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Abstract 

Previous studies of the bulk and suspension 

polymerisation of vinyl chloride monomer have been 

reviewed and in particular those results pertaining to the 

aggregation of the so called primary" particles formed 

during the initial stage of polymerisation. In a recent 

study it was proposed that the primary particles carried a 

net negative charge and that the resulting electrostatic 

repulsion between these particles could account for their 

known colloidal stability. The aim of this work was to 

confirm and quantify the extent of this net negative 

charge and, if successful, to vary its magnitude to 

provide a means of control over the primary particle 

stability and hence the particle aggregation process. 

For this investigation a combined polymerisation / 

microelectrophoresis cell was developed to withstand the 

pressure required to maintain vinyl chloride monomer in a 

liquified form at temperatures up to 343 K. 

Dispersions of PVC particles in VCM were 

characterized in terms of their zeta potential, particle 

concentration, particle diameter and aggregate morphology, 

as determined by scanning electron microscopy. 

The results obtained confirmed that the primary 



particles consistantly carried a net negative charge in 

the region of 18 elementary charges. The particles also 

exhibited a critical maximum diameter above which 

aggregation occurred. 

The theoretical stability of the primary particles 

was predicted by DLVO type calculations. A comparison of 

two and multiparticle interaction models has been 

presented. The experimentally observed primary particle 

stability was in agreement with the theoretical 

predictions. 

Major changes in primary particle stability were 

achieved by the addition of low molecular mass compounds 

which modified the net charge on the particles over the 

range of 2 to 70 charges per particle. The rate of 

polymerisation was also shown to affect polymer 

morphology. 

A mechanism for the development of particle 

structures in the initial stages of PVC production was 

proposed and ways in which this structure can be 

controlled discussed. Several suggestions for further work 

in this industrially important area were also made. 
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Chapter One 

Introduction 



1.1 Introduction 

Commercial production of poly(vinyl chloride) 

(PVC) began in 1927 and since then the demand for this 

polymer has increased rapidly making PVC one of the 

highest tonnage polymers produced today (12 million tonne in 

1980). PVC is utilized in numerous products ranging from 

clothing, furnishing and packaging to the formation of 

rigid pipe work, floor coverings and electric cable 

insulation as used in the construction industry. This 

variety of applications stems from the widely differing 

material properties achieved by the incorporation of 

formulation ingredients with the raw polymer. 

Poly(vinyl chloride) may be produced by a bulk, 

suspension, emulsion or solution polymerisation. The low 

solubility of PVC in its monomer (VCM) results in phase 

separation at an early stage of the polymerisation. This 

creates colloidal sized particles which grow by a series 

of polymerisation and coagulation steps. As the monomer is 

consumed, particle aggregates fuse together to give a 

continuous porous network within a single polymer granule. 

The final granule morphology, which encompasses 

the size, shape and internal structure of the granule, 

will be determined to a large extent by the nature and 

packing of the particles formed at earlier stages in the 

polymerisation. The morphology, and in particular the 

porosity of the final product, is of prime importance as 

it determines the extent of ingress of plasticiser to 
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soften the PVC before fabrication. More recently, with the 

recognition of the toxicity of VCM, the production of a 

more porous polymer granule has been sought to assist the 

ready removal of unreacted residual monomer (1). 

The particles formed during the early stages of 

polymerisation range from approximately 20 nm to 1 pm 

diameter and thus span the typical size range for 

colloidal particles. The application of colloid stability 

theory to the results of an experimental investigation of 

these particles during their evolution should provide a 

mechanism for the control of granule morphology and hence 

porosity. 

Lyophobic (dispersion medium hating) colloids such 

as PVC particles in VCM are, by definition 

thermodynamically unstable due to their high interfacial 

free energies. In the absence of particle interaction 

forces each collision brought about by Brownian motion and 

resulting in coagulation will lead to reduction of the 

interfacial free energy. Coagulation will continue to 

occur at a rate controlled by diffusion until the minimum 

total interfacial free energy for the system is reached. 

In practice however, many lyophobic colloids are found to 

be stable over considerable periods of time indicating the 

presence of a stabilising mechanism. This may be the 

adsorption of a layer of protective material giving rise 

to steric stabilisation or electrostatic repulsion due to 

electrically charged particles. 

Derjaguin and Landau (2) and Verwey and Overbeek.(3) 
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have independently developed a theory to predict the 

stability of two particles as they approach from infinite 

separation and are influenced by attractive and repulsive 

interparticle forces. The validity of the DLVO theory has 

been tested exhaustively over the last 30 years and it has 

successfully accounted for the observed stability of many 

aqueous and non-aqueous dispersions. 

In this work the results of theoretical 

calculations are used to predict the experimentally 

observed stability of polymer particles produced during 

the polymerisation of vinyl chloride monomer. 

In emulsion polymerisation, the monomer is 

dispersed as relatively stable droplets in water by the 

addition of emulsifying agents. The reaction is initiated 

by a water soluble initiator and the final product is a 

stable suspension or latex of PVC particles typically 

having diameters in the range 0.05-0.25 pm. These can be 

used directly or more commonly spray dried to give a 

polymer in powdered form. 

In suspension polymerisation monomer droplets of 

about 100 pm diameter are dispersed in water by vigorous 

agitation. A protective colloid such as poly(vinyl 

alcohol) is used to prevent droplet coalescence. Unlike 

emulsion polymerisation, the free radical reaction is 

initiated by a monomer soluble initiator. The product is a 

free flowing powder made up of 50-250 pm diameter granules 

which usually originate from more than one monomer 

droplet. 
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The bulk or mass polymerisation of VCM is 

carried out in the absence of water or a solvent for the 

polymer and results in a dry granular powder which does 

not require expensive dewatering techniques. The product 

is also of high purity as it is not necessary to add 

emulsifiers or protective colloids. For these reasons 

considerable effort has been spent on developing a large 

scale commercial process such as the Pechiney-St. Gobian 

method (6) to overcome the heat transfer problem 

associated with this type of polymerisation. 

The final method of solution polymerisation is 

mainly reserved for speciality copolymers because of the 

high production costs encountered in this process. 

Unfortunately for the newcomer, the terminology 

used in the literature to describe PVC morphology is 

inconsistent and very confusing. In this work the polymer 

structures observed by electron microscopy have been 

assigned the terminology proposed by Allsopp (7), whose 

nomenclature is best suited to describe the colloidal 

events taking place in the formation of the particulate 

polymer granule. This terminology, along with the recently 

proposed IUPAC nomenclature (8), is given in Appendix (1) 

for cross referencing purposes. 

In this work the bulk polymerisation of VCM was 

investigated. The mechanism and kinetics of bulk and 

suspension polymerisation are equivalent and so the 

results obtained also apply to the commercially more 

important suspension polymerisation. Indeed the suspension 



polymerisation can be considered to be a series of 

individual bulk polymerisations occurring within each 

monomer droplet in the aqueous phase. 

In these systems the phase separation and coiling 

of macro radicals occurs very early in the polymerisation 

to create "basic" particles of 10 to 20 nm. Basic 

particles lack colloidal stability and around a 1000 

particles rapidly coagulate to give a "primary" particle. 

Primary particles are initially stable and grow to 

approximately 0.2 pm diameter by polymerisation. A second 

period of coagulation then occurs resulting in the 

formation of the "primary particle cluster or aggregate" 

containing initially 13 primary particles. Polymerisation 

continues within these clusters which fuse together as the 

monomer is consumed. The final product of the suspension 

polymerisation is a highly porous 100 pin diameter polymer 

granule. 

The last decade has seen a rapid advance in the 

understanding of the microstructure of PVC and it has been 

suggested (9) that porosity may be controlled by the size 

at which the primary particles coagulate to form the 

primary clusters. The aim of this work is to confirm the 

nature of the stabilising mechanism operating on the 

primary particle and by modifying their colloidal 

stability control the size at which they coagulate. 

Hopefully this will lead to a relationship between PVC 

morphology and polymer porosity and allow for a more 

rational control of the industrial suspension and bulk 

polymerisations. 
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1.2 A review of the precipitation polymerisation of VCM. 

A great deal of the early literature on VCM 

polymerisation concentrates on establishing the complex 

nature of the reaction kinetics. Reports pertaining to the 

morphological characteristics of the polymer are more 

limited. However, the recent interest in this area along 

with the application of specialised techniques has allowed 

rapid advances to be made in the understanding of the 

particulate structure of PVC. The majority of 

investigators of precipitation polymerisation have 

considered bulk polymerisation for experimental 

simplicity, rather than the more important industrial 

suspension process. This is of little consequence since 

Talamini and coworkers (10) showed the two processes to be 

mechanistically similar. 

The polymerisation was considered by Bort (11) to 

take place in three stages, the first and third stages 

occur in a single phase and represent a homogeneous 

process. During the second stage two phases are present 

simultaneously and give rise to a heterogeneous system. 

The first stage lasts until the phase separation of the 

growing macro radicals from the monomer. This creates a 

heterogeneous system which consists of the liquid monomer 

and monomer swollen polymer phases. This stage lasts from 

less than 17 conversion to approximately 777 conversion at 

which point all free monomer is consumed. The third stage 

of the polymerisation is then entered in which, the 



monomer trapped within the polymer continues to polymerise 

and the system reverts to a homogeneous process. 

The results of a series of investigations (12-17) 

indicated that there was an acceleration of the bulk 

polymerisation rate with conversion. Bengough and Norrish 

(14) observed that this acceleration was due to the 

cocatalytic effect of the phase separated polymer. They 

showed that in the presence of a solvent for the PVC no 

rate acceleration occurred. This disproved the previously 

held views that either the initiation was controlled by 

two consecutive reactions via an initiator-monomer complex 

(15), or by the presence of inhibiting impurities (16,18). 

The rate acceleration caused by the cocatalytic 

effect of 'dead' polymer was found to be proportional to 

the amount of polymer present raised to the power 2/3 

([P]213) which suggested that the increased rate was 

linked to the surface area of the polymer. Their mechanism 

proposed that, in addition to the normal propagation step 

in the monomer, a growing radical could transfer to the 

surface of a polymer particle. Here the trapped radicals 

were relatively free from the termination reaction which 

occurs more frequently in the monomer. Thus as more 

radicals are transferred to the surface, the reaction rate 

increases. The revived polymer grows by the addition of 

monomer until the radical is terminated by chain transfer 

with the monomer, thus releasing a mobile free radical. 

The mechanism of Bengough and Norrish has been critisised 

(11) for ignoring the possibility of polymerisation inside 
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the monomer swollen particles of the polymer phase. 

Mickley et. al. (19) considered separate reactions 

occurring in the monomer and polymer phases. For the 

polymer phase they proposed that at low conversions the 

rate was proportional to the polymer concentration [P] 

whilst at higher conversions a [P] 
2/3 

 (surface area) 

dependency occurred. They explained their results in terms 

of a precipitation plus flocculation process in which 

primary particles are generated homogeneously in the 

monomer phase and are almost immediately deposited onto a 

large and nearly constant number of primary aggregates. A 

polymer concentration effect, on polymerisation rate, 

would arise if radical activity was trapped within the 

primary particle as it was incorporated into the aggregate 

or if radical activity was transferred from the liquid 

phase into the primary particle. They concluded that at 

low conversions the primaries in the still small 

aggregates would have ready access to both monomer and 

radical activity resulting in a first order polymer 

concentration depend3ncy. As the aggregates grew larger 

only the primary particles at the surface would have 

access to the monomer and free radical activity, resulting 

in a rate dependance of [P]2'3. 

Cotman et. al. (20) also found that the simple 

surface area relationship given by Bengough and Norrish 

was inadequate at low conversions and proposed an 

empirical equation to predict the power dependance of 

polymer concentration on polymerisation rate. 
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The failure of these attempts to adequately 

describe the cocatalytic effect of the polymer resulted in 

the development of a series of new kinetic models. Unlike 

the previous models, which considered polymerisation to 

occur only in the monomer phase or at the surface of the 

polymer, new kinetic schemes were proposed which assumed 

polymerisation to take place in both the liquid phase and 

throughout the entire swollen polymer phase. 

Talamini and co-workers (10) showed the kinetic 

equivalence of the bulk and suspension polymerisation. 

Their model allowed initiation to occur in both the 

monomer and polymer phases. However, the possibility of 

radical transfer between phases was ignored. They 

interpreted the experimentally observed increase in 

polymerisation rate with conversion as arising from a 

faster rate of polymerisation in the polymer rich phase. 

As the amount of this phase increases with conversion so 

does the rate of polymerisation. 

Abdel-Alim and Hamielec (21) further refined this 

model to allow for the consumption of the initiator and 

account for the change in volume which occurs with 

increasing conversion. Using several types of initiators 

they found their model accurately described the kinetics 

of bulk polymerisations to high conversions. 

The most vulnerable assumption of the Talamini 

model is the lack of radical transfer from one phase to 

the other. Ugeistad (22,23) has extended the original 

model to allow radical adsorption and desorption from the 
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polymer phase, whilst Olaj (24,25) has approached the 

problem in a completely different way. Olaj proposed that 

radicals in the polymer rich phase remain there until 

termination occurs, whilst radicals formed in the monomer 

grow in the monomer until they phase separate to create 

polymer particles. These are incorporated into existing 

polymer particles where they continue to polymerise until 

they lose their radical activity through chain transfer 

or mutual termination. Olaj's model results in the rapid 

transfer of all the monomer initiated radicals to the 

polymer phase where eventually they are terminated. The 

increase in rate with increasing conversion arises from 

the increase in kinetic chain length, caused by the 

reduction in the rate of bimolecular termination as the 

volume of particles increases at constant rate of 

initiation. 

The kinetic models of Olaj and Ugelstad are 

equivalent except at low conversions. Ugeistad claimed 

that his model, which allows for the mutual termination of 

radicals arising in the monomer phase, would give better 

agreement at low conversions. However, following the 

analysis of experimental results (26) Ugeistad (27) has 

indicated that Olaj's model is more reliable at low 

conversions. 

A number of recent papers have discussed the 

experimental results of bulk and suspension polymerisation 

in terms of kinetic models. Both Kafarov et. al. (28) and 

Thiele et. al. (29) have proposed modified schemes 
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assuming reactions occurring in both phases and including 

radical transport between phases. Bulle and co-workers 

(30) have investigated the suspension polymerisation and 

compare their experimental results to a Talamini type 

model, without radical transfer between phases and a model 

similar to one proposed by Bort which takes into account 

the diffusion of radicals from the liquid to polymer 

phase. Both models are in reasonable agreement with the 

experimental results, the Bort model giving slightly 

better results. 

A completely different mechanism has been proposed 

by Ray and Jam (31) who claim that primary particles of 

about 1 pm diameter formed during the initial stages of 

polymerisation are swollen to a negligible degree and 

reaction within the polymer phase is neglected. The 

polymerisation takes place in the monomer phase and within 

the pores of the aggregated primary particles at higher 

conversions. It is claimed that the autocatalytic effect 

arises from a decrease in the value of the diffusion 

controlled termination constant in the pores. 

Although some difficulties still exist at low 

polymer conversions the kinetic models derived from the 

original Talamini model have been shown to be in good 

agreement with the experimental results of bulk and 

suspension polymerisations. During the extensive 

investigation of these kinetic schemes a great deal of 

circumstantial evidence was gained regarding the 

formation and nature of the polymer particles. 
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The results of the early investigation of Mickley 

(19) on the formation and fate of particles created during 

bulk polymerisation were later confirmed by Cotman (20). 

Their work indicated that the initially soluble macro 

radical grew to a critical length of between 25 to 32 

monomer units. The polymer chain then coiled upon itself 

to produce what they termed a primary particle of about 

10 nm diameter. At less than 0.17 conversion they observed 

a rapid reduction in particle number corresponding to the 

formation of aggregates. Cotman estimated that during this 

stage the particle number decreased from at least 25 x i011-

to 5 x 10 11  particles per gram of VCM. By applying the 

results of Muller (32), who showed that the collision 

frequency was greater for dissimilar sized aggregates than 

like sized aggregates, they concluded that the larger 

aggregates would tend to scavenge primaries and smaller 

aggregates from suspension. The overall result was a near 

constant number of aggregates growing by deposition of 

primary particles or by the polymerisation of active 

radicals on the surface of the particles. 

Bort et. al. (33-36) were amongst the first to 

investigate the relationship between reaction kinetics and 

particle morphology. They identified two types of 

particles, the microglobule and the macroglobule, the 

latter being a 1 - 2 pm diameter aggregate of 

microglobules. A mechanism, similar to those suggested by 

Mickley and Cotman, was proposed in which microglobules 

precipitated from the monomer at a low conversion and then 
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continued to grow either by the polymerisation of the 

monomer swelling them or by the incorporation of polymer 

from the monomer. The unstable microglobules continued to 

flocculate until they attained a critical size above 

which they remained stable to flocculation. 

Bort showed, that at slow polymerisation rates, a 

considerable number of collisions resulting in coagulation 

of microglobules occurred before the critical particle 

diameter was reached. This resulted in a macroglobule 

containing many microglobules. Conversely, at high 

polymerisation rates, the microglobules reached the 

critical size before the coagulation of particles could 

occur, thus each macroglobule would arise from a single 

microglobule. Bort concluded that the number of 

microglobules produced was virtually independant of the 

polymerisation rate at approximately 1 x loll  per cm  of 

VCM. Thus a constant number of microglobules were 

distributed between the macroglobules. The number of 

microglobules per macroglobule, and hence its morphology, 

being solely determined by the rate of polymerisation. 

The particles described by Bort and coworkers were 

also observed by Tregan and Bonnemayer (37) who, at less 

than 17 conversion, found 0.1 pm diameter microglobules 

consisting of yet smaller nuclei. Above 57 conversion 

these microglobules became colloidally unstable and 

aggregated to give macroglobules of between 1 and 2 pm in 

diameter. 
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Behrens (38,39), observing ultra thin sections of 

PVC using electron microscopy, resolved 10 nm structures 

and proposed that these particles were the basic elements 

of the PVC polymer structure. Calculations based on 

molecule dimensions indicated that these basic particles 

contained between 5 and 10 macro radicals. Behrens 

confirmed that the 10 nm diameter basic particles existed 

in both the bulk and suspension polymerisation and grow 

uniformly to create 0.1 to 0.3 pm diameter microglobules 

(primary particles). 

The problem of particle nucleation was considered 

by Boissel and Fischer (40) who followed the development 

of particles during the initial stages of bulk 

polymerisations using a turbidimetric device and electron 

microscopy. They found phase separation of the polymer 

from its monomer occurred at conversions as low as 0.0017. 

Previous estimates had indicated significantly higher 

values (11,41). Rance and Zichy (42) provide further 

evidence to suggest the early phase separation of the 

polymer. By considering the Flory interaction parameter 

for the VCM/PVC system (chi = 0.98) they calculated the 

solubility of the polymer in monomer to be limited to 

polymer chains consisting of approximately 10 monomer 

units. 

The first particles observed by Boissel and 

Fischer from polymerisations at 323 K and 333 K were 

substantially spherical granules of less than 0.25 pm 

diameter. On reducing the temperature to 303 K the 
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particles were no longer spherical and contained a 

substructure. For a constant rate of radical formation the 

number of particles formed was found to decrease with 

increasing temperature. However, at a given temperature 

they observed that the number of particles remained 

constant up to a critical conversion, above which the 

granules aggregated to form complex structures, called 

grains, with a minimum diameter of 20 to 30 pm. At this 

point a far smaller population of granules appeared 

indicating, for the first time, the possibility of 

secondary nucleation. The critical conversion value was 

found to be strongly dependant on the rate of agitation. 

As the intensity of agitation was increased the critical 

conversion decreased (0.127 to 0.057). 

A mechanism for the polymerisation was presented 

in which precipitated macromolecules group together in 

packs of 5 to 10 to produce particles of 10 nm. These grow 

uniformly by polymerisation, without aggregation, up to a 

critical conversion, at which point they agglomerate to 

give the final 20-30 pm grain. 

This mechanism deviates from those proposed by 

several other authors (19,20,42,43,44) in that there is no 

rapid aggregation of the 10 nm basic particles to give the 

0.8 to 0.1 pm diameter primary particles which grow by 

polymerisation until a critical conversion is reached. 

Boissel and Fischer give no evidence for their mechanism 

and it is possible that their experiments failed to detect 

the rapid aggregation step of the 10 nm diameter basic 



17 

particles so early in the polymerisation (19,42). 

An attempt to study the aggregation of basic 

particles to form primary particles has been reported 

(42). Particle nucleation in a bulk polymerisation was 

followed by photon correlation spectroscopy (PCS). No 

evidence of the basic 10 nm particles was found, the first 

observed structures already being primary particles of 

0.08 pm diameter. The authors calculated that the 

aggregation of the basic particles took place within the 

first 10 to 20 seconds of polymerisation and occurred 

before PCS measurements could be recorded. 

Singleton and co-workers (45) have, however, 

observed 10 nm structures in plasticised PVC using small 

angle X-ray diffraction and freeze fracture-replication 

electron microscopy. Following this, Soni et. al. (46) used 

a variety of electron microscope sample preparation 

techniques, including freeze fracture, ion etching and 

osmium tetroxide staining, to obtain evidence of the basic 

particle which they consider to consist of a crystalline 

core surrounded by a less ordered material, possibly of a 

fringed micelle structure. 

Barclay (47) considered the formation and 

structure of PVC particles prepared by the commercial 

suspension and two stage bulk polymerisation. He found 

that the method of nucleation was common to both processes 

with the precipitation of 10 nm polymer particles from the 

monomer almost as soon as it was contacted by initiator. 

At less than 0.17 conversion these "nascent" particles 



aggregate to form microgranules of up to 01 pm diameter. 

A period of growth was followed by coagulation at about 17 

conversion to give microgranule clusters which continued 

to grow into the final PVC particles. 

Many references (1,7,9,47,48,49) have been made to 

the important relationship between particle morphology and 

the final PVC polymer porosity. A porous polymer being 

required to degas readily and allow the rapid uptake of 

plasticiser. In suspension polymerisation the monomer 

phase is dispersed in water by vigorous agitation and the 

monomer droplets produced are prevented from coalescing by 

the addition of a protective colloid such as poly (vinyl 

alcohol), PVA, or a granulating agent. At low conversion a 

skin or membrane forms around the droplet which has been 

shown to be a PVA/PVC graft copolymer. Polymerisation of 

the monomer results in a polymer granule of 100 to 150 pm 

diameter, enclosed in a 0.5 pm thick membrane. These 

granules may have varying degrees of internal porosity. 

Barclay identified two types of pore, namely the small 

interstitial voids between microgranules or groups of 

microgranules and the much larger skin lined voids which 

may occur within the granule. In bulk polymerisation no 

membrane is formed around the particle and here the 

internal porosity arises from the interstices between the 

primary particles. 

Several studies (1,7) have investigated the 

porosity of the bulk and suspension polymers using mercury 

porosimetry. Recently Bort et. al. (50), using a contact 
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standard porometry method, reported that for bulk produced 

PVC above 20°, conversion there was an increase in small 

pore sizes but a net decrease in the pore parameters and 

porosity. 

Krzewki and Sieglaff (48) have indicated the 

limitations of results obtained by mercury porosimetry and 

similar techniques. They point out that these methods 

measure only the average porosity and fail to indicate 

the distribution of pore sizes. Using scanning electron 

microscopy they identified five main types of granule 

morphology. These were characterised in terms of porosity 

and structural heterogeneity using a density fractionation 

method, silicone oil adsorption and SEM examination of 

fractured particles embedded in an epoxy resin. Their 

results indicated that within single resin particles a 

wide range of porosities may exist that would prevent the 

uniform uptake of formulation ingredients and profoundly 

effect compounding and processing operations. 

The awareness of the link between morphology and 

processing behaviour has led to attempts to unravel the 

mechanism of particle formation and to develop methods of 

controlling PVC morphology. In suspension polymerisation 

it has been shown (44) that the interfacial tension 

between vinyl chloride and the aqueous phase has a marked 

effect on the total porosity. Non-porous granules are 

produced when the interfacial tension is relatively high 

due to the larger contractive force acting on the monomer 

droplets. Under conditions of high agitation and where 
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insufficient protective colloid is present, aggregation of 

monomer droplets occurs forming small skin lined voids 

between the aggregated droplets. Where the final granule 

is formed from a single droplet large internal voids 

result from a combination of droplet distortion caused by 

vigorous agitation and volume contractions which occur 

within the droplet during polymerisation. It was concluded 

that the size, shape and internal structure of suspension 

PVC was largely controlled by a balance of the amount of 

protective colloid, the interfacial tension and the rate 

of agitation within the reaction vessel. 

Sanderson (1) considered the modification of PVC 

granule morphology by alteration of the reaction 

conditions. By considering suspension polymerisations over 

a temperature range of 323K to 343K it was found that both 

the granule porosity and molecular mass of the polymer 

were inversely proportional to the reaction temperature. 

Thus where polymerisation conditions, with the exception 

of temperature, are kept constant, high temperature 

polymerisations will result in high molecular mass 

polymers of high granule porosity. Conversely, at low 

temperatures low molecular mass polymers of low granule 

porosity result. 

Constant stirring of the reactants during 

polymerisation is required, initially to create monomer 

droplets and then to assist heat transfer out of the 

exothermic reaction. The effect of the rate of agitation, 

at constant temperature, was therefore also studied. The 
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results showed that the final granule size was inversely 

proportional to the agitation rate whilst granule porosity 

was directly related. Thus, as stirring speed increased, 

the droplet size decreased and the porosity increased. 

These results were broadly in line with the earlier 

results of Johnson (51) who investigated the system to 

higher rates of agitation. At low stirrer speeds the PVC 

granules obtained were large, dense spheres. As the 

agitation increased, the size of the granules at first 

decreased, reached a minimum and then increased due to the 

agglomeration of monomer droplets. Throughout the process 

the granule porosity increased and it was concluded that 

it was impossible to control both granule size and 

porosity by agitation alone. 

On considering the role of the protective colloid, 

Sanderson found that for identical polymerisation 

conditions variations in the chemical structure of the 

dispersing colloid produced polymer granules ranging from 

highly porous to virtually non-porous. Higher porosity PVC 

suspension granules can therefore be obtained by reducing 

the polymerisation temperature, increasing agitation and 

optimising the nature of the protective colloid. 

Allsopp (7) investigated the growth mechanism of 

PVC granules at high polymer conversions by injecting 

additional monomer into a conventional suspension 

polymerisation before and after the loss of the free 

monomer phase. This occurs at about 707 conversion and is 

accompanied by a pressure drop. The results indicated that 
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the reduction in polymerisation rate after pressure drop 

was due to monomer starvation and it was postulated that 

the polymerisation only occurred at the surface of the 

polymer, the centre of the primary particles acting only 

as a monomer reservoir. 

During the post-pressure drop polymerisation a 

detremental loss of overall porosity was observed and was 

attributed to the infilling of pores by increased 

polymerisation in the interstitial voids of the primary 

particles. This was caused by initiator precipitating onto 

the surface of the particles particularly in the pores of 

the primary particle aggregates, where the last residues 

of monomer would persist. 

More recently Allsopp (52) presented a review of 

suspension polymerisation, concentrating on the macro to 

submacroscopic morphology of the PVC granule. Depending on 

the stability of the VCM droplet suspended in water, three 

possible polymerisation mechanisms are proposed, each 

giving rise to a characteristic macro-morphology. By route 

one, high droplet protection is achieved by intermediate 

interfacial tension and low rates of agitation, the 

droplet remains stable to coalescence throughout the 

polymerisation and forms a spherical granule of low 

porosity. In route two an intermediate level of protection 

is applied (low interfacial tension) and high agitation 

rates are employed. Here the droplets undergo a controlled 

coalescence during the polymerisation to produce irregular 

granules of smaller size and higher porosity. Subtle 
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changes in the process are used to produce polymers to a 

variety of specifications. Route three is avoided in the 

commercial process. If insufficient droplet protection is 

present droplet coalescence is unhindered resulting in a 

continuous polymer structure throughout the reaction 

vessel. 

The control of the macroscopic polymer morphology 

is now fairly well understood. Changes in the bulk polymer 

properties, such as apparent density and granule size and 

size distribution can be related to macroscopic structural 

changes. Some properties however, for example surface 

area, porosity and processing characteristics, vary widely 

with virtually no change in the macro scale appearance of 

the granule. These properties are the result of micro and 

submicroscopic structures within the granule and methods 

of controlling these properties are much less well 

understood. 

As we have already seen, the porosity to a large 

extent arises from the interstitial voids between 

individual, or aggregates of, primary particles. Zichy (9) 

reaffirmed this finding and proposed that the major 

factors influencing the morphology and hence porosity of 

the polymer was the size of the primary particles at the 

last aggregation step or the conversion at which this 

occurred. Zichy, using a spinning drop apparatus, studied 

the morphological changes taking place within a suspended 

monomer droplet. 

A mechanism of particle formation, similar to that 
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of Fitch (53), was suggested in which soluble oligomeric 

radicals precipitate as polymer particles. Oligomers 

formed after the first particles could either themselves 

grow to a critical size and precipitate or be captured by 

existing particles. As the particle number increases the 

probability of capture increases until all oligomers 

formed in the monomer are incorporated. Particle growth 

then occurs by polymerisation of the monomer swollen 

particles or, in the absence of a net repulsive force, by 

the coagulation of particles to form aggregates. 

Using Smoluchowski's theory of diffusion 

controlled flocculation, Zichy calculated the expected 

average particle diameter at 27 conversion to be 10 pm, 

whereas in practice the observed particle diameter was 

only about 0.1 pm. This indicated the presence of a net 

repulsive force between particles which prevented their 

coagulation to form 10 pm diameter particles. 

Two types of polymerisations, one of which 

contained a colloid stabiliser for the primary particles, 

were taken to 287 conversion. On examining the polymer 

produced by electron microscopy, in the presence of 

particle stabiliser spherical particles of 0.8pm diameter 

were found, whilst the polymer formed in the absence of 

stabiliser consisted of aggregates of spherical particles 

onto which further polymer had grown. These aggregates 

appeared to contain 13 primary particles in which a 

central particle was surrounded by 12 touching neighbours. 

This is to be expected as bare (54) has shown that the 
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cohesive strength of a 13 particle cluster represents one 

of the more stable arrangements of particles in clusters. 

Zichy concluded that the major factors influencing 

the final morphology of the fully polymerised polymer and 

hence its porosity, was the size of the primary particle 

aggregate which was controlled to a large extent by the 

monomer conversion and diameter of the primary particles 

at the aggregation step. The modification of the onset of 

primary particle aggregation by the control of their 

colloid stability could lead to a degree of morphology and 

porosity control. 

Dunn and Chong (55) applied DLVQ theory to the 

problem of particle formation during the polymerisation of 

vinyl acetate. The polymer particles which precipitated 

were initially unstable and coalesced rapidly forming 

aggregates which then remained stable with respect to like 

sized aggregates. However they continued to coagulate with 

smaller newly formed particles which, in the 

polymerisation of vinyl acetate, were produced throughout 

the reaction. They reported that the DLVO theory 

successfully accounted for the dependance of particle size 

on polymerisation variables and that the rate of particle 

coalescence during the reaction depends primarily on the 

stabilisation of the polymer particles rather than the 

rate of polymerisation. 

Ottewill et. al. (56) indicated the important role 

of colloidal stability on the control of particle size in 

the formation of polymer latices. In the absence of 
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emulsifiers, it was shown that in aqueous systems the 

ionic strength and the incorporation of ionisable surface 

groups to give electrostatic stabilisation played a major 

role in controlling particle size. 

Wilson and Zichy (57) have described an experiment 

to ascertain whether electrostatic stabilisation could 

account for the observed stability of PVC particles 

produced by suspension polymerisation. A pendant drop of 

VCM surrounded by an aqueous phase was polymerised until 

turbid. The resulting PVC particles were allowed to 

sediment leaving a clear layer of monomer at the top of 

the drop. By applying a potential difference of 1.5 V 

across the droplet the boundary between the clear monomer 

and PVC particles moved, the direction of movement 

indicating that the PVC particles carried a net negative 

charge. Uncertainty in the magnitude of the electric field 

between the electrodes meant that no quantitative 

measurement of the electrophoretic mobility of PVC 

particles in monomer could be made. 

As a result of this work, Speirs (58),(59) 

investigated the electric charge on the growing primary 

particles to establish whether it was of sufficient 

magnitude to account for the observed stability behaviour. 

Following the development of a microelectrophoresis 

technique capable of operating at the autogeneous pressure 

of VCM, Speirs confirmed that a net negative charge 

existed on the PVC particles dispersed in VCM and obtained 

a zeta potential of -83 mV which corresponded to 
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approximately 41 elementary charges per particle. 

Evidence for the existence of basic particles was 

also obtained by electron microscopy following the 

photochemical polymerisation of VCM. 

It was proposed that the sharp onset of 

flocculation of primary particles in the polymerisation 

was characteristic of a system which contains a constant 

total charge. Theoretical DLVO type calculations, to 

predict the stability behaviour of primary particles, 

indicated that the classical two particle interaction 

approach was inappropriate since the double layer 

thickness was of the same order as the average 

interparticle separation. When the particle concentration 

effect was allowed for, by considering multi-particle 

interactions, a closer agreement between experimental and 

theoretical results was achieved. 

More recently Davidson and Witenhafer (60) 

observed that PVC particles inside an unagitated 

suspension droplet remained stable up to 27 conversion and 

formed regular arrays which they suggested was indicative 

of electrostatic stabilisation since particles stabilised 

by entropic or mechanical means would not exhibit this 

behaviour. Using a moving boundary electrophoresis 

apparatus designed for use at high pressure, an 

electrophoretic mobility of -1.78xl0 8m2V'sec 	was 

recorded which corresponds to a zeta potential of 

approximately -120mV. 

The origin of charge on the PVC particles is still 



the subject of speculation. Both Rance and Zichy (61) and 

Davidson and Witenhafer (60) have proposed that the most 

probable source of negatively charged ions in VCM at the 

start of polymerisation is chloride ions, which may 

specifically adsorb at the VCM/PVC interface. The chloride 

ions may be present either by the dehydrochiorination of 

PVC or from the hydrochloric acid produced through a side 

reaction. It has been shown (62) that residual oxygen 

present in the reactor readily reacts with VCM in the 

presence of radicals to produce vinyl chloride peroxide 

which subsequently decomposes to give hydrochloric acid as 

one of the products. Once all the oxygen has been consumed 

it was suggested that the ionic species present in the 

system (Cl- ,OH-,H30 ions) will remain constant thus 

giving rise to a constant total charge to be distributed 

amongst the fixed number of PVC particles. 

Further evidence to suggest that the chloride ion 

is responsible for the observed electrophoretic behaviour 

has been obtained (60) by an aqueous extraction of the 

charging species from initially stable particles produced 

in a bulk polymerisation. This resulted in the aggregation 

of the particles and hydrochloric acid being detected in 

the aqueous phase. Furthermore it was proposed that in a 

suspension polymerisation the charging species were not 

lost to the aqueous phase but retained by the pericellular 

membrane which surrounds the polymerising droplets. 

An alternative explanation for the negative 

charge has been provided by Fowkes and Fleilscher (63) in 
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terms of "anion states" on the polymer resulting from 

electron injection from "donor states" of the surrounding 

medium. 

The exact origin of the electrical charge on the 

PVC particles is unclear. However the ability to modify 

the magnitude of this charge could result in a method of 

controlling PVC morphology with commercial gains in ease 

of polymer processing. Consequently the literature 

contains very few reports pertaining to the nature of 

additives used in the modification of PVC polymer 

morphology and their possible link with the colloidal 

stability of the primary particles. 

Zichy (9) reported that polymerisations containing 

an "experimental stabilizer" prevented aggregation of 

primary particles at conversions up to 287 whereas in the 

unstabilised polymerisation aggregation of the primary 

particles occurred at much lower conversion. 

Other investigators (64) have shown that bulk 

polymerisations carried out at 323K in the presence of up 

to 47 methanol resulted in a transition from large 

agglomerates of microglobules to smooth spherical 

particles. Their results indicated that agglomerate 

morphology was dependent on polymerisation temperature and 

amount of methanol present. 

Bort et. al. (65) established that the surfactants 

sucrose distearate and sucrose dipalmitate modified the 

kinetics and morphology of PVC polymerisations. 

During the course of this work Tornell and Uustalu 
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(66) investigated the influence of Span-20 and a range of 

polymeric additives on primary particle nucleation and 

agglomeration during the bulk polymerisation of VCM. They 

observed that the polymeric additives stabilized the 

primary particles against agglomeration but this failed to 

have any effect on particle size. 

The addition of 0.27 sorbitan monolaurate (Span-20) 

resulted in a decrease in primary particle size at the 

point of aggregation. No mechanism for its action was 

proposed. 

1.3 Outline of the project. 

The previous work of Speirs (58) in a C.A.S.E. 

Award at Edinburgh University laid the foundations for 

this study. 

The initial objective of this present work was to 

confirm Speirs' finding that the PVC particles carried a 

net negative charge. An investigation would then be 

undertaken to quantify the magnitude and sign of this 

charge as polymerisation conditions were systematically 

varied. The results of this study could indicate that the 

observed behaviour of primary particle stability prior to 

aggregation might be successfully explained in terms of 

electrostatic stabilisation. Then by the addition of low 

molecular mass compounds it was hoped that the magnitude 

of the charge on the primary particles could be varied to 
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control the onset of primary particle aggregation. This 

control could then be utilized to produce a polymer with a 

wide variety of morphologies and lead to a PVC polymer 

with greater porosity and more consistant processing 

properties. 

Since VCM is a carcinogenic gas at atmospheric 

pressure and room temperature it has to be held under 

excess pressure to maintain it in a liquid form and 

precautions taken to prevent its escape. 

The observation of particle charge required 

microelectrophoresis equipment capable of withstanding the 

autogeneous pressure of VCM at temperatures up to 343K and 

yet still possess optical characteristics suitable for 

dark field microscopy. 

Furthermore it was found that the electrophoresis 

cell had to be constructed from quartz rather than 

borosilicate glass before van der Minne and Hermanie t s 

(67) criteria for regular electrophoresis could be 

achieved. 

The microelectrophoresis results of Spiers 

indicated that a PVC structure dispersed in VCM monomer 

carried in the region of 41 elementary charges per 

particle. Attempts were made to evaluate this charge on 

the growing primary particle, however, no correlation 

between particle radius, particle charge nor period of 

polymerisation was found and it was suggested that 

reproducible polymerisations were not being obtained. 

Spiers experimental investigation was severely hampered by 
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the difficulties encountered in the polymerisation, 

transference and measurement of the electrophoretic 

mobility of PVC particles dispersed in the liquified 

monomer. 

To overcome the difficulties encountered by Spiers 

a combined polymerisation/electrophoresis cell was 

envisaged. The evolution of this cell along with the 

procedures of monomer purification, polymerisation and 

polymer dilution to produce a PVC particle concentration 

low enough for microelectrophoresis are dealt with in 

Chapter 3. 

Particle nucleation, growth and its associated 

polymer morphology as characterised by scanning electron 

microscopy and image analysis techniques are dealt with in 

Chapter 4. The primary particle concentration and its 

associated charge are evaluated as a function of monomer 

conversion and as a result of this investigation a charge 

regime during particle growth is proposed. 

Employing this charge regime the theoretical 

primary particle stability could be predicted using DLVO 

type calculations. By introducing the experimental data of 

particle concentration, radius and zeta potential into the 

theoretical calculations it would be possible to predict 

the likelihood of primary particles carrying sufficient 

charge to confer the observed stability behaviour during 

the polymerisation process. 

Assuming a good correlation between the 

theoretical predictions and the experimental results, the 
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stability calculations can be utilised to predict the PVC 

morphology resulting from varying the primary particle 

charge. This is followed by an experimental investigation 

of the role of low molecular mass compounds in modifying 

the electric charge on the primary particles. Methods of 

controlling the colloidal stability of the growing 

particles are then discussed. 

Finally, on the control of polymer morphology, 

the important relationship between reaction kinetics and 

the colloidal stability of the particles is discussed in 

terms of the effects of varying both polymerisation 

temperature and initiator concentration. 

A mechanism for the development of particle 

structures in the initial stages of PVC production is 

proposed and ways in which these structures can be 

controlled discussed. Several suggestions for further work 

in this industrially important area are then made. 



Chapter Two 

Theoretical aspects of colloidal stability 
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2.1. Introduction 

Dispersion stability has been the subject of many 

useful reviews (3,68 - 72) with several articles devoted 

to colloidal stability in non-aqueous systems (73 -77). 

However, on reviewing the literature on dispersion 

stability, it became apparent that the majority of 

investigations, both practical and theoretical deal with 

aqueous systems. Consequently dispersion stability in low 

permittivity media are less well understood. 

In this chapter the theoretical aspects of 

colloidal stability are considered. Lyklema, in his 

extensive review (73), discusses some of the difficulties 

encountered in non-aqueous systems and in the following 

sections, where necessary, the major differences between 

dispersions in aqueous and low permittivity media are 

highlighted. 

A general and quantitative theory for the 

stability of lyophobic colloids has been proposed by 

Derjaguin and Landau (2) and independently, by Verwey and 

Overbeek (3). The so called DLVO theory has been explored 

exhaustively in the last 40 years, particularly in aqueous 

systems, and although several difficulties remain (78), 

the theory is, in principle, correct and in agreement with 

many experimental facts in both aqueous and non-aqueous 

systems. 

According to the DLVO theory the interaction 

between colloidal particles is a superposition of the 
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electrostatic repulsion arising from the overlap of the 

electrical double layers, V; and the attraction arising 

from the van der Waals forces, VA.  The theory excludes the 

possible effects of polymeric material adsorbed at the 

particle/medium interface. As no polymeric surfactants 

have been used in the initial bulk polymerisations of VCM, 

DLVO theory is expected to be applicable to this system. 

The electrophoretic study by van der Minne and 

Hermanie (67) indicated the existance of the electrical 

double layer in non-aqueous media such as hydrocarbons, 

thus realising the valuable work of Fuoss and Kraus (79) 

and La Mer and Downes (80) on ionic dissociation of 

electrolytes in low permittivity media. The investigation 

of Koelmans and Overbeek (81) on the relationship between 

zeta potential and the stability of non-aqueous dispersions 

showed the possible applicability of DLVO theory in non-

aqueous systems. The study has since been verified by 

Parfitt et. al. (82) and Romo (83) using a wide variety of 

materials in non-aqueous media. 

2.2 	Potential energy of repulsion 

In general when two phases are brought into contact 

a difference in potential develops between them. If one of 

the phases is a polar liquid, e.g. water, its dipolar 

molecules will tend to orientate at the interface and 

generate a potential difference. In the presence of ions 

or ionogenic groups, the electric charges will tend to 
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distribute themselves in a non-uniform manner at the 

interface. There are several mechanisms by which non-ionic 

particles may acquire a surface electrical charge. 

ionisation of surface groups such as carboxyl 

and sulphate. 

Preferential adsorption of ions from the 

dispersion medium or desorption from the particle 

surface.This also includes the adsorption of ionic 

surfactants. 

Dipolar molecule orientation at the particle 

surface. 

To maintain the overall electrical neutrality of 

the colloidal system this surface charge must be 

compensated by an equal but opposite charge (counter-ions) 

in the dispersion medium. 

This balancing charge arises from an excess of 

counter-ions over co-ions (same charge as surface) near to 

the particle surface. 

Together, the surface charge and its associated 

counter-ions constitute the electrical double layer. The 

distribution of ions in the electrical double layer is 

determined by a balance between thermal and electrical 

forces. 

On this basis both Gouy (84) and Chapman (85) 

independantly proposed a quantitative treatment for the 

diffuse electrical double layer. Several assumptions were 



made in the model. 

The particle charge is uniformly spread over the 

surface. 

The ions in the diffuse double layer are 

dimensionless point charges. 

The dispersion medium influences the double 

layer only through its dielectric constant which 

has a uniform value at all points throughout the 

diffuse layer. 

The concentration of ions in solution around the 

surface is given by the Boltzmann equation 

n = n0exp[-zep/kTl 	 (2.2.1) 

and 

n_ = n0exp[+ze/kT] 	 (2.2.2) 

where n and n_ are the respective number of positive and 

negative ions per unit volume at points where the 

potential is P. no  is the corresponding bulk concentration 

of each ionic species of valency z. T, k and e represent 

absolute temperature, Boltzmann constant and proton charge 

respectively. 

For a dispersion medium containing a single 

symmetrical electrolyte of valency z the net volume 

charge dersity p at points where the potential is 'P can be 

expressed as 

p = ze(n+-n) 	 (2.2.3) 
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Combining equations (2.2.1) and (2.2.3) yields 

P = zen0(exp[-ze/kT1-exp[+zeJ)/kT1) 	(2.2.4) 

P = 2zen sinh(zeP/kT) 	 (2.2.5) 
0 

The Poisson equation 

= 	 (2.2.6) 

describes the relationship between the potentialip and the 

charge density p , at all points in a medium of 

permittivity caround a charged surface. A is the Laplace 

operator and equals (2/.x2 + a2 / ay2  + a2/3.z2), x,y and 

z representing the Cartesian co-ordinates. E is equal to 

r 
where E r is the relative permittivity (dielectric 

o  

constant) of the dispersion medium and c is the 

permittivity of a vaccuum (8.854 x 10 2Fm). 

Combining equations (2.2.5) and (2.2.6) gives 

= (2zen0/c)sinh(zeP/kT) 	 (2.2.7) 

Equation (2.2.7) is most readily solved when the surface 

is flat, since the potential need only be evaluated in one 

direction, perpendicular to the surface. Furthermore, if 

the potential is small such that ze /kT < 1 the 

Debye-Hickel approximation that 

exp(zei/2kT) 	1+zepI2kT 	 (2.2.8) 
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may be used. Equation (2.2.7) then simplifies to 

2 
2ze 

2 
 n 

0 

	

a 2 = 	EkT 	
(2.2.9) 

x 

2 
or 	

2 	 (2.2.10) 
ax 

2z 2 2 e n 
where K = ( 	

O) 	 (2.2.11) 
kT 

One solution of equation (2.2.10) is 

	

= 	lU 
0 
exp(_Kx) 	 (2.2.12) 

where x is the distance from the surface and i 0  is the 

potential at the surface. There is no exact analytical 

solution of equation (2.2.10) however numerous attempts to 

improve upon the Debye-Huckel approach have been published 

(86-92). 

From equation (2.2.12) it is evident that the rate 

of exponential decay of potential from the particle 

surface is governed by the value of K . Non-aqueous 

systems differ from aqueous in two respects, viz, the 

permittivity 6  and electrolyte concentration, both of 

which influence the value of K. Increasing ionic strength 

causes an increase in K  as a result of which the potential 

falls off more rapidly with distance. This is often 

referred to as "compression of the double layer". The 

reciprocal double layer thickness 1/K although not 
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extending to the point where n = n = n is frequently 

used for comparative purposes. Indeed it is constructive 

to compare 1/K  values for typical aqueous and non-aqueous 

systems. For an aqueous system containing a 1:1 

electrolyte at a concentration of 	mole 1 	the double 

layer thickness is approximately 10 nm; for a similar 

electrolyte in dispersion medium of 	with an ionic 

concentration of about iO' mole i, 	1/K approaches 

100 pm. Figure 2.2.1 indicates the much slower potential 

decay away from the surface in the diffuse double layer 

for dispersions in low permittivity media. For such 

diffuse double layers, even in dilute dispersions, the 

overlap of the double layer with those of adjacent 

particles is possible, thus reducing the stability of the 

dispersion below that predicted by the DLVO theory, in 

which, two particles approach from infinite separation. 

The simple picture of the Gouy and Chapman diffuse 

double layer predicts a capacity of the double layer that 

is higher than that measured experimentally, leading to 

absurdly high ionic concentrations in the environment of 

the surface. Stern (93) recognized that the discrepancy 

arose from the assumptions that:- 

the electrolyte ions could be regarded as 

point charges and 

that the solvent could be treated as a 

structureless dielectric of constant 

permittivity. 

The finite size of the ions limits their maximum 
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Fig. 2.2.1. Schematic diagram indicating the influence of 1c. on the rate 

of potential decay in the diffuse double layer. 



42 

concentration at the surface and distance of closest 

approach. Furthermore, the high electric field near the 

wall ( 10 to 108  Vm') produces some ordering of solvent 

dipoles. 

Stern considered the possibility of specific ion 

adsorption and proposed a model in which the electric 

double layer is divided into two regions; as indicated 

schematically in figure 2.2.2. The inner layer within the 

Stern plane contains specifically adsorbed ions attached 

to the surface, partly by electrostatic and partly by van 

der Waals forces, strongly enough to overcome thermal 

agitation. In this layer the potential decays linearly as 

in a classical parallel plate condenser from . at the 

particle surface to 	at the Stern plane. This plane is 

located at a distance 5 from the surface and represents 

the centre of any specifically adsorbed ions. Beyond the 

Stern plane the potential falls from 	to zero, in this 

diffuse region the decay may be represented by the Gouy 

and Chapman theories. 

The Stern model was further refined by Grahame (94) 

who distinguished between the outer Helmholtz plane 

corresponding to the Stern plane, through the centres of 

the solvated ions at the surface and the inner Helmholtz 

plane which runs through the centres of desolvated 

specifically adsorbed ions. 

More elaborate procedures, using a continuously 

variable dielectric permittivity have been examined by 

Buff and Goel (95) and more recently by Levine et. al. 
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(96) (97) thus allowing the i  function to become smoother 

in the interfacial region. 

Further information on the refinements of the 

electrical double layer are dealt with in the excellent 

review by Hunter (98). 

The overlap of Gouy-Chapman type diffuse double 

layers of colloidal particles gives rise to a potential 

energy of repulsion, VR.  Calculation of VR  involves 

evaluating the change in free energy as two particles 

approach from infinite separation. For spherical particles 

several methods have been proposed depending on the value 

Of Ka, where K is defined by equation (2.2.11) and a is 

the particle radius. 

The potential energy for repulsion will first be 

considered for systems in which the double layer thickness 

is small with respect to the particle size (Ka>>l). Then 

for small Ka values (<<1), which are more typical of low 

permittivity dispersion media, such as used in this study. 

Interaction of Two Dissimilar Double Layers. 

The potential at any point in the electrical double 

layer around a colloidal particle according to the 

Gouy-Chapman model is given by 

= 	(zen 
0 
/c) sinh(ze)/kT) 	 (2.2.7) 

Assuming a low potential (<25mV), the Debye-Huckel 

approximation allows this expression to be simplified to 

= K 	 (2.2.13) 
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which for infinite flat plates can be expressed as 

= 	 (2.2.14) 

since variations need only be considered in the x 

direction. 

= A1  cosh(Kx) + A2  sinh(Kx) 	(2.2.15) 

where A1  and A2  are constants. 

For two dissimilar plates of potentials 	l and2 

a distance 2d apart, the boundary conditions 	
ol 

x = o and 	= o2 at x = 2d are satisfied. Thus from 

equation (2.2.15). 

cosh(2Kd) 
= ol cosh(Kx) + (O2O1 	 ) sinh(Kx) 	(2.2.16) 

sinh(2Kd) 

which describes the distribution of potential as a 

function of distance between the plates. 

Verwey and Overbeek (3) have shown that for small, 

constant surface potentials the total free energy is given 

by 

G = - 	
(2.2.17) 

where 	is the surface charge density. Thus for the system 

of two plates separated by a distance 2d, the free energy 

is given by 

G2d = -(o i 	+ a p 	) 	 (2.2.18) 
lol 	2o2 
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where a, and G2are  the surface charge densities of the 

separate double layers. The surface charge density 

CJ = -E(dlP/dx) 0 	 (2.2.19) 

thus 

a 1 	
= -c 	

o2 
K{1 	cosech(2Kd) - ol coth(2Kd)] (2.2.20) 

and 

G2 = +E o2 
K[1 	cosech(2Kd) - 
	

l coth(2Kd)] (2.2.21) 

Substituting a  and G 
2 
 into equation (2.2.18) yields 

G2d 
= 6  TC2o1o2 cosech(2Kd) - (l2 + o2 	

coth(2Kd)] 

(2.2.22) 

which at large separations 

G 	 ol 
EK 	2 + o2 2) 	 (2.2.23) 

=  

The difference between equation (2.2.23) and 

(2.2.22) represents the free energy change occurring when 

two plates are brought from infinite separation to 2d. The 

potential energy of interaction, VI, between infinite, 

flat double layer is described by 

V 	AG = EK ((i 	
2 	2)(l - coth(2Kd)) 1  = 	 01 + o2 

+ 2P 	i  ol o2 cosech(2Kd)) 	 (2.2.24) 



The potential energy of repulsion between spherical 

particles of radius much greater than the double layer 

thickness (Ka>>l) has been addressed by Derjaguin (99). The 

interaction of the double layers is assumed to be made up 

from contributions from infinitesimally small parallel 

rings each of which may be considered as a flat plate. V  

for spherical particle interaction is then given by 

V 	= f 27hV dh 	 (2.2.25) 
R 	o 	I 

where h is the radius of the ring as shown in Figure 2.2.3 

and V1  is defined by equation (2.2.24). 

From the geometry of Figure 2.2.3 

H-H =  a + a - 	2 - h2 - [2 - h2 	(2.2.26) o 	1 	2 	1 	 2 

which on differentiation yields 

dH= 	 _ + 	1 2 1)hdh 	(2.2.27) 
2 h2)2 	2 

(a1  - 	 (a2  - h )2  

when h<<a1  and h<<a2. 

a1  aS-)  
hdh 	

L L 	dh 	 (2.2.28) 
a1  + a2  

By substitution equation (2.2.25) becomes 

27ra1a2  
VR 	= a1  + a2 

f  CO 

H 	V1(H)dH 	
(2.2.29) 

0 

where 2d = H the distance between plates. Equation (2.2.29) 



Fig. 2.2.3. Geometrical construction used in the 	ccdcut ation 

of the interaction between two dissimilar spherical 

particles from the interaction of two infinite flat plates. 
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may be evaluated analytically to yield 

VR 
Ea1a2( 12  + o22) 2 ol o2 

2 	2 = 	(a1  + a2) 	
o2 

1 + exp(-KH 
ln(1 - exp(-KH )) + ln(l-exp(-2KH0))) (2.2.30) 

0 

Or in the case of identical spherical particles where 

a1  = a2  = a and 	2 ' equation (2.2.30) reduces to 

V 	
= 2Ea 02  ln(l + exp(-KH0 )) 	 (2.2.31) 

In view of the assumptions made in the derivation 

of equations (2.2.30) and (2.2.31), namely the use of the 

Debye-1-IUckel and the Derjaguin's approximations, these 

expressions are only entirely valid for low potentials 

(<25mV) and for conditions such that the double layer 

thickness is small in comparison to the particle radius. 

When Ka > 10 the error in the interaction potential is 

about 57, but it increases to approximately 307 when Ka is 

reduced to 2. 

Hogg, Healy and Fuerstenau (100) have published a 

tabulated comparison of interaction energies predicted 

from the full expression (101) with those of the 

approximated expression, equation (2.2.24). They reported 

that, as expected, for potentials less than 25 mV, the 

agreement was extremely good, whilst even at 75 mV to 

100 mV the divergence was not excessive, except at very 

small interplate separations. Practically however, this is 

of little significance since van der Waals attractive 



forces usually dominate at short range. 

In conclusion the main criterion for the 

applicability of equations (2.2.30) and (2.2.31) is the 

value of Ka, provided the potential is reasonably low. At 

higher potentials the graphical procedure proposed by 

Verwey and Overbeek (3) is more accurate. 

When Ka is small (Ka<<l), as is the case when the 

electrolyte concentration in the dispersion medium is low, 

the extent of the double layer is greater than the 

particle dimensions (see above). For this case, the 

Poisson-Boltzmann equation (2.2.7) must be solved for all 

three dimensions to obtain the electric field in the 

double layer around the spherical particles. 

Mathematically this is a formidable problem unless the 

problem is simplified by again using the Debye-HUkel 

approximation and assuming that the potential 00 , is 

small. 

= K 
	

(2.2.13) 

The solution of equation (2.2.13) can be expressed in the 

form of an infinite series. Having taken the first three 

terms of these series, Verwey and Overbeek (3) have 

invoked Gauss's theorem (2.2.32) 

(I) 

Q= 	I d 
0 
 c(-) 	 Wi 	(2.2.32) 

= a 	e = constant 
to relate the surface potential and charge Q, of the 

particles by equation (2.2.33). 



= 
Q[1 + 

- a (s-2) 
+ e 	 -2Ka 	 +-L-.) + x(1 	 2) 

2Kas 	 Kas 	 G< }] (1 - e 	)(1 	A1(1 	 as 	as) 

47ra(1 + Ka) (1 - 6 ( 1 + 	)} 

(2.2.33) 

where S = R/a and X11 A2 ,cX and 6 are parameters which may 

be solved from the equations given by Verwey and 

Overbeek(3). 

During the interaction of colloidal particles 

through a Brownian collision two types of encounter have 

been considered, the constant surface charge or constant 

surface potential interaction. If the surface charge 

density is assumed to remain constant the surface 

potential must increase during the encounter. In the case 

where the surface potential on the particles remains 

constant, according to the theory, the surface charge 

density should decrease. In this situation a rapid 

desorption of ions from the surface must occur during the 

interaction. For dispersions in low permittivity media it 

is difficult to establish which mechanism prevails, 

however, it has been suggested that ion desorption would 

be slow due to the high solvation energies for ions in 

hydrocarbon media (73). Fortunately, DLVO type stability 

calculations are relatively insensitive to which type of 

approach is adopted. 

If it is assumed that the surface potential 

remains constant then the potential energy of repulsion of 
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two spherical particles at a distance R apart is given 

by (3) 

V 	= 	- 	 (2.2.34) 

= constant 
0 

where Q and Q are the particle charges at a separation 

of infinity and R respectively. Elimination of Q using 

equation (2.2.33) yields 

2 	2 KH 

V 	
e 

= 	 (2.2.35) 
2a+H 

= constant 
0 

where E, a, K, H and 	are as defined previously and 

is given by equation (2.2.36) 

1 + cc 

1 + e_Ka_2) (1 - e- 2Ka   )(l 	
(2.2.36) 

-- 
2K as 

, and the analagous parameter y  (applicable under 

conditions of interaction at constant surface charge 

density), allow for the distortion of the diffuse double 

layer as particles approach during interaction. Tables of 

, given by Verwey and Overbeek (3) for several values of 

Ka indicate that 5 varies between 	0.6 and 1 as a 

function of interparticle separation. Using these values 



51 

of 	in equation (2.2.35) it is possible to calculate 

the repulsive interaction energy, V  	
for identical 

spheres when Ka is small. Unfortunately an extension to 

describe dissimilar spheres has not been published. 

When the ionic concentration of the dispersion 

medium is reduced, the limiting form of equation (2.2.35) 

has been proposed as a satisfactory approximation. 

2 2 

V R = 
	a 4 	

(2.2.37) 
2a+H 

which is Coulomb's law for point charges. Examination of 

equation (2.2.37) reveals that only a small surface charge 

is required to produce a large repulsive energy. Surface 

charges of about 10 per particle are predicted for typical 

zeta potentials when Ka<<1. Indeed Osmond (102) has 

questioned the validity of a continuous double layer on 

colloidal particles carrying so few charges. 

In conclusion Verwey and Overbeeks expression 

(2.2.35) is valid for systems in which Ka<3. When Ka>10 

the Derjaguin approximation is valid and equation (2.2.30) 

may be used to calculate VR.  In order to describe the 

intermediate region Verwey and Overbeek (3) have suggested 

the use of a graphical interpolation approach. 

Recently a more accurate method, which is 

applicable for (a values down to 5 has been developed by 

McCartney and Levine (103) The mathematical approach 

involves expressing the potential in terms of a 

distribution of electric dipoles on the two spherical 

o  
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particles and constructing an integral equation which 

governs the dipole distribution. This new approach is 

superior to the corresponding Derjaguin expression having 

an error of less than 37 for all separations where Ka>>S. 

Bell, Levine and McCartney (104) have proposed an 

alternative means of evaluation the repulsive potential 

energy for intermediate Ka values. They extend the 

integral method to enable the case of dissimilar sized 

spheres of unequal potentials to be evaluated. Using the 

linear superposition approach (L.S.A.), which assumes that 

the potential between two particles is given to a good 

approximation by the sum of the potentials by either 

particle in the absence of the other, it was shown that it 

was possible to combine the L.S.A. at large separations 

with the Derjaguin formula at small separations (KH<3) to 

accurately predict V   over a wide range of <a values. 

By careful selection of a suitable expression it is 

possible to evaluate V   with reasonable accuracy for most 

combinations of Ka and potential. Before the total 

interaction of two colloidal particles can be assessed the 

potential energy of attraction must be predicted. 

2.3 	Potential energy of attraction. 

In the absence of a stabilising mechanism all 

lyophobic colloids coagulate, implying that a net 

attractive force exists. This attractive interaction 

between colloidal particles has its origins in the van der 
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Waals forces, originally inferred from the properties of 

non-ideal gases and liquids (105). The recent interest in 

the calculation of electrodynamic attractive interactions 

has resulted in the publication of numerous review 

articles (106-110). 

Three distinct forces of attraction between pairs 

of atoms or molecules are now recognised. These are:- 

Debye forces (ill) arise as a result of the 

interaction between a permanent and an induced dipole. 

These forces are essentially independant of temperature 

since the induced dipoles alignment is invarient with 

respect to that of the inducing dipole. The force is short 

range, being inversely proportional to the sixth power of 

the separation. In this case, the potential energy of 

attraction, VD,  is given by 

VD = 	(p12 2  + p22 1)/r6 	 (2.3.1) 

where; 	
l 
 and 
 2 

 are the polarizabilities of the apolar 

species respectively, 

Pi and 
P2 
 are the dipole moments, 

and r is the intermolecular distance. 

Keesom forces (112) arise from the 

interaction of permanent dipoles and, unlike Debye forces, 

are temperature dependent since increasing temperature 

destroys the alignment of the dipoles. Like Debye forces 

they are inversely proportional to the sixth power of 

separation. The potential energy of attraction between 

dipolar molecules is given in equation (2.3.2). 
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= -2p1 '2 
2 

2/3kTr6 	 (2.3.2) 

(c) 	London dispersion forces (113). Wang (114) 

showed that even two non-polar atoms attract each other. 

Although the time average dipole moment of an atom may be 

zero, it will still exhibit instantaneous finite dipole 

moments due to the non-symmetrical distribution of the 

electrons around the nucleus. This fluctuating electric 

dipole induces a corresponding dipole moment in a 

neighbouring atom, the resultant interaction between the 

atoms being one of attraction. The attractive energy is 

proportional to the mean square fluctuation of the 

electronic distribution and the more polarisable a 

molecule the stronger the attraction. London gave the 

following expression for the attractive potential energy 

between two identical non-polar atoms; 

V 	= -3hi 2 
	6 
/4r 	 (2.3.3) 

where; h is Planck's constant and 

v is the characteristic dispersion frequency of 

the atom given by the Drude equation. 

2 	, 2 	2 = e 4rc m 	 (2.3.4) 

e and m are the charge and mass of the electron 

respectively. Dispersion forces are essentially 

independant of temperature and like both Debye and Keesom 

forces are inversely proportional to the sixth power of 

the separation. 
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Although all three types of interaction contribute 

to the total van der Waals attractive potential energy, 

only in the case of London dispersion forces are the 

separate interatomic interactions additive (to a first 

approximation) for macroscopic bodies. London dispersion 

forces between colloidal particles are therefore 

relatively long range and strong, whereas the Debye and 

Keesom forces, which are not additive, are weak and 

relatively insignificant. 

In 1937 Hamaker (115) derived the London dispersion 

energy for two spherical particles as a function of 

diameter, interparticle separation and particle 

composition. For two spheres of unequal radii a1, a2, 

________ __________ 2 ln(x2+xy+x)1 (2.3.5) 
VA = -A/12[ 	 + 	 + 2 	 2 	 2  

	

(x +xy+x) 	(x +xy+x+y) 	(x +xy+x+y) 

where; VA  is the attractive potential energy, 

H is the interparticle separation, 

x is the ratio H/a 1  and y the ratio 
2 
 /a1, 

A is the interaction parameter (Hamaker constant). 

When a 1 = a 
2
=  a i.e. the spheres are of equal 

radius, 

V = -A/12[ 	
1 	

x 

+ 	1 	 x2+2x 	 (2.3.6) 

	

(x2+2x) 	x2+2x+1 + 21n 2 
A 	

+2x+1 

Finally when x<<1 i.e. H<<a equation (2.3.6) reduces to 
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V = A 	12H 
(2.3.7) 

From equations (2.3.5) to (2.3.7) it is apparent that the 

potential energy of attraction depends on the product of 

an interaction parameter and a geometric term. The 

evaluation of the Hamaker constant poses the greatest 

obstacle in the calculation of attractive potential 

energies. Two methods of calculating the Hamaker constant 

have been proposed, these are frequently referred to as 

the microscopic and macroscopic approaches. 

Microscopic approach 

The method developed by Hamaker, is based on the 

assumption of additivity of intermolecular dispersion 

forces. This requires the interparticle separations to be 

sufficiently large for the interacting materials to appear 

as a continuous mediumand  not as an array of discreet 

molecules. The Hamaker constant A 
12 
 for two bodies of 

different materials at short distances in vacuum is given 

by 

Al2  = 2q1q2B12 	 (2.3.8) 

where; q1  and q2  are the number of atoms of types 1 and 2 

per unit volume of material 

B 
12 
 is the London constant for the attraction 

between the atoms. 
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Various approximations for B 12  have been given by 

several authors. For a simple case, such as two hydrogen 

atoms 

B12 	= B11  =3CC 
0 
2 hv 0  /4 
	

(2.3.9) 

where v is the frequency of the electron in its ground 

state, which is related to the static 

polarisability 	by 

VO 

2 	= 	/4Tr 	e 
cc 	 (2.3.10) 

where e is the charge on the electron 

m e  is the mass of the electron 

Eisenschitz and London (116) derived the following 

expression for more complex atoms 

3 he4  B12 = 	4 2 E E 

32rrm 	12 e 

fl f 2  

v1 v2( v 1+v2) 
(2.3.11) 

where f, and f2  are the "oscillator strengths" 

corresponding to transition frequencies 	and 

in atoms 1 and 2. The summations are taken over 

all such transitions for both atoms. 

By combining the expression for the polarisibility 

of an atom at frequency , 

2 	 f 

= 	2 	
E1 	21 2 	 (2.3.12) 

4 Tr M e 	v1  -v 



with the Lorentz- Lorentz equation, 

(n12-1) 

R1 = (n12+2) P1 
= 	41TN AO'  l(\))/3 (2.3.13) 

a relationship giving the variation of refractive index of 

the material with frequency is obtained. 

e 
2 
 N A 	f 

= 	 E1 
2 2 3m 	 -v e 

(2.3.14) 

Where; n1  is the refractive index of material 1 at 

frequency 

is the molecular mass, 

1 is the density, 

NA is the Avogadro number. 

For many materials, the variation of refractive 

index with frequency can be represented by a dispersion 

equation with only one term. For such dispersions equation 

(2.3.14) simplifies to 

	

n12 	- 1 M1 = e 
2 
 N A 	S l 

2 	
2 	 (2.3.15) 

= n1  + 2 P 
1 	3m e 

where s = E f and may be regarded as the "effective 

number of dispersion electrons", andy
lV  

is the 

characteristic frequency. Values of s1  and v 1 may be 

obtained from linear dispersion plots of (n12  + 2/n12  -1) 

against 	Such values have been tabulated (117) (118) 

for a number of substances. 
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If one term dispersion equations apply to 

materials of type 1 and 2 equation (2.3.11) may be written 

as 

3he 4 
'l2 - 	4 2 32ir m 

e 

S's2  

) 	\) 	(v 	+ 	) l 2v lv 2v 
(2.3.16) 

Using this equation, provided suitable dispersion 

data are available, the London constant can be evaluated 

and used in equation (2.3.8) to obtain the Hamaker 

constant. 

From equation (2.3.15) when v = 0 and by making use 

of the relationships 

E 1 	= n,02 	 (2.3.17) 

N10  = Np,/m1 	 (2.3.18) 

where n 
10 
 is the limiting refractive index in the visible 

wavelength region, Gregory (106) has given the 

following expression, which allows the Hamaker 

constant to be calculated directly 

h 	 d v 27 	Iv  2v 	10 - 1 E20 - 1 
(2.3.19) Al2 =

32  — (v +v )e +2 lv 	2v 	10 

Equations (2.3.8) and (2.3.19) are only applicable 

to particles interacting across a vacuum. When the 

particles are immersed in a fluid medium, the attractive 

force is reduced by comparing particle medium 

interactions. To account for any intervening medium 



Hamaker (115) proposed a modified Hamaker constant, such 

that, 

A132  = Al2  + A33  - A13  - A23 	(2.3.20) 

where A132  is the modified Hamaker constant for 

interaction across a medium, 3, and the subscripts 

1 and 2 refer to the different particle materials. 

Schenkel and Kitchener (119) following a remark by 

Verwey and Overbeek (3), corrected for the attenuation of 

the electromagnetic field by the intervening dielectric 

medium by dividing the value of A132  by the dielectric 

constant of the dispersion medium. Gregory (106) has shown 

that this simple division overestimates the attenuation 

and Visser (107) comments that the Schenkel Kitchener 

correction should be ignored. As we shall see, the effect 

of the intervening medium can only be adequately predicted 

by use of the Lifshitz (120) macroscopic approach. 

Retardation effect 

Since the London interaction is a consequence of 

electromagnetic radiation, which is propagated at the 

speed of light (3 x 108  ms') between the colloidal 

particles and the period of fluctuation of an 

instantaneous dipole is about 10_15_10_16  s once two 

particles are separated by more than approximately 30 nm 

the dipoles in the separated particles become out of 

phase. This is known as the retardation effect and it 
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results in a reduction of the force of attraction. Casimir 

and Polder (121) using quantum electrodynamics, showed 

that at very large separations the distance dependence 

term in the London equation changed from the sixth to the 

seventh power, so reducing the magnitude of the attractive 

interaction. Tabor (110) has summarised the effect of 

retardation. In general, strong non-retarded forces are 

expected for separations less than 30 nm, retarded forces 

for separations between about 100 nm to 1000 nm and 

extremely weak non-retarded forces at separations greater 

than this. 

Macroscopic or continuum approach. 

The London - Hamaker microscopic approach yields 

attractive interactions which are in reasonable agreement 

with experimental observations. The theory is however 

restricted by several assumptions:- 

Pairwise additivity of the intermolecular 

interactions is valid. 

The presence of an intervening medium may be 

dealt with by the use of an arbitary dielectric 

constant at a single frequency. 

All electronic dipole fluctuations, which 

contribute to the attraction, occur about one 

characteristic frequency. 

The calculation of van der Waals forces based on these 

assumptions are only strictly valid for highly rarified 

gases. In condensed systems if atom 1 in A exerts a force 
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in atom 1 in B the presence of neighbouring atoms in A and 

B is bound to influence the interaction between Al and Bi. 

A radical solution to these inadequecies has been 

given by Lifshitz et. al. (120) (122) who treated the 

bodies and intervening medium in terms of their bulk or 

macroscopic properties, specifically their dielectric 

constants as a function of frequency. Retardation and 

propagation through a dense medium are implicit in the 

theory. The attraction was assumed to be due to a 

fluctuating electromagnetic field in the gap, arising from 

spontaneous electric and magnetic polarisations within the 

media. The general equation derived by Lifshitz was 

difficult to handle and has been rendered more tractable 

by Ninham and Parsegian (123) and others (124) (125). 

When interaction parameters are calculated using 

the bulk or macroscopic approach, unlike the microscopic 

approach, it is found that "A" is not constant for any 

given system, but rather it is a function of separation 

and temperature. 

Gregory (106) has concluded that if sufficient 

optical data are available the macroscopic approach is 

preferable. However for materials of fairly low dielectric 

constant it was found that the microscopic and macroscopic 

treatments were in good agreement. Furthermore, for 

dispersions in low permittivity media, such as the subject 

of this investigation, V   tends to dominate the total 

potential energy of interaction. Exact values of VA  are 

often not required (126). Here the use of single valued 



Hamaker constant is adequate for DLVO type calculations. 

2.4. 	Total Potential Energy of Interaction. 

The total potential energy of interaction V may 

be obtained by the summation of the attractive and 

repulsive potential energies viz: 

VT = VA + V 
	 (2.4.1) 

The character of total interaction energy as a function of 

interparticle separation is therefore determined by the 

relative contributions from VA  and  VR.  The potential 

energy of repulsion, arising from the overlap of electric 

double layers, decays exponentially with increasing 

particle separation and operates over a range of the order 

of the thickness of the double layer. The van der Waals 

attraction exhibits an approximately inverse relationship 

with interparticle separation. Consequently attraction 

predominates at small and frequently at large 

interparticle distances. At very small separations Born 

repulsion arises from the overlap of electron clouds 

resulting in a deep primary minimum in the total potential 

energy curve. At intermediate separations the double layer 

repulsion may predominate, depending on the relative 

magnitude of the two potential energies. 

The general form of the potential energy curves for 

the interaction of two colloidal particles as a function 

of separation is shown schematically in Figure 2.4.1. 



a) 
> 

primary minimum 

Fig. 2.4.1. Schematic potential energy diagram 
of two interacting particles. 
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Three important features characterise the VT  curve 

with regard to colloidal stability, the depth of the 

primary minimum, the height of the potential energy 

barrier, Vmax  and the presence and depth of any secondary 

minimum. In general the primary minimum is very deep 

compared to the thermal energy, kT, and particles once 

coagulated into it are very difficult to redisperse. The 

colloidal stability of a dispersion against primary minimum 

coagulation is determined to a certain extent by the 

height of the potential energy barrier. If Vma  is large 

in comparison to kT the system will be stable. Often at 

large separations, the V   term decays more rapidly than VA 

and a secondary minimum appears in the VT  curve. In 

contrast to the primary minimum, the secondary minimum is 

usually relatively shallow and particles flocculate 

reversibly into it forming loose aggregates which are 

readily redispersed by shear. 

Potential energy curves such as those presented in 

Figure 2.4.1 may be used to demonstrate pictorially the 

influence of the various governing parameters on colloidal 

stability. For a given system the nature of the VA  curve 

is invarient. The form of the VT  curve is thus determined 

by changes in VR,  such as Stern potential, r5 
 or double 

layer thickness,-!. The effect of particle size at 

constant surface potential is illustrated in Figure 2.4.2. 

Smaller particles are less stable than larger ones with 

respect to primary minimum coagulation. 

Figure 2.4.3 indicates that at constant particle 
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size increasing Stern potential, 	, increases colloidal 

stability. 

Compression of the double layer leads to a 

reduction in distance over which the repulsive force 

operates. Thus lyophobic colloids may be coagulated by 

increasing electrolyte concentration. Figure 2.4.4 

indicates the effect of varying double layer thickness on 

V T  curves. 

For dispersions in low permittivity media, such as 

PVC in VCM, free ion concentrations tend to be low, giving 

rise to thick double layers. In such cases the V   term 

dominates the total potential energy curve at all but the 

smallest interparticle separations, so that the accurate 

evaluation of the VA  term is of less importance than in 

high permittivity media (73). 

The force encountered by colliding colloidal 

particles is given by the slope of the VT  curve. Figure 

2.4.5 shows that for dispersions in low permittivity media 

although the repulsive term is long range the force 

experienced by interacting particles is low compared to 

the short range but strong force encountered in aqueous 

systems. 

The adsorption of macromolecules at the particle/ 

medium interface can lead to an additional barrier to 

coagulation and 	further term, V55  must be included in 

the expression for VT. 

VT = VA + V  + Vs 	 (2.4.2) 
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Fig-2.4.6. Schematic potential energy diagram 
showing the influence of a steri.c 
stabilization term VS. 
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V allows for the decrease in entropy and the 

corresponding increase in free energy resulting from chain 

interaction during particle collision. A qualitative 

picture of inclusion of the V term on an 

electrostatically stabilised dispersion has been given by 

Lykiema (73) and is presented in Figure 2.4.6. 

The total potential energy curves indicate whether 

or not a particular dispersion may be expected to be 

stable but give no indication of the rate of coagulation. 

To obtain such information a study of the kinetics of 

coagulation is required. 

2.5 	Kinetics of coagulation 

2.5.1 Rapid coagulation 

The rate at which a dispersion coagulates depends 

on the frequency with which particles interact and, on 

interaction, whether their thermal energy is sufficient to 

overcome the repulsive potential energy barrier. Von 

Smoluchowski (127) considered the simplest form of 

coagulation in which spherical particles experience no 

interaction forces until they collide, at which point they 

become irreversibly coagulated. Under these conditions 

coagulation is entirely diffusion controlled and proceeds 

at the so called "rapid rate". 

Using Fick's first Law of Diffusion, 

Von Smoluchowski calculated the number of particles, J, 
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diffusing through a closed spherical surface towards a 

fixed central particle. Under steady state conditions this 

was constant and equal to the number of particles 

colliding with the central one, giving; 

J = 4ffDr -- 	 (2.5.1.1) 

where D is the diffusion coefficient of the particles, 

r is the distance from the centre of the fixed 

particle and 

N is the number of fixed particles per unit volume. 

Under the boundary conditions N = N where r 

and N = 0 when r = R equation (2.5.1.1) yields 

J = 4rrDRN 
	

(2.5.1.2) 
0 

where R is the sum of the particle radii and 

N 	is the initial particle number. 

If the central particle is also subject to Brownian motion 

the diffusion coefficient in equation (2.5.1.2) must be 

modified to account for the relative motion of the two 

particles. Since the particles move independently of each 

other 

D12  = D1  + D2 	 (2.5.1.3) 

which for particles of equal size 

D 11 = 2D1 	 (2.5.1.4) 
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Equation (2.5.1.2) therefore becomes 

J = 8D1RN0 	 (2.5.1.5) 

where J now represents the number of collisions with one 

particle. The rate at which primary particles disappear by 

coagulation is therefore given by; 

dt 
	- 8ID1RN1 2 
	

(2.5.1.6) 

where N1  is the primary particle number at time t. 

Equation (2.5.1.6) only describes the beginning of the 

coagulation process, where collisions only occur between 

primary particles. As coagulation proceeds multiple 

particles are formed and in order to account for the 

disappearance of all types of particles, equation 

(2.5.1.7) is modified to 

= 	4.ff  DRN2 
	

(2.5.1.7) 
dt 

where N is the number of particles of all types. 

The diffusion coefficient, D, for Brownian motion 

is given by 

D = kT/67a 	 (2.5.1.8) 

where k is the Boltzmann constant, T, the absolute 

temperature, the viscosity of the dispersion medium and a 

the particle radius. As R is approximately equal to 2a 

equation (2.5.1.7) may be written as; 



- 	N2 	 (2.5.1.9) 
dt 	3n 

or 

- k N2 	 (2.5.1.10) 
dt 	° 

where 

4kT 
k 	= 	 (2.5.1.11) 

0 

Coagulation proceeds as a second order reaction, the rate 

constant being k 0. This expression is only strictly 

applicable to dispersions of monodisperse spheres. 

Consequently it is most accurate in describing the initial 

stages of coagulation before significant multiplet 

formation has occurred. 

Overbeek (128) and Muller (32) (129) have extended 

the analysis to cover both the effect of polydispersity 

and non-sphericity on the rate of coagulation. Their 

results indicated that the probablity of collision between 

particles of differing size was always greater than that 

between monodisperse particles. Indeed, it was shown that 

the probability of collision is increased by a factor of 

about 3 when the ratio of the two particle radii is 10. 

However, provided the deviation from ideality is not too 

excessive, the predicted rapid rate constants agree 

reasonably well with those determined experimentally. 
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2.5.2 Slow coagulation and stability. 

Rapid rate coagulation only occurs in the absence 

of a net repulsive force between colloidal particles. In 

the presence of a potential energy barrier, V, only a 

proportion of particle encounters leads to permanent 

contact and the rate at which particles coagulate is 

reduced. 

Fuchs (130) extended the rapid rate theory to the 

case where appreciable interaction occurs between 

particles. For diffusion in a field of force 

J = 4Tr 	 (2.5.2.1) 

	

D 	+ 1 	p dr 

where VT(r)  is the total potential energy of two 

particles as a function of the separation r and 

P is the frictional constant of the particles. 

On solving equation (2.5.2.1) subject to the normal 

boundary conditions, J, the number of collisions with one 

particle per unit time is given by 

8wD 
J= 	1 No 

00 exp(V /kT) 	 (2.5.2.2) 

12a 	
T 	dr 
r2  

Comparing this equation with equation (2.5.1.5) and 

putting R =2a we can see that the total potential energy VT 

reduces the coagulation by a factor, 

co 	 dr 
W = 2a f 	exp (V /kT) 	 (2.5.2.3) 

	

2a 	T r 
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and where s= na 

W = 2f° exp (VT 	 (2.5.2.4) 

where W is defined as the stability ratio and is equal to 

the ratio of the rate constant for rapid coagulation, k 
0 

to the rate constant for slow coagulation, k 

k 
W = 	 (2.5.2.5) 

McGowan and Parfitt (131) have proposed a modified 

form of equations (2.5.2.3) and (2.5.2.4) to allow for the 

significant van der Waals attractive forces experienced by 

the particles before contact, giving; 

CO 

W = 	
2a exp (.VT/kT)dn/r2 
CO 

I 2a  exp (VA 
 /kT)dr/r 2  

(2.5.2.6) 

f
CO 

= 	 p(VT/kT 	'5 	
(2.5.2.7) 

2 exp(VA/kT)ds/s2 

From the knowledge of the relevant potential energy 

curves it is therefore possible to theoretically predict a 

value of W by numerical integration. 

Spielman (132) has criticised the assumption of 

additivity of single particle Brownian diffusion 

coefficients, equation (2.5.1.3), to explain the relative 
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diffusion of two particles during collision. In practice, 

the viscous motion of two neighbouring particles is quite 

different from that of a single particle (133) (134). 

Equation (2.5.1.3) is strictly only valid when the 

particles are widely separated and its use is questionable 

at the considerably smaller separation typically important 

in colloidal interactions. Spielman has proposed a 

modified Brownian relative diffusion coefficient, D12, 

D12  = kT/f 	 (2.5.2.8) 

where k and T are as defined earlier and 

f is given by; 

= 	KK - X1  A2 	
(2.5.2.9) 

K1  + K2  - A1  - A2  

in which K19  K2, A, and A2  are positive hydrodynamic 

resistance coefficients and are functions of parameters 

describing the fluid viscosity and the dimensions and 

separation of the particles. Incorporation of the viscous 

effects - into the stability ratio expression yields 

f 
CO 
 (D 

CO 
 /D) exp(V/kT)ds/s2  W  = 	2 	2 12 	T  

	

1 
CO 

 (D 
CO 
 2 12 	A  /D) exp(V/kT)ds/s2 	

(2.5.2.10) 

2 

where D12 = D1  + D2  and is equal to the relative 

diffusion coefficient in the absence of viscous 

interactions. 
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The inclusion of the Spielman correction for 

viscous interactions always results in a retardation of 

the predicted coagulation rate. For thin double layers 

this reduction in rate may be as much as a factor of 10, 

however for thick double layers, such as investigated in 

the current study of PVC dispersed in VCM, the reduction 

is less significant. 

The DLVO theory of colloid stability has been 

extended by Hogg, Healy and Fuerstenau (135) for the case 

of heterocoagulation between two spherical colloidal 

particles differing in both surface potential and radius. 

For a dispersion containing particles of types 1 and 2 

there are three possible interactions between particles 

each of which give rise to an individual stability ratio, 

W11, W22  and W12, which corresponding to the 1 - 1, 2 - 2, 

and 1 - 2 interactions respectively. The probability of 

these encounters are given by; 

P11  = n2 	 (2.5.2.11) 

P22  = (1-n)2 	 (2.5.2.12) 

P12  = 2n(1-n) 	 (2.5.2.13) 

where n is the fraction of particles of type 1 present in 

the polydisperse system. The overall stability ratio of 

the dispersion, WT  is then given by; 

1 	n2  + (1-n)2  + 2n(l-n) 	 (2.5.2.14) _ ____ 
= ci 	 W 1 
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Cooper et. al. (136) found suitable agreement 

between experimental results and theoretical predictions 

based on this extension of DLVO theory. More recently 

(137) improved formulas, used in this approach, for the 

interaction of dissimilar double layers have been 

published. 

Cooper (137) has extended the work to Hogg et. al. 

(135) to cover distributions of particle radii, and 

surface potentials. In this approach a correction is made 

for the enhanced probability of collision between 

dissimilarly sized particles. This is based on Mullerts 

(32) (129) extended Smoluchowskis coagulation rate 

expression for polydisperse systems as discussed earlier. 

The overall stability ratio WT  is now given by the 

summation of all possible particle interactions of 

probability P. . and stability ratio W. 
1•] 	 13 

P. 
=E 
	

(2.5.2.15) 
T 	ii 

By considering Gaussian distributions, it was shown 

that at constant surface potential the least stable 

particles dominate the overall stability of a polydisperse 

system, whilst at constant particle radius small 

variations in surface potential had a profound influence 

on the stability of the system. 

In 1981, Prieve and Lin (138) considered the 

stability of polydisperse systems, they too considered 

Gaussian distributions of particle radii and surface 
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potential. They conclude that a distribution in Stern 

potential has a much greater effect on WT  than a 

distribution in particle size. For example, a standard 

deviation in Stern potential equal to 107 of the mean was 

found to reduce WT  by orders of magnitude. 
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Chapter Three 

Experimental methods 
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3.1 	Equipment and materials. 

3.1.1 Introduction. 

Vinyl chloride monomer (VCM) is a gas at normal 

room temperatures and atmospheric pressure (b.p. 259.4 K) 

and is easily liquified using moderate pressures. For the 

handling, polymerisation and electrophoresis experiments 

specialised equipment was required which was capable of 

maintaining the monomer in liquid form. At 343 K, the 

highest polymerisation temperature used, the saturated 

vapour pressure rises to 1.2 MPa but to prevent the 

possibility of equipment failure and exposure to the toxic 

monomer all the apparatus was constructed to withstand 

pressures in excess of 2.1 MPa. 

In 1974 a higher incidence of a rare liver cancer, 

angiosarcoma was found in workers exposed to vinyl 

chloride monomer and since then the permitted exposure 

limits have progressively reduced towards zero exposure. 

The current Occupational Safety and Health Administration 

(OSHA) limit (139) allows exposure up to 1 ppm over an 

eight hour period. Continuous monitoring, using a Sippin 

pump, during a typical days VCM handling revealed a 0.1 

ppm exposure level. The volume of VCM used in any one 

experiment was kept sufficiently low, such that, in the 

event of a complete equipment failure, the amount of VCM 

on dilution would be below the 1 ppm level. To reduce the 

exposure risk further Draeger monitoring was carried out 

at important stages of the experimental procedure, and all 
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monomer transfer steps carried out in a fume cupboard. 

3.1.2 Materials. 

Vinyl chloride monomer (VCM) (CH 2CHC1) was 

supplied in a 25 kg storage cylinder by I.C.I. plc, 

Petrochemical and Plastics Division. The monomer was 

purified by two separate distillation steps. It has been 

proposed (61) that traces of water in VCM may play an 

important role in the mechanism of producing a charged 

stabilised system. Indeed, Speirs, in the previous work 

had found it impossible to dry the monomer to a constant 

level and suggested that the inconsistent results that he 

obtained were caused by the variation in water content. 

However, in this work, no special attempt was made to 

remove residual traces of water and the irreproducible 

results as found by Spiers were not obtained. Furthermore, 

the use of dry VCM would be unrealistic of the industrial 

aqueous polymerisation process. 

Lauroyl peroxide (CH3  (CH 2)10  Col 202) BDH 

Laboratory Grade was recrystallised from water and stored 

in a desiccator, before use as a free radical initiator. 

Low molecular weight additives, bis_(2_hydroxyethYl) 

-aminohexadecane (C16H33N[CH2CH2OH]2), which was prepared 

using Fluka reagents, and Span-20 (SorbitGn monolaurate), 

were supplied by I.C.I. plc. These reagents were stored 

in a vacuum desiccator over P 2  0  5 
 and used without further 

purification. Manoxol-OT (Aerosol-OT) (di-2-ethylhexyl 



ester of sodium suiphosuccinic acid) BDH General 

Laboratory Reagent was Soxiet extracted using sodium dried 

ether for 8 hours. The purified Manoxol-OT was stored over 

in a vacuum desiccator and a water level of <0.27 was 

found by Karl Fischer titration. 

Methanol (CH 3OH) BDH Specially Dried was used as a 

solvent for the addition of low molecular weight 

additives to the polymerisation. 

Tetrahydrofuran ([CH2140) Fisons Standard 

Laboratory Grade was used as a solvent for polyvinyl 

chloride. 

Nitrogen gas (N2) BOC White Spot was used for 

pressurising and purging the equipment of oxygen. 

Water was triply distilled from all glass apparatus 

and had a specific conductivity of less than 

1.2 x 10-6  cm 	ç-1 

3.1.3 Equipment for VCM handling. 

The equipment for monomer transfer had to be 

capable of withstanding pressures in excess of 2.1 MPa and 

was designed so that it could be purged of contaminants 

and evacuated before monomer was handled. 

The pressure rig described and used by Speirs 

contained many redundant features and involved the VCM 

passing through various mixing chambers "en route" to the 

electrophoresis cell. To reduce the possibility of leaks 

and contamination the original rig was used in a modified 



form so that it only controlled the purging and evacuation 

of the system. For the monomer transfer a new rig was 

constructed with the advantage of an almost direct link 

between the storage vessel and the cell outlet. 

Due to VCM's corrosive properties all components 

on the handling rigs which came into contact with monomer 

were made of stainless steel. The Hone valves were 

connected by 1/16" outside diameter narrow bore tube and 

connected by Wade or specially produced couplings. 

The equipment is shown schematically in Figure 

3.1.3.1. It consists of a nitrogen inlet via a regulator 

1 and a pressure gauge calibrated from 0-600 psi which 

allows the system to be pressurised and purged of 

contaminants by opening valves 2, 4 and 5. The system can 

be evacuated by opening valve 3 to the Speedivac rotary 

pump or VCM disposed of by connecting the scrubbing tower. 

At the end of each run any unreacted monomer was converted 

to the formic and chloroformic acids by passing through a 

scrubbing tower containing an alkaline potassium 

permanganate solution. 

The vinyl chloride monomer is held in a small 

25 cm3  stainless steel Hone cylinder containing two inlet 

valves (6 and 7) and transfer of the monomer to cell 

outlet is achieved by opening valves 5 and 6. The cell 

outlet delivery tube is in the form of a loop and is an 

essential feature, as it is capable of sufficient movement 

to allow the electrophoresis cells to be attached without 

shearing off the cell inlet stem. 
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3.1.4 Development of a combined polyrnerisation/ 

electrophoresis cell. 

The original electrophoresis cell used by Speirs 

is shown in Plate 3.1.4.1A and was constructed from 

borosilicate glass, later apparatus was built in quartz to 

a similar design. The cells consisted of two electrode 

compartments which were joined by a thick walled capillary 

and a wide bore cross-tube to allow equalisation of 

pressure throughout the cell. The front and back faces of 

the capillary were ground flat to reduce optical 

distortion during microscopic investigation. Platinized 

platinum electrodes were fitted to the cells by quartz to 

metal graduated seals, the platinum black layer having 

first been deposited by electrolysis of a chloro-platinic 

acid solution containing a trace of lead acetate. Entry 

and exit of VCM was accomplished through the side arms, 

the cells being made pressure tight by the compression of 

Viton washers between the cell and ball valve assemblies 

held in brass blocks by locking rings. Using these cells 

several problems were encountered and considerable 

refinement was necesssary before they could be used 

reliably to investigate the colloidal events occurring 

during the early stages of polymerisation. 

In the previous work the initial aim of trying 

to carry out polymerisation and electrophoresis in the 

same cell proved impossible except at extremely low 



polymer conversions. At higher conversions too large a 

particle concentration was produced for electrophoresis 

measurements using dark field microscopy. 

To resolve this problem polymerisation was carried 

out in a test tube cell and then transferred to the thick 

walled microelectrophoresis cell which contained diluent 

vinyl chloride monomer. This transfer through valves and 

fine bore tubing resulted in orthokinetic coagulation of 

the dispersion by shear forces and raised doubts about the 

validity of the measured zeta potential and associated 

particle morphology. To overcome shear coagulation a trial 

modification was made to one of the glass electrophoresis 

cells by connecting a wide bore polymerisation limb to one 

of the glass side arms. (See Plate 3.1.4.1B). Initial 

experiments showed that it was possible to polymerise 

monomer in the side limb and then dilute the concentrated 

dispersion, without shear coagulation, by pouring a small 

amount of latex into diluent monomer held in the 

electrophoresis section of the cell. 

The addition of a polymerisation limb necessitated 

a new method of sealing the cell, this was achieved by 

compressing a metal ferrule within a 6 mm Swagelok nut and 

cap onto the metal portion of a quartz to metal graduated 

seal. The other inlet was sealed using the brass clamping 

blocks. Plate 3.1.4.1B. Neither of these methods were 

ideal, the brass blocks were cumbersome and a series of 

cell failures occurred at the quartz to metal graduated 

seal. These breakages were caused by shearing forces being 



Plate 3.1.4.1 Development of the combined 

Electrophoresis/polymerisation cell. 
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transmitted directly to the seal on tightening the 

Swagelok cap to obtain a pressure tight cell. 

A similar shearing problem has been encountered in 

sealing glass chromatography columns and here the problem 

has been resolved by the use of PTFE ferrules which give 

pressure tight systems at moderate temperature and 

pressures. This development rendered the quartz to metal 

seal obsolete and since the brass side valve block was 

cumbersome and restricted cell movement within the 

electrophoresis tank it, too, was replaced. A further 

advantage was that the ball valve could be mounted at 

either side of the cell, thus allowing monomer to be 

introduced directly into the polymerisation limb or 

electrophoresis section of the cell. 

The modification involved grinding quartz inlet 

stems of about 2.5 cm in length, with an external diameter 

of 0.6 cm and internal diameter of greater than 0.2 cm to 

allow access for a sampling microslide. The final version 

of the quartz cell along with the components of the ball 

valve assembly is shown in Plate 3.1.4.1C and the 

assembled cell in Plate 3.1.4.1D. 

3.1.5 Equipment for polymerisation/electrophoresis 

experiments. 

Polymerisation and electrophoresis measurements 

were carried out in a modified Perspex tank mounted 

vertically to a Rank Brothers Particle Microelectro- 



phoresis Apparatus. The standard tank was increased in 

height and width, the former to prevent convection 

currents during electrophoresis caused by poor 

thermostating and the latter to allow tubidimetric 

measurements to be recorded during polymerisation. The 

water in the tank was maintained at the required 

temperature ±0.1 K using an external thermostat unit (Haake 

Constant Temperature Circulator - Type FK10). A schematic 

diagram of the equipment is presented in Fig. 3.1.5.1. 

Automatic control of its two operating modes 

(polymerisation or electrophoresis) was achieved via a 

relay system. 

For polymerisation the relay was in the 'on' 

position and controlled the polymerisation temperature via 

contact thermometer Cl mounted in the Perspex tank. It 

also activated the turbidimetric device which consisted of 

a quartz iodide light source Li, whose output could be 

focused through the polymerisation limb of the cell using 

a converging lens. The light intensity passing through the 

dispersion was detected by a photo-cell (Evans 

Electroselenium Ltd.) and decreased as a function of 

extent of reaction. The photo-cell output voltage was 

measured on a digital electrometer (Keithley - Type 616) 

and recorded as a function of polymerisation time on a 

Servoscribe chart recorder. 

The turbidimetric recordings were used to determine 

the length of induction period prior to particle 

formation, which was shown by a sharp increase in 
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turbidity. Furthermore, by comparison with earlier traces, 

they gave a useful indication of the rate and extent of 

reaction during the polymerisation. 

At the desired conversion the reaction was rapidly 

quenched by switching the relay system off, this 

transferred temperature control to contact thermometer C2 

which was set at 293.1 K for the electrophoresis 

measurements. For polymerisations at 308.1 K the 

polymerisatiom rate was sufficiently slow that adequate 

quenching could be achieved using the Haakes internal 

compressor unit alone. At higher temperatures and more 

rapid reaction rates the quenching process was aided by 

pumping iced water through the system. The relay also 

switched off the turbidimetric device, thus recording the 

final tubidity and polymerisation time. For low 

temperature polymerisations with their long reaction times 

the addition of a timing device and an overheat protection 

circuit allowed the process to be automated and the 

polymerisation events recorded for examination before 

electrophoresis. 

3.2 	Techniques. 

3.2.1 	Preparation of PVC Latex. 

3.2.1.1 VCM transfer to the Hone cylinder. 

Prior to polymerisation small volumes of pure VCM 

were obtained by distillation from the 25 kg storage 

cylinder into the small Hone cylinder. A flexible braided 



steel pipe was connected by a Wade coupling between the 

storage cylinder and the top valve, 6, of the Hone 

cylinder. The lower cylinder valve, 7, was connected to a 

Speedivac rotary pump and the cylinder and connecting pipe 

evacuated for 5 minutes. Nitrogen at 0.25 MPa was then 

admitted to the cylinder and the system again evacuated 

for 5 minutes. This procedure adequately removed 

air from the apparatus, which would retard the onset of 

polymerisation.  

The Hone cylinder was cooled to 195 K with liquid 

nitrogen and the valve on the large storage cylinder 

opened. After 5 minutes the Hone cylinder typically 

contained about 23 g of condensed vinyl chloride monomer 

and by transferring the cylinder into a water bath at 

293 K excess VCM was allowed to distil back into the 

storage cylinder. The valve on the storage cylinder was 

then closed and any residual monomer trapped in the 

connecting pipe condensed into the Hone cylinder by 

cooling in liquid nitrogen. The top Hone valve, 6, was 

then closed and the cylinder brought to room temperature 

using a water bath. 

3.2.1.2 Monomer transfer to the cell. 

The transfer of monomer, prior to polymerisation, 

went through several stages of development. The final and 

most reliable method is described below. Initiator 

(typically 0.05 to 0.157 (wt/vol) was weighed into a long 



necked weighing boat and fed directly to the base of the 

polymerisation limb. Any low molecular weight additives 

and a microslide to collect a sample for electron 

microscopy were also added at this stage. 

The ball valve components were assembled using 

forceps to avoid contamination and a short length of tube 

inserted into the assembled valve. As the cell was attached 

to the cell outlet of the transfer rig, the short tube was 

depressed and pushed to hold open the ball valve. The 

joint was sealed with Viton 0 rings. Plate 3.2.1.2.1A. 

By opening valves 1,2,4 and 5 the cell was purged 

for 5 minutes with nitrogen at 0.15 MPa to remove oxygen 

and water vapour. The polymerisation limb was then sealed 

using a Swagelok cap. Before transferring monomer, the 

cell was pressure tested by increasing the nitrogen 

pressure to 1.3 MPa. Valve 5 was closed and the cell 

removed from the rig and checked for leaks and the correct 

operation of the ball valve mechanism. On reattaching the 

cell to the rig the electrophoresis section of the cell 

was placed in an ice/water slush bath, keeping the 

polymerisation limb outside the bath and at room 

temperature. The thermal gradient formed between the cell 

and the monomer stored in the Hone cylinder was sufficient 

to allow VCM to distill into the electrophoresis section 

of the cell. Whilst the cell cooled, three cycles of 

purging were carried out by opening valves 1,2,4 and 5, 

pressuring to 1.3 MPa, then evacuating for 5 minutes by 

closing valve 2 and opening valve 3 to the rotary pump. 
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After the third cycle the cell was evacuated for a further 

10 minutes. These purging sequences adequately removed 

volatile contaminants from the cell. 

The original rig was then isolated from the 

transfer rig by closing valve 4 and monomer condensed into 

the electrophoresis section by opening the Hone cylinder 

valve 6. The rate of distillation was controlled so that 

no VCM condensed onto the initiator within the 

polymerisation limb. Monomer was collected until it 

reached the level of the strengthening cross member of the 

cell and distillation completed by closing valve 6 then 5. 

The cell was removed from the transfer rig and sealed 

using a Wade cap. Plate 3.2.1.2.1B. A final check for 

minor VCM leaks using a Draeger pump was carried out 

before removing the cell for the polymerisation step. 

3.2.1.3 Polymerisation. 

Small scale polymerisations, typically 5 cm3  of 

VCM, were carried out in the side limb of the cell. So 

that the volume of monomer within the polymerisation limb 

could be accurately determined, a graduated scale was 

attached to the outside of the limb. This was calibrated 

by weighing small volumes of water into the limb and 

recording the corresponding scale reading so that a plot 

of mass of water against scale reading could be drawn. A 

least squares analysis of the data gave expressions of the 

type; Quartz cell 8 



V = 1.0029 x (1.148 x scale reading - 10.934) 	(3.2.1.3.1) 

Where V is the volume of liquid in cm3. 

Before commencing each reaction the thermostat bath 

was brought to the required temperature and the 

turbidimetric device (as described in section 3.1.5) set 

to give a 'blank' reading of 0.360 V. Using the calibrated 

scale, the required amount of monomer was poured into the 

polymerisation limb and mixed with the initiator. 

The cell was then immersed in the thermostated tank 

and accurately positioned so that the light beam of the 

turbidimetric device passed through the centre of the 

polymerisation limb. The time taken for turbidity to 

appear was noted and the turbidity trace recorded. A 

typical trace is shown in Fig. 3.2.1.3.1. At the desired 

conversion the reaction was quenched and automatically 

equilibrated to 293.1 K for electrophoresis measurements. 

Plate 3.2.1.3.1shows the concentrated polymer latex with 

diluent monomer held in the electrophoresis section of the 

cell. 

3.2.2 	Electrophoresis 

3.2.2.1 Theory 

There are four electrokinetic phenomena, 

electrophoresis, electro-osmosis, streaming potential and 

sedimentation potential, each of which involves a relative 



Polymerisation quenched 

thase separation of PVC 

nduction period 

TART 

-INCREASING TURBIDITY 

Fig. 3.2.1.3.1 	Polymerisation turbidity trace. 



H 

I 

- 

- 



tangential motion between the rigid and mobile parts of an 

electric double layer. Electrophoresis involves the 

migration of charged, suspended material under the 

influence of an applied electric field. The resultant 

electrophoretic velocity is proportional to the sign and 

magnitude of the potential at the surface of shear between 

the particle and its double layer. This potential is 

called the zeta potential () and bears no direct 

relationship to P or 	although it is often assumed to 

be approximately equal to 	(See Fig. 2.2.2). 

Of the several experimental techniques available 

for the measurement of electrophoretic mobilities, only 

microelectrophoresis can be applied in this study because 

of the elevated pressures required to liquify the gaseous 

monomer. In microelectrophoresis the movement of 

individual particles under the influence of a known 

electric field is followed directly in a dark field 

microscope. The measurement of the electrophoretic 

velocity is complicated by the presence of a surface 

charge on the cell walls which gives rise to an 

electro-osmotic flow of liquid in the vicinity of the cell 

walls. Since there can be no net transport of liquid in a 

closed cell, a compensating return flow of liquid down the 

centre of the cell occurs resulting ideally in a parabolic 

liquid velocity pattern in the capillary. There are two 

depths, the so-called "stationary levels", at which the 

net liquid flow is zero. Only at these points can the 

electrophoretic velocity be observed directly. At any 
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other depth in the cell the observed velocity is the 

resultant of the liquid velocity V  at that depth and the 

true electrophoretic velocity, VE. 

The liquid velocity VL at a distance r from the 

centre of a cylindrical capillary of radius a is the sum 

of the electro-osmotic velocity VEO and the return flow 

which obeys Poiseuille's law, such that 

V 	= VEQ - C(a
2-r2) 
	

(3.2.2.1.1) 

where C is a constant. For no overall liquid transport 

f a V 	(2r) dr = 0 
	

(3.2.2.1.2) 

The solution of equations (3.2.2.1.1) and (3.2.2.1.2) 

gives 

C = 2VEQ/a2 

	
(3.2.2.1.3) 

so that 

V  = VEO 
	2r 	

1) 
	

(3.2.2.1.4) 

At the stationary levels V  = 0 and for a cylindrical 

capillary this occurs at (na)2  = 0.5 i.e. at a distance 

of 0.293a from the front and rear capillary walls. 

The observed velocity, VOBS, of a particle at any 

depth in the cell is given by 



(2r2 -1) (3.2.2.1.5) VOBS = VE ~ VL 	= VE + VEO 	2 
a 

From a linear plot of VOBS against (na)2 

VEO = slope/2 	 (3.2.2.1.6) 

V 	
= intercept + VEO 	 (3.2.2.1.7) 

Thus electrophoretic velocity may be determined either 

from the observed particle velocity as a function of depth 

through the cell, or by direct measurement at the 

stationary levels at (na)2 = 0.5. 

Several equations applicable to different K a values 

have been proposed to calculate zeta potentials from 

electrophoretic velocity data. For the case of PVC 

particles dispersed in VCM, Ka is <<1 and the HUckel 

equation (140) was used. 

U = ____ 1.5 n 
(3.2.2.1.8) 

where u is the electrophoretic mobility and is equal to 

the electrophoretic velocity divided by the applied 

potential gradient 	and r, are the permittivity and 

viscosity of the dispersion medium. The expression was 

derived from Stokes equation and allows for the so-called 

electrophoretic retardation. Under the influence of the 

applied electric field the counter ions flow in the 



opposite direction to the particles and, in so doing, 

impart a liquid flow which reduces the electrophoretic 

velocity of the particles. This movement distorts the 

originally symmetrical double layer and, due to the finite 

time required for its restoration by diffusion and 

conduction, a retarding potential difference is formed. 

This is the relaxation effect and is not accounted for in 

the Hückel equation but can be safely neglected in 

dispersions where Ka < 0.1 (141) which is the case in the 

present investigation of PVC particles suspended in VCM. 

The calculation of zeta potentials has been the 

subject of several refinements which have been reviewed by 

Hunter (98). The recent computer solution of O'Brien and 

White (142) has not been employed here since at low Ka 

values their approach yields zeta potentials with little 

deviation from those obtained by the Huckel equation. 

3.2.2.2 Technique 

The construction of the cell and the preparation 

of the polymer latex has already been discussed in 

sections 3.1.4 to 3.2.1. A small amount of the 

concentrated dispersion was gently poured into diluent 

monomer held in the electrophoresis portion of the cell. 

There it was thoroughly mixed before being mounted 

vertically in the thermostated tank of the Rank 

electrophoresis apparatus. 

Electrophoresis measurements were made at 
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293.1 K ± 0.1 K and to prevent convection currents 

forming by the distillation of monomer around the cell the 

room was maintained to a similar temperature. To minimise 

further the problem of convection within the cell, two 

heat filters (Ealing Beck Ltd.) were positioned between 

the microscope lamp and the dark ground condenser 

assembly. The scattered light observed from the particles 

depended upon the extent of polymerisation and, at a total 

magnification of 200x, ranged from a faint mist in which 

no individual particle could be observed to single bright 

spots against a dark background. 

A d.c. potential of up to 450 V could be applied to 

the cell using a voltage stabilised power supply, the 

magnitude and reversibility of this potential being 

checked with a high impedance digital voltmeter. Particles 

were timed over a series of squared graticules in one eye 

piece using a digital stop clock accurate to 0.02 s. To 

minimise operator timing errors, Brownian motion errors 

and electrode polarisation, the number of squares crossed 

was chosen so that the times were between 4 and 10 

seconds. Furthermore, the potential gradient was reversed 

after each timing to avoid the build up of electrode 

reaction products and to compensate for any horizontal 

particle drift. 

The observed velocity was obtained by recording 

eight concordant particle timings at up to nine levels 

throughout the front half of the cell. The product of the 

mean reciprocal time taken to traverse one graticule 
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square by the length of that square gave the observed 

particle velocity and a linear graph of VOBS  against 

(na)2  plotted. Using a least squares analysis to give 

the slope and intercept the electrophoretic and 

electro-osmotic velocities were calculated from equations 

(3.2.2.1.7) and (3.2.2.1.6) respectively. 

To disclose any variation in electrophoretic 

velocity as a function of time, measurements were also 

made directly at the stationary level at the start and on 

completion of an electophoresis session. 

Division of the electrophoretic velocity by the 

applied potential gradient yields the electrophoretic 

mobility and the corresponding zeta potentials were 

calculated from the Hiickel equation (eqn. 3.2.2.1.8). 

3.2.2.3 Evaluation of optical corrections and cell 

lengths. 

Optical corrections. 

During the design of the electrophoresis cell 

conflicting requirements were met regarding the optical 

capillary. The thin walled Van Gus type cells (143) which 

suffer only minor optical distortions could not withstand 

the elevated pressures required to liquify the monomer. 

The cells were therefore constructed with thick walled 

Mattson type capillaries (144), which induced complex 

optical distortions in the particle image. The flat outer 

and curved inner walls of the capillary act as a 
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piano-concave lens which has the effect of shifting the 

apparent position of levels within the cell. 

A correction was first proposed by Henry (145) but 

more recently Hail (146) has shown that the analysis was 

inadequate due to the complexity of the astigmatism. Each 

point within the cell gives rise to two virtual images, 

when focused just inside the near wall these two images 

are close together and appear as a point source. In the 

rear half of the cell the images are widely spaced and 

appear as poorly defined elongated spheres. In practice it 

was impossible to make measurements in the rear half of 

the cell because of this astigmatism and data was only 

collected at a series of optically corrected levels in the 

front half of the cell. 

The corrections were evaluated using a rearranged 

form of the expression given by Smith (147) 

V = 

where V 

u 

a 

d 

au 	+ 	(n -n (3.2.2.3.1) 
n  a-u(n1-n2) 	n2  

is the apparent location of the point 

relative to the true position 

is the actual distance from the front 

inner wall to the required point of 

observation 

is the capillary radius 

is the minimum wall thickness 

is the refractive index of the liquid 

in the cell (1.364 for VCM at 293 K) 
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is the refractive index of the cell 

material (quartz 1.46) 

n3 	is the refractive index of the medium 

immersing the microscope lens (air). 

The capillary radius "a" could only be measured 

indirectly. The minimum flat flat distance of the cell was 

measured using a micrometer, whilst the minimum wall 

thickness was measured by setting the cell vertical and 

perpendicular to the light source, at the central plane of 

the capillary. The thickness was then measured by 

focussing alternately on the inner and outer walls of the 

capillary, the difference in micrometer readings 

multiplied by the refractive index (n2) gave the wall 

thickness. The minimum wall thickness was obtained by 

moving in 1 mm steps along the observable portion of the 

capillary. The capillary radius a was then calculated by 

subtracting the two minimum wall thicknesses from the 

flat flat distance. 

Table 3.2.2.3.1 contains the data for each of the 

cells. 

The optical corrections for the quartz cells 

calculated from equation (3.2.2.3.1) are given in Table 

3.2.2.3.2: 



Table 3.2.2.3.1 	Flat flat distance, wall thicknesses and capillary radius for each cell 

Cell type 

Glass 

Modified Glass 

Quartz Mark 1 & 3 

Quartz Mark 2,4,5,6 & 8 

Quartz Mark 7 & 9* 

Flat flat distance/pm 	Minimum wall thicknesses/pm 	Capillary Radius/pm 

6983 2799 2732 726 

7001 2691 2917 697 

6934 2114 2200 1310 

6259 2655 2580 512 
00 

- - - 500 

:1: 
Cell failed before measurements taken and cell not repaired until experimental work 

had ceased. 



Table 3.2.2.3.2 Distance to be moved from the apparent 

position of the front inner wall to focus 

various (na)2  values 

(r/a)2 	 Distance to be moved/pm 

Quartz Cell Mark 1 & 3 Quartz Cell Mark 2,4,5,6 & 8 

0.9 	 49.5 	 19.2 

0.8 	 100.6 	 39.3 

0.7 	 155.1 	 60.6 

0.6 	 213.1 	 83.3 

0.5 	 275.6 	 107.7 

0.4 	 344.1 	 134.5 

0.3 	 421.0 	 164.5 

0.2 	 514.7 	 199.7 

0.1 	 626.5 	 244.9 

0 	 897.3 	 367.8 

Cell lengths 

To enable the conversion of electrophoretic velocity 

to mobility the potential gradient applied during electro-

phoresis had to be evaluated. (The potential gradient 

equals the applied voltage divided by the cell length). 

This requires a knowledge of the cell length which was 

obtained conductimetrically via the cell constant. 

The resistance of three separate KC1 solutions of 

known concentration was measured in the cells using a 

Wayne Kerr Bridge. The cell constants were found by 
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multiplying the mean resistance by the specific 

conductance of KC1 solution. The cell lengths were then 

calculated from the product of the cell constant by the 

capillary cross-sectional area and the results are shown 

in Table 3.2.2.3.3. 

3.2.3 Analysis of particle size and morphology 

The analysis of particle size and morphology was a 

major aspect of this work and allowed the visual 

characterisations of the various particle types and the 

resulting morphological changes brought about by varying 

the colloidal stability of the system. One prerequisite to 

image analysis was the development of a reliable sampling 

technique which would not cause drastic changes in 

particle morphology by flocculation. 

Various methods of sizing colloidal polymer 

particles are available. In this study electron microscopy 

was used because it can measure highly polydisperse 

particle size distributions over any size range within the 

colloidal domain. In reviewing particle sizing of polymer 

laticies Fitch (148) suggested that electron microscopy 

should be considered as a method of last resort. This is 

because the particles (a) tend to aggregate and separate 

according to size during sample preparation, (b) tend to 

degrade under the electron beam, and (c), are low in 



Table 3.2.2.3.3 	Cell constant, Cross sectional area and Cell length for each cell 

Cell type 

Glass 

Modified Glass 

Quartz Mark 1 & 3 

Quartz Mark 2,4,5,6 & 8 

Quartz Mark 7 & 9 

Cell constant/rn 1 	i06  x Cross sectional area/m2  

	

59940 	 1.656 

	

63380 	 1.526 

	

16970 	 5.391 

	

119300 	 0.823 

	

114400 	 0.78 

10  x Cell length/rn 

9.67 
CD 

9.15 

9.82 
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density and therefore difficult to distinguish from the 

background when they are small. Furthermore, hundreds or 

thousands of particles must often be measured to obtain 

statistically significant results. In spite of all these 

shortcomings electron microscopy is a popular method of 

particle sizing because the actual particles can be seen. 

Since particle morphology as well as particle size is an 

important part of this investigation, methods of 

overcoming these deficiencies (a-c) have been developed 

and are discussed in later sections. 

The many factors influencing the results obtained 

by electron microscopy have been discussed by Bradford and 

Vanderhoff (149)(150). More specifically PVC particles 

over the range of 0.05 pm - 1.0 pm have been studied by 

Davidson and others (151)(152) using transmision electron 

microscopy. They found that particles of less than 0.05 pm 

diameter could not be observed and that the PVC particle 

diameter shrank by 207 in the electron beam. These 

concurrent effects can result in both a decrease and an 

increase in the mean particle diameter (shrinkage causes 

the mean to decrease but the loss of small particles 

results in a larger mean). The contribution of each effect 

to the overall mean is dependent on the original particle 

size distribution. By using a vertical shadowing 

technique, they observed that when exposed to the TEM 

electron beam, using a 100 kV accelerating voltage, the 

shadowed latex particles produced shadows which were 207 

larger than their corresponding particles. A comparison of 
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the shadow diameters with results obtained by other 

techniques (fractional creaming, Joyce Loebl Disc 

Centrifuge, Micrometric sedigraph, optical arrays and 

Coulter counter) showed good agreement over the size range 

0.5 - 1.0 pm. However for particles of less than 0.1 pm 

they found electron microscopy the most reliable technique 

(153). 

In the present work scanning electron microscopy 

(SEM) was employed since it has several advantages over 

transmission electron microscopy when used to analyse the 

morphology of PVC particles. The technique utilised much 

lower electron beam currents and accelerating voltages, so 

that specimen heating and degradation are not normally a 

problem. Consequently, using the SEM technique no particle 

shrinkage was observed. 

3.2.3.1 Particle sampling method 

In the previous work at Edinburgh it proved 

difficult to obtain a representative sample of the PVC 

latex for electron microscopy. Speirs found that during 

sampling the high shear forces in transferring dispersed 

latex particles through valves and narrow bore tubing 

resulted in orthokinetic flocculation of these particles. 

This problem has been resolved by simply including 

a glass microslide (2x20 mm) within the polymerisation 

limb, onto which a thin layer of PVC particles was 

deposited during the evaporation of the unreacted monomer. 
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This sampling method was satisfactory for polymer 

conversions up to 37, above this too thick a layer was 

deposited for electron microscopy. 

The percentage yield of polymer was then determined 

gravimetrically. The PVC was solvent extracted from the 

polymerisation limb with two 10 cm  aliquots of hot 

tetrahydrofuran into a weighing bottle where the solvent 

was evaporated. The PVC was dried to constant weight in an 

oven at 353 K and the percentage yield (wt/vol) 

calculated. The quantitative efficiency of this extraction 

was confirmed by control experiments. 

Before use the microslides were cleaned using a 

surfactant cleaning solution (RBS 25) in an ultrasonic 

bath. (Dawe Soniclean 500W Generator.) This was followed 

by copious rinsing using double distilled water with 

further ultrasonic treatment. The microslides were then 

oven dried and stored in a desiccator until required. The 

inclusion of the microslide caused no variation in the 

rate of polymerisation. 

The possibility of preferential adsorption of 

certain types of particle onto the glass microslide 

surface was investigated by sampling latex particles onto 

a microslide which had been vertically half gold coated. 

The image analysis of micrographs from the two areas 

showed no significant difference, suggesting that there 

was no preferential adsorption of particular types of 

latex particles. 



105 

3.2.3.2 Scanning electron microscopy 

Prior to SEM examination the PVC sample had to be 

mounted and the specimen gold coated. The microslide 

carrying the deposited sample was cut into three sections 

and using double sided adhesive tape mounted on a 10 mm 

diameter electron microscope stub. The specimen was then 

gold coated in a Cool Sputter Coater (Polaron Equipment 

Ltd. Type E5100 Series 11) to give a coating thickness of 

approximately 20 - 25 nm. 

The main reason for gold coating is to increase 

both the thermal and electrical conductivity of the 

specimen, PVC is particularly non-conducting (a major 

industrial use is wire insulation) and an uncoated sample 

would charge up under the incident electron beam causing a 

loss of resolution due to increased astigmatism and 

picture brightness. The gold coating also prevents undue 

heating which in extreme conditions could cause thermal 

degradation of the specimen. Furthermore, the coating 

provides greater mechanical stability, increased secondary 

electron emission and increased contrast by reducing beam 

penetration into the sample. 

Micrographs were initially taken on a Cambridge 

Stereoscan 604 but later micrographs were obtained on a 

Cambridge S250 due to the development of an elusive 

scanning fault. The resolution of these machines was 

better than 10 nm at 25 kV and this was sufficient to 

cover the entire range of particle sizes of interest to 
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this study. To avoid operator bias micrographs were taken 

from six predetermined regions of the microslide to give a 

comprehensive record of the particle types present. 

Micrographs were recorded on a fine grain film (Kodak 

Panatomic X) using a 35 mm camera and processed in a fine 

grain developer (Kodak Microdol X) to give negatives of 

maximum definition. 

3.2.3.3 Image analysis 

Image analysis involved an initial preview of the 

micrographs to record the type and morphology of the 

particles present. This was followed by a more detailed 

analysis of particle size in which some or all of the 

following parameters would be measured. 

The unflocculated primary particle diameter. 

The primary floc diameter. 

(iii)The primary and primary floc diameter to give 

an overall particle size distribution. 

(iv) The diameter of primary particles within 

the floc structure. 

For the majority of polymer batches analysis of type (iii) 

was adequate, however, if overlap of the primary and 

primary floc distributions occurred, individual analyses 

of types (i) and (ii) became necessary. 

Particle diameters were measured on a Vickers 
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Magiscan Image Analyser to give number and volume average 

particle diameters (D n 	v 
and D ) and their standard 

deviations (a anda ). Statistically valid distributions 
n 	v 

were accumulated for each polymer batch by measuring 

particle diameters until the Magiscan upper limit of 1000 

particles had been reached. Histograms of the particle 

size distribution of the sample: (a) the most frequently 

occurring value (called the mode), (b) the spread or 

dispersion of the data about this value, and (c) the 

skewness, or lack of symmetry about the most frequently 

ocurring value. 

Size distribution functions and average sizes have 

been discussed in detail by Herdan and Smith (15). In 

this study, the number, surface area and volume averages 

have been calculated since in the comparison of a series 

of samples by means of an improperly chosen average size, 

there may be no correlation of the physical properties 

with the average size found. For instance the presence of 

a secondary nucleation of particles could be missed by 

using a volume averaging technique, such as light 

scattering, since the large number of small particles 

would make little contribution to the total volume of the 

sample and thus have virtually no influence on the total 

volume average value. 

When the particle size distributions of both the 

primary and primary flocs is measured (type iii) the 

Magiscan output reports only the overall mean and standard 

deviations. To obtain this data for each type of particle 



the individual distributions were fed into a computer 

programme ("Diameter". Listed in Appendix 2) which makes 

use of the following statistical relationships. 

Number average 

Surface area average 

Volume (weight) average 

Number standard deviation 

n. 
1 
D. 
1 

D 	= n 	n (3.2.3.3.1) 

n. ii D 

D 	= sa 	. D 2 (3.2.3.3.2) 
ii 

n. ii D 

v D(3.2.4.4.3) 

ii 

En 	D 2 
- D 2(3.2.3.3.4) - z 	. 1 

fl 

v. D.2  
Volume standard deviation 	

= 	1 1 - D 2 
v 	Ev 	

v (3.2.3.3.5) 
.  
1 

where n1  is the number of particles of class diameter D 

The degree of skewness 	= (mean - mode) 	(3.2.3.3.6) 

The programme output values of the three averages and the 

standard deviations along with the modal value and 

skewness of the distribution. 

One final parameter considered in the image 

analysis was the polydispersity of the primary particles 

and this was calculated from the ratio of D to DV 9 which 

for a monodisperse system is unity. 
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Chapter Four 

Results and discussion 



110 

4. Introduction 

In this Chapter results of experimental and 

theoretical investigations are presented and discussed. 

In section 4.1 the reproducibility of 

polymerisation and confirmation of reliable 

electrophoresis are considered. 

The following section, 4.2, describes the 

characterisation of PVC particles dispersed in vinyl 

chloride monomer. The effects of particle charge, 

concentration and electrophoretic mobility on particle 

morphology are presented. From these a particle charge 

regime, operating during the initial stages of 

polymerisation, is proposed. 

Section 4.3 discusses the theoretical particle 

stability using the DLVO type calculations dealt with in 

Chapter 2. The experimental data and proposed charge 

regime are used in theoretical calculations designed to 

elucidate whether the observed stability behaviour of the 

primary particles could be explained in terms of 

electrostatic stabilisation. By variation of particle 

charge changes in PVC morphology can be predicted. 

A later section describes the effect of low 

molecular mass compounds on primary particle charge. 

Methods of controlling the colloidal stability of the 

growing particles are also discussed. 

Finally, on the control of polymer morphology, the 

important relationship between reaction kinetics and 
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colloidal stability of PVC particles is discussed. A 

mechanism is then proposed for the development and control 

of PVC morphology. 

4.1 	Preliminary investigations using the combined cell. 

4.1.1. Polymerisation. 

As a preliminary to the investigation of particle 

charge as a function of particle radius and polymerisation 

temperature, a polymerisation rate was sought which 

provided an "observation window" in which the growth and 

flocculation of primary particles could be monitored 

simultaneously. Too large a polymerisation rate would 

result in very rapid particle growth and only a short 

time scale in which to observe trends in the colloidal 

events. Alternatively too small a polymerisation rate, 

although providing a long "observation window", would make 

it impossible on safety grounds to complete the 

production, investigation and disposal of a PVC batch 

during normal working hours. 

The early experiments were initiated with Liladox 

(dicetyl peroxydicarbonate) using a concentration of 0.057 

(wt/vol). The rates of polymerisation obtained at 343 K 

were varied and irreproducible. During one of these 

polymerisations the side limb of the Quartz cell (mark 1) 

exploded and following a review of the polymerisation 

method the process was modified in two ways. Firstly the 

maximum polymerisation temperature was reduced to 333 K so 
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lowering the saturation vapour pressure of VCM from 

1.2 MPa to 1.0 MPa and secondly the Liladox initiator was 

replaced with lauroyl peroxide since in small scale 

polymerisations the latter has been reported to give more 

reproducible polymerisation kinetics (155). 

Using the criteria given earlier for the longest 

"observation window", the optimum lauroyl peroxide 

initiator concentration of 0.1%  (wt/vol) was calculated so 

that the majority of polymerisations would require a 

reaction time of between five and sixty minutes over the 

intended investigation temperature range of 308 K to 333 K 

To confirm reproducible polymerisation in the combined 

cell and to expose any variation in reaction rate during 

the project, the rate of polymerisation was monitored for 

each polymerisation. The initial reaction rate was 

investigated by terminating a series of polymerisations at 

different extents of polymerisation, up to a maximum of 47 

conversion. The polymer yield was determined by the 

gravimetric method described earlier. The initial stages 

of VCM polymerisation follow first order reaction kinetics 

and the polymerisation rate was obtained from the 

appropriate graphical plot as described in section 4.5.2. 

For a reaction mixture containing 0.17 lauroyl peroxide at 

323.1 K the first order polymerisation rate constant was 

(3.74± 0.09) x 10_6  S 1  and this compares favourably with 

the value of 3.80 x i0 6  s' obtained by Rance and Zichy 

(42). 

The experimental work of Speirs was abandoned 
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because of an unexplained reduction in the observed 

polymerisation rate by a factor of between two and ten 

times over the initial value. It was suggested that the 

reaction became increasingly inhibited by unknown species 

on the test tube cell wall. Continuous monitoring of 

reaction rate during this work showed that the observed 

reaction rate constant remained unchanged throughout the 

life of Quartz cell (mark 2) and its subsequent versions. 

This indicated that the rate retarding feature of Speirs' 

test tube cell had not been incorporated into the combined 

cell developed for this work. 

41.2. Electrophoresis 

This work confirmed the earlier findings of Speirs 

that reliable electrophoresis of PVC particle aggregates 

suspended in VCM cannot be observed in a borosilicate 

glass electrophoresis cell. When electrophoresis 

measurements were attempted, two types of phenomena were 

observed. In the first, immediately after the application 

of the electric field, no particle motion was observed, 

then, gradually over a period of 3 to 5 seconds, the 

particle velocity increased until a uniform velocity was 

obtained. On removing the potential gradient across the 

cell the particle velocity slowly decreased taking a 

similar time to decay. The second phenomenon which 

occurred at higher potential gradients involved irregular 

particle movements. Immediately the field was applied the 
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particles moved rapidly over two to three graticule 

squares and then reversed direction and moved off in a 

slow regular manner. On reversing the field a similar 

movement in the reversed direction was observed. The 

magnitude of these initial jumps was proportional to the 

applied potential gradient for values in excess of a 

critical value. 

These two phenomena have been observed and 

discussed by van der Minne and Hermanie (67). The delayed 

particle velocity is due to the time necessary to charge 

the small capacitor formed by the electrophoresis cell. In 

order to build up the electric field a small amount of 

current has to pass through the electrolyte, which in this 

case is VCM monomer. The time taken to establish the 

electric field is related to the magnitude of R x C, where 

R/Q is the resistance of the electrolyte and C/F is the 

capacitance of the cell. The magnitude of R and C are 

large and small respectively and calculations show that a 

charging time of a few seconds is to be expected. This 

accounts for the observed increase in particle velocity 

during the period in which a uniform field is established. 

The second effect of irregular jerky particle movement was 

observed by Pohl (156) who called it dielectrophoresis. It 

arises from the formation of inhomogeneous fields. A more 

rigorous treatment of the relationship between 

electrophoresis and dielectrophoresis has been given by 

Parreira (157). 

Under ideal conditions the application of the 
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potential gradient creates a homogeneous field at a rate 

determined by the conductivity of the dispersion medium. 

However, in low permittivity media, where significant 

conduction along the capillary walls may be possible, a 

strongly divergent field can be formed initially due to 

the termination of lines of force on the cell walls. The 

irregular motion observed during dielectrophoresis is 

caused by the migration of particles of higher 

permittivity than the dispersion medium to the position of 

highest field strength in the non-uniform field. 

Acceptable electrophoresis will only commence when 

sufficient current has passed through the dispersion 

medium to allow a homogeneous field, in which the lines of 

force are parallel to the capillary, to be formed between 

the electrodes. 

Two mechanisms have been proposed for surface 

conductance along the cell walls. This may arise from the 

relatively high conductivity of borosilicate glass 

(67,158) in which network modifying sodium ions act as 

ionic conductors. Furthermore, traces of water in the 

monomer tend to accumulate at the glass surface where they 

are held by hydrogen bonding to the silanol groups present 

in the reasonably hydrophilic glass surface. A second 

method of surface conduction is then possible by proton 

transfer through the surface layer of water molecules. 

To achieve reliable electrophoresis, conductance 

through the cell wall must be eliminated. Van der Minne 

and Hermaine proposed a definitive cell design for use in 
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low dielectric media in which the use of quartz rather 

than glass was recommended. Quartz has a simpler 

composition (158), since it contains fewer interstitial 

metal ions and surface silanol groups. The former reduces 

the conductivity of quartz by roughly a factor of 100 

over glass whilst the lower silanol group content reduces 

the adsorption of trace water at the cell/VCM interface. 

Further suggestions for the cell design included the use 

of a wide bore capillary (2 mm) to reduce the possibility 

of divergent fields terminating on the walls and 

increasing the cell wall resistance by diminishing the 

wall thickness. Finally, the use of low potential 

gradients aid regular electrophoresis since inhomogeneous 

fields arise at high field strengths. The mark 1 combined 

quartz cell contained a 2 mm diameter capillary and a 

relatively low field strength of 18 V cm 	was applied 

during electrophoresis. The use of thin capillary walls 

was not possible because of the elevated pressures 

required to liquify the monomer. 

During the limited electrophoresis measurements 

made in the mark 1 cell, prior to its explosion, the 

problem of dielectrophoresis was not encountered. The 

replacement cell (mark 2) built by ICI Plc contained a 

1 mm diameter capillary and initial attempts to obtain 

electrophoresis resulted in both delayed particle motion 

and dielectrophoresis. After considerable experimentation 

reliable electrophoresis was obtained for the majority of 

polymer batches by treating both the internal and external 



117 

surfaces of the cell with a solution of 

dichiorodimethylsilane before each polymerisation. This 

rendered the quartz cell wall hydrophobic by replacing 

silanol groups -SiGH with - Si - 0 - Si(Me)2- 0 -- 

Surface conductance along the wall was minimised by 

keeping traces of water dispersed throughout the monomer. 

To overcome the difficulties encountered with the 

1 mm diameter capillary, quartz cell mark 3 was 

constructed with the 2 mm capillary. As predicted, no 

dielectrophoresis problem was encountered but vertical 

convection currents were present within the cell. At the 

front of the cell particles rose vertically, at the centre 

there was little movement and at the rear of the cell 

particles fell vertically. The convection current was 

caused by local heating from the illuminating light source 

and although the positioning of a second heat filter 

between the cell and light source reduced the convection 

current, electrophoresis measurements were rendered 

meaningless as the observed particle motion was always the 

resultant vector of the component due to the migration 

under the applied field and the component due to the 

vertical convection current. Vertical convection currents 

had been a problem in the original cell but these were 

overcome by the addition of a single heat filter and by 

using the minimum light intensity necessary to observe the 

particles undergoing electrophoresis. For reasons which 

will be discussed in a later section, it became imperative 

to use the maximum illuminating power to resolve the 



scattered light from the particles and this gave rise to 

the increased convection currents within the cell. The 

problem of convection currents in the 2 mm diameter 

capillary could not be resolved by the addition of further 

heat filters as this reduced the light intensity making it 

impossible to observe the small particles, so reluctantly, 

all further versions of the cells were constructed with 

1 mm diameter capillaries despite their associated 

problems of dielectrophoresis. 

Electrophoresis results occasionally showed that 

the electrophoretic velocity of the particles decreased 

after approximately 20 to 25 minutes. Speirs also reported 

this loss of mobility and attributed it to particle 

adsorption on the cell walls. If the cell was dried with 

acetone (Analar) the cell walls were rendered positive and 

rapid adsorption of the negatively charged particles 

occurred. However, oven drying of the cell, after copious 

rinses with water, produced negatively charged walls and 

greatly reduced particle adsorption. 

The extensive particle adsorption on the walls 

reduced the charge carrier content of the dispersion 

medium and greatly increased charge transport along the 

capillary walls by both the adsorbed particles and 

counterions. Under these conditions the potential drop was 

mainly between the electrodes and the capillary wall 

rather than between the two electrodes via the 

electrolyte. The observed decrease in particle velocity 

about 20 minutes after initial reliable electrophoresis 



119 

arose because the particle adsorption on the walls became 

sufficient to provide a conductive path along the walls 

reducing the actual potential drop across the dispersion 

medium. The original mobility could be restored by 

redispersing the particles by agitation of the cell 

contents, thus confirming the mechanism suggested. 

To assess any systematic variation in particle 

mobility as a function of elapsed time from starting 

electrophoresis, particle timings were first obtained at 

the front stationary level and then again at frequent 

intervals during the electrophoresis run. Timings were 

also obtained at various depths within the cell, so that, 

a van Gus plot of electrophoretic velocity against (na)2  

could be constructed. A straight line was obtained but 

frequently its slope increased slightly during 

electrophoresis corresponding to the walls becoming more 

positive by the mechanism proposed earlier. No variation 

in electrophoretic velocity at the stationary level was 

found suggesting that the two wall potentials were 

gradually increasing with time, and at the same rate. Thus 

the regular distribution of electrophoretic velocities 

within the cell remained, as predicted by eqn.(3.2.2.5) 

and the electrophoresis results were therefore not 

invalidated by the increasing wall potentials. 

These preliminary investigations have shown that 

the measurement of electrophoretic mobilities of 

dispersions in low permittivity media are frought with 

difficulties and great care is necessary to ensure that 
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reliable electrophoretic data are obtained. The following 

criteria for reliable electrophoresis are considered 

essential (67):- 

Motion should be uniform and rectilinear between 

the electrodes. 

The electrophoretic velocity should be independent 

of position in the electric field. 

The electrophoretic velocity should be directly 

proportional to the applied field strength, and 

should reverse exactly on reversal of the field. 

Only after implementing the experimental procedures given 

above could these criteria be fulfilled. 

The first and second criteria were met once the 

problems of vertical convection currents and 

dielectrophoresis had been eliminated. The electrophoretic 

velocity was measured over the observable section of the 

capillary and no systematic variation in electrophoretic 

velocity was found. Finally the electrophoretic velocity 

at the stationary level was measured as a function of the 

applied potential and a typical result shown in Fig 

4.1.2.1. The graph shows a straight line going through the 

origin confirming the third criteria, that the 

electrophoretic velocity should be proportional to the 

applied field strength. 
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4.2 	Experimental investigation of colloidal 

events during polymerisation. 

4.2.1 Introduction 

The following sections describe the 

characterisation of PVC particles dispersed in vinyl 

chloride monomer. Having completed the preliminary 

investigations in the combined cell, the effects of 

particle size, particle concentration and electrophoretic 

mobility on polymer morphology were determined and are 

discussed here. 

These parameters could not be measured during 

polymerisation and resulted in a batch process being 

adopted, in which polymerisations were quenched at the 

desired conversion and the experimental data collected. 

During these investigations 160 batches of polymer were 

produced spanning the range of 0 to 47 conversion. 

The results presented in this section relate to 

polymerisations carried out at 323.1 K containing 

0.17 (wt/vol) lauroyl peroxide initiator. 

4.2.2 PVC polymer morphology. 

Polymer morphology was assessed by scanning 

electron microscopy. The technique and methods of 

analysing the photomicrographs were discussed in section 

3.2.3. 
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During the course of this study, in excess of 1200 

micrographs were taken to record the colloidal events 

occurring during the initial stages of the polymerisation. 

In this way a thorough understanding of the development of 

PVC polymer morphology was obtained. The large number of 

micrographs recorded makes it impossible to present each 

micrograph. However the statistical data derived from the 

image analyses is presented in tabular form. To enable the 

reader to visualise the types of particles formed and the 

changes in polymer morphology that occur during 

polymerisation, typical micrographs are presented in 

Plates (4.2.2.1 to 4.4.2.12). This series covers the 

formation and fate of the colloidally sized particles and 

represents monomer conversion over the range of 0.17 to 

370 (wt/vol). 

The first particles to appear are the basic 

particles which are believed to result from the 

polymerisation of a single radical. These particles phase 

separate at approximately 107 conversion and have a 

diameter of about 10 - 20 nm. 

Speirs (58) has obtained micrographic evidence of 

basic particles. These were observed in a very slow 

polymerisation, initiated photochemically. 

No photomicrographic evidence of the basic 

particles was obtained in the present study. Under the 

conditions employed in this investigation, the coagulation 

of the basic particles to primary particles was estimated 

to occur within 10 to 20 seconds of initiating the 
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polymerisation (42). Consequently, the first particles 

observed were already primary particles, the basic 

particles being too short lived to be detected. 

Plates 4.2.2.1 to 4.2.2.4 indicate the various 

forms of primary particles during polymerisation. The 

particles produced were substantially of a spherical 

nature. As the polymerisation proceeds the particles were 

observed to aggregate to form doublets, triplets and then 

multibody aggregates. See Plates 4.2.2.5 to 4.2.2.8. 

The fully formed primary particle aggregates are 

shown in Plates 4.2.2.9 to 4.2.2.11. Structures resembling 

those proposed by Zichy (9) based on the most stable 13 

particle cluster arrangement (54) were observed. 

Plate 4.2.2.12 indicates the fate of the primary 

particle aggregates. As the monomer is consumed the 

aggregates fuse together to give a continuous polymer 

network. 

As discussed earlier, the ease of polymer 

processing and removal of residual monomer will depend 

upon the porosity of the final polymer. From this series 

of micrographs it can be seen that porosity can arise from 

the interstitial voids between individual, or aggregates 

of, primary particles. These will be affected by the size 

of the particles and conversion at which the aggregation 

step occurs. 
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PLATE 4.2.2.1 	PVC PkIMARY PARTICLES 

PLATE 4.2.2.2 	PVC PRIMARY PARTICLES 
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PLATE 4.2.2.3 	PVC PRIMARY PARTICLES 

PLATE 4.2.2.4 	PVC PRIMARY PARTICLES 
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PLATE 4.2.2.5 	COAGULATING PRIMARY PARTICLES 

PLATE 4.2.2.6 	COAGULATING PRIMARY PARTICLES PLUS ONE PRIMARY 
PARTICLE AGGREGATE 
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PLATE 4.2.2.7 	PRIMARY AND PRIMARY PARTICLE AGGREGATES 

PLATE 4.2.2.8 	PRIMARY AND PRIMARY PARTICLE AGGREGATES 
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PLATE 4.2.2.9 	PRIMARY PARTICLE AGGREGATES 

PLATE 4.2.2.10 	PRIMARY PARTICLE AGGREGATES 
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PLATE 4.2..1 1 	PRIMARY PARTICLE AGGREGATES 

F 

0 
PLATE 4.2.2.12 	PVC PRIMARY PARTICLE AGGREGATES LOCKING INTO A CONTINUUM 
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4.2.3 Particle size distribution. 

Section 3.2.3.3 dealt with the image analysis of 

the SEM micrographs. Particle size analysis involved 

measuring some or all of the following parameters:- 

The unflocculated primary particle diameter 

The primary particle aggregate diameter 

The primary and primary aggregate diameter 

to give an overall particle size 

distribution 

The diameter of the primary particles 

within the primary particle aggregate. 

Figures 4.2.3.1 to 4.2.3.4 are examples of type 

(iii) histograms generated on the Vickers Magiscan Image 

Analyser. 

Particle size distributions calculated on a number 

and volume basis are shown in Figures 4.2.3.1 & 4.2.3.2 

for polymer batch 151. At this monomer conversion (0.167 

(wt/vol)) the distribution represents single primary 

particles which appear to be stable to aggregation. The 

primary particles range in diameter from 0.02 pm to 

0.32 pm and are not highly monodisperse (polydispersity 

D ID = 0.7 - 0.8). 
n v 

Batch 28 represents a system in which some of the 

first formed primary particles have already coagulated to 

give primary particle aggregates (Figures 4.2.3.3 and 

4.2.3.4). In this example the two distributions are 
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Figure 4.2.3.1. Vickers Magiscan NUMBER AVERAGE 

Particle Size Distribution for Polymer Batch 151 
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Particle Size Distribution for Polymer Batch 28. 
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clearly defined, the primary particles exist up to 0.24 pm 

This simple bimodal distribution was not always observed. 

Figures 4.2.3.5 and 4.2.3.6 show distributions which 

contain both free primary particles and aggregated 

primaries, but due to the presence of these small particle 

aggregates, the primary particle cut off point is not 

clearly defined. To resolve the free primary particle and 

primary particle aggregate distributions, separate image 

analyses of types (i) and (ii) were required, using the 

computer programme discussed in Appendix (2). 

A comparison of the particle size distributions on 

a number and volume basis shows the importance of choosing 

the correct method of particle sizing. For example, in the 

distribution given in Figure 4.2.3.5 nearly 507 of the 

particles are <0.2 pm, however they only contribute 0.57 

to the total volume of the sample (Figure 4.2.3.6). Thus 

these small particles have virtually no influence on the 

total volume average value (Dv). Indeed the volume average 

is so insensitive to small particles that in this case, 

the presence of 507 of particles <0.2 pm makes no change in 

the volume average diameter. 

Dv  all particles 	= 0.63 pm ± 0.11 pm 

Dv  all particles >0.2 pm = 0.63 pm ± 0.11 pm 

For this reason the use of a volume averaging 

technique, such as light scattering, could fail to detect 

the presence of primary particles or a secondary 

nucleation phase, in a system where large primary particle 

aggregates have already formed. 
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Particle Size Distribution for Polymer Batch 66. 
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Eventually all the primary particles aggregate. 

Figures 4.2.3.7 and 4.2.3.8 show a typical distribution in 

particle size for primary particle aggregates. In polymer 

batch 26 they span from 0.36 pm to 0.96 pm diameter. 

By quenching polymerisations at increasing monomer 

conversions it was observed that the primary particles 

remained stable to aggregation until they attained a 

critical diameter above which they coagulated. Tables 

4.2.3.1. to 4.2.3.4. record the statistical data obtained 

from the particle size distributions for polymer batches 

formed at 323.1 K containing 0.17 (wt/vol) lauroyl 

peroxide. The parameters recorded were discussed in 

Section 3.2.3. 

The tabulated diameters are the apparent diameters 

of the PVC particles. During polymerisation each particle 

is swollen with monomer and is composed of 2 parts polymer 

to 1 part monomer (159). Evaporation of the monomer during 

sampling decrease their volume by 1/3. The actual particle 

diameter may be calculated by multiplying the apparent 

diameter by 1.145, to allow for the shrinkage occurring on 

particle sampling. 

The primary particle diameter (volume average, 

D) as a function of monomer conversion is shown in 

Figure 4.2.3.9. Several important features of the VCM 

polymerisation process are revealed in this figure. 

The previous assumption (42) (58) that the primary 

particles were highly monodisperse, appears to be 

incorrect. The standard deviation on the mean primary 
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Table 4.2.3.1. Overall particle size distribution data. 

Type (iii) analysis. 

Batch 

No. 

L Conversion 

(wt/vol) 

Mean diameter 

number basis 

Dn /pm 

Standard 

deviation 

an/pm 

Mean diameter 

volume basis 

Dv /pm 

Standard 

deviation 

Gv/pm 

Poly- 

dispersity 

Dn/Dv 

23 0.54 0.231 0.147 0.436 0.109 0.53 

24 0.96 0.264 0.165 0.499 0.125 0.53 

27 0.24 0.149 0.055 0.211 0.063 0.71 

29 1.60 0.790 0.227 0.987 0.243 0.80 

32 2.03 0.448 0.280 0.746 0.133 0.60 

33 0.49 0.133 0.119 0.476 0.139 0.28 

34 0.41 0.191 0.156 0.445 0.090 0.43 

39 0.42 0.235 0.086 0.286 0.036 0.82 

40 0.71 0.304 0.184 0.522 0.120 0.58 

41 0.42 0.236 0.105 0.331 0.071 0.71 

42 0.64 0.189 0.123 0.370 0.090 0.51 



Table 4.2.3.1. cont. Overall particle size distribution data. 

Type (iii) analysis. 

Batch 

No. 

L Conversion 

(wt/vol) 

Mean diameter 

number basis 

Dn /pm 

Standard 

deviation 

an/pm 

Mean diameter 

volume basis 

Dv 1pm 

Standard 

deviation 

ov/pm 

Poly- 

dispersity 

Dn/Dv 

43 0.42 0.286 0.114 0.362 0.056 0.79 

58 1.00 0.311 0.214 0.583 0.112 0.53 

59 0.16 0.181 0.098 0.335 0.134 0.54 

60 0.86 0.238 0.126 0.358 0.081 0.66 

62 0.52 0.317 0.183 0.553 0.166 0.57 

67 0.09 0.119 0.053 0.178 0.057 0.67 

69 0.19 0.210 0.091 0.302 0.086 0.70 

70 0.40 0.204 0.186 0.473 0.088 0.43 

71 0.16 0.221 0.169 0.453 0.117 0.49 

151 0.08 0.143 0.047 0.186 0.049 0.77 



Table 4.2.3.2. Particle size distribution data (shrunken) for primary particles. 

Type (i) analysis. 

Batch Mean diameter Standard Mode Skew Mean diameter Mean diameter Standard Mode Skew Poly- 

No. number basis deviation surface area volume basis deviation dispersity 

DnI pm an/pm 1pm Ds /pm Dv /pm Gv/pm /pm Dn/Dv 

24 0.151 0.047 0.15 0.02 0.178 0.190 0.044 0.19 0.00 0.79 

28 0.142 0.039 0.14 -0.05 0.162 0.171 0.038 0.15 0.55 0.83 

41 0.106 0.034 0.09 0.47 0.127 0.135 0.029 0.13 0.17 0.79 

42 0.109 0.038 0.11 -0.03 0.133 0.143 0.033 0.13 0.39 0.76 

58 0.132 0.041 0.11 0.54 0.155 0.165 0.038 0.15 0.39 0.80 

60 0.098 0.044 0.11 -0.27 0.135 0.151 0.044 0.11 0.93 0.65 

62 0.131 0.044 0.12 0.25 0.158 0.167 0.034 0.17 -0.09 0.78 



Table 4.2.3.2. Particle size distribution data (shrunken) for primary particles. 

Type (i) analysis, continued. 

Batch Mean diameter Standard Mode Skew Mean diameter Mean diameter Standard Mode Skew Poly- 

No. number basis deviation surface area volume basis deviation dispersity 

Dn/ pm an/pm 1pm Ds 1pm Dv /pm av/pm 1pm Dn/Dv 

67 0.118 0.051 0.15 -0.63 0.156 0.168 0.041 0.15 0.44 0.70 

70 0.070 0.047 0.05 0.51 0.138 0.168 0.058 0.21 -0.72 0.44 

151 0.143 0.047 0.15 -0.15 0.172 0.186 0.048 0.19 -0.08 0.77 

152 0.143 0.041 0.13 0.32 0.170 0.180 0.049 0.17 0.20 0.79 

153 0.102 0.036 0.08 0.61 0.128 0.141 0.041 0.13 0.27 0.72 



Table 4.2.3.3. Particle size distribution data (shrunken) for primary particle aggregates. 

Type (ii) analysis. 

Batch 

No. 

Mean diameter 

number basis 

Dn/ pm 

Standard 

deviation 

on/pm 

Mode 

1pm 

Skew Mean diameter 

surface area 

Ds 1pm 

Mean diameter 

volume basis 

Dv /pm 

Standard 

deviation 

av/pm 

Mode 

1pm 

Skew Poly- 

dispersity 

Dn/Dv 

23 0.400 0.077 0.41 -0.13 0.429 0.442 0.076 0.41 0.42 0.90 

24 0.463 0.088 0.49 -0.31 0.495 0.508 0.079 0.49 0.23 0.91 

26 0.635 0.100 0.62 0.15 0.672 0.681 0.100 0.68 0.01 0.93 

29 0.582 0.106 0.59 -0.08 0.620 0.638 0.105 0.63 0.08 0.91 

32 0.678 0.138 0.68 -0.01 0.730 0.751 0.117 0.79 -0.33 0.90 

34 0.357 0.069 0.29 0.97 0.383 0.395 0.068 0.39 0.07 0.90 

40 0.448 0.110 0.47 -0.20 0.499 0.521 0.062 0.53 -0.15 0.86 

42 0.348 0.069 0.33 0.26 0.373 0.385 0.066 0.39 -0.08 0.90 

43 0.328 0.068 0.36 -0.47 0.353 0.362 0.055 0.37 -0.15 0.91 



Table 4.2.3.4. Particle size distribution data (shrunken) for primary particles within 

primary particle aggregates. Type (iv) analysis. 

Batch Mean diameter Standard Mode Skew Mean diameter Mean diameter Standard Mode Skew Poly- 

No. number basis deviation surface area volume basis deviation dispersity 

Dn/ pm on/pm /pm Ds /pm Dv /pm ov/pm /pm Dn/Dv 

29 0.328 0.070 0.32 -0.03 0.358 0.372 0.073 0.36 0.03 0.88 

32 0.287 0.076 0.26 0.22 0.327 0.344 0.076 0.30 0.45 0.83 

33 0.236 0.050 0.20 0.51 0.257 0.266 0.050 0.26 -0.07 0.89 

34 0.184 0.042 0.17 0.21 0.203 0.211 0.041 0.21 -0.10 0.87 

105 0.182 0.050 0.15 0.44 0.210 0.224 0.056 0.79 -10.4 0.81 
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particle diameters are large and often primary particles 

were found to span the entire size range over which they 

exist. Values for polydispersity are given in Table 

4.2.3.2. which range from 0.4 to 0.8. A monodisperse 

system would return a value of unity. 

Figure 4.2.3.9. also indicates a striking feature 

of the PVC polymerisation, the presence of a critical 

primary particle diameter. When the hitherto stable 

primaries exceed a certain critical diameter by 

polymerisation, they coalesce to form primary particle 

aggregates. The equation for the best straight line was: 

Mean primary particle diameter; 

D = 3.69 x 10 	x 70conversion + 1.65 x 10 	M. 

The near zero gradient (3.69 x 10) confirms that the 

mean critical diameter is virtually independent of 

conversion. 

At the onset of coagulation (0.17 conversion 

(wt/vol)) the mean critical diameter of the primary 

particles was (1.65 ± 0.12) x 10' m. This diameter 

represents the shrunken particle size, the corrected 

diameter for the monomer swollen primary particle is 

(1.89 ± 0.13) x 10 	M. 

This value represents the mean maximum size at 

which the free primary particles can exist. Further growth 

by polymerisation results in the loss of primary particle 

stability to coagulation, and the formation of primary 
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particle aggregates. 

During this investigation the results of a 

separate study (42), using an alternative technique 

(photon correlation spectroscopy) indicated a critical 

primary particle diameter of 1.8 x 10 	m, which tends to 

support the value of 1.89 x 10 	m determined by scanning 

electron microscopy in this study. See Appendix (3). 

Figure 4.2.3.10. shows the growth of the primary 

particle aggregate with monomer conversion. The aggregates 

appear at less than 0.47 conversion (wt/vol). Once formed 

the aggregates grow, by polymerisation, in a direction 

perpendicular to any polymer/monomer interface (9). The 

maximum aggregate diameter measured was found to be 

approximately 8 x 10 	m at 27 conversion. In the 

commercial production of PVC the aggregates continue to 

grow and attain diameters ranging from 1 x 10-6  to 

10 x 106  m in the final product. 

The fate of the primary particles once 

encorporated within the primary particle aggregate is 

shown in Figure 4.2.3.11. The primary particles continue 

to increase in size by the polymerisation of the monomer 

in the swollen primaries and by the surface deposition of 

polymer. 

Analysis of the primary particle size 

distribution, within the primary particle aggregates, 

indicates that the aggregates only contain primary 

particles that exceed the critical primary particle 

diameter. This provides further evidence to suggest that 
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the smaller primary particles are stable to coagulation 

until the critical diameter of 1.9 x lO 	m has been 

exceeded. 

4.2.4 Particle concentration 

The final primary particle number per unit volume 

(particle concentration) was determined for each polymer 

batch. By following particle concentration as a function 

of monomer conversion the onset of primary particle 

coagulation could be observed. Furthermore by varying the 

polymerisation conditions or adding polymer modifiers, 

changes in primary particle concentration could be 

studied. 

Unfortunately particle concentrations could not 

be assessed during polymerisation using the present 

experimental technique. Final particle concentration was 

determined for each polymer batch. The difficulties 

encountered in reproducing a coagulating polymerising 

system have been reported by Fitch (148). Indeed, it was 

impossible to determine the rate of primary particle 

coagulation from particle concentrations obtained from 

different polymerisations. This prevented a quantitative 

assessment of the stability of the dispersion from being 

obtained. 

The particle concentration could not be measured 

directly by particle counting in the electrophoresis cell. 

Ultramicroscopy involves observation of the light 
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scattered by particles. The light intensity is a function 

of the particle volume and of the refractive index 

difference between the particles and the medium (160). 

Since the primary particle has a small volume and the 

refractive indices of VCM and PVC/VCM gel are similar 

(ca 1.4), dispersions of swollen primary particles in VCM 

cannot be seen clearly enough to allow direct particle 

counting. 

An indirect method, described by Fitch (53), was 

used to estimate the particle concentration. The particle 

number was obtained by dividing the total mass of the 

polymer produced by the mass of one particle. Where the 

system is polydisperse, the average mass of a particle is 

used for the denominator. 

Mass of polymer (Mp) 
Particle Number N = 

	

	 (4.2.4.1) 
Mass of one particle (mp) 

The average mass of one particle, assuming the 

particles to be spherical and having a bulk density of 

1.4 x 106g m 3, is given by: 

43 
mp = p 3rr 	 (4.2.4.2) 

where r is the mean particle radius. 

As the primary particle concentration, rather than 

the overall particle concentration is required, Fitchs' 

relationship was modified to give the mass of polymer due 

to primary particles divided by the mass of one primary 
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particle. 

When all the particles exist as primary particles 

eqn. (4.2.4.1) holds. However, as coagulation occurs the 

total mass of polymer produced is a combination of the 

mass of primary particles and primary particle aggregates. 

The contribution of the primary particles to the total 

mass of polymer produced was obtained from the ratio of 

the primary particles to primary particle aggregates. This 

ratio was calculated from the particle size distributions 

obtained on the volume (weight) basis. The primary 

particle concentration was then given by eqn. (4.2.4.3.) 

Particle concentration 

/particles m 3  

Mp x R x C 

1.4 x 106  x 4/3 ff (r)3  
(4.2.4.3) 

where Mp is mass of polymer produced 

R is primary/aggregate ratio 

and 	C is a constant (2 x 10); to give the number of 

particles per m -3 

Using this equation primary particle concentrations 

were calculated at various monomer conversions using mean 

primary particle diameters based on a number and volume 

average basis. The tabulated data are given in Table 

4.2.4.1. 

It can be seen that the estimated particle 

concentration on both the number and volume average basis, 

decrease with increasing monomer conversion. The scatter 



Table 4.2.4.1. Primary particle concentrations estimated from equation 4.2.4.3. 

Batch 

No. 

Mass of 

polymer/g 

Conversion 

(wt/vol) 

Primary: 

Aggregate ratio 

10 17x Particle Number/rn 

Number basis 	Volume basis 

151 0.0081 0.16 1.00 7.56 	 3.43 

152 0.0063 0.13 1.00 5.88 	 2.95 

86 0.0133 0.27 1.00 9.20 	 2.19 

81 0.0081 0.16 1.00 4.27 	 1.43 

134 0.0097 0.19 0.089 1.23 	 0.73 

153 0.0145 0.29 0.059 2.20 	 0.83 

34 0.0204 0.41 0.031 2.08 	 0.82 

41 0.0210 0.42 0.025 1.21 	 0.58 

43 0.0210 0.42 0.002 0.36 	 0.21 

62 0.0262 0.52 0.018 0.57 	 0.28 

66 0.0391 0.78 0.009 1.02 	 0.13 

26 0.0601 1.20 0 0 	 0 

29 0.0800 1.60 0 0.02 	 0.01 
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in the estimated values results from the difficulties in 

reproducing the same coagulation and polymerisation 

kinetics in separate polymerisations. Figure 4.2.4.1 is a 

plot of the particle concentration calculated from D,  as 

a function of monomer conversion. It shows that at the 

lowest accessible region of the polymerisation, the 

initial primary particle number is approximately 

3 x 101  m . This estimated value was later confirmed in 

a separate study using PCS where the initial primary 

particle number was reported to be 2.9 x 10 
17 
 m 

The good correlation between the two techniques 

suggests that the indirect estimation of particle numbers 

was valid for this system and would allow the comparison 

of particle concentrations as polymerisation conditions 

were varied, during the attempts to modify polymer 

morphology. 

The graph also indicated that the onset of primary 

particle coagulation occurs very early in the 

polymerisation (approximately 0.27 (wt/vol)). This 

coagulation process occurs over a very narrow monomer 

conversion. By 0.57 conversion over 907 of the primaries 

have coagulated to form primary particle aggregates. The 

process being completed at less than 27 conversion. This 

critical conversion is much lower than that reported by 

several other investigators (11,19,20,41) who found the 

primary particles to exist up to 107 conversion. The low 

value found in this study is however in agreement with the 

findings of Boissel and Fischer (40), who report a 



REI 

a 

1•0 

0 	05 tO 1.5 20 

% Conversion (wt./vol.) 

Fig.4.2.4.1 Primary particle number as a function 
of monomer conversion for potymerisations 
at 323 K containing 01 % lauroyl. peroxide. 



146 

critical conversion of 0.127 at low agitation speeds. 

Their investigation showed that the critical 

conversion was strongly dependent on agitation rate. They 

concluded that the disparity between their low critical 

conversion and those reported in the literature, arose 

from the use of non-agitated systems, where critical 

conversion values are found to be much higher. 

4.2.5 Electrophoresis 

The development of the combined polymerisation/ 

electrophoresis cell and the preliminary investigations 

performed were discussed in a earlier section. 

The experimental results presented in the 

preceeding sections has confirmed the proposals of Zichy 

(9) and Speirs (58), that once formed, the primary 

particles remain stable to coagulation and grow by 

polymerisation. They found that the primary particles 

carried a net negative charge and proposed that the 

observed stability of the primary particles might result 

from electrostatic stabilisation. 

Speirs indicated that for a system that contained 

a finite charge, the primary particles would eventually 

exceed the diameter where the charge stabilisation would 

be sufficient to confer colloidal stability. The primary 

particles would then coagulate to form primary particle 

aggregates. A charging regime of this type dictates that 

the particles grow with a constant number of charges per 
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particle (Q). 

where 	Q 	= 4rc o  c  r a/e 	
(4.2.5.1.) 

and 	E is the permittivity of a vacuum. 

is the relative permittivity of VCM at the 

temperature at which the electrophoresis 

measurements were obtained. 

is the particle zeta potential. 

a 	is particle radius. 

e 	is the proton charge (1.6021 x 10 9C). 

From this relationship (161) it can be seen that 

as the particle radius, "a", increases, the zeta potential 

must decrease. The remaining parameters being constants. 

In order to investigate the mechanism by which the 

primary particles acquire their stability to aggregation 

it was nescessary to see how the charge per primary 

particle varied as the polymerisation proceeded. This 

involved terminating identical polymerisations at 

different degrees of conversion and measuring the zeta 

potential and particle radius. The data obtained from 

polymerisations carried out over the range of 

0 - 37 (wt/vol) conversion are summarised in 

Table (4.2.5.1). 
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Table 4.2.5.1 Results from polymerisations at 323 K. 

Batch Period of 

Polym/min 

Conversion 

(wt/vol) 

1O3  x 

/V 

27 10 0.24 -97 

23 20 0.54 -95 

33 20 0.49 -79 

24 40 0.96 -90 

26 60 1.20 -101 

29 80 1.60 -137 

32 100 2.03 -81 

31 160 3.37 -80 

These results confirm the findings of Speirs (59) 

and Davidson and Witenhafer (60) that the particles carry 

a negative zeta potential. Furthermore, the primary 

particles appear to remain net negatively charged 

throughout their lifespan. 

Figure 4.2.5.1 presents the experimental zeta 

potential data as a function of monomer conversion. No 

correlation between zeta potential and monomer conversion 

is apparent from this figure. The predicted decrease in 

zeta potential with conversion does not appear to occur. 

This lack of correlation was also reported by Speirs, 

whose results are reproduced in Table 4.2.5.2. The values 

of percentage monomer conversion presented have been 
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calculated from the polymerisation rate constants given by 

Speirs. 

Table 4.2.5.2 Results obtained by Speirs from 

polymerisations at 343 K. 

Period of Estimated 10 	x 108 x a Q 

Polym/min % Conversion /V 

4 1.2 -85 15 42 

6 2.1 -67 11 24 

8 2.9 -97 16 48 

10 3.6 -61 17 34 

During this initial study the zeta potential 

obtained during a single electrophoresis run was found to 

vary with time. Observation of the particles during 

electrophoresis measurements indicated that the intensity 

of the scattered light also decreased with time. These 

features suggested that the nature of the particles, under 

observation, were changing with time. 

Further evidence to confirm this, was obtained 

from the electron micrographs. In previous studies (42) 

(58) it had been assumed that the primary particles were 

monodisperse, and remained colloidally stable to high 

monomer conversions (107). The electron micrographs 

disproved these assumptions. (See Plate 4.2.2.6). The 

onset of primary particle coagulation occurred at 
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approximately 0.1 - 0.27 (wt/vol) conversion. 

Furthermore, because the primary particles are 

polydisperse, some reach their critical diameter and 

coagulate to provide a heterogeneous dispersion containing 

both primary particles and primary particle aggregates. 

The uncertainty over the nature of the particles 

observed during electrophoresis made it impossible to 

determine Q, the number of charges per primary particle, 

from the electrophoretic data in Table 4.2.5.1. The zeta 

potential measured was either that of a combination of 

the primary and primary particle aggregates, or of the 

primary particle aggregates. The latter is certainly the 

case for high monomer conversions e.g. batches 26 to 31, 

where no free primary particles were observed by electron 

microscopy. 

The observed decrease in intensity of scattered 

light during microelectrophoresis measurements arose from 

the sedimentation of the larger aggregates. These conceal 

the smaller and much fainter primary particles. For this 

reason no correlation was found between zeta potential and 

extent of conversion for polymer batches 23 to 33. It is 

also tentatively suggested that Speirs electrophoresis 

difficulties and lack of correlation may be attributed to 

observation of coagulated rather than free primary 

particles, since his investigations covered 

polymerisations over the monomer conversion range 

1 to 4%. 

To enable the evaluation of the stabilising 
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mechanism operating on the primary particles, the 

interference resulting from the presence of primary 

particle aggregates had to be resolved. The experimental 

difficulties of handling the condensed monomer and the 

known susceptability of the dispersion to orthokinetic 

coagulation (58) prevented the use of centrifugation to 

remove the larger aggregates. 

The situation was resolved by allowing the 

aggregates to sediment out under gravity. The rate at 

which swollen PVC particles sediment in liquid vinyl 

chloride was estimated using Stokes' equation (162) :- 

2 
Sedimenting velocity = 2a (pP - pL)g 
	 (4.2.5.2) 

9n 

where a is particle radius assuming spherical particles. 

p P is density of the swollen polymer particle 

(1.239 x 1069 m 3) 

p L is density of the liquid monomer 

(0.917 x 1069 m 3) 

is the viscosity of the dispersion medium 

(1.9 x 10 	Pas) 

g is the acceleration due to gravity 

On transferring a small portion of the concentrated 

dispersion from the polymerisation limb into the diluent 

monomer in the electrophoresis cell, the particles are 

suspended throughout the monomer dispersion medium. From a 

knowledge of the vertical distance from the top of the 
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cell capillary to the stationary level (distance to 

sediment) the maximum time required for a PVC particle 

to sediment to below the horizontal electrophoresis 

observation plane can be estimated from eqn.(4.2.5.3) 

Sedimentation time = 
distance to sediment (4.2.5.3) 
velocity of sedimentation 

Figure 4.2.5.2. is a plot of particle radius against 

the sedimentation time. It shows, for example, that 

particles of >3 x 10 
	

m have fallen below the 

electrophoresis observation plane within 100 seconds. The 

critical primary particle diameter was taken as 

1.25 x 10 	m, however as more particle size data were 

obtained this figure was reduced to 1 x l0 	m. From the 

graph it is apparent that the electrophoretic velocity of 

the primary particles, in the absence of primary particle 

aggregates, can only be obtained when the dispersion is 

left to sediment for approximately 6000 seconds (100 

minutes). 

Consequently, a series of polymerisations (polymer 

batches 39 to 43) were terminated after periods of 

polymerisation spanning 3 to 60 minutes. Electrophoretic 

measurements were evaluated after allowing the dispersion 

to sediment for 100 minutes. 

Immediately after transfer of the latex to the 

main body of the electrophoresis cell, the particles 

appeared as bright single specks of light. By measuring 

the time taken for individual particles to sediment over 
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several graticule squares, the particle diameters were 

calculated using eqn. (4.2.5.2) The estimated diameters 

compared favourably with those measured by S.E.M. 

Within 10 to 15 minutes the bright single specks 

were below the observation region, revealing the primary 

particles as a faint mist in which it was difficult to 

observe single particles. Maximum illuminating power was 

required to resolve these faint particles. This gave rise 

to localised convection currents within the capillary of 

the electrophoresis cell, which was constructed with the 

2 mm diameter capillary (see Table 3.2.2.3.1 for details). 

The addition of further heat filters between the cell and 

light source reduced the light intensity rendering 

particle observation impossible. Reluctantly the cell was 

reconstructed with a 1 mm diameter capillary. Convection 

currents were not a problem in the new cell, however, 

dielectrophoretic problems, which are enhanced in narrow 

bore capillaries, frequently prevented any electrophoretic 

measurements. 

To confirm that the zeta potential was now 

independent of time, the electrophoretic mobility of PVC 

Batch 39 was measured at frequent intervals over a period 

of 18 hours. The zeta potentials obtained (-80, -90, -83, 

-92 and -80 mV) remained reasonably stable over this 

period compared with the wide variation found in the non-

sedimented polymer batches 23 to 33. 

Electrophoretic measurements were attempted 

initially on polymer batches 39 to 43 to assess the 
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sedimentation method.To confirm the trends observed in 

these preliminary experiments further polymerisations 

(batches 56 to 66 ) were also investigated using this 

technique. The results are tabulated in Table 4.2.6.1 

and are discussed later in section 4.2.6. 

PVC dispersions (batches 44 to 54) were produced 

at a lower polymerisation temperature (308 K) in an 

attempt to find an alternative to the sedimentation 

method. The initiator concentration was maintained at 

0.17 (wt/vol). It was hoped that by reducing the rate of 

polymerisation the time taken for the primary particles to 

attain their critical diameter would be extended. Rance 

et. al. (42) have indicated that under these 

polymerisation conditions the onset of coagulation occurs 

after 20 minutes of polymerisation. Whereas the results 

obtained at Edinburgh, presented in section 4.2.4, clearly 

show that at the higher temperature of 323 K, the primary 

particles reach their critical diameter in polymerisation 

of less than 10 minutes duration. 

By reducing the polymerisation temperature a 

longer observation period should be available in which 

primary particle charge, in the absence of aggregated 

primaries, could be investigated. Using this method the 

sedimentation period was not required. 

A series of polymer batches were terminated after 5 

to 20 minutes of polymerisation. It was observed that 

whilst measuring the electrophoretic behaviour of the PVC 

particles, the turbidity of the concentrated dispersion 
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within the polymerisation limb increased. 

At 293 K it was unlikely that further 

polymerisation was a significant factor, a more likely 

reason for the increase in turbidity was the coagulation 

of the primary particles. This was confirmed when the 

morphology of the PVC produced was analysed by electron 

microscopy. This revealed a complex polymer morphology 

consisting of single primary particles and large 

aggregates of primary particles indicating that 

coagulation had indeed occurred. See Plates 4.2.5.1. and 

4.2.5.2. 

The ageing of the PVC dispersion in the 

polymerisation limb made it impossible to determine 

whether the coagulation of the primary particles occurred 

during polymerisation, or whilst electrophoresis was being 

carried out. 

Negative zeta potentials were evaluated for PVC 

dispersions produced at 308 K. However these data could 

not be used to unravel the charging mechanism on the 

primary particles, since it was impossible to distinguish 

the nature of the particles measured in the 

electrophoresis experiments. Unlike the primary particle 

aggregates produced at 323 K, which are large and sediment 

rapidly, the primary particle aggregates produced at 308 K 

were of sufficiently small diameter (approximately 0.2 pm) 

not to sediment at an appreciable rate. For this reason 

the sedimentation method discussed earlier could not be 

used to distinguish between the primary particles and 
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PLATE 4.2.5.1 	PVC PARTICLES PR621 ICED AT 293 K 

PLATE 4.2.5.2 	PVC PARTICLES PRODUCED AT 293 K 
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primary particle aggregates, produced in the lower 

temperature polymerisations. 

As the problem of dispersion ageing did not appear 

to occur in dispersions produced at 323 K, it was decided 

to abandon the low temperature polymerisations and return 

to polymerisations at 323 K. This required the use of the 

sedimentation method to remove the obscurring primary 

particle aggregates. This finally allowed the 

investigation of primary particle charge as a function of 

monomer conversion. 

PVC batches 56 to 66 were prepared at a 

polymerisation temperature of 323 K. The electrophoretic 

mobility was evaluated after the sedimentation period. Of 

these only runs 59 and 62 generated valid electrophoresis 

data. Considerable difficulties (as discussed in section 

4.1.2), were encountered in obtaining reliable 

electrophoresis. Furthermore, batches 63 and 64 failed to 

polymerise. These failures coincided with changing the 

bottled oxygen free nitrogen (OFN) supply used to flush 

the system of residual oxygen. An alternative source of 

OFN reinstated the correct polymerisation rate, suggesting 

that an impurity in the nitrogen was responsible for the 

lack of reaction. 

The measurement of the electrophoretic properties 

of PVC particles dispersed in a condensed toxic gas of low 

permittivity proved to be a formidable task. Furthermore 

the "observation window" in which primary particles were 

expected to remain stable to coagulation proved to be much 
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shorter than 127 conversion predicted by earlier 

investigators (9). 

During this study, electrophoretic mobility of 

stable primary particles could only be evaluated over the 

very limited monomer conversion range 0.167 to 0.677 

(wt/vol). For this reason the experimental investigation, 

of bulk polymerisations in the absence of primary particle 

stabilisers, was terminated in favour of polymerisations 

containing small amounts of low molecular mass 

stabilisers. The presence of primary particle stabilising 

agents, such as Tetronic 707 (E85), have been shown to 

produce particles stable to much higher monomer 

conversions. By investigating a range of low molecular 

mass additives it was hoped that larger primary particle 

size range could be achieved, enabling a greater insight 

into the role of colloidal stability, if any, on the 

morphological development of PVC during bulk 

polymerisations. These investigations are discussed in a 

later section. 

4.2.6 Primary particle charge 

The combination of electrophoretic and particle 

size data obtained during the initial stages of 

polymerisation reveals valuable information on the 

mechanism of nucleation and formation of basic particles, 

along with the rapid formation of primary particles and 

their eventual loss of stability to form aggregates. 



Table 4.2.6.1. Results of polymerisations at 323K. 

Batch 

Number 

Polymerisation 

Time I Minutes 

% Conversion 

(wt/vol) 

108 x Swollen Primary 

Particle Diameter I m 

103  x -Zeta 

Potential I V 

Number of Elementary 

Charges I Particle 

Dn Dv Q 	(Dn) Q (Dv) 

43 3 0.42 7.79 9.39 96 12 ± 3 15 ± 3 

59 10 0.16 11.7 14.7 113 21 ± 4 27 ± 3 

41 20 0.42 12.1 15.6 90 18 ± 5 23 ± 6 

62 20 0.52 15.0 19.1 85 21 	± 	5 26 ± 5 

39 30 0.42 8.59 10.4 85 12 ± 3 14 ± 3 

42 45 0.67 12.5 16.4 76 15 ± 4 20 ± 4 

40 60 0.71 * * * * * 

* No primary particles observed. 
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The data obtained from the experiments at 323 K 

involving the prior sedimentation of the aggregates are 

summarised in Table 4.2.6.1. The total charge per primary 

particle (Q), in elementary charges, was calculated from 

equation (4.2.5.1.) for both number and volume average 

primary particle diameters. 

From the table it is immediately apparent that the 

primary particles remain negatively charged during 

polymerisation. In addition, the number of charges per 

primary particle remains reasonably constant throughout 

their lifespan. The mean values being given below:- 

Q (D) = 16 ± 4 

Q (D ) = 20 ± 5 
v 

From this result it is tentatively proposed that 

the stable primary particles grow with a constant number 

of elementary charges per particle. As the growing primary 

particle exceeds the critical size, above which, the 

electrostatic repulsion between particles is insufficient 

to confer colloidal stability, coagulation occurs 

resulting in the formation of primary particle aggregates. 

This proposed mechanism and a discussion of the possible 

charging regimes is given in the next section. 

Also worthy of note is the very low number of 

elementary charges required to produce stable PVC 

particles in VCM. Comparison (61) between the number of 

charges at the plane of shear in the PVC/VCM system and 

that of charges at the surface of similarly sized aqueous 

polymer particles reveals that approximately one hundredth 
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of the charge density is required for the PVC/VCM 

dispersion. 

In the following section, DLVO type calculations 

are used to model PVC particle stability during 

polymerisation. From these it will be seen whether the 

experimentally observed colloidal events correlate with 

the theoretical predictions. 

4.3 	Theoretical investigation of colloidal stability 

during polymerisation. 

4.3.1 Particle charge regime during growth. 

It has been shown that the PVC primary particles 

grow by polymerisation until they lose their colloidal 

stability at a critical diameter of approximately 0.2 pm. 

Coagulation then occurs with the appearance of primary 

particle aggregates. By monitoring both particle diameter 

and electrophoretic mobility as a function of monomer 

conversion, the total charge on the primary particle was 

found to remain reasonably constant during its lifespan. 

To test whether this experimental observation was 

consistent with theoretical predictions, a series of 

calculations were performed under various charge regimes. 

The following charge mechanisms during polymerisation were 

considered:- onsidered:- 

a) a) The surface potential of each particle remains 

constant during particle growth, which 

corresponds to the formation of a thermodynamic 
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equilibrium between potential determining ions 

adsorbed on the particles and those in solution 

in the dispersion medium. 

The surface charge density of each particle 

remains constant during particle growth, by 

which the number of potential determining ions 

present on each particle is limited sterically 

by their finite size. 

The total charge on each particle remains 

constant during growth. This corresponds to the 

charge on the PVC particle being determined by a 

constant number of irreversibly bound charged 

surface groups, or to a finite total charge in 

the system being evenly distributed over a 

constant number of primary particles. 

Using DLVO type calculations (Appendix (4)) the 

primary particle stability was predicted for particle 

growth under each of the charge mechanisms described 

above. Figure 4.3.1.1 shows the variation in stability 

ratio, W, as a function of particle radius for the three 

charge regimes. From this figure it is immediately 

apparent that under both constant surface potential and 

constant surface charge density regimes the stability of 

the primary particles is predicted to increase during 

particle growth. In contrast, under the constant particle 

charge regime the colloidal stability of the primary 

particles is predicted to decrease during particle growth. 
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This mechanism is consistent with the results presented in 

section 4.2.6, in which primary particles appear to grow 

at a constant charge in the region of 16 - 20 elementary 

charges per particle. All subsequent theoretical 

calculations were therefore based on the regime of 

particle growth at constant particle charge. 

4.3.2 Theoretical investigation of primary particle 

stability. 

The previous work on precipitation polymerisation 

of VCM at Edinburgh concentrated, because of experimental 

difficulties, on investigating the theoretical effect of 

varying colloidal parameters on particle stability. In 

this study the emphasis is now placed, more firmly, on 

seeing whether the observed primary particle behaviour 

reported earlier in this chapter, could be accounted for 

by a mechanism involving electrostatic stabilisation and, 

in particular, to indicate whether the experimentally 

determined number of charges per primary particle 

(Q = 16 - 20) would be sufficient to give this 

stabilisation. 

The exploritory work of Speirs (58) has formed the 

foundations of the present theoretical calculations. 

Computer programmes were utilised to calculate the 

theoretical stability ratio, W, for the interaction of 

spherical particles under various experimental conditions. 

The programme uses the numerical integration technique 
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discussed in section 2.5.2 to calculate stability ratios 

from equation (2.5.2.10). Details of the programme are 

given in Appendix (4). The effect various parameters have 

on dispersions of PVC in VCM have already been reported 

(58) and are only dealt with briefly below. 

It was confirmed that the effect of varying the 

type of VR  expression on stability ratio W was relatively 

small in comparison to the effect of varying the particle 

potential or charge. The simple Coulombs' expression 

(equation 2.2.37) predicts the highest stability whilst 

the Verwey and Overbeek 	expression (equation 2.2.35) the 

lowest. 

Likewise, as expected, the variation of the 

Hamaker constant proved to be negligible (126), negating 

the need for Liftshitz type calculations to determine 

Hamaker constants for the PVC/VCM system. In all 

subsequent calculations the value of A for swollen PVC 

particles interacting across a pure monomer was taken to 

be 9.9 x 10 21J (155). For the range of free ionic 

concentrations likely to be present in VCM the effect of 

varying double layer thickness was also very small. 

In contrast to these parameters Figure 4.3.2.1 

shows that the magnitude of the primary particle charge 

plays a dominant role in determining the dispersion 

stability. Indeed this parameter completely overwhelms the 

effect of other variables and is thus expected to control 

the stability of PVC primary particles during 

polymer is at ion 
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In conclusion, these preliminary calculations 

indicated that for a model based purely on electrostatic 

stabilisation of the primary particles, the particle 

charge would be the most important factor in controlling 

their stability. This is determined entirely by their 

radius and zeta potential. Furthermore, the only charge 

mechanism capable of accounting for the observed primary 

particle life cycle was that proposed by Zichy (9) in 

which the particles grow with a constant number of charges 

per particle, until the surface charge becomes so diffuse 

that the surface potential is low enough to allow 

coagulation. 

In dispersions of low permittivity media the 

predicted stability ratio is frequently found to be in 

excess of that for the experimental system (58). Parfitt 

(126) has shown that the effect of particle concentration 

must be allowed for in such systems and states that for a 

particle concentration of 107 the potential energy barrier 

to coagulation is typically reduced by about 507. Albers 

and Overbeek (164) have proposed that the potential energy 

barrier is lowered in low permittivity media where the 

average interparticle separation becomes of the same order 

as the double layer thickness. For this reason the 

particle concentration effect was included in the 

investigation of primary particle stability during 

polymerisation. The model based on the work of Albers and 

Overbeek has been criticised by Levine et. al. (165) in a 

later series of papers where a more mathematically 
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rigorous approach has been adopted. However, as will be 

discussed shortly, the particle concentration effect was 

found to be less important in this study, and, for this 

reason, the more easily applied approach of Albers and 

Overbeek was considered adequate for estimating the 

stability of the PVC dispersions during particle growth. 

The model is discussed along with a detailed outline of 

ALOV, the computer programme in Appendix (4). 

The fate of the growing primary particle was 

considered at the polymerisation temperature of 323 K, 

where the relative permittivity and Hamaker constant were 

taken to be 4.22 and 9.9 x 	19 J (155). Stability ratios 

were predicted as a function of particle radius using data 

generated during the experimental investigation. For this 

temperature a suspension polymerisation droplet of 1 mm 

diameter, as assumed by the programme, would contain about 

1.67 x 10 
8  primary particles, based on the particle 

concentration of 3.2 x 10 
17  m 3  determined earlier. 

Figure 4.3.2.2, drawn for a primary particle 

carrying a total of 12 elementary charges (Q = 12) 

indicates the relationship between stability ratio (W) and 

particle radius. Two cases were considered, firstly for 

the interaction of two particles in the absence of other 

particles and secondly after allowance for inultiparticle 

interactions. It is apparent from Figure 4.3.2.2 that for 

the experimental conditions under consideration the 

particle concentration effect is minimal and only leads to 

a marginal reduction in stability. This, at first sight, 
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is in sharp contrast with the work of Speirs where the 

particle concentration effect considerably reduced the 

stability of the dispersion. This disparity arises from 

the fact that the critical primary particle diameter was 

found in this and other studies (42) to be much lower than 

was previously assumed by Speirs. The volume fraction of 

the dispersion was therefore greatly reduced by the 

presence of much smaller primary particles and thus it was 

concluded that the particle concentration effect was less 

important in these calculations. 

It was now necessary to use ALOV to predict 

theoretically the critical coagulation diameter of primary 

particles under typical polymerisation conditions and 

compare the results with the experimentally measured 

critical sizes. 

Figure 4.3.2.3 was calculated assuming identical 

conditions as Figure 4.3.2.2. It shows how the stability 

of a growing primary particle, after allowing for the 

particle concentration effect, would vary as a function of 

particle radius at various particle charges. By 

examination of Figure 4.3.2.3 it is confirmed that, under 

a model in which the primary particles grow at constant 

total charge, they pass from stability to instability by 

growth over a very small range of particle radius. 

Furthermore, over this range, which is typical for free 

primary particles, very few charges per particle are 

required to stabilise the monomer swollen PVC particles 

dispersed in VCM. 
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Before any quantitative comparison between 

theoretical prediction and experimental observation can be 

made a criterion for stability must be defined. There is 

no sharp distinction between a stable and unstable 

dispersion, rather a transition is observed from long term 

stability through slowly coagulating to unstable. 

Frequently the height of the potential energy barrier, 

Vmax, has been equated to dispersion stability although 

the values tend to be somewhat arbitary and depend on the 

stability criterion applied. Verwey and Overbeek (3) 

estimate a Vmax of approximately 15 kT in order to retard 

aggregation by a factor of lO 	over rapid coagulation. 

Void (166) considers 10 kT as "sufficient" whilst Growl 

and Maiati (167) accept 5 - 10 kT as "tolerable". From 

these examples it can be seen that a wide range of values 

have been quoted as representing a stable dispersion, 

however, most references to stability equate a Vmax value 

of 15 kT, or more, as representing a stable system. 

Fortunately the stability ratio W at the onset of 

coagulation of polymerising PVC primary particles has been 

determined by photon correlation spectroscopy (42). This 

value will be utilized in this study and a stability ratio 

of less than 10,000 will be taken to represent an unstable 

dispersion, Such a value of W corresponds to a potential 

energy barrier in the region of 11 K. Likewise a 

stability ratio in excess of 500,000 (approximately 15 kT) 

will be taken to represent a stable system. 

Following the method of Wiese and Healy (168), it 
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was felt that the most informative way of representing the 

theoretical results was in the form of a domain diagram. 

The domain diagram was constructed for a fixed value of 

Hamaker constant, primary particle number, relative 

permittivity and temperature and indicates the variation 

in primary particle radius corresponding to W = 10,000 and 

W = 500,000 as a function of particle charge. The diagram 

thus maps out the combinations of particle radius and 

charge corresponding to stability, instability and 

intermediate stability. It then allows the number of 

charges per particle to be predicted as the primary 

particles grow beyond the experimentally determined mean 

critical primary particle diameter of approximately 0.2 pm 

and, in doing so, pass from a region of stability into an 

unstable state and coagulation. 

The domain diagram was constructed from plots of W 

as a function of particle radius for several values of 

particle charge. (See Figure 4.3.2.3). The particle radius 

corresponding to W = 10,000 and W = 500,000 for each of 

the particle charges was then taken directly from the 

graph of W against particle radius, and used to plot the 

domain diagram of radius against particle charge. 

Using identical conditions as for Figure 4.3.2.3 a 

domain diagram was drawn for the polymerisation conditions 

investigated during this study. Figure 4.3.2.4 presents 

this domain diagram and indicates the stable, intermediate 

stability and unstable regions as the primary particles 

grow at various particle charges. Examination of this 
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figure reveals that a primary particle, at the mean 

critical primary particle radius of 0.1 pm, would require 

approximately 17 elementary charges to remain stable to 

coagulation. This lies within the experimentally 

determined range of 16 to 20 charges per particle. 

In conclusion, it is encouraging that there is a 

general agreement between the experimental and theoretical 

work. Furthermore, it is confirmed that the measured 

primary particle charge is sufficient to account for the 

known stability behaviour of the primary particles by a 

mechanism of electrostatic stabilisation. 

4.4 	Addition of low molecular mass additives. 

4.4.1 Introduction 

This section describes a study of the influence 

that low molecular mass monomer soluble additives have on 

colloid stability in the early stages of PVC 

polymerisation. By investigating a range of compounds it 

was hoped that the magnitude of the charge on the PVC 

primary particles could be varied to control the onset of 

primary particle aggregation. This would give a greater 

insight into the role of colloid stability on the 

morphological development of PVC during bulk 

polymerisations. A series of experiments were envisaged to 

elucidate the effect of increasing and decreasing the 

primary particle charge on the critical primary particle 

diameter and onset of aggregation. If control of the 
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colloid stability could be obtained this could then be 

utilised to produce a polymer with a wide variety of 

morphologies and possibly lead to a PVC polymer with 

greater porosity and more consistent processing 

properties. Due to the potential commercial gains of such 

a process the literature contains very few reports 

pertaining to the nature of additives used in the 

modification of PVC polymer morphology and their possible 

link with the colloidal stability of the primary 

particles. 

Zichy (9) reported that polymerisations containing 

an "experimental stabiliser" prevented aggregation of 

primary particles at conversions up to 28%. It was hoped 

that other low molecular mass monomer soluble additives 

could be identified and their role in the early stages of 

VCM polymerisation elucidated. 

Three potential modifiers, Manoxol-OT, Span-20 and 

bis-(2-hydroxyethyl)-aminohexadecane were investigated in 

polymerisations at 323 K using lauroyl peroxide at 

0.17 (wt/vol) as a free radical initiator. Details of the 

chemical nature and preparation of these additives are 

given in Chapter 3. Several methods of introducing these 

additives at ppm levels into the small scale 

polymerisations were investigated. The most accurate 

method appeared to be the preparation of concentrated 

standards of the additives in a volatile solvent (Karl 

Fischer grade methanol). Then using p1 quantities, ppm 

levels of the additives were injected onto a small portion 
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of the glass sampling microslide. The volatile solvent was 

then evaporated and the microslide introduced into the 

polymerisation limb of the combined quartz polymerisation/ 

electrophoresis cell. One advantage of using this method 

was the separation of the additive from the free radical 

initiator during the work up prior to polymerisation. 

It was first necessary to screen these potential 

charge modifiers to reveal any morphological activity. 

Following this it was envisaged that suitable additives 

would be investigated; firstly at a constant monomer 

conversion, to evaluate the electrophoretic mobility as a 

function of additive concentration to reveal suitable 

treatment levels; secondly, carry out a programme of 

polymerisation at a constant additive concentration to 

determine the critical particle size at aggregation and 

any morphological changes to the PVC polymer structure. 

4.4.2 Manoxol-OT 

From a knowledge of the number of charges per 

primary particle and the particle concentration in earlier 

polymerisations, it was estimated that sub-ppm levels of 

low molecular mass additives should be effective in 

modifying the charge on the PVC primary particle. To allow 

for any adsorption on the walls of the polymerisation 

vessel, reactions containing Manoxol-OT over a 

concentration range of 1 to 100 ppm were investigated. 

To assess the effectivness of Manoxol-OT in 
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altering primary particle characteristics a series of 

polymerisations were quenched at a constant monomer 

conversion of 0.17 (wt/vol). Previous experiments at this 

conversion had shown the primary particles to exist in an 

unaggregated state and it was hoped that electrophoresis 

measurements would be possible in the absence of primary 

particle aggregates. 

Polymer batches 78, 75, 76 and 77 containing 1, 10, 

50 and 100 ppm Manoxol-OT were polymerised to 0.17 monomer 

conversion. Electrophoresis measurements were evaluated 

before and after a sedimentation period of 100 minutes. No 

significant difference in particle mobility was found 

suggesting the absence of primary particle aggregates. 

Indeed, on examination, the SEM micrographs revealed no 

aggregated material, nor any obvious morphological changes 

brought about by the presence of Manoxol-OT. The shrunken 

primary particle diameter (Dv)  for these polymer batches 

was typically 0.15 pm which is in good agreement with that 

found in earlier polymerisations at this monomer 

conversion (see Figure 4.2.3.9). The particles were found 

to carry a net negative charge. The electrophoresis data, 

along with the image analysis data (type 3 analysis), for 

each batch of polymer are presented in Table 4.4.2.1. Both 

number and volume based mean diameters and standard 

deviations for the shrunken polymer particles are 

tabulated. 

The combination of electrophoretic and particle 

size data obtained at a constant monomer conversion 



Table 4.4.2.1. Summary table for polymerisation at 323 K containing various 

concentrations of Manoxol-OT. 

Batch Manoxol-OT Mean and Standard Deviation - Zeta 

No. level shrunken diameter Potential 

/ppm Dn/pm cm/pm Dv/pm 	av/pm /mV 

78 1 0.069 0.029 0.101 	0.040 73 14± 6 20± 8 

75 10 0.074 0.043 0.150 	0.055 74 10± 6 21± 8 

76 50 0.088 0.040 0.148 	0.054 83 14± 6 23± 9 

77 100 0.082 0.042 0.152 	0.056 85 13± 7 24± 9 
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reveals that the number of elementary charges per primary 

particle remains reasonably constant and independent of 

Manoxol-OT additions. This effect is shown in Figure 

4.4.2.1 where primary particle charge, at constant monomer 

conversion, is plotted as a function of Manoxol-OT level. 

Extrapolation to zero Manoxol-OT concentration reveals a 

value of Q = 20 which was the value found for 

polymerisations in the absence of low molecular mass 

additives (Section 4.3.6). 

In conclusion, at the concentrations investigated, 

the presence of Manoxol-OT had either no, or only slight, 

effect on particle charge, size and morphology. It is 

tentatively suggested that either Manoxol-OT has a very 

limited solubility, or remains undissociated in the low 

permittivity VCM monomer and was therefore unable to 

contribute to the charge stabilisation of the PVC primary 

particle. Thus the investigation of this low molecular 

mass additive was terminated in favour of other potential 

polymer modifiers. 

4.4.3 Span-20 

Span-20 (sorbiton monolaurate), a viscosity 

improver, being of non-ionic nature was not expected to 

furbish extra charged species within the polymerisation. 

Addition of Span-20 has been shown by Saharova et. al. 

(169) to modify the particle concentration in the early 

stages of the polymerisation of VCM. It was therefore 
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expected that the addition of Span-20 would increase the 

number of PVC particles and shed light on the charging 

mechanism operating in this system. 

Polymer batches 87 and 88 containing Span-20 at 

10 ppm were polymerised to 0.09 and 0.187 (wt/vol) 

conversion respectively. It was observed that the monomer 

in the polymerisation limb became turbid much earlier than 

in the absence of Span-20. Electrophoresis measurements 

proved to be impossible with no regular movement of the 

faint particles on application of the applied field, 

indicating little or no charge present on the PVC 

particles. During electrophoresis measurements it was 

observed that the particle number appeared to decrease 

with a much coarsed dispersion being produced. From these 

initial findings it was concluded that the stabilising 

mechanism operating on the PVC particles is reduced in the 

presence of Span-20, resulting in an unstable dispersion 

and early aggregation of the particles. 

Unfortunately scanning electron microscopy proved 

to be very difficult on samples containing Span-20 as the 

more volatile components tended to evaporate under the 

electron beam reducing picture quality. Plate 4.4.3.1 

shows the two types of particles produced in polymer batch 

87. The polymer produced consists of small free particles 

of less than 0.1 pm diameter and almost spherical larger 

particles of approximately 0.2 pm. These, on closer 

examination, appear to be composed of smaller particles 

and some appear to have undergone further polymer growth 
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and infilling at the VCM/PVC interface. 

To enhance this change in polymer morphology a 

series of experiments were conducted at a Span-20 

concentration of 0.27 (vol/vol) up to a monomer conversion 

of 2.87 (wt/vol). 

The morphological development of PVC particles is 

shown in a series of SEM micrographs, Plates 4.4.3.2 to 

4.4.3.6. At a monomer conversion of 0.387 (wt/vol) the 

PVC particles produced in batch 114 have a volume average 

diameter of 0.09 ± 0.02 pm and are much smaller than those 

produced in the absence of Span-20. See Plate 4.4.3.2. It 

is difficult to resolve the aggregated state of the 

primary particles at this conversion, due partly to their 

small size but mainly the adverse effects of much higher 

levels of Span-20 on microscopy. Comparison of this 

micrograph with Plate 4.4.3.1 indicates the drastic 

morphological change brought about by increasing the 

Span-20 concentration to 0.27 (vol/vol). 

Plates 4.4.3.3 and 4.4.3.4 show the aggregated PVC 

particles at 1.47 (wt/vol) monomer conversion. Image 

analysis of the almost spherical particles indicated a 

volume average diameter of 0.22 pm ± 0.06 pm. Considerable 

fusion and infilling between the particles has occurred by 

this stage of the polymerisation as further polymer growth 

occurs perpedicular to any PVC/VCM interface (9). No free 

primary particles were observed above 0.387 (wt/vol) 

conversion. By 2.87 particle identity is being lost 

through the deposition of further polymer over the primary 
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PLATE 4.4.3.1 	SPAN-20 10 ppm. POLYMER BATCH 87 

PLATE 4.4.3.2 	SPAN-20 0.2 PER CENT. POLYMER BATCH 114 
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PLATE 4.1 3.3 	SPAN-20 0.2 PER CENT. POLYMER BATCH 115 

PLATE 4.4.3.4 	SPAN-20 0.2 PER CENT. POLYMER BATCH 115 
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PLATE 4.4.3.5 	SPAN-20 0.2 PER rENT.  POLYMER BATCH 116 

PLATE 4.4.3.6 	SPAN-20 0.2 PER CENT. PCLYMER BATCH 116 
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particle aggregates (Plates 4.4.3.5 and 4.4.3.6). However 

the early aggregation step appears to promote an open 

structure when the aggregates lock into a continuum. The 

fate of these micron sized voids and their effect on 

porosity could not be addressed by the present 

experimental technique. 

From this study it is not possible to resolve 

conclusively the nature of the 0.2 pm near spherical 

particles observed at 1.47 (wt/vol) conversion. Either 

these particles have grown from the already aggregated 

primary particles observed in batch 114, which might 

account for the considerable fusion and intergrowth of the 

particles, or these particles are themselves the 

aggregates of the primary particles which have then 

undergone further polymerisation leaving a near spherical 

primary particle aggregate with concealed internal primary 

particle structure. The resolution of the scanning 

electron microscope used in this study was unable to 

resolve this question. 

Tornell and Uustalu (66) considered polymerisations 

at 332 K containing 0.27 (vol/vol) Span-20. They describe 

a process similar to that observed here with aggregation 

of the primary particles occurring at much lower 

conversions than in polymerisations without additions of 

Span-20.  

When attempts were made to measure the 

electrophoretic mobility of PVC dispersions containing 

Span-20, no primary particles could be observed by dark 
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field microscopy. At high monomer conversions aggregated 

material was observed but showed no regular 

electrophoretic mobility suggesting that the particles 

were of a low or uncharged nature. 

Saharova et. al. (169) have reported that the 

primary particle number increases on the addition 

of sorbitan monolaurate. Using the procedure described in 

section 4.2.4 the primary particle concentration for this 

system at the point of aggregation was estimated to be 

about 9 x 10 
18 
 m 

 -3. 
 In the absence of Span-20 the primary 

17 -3 
particle concentration is approximately 3 x 10 	m 

indicating that Span-20 has a significant influence on the 

primary particle concentration. 

According to the mechanism of Zichy (9), in the 

absence of additives the polymerisation contains a finite 

charge, distributed evenly amongst the particles. This 

total charge is given by the product of the number of 

charges associated with each particle (Q = 20) and the 

particle concentration (3 x 10 
17 
 m 

-3
). If it is assumed 

that the non-ionic Span-20 does not contribute to the 

finite charge in the system and only influences the 

dispersion through increasing the number of primary 

particles 30 fold, then an even distribution of the 

available charge would result in each primary particle 

carrying in the region of 1 elementary charge per 

particle. Such a particle would be expected to exhibit 

minimal electrostatic stabilisation to coagulation and 

thus account for low particle charge and early particle 
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coagulation behaviour observed experimentally. 

The mechanism by which Span-20 influences the 

primary particle concentration is unknown. It is however 

known that Span-20 can initiate VCM polymerisation (66) 

and this was confirmed by polymerising batch 137 in the 

absence of the normal lauroyl peroxide initiator. The 

combined presence of two VCM initiators may well lead to 

an increase in the number of oligormers produced and hence 

a larger number of primary particles. 

A much more thorough investigation would be 

required to characterise, in detail, the colloidal events 

occurring in the initial stage of the PVC polymerisation 

containing Span-20. This study would require the use of 

techniques which can detect colloidal particles below the 

resolution of the SEM equipment available during this 

investigation and may well be more suited to experiments 

followed by technique such as photon correlation 

spectroscopy. 

The addition of sorbitan monolaurate to 

polymerisations at 323 K has been shown to modify the 

morphology of the PVC polymer produced. This arises from 

the lack of a stabilising moiety on the growing PVC 

particles and has been shown to correspond to a reduction 

in the magnitude of the electrostatic charge on the PVC 

particles. 

The addition of this non-ionic low molecular mass 

compound can therefore indirectly modify the charge on the 

growing particle by influencing the concentration of 
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primary particles in the dispersion. This may represent a 

method of controlling the morphological properties of the 

commercially produced PVC polymer. 

4.4.4 Bis-(2-hydroxyethyl)-aminohexadecane 

Preliminary polymerisations using this basic low 

molecular mass monomer soluble additive indicated that it 

could modify both the electrophoretic behaviour and 

polymer morphology in the early stages of VCM 

polymerisations. 

Two experimental programmes were devised to 

characterise the influence of this molecule on the 

polymerisation process. Firstly, at a constant monomer 

conversion, to evaluate the electrophoretic mobility as a 

function of additive concentration. A low monomer 

conversion was envisaged where electrophoresis 

measurements would not be hampered by the formation and 

presence of primary particle aggregates. This should 

reveal a suitable treatment level to bring about major 

changes in particle charge. The second series of 

experiments would then investigate the particle size and 

polymer morphology as a function of monomer conversion at 

a constant additive concentration. This should help to 

elucidate the development of the particulate PVC 

structures formed. 

Initial polymerisations revealed that a monomer 

conversion of about 0.157 (wt/vol) produced suitably sized 
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particles for observation by dark field microscopy. 

Polymer batches 99 and 91 to 95 were polymerised to 

approximately 0.157 (wt/vol) conversion. These contained 

bis-(2-hydroxyethyl)-aminOhexadecane at concentrations 

ranging from 1 to 100 ppm. Polymerisation details and the 

experimentally determined parameters are summarised in 

Table 4.4.4.1. 

Using equation (4.2.5.1) the electrophoretic data 

and image analysis results were combined to give Q the 

experimentally determined number of elementary charges 

per particle. Figure 4.4.4.1 is a plot of Q as a function 

of additive level for polymerisations quenched at a 

constant monomer conversion of about 0.157 (wt/vol). It 

reveals that the addition of bis-(2-hydroxyethyl)-amino 

hexadacane increases the number of charges per particle 

from around 20 in the absence of additives, to about 45 in 

the presence of this molecule. This encouraging result 

would suggest that the primary particles produced at 

0.157 (wt/vol) monomer conversion should be highly stable to 

coagulation and, if so, continue to grow by polymerisation 

rather than coagulation. The second part of the 

investigation, polymer morphology as a function of monomer 

conversion should reveal any such behaviour. 

A further feature of Figure 4.4.4.1 is that the 

number of charges per particle appear to be reasonably 

independent of the concentration of bis-(2-hydroxyethyl)-

aminohexadecane over the 1 to 100 ppm range. This would 

suggest that the number of charges per particle is limited 
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Table 4.4.4.1. Summary table for polyinerisation at 323 K containing various 

concentrations of Bis-(2-hydroxyethyl)-aminohexadecane. 

Batch 

No. 

, Conversion 

(wt/vol) 

Additive 

level 

/ppm 

Mean and Standard Deviation 

shrunken diameter 

- Zeta 

Potential 

/mV 

QDv 

Dn/pm 	an/pm Dv/pm 	a v/pm 

93 0.16 1 0.156 	0.085 0.273 	0.088 91 46±20 

94 0.19 1 0.143 	0.056 0.218 	0.084 109 44±23 

95 0.13 25 0.180 	0.055 0.218 	0.041 106 43±20 

91 0.15 50 0.132 	0.044 0.167 	0.035 154 48±11 

92 0.16 50 0.164 	0.055 0.201 	0.035 149 56±15 

99 0.15 100 0.152 	0.053 0.190 	0.034 130 46± 4 

90 0.10 1 0.100 	0.047 0.168 	0.058 76 24±12 

111 0.26 10 0.203 	0.078 0.266 	0.053 169 84±27 
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by some, as yet unknown, mechanism. Some evidence to 

suggest that the number of charges per particle increased 

during polymer growth was obtained from polymer batches 90 

and 111 in which polymerisations were quenched at monomer 

conversions of 0.1 and 0.267 (wt/vol). For these 

dispersions QDv values of 24 and 84 charges per particle 

were evaluated suggesting that as the surface area of the 

particles increased so did the particle charge. If this 

was occurring, the primary particles would become very 

stable to coagulation. Growth by polymerisation would 

continue in the absence of an aggregative step resulting 

in primary particles attaining a large critical diameter 

before coagulating to form primary particle aggregates. 

A more extensive investigation of particle charge 

as a function of monomer conversion was envisaged to 

assess the surface charge density on the particles during 

growth. Unfortunately this proved impossible, a secondary 

nucleation of particles occurred at higher monomer 

conversions which rendered the electrophoresis 

measurements invalid, the nature of the particles observed 

being in doubt. 

Polymer batches 99 to 110 were polymerised in the 

presence of 100 ppm bis-(2-hydroxyethyl)-aminohexadecane 

to various monomer conversions up to 47 (wt/vol). The 

morphological development of PVC particles at increasing 

monomer conversion is shown in a series of SEM 

micrographs, Plates 4.4.4.1 to 4.4.4.12. (Where bis-(2-

hydroxyethyl)-aminohexadecane has been abbreviated to 
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PLATE 4.4.4.5 	CUHA 103 ppm. POLYMER BATCH 103 

PLATE 4.4.4.6 	BHA 100 ppm. POLYMER BATCH 103 



191 

$ 

• 
4 	low  

Al 
\ 

N 

'S*1' 

! 4p 

PLATE 4.4.4.7 	BHA 100 ppm. POLYMER BATCH 100 

p p 

PLATE 4.4.4.8 	BHA 100 ppm. POLYMER BATCH 100 



192 

PLATE 4.4.4.9 	BHA 100 ppm. POLYMER 	TCH 109 

PLATE 4.4.4.10 	BHA 100 ppm. POLYMER BATCH 109 
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Table 4.4.4.2. Polymerisation and shrunken particle size data for polymerisations of 323 K 

containing 100 ppm bis-(2-hyroxyethyl)-aminohexadecane. 

Batch 

No. 

Conversion 

percent 

(wt/vol) 

Overall 

mean & std. 

diameter 

deviation 

Primary 

mean & std. 

diameter 

deviation 

Secondary 

mean & std. 

diameter 

deviation 

Dn/pm an/pm Dv/pm av/pm Dn/pm an/pm Dv/pm av/pm Dn/pm an/pm Dv/pm av/pm 

99 0.15 0.152 0.053 0.190 0.034 0.176 0.031 0.192 0.038 0.070 0.018 0.081 0.015 

106 0.39 0.202 0.091 0.290 0.061 0.275 0.046 0.299 0.049 0.111 0.031 0.134 0.028 

103 0.70 0.262 0.127 0.366 0.052 0.355 0.042 0.370 0.042 0.106 0.039 0.152 0.047 

110 0.96 0.289 0.138 0.399 0.059 0.385 0.048 0.403 0.049 0.110 0.034 0.141 0.038 

100 2.39 0.407 0.179 0.537 0.077 0.509 0.076 0.540 0.06r9 0.136 0.038 0.163 0.032 

109 2.90 0.395 0.206 0.562 0.076 0.537 0.074 0.565 0.066 0.126 0.033 0.152 0.037 

107 3.99 0.438 0.290 0.743 0.111 0.702 0.106 0.747 0.096 0.144 0.038 0.174 0.042 
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BHA). Details of the various polymer batches and results 

of the image analysis are tabulated in Table 4.4.4.2. 

Particle size analysis of the PVC dispersions 

produced indicated that two types of particles form in the 

presence of bis-(2-hydroxyethyl)-aminohexadecane. The 

majority of particles appear to grow uniformly without 

coagulating to form the 13 particle primary particle 

clusters observed in polymerisations in the absence of 

stabiliser. These spherical particles were observed to 

remain as separate entities up to 47. (wt/vol) monomer 

conversion, the maximum conversion possible with this 

type of apparatus. At this conversion the primary 

particles had attained a shrunken diameter of 0.75 pm, 

approximately 5 times the diameter observed in 

polymerisations without a primary particle stabiliser. See 

Figure 4.4.4.2. 

Far fewer particles (about 17.) were found to be of 

a secondary type. These particles exhibited a mean 

diameter of approximately 0.15 pm and did not appear to 

grow significantly over the polymerisation range 

investigated. See Figure 4.4.4.2. Several mechanisms for 

their appearance can be suggested; Boisell and Fischer 

(26), working on the bulk polymerisation of VCM, found 

evidence of a secondary nucleation stage. Perhaps these 

smaller particles observed here arise from such a 

secondary nucleation. Alternatively, these particles may 

have originated from normal primary particles whose 

radicals became poisoned or chain transferred from the PVC 
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Fig. 4.4.4.2 Particle diameter (shrunken Dv) as a function of monomer 

conversion for potymerisations containing 100 ppm BHA. 
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particle to the monomer. This would leave a stable but 

"dead" polymer particle which would not increase in size. 

A third mechanism can be proposed in which the initial 

flux of primary particles consume all the stabilising 

additive, leaving, in effect, a normal polymerisation in 

which secondary particles would carry a much lower charge 

and coagulate at the previously determined shrunken 

diameter of about 0.15 pm. This would result in the 

formation of the primary particle aggregates as were 

shown to exist in section 4.2.2. Some evidence for this 

type of structure can be observed in the micrographs, 

amongst the predominately spherical primary particles. 

By investigating the primary particle concentration 

during polymerisation, it was confirmed that, unlike 

Span-20, the mechanism by which bis-(2-hydroxyethyl)-amino 

hexadecane modified the electrostatic charge on the 

particles, was not through a change in primary particle 

concentration. 

Using the procedure described in section 4.2.4, 

the primary particle concentration was found to remain 
17 -3 

reasonably level at 2.3 ± 0.4 x 10 	m 	for 

polymerisations containing 100 ppm stabiliser. This 
17 -3 

compares favourably with the value of 3 x 10 m 	found 

in the absence of stabiliser. Thus the increased 

electrostatic charge on the particles cannot simply be 

explained in terms of modifying the particle 

concentration. The mechanism by which bis-(2-hydroxyethyl) 

aminohexadecane increases the particle charge and hence 
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primary particle stability has not yet been elucidated. It 

has however been reported (170) that this primary particle 

stabilizer does affect the bulk properties of large scale 

VCM polymerisations, resulting in both increased polymer 

porosity and hot and cold plasticiser adsorption. These 

properties are lost if the hydroxyl group is removed from 

bis_(2_hydroxyethyl)-amiflohexadecane. This suggests a 

method by which the charge producing species could be 

identified. By systematically varying the constituents of 

this low molecular mass additive it may be possible to 

determine the active functional groups responsible for the 

increase in electrostatic charge on the primary particles. 

From this type of investigation optimised primary particle 

stabilisers could be synthesised. 

4.5 	VCM polymerisation reaction kinetics. 

4.5.1 Introduction. 

Polymerisation temperature and initiator 

concentration are known to affect the granule morphology 

of PVC. This final section discusses the results of 

kinetic studies on the polymerisations carried out during 

this study. It also provides the foundations for further 

investigations of the influence of reaction kinetics on 

polymer morphology. 

Sanderson (1) has illustrated the effect of 

polymerisation temperature on the PVC granules, showing 

that as the reaction temperature of the suspension 
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polymerisation is increased from 323 K to 343 K the 

porosity of the granules decreases from about 307 to less 

than 107. Although lowering polymerisation temperature may 

appear, at first sight, a method of increasing granule 

porosity, it is found that the molecular mass of the 

polymer produced is inversely proportional to temperature. 

Thus, when all reaction variables, other than temperature, 

are constant polymerisations at lower temperatures yield 

only high molecular mass polymers. 

Carenza et. al. (43) have investigated PVC 

particle morphology at 323 K and 343 K in small scale bulk 

polymerisations. They report that at the lower temperature 

the coagulation of spherical particles to form a primary 

particle aggregate occurs, but at the higher temperature 

no transition was observed. This was interpreted as 

arising from a higher plasticisation level of the polymer 

particles favouring a coalescence process of the 

agglomerated units. 

Bort et. al. (36) have investigated the 

correlation between PVC particle morphology and 

polymerisation parameters. A progressive decrease in size 

and structural complexity of the primary particle 

aggregate was found at increasing initiator 

concentration or temperature. This was accounted for by a 

mechanism in which the occurrence of a flocculation process 

became less probable the more rapidly the particle size 

increased. 

From these two examples it can be seen that the 
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rate of polymerisation plays an important role in the 

development of a particulate structure in the PVC granule. 

To investigate whether the morphological changes, brought 

about by the low molecular mass additives, were an 

artifact of modifying rate of polymerisation, kinetic 

studies were performed for each of the reaction conditions 

studied. 

4.5.2 Calculation of polymerisation rates. 

The kinetics of VCM polymerisation are complex, the 

various models proposed having been reviewed in Chapter 1. 

Fortunately the initial stage of VCM polymerisation 

follows first order kinetics (171), the auto-acceleration 

effect only becoming significant at monomer conversions 

higher than 87 conversion. For first order reaction 

kinetics 

-d[VCM = k[VCM 	 (4.5.5.1) 
dt 

which on integration yields 

in 	[VCM 0]/[VCM] 	= 	kt 	 (4.5.5.2) 

where [VCM 0II is the initial concentration of VCM at time, 

t, and k is the rate of reaction. 

Using graphical procedures a plot of ln[VCM0II/[VCM] 

against t should, if first order kinetics apply, yield a 

straight line of gradient k. The concentration of VCM at 
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Table 4.5.2.1 Summary of kinetic data for polymerisations 

at 323 K containing 0.17 (wt/vol) 

lauroyl peroxide 

Batch 

No. 

7 Conversion 

(wt/vol) 

Polymerisation 

time/s 

10 	x ln([VCM0]/(VCMII 

23 0.54 1200 4.73 

24 0.96 2400 9.21 

26 1.20 3600 11.79 

27 0.24 600 1.53 

29 1.60 4800 16.09 

31 3.37 9600 35.36 

32 2.03 6000 20.79 

33 0.49 1200 4.12 

36 2.71 7200 28.20 

41 0.42 1200 3.41 

58 0.89 1800 8.42 

59 0.16 600 0.60 

61 0.19 300 0.94 

62 0.52 1200 4.52 

66 0.78 2160 7.28 

68 0.13 600 0.32 

69 0.17 180 0.77 

70 0.40 1200 3.22 

71 0.16 1190 0.66 
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Table 4.5.2.1 Summary of kinetic data for polymerisations 

at 323 K containing 0.17 (wt/vol) 

lauroyl peroxide (cont.). 

Batch 

No. 

7 Conversion 

(wt/vol) 

Polymerisation 

time/s 

10 	x ln(VCM0I/(VCM1 

105 0.75 2430 6.90 

132 2.05 7200 21.01 

133 1.01 3600 9.73 

134 0.19 600 1.00 

151 0.16 600 0.66 

152 0.13 300 0.28 

153 0.29 900 2.02 
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time, t, was calculated from the mass of polymer extracted 

less the mass of initiator and any additive included in 

the polymerisation. 

Table 4.5.2.1 records the polymerisation data for 

polymer batches produced at 323 K containing 0.17 (wt/vol) 

lauroyl peroxide. The first order kinetic plots are shown 

in Figure 4.5.2.1; for polymer batches up to 96, 97 

onwards, and for all polymer batches. A slight decrease in 

rate of polymerisation was noted for polymer batches 97 

onwards, which coincided with the replacement of the 

polymerisation limb on Quartz cell mark 8. Examination of 

Figure 4.5.2.1 reveals straight line plots confirming 

first order reaction kinetics. The calculated rates of 

polymerisation at 323 K containing 0.17 (wt/vol) initiator 

are given in Table 4.5.2.2. 

Table 4.5.2.2 Polymerisation rates for reactions at 323 K 

containing 0.17 (wt/vol) initiator. 

6 	-1 
Polymer Batch 	 10 	x k / s 

Up to batch 96 	 3.74 ± 0.09 

Batch 97 onwards 	 3.02 ± 0.05 

Overall 	 3.59 ± 0.12 

The initial rate compares favourably with the value 
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of 3.80 x 10 6  s 1  quoted by Rance and Zichy (42). 

For polymerisations containing Span-20 (0.27 

(vol/vol)) the relevant polymerisation data and kinetics 

plot are given in Table 4.5.2.3 and Figure 4.5.2.2 

respectively. Assuming first order reaction kinetics, a 

polymerisation rate of (2.46 ± 0.14) x i06 
-1  was found. 

This value is significantly lower than in the absence of 

Span-20. This rate reduction may have arisen from Span-20 

taking part in a radical termination step or following the 

mechanism of Cotman (20) the early coagulation of the 

small primary particles could have resulted in radical 

occlusion and a subsequent reduction in polymerisation 

rate. This proposal could be checked by determining 

whether the rate remains dependent on the square root of 

the initiator concentration in the presence of Span-20. 

Table 4.5.2.3 Summary of kinetic data for polymerisations 

at 323 K containing Span-20 

at 0.2 (vol/vol). 

Batch Conversion Polymerisation iO 	x ln([VCM 	]/(VCMI 

No. (wt/vol) time/s 

114 0.38 345 0.81 

115 1.39 6000 11.86 

116 2.76 10800 26.43 

138 0.62 1800 3.37 
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Table 4.5.2.4 Summary of kinetic data for polymerisations 

at 323 K containing bis-(2-hydroxyethyl)-

aminohexadecane at 100 ppm. 

Batch 

No. 

7 Conversion 

(wt/vol) 

Polymerisation 

time/s 

10 	x ln([VCM0]/(VCMI 

96 0.14 624 0.45 

99 0.15 610 0.53 

100 0.12 7320 24.71 

102 0.68 2400 6.23 

103 0.70 2430 6.38 

106 0.34 1200 3.13 

107 3.99 14460 42.24 

110 0.99 4860 9.17 
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The kinetic data for polymerisations at 323 K 

containing 100 ppm bis-(2-hydroxyethyl)-aminohexadecane 

are given in Table 4.5.2.4. The first order kinetic plot 

is linear and presented in Figure 4.5.2.3. The rate of 

polymerisation was determined from the gradient, 

k = (3.05 ± 0.19) x l0_6  s_i. As these polymer batches 

were prepared in the new polymerisation limb this value 

-6 -1 
compares well with the rate of 3.01 x 10 	s 	found in 

the absence of stabiliser. It can therefore be concluded 

that a change in polymerisation rate was not responsible 

for the morphological changes observed on the addition of 

bis- ( 2-hydroxyethyl ) -aminohexadecane. 

Preliminary experiments were completed to allow an 

investigation of polymer morphology as initiator 

concentration and polymerisation temperatures were varied 

systematically. Guidelines for this are discussed in 

Section 4.8. 

4.6 	Summarising remarks. 

The previous work of Speirs (58) at Edinburgh 

University laid the foundations for this study. The 

initial objective of this present C.AS.E. Award was to 

confirm Speirs' finding that the PVC particles carried a 

net negative charge and, if possible, quantify the 

magnitude and sign of this charge as polymerisation 

conditions were systematically varied. The outcome of this 

study might indicate that the observed behaviour of 
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primary particle stability prior to the rapid onset of 

coagulation could be successfully explained in terms of 

electrostatic stabilisation. Then, by the addition of low 

molecular mass compounds, it was hoped that the magnitude 

of the charge on the primary particles could be varied to 

control the onset of primary particle aggregation. This 

control could then be utilised to produce a polymer with a 

wide variety of morphologies and lead to a PVC polymer 

with greater porosity and more consistent processing 

properties. 

In this study at Edinburgh a combined 

polymerisation/electrophoresis cell has been evolved to 

overcome the previous difficulties in polymerisation, 

transference, dilution and measurement of the 

electrophoretic mobility of PVC particles dispersed in a 

liquified monomer. The observation of particle charge 

required designing a microelectrophoresis apparatus, 

constructed from quartz, capable of withstanding the 

autogeneous pressure of VCM at temperatures up to 343 K 

and yet still possess optical characteristics suitable for 

dark field microscopy. 

The early stage of precipitation polymerisation of 

VCM has been elucidated by a combination of SEM microscopy 

and image analysis techniques. The morphological 

development of the particulate PVC structure has been 

revealed and illustrated in a series of micrographs as a 

function of monomer conversion (see Plates 4.2.3.1 to 

4.2.3.12). 
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No photomicrographic evidence of the basic 

particles was obtained in this study. Under the conditions 

employed in this investigation, the coagulation of the 

basic particles to primary particles was estimated to 

occur within 10 to 20 seconds of initiating the 

polymerisation (42). Consequently, the first particles 

observed were already primary particles, the basic 

particles being too short lived to be detected. 

Primary particles were found to be of a 

substantially spherical nature, with an initial 

concentration in the region of 3 x 1017  m 3. This particle 

concentration was reduced rapidly once the primary 

particle diameter exceeded a mean critical size of 0.19 pm 

and coagulation occurred to form primary particle 

aggregates. 

Analysis of the primary particle size 

distribution, within the primary particle aggregates, 

indicated that the aggregates only contain primary 

particles that have exceeded the critical primary particle 

diameter. This suggested that the smaller primary 

particles were indeed stable to coagulation until the 

critical diameter had been exceeded. The primary particle 

aggregates were observed to increase in size, reaching 

approximately 0.8 pm diameter at 27 (wt/vol) conversion. 

It was confirmed that reliable electrophoresis 

could be performed on dispersions of primary particles in 

VCM in the combined polymerisation/electrophoresis cell. 

The particles remained net negatively charged throughout 



the observable portion of the polymerisation. In addition, 

the number of charges per primary particle was found to 

remain reasonably constant throughout their lifespan, 

typical values being in the region of 16 to 20 charges per 

particle. 

Theoretical calculations were performed to predict 

the stability behaviour of the primary particles at 

typical radius and charge found experimentally. It was 

found that the particle concentration effect was less 

important than previously thought (58). However, it was 

confirmed that the measured primary particle charge was 

sufficient to account for the known stability behaviour of 

the primary particles assuming purely electrostatic 

stabilisation. The actions of three potential low 

molecular mass monomer soluble additives were considered. 

Both Span-20 and bis-(2-hydroxyethyl)-aminohexadecane were 

found to modify the morphology of the PVC polymer 

produced. It was found that the rate of polymerisation was 

reduced in the presence of Span-20. This was accompanied 

by about a 30 fold increase in primary particle 

concentration and a near zero electrophoretic mobility. 

The primary particles were observed to aggregate much 

sooner in polymerisations containing Span-20, and this 

coincided with a reduction in the magnitude of the 

electrostatic charge on the PVC particles. It was 

concluded that one mechanism of controlling the morphology 

of commercially produced PVC polymer might be the 

modification of primary particle concentration and charge 
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by the addition of non-ionic low molecular mass monomer 

soluble compounds. 

Bis-(2-hydroxyethyl)-aminohexadeCafle was 

discovered, at low treatment concentrations, not to 

significantly modify the rate of polymerisation or primary 

particle concentration. The colloidal events and 

structural development of PVC polymer in the presence of 

this additive have been elucidated and illustrated as a 

function of monomer conversion in Plates 4.4.4.1 to 

4.4.4.12. 

At 0.157 (wt/vol) monomer conversion the primary 

particles were found to be net negatively charged and to 

carry in the region of 45 elementary charges. These 

particles were observed to be stable to coagulation. At 

the highest monomer conversion possible, the primary 

particles attain a diameter in excess of 0.75 pm. No 

coagulation step was observed, unlike polymerisations 

carried out in the absence of polymer stabilisers. The 

increased electrostatic charge and primary particle 

stability could not be accounted for by a change in 

polymerisation rate nor decreased primary particle 

concentration. The origin of the extra charge on the 

particles has not been elucidated. However, the presence 

of the hydroxyl functional group has been reported to be 

necessary to bring about morphological changes in 

suspension polymerisations. 

A mechanism for VCM bulk polymerisation, consistent 

with the above evidence must now be proposed, the results 
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of which will be directly applicable to the industrially 

more important suspension polymerisation (10). 

4.7 	Proposed mechanism for the precipitation 

polymerisation of VCM. 

The morphogenesis of the VCM/PVC system comprises 

of three processes:- 

Phase separation of swollen polymer gel 

particles from the VCM. 

Multiple aggregation of the gel particles. 

Growth of the gel by polymerisation. 

Each of these occur simultaneously and interact to govern 

the life cycle of this two phase system from its phase 

separation to its ossification at around 407 conversion. 

The mechanism assumed for the morphogenesis of PVC during 

bulk or suspension polymerisation was outlined in 

section 1.2. 

The decomposition of a VCM soluble free radical 

initiator produces two radicals, which by transfer to the 

monomer generates as many as 20 polymer chains each. These 

remain soluble in the monomer and grow until they contain 

roughly 10 monomer units and phase separate at about 

0.0017 conversion. The chains then coil with each other to 

form basic particles containing about 20 polymer chains. 

Assuming a degree of polymerisation of 1000 it has been 

estimated (42) that a basic particle would have a 
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diameter of 18 nm. These basic particles are colloidally 

unstable and continue to coagulate rapidly until a primary 

particle carrying sufficient surface charge to prevent 

further coagulation is formed. The subsequent colloidal 

stability of the primary particles then plays an important 

role in the processing properties of the final PVC 

product. 

It is now necessary to augment this mechanism to 

account for the appearance of charged PVC particles and to 

rationalise the changes in polymer morphology which arise 

from modifying polymerisation conditions. 

The origin of charge on the PVC particles is still 

the subject of speculation. Both Rance and Zichy (61) and 

Davidson and Witenhafer (60) have proposed that the most 

probable source of negatively charged ions in VCM at the 

start of polymerisation is chloride ions, which may 

specifically adsorb at the VCM/PVC interface. The chloride 

ions may be present either by the dehydrochlorination of 

PVC or from the hydrochloric acid produced through a side 

reaction. It has been shown (62) that residual oxygen 

present in the reactor readily reacts with VCM in the 

presence of radicals to produce vinyl chloride peroxide 

which subsequently decomposes to give hydrochloric acid as 

one of the products. Once all the oxygen has been consumed 

it was suggested that the ionic species present in the 

system (Cl ,OH,H3O ions) will remain constant thus 

giving rise to a constant total charge to be distributed 

amongst the fixed number of PVC particles. 
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Further evidence to suggest that the chloride ion 

is responsible for the observed electrophoretic behaviour 

has been obtained (60) by an aqueous extraction of the 

charging species from initially stable particles produced 

in bulk polymerisation. This resulted in the aggregation 

of the particles and hydrochloric acid being detected in a 

suspension polymerisation. The charging species were not 

lost to the aqueous phase but retained by the pericellular 

membrane which surrounds the polymerising droplets. 

An alternative explanation for the negative charge 

has been provided by Fowkes and Heilscher (63) in terms of 

"anion states" on the polymer resulting from electron 

injection from "donor states" of the surrounding medium. 

Rance and Zichy (42) have proposed a mechanism 

similar to that of Fitch (53) for the formation of primary 

particles from basic particles. It is assumed that polymer 

is generated continuously in the early stages of 

polymerisation as a flux of basic particles. Two fates are 

available to the newly formed basic particle, it may 

either a) be captured by an existing primary particle or 

b) become the nucleus of a new primary particle. In the 

absence of any mechanism to confer colloidal stability to 

the basic particles they coagulate according to the 

Smoluchowski rate equation. In the initial stage of the 

polymerisation it is probable that the number of basic 

particles exceeds the available negative charge. The 

majority of basic particles are thus uncharged and 

coagulation of basics occurs rapidly to form aggregates 
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which increase in size with time to form primary 

particles. Eventually coagulation increases the average 

total charge per particle to a level sufficient to prevent 

coagulation with similarly charged particles, although 

coagulation with smaller, less highly charged particles, 

will still occur. 

An equilibrium number of stable primary particles 

is formed within the first 10 to 20 seconds of 

polymerisation (42). The primary particles then grow at a 

constant charge and increase in size by the polymerisation 

of the monomer inside the gel phase and by the accretion 

of basic particles onto its surface. Eventually, at a 

critical primary particle radius, approximately 0.1 pm in 

the absence of stabilisers, the particle surface charge 

becomes too diffuse to confer stability and the primary 

particle coagulates to form the 13 particle primary 

particle aggregates observed in Plate 4.2.2.9. 

Zichy (9) has considered particle stability as a 

function of particle growth in the initial stages of VCM 

polymerisation. The majority of basic particles when first 

formed, carry no charge, are therefore unstable and 

rapidly coagulate to give stable primary particles. These 

grow at constant total charge and exist in the stable 

region of their lifespan. Eventually the critical size is 

exceeded and the primary particles enter an unstable 

region in which the primary particle aggregates form by 

coagulation. This idealised mechanism is however, only 

strictly valid for monodisperse particle populations. As 
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was observed in this study, where the particle size 

distribution has a finite width, the individual 

aggregation steps run into each other resulting in both 

primary and primary particle aggregates existing 

simultaneously at low conversions. The stability of the 

clusters against coagulation between themselves is thought 

to arise from the fact that they can only make a few 

contacts of small area rather than from elecrostatic 

repulsion (42). The aggregates continue to grow by 

polymerisation and at around 407 conversion they lock into 

a continuum. 

From this proposed mechanism it is apparent that, 

in the absence of added stabilisers, the total charge 

available to the system is the major factor controlling 

the stability of the PVC particles dispersed in the 

monomer. Two extremes can be considered. If the total 

charge available to the dispersion was high, the 

coagulation of basic particles to form primary particles 

would cease early in the polymerisation, giving rise to a 

high concentration of small primary particles. According 

to Speirs (58) the particle concentration effect would 

then exert a greater destabilising influence on the 

growing primary particles and coagulation would occur at a 

small particle size. Conversely, if the total charge in 

the system is low, extensive coagulation of basic 

particles would be required before the primary particles 

carried a sufficient charge for stability, so that a 

smaller concentration of particles would be formed. These 
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would then remain stable to a greater diameter before 

coagulating to form primary particle aggregates. 

This proposed mechanism appears to be consistant 

with the experimentally observed morphogenesis of the 

VCM!PVC system in the absence of low molecular mass 

monomer soluble additives. It has not been possible to 

test this proposed mechanism further by the modification 

of total charge in the system through the addition of low 

molecular mass stabilisers. Although these additives have 

a significant influence on polymer morphology, which 

appears to be consistant with electrostatic stabilisation, 

they affect too many other polymerisation parameters to 

allow unequivocal proof of the mechanism. This would be 

better achieved by varying the levels of the proposed 

charging species, (Cl-,OH-) for example by the addition of 

hydrogen chloride gas, as discussed in the next section. 

The influence of steric stabilistion on the 

stability of the nascent PVC particles in the absence of 

added particle stabilisers has been considered by several 

investigators (60) (155) (58) to be unimportant. None of 

the work described in this thesis can provide any evidence 

on the possible extent of any steric factors during the 

precipitation polymerisation of VCM. It has however shown 

that the observed stability behaviour can be adequately 

accounted for on the basis of an electrostatic mechanism 

alone. 

The particle generation and charging mechanism for 

the low molecular mass polymers is less clear. In the case 
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of Span-20 the primary particle concentration was 

increased 30 fold over that observed in the absence of 

additives. It is known that Span-20 acts as a VCM 

initiator and thus two sources of basic particles result 

which increase the concentration of primary particles 

produced. The mechanism by which this occurs is open to 

conjecture, as no experimental evidence at this earliest 

stage of the polymerisation could be obtained using the 

present technique. A mechanism involving electrostatic 

stabilisation could however account for the early loss of 

primary particle stability if it is assumed that the 

non-ionic Span-20 does not contribute to the total charge 

in the system. An even distribution of the charge amongst 

more particles would reduce the level of electrostatic 

stabilisation. Particles would then aggregate at a small 

size at an early stage in the polymerisation. 

For polymerisations containing bis-(2-hydroxyethyl) 

aminohexadecane, again the mechanism of particle formation 

is unclear. Here, the particles were found to exhibit 

increased colloid stability and this coincided with a 

higher number of charges per particle, again indicating 

the possible role of electrostatic stabilisation within 

the system. 

To elucidate the mechanism of particle formation 

in the presence of low molecular mass monomer soluble 

additives a technique suitable for the investigation of 

the phase separation stage of the polymerisation is 

required. Possible options will be discussed in section 
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4.8. Although a detailed mechanism for the generation of 

charged primary particles cannot be given for 

polymerisations carried out in the presence of low 

molecular mass additives, this investigation has revealed 

methods of controlling the morphogenesis of PVC polymer 

which could potentially be used to modify the processing 

properties of commercially produced PVC. 

In the industrial suspension polymerisation the 

control of the macroscopic polymer morphology is now 

fairly well understood (52). Subtle changes in the amount 

and type of suspending agent present and the degree of 

agitation (47) are used to produce polymers to a wide 

variety of bulk polymer properties. Some properties 

however, for example, surface area, porosity and 

processing characteristics appear to be independent of 

granule morphology and result from the submicroscopic 

structures within the granule. Methods of controlling 

these properties are much less well understood and, 

clearly, a greater insight into this area was desirable. 

The work described in this thesis was aimed at obtaining a 

more rational control over the micro and submicroscopic 

structures within the granule by controlling the colloidal 

stability of the growing polymer particles. Methods of 

modifying the stability of naent PVC particles have 

been illustrated in this study. 

In the absence of additives, it is proposed that 

the stability behaviour of the polymer particles is 

controlled by the total charge available within the 
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suspension droplets, and that the charging species are 

generated from side reactions involving residual oxygen 

(62) remaining in the reactor vessel after purging. By 

controlling the available charge it should therefore be 

possible to maximise the porosity of the polymer granule. 

Mechanisms by which this could be achieved have been 

proposed (58) and involved either a tighter control of 

residual oxygen levels or the introduction of small 

quantities of HC1 gas with the monomer during the charging 

of the reactor. 

Monomer soluble low molecular mass additives have 

been shown to drastically alter the morphology of the 

structures within the PVC granule. In this study the use 

of a non-ionic material resulted in the early coagulation 

of the primary particles yielding a highly aggregated 

polymer consisting of small particles. Conversely, the 

addition of bis-(2-hydroxyethyl)-aminohexadecane increased 

the electrostatic charge on the particles resulting in 

extremely stable primary particles which, over the 

permissible conversion range, did not appear to coagulate. 

Using these types of techniques, control of the 

final granule morphology should be possible in the 

industrial process. However, the ideal stability behaviour 

to give optimum processing properties and allow the rapid 

degassing of residual toxic monomer is not yet apparent. 

This situation can only be resolved by performing 

carefully controlled polymerisations on a scale sufficient 

to produce enough polymer for porosity determinations. 
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The proposed mechanism to account for the origin of 

charge and action of low molecular mass additives, is 

unlikely to be complete. Due to the lack of experimental 

evidence some of the suggestions are necessarily tentative 

in nature. Nevertheless, considerable progress has been 

made in unravelling the complex nature of the initial 

stage of the VCM precipitation polymerisation. For example 

the morphological development of the primary particle 

cluster is now well documented and the original 

conjectures of Zichy (9) on primary particle stability 

have been shown to be correct. Suggestions for further 

work to enable a greater understanding of this 

industrially important area are discussed below. 

4.8 	Suggestions for future work. 

4.8.1 Equipment 

The apparatus evolved for this type of 

investigation has now been developed to provide a reliable 

pressure-tight combined polymerisation/electrophoresis 

cell. Only one further modification is considered 

necessary, that being a valve between the polymerisation 

limb and the electrophoresis cell to prevent unwanted 

distillation of monomer during polymerisation and, more 

importantly, allow the sampling of the PVC produced prior 

to electrophoresis. 

The major disadvantage of the present technique is 

the time consumed in using a batch technique in which 
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dispersions can only be evaluated at one monomer 

conversion per polymerisation. If further work was 

invisaged on this topic I recommend that the present 

polymerisation/electrophoresis apparatus be abandoned in 

favour of a laser based combined electrophoresis/particle 

size apparatus such as the Malvern Particle Charge 

instrument. This would revolutionarise the investigations 

enabling continuous monitoring of both particle size and 

zeta potential. Such a system, once a suitable high 

pressure quartz cell had been constructed, would have the 

following advantages:- 

Continuous particle sizing from the nanometer 

sized basics upwards. This was impossible with 

the SEM technique. 

Continuous particle mobility measurements 

enabling particle charge to be measured as a 

function of extent of polymerisation. 

Expand the observation window for both a and b. 

Particle concentrations could be calculated 

accurately and continuously. 

The onset of particle flocculation, critical 

primary particle size and an experimental 

stability ratio could be evaluated for each 

polymerisation.  

The major advantage would however be the continuous 

measurement of polymerisation properties, eliminating the 

need for a batch process. This would allow the rapid 
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assessment of potential primary particle stabilisers, and 

enable studies as a function of polymerisation temperature 

The current monomer purification and transfer 

arrangement worked well in this study and could be used 

without further refinement. 

4.8.2 Experimental programme 

Once the apparatus described above was commissioned 

evaluation of the colloidal aspects VCM/PVC system could 

follow several interesting pathways. 

Bauer and Sabel (62) have indicated that certain 

free radical initiators generate a much higher 

concentration of HC1 than lauroyl peroxide used in this 

study. By investigating a range of initiators it might be 

possible to elucidate the role of the chloride ion in the 

electrostatic stabilisation of PVC dispersions. It would 

also be interesting to carry out a study of 

polymerisations initiated in the absence of a monomer 

soluble initiator. This could be achieved by using a gamma 

ray Cobalt-60 source (43) or photochemical initiation. 

This would indicate whether the decomposition of the 

initiator molecule was involved in the generation of the 

charging species. 

In this investigation the range of monomer soluble 

low molecular mass additives which could be evaluated was 

limited. With all the polymerisation parameters being 

available from a single experiment a far wider range of 
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additives could be assessed. Suitable candidate molecules 

could then be systematically modified, one functional 

group at a time, to elucidate the active components in 

terms of both modification of particle charge, and polymer 

morphology. Bis-(2-hydroxyethyl)-aminohexadecane would be 

a good starting point for this investigation as it is 

known that the molecule is rendered inactive if the 

hydroxyl group is absent (170). 

It is known that the polymerisation temperature (1) 

influences the morphogenesis of the PVC granule. In any 

further investigation the polymerisation temperature 

should be raised to 333 K and the initiator concentration 

reduced to reproduce the same polymerisation kinetics 

studied at 323 K. The concentration of initiator required 

to achieve this is 0.0227 (wt/vol) based on the known 

square root dependence on initiator concentration on 

polymerisation rate. Under these conditions, polymer is 

generated at the same rate as in the lower temperature 

polymerisations reported in this thesis. The influence of 

higher temperature but reduced initiator concentration on 

the colloidal aspects of PVC morphogenesis could then be 

assessed. 

Finally it would be of interest to carry out 

polymerisations on a sufficiently large scale to enable 

porosity and plasticiser uptake studies. From these it 

would be possible to derive the optimum requirement for 

the colloidal events occurring in the initial stage of the 

VCM precipitation polymerisation. 
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Appendix 1 	PVC Nomenclature. 

The terminology used in the literature to describe 

PVC morphology is inconsistant and very confusing. In this 

work the polymer structures observed by electron 

microscopy have, in general, assigned the terminology 

proposed by Allsopp (7), whose nomenclature is best suited 

to describe the colloidal events occurring during the 

formation of the particulate polymer grain. This 

terminology, along with the recently proposed IUPAc 

nomenclature is given in Table 1 overleaf. Other 

nomenclature frequently used in the scientific literature 

is also given for cross referencing purposes. 



Table 1. Nomenclature for the Sub-units of a PVC Grain. 

Nomenclature of PVC 
Sub-units Appropriate 
To Colloid Formation 

Approx. monomer 
Conversion (7) at 
First Appearance 
Of Sub-units 

Approximate 
Particle 
Diameter 

/pm 

IUPAC 
Nomenclature 

Other Nomenclature 
In Frequent Use 

Basic Particle 0.001 	- 	0.005 0.02 Microdomain Particle 

Primary Particle 0.005 0.08 Domain Primary nucleus, 
Granule 

0.2 	- 	1 Primary Particle Microgranule, Granule, 
Microglobule. 

Primary Particle 0.02 	- 	0.17 2 	- 	5 Agglomerate Cluster, 
Aggregate Macroglobule. 

Sub-grain Sub-grain Sub-granule, 	Uriicell. 

Grain Grain Granule, 	Cellular grain. 
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Appendix 2 	Statistics of particle size distributions. 

S.E.M. micrographs of the PVC polymer produced 

during experimental studies were evaluated on a Vickers 

Magiscan Image Analyser. When the polymer batch contained 

both primary and primary particle aggregates the Magiscan 

output an overall particle size distribution. To obtain 

particle size statistics for the individual polymer types 

within the overall distribution a computer programme 

"Diameter" was developed, a copy of which appears 

overleaf. "Diameter" makes use of the following 

statistical relationships. 

E n. 1  D. 1 

	

Number average 	D = 	E 

En D ii 

	

Surface area average 	Dsa 
= E fl D 2 'i i 

E n. D.4  

	

Volume (weight) average 	D 	= v 	En.D. 1 1 

E n. D.2  

	

Number standard deviation 	°n = 	En. 	
- D 2 

E v. 

	

ii 	2 

	

Volume standard deviation 	°v = 	E v 	- D 1 

where n is the number of particles of class diameter Di  

The degree of skewness 	= 	(mean - mode) 
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The programme, written in Basic Language, prompts 

the user for lower and upper particle size limits. The 

particle frequency is then input as the programme 

increments the particle diameter in step with the Magiscan 

output. 
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10 REM 	DIAMETER 

20 REM 	INPUT UPPER AND LOWER SIZE LIMITS 

30 REM *",*INPUT FREQUENCY DATA WHEN REQUESTED 

40 DIM Di(50):DIM ni(50):DIM VOLSUMVOL(50) 

50 INPUT"UPPER RANGE LIMIT ",URL 

60 sumni=O: sumniDi=0 : sumniDi2=O : sumniDi3=O 

70 sumniDi4=0 : SUMVOL=O: sumviDi=0: sumviDi2=0: sumvi=0 

80 CLASSINTERVAL=URL/49 

90 MIDINTERVAL=CLASSINTERVAL/2 

100 INPUT "MAX DIA MEASURED ",MAXDIA 

110 X=1 

120 FOR DIA=0 TO MAXDIA STEP CLASSINTERVAL 

130 	PRINT"DIA" DIA 

140 	INPUT"FREQUENCY "ni(X) 

150 Di(X)=DIA+MIDINTERVAL 

160 sumni=sumni+ni(X) 
170 sumniDi=sumniDi+(ni(X)*Di(X)) 

180 sumniDi2=sumniDi2+(ni(X)*Di(X)*Di(X)) 

190 sumniDi3=sumniDi3+(ni(X)*Di(X)*Di(X)*Di(X)) 

200 sumniDi4=sumniDi4+(ni(X)*Di(X)*Di(X)*Di(X)*Di(X)) 

210 X=X+1 

220 NEXT 

230 Dn=sumniDi/sumni 
240 SIGMAn=SQR((sumniDi2/sumni)_(Dn*Dn)) 

250 Dsa=sumriiDi3/sumniDi2 

260 Dv=sumniDi4/sumniDi3 

270 PRINT 

280 @70=&2030A 

290 PRINT"Dn "TAB(12); Dn 

300 PRINT"SIGMA Dn "TAB(12);SIGMAn 

310 PRINT 
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320 PRINT"Dsa "TAB(12);Dsa 

330 PRINT 

340 PRINT"Dv "TAB(12)Dv 

350 X=1 

360 FOR DIA=0 TO MAXDIA STEP CLASSINTERVAL 

370 	VOLSUMVOL(X)=ni(X)*Di(X)*Di(X)*Di(X)/SUmfl1D13 

380 	SUMVOL=SUMVOL+VOLSUMVOL(X) 

390 X=X+1:NEXT 

400 X=1 

410 FOR DIA=0 TO MAXDIA STEP CLASSINTERVAL 

420 	VOL= SUM VOL*VOLSUM VOL ( X) 

430 	sumviDi=sumviDi+VOL*Di(X) 

440 	sumviDi2=sumviDi2+V0L*Di(X)*Di(X) 

450 	sumvi=sumvi+VOL 

460 X=X+1 

470 NEXT 

480 Dvol=surnviDi/surnvi 
490 SIGMADv01=SQR((sumviDi2/sumVi)_(DVOl*DV01)) 

500 SIGMADv=SQR((sumviDi2/sumvi-)_(DV*DV)) 

510 PRINT"SIGMA Dv "TAB(12); SIGMADv 

520 PRINT 

530 PRINT"Dvol "TAB(12); Dvol 

540 PRINT "SIGMA Dvol "TAB(12);SIGMADv01 

550 PRINT 

560 INPUT "Dn MODE" SMODEDN 

570 INPUT "Dv MODE" SMODEDV 

580 PRINT 

590 PRINT"MODE Dn = "TAB(12);SMODEDN+MIDINTERVAL 

600 PRINT"MODE Dv = "TAB(12);SMODEDV+MIDINTERVAL 

610 PRINT 

620 PRINT"Dn SKEW "TAB(12); (Dn-(SMODEDN+MIDINTERVAL))/SIGMAfl 

630 PRINT"Dv SKEW "TAB(12) ;(Dv-(SMODEDV+MIDINTERVAL))/SIGMADV 



245 

Appendix 3. 	Revised PCS data for reference (42) 

A personal communication from Dr. D. G. Rance, 

Petrochemicals and Plastics Division, I. C. I. plc., 

indicated that the preliminary results reported in 

reference (42) have been recalculated. Although previous 

and present results agree in broad outline, there are 

numerical discrepancies which arose from different values 

for the physical properties of VCM and PVC being used in 

the interpretation of light scattering data. 

As some of these values have been quoted in this 

thesis parts of the revised data are summarised overleaf. 

Note added in proof. The revised data has now been 

published. F. M. Wilimouth, D. G. Rance and K. M. Henman, 

Polymer 1984, 25, 1185. 



Revised results for vinyl chloride polymerisations containing 0.17 (wt/vol) lauroyl peroxide 

reported in reference (42). 

Polymerisation Rate of increase Initial particle Agglomeration Particle 
temperature of gel volume number per onset time diameter at 

(°C) fraction unit volume (secs) agglomeration 

(sec 	x 10-6) (m 3  x 10 17 onset (pm) 

35.0 0.53 0.7 450 0.19 

45.3 1.53 1.0 270 0.19 

50.0 2.90 2.9 290 0.18 

50.6 2.74 2 160 0.18 

55.1 5.28 2.8 190 0.19 
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Appendix 4. 	Programme ALOV. 

ALOV is based on the model proposed by Albers and 

Overbeek (164) to calculate the stability ratio for the 

interaction of identical spheres in concentrated 

dispersions where the double layer thickness is of the 

order of the average interparticle separation. Two factors 

were considered to lower the potential energy barrier to 

coagulation. These are illustrated in Figure 1. Firstly, 

when the average interparticle separation approaches the 

double layer thickness, the particles in their equilibrium 

position already possess a potential energy with respect 

to infinite separation. This reduces potential energy 

barrier from E to E2. Secondly, if the simultaneous 

interaction of particle b with particles a and c is 

considered the potential energy barrier to coagulation is 

reduced to E3. 

In the model of Albers and Overbeek it is assumed 

that particle b interacts with 12 nearest neighbours 

situated on a spherical shell of radius R 	the average 

interparticle separation. All other particles are 

homogeneously distributed outside a larger sphere of 

radius R 
29

with R2  chosen such that the volume within the 

sphere just corresponds to the volume available to 13 

particles. This is illustrated diagramatically in Figure 

2. According to the Albers and Overbeek model the 

stability of the dispersion is determined by the height of 

the potential energy barrier E3. ALOV evaluates values of 
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V 
A 	R 

and V at the equilibriun separation and subtracts the 

result from the values of VA and VR  calculated at each 

separation of particles b and c from the equilibrium 

separation up to a separation of 0.1 nm. Thus, this method 

shifts the zero of potential energy from infinite 

separation to the average separation. 

The values of VA  were calculated using equation 

(2.3.5) and V from:- 
R 

88 
	— 	. 2 2 2Ka 

[ 

8. 	
1.3KR1 	e 	e 	e 

0 R 	
+ 1 	KQ 	 -1.3KR1 

V 	 0(total) = 	a e 	
. _  KR13  

6 	1 	
K/R12 + 	- 5R1  

+ 	
1 

R1-q 	- KR1q 	 - e 	 3 1 j 

where V   (total) is the energy of repulsion between the 

central particle b and all other particles. 

c is the permittivity of the dispersion medium 

r 

IP O  is the surface potential of the particles. 

a is the radius of the particles. 

K is the reciprocal double layer thickness. 

q is the distance of the central particle b from 

the centre of the sphere of radius R 1  (Fig. 3), so 

that (R 1-q) is the separation of particles b and c, 
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where c is the particle with which b possibly 

collides. 

The total potential energy of repulsion, VT,  

between particles b and c, allowing for the influence of 

all other particles was evaluated as a function of 

separation by a summation of VA  and  VR.  W, the stability 

ratio, was calculated using equation (2.5.2.10). 

The programme ALOV is derived from THICKDL, given 

by Speirs (58). The subroutine DLVO, which was written by 

Dr. W. D. Cooper, evaluates the Verwey and Overbeek 	and 

parameters as a function of separation. The real 

function DSPIEL, written by Dr. G. C. Peterson formerly of 

Unilever Ltd., calculates the Speilman correction factor 

as a function of separation. 

The programme considers a suspension polymerisation 

droplet of known volume and requests the number, radius 

and charge of the primary particles. Values for the 

Hamaker constant, temperature and dielectric constant are 

also required. 



C 
C 

L 
ri: 
C- 
a 

4- 
C 

- - - 	Interaction between a and b, and between 

b and c, in the absence of the third particle. 

Interaction between the two pairs of particles 

when the simultaneous interaction with the third 

particle is included. 

Fig.l 	Diagram illustrating the reduction of the potential 

energy barrier to coagulation by the particle 

concentration effect. 



IN 

= average interparcle separatiot 

R2  contains the volume available to 13 particles. 

Figures 2 and 3 Diagrams illustrating the arrangement 

of particles assumed by Albers 

and Overbeek. 
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ALOV 	 Compiled: 20  ''5/2 	11 .4F.22 

TCT?Ar(C) .COFTLT 	TERION 70 .1 

TTTS PO(& 	ATULATTS STPILITY RATIOS FOR CONCFNTATFP 
tISPFFSICNS HET THEFE IS INTE?ACTIO' BETWEEN SEVERAL DOUBLE 
L'YS. Tm 757"5 'FF 	?FSSIO' F ALB'RS &ND OVFFF(. 
:TT 7-L7— FIFCISIOr'i FT ,'1,KA,KT,EPS,AF'M,ELEM,Q1,PS1, NU,  VOL,VOLFPA, 

kr 
7,7 TtL,TFLX,IT?tLBX,VtLCX,VTOT,STEP,ST,SrJM,RP,VT,W,LCG.W 

5,2I1,F1,S,T,,A,A21,S,S1 ,XD,FF,VPJLIM,P AIR TVO,FRFEVO,N1JMCH,C 

IFER IT,IT1,ISTE?IIC1 JMT,I ,CYCLT 
i'.E.SION TCT(6,STJr( 	 ,i(6) ,LOTW(6 

FOrT( '',17, 'CALCtJL&TICI OF TTE STEILTTY RATIO I', 

	

' 	0F T'r rIpvp 	I S  IF 	I( 	UFL 

1 	IU '1X, 'DO Y'TT 'iA'T TO CALCULATE' 	iOTEER 	Y=1 1=2 

T''T\T.TT.?' t"-OTO ø 

,12C ,1X, 'DO YOU MA:JT TO IL"LF TUE SPIELNUN CORRECTION' 

	

?,lv, 	Y 
7-, , I '• T 1 

II 7 71. 70.?) GOTO 77° 
T 717(' 

'CPr! MT E' T, THE SPIELUAN CONVERGENCE TERM') 

" 
I 	1-7 	7 GI'y 7 T' PAPTTrLT °LIU SIN V1'TTE') 

FF 	,-. 

102 	FO1AT('Z',1",'0IrE' ME K T,THE DIELECT'IC CONSTANT',IX, 

	

T' 	TtTI' Tj a 	U7,77 cS'QNT.') 
TP'1 t'D 

,-- 	I  

F F S T PS 1 11 2 T —10 
jr-1 c 

2'"? F VAT('0',1T,'C-IVF MT TUE TOTAL CHARGE ON EACH PARTICLE' 
?,1X,'I1. -!UMBES OF  ELEN1FNT&BY  CITARGFS') 

TAr , 1 
Q1O1'ELFM 
751=21 '(R1  

1'4 	FCRMAT( 'O',lY, 'r-o\ MMly STEPS DO YOU ANT PETEEN EACB',lX, 
rT' n1DI'TTOUT') 
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C 1:':  

r 
L. 

r"i 
I1.CT.1F." 11=1?. 

1,1I'T1  
psi 'i =1X,'I1..I, '   

:TTITr'Lc' 	l 
, 1r'-1-'( 	11'Ai 

	

X ' 	ATTfl\'STANT =',1Y,T1l.4,IY,'JOTrI.'S' 

T 

P .  I 	s 1 /tv22 

	

'' 'oT'r 	N 	\!P, TP' ('OT JT 	DIN kRY P&RTICLE' ,l, 

	

T-' 	S1SP r STOi TOTYT ' 
KITT 

TOTrTVE OF A 	1 (M'P T RODLT rT  T\J A 

	

'FTIATIO'T. 	E 	A i: 	LIAMFT! 
?/TC'L 

OL_1 1TflT TTPA 

IT i7  A=VOL' 	T(L/E\rCL 
LL"S 'C\? 	I'Y2 A 	T V'' TSA TTO 

Vi 'TICN I 	ECACTTTJTt 	ALO 	'fl} 

	

O 	rT' 	 1jTc 

/3 • 
-7 7 Tfl=TT,_'A'T Imfl 

TCFTT'l 'TT.Fi 
CH ' 

'4 . 	IE1,7F LFNC / ( F1'YT 
= 5 	T (Y \ 

T 	 7 'T I 
T1X9 '10UL7  LAY5 	TISS =',tT, Ell .4,IX,'MTTRFS) 

'1roIii'5 F5ACTtC =',1:T,a. 

7' 1 =t 

TTT(,ll 

TTA 
'( 	rl 	l 

Y"T1=1  

r' 	TT 17 CTTLATE TT: F ?CTFTIAL FLLY OF THE PARTICLES 
A" T'I I, AVYOT SEPARATION TV'' cLOT'LT' ECA' THIS 

OTRGY CA1GE AS TFE PAPTICL 	AFP9OACH 	:D COLLIDE 

2.P1 
-' 

T:1r11_3 
) Al-1:  .Rl+p1+tl 
5.: 	±F1 VR1 
T Tr =F3 

A +A3 
FAc=_A?)T(kA/ARAA/AC+LLC(A') /A  

1"'t1 

SUSPENSION 

FROCYEDS Ar TFT 
THIS 

,12X, 'rP',12X, 'VRJ') 
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j T 
'7*1411)7....7Dj) 
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