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PREFACE 

The impact of computers on science has been considerable 

and many reports now appear in the scientific literature on 

the application of computers to polymerisation. One area which 

receives considerable attention, particularly in the U. S. A. 

and Eastern Block countries, is that of the simulation of 

polymerisation p±ocesses using large computer systems. Undoubt- 

edly, -, much more work has been carried out than has been reported, 

because of the 'sensitive' nature of all work related to 

commercial reactors. A significant development in the last 

five years is that mini computers have become competitive in 

price for control purposes with large plants. 

The general objectives behind the more specific studies 

reported in this thesis is the construction of a series of 

computer controlled laboratory reactors for the production of 

homo and co-polymers with the desired molecular weight, molecular- 

weight-distribution and copolymer composition and sequence 

length - all products being'made under optimum conditions. 

Although the on-line computer control aspects are not discussed 

in this work, further studies, partly based on the findings 

presented here, are in progress in"these laboratories. 

Since this is the first thesis to be presented in this 

field of research from the group engaged in these studies, much 

of the work has been exploratory in nature, rather than seeking 

great depth in a specific area. 
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The work presented in this thesis is my own. Where 

information has been taken from the literature or help 

obtained from other workers, full acknowledgment has been 

given to those concerned. 
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ABSTRACT. 

An introduction is given to the background theory and 

scientific literature of the major subject areas of interest in 

this thesis, namely the chemistry of free radical and anionic 

polymerisation, molecular weight control in each type of poly- 

merisation, polymerisation reactors, computer simulation of 

polymerisation processes and polymer characterisation by gel 

permeation chromatography. 

A novel computer model has been devised, based on the 

analysis of the polymerisation process in terms of the reaction 

extent of each reactant and the use of generation functions 

to describe the concentration of living and dead polymeric 

species, for the free radical, solution polymerisation of methyl- 

methacrylate in a CSTR. Both heat and mass balance expressions 

have been described. Conversion, Mn and Mw were monitored. 

To test the model a reactor was designed and constructed. 

A detailed description of the reactor and the experimental 

conditions used for the validation of the model are given. 

The results of these studies are presented and excellent agreement 

is shown between model predictions and experiments up to 30% 

conversion for Mn 
w and % conversion. 

A similar study is described for the anionic polymerisation 

of styrene in tetrahydrofuran as solvent, in a CSTR. In this 

work the computer model becomes 'stiff' when realistic rate 

constants are introduced in the kinetic expressions. 
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Experimental difficulties were encountered in obtaining 

reproducible results in the anionic work. A new approach of 

using 'scavengers' as protecting agents for the living chains 

is described. A scavenger was successfully employed in the 

preparation of block copolymers using a tubular reactor. 

Block copolymerisation, in addition to providing a means of 

checking the number of the 'living' chains inside the reactor, 

is of interest in its own right. 

All the experimental findings are discussed in relation 

to the currently accepted views found in the scientific 

literature. 
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1. INTRODUCTION 

1.1 Polymerisation reactions 

The concept of macromolecular structure was introduced 

at the beginning of this century and it was not until the 

1930's that the science of high polymers began to emerge. 

During the previous century chemists had overlooked the pos- 

sibility of the existence of macromolecules as we understand them 

today and used only two broad classifications i. e. 'molecules', 

low molecular weight substances and 'colloids' high molecular 

weight ones. (;, Flory, 1973). 

The science of macromolecules comprises biological and 

non-biological materials. The biological polymers are 

associated with the foundation of life and provide much of the 

food on which man exists and also include natural rubber, 

cellulose and wool of utility to man. The non-biological 

polymers,: are synthetic materials used for plastics, fibres 

and elastomers. 

When talking about high polymers we imply a class of 

materials consisting of large molecules built up by the 

repetition of small, simple chemical units, not necessarily all 

of the same structure. 

Polymers are produced by polymerisation reactions generally 

classified into two kinetically distinct groups: (a) Chain growth 

(addition) polymerisation, and (b) Step (condensation) 

polymerisation. 
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The following scheme depicts a general classification of the 

polymerisation processes: 

TABLE 1.1 

Chain (addition) Poly- 
merisation 

Polymerisation Processes 

Step-Reaction (Condensation) 
Polymerisation 

Free Radical Ionic 

Anionic Cationic 

Coordination 

Catalyst used Supported 
alkyl metal metal 
of groups I- oxides 
III with hal- catalysts 
ides or deriv- 
atives of 
metals of 
groups IV-VIII 
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The polymerisation of vinyl monomers (ethylene 

derivatives with one or more substituent groups, such as halogen, 

methyl, ethyl, phenyl, acetyl etc. ) usually undergo a chain 

polymerisation reaction. The chain reaction, normally involving 

the opening of a double bond, is contrasted with the step 

reaction in which the polymer is formed when two polyfunctional 

molecules produce one larger polyfunctional molecule with the 

possible elimination of a small molecule such as water. 

The chain reactions are initiated by active compounds 

reacting with a monomer molecule and after, one act of initiation 

may lead to the polymerisation of thousands of monomer molecules. 

There are three major reaction initiators: free radical, anion 

and cation and the type of polymerisation is characterised 

according to the type of reaction intermediates involved. 

1.1.1 Mechanism of radical polyrnerLscc. ttort 

The radical polymerisation has been studied extensively 

and the general features of the mechanism of this sort of 

polymerisation are summarised below (Bamford, et. al., (1958) ; 

Bevington, (1961); Ham, (1967)). ' 

(a) Each molecule attains its final molecular weight (MW) 

quickly (namely in a fraction of a second). Thus polymer 

MW changes little throughout reaction. 

(b) Monomer concentration decreases steadily throughout 

reaction. 
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(c) Long reaction times result in higher yields but do 

not substantially affect the M, because the degree of 

polymerisation (DP), namely the number of repeat units 

present in a polymer molecule, is not a function of the 

reaction time. 

(d) The average concentration of all radical intermediates 

remains constant, its value being of the order of 10-8g 

mole 1. 

More specifically radical polymerisation may be described 

by the following steps: 

1.1.1.1 Generation of free radicals 

In free radical polymerisation the active centers are 

usually produced whilst the polymerisation reaction takes place. 
as Free radicals are defined compounds having an odd number of 

electron (consequently an unpaired electron) and they can be 

generated in a number of ways, such as: 

(a) Homolytic bond scission of organic peroxides, hydroperoxides, 

azocompounds, diazocompounds, and the monomer itself 

(either by thermal decomposition or photolytically 

by high-energy radiation (Bamford, et. al. , (1958) ; 

Walling, (1957)). 

(b) Oxidation- reduction reactions and 

(c) Electrochemical. reactions . 

, 
The stability of radicals varies widely. Primary 
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�I 

radicals are less stable and more reactive than secondary 

radicals, which are in turn less stable than tertiary ones. 

(Stirling, (1965)). 
I 

1.1.1.2 Initiation 

During initiation a small number of monomer molecules 

are converted by reacting with the initiating active cent'e. s 

to form adducts which frequently can propagate themselves 

by a fast reaction with monomer. Thus the addition of a radical 

to the double bond of a monomer molecule regenerates the 

radical. 

If the radical formed by decomposition of the initiator 

I is designated by R"the initiation step can be depicted by 

the scheme: 

I --ý2R' 
H 

R' + CH2 = CHX ---p RCH2 - ý' 
x 

Evidence for the radical mechanism of addition polymerisation 

comes not only from the capability of radicals to accelerate 

vinyl polymerisation, but also from the fact that polymers 

so prepared contain fragments of the initiator. 

" The efficiency of a particular radical to initiate 

polymerisation may be estimated by comparing the amount of 

initiator decomposed with the number of polymer /chains formed. 

The inability of a large fraction of generated radicals to 
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react with the monomer is attributed to the phenomena known 

as the cage effect (Frank and Rabinowitch, (1934)) and 

geminate recombination (Noyes, (1955)). They describe the 

recombination of the radical pairs immediately after their 

formation and before they diffuse through the surrounding 

solvent molecules, forminga'cage' around them. 

1.1.1.3 Propagation 

The propagation step proceeds by addition of a monomer 

molecule to the existing radical resulting 
an 

activated 

Species which is assumed to be of equal reactivity to its 

precursor. Therefore the 'addition step has the following 

form: 

HHHH 
I 

/WCH2-C. + CH2 =C --p M- C"2-X CH2-C. 

x x 

According to this scheme one act of initation could lead 

to an enormous molecule. However, transfer and termination 

reactions occur and these result in the formation of lower 

MI products 

1.1.1.4 Transfer 

Abstraction reactions, involving the transfer of the" 

radical activity, without changing' the number of radicals 

present are described as transfer steps (Flory, (1953)). The 
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radical activity is not always destroyed by such reactions with 

monomer, solvent or polymer. This apparently implies the 

transfer of an atom between the radical and another molecule. 

If the molecule is unsaturated e. g. monomer, the atom transferred 

(usually hydrogen) can go in two ways: 

wCH2-C-H + CH2 = 

HH 
ývvCH2-ý. + CH2 =P 

Ho 

H 
A, CH2 = CHX + CH3-C. 

X 

If the molecule is saturated (solvent, polymer or any 

additive) the atom must be transferred to the radical: 

H-H 
MCH2- + PhCH3 A^VCH2- -H + Ph-CH 2. 

X 

Transfer to polymer with subsequent polymerisation from the 

radical site produced, leads to the formation of branched 

polymer molecules. In addition this step has the effect of 

increasing the average Mir1 of the polymer and it also broadens 

the molecular weight distribution (MWD) 

" More interesting are the cases of transfer to solvent 

or to saturated molecules which may be deliberately added to 

the reaction, so called transfer agentsor regulators since they 
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provide the means to regulate the MW of the polymer according 

to the existing requirements. 

1.1.1.5 Termination- 

Termination steps exist.. in the case of the radical 

polymerisation due to the tendency of the radicals to react 

in pairs with loss of their reactivity. This tendency is 

minimised by the small concentration of radicals compared 

with the monomer --:, =and hence termination does not usually 

occur before the polymer has grown to an appropriate size. 

Termination steps take place in two main ways: 

(a) Combination or coupling: 

H 
iACH2- + -CH2-\. \_ wCH2-c-c-CH2M 

x"X -X X 

or, 

(b) Disproportionation: 

q-CHIM 
44CH2-Cýý-H + Y=CH/ý/ý 

X X. X 

in which hydrogen transfer results in the formation of two 

molecules with one saturated and one unsaturated group. 

Both termination mechanisms can occur simultaneously 

but the percentage of each varies depending upon the temperature 

of polymerisation and the structure of the propagating centre. 
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1.1.1.6 Simplifying assumptions 

A complete kinetic analysis of free radical polymerisations 

is possible by making several simplifying assumptions. The 

principal ones are the following: 

(a) The reactivity of all radicals is equal, regardless of 

their length. Thus, the rate constant for all propagation steps 

has the same value and therefote the overall rate of propagation 

can be expressed by the equation: 

Rp =kpEI R'] M (1.1) 

where /4 
z,, -jS: - the concentration of activated chains of 

any length. 

(b) The polymer molecules are long enough to assume that the 

monomer. is consumed during the propagation step only, neglecting 

initiation and transfer reactions. This assumption is matheraat- 

ically sound since the concentration of all radicals present 

normally does not exceed the value of 10 i while the DP is 

usually of the order of several hundreds. 

(c) The stationary state approximation, postulating that the 

differential of the concentration of all radical species with 

respect to time is zero (namely: 
[R"J 

_ dt 0). Consequently, 

the rate of initiation equals the rate of termination. 

It is worth emphasizing that the steady state assumption 

may, in some cases, be involved. Considering a polymerisation 
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reaction it is obvious that during the first stages the 

rate of radical production and thereforer*the reaction rate 

both increase rapidly at first and then more slowly. As 

the radicals increase in multitude, so the rate of their 

destruction also increases and finally the rates of formation 

and destruction of radicals become almost equal, so that both 

the radical concentration and the reaction rate vary very 

little with time. 

Hence the stationary state is better defined as the stage 

of the reaction where the rate of change of radical concentration 

is very much less than both their rate of production and rate 

of destruction. (Margerison and East, (1967)). 

1.1.2 Mechanism of anionic polymerisation 

The production on commercial scale of buna type 

synthetic rubber in Germany and Russia, by the polymerisation 

of butadiene with sodium metal, must be regarded as the first 

industrial scale anionic polymerisation, although the mechanism 

was not understood in the beginning (Ziegler K., (1936)). 

Beaman, (1948) was the first to identify the anionic nature of 

the polymerisation in studies of the chain reaction of 

methacrylonitrile with sodium in liquid ammonia at -75°C. 

Anionic polymerisation reactions typically undergo the 

following steps (Szwarc, (1968)). 
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1.1.2.1 Initiation 

The conventional method of initiation of anionic poly- 

merisation.. involves either the transfer of an electron or 

the addition of a negative ion to the monomer, followed by the 

opening of the double bond and the growth from the anionic 

centre. 

The initiating species can be monofunctional, bifunctional 

or polyfunctional. In the first two cases the resulting chain 

is linear, while in the last case it has a branched structure. 

Some typical examples are mentioned below: 

For monofunctional initators: The alkali metals (lithium, 

potassium, sodium), the NH2 ion (produced by reacting ammonia 

with alkali metals), alkoxides and alkyl metal compounds. 

Bifunctional initiators are for example: a-Methylstyrene 

tetramer dianion (prepared by reacting a-Methylstyrene with 

sodium metal at room temperature) and di-naphthalenyl dianion 
reacting 

(prepared by naphthalene with sodium metal). 

Polyfunctional initiators include: 

C [PhLi]4 
and N (CH2CH2O Na+) 3 

To polymerise anionically am onomer, must include in its 

structure electron withdrawing substituents. Further, the 
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more basic the initiating ions the better it serves to 

initiate polymerisation. 

The general schemes of initiation in anionic poly- 

merisation are as follows: 

A+Mi A+ + M' (electron transfer) 

e. g. Na + CH2 = CH -* Na + CH2-- 
i 
CH ". 

Ph Ph 

or I+MIM (addition of negative ion) 

e. g. Na4/NH2 + CH2= 
1H-4 

NH2 CH2 CH-/Na + 

XX 

Unlike the radical polyne risation, where the free radical 

end of a growing chain can be considered as the nearest approach 

to a free propagating species, in the anionic one, the growing 

carbanion may be associated with the counterion to form ion- 

pairs. The extent of ion-pairingwill depend upon the nature 

of the counter ion, the temperature and the reaction medium, 

the latter factor controlling the degree of solvation. 

1.1.2.2 Propagation 

The propagation step in the anionic polymerisation will 

not be greatly influenced by the initiating entity, as it 

remains remote'from the growing centre, but more so by the 

counterion and the solvent. Thus the polymerisation may 
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proceed by either a free-ion mechanism - when the opposing 

ions are fully separated - or by ion-pairs. In addition ion- 

pair aggregates can be formed when low dielectric solvents 

are used. 

The polymerisation of Styrene in liquid ammonia initiated 

by potassium amide, constitutes a typical example of free anion 

propagation (Higginson and Wooding, (1952)). The delocalised 

-CH 2CH(Ph)-, K+ ion pairs are quantitatively dissociated in 

liquid ammonia, although the dissociation of K+NH2 is 

negligible in this medium. 

When polar media are used, the free-ions coexist in dynamic 

equilibrium with the ion-pairs and then both kinds of species 

contribute to the propagation process, according to the scheme: 

M. Ai 
j Na+ K cui ss. 

M 

rw Na+ 

. "vvm +Na+ 

M. 

ivvMM + Na + 

The extent of dissociation depends' on the dielectric constant 

of the solvent, the nature of thecounterion and the extent 

of counterion solvation. 

Denoting the mole fractions of the free ions and ion- 

pairs by y and (1-y) respectively, according to the mass law 

the following equation is derived: 
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/ 

(1.2) Y2/ -Y) = Kdiss/ [L. El. 

where, Kdiss is the dissociation constant and [L. E] is 

the concentration of all living polymeric species. 

Provided that y«1, then the assumption (1-y) =1 

can be made and thus: 

Y Kdiss// [L. E. 3 / 
-(1.3) 

and therefore, k, = k+ + (k_ k+) Kdiss 

where k+ and k_ are the propagation constants of ion pairs 

and free-ion respectively and kp is the observed one. 

The most important point in this case is the fact that the 

k` is much greater than the k± (the latter being comparable to 

that for radical polymerisation) and therefore under those 

conditions the final product is largely produced; by the free-ion 

process. These differences in the values of rate constants 

are illustrated in Table 1.2. 

It has been repeatedly reported that the reactivities of 

free carbanions are only slightly affected by the nature of 

the etheral solvents (Shimomura,. et, al. j(1967) ; Smid, et. al., (1967)) . 

Thus the k_ of the polystyrul anion does not deviate by 

more than a factor of 2 from the value of 60,000 1 mole 
lsec 1. 

whatever. 
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TABLE 1.2 

Propagation rate constants for polystyrene for different 

polymerisation processes at 25°C. 

Solvent Propagating 
Species 

kp 

l ;: mole'sec-1 
References 

In bulk Polystyryl 27 Matheson, et, al. ) 
radical (1951) 

THE Free anion 6.5 x 104 Shimomura, et. al. ) (1967) 

THE Polystyryl sodium 80 Bhattacharyya, 
ion pair (1964) 

Dioxane Polystyryl sodium 6 S Dainton, et. al., 
ion pair ' (1965) 

Dimethoxy- Free anion - 4.0 x 104 Smid, et. al., 
(1967) 

ethane 

Benzene Polystyrylcaesium 18 Poovers and 
(non- ion pair Bywater, (1966) 
associated) 

the solvent. But the k+ for ion pairs vary by more than three 

orders of magnitude depending on solvent and counterions 

(Table 1.3) . 

Thus, although counterions do not affect propagation 

of free living polymer chains, the situation differs for 

ion-pairs. In this latter case the nature of the counter ion 

influences the reactivity of the ion-pair. In dioxare the 

reactivity of polystyryl salts increases along the series Li, 
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TABLE 1.3. 

Propagation by living polystyrene salts in various solvents 

at 250C. 

k+ l mole lsec-1 

Solvent Reference 
+ + K+ Rb+ C i+ N s a L 

Dioxane 0.9 3.4 20 21.5 24.6 Bhattachar; yy a. 
et. al., (1965) 

Benzene - - 47 24 18 Roovers and 
(non-associated) Bywater, 

(1966) 

Tetrahydropyran 10 14 73 83 53 Dainton, 
et, al. l(1969 

) 

2-Methyl-tetrahydro- 57 11 7.5 - 22 Fisher, et. al. 
furan (1969) 

Tetrahydrofuran 160 80 100 50 25 Lee, et. al. ) 
(1965) 

Dimethoxyethane - 3600 150 Shimomura, 
et. al. )(1967) 

Na, K, Rb, Cs. (Table 1.3). Furthermore the ion-pair 

reactivity is affected by the nature of the ethereal solvent 

and peculiar variations of the dependence of the reactivity 

of the living salts on the solvent are observed in Table 1.3. 

The ion-pairs are therefore further differentiated as 

tight and loose ion-pairs. Thus it was proved by spectroscopic 

and conductimetric methods (Shimomura, et. al., (1967); 
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/ 

Smid, (1972)) that caesium tends to form tight pairs in 

many solvents while sodium and lithium salts may exist under 

such conditions partly in the loose form. Obviously the 

reactivity of the loose ion-pairs is much higher than that 

for the tight ones and this explains the figures for k+ 

mentioned in Table 1.3. 

Aggregation-phenomena occur when media of low dielectric 

constant, such as hydrocarbons, are used. Considering the system 

of styrene initiated by BuLi in benzene, then the rate of 

. n. t. iat. ior is proportional to the sixth root of the initiator 

concentration while the rate of propagation is proportional to 
a 

the square 'root of living - polystyrene 
. concentration (4vorsfold 

and Bywater, (1960)) . This is because 

reaction is the following: 
(BuLi)6( 6BuLi 

BuLi + St BuSt Li+ 

the mechanism of the 

(Polystyryl lithium) 2ý 2 Polystyryl lithium 

Polystyryl lithium + St i Propagation step. 

The last point to be considered in this brief account 

of . anionic polymerisation is the stereospecificity 

that may result as a direct consequence of the ion-pair--- 

solvation and complex formation with monomer; The most 

important example occurs in the polymerisation of dienes such 

as butadiene or isoprene, where stereospecificity is exhibited 

by the preference of a particular type of linkage, ' namely 1-2, 



18. 

3-4 or 1-4, the latter assuming cis or trans configuration. 

Some more details of this phenomenon will be considered further 

in Chapter 3. 

1.1.2.3 Termination 

In many anionic polymerisation reactions in the absence 

of moisture and oxygen the propagating species are intrinsically 

stable and the term 'living' polymerisation reactions was 

suggested by Szwarc (Szwarc, (1956)). Vhere termination 

reactions occur they may be unimolecular rearrangement processes 

(Bywater, (1965)) or bimolecular reactions which are usually 

transfer processes (Higginson and Wooding, (1952)). 

Living polyanions are frequently terminated with reagents 

to give desirable end groups for subsequent reactions, usually 

block copolymerisation (Morton, (1972)). A typical termination 

reaction is the following: 

NH2Mn /Na+- + H2O --4 NH2MnH + Na+ OH 

In the studies reported here it is assumed that all 

termination reactions, other than those which take place by 

adventitious traces of moisture or oxygen or deliberately 

added agents, e. g. ROH., may be ignored. 

Here it is worth distinguishing the-difference between 

the steady state of the radical polymerisation from the constant 

concentration of active centres in the anionic. In the 
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radical case the equilibrium is dynamic from the point of view 

that it is the result of two competing reactions, (a) of the 

initiator to produce more radicals and, (b) of the radicals 

themselves to react in pairs either to recombine or 

disproportionate. 

In the anionic polymerisation the concentration of the 

active centres is constant from the beginning. The two different 

'stationary' states have been described as that of the 'first 

kind' and that of the 'second kind' respectively. 

1.2 Significance of MW and MWD for polymers 

Chemical and physical properties of low MW compounds 

depend predominantly upon the atoms or groups present in the 

molecule and are generally -little affected by their MW. 

Table 1.4 comprises the values for VAI, density and boiling point 

(Tb) of some low M11 compounds. 

TABLE 1.4 

Compound Density 
g,, /cm3 

Boiling 
Point 

oC 

Water 18 1.000(4/4) 100.0 

Hydrogen su3. phjlde 34 -61.80 

Glycerol 92 1.260(20/4) 290 

Heptane 100 0.6837(20/4) 98.4 

Ethanol 46 0.7893(20/4) 78.5 

Acetaldehyde 44 0.7834(18/4) 21 

Acetic acid 60 1.049(/4) 20 
118 
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Thus although water has a lower MW than hydrogen ý3u, l iae, 1 ý. 

exhibits a higher density and Tb because of hydrogen bonding. 

Similarly glycerol and heptane have comparable MW's but vast 

differences in density and Tb because of the presence of hydroxy 

groups in glycerol. Finally, considering the group ethanol, 

acetaldehyde and acetic acid having two carbon atoms in their 

molecule and exhibiting different properties attributed to the 

functional group present in each molecule. 

However, certain properties of _ 
high polymers-mechanical 

(such as elasticity and strength), rheological (melting point, 

viscosity of the molten state and their solutions) and thermal 

properties are functions not only of the groups present in 

its repeating unit, but of the . length of the chain, the presence 

of branches and the distribution of chain lengths around the mean 

value, or in other words of the OW and MMM of the polymer. Thus 

a polyester exhibits a lower melting point than a polyamide 

having the same number of carbon atoms per repeating unit and 

the same Dp, "because of the presence of the (-CONH-) group 

in the structure of the latter, enabling the formation of 

hydrogen bonding between the polymer chains increasing the 

attractive forces between them. 

But considering a specific polymer, its properties differ 

substantially according to the MW, MWD, stereoregularity, 
degree of branching and cross-linking and finally by the 

. presence of additives. 
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The MW of a polymer is determined by the chemical 

structure of the monomer units, 'the length of the chain and 

the extent to which the chains are interconnected to form 

branched polymers. 

The molecules produced in a polymerisation have lengths which 

are distributed according to aprobability function which 'is 

governed by the mechanism of the reaction and by the conditions 

under which it is carried out. Since the number of monomer 

molecules per chain varies from one polymer molecule to another 

the MW does not have a simple significance, but has to be 

expressed as an average and needs to be followed by an indication 

of the distribution of the individual molecules about the 

mean. 

The mathematical expression for the MW 

is the following: (Burnett, (1954)). 

MW = 

Co 

i=1 fl Lj (1.5) 
00 

lEl 
n1M. 

where ni represent the number of molecules present in 

a polymer sample whose DP is i and therefore its MW is Mi and 

m is an integer number. When a=l then we obtain the so-called 

Number Average MW (Mn) while if a=2 we obtain the Weight Average 

MW (Mw). Finally when a=3 we obtain the Z average MW (M2). 
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There is one more equation expressing one particular point 

of the MWD curve, lying between the Mn and I, corresponding 
the 

to an average MW named viscosity average MW (M 
V). 

00 (1+a ) 
ý-1 

niMi 
lý 

a oo 
lea 

ja a My 
i=1 niMi i=1 iMi 

where a is ranging from 0.5 to 1.0 and it is one of the 

Mark-Houwink constants used in the equation of intrinsic 

viscosity ([n] =K Nip) . 

A typical I-RID curve and the position of the different 

expressions of 1411 on it are depicted in Figure 1.1. 

N 
a) 

0 
P4 
w 
0 
4J 

0 0 
h 

The ratio r-w/Mn called by definition polydispersity, is 

usually used as the measure of the width of the NWD. Values 

of polydispersity for polymers range most usually between 

1.0 -30,2.0 e. g. ' for radical polymerisation of styrene, but may 

(1.6) 

be in the range 20 to 50 for polyethylene and other polyolefins, 

prepared by Ziegler catalysts. 

Figure 1.1 
mw 

A typical MWD curve 
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When the polydispersity reaches the value of 1.0 then the 

polymer is called monodisperse. 

The F and MWD of ä polymer can markedly affect its 

properties. Thus many physical properties of polymers including 

tensile strength, density and refractive index can be 

described by an equation of the type: 

Property =A- B/MW (1.7) 

(Flory, defined the RI-9 to be the M (Flory Y=., (1945), 

(1946)) while other researchers (McCormick, (1959)) observed that 

the variation may be with an average between Mn and NIw). 

According to this equation the dependence of a physical property 

on the MW of the polymer is depicted in Figure 1.2. 

tit 

4JM 

WI 4 0 
Y4 H 
Nw 

a2 
H 

ri x 1ý-5 
n 

Plot of tensile strength of compression-molded polystyrene- 

against Mn 

Figure 1.2. 

Investigating the dependence of the melt viscosity, the 

following equation was established (Bueche, (1952) and (1960)). 

U-5 10 1.5 2.0 
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n= K (11 
w (1.8) 

Since the actual value of the different expressions of FIR 

and the, -, -,, relative distance between them depend upon the shape 

of the MWD curve (influence of the low or high MW tails), 

the control of the MWD can be of considerable importance, 

leading to higher physical properties in relation to the melt 

viscosity or ease of fabrication. 

1.3 Control of MW and NWD in a batch Polymerisation 

The following discussion examines the change of N, W and 

MWD according to the polymerisation mechanism and conditions 

used. 

1.3.1. Radical Polymerisation 

A typical kinetic scheme for radical polymerisation 

in which the chain reaction is initiated by the thermal or 

photochemical decomposition of a suitable molecule I, is as 

follows: 

Initiation 

I -= 2P Rd = -d[I%dt = 2k. df 
[ II (19 ) 

P' -1- M kT 
P1' RI - -d tP ] /dt = kI [PI tMI (1.10) 

Propagation 

+M ký Pn+l RI = -kP E [Pn' GM] i 1.11) n 
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Transfer 

k 
Pn +Ss sý Rn + S. (1.12) (S can be: Monomer, 

Polymer, Solvent or any 

transfer agent) 

Termination 

pn* + Pmt Rn+m or Pn' + Pm0 Rn + Rm (1.13) 

The hypothesis that the rate of production of radicals 

equals the rate of their disappearance leads to the so-called 

stationary state assumptions: 

1/2 z tIz I i/z [Pný 
= tll. Kt 

Therefore the equation expressing the overall rate of 

polymerisation and the reciprocal DP are as follows (Mayo, F. R., 

(1943)). 

RP =-d_k (k k)/ 
[t. ] Ri 

j (1.14 ) 
tc td 

and 1 Total rate of cessation of chain 
5P- rate of propagation 

c+C ýS= 
+C 

r2ý 
+ kt R 

ms [M] I [M] ký (1.15) 
p 

where Ri = rate of initiation, kp-ktc-k 
td are the rate constants 
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r 

for the propagation and the two termination (combination and 

disproportionation) reactions, [S] 
= the solvent concent- 

ration. - and 

CM, CS, and CI are the monomer solvent and initiator transfer 

coefficients. 

Thus the FIR obtained during radical polymerisation depends 

upon the balance between the following factors: (a) the 

rate constants for initiation, propagation, transfer and 

termination, (b) the mechanism of termination i. e. whether 

by combination or disproportionation or both of them, (c) 

the monomer and initiator concentrations (d) the temperature 

of polymerisation (Tpol) and (e) the presence of a transfer 

agent. 
Thus : 

(a) Increasing the [Mj, jnereases the DP. 

(b) Increasing the (Ij, decreases the MW . although this 

effect is pronounced only in cases of big changes in [I), 

since the Rp depends upon the square root of [T]. 

(c) Increasing the T 
pol, 

increasesthe Ri leading to higher 

radical concentrationsresulting in lower MTA. 

(d) Transfer is a major factor as far as the control of 

MW and DJD is concerned and it is therefore of great commercial 

importance when chain length must be controlled for the ease 

of processing. 
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I, 

By rearranging the expression for DP one can get: 

1+ c-- 
Cs] 

DP DP0 s M) 

where DP 0 
is the DP of the polymer formed in the absence 

of transfer agent. 

(1.16) 

Thus if a lower MW polymer is desired, without altering 

the reaction conditions, then the use of another solvent 

havingahigher Cs value or the addition of a transfer agent 

(so-called regulator, such as mercaptar) solves the problem. 

Two further important factors must be taken into account 

when considering MW, namely viscosity and pressure effects 

on the polymerisation process. (Allen and Patrick, (1974)). 

(a) Viscosity: Although the effect of viscosity was 

not taken into account in the mathematical model described 

in section 2.2, this phenomenon will be considered briefly- 

because of its important effect on the rate of polymerisation. 

Thus, the rate of radical termination is sensitive to the 

viscosity of the polymerisation medium (Duerksen; et. al. )(1967)). 

The other rate constants (assuming isobar conditions) are 

believed to be largely independent of viscosity and other 

external variables except temperature. 

It appears that the, termination step may be controlled 

by diffusion rather than by radical structure, although the 
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i 
effects of polymer on diffusivities at high conversion are 

not well understood (Benson and North, (1962)). The first 

indication that diffusion processes are important in bimolecular 

termination of macroradicals was the interpretation of the 

gel (Trommsdorff-Norrish) effect or autoacceleration, which 

is observed when the polymerisation is taken beyond a finite 

conversion, resulting in very viscous media (Trommsdorff, et. al. 

(1947)). In this case the rate of diffusion of the propagating 

radicals reduces, resulting in a very slow termination step and 

hence a very high MW. The effect is particularly pronounced 

with methyl methacrylate (North, 'et. al., (1961)). 

This abnormality does not occur in the presence of a 

transfer agent, therefore, their importance as MW regulators, 

(Terenzi, (1969)). 

Finally, Yohota and Itoh, (1968) studying the kinetics 

of polymethyl methacrylate derived an expression for the rate 

of polymerisation considering the effect of viscosity: 

RP = kp [Ml n2 (kd ý EI f/kt) 
/ (1.1? ) 

where kt is the termination rate constant of some standard 

viscosity. This equation applies for flexible polymer chains. 

At this point, the importance. of good stirring during 

polymerisation reactions must be born in mind, to present the 

occurrance of the gel effect due to stagnation, at least 
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/ 

up to the point where the effect is inevitable. 

(b) Pressure: The effects of increasing the pressure in 

a polymerisation reaction are significant. Despite the 

fact that all the work presented later in this thesis has been 

conducted at constant atmospheric pressure, the influence 

of pressure in polymerisation processes merits brief consider- 

ation here, since many commercial processes mentioned in 

section 1.4 are high pressure ones. 

These effects are the following: large increase in reaction 

rates, higher Mil, possibly important structural differences: fromthe 

structure obtained under ordinary conditions and finally when 

a polymer-monomer equilibrium occurs (e. g. ceiling temperature) 

it undergoes marked displacement towards the polymer. 

The thermodynamic equation of dependence of the rate 

constant on pressure for n-molecular reactions is: 

_r 
e1nkl 

_ 
AV +ß (n-1) (1.18) 

ap JT RT 

where AV is the so-called volume of activation and 

0 (_ -( anV/a p) T) is the isothermal compressibility of 

the solution. 

Despite the fact that plots of lnk vs P are slightly 

curved, the second term is usually neglected and therefore 

the expression is simplified to: 

C aRT inks 
- AV (1.19) 

. 
ap JT 
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From this equation it can be deduced that when the formation 

of the reaction products involves a decrease in volume (oV 

negative) as in the case of a polymerisation reaction the rate 

constant increases with pressure. 

More insight is obtained by considering each individual 

step. Thus the rate of initiator dissociation is reduced by 

pressure (Nicholson and Norrish, (1956)), but the rate of 

propagation is considerably accelerated. The rate of termination 

is decreased beca.. se it is diffusion controlled and viscosity 

is markedly affected by pressure. It is therefore expected that 

the 11W will increase following the same pattern with the rate 

of propagation. But it has been proved that it is not the 

case, because under high pressure, transfer is favoured and thus 

although the rate of propagation remains the same, the 1411 is 

controlled by monomer transfer, even in the absence of any other 

transfer agent. 

Brown and Wall, (1963) reported that the rate of the 

y-ray initiated polymerisation increased by seventy-five times 

by altering the pressure from 5kb to 16kb at 210C but the MI 

of the polymer increasedby a factor of two only. Relevant 

reports were published by Zharov, et. al., (1967) and Osugi, et. aL, 

(1968). There is therefore a lot of evidence that the transfer 

reaction is accelerated nearly as much as the chain propagation 

by pressure increase, preventing the FIR from reaching extremely 

high values. 
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1.3.1.1 Control of the MWD 

Considering specifically the control of the MID in 

radical polymerisation, it is more difficult to be as definite 

about the factors affecting its breadth as it-is in the 

case of M. 

Less work has been reported about the dependence of 

the M4r'D on the factors mentioned previously (section 1.3.1) 

as it seems to be less sensitive to the variables of 

polymerisation. 

However, the value for the Mw/Mn ratio has been calculated 

statistically from kinetic schemes (Howell, (1974), section 

2.3.1), for mechanisms including termination by either 

combination or disproportionation, but these calculations are o'Aly 

valid in low viscosity media, in the absence of transfer 

agents and at atmospheric pressure. 

Although predictions can be made about 

MWD according to the mechanism employed and 

scheme describing the polymerisation reactii 

reaction and the reactor used (namely batch 

can markedly affect the distribution of the 

section 2.3.1). 

the shape of the 

the kinetic 

on, the extent of 

or continuous) 

product (see 

Frequently it is more convenient to discuss the MAI and 

MWD in terms of the leading moments of the distribution. The 

moments of a distribution curve can be obtained statistically 



33. 

(Peebles, (1971)). The use of moments rather than the r91 

and biw/Mn ratio is particularly useful for computer modelling 

and will be discussed in greater detail in section 1.5. 

1.3.2 Anionic Polymerisation 

For an idealised 'living' polymerisation where growth 

takes place from one end of the chain and initiation is very 

fast compared with propagation, then 

Dp 
_ 

LMl 

[L. E. 
(1.20) 

where [M] is the monomer concentration and [L. E ' stands 

for the concentration of all living ends. When growth occurs 

from both ends of a chain simultaneously then: 

DP =2 [M] / [L. E]. 

According to equations(l. 20,1.21) control of the MT9 is 

(1.21) 

feasible by altering either the [M) or the [L. E] . In this 

idealised system the Mw/Mn ratio will be approximately equal 

to 1.0. There will always be some dispersion of chain sizes 

for statistical reasons and Flory, (1940) has shown that 

living systems of the type mentioned produce a polymer with 

a Poisson type distribution. In practice many reports have 

claimed polymers with 11w/Mn ratios close to 1.0 (Szwarc, 

(1968)). 
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But anionic polymerisation systems are not ideal and 

many factors can contribute . -to the broadening of the MYUD, 

the most important being (Szwarc, (1968)) : 

(a) Impurities: It has been proved mathematically that 

when the amount of impurities approaches-the [L. E. ] then the 

Mw/Mn ratio is equal to 2. If the amount of impurities 

is less, then the value for Mw/Mn ranges between 1.0 and 2.0. 

(b) Slow initiation: The MWD of a product obtained in a slow 

initiated polymerisation, in the absence of termination was 

derived by Gold (1958). He postulated that slow initiation 

broadens the MVWD but the 
w/Mn never gets higher than 1.4. 

(c) Use of bifunctional initiators: Generally, by using 

a bifunctional initiator a narrower MWD is obtained, than for the 

corresponding case of a monofunctional initiator, and the 

w/Mn is substantially closer to the value of 1.0. But in 

cases of slow propagation compared with the termination 

process, a bimodal distribution is-prod uceä as a consequence 

of the fact that the polymerisation proceeds from two types 

of living entities, i. e. the monö- and bifunctional chain 

ends, leading to two polymers the one having twice the P17 

of the other (Brower, (1963)). 

Thus it may be concluded that the use of a bifunctional 
the 

initiator is beneficial in case of low impurity- levels, 

whereas at high impurity=. concentrationSthe monofunctional 
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initiator yields polymer of broad but uniform MWD. 

(d) Inefficient mixing: This factor can also cause broadening 

of the MWD. Mathematical treatment for the consequences of 

poor mixing on the values of rw/Mn, were developed by Figini 

and Schulz, (1960) and by Litt, (1962). 

(e) Propagation by free-ions and ion-pairs: This factor 

was considered in section 1.1.2.2 and it constitutes one of 

the reasons for the broadening of the MWD, since those twig. 

groups of living species propagate at different rates. Where 

the rate of equilibration between the two different propagating 

species is slow compared with the propagation rate from each 

centre, then a bimodal distribution of chain sizes will be 

observed. 

(f) Type of reactor: All the factors ((a) to (e)) mentioned 

previously concerned a batch process. When the polymerisation 

is conducted in a continuous stirred-flow reactor (see 

section 1.4.2), provided that any termination is prevented, 

then the MWD is of the most 'probable' type and the w/11n 

has the value of 2. % 

In this work several of these factors may play a role 

simultaneously. Particular emphasis will be paid to the 

effect of impurities and the use of various active compounds 

as purging agents, along with the influence of the type of 

the reactor - namely batch or continuous - on the MWD of the 

final product. 
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1.4 Polymerisation Reactors - 

The type of chemical reactor used for a particular 

process and conditions of operation with respect to such 

variables as temrperature, pressure and flow rate of reactants, 

depends largely on the kinetics of the reactions involved 

and also on the degree to which steady state conditions are 

approached inside the reactor. - 

Normally the efficiency of a chemical reactor is measured 

by the yield of product. Y_ and its ability to exclude as 

much as possible the unwanted by-products. On the other hand, 

additional factors, such as safety, ease of control and 

stability-of the process may influence the final choice. 

There are two main categories of reactors (a) the closed, 

comprising the batcý and semi-batch reactors, and (b) the open, 

including the continuous flow ones. 

Let us now proceed with the examination of the main 

features of each particular type of reactor and state the 

advantages and disadvantages of them. 

1.4.1 Batch Reactor 

By definition 'the batch reactor is a vessel that 

accommodates a charge of the reactants and causes them to 

react at an acceptable rate, to produce the required products. ' 
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One serious problem during the polymerisation of a vinyl 

monomer is the significantlyhigh heat evolved, as illustrated 

in table 1.6. 

TABLE 1.6 

Heat *of Polymerisation 

Monomer -AH (at 25°C) Monomer -AH (at 25°C) 
Kcal/Mole Kcal/Mole 

Ethylene 21.2 Vinylidene chloride 18.0 

Propylene, 19.5 Methyl acrylate 18.5. 

Butadiene 17.6 Methyl methacrylate 13.2 

Vinyl chloride 22.9 Acrylonitrile 18.4 

Vinyl acetate 21.2 Formaldehyde 7.4 
Styrene 16.7 

Removal of this heat is easy in small reactors by the use 

of a jacket, but because the surface to volume ratio is inversely 

proportional to the size of the reactor (table 1.7 depicts some 

figures for a typical batch reactor) 

cooling baffles or ref lux condensers 

the installation of internal 

(Figure 1.3) are sometimes 

required (Platzer, (1971)). 

TABLE 1.7 

I Ih I I IjI I 

aI 
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Jacket surface areas of Polymerisation Kettles 

Area 
Volume 1� Sq. feet bit 

7,600 180 16.7 

- 11,400 245 22.8 

14,000 292 27.1 

24,000 392 36.4 

62,500 744 69.1 

P- 

P 
Retlux 
condenser 

Reflux 
condenser 

Continuous 
potymerisot. 

reactor 

Surge 
tar. k 

Pump Pump 

Polymer 
product 

Cooling systems by the use of ref lux condenser 

Figure 1.3 

Reftux 
condenser 

i1 feed to 
4 reactor 
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The use of reflux condensers is quite common in both 

sorts of reactors as a means to remove the heat of polymerisation, 

when the solvent either has a lower boiling point than the 

monomer or forms an azeotropic mixture. The vessel is also 

equipped with an agitator whose shape and size depend upon the 

viscosity of the mixture (notice the difference in shape of 

the impeller of the two reactors depicted in table 1.7 and 

figure 1.3)and pressure control systems whenever pressure is 
3n 

applied, in which case the batch reactor is called 'autoclave'. 

Finally, considering the advantages and disadvantages 

of a batch reactor, one obtains low installation expenses on the 

one hand but high labour costs, difficulty in controllability 

and loss of production while changing from one batch to the 

other, on the other. 

1.4.2 Continuous flow reactors 

There are two extreme types of continuous reactors 

(a) The plug flow tubular reactor, and (b) The continuous 

stirred tank reactor (CSTR). The tubular is a continuous flow 

reactor in which no mixing is induced and therefore the 

fundamental assumption for the calculating purposes is based 

on the so-called plug flow. This is defined as the state of 

flow where over any cross-section the mass flow rate and the 

fluid properties (pressure, temperature and composition) are 

uniform. Thus the mixing is limited along the radius only 

and therefore all elements of fluid spend an equal time in passing 
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through the reactor and pass through the same sequence of 

pressure, temperature and concentration changes. Consequently 

the reaction occurs to the same extent in each element which 

can be regarded as a very small batch reaction. 

Hence, the mass balance over a differentially small 

segment is given by the equation: 

9c Sc 
9t --K qz 

(1.22) 

where: z is the axial direction, C= the concentration, 

K= linear velocity and R= the rate of reaction. 

The corresponding energy balance is: 

°p at -- Cp K az + äH R-4 (T-T'. ) (1.23) 

or by using the reduced temperature defined as : 

n= cp T/AH, 

the above expression is modified into: 

`t K az +R-- (n-n') (1.24) 
P 

where cp the heat capacity per unit volume of the reactor 

content, off = the molar heat of reaction, H= the wall heat. 

transfer coefficient and T" = the coolant temperature. 

In a more realistic model axial mixing must be assumed 

to occur and the application of Fick's Law for molecular 
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diffusion, showing a linear dependence on the second 
in 

derivative with respect to distance, results the following 

expressions for mass and heat balance: 

9t 
-D 

82 
-K 8.8 

8c 
9z 

(1.25) 

2 
and 

9i 
=a 9t8 

K8Z+R- (n-n') (1.26 ) 
cP 

where D and a are the overall dispersion coefficients for 

mass and thermal energy correspondingly. 

Having stated the structure and the basic operation 

expressions for a tubular reactor, one can conclude that 

a reactor of this type is desirable for the following purposes: 

(a) When the reaction mixture is gaseous 

(b) When consecutive steps are involved, like: 

A -ý B -ý C 

and the compound B is the desired product (in this case 

the tubular reactor is chosen due to the lack of spread of 

residence time of the fluid elements in the reactor). 

(c) When high pressure is required, and 

(d) In cases of strongly endothermic reactions to be 

conducted at high temperature. 

A typical example of a tubular reactor used at high 

pressures, is that for the production of polyethylene. A 
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simplified diagram of a high pressure polyethylene process 

developed in the USA in 1954 is depicted in figure 1.4. 

(Renfrew and Morgan (1960)). 
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PRESSORS. 

POLYMER/GAS 
SEPARATOR 

STEAM 
JACKET 

Ext. udcd 
polytncnt resin 

No! tcn 
polythtnt 

Simplified flow diagram of American high pressure polyethylene 

process. Figure 1.4 

The CSTR consists by definition of a well stirred tank 

into which there is a continuous flow of reacting material 

and from which the partially or fully reacted material passes 

continuously. For such a reactor it is possible to derive 

both mass and heat balance equations. 

Thus, the main assumption for a CSTR is that its 

content is perfectly mixed and consequently the effluent 

stream has the same composition 
, 'as the contents and this 

demonstrates the distinction between the CSTR and the 

tubular reactor. 

In the light of those considerations the governing 

equations of a model for a single CSTR are the following: 

For the mass balance 

V ät 
=F (C0-C) - VR 

Non polymerized ethylene 

POLYMERIZATION REACTORS 

CIRCULATING COOLANT 

1. --- --- ý ý( 

(1.27) 
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where V= the reaction volume, Fzthe flow rate in and 

out, C. = the feed concentration and R= the rate of reaction. 

For the heat balance: 

V cP 
ät 

=F cP (T0-T) + AH VR -H (T-T") (1.28) 

where cp = the heat capacity per unit volume of the reactor 

content, T0= the feed temperature, AH = the heat of 

reaction, H= the heat transfer coefficient and T" = the 

temperature of the jacket. 

In a continuous process the reaction time depends on 

the residence time and for a single CSTR the probability 

that a particle remains in the tank for time dt is expressed 

by the equation: 

f (Z) = Ze-Z (1.29) 

z_ 2t (flow rate x time 
V volume of the 

tank 

Therefore something which inevitably happens is the so-called 

bypassing loss. This is the case where a given molecule 

entering the tank has a significant probability of finding 

its way into the outflow almost immediately. 

In order to decrease the effect of the bypass loss 

and to increase the conversion a cascade of perfectly 

mixed kettles (figure 1.5 ), in other words, a series of 

interconnected CSTR's, is preferably used instead of a single 
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CSTR. The residence time expressions is now modified into: 

fn (z) _ 
Zn- 1 

e-z (1.30) 
(n-1) 

V 
R 

Figure 1.5 

Cascading reactors 

The main advantages of the continuous process are: 

the diminished labour cost (owing to the elimination of 

operations such as the filling and emptying of vessels); 

automatic control; the greater constancy in reactor conditions 

and hence in the quality of the product; and the ease of 

temperature control since the reagents plunge into a large 

volume of partially reacted fluid. The industrial production 

of polystyrene is a typical example of the use of cascaded 

reactors in the polymer field by using the following processes 

in order of decreasing commercial importance: Solution-suspension- 

emulsion polymerisation. (Encyclop. Of Pol. Sc., V. 13, p136, (1910). 

Before finishing off this paragraph it. is important to mention 

some continuous operation reactors with specific application 
to ionic polymerisation, employing the drop or spray method. 
Thus, according to the reactors` depicted in figure 1.6 in the 

first one styrene is mixed with a solution of sodium naphthenate 

in tetrahydrofuran in a spray nozzle and ejected into the reactor. 
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The heat of polymerisation is removed by evaporating portion of 

the monomer and the solvent. In the second one butadiene is 

sprayed along with butyl lithium. Isothermal conditions are 

maintained by partial evaporation of the solvent (Platzer, 1971). 

It is difficult to learn from the literature which type of 

reactor is used for any given ionic polymerisation process. 

Numerous systems have been patented but it is unlikely that the 

details of actual systems used will be published in any form, 

because of the commercial importance of an efficient, highly 

productive and reliable reactor design. 
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Liqu- nophthenote butadiene 

" 
styrene NI in THE feed 
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9/38 C' 
ý 

Recycle 
SpT nozzle 380C Sproy nozzles 

THE-NI Rec cle SurGe 
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Polybi-tod ene 

\Eaduder 'Otvoict txtruCer 

Figure 1.6 
Falling drop reactors (Platzer, (1971) ) 

1.4.3 Consideration in choosing a reactor for polyrerisation 

reactions 

Man made synthetic polymers are widely employed as 

substitutes for metal, wood, stone, glass, paper and a variety 

of macromolecular substances. These applications of polymers 

require specific properties, such as toughness, flexibility, 

insulation, etc. which are related to the MW, structure and 

MWD of the polymer product. These ultimate properties of 

the polymer are largely acquired in the reactor. 
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At this point we should refer to an inherent problem, 

namely the fact that in the vast majority of cases the 

specifications are not given in terms which are suitable for 

reactor design. When designing a reactor the leading moments 

are predicted and more rarely the differential MWD, while 

product specifications are given in completely, different 

terms such as: mechanical strength, electrical properties, 

weathering resistance, performance in moulding and extrusion 

etc. In order for all these properties to be specified by the 

MWD a knowledge of the dependence of each property on the MWD 

is presupposed. 

The problem of proper specifications becomes much more 

difficult dealing with more complex systems involving branching, 

copolymerisation etc., in which the MID alone does not specify 

the polymer. 

Thus the design of the reactor must be conducted in 

the light of the following considerations: 

(1) Specifications and tolerances for the product quality 

and yield required. % 
(2) Efficiency of . removln3the heat of polymerisation in 

order to follow the desired temperature profile. 

(3) Ability to provide sufficient residence time and 

uniform mixing for temperature control and reactor 

homogeneity (Schlegel, (1972)). In addition the reactor 

must be amenable to control and be stable under normal 

operation. 
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Considerable work has been done on the theoretical 

description of polymerisation reactors by many researchers 

(such as Liu and Amundson, (1961); Zeman and Amundson, (1963); 

Kilkson, (1964); Tadmor and Biesenberger, (1965); Saidel and 

Stanley, (1967); McGowin and Perlmutter, (1971) and others). 

Although the theoretical investigation of a reactor 

constitutes a constructive way towards the understanding of 

the whole process, the study of pilot plants under the 

operational conditions that they will be used in large scale, 

provides essential information when contemplating the problem 

of deciding the use of a certain type of reactor. 

1.5 Modellinq and Simulation of Polvmerisation reactions 

Because polymerisation reactions are usually very 

complicated in nature, a certain amount of mathematical 

sophistication is required for modelling. Therefore this 

section will be devoted to those techniques which have 

been successfully used in modelling these reactions. 

1.5.1 The value of modelling 

The importance of mathematical modelling lies in the 

large amount of information which can be obtained from such 

experiments. This information might be of use in designing 

control schemes, optimising plant yield or throughput, 

investigating the effect of disturbance in operating parameters 

or simply interpreting data obtained from actual processes. 
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A mathematical model consists of a set of equations and 

relationships that describe the system under consideration and 

using this model one can experiment by changing the variables 

in the model and see whether the results are reasonable and 

in accord with previous knowledge without the expense, time 

and danger associated with similar laboratory or plant scale 

experiments involving a real system. Following the selection 

of the system to be studied, the mathematical model is 
the 

derived by establishing connection between the various inter- 

acting quantities which comprise the system. The mathematical 

complexity of the model is entirely dependent upon the purpose 

for which the model is intended. Namely, if two models exhibit 

a difference in accuracy of 5% but the more accurate needs 

many times more computational time, then in general the simpler 

model is preferable. In addition, the actual structure of 

the model depends upon the use to which it is to be put. 

Models will differ according to the purpose of the investigation 

the nature of the system being modelled and ultimately 

according to the mathematical techniques that are used to 

solve the appropriate equations.. 

As polymers become more of a commercial commodity, there 

is a growing need for a more detailed understanding of the 

phenomena taking place during their production. One quantitative 

way of understanding a process is to construct a mathematical 

model which can represent the detailed behaviour of the 

polymerisation process in a reactor. 
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Finally, a point to be considered is the validity 

and adequacy of the model. This entirely depends upon any 

assumptions made in the derivation of the modelling equations 

and the limitations of the method selected for their solution. 

Simulation of a process can be by the use of an analog 

computer or by the construction of a pilot plant, the latter 

being more foolproof. 

1.5.2 Methods of Modelling 

Three main approaches to the modelling of polymerisation 

reactions have been reported. The first one comprises 

simulation procedures that rely upon direct solution or integration 

of the model equations. These methods work directly-with 

monomer conversion and concentration of all polymer species. 

There is a limitation whenever these techniques are used due 

to the fact that they require long computational time even 

in the 
case of a powerful digital computer; therefore, they are 

usually involved in cases where the DP is not very high. 

The second includes the simulation techniques developed 

for polymer reactors that use certain types of transformation. 

Unlike the direct methods the second group of methods does 

not work with the concentration of the polymer and radical 

species but rather involve moments of polymer and radical 

distribution in the model building process. 

This is due to the fact that it is often impractical or 
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sometimes even impossible to measure the differential-MWD. 

Therefore, it is often convenient to use the so-called leading 

moments of the differential MWD to represent the state of the 

polymer and to assume that the differential MWD can be adequately 

described by these moments. 

Despite the fact that these moments (average chain length, 

breadth of the distribution, degree of skewdness and curtosis), 

are average quantities, the description is usually regarded 

as satisfactory, while there are cases where these averages 

define explicitly the differential MWD (for example the anionic 

polymerisation in a batch reactor results 
polymer 

whose chain 

length distribution is a Poisson distribution and therefore 

it 
. is uniquely described by one moment). 

Finally, the third group comprises the statistical methods. 

Several workers attempted to apply statistical methods to the 

study of polymerisation systems. The earliest work using this 

concept seems to be due to Kuhn, (1930); Schulz, (1935) and 

Flory, (1936). Since then a substantial literature has been 

published which is discussed in two books, one by Hammersley 

and Handcomo, (1964) and the second by Lowry, (1970). 

Unlike the first two groups, which are concerned with 

solving the differential equations resulting from the kinetic 

scheme, the statistical methods consider the chain growth 

as a process having possible states resulting from the kinetic 

mechanism and state transition probabilities dependent on the 
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kinetic parameters. They seem to work for simple systems 

only while in cases where the probabilities are not constant 

the degree of complexity needed in the statistical description 

puts these methods at a disadvantage. 

1.5.2.1 Direct Methods 

Numerical Integration 

From a chosen kinetic scheme for a polymerisation, this 

technique requires that the monomer and polymeric-material 

balance equations be derived and then integrated numerically 

to give the concentration of the monomer and polymeric species 

at any time. 

If one considers a simplified mechanism for radical 

polymerisation by taking into account the two main steps of 

initiation and propagation and termination by combination 

with a monomer radical only and thus ignoring all the other 

possible reactions of termination and all sortSof transfer., one 

will end up with the following scheme: 

k 
Mi -º Po (1.31) 

kk 
PO +M-. ---p -Pl and subsequently by Pn+M--'Pn+l (1.32) 

and Pn +P 
kt 

" Rn+l (1.33) 

where M stands for the monomer, Po for the monomer radical, 

Pn for the growing chain, Rn for the dead polymer and ki, kp 
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and kt for the rate constants of initiation, propagation and 

termination respectively. 

The polymer material balance for a batch reactor yields 

the equations: 

00 

do = ki[Mlkp M1 
o -kt PO ý. CP(1.34) 

`'`'ýn=1` 

2=k 
j'b P-k Mýj rP`ý 

-kPP (1.35) 
dt pl, 

ý[ 
n-11 p Jl nl tý n'C o 

_kPPkRi (1.36) 
dt trt 

ýn] 

Thus the monomer balance is given by the equation: 

Clo 00 
l= 

- kill -k M4ý [P-kkji]Z.. rP (1.37) 
dt 

n=1 n=1 ` nl 

In the case of the anionic polymerisation with extremely 

rapid initiation compared with that in radical polymerisation 

and with the additional feature of no termination the rateSof 

consumption of reactants take the following form: 

k 
Pn +M LJ Pn+l 

±111 

_-k dt p L1 
(rs CP 

1ý 

en 

=' 

(1.38) 

(1.39) 

(1.40) 
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00 

and k [M1ý, Pn (1.41) 
p n=1 

The most straight forward approach to the problem 

is to numerically integrate the modelling equations (1.34), - 

(1.37) for the radical or (1.39), -(1.41), for the anionic 

polymerisation. 

From the literature it can be seen that many workers 

have used different variations of this technique in the 

study of a wide range of polymerisation systems. Some examples 

are mentioned below. Denbigh must be regarded as the pioneer 

of modelling since he was the first to attempt to analyse 

and model the free radical polymerisation in batch and continuous 

systems. (Denbigh, (1947)). He developed a model for a 

single CSTR by writing a material balance and solved it to 

obtain an analytical expression for the weight fraction of 

polymer. A comparison was made of the MID in batch and 

continuous reactors for two different mechanisms. He did 

not develop any expressions for predicting monomer conversion 

and no experimental work was conducted. 

A very detailed study was published by Liu and Amundson, 

(1961) for both homo- and copolymerisation systems. They 

indicated the use of a digital computer in treating poly- 

merisation systems and. calculated monomer conversion and MWD 

in a series of CSTR and for batch reactors as well. No 
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experiment is mentioned to test the theoretical work. 

Franks, (1966) pointed out the difficulty in an 

analytical approach to polymer kinetics posed by the immense 

number of molecular species and developed a model for poly- 

merisation reactors by finite differencing the MWD. 

A general purpose program REMECH has been developed by 

Detar, (1966), and applied to the numerical integration of 

a number of polymer systems. (studies by Detar, (1967); 

Pryor and Coco, (1970); Smith and Sather, (1965); Tsuchida 

and Mimashi, (1965) and Lee, (1968)). Although 
a 

considerable 

number of theoretical studies have been reported, little 

experimental work has been conducted to check the models until 

the middle sixties, due to_the lack of a rapid technique for 

measuring MWD (and this notice applies to all methods of 

modelling). The development of the gel-permeation-chromatograph 

(GPC) gave a big impetus to the experimental research. 

Hamielec, et, al. ) 
(1967) and DuerksenI et. al., (1967) 

studied the verification of theoretical models in the poly- 

merisation of styrene in batch and CSTR. 

Duerksen and Hamielec, (1968) and Hui and Hamielec, 

(1968 and 1969) extended the previously mentioned analysis, 
on 

speculating the effect of viscosity on the polymerisation 

kinetics. 
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Loo and Hsu, (1971) studied the MWD of polybutadiene 

from a batch reactor using Ziegler-Natta catalysts. 

Terenzi and Cosway, (1969) simulated a two stage CSTR. 

They compared the theoretical results with experimental ones 

and also they simulated the whole process on an analog computer. 

Graessley, et. al., (1969) and Nagasubramanian, (1969) examined 

the batch bulk polymerisation of vinyl acetate and compared 

calculated branching density values with those found independently. 

Lynn and Huff, (1971) developed a mathematical model 

to predict changes in temperature, velocity and composition 

during anionic polymerisation in a tubular reactor. 

Finally, Min and Ray (1974) presented a review of theories 

proposed for modelling emulsion polymerisation reactors followed 

by an analysis of their adequacy and subsequently they developed 

a general model covering both batch and continuous reactors, 

while including all previous models as special cases. This 

powerful model, verified for emulsion polymerisation by 

experimental data, required slight modifications to -become ä 

model suitable for suspension and'heterogenous bulk polymerisation 

reactors. The paper presented by Ray, et. al, (1975) on the modelling 

of bulk polymerisation of PVC is 
application 

of that previous 

work. 

1.5.2.2. Transformed Methods 

Often it becomes very difficult to solve the model 
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represented by an infinite set of differential equations 

by direct integration and one has to look into other 

directions for finding a solution. This concept led to the 

use of transform methods. These are: 

(a) Continuous variable approximation 

This method relies upon the assumption that if the average 

chain-length of the polymer is long then it is possible to 

substitute the differential difference equations by a single 

partial differential equation in the continuous variable n. 

The solution of this partial differential equation was 

performed by Bamford and Jenkins, (1960) using Laplace transforms, 

while Zeman and Amundson, (1965) used direct numerical 

integration. The latter paper involves an analytical study 

of polymerisation kinetics in a CSTR. The technique used 

considers the polymer chain-length as a continuous variable 

and reduces the infinite number of algebraic equations for the 

reactor to a finite set of differential equations. The 

solutions to the equations are presented for a variety of 

linear polymerisation mechanisms. 

Non-linear polyrerisations and block ones are also 

investigatRd by the same technique. 

A lot of work has been carried out in this field and 

a number of polymer systems have been analysed by many 
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researchers (e. g. Crider and Wallace, (1966); Katz and Saidel, 

(1967) ; Nanda and Jain, (196_8); Ito, (1969) and Teaney and 

Anthony, (1970)) using this particular approach. 

(b) Z-transforms 

It is also possible to utilize Z-transforms to solve 

the differential equations describing the polymerisation system 

and produce the differential MAID or leading moments of it, 

and they are defined as: 

00 

F (Z) =L Pn Z-n (1.42) 
n=0 

The main problem arising from this method is the problem 

normally associated with Z-transforms, namely finding the inverse 

Z-transform. The most obvious method of Z-transform inversion 

is to search tables for the appropriate transform-pair, but 

in many cases they will not be available, although a publication 

by Jury, (1964) provides many extensive tables of the Z-trans- 

forms and their inverses. Nevertheless, it is generally 

necessary to simplify a complex Z-transform expression into 

several forms which can be recognised. Common methods of 

performing this are by partial-fraction inversion, or by power 

series inversion, but these methods themselves may involve 

computational problems. 

A very interesting application of this method was reported 

by Chen and Spencer, (1968). Their work shows that it is 
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possible to extract numerical values for Pn(t) from only 

numerical solutions of the Z-transform equation. This approach 

would expand the application of this method to much more 

complex problems than can be presently treated. 

Many reports can be found where Z-transforms have been 

used in treating polymerisation systems. Abraham, (1963) 

employed the Z-transforms technique to reduce the computational 

effort in predicting bMWD, studying the batch polymerisation 

of ethylene oxide at constant temperature. Kilkson, (1964) 

applied the Z-transform to different reactor systems and 

obtained expressions for moments of polymer distribution for 

several types of condensation polymerisation processes in 

batch, plug flow and plug flow with recycle reactors. 

Finally, in a- paper by Roberts, et. al.., (1969), the 

Z-transform technique was used to obtain a solution for the 

chain-length distribution resulting from irreversible addition 

polymerisation in a series of CSTR. Whenever this technique 

is used, it must be born in mind that guaranteeing the 

precision of the numbers obtained by the numerical inversion 

of the Z-transform seems to be a problem meriting further 

study. 

(c) Generation functions 

The generating function technique is also derived from 
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the realm of statistics, but is far more powerful and of 

wider applicability in polymer kinetics and it can be used 

to produce the differential MWD. 

Since this is the technique used in this present 

investigation, the history, mechanics and scope of this 

method are examined in more detail. 

The first mention of the application of this technique 

to polymerisation studies appears to be in a paper by 

Scanlan, (1956), in which he shows that generation functions 

can be used to describe the random reactions of polymer 

molecules and obtain the MID function and it was illustrated 

by application to random scission and cross-linking reactions. 

Generating functions, such as those defined for the 

living and dead polymeric species can be seen to be simply 

infinite power series involving the polymeric species 

concerned. From these generation functions it is quite 

straightforward to produce sets of partial differential equations 

which can be solved using a computer. From these equations 

simple algebra is all that is rcquired'. to produce the leading 

moments of the differential MVWD. 

The generating function is defined as: 
00 

G (st) _ snPn (t) (1.43) 

The The importance of generation functions is depicted by 
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defining the leading moments of the MWD. For a honopolymer, 

PnI the k-th moment of the number chain length distribution 

(NCLD) looks like !.: 

00 

Ak = 
ý. 

nkp 
n=1 n 

k=0,1,2,... (1.44) 

while the k-th moment of the weight chain length distribution 

(WCLD) is 

O0 

ýk 
=W nk+l p=W +1 

k=O, 1,2,... (1.45) 

n=1 n 

The number MWD has moments defined by: 

00 

yk = (nw)kPn = wkýk k=0,1,2,... (1.46) 
n=1 

and finally the k-th moment-of the weight MWD is: 
00 
*2-7 

yk = (nw) k+l P= wk+l 
k+1 k=0,112, ... 

n=1 n 
(1.47) 

The physical significance of each of the leading 

moments is very helpful in forming the modelling equations. 

For example, Xo is the total concentration of polymer and 
No the total weight of polymer present, while 

X1 is the total 

number of monomer units in the polymer. 

The important MIM averages can be deduced from these 

moments. The mean of the NCLD termed the number average 

chain length is defined by: 
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00 00 

ýt. 
n 

7, 
nPn /7 Pn (1.4 E) 

n=1 n=1 

The variance of the distribution is given by the equation: 

2 
_ý2 

Al 2 (1.49) 
0 

Similarly the mean of the WCLD is the weight-average 
chain length: 

_ 

_ 
/ýl 

==ýl1 50 fLw IA-0 Yn 2 Pn/rnPn 2 //ý 
1() 

For the Mn : 
00 

00 yl/y (nw) P 
wýl wn (1.51) no n=1 n/F_Pn 

n=1 /Ao I 

And in the same way one can derive the rest of the leading 

moments. 

The only drawback to this powerful and elegant method of 
modelling polymerisation systems lies in the amount of 
mathematical groundwork which must be accomplished before 
the generating functions can be defined. The entire technique 

requires a reasonable degree of mathematical sophistication, 
but above that it demands great attention to detail and 
the ability to handle algebraic expressions of great length 
and complexity. 

Despite the difficulties the generating functions 
have been proved a very popular technique in treating model- 
ling problems and the number of papers found in the literature 
is numerous. 
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Bamford and Jenkins, (1960) and Liu and Amundson., (1962) 

were some of the early workers using this technique and gave 

good discussions of its application to polymerisation. 

In a number of papers the generating functions were used 
in 

to generate the differential distribution, as the ones by 

Rootsaert and Van De Vusse, (1966) and Edgar, et. al., (1970) . 

Katz and Saidel, (1967) investigated radical polymerisation 

and used a generating function type approach to obtain moments 

of size distribution. They first considered a basic model 

and extended the results to more general polymerisation models - 

dealing only with batch kinetics. Ray, (1968) used the moment 

generating functions technique to investigate polycondensation 

and linear free radical polymerisation. The periodicity was 

introduced by sinusoidally perturbing the monomer feed concent- 

ration. Finally in a paper by Porter, et. al0)(1974) the poly- 

merisation of isoprene in hexane by using butyllithium in 

batch reactors was studied and a model using generating functions 

was-developed by use of the experimental data. The effect of 

the association reactions on the MWD was concerned too. Also 

Magott, et. al., (1975) studied the batch polymerisation of 

isoprene initiated by butyl lithium but using benzene as the 

solvent, utilising similar approach. 

1.5.2.3 The phenomenon of Stiffness 

Before finishing this discussion about modelling, it is 

worth mentioning the phenomenon of `stiffness' which characterises 
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situations demanding an extraordinary large amount of computer 

time, to solve a relatively straight forward problem. In the 

past this difficulty was overcome by assuming certain species 

at steady state. However, this assumption may introduce 

serious computational errors, because species regarded at 

steady state could not remain as such throughout the whole 

reaction process. 

Stiffness was first reported by Curtiss and Hirschfelder, 

(1952) who also suggested that the source of trouble lay in 

the large differences between the rates of the fast radical 

reactions and the relatively slow overall reaction rate. The 

answer to the stiffness problem is the use of implicity 

integration procedures, thus eliminating the need to make steady- 

state assumptions. A major advance was made by Gear, (1968) 

by proposing a multi-step predictor-corrector method, published 

in an algorithm form in FORTRAN (Gear, 1971). Recent work 

on the theory of methods for solving stiff equations has been 

reported by Prothero and Robinson, (1974). 

1.6 Polymer Characterisation 

As polydispersity is one of the most important features 

of the polymers and the role of the MW and MVID curve are 

extremely important in indicating the properties of the polyner, 
for it is necessary to deal with the methods d etermining the 

different average NTi. Table 1.8 comprises all the well established 
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methods of DIII characterisation and the corresponding average 

determined by each of them. 

TABLE 1.8 

Type of Limits of the 
Technique M. W technique 

End group assay Mn up to 3x104 

Ebullioscopy, cryoscopy and M up to 3x104 isothermal distillation n 

Osmometry M 104 to 1.5x105 
n 

Vapour Pressure Osmometry (VPO) M up to 104 
n 

Light scattering MW 104 to 107 

Sedimentation in ultracentrifuge M 104 to 107 
and diffusion z 

Viscometry My any value 

The characterisation techniques are in general well 

understood and documented. In this work membrane osmometry 

was used for the determination of Mn and viscometry for the 

determination of Mv. Some references are given here for further 

information and details of those techniques. (For osmometry: 

Armstrong, (1968) ; Rolfson, (1964) ; Gilbert, et. al., (1951) ; 

Collins, et. al., (1973), pp. 124-131). For viscometry: (Houwink, 

(1940) ; Collins et. al., (1973), pp. 147-153). 

Further comments will be limited to GPC which plays a major 

role in this work. 



65. 

1.6.1 Gel-Permeation-Chromatography (GPC) 

The pioneers of this method are the protein chemists 

and the biochemists who generally call the technique Gel-Filt- 

ration, a term attributed to Porath and Flodin, (1959), although 

the principles have been known since the early 50's. 

Since then a vast number of papers have appeared in the 

literature. The discrimination between GPC and Gel-filtration 

came with the invention of new column packings for organic 

solvent phase work by Moore. 

Thus gel-filtration employs aqueous solutions and hydro- 

philic column packings while GPC performs the separation by 

using organic solvents and hydrophobic packings. 

Recently, thanks to the invention of rigid polystyrene 

gels, high pressure can be employed to force the solvent 

through the column. By this technique, commercially known as 

High Pressure Liquid Chromatography (HPLC) a GPC trace can 

be obtained within a few minutes instead of two hours usually 

required by an ordinary GPC instrument. 

The most important feature of this technique is that i{. 

separates particles by size and in principle the separation is 

unaffected by the chemical nature of the components. This 

is unique since liquid chromatography is based on solubility. 

Thus GPC provides a means of obtaining the MWD and it is also 

capable of detecting the presence of additives, plasticisers, 
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impurities and residual monomers and solvents. 

The GPC is a column fractionation method based on the 

molecular sieve effect. Being a column technique it can be 

modified to fit all sorts of requirements such as exclusion 

of oxygen, scaling up and down (analytical or preparative 

method) and automation, and finally it is convenient since the 

gel can be used over and over again. The concept of the Height 

Equivalent of a Theoretical Plate (HETP) is important; it 

is the ratio of the column length (1) to., the number of 

theoretical plates (N). 

HETP = 1/N (1.52) 

(The value for N is provided by the equation N= (4Ve/W) 2 

where Ve is the elution volume and W is the width of the 

peak). The dependence of the HHETP on the mobile phase linear 

velocity (ILL) is given by the equation: 

11 =A+ B/l + CtL (Giddings & Mallik, (1966) 

(1.53) 

which takes into account: A: broadening due to interstices 

of column (small particles give lower A), B: broadening due to 

diffusion (increase of the flow rate lowers. B) and C: broadening 

due to mass transfer between the mobile and stationary phase. 

Comparison of the values of HETP obtained for GPC and those 

for other chromatographic techniques proves that from this 

point of view GPC is a poor method of separation. 
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The operation of GPC is based on the principle that 

a column of e" to ä" in diameter and 4' to 20' long is 

packed with small gel particles, consistingof a net of more or 

less heavily cross-linked polymer, which are themselves 

aggregated into strands with random joinings. There are 

three categories of gels: I: Soft, consisting of: Dextrans 

(Sephadex), Polyacrylamide, Agarose, Soft Polystyrenes, 

Rubber 'and Starch. II: Semi-Rigid consistin9of: Styragel 

(Moore, (1964) and (1965); Altgelt, (1965)). PolyMethyl- 

methacrylate and III: Rigid consistir. 9of: Silica gel (Vaughan, 

(1962)) and Porous glass (Haller, (1965)). The market has 

been overwhelmed by all sorts of packing materials for 

general or specific applications under different trade names. 

The gel particles in a column are suspended in solvent. 

The channels between the gel particles are much larger than 

the pores inside the gel and therefore solvent flow occurs in 

the intersticial space only. The sample is dissolved in the 

same solvent and introduced into the column, while at the 

same time solvent is pumped continuously into the column at 

constant flow rate. Normally molecules comparable in size 

to solvent molecules distribute through the entire pore 

volume. Bigger molecules are excluded from the denser parts 

of the network and finally the very large ones are completely 

excluded from the gel. Thus the larger molecules are drifted 

by the solvent through the column more rapidly while the 

small ones exhibit longer effective path lengths and this is the 
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idea of the separation mechanism. This principle can be 

expressed mathematically as follows: 

Kd = (Ve - Vo)/Vi (1.54) 

where Kd is the volumetric distribution coefficient, V0= the 

total of the internal void volume and Vi = the part of the 

internal volume accessible to a given solute molecule. 

Figure 1.7 depicts a diagram of a commercially available 

GPC (Maley, 1965) equipped with a recording detector, while 

Figure 1.8 is a flow-sheet that outlines the various components 

that can be included in a completely automated liquid chromat- 

ographic system. 

The final product from a GPC analysis is the recorder 

trace of the chromatograph which corresponds in the case of a 

polymer to the differential MVID. A typical GPC plot is 

depicted in Figure 1.9. The retention volume is represented 

by the 5ml hache marks. The ordinate represents the mass. 

concentration, usually detected by a differential refracto- 

meter, as the difference in refractive index of the eluant 

from the sample columns to that from the reference column. 

Talking about detectors, the differential refractometer. 
is extremely sensitive capable of detecting a difference in 

refractive index of 10 7 
or even 10- 8 R. I. units. Detectors 

based on refractive index are almost universally applicable 

since they do not rely on the presence of specific functional 
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groups. Also, since many polymeric systems exhibit a 

constant refractive index over a wide MW range it is often 

possible to relate detector response to quantity of sample 

eluting from the column. This is the reason why differential 

refractometry has found such a wide acceptance. 

Other existing systems rely on different detectors 

based on: Ultraviolet, visible or infra-red photometers, 

flame ionisation, heat of adsorption, electrical conductivity, 

polarographic methods or gravimetric methods. 

(References: Coll, et, al., (1969) ; Huber, (1969) ; 

Johnson, (1968) ; Kirkland, (1968) ; Lawrence and Scott, (1967) ; 

Meyerhoff, (1968); Pecsok, (1969); Poulson, (1968); Stevens, 

(1968) and Dawkins and Hemming,. (1975) . 

1.6.1.1 Calibration Curve 

The correlation between MW and Ve is achieved using 

standard narrow MID samples having a known My at their peak 

Ve. However, for the higher ri[9 polymers difficulties arise 

from their inherent polydispersity. Thus so far only polystyrene 

has been produced on a sufficiently large scale having narrow 

enough MWD for use as calibration standards up to 2 million of 

MW. For other polymers a method of indirect calibration is 

required i. e. to convert the polystyrene calibration to one 

applicable to the measured polymer. 
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The GPC separation is determined by the size and shape 

of the polymer molecule in solution, namely its hydrodynamic 

volume. Different polymers of the same Ms1 will have different 

conformationsin the same solvent and then different hydro- 

dynamic volumes. Also, a polymer will exhibit 
a 

different size 
dt 

in different solvents and different temperature S. 

The Einstein equation for the hydrodynamic volume (the 

solute molecules regarded as hard spheres) has the form: 

V = K' [nj M (1.55) 

where V= hydrodynamic volume, n= the intrinsic viscosity 

an dM=MW. 

Flory, (1951) extended- this theory for flexible molecules 

proposing the following formula for the intrinsic viscosity: 

3 
(1.56) n- 

ßh2= 

M 

where h2 is the mean square distance between the chain 

ends and + is a universal constant which is independent of 

the shape and size of the molecule, the nature of the solvent 

and the temperature. 

By -. = -- -ý , the two equations mentioned previously r 

one can deduce that the hydrodynamic volume, determined by 

viscosity measurement, takes into account all sorts of polymer- 
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polymer and polymer-solvent interactions and thus it can 

be said that a plot of log [n] M versus Ve can be regarded 

as the 'universal' calibration curve for a large variety 

of polymers. 

Because, as it was pointed out, polystyrene provides 

the best samples with respect to, narrow IIWD, of any other 

polymer, this particular polymer was selected as the base 

for the plotting of the calibration curve. A typical 

'universal' calibration curve is depicted in Figure 1.10. 

(Benoit, et. al., (1967)) . By using the calibration curve the 

evaluation of MW from one polymer to another involves the 

use of the empirical Mark-Houwink-Sakurada equation: 

[ 11 = KM« (1.57) 

Obviously the hydrodynamic volumes for polymers 1 and 2 

are given by: 

[nll Ml = K1M1(al+l) and 
[n21 M2 = K2M2 

(a2+1) 

For a given VeI by equating hydrodynamic volumes one can 

work out the unknown MW 

log M2 = 
1+-a. 1 log Mi 11. + 1 log 

K1 
1.5 8) 1+-a 2 ý,.. 1+a. 2 

K2 i 
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Mark-Houwink constants are available in the literature 

(Polymer Hardbook, eds. Brandrup J. and Immergut E. H., 

Wiley, (1966)). Naturally difficulties will arise when the 

Mark-Houwink parameters are unknown, but several approximations 

may be applied as 'c'generally describes the quality of the 

solvent and 'K'is proportional to a reciprocal function of 

the size of the polymer molecule in solution. Many other 

methods of calibration have been proposed. For example the 

direct calibration method by pldtting log M vs V. In this 

case the curve established for each homologous series exhibit 

different slopes because for a given solvent the viscosity 

laws for each polymer have different exponents. Another 

popular method is the so-called Q-factor. 

No ofM11units 
Q (1.59) 

Extended chain length (A ) 

In this case the curves for different homologous series 

lie parallel but they do not superimpose. From all the proposed 

methods the one based on the hydrodynamic volume concept has 

been proved the most successful and accurate so far. 

1.6.1.2 General considerations and limitations of GPC 

Apparently the great advantage of this fractionation 

technique is the speed of obtaining a rather sufficient 

description of the polymer and the possibility of complete 

automation. On the other hand some limitations of the method 

exist, which come from the fact that although separation is 
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based on molecular size the results are interpreted in 

terms of NW. For linear homopolymers this difficulty is 

partly overcome by making the calibration in terms of 

hydrodynamic volume. But considering the branched polymers- 

even using the universal calibration - no complete inter- 

pretation in terms of MWD is possible for the reason that 

all molecules of the same hydrodynamic volume will be eluted 

at the same time regardless of their shape. The universal 

application of the hydrodynamic volume concept has been 

disputed for some sort of polymers, although the deviation 

from linear Gaussian coil behaviour must be high for deviations 

in M [n] to show up. (Ambler and McIntyre, (1975)). It 

has been suggested that M [n] will serve as a universal 

calibration parameter only when the molecular geometries of 

all the samples involved are similar. When the geometry and 

rigidity differences become great or the structure is'highly 

specialised (star, graft polymers) the general application 

of M [nj breaks down. 

Also some new theories have been expressed for the 

interpretation of the GPC curve (Cardenas and O'Driscoll, 

(1975)). 

Finally, the refractive index depends upon MW at 

sufficiently low MW and hence the detector response must be 

separately calibrated at this region (correction for low 

MW fractions). 

0 
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Copolymers present a different problem for: 

(a) the Ve is determined at least partly by chemical 

composition, which influences molecular size because of 

polymer-solvent interactions and (b) refractive index, 

and therefore detector response also depend upon chemical 

composition. (Chang, (1971)). 

Problems associated with the packing of the column 

are: (a) adsorption, (b) partitioning, and (c) incompatibility. 

(a) Adsorption usually occurs with more polar solutes in 

less polar solvents. In a homologous series it becomes 

stronger with increasing chain length. Addition of small 

amounts of a polar additive to the solvent usually prevents 

or reduces adsorption. 

(b) Solute molecules can be absorbed by the gel if the 

solvent is very different in nature from the gel and the 

solute. Therefore solvents of solubility parameters similar 

to that of the gel are preferred in GPC. Finally, sometimes 

the effect of partitioning can be advantageous by careful 

choice of different solvents to'achieve separation first by 

size and then by polarity. 

(c) There are cases where the solute is chemically very 

different from the gel and it is excluded by incompatibility 

(Langhammer and Nestler, (1965)). Finally, the last problem 

to deal with is known as instrumental band broadening. The 
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problem was first considered by Tung, (1966) who suggested 

that the retention volume of each molecule is not represented 

by a line but is a Gaussian distribution. Consequently, 

the GPC trace is the result of the instrumental 

spreading function and the MWD of the polymer. The MWD is 

then obtained by removing the effect of instrumental spreading 

by computer deconvolution techniques. Although there are 

numerous methods of corrections of this-effect they all 

generally use the deconvolution equation: 

Va 

F(v) =W (y) G (v-y) dy (1.60) 

fVb 

where F(v) is the retention volume distribution represented 

by the GPC chromatogram, W (y) is the true retention volume 

and G(v-y) is the instrumental spreading function. 

This section (1.6.1) dealt in general with the principles, 

problems and limitations of the GPC technique. Finally, it is 

worth mentioning some review articles containing a vast 

amount of information for each individual aspect of the 

technique-. (Polymer fractionation, edt. by M. J. R. Cantow, 

Academic Press, New York (1967) Chp. B4 by K. H. Altgelt and 

J. C. Moore; J. of Macgomolecular Sc. 9\(1) , 123, (1973), 

Quantitative data interpretation techniques in GPC by 

A. C. Ouano; J. of Macromolecular Sc. 6(1), 51 (1971), 

Recent Advances in Polymer Fractionation by L. H. Tung. ) 
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1.7 Objectives of this project 

The primary objectives of this project were to: 

(i) Develop mathematical models, for the homogenous free 

radical polymerisation of methyl methacrylate in toluene 

and the anionic polymerisation of styrene in tetrahydro- 

furan both in a CSTR, which are capable of solution by 

digital computer techniques. These models should predict 

the dynamic behaviour of the reactor and provide 

information on temperature changes, polymer MW, MWD and 

monomer conversion. 

(ii) Design and construct the appropriate reactors and 

develop techniques in order to experimentally substantiate 

the theoretical models. 

(iii) Extend the studies to other polymerisation reactions 

and reactors. 



CHAPTER 2 

RADICAL POLYMERISATION IN A 

CSTR 
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2 RADICAL POLYMERISATION IN A CSTR 

This chapter will deal with the simulation of the radically 

initiated solution polymerisation of methyl methacrylate (MMA) 

in a single CSTR. The first section describes the construction of 

two reactors No. I and No. II and the experimental work conducted 

with them, the second the mathematical treatment required for the 

development of the computer model and finally the results and 

discussion of the whole investigation. 

2.1 Experimental 

2.1.1 Preliminary Work 

At the very early stages of this investigation, in order to 

become acquainted with the problems associated with the operation 

of a CSTR, a glass reactor was constructed. It comprised a2 1';. 

feed flask immersed into a water bath full of ice and a 500cc. 

resin flask as the reaction vessel, which was immersed into an 

oil bath. A laboratory stirrer (Gallenkamp TYPE SS-510) driven by 

a 1/30 HP motor-was used for the stirring. Water at 2 to 8°C 

was used as a feed liquid in order to check the heat transfer 

between the reactor and the surrounding heated oil bath (see 

table 2.1). (The cold water was used since during the polymerisation 

experiments the temperature of the feed solution would be 00C) 

(see section 2.1.5). The feed flask was connected to a nitrogen 

cylinder and the feed flow regulated by increasing the pressure 

in the vessel. 
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It was established that it was impossible to achieve a 

thermal equilibrium with temperatures suitably high for 

initiating radical polymerisation; the temperature inside the 

reactor fell continuously whilst feeding the cold water. Two 

indicative experiments are mentioned below (Table 2.1). 

TABLE 2.1. 

Conditions 

Temp. of feed water (°C) 

Expt. 1 Eft. 2 

6.0 4.0 

Feed rate (cc/sec) : 2.17 3.34 

Temp. of oil bath (°C) : 54.0 54.0 

Temp. of reactor 
at starting point (°C) : 43.0 54.0 

After 90 sec. (°C) : 27.0 32.0 

The figures in Table 2.1 indicated that heat transfer 

from the heating jacket to the reactants is insufficient to 

maintain a suitably high reaction temperature. Further, when 

adequate stirring rates are applied i. e. 3,000rpm or greater 

the inherent limitations of brittle glass apparatus became appar- 

ent. 

Moreover, the control of the flow rate of the feed by 

altering the pressure over the surface of the feed liquid was 

inadequate especially when small changes in the flow rate 

were required. These considerations led to the revision of the 

whole reactor design and the con struction of a metallic 

reactor was undertaken. 
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2.1.2 Description of Reactor No. 1 

The reactor unit consisted of a base on which a jacketed 

pot and a vertical plate supporting the motor were mounted 

(Figure 2.1). Mild steel was used for the mounting part and 

the jacket where as 18/8 stainless steel was used for the reactor 

pot, its lid and the shaft of the stirrer to avoid any possible 

contamination of the reactor contents. 

The reactor was cylindrical and had the following dimensions: 

35.6mm in diameter and 39mm in height. The high surface to volume 

ratio and the high thermal conductivity of the fabrication 

material ensured the maintenance of isothermal conditions during 

a polymerisation experiment, in contrast to the behaviour 

described (table 2.1) for the glass reactor. 

The efficiency of agitation and hence the uniformity of 

the reactor mixture even at high viscosities (sometimes being 

as high as 150cp (see section 2.3.2)) was obtained by driving 

the stirrer with a commutator motor (PARVALUX, Model: SD12) 

whose power was 4 HP and could reach speed up to 6,000 rpm. 
A rectangular paddle blade was used (21mm x 5mm), the dimensions 

of which controlled the effective reactor volume at any given 

stirrer speed. 

The temperature inside the reactor was monitored by a 

sensitive thermocouple, backed against a similar thermocouple 

inunersed in a constant temperature bath. The whole circuit is 
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Diagram of reactor No. 1 
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depicted in Figure 2.2. The circuit comprises the two reference 

thermocouples. The one called 'constant reference'was immersed 

permanently in a water bath of constant temperature (400C) 

and the other one was used to set the origin on the chart of the 

recorder, by immersing it in a water bath of known temperature. 

After setting the origin on the chart the switch was turned 

to the thermocouple immersed into the reactor pot, to get a 

deflection corresponding to the temperature of the reactor 

contents, (All three thermocouples used were Dupont 900-329-901). 

The shift of the pen on the chart was 4.7mm per degree centi- 

grade and thus it was possible to readily detect any variation 

of the polymerisation temperature (Tpol). 

Constant. 
eezence 

rooooo) 
Reco'de. t 

Figure 2.2 
Temperature of polymerisation 
monitoring circuit. 

Reccctoz Reger ttce. 
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The flow rate of the feeding solution was controlled by a 

peristaltic pump of adjustable speed (Watson-Marlow, Type : MHRE). 

Finally, the jacket was connected to a thermostatically 

controlled oil bath equipped with a pump which provided a. 

constant flow rate. 

2.1.3. Heat transfer coefficient measurement 

The heat transfer coefficient, a quantity used when 

determining the overall heat balance of the system, was 

calculated from a series of heat transfer experiments as 

follows. 

Water at a constant temperature and flow rate was 

circulated through the jacket and at the same time water of 

higher temperature was passed through the reactor at constant 

but different flow rate. Initially, the temperature inside 

the reactor was the same as that of the jacket and as the 

hot water was fed into the reactor, it increased to an 

equilibrium value which remained constant with time (Figure 2.3). 
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Figure 2.3 
Temperature profile of a heat transfer experiment 

This procedure was repeated using different flow rates 

and-temperatures for the water passing through the reactor. 

The data obtained at steady state were used to calculate the 

heat transfer coefficient in the manner described below. 

The notation used is the following: 

Feed flow rate: F (ml/sec), cooling water flow rate: 

Fc (ml/sec), Density of water: e (l. 0 g_,, /ml) , specific heat 

of water: a (1.0 cal/g,;. grad), heat transfer coefficient: 

H (cal/grad. sec), temperature of feeding: To (°C), temperature 

5 10 15 . MINS 
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inside the reactor :T (°C), temperature of cooling water: 

Tc (°C) and temperature of cooling water out of the jacket: 

T' (0C). 

The heat exchange in the reactor and the jacket are: 

(i) For the jacket: 

Heat in : Fc. 0. e. Tc (2.1) 

Heat out : Fc. O'. e. T' (2.2) 

Heat to the reactor :H (T' -T) (2.3) 

Hence : Fc . (Tc-T') "e" a' =H (T' -T) (2.4) 

(ii) For the reactor: 

Overall heat balance : Fo-eTo- Fi-e7+. H(T'-T) =0 (2.5) 

= 
Fc. Cr. e . (Tc-T' ) 

From (2.4) H: (2.6) 

T' -T' 

F. 4'. e (T-To) (2.7) From (2.5) H= 
T' -T 

And because and e have the value of 1 the expressions 

(2.6) and (2.7) can be simplified for 

H 
Fc (Tc-T' ) FT( -To ) (2.8) 

T'-T 

Averaging the values obtained for H from different 

experiments, the mean value of H for the reactor No. 1 is: 

H=1.46 cal/grad sec. (The standard deviation for all the 

experiments was + 0: 026). 
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2.1.4 Estimation of the effective' reactor volume 

The reactor volume under operating conditions could not 

be estimated froothe geometrical dimensions of the reactor, because 

of the vortex created by the high speed stirring. This factor 

reduces the actual volume of liquid contained in the pot of 

the reactor and this could give rise to serious errors in the 

calculation of the residence time of reactants, since this 

quantity is equal to the ratio of reactor volume over feed flow 

rate. The technique used for the evaluation of. the effective 

reactor volume was the following: 

A known volume of toluene (the solvent used for the 

poly. ; merisation experiments) in a volumetric cylinder was 

slowly pumped into the reactor with the stirrer rotating at 

3,000rpm until a known amount of effluent was collected from 

the exit tube. The reactor volume was then calculatedby 

subtracting the sum of liquids remaining in the volumetric cylinder 

and the collected effluent from the initial volume. The 

Average value, after this experiment had been repeated four 

times, was 37.2ml. 
% 

2.1.5 Solution Polymerisation of MMA 

This section deals with the procedure employed for a 

series of radical initiated polymerisation experiments of MMA 

in solution. The overall diagram of the system used is 

depicted in Figure 2.4. 
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The initiator used was azo-bis-iso-butyronitrile (AIBN) 

CH3 C113 
I 

H3 C-C -N=N-C-CH 
I3 

CN CN 

AIBN 

The solvent used throughout this work was toluene, a liquid 

with a fairly high boiling point (1100C) and a very good solvent 

for the polymer. 

The toluene was dried by refluxing over calcium hydride 

and then twice distilled under nitrogen at atmospheric pressure. 

The MMA was dried by stirring over calcium hydride for 5-6 hours 

and then distilled under vaccuum. Finally the AIBN was dissolved 

in methanol until saturation and then recrystallised by cooling 

at -15°C. The precipitated crystals were collected by filtration 

and then dried under vacuum at 200C. 

The feed stock for the reactor consisted of a toluene 

solution of monomer and initiator of predetermined concentration. 

In order to prevent polymerisation of this solution, it was 

maintained at 0OC in a 21, stirred flask, which was surrounded 

by ice prior to being pumped into the reactor. 

It has been found that the rate constant of dissociation 

for AIBN is expressed by the equation kd = 1.0 x 1015 exp 

(-30,450/RT) (Bamford, (1958)), a linear dependence of lnKd VS 

1/T. It is therefore reasonable to assume that no initiation 
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occurs during storage at 273°K. To ensure that the reactants 

were at 0°C on entering the reactor (essential for modelling 

calculations (see section 2.2.3)), they were pumped via a 

copper tube immersed in an ice bath which was situated between 

the pump and the. reactor. This technique was necessary 

because the temperature rose due to heat gained by friction 

between the elastic tube and the pumping system of the 

peristaltic pump. 

The temperature inside the reactor was kept at the 

required level by passing oil, at an appropriate temperature 

through the jacket. The flow rate of the oil through the 

jacket was measured by collecting the effluent over a known 

time. 

Finally, N2 was fed through the lateral tube welded at 

the top of the collar of the shaft, to exclude any contamin- 

ation from the environment. 

The exit of the reactor was connected to a two-way 

valve enabling the collection of the liquid coming out of 

the reactor into two different, flasks. The effluent was 

collected in the first flask until thermal equilibrium was 

reached in the reactor. Then the effluent was diverted into 

the second flask for the collection of a sample from which 

a polymer sample was isolated for characterisisation. Both 

receiver flasks were immersed into a mixture of ice and 

salt, to exclude any further reaction immediately after 
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the reactants emerge from the reactor. Lack of cooling 

at the exit would give rise to errors, mainly with respect 

to polymer conversion. 

2.1.6 Isolation - Characterisation of the polymer 

The liquid coming out of the reactor was a mixture of 

solvent, monomer, initiator and polyTler. To separate the polymer 

from this mixture the precipitation technique by non-solvent 

was used. The non-solvent selected was methanol, because it 

was a very strong non-solvent with respect to the polymer, - 

miscible with toluene and MMA and good solvent for the initiator. 

The polymer was collected by filtration, dried under vac uum 

at 400C and weigh'',, ed. The polymer yield was calculated and 

the conversion was given by the equation 

Conversion = Wpol 
VPCmdm x 100 (2.9) 

where Wpol = the weight of the polymer, Vps the volume of the 

sample from which the polymer was isolated, Cm = the concentration 

of the monomer in the feed: -, 4.1 solution, expressed as the volume 

of monomer in a hundred ml of solution and dm : the density 

of MIA. The characterisation of the purified polymer samples 

consisted of the determination of bt 
n and Mv by membrane osmcmetry 

and viscometry respectively. The results of these analyses 

are incorporated in Table 2.2. 
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2.1.7 Experimental results 

The conversion and molecular weights of polymers produced 

in a series of polymerisation experiments, under different 

reactor conditions, are tabulated in Table 2.2. 

Table 2.2 

Conditions. and results of experiments conducted in 

Reactor No. 1. 

RxIn 
No. 

ýM] 
% /v ý[I) /v 

Rf 

cc/min 
T of 8C Conversion 

% 

Mn_3 

10 X10- 

My 

x10- 

-1 30 2 1.24 78 27.2 17.1 24.0 

2 30 2 0.98 77 33.2 15.3 21.0 

3 30 1.5 1.37 - 81 23.5 17.2 23.8 

4 40 1.5 4.63 79 
. 

3.4 19.3 27.4 

5 45 1.5 4.48 78 5.7 23.4 33.8 

6 50 1.5 1.05 81 44.8 24.4 35.5 

7 55 1.5 5.40 78 4.9 26.8 39.2 

* GPC result 

Temperature of feed of reactants : 

Temperature of oil feeding the jacket : 

Feed rate of the jacket : 

Speed of rotation : 

0°c 

95°C 

2.44 L /MIN 

3,000 rpm 
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/ 
One further experiment was conducted, not mentioned in 

Table 2.2, since the system did not reach any steady state 

because of the occurrence of the so-called autoacceleration 

(see section 1.3.1. (e)). In this particular experiment the 

monomer concentration was 80% and the Tpol 80°C. Because of 

the resultinghigh viscosity of the reactor contents the exit 

was eventually blocked, converting in this way the reactor 

from CSTR into batch reactor. The development of the gel 

effect Accelerated the polymerisation rate and thereafter the 

" rise of temperature and within a few minutes the whole reactor 

was covered by polymer. This experiment could be regarded 

as a warning of the additional problems to be overcome whenever 

very concentrated monomer solutions were- : employed and the 

incapacity of such a simplified device to conduct bulk 

polymerisations. 

2.1.7.1 Discussion 

A study of the results in Table 2.2 gives rise to the 

following conclusions: 

(a) The conversion was low every time flow rates higher 

than 2 cc/min were employed, despite the high initiator 

concentration and Tpol. Whenever flow rates --- equal or higher 

than 10 cc/min were attempted there was no polymer produced 

even when using concentrated monomer solutions, such as 40 

to 50%. The small reactor volume is apparently the reason 

for these observations as the residence time was. very short. 
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A bigger reactor, therefore, seems necessary to allow the 

use of higher flow rates, that would in turn permit the 

collection of samples containing enough polymer for 

characterisation in a short time interval, enabling in this 

way an investigation'of the necessary experimental conditions 

for the reactor to reach steady state, to be carried out 

(namely the dependence of MW and MV1D of the polymer with 

time). 

(b) The r9V was low, mainly for two reasons: 

. 
(i) The high initiator concentration, and 

(ii) The high TPol* 

(c) The last point to be considered - and in some respect 

the most important one - is the MWD. In order to obtain a 

measure of the polydispensity of the polymer the rW/Mn ratio 

is required. The measurement of M. by light scattering 

photometry is tedious and therefore an estimate of the 

distribution can be obtained by means of the P-ZV/Mn ratio, 
to 

since MV closly approximates Mw in many instances (see run 

3 table 2.2). Although this aspumption has limitations, it 

has been accepted for this preliminary study. 

Thus from the values of Mn and Mv it can be deduced 

that the value for polydispe-rsity must range between 1.45 and 

1.65, which implies a quite narrow MWD. Further more 

a sample of the polymer produced in the experiment 3, was 
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analysed by GPC and the value of MW is mentioned in the 

table 2.2. The MWD is expected to be narrow when poly- 
the 

merisation takes place in a CSTR, because at steady state 

the concentration of all species remains invariable and 

therefore the mean chain length remains constant. 

2.1.8 Description of Reactor No. II. 

Although Reactor No. I was shown to be inadequate 

for systematic studies of radical polymerisation reactions 

the experience gained was of fundamental value in designing 

an improved reactor. Many of the basic design features 

embodied in Reactor No. I have been retained for Reactor 

No. II (Figure 2.5). The reactor pot and the lid were 

constructed of 18/8 stainless steel, the jacket and the 

mounting part of mild steel, while the shaft of aluminium 

alloy. The size of the reactor pot was governed by three 

factors: the necessity to, 

(i) keep a high surface to volume ratio, to ensure efficient 

heat transfer between pot and jacket 

(ii) minimise the consturption 'of chemicals 

(iii) maximise the mean residence time of reactants 

The physical volume of the pot in fig. 2.5 is 400 ml. 
A novel feature of the reactor pot was that its bottom plate 

was bolted to the body of the pot by six 2BA bolts, providing 

easy access to the interior in case of blockage. 

In addition this modification facilitated the fitting of a 
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heater or cooling coil, should they be needed in subsequent 

studies. 

Also shown in this figure is the oil-heated jacket (A) 

which was similar to that used in Reactor No. I. The mixing 

efficiency in the new reactor has been greatly improved 

by incorporating four stainless steel baffle blades (B) 

which are most clearly seen in Figure 2.6. The incorporation 

of the baffle blades permits: 

(i) a reduction in stirrer blade size 

(ii) a reduction in stirrer speed 

without impairing mixing efficiency. 

Further improvements were made in stirring efficiency 

by making the stirrer a four-blade paddle (fig. 2.6). The 

paddle was driven directly by a 1/4 HP motor (C). Coupling 

to the motor-was via a friction drive pad (D) and a simple 

Teflon link (E) which facilitated the removal of the reactor 

from its frame without disturbing the motor (see Figure 2.7). 

The speed of the stirrer motor was controlled by a 

Variac (F) (see figure 2.8) and measured by mean's of a 

tachometer. 

The thermocouple used for monitoring the temperature 

in the reactor was again a Dupont 900-329-901 and incorporated 

in a similar circuit to that described for Reactor No. I. 

The feed to the reactor via tube C(fig. 2.5), was controlled by 
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Figure 2.5 

Diagram of reactor No. II 
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Figure 2.6 

The interior of the pot 
of reactor No. II 
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Figure 2.7 

Mounting of the motor and 
stirring system of Reactor 
no. II. 
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Figure 2.8 

Overall picture of Reactor 
No. II. 
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a DCL variable-flow-rate reciprocating pump. During operation 

the DCL pump provided constant flow rates. However, it was 

noticed that if the pump was switched off and then used again 

with the same micrometer setting a different but constant 

flow-rate was obtained. No reason for this could be found but 

it made the measurement of flow rate essential for each 

experiment. 

A further experimental feature of note was the fact that 

at high stirrer speeds there was a tendency for the reactor 

content to 'creep' up the stirrer shaft and out of the reactor. 

This was prevented by providing a short screw-in tube (ii) to 

the lower surface of the reactor lid and around the stirrer 

shaft (fig. 2.6). 

In attempting to maintain isothermal conditions over a 

range of temperatures, it was noted that the viscosity and 

density of the oil varied with temperature. Since the circulating 

the oil pump was of a centrifugal type the rate of oil 

circulation varied with temperature. The Tpo1 was monitored 

by altering the temperature of the oil feeding the reactor 

jacket and since the rate of oil flow is considered in heat 

transfer calculations in the computer model, it was necessary 

to measure flow rates at each temperature used for polymerisation 

reaction studies (figure 2.9. ) 
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Flow Rate 
(LT/MIN) 

Temp PC) 

Figure 2.9 

Oil flow rate through 
the jacket at various 
temperatures 
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2.1.9 Heat transfer coefficient and Effective volume of 

Reactor No. II 

For the evaluation of the heat transfer coefficient the 

experimental technique described in section 2.1.3 was 

repeated. The profile of the temperature vs time was similar 

to that depicted in Fig. 2.3 and therefore the equation (2.8) 

was used for the evaluation of H. The average value of H 

obtained from a series of five heat transfer experiments was: 

H=3.34 cal/grad. sec. (standard deviation =+0.031). 

The technique for the determination of the effective 

volume was also _ described in section 2.1.4. The speed 

of rotation of the stirrer in Reactor No. II was maintained 

at 2,000 rpm, which was adequate for effective stirring. The 

average value of the effective volume for five experiments 

was 310 ml. 

2.1.10 Polymerisation Experiments 

When designing reactor experiments consideration had to 

be taken of the allied computer modelling experiments i. e. the 

laboratory experiments had to realistically represent the 

computer model and vice versa. The significance of matching 

these two different approaches to the same experiment will 

be more apparent when the computer modelling has been 

discussed (section 2.2). 

The experimental procedures involve the study of the 

influence of all the variable parameters at any disposal, 
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i. e. (a) monomer concentration 
[M], (b) initiator 

concentration [i] 
, (c) TPol and (d) the f low rate of feed 

. re 

(Rf), on conversion, MW and MWD. 

Three starting procedures were used in the polymerisation 

studies: - 

(i) The reactor pot was empty, while the feed of the monomer 

solution and the oil circulation through the jacket were 

started simultaneously. The Tpol was reached gradually 

but always before the effluent started emerging out of 

the reactor. 

(ii) The reactor pot was full of toluene, while the feed of 

the reactor pot and the jacket were started simultaneously. 

This technique resulted in a gradual increase of the Tpol 

with time-up to a steady value, regarded as the Tpol 

'of the experiment-and of [ MJ and 
M 

as well. 

(iii) The reactor pot was full of monomer and initiator solution 

of equal concentration to the feed solution. Feeding of 

the reactor pot and the jacket were started simultaneously, 

leading to a gradual increaae of Tpol with time in the pot. 

These three schemes were tried to ensure that in the 

reactor steady state the polymer produced was independent of 

the starting procedures. Furthermore, these different starting 

schemes could influence the starting procedure of the computer 

model. 
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The results and conclusions of the experimental work 

are given in section 2.3, in conjunction with the 

computer output. 

2.2 Development of the mathematical model 

2.2.1 The Kinetic Scheme 

One of the reasons for selecting the polymerisation 

of MMA for reactor studies was because it is a well understood 

reaction. Hence it was possible to readily construct a 

kinetic scheme for the polymerisation and consequently construct 

a chemically realistic mathematical model which incorporates 

reliable rate constants for the individual steps. 

The basic scheme which was used for modelling is 

outlined below. It comprised the following steps: Initiation, 

propagation, transfer to monomer and solvent and termination 

by combination and disproportionation. The chemistry of these 

steps is depicted below. 

Initiation: 

(a) Dissociation of the initiator: 

CH Cii3 CH 

CH 3- C- N. = N- C-- CH3 
k'ýr 

2CH3--C: + N2 

CN CN CN 
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(b) Initiation step 

I H3 Cl; -3 
CH 3iFT. 3 

CH3-C. + CH2 =Ck CIi3 C- CH2 C. 
. 

(P1) 

CN " COOCH3 CN COOCH3 

Propagation: 

CH CH 3 `II 3ki CH 
I 
CH 

I 
CH 

CH3 C-CH2 C. + 'CH2= C$ CH3- C-- CH2- C -CH2-- C. (P2 
IIiýI 

CN COOCH3 COOCH3 CN 000CH3 COOCH3 

C 
IH3 

CH 

P2 + CH2= C --p P2--CH2-C . 
(p3) 

COOCH3 COOCH3 

and so on up to Pn 

Transfer: 

(a) To monomer: 

IH3 lii3 
k M 

CH 

P -CÜ2 -C .+ CH2 C --P P- CH =C 
1 
COOCH3 COOCH3 COOCH3 

(b) To solvent: 

CH3 
1 

+ CH3 C. 

COOCH3 

CH CH 3k3 
P- CH2 -C" + Ph-CH --p 3 P- CH 2- C- H+ Ph- CII2 

COOCH3 COOCH3 
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Termination 

(a) By Combination 

C 
IH3 IC 

H3 ktc IH3 (C 
H3 

P -CH2-C .+. C -CH2P 
cp 

-CH2- C-C- CH2 -P 

COOCH3 COOCH3 COOCIi3 COOCH3 

(b) By Disproportionation 
CH CH 33 

"ýýq; 
t P-CH2-C-H +" C=CH-P 

CH CH 
COOCH 

COOCH 3333 

P -CH2-C .+. C- CH2 -P Io 
COOCH COOCH Z CH CH 333 11 2 

P-CH --C-H + C-CH -P 2- I2 
COOCH3 COOCH3 

The PMMA radical is one of the few polymer radicals for which 

the occurrence of appreciable disproportionation has been 

reasonably well established. This may be due in part to the 

fact that five hydrogen atoms are available for the disproportion- 

ation reaction, whereas in the case of polystyrene for example, 

only two hydrogen atoms can take part in the reaction. An 

additional factor which favours disproportionation is the 

fact that if two PWIA radiräls combine then the product has bulky 
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substituemts, on neighbouring carbon atoms and this steric 

hindrance will tend to reduce the frequency of termination 

by the combination mechanism. At 600C termination by 

disproportionation occurs about six times as frequently 

as combination, while at 25°C the frequency is reduced down 

to two. (Bevington, et. al., (19 54 )). 

Finally, the initiator efficiency was also taken into 

account. When a polymerisation is catalysed by thermo- 

initiators such as AIBN the radical production rate is 

given by: 

Vin = 2c Cf (2.10) 

where C is the initiator concentration, Kd is the rate 

constant of decomposition of the initiator, and f is the 

initiator efficiency. The factor 2 indicates that two 

radicals are formed as a result of the decomposition of one 

initiator molecule. The efficiency is much less than unity 

due to a primary recombination effect during the dissociation 

of AIBN - so-called cage effect - related to the diffusion 

of the radicals from the surrounding medium (Bamford, et. al.; 

(1962) and' Bengough and Fairservice, (1965)). 

Many methods have been employed for the determination of 

f, one of the most important being the use of radio-active 

initiators, In the case of AIBN f ranges between 0.6 and 

0.77 for all monomers and it is practically temperature 

independent. (Bagdasar'yan, (1968)). 
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2.2.2 Description of the mathematical model 

t 

The computer model takes into account 

(a) Basic chemistry of the process 

(b) Heat of reactions 

(c) Concentration of reactants, reaction intermediates 

and products 

(d) The conversion and the leading moments are calculated 

with time 

Clearly the model is complex and only a brief description 

will be given here. 

The- model considers the starting-procedure (iii) 

described in section 2.1.10. Taking into account the basic 

kinetic scheme for the polymerisation (section 2.2.1) the 

molar concentration changes taking. place in a volume F1 of 

feed were calculated. Then, once the volume change due to 

individual reactions were known, it was possible to calculate 

the overall volume change, and so derive expressions for the 

concentrations of all the species present in the reactor. 

A set of differential equations expressing the variation of 

reaction extents with time could then be derived. Having 

done this, a heat balance was performed, and during this 

process substitutions were made for the summations of reaction 

extents and rates. Further sets of differential equations 

were then derived expressing the variation of these summations 
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of reaction extents and rates with time. 

Finally, the generating functions for both living and 

dead polymeric species were set up and the ultimate sets of 

differential equations derived from these generating functions 

were used as the basis for the computer calculation of the 

leading moments of the MWD. The use of generating functions 

reduces the number of differential equations required for the 

calculation of the four leading moments of the MWD, the Tpol 

and the concentration of living polymeric species to twenty two 

only. Analytically, the whole mathematical work is depicted 

in the Appendix. 

2.2.3 Description of the computer programs 

Based on the mathematical treatment, described in the 

Appendix , two computer programs were derived under the names 

PM-NCLD and PMMA-WCLD, calculating the number of monomer 

units corresponding to the Mn and D& respectively (MOMENT 1) 

and another three leading moments - namely the variance, 

skewdness and citosis (or degree of flatness) - determining 

the shape of the NCLD and WWCLD respectively, besides the Tpol, 

monomer consumption and concentration of radicals. The structure 

of those two programs is very similar and examining the 

listings (APPENDIX) it can be seen that they consist of a 

master segment (MASTER PERSPEX), two sub-routines (the first 

called RATE and the second R. K. ENGLAND and a block data 

segment. The purpose of the sub-routine RATE is five fold. 

The major functions are listed below: 
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I. 

(a) Calculation of the volume changes due to the reactions 

(F = 1.0 -A *(Y(3) + Y(4)) - B*Y(5)), followed by the 

calculation of the concentrations of initiator, monomer, 

polymer and solvent within the reactor. 

(b) Solution of the rate equations, which are formulated in 

terms of frequency factors and: activation energies (R(I)= 

k (I) * EXP (-E (I) /T) ). The value of E (I) in this equation 

is equal to the ratio of the activation energy over the 

universal gas constant R 

(c) Calculation of the variation in reaction extents with time. 

The equations z (1) and z (2) concern the dissociation of 

the initiator and initiation reactions, Z (3) the propagation, 

Z(4) and . 
Z(5) the transfer to monomer and solvent respect- 

ively and Z(6), 2(7) the termination of combination and 

disproportionation. 

(d) Formulation of the heat balance equation (Z. (8)) . The 

value of z(8) at steady state is regarded as the Tpol 

of the experiment. 

(e) Calculation of the sets of differential equations in A 

and µ,, derived from the generation functions for living 

and dead polymer. Thus the equation t(9) is the generation 

function for living polymer, while z(16) is the same 

expression for dead polymer. The equations Z (17) up to Z (20) 

are the first, second, third and fourth derivatives of 

z(16) with respect to time, used for the calculation of 

the various moments. 
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The master segment first calculates the quantities 

A, B, G(2) and G(5) corresponding to the a., ß, G and G' 

of the mathematical model,. and then uses this information in 

conjuction with sub-routine RATE to calculate the first four 

'eading moments. 

The sub-routine R. K. ENGLAND (Lambert (1973)) is a version 

of the Runge-Kutta integration sub-routine, developed by 

England to solve N simultaneous ordinary differential equations. 

, The integration is performed to an accuracy of 1 part in 106 

and a logical variable is included whose value is dependent upon 

the success of the integration. Should the integration fail due 

to instability of the equations or initial conditions being 

improperly set, then on return to the main program the computer 

abandons the run and proceeds to the next set of data. The 

input data are the feed flow rate, the ratios of [H]/ [S] and 

tIl/. [M], the flow rate and temperature of the oil circulating 

in the jacket and the temperature at which the reactants are 

fed into the reactor. The output of the programs consists 

of a table depicting the various initial concentrations and flow 

rates related to the initial conditions of the experiment, 

followed by a table showing how the Tpol, monomer concentration, 

concentration of radicals and the first four leading moments 

vary with time. The values of these parameters' are printed 

out at intervals determined by the logical statement (IF 

(INTERVAL. GT. 0.5) INTERVAL = 0.5) by altering the value of 

interval according to the desired accuracy. 

4 
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The sources used to extract values for the quantities 

mentioned in the data segments were the following. The density 

and specific heat of monomer and solvent were taken from the 

Encyclopedia of polymer science and Physico-chemical : constants 

of pure organic compounds, Timnermans (1950). The heat transfer 

coefficient and effective volume of the reactor were measured 

experimentally as described in section 2.1.9. The activation 

energies and frequency factors were found in the polymer 

handbook (Brandrup and Immergut edts, (1966)) and the values of 

them for each individual equation are mentioned in Table 2.3. 

TABLE 2.3 

Frequency factor Activation 
. Reaction 1/mole. sec. energy Reference 

Kcal/mole 

2P -C=0 1.58 E+15 30.8 Van Hook and o Tobolsky, (1958) 

P1-Po-M=0 2.67 E+15 31.1 

Pn-Pn-1-M=0 1.036 E+6 5.0 Schuiz, (1960) 
O'Brien, (1955) 

P1+R -P -M=0 1.525 E+18 31.34 Saha, (1956) n n 

P1+Rn-P -S=0 2.71 E+18 31.23 Saha, (1956, 
n 1958) 

RX+y-PX py=O 2.0 E+6 0.25 Schulz, (1960) 

RX+Ry-PX py=0 4.801 E+ 9 4.0 Schulz, (1960) 

An ICL 1904A computer was used to run these two programs. 
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2.3 Results and Discussion 

2.3.1 Experimental results 

The first objective using the Reactor No. II was to 

establish the experimental conditions necessary to achieve 

the reactor steady state. This was checked by isolating four 

samples with time for each experiment. The volume of the first 

sample depended on which of the starting procedureswas used 

(section 2.1.10). When Scheme (i) was employed the volume of 

the sample was the equivalent of two reactor volumes (600m1); 

in the other two cases it occupied the equivalent of three 

reactor volumes (900ml). The second and third samples, in all 

cases contained the reactor effluent of one effective reactor 

volume, while the fourth contained approximately 150m1 in all 

cases. The polymer representative of these four different time 

intervals was isolated by precipitation and analysed by weight 

for conversion and by GPC to evaluate the NWD. (section 3.1.7). 

The analysis established that four reactor volumes were 

sufficient to reach the reactor steady state (in some cases 

even after the elution of three reactor volumes the product- 

exhibited constant properties). In the steady state both 

conversion and MVr exhibited remarkable stability. A typical 

example of the MIM is depicted in Figure 2.10. 

The thermal steady state was reached much earlier, since 

the profile of the graph on the chart recording the Tpol, 

exhibiting a shape corresponding to a first order reaction, 
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reached a plateau after the elution of two reactor volumes 

only (Figure 2.11). This ob; Jservation was expected since a 

prerequisite of the reactor steady state, is an isothermal 

condition. A complete summary of all the experimental work 

is displayed in the Tables 2.4,2.5 and 2.6, 
_(corresponding 

to 

the three different experimental techniques employed)comprising 

the experimental conditions and the results obtained from the 

analysis of the samples, namely conversion, Mn and the two 

ratios Mw/Mn and MZ/Mn which can describe explicitly a uni- 

modal MWD. 

The computer output for similar conditions is also 

displayed for convenience in those tables but the discussion 

of the computer output is to be found in section 2.3.2. 

The monomer and initiator concentration denoted by 
[MI and [I] 

respectively were expressed in weight of monomer 

and initiator over a hundred grams of feed solution. This 

form of expression was selected because it is temperature 

independent and gives the possibility for the evaluation of 

any other expression of concentration wanted. 

The study of these three tables leads to the following 

conclusions: 

(a) For any given [M], L I] and Rf, an increase in the Tpol 

increases the conversion and lowers the Mn 

(b) The larger the initial [1-2] the greater the conversion 

and Mn for any given [I], Rf and Tpol' 

;V 
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Figure 2.10 

A typical GPC trace of PMMA 
prepared radically in Reactor 
No. II. 

Reactor 
Volumes. 

Figure 2.11 

Tpol profile during radical 
polymerisation in Reactor 
No. II. 
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(c) An increase in the Rf of the reactants decreases the 

conversion (effect-of residence time). 

(d) The higher the initial [I] the higher the conversion. 

(e) The Mn is: 

(i ) Unaffected by the Rf 

(ii) Lowered when the initial [i] is increased 

(iii) Lowered by increasing the Tpol 

(f) The two ratios namely the polydispersity (Mw/Mn) and 

"M; /rin characterising the breadth of the MWD, remain 

essentially constant with all variables (T 
poll 

Rf, [M] 

and [I]). The fluctuation of their value from 1.42 

to 1.65 and 1.92 to 2.81 respectively must be attributed 

to the randomness of the experiment. Therefore the overall 

conclusion is that the process results product of rather 

narrow MWD with a mean value of Mw/Mn = 1.54 and MZ/Mn 

= 2.28 for all the experiments conducted. 

(g) The overall picture coming from the comparison of the 

results of the three different sets of data, proves no 

substantial difference of the properties of the final 

product collected by the three experimental schemes, 

assuming the same experimental conditions. Therefore the 

steady state condition depends upon the [M], [I3, Rf 

and Tpol only and is unaffected by the starting up 

procedure. 

The findings mentioned above seem to agree with the 
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results reported for batch reactors, as discussed in 

section 1.3.1. However, an interesting finding was the low 

value for polydispersity (1.54), bearing in mind that 

statistical analysis of the radical polymerisation for batch 

process predicts polydispersity of 2 when termination occurs 

by disproportionation only and a value of 1.5 by combination 

only -, (Howell A. J., (1974)), 

and that in the case of INA termination proceeds predominantly 

by the former mechanism (see section 2.2.1). Therefore, the 

narrowing of the MID should be attributed to the nature of 

the reactor rather than to the mechanism of the polymerisation 

reaction. 

Denbigh, (1947,1951) derived expressions for the weight 

distribution for radical polymerisation in continuous and 

batch reactors. The equation of the distribution obtained 
in the homocontinuous process depends on the stationary 

concentration of monomer but not on the degree of conversion, 
it 

whereas in the batch depends on the initial monomer concent- 

ration. Solution of these equations, in cases when the 

life of the growing polymer is short compared to the mean 

residence time, predicted that a narrower distribution is 

expected by the continuous than the batch process. 

2.3.2 Computer output and discussion 

The experimental results were all substantiated by 

the two computer programs (PM MA-NCLD and PMZIA- , CLD, described 
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in section 2.2.3. 

The computer simulated variation of 
[M], Tpol, Mn and 

MW, provided a measure of the variation of these quantities 

with time. In all the simulation runs the steady-state reactor 

conditions were achieved and hence comparison with laboratory 

findings was possible. By plotting the change of [M] 
, Tpol' 

Mn and w versus time (Figures 2.12,2.13,2.14 and 2.15), 

this can be readily seen. (In these figures time was expressed. 

in terms of reactor volumes). 

Thus, during the first stages of the experiment the 

increase of the Tpol is rapid and then gradually slows down - 

as the difference in temperature between the reactor content 

and the jacket decreases --until finally the Tpol reaches 

a steady, value. The temperature differences between the reactor 

contentsand the jacket at thermal equilibrium ranged between 

5 aid 10°C. The time required for '... _ý 
thermal equilibrium is 

expressed more meaningfully in terms of reactor volumes of 

throughput and is found to range from two to two and a half 

reactor volumes and this agrees with the experimental 

observations. The Tpol value predicted by the computer 

program is sometimes higher than the experimental one, 

especially in the region of 80°C and when the Rf is lower 

than 10 cc/min. This discrepancy rises because the model 
does not take into account the heat losses to the environment. 
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I 

The monomer concentration decreases with time 

until it reaches a steady value. (Increase of conversion 

with time of reaction). Apparently the reactor steady state 

coincides with- the point where [M] reaches a constant value, 

which implies constant rIn and Mw values as well. This point 

was reached after the elution of 3.5 to 4 reactor volumes 

and this marks a good agreement between model and experiment. 

The Mn and w go through a maximum during the early 

stages of the reaction and then decrease until they assume a 

steady value. Since the laboratory experiments were not 

designed to examine the-dynamics of the reactor no experimental 

information is available to show that the peak of the MW 

occurs always within the first 10 mins of the reaction, 

as predicted by the model. This is because the conversion at 

this stage is less than 2% and therefore there is no possibility 

of collecting samples containing sufficient quantity of 

polymer for further characterisation by conventional GPC. 

This peak is explained by the fact that radical concentration 

is still very, low, - resulting In this rapid increase of the MW. 

.t- 

The values of Tpol, conversion (the results have been 

interpreted in terms of conversion rather than [1 according 
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to the equation 2.11), FI- and M, at 
`steady 

state are 

incorporated in tables 2.4,2.5 and 2.6, alongside the 

experimental results. 

Conv = 
ml 

x 100 L1,01 
(2.11) 

where [Mol 
= the initial monomer concentration and 

[M] 
= the monomer concentration at steady state. Finally, 

the values for polydispersity predicted theoretically are 

in good accord with the values determined experimentally; 

the mean theoretical value for all experiments (1.68) is 

in good agreement with the experimental value of 1.54. 

E'ina11Y 
., the values for conversion, n and MW at steady 

state, determined experimentally, have been plotted versus the 

values predicted by the computer (Figures 2.16,2.17 and 

2.18) to test the validity of the mathematical model. 

Applying Fletcher-Powell, (1963) optimisation for 

linear regression the correct line was drawn through all the 

points and the slope for all three graphs was the same 

corresponding to an angle of 350 with respect to the abscissa. 

The agreement between experiment and theory can be seen to 

be rather poor. Careful examination of the position of the 

points in the conversion plot reveals that those up to 30% 

theoretical conversion, lie very close to the perfectfit line at 
° 45. 
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Thus these points were plotted separately (Fig. 2.19) 

and the angle was now 500. Furthermore, the Mn for the 

experiments with less than 30% conversion were plotted 

(Fig. 2.20) as well as the 
n 

for those corresponding to 

higher than 30% conversion (Fig. 2.21). In Fig. 2.20 the 

angle was 42.5° (despite the fact that in this case the 

points covered a much broader range of values) while in 

Fig. 2.21 the angle was 33.5°. Obviously, similar behaviour 

is exhibited by the w. - It can be therefore concluded that 

the model is reliable for low viscosity media. The values 

for the final sum of square distances of all points from 

the best,:,,, fit line are tabulated in Table 2.7. 

Table 2.7 

No. of 
Figure 

Number of 
Points 

Sum of 
Square distances 

2.16 25 301.484 

'2.17 25 274.382 

2.18 25 694.807 

2.19 15 33.823 

2.20 15 81.159 

2.21 10 81.027 
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The agreement could be improved by using computer optimised 

values for the frequency factors and activation energies 

collected from the literature over the whole spectrum of 

conditions. 

The lack of any expression taking into account the effect 

of viscosity on the rates of reactions and mainly on termination 

(section 1.3.1(e)) tends to be the major factor for the 

discrepancy between experimental results and computer output 

at high conversion. 

The viscosities for the whole series of experiments ranged 

from values as low as lcp up to 150 cp in cases of high 

conversion. Typical values for viscosity are given in Table 2.8. 

TABLE 2.8 

No. of 
Run 

Monomer con- 
centration in T 

pol 
Experimental Viscosity Agreement 

feed solution o Conversion at steady between 
W/W % C % state c p experiment 

-theory 

7 34.74 81 14.8 1.9 good 

24 40.08 70 10.3 1.05 good 

20 35.97 72 
, 

20.2 9.0 good 

17 34.33 79 33.2 29.0 poor 

23 39.51 80 41.8 145.0 poor 



126. 

The inefficiency of the program to cope with conditions 
as 

referred to viscous solutions (viscosity> 25Cp) is strikingly 

noticeable in the experiments 21 and 23, where the experimental 

values for Mn are much higher than the theoretical ones. 

This obviously was the primary reason why more concentrated 

solutions were not used for polymerisation studies, since 

the model was not capable of dealing with such cases. This 

effect marked one of the limitations of the method. The 

second drawback of the program was the long computational 

time required for the calculation of the results, mainly due 

to the integration process (for the computer used 25 to 30mins 

were normally needed to reach steady state). ' This can be 

improved by either altering the structure of the program or 

using different integration sub-routines. 
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Figure 2.16 

" 
Experimental conversion of monomer 

compared with those predicted by the 

mathematical model, for the whole 

series of experiments. 
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Figure 2.18 
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Figure 2.19 
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Experimental monomer conversion compared with 

those predicted by the mathematical model 

up to 30% theoretical conversion. 
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Figure 2.20 
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Figure 2.21 
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CHAPTER 3 

ANIONIC P0LYMERISATIONS IN CON- 

TINUOUS-FLOW REACTORS 
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3. Anionic Polymerisation in Continuous-Flow Reactors 

This chapter will examine the solution polymerisation of 

styrene in tetrahydrofuran (THF) using organometallic initiators 

in continuous-flow reactors, namely CSTR and tubular. Finally, 

the possibility of preparing styrene-isoprene copolymers, will 

be investigated using a tubular reactor. 

The presentation is divided into three main sections: 

the first describes the reactors used and the experimental 

work conducted on them, the second includes the simulation work, 

namely the development of a computer program for a kinetic 

model of the polymerisation process and the third is devoted 

to the results and discussions of the whole investigation. 

3.1 Experimental Work 

The major techniques of polymer'isation, 'reagent synthesis 

and purification of materials are presented here for the subs- 

equent studies of anionic polymerisation reactors. 

3.1.1 Purification of materials 

Tetrahydrofuran (THF) (Rifi and Covitz, (1974)) 

The ether was first refluxed over calcium hydride for 

six hours and then distilled under a stream of nitrogen. 

The distillate was then refluxed in a. nitrogen atmosphere over 

lithium aluminium hydride for six hours and then redistilled 

for its final use. At all times the glass apparatus was 
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covered with aluminium foil to exclude light. 

St rene (Fetters and Morton, (1972)): 

The styrene monomer commercially available was first 

distilled under vacuum and then dried by stirring over calcium 

hydride for three days and ultimately vacuum distilled immediately 

prior to use. 

a-Methyl-Styrene: 

The a-methyl-styrene monomer (Me-St) was p Lrified in a 

similar way with that described for styrene. 

Sodium wire: 

The commercially available sodium lumps in paraffin 

were first rinsed with petroleum ether to remove the paraffin 

and then immersed in`..., methanol to remove the outer oxide 

layer. Finally the lumps were introduced into a suitable 

press to be extruded in the form of wire. 

Dioxane: 

Similar methods of purification and precautions with 

those described for THF. % 

Isoprene: f 

A similar purification method to that mentioned by 

Worsfold and Bywater, (1964) was used. Thus, the isoprene 

was first dried by stirring over calcium hydride for six 

hours and then distilled twice at atmospheric pressure under a 
stream of nitrogen over calcium hydride. 
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/ 

3.1.2 Preparation of the initiator 

The initiator used was a-methyl-styrene dianion oligomers 

in THF, because of its red colour when living and slightly 

yellow when dead, enabling the easy observation of each state. 

-Obviously the success of the experiment depends on the existence 

of active species to initiate the polymerisation; therefore 

it was deemed important to monitor their presence without 

instrumentation, especially during the first series of experiments, 

whilst trying to establish an appropriate technique. 

For the preparation of the initiator, puri-fiedTHF and 

excess of sodium wire were introduced into a flask equipped with 

a stirrer. Subsequently dry nitrogen was blown through the 

THE to flash out of the flask any traces of oxygen and at 

the same time agitation started. A small quantity of a-Me-St 

was injected into the purged flask. (the concentration of the 

solution ranged from 0.3 to 1.5% V/V) and stirring continued 

for another two hours to ensure complete reaction. The formation 

of the initiator indicated. by the red colour is depicted by 

the following equations (Gaylord and Dixit, (1974)): 

MI e lie 

Na + CH2=C -' Na + -C-CH 2' 

Ph Ph 

C- 
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Me Me Me 
1 

2Na+, -C -CH2' > Na+, -C -CH2 CH2 C- , Na+ 
I 

Ph Ph Ph 

Me Me Me 
I 

Na+, -C -CH2 -CH2-- C*- , Na +2 CH2 =C ---ý 
Ph 

Ph Ph 

Me Me Me Me 

+ _I 
I1 I_ 

Na , C- CH2 C- CH2 CH2 C- CH2 C, Na+ 

Ph Ph Ph Ph 

The structure of the active species was established by 

Williams and Richards, (1967), using NMR. A GPC analysis of 

the product prepared by this method showed that the tetramer 

is the predominant compound, but that trimer and dimer are also 

present. Thus, the Mn of the product was equal to 382 while the 

MW of the tetramer should equal 474. Figure 3.1 depicts the 

MWD of these oligomers. This is the reason why the term Me-St 

oligomers will be used subsequently to describe the initiator. 

The initiator must be used immediately after its preparation 

because the efficiency of the oligomers decreases with - ageing 

following a first order time dependence, Its spectrum changes 

as well (Schulz, et. al.., (19 71)) . (Figures 3.2 and 3.3). The 
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Figure 3.3 

Time dependence of the spectrum of Me-St 

oligomers 

effect of this phenomenon is two fold. Firstly, only a 

fraction of. the species prepared will initiate polymerisation 

and, secondly, the inactive species will interfere with the 

evaluation of living polymer chains by spectroscopic means, 

since they have an absorption peak with an appreciable 

extinction coefficient at 342nm, which is the wavelength where 

polystyryl anion attains its maximum absorbance. 

When very dilute solutions of initiator were being prepared 

the red colour was slow to appear, i. e. there was an induction 

period of up to one hour, while after this spell the red colour 

was developed quickly. The induction period is obviously due 

to some inherent impurities, which are present, that kill the 

active species prepared during the early stages of the reaction. 

3.1.3 Preparation of the monomer solution 

The monomer solution container is depicted in Figure 3.4. 
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Figure 3.4 

Monomer solution container 
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It consists of a spherical flask (F) connected to a graduated 

cylinder (A) fitted with a greaseless tap (B). The one end 

of this tap is extended inside the container while the other is 

connected to a tube leading to the peristaltic pump. Finally, 

near the top of the graduated cylinder one more greaseless 

tap (C) is fixed to allow the solvent and the monomer to 

enter the container. 

In this container quantities of THE and styrene were 

transferred through the tap (C) to prepare the monomer solution 

of desired concentrations. This device was used in the 

preliminary experiments of the homopolymerisation of styrene 

in a CSTR only. 

3.1.4 Preparation of various scavengers 

To remove impurities from the monomer and solvent used, 

the use of scavengers was examined. 

3.1.4.1 Preparation of Fluorenyl-lithium 

Uncomplexed 9-fluorenyl-lithium was prepared by the 

exchange reaction between the fluorene and n-butyl-lithium in 

THF, a medium in which the reaction proceeds rapidly at room 

temperature, according to the scheme (Glusker, et. al., (1961)). 

HHNN 

yo o+ B Wi. o+ et. toe. kHNH 
HHkMHH ýý H 
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The product is completely soluble in THE giving clear orange 

solutions, when under nitrogen, 

3.1.4.2 Preparation of Magnesium-ai-n-Butyl (MgBu2) 

The preparative method used was the disproportionation 

reaction proposed by Schlenk, starting from a Grignard reagent, 

according to the scheme: 

2RMgX ' R2Mg + Mgx2 

Schlenk's equilibrium 

This reaction occurs by the addition of dioxane to an 

etheral (THF) solution of Grignard reagent, leading at the 

same time to the removal by, precipitation of the RMgX and MgX2 

components. The amount of R2Mg obtained increases with 

temperature and at ambient temperature the yield ranges from 70 to 

80% (Cope, (1935) ; Allen and Bateup, (1975)). 

In THE Grignard reagents, other than the fluorides, and 

dialkyl magnesium compounds are unassociated (Ashby, (1972)). 

The composition of the reagents is therefore governed by the 

Schlenk equilibrium only (Parris and Ashby, (1971)). This 

method of synthesis was preferred to that involving the action 

of mercury dialkyls on magnesium, for the latter was more 

complicated and required stringent safety measures'due to the 

toxicity of the mercury alkyls. 

The alkyl halide selected was n-butyl bromide because it 
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N 

a 
was readily available and had boiling point of 101°C, 

higher than that for THF. Thus, the preparation of the 

Grignard reagent was followed by the addition of dioxane 

in proportion of four moles of dioxane for each mole of 

halide ion. The mixture was stored overnight, because the 

quantity of MgBu2 increased when the precipitate was allowed 

to stand in contact with the supernatant solution. The 

MgBu2 solution was separated from the precipitate by vacuum 

filtration through a sintered glass funnel, under an 

atmosphere of dry nitrogen in a dry box. The solution of 

MgBu2 was transferred into the monomer solution flask and 

mixed with the monomer and solvent. 

The concentration of MgBu2 was estimated on the basis 

of 100% conversion of butyl-bromide to Grignard reagent and 

75% of the latter into MgBu2 according to the Schlenk's 

equilibrium and ranged from 2 to 8x10 3M in the monomer 

solution, for all experiments. 

3.1.5 Preliminary polymerisation experiments 

In the exploratory experiments no scavenger was used. 

3.1.5.1 Description of the reactor 

As already pointed out (section 2.1.8) reactor No. 1 

was inadequate for radical polymerisation studies, mainly 

because of its small capacity. This feature was a favourable 

factor for anionic polymerisation experiments using THE 

as solvent, for the following reasons; 
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The propagation rate constant for anionic polymerisation 

is either comparable (in the case of ion pairs) or much 

higher (in the case of free ions) than that for the radical. 

Also, the initiation step is much faster for the anionic 

because of the higher value in the rate constant and the 

much higher concentration of initiating species, being 

produced before the start of the reaction. Finally, the lack 

of a termination step and normally of any sort of transfer 

reaction in the anionic reactions under consideration, 

increases the overall polymerisation rate. It becomes apparent 

therefore, that by using the anionic initiators, much higher 

polymer yields can be achieved with lower residence times. 

Thus, a small capacity reactor, exhibiting high heat 

transfer efficiency, would be preferable to a bigger reactor 

because % 

(a) In this way the consumption of chemicals is low, minimising 

the cost of the experiments, and 

(b) Problems related to the dissipation of heat evolved 

during polymerisation are eliminated since smaller 

quantities of reactants are involved. 

It was therefore decided that the reactor Nol. (Figure 2.1) 

should be used for anionic polymerisation reaction studies, 

after some necessary modifications to the basic design 

were made, rather than reactor No. II. Thus: 
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(a) One more inlet tube (3/16" O. D. ) was added, besides 

the existing one, since the initiator and monomer 

solutions had to be in separate flasks and be mixed 

inside the reactor. 

(b) The nitrogen blown through the collar was purged through 

a series of two Dreschel bottles containing concentrated 

sulphuric acid and three columns, the first containing 

pellets of sodium hydroxide, the second phosphorous 

pentoxide and the third silica gel. 

(c) A fine tube (1/16" O. D. ) was passed through the lid 

of the reactor, enabling the withdrawal of samples from 

the reactor content. These samples were used for the 

determination of the monomer concentration at any moment. 

(d) The flow rate, for the initiator and monomer solutions, 

was controlled by a reciprocating pump (Parvalux - 

BSS 170) equipped with two pumping heads each one 

providing different range of flow rates. The flow rate 

was regulated by two verniers one for each head. 

(e) Two way valves were fitted to the inlet and outlet 

tubes of the reactor jacket, allowing the jacket to be 

fed with either hot oil whenever high temperature was 

required or cool water-coming from a constant head tank 

whose exit was connected to a flowmeter to monitor the 

flow rate - whenever a coolant was desired. 
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3.1.5.2 Polymerisation procedure 

At first hot oil at 120°C was passed through the jacket, 

to dry the pot of the reactor. Subsequently the heating was 

stopped to allow the reactor to cool down to room temperature, 

whilst dry nitrogen was passed through the reactor. 

Then, initiator and monomer(styrene) solutions were 

fed into the reactor by the peristaltic pump, at a constant 

flow rate, where they were mixed under vigorous agitation. 

At the same time water from the tap was circulated through 

the jacket at fixed flow rate of approximately 9.2 gal/h., 

to keep the temperature constant and the stream of dry nitrogen 

was maintained throughout the whole experiment. 

Initially no reaction occured, because the initiator was 

totally killed by the existing impurities. After these 

impurities had been exhausted the rapidly increasing concen- 

tration of initiating species started the polymerisation, 

not only of the styrene being fed at any moment but also that 

introduced previously which had not undergone polymerisation. 

This extensive polymerisation resulted high heat evolution, 

shown by an abrupt peak of 4 to 120C - depending on the 

monomer concentration - on the temperature chart (Figure 3.5).. 

Subsequently the reaction was limited to the quantity of 

monomer being pumped into the reactor at any instant and the 

temperature of the reactor falls to the steady state value 

Tpolo 
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Figure 3.5 

Temperature profile at the beginning of 

the polymerisation 

Further evidence of polymerisation, was the change of 

the colour of the effluent from slightly yellow into red. 

Once polymerisation had commenced the effluent was collected 

changing the receiver flask at regular intervals of time - 

namely the equivalent of one reactor volume - in order to study 

the change of Dill and MWD of the polymer produced with time 

to determine the volume of reactants required for the reactor 

to reach a steady state. 
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Finally, from the fine tube, samples of a few mg were 

withdrawn at regular intervals of time using a hypodermic 

syringe, which then were injected into a volumetric flask 

containing carbon tetrachloride. Carbon tetrachloride is 

the most convenient solvent for u. v. studies and since the 

purpose of this technique was the determination of residual 

monomer, any coupling reactions which are likely to occur 

are unimportant. 

The absorption maximum of these solutions was measured 

at 292.5 nm, which is the characteristic absorption band 

for styrene in the u. v. regiop. At this wave length neither 

the initiator, nor polystyrene exhibit any absorption at all. 

In this way the rate of monomer conversion was followed at 

all stages of the experiment. . 

3.1.5.3 Main Experimental Studies 

3.1.5.3.1 Modifications of the reactor 

The main problems faced during the preliminary work 

were: (a) The preparation of moisture free monomer solution, 

(b) The lack of a pump capable of providing constant and 

reproducible flow rate for the initiator and, (c) Inability 

to measure the £L. E. J inside the reactor. 

To cure these problems the following modifications 

were made to the experimental method: 

(i) For problem (a), a distillation system for both THE and 
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styrene was constructed (Figure 3.6). The distillation 

units were directly connected to the monomer solution 

container. The system was operated as follows: 

Flask A contained dry THE into which some more LiA1H4 
iheTHF was 

was added and then distilled into the volumetric 

cylinder B. Finally, a measured quantity was transferred 

into flask C, which was kept under an atmosphere of dry 

N2. 

Flask E contained predistilled dry monomer, which was 

then redistilled under vacuum over CaH2 into the 

volumetric cylinder D. Finally a measured quantity of 

styrene was transferred into the flask C. The procedure 

ensured that flask C was completely free of any contam- 

ination by atmospheric moisture or oxygen and therefore 

the monomer solution was purged sufficiently for the 

requirements of anionic polymerisation. 

(ii) For problem (b) a B. Braun-Melsungen 871034 pump was 

used, capable of providing twelve different flow rates, 

starting from 0.125cc/min up to 5cc/min with absolute 

precision and reproducibility, by manually setting the 

pump at different speeds. 

(iii) In order to measure the [L. E. 3 inside the reactor 

the effluent was passed through a continuous flow cell 

mounted in a Cecil CE 212 U. V. detector, set to 

measure the absorption at 342nm which is the characteristic 



153. 

Figure 3.6 

System for the preparation of the 

monomer solution 
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absorption band for the styryl anion (Lee, et. al., (1965 )). 

The assumption was made that the LL. E. TJ in the cell 

was identical to that in the reactor, a reasonable 

assumption only when the reactor design is good. 

3.1.5.3.2 Polymerisation Experiments 

The technique of these experiments was described in 

section 3.1.5.2. In this series of experiments the effluent 

circulated through the cell of the U. V. detector mentioned in 

the previous section and the initiator flow rate was adjusted 

so as to obtain a suitable reading within the scale of the 

detector dial. Finally, samples were collected, when the 

reactor steady state had been reached and the polymer was 

isolated by precipitation for GPC analysis. The whole set up 

of the reactor and the auxiL. iary equipment. 'are depicted in 

Figure 3.7. 

In order to investigate the dynamics and time response 

of the reactor, step inputs were introduced for one of the 

variable parameters, whilst all other variables were maintained 

constant. Thus, the initiator flow rate was altered in a 

stepwise manner by altering the pump setting whilst monomer and 

coolant flow rates were maintained constant. During these 

experiments the usual polymerisation temperature and effluent 

absorption measurements were made and monitored on the chart 

of two different recorders. 
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When MgBU2 was added into the monomer solution, the 

same experimental procedure was followed as described previously. 

3.1.6 Preparation of block copolymers 

To test whether the effluent of the reactor contained 

dead polymer chains (e. g. killed by impurities in the reactor) 

when MgBu2 was used, block copolymeri'sation experiments were 

carried out in the presence of MgBu2 in both tubular and batch 

reactors. The pair of monomers selected was styrene (A) and 

isoprene (B). 

3.1.6.1 Block-Copolymerisation studies in a tubular reactor 

The tubular reactor was preferred to the CSTR because 

of the narrower MWD obtained in the former (Schulz, et. al., 

(1971)), and the high volatility of isoprene at room temperature, 

requiring a closecjinstead of a semiopen system, to avoid 

monomer loss due to evaporation during polymerisation. 

At this. exploratory stage the solvent used was THE - 

despite the fact that using this solvent the isoprene predominant 

structure is the 3-4 form (Tobolsky and Rogers, (1959)) - for the 

following reasons: (a) All previous work was performed in 

THF, (b) The MgBu2 was prepared in a mixture of THE and 

dioxane, (c) The initiator, namely Me-St oligomers, was also 

prepared in THE and, (d) the rate of initiation and propagation 

in ethers is many fold faster than in hydrocarbons and since 'fie 
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residence time in continuous systems is rather low and 100% 

conversion is required to produce 100% ABA block copolymer, 

the use of THE was imperative to keep the length of the reactor 

within the limits indicated to a laboratory scale experiment. 

The isoprene was first polymerised successfully using Me-St 

oligomers as initiator in the presence of MgBu2. Then, the 

preparation of the block copolymer was conducted in the system 

depicted in Figure 3.8 as follows: 

The isoprene, containing MgBu2 was polymerised in tube 

A. The design equation used to calculate the volume of a 

tubular reactor is the folowing: 

dx Co f dx 

La xf x 
Co 

-r 
= 

Co kpEi). (1-X) 
JXa 

where 
. 

-r = space time, Co = initial monomer concentration, 

xa = conversion entering the reactor, xf = conversion leaving 

the reactor, r= rate of reaction, kp = overall rate constant 

of propagation, and [I] = initiator concentration. 

Apparently the length of the'reactor is derived by 

the following equation: 

1= F- .T 
. 

where F= sum of flow rates of reactants, and S= surface 

area of the cross-section of the tube. No reference was found 
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for the kp for isoprene in THF. The value of 15 1',,. mole 
1 

sec-1 

at 25°C was assumed which when employed in the calculations, - 

in-diMted;; that 5M of 2/16" ID tube was enough for 100% conversion. 

Eventually a 7M tube was used and the completion of the poly- 

merisation reaction was checked by injecting samples of the 

effluent into a GLC to ensure that no isoprene was left, unreacted. 

the 
After the system had reached steady state, solution of 

styrene containing MgBu2 was introduced into the effluent of 

reactor A and the mixture was passed through the tube B. The 

tube B was shorter than tube A, because the rate of propagation 

of styrene is much higher than that for isoprene. 

The conditions of this experiment and the various concent- 

rations are listed below: 

Tpol 

Isoprene. conc. before feed 

Styrene conc. before feed 

Initiator flow rate 

Isoprene solution flow rate 

Styrene solution flow rate 

Isoprene conc. in tube A 

Initiator conc. in-tube A (approx. ) 

Styrene conc. in tube B 

25°C 

1.025M 

0.918M 

0.75cc/min 

1.05cc/min 

1.52cc/min 

0.598M 

' 6x10-4M 

0.420M 

The reactor B was made of glass to enable the observation 

of the colour of fluid passing through, since it was expected 
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that the change of colour from yellow into red would be 
in 

the first indication that the reaction was resulting block 

copolymer. The product was analysed by three techniques, 

namely I. R., NMR and GPC (section 3.1.7). 

3.1.6.2 Batch Polymerisation studies in the presence of 

MgBu2 . 

Further experiments were conducted involving the use 

of MgBu2 as scavenger to test its effect on the efficiency 

of various initiators. Thus: 

(a) A similar experiment to that described in section 3.1.6.1 

was performed in a batch reactor. In a flask equipped with an 

efficient stirrer, isoprene was polymerised in solution %, ' ih 

THE in the presence of MgBu2, using Me-St oligomers as 

initiator. 

After the completion of the reaction styrene solution 

in THE containing MgBu2 was injected into the flask and the 

copolymerisation was carried out to 100% conversion. Samples 

of polyisoprene and block-copolymer were collected and the 

polymers isolated by precipitation technique were analysed by 

I. R., NMR and GPC. 

Conditions: 

Tpol : 300C 

Isoprene concentration before the 
addition of styrene 1.309M 

Styrene concentration : 0.504M 

Initiator concentration - 
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(b) Styrene was polymerised in solution of THE (styrene 

concentration = 0.974M) at ambient temperature, in the 

presence of MgBu2, initiated by Me-St oligomers. 

(c) Certain quantity of MgBu2 solution in THE and dioxane 

was transferred into a flask and the solvent was removed by 

applying vacuum. The white powder of dry MgBu2 was then 

mixed with measured quantities of toluene and styrene - which 

were the solvent and monomer'respectively in this experiment-- 

and the solution was stirred vigorously for one hour. 

After the monomer solution was brought to 400C, Butyl- 

lithium was injected. Two samples were withdrawn after 3 and 

4 hours, and the polymer isolated was weight-ed for conversion 

and analysed by GPC. 

In this experiment the monomer concentration was 0.513M 

and the initiator concentration was 9X10 M. -4 

3.1.7 Polymer Characterisation 

Gel Permeation Chromatography (GPC): 

All samples isolated for all experiments employing 

anionic or radical polymerisation, were sent to RAPRA (Polymer 

supply and characterisation centre - Shawbury, Shrewsbury, 

Shropshire). for GPC analysis. The columns used were sets of 

Poragel and styragel of various porosity according to the MW 
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of the polymer. THE was always used as the solvent, containing 

0.1% 2,6, di-tert-butyl-P-cresol as inhibitor, at a flow rate 

of lml/min, the analysis conducted at 25°C. 

The chromatograms were corrected for variation of 

refractive index at low values of MW, but not for peak broad- 

ening effects. 

The GPC curves were interpreted for the evaluation of 

the various expressions of MW, using a polystyrene calibration 

curve and the Mark-Houwink's constants for a and K coming from 

the literature in the way described in section 1.6.1.1. 

Infra-Red Spectroscopy (I. R. ) 

The I. R. analysis of polyisoprene and styrene-iso prene 

copolymer was carried out on a Perkin-Elmer 377, Grating 

infra-red spectrophotometer, employing two techniques: 

(a) Formation of thin film on a sodium chloride disc (the 

spectrum obtained in this way was used for qualitative analysis) 

and (b) measurement of the transmittance at frequencies between 

800 and 1000cm 1 
of a polymer solution in carbon tetrachloride 

using a variable path length cell, whenever the polyisoprene 

microstructure analysis was desired. Subsequently the 

transmittance was converted into optical density and the cis and 

trans 1-4,1-2 and 3-4 units in the polymer were calculated 

from the Beer-Lambert law using the extinction coefficients 

mentioned in Table 3.1 (Richardson and Sacher, (1953)). 
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TABLE 3.1 

Extinction coefficients used in I. R. analysis of Polyisoprene 

Structure Frequency (cm 1) 
815.5 843.0 857.5 887.5 909.0 

1,2 0.31 0.62 1.02 5.74 149 

3,4 0.69 1.80 3.87 159 7.48 

cis 1,4 6.78 19.2 8.06 4.56 2.72 

trans 1,4 6.78 11.3 8.06 3.26 2.40 

Nuclear magnetic resonance spectroscopy (NMR): 

The proton NMR spectra were used to evaluate the 1-4 

content of the structural composition of polyisoprene according 

to the method described by Hung Yu Chen, (1962). The instrument 

used was Varian HR 220. This result was compared with the values 

calculated by IR. 

In addition the 13C 
spectrum for polyisoprene, prepared 

in THE with sodium counterion was obtained on a Jee-IFX 60, 

15MH7. instrwnneni. 

3.2 Computer modelling 

3.2.1 Mathematical model 

For the modelling of the anionic homopolymerisation of 

styrene similar techniques were used to the radical case 

(section 2.2). A'ýetailed account of the mathematical treatment 

is given in the Appendix. 
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3.2.2 Computer program 

Based on the mathematical treatment a computer program 

was derived whose listing is given in the Appendix. 

The number of differential equations solved by the 

program for the evaluation of the five first moments of the 

NCLD, was nine only, as transfer and termination reactions, 

and the generation function for the concentration of dead polymer 

chains were not necessary for the living polymerisation reaction. 

The program consists of three parts: 

(a) The master segment (MASTER STYRENE POLYMER REACTOR) 

calculating the A and G (denoted a, G0 in the model), the 

Mn (MOMENT, (IJK (1)., 1)) and the 2nd, 3rd, 4th and 5th moments 

of the NCLD around the mean (MOMENT (IJK (1), 2 up to 5). 

(b) The sub-routine RATE, calculating: the rates of initiation 

and propagation (eq. R(l) and R(2) respectively) the change 

of the extent of reactions with time (Z (I) = F* (R (I) -Y (I) /TAU) , 

the Tpol (eq. Z(3)) and the generation function for all living 

species as well as the first, second, third and fourth 

derivatives of it. (Z (I) = FLOAT (1-4) *Q*Y (I-1) + R(2) 

* Y(I)) used for the evaluation of the moments, and 

(c) The sub-routine R. K. ENGLAND whose function was described in 

section 2.2.3. 

The input data are the feed flow rate (the sum of the 

monomer solution and initiator flow rates), the ratios of 
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(M] / [S] and 
[I] / [M] 

, the flow rate and temperature of 

the coolant through the jacket and the temperature at which 

the reactants were fed into the reactor. 

The program prints out a table depicting the various 

initial conditions of the experiments, followed by a table 

illustrating how the Tpol, monomer concentration and the 

first five moments vary with time. 

3.3 Experimental results and discussion 

3.3.1 Homopolymerisation of styrene in a CSTR 

3.3.1.1 Preliminary work 
The following discussion is referred to the experimental section 3.1.5. 

The polymer conversion and the time required to reach 

the reactor steady state will be examined in this section. 
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Conversion 

The U. V. spectroscopic analysis of the samples drawn from 

inside the pot proved that 100% conversion was rapidly achieved. 

Initiation was detected by the change of the colour of the 

effluent from slightly yellow to red, the red colour remaining 

throughout the experiment. Thus by plotting the reactor monomer 

content versus time, a sigmoidal curve was obtained (Figure 3.9), 

exhibiting a very sharp slope at the point where reaction was 

initiated. The moment when the abrupt decrease of the monomer 

concentration commences, coincides with that of the appearance 

of the peak on the Tpol chart. 

Apparently the residence time was adequate to allow the 

reaction to proceed to 100% conversion and the explanation is 

provided by the kinetic study of the polymerisation. When THE 

is used as, solvent there are two distinct propagating species, 

ion-pairs and free-ions, which both propagate at different 

rates (see section 1.1.2.2): The reaction is therefore very 

fast because of the presence of free ions (k_= 65,000 14.. mole 
l 

sec 
1) 

and the bulk of the polymer is prepared by the propagation 

of these species, although the dissociation does not proceed 

more than 1%. 

Time dependence of rn4 and MWD 

For this purpose four samples were collected at every run. 

One immediately after the start of the polymerisation and the 

other three at regular intervals, each one corresponding to 

the equivalent time of one reactor volume. 

The polymer contained in these samples was isolated by 

precipitation and analysed by GPC. The MWD curves of a 

typical experiment of this sort are depicted in Figure 3.10. 
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TABLE 3.. 

Conditions and results of the preliminary experiments in 

anionic polymerisation 

Run I MI [I] Fri FI Mn /Rn' Mz/Mn 

No. %v/v %v/v cc/min cc/min x10 
3 

1 24.7 1.5 7.2 5.65 11.7 10.0 - 

2 10.5 1.1 7.5 5.50 9.7 5.62 18.98 

3 15.5 0.54 '4.6 5.40 8.5 3.27 9.04 

4 14.0 0.68 5.0 4.90 15.9 2.21 5.69 

5 16.5 0.52 8.2 4.80 19.7 2.70 6.78 

Tpol = 25°C. 

It was observed that the MWD of the first sample was bimodal. 

As the time goes on, the area of the high MW peak (i3) decreases and 

finally disappears, while the area of the peak(A)increases. 

The area under both peaks remains constant for all samples, 

since the quantity of monomer fed into the reaction is 

constant and the conversion remains 100%. Obviously the 

reactor steady state was reached when the peak B disappeared 

the MWD being represented by a uniform curve. 

An explanation for the appearance of the high MW peak, 

is as follows: Since the initiator is totally killed in 

the initial stages of filling the reactor a high average 

monomer concentration develops, since there is no poly- 

merisation. When the impurities have been exhausted the 
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very low initiator concentration compared with the high 
in 

monomer concentration results polymer of high Progressively 

the initiator conc. increases to the steady state value resultingin 

polymer of lower MW. Gradually the polymer represented by peak 

(B)is removed from the reactor due to the continuous flow of the 

reagents. 

The reason mentioned in section 1.3.2 i. e. broadening of 

the MWD due to bifunctional initiators plays a minor role in 

these experiments since the process is continuous. Also, the 

peak A, in all four samples was eluted at exactly the same time, 

implying that this polymer was prepared at. -different initiator 

level than that for the peak B. 

The volume required to reach the reactor steady state, was 

estimated to be the equivalent of three reactor volumes. 

The conditions and the FR of the polymer samples at steady 

state are mentioned in Table 3.2. In this table the CM) is 

expressed in ml of styrene per 100 ml of monomer solution, prior 

to feeding into the reactor, and the [i] in ml of Me-St in 100 

ml of initiator solution. The quantity missing from the table is 

the concentration of living ends inside the reactor. 

The values for the ratios Mw/Mn and i7, /Fn- /Mn indicated- 

polymers of broad MWD and further the experimental results were 

not reproducible. Thus the preparation of the monomer solution 

and the feeding of the initiator into the reactor were considered 

to be inadequate. 
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3.3.1.2 Main experimental studies 

This section will be divided into two, namely those experiments 

where no scavenger was used and those conducted in the presence 

of a scavenger. In these experiments better control of flow rate 

was achieved over the preliminary experiments and also the 
[L. E. ] was measured (see, section 3.1.5.3.1. ). 

3.3.1.2.1 In the absence of a scavenger 

The experimental results for the homopolymerisation of 

styrene, provide two sets of information, the first for the 

experiments conducted at steady state and the second for those 

where a perturbation was introduced. The major factors to be 

considered are (a) the overall heat balance, and, (b) the MW 

and MWD of the product. 

The Tpol was kept close or equal to ambient temperature. 

Although, as stated already (section 3.3.1.1) the conversion is 

100% regardless of the initiator concentration, the high heat 

transfer coefficient of the reactor (= 1.60 cal/grad /sec) and 

flow rate of the coolant (= 9.2 gal/h) ensured isothermal 

conditions. 

Considering the second factor, the values for MW, and the 

two ratios Mw/Mn and FZ/Mn describing the MWD are shown, alongside 

the experimental conditions, in Table 3.3. In this Table 

the [M] (Monomer concentration prior to feeding), [M] 
R 

(monomer 
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TABLE 3.3 

A. Experiments conducted at steady state 

[M] 
M 

FM 
cc min 

FI 
cc m1 

[M] 
R 

M 

[L. Ej 

Mx104 

Mn 

x10-3 

M`a/rin MZ/Pin 

1 0.328 8.4 0.75 0.301 2.40 21.6 2.30 4.21 

2 0.535 7.7 1.50 0.448 6.21 21.8 4.06 19.58 

3 
. 
0.637 7.5 1.00 0.563 7.16 11.3 2.59 5.15 

4 '0.421 7.5 1.50 0.350 5.16 10.1 2.85 6.30 

5 0.567 7.3 1.00 0.498 5.50 14.0 4.29 16.79 

6 0.422 : 7.6 0.75 0.384 8.14 14.2 2.76 5.50 

7 0.436 7.5 1.50 0.363 4.86 12.4 2.69 5.33 

8 0.421 7.5 1.00 0.371 2.80 22.1 3.17 6.84 

9 0.390 
. 

7.6 1.00 0.345 2.80 19.0 2.84 5.36 

10 0.464 7.2 0.75 0.420 4.56 13.4 2.43 4.49 

11 0.419 6.4 0.75 0.375 4.76 14.6 2.91 5.84 

12 0.438 6.6 1.00 
. 

0.380 5.92 12.2 3.06 6.55 

13 0.454 6.8 2.00 0.351 1.90 21.4 3.15 6.61 

14 0.433 6.7 0.75 0.389 1.45 21.3 3.16 6.68 

15 0.457 6.6 1.00 0.397 3.63 "9.4 2.54 5.05 

16 0.471 7.7 1.00 0.412 3.95 12.3 2.89 6.13 



172. 

B. One step input 

-1st steady state 2nd steady state 

m 
C 

[L. E. ý 
m4 

x10 

rm 

ccM /min cc 
I 

" /min 

_-. Mn-3 

x10 

Mw/M 

n 

ý; , 

cc 
i, 

/rnn 

L. E. ' 
M4 

x10 

_ Mn 
_3 x10 

_ Mw 

n 

13 0.454 1.90 6.8 2.00 21.4 3.15 3.75 5.70 13.4 2.75 

14 0.433 1.45 6.7 0.75 21.3 3.16 1.00 1.80 19.2 3.18 

15 0.457 3.63 6.6 1.00 9.4 2.54 1.50 5.10 7.9 2.65 

16 0.471 3.95 7.7 1.00 12.3 2.89 1.50 7.60 7.1 2.90 

C. Stepwise reciprocative change of FI between two fixed 

values 

A. Sample B. Sample 

Duration 
of 

F 
CL. ] 

Reactor Mn_3 

0 

Mw/M Reactor Mn_3 MW/M 

ccýmin 04 x Volumes x1 n Volumes x10 n 
Pulses , 

8 2' 2.00 5.60 2.5 18.0 2.69 - - - 

9 4' 1.50 6.90 2.5 19.4 2.58 8.0 18.2 2.70 

10 8' 1.00 6.00 2.0 15.1 2.35 4.0 13.8 2.18 

11 7' 1.00 7.04 3.5 14.0 3.07 6.0 13.7 3.02 

12 7' 0.75 4.50 5.0 13.8 2.79 7.0 14.5 2.99 
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concentration inside the reactor) and 
[LSE. J (concentration of 

polystyryl anions inside the reactor), are expressed in molr/1 . 

Section A describes the experiments carried out at steady 

state. The expected value-for polydispersity was 2.0, over the 

whole range of experiments (see Section 1.3.2). But as it can 

be seen, the GPC analysis indicates that the polymers prepared 

under these conditions have inconsistent values for the Mw/Mn 

ratio, which are usually much higher than 2.0. 

For the dynamic study of the system, the variable monitored 

was the [L. E] , because of the ease of regulating the FI at 

the required level and the subsequent measurement of the change of 
[L. E. ] recorded by the U. V. detector set at 342 nm. 

Section B of Table 3.3 includes the findings from those 

experiments where a step change was made in FI. The M and Mw/Mn 

ratio for the product in the first and second steady state are 

reported. It was observed that total feed volume of two reactor 

volumes was sufficient to give a new steady value for [L. E. 

(after one reactor volume the [L. E. ] had attained 90% of its 

final value) (Figure 3.11), while the stabilisation of MWD of the 

polymer occurred after three to four reactor volumes. 

Section C describes those experiments where the FI was. 

repeatedly changed in a step-wise manner between two values at 

regular intervals. The [L. E. ] ' stands for the new value of 
[L. E. ] in the way depicted in Figure 3.12. The columns 'Reactor 
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Figure 3.12 

Change of the [L. E. ] with a repeated 
step-wise change of F1. 
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volumes' designate how long - in terms of reactor volumes - after 

the start of the perturbation the samples were collected. No 

definitive comment can be made, since there was so much 

experimental inconsistency in the measured values of poly- 

dispersity. 

3.3.1.2.2 In the presence of a scavenger 

In order to overcome the irreproducibility of the results 

reported in the previous section, attempts were made to use 

'scavengers' to maintain the 'living' nature of the propagating 

chains. The 'scavengers' should be reactive compounds capable 

of reacting with moisture and oxygen, yet incapable of initiating 

polymerisation. The reagents used were: 

(a) 9-fluorenyl-lithium (Graham, et. aL, (1960)) and 

(b) MgBu2 (Fetters and Morton, (1972)). 

The 9-fluorenyl-lithium was introduced into the monomer 

flask. The polymerisation experiment indicated that the technique 

was inappropriate, for the excess of fluorene inactivated the Me-St 

oligomers and also the effluent was coloured to such an extent 

that led to - saturation of the detector, in the concentration 

range which could be readily handled. 

The MgBu2 was similarly used. The polymerisation of the 

monomer containing MgBu2 was carried out at first in a tubular 

reactor and the polydispersity of the product was equal to 1.3. 

The MgBu2 protected the living polymer from killing to such an 
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TABLE 3.4 

Experiment conducted at steady state 
A 

[M] [M] FM 
cc/min 

FI 
°C/min 

rMl 
R L1M 

[LME. 

x104 

Mn 

x103 

wM /M 
n 

MZ/M 

n 

1 0.373 9.3 2.00 0.304 2.91 15.9 2.12 3.55 

2 0.401 8.3 2.00 0.323 3.98 12.5 2.29 3.90 

3 0.451 11.0 2.00 0.381 4.58 12.8 2.40 4.22 

4 0.402 10.0 1.00 0.365 4.12 12.4 2.20 3.82 

5 0.490 8.0 1.00 0.435 5.86 12.6 2.23 4.15 

6 0.466 7.5 1.50 0.382 5.10 7.9 2.61 6.20 

7 0.552 8.1 1.00 0.492 4.94 12.7 2.18 3.80 

8 0.589 7.1 0.75 0.533 5.20 12.3 2.35 4.17 

One step input 
B lsstateady 2nstatea 

CMi 
[L. E. 1 

4 

FM 

cc 

FI rin MZ 
W 3M cc 

FI 

cc 

[Lý E). " rin 
Mw/ 

4 -3 M 
M x10 /min n ýn x10 /min x10 x10 n 

3 0.451 4.58 11.0 2.00 12.8 2.40 3.75 8.42 6.8 2.38 1 

4 0.402 4.12 10.0 1.00 12.4 2.20 1.50 7.75 7.5 2.27 1 
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Continuous step inputs 

A. Sample B. Sample 

Duration [L. E] MMM 
of 

FI, M Reactor n 
_3 

w%Mn Reactor n w/M 

Pulses cc/min x104 
Volumes x10 Volumes 

x10 
3n 

5 1'30" 1.50 - 0.25 9.8 2.76 4.5 7.7 2.63 

6 1'30" 1.00 - 0.25 7.3 2.55 5.5 7.9 2.73 

7 1'30" 1.50 - 0.10 10.8 2.38 4.5 9.9 2.39 

8 1'30" 1.00 -6.90 0.00 10.3 2.56 4.5 8.5 2.78 

extent that the effluent collected in--, N an unstoppered flask 

retained its red colour for a few minutes. The big advantage 

of MgBu2 over fluorenyl-lithium was the fact that after having 

been added into the monomer solution the latter remained 

colourless and therefore the optical density of the effluent 

remained unaltered. The only drawback was that the MgBu2 

deposited slowly on the surface of the cell and thus the reading 

on the dial of the detector remained constant over a period of 

50 to 80 secs. Thereafter the cell had to be cleaned and 

dried before taking another reading. 
The Tpol was maintained close to ambient temperature 

in the way described in section 3.3.1.2.1. The rest of the 

conditions and results of the new series of experiments in the 

CSTR are tabulated in Table 3.4. The headings are the same 

with those used in Table 3.3. Thus: 

For section A (experiments conducted at steady state) 

the major improvement over the previous experiments was the 

stability of the value for the polydispersity, which ranged from 

2.1 to 2.3. This improvement is illustrated in a histogram 

(Figure 3.13). The consistency of the results enables the meaningful 
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Comparison of the consistency of the values for polydispersity 
in the presence (above) and in the absence (below) of MgBu2. 
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comparison of the experimentally obtained values for rIW and w/Mn 

with the computer predictions. It is difficult to assess the sign- 

ificanceof the deviation of the values of 2.1 to 2.3 from the 

'idealised' value of 2.0. One possible explanation is that the 

monomer fed by the DLC pump was introduced pulse-wise, resulting b) 

a slight but permanent perturbation, causing broadening of the 

distribution. 

For section B (step change of the FI) similar conclusions were 

drawn to those of the previous studies (section 3.3.1.2.1) with 

respect to the time required to reach a new steady value for [L. E. ] 

and MID of the product. 

Section C comprises the experiments where the FI was deliberately 

changed between two values, at regular intervals. Two samples 

were collected to study the properties of the polymer prepared under 

those conditions. One, shortly after the start of the perturbation 

(column A) and another after a period of time equivalent to 5 

reactor volumes, (column B). The product exhibited as expected, 

broader MWD than that of the original polymer prepared at steady 

state. 

In this report the sampling could not be made continuously 

because of the quantity of polymer required for conventiontl 

GPC analysis. In this series of experiments the samples were 

collected over a period of 3 min. and thus it was impossible to 

follow the change of the MW and MWD within one perturbation, 
but we could only talk about the properties of the product collected 
during that specific period of the experiment. The instrument 
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enabling this dynamic investigation is the high speed liquid 

chromatograph equipped with a set of high pressure styragel 

columns. The quantity of solution required for a complete MWD 

analysis is few mgr of solution only, the chromatograph appearing 

within few minutes. 

3.3.2 Block copolymerisation in' the, presence of MgBu2 

The preparation of block copolymers offered the means of 

testing the effectiveness of HHgBu2 as scavenger in an anionic 

polymerisation, i. e. would serve to test whether the polymer 

coming out of the reactor is living or contains dead polymer 

molecules as well. This test was of vital importance in providing 

evidence that the value for polydispersity found experimentally 

was truly representative of living polymerisation in a CSTR and 

not due to adventitious killing reactions. The pair of monomers 

selected was styrene (A) - isoprene (B) because. both are not 

polymerised by MgBu2 and the possibility of studying the micro-, 

structure of the latter under the current experimental conditions. 

Thus the polyisoprene isolated from the effluent of the tube 

A (section 3.1.6) was characterised and compared with the product 

prepared by mixing the effluent of the tube A with a solution of 

another monomer'(styrene) containing the scavenger. 

Evidence about the presence of both styrene and isoprene in 

the final product was provided by IR (Figure 3.14 'styrene 

characteristic peaks at frequencies of 3010 and 1600 cm 
1 

and 

at 1640 and 900 cml for isoprene) and NPR (Figure 3.15 for 

styrene characteristic peaks appear at 6.4 and 6.9 ppm which 
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correspond to the protons attached to a benzyl ring while 

for isoprene 
-- -:, 

i, the peak at 4.6 ppm attributed to the 

absorption of the protons next to an olefinic double bond). 

But the evidence that the final product was genuine 

block copolymer was revealed by the GPC analysis. The GPC 

curves for polyisoprene and block copolymer (Figure 3.16) 

corresponded each to a single compound and both distributions 

exhibited the same breadth (For polyisoprene: MW/rin = 1.69 and 

Mz/Mn = 3.11. For the copolymer: Mw/Mn = 1.81 and MZ/Mn = 

2.86). Also the ratio of the lowest values of MW for poly- 

isoprene and copolymer (points A, C in Figure 3.16) is equal to 

the ratio of the highest values (points B, D): C/A = 7.614 x 102/ 

5.404 x 102'= 1.409 and B/D = 9.200 x 104/6.550 x 104 = 1.407. 

The ratio of Mn for the two polymers was equal to 2.285. 

One important reason for the broadening of the distribution 

could be the lack of a premixing device, since the flow inside 

the tube was expected to be and was observed to be laminar 

and not turbulent. When the same experiment was repeated in 

batch (see section 3.1.6.2(a)), the MWD was much narrower, 

namely: For polyisoprene: MW/Mn = 1.23, MZ/Mn = 1.54. For the 

copolymer: w/Mn = 1.34, MZ/Mn = 1.75. (Figure 3.17). Also 

the ratios of the MW at the points E, F, G, and H and that of 

the Mn for the two polymers are as follows: G/E = 2.445 x 103/ 

1.353 x 103 = 1.807, F/H = 9.019 x 104/4.710 x 104 = 1.915, 

, 0 

Mn (Block)/Mn (Polyisoprene) = 9.270 x 103/5.405 x 103 = 1.715. 
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Figure 3.15 
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Proton NMR spectrum of ABA styrene-Isoprene block copolymer 

prepared anionically in TIIF with Na counterion. 
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Figure 3.16 ý 

105 84 
AD 
GPC trace of polyisoprene prepared anionically 

in a tubular reactor in the presence of Mg But. 

102 
c 

Ve(Counts) 

82 VjCoun ts) 
B 

GPC trace of ABA Styrene-Isoprene block copolymer 

prepared anionically in a tubular reactor in the 

presence of MgBu2. 
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Figure 3.17 
ý 

99 85 Ve (Counts) 
E H, 

GPC trace of Polyisoprene prepared anionically 

in a batch reactor°, in the presence of MgBu2. 

s6 82 
e(Counts) GF 

CPC trace of ABA styrene-isoprene block- 

copolymer prepared anionically in a batch 

reactor in the presence of MgBu2. ' 
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In both cases mentioned above (tubular and batch reactor), the 

concentration of livingpolyisoprenesolution was reduced -by ý q_. ha1f 

by mixing it with comparable volume of styrene solution 

containing MgBu2. The fact that the MWD of polyisoprene did 

not broaden at all when converted into block copolymer, 

constituted the major breakthrough of the whole investigation, 

since it proved that the rsgBu2 was an efficient scavenger, 

without affecting the living polymer chains at all. Hence 

the experimental findings (section 3.3.1.2.2) were reliable 

and could be compared with the computer predictions about Mw 

and MID. Furthermore, a bonus, i. e. the fact that a simple 

and effective means has been demonstrated for the production 

of block copolymer. Other important aspects in relation to 

possible future computer controlled experiments will be dis- 

cussed later. 

3.3.3 Effect of MgBua on Me-St-oligomers and BuLi 

It was observed that every time MgBu2 was present, bigger 

quantities of Me-St oligomers were required to obtain the 

same level of [L. E. ] , compared w. th experiments conducted under 

similar conditions, but not involving the use of MgBu2. 

Apparently part of the initiator was inactivated by 

the additive. The block copolymerisation experiments provided 

the means to test, whether the Mgau2 inactivated the living 

polymer too. As stated in the previous section this was 

not the case. It seems therefore that the MgBu2 complexes 
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with the initiator only and not with the propagating chains 

and the following overall mechanism of the reaction has been 

postulated: 

Impurities + MgBu2 -Inert products 

Excess of MgBu2 + Me-St-olig . Inactive complex 

Me-St-olig + Monomer Propagating centers 

Propagating chains + MgBu2 --' No reaction 

The experiment described in section (3.1.6.2(b)) 

complied with the above scheme, since when small quantities 

of initiator were used no reaction took place, and some 

additional quantity of Me-St-oligomers was needed to start 

the polymerisation. 

Although the postulated scheme offers a suitable 

explanation for the experimental observations, it requires 

further elucidation, before being totally accepted. In addition, 

the use of MgBu2 as 'scavenger' can not be generalised,, since 

it initiates the polymerisation of various monomers, e. g. MMA 

(Allen and Bate up, (1975)) and caprolactone. 

The behaviour of MgBu2 was 4t different when BuLi 

was used in a hydrocarbon solvent (section 3.1.6.2(C)). 

The volume of BuLi injected was equal to the quantity usually 

used to titrate the traces of impurities. Nevertheless, the poly- 

merisation proceeded,; without any decrease of the initiator 

concentration , as it was calculated by the conversion and Mn 



188. 

of the polymer. But even after 4h the conversion was not 

higher than 20%. In this case the action of MgBu2 was to 

decrease substantially the rate of polymerisation. The poly- 

dispersity of the product was equal to 1.3. Clearly these 

findings could form the basis of a much wider exploration of 

the basic anionic chemistry of mixed metal alkyls in poly- 

merisation reactions. 

3.3.1 Effect of MgBua on the microstructure of Polyisoprene 

The structure of polyisoprene prepared in the presence 

of MgBu2 was revealed by IR, proton NMR and 
13C, NMR spectro- 

scopy (Figures 3.18,3.19,3.20). Interpretation of the 

IR and proton NMR spectra (see section 3.17) indicated the 

following structural composition: 17% 1-2,65% 3-4,18% 

trans 1-4 ando% cis 1-4, which is the typical composition for 

polyisoprene prepared in THE with sodium counterion. There- 

fore the MgBu2 did not interfere with the microstructure of the 

polyisoprene. Comparison of the 13C, NMR spectrum with those 

reported in the literature (Brownstein, (1973)), shown 

good agreement with the calculated composition. 

3.3.5 Discussion on the computer output 

According to the computer output the reactor reaches 

steady state within the first 5 min. (or the equivalent of 

one to two reactor volumes). This was checked experimentally 

by setting the FI to a new value and found in very good 

agreement (section 3.3.1.2.1. ), with respect to [L. E ], but 

not in good agreement with respect to MW and MWD. 



189. 

to 
r-I 

M 

a) 

tyl 

1' 

__i_, 

t.. 

1. "ý 

iß. 

_ , _. _... _. 1 __- 
,_i 

LLI 

j ý" ý 
ai 

3i} 

If t 

i S» 

-' mal- 

.I'. ,`.. "} 

r___. __r_; ----___.. ---, --_--I-"_. -. --- -. --r----'- -. _ t 

-1 t 

^ý ` -+--------? - 

'J i'fEis 

i 

0 
'-4 

41 

0 
U 

AS 

z 
4 

P4 
w E-+ 

9 
-ri 

rI 

b 
u 

-rl 
0 

rd 

'c$ 
a) 

aý 

0 
U) 
-H >1 

O pq 
a 
w o 4, 0 

4J U 

NU 

Uv 
a 

a C, [ 



190. 

Figure 3.19 
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in THE with Na counterion in the presence of MgEu2. 
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Figure 3.20 
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with Na counterion, in the presence of MgBu2. 
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The conversion never went higher than 94% because the 

frequency factor of 2.2E4-6 and activation energy of 5E+3 

do not correspond to a realistic propagation rate constant 

Qc which since at 25°C they result 
a 

value much lower than 9501! X! ole_S 
l 

is the overall kp for styrene in THE at 250C. The program 

could therefore cope with systems where propagation proceeds 

by ion-pairs only, although it is questionable whether it 

would give correct values for the MWD (see (b) below). 

Should higher Values be tried the integration would fail 

due to instability. Thus this limitation excludes the pos- 

sibility of accounting two simultaneous propagation reaction 

(i. e. free-ions and ion-pairs) since the k_= 65,0001+holei5ec1 

The Tpol gets round to 40°C and the DP corresponds to 

product exhibiting polydispersity near to 1.1. Because of 

this any comparison between computer predictions and Table 3.4 

was impossible. Thus: 

The structure of the program must be altered drastically 

in the light of the following considerations: 

(a) Another integration routine phould be attempted - the 

Gear method (see section 1.5.2.3) is renounced to deal 

with stiff equations - because the R. K. ENGLAND seems to 

be inefficient when solving differential equations derived 

for fast reactions. 

(b) The residence time for all species was taken constant: 
s 

(TAU yl-VOLUME /FEED ). This assumption may be wrong 
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according to what was zdescribed in section 1.4.2. 

The residence time function given, implied that each 
d 

propagating chain will reside inside the reactor different 

length of time. In the case of radical polymerisation, 

where the chain attains its final size within a small 

fraction of a second this consideration is insignificant. 

But in the case of anionic polymerisation this is of 

vital importance since the chain propagates as long as it 

remains in the reactor. 

Thus a residence time equation should be derived and 

be incorporated in all concentration and extent of reaction, 

expressions, lo, see whether the polydispersity approaches 

the value of 2.0. 



CHAPTER 4 

CONCLUSIONS AND FUTURE WORK 
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4.1 Conclusions 

In relation to the primary objectives stated in section 

1.7, the following conclusions can be reached: 

(i) A successful mathematical model, which embodies no s4. eaäy sloe 

assumption-, for radical polymerisation processes in 

solution, carried out in a CSTR has been developed, where 

the monomer used was MMA. The computer program derived 

from this model is capable of predicting Tpol changes, 

conversion, Mn and 1. The agreement between the computer 

predictions and the experiment was good for conversions 

up to 30%. For higher conversions, i. e. viscous media, 

the deviations were usually much higher than those 

allowed by the experimental error. 

The-model can be readily extended to any homogeneous 

radical polymerisation of a vinyl monomer, provided 

the appropriate constants are available, e. g. activation 

energies, frequency factors, etc. Where such information 

is not available the model may be used in reverse to 

estimate the constants for a given polymerisation process. 

(ii) A reactor was designed and built to conduct radical 

solution polymerisations, to validate experimentally 

the theoretical model. The reactor was very efficient for 

solution polymerisation reactions and its use could 

be extended to heterogeneous processes, e. g. emulsion 

polymerisation. 

(iii) A computer model for the anionic polyrecisation of 

styrene in solution in a CSTR was derived, based on the 



195. 

same principles used in the case of the radical poly- 

merisation. The computer program was capable of 

predicting Tpol, monomer conversion and Mn. Although 

this program was successful for the polymerisation of 

styrene in dioxane, it failed due to instability of 

the integration sub-routine, for reactions in THF, 

when realistic values, for the rate constants for 

propagation from a free ion centre, were used. It also 

failed in predicting the right MIM of the product. 

(iv) the CSTR used to conduct homogeneous anionic poly- 

merisation experiments, although it ensured isothermal 

conditions, was inefficient for the preparation of 

polymer of reproducable Mn and MWD, i. e. when similar 

experimental conditions were used, great variation was 

observed in the Mn and MWD of the product, which made 

a systematic study of the polymerisation impossible. 

Various features'outside the scope of the initial 

objectives were the following: 

(i) The irreproducibility of the results with respect 

to MWD in the anionic experiments, led to the use 

of 'scavengers', i. e. active compounds able to remove 

all impurities but not initiating the polytnerisation 

of the monomer. The technique was successful particularly 

when MgBu2 was used, which gave rise to reproducibility 

under various experimental conditions. 

The use of 'scavenging' agents made considerable impact 

in this work (see section 4.2. ). 
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(ii) The efficiency of 'scavengers' as protecting agents 

of the 'living' nature of the anionic polymerisation 

was tested by preparing block copolymers in a tubular 

reactor. The success of these experiments proved that 

these active compounds can be present during an anionic 

polymerisation, protecting at the same time the living 

chains; in addition, an effective and simple method 

of preparing block copolymers emerged. 

4.2 Future Work 

In the light of the conclusions mentioned previously, 

the following suggestions are made for future work. 

(i) Reconsideration of the computer program for radical 

polymerisation in a CSTR to take into account the 

viscosity effects. Although the viscosity effect is 

more pronounced in the case of MMA, particularly in 

bulk polymerisation, because of the autoacceleration 

phenomenon - the rate of polymerisation is not linear 

above 35% conversion, which is approximately the limit found 

in this work (Naylor and Billmeyer, (1953)) - the problem 

could be tackled by incorporating an expression accounting 

the viscosity effect on the various rate constants (see 

section 1.3.1). 

In addition, the computer program could be extended by 
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including a method of combining the leading moments so 

that by the use of a graph plotter the MWD curve would be 

drawn at any instant. These plots could then be compared 

directly with the MWD traces obtained by a high speed 

liquid chromatograph (see section 3.3.1.2.2). Such 

representation of the results would be valuable in that 

the comparison between theoretical and experimental 

information is 
rather 

facilitated when presented in 

this form, than in the form of tables. 

(ii) Reconstruction of the computer program for the anionic 

polymerisation by: 

(a) taking into account the distribution function for 

residence time of each species, and 

(b) using a potentially more efficient integration 

sub-routine to overcome the problem of 'stiffness' 

(see section 1.5.2.3). 

(iii) Study of the dynamics of both radical and anionic 

processes by the use of a high speed liquid chromatograph. 

This study could lead to fully computer controlled 

polymerisation processes. 

(iv) Study of the 'scavenging' behaviour of various active 

compounds in polar and non-polar media and in the 

presence of different monomers initiated by a whole range 

of initiators. Preliminary studies have indicated a 

substantial solvent and counter-ion effect, in the case 
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of MgBu2. Hence the use of ' cavengers' could form 

a field of further research i 
. ýits own right. 

(v) One of the most exciting possibilities of the use 

of 'scavengers' is that they make the concept of au. toma, tc. 1y 

controlled reactors a realistic possibility for anionic 

polymerisation. Hence, real control over Mn, MWD and 

block-copolymer composition could be achieved. 



APPENDIX 



Mathematical Model for the 

Radical Polymerisation of 

Vinyl Monomers in a CSTR. 
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The notation used is :P0 for the catalyst rupture, 

P11 P2' ... Pn for polymer radicals and R1, R2, ... ph 

for the dead polymer. 

Reaction Heat of 
Initiation extent Reaction 

2P -C=o C=0 roi 
0 C} xo Hoi 

P1-Po-M=0 r1P=k1 
1[M1x1 Hlp 

Propagation 

P2-P1-M=0 r2P=k2 
fM1 [p1] x2 H2P 

P3-P2-M=0 r3P=k2 
[M_' [p2] 

x3 H2P 

----------------------------------------------------------- 

Pn-Pn-1-M=0 rnP=k2[r. 1] 
[pn "l] 

xn H2P 

Transfer to Monomer 

P1+R1-P1-M=0 

P1+R2-P2-M=0 

P1+R3-P3-M=0 

------------ 

r1tm=k3lM] 

tm 
r2 =k3[M] 

r3tm=k 3 LM] 

P] H3 tm 
J yl 

tm p2] y2 H3 

P31 y3 H3 tm 

------------------------------ 

P 1+R n 
-P 

n 
-11=0 rn_ 

tm=k 
3 (, 

[M] rPn 
yn H3 tm 
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Reaction Heat of 
extent Reaction 

Transfer to Solvent 

Pl+R1 Pl-S=O r1ts=k4 
[S1 ß"P11 

ul H4ts 

P1+R2-P2-S=O r2ts=k4[S] 
[p2] 

u2 H4ts 

P1+R3-P3-S=O rats=k4 
CSl F 

u3 H4ts J------------------------------- 

P1+Rn-Pn-S=O ruts=k4 
rSl [PA 

Termination by Combination 

R2 2P1=0 r1,1c=k5[P, 
) 2 

R3-P1-P2=0 r1 2c=k5[P1] 
[P2] 

un H4 is 

C 
Z1,1 H5 

1 

C 
zl'j, 2=z2r1 H5 

R4-P1-P3=0 r1,3c=k5 
CP1ý 

P31 Z1,3=z3,1 H5c 

_ R4-P2-P2=0 rc 2 2-k5 P2]2 z21,2 H5 c 
j>[ 

----------------------------------------------------------- 

Rri pi-Pn-1=0 rc l, n-1=k5[P11 

[h-11 

C_ Rn-p2-pn-2=0 r2 
, ri-2-k5 

\p2 
pn-2 

Rn+m- - Pwº' O rC n, m= k5 C Pn) L Pvn 

Termination by Dis roportionation 

R1+R1-P1-P1=0 rlrld=k6[P 
2 

R1+R2-P1-P2=0 rd1.2=k6 
[Pll [p2] 
L .J 

2! 1, n-f n-1,1 HC 
5 

Z 2 , n-2= Zn-2,2 
Hic 

Z. yl, yn = 'Z M, Y, ý 

d V1.1 H6 

a v1j, 2=V2,1 H6 

R1+R3-P1-P3=0 rd1,3=k6 
[P1ý P3] V113=V311 H6d 

-------------------------------------- --------------------- 
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Reaction Heat of 
Extent Reaction 

R1+Rn P1-Pi =0 r1, nd=k6 
[p1] [pn] V1, 

n=Vn, 1 H6d 

----------------------- -------- 

R2+R2-P2-P2=0 r212d=k6[P2J2 V2,2 H6d 

R2+R3-P2-P3=0 r2,3d=k6tP2] 
fP3j V213=V312 H6d 

------------------------------------------------------------- 

R2+R 
1-P2-Pn=O 

r21nd=k6 
[P2] [r] 

H6d 

--------------------------------- 

Rm+Rn-Pm-Pn=O rm, nd=k6 m3 

[Ps] 
Vm, 

n=Vn, m 
H6d 

These are all the sets of equations considered for the 

catalysed solution polymerisation of M. MA in the temperature 

range 50 to 1000C. In subsequent discussion this basic model 

is considered in the context of a CSTR taking into account 

the necessity for obtaining mass and heat balance equations. 

The general approach of considering reactions in terms of 

reaction extents, as devised by Aris, is used (Aris, (1965)). 

Molar Changes in Volume F1 of Feed 

C F1LC0]-3 F1 ( 
[Co] 

- x0) 

Po 0 --)0 + F1 (2xo-x1) 

Co (» w Co 
P1 0 --> 0+F1 (x1-x2+ E ym +Et-E (m 1+Z1, m) 

, (mº1+V1 
m) 

) 
rrr-2 2 nil 'm =1 ' 

a 00 
P2 0 --i O+F1(x2-x3-y2-u2- 

m= l 
(zm, 2 +z 2, m 

)- 
m= l 

(Vm, 2+V2 , m) 
) 
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00 p0 

P3 0 --ºOtF1(x3-x y3-u3 7 (Zm'3+Z3'm) 7- (vm'3tV3, 
m» M=l m=1 

. 

00 00 

Pn 0 -º0+F1(xn xn+l-yn un 
1 (zm 

ntzn m) 

«, 
(Vm 

n+Vn m)) m=1 '' m=1 '' 
00 

R1 0 -+0+F1(y1tu1+ (Vm 
1+Vm 1)) 

m=1 '' 
CPO 

R2 0 -+0+F1(y2tu2+z1ý1 + 
7- 

(Vmý2+V2, 
m)) 

00 
R3 0 -+ 0+F 

1(y3+u3+(z1,2+z2,1)+ 
. 

(Vm93+VS9m)) 

m=l 

n-1 00 
Rn 0 --. 0+F1(yntun +. 2 zm, n-m 

+ (Vm, 
n+Vn, m)) M=l m=1 

0o 00 
M F1 [M°j 

-+ F1 ( [MO) 
-m-7 ym ) 

M=l m=1 
00 

S F1 
[S0]. 

_i F1 (ýS°1 
u) m-1 m 

Volume Changes 

The decrease in volume during a polymerisation reaction 

is relatively large being 21% for MMA at 1CO% conversion in 

bulk. The subsequent equations take into account the 

volume changes due to each set of reactions occuYfing during 

a radical polymerisation process. 

We now assume that C, P0, and all polymeric species, 

living or dead share a common density, Dp, and a common 

specific heat, hp. 
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Solvent, S, has density Ds, and specific heat hs. 

Monomer, M, has density Dm, and specific heat hm. 

Molecular weights are Wc, Wpo' pl" 0 WRl' WR2... Ws, Wm. 

The following equations have been derived from those 

describing the molar changes in Volume F1 of feed, by 

multiplying the concentration of each species by its molar 

volume, expressed by the ratio of the rya over density. 

C Fl D° 
C 

Co] --. F1 D- 
Pp 

Po 0 -i O+F1 

P1 0 --> O+F 

W 
D (2xß x1) 

P 
W D (xl x2 + 

P 

P2 0 --º O+F1 

P3 0 -? O+F1 

S 

-xo ) (L Co] 

oe o0 0o ao 
E+E u- E (z +z )+ E (V fý )) 

m=2 
ym 

m=2 m m-1 m'1 1'm 
m=1 

m 91 'm 

W 
p2 D2 (x2-x3-y2-u2 -E (zm, 

2 +z2. 
m 

p m=1 

Wp3 00 
(x3-x 

4-Y3-U3- 
E (zM, 

3 +z3. m 
p m=1 

00 
E (V 

m 2+V 2 m)) 
m=1 '' 

00 
(Vm 

3+v3 m)) 
M=l '' 

W 00. 
Pn 0 --jO+F1 Dpn 

(xn-nn+1 yn un Ei(zm, 
n+zngym) - 

pm 

W oe Rl 0--? 0+F 
1 

R1 (yl+ul +E (Vm 
1+V1.9m 

» 

D m=1 
P 

R0 --P OtF 
WR2 

(y2+u2+z1 + 
00 
E (V +V )) 21 DP ,1 m=1 m, 2 2, m 

00 
E (Vm, 

n+Vn m)) 
m=1 
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WR o0 
R3 0 --º0+F1 DP 

(y3tu3+(z192+z291) t 
mEl 

(V 
m, 3 + V3. 

m)) 

" 
h-S 00 

Rn 0 -e 0+F1 WRn (yn+un +Z zm 
n-m 

+E (V +V )) 
DP m=1 ' m=1 m, n n, m 

00 00 
M' F1 WmCM°] 

--> F1 wm ([ M°] - 
OE O 

-E ym ) 
DD m=1 m=1 mm 

00 
S F1 Ws [S->F ilWs [SO] 

-Eu) 
DS DS m=1 m 

Overall Volume Change 

The overall volume change is calculated by adding each 

side of the expressions describing the individual volume 

change for each reaction. 

Remember that 
w 

Dc 
[C°° 

+ Dm 

[S°1+ 

Dm 
[MO' 

=i 
pmm 

Wo w W1Wo 
2- De +x . Fl -n% F --PD 

ý- l+x m 
W2-W1 W 

--ýD -D+.. . -D+x l ° l Dppp 2 
mm 

WW 
m + 

Rl W -W +w W 
pl p2 R2 

_m 
WW +W W 
ý1- p3 R3_ in + ... yl D - y2 + _ DD Y3 + DD 

pm pm pm 

WR2 -2W, ), 
WR3 ýý 

`qR4 
+ zl_1 Dp Dp + +z 1,2 Dp Dp Dp 

t... 
193 Dp 

pp 

WW 
R1 

(w1 W+WW 
-2 R2 s -W+W s ý1 p3 R3 

+ ul D -D + u2 - DS + D _ + u3 D DS 
s p p p 

(2wRi 2W 
pl 

(wR1+wR2_wpl_wP2\ W +W -W -W Rl R3 pl p2 tV- 191 D D + V192 
D + '193 

Dp t... 
p p p 
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Wpl po 
- 

Wm Wý2 WP1 
-m 

Wp3 Wp2 
_ 

Wm 
+... 

F1 --ý F1 1+x1 DP Dm + x2 Dp Dm t x3 DP 
in 

WWW -w +w WW -W +W W 
R1 m p1 p2 R2 in ý1 p3 R3 in + yl D-Dt y2 D-D+ y3 D-D+... 
pmpmpm 

W R1 W -W +W WW -w tW W Rl s 
_pl 

p2 R2 
_s 

p1 p3 R3 -st... + u1 DDt u2 DDt u3 DD 
pspsps 

_ But 
n-Wn-1 

_w D 5- 
pm 

1_1 
or a=W DD 

mmp 

1-1a (constant), 
WDD 

mpm 

From the sequence of monomer transfer reactions it can 

be shown that ; rin p0 and hence it can be demonstrated that 

wpl wpn + WRn Wm 1 (__2_)_ a 
DD Wm Dp Dm 

pm 

Similarly in the case of the solvent transfer reactions 

(W 
P1 - Wpn +W_ Ws 

_ DD 
ps 

1 
or ß=WD Dp 

ss 

1 1 
W - D D = -ß S P S 

. '. F1 -ý F1 (1 -aE xm -aE 
CO 00 ym -ßE um ) 

M=l m=1 m=1 

CO 
In the following calculation the expression (1-a 

m! lxmam=l ym 

W 
ß 

m=1 um) will be denoted by Z. 
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Concentrations of species in the Reactor. 

The concentration of each species inside the reactor 

is computed by the ratio of the number of moles present over 

the overall volume change. Thus: 

M 

z 

[Pol 
= 2x0 - x1 (2) 

Z 

P1l (x1-x2 +E ym -E um (zm'1tz1 
'm) 

E (Vm'1+V1'm)) (3) 
m=2 m=2 m=1 m=1 

Z 

ao 00 [121 
(x2 - x3 - y2 - u2 -E (zm, 

2+z2�m) -E (Vm, 
2+V2. m)) (4) 

m=1 m=1 
Z 

Cr31 (x3 - x4- y3 - u3 -E 
0 

m)-E 
(V 

m m 
)) (z 

m 3 +z 3 3+V3 
(5) 

, , , _ , m=1 m-1 
Z 

CPi 
(x - -u - x l -y )) )-E (V +V E (z +z m 

(6) 
n n+ n n m n m=1 ,n ,m m=1 

mn n 

Z 

Co [R]l 
= y1+ ul+ E (V+ 

=1 M, 1 Vl 
'm (7) m 

Z 

C R2] = y2 + u2 + zl'1 +E (Vm, 
2 + V2 

m) 
(8) 

m=1 
Z 
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C R3] = 
m) y3 +U3+ (z1,2 + z291) +E (VM93 + V3 "(9) 

9 M=1 

. 

Z 

. 

. 

" 
r. R -= 

n y+ n 

n-1 
u+Ez+E (V +V) 

-m m m n 
(10) 

1. 1 ,n. n, m ,n . M=1' m=1 

z 

[M] 
_ 

[M°]- 00 <W 
Ey Ex 

m m m=1 m=1 (11) 
Z 

[sJ = 
[SO] 00 

-E um (12) 
M=1 

Z. 

The mass balance equations for a polymerisation reaction 

in a CSTR are described below: 

dx 
= Z (r 1- FZ 

x ) (13) 
° ° V 

dx 
= Z (r< - 

F1 
xK)K=1,2, ... oo (14) 

dtK = Z (rKtm F1 
yK) K=1,2, ... oo (15) 

V 

da u- 
Z (rKts F1 

uK) K=1,2,... oo (16) 
V 

dz KIL 
=Z (r C- F1 zK L) K=1,2,... oo 

' (17) dt K, L L=1,2,... o0 

dd K LL 
=Z d- F1 V)K_1,2,... oo 

. (r (18) K ,LvK, L L 1,2,... ao 
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A statistical description of the concentration of all 

living and dead polymeric species will be derived. The 

equations will be simplified by substituting all the summations 

as described below: 

Let: 

Y1 = xc 

Y2 = x1 

Y3 Co = Xm 
M=l 

Y4 =T ym 
m=1 

Y5 - m=1 Um 

00 
6=E 

Co E Zm 
m=1 n n=1 ' 

_ Co Y7 =E 00 Vm 
m=1 n n-1 ' 

R1 = ro 

R2. = r1P 

R3 =1 rm 
m. =1 

R4 =E rtm 
m=1 m 

R =E r 
is 

m 5 m=1 

R6 = ý° E rim n m=1 n=1 ' 

Co d T rm n m=1 n-1 ' 

Y$ =T (temperature K1 = K7 the rate constants 
inside the for the seven sets of 

00 reactor) reactions. 
Yg = 

Ip 
m=l r 

At first the 

be derived easily 

the concentration 

-'1 
Z 

K2 ([Mo] - Y3-Y4 ) (2Y1-Y2 ) 
R2 = 

Z 

11 equations for the rate of reactions can 

by using the expressions 1-12 describing 

of each species in the reactor mixture. 

R_ _ 
K, i[CoJ -Y1) 
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R3 R2 + 
K3 ( EMo]. 

- Y3-Y4). Y9 
= 

Z 

K4 ([Mol - Y3-Y4)Y9 
R4 = 

Z 

R5= K5 (IS0] Y5)Y9 

Z 

2 
R6 = K6 Y9 

2 R7 = K7 Y9 

Furthermore, the equations 13 = 18 will have-the following 

form: 

dY dt = Z (R1 - 
r' Y lV) 

2- 
dt Z (R 2 

FlY2 ) 
V 

3 
dt 3 

F1Y 3) 
V 

4- 
dt Z (R - 4 4) F1Y 

V 

dt5 - Z (R 1 
V 

dY a Z - (P 6 
FY 16 ) 

V 

dY 
= t Z (R7 F1Y7 ) 

V 
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Let us now introduce the concept of generation functions, 

which are defined as follows: 

Ao 
m=1 

m [ml S 

= Co Sm B0 [ Rm 1 

m=1 

for the living polymer and 

for the dead polymer 

Expressions for the A0 and B0 will be derived in terms of R, Y 

and K. By expanding the series describing the generation 
function Ao and thereafter substituting for h] 

... 
[Pnl with 

the expressions 3= 6, the following equation is obtained: 

00 sxi sx2 +sE ym -SEU 
m=1 m=1 

A_1 
01- CY 3-a y4 - Y5 

00 00 
s 

ml (z 
ml+zl m)-s 

Z (m +l 
'' m=1 

ý' 'm 

s2x2s2x3-s2 y2-s2 u2-s E (zm 
2 +z2gn-s .,, 

M=l ' m=1 

(Vms2+V2sm) 

... s3 x3-s3 x4-s3 y3-s3u3-s ý (zm 
' 3+z39m 

) 
M=l 

A_1 
0 1- aY3- a Y4- ß Y5 

Co 
-s E (V 

M93 
+V 3m 

m=1 
) 

' 

etc. 

sx1 (1- 
SEsmx+sE ym -s 

ym 
fee 

M=l m m=1 m=1 

+su-E smu -E sm E (z +z ) ... 
M=l in 

m=1 
m 

m=1 n=1 
m, n n, m 

- 
Co 

sm (Vmn ýn 
M=l M=1 ' $M) 
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A0 
1- aY 

1- 
aY - ßY sx1 + (s-1) E smx +s E ym -E... 

345 m=1 mtl m=1 m=l 

sYm Co 
MsEu-E smu -E sm E (z +z ) ... in m=1 m m=1 M m=1 n=1 m, n n, m 

-E sM Co (hm'n+Vn 
m)j m=1 n-1 ' 

By differentiating with respect to t the following 

equation is obtained: 

dA0 -A0 adY3 ' mdY4 6dY5 
1 sdxl 

dt 1-aY3-aY4-ßY5 dt dt dt + 1-aY3-ocY4-ßY5 dt + 

+ (s-1) sm 
dx 

m+l +SE. 
dym 

-E sm 
dym 

+sE 
dui 

_E 
in du 

m=1 
dt 

m=1 dt m=1 dt m=1 dt m=1s dtm 

-i sm Ed (z +z )-E sm 
Ed (V +V) 

m=1 n=1 
-rt m, n n, m m=1 n=1 

dt m, n n, m 

.. 
dAo -A0 -gdY3 dY4 $ dY5 

m 
dt 1-°ß'Y 3-a Y4-ß Y5 dt dt -Tt-j + 

ýs 
2 

m-1 m+1 

+s rtm _ smrtm +s 
is W in is 03 in cc r-Esr-EsE (r +r) 

M=l m m=1 m m=1 m m=1 m m=1 n=1 
m, n n, m 

Lsm E (rm n+ 
rn 

m) 
- v1 sx1 + (s-1) E smxm+l+S E ym 

-E smym 
m=1 n=1 '' m=1 m=1 m=1 
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is 
Co 

u-E smu -L sm 
E (z tz )- 

m=1 m m=1 m m=1 n-1 m, n n, m 
co sm E (Vm 

n+Vn m) 
M=l n=1 

0 
dAo -Ao adY3 adY4 8dY5 LsR2 

1-aY 3-aY-Y 5 dt dt dt t+ (s-')y 
m=E1s 

m [Pm] 

+ sK 
LM1 [PM1 

- K4 CM] E sm 
CPmj 

+ sK5 
CS] rPml- 

K5 IS3 
sm 

[pmj 

m=1 m=1 m=1L m=1 

-K 
Esm fPý E 

[P]- K[Pm] E[Pý 6 
m_1 Lm n1 n7 n_1 n Ao (1-aY3-aY4-6Y5) 

dAo -Ao a dY3 a dY4 ß dY5 

' dt 1-ay 3-aY 4-ßY5 dt dt dt t 
[SR2+(s-1)K3MA0 

+ SKjjjY9- NCM, A0 + SK51S1Y9 = K5[S]Ao - K6Aö 9-K7Aö 9 

F1 
Ao (1- aY3 - aY4 - ßY5) 

dA 

0041 dt 

[SR 

2+ 
(s-1) K3 [M] A0 + SKt [M] Y9 - K/. LM] Ao + SK5 

[ S] Y9 

f 
5 Vl 

A0 - K5[s] Aý - K6AoY9 - K7Aö 9+i CL at aR4 t 6B 
F 

dA 

see 
dt =S 

ýR2 
+ 4-cm] Y9 + K5 S] Yg + (s-1) K3 [M] Ao 

F 
+Q R3 + OCR 4+ 

ßR5 
Vl 1<4 

[M] 
- 1C5 

{S] 
- K6Y9 - K7Y9 A0 (19 ) 



213. 

dtl 
= dt 

ßAo 
= (R2 + K4 [M] Y9 + K5 ýS3 Y9) + 

es 

K3 rMl Ao + ((s-1i K3 [Ml + aR3 + aR4 + $R5 
F1 

- K4 [M1 
- K5 

[SI 
- K6Y9 - K7 Y9)A1 

a2- 
dt 8- l- 

2K3 [141 Al + ((s-1) K3 [Ml 
+ aR3 

+ aR4 + ßR5 - 
Fl 

- K4 
[MI 

- K5 
C Si - K6Y9 

- K7 Y9)A2 

dt3 dt 
e 

6s 3K3 CMj A2 + ((s-1) K3 I'll 
aR3 

F 
+ aR + ßR5 - ýl - K4 - K5 

LS 
- K5Yg 

- K7 Y9)A3 6 

I 

S 

S 

S 

dtn - 
dt el- 

nK3 
[MI An + ((s-1) K3 

C 
M7 

8 

F 
+ aR3 + aR4 + ßR5 Vl K4 

{ 
M, 

l 
K5 

l. 
S 

1 

- K6Y9 - K7 Y9)An 

When S=1,, A0= Y9, while the A's change to 
A's, 

namely: 

J\= lim An. Thus the eg 19 is now simplied as follows: 
nS 

-1 

(20) 

(21) 

(22) 

(23) 
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d lo 
_ 

dY9 
=R+ 

Ja (R +R )+ ßR 
F 

-1-. (K +K )YgY t 
dt 

23 4) 5V6799 

= R2-R6-R7 + a(R3+R4) + ßR5 - 
F1 Yg (24) 

d 
dtl R2 + K4 [Ml Y9 + K5 CSI Y9 + K3 

C 
M1 Y9 + 

(aR3 + aR4 + ßR5 - 
Fl 

- K4 u 
MI -K5 

[S] 
-K6Y9 - K7Y9) a1 (25) 

dt2 - 2K3 
CM] Al t (aR3 + (xR4 + ßR5 -V 

Fl 
- 

K4 
[M] 

- K5 
[S] 

-K6Y9 - K7 Y9) 7'2 (26) 

dt3 3K3 
I 

Ml X+( aR3 + aR4 + ßR5 - 
F1 

- 
K4 L 

M, 
l 2V 

- K5 
ý 

Sl - K6Y9 - K7Y9) A3 (27) 

S 

S 

S 

S 

dtn = nK3 
CM1 

ýn-1 + (aR3 + aR4 + ßR 
F1 

_ 
K4 

[1711 

V 

- K5 Si - K6Y9 - K7Y9) xn (28) 

Working similarly for the second generation function the 

following expressions are derived: 

0 
syl + su1 +sE zm 1-m+ sE (Vmil +V19M 

m=1 ' m=1 
21 Bo 

1-QY3-(XY 
5 s2y2 + s2u? +s E zm, 2_m+s2 

(Vm92+V2, 
m) 

M=l m=1 

s3y3 + s3u3 + s3 
2E 

zm 3-M +S3 E (Vm 
3+V3 m) 

M=l ' m=1 '' 

e&c 
. 

`" 
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syl + s2y2 + s3y3 + 0000 = 

suI+ s2u2 + s3u3 + 

CO 
n sY 

n=1 n 

Snun 
n=1 

0! 2 
n-1 

s z+ s2 z+ s3 Z+.... 'Z 
7- 

sn Lz 7 

m-1 m, l-m 
m-1 m, 2-m 

m-1 m, 3-m 
n-1 m-1 m, n-m 

Oa Qo oa 015 

(Vmg1+Vlgm) + s2 
1(VM�2 

+ V2�m) + s3z(Vm33+V3, m)+... 
_ sn L (Vm, 

n+Vn. m) s 
? 

m: L ºtº: l vYt_1 n=1 m=1 

o0 00 
n-1 'T 00 

. '. Bo =1 
5Lsty+sThufl+sT1z 

nm n-m+L Sn 
I 

1 -cxY3 (xy4 Y5 n=1 n=1 n=1 m=1 ' n=1 m=1 

Vmýn t Vn, 
m) 

dB0 -B 0 
Cc dY3 q, dY4 6 dY5 1 

dt 1-aY3-aY4-tY5 dt dt =t t 1-QY3-cL Y4-gY5 

Oo Oo Co Co d° 

n dy du n-1 

n=l 
S 

dtn + 
n=l Sn ä+ 

57 

n=l Sn dd 
n7 

tC Zm n-m)+ 1 m=1 ätß ;n ýn, 
mý 

m=1 ' 

dB -B as o0 
.'. dt =0-0. 

dY3 
_ 

(XdY 
_C 

dY5 
+ 

IS nrtmt 7- 
snrts 1-uY3-"Y4-9 Y5 dt dt dt n=1 n n=1 n 

co DO n-1 
t sn - r° +L sn (r d+r d) 

- 
F1 

sny + snu 
n=1 m=1 m, n-m n=1 m=1 m, n nim n=1 n n=1 n 

00 
op co 

n-1 
tý sn Zm, n-m t5 sn 

L (Vm, 
n 

+ Vnm ) 
n=1 m=1 n=1 m=1 ' 
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dBo 
-B 

f-adY3 adY4 ßdY5 

dt ° dt dt dt + KtM n(Pn+KS£S] E sPn 
1-ay 3-aY4 -ßY5 n=1 n=1 

n-1 
+KE snP EP 

ý+ 
K sn 

[pn E [pml Fl B (1-aY -aY -ßY ) 
45 6 

n-1 n m1 
7 it=1 03 

M=l 

dB0 -Bo 0L dY3 a dY4 dY5 

dt 1-ay 3-aY4 ßY5 dt dt dt +1iA 
o+ 

K5 
[S] 

Ao 

- + K6Aö 
9+ K7 Aö 9 

F1 Bý (1-ay 
3-aY4 ßY5) 

V 

dB F 

""" d° _ (K, Mý A° t K5[SIA° + K6Aö 9tK 9) t (aR3 + aR4 t ßR5- V 
1)Bo 

. '. 
dB 

_ (Ks{MI + K5 [S1 + K5Y9 + K7Y9)A° +( aR3+ aR4 + ßR5 - rl)B° (29; 

dB1 
- 

ät (aB0) - (Ktý[Ml+ K5 CS1 + K6Y9 + K7Y9) A1+ (aR3+ aR4+ßR5 -vl )ßl (30 il 'Tt a 

dt2 
dt 

C aas 

- ([ + K5[S) + K6Y9 + K7Y9) A2+ (aR3+aR4+ßR5 - Vý') E2 (31) 

S 
dBn 

dIa Bn-li 

dt dt % as 
(Kt [Ma t K5 [Sj t K6Y9 

To change B's to µ's put s=1. 

un = limit Bn 
S -3 1 

F 
+ K7Y9) An+ (aR3+aR4+8R5 V Bn 

(32; 
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fL° 
(KI[M] + K5 tS] + K6Y9 + KýY9+ (aR3 +CLR4 +e R5 -v 

F' 
)ýi. 

° 
(33) 

dil 
(Kto. CM' + K5 [SI + K5Y9 + K7Y9)\1 + (acR3+c R4+ RS - v)`. t. 1 

(34) 

d 

dI2 = (Kt7 [MI + K5 1: s 1+ K6Y9 + K7Y9 )ý + (aR3 + a. R4 +6 R5 - ýl)ý 2 
(35 ) 

2 

S 

dj4 

do = (1(. [Mý+ K5IS]+K6Y8+K7Y9))% + (CCR3+cCR4+6R5 
11)N-n 

(36) 

Heat balance equation 

The heat balance of the system is described by the following 
equation: 

dT 
_z dt 

C+u+ xo dGol + xm dGmP +L ym dGtm 2i 
m ýT dT m=1 dT m=1 dT 

CQ ts ou Co c 
dGm dGm, n + 

m=1um 
dT t 

m=1 n=1Zm, 
n dT 

+ Vm 
n dGd 

F' (U(TA)-U(T)) r- 2- 
v 

m=1 n=1 ' m, n 
dT 

Co 
(H + G1 (T)) rl - 

7_ ((HP t GP (T)) rp) 000 m_1 ,mmm 
Co 00 

tm + Gtm tm is + Gis is iT))rm )- iiHm 
in 

iT)) rm ) 
M=l 

iiHm 
in M=l 
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C- Co T ((HC 
n+ 

Gm 
n 

(T) ) rm n) - 
m=1 n=1 ''' 

E ((Hd + Gd (T)) rd )+x 
m=1 n=1 m, n m, n m, n 

(37) 

where C (joule/grade) is the thermal capacity of the reactor and 

x is the rate at which heat is supplied into the system from the 

jacket. 

S 

Now EC.. M .=0 i= 1 to R 
j=1 1J 7 

s 
and Gi(T) =E cijUj (T) 

j=1 

where u(T) = the g-molar enthalpy of polymeric species j 

Let hr = specific heat of monomer 

hp = specific heat of all polymeric species 

hs = specific heat of solvent 

G01 = (2Wp0 hp-Wchp) (T-TA) 

=0 

Gi = (Wplhp - Wpö 
p- 

Wm 
m) 

(T-TA) 

= Wm(hP hm) (T-TA) 

= G(T-TA) where'G = Wm (hp-hm) 
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It can also be shown that Gm = G(T-TA) m=1 to -. 

Similarly G1tm = (Wplhp + WRlhp - Wplhp - Wm hm) (T-TA) 

= Wm(h, -hmY (T-TA) 

= G(T-TA) where G= Wm(hp-hm) 

It can also be shown that Gmm - G(T-TA) in =1 to oo 

Likewise Gls = (Wplhp + WRlhp - Wplhp - Wshs) (T-TA) 

= WS (hp hs) (T-TA) 

= G'(T-TA) where G' = WS (hp-hs) 

It can also be shown that Gts = G'(T-TA) m=1 to 

Gc Gd m=1 tow 
m, n m, n 

n=1 tow 

U= U0 (T-TA) where U0 = (hm Wm +hpwa+ hsWs) 

Thus: 

dT 
_z 

F1 
dt 

Ctjjo+G xm +G ym t G' 
_Av0 

(T-TA) 

M=l -1 m-1 m- 1 

- 
Hö ö- (Hi + G(T-TA)) r1 - (H2 + G(T-TA)) rm 

m=2 
00 

_ (Htm + G(T-TA)) rmm - H4s + G' (T-TA))Z rms 
3 m=1 m=1 

fP vo c 00 vQ 

_ 
cZ Zr_ dZ 

r+x H5 
m=l n=1 m, n 

H6 
m=1 n=1 m, n 

(38) 
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By using the notation describing the summations of the 

rates of the reaction and substituting the expression for x 

as derived in section 2.1.3, the final form for the heat- 

balance equation is the following: 

dT 
_Z 

F1 
_i 

d 
C+Uö GY3+GY4+G'Y5 V U0 CT_TAý Ho Rl 

- (Hi +G (T-TA))R2 + (H2 + G(T-TA)) (R2 + R3) 

- (H3m t G(T-TA)) R44- (Hts + G(T-TA)) R5 

- H5R6 - H6R7 + H(T -FFT +H 

+HT 
(39) 

c 



Mathematical Model for the 

Anionic polymerisation of 

Vinyl monomers in a CSTR 
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The kinetic scheme selected for this model was an 

idealised 'living' polymerisation, including two steps: 

Initiation (by a monofunctional initiator) and Propagation 

(from one end of the chain) according to the following 

equations: 

Extent of 
reaction 

Initiation 

PlPoM=0 

Propagation 

P2-P1M=0 

PiPi-1M=0 

The rate functions for these reactions are: 

rl = k1 (T) [MJ [p0] 

ri = k2(T) [MI [Pi-11 i 32 

where: 

K. (T) = K. exp (-Ej/RT) j>]. 

yl 

Y2 

S 

S 

S 

Yi 

Heat of 
reaction 

H1 

H2 

H2 

(1) 

(2) 

(3) 

The frequency factors and activation energies of all the 

reactions except for the initiation are assumed to be equal. 

Similarly theheat of reaction for initiation is taken to be 

Hi and for propagation reactions H2. 
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Also, the densities and specific heats for the initiator 

and all propagating species i. e. Po' Pl' P2 ... 1 Pi are common, 

Do and h0 respectively, whereas for the monomer and solvent, are 

Din, hm and Hs, h respectively. Due to these assumptions it 

follows that for all the reactions: 

ai = 
Wi Di-1 

-w = Wm (D -D)_- OC (4) 
om0m 

and Gi(T) = Wm (ham hm) (T-Tr) = Go (T-1 ) (5) 

since Wi Wi-1 =W 

The concentration of each species is: 

EP o= 

[pol 
_ yl (6) 

to 
i-ate y. j-1 

[Pi 
l= yi yitl (7) 

c"b 1-, MYy j j=1ý 

oa 
M0] yj 

and 
Im] 

= j=1 

1- a. 5y. 
j=1 

The mass and heat balance equations can be stated as 

follows: 

. dyl .F y1 
dt y1) (ri -V (9) 

m j=1 
QLy" o0 

dT j=1 F1U0 
(T -T)- H and dt CtU tG `; y. V 

00. _- i-1 ý1 

t G0 (T-T. ý ri"t x (10) 
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where C= heat capacity of the reactor, Fl = feed flow rate, 

V= reactor effective volume and x= heat exchanged between 

the reactor and its jacket. 
The eq. (9)and (10) will be simplified by the following notation 

1= yl (11) 

oa 
Y2 = yi (12) 

i-1 

Rl = rl (13) 

00 
R2 = ri (14) 

i=1 

whereupon eq. (6), (7), (8), (9) and (10) become: 

ro- 
rPo 

=L 
Po Yl (15 ) 

`' 

l 

1-qY 2 

P. = 
yl= C 

lý 
i1 (16) 

1-aY2 

tMi 
_ 

[M0] 
- Y2 

1- üY 
(17 ) 

2 

dY FY 

dtl - (1-C 
2) 

(Ri- 1 1,2 (18) 
V 

% 
dT 

- dt 
+ 

F1Uo (Ti T) - (H1-H2) R1 
oo2v 

- (H2 + Go (T-T2 )) R2 +x (19) 

From equations (1), (2), (15) and (16) the expressions for 

R1 and R2 are obtained: 
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R1 = k1 (T) [111.1 Pol (20) 

R2= R1tk2(T)CMý EIPi) 
i=1 

k2(T) k2(T) CM] Yl 
Rl + 1-aY2 i=1 

(yi yi+l) = R1 + 1-aY2 
(21) 

Although the eq. (20) and (21) are sufficient to describe 

the process, in order to investigate the detailed behaviour 

of the system, it is necessary to follow the changes of the 

NCLD. This study involves the introduction of a-generation 

function: 

Z0 Z 
Si 

[ 
Pil (22) 

i=1 

Let also define the quantity am: 

co 
am =E nm 

[PnI (23) 

n=1 

A 
Thus, the first moment while the second moment 

A2 al 20 o2 
=-() (24) 

"o 0 

substituting for [P, l in equation (22) from (16) : 

Go nY n- Z0 
nl 

s ý1-aY2+1ý (25) 

which may be differentiated with respect to time. 
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04 
dz 

o Sn 
dyn dyn+l 

+ 
cjýzo dY2 

dt 1-aY2 
n=1 

dt dt 1-aY2 dy 

00 FFY 
_ni2 

11s 
rn-rn+l v 

(yn_ 1 
yntl) + aZo (R2 -v) 

n 
°O F 

_L sn (n-rntl) t (aR2 - ma 
n=1 

From the definitions of the rate functions: 

00 o0 

sn (rn rn+l) = sr1 + (s-1) 
I 

snrn+l I 
n=1 n=1 

Ob 

= SR1 + (s-1) k2(T) 
[Ml 

snrn+l 
n-1 

= sR1 t (s-1) k2 (T) [Ml Zo 

consequently: 

at0 
- sR1 + (s-1) k. 2(T) 

[MI + (aR2 -I Z0 (26) 
4 

For s=1 the generation function (22) represents the sum of 

all living polymeric species while eq. (26) becomes: 

F% 

dt = R1 t (aR2 -l Zo (27) 

which enables the calculation of the time history of the 

concentration of living polymer. Differentiation of 

""" e q: (261, with respect. to s provides the equations zj, z"21 
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d=+ k2(T) Z0 + (s-1) k2(T) 
C 

Mý + («R2 - R1 Z1 1 [Mi. I3 
and: 

dtr 
= zk2(T) 

[Ml 
Zr_, + 

1(s-1)k2(T) [ 
N] + 

(2- 

F1'7 
Zr 

For s=1, the eq. (28), (29) become: 

dZ1 = R1 + 7c2 (T) [Ml Zo + (aR2 - F1 ) Z1 

F 

dr= rk2(T) 
EM( 

Zr-1 + (cR2 - vl) Zr 

(28) 

(29) 

(30) 

(31) 

Integration of the e q. (27), (30), (31) enables the time- 

history of the NCLD to be studied. 



List of the program 

PMMA-NCLD 
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LILRARY(A) 
PROCRAII(PULyItET11ACRYLATC UDR CHAIN LENGTH DISTRIBUTION) 
II. P11T 1zCkn 
OUTPUT 2WO 
OUTPUT ; T=TPO 
Cül'; RESS IliTEGGR AND L°(ICAL 
TRACE 1 
CU('PACT 
END 

MASTER PERSPEX 
LLGICAI OK 
REAL IIJTEk", %L, L, I1t)f'EUUTrt'Ot1Ot*Ek, ll OVER S 
DIVENSI01. IJK(Z), L(:. ), tiliºIEt. T(tiny, 4), t10110t'ER(600), TEIIPERATURE(600), 

1TOTAL PI(oC0,2), X(2)rY('6'O, ^. ), z(12U) 
CGI'ItOI 

1/VARIAGLES/A, L, CC, CII, CS, FEED, G(7), REFkIGFLOt"W, TAt1, TC, TF, U 
Z/DATA/Dll, t)^fßS, ýC, E(7) rli(7), lif!, IiP, HI;, HS, HT, R(7), TR, VOLUIIE, WC, WM, WS 
3/PRINT(1117/TII'C(600), OUTPUT (60O, t)#T (13) 

E(41)IVALCt"(; E OUTPUT( , 1)TEMPERATURE (I))#(OUTPUT (I j2), 110N0(lERt1))I 
1«UTPUT(113), TfTAL i"I(1, j)), (o)UTPUT(1,5), t1011ENT(1r1)) 

EXTERNAL RATE 
A=1'1! * (DP -DI') / (nIS* DP) 
G=IlS*(DP-D". )/(DS*DP) 

rG (7) r; CRCýýO, 0 G (I) j(; (6) 
G(2) (i (ä) rý (4); llllw (ijPý'itt) 
GM aUS*CH. "- 4S) 
READ(100c)A000RACY, uwlr. ER 
DO 10 Ia1#1'01 ER 
READ0r1(1) FEED, it OVER S, C OVER Itr{(EFRIGFL0W, TC, TF 
IJK(1)rIJK(2)=U 
X(1), Y(1,1)rzZER() 
CALL Ftitý'ýE(`i(1 º1) rV(2,1). 1? ) 
Y(8r1)4T; 
CS=1. U/(I. «; 'ER S*tIfl/DtHtt OVER S*C OVER It*t)C/DP+tIS/DS) 
Ci'=I1 OVER -., *CS 
CC=C uVER fl*Cll 
TALJaVuLUI! C/FEED 
IP; TERVAL=U, S*TAtl 
IF(INTERVAL. GT. ti, 5)IUTERVALmO. 5 
U=Ct'*1111*t; rt*CC*l+t`*tlC; CS*IIS*t! S 
WRITE(2,1Q )I; OVC; RSrCQVEK11, Ctt, CC, CSr 

1Jc1r13) 
FEED, TAUrREF IGFLOWrTC, (TAS(J)t 

ASSIGN 4 Tn LABEL 
IF(((3, OE+-', GE. i; (1)), A"p. (1,5E: -1, LT, FLOAT(IJK(2))/6.0-FLOAT(IJK(2) 

1/6))), ()R, ((. -), OE+, &, LT, X(1)). ANI), (4. QE-2r LT. FLUAT(IJK(2))/24,0-FLOAT 
2tlJl; tý)/2r. >>))ýýrt TO 3. 

IJK(1)=IJK(1)+, 
IF(Y(14r1). LQ. "ZCRO)GQ TO 2 
L(1)=Y(15. "")/Y(14r1) 
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L(? )a(Y(15,1)+Y(1['i1))/Y(14,1) 
L(3)a(Y(ý5, i)*3.0*Y(1Gri)+Y(17,1))/Y(14,1) 
L(4)=(Y('i5,. )+7. O*Y(1Gt1)+6. li*Y(17t1)+Y(i$t1))/'x(14,1) 
I1ut; ENT(IJKC1), 1)=l(1) 
1iUf! ENT(IJKCI. ) #Z)aLCI ^L(1)*+2 
I1, tll'GNT(IJK(1), 3)RLC ')R3. (1*L(2)*L(1)+2,0*L(1)**3 
º? cºI'ENT(IjK(1), ")=L(. )-4.0*L(3)*L(1)+6,0*L(i)*L(I)**L-3,0*L(1)**4 
TOTAL PI(IJK(1), 1)=Y(9t1) 
TOTAL PI(IJI; (1), 2)uy(14,1) 

2 Iýýt: ýýl! t r, (IJI; (1))=(Ct'ýY(3,1)ýY(/"t1))/(1, ýrý*(Y(3t1)+Y(Ar1))ýß+y(St1)) 
TtrPERAT. IRC(IJK(1))=Y(a, 1) 
TII1C(IJK(1))=X(1)/60.0 
I: RITE(2,14)3)TItIC(IJr(1)), (QI'TPtIT(IJK(1), J), Je1t7. ) 
WRITE(3,11º%. )IJK(1), TIr: E(IJK(1))e(OUTPUT (IJK(1), J), J=1 t$) 

3 IJK(2)=IJK(2)+1 
GO TO LAI EL 

4 ERROR=0,0 
CALL RK F. 11GL. 1Ut)(20,20,2,2, X, Y, Z, RATC, I14TERVAL, A000RACY#OK) 
IF(. NuT, UK)GU TO 9 
Do 5 J1,1 
IF(, ßt35(Y(J, 1)~"(J, 2)). LT. A000R, ACY)G0 TO 5 
t'=IºIX(SItý'I(1, o, Aräcv(J. 1))r. AI S(Y(Jr2)))) 
1: =(3, -11)/2 
I'= (3+It)12 
IF(Allb(I. 0"Y(Jell) /Y(J111)GT. FP, ia±k) EPRORmA1,5(I. "r-YW00/Y(JH) 

5 CU14TINUE 
X(1)AY. (?. ) 
CALL F110V1 (Y(Ire)ºY0 t1)#13) 
ASSIGIU 6 TO LABEL 
GO TO 1. 

t" IF((1, Of+3*i, CCIIrºArv. LT. ERP"OR). AND. (IJK(1). LT. 60C))G0 TO 4 
1F( IJK(1). Ett. a0t1)GO TO 9 
IJK(2)ý1JK(1)+5 
IF(IJKti , 6T. 000) 1J KM n600 
DU 7 J=1JK(1)+1, IJK(2) 

7 TII: C(J)=TIIL(Jl'1); 0.5*1l; TCRVAL 
DO I Jß1,8 

1 CALL FIIO'IECOUTPtJT(IJK(1), J), OUTPUT(IJK(1)*1, J), IJK(2)eeIJK(1)) 
9 ucITE(2,1u5) 

10 CO? TI14UE 
STOP 

100 FORIIAT(F0. C, IO) 
101 FfRI'AT(iºF0, C) 
102 iURItAT(üX,. t! II/S Cri ! EII. 6/3X, 5HC/11 e, E11.4/9Xe411C11 =, E11.4/! X, 4HCC 

1 ut 11,4/7X, o; fFCED ::, E11. '. /1; X, 51'TAU =tE11,4/1X, 12H 
2RFFIt tbFLf"u a#E'! 1.6/('X, 41iTC x, 11.4//40X#4A8//2(. X, A8), 7(SXIA8)) 

103 FURIIAT (Fö, 2,1 P8F 13,4) 
104 FLRtiAT(IS, F3,2,1Pr. E13,4) 
105 FORMAT(/) 

END 
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SUCROUTINE RK ENGLAND (O, N, It, L, XrY, Z, FUNCTION, INTERVAL, ACCURACY, OK) 
L0GICAI, OK 
INTEGER 0 
REAL INTERVAL 
DII'ENSIOIJ X(t1), y(UJ, 11), Z(N, 6) 
IF (IIITCRVAL)211.2 
WRITE (2#100) 
GU TO 12 

2 IF (L. LT. 1) L131 
K=I FIX(SIGN(1'0, IIJTCRVAL) ) 
J=(11+1ýi; *(t1»1 ))/2 
H=I IUTERVAL/ F LOAT (L) 
PATII=ADS ( INTERVAL) 
STCP=AI S(H) 
XXbX(J) 
CALL FIIOVC(Y(1'J). 2(1.1 )'N) 

3 CAI, L FUHHCTI01(ra, XX, Z(111), Z(1 ýz)) 
DU 6 131 ill 
2(1,2)zII*Z(I. 2) 

4 Y(IrJ+K)=Z(Ir1)+0,5*Z(I. 2) 
X(J+K)=XX+0,5*H 
CALL FtJt1CTInta('1ºX(J+K) rY(1'J+K), Z(1,3)) 
DU 5 10101 
Z(I13)111*z(I, 3) 

5 Y(I, J+K)=Z(I, 1)*0.25*(Z(Ir2)+Z(Ir3)) 
CALL FUrtCTInU(! J, X(J+K) ºV(1'J+K) 12(1.4)) 
DU 6 Ip1, IJ 
2(1.4)'ti*Z(I. 4) 

6 Y(I. J+K)=Z(Ir1). 2(I, 3)+2.0*Z(1,6) 
X(J*K)a? ýX+N - 
CALL FUUCTION(UU, X(J+K), Y(1, J+K), Z(1, S)) 
DU 7 1141 014 
ZtI, S)nue2 (Ir5) 

7 Y(IrJ+K)ps'(Ir1)+(7,0*Z(Ir2)+10, "0*Z(I, 3)+Z(I, 5))/27,0 
X(J+K) 2:; X+Z, 0*t1/3.0 
CALL FUt1CTJOII(fl, x(J+K), Y(1'J+K), Z(1 r6)) 
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DO 3 1921 111 
Z(It6)211*Z(Ir6) 

8 Y(I, J+K)=Z(I. 1)*(ZS, 0*Z(I, Z)^125.0*Z(Itä)+54610*Z(I, 4)+54,0*Z(It5) 
1.373.0*Z(1,6))/625.0 

X(J*K)=XX+0,2*H 
CALL FUUJCTIOIN(IutX(J*K), Y(1 tJ*K), Z(1 t3)) 
ERROR90.0 
DO Y I=1, N 
Z(I, 3)=ADS(62,0*Z(I, 2)m125,0*H*Z(I, 3)+224,0*Z(I, 4)+21,0*Z(1,5) 

1-1()2.0*Z(I16))/336.0 
Z(I, 4)2Z(It1)+(Z(Ir2)+4.0*Z(It4)+Z(I, 5))/6,0 
IF ((1. vE-16. LT, AbS(Z(1#4))). AND, (1, OE"20@LT, Z(It3)))Z(It3)=Z(It3)I 

IAI'S(Z(It4)) 
IF(ERR(3R, (T. 2(1,3'))ERROR=Z(It3) 

tI CUVTIN3)E 
IF (ACCt'RACY. LT. ERROR) GO TO 11 
XXUXX*H 
CALL FfInVE(Z(1,4)"Z(1, I), N) 
PATjI=PATNMARS (H) 
IF(1'0E7*PATII. GT. AGS(INTERVAL))GO TO 10 
PATHcAI3S (INTERVAL) 
IF(11. NE, 1). J J*K 
X(J); XX 
CALL FrlOVE(Z(1 . 1), Y(1 tJ) tN) 
IF((J. HE , 1). AUJ0. (J, NE. fI))GO TO 10 
OKa, TRUE. 
RETURN 

10 IF (0.95*ACCllRACti'" LE, ERR0R) GO TO 14 
11 IF(CRRUR, Eq. 0.0)GO TO 15 

If Is lI* (O. 95*, %CC'1l; ACV/ERROR) **0, Z 
IF(1o. '1*ACCURACY. LE. AIIS(M))60 TO 13 
'UNITE(4,101). 

12 OK=. FALSE. 
RETURU 

13 IF(ArS(II). GT. ADS(IHITERVAL))H*It4TERVAL 
14 STOP=Al; S(H) 

IF(ABS(II)-PATH)3,3,15 
15 HNSIGN(pATH, INTERVAL) 

GU TO 3 
IOU FORMAT(/34H INITIAL CONDITIONS IMPROPERLY SET) 
101 FORMAT(/37H IHTCGRATIUU FAILS DUE TO INSTABILITY) 

END 

SEGMENT, LENLTH 019, t4At1E RKENGLAND 



SUI-ROUTINE itATE(11rX, Yº: ) 231. 

RIAt. Kell 
DII'CNSII), i; (7)rD(4)ºY(r! )ºZit: ) 
C(i 'll0W 

1/VARIABLES/l. º1ýºCCrCVtCS # FEED, G(7) IREFRIGFLOUºTA! J, TCºTFºU 
2/GATA/Dtt, I)?, DSrDCºE (7) rü(7), 1li1ºt*, PeHRºHSI HTºK(7), TRlVOLU11EºWCºWMrWS 

D(1)ar'i. C/TAU 
D(2) (I 
CALL Fttn'11 (. (1), Z(Z)"19) 
F=1 . OeA* (Y t: i)+Y (4) ), -L*Y (S) 
RV-)a(CC"+Y(1))/F 
R (Z) ºk (3) t` (4) ee (CII"y (3) ^Y (4)) /F 
r'(S)x(CS"Y(S))/F 
R(n)rf: t7)=V(9) 
Tr-273,17+Y(ji) 
Ur-V(8)-Tk 
Z(')sll*(TF"Y(0TAil-IIT*(Yt ")ýt2S0,0REFRIGFLOU*TC+kT*Y(8))/t250.0 

1*kEFRIGFLLIt! f fT) ) 
Z(( )xHR+U 
Z(i1)rZ(12)"Z(13)R0.0 
DI) 10 1=1r' 
Fk=K(I)*LXP(-C(I)/T) 
R(1)=Fa*k(I) 
GO TO ('"1 º. i4, a, 314) 11 

1 R(1)=R(I)*t2. a*Y(1)-Y(2))/F 
Gtr TO 9 

2 D(3)»R(I) 
GO TO 5 

3 D(4)ok(l) 
4 D(2)aDt? )+0(I) 

k(I)ak(I)*1'(9) 5 
Gu TO 

b Fß(1)-k(2)+Rt1) 
7 D(i); D(I)+A*R(I) 

GO TO 9 
8 D(I)XD(1)+r*R(I) 
9 ZCI)=F*(h(I)-. Y(I)/TAU) 

Z(6)MZ(3)*r (I)*C11(I)+G(I)*11) 
1G Z(r')=Z(^)+G(I)*Y(I) 

Z(8) 1("t)/M (C ) 
Z(r), Z(1()u;; C2)+R(4)+R(5) 
DC) 11 Iý1 rG 11 Zt1+8)aY(I+º)*tDt1)ýtýt2))+Dt3)*FLUAT(Iý1)*Y(I+7)+Z(1; 8) 
Z(16)cD(, )*Y(9)*Y(10) 
Zt17)aD(h)w(Ytr)*Yt11)+2.0"Yt10)+*Z) 
Z(18)=D(4)*(Y(9)+Y(12)*O. O+y(10)*Y(11)) 
Zt4")aD(ti)*Cy (°)*Y(13)+-i, 0*y(10)*Yt12)+6. O"Y(II)**2) 
Z(2O)=D(s)*(Y(r=)*Y(14)*10.0+Y(10)*y(13)+20,0*Y(11)*Y(12)) 
DO 12 1: 1r6 

12 Z(I+14)=D(")*Y(1*14)+D( )*Ytl+3)+Z(I+14) 
RETURN 
END 

DLnCK DATA 
REAL K 
COI'110N 

1/DATA/D(4), E(7), H(1; )rK(7)ºTºV, t! (3) 
/PRINTntt7/; (56nn) ºY1 (4) ºYc2(5) tY3(4) DATA 

1D/'ýr'. SE+Zý+üýFiýG*; º+3. ; 5E+Zr+7ýOpE+?. / ý ZE/+1. SGE+tiº+1ýSciF. *4. +Z. SE+: r+1.57E+4º+1.56E+4º+'. SE*2º; 2.0E+3l. 
3H/"1. (ZC+Sº"1.5'jE+6,1.51C+4, " . 38E+4,1.38E. 4, ^8.3E+4, ý6.4Eý4f*5. 
45E`1º+4. t. kýir+5, bf+; r*5.4? Eý1ºt3.4E*0/ý 
5K/*2, OSE+15º+2. (7E+15, +1.04E*h, *1.52E+1ü,, 2,71E+18, *2.0E+6, +4.80E 
6+9/1 
7T/*?, 5E+1/ý 
OV/+3.1 E-1 /º 
u*-; /+1o4C+Z1+10E+2º+9.2E+1 
1V1 (1)/3ZHNt'I! F: ER CHAIN LCf, t'+! ' DISTRILUT1014/, 
ZYZ(1 )/40STihE (11) TErP I'Of. vl'ERT0TAL PITOTAL nI/, 
: Y3(1)/3ZlI1r'I. Et: T 1ttOt; EI; T 21101'ENT 311011ENT 4/ 

EhP 
FINISH 

0** * 
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LIr ARY(A) 
PPGGRAII(, OLyt1ETHACRYLATE WEIGHT CHAIN LENGTH DISTRII UTIOH) 
It: PUT 1=CRO 
OUTPUT 2"LPO 
OUTPUT 3aTPO 
C01'PRESS Ir: TEGER AND LOGICAL - 
TRACE 1 
COI'PACT 
END 

tlASTEK PERSPEX 
Lt, r, ICAL OK 
REAL II1TEK'. 'ALºL"I1n110: T11: 01101: Ek, t? OVER S 
DIVEIr'SION IJK(2) ºL(4)'º'nt, ENT(o00º4), t1UNOIIER(600), TEIIPERATURE(600), 

1T'iTAL PI(u00º2), XI2)ºY(20º2), 4(120) 
COMMON 

1/VARIAGLES/,, tI>. CC"CtltCS, FEED, G(^) #KEFRIGFLOtt, TAII#TCºTF#U 
2/Dr'. TA/DII#Iºr, DS, DC#E(7) º! I(7) oNFlºhPtNRºNS#HTºQ(7) ºTRºVOLUIiEruCºAWI. IºWS 
3/PFINT(Ui/TII: F((1nO), OI'TPUT(60014) #TAB(13) 

EGt; IVALEI, CE (OUTPUT(I fI)TE1'PtRATUBE(1))1(OUTPUT(I j2)IMUtJOMER(I))I 1(GeTPUT(1r3)*TOT AI PI(1.1))#(OUTPUT(1ºS)iMOI; ENT(1.1)) 

EXTERNAL RATE 
A=t: 1'*(DP, -Dº1)/ (DI! *DP) 
B=t'S*(DPP-DS)/CDS*DP) . 
G(1), G(G)C(7)1ZEROc0,0 
GM "i(3) if (4)13t11i*(11P"1111) 
GM all$* 01-`m115) 
RFApt1,1C4U)P, CC1IRACV, ºIUt1 ER 
Dtv 10 IPi , I: L'111, ER 
RIADC1,1G1)FEEP, I1 OVER S, C OVER fi, REFRIGFLOU, TC, TF 
IJK(1), IJK(2)a0 
X(1), Y(1,1)ý! ERO 
CALL WOVE (Y(111), Y(z, 1), 17) 
Y(S, 1)=TF 
CSa1 . 0/ (I; n"ER S*týl'/C11+I1 OVCR $*C OVER 11*WC/DP+t'S/DS) 
C1: i1' ()'/Ch C*CS 
CCaC uVCR I! *CI1 
TA1'-V(ºLUt. G/FEED 
It. TCRVAt. aQ, 5*TAII 
IF (I I: TERVAL. GT, l. 5) I I: TERVALa0.5 
L'=CI'*HI! *t'It+CC*Np*llp+CS*II$*US 
I FITE(Z, 1U; )I'OVCRSgCOV4: RIt, C11, CC, CS, FEED, TAU, REFrIG; L0IJ, TC, (TAn(J), 

1Ja1,13) 
ASSIGN 1. TO LArCL 
IF(((S. nE+; . GE . nC1))ýAND . (1.5"1. LT. FLOATCIJKQ))16.0-FLOAT(IJK(2) 

1/[t)))OP�(Q,, 0E*2. I. T. Y, t1)). ANP, (4. OE, "2, LT. FLOAT CIJK(2)/24, O"FLOAT 
Z(IJK(Z)/? a))))G(, T0.3. 

IJK(1)=IJK(1)*1 
IF(Y(16,1). CQ. ZCRO)G0 TO 2 



233. 

L(1): Y(17,1)/Y(16,1) 
L(2): (V(17,1). V(Iý 1))/Y(16,1) 
LM =(Y(17,1)*3, n*Y(IAt I)*Y(19,1))/Y(16,1) 
L(6)*(V(17,1)+7.0*Y(13,1)*6. O*Y(19,1)+Y(20I1))/Y(16,1) 
1101'E-IT( IJKt1) r1)Is L(I) 
I101: GUT(IJK(1 ), R)=L(. ), -L(1 )**2 
MOUNT( IiK (0, ) ý3)=t, t'ý)r3.0*L(2)*L(1)+2, O*L(1)+*3 
tfIj1;, 'T(IJK(i)#4)=L(4)*4.0*L(3)*L(1)+690*L(2)*L(I)**?. -3,0*L(1)+*4 
TOTAL PI (IJK(1 ). 1)=\'(ß'r1 ) 
TOTAL PI(IJi: (1)ý2)ý+'1t15.1) 1 

2 I; (: I: OIIEP. (I0'(1)). =tct'.. vtIt 1)wY(4,1))/(1,. A*(Y(3, I)+Y(4,1)),, r3*Y(511)) 
TEt'PEkATIJkC(IJI: (1)): s'f(Z, j) 
TII'F. ( IJK(1))aX( )/6A. 0 
URI TEUPI ('"; )TIt'C( IJº: t")), COUTPUTtIJK(I), J)IJa1oll) 
WRITE (30.04)IJK(1), TIttC(IJK(1)), (OUT PUT( IJK(1), J), J:; 1,8) 

3 IJK(2)=IJK(2); 1 
GO TO LAI-EL 

A ERRoRß0, f, 
CALL RK Et4GLAt1D(2(l, 20,2.2, X, Y, Z, RATE, IIUTERVAL, A000RACY, OK) 
1F(. IIUT. OP) GG TOO 9 
DD 5 Jß+1,1ß 
1F(. AttiS(Y(J, 1)-Y(J, 2)). LT. ACCURACY)GO TO 5 
Ite1FlX(Slbt-'(1, O, At. S(Y(J, 1))PAI-SCY(J, 2)))) 
ºr=C3ýii)/2 

IF(ABS(1UM'i tJil! )/Y(J01))GT. ERPOR)ERRORnADS(1! '@nY(Jº1! )/Y(J, N)) 
5 CIHH'TIº+LJE 

X(I)=X(2) CALL FI'0'; C(Yt1º2)ýY(1ý1), 1ß) 
ASSIG1I 6 Tn LABEL 
GO TO 1 

6 IF((1, OE*3*i%CCtJRACY. LT, ERROR), AIlD. (IJ1: (1)'LT"60('))GO TO 4 
IF(IJK(1). C4.600)GO TO 9 
IJY. t2)=IJK(I)+5 
IF(1JI; (2). 6T, c. 00) iJ;; (2)n600 
DO 7 Ja IJK(1)"I, IJK(2) 

7 TII'C(J)=TI1'L(J^1)+*C. 5*IIITERVAL 
DU 3 J=1,8 

E CALL Fl'n'JEt(, IJTPUT(IJK(I), J), OUTPUT(IJK(I)*I, J). fIJK(2)"1JK(1)) 
y VJkITE(Zr105) 

lU CUNTINUE 
STOP 

100 FLRIiAT(F':, 0,10) 
101 FOR AT((FO. C) 
102 FºOkI: AT(FX, ºH1'/S a, 1PE11.4/RX, 5HC/I. 1 e, E1j. 4/°Xr6tiCU =#E11.4/rX, 4HCC 

1 1, 'E11,4/9141ICS r-rE11.4/7X, 611F[CD =rE1I. 4/8Xr5t! TAU ='E11.4/IX, 12H 
2REFFIGFLUt1 r-rE11. '/°X, 411TC : 'E11.4//4UX, 4A8//2(i'X. A8)'7(5XIA8)) 

103 F(l. t'AT(F6,2, IP, jE13.4) 
106 FORI. AT(! 5, i, 2r1Pi3r13,6) 
105 FORMAT(/) 

Et+D 
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SUL ROUTIi. I I; ATCCN, X, Y, Z) 
; LAL Kill 
DII'CHSI01. R(7), D(.. ), Y(!: ), 2(i') 
C E11: 11014 

1/V'ARTABLES/A, I , CC, Ci', CS, FEET , (, (7), RC-FRIGFLCI!, TAI!, TC, TF, U 
z/I)ATA/Dtt, LJr, DS, AC, E(7), H(7), HI1, I'. D, 1(R, HS, HT, K(7), TR, VOLUI: E, WC, Wf1lWS 

D(1)a, -1. n/TAU 
D(Z)' (1)=n. 0 
C/, LL Ft; r': E: (Z(1), Z(2)º19) 
Fti. O^A*(Y(3)*Y(6)), f*Y(5) 
R0)a(CC-Y(1))/i' 
R(r'. ). R(3) or, (4)Is §Cl'''Y(3)-Y(4))/F 
R(5» (CS"Yt5))/F 
a(6)1K(7)W. (°) 
T=273,17*Y(0 
UV (8)-Tk 
Z(F. )=U+(TFMY(8))/TAt! "IIT*(Y(ll)^(250, '0*REFRIGF LOW* TC+IiT*Y(8))/(250,0 

I0-FFRIGFLOP-P iT) 
ZV")aHR+U 
Z(; I)IZ(12), Z(13)no. 0 
Dtv 10 In, j7 
FRmK(I)*L; <P(-mE(I)/T) 
R(I)RFR*k(I) 
Gt, TO (F1, ß14#4#3,4) #I 

1 R(I)uk(I)*(2,0"Y(1)wY(Z))/F 
GO TO 9 

2 D(3)UK(I) 
GcºTO5 

3 D(4)aK(I) 
4 P(2)=U(? )+l(I) 

GU TO (ýýý9ýýý7ºýºý9ý9) I 
h R(j)up(2)+r(j) 
7 D(i)%P(1)+A*R(I) 

Gtr TO 0 
8 P(1)al)CI)+r"R(I) 
9 Z(I)»F»(s'(I)'Y(I)/TAU) 

Z(&)ýr(%1)-r(I)»(H(I)+GSI)*tý) 
10 2(r")=1. (P)+((I)*y(I) 

Z(8)=Z(iti)/i (9) 
Z(ý), Z(1G)=h(z)+h(4)+R(5) 
DO 11 1=1#6 

11 Z(1,8)=Y(I+11)*(D(1).. tD(2))+D(3)*FLOAT(I-1)*Y(1+7)+Z(I+8) 
Z(1ci)aD0. )*y(fi)*Y(10) 
Z(17)=D(o*)'(Y(0)*Y(11)+Z. O*y(10)**2) 
Z(1.: )eD(6)+(Y(t)*V(12)+G, O*Y(10)*Y(11)) 
Z(1r)sD(4)+(Y(°)*Y(13)+3,0*Y(10)*Y(12)+6.0*Y(11)*+2) 
Z(ZC)=D(4)*(Y(9)*Y(14)+10.0*Y(1C)*Y(13)+20,0+Y(ii)*Y(1Z)) 

r(. DO 12I1, ' 
12 Z(1+1a)nD(")*Y(I+14)+D(2)*Y(I+8)+Z(I+14) 

RETURN 
END 

ILOCK DATA 
REAL K 
CUI'I101i 

1/1, ATA/D(4) tE(7) ºH(Ir". ) rK(7) rTrvrlf(3) Z/PRINTOUT/; (5400)rY1(4)rY2(5)rV3(4) 
DATA 

1D/+ýý, SE*2r'ºQ1, ä°C*2rwýý. 35E+w. +7, Q0E*?. /r 
zE/+1.56E'+4º+1.5tiE: }4, +2.5E+3º+1.57E: *4r+1. SGE+4r+; , 5t: +2r+2,. 0E+3/, 
3ti/»1 , 7ZE+S r"1 . 55 F. +'ýº"1 , 51 f. +l., ýý , 3tiE*l. r»1 , 33E+4r«8.3E+4r"6.4E+/. r; 5, 
45E»1 r*4. »1 r+S, nE. +i r+5.47E«1 r+3. ýE+0/, 
SK/+2. OSE; *15, +2, G7t: *1Sr+1.04E+cýº+1. >wE+1ßr+i , 

71E+18r+2,0E+6r+4,80E 

7T/+", 5E+1/r 
3V/43,1 C«1 /r 
ýiý/*1 

, a4t; +2rý1 . OC+zr*Q. ýC+1 /º 
1Y1 (10/3214tIt; IGHT CHAIN LCUGTII I UýTRIt: UTIfN/r 
2V2(1)/40ST11"E (11) TEUP vowli1ERT(ºTAt. PITOTAL AI/, 

. 
3Y3 (1) /3wkI! r'I; Lt+T fI fl [ttT 2110nEI+T 311011ENT 4/ 

EI'D 
FINISH 

"wfr 
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aRnGRAft (tIICfLA) 
CUf'PRESS INTEGER AI ID LOGICA4 
ItHPUTiUCRU 
OUTPUTeALPU 
OUTPUTS*LP1 
TRACED 
END 

VASTER STYRENE POLYMER REACTOR 
I. unICAL OK 
REAL INTERN, %LtL, tt0IIEtiTrt! ONOIIER? II OVER S 
D1º'EUSInti IJK(z). L(S) º11otiEiIT(376r5) rt1UNOhIER(376) rTEIlPERATURE(376) t 

1X(Z)rY(9, L)ºZ(54) 
CU, 'llOu 

1/VARIAnLES/A. CIt. CPºCSºFEED, GºREFRIGFLOU, TAUrTCrTFºU 
Z/Di%TA/DU, DP, DSºE(2), H(2)ºHt1ºNP, IIR, HSºHT(4)ºVOLUt1EºUl; ºWPºWS 
3/PR I NTt)UT/T I IIE (376) º OUTPUT (376 r 7) r TAB (ä) 

EI1IJIVALENCE COUT º1) #TEtMPERATURE(1 )), (OUTPUT(1 r2), FiONOi1ER(1 )), 
1(UtITPUT(1º3)º110IIENNT(1r1)) 

EXTER14AL RATE 
Ac1111* (DI'-Dt1) / (DI1*DP) 
Gr-uli* (Hp. 'Hfl) 

READ(1 r1OU)ACC'11; ACY, NUIIRER 
DU 11 Im1ºNUIifER 
READ(1º101)FEED, U OVER SIP OVER M, RCFRI(FLOW, TC, TF 
IJK(1)ºIJK(Z)=0 
X( Z) rY(1 r1)r: 0. O 
CALL FII0VE(Y(1º1)rV(2º1)r3) 
Y(3,1)OTF 
CSp1. O, (t1 OVER $"1111/D11+t1 OVER S*P OVER 1; *WP/Do+I)S/DS) 
CII I OVER S*CS 
CPlP OVER 11*CII 
TAll"VOLUME/ FEED 
INTERVALaO, 5*TAU 
IF(IIITERVAt. GT. 0. S)INTERVAL=10 
UaCII*IIIt*UI1+CP*! il'«t3P+CS*11S*!. J5 
ASSIGN 4 TO LAt. EL 
IF(((3. OE+Z. GE. X(1)). AIID, (1.5E-1. LT, FLO,, T(IJK(Z))/6.0-; LUAT(IJK(2) 

1/d))). ttP.. t(3. OE*2. LT. X(1)). AND, (4, OE. 2, LT, FI. OAT(IJK(2))/Z4. O-F60AT 
2(jJl: (2)/Z4))))G0 TO 3 

I4K(1)9IJK(1)+1 
IFCY(6,1), E(I. 0,0)GO TO 2 
I. (i)xY(5º1)/Y(4,1) 
L(2)=(Y(511)+Y(6,1))/Y(6,1) 
L(3)u(Y(5.1)+3,0*Y(6,1)+Y(7,1))/Y(4,1) 
L(6)=(Y(5r1)+?, O*Y(6r1)+6.0*Y(7r1)+Y(8º"))/Y(4r1) 
L(5); [(Y(5º1)"15.0*Y(6º1)+25.0*Y(7r1)+10.0*Y(3,1)+Y(9º1))/Y(4,1) 



236. 

11MIENTt IJKt1) I I) alcl ) 
1-0flEf; TIIJK(1)r2)sL(2)-L(1)**2 

NVfIENTtIJK(1 ). 3)aLC7,, )^3.0*L(2)*L(1 )+2, O*L(1 )**3 
M011ENTt/JKCI)r4)=L(4)-4.0*L(3)*L(1)+6,0*L(2)*L(1)**2-3,0*L(1)**4 
MUVENT( IJKt1)r5)=LCS)"5.0*L(4)*L(1)+10. n*(L(3)-, L(2)*L(1))*L(1)**2+ 

14,0*l(1)**5 
4 IIUrt011ER(IJK(1))=(Cf1. "Y(2r1))/(I, O-A*YC2r". 

TEf'PERATURE(IJK(1))i V(3,1) 
TIMECIJKc1))=X(1)/60.0 

3 IJr. (2)=IJK(2)+1 
GO TO LIRE, 

4 ERRi)R@U. 0 
CALL RK f: HHGLAIID(c, 7 , 2, Z, X, Y, Z, RAATE, INTEr: VA0 A000RACY#OK) 
IF(. NOT. OK)GO To 10 

" DO 5 Jul #9 
IFIARS(YCJr1)-Y(J, 2)). LT, A000RACY)GO TO 5 
NO IF IXtSIGºl(1,0, ADS (Y(J#I))-AIIS(Y(Jr2)))) 
fop(:;,, 10/2 
f1A(3+I1)/2 
IF(ARSt1. U"Y(J, (l)/Y(J, N)). GT, ERROR) ERROR=AUS(1. O"Y(Jr1f)'/Y(J, N) 5 CU11T111 UC 
Xt1)ýXC2) 
CALL FI1fVE(Y(1,6. ), Y(1r1)r9) 
ASSIGN 6 T0'LAndL 
GO T0 1 

a IF((10.0*ACCURACY, LT. ERROR). AUD, (IJK(1). LT. 376))G0 TO 4 
IF(IJK(1). E(1.376)GO TO 9 
IJr. (2)ýIJKt1)+5 
IFCIJK(). GT. 37i. )IJi; (2)Q376 
,u7J: 3IJK(1)+1, IJK(2) 

7 TIItC(J)aTIrICCJ.. 1)+0.5*II: TERYAL 
DO 3 Jul v7 8 CALL- FIrnVE(AUTPUT(IJKC1)IJ). OUTPUT(IJK(1)+1, J), IJK(2), IJK(1)) 9 uklTE(Z. 1UZ)f10: FERS, POVERt1, C11, CP, CSrFEED, TAU, REFRIGFLOW, TC, (TAB(J), 1J°". 8)r(TIºlECJ), (OUTPOT(JrK), K*1r7)rJ=1rIJK(2)) 
'JkITEC3,1U3)IJK(2)r(TIf1C(J)r(UUTPUT(JtX)rKolr7), Jo1, IJK(2)) 1u WRITE(4,104) - 

11 CufTINUE 
STOP 

100 Furl7ATCFf90,10) 
101 FUP. IiAT(oF0,0) 
109 FURItATt 3X, SHII/S ez. 1PE11,4/, 3X, 5HP/II =#E1"., 4/9Xr4HCI1 =, E11.4/9X, 411CP 

I uPE1I.:. /9X, 4HCS aºC11,4/7X, 6HFEED a, E1"., 4/8Xr51iTAU *, E11,6/1Xr12H 
2REFRIGFL0U r:, E11.4/rXr4HTC =rE11,4//2(2X, A8)r6(SX, A3)/C0PF8,2,1P7E 
313,4)) 

10s FUr, ITATcOPF8,2º1P7E13,4) 
104 FUPIMATt/) 

END 



237. 

SUrROUTIHE RATE(It, X, YºZ) 
REAL Kill 
L)II CNSION R(2). Y(It), Z(N) 
COt1110u 

1/VARIAOLESIA, Ct1, CPrCS #FEED#GºREFRIGFLO(trTAUlTC, TF, U 
VDATA/Di1, DP, DSrC(2), H(2), H11,11Pºf1R, ºISrHT. K(2) rTR, VOLUf-IE, UtlrWPrVJS 

Fa1.0-A*Y(2) 
ila(CII-Y(Z))/F 
Pa(CP-Y(1))/F 
Q K(2)*11*EXP(-E(2)/(273.15*Y(s) 
R('I)=i: (1)*tl*P*EXP(ME(1)/(273.15+Y(3))) 
R(2)DR(1)*Q*Y(1)/F 
DU 1 In1,2 
Z(I)=F*(R(I)-Y(I)/TAU) " 
Z(3)=F*(I)*(TF-Y(3))/TAU-R(1)*(H(1)-H(2))MR(2)*(H(2)-G*(TR. Y(3)))tý 

1. UC3*IIT*REFRIGFLOIU*(TC! Y(3))/(HT+1, OE3*rEFRIGFLOW'))/(HR+U+G*Y(2)) 
R( . O/TAU 
DU 2 I24., 9 
Z(I)»FknAT(I-4)wQ*Y(I^1)+R(2)*V(I) 

4 CUMIT 111 UE 
Z(6)r. R(1)*Z(4) 
Z(5)=R(1)+Z(5) 
RETURN 
END 

SEGMENT, (, EPIGTit 241 ' NAME RATE 

GLOCK DATA 
REAL K 
OýitEt1SIQN Y(3), 2(5) 
Cutltlo, 1 

1/IATA/R(3)'C(Z). H(7), K(2), T, V"u(3) 

G. /PP%jlJTIý: 1T/X(3016) 
EVtIIVALCNCE (X(3009), Y(1))º(X(3012), Z(1)) 
DATA 

1D/+ß. 074E+2, +1.111E+3r+tS, 9E+2/º 
ZE/+Z. 95C"3º+2.9SE+3/, 
3H/2*-1. ý)7E+4. +3.34nE". 1º+3.300E-1i+2.7EP-. ^r+3,3E"1º+1.4GE-3/º 
44/+1.6ZC+5, +2.2E+6/, 
5T/*2,5E+1 /, 
6V/+3,8E-. 2/1 
7u/+1.04C+'Lº+4,72E+2,7. ZE+1/, 
1Yt1)/24IITIt'E (11) TEIIP FMONOIIER/, 
92(1)/40111101IEHT 11; O11£NT ZP1011ENT 3Ilot1ENT 414011ENT 5/ 

END 
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