m e r a t e s  a n d  s u b g r a i n s  

s h o u l d  b e  p r e d i c t e d .  F u r t h e r m o r e  s i n c e  t h e s e  p r o p e r t i e s  a r e  a f f e c t e d  

b y  a g i t a t i o n ,  t h e  m o d e l  s h o u l d  c o n s i d e r  t h e  r o l e  o f  a g i t a t i o n  a n d  

e s p e c i a l l y  h o w  i t  d e t e r m i n e s  t h e  i n i t i a l  g r a i n  s i z e  d i s t r i b u t i o n .

T h e  r e m a i n i n g  p o l y m e r  p r o p e r t i e s  w h i c h  s h o u l d  b e  m o d e l l e d  a r e  t h e  

p o r o s i t y ,  w h i c h  a r i s e s  b e c a u s e  o f  t h e  d e v e l o p m e n t  o f  a  " r i g i d "  

s t r u c t u r e  ( s k i n ) a r o u n d  a  c o n t i g u o u s  n e t w o r k  o f  p r i m a r y  a g g r e g a t e s  

c o u p l e d  w i t h  v o l u m e  c o n t r a c t i o n  w i t h  p o l y m e r i s a t i o n ,  t h e  p a c k i n g  

d e n s i t y ,  t h e  b u l k  d e n s i t y  a n d  t h e  m o l e c u l a r  w e i g h t  a n d  i t s  

d i s t r i b u t i o n  ( w h i c h  i s  r e l a t e d  t o  t h e  c h e m i c a l  k i n e t i c s ) .

F i n a l l y  t h e  m o d e l  s h o u l d  d e s c r i b e  t h e  p r o c e s s  c o n d i t i o n s  o f  

p r e s s u r e  a n d  t e m p e r a t u r e  w i t h i n  am a u t o c l a v e .
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C H A P T E R  TH REE

D EVELO PM ENT O F  TH E M A TH E M A TIC AL MODEL

F ro m  t h e  s t u d y  o f  t h e  m o r p h o g e n e s i s  o f  PVC d e s c r i b e d  i n  C h a p t e r  

T w o , a  n u m b e r  o f  d i s t i n c t  p h a s e s  p a r t i c i p a t i n g  i n  t h e  p o l y m e r i s a t i o n  

m a y  b e  i d e n t i f i e d .  I n  S e c t i o n  3 . 1  t h e  l o c i  o f  p o l y m e r i s a t i o n  a r e  

d e s c r i b e d .  T h e  d e v e l o p m e n t  o f  a  c o m p l e t e  s e t  o f  c o n s e r v a t i o n  

e q u a t i o n s  t o  d e s c r i b e  t h e  e n t i r e  s y s t e m  f o l l o w s .  A n u m b e r  o f  

s i m p l i f y i n g  a s s u m p t i o n s  f o r  p a r t i c u l a r  p h a s e s  a r e  i n t r o d u c e d .  T h e  

k i n e t i c  c o n t r i b u t i o n s  t o  t h e  m o d e l  e q u a t i o n s  a r e  c o v e r e d  i n  S e c t i o n  

3 . 3 A  a n d  t h e  m a s s  t r a n s f e r  t e r m s  a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  

s e c t i o n .  T h e  r e d u c t i o n  o f  t h e  i n f i n i t e  s e t  o f  c o u p l e d  d i f f e r e n t i a l  

e q u a t i o n s  f o r  t h e  m a s s  o f  e a c h  s p e c i e s  s o  d e v e l o p e d  t o  a  t r a c t a b l e  

l i m i t e d  s e t  f o r  t h e  m o m e n ts  o f  t h e  o v e r a l l  p o l y m e r  d i s t r i b u t i o n s  i s  

a c c o m p l i s h e d  u s i n g  a  g e n e r a t i n g  f u n c t i o n  ( S e c t i o n  3 . 4 ) .  F i n a l l y  h e a t  

t r a n s f e r  w i t h i n  d r o p l e t s  a n d  b e t w e e n  t h e m  a n d  t h e  c o n t i n u o u s  p h a s e  i s  

a n a l y s e d  u s i n g  d i m e n s i o n l e s s  g r o u p s .  T h e  c h a p t e r  e n d s  w i t h  a  s u m m a r y  

o f  t h e  f i n a l  f o r m a l  e q u a t i o n s  o f  t h e  m o d e l .

3 . 1  DOCI OF POLYM ERISATION

Vapour Phase (VCM)

/ / / / / / / / / / / / / /  n  / / / / / / /  r r j

Continuous Phase (Water)

VCM Droplet M-Oyjm)
Microgel (Basic Particles) 

(*0*l um)

Droplet/ Water 
Interface

. , x Bulk 
Primary P a rt .c le \s fQce

FIG U RE 3 . 1  — P h a s e s  i n  a n  a u t o c l a v e  o f  p o l y m e r i s i n g  v i n y l  c h l o r i d e



76 -

The following loci may be identified for polymerisation

1 .  T h e  V a p o u r  P h a s e

I n  a n  a u t o c l a v e  8 0 %  f i l l e d  w i t h  a  1 . 5 : 1  w a t e r i m o n o m e r  v / v  c h a r g e ,  

t h e  f r a c t i o n  o f  m o n o m e r  e x i s t i n g  a s  v a p o u r  ( a s s u m i n g  t h e  v a p o u r  i s  

p r i n c i p a l l y  c o m p o s e d  o f  m o n o m e r )  a t  5 0 ° C  i s  o f  t h e  o r d e r  1 . 5 % .  

A l t h o u g h  t h e  v a p o u r  p h a s e  h a s  b e e n  c i t e d  a s  a  r e s e r v o i r  o f  m o n o m e r  

a f t e r  p r e s s u r e  d r o p  ( 5 1 ) ,  i t s  c o n t r i b u t i o n  t o  t h e  o v e r a l l  r a t e  o f  

p o l y m e r i s a t i o n  m u s t  b e  s m a l l  b e c a u s e  o f  t h e  s m a l l  c o n c e n t r a t i o n s  o f  

m o n o m e r  a n d  t h e  i n s o l u b i l i t y  o f  t h e  i n i t i a t o r  t h e r e .  A t  5 0 ° C  t h e  

m o l a r  c o n c e n t r a t i o n  o f  VCM i s  c . a .  3 0 0  m o l s  m- 3  ( f r o m  t h e  p e r f e c t  g a s  

l a w )  c o m p a r e d  t o  a  c o n c e n t r a t i o n  o f  1 3 6 0 0  m o l s  m- 3  i n  t h e  m o n o m e r  

p h a s e  t o  b e  d e s c r i b e d . H o w e v e r  t h i s  p h a s e  h a s  a n  i m p o r t a n t  r o l e  i n  

t e r m s  o f  m a s s  t r a n s f e r  b e c a u s e  1 )  r e f l u x  c o n d e n s e r s  m a y  b e  u s e d  t o  

c o o l  t h e  p o l y m e r i s a t i o n  b y  r e m o v i n g  t h e  l a t e n t  h e a t  o f  v a p o u r i s a t i o n  

o f  m o n o m e r , a n d  b e c a u s e  2 )  t h e  r a t e  o f  p r e s s u r e  d r o p  w i l l  b e  

d e t e r m i n e d  b y  t h e  r a t e  a t  w h i c h  t h i s  s m a l l  a m o u n t  o f  v i n y l  c h l o r i d e  

c a n  t r a n s f e r  t h r o u g h  t h e  c o n t i n u o u s  p h a s e .

2 .  A q u e o u s  ( C o n t i n u o u s ) P h a s e

T h e  m a j o r  r o l e  f o r  t h i s  p h a s e  i s  a s  a  h e a t  s i n k  f o r  t h e  h e a t  o f  

p o l y m e r i s a t i o n  t o  p a s s  f r o m  t h e  m o n o m e r  d r o p l e t s  t o  t h e  r e a c t o r  w a l l .  

T h e  s o l u b i l i t i e s  o f  v i n y l  c h l o r i d e  a n d  i n i t i a t o r  a r e  u s u a l l y  s m a l l  

( s o l u b i l i t y  o f  v . c .  a t  5 0 ° C  i s  . 0 7 g / 1 0 0 g  H2 0  ~ 1 1 . 2 9  m o l s  m—3 ( I C I  

d a t a ) ) .  D e s p i t e  t h i s , t h e  p h a s e  h a s  a n  i m p o r t a n t  r o l e  t o  p l a y  i n  

m a s s  t r a n s f e r  a s  a  p o t e n t i a l l y  u n d e s i r a b l e  r e s i s t a n c e  t o  m o n o m e r  

p a s s a g e  b e t w e e n  v a p o u r  p h a s e  a n d  s u s p e n d e d  d r o p l e t s .

3 .  VCM D r o p l e t  S u r f a c e

E l e c t r o n  m i c r o s c o p y  s t u d i e s  ( 1 9 , 3 2 )  r e v e a l  t h a t  m o n o m e r  d r o p l e t s  

p o l y m e r i s i n g  t o  s u b g r a i n s  d e v e l o p  a  s u r f a c e  r e g i o n  w h i c h  d i f f e r s  

s i g n i f i c a n t l y  i n  n a t u r e  f r o m  t h e  b u l k  o f  t h e  s u b g r a i n .  T h e  n u m b e r
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d e n s i t y  o f  p r i m a r y  p a r t i c l e s  i s  h i g h e r  h e r e ,  a n d  t h e  c h e m i c a l  n a t u r e  

o f  t h e  p o l y m e r  i s  d i f f e r e n t  h e r e  b e c a u s e  t h e  a d s o r b e d  s u r f a c t a n t  

f o r m s  a  g r a f t  c o p o l y m e r  w i t h  p o l y ( v i n y l  c h l o r i d e ) .  I n i t i a t o r ,  t o o ,  

m a y  m i g r a t e  t o  t h e  i n t e r f a c e .  A l l  o f  t h e s e  f a c t o r s  m a y  c o n t r i b u t e  t o  

t h i s  r e g i o n  a t t a i n i n g  a  c o h e r e n t  c l o s e  p a c k e d  s t r u c t u r e  m u c h  e a r l i e r  

i n  t h e  p o l y m e r i s a t i o n  t h e m  i n  t h e  b u l k  o f  t h e  s u b g r a i n ,  a s  i t  f o r m s  a  

s t r o n g  p e r i c e l l u l a r  m e m b r a n e .  F u r t h e r  p o l y m e r i s a t i o n  w i t h i n  t h e  

d r o p l e t s  l e a d s  t o  t h e  d e v e l o p m e n t  o f  s p a c e  i n s i d e  t h e  d r o p l e t  b e c a u s e  

t h e  p o l y m e r  i s  m u c h  d e n s e r  t h a n  t h e  m o n o m e r . L i q u i d  m o n o m e r  

v a p o u r i s e s  t o  f i l l  t h e  s p a c e s  a n d  t o  m a i n t a i n  e q u i l i b r i u m .  P o r o s i t y  

i s  t h u s  d e v e l o p e d .  F o r  t h e s e  r e a s o n s ,  t h e  r a t e  o f  p o l y m e r i s a t i o n  i n  

t h i s  z o n e  m a y  b e  m o d i f i e d ,  t o  a l l o w  f o r  t h e  n u m b e r  c o n c e n t r a t i o n  o f  

p r i m a r y  p a r t i c l e s ,  a n d  s o  t h a t  i n i t i a t o r  c o n c e n t r a t i o n s  d i f f e r  f r o m  

t h e  r e s t  o f  t h e  d r o p l e t .

D e s p i t e  i d e n t i f y i n g  t h i s  z o n e  ( w h i c h  i n  a  4 0 jim  s u b g r a i n  m a y  

o c c u p y  a  d e p t h  o f  l ju n  o r  1 6 %  o f  t h e  p o l y m e r  v o l u m e )  i t  i s  u n l i k e l y  

t h a t  i t s  k i n e t i c  b e h a v i o u r  d u r i n g  p o l y m e r i s a t i o n  ( els  d i s t i n c t  f r o m  

s u b s e q u e n t  o b s e r v a t i o n  w i t h  a n  e l e c t r o n  m i c r o s c o p e )  c a n  b e  

d i s t i n g u i s h e d  e x p e r i m e n t a l l y  f r o m  t h e  m a j o r  l o c i  o f  p o l y m e r i s a t i o n  

w h i c h  w i l l  n o w  b e  d e s c r i b e d .

4 .  C o n t i n u o u s  M o n o m e r P h a s e  ( S u b q r a i n  B u l k )

T h i s  p h a s e  i s  e s s e n t i a l l y  p u r e  m o n o m e r;  t h e  m o l e  f r a c t i o n  

e q u i l i b r i u m  s o l u b i l i t y  o f  PVC i n  v i n y l  c h l o r i d e  i s  o f  t h e  o r d e r  

- 1 0 —3 . A t  l o w e r  c o n v e r s i o n s  t h a n  t h i s ,  t h e  m o n o m e r  p h a s e  r e p r e s e n t s  

t h e  s o l e  p o l y m e r i s a t i o n  s i t e .  B e y o n d  c o n v e r s i o n s  o f  - . 7 7 ,  w h e n  t h e r e  

i s  i n s u f f i c i e n t  m o n o m e r  t o  s w e l l  t h e  p o l y m e r  f o r m i n g ,  t h i s  p h a s e  w i l l  

d i s a p p e a r  a n d  t h e  a u t o c l a v e  p r e s s u r e  w i l l  f a l l .  U n d e r  w e l l  a g i t a t e d  

c o n d i t i o n s  t h e r e  a r e  u n l i k e l y  t o  b e  m a s s  t r a n s f e r  l i m i t a t i o n s  b e t w e e n  

t h e  v a p o u r  a n d  t h e  m o n o m e r  o r  p o l y m e r  p h a s e s .  T h e  v a p o u r  p r e s s u r e  i n  

t h e  r e a c t o r  w i l l  b e  d e s c r i b e d  b y  a  t h e o r y  q u a n t i f y i n g  t h e  b e h a v i o u r  

o f  a  c o n c e n t r a t e d  p o l y m e r  s o l u t i o n  (P V C  i n  V C M ); i n  t h i s  w o r k  i t  w i l l  

b e  a s s u m e d  t h a t  t h e  F l o r y  H u g g i n s  t h e o r y ,  t h o u g h  b y  n o  m e a n s  e x a c t ,  

i s  a  s u f f i c i e n t l y  g o o d  a p p r o x i m a t i o n  f o r  o u r  p u r p o s e s  ( F i g u r e  3 . 2 ) .
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I n i t i a t o r s  a r e  c h o s e n  t o  b e  h i g h l y  s o l u b l e  i n  t h i s  p h a s e ,  a n d  

a l t h o u g h  r a d i c a l s  m a y  g r o w  h e r e ,  t h e y  a r e  l i k e l y  t o  p r e c i p i t a t e  w h e n  

o n l y  a  f e w  u n i t s  l o n g .  G r o w i n g  r a d i c a l s ,  s u s p e n d e d  i n  t h e

m o n o m e r p h a s e , a r e  s t i l l  r e f e r r e d  t o  a s  m o n o m e r  p h a s e  r a d i c a l s  s i n c e  

t h e y  a r e  f r e e  t o  t e r m i n a t e  w i t h  e i t h e r  d i s s o l v e d  o r  s u s p e n d e d  

r a d i c a l s  i n  t h i s  p h a s e .  U p o n  a d s o r p t i o n  b y  t h e  p r i m a r y  p a r t i c l e s  

s u s p e n d e d  i n  t h i s  p h a s e ,  " m o n o m e r  p h a s e  r a d i c a l s "  b e c o m e  p o l y m e r  

p h a s e  r a d i c a l s .

Flory-Huggins:- p
ln( R/pJ  = in(i- v2) + (I - Ife) v21 X v2

— X=0-98 (Zichy) 
X=0-88 (Berens)

FIG U RE 3 . 2  -  V a r i a t i o n  o f  V a p o u r  P r e s s u r e  A b o v e  P o l y m e r  S y s t e m ,  PVC

i n  VCM

P o l y m e r  R i c h  P h a s e s

T h e  p r e c i p i t a t e d  p o l y m e r  r i c h  ( ' g e l ' )  p h a s e  h a s  a  c o m p o s i t i o n  o f  

- . 7 7  p o l y m e r  a n d  - . 2 3  m o n o m e r  b y  m a s s ,  a n d  e x i s t s  a s  t h e  h i g h l y
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deformable primary particles, whose history has been followed in the 
previous chapter. The high density of chains in this phase 
significantly reduces the chain-end segmental diffusion rate, and 
hence reduces the rate at which radicals can couple and terminate. 
This process is usually modelled by reducing the effective rate 
constant for termination.

Initiators may be soluble here, but not necessarily to the extent 
as in the monomer-rich phase. The precipitating dead polymer from 
the monomer phase is likely to carry monomer and initiator with it to 
the polymer rich phase. Polymerisation in this phase will therefore 
arise from radicals which have

(a) migrated from the monomer phase prior to termination or 
transfer

or (b) been initiated here.

It is convenient to differentiate further between three distinct 
sub-phases in the polymer rich phase.

5. The Micro-gel (Basic Particle) Phase

At very low conversions when polymer particles are first 
precipitated (as basic particles or primary nuclei, according to the 
previous description [Chapter 2J) the polymer chains are likely to be 
suspended in the monomer phase: the chains will be swollen with 
monomer. As this phase grows by polymerisation and flocculation the 
radii of the precipitated particles will increase and diffusionj of 
monomer (or initiator) to the centre of these precipitated particles 
may well be limited. At this stage, the microgel segregates into two 
phases:-

6. Primary Surface Phase, which is of a similar nature to the
microgel phase because of its close proximity to the free monomer.
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7. Primary Bulk Phase, where diffusion limitations may lead to 
deviations from the equilibrium swelling conditions.

This model represents a simplification of the real process, where 
continuous spatial variation of the concentrations of each species is 
to be expected throughout the precipitated particle. Although we can 
write down a model to incorporate the' spatial variation (next 
section) the solution of such a model poses considerable 
difficulty; a large amount of (ejqpensive) computer time would be 
required. Although such physical realism is to be appreciated, the 
physical model represents part of an overall process engineering 
model which may need to be frequently used. Therefore we choose to 
approach the ideal situation, with spatial variations in 
concentration, using the model outline above to allow for deviations 
from uniform concentrations within particles without incurring large 
computational overheads.

In the final computer model (Appendix 6.1) the microgel phase is 
allowed to grow until its radius exceeds an arbitrary multiple (five) 
of the root mean square end to end distance of a freely rotating PVC 
chain of molecular weight 60,000. This is 9.63rtm (54). Thereafter, 
the growth of the primary bulk will depend entirely on the relative 
strengths of mass transfer and rates of chemical change in each of 
the phases.

3.2 CONSERVATION EQUATIONS

The continuity equation describes the conservation of mass for 
each component of the system in the autoclave. Within a fixed
element of space, the rate of accumulation of mass of species i is 
given by the net flux of i out of the element plus the rate of 
generation of i by chemical reaction within the element.
Vectorially, this is written

9pi _
3t -V.nj + rj[ a l i i (3.1)
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where is the mass flux of component i relative to stationary 
co-ordinates

Pi is the mass concentration (density) of i 
r^ is the mass rate of generation of i
i is any species (initiator, monomer radicals or dead polymer)
V. is the divergence

However,

Hi = Pi Hi (3.2)
where v^ is the velocity of i relative to stationary co-ordinates 
and the mass flux relative to the mass average velocity, v, is given 
by 2 ±:

JLi = Pi (Hi “ H) (3.3)

therefore

H i =  l i  + P i  H

The continuity expression may be expressed by 

* - V . (p jV + 2±) + ri

(3.4)

(3.5)

[(A) represents the convection of a species into the control volume 
and (B) represents its diffusion into the element], 
or

- “ (v.7pi + pi V.v)- V.li + rA (3.6)
TERM TERM TERM TERM TERM
(1) (2) (3) (4) (5)

The mass flux for a multicomponent system can be expressed as a 
sum of contributions; a contribution due to ordinary (concentration) 
diffusion a contribution due to pressure effects, j^/P); and
contributions due to forced diffusion (eg due to electrostatic
or gravitational fields) and thermal diffusion ii^T ^‘



-  8? -

JU ■” J j (x) JjL; (P) ji(<3) li,(T) (3.7)

For ordinary diffusion the mass flux is given by (p567, 55)

ii(x) - S i  2 ,p RT •]-1 Mj Dij h  IL  f2alI3*k
k*j

T,P#Xg
s* j,k

Z*k (3.8)

where M-̂  2  molar mass of species i
C 2  total molar concentration 
p 2  overall density

D^j 2  multicomponent diffusion coefficients 
Gj 2  partial molar free energy

If the interface between phases is denoted by S

the equations of continuity (3.6) will be coupled by boundary 
conditions of the type

(3.9)

where jLils(k) represents the molar flux of i at the interface within 
phase (k), ACj[ represents the concentration differences between the 
two phases at the interface, /3 is a mass transfer coefficient, and n 
is a unit vector normal to the interface.

Equations 3.6 and 3.9 can be used to write full continuity 
expressions for each of the phases outlined earlier. Before 
presenting this it is appropriate to make a number of simplifications
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for some of these pha3e3.

1. Vapour Phase

This phase is assumed to be well mixed and to be of constant 
density. These assumptions imply that the concentration of species i 
throughout the phase is uniform, Vx^ = 0 and V2x^ = 0. In equation 
3.6, terms (2), (3) and (4) drop out, whence

(vapour phase) (3.10)

2. Aqueous (Continuous) Phase

The same assumptions as above apply, and therefore:

at *i (aqueous phase) (3.11)

3.-7. Other Phases

Although droplets are subject to considerable agitation and shear 
effects, they tend to move with the global fluid flow with little net 
movement relative to this flow. Since, also, as polymerisation 
proceeds a skin develops around the polymerising droplet, the fluid 
velocities (with respect to agitator tip speed) of monomer within 
droplets are likely to be small. Therefore we may take V = 0.

One would expect the density of each of these phases, too, to 
remain reasonably constant (although the mass of the phase may change 
with time).

If either (or both) of these assumptions applies then the general 
conservation equation (3.6) reduces to:

-1-21 + *i (3.12)
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This is a partial differential equation in space and time, and 
while such equations can be solved easily forJ small number of 
components (eg, diffusion of a gaseous species into a catalyst 
pellet), in multicomponent systems their solution rapidly becomes 
intractable. The multicomponent system under consideration here is 
one where the polymeric species (components) at any instant in time 
can vary in size from one monomer unit long to several thousand units 
long. It is therefore expedient to assume that spatial variation of 
concentrations within each of the monomeric and polymeric phases is 
neglible. This may represent the grossest approximation so far: the
reasons for making it are threefold.

(a) The diffusion coefficients for each polymeric species, as 
defined by equation (3.8), cannot all be measured: 
empirical rules could be used to estimate each D^j, for 
example by analogy with polymer molecules diffusing in 
solution.

(b) Experimental differentiation between diffusional resistance 
to mass transfer of species i through a particular phase and 
interphase resistance to transport as defined by Equation 
(3.9) is unlikely.

(c) Solution of the simple ordinary differential equation 
9pi/9t = r^ is anticipated to be sufficiently difficult that 
rigourous numerical treatment of equation (3.12) is too 
difficult for the current study.

Equation (3.12) reduces to:

9 Pi 
3t *i (3.13)

3.3 THE OVERALL MODEL

Now that these simplifying approximations have been considered,
the overall equations for the model may be presented.
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Vapour Pha3e

l̂ xx.
•t rit - (/3ACi) t>0 (3.14)

Aqueous Phase

9t
ri2 + (/3ACi)|^ - (/3ACi)l23 t >0 (3.15)

VCM Droplet Surface

ieia
9t

ri3 + (/3ACi)l23 - (/3ACi)|^ t >0 (3.16)

Continuous Monomer Phase

3Pi4
9t

- ri4 + (/3ACi)| - {H(t - t5) - H(t - t6)} (/3ACi)
34 45

- H(t - t6)OACi)
46

(3.17)

Microgel Phase

9t
= ri5 + (̂/3ACi)|^5 t5<t<t< (3.18)

Primary Surface Phase

9t
ri6 + (/3ACi)| - (/3ACi)| t>t646 6 7 (3.19)

Primary Bulk Phase

— riy ( /3aC^ ) |
6 7

t > t. (3.20)

where H(t - a) is the unit step function
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H(t - a) - t>a 
t <a (3.21)

t5 is the time when the microgel phase is first formed 
and tQ is the time when the microgel phase segregates into primary 
surface and bulk phases.

The equations set down above could be applied to most multiphase 
multicomponent reacting systems. The specificity to polymerising 
vinyl chloride is determined by the form of the reactive "r^" terms, 
which may be deduced from the chemical kinetics, and the form of the 
mass transfer terms, which couple the phases together.

3.3(A) The "r-j" Terms

In any phase, the following reactions may be expected:

Initiation

I 2fRo (3.22)

Propagation

Ro + M kP°_^ Rx

Ri + M kpi
y Re (3.23)

Rn + M kpn--- p Rn+i

Termination by**

Disproportionation

4- Rm ktdn,m p + p■‘'n ■‘tti _______— -p* rn rm
(3.24)
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Combination

r  4. r  ^ t c n , m  pKn + % _____ ^  Fn -f m

Transfer to Monomer

Rn + M ktrmn ^  Pn + Ri
(3.24)

Transfer to Polymer

Rn + Pj ktrpn,j Pn 4- Rj

The overall reaction scheme is outlined in Table 3.2, which 
considers the conservation of all polymer chain length species.

Side reactions, which considerably affect the ultimate heat 
stability of vinyl chloride, are not considered in this overall 
scheme because of their relatively infrequent occurrence and the 
consequent lack of kinetic data (Table 3.1).

TABLE 3.1
Structural Defects of Poly( vinyl chloride) Chains per 1000 Monomer

Units (a.m.u.) Ref (56)

Chloromethyl Branches 4 - 6
Chloroethyl Branches .4 - 2.4
Butyl Branches -.4 - 1.6
Long Branches -.18 - 2.4
Head to Head Structure - 6 - 7

(Cl on neighbouring C)
Total Double Bonds 1.4 - 3.0

(Internal Double Bonds) (.07 - .27)
Labile Chlorine Atoms .6 - 2.5

(Allylic Chlorine) (.5 - 2.5)
(Ketochloroallylic Chlorine) (.16 - 1.0)
(Chlorine on Tertiary Carbon) (uncertain)



TABLE 3.2 
Reactions

Initiation Propagation
SPECIES

Initiator dIdt -kDI

Monomer dM
dt " [?=1 kPj Rj]M

Nascent
Radical dRQdt 2 fkpl - kpo Rq M

Growing
Radicals dt (kpo ^  “ ^pi Ri)M

Transfer to: +
(i) Monomer (ii) Polymer (i

- (e=q ktrmjR3]M

+ (?=0 ktrmj Rj]M 

” ^trm Rjl

Termination by:**
Combination (ii) Disproportionation

2^tco,o Ro2 2^tdo,o Ro2

i
COCD
I

dt

Growing dP± 
Dead dt
Polymer

dt

(kpn-j. Rn~ji “ ^pn Rn)M “ ^trmn Rn M fN 1
“ Rnl ^ 0 Ktrpn'j PjJ
+ ^trpn#n Rn pn

Rn(j»0 ktcn'3 Rj]
^tcn,nRn2

Rn[j=0 ktdn'jRj] 
^tdn,n Rn2

+ ^trmi Ri N

+ ^trm Rn M

fN i rN 1

+ Rl Lj^o ktrpi,j PjJ ~ Ri E
Lj=0 ktdi,j Rj

~ ^trpr Rr pi ^tdn,n Rn2
fN •, 1  n-1 rN •

+ Rn Lj=o ktrpn'3 P3J + 2 j-Q ktcj,n-jRjRn-j + Rn Ej~o ktdn,j Rj

~ ktrpn,n Rn pn + ^tdn,n Rn2



NOTES

#

+

I / M ,Rn /Pn

in termination reactions when j~n, two radicals are consumed: the summation allows for one only.

in transfer reactions when j“n, radical activity swaps from radical to dead polymer without changing the 
concentration.

represent the concentrations of initiator, monomer, growing radicals and dead polymer.

The convention of using brackets [] around species to denote concentrations has not been applied here.

'o
i

N represents the length of the longest molecule in terms of monomer units.
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3.3(B) Mass Transfer Between Phases

The aim of this section is to provide a clearer interpretation of 
the ”/3aC" terms of the general model. Each species in the system 
(monomer, initiator and polymeric chains (growing and terminated)) 
can be treated in the same way although each will have different 
equilibrium distributions between the phases and rates of attainment 
of this equilibrium state.

Previous workers (eg 44,45) consider the monomeric phase 
(Xp -.001; x^ -.999) at equilibrium with the polymeric phase 
(Xp - . 77; Xn, - . 23). However the current treatment is a dynamic 
one, and deviations from equilibrium axe to be expected on a 
sufficiently small scale. As more polymer phase is created, the mass 
transfer of monomer, initiator and growing polymer into this from the 
surrounding phases is treated explicity using conventional mass 
transfer theory.

The model for mass transfer may be represented by the following 
diagram.

PHASE I PHASE II
( MONOMER) ( POLYMER)

FIGURE 3.3 - Interphase Mass Transfer
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where y is the concentration of j in phase I 
x is the concentration of j in phase II 

Yi,xi are interfacial concentrations (assumed at equilibrium with 
one another) 
are bulk concentrations

y* is the equilibrium relationship between phase I and phase II

equilibrium with a concentration of x in phase II.

The flux through the interface for any species may be written as:

From phase I, the driving force towards equilibrium is given by

which would be in equilibrium wiht the concentration Xfc of j in phase 
II. An overall mass transfer coefficient is defined by

yj II represents the local Nernst equilibrium constant, and n is 
the unit normal vector. The total mass transferred across the 
interface of a phase is given by:

for j, ie y* is the concentration of j in phase I at

N.n - (*I )y<Yb “ Yi ) * (*II >x<xi “ *b) (3.25)

Yb - Yb*/ where yb* represents the concentration of i in phase I

N.n - (Kq ! )y( Yb “ Yb* ) (3.26)

whence yj, - yb* = Yb “ Yi + (3.27)

and

(3.28)

therefore, the overall mass transfer coefficient is:

[koJ Y <*l)y
1 + ZUXI_ 

(k Il)x (3.29)

l.n = A N.n = A(KoI)I (Yb - yj,II *b) (3.30)
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where A i3 total interfacial area between phases. For the case of 
the primary particles (1=4,11=6) A = Np 4rrr2 where Np represents the 
number of precipitated polymeric particles and r is their average 
radius.

Clearly we can identify the terms "/3aC" in equations by:

/3aC | Xm s A(Kox)x (Cx — yxm Cm) (3*31)

and when Cx = yxm Cm* i-e the concentration of a species in phase 1 is 
at equilibrium with that in phase m, the flux across the interface 
will be zero. The relationships for the Nernst distribution
coefficients appropriate to monomeric and polymeric species are 
derived in Appendix 5.1.

3.4 A GENERATING FUNCTION METHOD OF SOLUTION

To solve the material balances generated in Table 3.2 in order to 
determine the molecular weight distribution of the polymer presents 
considerable difficulty, even if there were only one phase. 
Numerical integration, for example, would require the use of a vast 
amount of computer space: typically for each phase S2 storage 
locations would be required to perform the integration where S 
represents the number of species (monomer, initiator, N radicals and 
N polymer). Since here N is large (-lOOO for PVC) the storage needed 
would exceed that generally available on current computers.

Fortunately in the form of a generating function or its 
complement the Z transform there exists a discrete transform which 
makes solution of this large number of equations viable. Generating 
functions are a device for reducing the complexity of a large group 
of equations describing the relationship between a large distribution 
of variables. They can be defined for both radicals and dead 
polymer.
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For radicals

GR( S,t ) - ?=0 sn Rn(t) IS| < 1 (3.32)

and polymer
Gp(S,t) - f=Q Sn Pn(t) IS | < 1 (3.33)

(The Z transform is achieved by putting S •= 1/Z)

The individual (time varying) elements of the populations, Rn(t) 
and Pn(t), therefore become coefficients of a series expansion of the 
dummy variable S.

The conservation equations in one phase:

—  — f (I) dt *lCI) (3.34)

dM—  = f z( M, I, R, P ) (3.35)

|5n = f3(M,X,Rn,Rn_1,Rn_2.... ) (3.36)

dP„ “ f<(M, I,Rn,Rn_1,Rn_2, . . . ./Pn/Pĵ — ,̂ . . . . ) (3.37)

are multiplied throughout by Sn, and summed overall n 
and polymer, they reduce to

for radicals

3E " f^ < r> (3.38)

^  = fVM.I-GR.Gp) (3.39)

= fJ-3(M,I,GR/Gp,s) (3.40)

dGECSj = fl4(M, r,GRjGpjS) (3.41)
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Table 3.3 shows the transform equations for the kinetic scheme in 
Table 3.2. The assumption that reaction rates axe independent of 
chain length has been made. Whilst inversion of these equations 
would yield the molecular weight distributions of growing and dead 
polymer (Rn and Pn ), the conventional and more convenient approach is 
to derive equations for moments of these population distributions. 
(A number of inversion techniques will be considered in the next 
Chapter).

The moments of the distributions axe defined by: —

00 3 k  G _ / g  4- \OfcCE) = E n* Rn(t) - limit (3.42)n-=*j. s — ^ > 1 d' xns /

VCt) - E n* Pn(t) - limit — rfe-TR"" (3.43)* n=x n s ->»1 3(Ins)*

They acre directly linked to the number and weight average chain 
lengths.

Repeated differentiation of the transform equations with respect 
to lns(= s3/3s) and setting s = 1 yields differential equations for 
the polymer moments dl/dt, dM/dt, dcro/dt, do^/dt, do-2/dt, dXo/dt, 
dXA/dt, dX2/dt (Table 3.3). Further moments could of course be 
generated by further differentation: recurrence relationships may be
developed which express the algebraic relationship of high order 
moment to low order ones, simplifying the task enormously. The 
zeroth, first and second moments are however preferred; they relate 
to the important number average and weight average molecular chain 
lengths (or weights) of polymers. Since these quantities can be 
measured independently by experiment (7), they offer the possibility 
of experimental justification of any model.

A0(t)
00= E n=i Pn(t) (3.44)

*i(t)
00= E n;i n Pn(t) (3.45)

X2(t) 00» E 
n ~ i

n2Pn(t) (3.46)
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whence,

Number average chain length, /xn =

Number average molecular weight, Mn = m(in

Weight average chain length, /xw =

Weight average molecular weight, IV ■= 11%

Polydispersity, Zp - *Q*2.
Mn Mn Ai2

TABLE 3.3
Transform and Moment Equations for Each Phase

Concentration equations from Tojbid. 3 1 are transformed by the
relationships

00 a>Gr( s, t ) - E snRn(t) Gp(S,t) = E snPn(t)n— 1

Transform 9 I . _
Equations 91 X°I

- -kpM GR(1) - ktrm M Gr(1)

If8 = 2fkDIs - ktrn, M Gr(s ) = *trra « GrU ) 8
- kp M( 1 - S)Gr (S) - ktrp Gr (S) Gp( 1 )
- (ktc + ktd) Gr (s ) Gr(1)

- *trm M G r ( s )  + *trp Gr( 3 ) Gp( ̂ )
+ *td Gr (s ) Gr (1) + “|C Gr z(s )

Moment Equations o^(t) = E nk Rn(t) n-i *k(t) = ? nk Pn(t) n— 1
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91
at -kD i

3m
a t

-(kpM + M)cr0

3- &  - 2fkj5 I — ktrp cr© XQ — (ktc t k^d^o*

a t
2fk[) I + kfcj-m M(cr0 ~ cr̂ ) + kp M <y0

“ ktrp <Jt XQ - (ktc + ktd)OTi cr0

a°i _ 
a t 2fkD I + ktrm M(a0 — crz) + kp M(2ax + ct0 )

~ ktrp ° 2  ^o — (ktc + ^td ) CT2 CTo

9 aq „
a t

kktrm M ct0 + ktrp a0X0 + ktd cr20 + cr02

a t ktrm^r + ktrP + ktd CTi^o + ktc <*0* 3.

a x 2
at ktrm^r + ktrp °z ^o + ktd °za0

+ k-tcC^2! + <*0 + ^O CTi)

(The convention of square brackets around species to denote their 
concentration has not been adopted in this Table. )

In a completely analogous manner, the coupling terms can
be treated using the generating function approach, to yield coupling

£terms for the moments of the molJcular weight distributions:-

For radicals "/SACjjn" - A ^ j ) !  (a±1 - y P ^  o^) (3.52)

and for dead polymer "/SaC ^ ” - A(KOI)i (*±± - ypim*Aim ) (3.53)

In Table 3.4 the partial differential equations become ordinary 
differential equations as the spatial variation in concentration 
throughout a phase is now being neglected as discussed on page 84.



-  97 -

TABLE 3.4
General Equations for Model with Mass Transfer Through Neighbouring

Phases

Phase Phase Phase
3 “ 1 1 3 1 3 + 1

v i " Zdt Aj— j.g(Kol) (1-̂  1— y^g— )

dt

Ajj+i C^ol^g ( y^jj+i )

vj + I  (Kon) - yKj-ij Mj )dt
" Rjj+J. (KoM)j (Ml - yMjj+1.Ml+i)

dn crjJ _ j dgj3 
dt dt + Aj-rj (Koai) (°i^ 1 "" .CTi^)

“ a 33+i (Koai)] (°i^ ~ j+i*CTi^+i)

dnX.j • dX-3 - v  i
(jt1 = ~d£“ + Aj-i-3 (KoXi) C *i-* 1 “ y ij—ij**i^) ■

-  Aj 3 + i  (*^0x1)3 ( * i ^  “  y ^ i j j + i • ^i^+ 1 )
' --- ‘ " "  ..............■■" ■■!—  ■ ..M I. ■— ■ ■ — ■ ■ ■!

lI
where nj[ are the number of moles of species i

1

V is the phase volume 
yijj+1,A/Koi are as previously defined
dl/dt, dH/dt, dcrj/dt, dX^/dt are previously defined (Table 3.3) 
I,M,a0,<j±,crz,XQ/X1#X2 are the concentrations of intitiator and

monomer and the moments of the 
concentrations for growing radicals and 
dead polymer.

3.5 TEMPERATURE EFFECTS OF POLYMERISATION

The need to develop polymers of specific molecular weight 
dictates that polymerisations axe carried out under essentially 
isothermal conditions. Heat-ups are achieved in about 30 minutes for 
a 40m3 autoclave, while the polymerisation may proceed for a further
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polymerisation time, or, in terms of conversion, less than -4%. (Por
a 50°C polymerisation, the initial rate is of the order .13% per 
minute (results of this study). At temperatures lower than 50°C, the 
initial rate will be much lower and therefore, the cumulative 
conversion during heat-up much lower).

Having obtained the worst estimate for conversion achieved under 
non-isothermal conditions, the next point to consider is how 
isothermal the reactor is. Two questions may be posed:

(a) Is there any temperature gradient across a VCM/PVC droplet? 
Therefore do VCM/PVC droplet temperatures throughout the droplet 
match the measured autoclave temperatures?

(b) Are hot-spot kinetics likely to develop because of a breakdown in 
heat transfer between suspended droplets and the suspending 
water?

Clearly if the answer to (a) is yes, and the system is adequately 
controlled then the answer to (b) will be no.

In order to answer these questions, consider a model of an 
autoclave.

six hour3. Autoclave heat up, then, represents 8-10% of

T0,Tj axe the -jacket inlet and outlet temperatures 
Tg^Tg are water and suspended droplet surface temperatures 

respectively
and F is the volumeric flow rate of water through jacket.
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Subject to the following assumptions,

(i) no volume shrinkage of polymerisation 
(ii) heat capacity of polymer and heat capacity of VCM are equal 

(iii) reaction occurs uniformly throughout the droplet
(iv) film theory heat transfer is appropriate at the water/VCM 

interface
(v) dispersion and mass transfer effects are ignored within the 

droplet
(vi) the droplets are isothermal

Energy balances may be derived for the system.

For the jacket,

• aT-iF Cpjpj(T0 - Tj) - (Tj - Tb )UA * Vjpjcpj ^
net heat to 

jacket
net heat from 
jacket to 
autoclave

(3.54)

for the water,

(Tj - Tb )UA + n(qS)|R = (Vpcp)lH20 dt 

and for the drop

±_ _L fr * iZ ] + ry(-*HR) _ £m_£is> 2Zrz 3r 1 3 r J kVcm 3^

(3.55)

(3.56)

(3.55) aur»d (3.56) are coupled through the boundary conditions:-

-km!f |r " n<TS - Tb > ; TIr - TS (3.57)

(where n is the number of suspended droplets,
(qS)|R heat flux x surface area of each droplet, 

and V,p,Cp,CJ, A,rv, (-aHr ) and k adopt their conventional meaning).



Temp

FIGURE 3.4 — Variation of Jaclcet and Autoclave Temperatures
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Defining the dimensionless variables

r
<5 — —R u T_.*- T* 'T T..’ _ ^- Tx

©■ - Tj_- T*J - Tj So = ̂  ° Tj
- T*
~-”t t

where T* ig initial "cold” temperature 
Tj* is the maximum jacket temperature

and dimensionless parameters:

UA__
Fcpjpj

nkm 4rrR
FCpjPj y

V H20

5 - Pm cpm F rZ 
^m vj

T tF
V.
3

<t> =
hR
km

R2 rv(-AHR x 
km(Tj* - T^)

(3.54), (3.55), (3.56) and (3.57) transform to

(©o - ©j) - (©j - ©p)a = |p- (3.59)

(3.60)

?  1; I -  £>] * - ' * (3.61)

1 = <t>( ©s ©f ) ;de | (ODle=i “ ©s) (3.62)

For a 40m3 autoclave, having the following dimensions L/D = 30, 
Vj = 1.49m3, Aj - 5 4 .6m2' paddle diameter, P •= 2m, operating at 80 
rpm, the heat transfer coefficients have been determined in appendix 
3.1. Using the thermodynamic data in appendix 3.1, values of the 
dimensionless parameters may be calculated (Table 3.5).
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TABLE 3.5
Dimensionless Parameters

Dimensionless 
Parameters 
(r - 50°C)

Value Order of Magnitude

a 1.446 x 10“ x 10_1 - 10°

/3 2.87 X  10* - 4.59 X  103 
(r « 40pm) (r - 100pm) 103 - 10*

y 12 10A

6 2.189 X  10“* - 13.68 X  10“4 
(r * 40pm ) (r ~ 100pm) H 0 1 * 1 M O 1 v 

!
i 

i
i 

i 
i 

1

<t> 23.17 - 57.93 10* - 102

n 1.2 X  10“6 - 1.2 X  10“5

1 
1 

1 
1 

1 
1

1 
1 1

IS) 
1 

1 
! 

2 i
rl i1
1 
1

<01OH
1

T 0 - 1300 102 - 103

Recasting equations (3.54) to (3.57) in dimensionless form allows 
easy comparison of terms on an order of magnitude basis. The largest 
order terms represent an important physical process and dominate the 
behavour of the system. Therefore in an equation containing a 
mixture of known and unknown terms of varying order, worst estimates 
of unknown order terms may be given by taking their order as equal to 
that of the largest order term known in the equation.

For equation (3.60), the known orders of magnitude are:

(10° -  10°) -  io + 3 .o ] s 10x .10°/10>3 m 10 '

therefore
0[] indicates order of magnitude of 

term.
and from (3.62) Qg - Op is of order 10 5.
ie, the difference between the droplet surfaces temperature and water
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temperature is negligibly small.

From (3.61)

0
.3e .

+ 10“ 5 io- 3 io°/io3 = io~6

ie, the temperature gradient across the suspended droplet is also 
negligibly small, because de^/de is of order 10“6.

It can be seen, too, that for this system the dynamics axe 
governed by the ordinary differential equations (3.59 and 3.60) which 
determine autoclave and jacket temperatures (of order ~10“3 - 10“2) 
rather them the partial differential equation (3.61) which governs 
droplet temperature (of order ~10“s ).

The important result of this analysis is that throughout the 
VCM/PVC droplet, temperature effectively equals the autoclave water
temperature, and therefore given adequate control of the process

Cwater, hot-spot kinetjcs within the PVC system are unlikely to occur. 
Henceforward the model will assume that polymerisation proceeds 
isothermal ly.

SUMMARY

The overall model (Section 3.3) can be represented by the 
equations outlined in Table 3.4, a series of non-linear, coupled, 
first-order differential equations describing the conservation for 
initiator, monomer, radical and polymer moments in each of the phases 
present. Whereas these types of equation may be solved analytically 
for a small number of cases where single phases are involved (eg, 
anionic polymerisation without termination) in this case 
computer-based numerical integration is the only feasible method.

Order of magnitude arguments have been applied using a heat 
transfer model to justify isothermal treatment of the kinetics within 
the polymerising droplets and to show that the temperature is uniform 
throughout the suspending water and the dispersed VCM/PVC.
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CHAPTER FOUR 
SOLUTION METHODS

The model developed in Chapter 3 is composed of non-linear, 
coupled ordinary differential equations (ODE's). In this chapter the 
solution methods appropriate to this system will be discussed. 
Gear's method for the integration of ODE’S will be introduced by 
considering Runge-Kutta methods and linear multistep methods of 
integration. The concept of stiffness and its impact on solution 
methods will be considered.

Purther sections of this chapter will consider the relief of 
stiffness by (i) making use of the quasi—steady state approximation 
for radicals and (ii) rescaling the problem. The conservative nature 
of the equations developed in Chapter 3 will be analysed, with some 
restructuring of the model proving essential.

The final part of this chapter will consider alternative methods 
for the prediction of molecular weights and their distribution to the 
method proposed in Chapter 3, where the moments of the molecular 
weight distribution where derived form a generating function.

4.1(A) Runqe-Kutta Methods and Linear Kultistep Methods of 
Integration

'Stiff* integration problems are associated with systems which 
have widely different timescales. Polymerisation kinetics exhibit 
stiffness (67,68 and results of this work) because

(a) long chain radicals and dead polymer grow from nothing to 
molecules =1000 units long in a fraction of a second at the 
start of the polymerisation

and

(b) small changes in the low moments of the molecular weight 
distribution can cause very much larger changes in the
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higher moments.

Integration step length must be limited to isolate the most 
rapidly changing components of the solution# and consequently 
computational effort may be considerable to produce solutions which 
are realistic and represent behaviour after long times. Special 
techniques have been developed to deal with this sort of problem 
(61,62,63). However the one which has won widest acceptance is due 
to Gear (64,65). Gear’s DIFSUB routine has been implemented within 
the NAG Fortran Library (66 ) .

Gear's method is a Backward Difference Formula (BDF) method, 
which through a sophisticated algorithm can change the order (defined 
in Appendix 4.1) and time step so that computational effort required 
to achieve a given local error tolerance (A4.1) is minimised. Hence 
although a complete description of Gear's method is inappropriate 
here, the concepts behind the method must be clearly understood.

Conventionally, the initial value problem

may be solved numerically by an explicit Runge-Kutta method. A 
popular fourth order method (often loosely called the Runge-Kutta 
method) is (69):

y* = f(x,y) Y(a) « rj (4.1)

(4.2)

where = f(xn,yn )

f(xn + | h/ Yn + |

2 1f(xn + 3 Yn “ 3 Wei + )

k* = f(xn + h, yn + hkx — hk2 + hk3)

Yn 28 Y( xn )
and xn ~ Xq + nh , h being the steplength
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The method is one-step and explicit: it requires no additional
starting values and its steplength can easily be changed.

Linear multistep (LM) methods (which form the basis of Gears 
method) achieve higher order (accuracy) by casting aside the one step 
nature of the algorithm and retaining linearity with respect to yn-fj 
and fn4-j/ 3=0(1)k, where k is the stepnumber and fn is f(xn,yn ). The 
general linear multistep method can be written

k k
cxj Yn+j = h E^^fn+j (4.3)

where h is the (constant) steplength 
aj#/3j are constants of the method

The problem of LM methods is to find a sequence {yn} which 
satisfies the non-linear difference equation 4.3: it is non-linear
because fn is non-lineax in y. An ancillary problem is to compute 
starting values y^,j=2(1 )k-l, ie j=2,3,4...k-1, for the method.

LM methods can be further distinguished into explicit methods, 
where Pyi=0 and implicit methods where PtftO* For explicit methods 4.3 
yields Yn+x directly in terms of yn+j, fn+j 3 =0 ( 1  )k-l which have all 
been calculated previously. For implicit methods the equation 
becomes

Yn+k * Ok f(xn+k* Yn+k) + <3 (4.4)

where g is a function of previously calculated values Yn+j, fn+j. 
For non-linearity with respect to yn, there exists a unique solution 
for y n+-k which can be approached by the iteration

[S+l] [S] [0]
Yn+k = h Ok f(xn+k' Yn+k> + 9 ; Yn+k arbitrary

if h < l/Ltfk] (4.5)

where L is the Lipschitz constant of f with respect to y.
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The Lipschitz condition, Lipschitz constant, the definitions of 
order and error and the convergence of LM methods are all defined in 
Appendix 4.1.

Predictor-corrector algorithms (such as Gears) advance a solution 
using an explicit method (prediction) combined with an implicit 
method (correction) to converge with an implicit method (correction) 
to converge on an approximation of the true solution. Predictors are 
used to give a good initial guess Yn+x £°r the iteration (4.5) so 
that the number of function evaluations f(xrv|.)c, Yn+k) i-3 minimised 
during the iteration.

The corrector can be applied until Yn+x — Yn+k < correcting 
to convergence where € is a predetermined error tolerance related to 
round off or local truncation error, in which case the weak stability 
characteristics (which determines how errors propagate) are those of 
the corrector alone. The steplength must be chosen so that it lies 
within a range acceptable to the corrector. Should the number of 
applications of the corrector be limited to minimise function 
evaluations, the local truncation error and weak stability 
characteristics will depend on the overall method. Weak stability 
theory attempts to quantify the effect of stepsize on the accuracy of 
solution developed by the integration method, accuracy in this sense 
being how close the numerical solution is to the true solution.

In applying predictor-corrector methods, attention must be 
focussed on three problems:

(1) The choice of steplength (h).

This is closely associated with the accuracy of the 
numerical solution, convergence only tells what happens in 
the limit h - 0: it is no guarantee of an acceptable 
solution when h is small and finite.

As steplength is reduced the local truncation error is 
reduced, but at small steplengths, comparable with the last 
significant digits of the computer word length, roundoff
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errors become significant and the method may become 
unstable.

(2) Solution of the implicit (non-linear) equation for Yn+fc for 
the corrector (eg equation 4.5).

and (3 ) The generation of starting values.

If a k order method is to be used only yn(0), fn(0) 3X6 ^nown: 
yn+.jc, fn+k k=l(l)k-l must be supplied.

4.1(B) Systems of Ordinary Differential Equations

The general first order system may be written:

X’ ■ K x/X) X(a > " !1 (4.6)

Most of the operations derived for single equations cam be 
applied directly to systems of ODE'S with scalars being replaced by 
vectors and moduli of scalars replaced by suitable norms of vectors. 
The results of weak stability theory which govern stepsize for LM 
methods require some modification for systems.

For a single equation h = h 3f/3y = hX must lie within a
certain range to ensure that errors do not grow. In systems X, the 
estimate for 3f/3y, must be replaced by X^, the eigenvalues of the 
Jacobian matrix J, where J ■= 3f/3y. Any condition imposed on h = hX 
for a single equation must be satisfied when X is any eigenvalue of 
J.

4.1(C) Stiffness

In a system where one or more of the components in the solution 
may be changing rapidly (corresponding to large eigenvalues of the 
constant matrix A for y ’ ■= Ay or of the Jacobian 3f/3y for the 
non-linear system y ’ = f(x,y)) the stepsize of the method must be
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limited, so that h^ = hA-̂  (all i) lies within the appropriate zone of 
stability. The fast changing component is not usually significant at 
large time, yet the steplength still must be limited for stability 
requirements. Stiff systems have large Lipschitz constants.

The general solution of the system

r  = Ay + & (x > (4.7)
is

2 0 0
M  A X= E k^e 1 c-j + vp(x) i*i (4.8)

where X± are the distinct eigenvalues of A and c^ i=l( 1 )M are the 
corresponding eigenvectors.

M  X .xIf Re < 0 for all i, then E kj,e 1 c-, - 0 as x - ooi=i
The first term in the general solution represents the transient 

solution and ^(x) represents the steady-state solution. In order to 
pursue the steady state solutions (4.7) must be integrated until the 
slowest decaying component is negligible (e*vx - 0), but the presence 
of components far out to the left in the complex plane (|A^|>>0) ie, 
fast decaying species forces the use of excessively small steplengths 
where

I Re X^\ * I Re Ail * I Re Av | i = 1(1 )M

The following description of stiffness can be applied to linear 
systems (y’ = Ay + <£(x)):-

(i) Re Ai < 0 i = 1( 1 )M
and

( ii ) max I Re A^ I > > min J Re |
i=l( 1 )M i=l(l)m

As an indication of the state of stiffness a ratio is called the 
stiffness ratio is defined:

(4.9)

(4.10)

max |Re Â l min |Re x̂ l
i-=*l( 1 )M i=l(1)M
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For non-linear systems, y' = £(x,y), stiffness is exhibited if the 
eigenvalues of the Jacobian, J = d£/dy_, which depends on x, behave in 
a similar way:

Z* = f(x,y) i3 stiff in an interval I of x, if for x <s I the 
eigenvalues A^(x) of c>f/3y satisfy (i) and (ii) above.

4.1(D) Stiff Systems - Solution Methods

Because explicit LM methods have such restrictive ranges of 
stability, implicit methods with suitable predictors are used of 
necessity for stiff systems. Each integration step requires 
simultaneous solution of the non-linear equations,

Zn+k = h 0k £(xn+k' Zn+k> + 2 (3 known) (4.12)

The vector form of Newton's method can be applied

[yts+r] = yCsl _ j - j. (y[sl).p(y[S]);S=ofi where J(y) = ̂ F(x)/9z)] 

and 4.12 becomes
[S4-1] [S]

Zn+k ® Zn+k “ [i -  h/3* a f ( Xn+k, Zn+k >/9z] *

r [S1 1|Zn+k “ KXn+x, Zn+k) ~ 3] (4.13)

Newton’s method gives convergence with a much larger steplength 
than is allowed by stability requirements, providing an initial guess 
(Zn+k^°^ ) close to the expected solution is available. This strategy 
requires re—evaluation of the Jacobian 9f/9y and matrix inversion of 
[I - h/3̂  9f/9z] at each step, since this is a costly operation on a 
computer, 9f/9y is held constant for consecutive iterations. If 
covergence seems likely (after three steps say) the method will then 
iterate to convergence; otherwise the Jacobian is re-evaluated when 
the order or timestep are changed. Where 9f/c(y changes slowly it may 
be kept constant for a number of integration steps.
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Gear's Backward Difference Formula Method

Gear's Method belongs to a class of methods known as Backward 
Difference (BDP) Methods.

k
? aj Yn+j = ^  In-f-k (4.14)
3--0 J

The coefficients of the method are given in Table 5.1 for k 
stepnumber and k order.

TABLE 4.1
Coefficients of Gear’s Method (6.9)

By a sophisticated algorithm, the order of the method and the 
length of timestep can be adjusted to minimise the local error 
tolerance and to minimise the amount of computational work performed.
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4.2 REDUCTION OF COMPUTATIONAL EFFORT REQUIRED FOR SOLUTION OP THE 
MODEL

Early studies of the model developed in Chapter Three showed that 
a great deal of computer time was required to solve the model. 
(Table 3. Typical integrations using Gear's BDF method (NAG
routine D02QBF) on a CDC Cyber 174/720 at Imperial College Computer 
Centre took 1200 cp sections to advance only 168 seconds into the 
polymerisation. Some of the relevant statistics relating to these 
runs were:-

Modelled time between interruptions for output of
information
Maximum stepsize
Minimum stepsize
Number of integration steps between interruptions 
Number of Jacobian Evaluations between interruptions

6s
5.276 x 10~*s 
1.341 x 10“4s 
268
31

This is an unacceptable amount of computation ? a typical 
polymerisation lasts six hours not 168 seconds.

There are two problems which have to be overcome:

(i ) The complexity of the model

Some of the phases (eg vapour and water phases) only contribute a 
small amount to the overall rate of polymerisation. However they 
demand just as much computational effort as those phases which are 
contributing significantly; the BDF scheme works with every component 
in every phase at each timestep.

(ii) The stiffness of the model equations

Analysis of those phases which are contributing significantly to 
overall rate of polymerisation showed them to be exhibiting very 
stiff behaviour (Section 4.1(C)). Two approaches were examined in an 
attempt to reduce the computer time without reducing the generality 
of the model. Firstly a quasi—steady state approximation (QSSA) was
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introduced to overcome the restrictions imposed on steplength by the 
transient components of the solution. Secondly, the variables used 
in the model were rescaled.

To ease the discussion in the next sections it is convenient to 
recast the model of Table 3.^, in vector terms:

n ** f(t,n) n(O) - nQ (4.15)

where n represents the mass variables of all the components in the 
system

n = 3(n)/9t

n may be decomposed to represent the species in each phase 
7n « £ n-; (4.16)
j -1  ” J

where 3 represents the subscript appropriate to phase 3 (Section 3.1) 
and

n-j ™ [nXj, nMj* Hcroj# nczj' nAoj' nAi3 ' nAzj]T

4.2(A) Reducing the Complexity of the Model

Some simplification of the model can be performed by discarding
u*the vapour( 1 ), continpus(2 ) and monomer droplet surface( 3) phases 

from the overall kinetic scheme. The BDF integration would be 
performed on the reduced vector

1nr = E n-n (4.17)

ie polymerisation is only considered important in the monomer(4), 
microgel(5), primary surface(6 ) and primary bulk phases(7).

The vapour phase(1 ) and continuous phase( 2) were cast aside 
because of their contribution to the overall rate of polymerisation 
is negligible. The ratio of the rates of reaction are given to first 
order by the ratio of monomer concentrations in the different phases. 
At 50°C the vapour phase concentration of monomer is 300 mols m— 3: 
in the water phase, it is 11 mols mT3 and in the monomer phase it is 
13,600 mols m“3. Therefore, the rate of polymerisation in the
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monomer phase:the rate in continuous phase:the rate in vapour phase 
is given by

[M]I 4 : [M]|2 : [M] |A 

ie 1 : 8.1 x 10“* : 2.2 x 10“ 2

Despite their removal from the kinetic scheme, these phases 
(vapour and continuous) have an important role to play in the 
consideration of mass transfer (Appendix 5.1).

The droplet surface phase (3) was discarded because of the 
difficulty in distinguishing, by experimental kinetic measurements, 
effects due to this phase and effects due to microgel and primary 
particle phases.

The simplifications discussed in this section have been made for 
mathematical reasons: the basis for making them has been the
observed physics. In later studies it is anticipated that these 
simplifications will be relaxed.

4.2(B) Reducing the Stiffness of the Model

The simplification carried out in the previous section led to an 
approximate 50% reduction in the computer time required to model the 
first 170 seconds. Despite this saving the overall computer time 
required by the model is still too high. In order to understand the 
origins of the stiffness causing the excessively long computational 
times (= 5 cp seconds to model each second of the polymerisation) a 
simpler model was considered, in which polymerisation was taking 
place in the monomer phase with no precipitated species present. For 
this case, the model 4.15 becomes

n* = f(t,n4) n4(0 ) = nAO (4.18)
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The derivatives n4(0) were found to be:

"I £2 10“ 5 mol3 3~1

10“ x moIs s-1

ncro 10”® mo Is s” 1

ncri 10“ 3 mols s” 1

™<rz ~ 10° mols s— 1

n\o 10-4 mols s-1

= 10“2 mols s—i

102 mols s-i

(4.19)

The Jacobian (J ** 3f/9n4) was calculated by differencing, and its 
eigenvalues were calculated using NAG routine F02AFF.

After one second of polymerisation, the stiffness ratio given by 
the ratio of the largest to smallest eigenvalues was calculated to be 
—1034, ie exceptionally high. For this simple model over the first 
20s of polymerisation the ratio of computer time to model time was 
1.3:1.

4.2(B)(i) The Quasi Steady State Approximation (OSSA)

The above analysis showed that the derivatives of the moments of 
the growing radical population are approximately two orders of 
magnitude less than the equivalent derivatives for dead polymer, ie 
dn^i/dt/dnxi/dt is c.a. 10“2. This suggests making a steady state 
approximation,

dt 0 (4.20)

may be a reasonable assumption. This yields from Table 3.3 algebraic 
relationships for growing radical populations as follows:
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_ ~ *fcrpl>oJ 4- /()ctrp[Xo 3 )2 + 8 f kD [I] (ktc 4- ktd)
2(^tc + *ta)

= 2£ k p [ I1  4- Xt r Tn[M3[q0 ] + Xp [M ][g 0 ]
^trrnCM] + ktrpC^ol ^ **■ ^■hd)C°,o3

= 2£ * D[ I ]  -t- Xt rm[M]Cg0 ] + 2 * p [M ]O il  + )cPCM][g0 ]
^tnnCM] + + (^tc fctd)C°b3

which may be solved concurrently with the remaining equations for the 
derivatives s

a m
dt *D [I]

d[H]
dt “ (fcp + ^trm) tM] [or0 3 (4.22)

dCAp]
dt -  ^trm  [M][cr0 J + ^ t r p  C°"oJC*o3 + ^ td  C°bJ2 *  [°o32

*trm CMH CTi.3 +  fctrpC^ iJCAo] +  * t a [ CTi.3 l>o3 + * t c [ CTo3CCTi3

Strait**! [0^3 + ^trpC^al + ^trpC^zl [Aq ] + ^tdCo’zl Ĉ ol 

KtcCC*]2 + l°ollazl + Choicer,.])

Integrating this scheme yielded considerable improvement with the 
stiffness ratio, one second into the polymerisation being reduced to 
c.a. 1024. This represents an improvement of 101C over the earlier 
attempt. Computational effort was reduced to 0.2 cp seconds per 
second of polymerisation modelled. Values of the dead moments 
produced by this method we re within 0.3-0.4% of the non-£SSA values.



777 -

4.2( B )( ii ) Rescaling the variables of the model

When only one phase is present, algebraic manipulations which 
accompany use of the QSSA to obtain moments for the growing radical 
population are straightforward. If two or more phases are coupled by 
the boundary conditions, the possibility of making algebraic errors 
in similar manipulations is enhanced. Hence although the QSSA offers 
positive savings in computer time it is cumbersome to use. A more 
convenient method for reducing the stiffness of the problem is to 
rescale the variables.

It can be seen from (4.19) that the highest order moments of any 
population, eg radicals (cri) or dead polymer (Ai) are the most 
rapidly changing at any instant. This means that over a time step 
the highest order moments for a population will have changed most. 
Any stiffness due to the behaviour of transients, eg the growth of

the rapid change in the high order moments. However this is a 
problem of length scale and much of the stiffness cam be alleviated 
by considering the variation of the derivatives of a component (4.19) 
with respect to the absolute value of the component, ie l/n^dn^/dt

d/dt(loge ni), integration is performed in terms of a natural

considerable impact on the observed stiffness. Por a similair set of 
conditions considered in Section 4.2B the scaled derivatives vary in 
the following manner:

the radical population nothing will be exacerbated because of

(all i). Since 1/ni.dnj/dt is equivalent to the derivative

logarithm of the variable. This indeed turns out to have
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(log^ nj) - 10“ 5

(loge ĥ ) = 10"°

(loge nao) ^ 10o

(log^ nax) - 10°
(4.23)

(log^ naz) = 10-1 

(logg nAo) - 10°

(logg nXi) - 10°

(log^ nAz) = 10°

There is now no a priori reason for making the QSSA on the 
radical population moments. Indeed any QSSA is more likely justified 
for the initiator and monomer derivatives. However the stiffness 
ratio of the Jacobian J » C^Cl/n f(t,n ) )/cklog^n) is reduced to c.a. 
10-12 (i.e. 10-12 less than for the QSSA) and the computational time is 
considerably reduced to 0.02 cp seconds per second modelled.

Scaling wan therefore implemented in the final model 
as a necessary condition for the numerical integration to be 

performed in a reasonable time. The only note of caution related to 
the initial conditions, many of which are zero, and therefore have no 
logorithm. The model, as represented by equation (4.15):

n = f(t,n) n( 0 ) = no
u

must be integrated in the normal plane (as opposed to the logo^thmic 
plane) using the BDP method for a small interval of time. This 
creates an ancillary set of initial conditions

n(At) = n^t (4.24)

whose logarithms exist.
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4.3 CONSERVATIVE NATURE OF THE MODEL EQUATIONS

In attempting to model the polymerisation of vinyl chloride 
considerable attention must be paid to the conservative nature of the 
equations developed. The precipitated polymeric phase is growing at 
the expense of depleting monomer phase. At an early stage in the 
integration it is necessary to know the volume of each phase 
accurately in order to determine the interfacial areas for the mass 
transfer terms and the concentration of each species in the kinetic 
terms

Early attempts at estimating phase volumes were made by 
integrating the set of equations d(Cj)/dt (Table 3.3) holding phase 
volume, Vj, constant. Updates in phase volume were performed outside 
the Gear integrator DOZQBF. Because the phase volume is determined 
by the relationship

Vj = £ (Cij Vj) vij (4.25)

where c^j,vij are the concentration of component i in j and its 
specific molar volume respectively. One "predictor’' for Vj might be

dVj I
dt I =  Z f v j l  ~  l l -Ufc d

dCi
t dt

dV
+ ci t+At It+At dt i| ]Vji (4.26)

where t is the time when updating was last performed 
At is the time elapsed since t 

ttAt is the current time

The new phase volume would be given by

I t+At vj cJV. I At
dt It+At (4.27)

(A wide range of differencing schemes could be conceived incorporated 
in more sophisticated predictor mechanisms, eg Nordsieck (69)).
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Prediction of Vj||-+At would be performed when

Ei CU  1 t+at v 3 ' t
Ei cij1t vj (4.28)

This is a potentially costly operation involving the storage of 
the initial conditions, forward integration over at, and progressive 
reduction in at until the forward integration was bounded by (4.28). 
Even so conservation is only guaranteed in the limit at - 0 when the 
numerical approximations 4.26 and 4.27 become analytic expressions. 
However keeping at small to maintain a conservative scheme will 
either jeopardise the stability of the method as roundoff errors will 
become significant (Section 4.1(A)) or increase the time taken to 
reach a solution.

For numerical integration the model equations developed in 
Chapter 3 (Table 3.q) oteFL recast so that mass rather than

c u \c {

concentration is the variable updatedJ at each time step. This is 
readily done by using the simple transformations.

r l 3 v t n i j M| -j -  V [ M ] | j

CTo l  j -  VCCTolIj OjJ  j -  V [ ^ a . ] | j Oz I j  — V[Oz ) 1 j
( 4 . 2 9 )

an d  * o l j -  V[A0 J l j Aj. 1 j -  VCA ^ j l j A2 1j  = V[X2 ] | j

where [] denotes the molar concentration of the variable.

*The problemj updating phase volume is now circumvented. The phase 
volume is given by:

vj “ vjP(*A |j + o-jlI j ) •*- Ml-j (4.30a)

where Vjp , Vjm are the specific partial molar volumes of polymer and 
monomer in phase j. In differential form 4.30a becomes

dVj
dt =* v- dt J

- m dMIVnUI--3 at (4.30b)
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The phase volume can therefore be updated at the same time as the 
mass derivatives within the BDF derivative scheme (Table 4.2).

The degree of mass conservation can be calculated according to 
the relationship:

M(t) ? <*)<*> + CT̂ (t) + X^ (t)
Mo" “ Mq

Mo is the initial molar charge of monomer
Mj(t) is the molar mass of monomer in phase j at time t
and o^jCt), represent the number of mols of monomer converted

to radicals and dead polymer respectively.

For all the polymerisation cases modelled the ratio M(t)/Mo was 
greater than 99.9% (an arbitrarily chosen error criterion to check 
the degree of conservation of the model).

TABLE 4.2
Model Equations in Conservative Form
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dXL
dt j

^trm M °rolj/v'j + *trp a i *olj/vj 

+  X - t d  <J x U q  13 / ^ 3  **" cto  ^ i . I 3 / ^ 3

) ^trm  M a z l; j /v j  + ^ t r p  a 2 ^ o l j / V j  

+ X-t<3 02 Oo I j/Vj + X^( ct2± + o'ô i <yocr2 ) I 3/^3

Kinetic Terms Plus Mass Transfer Fluxes.

dnj-̂
dt

II

S
S

+  A j - x , j  (*oi> j - x  [ Z j - j L / V j - i  ~ I j / V j ^

~ A j , j + X  (Kol )j  CI j / v j  ~ ^ j / j + A  I j + i / V j + i 3

dnmi
dt

dM-j! 
dt Ij  + Aj-jL^j (KQM)j-x

-  a 3 ,3+Jl (Ko m )! [ M j / V j  “ W V j / j + i  Mj + x / v j + x ]

dt
_ dcr̂  

dt + Aj-x,j (Koai )j-i C<Tij-i/vj-i “ yj-xj cij/vj]

- A j , j + x  ( K o c r i ) j  C ^ i j / V j  ~ yji+i crj+i/vj+jL]

fo&ii
dt

dXj
dt J + A j-x,j (KoAi)j-x C^ij-x/Vj-x “ yj-xj

“ A j,j+x (KoXi)j C^ij/Vj “ yi3+x ^ij+x/Vj+x]

= ViP fdJ±Kil 4. ^ 2ff-U.] 4. v ? 1 [--Oil
dt v3 [ dt dt J 3 [ at J

where n^j represents the number of moles of species 1 in phase j 
through chemical reaction and mass transfer and Ajj+i represents the 
interfacial area between phase j and j+x.

NB This set of equations can be represented

*3jT =
d
dt

(£3 ) £j ~ [nij, £mj / rkroj' ^xj' ^ 23  ̂ nAoj' nXxj' nX2j'
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and in order to reduce stiffness the set integrated is:

_i_ anil
n^j dt

4.4 ALTERNATIVE SOLUTION METHODS

In Chapter 3 a generating function was used to reduce the large 
number of differential equations describing the polymerisation 
system, viz:

initiator —  = f,(I)dt i

monomer dM
dt fz(M,R± )

dR ■growing radicals ^3- = f3(I,M,Ri/Pi)

dPiformed polymer - f.( I ,M,Ri,Pi)dt

All i 

All i,j 

All i,j

(4.31)

to a smaller number of transform equations:

initiator —  - f.* (I )dt

dMmonomer —  - f2’ (M,Gr (1)

f3 *(1 s),Gp(s ), s )

f ̂ ’ (I / M,Gĵ ( s ) ,Gp( s ), s )

oo
where Gr (S) = E sn Rn Gp(S) = E sn Pnn=x n=x

radicals =dt

, dGd Cs )polymer — —  =

(4.32)

In a limited number of cases (72,73) it is possible to manipulate 
the transformation variables and invert them, by series expansion to 
extract the molecular weight distribution. The main analytic results 
for cases where this is possible are summarised in the table below.
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TABLE 4.3
Molecular Weight Distributions for Ideal Polymerisation Mechanisms

Polymerisation
Type

(all homogeneous)

Generating
Functions

MWD

Anionic Chain in 
Batch Reactor G(s,t) = e(s"-L)tsP10 tn-i

2n(t) Pioe

Anionic Chain in 
CSTR

C( ~ \ - - Pj = ab^-1
Most probable or
Flory Distribution

i+kD Me r kD m s o  
Li+kp Me r  

(e = residence time)

Free Radical in 
Batch Reactor

as
Gr(s) “ l-bs

2f ki I
a kp M + (2f ^  kt i W *

b — **kp M + (2f kj_ kt l)3-/2-

dGD(s) kt as 12 
dt 2 [l-bsj

Growing Chains 
Rj = ab3-1

a*b»-*Cn-l>

Because of the complexity of the model developed in Chapter 3 
such an analytic treatment to give the full MWD is intractable in 
this case. Consequently equations describing only the moments of the 
molecular weight distribution were derived. It would be of great 
benefit if a solution for (4.31) could be advanced in the (s,t) 
plane, at suitable values of s, and, after specific periods of time 
invert the transform equations numerically to obtain the molecular 
weight distribution directly. This would give invaluable evidence 
for direct comparison with g.p.c. results, rather than using the 
moments of the distribution to fit particular polynomial functions, 
such as Daguerre Polynomials (67, 67a) or Pearson Functions (67).
Numerical inversion of the Z-transform (Z=l/s) has been suggested 
before (74,75). Indeed it is often tacitly assumed that such an 
inversion may be performed (eg 68), yet no-one appears to have tried 
this. It was therefore decided to investigate the feasibility of 
numerical inversion of polymerisation generating functions with a
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view to applying such techniques to complex polymerisation mechanisms 
such as the one involved in the present PVC model.

00
4.4(A) Numerical Inversion of Generating Function, G( s )=E snPnn=i

Motivated by the existence of numerical inversion techniques for 
Laplace transforms (eg 76,77,78,79) and the similarity of the 
generating function and Laplace transform (80) one method of 
inversion may be through transformation of the generating function 
equations into the Laplace transform domain and subsequent inversion 
of the ’psuedo' Laplace transform.

The similarity of Laplace transform and the generating function 
can be demonstrated by considering two functions D( n ) and C( n ), the 
(discrete) MWD of a sample polymer and its continuous approximation 
respectively. The MWD is discrete because polymer chains consist of 
integral numbers of monomer units, and the approximation of the MWD 
as continuous arises because the interval between sampling points 
(monomer units) is small in comparison with ultimate chain lengths.

FIGURE 4.1 - Discrete and Continuous MWD

The approximate transforms are given in Table 4.4.
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TABLE 4.4
Transformations Appropriate to Discrete and Continuous Functions

Function D(n) C(n)

Transform
00G{s) =* E D(n)sn n=x

Generating Function

F(p) - L{C(n)>

=  CCnJe”^11 dn 
Laplace Transform

Inversion
Integral

D(n) «  Op rhTT G(s) ds 

F is the unit circle

-i r O f io o

c(n) ”  . *'(P>epndP
Z 7 T i J c - i 00

C is to the right of all 
poles of F(p)

Jury (80) maXes use of the sampling property of the Dirac delta 
function,

s<n> - C ^  » J l  6<n>an -1 <4-33>
to derive the relationship between the Z—transform amd the Laplace 
transform.

D(n)

FIGURE 4.2

Taking the Laplace transform of the impulsed function,

oo oo
D*(n) » C(n) E 8(n - Xan) *» E C(Xan)8(n - Xan) X=0 X=0
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where An represents the sampling interval of the discrete function, 
and putting e-PAn - s yields

F*(p) = L[D'(n)] = jV<„> e"Pn an = G(s)ls_e_pan

If a rectangular box of width An and height D*(n) is constructed 
around each spike of the impulsed function D*( n ), an approximation to 
the continuous function C(n) is achieved

C(n) » An D*(n)

Hence, a pseudo Laplace transform is given by

L{C(n)) a {an G( 3 ) 18=e-pin] (4.34)

Points in the s and p phases can be mapped into one another by 
the relationship

s ■=* e~PAn

(An = 1 for polymer systems)

(The validity of the result (4.34) may be tested on the sample 
functions appearing in Grabbe (81) where functions are given, with 
their Laplace transforms and Z transforms.

Por example,

e-an hag Laplace transform and Z transform 2/(2 - e-aAn)
P tcI

Setting s = 1/2, (2/2 — e-aAn) - 1/(1 - Se-aAn)
Writing s = e~PAn and multiplying by An

1/(1 - Se_aAn) - An/(1 - e-tP*3 )^) - if expanded and An-O.

4.4(A)(i ) Numerical Inversion of Laplace Transform

While several methods exist to do this (eg 76-79) that due to 
Bellman et al demonstrates the general principle of replacing the
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indefinite integral of the Laplace transform by the finite 
quadrature:

F(p) = | e-Pn C(n) dn (4.35)
J o

Writing x = e-n

F(p) = [ xP-1 C( — logx) dx (4.36)J o
and with g(x) = C(- logx) (4.37)

F(p) = f1 xP-1 g(x) dx (4.38)
J o

which approximates to 
NE Wi x-jP"3- g(Xi) = F(p) (4.39)i=r

where Xi,Wi are roots and weights associated with the N—order shifted 
Legendre polynomial. Letting p assume N values yield a system of N 
unknowns:

N .E Wi XiK g(Xi) = F(k + 1 )  k = 0(1)N - 1 (4.40)i=i

which may be solved by matrix inversion for g(xxv) and hence C(-logx) 
or C(n).

4.4(B) Application of Inversion Technique to Polymer Systems

The pseudo Laplace transform relationship was used to convert 
generating function transforms of simple function (eg e-an or n) to 
the Laplace transform domain. Bellman's method was used to invert 
the functions. Difficulties were experienced with the inversion: 
these were associated with the ill conditioning of the matrix 
inversion at equation 4.40 and were reduced by using longer computer 
word lengths (ie double precision on a CDC computer with a 60 bit 
word). Agreement was within 10% of the expected solution.

With known polymeric distribution test functions (Table 4.3) the
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method failed completely, with highly oscillatory inverse functions 
being obtained (positive and negative MWD!) instead of the known 
smooth solutions. This was initially thought to be due to the 
failure of the numerical inversion procedure. However, further 
analysis shows this not to be the case.

The existence theorem for inverse Laplace transforms (82) states 
that the order of F(p) with respect to p must be less than -1 for the 
inverse of a Laplace transform to exist.

If we consider the case of anionic polymerisation which has a 
generating function (Table 4.3):

G(s,t) = e<s-:L)t s Pi0 (4.41)

The Laplace transform of this (from equation 4.34) is given by

F(p) « an P1Q exp [(exp(-pan) - l)t] exp(-pan) (4.42)

Expanding this in terms of P shows it to be of order p and higher, ie 
no inverse Laplace transform exists. Similar results hold for all 
the test functions in Table 4.3.

It may be concluded therefore that since inversion of the 
transform equations fails for these particular polymerisation cases, 
it is an unsatisfactory method for general use and in particular for 
the PVC case. All further work was confined to moment analyses of 
the MWD.

4.4(C) Numerical Derivation of Moment Equations

Another approach worthy of consideration is the numerical 
differentiation of the transform equations G(s,t) (4.32) with respect 
to s. The model would be solved numerically for G(s,t) for different 
values of s near s=l as time was increasing. Numerical 
differentiation of G(s,t) with respect to s would yield the moments, 
without analytic differentiation. This would be a very useful step
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in developing a model of wide ranging application for more complex 
polymerisation kinetic schemes. A computer program would only 
integrate the transform equations In the (s,t) plane and then derive 
the moments of the distribution when required. The need for 
integrating all the differential equations for the moments would be 
obviated.

The k'th moment of a polymer population is defined by

Ak(t) 

and since

= E Pj(t)

Gp(s, t ) = £ sn Pn(t) n=r
3k r 3 iIk

( 4 . 4 3 )

( 4 . 4 4 )

*k( ) ” 3(Ins)k GP(s,t)|s-*l (S 3-s]1 ( 4 . 4 5 )

Therefore (by continuous differentiation of the operator)

X = y . GpS where

X(t) « [X0(t>, Xj_( t ), X2(t), \3(t) ....]T (4.46)

GpS(t) = [Gp°(l,t), Gpi( 1, t ), Gp1-1( 1, t ), Gp1*1-i( 1, t ) ---]T

Gpi(l/t) = —  Gp( 1 /1 )
9s1 -

and 2 is the matrix 

' 1

1 1

1 3 1

1 7 6 1

1 15 25 10 1

1 31 90 65 15
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Method:-
Solution of the transform equations is advanced in the (s,t) 

plane at suitably chosen values of s (eg, zeroes of shifted Chebyshev 
polynomial of order N,

Si = {1 - cos[(2i - 1 )rr/2N] }/2 ; i = 1,N

The derivatives of the transforms with respect to S are evaluated at 
s ■= 1 and finally the moments are derived from (4.46).

Derivatives are calculated by approximating the generating 
function in s(0,l) by a truncated Taylor series

G( 1 - S) = “ Zjyr~ Gp3-Hl,t) + 0(sn ) (4.47)

Applying this approximation at each zero of the shifted polynomial, a 
set of equations

T Gps(t) = G(1 - S) (4.48)

is generated, where T is matrix containing all the coefficient of the 
expansion

( - S j ) 3

<j - l ) 1

The solution for GpS(t),

Gps(t) = T"1 . G(1 - s) (4.49)

is achieved by Crout’s Factorisation method (NAG routine F04 AEF)

The method was tested with the test function

G(s,t) = se(s_i)t PAO (Table 4.3)

with t = 5, Pi0 * 10.0 which has moments A0 - 10, =» 60.0,
\z = 410, A3 » 3110 and A4 = 25760.
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Values of G<s,t) were calculated at the zeroes of shifted 
Chebyshev polynomials of order N (of which there are N in the 
interval (0,1). A secondary polynomial was fitted through these 
points using a least squares method in orthogonal polynomials (83). 
This was done so that G{ 1-s) could be calculated without recourse to 
the test function, which under normal circumstances would not be 
available. For orders greater than three the matrix T had 
determinants <10“7 and the inversion a was deemed ill conditioned. 
More than 20 zero positions for function evaluation of G(s,t) were 
required before the fitted polynomial (subroutine FIT, appendix 4.2) 
matched the test function over the whole interval, such that

G(s,t) | approx 
G(s,t) | real (s = 0 ,1 )

With fewer than 20 points the fitted polynomial showed poor 
agreement, with negative approximate values being obtained. When 
more than 50 zeroes were evaluated, poor agreement was obtained in 
calculated moments

\0 = 13.00993 (Cf 10.0) 
X L = 112.7420 (Cf 60.0) 
Xz not available.

Closest agreement with the test function was obtained with 24 
points when

X0 - 9.999914 (relative error 8.6 x 10_4%)
X± •= 69.90688 (relative error 16.5%)
Xz — 515.9048 (relative error 25.8%)

While numerical differentiation is accepted as a low accuracy 
method (83), these results seem unacceptably poor. If the behaviour 
of the test function is analysed in s(0 ,l), it can be seen (Figure 
4.3) that for t > 100, say, the function has become essentially a 
step function at s •= 1. Such functions display precisely the wrong 
sort of behaviour (ie, rapidly changing slopes) for reasonable 
numerical differentiation.
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It was therefore concluded that this method too is unacceptable 
for implementation with transform equations: it required a 
considerable number of points in the s plane to yield low accuracy 
estimates of the second order moment of the molecular weight 
distribution. For such low order moments analytic differentiation of 
the transform equations (Chapter 3) offers no difficulty.

FIGURE 4.3 - Schematic Representation of Behaviour of 
G(s, t )/G(l,0) = e(s_1)ts
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CHAPTER FIVE 
USING THE PROCESS MODEL

In previous chapters we have considered the background to the 
physical model of the polymerisation of vinyl chloride (Chapter 2), 
developed this into a mathematical model to explain the process 
(Chapter 3) and looked at the methods appropriate to the solution of 
the model equations (Chapter 4). The present chapter covers a number 
of topics concerning the details of the practical implementation of 
the model:

a) Section 5.1 concentrates on how various product and process 
character is itcs have been incorporated into the model.

b) Section 5.2 contains an analytic solution for a limiting case of 
the model outlined in Chapter 3. Amongst other things this 
allows the numerical techniques used in the solution of the full 
model to be checked (see Section 5.4).

5.1 MODELLING OF THE PRODUCT AND PROCESS CHARACTERISTICS (98)

5.1(i) Primary Particle Aggregation

On the macroscopic scale, grains (polymerising monomer droplets) 
will aggregate if the steric stabilisation offered by surfactants in 
the autoclave becomes inadequate. This will reduce the surface area 
available for mass transfer of VCM from the vapour phase to the 
suspended droplets. The effect of the loss of surface area on the 
rate of polymerisation will be negligible; the vapour space is only a 
small reservoir of VCM (Section 3.1.1). However inside the droplets 
any loss of surface area between the liquid monomer and the 
precipitated polymer particles is potentially much more significant, 
especially if the rates of reaction within the precipitated polymer 
phase are exhibiting any degree of diffusion controlled behaviour. 
It is important therefore to have a quantitative model for the 
aggregation processes involved.
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In Section 2.5(D) the stability of primary particles was 
discussed qualitatively. Early studies of electron micrographs of 
PVC produced in bulk polymerisation had found that the number 
concentration of primary particles was constant at c.a. 5 x lO^cm-3. 
(40,43,45). Such observations are consistent with many of the models 
for nucleation modified for oligomer capture which are discussed in 
some depth by Barrett (84) and summarised below in Figure 5.1 and 
Table 5.1. All these models predict that the number of precipitated 
particles monotonically increases with time and asymptotes to a final 
fixed number, N0 (shown schematically in Figure 5.2(i)).

More recent evidence (26,27,32) indicates that the number of 
precipitated particles is decreasing with conversion because primary 
particles are agglomerating (Figure 5.2(ii)). The overall nucleation 
of basic particles and agglomeration of primary particles is 
illustrated schematically in Figure 5.2(iii) which shows the 
variation in the total number of precipitated particles with time. 
During the period when agglomeration of the primary particles is 
occurring, we have chosen to model the number of precipitated 
particles according to the empirical relationship

(5.1a) 

(5.1b)

where is the limiting number of agglomerates of primary particles 
at high conversions which has been found to be essentially 
constant and equivalent to 5 x l O ^ m -3 (31).

N0 is the number of primary particles created during the 
initial burst of nucleation which is a function of the 
initiation rate (a 2f kp[I]4) and therefore determined by 
temperature and the nature of the initiator, 

x is the conversion
<sagg is a rate coefficient for the agglomeration process which is 

postulated as showing Arrhenius behaviour with an activation 
energy Eagg.

_2B_ = e a99
No ~ Nqjj

<$ - a e ^ ^ a g g / ^ )eagg - Aagg e
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The motivation for using this relationship comes from some 
interesting experimental data of Smallwood (86). He performed 
experiments where samples of suspension PVC were withdrawn from an 
autoclave at different conversions. The samples were investigated by 
using scanning electron microscopy and image analysis techniques, to 
determine the mean primary particle diameter as a function of 
conversion at several different temperatures.

The number of primary particles and their concentration per unit 
volume can be calculated as a function of conversion (Appendix 5.1 
III). [It has been assumed that in taxing samples of PVC and 
subsequently stripping the monomer which swells the polymer, the 
polymer matrix does not collapse: ie the micrographs of PVC show
primary particles which are fully swollen]. When Smallwood's data 
are treated in this way the curves in Figure 5.3 are obtained. The 
results are fitted by equations 5 .1 when

Aagg * 1.337 X 10®
(5.2)

Eagg ~ 33.55JcJmol ^

The initial nucleation period (upto tG in Figure 5.2iii) occurs 
over a range of conversion to 10~3 (26). Because:

(a) greater than 99.9% of the rate of polymerisation is due to the 
diluent (monomer) phase over this range

(b) the surface area of the precipitated phase is growing rapidly
(c) in view of (a) and (b) diffusion limitation is not expected to be 

significant at such early conversions
(d) the range (0 - 10“3) represents the conversion range modelled in 

the first few time steps (typically 10 timesteps out of 1500)

The nucleation burst was therefore not modelled accurately upto 
tG because of the overhead in computing time this would have 
incurred. Any of the models in Figure 5.1 and Table 5.1 could have 
been used to provide an initial value for N0 and included in the 
overall derivative scheme. However, in this study N0 was estimated 
from experimental data and the overall number of precipitated 
particles described by equation 5.1.



FIGURE 5.1 -  Mechanisms of Oligomer Capture
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Models for Nucleation Modified for Oligomer Capture
TABLE 5.1

Model il
jii'n where Z =

Equilibrium Capture 5 i ____ b_____ - Sr,-1 = - ePOC"1)(with bulk) Q 1 +■ Trr3 NZ 3 P 3

Equilibrium Capture 
(with surface) 2i f____ i_____ 1

Q Ll + nxz NZJ 4 Kp~ 1 « 4 j— 1 e ^

Diffusion Capture
(thy of Fitch and Tsai (85)) |i [l - Nz] ( 2PD/kp[M] ) ^ z

Diffusion Capture r ± r i1-p 4D/kp[M](Fick’s Law) 1 11 + "r

where is the rate of 
predicted from the

generation of oligomers which can be 
chemical kinetics

*Q is the number of oligomers per particle 
rrrz is the surface area of the particle
*Sp is the degree of supersaturation of monomer with polymer 
*X is the Flory interaction parameter
*P is the threshold degree of polymerisation for nucleation 
*D is the diffusion coefficient for radicals 

*Kp is am adsorption coefficient given by

K - [ concent rat ion of n-rners in diluen t ] ____ __ . _ap
P [concentration of n-mers in surface/bulk]

j,a are arbitrary constants
* quantities which have not been measured accurately by experiments

Eg, Equilibrium capture (with surface) predicts a limiting value of 
N0, No(t-co) « -R±z/S Q~*/s j3/s e~3aP/ s.
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FIGURE 5.2 - Nucleation and Agglomeration of Primary Particles

(i) Nucleation of primary particles

(ii) Agglomeration of primary particles

(iii) Nucleatfon and Agglomeration
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F IG U R E  5 . 3 ( i )

Number of Primary Particles as a function of Conversion 
(assuming that number is independent of particle radius) 
Micrographs(86) analysed using results of appendix 5.1
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Number Concentration of Primary Particles as a function of 
Conversion,
(assuming that number is independent of particle radius) 
Micrographs(86) analysed using results of appendix 5.1

FTGURE 5 . 3 ( i i )

\ r
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5_._1(_ii) Particle Size Distributions

The model for the aggregation of primary particles (equation 5.1) 
considered all the primary particles to be equal in size. In 
practise we might expect the particle sizes to be distributed around 
a mean particle size. Indeed any particulate species whether it be 
polymerising monomer droplets or primary particles will have a 
particle size distribution. For the purposes of this study it is 
assumed that all particular species will have the mean particle size 
for the species.

(a) For Primary Particles

The mean radius of a primary particle at conversion, x is given 
by

fi-[4 rr
total volume of polymer + swelling monomer at conversion

N
4./3

(5.3)

where N is the number of primary particles given by equation 5.1.

(b) For Suspended Monomer Droplets (grains and subgrains)

In Section 2.5(A) the development of grain and subgrain 
morphology from polymerising monomer droplets was discussed. The 
change in mean grain size was plotted against a modified Weber number 
in Figure 2.5. As the inertial forces increased relative to the 
surface tension forces (as the agititation speed increased") the mean 
particle size decreased to a minimum (dmin ) and then increased as the 
surface concentration of surfactant became too small to stabilise the 
suspended droplets which were beginning to coalesce. The
characterisation of this behaviour is important for two reasons. 
Firstly, the subgrain and grain sizes and their distribution are 
among the important product properties by which PVC is marketed. 
Secondly, the interfacial areas of the suspended droplets are 
required for calculating the mass of VCM transferred from vapour into 
the suspended droplets, when autoclave pressure is falling.
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There have been a considerable number of investigations of the 
effect of agitation conditions on the particle size distribution in 
polymerising and non-polymerising liquid-liquid dispersions (eg, 20, 
87-92,94). Results of such studies yield a wide range of empirical 
and semi-empirical correlations for the initial droplet formation 
which vary greatly (20,93) in suspension polymerisation where the 
agitation behaviour is further complicated by the changing nature of 
the surfactant and the coalescence of the droplets, no fundamental 
treatment of the overall behaviour is available. Therefore, for the 
purposes of this model, to see whether such processes are likely to 
affect polymerisation rates a semi-empirical approach was adopted 
based on the observation that the diameter of the grains depends on 
Weber number as shown in Figure 2.5 (20,94).

At low stirrer speeds (Ns < Nga99)

(Nsa99 represents the stirrer speed at which the minimum droplet 
diameter is achieved).

Relatively large droplets are formed protected by stabiliser. 
The mean droplet size can be represented by a modified Calderbank 
equation (92,97):-

a 32 = .224 We-° *6 [5?]°** Po- 0 *4 H°*5 5 D (5.4)

where the subscripts 3,2 denote the interface between droplet 
and continuous phase (Chapter 3)

D is the agitator diameter 
We is the Weber number =(Ns2 D3 Pi^oA’I^o)
Ng is stirrer speed

°H20 surface tension of water (Nm-i)
H is the volume fraction of VCM droplets in the system 

P0 is the power number = P/(Ns3 D 5 Ph 2o )
3 0.4 at high Reynolds numbers (>105) 
(57,93)

V0 is the liquid volume in the reactor
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(The modification to the Calderbank Equation (92) is simply that 
the constant .224 is a factor of 10 smaller than Calderbank's 
original value; the expression over estimated particle diameter 
(97)). At the high Reynolds numbers equation 5.4 predicts

« Ns-1,2*

At intermediate stirrer speeds (Ng - Nsa<39)

When d 32 - d ^ n  the surface concentration of surfactant is at the 
minimum level required to prevent coalescence.

dmin - -t>max
ejnv^

w (5.5(a))

where V2 is the total volume of dispersed phase
Smax is the maximum stable surface area of dispersal phase 

W is the charge of stabilising surfactant
M is the minimum mass of surfactant per m2 required to 

stablise the droplets

Once Ns > Nsa9<3 the droplets formed by the agitator will have a 
diameter d 32 < d ^ n  and therefore coalesce. A dynamic equilibrium 
will exist between breakup in the turbulent extensional flows near 
the agitator and agglomeration in the quiescent regions of the 
autoclave such that d 32 =* dmin* The detailed behaviour of d32 will 
depend on the amount of time spent away from the agitator.

At high stirrer speeds (Ns > Nsa<39)

The dynamic equilibrium achieved above begins to breakdown when 
the circulation time is so short that the droplet cannot 
reagglomerate between successive visits to the agitator zone. The 
aggregates are continually broken up so that d32 << dTÔ n : the surface 
area of the droplets is largely unprotected which leads to rapid, 
unstable coalescence above stirrer speeds Nscrifc (equivalent to 
Wecr1*-). The grain size rises rapidly with increasing stirrer 
speeds, and can be represented by the approximation (98);
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aJ2 ~ ^min We
(We)crit (5.5(b))

FIGURE 5.4 - Schematic Variation of Droplet Diameter, d 32, with
Agitator Speed Ng

5.1(iii) Porosity

While the particle size and distribution of the polymerised 
monomer droplets determines much of the appearance of the resin 
product, its porosity is essentially determined by that of the 
subgrains which make up the final grains: it is a measure of the
cumulative pore size distribution arising from interstitial spaces 
between and within agglomerates of primary particles. The subgrains 
originate as monomer droplets which, if uniform volume contraction 
proceeded as conversion increased, would ultimately produce 
non-porpous entities of density pp. The porous nature of the polymer 
arises because at some critical intermediate conversion, Xget, the 
subgrains become sufficiently rigid to prevent any further inward 
contraction of the droplet *skin* . There is therefore no further 
reduction in overall sub-grain volume: further polymerisation
produces voids within the loosely packed primary particle structure. 
The earlier volume contraction ceases (ie the lower ) the higher
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the resulting voidage or porosity, $. The porosity at intermediate 
conversions (xset < x < xen(3) is given by

<t>(x) - [?_ Vj(x3et) - ?_s V-j(x)]/2^ VjCXget) (5.6)
X > Xset

where the subscripts 4-7 refer to the monomer, basic, primary 
particle surface and primary particle bulk phase.

If during the calculations of the model the ratio,

E Vj(x)/2 VjCxget) ( 5 . 7 )
j = s  j = 4

exceeds a value APV corresponding to a close packing fraction the 
precipitated polymer particles will impinge on one another. At this 
stage the interfacial area between the precipitated phases and the 
monomer phase is at a maximum for a constant number of precipitated 
particles. Further polymerisation will cause radial growth of all 
the polymer particles: the initial points of contact become areas of 
contact (Figure 5.5). This loss of interfacial area must be 
corrected for in the mass transfer calculations.

FIGURE 5.5 — Impinged Primary Particles

a is the radius when close packing is achieved 
R is the radius after close packing and further

polymerisation

The value of the primary particle radius R after impingement is given 
by the root of the equation.
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1
E
y

where

f 4rrR3 f 2rrR3 f a l 1 ? ,  ]-  N
1 - 3 -  -  N c {— l1 - sj -  -  rr(R2 -  a 2 ) a

N is the number of primary particles
Nc is the co-ordination number of the primaries in the 
agglomerates

The area available for interphase transfer per primary particle 
is given by

= 4ttR2 - n6.2ttR2 f 1 - N 7 L R. (5.9)

(Equations 5.8 and 5.9 have been deduced from volume integrals for 
the segments and excluded volumes of intersecting spheres).

5.1(iv) Apparent Density

Once the porosity of the product is known, the apparent density 
of resin can be calculated.

The density of a grain is given by

Pg = P p (l -  <t>) (5 .1 0 )

If the packing fraction of the grains in the final powder is vj;, 
the density the powder appears to have is given by

PA = Pg V (5.11)

vj; ~ 0.5 when irregular aggregates of similar size are packed 
together (57).

5.1(v) Molecular Weight Distributions

A polymer characteristic which, unlike the numbers or the sizes 
and their distribution of any of the particulate species, can be 
predicted directly from the chemical kinetics is the molecular weight
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of the PVC. In section 3.4, the instantaneous number and weight 
average molecular chain lengths were defined as

XoD(t) and Mw^(t) h z i i l l^ ( t ) respectively

where the superscript j denotes the phase they are measured in. 
However experimentally only the cumulative (time averaged) chain 
lengths can be measured. Therefore the instantaneous values 
appropriate to each phase were averaged over all the phases by the 
relationship:

M(t) = C m-j /J(t) (5.12)
j

where mj is the mass fraction of phase j given by

|mj = ( \ x3 + ) j

and the cumulative chain lengths were calculated according to the 
relationship:

(5.13)

In order that the integral 5.13 did not have to be completely 
re—evaluated after each time step, which would have required the 
storage of all previous values of jx(t), the new cumulative molecular 
weights at time t + at were calculated from the previous cumulative 
molecular weight at time t according to the trapezium rule:

i r rt+At£(t + At) - ------ U  JU(t) dt + *Z(t) t (5.14)

5.1(vi) Autoclave Pressure

The one major variable which has been largely ignored so far is 
the autoclave pressure. During most of the polymerisation the 
autoclave pressure is almost equal to the saturated vapour pressure 
of vinyl chloride: the presence of any inerts such as nitrogen or
water vapour will modify the vapour pressure. (When the autoclave is 
charged initially it is evacuated to minimise the quantities of the



inerts).

The pressure begins to fall when all the free monomer has been 
consumed by polymerisation and further polymerisation is proceeding 
at the expense of the monomer which is swelling the polymer. To 
replace the monomer consumed by polymerisation, gas phase monomer 
transfers to the polymer gel. The reduction in vapour pressure when 
there are no mass transfer limitations is approximately given by the 
Flory-Huggins equation (Section 2.1A), equation 2.9 and Figure 3.2).

where all the symbols have been defined in Section 2.1A, <t> with a 
subscript now represents a volume fraction rather than porosity.

Under normal operating conditions the rate of mass transfer is 
reduced because of the resistance to mass transfer offered by the 
water phase which separates the suspended droplets of PVC/VCM from 
vapour phase VCM. The pressure in the autoclave will not truly 
reflect the gel-phase composition of the polymer.

Consider an agitated reactor (Figure 5.6) where the effect of 
agitation is to create large eddies with bulk movement of the fluid 
round the reactor. Elements of the fluid (eg packets of water with 
suspended droplets) will come to the surface and spend varying 
amounts of time in contact with the vapour phase.

(2.9)
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FIGURE 5.6 — An Agitated Autoclave
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The mass transfer relationships for monomer are given by the 
equations:

From vapour to vapour/water interface,

%  = St  NAi = S<r KcfiPpto0 - HCAi) (5.15)

through the water phase from vapour/water to "bulk” water

njn = St  NAi ~ KL°( cAi “ cAo) (5.16)

and from bulk water into the PVC/VCM droplets

"m -  a V KLD[cAo -  |M2j

whence nM =S-r NAi = S-p Ko g ^Pm ,0 — g- Pa d ]

where the overall mass transfer coefficient is given by

(5.17)

(5.18)

1 m J L  . H_ _ s ^ a  _1 H_ r Sj.1 
Ko g *G° Kl° aVKLD - KL° l1 avj (5.19)

and St  is the area of the vapour/water interface [m2]
NAi is the flux of monomer through this interface 

[mols/sm2]
is the mass of monomer passing through the interface 

[mols/s]
Kq° ' Kjj0 , KjP  are gas-side and liquid-side mass transfer coefficients 

[mols/sN]
PAb° the pressure of the vapour [Nm~2]

PAD(-Pio) is the pressure the VCM/PVC droplets would exert if 
free to do so (from the Flory-Huggins Theory) [Nm-2] 

cAi'cAO are the water/vapour interfacial and bulk water monomer 
jconcentrations [mols m-3]
ajis the surface area per unit volume of the droplets 

'[m2/m3]
V is the volume of liquid in the a/C [m3]

H,Hj) are Henry’s haw constants [Nm/mol]
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For much of the process, zero net flux conditions apply because 

PAb° - Pad = e* (s.20)

where P* is the saturated vapour pressure of VCM

therefore H/Hp ^*1 (5.21)
and (5.18) becomes

NAi = Ko g (PAb° - Pa d )

Since the pressure in the vapour space is principally determined 
by the vapour pressure of vinyl chloride and assuming that VCM 
behaves as a perfect gaa, differentiation of the perfect gas equation 
of state with respect to time gives the temporal variation of 
pressure as molecules of VCM migrate from the vapour.

aP&b° =
dt V dt

with

= - St  NAi = - St  ko G(Pftb° - Pa d )

Integrating, subject to the initial conditions

t = tpd ?Ab° = P*

where tp^ is the time that pressure would begin to fall in the 
droplet free to, gives

P ~ Pa d + <P* - Pa d ) e*p{- — (t - tpd)] (5.24)

This expression gives qualitatively the results which are 
inuitively correct, viz

(i ) as Kq g - a> P = Pa d is "the pressure in the autoclave
matches the Flory-Huggins pressure given by equation 2.9.

(ii) as Ko g - o P ■= P* ie the saturated vapour pressure of 
VCM

(5.22)

(5.23)
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(iii) when mass transfer limited (intermediate Kqq ) as t - oo 
p -* PAD

The Overall Mass Transfer Coefficient,

The overall mass transfer coefficient (5.19) reduces to
Kq g = KL°/H because (i) the mass transfer resistance in the gas phase 
( 1/Kq ° ) is negligible compared to that in the liquid phase in 
agitated vessels (93) and (ii) the ratio

Sp/aV = Sqi dp 
6 Vvcm < < 1

where dp is the diameter of the suspended droplets and 
Vvcm is the volume of vinyl chloride charged.

The liquid phase mass transfer coefficient Kjf3 can be estimated 
from correlations for gas absorption, eg (93).

Sh = 0.42 Gr^a Scx/ Z (5.25)

where Gr is the Grashoff number (dp3g Ph 2o aP/Mh z02 )

Sh is the Sherwood number (kp,° dp/Df)
Sc is the Schmidt number (Mh 2o/PH20 Df)

Df is the diffusion coefficient of VCM through H20

Alternatively it can be calculated from Danckwerts ’ model of mass 
transfer for gas adsorption in agitated systems where the penetration 
theory of mass transfer is coupled with random surface renewal (95)

kL° = [Df $ ] V 2 (5.26)

where $ is the fractional rate of surface renewal. Both methods give 
estimates of mass transfer coefficients which are of the same order 
of magnitude, namely 10“4ms“-1.
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5.1(vii)_Autoclave Temperature

Most of the model calculations were performed isothermally. In 
some cases idealised temperature profiles were used to assess the 
model's response to temperature change. This strategy is to be 
preferred especially if new operating procedures for polymerisations 
are being investigated with the model. It has the advantage of 
avoiding the need to model exactly the temperature control system of 
an autoclave, which would make the model specific to a particular 
plant. (Operating companies may want to do this).

5.2 CHOICE OF RATE CONSTANTS

Kuchanov and Bort (45) carried out am extensive literature survey 
and used the following values for rate constants:

Polymerisation (Propagation) Rate Constant

(6 references cited by Kuchanov and Bort)

Ratio of Chain Transfer Rate Constant to Propagation Rate Constant

kp = 50 x 103 exp j m3mol

f —30988j
L RT J

therefore

*trm = 5.425 x 10s exp[— m*mol 1s *■

(7 references cited by Kuchanov and Bort)

Termination Constants:

In monomer phase

(1 reference cited by Kuchanov and Bort)
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Tn polymer phase

k^s = 0.7 x 109 exp 

(Results of Kuchanov and Bort)

-343381
RT J m 3mol xs 1

where R is the universal gas constant expressed in Jmol -̂K 1.

The initiator decomposition rate constant was derived from 
temperature-half life data published by Akzo Ltd (96).

For Perkadox-16 (Bis(4-tert butylcyclhexyl)peroxydicarbonate)

kD « 7.74703 x IQ15 expJ-1250401 RT 5-J-

Other initiator decomposition rate constants have been calculated 
by regression o|- the Akzo Data, and appear in Table 5.2(b).

The presence of double bonds in the polymer is due to transfer to 
polymer reactions (56) and also because of termination due to 
disproportionation. No rate constants are available for the transfer 
to polymer reactions in the literature, therefore because these 
defects occur approximately twice for every 1000 monomer units (Table 
3.1) the transfer to polymer rate constant k-̂ rp was chosen as

ktrp - kp/500 m 3mol xs x

The contribution of termination by disproportionation can be 
assessed by modifying the amount of termination which proceeds by 
this mode using the factor p (Table 5.2(a)).

Table 5.2(a) also shows how the rate constants given above are 
used in each phase. Where polymer phase rates of reaction are 
available these are used, otherwise rates of reaction are independent 
of phase.



Modification of Rate Constants in Each Phase
TABLE 5.2(a)

Phase

Reaction

Monomer 
Phase 
(subscript 

4)

Basic 
Particle 
(subscript 

5)

Primary 
Particle 
(subscript 

6)

Primary 
Particle 
(subscript 

7)

Polymerisation 
(propagation) kP kP kP kP

Transfer to 
Monomer ^trm ^trm ktrm ^trm

Termination 
by disproportion­
ation

P *t* P *ts P *te 
^t6 “ ^ts

P *t7

^t7 “ ^t5

Termination 
by combination (1-P) kt* (1-P) kt5 (1-P) kt6 (1-P) kt7

Transfer to 
polymer ^trp ^trp ^trp ^trp

Initiator
Decomposition
Constant

Notes:-
kp, fc-trm' *ts' *trp' are defined in Section 5.3
p represents the proportion of termination due to disproportion­

ation



Activation Energies and Pre-exponential Factors for Various
Tnitiators

TABLE 5.2(b)

Activation Energy* Pre-exponential
Factor**

Ea/kJ mol 1 A/s-1

Azo di-isobutyronitrile 121.5 1.246 x 101*
Azo bis (2,4 dimethylvaleronitrile) 114.4 8.859 x lO13
t-Butyl perpivalate 118.1 1.129 x 10i'i
Dibutyl peroxydicarbonate 129.6 3.469 x 10xti
Bis (2 ethylhexyl) peroxydicarbonate 129.6 4.163 X  10A«
Di (t-butyl cyclohexyl) peroxydicarbonate 129.6 4.163 x 10-1-®
Lauroy Peroxide 124.7 5.694 X  lO*®
Benzoyl Peroxide (in Benzene ) 125.5 1.883 X  10**
Acetyl cyclohexylsulphonyl peroxide 138.0 2.967 X  10iO

Rate Constant Jc[) =* A exp( -Ea/RT)
Evaluated from Table 2.2. and Ref 96 according to:-

Activation Energy* Ea = r [ T2
L T 2 T x J •Ti

tj_/2ji is the initiator half life at T^(K)

In 2 F fPre-exponential Factor** A ■= ----  exp T2|
* 1/ 2 * 1 *- l

An *1/2*1 ^l/2l 2I]
T2 - JJ
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5.3 ANALYTIC SOLUTION

It is essential when carrying out numerical work of the type 
described in this thesis to verify that the results produced by a 
model are meaningful: do the results of the numerical studies
indicate potential experimental observations or are they purely 
consequences of the mathematical description and the formulation of 
the problem for the computer?

Verification is partly achieved by developing analytic solutions 
for limiting conditions of the more complex model. Comparing the 
numerical results when the complex model is run for the same limiting 
conditions with the analytical solution gives confidence in the 
numerical procedures used.

In order to test the complex model developed in this thesis 
(Chapter 3) such a simplified analytic solution has been developed. 
The solution retains some of the functional simplicity of the model 
due to Abdel-A.lim and Hamielec (44), yet allows initiator to be 
distributed between the monomeric and polymeric phases. While this 
is an essential feature of the model due to Kuchanov and Bort (45), 
their model cannot be integrated analytically and is therefore
unsuitable for test purposes. The analytic solution describes the
conversion-time locus of the polymerisation: it ignores molecular
weight considerations.

The first assumption made in simplifying the complex model is 
that the microgel phase (see Section 3.1) does not segregate into a 
surface layer and bulk layer and remains in equilibrium with the 
monomer from which it has precipitated.

The polymerisation can be characterised by three distinct zones:

(a) Upto conversion, X^ppt-p where any polymer formed is
completely miscible with the monomer from which it is
produced.

(b) Upto conversion, XpH where a distinct polymer phase has 
precipitated from the monomer, and polymerisation is
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occurring within both precipitated and diluent phase. This 
is the heterogeneous zone.

(c) Beyond conversion,__Xp^ where the monomer phase has
disappeared and polymerisation proceeds within the polymeric 
phase consuming the monomer swelling the polymer.

From Tables 3.3 and 3.5, the following conversion equations apply

In the monomer phase:

Initiator d [ IJ
dt = - Kd Ci ] 4 [[I4J - y45I (Isj]

(5.27)

Monomer | = -(kp + Jctrm) tM][<r0 ]| - [(M4J - y45M[Ms]]

(5.28)

Radicals dt - 2f CJ I ^trpCCToJ C^o3 (^tc ^ ^td )C<Jo]‘

- [[°0.] - y.sp C'7o5]] (s.29)

and for the polymer phase:

Initiator = - k^fl]dt c + [[i*] - y.s1 [isj]
(5.30)

Monomer - - (Jcp t k trm>[M[ [a0J | t [[m 4] - y4SM[Ms]

(5.40)

d[or0 ]Radicals dt — 2f Jc£)[I] ^trpf^oJ C^o31 (^tc ^td) Co'ô 'is >s

+ [t<j04] - y45p[aos]| (5.41)

where [ ] have been used to denote concentrations and symbols are as 
previously defined.

If (a) the number of radicals in the system is small <s0</Mc>, 
aos/Mo << 1 and (b) interphase transport of radicals is negligible 
then, ignoring transfer to polymer reactions, and assuming
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<3[cr0 ]/dt “ 0,

[lx2f k
^tc + ^td U3

1/-2 and [aos] = _2fJSD_.
•^tc + ^td [I] J-/2

(5.42)

The decomposition of initiator is given by:-

dl
dt = - kD I (5.43)

whence I = In e-kDt

where I0 represents the initial number of mols of initiator present

There fore, because,

[ 1 * 3  V 4 + C I s i  V 5 =  I Qe
-kot

[i*] = v - ^ r — v- io< v* y< 5  ^  v  5

and [ 15 ] — v v— i^Tv" r°ev <  M S  ^  v 5

-kDt

(5.44)

(5.55)

(5.56)

(V4 y ^ 1 + V5 - a - bx, where a and b are defined below).

The coi-v^rvaKc* equation for monomer is given by (5.28, 5.40)

_ M^ax = § £  = [ § £ *  + f f 5] = - { ( X p  + Xtrm )[or0 OM| 4+ (Xp  + Xttm )t® o lM | J

(5.57)

Using the results of 5.42, 5.55, 5.56 and Appendix 5.1 the rate of
polymerisation is given by

55 = c L - kD t ]V 2 _?U .-_5 . + c |e“kDtr / 2 _2E_Z_2U_.̂ _ ( s  s a )dt *1 J ( a- bx) - 1̂  5l J (a -  bx)-1/* (5,58)

where

c. -  (Xp t  xtrm) l o ^  [ i f - - ]

C5 - (Xp + kfcrm) [kfĉ f+kktd] Io i / 2 la s -  a4J
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a - ____Q____
(a5 - a4)

_ c(.i-a5)v5M + a5ysp iat
V  M 
v  a

V H

b ------Q----
(a5 - a4)

[(1 -f a ^ l y . s 1 _ [ ( l - a 5 )V 5M -  a 5V sP]

M M

The time-conversion locus can be derived by the change of 
variable, u2 = a - bx, and by use of integral 61 in reference (71). 
This leads to

t

where

tpd' *bppte ^ x < xpd 
(5.59)

Int __2u
c4-c5

4------—  /-(C4-C5 )K In
(C4-Cs)

pC+U/-(C4-Cs )K
U-uy-fc'^slKj

u-(a-bx)x/2 

u=( a-ba4 ) *~/z

(C4-C5)K < 0

K = C4(a5 b - a) + C 5( a - b a4 )

tQ is the time when precipitation occurs, ie when x = Xbppte

The relationship (5.59) describes the time-conversion locus 
during the heterogeneous zone of polymerisation. By similar
analysis, the time-conversion locus upto *bppte (the first
homogeneous zone) is given by

t = - “  In jl - Int ’ | 0 < t < tQ, x < Xfappte (5.60)

where

u-

Int’ = -
2 !v,

u + 1  [YiEl V 2ln fu_=_ [V^P/V^MJ^/2
u + [V4P/V4M ] V 2

1-x 1 */ 2Ft?]]
u—1

and C V  = <kp . K trra) y ^ ) l/2|( [g? 1/2

and beyond Xp^ by

t — — *D In jexp|- Int" j tpa < t,Xpa < x (5.61)
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where
u=

2
Int” = - --- r i v  pu + - -~5- In ru - L v 4p/ v 4M ] v 2 ] 1

< v 2 V 4P u 4- [V4P/V4M ] V 2J .
u=

1-x

1-a,

l/i
M

•y4M-v4P1 */2
v M

° s' " (kp *■ktrm) u r x
and tp^ is the time when x - Xp^ 

P V P

1/21 flQli/2
I 5 I V 0 J

NB V, ~ 2m  
v sM v 4m  p p

5.4(i) Comparison of Numerical and Analytic Solutions

The analytic solution of the model equation was compared with the 
results from a numerical integration of the model for identical 
process conditions: the numerical integration was performed with the
same constraints used to develop the analytic solution, ie high mass 
transfer rates for the initiator and monomer and no mass transfer of 
radicals (they terminate in the same phase in which they are formed. 
The conditions used for the comparison cure shown in Table 5.3.

When these conditions are used, the rate and conversion curves of 
the numerical and analytic solutions are virtually coincident (Figure 
5.7). Furthermore as an indication of the proximity of the 
solutions, the times taken to reach 77% conversion (the onset of 
pressure drop) are

(i ) for the analytic case 
4.261 hours (255.66 minutes)

and
(ii) for the numerical case 

4.272 hours (256.32 minutes)

An agreement of 40s in 4.261 hours ( .26%).
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TABLE 5.3
Process Condition CJ3ed to Compare Numerical and Analytic Solutions

Initiator Charge (Perkadox 16 MW 398.8) 30g

Monomer Charge 54.4kg

Temperature 50°C

Initiator Distribution Coefficient 1.54

^ [rpolymer]

Mass Transfer Coefficients for Numerical Integration

For From
Phase

To
Phase

Symbol Value
ms-i

Monomer Monomer Basic Particles *AM*5 10“ 3

Monomer Primary Particle Surface *a m 46 10“ 3

Primary Particle 
Surface Primary Particle Bulk *AM67 10“ 3

Initiator Monomer Basic Particles *AI45 10“ 3 

10” 3Monomer Primary Particle Surface *AI46
Primary Particle 
Surface Primary Particle Bulk *AI67

i
n 

1 
1O____

Radicals Monomer Basic Particles *AP45 0

Monomer Primary Particle Surface *AP46 0

Primary Particle 
Surface Primary Particle Bulk *AP67 0

Tolerance in Relative local Error Test 10 6
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The close agreement of the two solutions gives confidence in the 
results of the numerical calculations, confirming the reliability of 
the numerical algorithms chosen. In Chapter 6 we shall be extending 
the numerical solutions to look at those cases for which the analytic 
solution does not apply. Combined with a sensitivity analysis of the 
parameters of the analytic model, this will help to form an entire 
description of the time—conversion behaviour of polymerising vinyl 
chloride. The numerical and analytic models will provide benchmark
results (i ) against which experimental evidence may be used to
confirm aspects of the mechanism of polymerisation and ( ii) to
provide information allowing the parameters of the model to be
optimised for more accurate future descriptions of specific processes 
and recipes.

5.4(ii) The Choice of Error Tolerance

The decision to use a relative error tolerance, RET, (66) of 10“® 
for the numerical integrations described in Chapter 6, and in the 
comparison of the analytic and numerical models, was based on the 
numerical studies summarised in Table 5.4,

At tolerances greater than 10~5 the integrator failed to 
integrate the ODEs successfully, whereas at tolerances less than 10“® 
the time taken for the integration was much larger without 
appreciable improvement in accuracy. A tolerance of 10“® was judged 
to give the best compromise between accuracy and computer time.

Figure 5.8 shows what work the integrator is doing during the 
integration with a tolerance of 10“®. The plots of the stiffness 
ratio for unsealed and scaled derivatives (Section 4.2B) show that 
stiffness is preserved throughout the calculation because high order 
moments are very sensitive to changes in the low order moments. The 
number of integration steps per call to the integrator shows how in 
the first minute (when the radical population is growing rapidly to 
its steady state value) the integrator does most work 
(158 steps/(minute modelled) compared with a normal value of 
-6 steps/(minute modelled)). The plot of Jacobian
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evaluations/(minute modelled) indicates how often the integrator i3 
having to change the order of the method in order to achieve the 
local error tolerance.

TABLE 5.4
Effect of Change in Local Error Tolerance on Computer Time

TOLERANCE IN 
RELATIVE LOCAL 
ERROR TEST

NUMBER OF 
CALLS TO 
INTEGRATOR

MINUTES MODELLED 
PER CALL TO 
INTEGRATOR

CDC 7600* 
CPU TIME 
(SECONDS)

CPU TIME 
PER CALL 
TO INTEGRATOR 
SECONDS

H O 1 N __
_1 2 1 .232 .116+

10“ 3 300 1 35.725 . 119+
10“ * 300 1 39.299 . 131"*"

H o 1 V
I 300 1 45.246 .151°

10“ 6 300 1 61.360 .205°

H o 1 >1 300 1 73.248 .244°
10“® 257 1 116.277 .452#

011or-fl 257 1 116.326 .453#
10“ 10 257 1 116.279 .452#

NOTES

All these runs aborted
77% conversion reached between 225 and 260 runs 
99.5% conversion reached after 300 minutes
All these runs hit computer time limits before 99.5% conversion 
reached. 77% conversion reached in 257th minute
A CDC 7600 model was the fastest computer used in this study. 
The relative speeds of all the computers used is given below 

APPROXIMATE SPEEDS OF COMPUTERS USED

COMPUTER CENTRE SPEED/ARBITARY UNITS

CDC CYBER 174 ICCC 1
CDC 6600 ICCC 2
CDC 7600 ULCC 6

ICCC Imperial College Computer Centre 
ULCC University of London Computer Centre



FIGURE 5.8 Work done by the integrator during numerical solution :integration statistics
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C H A P T E R  S I X  

R E S U L T S  A N D  D I S C U S S I O N

In developing the computer model for vinyl chloride 
polymerisation considerable attention has been paid to the 
effectiveness of the mnnerical techniques. These ensure that the 
model is conservative, accurate with respect to the ideal (analytic) 
solutions and performs i t s  calculations in the minimum possible time. 
It only remains to present the predictions of the model, showing how 
they compare with experimental observations and how they reproduce 
all the essential features of vinyl chloride polymerisation.

Although the results of the model compare favourably with 
experimental observation, the lack of sufficient accurate 
experimental data precludes numerical optimisation of all the model 
parameters (even if it were possible). The model has been used 
instead to perform benchmark calculations, to show the trends caused 
by changes in variables and process conditions and from this provide 
better estimates of the model parameters. By confirming the 
approximate time and length scales of model parameters, experiments 
may be better designed to measure those parameters to specified 
degrees of accuracy.

The results were generated by changing each of the parameters in 
turn. The relative importance of, for example, the rates of 
termination, the rate of chain transfer to monomer, the solubility of 
initiator or the flocculation of primary particles was judged by the 
effect on the rate and molecular weight curves.

Since a single experimental run can create numerical and 
graphical output for a wide range of dependent process variables, for 
example, the variations of rate, conversion, molecular weight, 
polydispersity, porosity and the concentrations of initiator, monomer 
and radicals with time or conversion it is essential to be selective 
in presenting the results. Hence, although the results of the 
numerical experiments are tabulated in Appendix 6.1, only graphs 
pertinent to a particular feature of the polymerisation are presented
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xn this chapter.

Host graphs show rate profiles; they are easily transformed to 
the temperature profiles observed in practice. The rate of reaction 
can easily be shown proportional to the temperature difference in 
between the jacket and autoclave when autoclaves are controlled to be 
isothermal:

UA(TB - Tj ) 
MB(-AHR ) ( 6 .1 )

where rm is the rate of reaction per unit mass
Mb is the mass of the autoclave and all the other symbols

have been defined in Chapter 3.

Furthermore, rate-time profiles have am advantage over the 
sigmoidal conversion-time curves normally used to support previous 
models (38 to 45 and 50); they reveal more clearly the nature of the 
second derivative, the rate of change of rate d2x/dt2. This can 
change quite subtwly with process conditions and mechanism. Figure
6.1 highlights the difference in shape of seme typical rate and 
conversion curves predicted by the numerical model.

6.1 PREDICTIONS OF THE MODELS

6.1.1 The Analytic Model

The analytic model derived in Section 5.3 is a very powerful 
tool. It allows a very rapid analysis of the chemical kinetics of 
vinyl chloride polymerisation when the radicals terminate where they 
are initiated and where the total radical chain end population is 
small. It provides no information about molecular weight or its 
distribution.

In using the analytic model most credance was placed upon the 
kp's and k^'s; they are well substantiated in the literature (45, 
96). Initiator efficiences, the distribution of initiator, and the 
kt*s in the monomer and polymer phases were all varied independently.
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FIGURE 6.1 The presentation of model predictions in 
graphical form : typical profiles.
( T = 5 0 ° c ,  <$ l5='1.538, Cn0l =1.1754 molnT3 Perkadox-16)

(i) Conversion as a function of Time.

(ii) Rate as a function of Time.



171

FIGURE 6.1 (cont)

(iii) Rate as a function of Conversion.

rMAfBMMMI
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With the parameter 3et given in Tables 5.2 and 5.3, total 
polymerisation time was found to be that of the order 22 hours. 
Typical times in process plant for the same recipe show the 
polymerisation time to be about six hours for ultimate conversions of 
93% at 55°C. (Appendix 6.2). Decreasing k̂ -*/ *ts' ^te and *t7 
(Section 5.2) by a factor of four doubled the overall rate of 
reaction (eq 5.58). More realistic polymerisation time scales of 
five hours are achieved. Figure 6.2 shows how changing the k^’s from 
their base values affects the polymerisation rate.

The fourfold decreased termination constants were used for much of 
the sensitivity analysis.

Modifying the overall rates by the variation of k^’s is preferred; it 
only has a small effect on molecular weight. It is the ratio kp/k^xm 
which principally determines molecular weight, although the relative 
strengths of initiation to termination determine its conversion 
dependence. Molecular weights at high conversions are easily 
measured, thus defining the ratio kp/k^rm* The k̂ -’s therefore remain 
as the constants most easily changed without affecting other aspects 
of the model

Temperature Effects

In Figure 6.2 the effect of temperature on rate for a constant 
initial initiator charge is also seen.

At ' low temperatures * (less than 60°C in this case) the rate is
seen to peak: the peak occurs at -77% conversion when all the diluent
monomer phase has been consumed and polymerisation is starting to
proceed at the expense of the monomer swelling the polymer. The rate n^aJ(tef
fallsj. CJpto the peak, the rate increases linearly with conversion, 
as the proportion of the polymer phase, where growth is fastest, 
increases (equation 5.58). In the time domain, this appears as 
autoacceleration.
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FIGURE 6.2 The effect on rate of reaction caused by-
changing rates of termination in the monomeric 
and polymeric phases.

Legend:
Initial Initiator Concentration, [Iq*]
Initiator Efficiencies:

Monomer Phase,f^
Polymer Phase,f^

Initiator Distribution Coefficient,)^^

CURVE TEMP
( ° c )

RATE RATIO 
(polymer/ 
monomer )

REMARKS

a 50 6.851 k. as Kuchanov et al,S 5.2 
L  -  2 2  hrs *

b 50 3.425
P  ^monomer ,k£(@ a)/4

c 50 13.702 polymer ,k̂ .(@ a)/4
d 50 6.851 k£(@a)/4, k^(@a)/4

e 55 6.538 f l  M

f 60 6.244 II II

g 65 5.971 II II

h 70 5.717 11 It

i 55 6.538 k£(@a)/2, k£(@a)/2
0 50 k£(@a)/40, k^(@a)/40
k 55 11 11

1 57 Experimental Observ’n x 
(LIo1=1.413 mol/nr Perkadoxl6)

= 1 . 1 ^5 4  molm ^

= 0.7 
= 0.5 
= 1•558
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Initiator Effects

Figures 6.3(1) to (vi) reveal how important the location of the 
initiator is. As y45* increases — initiator more soluble in the 
monomer phase - the rate curves Increase less rapidly with time (or 
conversion) in the early stages and show an increasingly pronounced 
peak at 77% conversion. Insufficient initiator is present in the 
polymer phase in the early stages to generate the radicals necessary 
to support the dominant polymer phase growth necessary for 
autoacceleration. The peakiness in the rate profiles, seen for 
example in Figure 6.3(iii) when y = 7.5, arises because eventually 
sufficient initiator is forced into the polymer phase by high 
concentrations in the monomer phase. Enough free radicals are then 
generated for a (belated) autoacceleration. Increasing y^s1 not only 
suppresses the early rate, it decreases the ratio of peak rate to 
initial rate. The latter observation is a direct consequence of the 
low early rate; it increases the time taken to reach the 'pressure 
drop' conversion. Initiator, therefore, has more time to decay and 
its contribution to the magnitude of the peak rate at pressure drop 
is reduced. This can be seen in equation 5.58 when x is set to ct5: 
the rate peak is then proportional to the square root of the 
remaining initiator, [exp(-k<3 t)]x7'2 .

6.1.2 Higher Temperatures

At higher temperatures, above 60°C for this initiator, although 
initial rates of polymerisation are higher, initiator depletion 
becomes significant. In Figure 6.3(v), where the polymerisation 
temperature is 65°C, the onset of depletion conditions is observed. 
For curve (a) (y^ 1 = 1.5) there is enough initiator in the polymer 
phase to support the dominant rate there. The rate continuously 
rises to a peak maximum at 77% conversion. With higher y's, eg 
y45* - 7.5 in curve (c), when more initiator remains in the monomer 
phase, with its lower intrinic rate, the rapidly decomposing 
initiator causes a reduction in the monomer phase rate. This is not 
quite matched by rising rate contribution in polymer phase over the 
first two hours. The rate falls from an early maximum to a
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RATE

(•/•mirf*)

FIGURE 6.3 The effect of variations in 
distribution coefficient on 
polymerisation at different

the initiator 
the rate of 
temperatures.

Initial initiator concentration, |JEqj =1 .4-13
At each temnerature:

mo im-0

Curve n 5
a 1.5
b 3.0
c 4.5
d 6.0
e 7.5

(i) Temperature= 45



-  7 7 7 -

(.ii) Temperature=50°C

t im e  /  HOURS
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(iv) Temperature=60°C

(v) Temperature=65°C
( o )

T IM E  /  HOURS
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(vi) Temperature=70°C
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pre-pressure drop minimum. At this point polymer phase kinetics 
become dominant again and a rate peak, is observed on the decreasing 
rate tail.

At still higher temperatures - in Figure 6.3(vi), T ■= 70°C - 
initiator depletion completely dominates the polymerisation, 
especially when y1 is high. The maximum conversion reached is 
approximately 50%, depending on recipe and operating conditions: 
pressure drop conversion is not attained as the polymerisation 
proceeds under dead end conditions (99).

6.1.3 Initiator Efficiency

In Figure 6.4 the importance of initiator efficiency is 
highlighted. By considering the ratio:

_ Initiator Efficiency in Polymer Phase fs _ fs __ f7
Initiator Efficiency in Monomer Phase f* f*

it can be seen as /3 decreases from .866 to .01, the mean and peak
rates are lowered, in a manner similar to that observed for higher 
temperature polymerisations. (The overall rate is of course much 
lower than in those cases) in curves (a) to (c), efficiency of 
initiation in the polymer phase is sufficiently high enough to ensure 
dominant polymer phase growth. In curve (d), the efficiency is only 
just high enough to support polymerisation in the precipitated phase: 
initiator depletion is becoming important after five hours and a 
maximum rate is observed significantly before pressure drop at
approximately seven hours. With the lowest polymer phase initiator 
efficiencies, virtually all the polymerisation is occurring in the 
monomer phase at very small overall rates.

6.1.4 Interpreting the Observations

The studies so far indicate that the fourfold decrease in k^'s 
underestimates the time to pressure drop conversion by some two 
hours; it is usually about four hours at 55°C. Therefore in Figure 
6.5, the kt’s have been reduced by a factor of two and the initiator
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FIGURE 6.4 The effect of changing the polymer phase 
initiator efficiency,f^,on the observed 
total rate.

Legend: Temp=50°C ,£Iq] =1 .177 molm"^ Perkadox-16,
tfS5=1-538,
Monomer Phase Initiator Efficiency,f^=0.75

Curve f5 Rate Ratio 
(polymer/ 
monomer)

ft=f5/f4

a 0.866 25.101 1.155
b 0.750 23.363 1.000
c 0.562 20.224 0.749
d 0.316 15.165 0.421
e 0.100 8.531 0.133
f 0.010 2.698 0.013



FIGURE 6.5 Realistic Rate Curves as functions of Time and Temperature.
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distribution coefficient, y ^ 1, has been 3et to 3.0 to produce more 
realistic rate-time curves. Despite the change in k̂ -'s the
transition from high temperature polymerisation (with initiator 
depletion and dead end polymerisation dominating) to low temperature 
’peaky’ reactions is clearly shown.

At approximately 60°C, as is seen in Figure 6.5, the rate of 
initiator decay approximately matches the rate of growth of the 
polymeric phase with its enhanced rate: the rate profile is "square" 
or plateau shaped. "Square" shaped profiles are observed in practice 
at intermediate temperatures (70°C > T >50°C): they can represent 
ideal temperature profiles. If the rate of polymerisation is at the 
maximum permitted by the cooling system, the cycle time between 
successive batch charges is minimised, optimising the utilisation of 
the reactors.

The analytic model provides a ready means to interpret the 
results demonstrated in Figures 6.2 to 6.5. The quantity to study is 
the ratio of the rate at the onset of pressure drop (the ’peak rate’ ) 
to the initial rate. All the initiator related effects can be 
explained by this ratio: the conditions for ’peaky', ’plateau’ and 
’initiator depletion* reactions can be determined.

From equation 5.58, the initial rate of polymerisation is given
by:

and the rate of polymerisation at the onset of pressure drop is given 
by:

(6.3)

phase

" " J C n t r v l
J-/2

dx| 
dt Ipd polymer f(l - 

phase °

(1 - ocs)

(6.4)
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The rate constants for propagation, chain transfer to monomer and 
initiator decomposition are idential in each phase, so

dx/dtI 
dx/dt|0

1/2

f(l -a,) V;n + g5_V5P 
1 v 5"

1-/2

e-kDt/2

(6.5)

The ratio R lies within an exponential envelope whose magnitude 
is principally determined by

Lf *  * t ± l
U *  k t s \

1/2

Its precise value depends on the amount of initiator depletion 
which has occurred when pressure drop starts; this modified 
exp(-kDt ).

Qualitatively (6.5) gives the correct picture. For example, when 
the efficiency of initiation was decreased in the gel phase in Figure 
6.4, the maximum possible rate ratio is reduced and the time taken to 
reach the peak rate is increased: initiator depletion therefore 
gives a smaller value for .e^D^pd/2 . A transition from peaky ((a) 
to (c)) to plateau (d) and finally initiator depletion 
polymerisations ((e) and (f)) is observed.

Equation 6.5 can be used to deduce the three basic types of 
polymerisation (Figure 6 .6 ) and to develop a procedure for predicting 
the type of polymerisation produced by a particular initiator type 
and charge. Initiator selection becomes more systematic.
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FIGURE 6.6
TYPES OF VC POLYMERISATION

Relationship Type of Reaction Temp Regime Diagram

_ ayatipj
dx/dt|0 Peaky Low Jk

cit
f-

R = 1 Plateau Intermediate dx.
at ----- V

R < 1
Initiator 
Depletion 
(Dead End)

High d*
cifr

t

6.1.5 Predicting the Peak Nature of Polymerisation

If the type of polymerisation is to be predicted, a number of
steps have to be followed:

a) Calculate the initial rate from equation 6.3.
b) Calculate the time taken at this rate to reach the pressure drop 

conversion, tpdlr(o)*
c) Calculate the time required for the rate at pressure drop to 

equal its initial value, ie for R = 1, from equation 6.5, 
tpdIR=1 •

d) (i) If tpalr(0 ) < -̂pclIR—1 the pressure drop conversion will be
reached before the initiator depletion term . e^D^-pd/2 
dominates the behaviour of 6.5: the rate will show a maximum 
at pressure drop.

(ii) If tpdlr(o) = tpdlR-1' the pressure drop conversion is 
reached at precisely the moment the depletion term has 
reduced the maximum rate ratio to 1 : the rate will show a
plateau upto pressure drop.

(iii) If tjxilr(0 ) > tpalR=i, the initiator depletion dominates 
equation 6.5. If the polymerisation proceeds at the initial
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rate, the initiator will have depleted so much so that it 
cannot support a high rate at pressure drop.

The effectiveness of this procedure can he demonstrated with the 
polymerisation rates shown in Figure 6.5. Using the parameters given 
in Section 5.2, equation 6.5 becomes

R = 0.3172 e(8375/RT “ (6/6)

The transition from 'peaky* to 'initiator depletion* reactions is 
shown in Table 6 .1 together with tp^ I r( o ) 5111(3 ^pd 1 R=l • The
conditions of step (d) above are clearly met.

TABLE 6.1
PREDICTING POLYMERISATION TYPE

Temperature Time to reach Time required Type
pressure drop for ratio of of
at initial pressure drop Polymerisation
rate rate to equal 1

(°C)
■tpd 1 r( o ) 

(hrs)
tpd1R—1

(hrs)

50 12.65 23.55 Peaky

55 7.97 11.30 Peaky

60 5.09 5.54 Peaky/Plateau

65 3.29 2.77 Initiator
Depletion

70 2.16 1.41 Initiator
Depletion

This rule is of immediate application in choosing initiators to 
run at the ideal 'plateau' rate profile. The 'desired' pressure drop 
time is calculated from the maximum rate and the pressure drop 
conversion, vis: —

‘kpdldes ~ xpd/( <33<̂ <33: Imax) (6.7)
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From 6.5 (or 6 .6 ) the necessary k^ to achieve a plateau profile 
at a particular temperature is calculated: an initiator can be 
chosen and the necessary charge can calculated from equation 6.3.

This is a simple yet powerful application of the model. Indeed 
some of the previous models such as Hamielec's could have been used 
in the same manner. No-one appears to have noted this particularly 
practical application; it is clearly not so important in an academic 
study to predict when the maximum rate occurs or what its value will 
be.

In an industrial environment mixed initiator systems are used to 
circumvent the initiator depletion problem. A fast decomposing 
initiator is used to give a high initial rate. Mixed with it is a 
slow decomposing initiator which sustains polymerisation at high 
conversions when the fast initiator has all but disappeared.

Even under these circumstances the procedure can be u3ed in a 
modified form, to estimate how much of each type of initiator is 
required. Equation 6.3 is used with value of I and for the fast 
initiator, while 6.5 is used with values of kp for the slow 
initiator. Now, since the reactor will be run with a "square” 
profile, back-calculation with equation 6.3 indicates how much slow 
initiator is required.

6 . 1.6 Predicting Principal Rate Curve Characteristics from
Experimental Studies - Optimsinq Initiatior Utilisation

f

In commercial studies a significant amount of time and effort can 
be wasted in working our how much initiator to use. A series of 
experiments may be performed on pilot plants until the correct charge 
is determined. The analytic model provides a practical solution to 
this problem. Given the experimental rate curve for a given 
temperature and initiator charge, the principal characteristics of 
the rate curve for different initiator charges at the same 
temperature can be predicted, namely:
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* initial rate
*■ rate at pressure drop
* time pressure drop occurs.

Using the methods outlined in the previous section, any change in the 
nature of the rate profile can also be predicted.

The known rate profile is recorded from a reactor jacket 
temperature profile such as shown in Appendix 6.2. When more or less 
initiator is added, the rate will change and the time taken to reach 
the pressure drop conversion will be affected. The amount by which 
it changes is easily predicted. The method relies on the functional 
form of the mathematical model and thereby avoids the need to know 
precise values for most of the model parameters.

The basis of the analytic model is equation 5.58 which is 
integrated by separating variables. It takes the form:

f(x) g(t) (6 .8 )

x is the conversion
f(x) is a function which represents the conversion dependent 

parameters
g(t) is a function which represents the time dependent decay 

of initiator

If the rate increases by a constant factor, a, over the entire 
conversion range:

|| = a f(x) g(t) (6.9)

At constant temperature the terms representing the essential 
physics of the process, f(x), and the initiator decay, g(t), remain 
unaffected, therefore

f * f = af* g(t) dt
Jo r l x ) Jo Jo

dx
dt

where

and

( 6 .1 0 )
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where T,T’ represent the times for the 'standard' and the modified 
reactions to reach conversion x. Since,

G( T ) e"*dT/2
( 6 . 1 1 )

T maps into T* by the relationship:

T' = ~  Ln*d {-I (1 - e- * a T / 2 (6.12)

Since, for changed initiator charges, rate scales with I1/ 2 
(equation 5.58), the factor, a, is given by

-  [■y
x / z

(6.13)

where I0 is the initiator charge for the know profile 
I is the new charge

Thus from a known rate curve the principal characteristics of the 
new curve are predicted,

(i) For initial rate,

dx
dt = a dx

dt (6.14)

(ii) For time to pressure drop, equation (6.12)

(iii) For ratio for 'peak', pressure drop rate to initial rate 
(using 6 .10)

R* =
r kDT'/2
-kDT/2 Ro (6.15)

where * indicates prediction from experimental observation Q ,

This method of approximation is of immediate engineering 
application and demonstrates the wide ranging scope of the 
mathematical model. In the next part of the chapter the ability of
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the numerical model to look at more detailed aspects of 
micro-mechanism will be 3een.

6.2 THE NUMERICAL MODEL

The analytic model is of vital importance in understanding and 
quantifying the chemical kinetic effects of vinyl chloride 
polymerisation. The effects of mass transfer limitation are however 
beyond its scope. This is not the case for the numerical model, 
which has the capability for independent variation of all the mass 
transfer coefficients. Hence any limitations in the mass transfer of 
initiator, monomer or radicals, and their consequent effects on the 
polymerisation process, can be analysed.

An essential feature of the model is its ability to describe the 
continual variation of interfacial area between basic, or primary, 
particles and the monomer phase, as the precipitated species grow and 
flocculate. Its other main feature is the prediction, from the 
zeroth, first and second moments of the molecular weight 
distribution, of the number and weight average molecular weights.

No other model for vinyl chloride polymerisation so rigorously 
relates kinetic, mass transfer, molecular weight and particle 
formation effects within a single framework. The comparison of the 
model predictions with experimental observations, such as rate with 
time or molecular weight with conversion, will verify the model and 
the significant contributions to mechanism.

With the fine tuning which accrues from repeated model 
calculations, more realistic values for flocculation, mass transfer 
and kinetic parameters will be determined. In Table 6.2 the 
variables which the model requires as input are listed, with their 
default values. In this thesis many of those variables are modified 
over a large range, to determine their significance in the 
polymerisation process. Table 6.3 shows what 'experiments' were 
performed with the model and summarises how parameters were changed 
to observe particular effects.
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Section

Line 1; 
Line 2:

Line 3:

Section

Line 4: 
Line 5: 
Line 6 : 
Line 7: 
Line 8 : 
Line 9: 
Line 10: 
Line 11: 
Line 12: 
Line 13: 
Line 14: 
Line 15:

Line 16:

Line 17: 
Line 18: 
Line 19:

Line 20:

TABLE 6.2
VARIABLES INPUT 'TO THE MODEL AND STANDARD VALUES

1: Basic Thermodynamic Data for Each Phase

Partial Molar Volumes for Initiator vj^3-) , i = 1,7 
Partial Molar Volumes for Monomer v j ^ ) , i ■= 1,7 

~ .29762 X 10“2 m 3mol-i 
vMz = .46507 x 10“ 3 tn3mol“ 1 
vM 3~7 = .725744 x 10“* m^mol” 1
Paxtial Molar Voume for Polymer, per monomer unit in chain 
vp1 , i = 1,7
vp3“7 =■ .446429 x 10“* m 3(mol monomer units )-1

2: Variable Input Data

Run Number (Identifier)
Temperature of Polymerisation, 50°C 
Initiator Type, Perkadox-16 
Initiator Charge, 30g
Molecular Weight of Initiator, 398.5kg/kmol
Volume of Monomer Charge to Autoclave, 64 x 10“ 3 m 3
Volume of Water Charged to Autoclave, 66.8 x 10~3 m 3
Stirrer Speed, 200 rpm
Autoclave Size, .16 m 3
Autoclave Internal Radius, .2 m
Default Radius of droplets, 40pim
Default Conversion when primary particles Start to 
Precipitate, 3 x 10“s
Default Conversion when primary particles form surface and 
bulk phases, .05
Default Conversion when subgrains stop contracting, .67 
Conversion when pressure drop commences, .77 
Packing Fraction of Primary Particles necessary for close 
packing to occur in subgrain, .74
Co-ordination Number of Floccs of Primary Particles, 12
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Line 21: Degree of Supersaturation before Primary Particles
precipitate from monomer, 1.5

Section 3: Variable Mass Transfer Coefficients and Initiator
Distribution

Line 22: Initiator m.t.c.’s, kjj;45, k^j46, ^AI°7
Line 23: Monomer m.t.c.’s, k ^ 45, k^n46, k^ 67
Line 24: Radical m.t.c.’s, kacr45' ^acr4®' kao-®7
Line 25: Fraction of Precipitated Primary Particle initially in phase 

6 , .85
Line 26: Initiator Distribution Coefficients, yj45, yi46, yi67 - 1

Section 4: Integrator Control Variables - see Nag Routine D02QBF

Line 27: TO , 0(S)
Line 28: TEND , 28800(S )
Line 29: (CIN(1),1=1,5) / 1.0 2.0 0.0 60.0 0.0
Line 30: TOL , 1.0 x 10"s
Line 31: (C0MM(I),I=1,5) / 0.0 0.0 0.0 1.0 60.0
Line 32: MAXITS , 20000

Section 5: Flocculation Model (equation 5.3) Parameters

Line 33: FLOCF,e = 10
Line 34: CXFLOC,100 (No - CXFLOC *
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TABLE 6.3
SUMMARY OF EXPERIMENTS PERFORMED WITH THE NUMERICAL MODEL

Series Aim of Experiment and Means of Achievement

A Assessing Initiator Mass Transfer Effects between Primary 
Surface and Primary Bulk.
By:- starving primary particle bulk of initiator by 
lowering m.t.c. between primary surface and bulk 
(10~7ms_x to 10_isms_1) with 
(i) Fast m.t. of monomer (10“ 3ms_1)

(ii) No m.t. of radicals (0ms-1)

B Assessing Initiator M.T. Effects between Monomer and
Basic/Primary Surface
By:-
Lowering m.t.c. between monomer and basic particle or 
primary particle surface (10"7ms-1 to 10" 15ms_1) with 
(i) Fast m.t. of monomer (10"3ms”1)

(ii) No m.t. of radicals (0ms"1 )

C Assessing monomer M.T. effects between monomer and basic/
primary surface
By:~
Lowering m.t.c. between monomer and basic particle or 
primary particle surface (10“7ms_1 to 10_ 15ms_1) with 
(i) Fast m.t. of initiator (10- 3ms-1)

(ii) No m.t. of radicals (0ms"-1-)

D B and C combined with
(i) Fast m.t. of initiator and monomer from primary 

surface to bulk (10~ 3ms“1)
(ii) No m.t. of radicals (0ms"1 )
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Series Aim of Experiment and Means of Achievement

F Assessing Radical M.T. effects between monomer and basic/ 
primary surface by: -
lowering m.t.c. between monomer and basic particule or 
primary particle surface (10- 3ms-1to 10-13ms-i) with 
(i) Fast m.t. of initiator and monomer (10- 3ms-1)

(ii) No m.t. of radicals from surface to bulk of primary.

H Assessing influence of the mode of termination on molecular 
weight by increasing the proportion of termination due to 
combination.

^t = ^tc ^td (^ ) 
ktc = f kt f < 1 (b)

with
(i) Fast m.t. of initiator and monomer (10- 3ms-i)

(ii) No m.t. of radicals 
(iii) Rate of chain transfer constant.

I Assessing influence of change in rate of termination by 
chain transfer to monomer on molecular weight

^trm^ ~ l°n ^trm^ 1 standard (Section 5.2)
with

(i) Fast m.t. of initiator and monomer (10- 3ms-1)
(ii ) No m .t. of radicals

(iii) Rate of termination by combination and dispropor­
tionation constant.
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Series Aim of Experiment and Means of Achievement

K Assessing influence of primary particle flocculation 
according to rule

N(x) = + (N0 - N ^ e " ^
N0 - P Nro

with
(i) Fast m.t. of initiator and monomer (10- 3ms-1) 

(ii) Radical m.t.c. (monomer to basic particle or 
primary surface) 2 x 10-7ms_i 

n̂ o = 5 x 1017m-3 
F = 10,100 
e = 0,1,10,30,50,70

M Effect of Variation in Initiator Distribution Coefficient 
(Monomer/basic particle or primary surface) coupled with 
initiator m.t.c. variation, with (2 x 10_7ms''i ) and without 
(0ms“x ) radical transfer, and with fast m.t. of monomer 
(10 3ms"—x )
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6.2.1 Mas3 Transfer Effects

In Chapter Three the formation of the various phases was 
discussed. Basic particles were postulated to grow upto critical 
sizes, arbitrarily chosen in the model to be ten molecular dimensions 
across, when they segregated into surface and bulk phases. 
Thereafter the relative strengths of mass transfer of species from 
monomer to surface, and from surface to bulk, determine what the 
proportions of surface and bulk will be.

For some values of k^j, k ^  or k ^ o  the polymerisations will 
exhibit kinetic control where mass transfer is unhindered. For other 
values they will be mass transfer limited. In between the extremes 
there will be a transition from kinetic to mass transfer control. 
Experimental evidence (eg 100 to 103) indicates that typical 
diffusion coefficients for molecules, such as VCM, diffusing through 
polymer (PVC) networks are of order 10- 1-3-m2s“1. Taking the mass
transfer coefficient m.t.c. as k^ = D/L, where L is the diffusion 
pathlength, this value for D corresponds to a m.t.c. of 10‘-sms_*A. (A 
diffusion pathlength of 10_6m is chosen; this is the approximate size 
of a primary particle).

Mass transfer effects would therefore be most significant for 
values of k^ which were smaller than 10“ 3ms_;L.

Initiator Mass Transfer Limitations

In the series A experiments, when k^j67 decreased from 10“^ms-1 
to 10-15ms-A, with kjyj*6 held constant at 10~3ms_1, the time at which 
pressure drop conversion is reached increases only slightly from 257 
to 262 minutes. However when k^j + s was decreased over the same range 
in series B, the time to pressure drop increased significantly from 
257 minutes to in excess of 400 minutes. There is a clear transition 
from kinetically to diffusionally controlled polymerisation, with the 
transition occurring for m.t.c. in the range 10-9ms-1- to io_A2ms—1. 
Large decreases in autoacceleration axe observed for m.t.c. smaller 
than 10-loms-i (Figure 6.7). At low m.t.c.'s ( <10_loms_:1-) the upper



FIGURE 6.7 Initiator Mass Transfer Limitation : (i) Rate Profiles 
Refer to appendix 6.1, series B.
Conditions for Fig 6.7: [Iq] =1 .413 molm”  ̂Perkadox-16, ^,-=1.538,

T=50°C, kj.=kj.(Kuchanov)/4
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FIGURE 6.7 Initiator Mass Transfer Limitation : (ii) Concentration Profiles(Initiator)

A

M O N O M E R  P H A S E  

C O N C S

V

A

P O L Y M E R  P H A S E  

C O N C 'S

V

198



199

conversions were limited by imposed computer time limits: these
curves typically took 600 cp seconds to compute.

In Figure 6.7(ii) it can be seen that changing k^j*6 has a 
significant influence on both the time taken for the initiator to 
equilibrate and the level of equilibrium attained in the polymer 
phase. For curve 111, k^i*® = 10“9ms-i, the reaction can be
considered kinetically controlled, and the polymer phase equilibrates 
with the monomer phase after approximately ten minutes. With
kAI*6 = 10-loms-:1-, there is some mass transfer limitation and 
equilibration takes approximately an hour. The concentration of 
initiator in the polymer phase is now lower than its thermodynamics 
limit; the consumption rate of initiator in the polymer phase just 
exceeds its mass transfer rate from the monomer phase. With 
k^j*6 = 10“ 11 or I0“ 12ms_1 the rate of initiator mass transfer is so 
low that the polymer phase is effectively starved of initiator. Most 
of the polymerisation occurs in the monomer phase, and the 
exponential decay in initiator is seen in the concentration curve 
114.

Diffusion limitation is thus demonstrated for initiator m.t.c.’s 
in the range 10_ 9ms_1 to 10“1-2ms“ 1, equivalent to maximum diffusion 
coefficients of 10_ 15m2s-J- to 10“ 1Bm 2s-1. This corresponds to the 
maximum Thiele modulii ranging from -0.79 to -24.91 (the significance 
of this observation will be explained after diffusion limitations of 
monomer have been discussed).

Despite such a signficant effect on rate of polymerisation, 
diffusion limitation of initiator appears to have only a small effect 
on the ultimate molecular weight. Decreasing k^j*6 from 10-9ms-1 to 
10“12ms-x decreases JIn from 875 to 850 (Appendix 6 . IB). This is 
indicative of the strength of chain transfer; the ratio kp/k^rm is
946.3 at 50°C. The topic of molecular weight is amplified in a later 
section (6.2.7).
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6.2.2 Monomer Mass Transfer Limitation

The m.t.c.’s for monomer, k^ 45 and kj\M46 were similarly scanned 
over the range 10_3ms_J- to 10-i5ms-:1-. As with initiator the 
transition from kinetic control to mass transfer controlled reaction 
occurred over the much more limited range lO^ms"-1 to 10_i2ms— 1 
(Figure 6 .8(i)). Taking lo^ms--1- as the maximum possible path length 
for diffusion in a primary particle, this range corresponds to 
maximum diffusion coefficients for 10_J-5m2s“J- to 10_iam 2s-;1-.

In Figure 6 .8(ii) for k^n46 = lO-^ms--1 there is rapid 
equilibration for monomer to its thermodynamics limit, its solubility 
in the polymer gel phase, within ten minutes. As k^ 46 decreases the 
time taken to equilibrate increases and the equilibrium concentration 
of monomer in the gel phase decreases from the thermodynamic limit. 
A 'dynamic' equilibrium exists with just sufficient monomer to 
maintain the polymerisation diffusing into the precipitated gel 
phase, but not enough to saturate the polymer phase. At very low 
k^ 46 the precipitated phase is starved of monomer: polymerisation
proceeds in the monomer phase and it eventually dies out (Figure 
6 .8(i)).

As with the reduction in k^j46, the reduction in k^ 46 from 
10-9ms-i to 10—i2,s—-1 has only a small effect on molecular weight; 
chain transfer to monomer principally determines molecular weight. 
There is a small decrease in Jin from 841.4 to 822.2 (Appendix 6 .1C).

Initiator and Monomer Mass Transfer - The Thiele Modulus and 
Effectiveness Factor

The theoretical studies performed above indicate maximum credible 
diffusion coefficients for initiator and monomer mass transfer 
limitation of 10-X5m 2s-i: for larger diffusion coefficients than
this, translational diffusion is not rate determining.

In the light of experimental evidence (100, 101, 102, 103) which 
shows typical values for diffusion coefficients for molecules moving



FIGURE 6.8 Monomer Mass Transfer Limitation : (i) Rate Profiles 
Refer to appendix 6.1,series C.
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FIGURE 6.8 Monomer Mass Transfer Limitation : (ii) Concentration Profiles
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through polymer matrices, to be - 10_ 1-1m2s_1, it is highly unlikely 
that the rate of polymerisation will be limited by the mass transfer 
of initiator and monomer within the system.

The Thiele modulus and effectiveness factor for monomer support 
this conclusion. The effectiveness factor is used to characterise 
the reduction in the expected rate because of the diffusion 
resistance of a reactant. It is defined as:

_ observed rate 
^ expected rate

For a first order reaction (A with reactant, A, diffusing
through a spherical particle, of radius R, to the locus of reaction, 
it can be shown (55) that:

r) = ( 30.coth39 - 1) (6.17)30

where © is the (dimensionless) Thiele modulus. The magnitude of the 
Thiele modulus indicates the relative strengths of the kinetic and 
diffusional processes:

When © is small (-0.3), r) = 1.0 and the reaction does not exhibit 
any diffusional limitation. For © > -3, t) = 1/© and the reaction 
exhibits increasing diffusional limitation.

Based on the rate parameters used in this study and an 
experimental value for D, the mass transfer limitation of monomer 
seems unlikely. This can be shown, independently of the model 
calculations presented earlier, with the Thiele modulus.

In Chapter 3 the rate of polymerisation per unit volume was shown 
to be:

kp [M] [cr0 ] (6.19)



- 2 0 4  -

and in Section 5.3, for the analytic model,

Ool ■ *t
i/z

[I]l/2 (6.20)

Thus, a pseudo first order reaction constant for monomer 
consumption can be defined as:-

k ' = kr ( 6 .2 1 )

Substituting kp, k^/*, f and from Section 5.2 yields

k' = 3.9362 x 10s exp [I] 1/2 ( 6 .2 2 )

Since, in sorption experiments, Berens (104) obtained a diffusion 
coefficient for VCM diffusing through unswollen PVC of:

(6.23)

10_6m is expected to be:

©M = 9830 X 10~3 [I]1/ 4 exp (-988.8/RT) (6.24)

With the concentration of initiator being approximately 1 molm-3 
(Figure 6.7(ii)) 0 takes the value -7.0 x 10~3 over the range 50°C to 
70°C. Hence the Thiele modulus for monomer is always less than 0.3: 
the rate of polymerisation will not be mass transfer limited for 
monomer.

If ©m  is defined as (k’R/k^)1-/2, k^j = 10-9ms-1 corresponds to a 
maximum of .79 while for k ^  = 10~12' = 24.9. The observed
transition in rate behaviour is thus supported independently by the 
Thiele modulus. So although the values of k^j are unrealistically 
small, the validity of the model in its treatment of mass transfer is 
confirmed.

D = 4.0728 exp —  I P
000] m^sRT j

The Thiele modulus for monomer with R =

In precisely the same way as ©^ was defined for monomer ©j could 
be defined for initiator, however no values of Dj appear in the
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literature. Based on the studies outlined above, qualitatively 
similar results would be expected for initiator, despite the 
probability that Dj > ( initiator molecules usually have higher
molecular weights and therefore lower mobilities than VCM molecules).

6.2.3 Initiator and Monomer Mass Transfer - Concluding Remarks

On the basis of the evidence produced by the model it appears 
that on the time scale of interest both these species will be freely 
mobile throughout the continuous monomer and the precipitated polymer 
phases. Their concentrations will be determined by the thermodynamic 
solubilities in the polymer.

Thus for the first time, this model rigorously justifies the 
starting assumption of many other models (15, 37, 39, 41, 43) that 
initiator and monomer can diffuse freely within the system.

After 'pressure drop’ the assumption may need tightening up; when 
the gel phase becomes more and more solid like, the mobility, D, may 
indeed be decreased and mass transfer is consequently slightly 
limited. Qualitatively this effect is already observed because of 
the reduced rate of mass transfer due to the lower gel phase monomer 
concentrations. However a decrease in D over six orders of magnitude 
would be necessary to take 9 form 7.0 x 10-3 to >3. This is highly 
improbable.

6.2.4 The Mass Transfer of Radicals

The analytic model assumed that radicals grew rapidly and 
terminated in the phase in which they were initiated; ^Acri*5 and 
k^ji*6 were therefore taken to be zero. When mass transfer of 
radicals takes place, the rate profile is critically dependent on the 
values for k ^ ^ .

In Figure 6.9(i) the rate profiles are shown for a range of 
values of k^CTi from 10-3m2s_1 to 10~9m2s—1 (corresponding to maximum



FIGURE 6.9 Radical Mass Transfer Limitation : (i) Rate Profiles 
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FIGURE 6.9 Radical Mass Transfer Limitation : (ii) Radical Concentration Profiles

4-1

3-
RADICAL
CONCENTRATION

(IC^mol.m3)

2 "

0

PRIMARY SURFACE PHASE

Curve K ^ 6(nns^

159-1 I0 '5

179 2x I0 '7

156-1 IO '8

o'vj

=. PRIMARY BULK PHASE

MONOMER PHASE
“T
2

---,--------------- r

3 4
TIME (hours)

T
5
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in a 1 micron particle of 10-9m 2s~2 and 10-17m2s-2 respectively). 
With effectively no radical transfer, at = 10-9ms-1 and lower,
the rate profiles are as predicted by the analytic model. Rate is 
proportional to conversion. yj, f5/ f s i g n i f i c a n t l y  
affect the rate profile behaviour as predicted by equation 5.58. The 
rate profiles for k̂ g-̂  - 0 continuously accelerate to a maximum 
'peak* rate.

Conversely at high radical mass transfer rates, k̂ cri = 10-3ms-1, 
the radicals initiated in the monomer phase are rapidly absorbed into 
the gel phase. As Figure 6.9(iii) shows most of the growth takes 
place in the gel phase from an early stage. Greater than 80% of the 
rate after 20 minutes is attributable to the gel phase, which also 
has a much higher surface phase concentration of radicals. In Figure 
6.9(ii) the radical concentrations in the various phases can be seen 
for different values of k^<ji* The first feature of note is that in 
comparison to initiator and monomer concentrations of ~1 molm-3 and 
between 4500 and 13700 molm-3 respectively, the values are small (on 
the whole must less than 4 x 10-3 molm-3). This reflects their short 
lifetime. The second feature of note is that monomer phase radical 
concentrations are much lower, almost negligible, in comparison with 
gel phase concentrations. This is due to the lower termination rate 
in the gel phase and the consequent increased lifetime of radicals 
there. At high values of k̂ cri/ although radicals are initiated in 
the monomer phase their rapid adsorption into the gel phase means 
that termination is in that phase. Because of the lower termination 
rates there, radical lifetimes are increased and therefore 
concentrations of radicals are much higher in the gel phase, as shown 
in Figure 6.3(ii). The change in the nature of the gel phase and its 
contribution to the polymerising system is reflected in the rate 
profiles, Figure 6.9(i). For k^g-̂  = 10-3ms-1, the low initial rate 
rises sharply as the gel phase develops and levels out as the maximum 
attainable rate is achieved. Instead of d2x/dt2 continuously
increasing to the peak rate, it now decreases on the final approach 
to the maximum rate.

In between the extremes in value of k̂ g.̂ , there is a transition 
ft\yin the sape of the rate profiles from ’peaky’ (for low k^g-^) to
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'rounded' (for high k^a|).
The benefit of a series of curves like those in Figure 6.9 is 

that it allows the instant comparison of experimental results in a 
qualitative manner. For example the first curve in Appendix 6.2 
shows observed process variables for a pilot plant scale 
polymerisation of VC. It is clearly less ’peaky' than the second 
curve which shows the observed rate profile on a production scale 
autoclave. Although such differences may reflect the nature of the 
control system and small differences in the process recipe, the first 
profile seems indicative of a high value in k^^.

Returning to model predictions, it is surprising to observe that 
the transition from kinetic to diffusion controlled reaction takes
place for Âcri in the range 10 3ms 1 to 10_9ms--1-
(lO-9m2s_J- > DCTi 1 max > 10"*7m2s~1 ). This is six orders of magnitude
compared with the range of three orders needed for the same
transition with monomer and initiator. From a consideration of the 
Thiele modulus, defined as eCTi = (kp[M] .R/^ACTi )3‘/'z > the transition is 
expected for ^Acrilmax for 8.5 x 10_2ms-1 to 8.5 x 10-*ms-1 
corresponding to = .3 (kinetic control) and 0ai = 3 (diffusion 
control). The sensitivity of the model to k ^ ^  reflects the 
contribution that the radical population makes to the kinetics. In 
Figure 6.9(ii) typical radical concentrations are 10-3molm“3, which 
compares with concentrations for monomer and initiator of 103 to 10* 
and 10°molm”3 respectively. Their reactive nature ensure their short 
lifetime and small instantaneous concentrations in the precipitated 
polymer phase. Any slight absolute change in the gel phase radical 
population with its intrinsically faster rate is bound to have an 
amplified effect on the rate profile. Since the k^ai in the middle 
of the observed transition range corresponds to Dm' I may 3 10“ t2m2s--1- 
- the size of a realistic diffusion coefficient in a polymer gel - 
the likelihood of radical mass transfer limited reaction is indeed 
much much higher than it is for monomer and initiator.

This is an important conclusion based on the models predictions. 
Not only does it confirm the views of Bort, Cotman et al and Ugelstad 
et al who all believe in its contribution but it imposes doû jfct on 
the conclusions of Hamielec (107) who dismissed the contribution made
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by the diffusion of radicals solely on an order of magnitude basis.
Indeed the whole question of radical (translational) diffusion is 

currently provoking widespread debate. At a recent conference (104) 
one of the main points of discussion was the role of radical 
diffusion and its contribution to polymerisation kinetics. As has 
been shown with this model for PVC, a theoretical basis can be 
demonstrated for its contribution in both styrene and methyl 
methacrylate polymerisation (104). The problem however is to design 
experiments which uniquely measure the translational diffusion 
coefficient for radicals. It would be the results of this experiment 
which conclusively proved the existence of radical translational 
diffusion.

6.2.5 Initiator Distribution and Radical Mass Transfer

Figure 6.10 shows the interaction between initiator distribution 
and radical mass transfer. The two groups of curves are for a range 
of y4SI with and without radical mass transfer. With some radical 
mass transfer the effects due to initiator (ie the different y1 ) axe 
preserved in the manner discussed in Section 6.1.3, although the 
overall rate of reaction is slightly higher. The significant 
difference however is in the shape of the peak at the maximum rate: 
instead of the 'peaky* curve as would be predicted by the analytic 
model there is a gradual transition through the maximum rate as the 
polymerisation proceeds to its final homogeneous gel phase stage.

6.2.6 Influence of Morphological Development

For all the previous results primary particle numbers were kept 
constant at 5 x 10i7m-3. When N is made to decrease with x according 
to the primary particle population equations 5.1 and 5.2 with 
k^Q-i45 = 2 x 10“7ms~1 (Do-ilmax as 2 x 10~13m2s~2) there are some 
significant changes in observed rate behaviour, as shown in Figure 
6.11. With no effective flocculation, e -  0, high surface areas axe 
preserved throughout the reaction and the overall rate is higher. At 
high flocculation rates, corresponding to e = 70, the rapid loss of



FIGURE 6.10 The effect of changing initiator distribution coefficients and
radical mass transfer coefficients on the polymerisation rate.
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FIGURE 6.11 The effect of changing primary particle flocculation rate on the
rate of vinyl chloride polymerisation.
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in terp h a se  area  in  th e  e a r l i e s t  s ta g e s  o f  r e a c t io n  g iv e s  r i3 e  to  some 

d i f f u s io n  l im it a t io n  in  r e a c t io n . T h is i s  m a n ifested  as a lower ra te  

w ith  a tendency to  i n f l e c t  tow ards a p la tea u  in  r a te  a t lower 

c o n v e rs io n s: a p la te a u  i s  not ach ieved  in  p r a c t ic e .  There i s  th e

ex p ected  t r a n s i t io n  betw een th e s e  extrem es in  b eh a v io u r . As can be 

seen  from Table 6 .4 ,  th e  p r o p o r tio n a l change in  r a te  fo r  d e v ia t io n s  

away from v a lu e s  o f  observed  in  p r a c t ic e ,  does not exceed  ±10%.

TABLE 6 .4

FLOCCULATION RATE: THE TIME TAKEN TO REACH PRESSURE DROP

( i ) Observed F lo c c u la t io n  R ates

T/K «=obs ( Eq5.2 )

323 5 .0 2

328 6 .0 7

333 7 .3 0

338 8 .73

343 10 .39

( i i ) Time taken to  reach  p r e ssu re  drop a t  323K 

( Appendix 6 . IK)

6th eory tpd /m ins D e v ia tio n  from <= = 10/%*

0 174 -  9 .38

1 176 -  8 .33

10 192 0

30 206 + 7 .2 9

50 210 + 9 .38

70 211 + 9 .90

* e = 10 i s  taken  as an approxim ation  t o  e0^s .



-  215  -

The development of morphology clearly does not affect the 
chemical kinetics as strongly as the relative termination rates in 
the monomer and gel phase or the nature, distribution and amount of 
initiator do. It is however significant in influencing rate profile 
because of its effect on radical mass transfer rate.

6 . 2 . 7  P r e d ic t io n  o f  M olecu lar W eight

Although some o f  th e  p r e d ic t io n s  o f  m olecu lar  w eigh t have been  

d is c u sse d  b r i e f l y  in  S e c tio n  6 . 2 . 1  t o  6 . 2 . 6 ,  i t  i s  con ven ien t to  

c o n s o lid a te  them in  one s e c t io n  w ith  th e  o th er  r e s u l t s  p e r tin e n t  to  

th e  p r e d ic t io n  o f  m o lecu lar  w e ig h t .

When mass t r a n s fe r  o f  i n i t i a t o r ,  monomer and r a d ic a ls  was 

d is c u sse d  in  th o se  s e c t io n s ,  th e  number average cha in  le n g th , iin , was 

found to  be r e l a t iv e l y  in s e n s i t iv e  to  th e  v a lu e  o f  k^. Table 6 .5  

summarises how p.n i s  a f f e c t e d  by k

TABLE 6 .5

MOLECULAR WEIGHT AND MASS TRANSFER

T = 50°C

E xperim ental
S e r ie s

Param eter
V aried From To

Change in  Jin(X = 100%)
From To P rop ortion

(%)

B kA I*5' ;kA I*6( ms_X) 1 0 " 7 1 0 _ J - 5 875 850 - 2 . 8 6

c kAM45/kAM46( m s-X) 1 0 " 7 1 0 “ 1 5 841.4 822.1 - 2.29

F *Aai45,*Aai*6(ttS-1> 1 0 " 3 1 0 " 1 3 903.1 892.6 - 1.16

M yi4 5 ,yi4 6 1 . 0 2 . 2 894.9 893.9 - 0 . 1 1
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The i n s e n s i t i v i t y  stem s from th e  dominance o f  chain  tr a n s fe r  t o  

monomer as th e  ter m in a tin g  s t e p .  I t  i s  e a s i ly  shown th a t fo r  th e  

v a lu e s  o f  kp and k^-^ g iv en  in  S e c tio n  5 . 3 ,  th e  r a t io  1/Cyj = ^p/^trm  

ta k es  th e  v a lu e  946. 3  a t 50°C . T h is i s  th e  maximum a t ta in a b le  chain  

len g th  when ch a in  t r a n s f e r  t o  monomer i s  th e  o n ly  term in a tin g  

mechanism fo r  r a d ic a l s .  Indeed , th e  dominance o f  ch a in  t r a n s fe r  t o  

iTloAC/M̂ r i s  fu r th e r  confirm ed  by th e  v a lu e s  o f  Zp (Appendix 6 . 1 )  

which remain rem arkably c lo s e  to  2 .0  fo r  a l l  th e  c a s e s  summarised in  

T able 6 . 5 .  In s e r i e s  H and I ex p erim en ts, th e  dominance o f  cha in  

tr a n s fe r  i s  s p e c i f i c a l l y  t e s t e d .

In s e r i e s  H, th e  p r o p o r tio n  o f  term in a tio n  due t o  com bination was 

a lte r e d  from 0 t o  100% w h ile  th e  p ro p o rtio n  due d isp r o p o r tio n a tio n  

was co rresp o n d in g ly  d ecrea sed  from 100% t o  0 . k-trm was co n sta n t

fo r  th e se  runs. D e sp ite  such a s i g n i f i c a n t  change in  the r e la t iv e  

s tr e n g th s  o f  te r m in a tio n , fin  o n ly  in c r e a s e s  from 883 to  908, i e  o n ly  

a 2% d if f e r e n c e .

In s e r ie s  I ,  th e  v a lu e  o f  k-trm was changed. The e f f e c t s  on ^tn , 

^  and Zp are shown in  F igu re  6 . 1 3 .  k-t-rm was reduced from te n  tim es  

i t s  b a se  v a lu e  ( S e c tio n  5 . 3 )  t o  a one thousandth o f  i t s  base v a lu e . 

Whereas th e r e  i s  l i t t l e  e f f e c t  on th e  o v e r a l l  r a te  (tp ^  rem ains a t  

257 to  258 m inutes b ecau se  kp i s  much g r e a te r  than k^rm) ^n anc  ̂ Mw 

are s i g n i f i c a n t ly  a l t e r e d .  For th e  b a se  c a s e , jxn and ^  in c r e a se  

s l i g h t l y  w ith  c o n v e rs io n , in  q u a l i t a t iv e  but not q u a n t ita t iv e  

agreem ent w ith  experim en t, and Zp s ta y s  rem arkably c lo s e  to  2 .0  -  

again  in  agreem ent w ith  e x p er im en t. With k^rm much sm a ller  than i t s  

b ase  c a se  not o n ly  are  fj.n  and ^  in c r e a se d , but t h e ir  co n v ersio n  

dependence i s  a l s o  m a g n ified . Zp a l s o  in c r e a s e s  above 2 .0  to  maximum 

v a lu e s  o f  3 .3  and 5 .7  ( f o r  k^mi/lOO and ktm v/1000 r e s p e c t iv e ly )  a t  

77% co n v ersio n  when a l l  th e  monomer phase has been consumed: 

th e r e a f t e r  i t  f a l l s  away a s i n i t i a t o r  and monomer are  consumed in  the  

polym er ph ase . Both th e  in c r e a s in g  breadth  o f  the  d is t r ib u t io n  and 

g r e a te r  co n v ersio n  dependence o f  average m olecu lar  w eigh t in d ic a te  

s ig n i f i c a n t  s h i f t s  away from ch a in  tr a n s fe r  to  monomer a s the  

dominant mode o f  ch a in  te r m in a tio n .

Although th e  co n v ersio n  dependence o f  and ^  are  more c le a r ly
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FIGURE 6.13 The effect of reducing the rate of termination by chain transfer 
to monomer on the molecular chain length.
(i) Time-averaged chain lengths.
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FIGURE .13 The effect of reducing the rate of termination by chain transfer 
to monomer on the molecular chain length.
(ii) Polydispersity
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3een with lower values of k-trm' their absolute values no longer 
correspond to experiment. When is reduced by a factor of 10, Jln
is increased by a roughly equivalent factor. In practical terms, the 
ratio kp/ktj-ro determines JIn. Therefore if JZn is to be accurately 
predicted it is most important to determine this ratio accurately. 
In Table 6 .6 , the chain transfer coefficients, Cm , reported by 
Abdel-Alim and Hamielec (44) and Kuchanov and Bort (45) are compared 
with those calculated from data of Smallwood ( 8 6  ). Regression of his 
data showed Cm to be equal to 3.0925 x 10- 2  exp (-21731/RT). Note 
that Cm  * fln.

Using Kuchanov's value for k^rm mcxitel yielded a rise in 7In
of only 3% at 100% conversion from an initial value of JIn = 875, at 
50°C. Abdel-Alim, however, measured a 16% increase in JZn from an 
initial value of 720 at zero conversion and 50°C, whereas Smallwood 
reports JZn increasing by between 11 and 15% as conversion increases 
from 2 0 % to 80% at similar temperatures.

TABLE 6 . 6

CHAIN TRANSFER TO MONOMER CONSTANTS, CM

—

T S m allw ood A b d e l A lim B o r t Mean

(Cm" M
S ta n d a r d
D e v ia t io n

C o e f f i c i e n t
o f

V a r i a t i o n(° C ) cm cM_ i cM cM_ i CM cM_ i

50 9 .4 6 0 7  x  10-4 1057 1 .0 9 7  X  10- 3 9 1 1 .9 1 .0 5 7  x  1 0 ~ 3 9 4 6 .3 9 7 1 .7 3 7 5 .8 2 7 .80%

60 1 .2 1 4 0  x  10-3 8 2 3 .7 1 .4 1 8  X  10“  3 7 0 5 .0 1 .4 9 4  X  1 0~ 3 6 6 9 .2 7 3 2 .6 3 8 0 .8 7 11.04%

70 1 .5 2 6  x  1 0~ 3 6 5 5 .2 1 .8 0 7  x  10“  3 5 5 3 .3 2 .0 7 1  x  10~ 3 4 8 2 .9 5 6 3 .7 8 8 6 .8 5 15.37%

Table 6 . 6  highlights how important experimental precision is, for 
the differences between the different predictions of Cm -* (- Jxn ) n^de 
by the different workers correspond to the claimed rises in JZn with 
conversion. There is, therefore, no significant reason for choosing 
a particular model for Cm from Table 6 .6 ; all give an estimate of JLn 
within experimental accuracy. Despite this observation, a more 
suitable value of Cm may be given in the average of all the
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observations recorded in Table 6.6. This is:

CM *trra
kP

11.693 exp -25075
RT (6.25)

and although it has not been used in this study, its subsequent use 
is recommended.

Optimisation of the parameters of the model, as more accurate 
experimental evidence becomes available, may yield improved 
prediction of the conversion dependencies of the molecular weight and 
its distribution. Indeed it is a particular feature of this model, 
that parameters may be changed without compromising the basis of MWD 
predictions; a generalised MWD is assumed. This is certainly not the 
case for the model of Abdel-Alim who has assumed an a priori form for 
the MWD, nor is it the case for the model of Kuchanov who has 
completely ignored molecular weight.

The measurement of molecular weight, its distribution and its 
conversion dependence and comparison with model's predictions offers 
a potentially sensitive diagnostic tool for mechanism. The use of 
caution is essential, for not only is accurate experimental data 
required, but an understanding of the functional form of the kinetic 
models is imperative.

For example consider the Mayo equation for the kinetic chain 
length, xn, in a homogeneous free radical polymerisation:

<f *t kd[I])l/2 j-̂ J + CM ; C„ = (6.26)

where p is the proportion of termination due to disproportionation 
and all the other symbols have been defined previously. When chain 
transfer to monomer dominates termination reactions,

Cm  ”  T J T 2 kt kd [i:l)'1/2 5 (6.27)
and xn ~ CM 1

Rearranging the Mayo expression and using the binomial expression
yields:
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xn = cM- --E (£ *t >y(n)1/J tgtCM] ( 6 . 28 )

If 'average' values are taken for kp, k^rm' P» f etc in a
multiphase system, the conversion behaviour of molecular weight in 
the PVC/VCM system can be seen qualitatively. Cm - 1  is clearly the 
limiting (upper) value of number average chain length. More
significantly any of the following phenomena will contribute to an 
increasing kinetic chain length with conversion:

* initiator depletion.

* decreasing k-t as segmental radical chain end diffusion is 
reduced by the gel or Trommsdorf effect.

* decreasing the efficiency of initiation, f.

* increasing the contribution of the combination of radicals
to termination (decreasing p).

The real problem is to distinguish uniquely between the effects 
due to each factor. Such differentiation may ultimately prove 
impossible, although the form of the model should ease parametric 
optimisation. Further work should concentrate on the Trommsdorf 
effect and the value of k^ throughout the polymerisation. Physically 
a decreasing value of k-t represents an increasing resistance to the 
segmental diffusion of radical chain ends for mutual termination. 
Not only does it lead to increasing kinetic chain length -
experimentally observed - it can signficantly increase
autoacceleration, leading to peakier rate profiles at or near 
pressure drop.

Its experimental verification must therefore be the highest 
priority in PVC polymerisation kinetics.



6.2.8 Porosity

In Section 5.1(iii) a model for porosity was proposed which 
depended on the conversion, xset, at which subgrains stop contracting 
to accommodate the density difference between monomer and polymer. 
When x3et is exceeded, further polymerisation leads to the 
development of pore spaces within the subgrains. Atx3et the pore 
spaces will be completely occupied by the free liquid monomer phase: 
thereafter saturated monomer vapour will increasingly occupy the free 
space, as liquid monomer is consumed by polymerisation.

It has already been demonstrated in this study that vinyl 
chloride monomer is so mobile that equilibrium is easily maintained 
between the monomeric and polymeric phases (Section 6.2.3). Under 
these circumstances, the relationships derived in Appendix 5 show how 
phase volumes and therefore how porosity change with conversion xse .̂ 
The results are summarised in Figures 6.14A and 6.14B.

The distinction between the two graphs is the state of the 
polymer when the porosity is measured. The family of curves in 
Figure 6.14A are for polymer which is completely swollen with 
monomer. Inside the reactor this will indeed be the case upto 
pressure drop. However in making experimental measurements any 
monomer remaining is generally stripped out. The definition of 
porosity can account for this by taking the volume occupied by 
unswollen polymer as its basis in equation 5.6. The family of curves 
in Figure 6.14B are based on the assumption that the polymer phase is 
unswollen. On both graphs experimental porosity-conversion data of 
Smallwood (8 6 ) has been plotted for comparison.

In Figure 6.14 , curves (i) and (ii) show how the monomer phase 
depletes, (i), as the swollen polymer phase grows, (ii). Curve (iii) 
shows how the system volume (ie (i ) and (ii)) behaves. Beyond 
x - a 5 = as -=a7 = .77 the free monomer phase has disappeared: 
further polymerisation is at the expense of the monomer swelling the 
polymer. The polymer phase becomes more dense and contracts in 
volume.



FIGURE 6.14 Relative phase volumes of diluent monomer phase and precipitated 
polymer phase for the PVC/VCM system as a function of conversion.

(i) (Volume of monomer phase + dissolved polymer)/VQ
(ii) (Volume of Precipitated polymer phase swollen by monomer)/VQ
(iii) ((i)+(ii))
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(iv) Porosity for non-contracting swollen polymer system,i.e. (l-(ii))
(v) Maximum attainable porosity for fully contracting model of a 

PVC subgrain with PVC primary particles completely swollen by 
VCM,i.e. ((i)/(iii))

FIGURE 6.14 A) Porosity of PVC subgrains as a function of conversion when the
PVC is considered to be completely swollen by VCM.

Experimental Observ'n (86) 

• 57 ° C
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(vi) Volume fraction of monomer in the PVC/VCM system for a continually 
contracting droplet.(porosity created when VCM is stripped from 
subgrains post-reaction)

(vii) Porosity when Subgrains do not contract during polymerisation, 
with PVC not swollen by monomer, 1-VpolyTner)Unswoiien/V0

FIGURE 6.14 B) Porosity of PVC subgrains as a function of conversion when the
PVC is considered not to be swollen by VCM.

Experimental Observ'n (86)

C O N V E R S I O N
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Curve ( iv) shows the porosity for a non-contracting polymerising 
droplet occupied by swollen PVC. Since xset - 0, the porosity at any 
conversion less than 1 0 0 % represents the free space occupied by both 
the liquid monomer and any vapourised monomer. At x = 0 the system 
is entirely monomer and the porosity is therefore 1 0 0 %.

The interesting feature of this model is the prediction of a 
minimum porosity at, 'pressure drop’ conversion -77%. At this 
conversion all the available monomer completely swells the formed 
polymer. Above it, this monomer is itself polymerised. The 
increasing density of the polymer phase is reflected in the rising 
porosity.

Curve (v) shows the porosity of a continuously contracting 
subgrain occupied by swollen PVC primary particles. It is obtained 
by dividing the locus of curve (i) by curve (iii). At 77% conversion 
it predicts zero porosity. Between the extremes of the two models 
for droplet contraction ((iv) (non-contracting) and (v) (continuously 
contracting)) a family of curves is obtained for the different values 
of xgefc. All display a minimum porosity at pressure drop conversion. 
As an example of intermediate behaviour, if xset is 50%, at 50% 
conversion the porosity is 43%, at 77% it is 12% and at 100% it is 
28%.

At 100% conversion the porosity predicted by the swollen polymer 
model equals that predicted by the unswollen model. Figure 6.14B 
shows the porosity when the PVC is unswollen. Curve (vi) is the 
non-contracting model and curve (vii) the continuously contracting 
model. As with the swollen model, there is a family of curves which 
represents the different values of Xge^. Table 6.7 gives the 
porosity at 1 0 0 % conversion for various values of xset-.
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TABLE 6.7
POROSITY AT 100% CONVERSION - SWOLLEN AND UNSWOLLEN POLYMER

Conversion
X

Volume Fraction of 
VCM in System

Porosity at 100% Conversion 
for xset ~ x

0 1 . 0 0 0 0.364
0 . 1 0.934 0.340
0 . 2 0.863 0.314
0.3 0.786 0.286
0.4 0.702 0.256
0.5 0.611 0.223
0 . 6 0.512 0.186
0.7 0.403 0.147
0 . 8 0.282 0.103
0.9 0.149 0.054
1 . 0 0 . 0 0 . 0

Pp = 1400 kgm 3 Pm “ 890kgm 3

Porosity at intermediate conversions given by (unswollen model):-

«x) - 2 * ±-Vp2 1 sBt_z_XBiunaMQj.len 
(VM + vp)set

* - 1 
i - *,.«

As with molecular weight behaviour, one of the problems of 
comparing theory with experiment is the sparsity of accurately 
recorded, openly available, experimental results. Smallwood (8 6 ) 
has, however, measured voidage and pore size distribution as a 
function of conversion. Despite his isolation techniques, which 
subject the PVC subgrains to severe mechanical strain and rupture, as 
entrapped VCM is stripped from the subgrains when they are withdrawn 
from the reactor, and despite the disruption which mercury 
porisimetry must cause, it is significant that his observations are 
consistent with a contracting swollen PVC porosity model. This is 
clear from Figures 6.14A and B where his data has been plotted for 
comparison with the swollen and unswollen models respectively. The
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swollen model gives much closer agreement, although there is clearly 
a wide scatter i.n the data. Furthermore his observations are 
consistent with an x3e  ̂ of 60-70%, subgrains continue to contract 
upto that conversion.

Analysing Smallwood's data in this manner has serious 
implications. Since monomer equilibrates rapidly with the gel phase 
the state of the PVC stripped of monomer is brought into question. 
The evidence suggests that the stripped polymer retains its swollen 
dimensions. As the monomer swelling the polymer is stripped, 
microvoids must be left within the PVC polymer network to maintain 
its expanded state. Such microvoids are not penetrated or disrupted 
by the measurement techniques. Hence although the model for PVC 
primary particles swollen by monomer is a considerable simplification 
of the true state, it is nevertheless a good approximation.

A real benefit of either model for porosity is the establishment of a 
link between porosity and xse^ . At xset flocculated primary 
particles have formed a coherent close-packed space filling structure 
within the droplet. Further inward contraction of the graft 
co-polymer droplet skin is prevented. The close-packing of primaries 
within the droplet is accelerated at the surface by the retreating 
VCM/water interface of the contracting droplet. It sweeps up primary 
particle nucleation sites before it. The earlier surface 
close-packing occurs the lower xse^ is and the higher the resulting 
voidage or porosity is.

xset i-3 dependent on the mechanism for primary particle 
flocculation. Where the primaries flocculate rapidly to their 
limiting number, N^, at low conversions (e high), their uniform 
growth and random packing, ensure xset is approximately 70%. The 
slower the rate of flocculation (e low) is, the longer their original 
identity is retained, and the earlier close packing occurs at the 
surface of the subgrain as the nucleation sites are swept up. Such 
slowly flocculating aggregates give rise to lower values of xget, and 
ergo, higher values of ultimate (100% conversion) porosity. The 
conditions which cause such a lowering of xset will involve higher 
concentrations of stabilising surfactant (more graft
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copolymerisation); increased agitation (section 2.5(A)); and lower 
temperatures. This is confirmed, in part, by Table 6.4 where <s took 
values of 6.07 at 55°C and 10.39 at 70°C. The corresponding 
porosities (8 6 ) are .16 and .09. (low e 3  low x3et = high porosity).

Can a more detailed model be proposed for porosity?

It is reasonable to expect porosity to behave according to a 
model of a form

4>(x) = 4>( «s,We,x ) (6.29)

where <s is the rate parameter for primary flocculation (equations 5.1 
and 5.2) and We is the Weber number for suspended VCM/PVC droplets 
(2.5(A)). Furthermore, since this study has shown in equation 5.6, 
that

4>(x) = 4>’(Xget/X) (6.30)

the desired relationship is

xset = Xset( €+a,Wek) (6.31)

The coefficients, a,b take different signs (in the different 
agitation zones (Section 2.5(A))).

This study has revealed a clear link between primary particle 
flocculation rate, e, xget and porosity, based upon fully swollen 
primary particles. Given the absence of accurate experimental 
observations, any number of semi—empirical models of the type 6.31 
could be proposed. It would be unwise to suggest just one.

There is a clear need for a complete series of carefully 
controlled and monitored experiments to look at the influence of 
temperature, surfactant type and concentration under varying 
geometric and agitation conditions. By specifically recording 
porosity and pore size distribution, values of xset can be determined 
from Figure 6.14A for correlation with e and We. Only in this way
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will more reasonable models for the macromechani3m for average 
porostiy be deduced.

Semi-empirical models reveal little about the micromechanism of 
primary particle flocculation and pore formation. The model proposed 
by Ray and Jain (Equation 2.6.26) remains in this respect the best 
description of the agglomeration processes.

6.2.9 Reactor Pressure

A model was developed in Section 5.l(iv) for predicting reactor 
pressure behaviour: equation 5.24. In this section the suitability 
of that model is assessed.

Pigure 6.15 shows how well it predicts * pressure drop ’ for the 
different rates of VCM mass transfer between the vapour phase and the 
polymerisation sites within the subgrains. A reactor pressure 
profile for an actual polymerisation carried out under similar 
conditions as for the model calculation is shown too. The section of 
the profile of interest is upto the seven hour mark, when the reactor 
is subjected to controlled venting to end the polymerisation which 
has virtually stopped. Figure 6.15 also shows the real and computed 
rate profiles for comparison.

At high mass transfer rates (Kqg <10-®mol/Ns) the pressure is 
predicted by the Flory-Huggins expression, the thermodynamic limit. 
While at low mass transfer rates (Kqg < 1 0 -AOmol/Ns) there is no 
effective pressure drop: as the VCM saturated vapour pressure is 
maintained. The transition between the two limiting conditions 
occurs over just two orders of magnitude and, within that range, the 
modelled pressure approximates well to the observed experimental 
pressure profiles. Indeed it is reassuring to find that the mass 
transfer coefficients predicted by the models 5.25 and 5.26 lie 
within the range and differ by less than an order of magnitude. The 
k 0x, are predicted as 5.04 x lO-^ms- 1  and 9.06 x 10~sms“A 
respectively. With a Henry’s Law constant of 7.27 x 10_'iJmol“1, 
those correspond to values of Kqq of 6.93 x 10-9mol/Ns and



FIGURE 6.15 Pressure profiles in an autoclave for the manufacture of PVC for 
different rates of mass transfer of gaseoue VCM from the vapour 
phase to the loci of polymerisation, (the rate of polymerisation 
profiles are also shown).
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1.245 x 10_amol/Ns respectively. (The Henry's Law constant was 
calculated assuming that at 50°C the VCM s.v.p. is 8 bars, and it3  

solubility in water is 1 1  mol m-3).

It is important to realise that Kqg is quit® dependent on the 
agitation conditions within the reactor. In a quiescent reactor Kq g 
may be so small that no pressure drop is observed, whereas with 
fierce agitation the pressure profile will be given by the 
thermodynamic limit. The correlation for k°x, must therefore be 
chosen with care. For example, equation 5.26 reflects the effect of 
agitation:

fc°L a VNS where Ns is the agitator speed.

Whereas although equation 5.25 apparently takes agitation into 
account through the diameter of the suspended polymerising particle 
(predicted by equation 5.4), the suspended particle sizes however 
cancel out. This particular correlation therefore predicts no link 
between agitation and the rate of pressure drop.

Another correlation, for forced convection around a submerged 
body, given by equation 21.2—25 in reference (55) is:

Sh = 2.0 + . 6  Re1 / 2 Sc1 / 3 (6.32)

Thus predicts that,

k°L a Ng ° - 6

when combined with equation 5.4. (it gives a higher value of Kqq at 
5.94 x 10“®mol/Ng ).

CJsing equation 5.24 to predict pressure drop necessitates the use 
of a correlation for mass transfer coefficients. However, as is 
clear, from figure 6.15 although the experimental pressure profile 
lies within the bounds of Kqg predicted by the correlations 5.25, 
5.26 and 6.32, it follows none of them. While the experimental 
profile errs towards higher predictions for Kqg (ie 5.25 and 6.32),



- 234 -

practically any correlation could be U3ed.

In not knowing precisely how k0^ is affected by agitation, the 
weakness of using the degree of pressure drop as an estimate of 
conversion is demonstrated. This common industrial practice can 
only be applied, with confidence, for a particular reactor with 
particular agitation conditions: the same degree of pressure drop in 
another reactor may indicate a completely different conversion. A 
more suitable method for measuring conversion is to measure the heat 
load generated by the reaction exotherm.

Regression of experimental data using equation 5.24, with the 
conversion measured by the heat output and with a suitable 
thermodynamic expression for the vapour pressure above the 
polymer-monomer mixture, offers the ideal method for measuring Kqc;* 
The subsequent correlation for Kq g would contribute further to the 
understanding of the behaviour of agitated systems.

6 .3 SUMMARY

The model for polymerisation of vinyl chloride developed in this 
thesis has been applied to the study of various aspects of the 
kinetic and morphogenetic mechanism and,/ to assess the influence of 
process conditions on polymerisation. In general, each section of 
this chapter has concentrated on the contributions made to the 
overall polymerisation by individual model parameters. Some of those 
parameters were analysed using the analytic solution whereas others 
had to be analysed with the numerical solution, or model. The
advantage offered by the analytic solution is its cheap cost; its
solutions are computed in one thousandth of the time required for the 
numerical solutions. The two solutions coincide in their predictions 
when radicals terminate at the point of their initiation without 
diffusing into any of the precipitated polymer phase. The
disadvantage of the analytic solution is its inability to model the 
resistance to tjhe mass transfer for any species.

By varying most of the parameters of the model, all the



- 235 -

significant features of experimental profiles have been reproduced. 
Though in qualitative agreement with experiment, quantitative 
agreement was not always possible. This was due in part to the 
coarse nature of the sensitivity analysis for each parameter.
(Though a large number of parameters were covered). The other reason 
was the accuracy of the available experimental data. An example of 
this appears in Section 6.2.7. The apparent increase in molecular 
weight with conversion is of the order of the deviations in the value 
of fctrm reported by different workers.

The parameters varied during this study were:

termination rate constant, k^ 
initiator distribution coefficient, y 1  

temperature
initiator efficiency in the polymer phase, f 
monomer mass transfer coefficient, kpjyj 
initiator mass transfer coefficient, k^i 
radical mass transfer coefficient, k ^ i  
rate of primary particle nucleation, e 
transfer to monomer rate constant, k^rm 
conversion at which subgrains assume , xget
overall mass transfer coefficient between vapour phase and 
polymerisation sites, Kqq

The wide scope of the study has revealed a number of important 
features of the vinyl chloride polymerisation process. The principal 
findings are summarised below.

*•
*

*
★
*
*■
*

★
*
*
*

Initiator

When initiator is more soluble in the vinyl chloride monomer 
phase, a lower initial, and overall, rate is observed. However at 
the transition from heterogeneous monomer and polymer phase 
polymerisation to purely polymer phase polymerisation at -77% 
conversion, there is increased ’peakiness’ of the rate profile. y 1  

is clearly an important parameter of the model, an observation which
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ha3 not been made in previous studies.

Termination Rate

The literature values for k^ used in most of this study are too 
high and give lower rates of polymerisation than are observed In 
practice (Figure 6.2). The monomer and polymer phase values of k^ 
should be reduced as suggested in Table 6 . 8  to give higher rates for 
all conversions.

Molecular Chain Length

The model predicted that Mn increased with conversion (by 3%) in 
qualitative but not quantitative agreement with experimental 
observation, where it rises by approximately 15%. The dominance of 
chain transfer was supported by the observed values for Zp of -2.0 
and by the insensitivity of Zp and p.n to changes in parameters other 
than ktrjn- The value of k ^ ^  due to Bort underestimated chain 
lengths (see Table 6 .6 ): a new value of is given in Table 6 .8 .

Mass Transfer

The assumption that there is no resistance to monomer and 
initiator mass transfer is a starting point for all other models. By 
considering the effect of its presence, this assumption has been 
shown to be valid.

For radical mass transfer, the picture is quite different. As 
the resistance is reduced from infinity (k^j^ -=0 ) when radicals 
initiate, propagate and terminate in the same location, the most 
significant observation is the behaviour of the rate profiles at 
maximum rate. They become rounded, con trashy with the peaky 
profiles observed with the analytic solution. At very high mass 
transfer rates, the rate decelerates to the maximum rate, rather than 
continuously autoaccelerating to it (Figure 6.9).
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The vinyl chloride vapour passing from vapour phase to 
polymerisation sites meets its principal resistance at the interface 
between the vapour and liquid. The specific area available for mass 
transfer through the interface is much smaller than that offered by 
the suspended VC/PVC droplets.

Primary Particle Dg\J£lo P

The rate of primary particle agglomeration has a significant 
effect on the overall rate of reaction. Deviations in e from its 
normal value can give rise to a ±1 0 % difference in the time taken to 
reach pressure drop conversion (Table 6.4).

If the nature of the precipitated PVC is considered, porosity 
values are consistent with subgrains continually contracting upto 
60-70% conversion, when the primary particles have completed a 
contiguous internal skeleton. Stripping VCM from PVC grains appears 
to leave them with their fully swollen dimensions (Figure 6.14(A)). 
A link was postulated in equation 6.31 between xset, <s and We.

Temperature

The model predicts the experimentally observed transition from 
’peaky* auto-accelerating rates at low temperatures, to reactions 
which have high initial rates and die off continuously from the start 
at high temperatures. At critical intermediate temperatures, plateau 
polymerisations are observed (Figure 6.5).

Pressure

In Section 6.2.9 this was shown to be purely dependent on the 
mass transfer of vinyl chloride form the vapour phase to the site of 
polymerisation. Although reactor pressure can indicate conversion, 
it is strongly dependent on the magnitude of Kq q .
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Agitation

Agitation is crucial in determining the PVC grain and subgrain 
internal structure, droplet size distribution and K<x;* It has an 
insignificant effect on observed kinetics and only causes changes in 
rate when it has a large effect on e. Even so, rates would change by 
no more than ±1 0 %.

Rules of Thumb

In sections 6.1.5 and 6.1.6 some useful rules of thumb were 
developed from the analytic solution for calculator use, to 
determine:

(i) whether polymerisation will exhibit peak reactions, or not,
(ii) what amount of initiator to use to obtain a given maximum 

rate
(iii) how much initiator to use based on just one experimental 

test recipe.

Resulting from this study, values for kinetic and morphogenetic 
parameters are recommended in Table 6 .8 . Only kp has remained the 
same as the value used by Kuchanov and Bort.

The parameters have strongly interdependent effects on the 
predictions made by the model. The variation in the values of y1  and 
k{- will be particularly important in any future optimisation of the 
model. It will be possible, at least in principle, to optimise the 
model parameters subject to the concurrent experimental constraints 
imposed by observed rate and molecular weight profiles as functions 
of time or conversion.

In the final chapter the overall success of the model is 
discussed, with the recommendations and suggestions for further work.
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TABLE 6.8
RECOMMENDED VALUES FOR KINETIC AND MORPHOGENETIC PARAMETERS

PARAMETER
PHASE

MONOMER (M) POLYMER (P)

Propagation Rate Constant, Xp/[jn3mol“xs“-L] 50 x 103exj f-27627.6] 
3 1 RT.

Termination Rate Constant, 
X-t/[m^mol-^s-1 ]

. f-17588] 6.5 x lo°exp|^ J „ e •,«« f-34338] 3.5 X  10°exp —  j

Chain Transfer Coefficient, Cm « Xtrm/^p ,, ™  f“25075] 11.693 exp [ j

Initiator Decomposition Constants, Xp Table 5.2(b)

Initiator Efficiency, f .7 .5

Initiator Mass Transfer Coefficient, X^j*® 10— ̂ms-1 ( =oo )

Monomer Mass Transfer Coefficient, X&mmp 10“3ms_J- (=oo)

Radical Mass Transfer Coefficient, 2 x 10~7ms_i

Primary Particle Flocculation
gOO-I-iga = e"exNo “ No,

. f—33550] e - 1.337 x 106 exp — J
N0 a f ki)[I]M - Figure 5.2 
Nqo - 5 x 10“17m“3

Porosity equation 5.6; xset = .6 - .7 
equation 6.30

Initiator Distribution Coefficient, 
"^MP^t^l tip] 3.0

Monomer Mass Transfer Coefficient, X°l equations 5.24, 5.25, 5.26
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CHAPTER SEVEN 
SUCCESS OF THEMODEL

The principal aim of this thesis has been to develop a new 
process mathematical model for the polymerisation of vinyl chloride 
capable of predicting the effect of changes in process variables on 
the nature of the polymer produced in commercial reactors. This has 
indeed been achieved.

The development of such a model has required detailed 
consideration of all the physical and chemical Xinetic processes 
involved in initiation, propagation and termination of free radicals, 
precipitation of macromolecules and the growth and development of 
supramolecular species. The model was initially expressed as an 
infinite set of differential conservation equations describing the 
mass conservation of each molecular species. A generating function 
was U3ed to transform those equations to a tractable number. However 
the transformed equations contained the transform variable, s, which 
could only be removed by differentiation with respect to s, and 
setting s = 1. The set of equations produced by this differentiation 
expressed the time-variation of the moments of the molecular weight 
distributions. When integrated in the time domain, these equations 
were solved to give the rate of reaction and the behaviour of the 
number average and the weight average molecular weights as functions 
of time. Attempts to invert the transform equations directly to the 
molecular weight distribution proved unsuccessful.

Any form of mathematical model is, of course, only an 
approximation to the real process it describes. More sophisticated 
models try to represent nature more realistically and accurately. 
Increasing the degree of the sophistication of the description 
offered by a model brings certain disadvantages.

(a) The model may be too complex for meaningful solutions to be
obtained, either analytically or numerically;

(b) the cost for computation of a numerial solution may be too high
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and,
(c) the model may have too many parameters for experimental

verification of each one.

None of these disadvantages are sufficient reason for not setting 
down a model. With the passage of time, and the development of new 
mathematical or experimental techniques, and cheaper and faster 
computers, difficult problems today may be solved more
straightforwardly in the future. Where mathematical difficulties 
exist, some simplification of the model is usually necessary. This 
has been the case in this work. The solutions generated retain the 
essential features of the underlying physics but with some loss of 
accuracy. Much of the work in chapters three and four has been 
concerned with approximations necessary for tractable solution.

The model developed in this thesis represents the most detailed 
description to date of the physical process involved in vinyl 
chloride polymerisation.

It retains the two phase nature of the polymerisation similarly 
to the models of Bengough and Norrish, Mickley et al, Cotman et al, 
Talamini, Abdel-Alim et al, and Kuchanov et al. However it extends 
the simple view of interphase transport of radicals offered by the 
models of Mickley and of CJgelstad to allow any species (initiator, 
monomer growing or dead polymer) to be transported. Although Thiele 
et al consider general interphase transport, their model limits this 
to precipitation and neglects to account for the difference in 
equilibrium conditions which exist for different species between the 
polymer and monomer phases. These limitations do not apply to the 
current model.

An analytic solution has been derived which retains the 
functional form of those due to Talamini and Abdel-Alim, while 
allowing initiator to have different concentrations in the monomer 
and polymer phases. Kuchanov's model is the only one to have 
initiator distributed between phases, yet his model is so unwieldy 
that it needs numerical solution.

The current model unlike any other also predicts molecular weight
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and it3 distribution directly from the chemical kinetic conservation 

scheme, avoiding the need to assume the form of the distribution.

Although the model i3 not as advanced in its description of 
particle size distribution as that of Ray and Jain (who ignore the 
chemical rate processes to a large extent) it does describe their 
number variation with conversion.

Thus by considering the polymerisation from first principles a 
model has been derived which is most general in its description: a
model for which most previous models axe a subset. In particular the 
model can predict a priori the autaccelerating nature of the rate 
profile over the entire conversion range and has identified its 
fundamental dependence on the dual effects of initiator distribution 
and radical mass transfer between phases. It is also able to 
predict, unlike most other models, rate behaviour beyond pressure 
drop and can therefore be applied to industrial situations.

The model nevertheless successfully mimics the principal features 
of vinyl chloride polymerisation. Although the results are in 
qualitative agreement with the experimental observations, strict 
quantitative agreement has not always been possible. Indeed this 
work has highlighted the need for accurate reproduceable experimental 
observations: examples of conflicting values are seen in Section
6.2.7 v/ith molecular weights, and in Table 2.5 with kinetic 
parameters.

In addition to the model's ability to reproduce the principal 
features of the polymerisation, significant contributions to 
knowledge and understanding of the vinyl chloride polymerisation 
process and its modelling have been made in the following areas:

(a) the detailed investigation of the effect of changes in parameters 
of the model;

(b) the comprehensive discussion of the mathematical techniques;
(c) the determination of deficiencies in existing experimental 

results and theoretical understanding of the polymerisation, and
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(d) the provision of a framework for future improvements in 
understanding to be incorporated in the model.

Each of these points is amplified below.

(a) The effect of parametric changes on model predictions

In Section 6.3 the predictions made by the model, as various 
parameters were changed independently, were summarised. Table 6.8 
contained recommendations for the values of various parameters. 
Perhaps the most important observations concern mass transfer effects 
and morphological development.

The model treated mass transfer effects by using one dimensional 
film theory models: mass transfer coefficients were directly related 
to the diffusion coefficients for each species by the relationships 
5.19, 5.25 and 5.26. This contrasted sharply to the approaches of 
Bort, CJgelstad and Olaj who have all previously lumped any mass 
transfer effects into a single parameter for radicals. They could 
not therefore access the influence of initiator or monomer mass 
transfer limitation.

£
However use of this model has demonstrated urjquivocally, that any 

initiator or monomer mass transfer limitation to reaction in 
precipitated polymer particles is unlikely. The omissions of mass 
transfer made in previous models have been finally justified in this 
work.

Radical mass transfer from monomer to polymer phases can lead to 
increased rate and significant variation in the predicted rate 
profile. Experiments must be devised to verify whether this is 
occurring in reality.

Perhaps the most important finding is related to initiator 
distribution between the phases. It does not appear to have been 
considered by previous models. Yet the solubility of initiator in 
the different phases has considerable importance in determining the
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rate profile. The greater it is in the monomer phase relative to the 
polymer phase, the lower the initiated rate, the longer the reaction 
taXes before the rate peaX and the 'peaXier* the profile relative to 
the average rate. Experimentation in the field of initiator 
solubility, especially with respect to polymers, should be seriously 
considered.

By considering a simple model for primary particle flocculation, 
equation 5.1, it was found that the rate of reaction might be 
affected by up to 10%, but with no significant change in the general 
shape of the rate profile. If primary particle flocculation can be 
prevented in practice, by chemical means it would mean that specific 
surface area available for mass transfer is retained, and reaction 
rates would be marginally improved. Rapid flocculation reduces the 
rate of reaction.

LiXe primary particle flocculation, subgrain agglomeration is one 
of the important phenomena in determining ultimate polymer 
characteristics such as density. Whereas this model has shown an 
evident interaction between primary particle flocculation and rate of 
polymerisation (one affects the other anH.vice versa) subgrain 
agglomeration can only be a consequence of the changing interaction 
between agitation (physical forces) and stabilising surfactant 
(chemical forces). The rate of polymerisation may affect the rate of 
destabilisation of the surfactant, not vice versa. The secondary 
importance of subgrain agglomeration to the crucial (economically 
important) rate processes is further demonstrated by the contribution 
made to pressure dr^p: that is principally limited by interactions 
at the interface between the vapour and liquid phases (section 
5.1( vi)). The topic of multiphase flow in agitated systems is an 
active area of research (see eg 93): a study of this type can only 
highlight the need for further experimental and theoretical studies 
on the VC/PVC/water/surf actant system. There is a dearth of 
experimental data on this particular system: only the most empirical 
of treatments is warranted ( section 5.1(ii)).
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(b) Mathematical techniques

In Chapter 4 the techniques applied to the solution of the model 
equations were carefully outlined as a guide to future workers in 
this field. Forming the model equations in conservative form is an 
essential first step. Thereafter stiffness in the solution of the 
model equations is a very real problem. It does not appear to be 
generally acknowledged in the literature, although both West (67) and 
Bosworth (68) have devoted considerable time to overcoming its 
effects. Their theses do not reflect this investment in time.

Fast computers and specialised methods are also essential for the 
solution of stiff equations. Even so, timescales of 300—400 cp 
seconds on CDC Cyber 6600 computers have been the rule in this study. 
Carrying out any sensitivity analysis on a parameter is clearly very 
expensive. These costs will of course diminish as computers become 
cheaper in real terms.

Apart from any lack of a sufficient number of accurately recorded 
experimental observations, numerical optimisation of any of the 
numerous parameters of the model is unlikely in the forsee-able 
future. Such techniques are highly iterative and would rapidly 
increase the consumption of computer time.

Table 6.8 does however give initial estimates for starting any 
search in an optimisation procedure. Any optimisation is likely to 
be limited to trial and error methods around these values.

Numerical inversion of the generating functions used in this 
thesis is often talked about in the literature. The two attempts 
shown in Chapter 4 demonstrate the difficulty in achieving such an 
inversion.
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(c ) Deficiencies in experimental results and theoretical
understanding of polymerisation

The results of computer analysis can be printed out to several 
decimal places: the computer models confer a false sense of
increased accuracy. The emphasis on accuracy and model predictions 
can be misguided because the experimental evidence, especially for 
experiments on large process plants, is usually only accurate to 5 or 
10 percent. On a process plant, temperature recorders are generally 
only accurate to 1°C and pressure gauges to ±(0.3 - 5.0) bars, 
depending on type, if they have been recently calibrated.

Any mathematical model potentially capable of accurate prediction 
is thus effectively limited by the parameters used by the program. 
It is, for example, pointless to calculate rate parameters to high 
precision, if those calculations rel y on thermodynamic properties 
(such as specific molar volume) which have been measured
inaccurately. Providing the user is aware of these limitations, he 
can begin to use a model more profitably in determining the range of 
values a parameter may take. (This was an important element of 
Chapter 6). After which he may be able to design better experiments 
for verifying the value of a parameter.

Mathematical models are aids to experimental studies, not 
replacements for it.

Even today model predictions of Suresh, Kuchanov and Abdel-Alim 
are compared with the experimental observations of, for example, 
Cotman et al, Bengough and Norrish, Breitehbach and Schindler and 
Mick ley et al. The ultimate accuracy of many of the predictions of 
these models is therefore limited by the accuracy of the work 
performed by those workers and the accuracy of it3 presentation in 
the literature.

Advances in experimental techniques over the last 20 years, 
especially with the advent of relatively inexpensive computer control 
and monitoring systems, makes the repitition of some of the 
experiments necessary if the model is ever to be 'optimised'. Such
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verification of the model requires the generation of a complete 
reaction surface, ie rate—time profiler, for difference amounts of 
initiator and different temperatures in the range 50 to 80°C, 
otherwise using a standard recipe for mnomer, surfactant and water 
concentrations.

With five or six initial initiator concentrations and five or six 
temperatures within the specified range, given a typical duration of 
eight hours per polymerisation, a minimum of six laboratory reactor 
weeks would be required per set of results. For more initiators, 
more investment is required. This represents an ideal solution. A 
much more economic method would be to chart reaction profiles at a 
given temperature with varying initiator charges. Adjust the 
parameters of the model to produce a best fit, and finally compare 
predictions with higher and lower temperatures and initiator 
concentrations against experimental observation. Such a strategy 
would require only a dozen polymerisations per initiator studied.

It is important too that when these experiments are performed, 
techniques are developed and improved for the on-line monitoring of:

1) the exothermic heat of reaction (to give direct measures of
conversion and rate)

2) molecular weight and its distribution, and

3) particle size distribution.

(Smallwood (86) has already developed techniques for offline 
measuring of molecular weight: these methods suffer because the
conversion at which samples are withdrawn is not known, nor is the 
effect of sample withdrawal understood.

Ultrasonic techniques (108^ appear to have enormous
potential for studying the behaviour and motion of 10 micron sized 
particles and larger. Light scattering techniques are useless in the 
PVC/VC/Water system; it is essentially opaque. )
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The final areas where work must be done to resolve differences 
between theoretical studies and experimental results are:-

(i) primary particle flocculation 

and (ii) subgrain agglomeration.

This study has shown that the simplest of flocculation models (eg 
5.1) describes the behaviour of an average particle well. 
Unfortunately it gives no indication of the distribution of primary 
particle size. The improved kinetic model produced in this study, is 
suitable for its analytic form, as a source term for equation 2.6.26. 
Development of the work of Ray and Jain is probably the best way of 
determining primary particle size distribution.,

Subgrain agglomeration fits into the broader category of 
multiphase flow. The topic, and this particular polymerising system, 
with the destabilisation of sterically stable subgrains, is worthy of 
much deeper study than is possible in this thesis.

(d) Framework for future study

Isolation of the principal deficiencies in the knowledge of vimj( 
chloride polymerisation is the key to determining what research needs 
to be done. As new techniques and results become available, their 
incorporation in the model to reflect current thinking is 
straight forward.

RECOMMENDATIONS FOR FUTURE WORK

In addition to the general call for more experimental work made 
above, there are some specific recommendations to be made:

(i) to optimise the parameter set in table 6.8 by trial and 
error methods as more accurate consistent experimental
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(ii)

(iii)

(iv)

(v)

(vi)

(vii)

( viii )

evidence becomes openly available in the literature;

to agree a standard form for the presentation of 
experimental results. Ideally the conversion-time curve 
should be supplemented by the rate-time curve, so that the 
behaviour of the derivative dx/dt can be observed, and the 
molecular weight-time curves.

to attempt to make measurements of the solubility of 
initiators in monomer and polymer phases.

to use the model to optimise the temperature control 
strategy to give greater control over molecular weight 
characteristics. Various ramp functions can be applied to 
give desired molecular weight range, rather than producing 
polymer at a fixed temperature, ie given Mn, Mw and Zp.

to apply the rapid estimation methods of Chapter 6.1 (the 
analytic solution) to estimate initiator charges and 
polymerisation times more accurately and quickly than is 
presently performed.

to increase the utility of the model as a process simulation 
model by incorporating models for the particular reactor 
control mechanism. (For many heating/cooling water systems, 
the jacket temperature profile can be estimated directly 
from equation 6.1. However the difference in initial slopes 
between predicted and experimental rate curves (figure 6.4) 
is due to the influence of the control system: some may
regard it as important to predict this behaviour 
accurately).

to carry out further studies similar to those of G R Johnson 
to study subgrain agglomeration, especially noting porosity 
and pore size distribution and relating it to xset (Section 
6 .2 .8 ).

to develop iiltrasonic/radar techniques to study primary
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part icle flocculat ion.

(ix) to increase the sophistication of the model's description of 
radical diffusion to a shell model, in space and time, in 
the precipitated polymer phase. This is a particularly long 
term aim in view of the stiffness associated with solving 
higher order moment equations and the large amount of 
computer time required.
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APPENDIX 3.1

SUMMARY OF LIQUID THERMODYNAMIC PROPERTIES 
(SOURCES, REFS 59,60)

20 °C U0Oin 70°C
Heat Capacity CPVCM 1.418 1.461 1.494
kJkg~AK“A cpH20 4.183 4.182 4.191

CP 3.738 3.744 3.757

Density PVCM 915. 860. 820.
Jcgm-3 ph 2o 998.2 988.1 977.5

P 985 967 952

Viscosity MVCM .184 X 10“ 3 .136 X 10” 3 .116 X 10'
Xgm”3-s~1 p h 2o 1.002 X 10“ 3 .544 X 10” 3 .400 X 10'

.870 X 10" 3 .478 X 10“ 3 .354 X 10'

Thermal kVCM .121 X 10” 3 oH

X 10“ 3 .091 X 10” 3
Conductivity *h 2o .603 X 10” 3 .643 X 10“ 3 .662 X 10“ 3
3cWm”AK”A 3c .525 X 10” 3 .556 X 10“ 3 .536 X 10“3

Diffusivity of
VCM in water DycM,H20 13.900 24.6 35.6
10“AOm2s~i

Mean Properties given by p = E XjJPi, where x-j[ is tool fraction

For charge 1.5:1 Water:Monomer w/w *Vcm “ .161
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SUMMARY OF HEAT TRANSFER COEFFICIENTS

20°C 50°C 70°C
Autoclave
side hi 13.520 16.950 18.110
kWm-zK-i

Jacket
Side h0 .869-1.504 .999-1.730 1.067-1.848
kWm-zK-1

Overall UQ .721-1.111 .819-1.253 .867-1.320
kW^K -1

VCM droplets
to Water -87.66 -60.24 -49.00
kWm”zK_1

Notes

(1) Diffusivity calculated according to Wilke-Chang Correlation 
(p 515, ref 55)

Dif fusivity of A in B D^g “ 7.4 x 10~®

where ^  = 2.6 for water
jx = solution viscosity in centipoises 

Mg = molar mass of B 
T = absolute temperature
VA = molar volume of A in cm3gmol—1 as liquid at the normal 

boiling point
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(2) Autoclave side heat transfer coefficient calculated according 
(Equation 4-100, p 4-37, ref 57)

k U
i *

87 |P^Np‘ 2/ 3 j’cp. j 3

where d is the diameter of the autoclave
hi is the the autoclave heat transfer coefficient 
}i is the viscosity of the autoclave bulk
H.g is the viscosity of autoclave contents at autoclave 
wall

P is the length of the agitator 
N is the shaft speed (revolutions/unit time) 
p is the density of the autoclave contents 
C is the heat capacity of autoclave contents 

and k is the thermal conductivity of the autoclave 
contents

(3) Jacket side heat transfer coefficient calculated according to 

Nu = .332 Re1/2 Pr3-/2

where symbols have their conventional meaning.

(4) Overall heat transfer coefficient given by

1 _ 1 b Sq s,5__
* hi Si

where S0,Si are the external and internal surface areas of the 
reactor, b is the reactor wall thickness, k is the thermal 
conductivity of the reactor wall and is the log mean area of
reactor.

Sim = (S0 - SiVlnfSo/S-O
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(5) Heat transfer from suspended VCM to continuous medium, calculated 
according to equation 5.38, reference (58).

K = iMTM 
^h 2o

Nu = —  [l - (2.89 + J-/* .2.15K° * 64 (Re Pr)3-/2
Re > 10
K < 2

where Re,Pr are the Reynold’s and Prandtl numbers of the
suspended droplet. Re ~ 20.
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APPENDIX 4.1

DEFINITIONS RELATING TO NUMERICAL INTEGRATION TECHNIQUES (69,70)

Convergence

A linear multistep method (4.3) is said to be convergent for all 
initial value problems (4.1), subject to the existence of a unique 
solution y(x), if

lim yn = y(xn ) 
h-H)
n h  - x - a

holds for all x «£[a,b) where a,b are finite real constants and for 
all solutions (yn) of the difference equation (4.3) satisfying the 
starting conditions

Yju. “  ^ o r  wh i c h  l i m  h ( h )  =  q  ii =  0 ( 1  ) k  - 1

h ->0

Order and Error Constant

Define a linear difference operator, L 

kL[y(x);h) = E [«j y(x + jh) - h /3j y'(x + jh)] 
j -0  J J

where y(x) is an arbitrary function differentiable on [a,b]. 
Expanding the test functions in y,y’ about (x) and collecting terms

L[y(x);h] = CQ y(x) t h y ’(x) + --- 4- Cq h^ y^(x) + ---

The operator (and its associated IjM method) is said to be of order p 
if CQ = CA = . . . . ■= Cp = 0, Cp4.A * 0. Through this definition, 
construction of specific LM methods may be achieved.

Cpti known as the error constant.
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Local Truncation Error ( L T E )

L.T.E. - L[y(xn );h] when y(x) is the theoretical solution of the 
initial value problem.

The term Cp+j^ h P +J- yP+i(xn ) is called the principal location 
truncation error.

Global Truncation Error

The implementation of L.T.E. at a point requires that no previous 
truncation errors have been made: this is rarely the case, and
global trunction error is defined as the difference between 
theoretical solution and actual solution.

erH-k ~ Y( xn+ k) - Yn+k

3  starting error + accumulated roundoff error + accumulated 
local truncation error

Consistency

A linear multistep method is said to be consistent if it has 
order p > 1.

The First and Second Characteristics Polynomials of an LM method 
are defined by

kp(0 - E cxj O  
j-0
k<x(0 - E 0-j 
j-0

A LM method is consistent if, and only if

P ( l )  =  0 

p'(l) = ar(l)
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Zero-Stability

A LM method is said to be zero stable if no root of the first 
characteristic polynomical p( i) has modulus greater than one, and 
every root with modulus one is simple.

Convergence Theorem

The necessary and sufficient conditions for a LM method to be 
convergent are that it is consistent and zero stable.

(Consistency controls the magnitude of the local error test 
committed at each stage in the calculation, with zero stability 
controlling error propagation els calculation proceeds. Both are 
essential if convergence is to be achieved).

Absolute Stability

Absolute stability governs choice of minimum steplength required 
for global error to be damped out as computation proceeds, and for 
local truncation error to remain acceptably small. It is guaranteed 
for a given h=hc>f/^y (with y' = f(x,y)) if all the roots of the 
stability polynomial, Tr(r,h) = p(r) - ho(r) = 0, satisfy the
condition |rs | <1, s = 1(1 )k. The interval of stability (a,)3) on 
the real line exists for a LM method if the method is stable for all 
h e(a,/3).

Relative Stability

At small positive h every consistent zero-stable linear multistep 
method is absolutely unstable. However weak stability theory (69) 
tells us that the solution of the error equation:

k
Z (or j — hA/3 j ) ©n+i = 4>n+k
3=0 J
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where 4>n+X = Tn+k - Rn+k
Tn+k s L(y(xn );h) is the local truncation error 
Rn+k 3  roundoff error made at the nth application of the method 
en+j 3  y(xn ) - y n is the global error 

and yn is the solution when roundoff error has been made

is usually dominated by a term in rxn.: the error grows at a rate 
similar to the rate of growth of the solution.

A linear multistep is said to be relatively stable for a given 
h ■=• h 3 f./cJY if roots of the stability polynomial
Ti(r,h) = p(r) - h cr( r) satisfy |rs | < |rx| s = 2(l)k.

An interval (a,/3) of the real line is said to be an interval of 
relative stability if the method is relatively stable for all 
h e (<x,0).

Lipschitz Condition and Constant (69a)

For

= f(x,y) y(a) = r) (A)

let f(x,y) be defined and continuous for all points (x,y) in the 
region D defined by a < x < b, -<o <y <oo, a and b finite, and let 
there exist a constant L such that, for every x,y,y* where (x,y) and 
(x,y*) are both in D.

I f(x,y) - f(x,y* ) | < L(y - y*)

Then if ri is any given nurariber, there exists a unique solution y(x) 
of the initial value problem (a) where y(x) is continuous and 
differentiable for all (x,y) in D. The constant L is known as the 
Lipschitz constant.
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APPENDIX 5.1

PART I

CONSERVATION RELATIONSHIPS FOR PRECIPITATED POLYMER SWOLLEN BY 
MONOMER

When the PVC precipitates from the monomer during polymerisation, 
there are a number of useful relationships we can derive for both the 
diluent and precipitated phases.

If Mi,Pi represent the number of moles of monomer and number of 
moles of monomer converted to polymer respectively in phase i, the 
phase volumes are given by:

v* = v*H M* + v*p p4 v5 = v 5m m 5 + v5p p5 (l)

where the subscripts a , s have been retained from Chapter 3 to 
describe the monomeric and polymeric phases and 

ViM, ViP represent the specific molar volumes of monomer and polymer 
respectively.

The solubilities of polymer in each phase are given by

M* +
ou -= + M- ( 2 )

Prom an overall mass balance and a definition of conversion, x

M* + Ms + P4 + P5 = Mo (3)

x
Mo

(4)

where Mq is the initial number of moles of monomer in the system.

The following relationships may be deduced for the heterogeneous
stage of the polymerisation.
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M o d  “ - x)
M < -------rs5 - a J

w _ Mo(l - a5)(x - aK) 
”5 ~ ~ <as ' (5)

p = Mp a4 (as - x) 
4 (as “ a*>

p =  Mq  « s ( x  -  a 4 )

5 (as “ «♦)
(6 )

and

^ Mq {(1 - a4) v 4h  + v^p }(gs - X) 
( « 5  “  < * ♦ )

(7)

V = Mofd - a s ) -f CTfi v * ] ( x  - ct̂  )
5  ( a 5  -  a * >

a 4 a 0.0

Beyond x = a5 when the monomer phase has disappeared, 
relationships become

M5 — Mq ( 1 — x ) P5 = Mq x (8)

V5 = M o (( l  -  x )V sM + X v 5P} (9 )

the
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NERNST DISTRIBUTION CONSTANTS FOR MONOMER AND POLYMER

From equations (5), (6) and (7), the Nernst Distribution
Coefficients between monomer phase (subscript 4) and basic particles 
(subscript 5) are easily deduced:

PART I I

For monomer y^45  =  J
[m 5]

_ a  - «*)/((! -
(1 - oc5)/{(l -

ou) v*M + «4 v*p} ^ 
a5) v 4m  + a5 V5P )

=3.03 for
a4 = 10“3 
ae = .77

For polymer yp* 5 CLd
CP»]

- fr/ K -1 * 9.05 x 10
otj/ui - a5) V SM *■ as V*}

Summary

Distribution
Between

Monomer and 
Basic Particles

Monomer and 
Primary Particle 
Surface

Primary Particle 
Surface and Bulk

Monomer yM45 XM46 = XM45 x m67 = i-o

Polymer XP4S TP46 = XP45 yp67 = 1.0
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NUMBER OF PRIMARY PARTICLES VERSUS CONVERSION

PART I I I

The number of primary particles, Np, is given by

total volume of swollen polymer at conversion, x V- 
Nn ~  ---------------------------- =-----:— : ------------------------»  t - 5-volume of primary particle — nr3

Mq ( (  1  -  V-;M +  V * P ) ( X  -  g .  ) (12) from (7)
(«s - <*-») 3 nr3

With a knowledge of the primary particle radius (from electron 
micrographs) and the conversion at which this is measured, the number 
of primary particles in the polymerising system can be calculated.

The number concentration of primary particles is given by

Nr[Np] = Nr

V *  +  V 5 M o{P VP +  ( 1  -  p ) ^ }
(13)
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APPENDIX 6.1

SUMMARY OF EXPERIMENTS PERFORMED WITH THE NUMERICAL MODEL

Series Aim of Experiment and Means of Achievement

A Assessing Initiator Mass Transfer Effects between Primary 
Surface and Primary Bulk.
By:-
starving primary particle bulk of initiator by 
lowering m.t.c. between primary surface and bulk 
(logins”1 to 10-i5ms—i) with 
(i) Past m.t. of monomer (10-3ms-4-)

(ii) No m.t. of radicals (Oms--1)

B Assessing Initiator M.T. Effects between Monomer and
Basic/Primary Surface
By:-
Lowering m.t.c. between monomer and basic particle or 
primary particle surface (10-7ms_1 to 10-i5ms-4-) with 
(i) Fast m.t. of monomer (10-3ms—1)
(ii) No m.t. of radicals (0ms-4-)

C Assessing monomer M.T. effects between monomer and basic/
primary surface
By:-
Lowering m.t.c. between monomer and basic particle or 
primary particle surface (10~7ms-1 to 10-15ms-1) with 
(i) Past m.t. of initiator (10—3ms-1)
(ii) No m.t. of radicals (0ms-4-)

D B and C combined with
(i) Past m.t. of initiator and monomer from primary 

surface to bulk (10—3ms—x)
( ii) No m. t. of radicals ( 0ms-4-)
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Series Aim of Experiment and Means of Achievement

P Assessing Radical M.T. effects between monomer and basic/ 
primary surface by:-
lowering m.t.c. between monomer and basic particule or 
primary particle surface (10—3ms—1 to 10“i3ms'“i ) with 
(i) Fast m.t. of initiator and monomer (lO^ms""1)
(ii) No m.t. of radicals from surface to bulk of primary.

H Assessing influence of the mode of termination on molecular 
weight by increasing the proportion of termination due to 
combination.

kt = *tc + *td (a > 
ktc = f kt f < 1 (b)

with
(i) Fast m.t. of initiator and monomer (10~3ms_i)

(ii ) No m .t. of radicals 
(iii) Rate of chain transfer constant.

I Assessing influence of change in rate of termination by 
chain transfer to monomer on molecular weight

^trm^ “ fctrnP l standard (Section 5.2)
with

(i) Fast m.t. of initiator and monomer (10_3ms“1)
(ii) No m.t. of radicals
(iii) Rate of termination by combination and dispropor­

tionation constant.
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Series Aim of Experiment and Means of Achievement

K Assessing influence of primary particle flocculation 
according to rule

N(X) = No, 4- (N0 - 
N0 = F No,

with
(i) Past m.t. of initiator and monomer (10“5ms_1) 

(ii) Radical m.t.c. (monomer to basic particle or 
primary surface) 2 x 10“7ms“A 

n® => 5 x 10A7m-3 
P ~ 10,100 
C » 0,1,10,30,50,70

M Effect of Variation in Initiator Distribution Coefficient 
(Monomer/basic particle or primary surface) coupled with 
initiator m.t.c. variation, with (2 x logins--1) and without 
(0ms-i) radical transfer, and with fast m.t. of monomer 
(10—3ms—1)
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APPENDIX 6.2
Conditions of Temperature and Pressure observed in practice 
in autoclaves manufacturing PVC by a suspension process

- 293 -

(i) Autoclave 1

(ii) Autoclave 2



-  29 A -



295

LIST OF SYMBOLS

Subscripts or Superscripts
l, L liquid phase
m, M monomer phase
p,P polymer phase
pd pressure drop
s surface value
1 Vapour Phase
2 Aqueous (Continuous Phase)
3 VCM Droplet Surface Phase
4 Continuous Monomer Phase with droplet/subgrain
5 Microgel Phase (Basic Paxticles)
6 Primary Particle Surface Phase
7 Primary Particle Bulk PHase
0 initial condition

Dimensionless Groups
Gr Grashoff Number (eq 5.25, Pl53 )

Sc Schmidt Number (eq 5.25, P153 )

Sh Sherwood Number (eq 5.25, pl53 )

We Weber Number ( P45 )

a, /3, y, S, e, 4), rj, t , defined and used in Chapter 
[] denotes concentration of species

3.5

a
A
c
CP
°m

cij
d
D
dl ' ,c>l 
ea

Ep

distance between primary particle centres (m)
interfacial area (m2)
coordination number
specific heat capacity (Jkg-1K-i)
chain transfer coefficient (k^j^/kp)
concentration of species i in phase j (kmolm-3)
particle or vessel diameter (m)
diffusion coefficient (m2s-i)
diffusion coefficients for radical absorption/desorption 
activation energy (Jmol-1)
activation energy for propagation rate constant (Jmol-1)
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Etrm activation energy for transfer to monomer rate constant 
(Jmol-1)

f initiator efficiency
f arbitrary function
F mass flowrate (kgs-1)
G Gibbs Free Energy
Gp(s,t) generating function for dead polymer M.W.D.
Gr ( s,t) generating function for growing radicals M.W.D.
h local heat transfer coefficient, steplength
H Henry's Law Constant
H(t) Heaviside Function
I Initiator
I Unit Matrix
Di mass flux of species i
J Jacobian matrix
k,K arbitrary constants
kD'ki Initiator decomposition rate constant (kmols-1)
kp,kwo Propagation rate constant (m3kmol_1s-i)
kt rkao termination rate constant (m3)anol_i-s“i)
ktd termination by disproportionation rate constant
ktc termination by combustion rate constant
ktrm'kuo termination by transfer to monomer rate constant
ktrp termination by transfer to polymer
ka'ka-i absorption/desorption coefficients for radicals
*1/^0 mass transfer coefficient
k thermal conductivity (Wm-2K-1)
kj
kAijk

integration functions
mass transfer coefficient for species i passing from phase 
j to phase k (ms-J-)

ko g overall mass transfer coefficients
L Lipschitz constant
m degree of polymerisation (chain length) or polymer
M Monomer
N number of particles
nKj) number of moles of species i (in phase j)
N-j flux of i through surface of phase
n unit normal vector to phase surface
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H

Ns
P
P
p a, Pi
PA0'P10
P
q
R
r,R

Rp
Pm
Px‘
s
s
T
t
u
VP
v(j)
V

V±3

Wo1
X

xb'Xi/Xi

^bppte
Xpseg

xset
Yb'Yi/Yi

ZP

vector representating mass of species in each phase
~ fnij' nmj ' ncro j' ncn. j • n crzjf n \ o j ' nAi j > n\2 j 3^
3tirrer speed (rpm)
proportion of termination reactions due to disproportionation 
conversion
solution vapour pressure
saturated vapour pressure of pure substance 
dead polymer of chain length x monomer units 
heat flux (Wm~z)
Universal Gas Constant ( 8.314 Jmol-^-k”1) 
radius
rate of formation of i 
rate per unit volume
rate of polymerisation in polymer phase 
rate of polymerisation in monomer phase 
Radical of chain length x 
surface area
generating function variable
temperature
time
overall heat transfer coefficient 
rate of polymerisation (eq 2.6.1) 
volume (of phase j) 
velocity
partial molar volume of i in phase j (per monomer unit 
in polymer phases) 
rate of initiator 
conversion
* bulk, interface, equilibrium molefractions in phase 
being transferred to
conversion when basic particles nucleate 
conversion when primary particles form
conversion when droplets stop contracting with conversion
* bulk, interface, equilibrium mole fractions in phase 
transferred from
polydispersity = weight average chain length/number 
average chain length



rij
6

6

H

*o
*x
*2
/V
Mn
ui
Pi

CTx

4>

X

integration constants, mass fraction of polymer in phase j 
integration constant
= [Cil/CCj] local Nermst Equilibrium/Partition constant
thickness of shell
rate
ith moment of dead polymer molecular weight distribution, 
eigenvalues
zeroth moment of dead polymer M.W.D. 
first moment of dead polymer M.W.D. 
second moment of dead polymer M.W.D. 
weight average chain length = X2/XL 
number average chain length = A^/Aq 
density ratio (monomer:polymer) in phase i 
mass of species i
zeroth moment of growing chain M.W.D. 
first moment of growing chain M.W.D. 
second moment of growing chain M.W.D. 
porosity, volume fraction 
Flory Interaction Parameter

Other symbols may be more locally defined in the text.


