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ABSTRACT 

The emulsion copolymerization of Styrene (Sty)-Butyl acrylate (BuA) was· 

carried out in a semibatch reactor with sodium lauryl sulphate (SLS) as surfactant and' 

potassium persulphate (KPS) as initiator. The effects related tothe distribution of the 

monomer, the surfactant, and' the initiator on the. copolymer' composition and the' 

overall behaviour of the reactor were thoroughly studied. 

Itw~s found th;t BUA. rich inltial ch~rge incre>lSed the polymerization ~te, .. 
niduced the particle sizes, and minimized the composition drift; The experimental 

data showed that the free unadsorbed surfactant in the reactor increased with 

, increasing the fraction of the BuA monomer initially charged in the reactor. This led 

to an increase in the number of polymer particles and in return increased the 

polymerization rate. In addition, cross-linked copolymer was obtained when the BuA 

content was high indicating the possibility of gel effect which as well led to the 

apparent increase in the polymerization rate. The water-solubilities of the monomefS 

did not affect the reaction kinetics or the copoiymer composition. This was 

demonstrated experimentally and by means of mathematical modeling. 

Reducing the surfactant and the initiator concentrations showed the general 

behaviour of lower polymerization rates and larger particle sizes. The copolymer 

composition was not affected by the changes in the surfactant and the initiator 

concentrations in the reactof. Feeding part of the initiator or the surfactant during the 

semi batch stage while maintaining constant concentrations showed major effects on 

the sizes and the numbers of the polymer particles, and the polymerization rate. This 

is believed to be related to the change in the agitation intensity as a result of varying 

the volume of the initial charge. No effects were observed on the copolymer 

composition and the monomers mass fraction in the particles. 
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Introduction 

. Emulsion polymerization is an important industrial· process for producing 

polymers dispersed in an aqueous· medium. Batch, semi-batch, and continuous 

reactors are widely used in the polymer industry. Operating these reactors according 
. . . 

to an optimal recipe is iniportant. The recipe includes the loading conditions, reactor 

temperature profile, feeding policy, and feeding rate profiles. 

In the literature a lot of work was devoted to batch processes which might be· 

adequate as a starting point to understand the process and could be suitable for a lab 

scale, however, semi-batch and continuous processes are dominating the industry and 

they are the main processes in the production of polymers. Semi-batch techt1iques 

. usually offer more flexibility than batch or continuous techniques. In batch processes, 

all reactants are completely added to the reaction vessel at the start of the 

polymerization, whereas in semi-batch processes only part of the formulation is added 

at the beginning of the reaction, the remainder being added to the reaction vessel' 

according to'a predetermined schedule. 

Adjusting the feed rates of monomers and other ingredients during the course 

of reaction overcomes the limitations of batch processes (e.g. heat transfer in the 

large-scale reactor), and polymer lattices with high added value can be obtained. 

However, this complicates the process further by introducing the problem of 

controlling the distribution .of the components between the initial reactor charge and 

the subsequent feed. 

Latex products (e.g. styrene/alkyl acrylate copolymers) are widely used in 

coatings, adhesives, thermoplastics, and rubber industries. This was a result of the 

possibility of obtaining a large number of polymer products through the variation of 

the copolymer composition and the polymerization process. Control of the latex 

properties is the key to guarantee the quality of latex products. For example, the 

adhesive properties are dependent on the composition of the copolymer. Changes in 
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the monomer ratio due to batch-to-batch discrepancies rnight cause manufacturing 

problems and products with undesirable properties. In order to control ~haracteristics . 
- . . -

'. like copolymer composition, the development of such advanced polymer production' 

systems requires an understanding in some depth of the interacting. physical and 

chemical phenomena, which occur during polymerization. The Styrene (Sty)-Butyl 

acrylate (BuA) system is parti~ularly interesting due to the ~ature of its components 

and the corresponding hornopolymers. Styrene is a highly hydrophobic rnonomer and 

butyl acrylate is a more polar and water-soluble. 

The objective of this work is to investigate the effects of various reaction 

parameters and the effects related to the distribution of the recipe between the initiaL 

reactor charge and the subsequent feed on the composition drift and the overall 

behavior of the emulsion copolymerization of Sty-BuA in a semi batch reactor. The 

main variables· that will be investigated are the concentrations of the monomer, 

sodium lauryl suI fate (SLS), and initiator in the initial charge and the subsequent feed . 

. The effects related to the agitation speed on the kinetics of the system will be 

investigated.IAn adequate level of understanding can be~chieved through computer 

modeling. Therefore, some existing models will be investigated and compared to the 

experimental results; improvements might be recommended whenever possible. 

Next, a literature review which covers the emulsion polymerization in general, 

and the emulsion copolymerization of Styrene-Butyl acrylate in particular will be 

presented in the first three chapters. Afterward, the experimental setup and some basic 

and advanced-analysis techniques will be given in chapters four, five, and six. The 

effects of the different variables on the emulsion copolymerization of Sty-BuA 

copolymer will be given in chapters seven and eight. 

Finally, it should be noted that the final application of the resulting latex 

system is not the objective of this study. The main aim is for a better understanding of 

the process and an improved control of the composition and the other properties of the 

copolymer. 
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1. Polymerization Reactions 
. - - _: ~ c- - __ - _- - _' _ _ - .._ ._ -. . - _ _ • 

Polymeriz;'tion isthe piocess of joining logethe; repeated simple units of 

small molecules by covalent bonds to produce high-molecular-weight polymers. Both 

natural and synthetic polymers are built from these simple units known as· monomers. 

Importantly, the range of properties that can be achieved depends on the strategy used 

to assemble these units as well as the nature of the monomer molecules.There are 

basically two approaches to polymer. formation: step. growth and chain growth 

polymerizations .... 

In step growth (or condensation) polymerization, reaction takes place between 

monomers containing functional groups that react in high yield to fonn one larger 

polyfunctional molecule. Examples of such functional groups are carboxylic acids, 

which react with alcohols to fonn esters and with amines to form amides. Usually step 

growth reactions yield a by-product (e.g. water); because of the loss of this compound 

during the polymerization process, reactions of this type are often called condensation 

reactions. The reaction continues until almost all of one of the reagents is used up.· 

Nylon 66 is an exarople of a common polymeric clothing material, involving one each 

of two monomers, hexamethlene diamine and adipic acid, reacting to form a dimer of 

Nylon 66. 

Chain growth (or addition) polymerization involves combining monomers 

starting from a single reactive site and growing the polymer chain from that site 

without the formation of by-products. The reactive site can be a cation, an anion, or a 

radical (a molecule that contains at least one unpaired electron). The type of chain 

growth polymerization selection depends on the monomer(s) to be used and the 

requirements of the target polymer. Polyethylene and polystyrene are. examples of 

polymers made by chain growth polymerization where the monomers used are 

ethylene and styrene, respectively. 

3 
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It is worth noticing that the polymerization processes might be classified as 

homogeneous or heterogeneous systems. In homogeneous polymerizations, all the 

reactants (i.e. monomers, initiator, and solvents) are soluble and compatible with the 

resulting 0" polymer; 0 whereas in heterogeneous polymerizations the reactants are 

insoluble. 

o Homogeneous polymerization c()mprise bulk and solution polymerization;. 

Bulk polymerization is carried out in the absence ·of any solvent or dispersant and is 

thus the simplest in terms of formulation. In bulk polymerizatiori the reaction mixtUre 

consists()f the monomers, a soluble initiator (in case of chain growth polymerization); 

and sometimes a modifier (e.g. rheology modifiers). This type of polymerization is 

highly exothermic and extremely viscous. It is mainly used for making pure 

polymeric products (e.g. optical grade polymethyl methacrylate). In solution 

polymerizations, the monomer, initiator, and reSUlting polymer are all soluble in the 

solvent. Due to the fact that it can be difficult to remove the solvent from the finished 

viscous polymer, solution polymerization is best for polymers that are commercially 

used in solution form, such as adhesives and surface coatings. 

Heterogeneous systems consist of suspension polymerization and emulsion 

polymerization. In suspension polymerization the monomer is dispersed in a liquid 

(usually water) by high stirring rates and by the addition of stabilizers. A monomer

soluble initiator is added in order to initiate chain-growth polymerization. The 

polymer is obtained in the form of granules or beads and it is mainly used for making 

plastic resins. Emulsion polymerization is widely used for producing many polymers; 

it involves the formation of a stable emulsion (known as latex) of monomer in water 

using an emulsifying agent. The common ingredients are monomers, dispersing 

medium, initiator, emulsifying agent, and sometimes a transfer agent to control the 

chains length. 

4 
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The copolymerization of styrene and butyl acrylate is accomplished by radical 

chain polymerization; therefore thi~ typ~ of polymerization will be explored in th~ 
~ next sections. ~ 

~. 1.1. . ~ Free-Radical Polymerization 

. Free radical polymerization is the most widespread method of chain growth 

polymerization for a wide range of monomers. Free radical polymerizations are chain 

reactions in which every polymer chain grows by addition of a monomer to the free ~ 

.. ~ radical reactive site called the "active c~n;er;'. The addition of the monomer(s) to this 

site induces the transfer of the active center to the newly created chain end. 

Free radical polymerization is characterized by many attractive features, such 

as applicability fora wide range of polymerizable groups - including styrenic, vinylic, 

acrylic and methacrylic derivatives - as well as tolerance to many solvents, small 

amounts of impurities and many functional groups present in the monomers . 

. However, classical free radical polymerization has some limitations, inherent to its 

mechanism. In particular, it is difficult to control polymer molecular weights and 

polydispersities, as well as to introduce defined end-groups, or to prepare special 

macromolecular architectures such as block copolymers. Next, a discussion of 

homogeneous free-radical polymerization will be presented. 

1.1.1. Free-Radical Polymerization Mechanisms 

Radical chain polymerization consists of a sequence of the three steps: 

initiation, propagation and tennination. The initiation step involves two reactions. The 

first is the production of free radicals by the homolytic dissociation of an initiator 

species I to yield a pair of initiator radicals R' 

1.1 

where kd is the rate constant for the initiator dissociation and it follows the Arrhenius 

equation. The rate law is generally first-order (Le. rate of initiator decomposition) 

5 
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. ri~ -kd [I] 1.2 

. No~ally, . not all the initiator radicals. contribute to the· initiation of 

polymerization; in some cases the initiator is attacked by a propagating chain prior to 
. -

its decomposition. So instead of an increase in the r~dical concentratio~ (two radicals 
- , . . . 

being generated), it remains unchanged (dead chain and one radical). In other cases, . 

. the radicals formed in the primary decomposition undergo reactions to form neutral -

molecules inste'act of initiating the polymerization. Therefore, an efficiency termJ is 

sOllletimes inciudedin the rate lawleading to the rate of initiation(ri) (i.e. generation -

of radicals) 

1.3 

The cage effect is also another source that wastes the radials; in this case the 

radicals are confined in a close space (e.g. monomer, inert, polymer) for a period of 

time; the lifetime of the cage is affected by its nature. 

The second part of the initiation step involvesthe addition of this radical to the 

first monomer molecule to produce the chain-initiating radical Mt' 

1.4 

It should be noticed that the rate limiting step is Eq 1.1 (Seymour, 2000), so the 

overall rate of initiation is 1.3. 

Propagation consists of the growth of M!' by the addition of large numbers 

(several thousands) of monomer molecules. Each addition creates a new radical at the 

end of the polymer chain that has the same identity of the previous one. 
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, or in general terms 

". . k' 
MI-+M~Mz' 

. k 
Mz-+M~M3-

, k 
M3-+M~M4-

1.5 

1.6 

. where kp is the rate constant for propagation and it is considered independent of chain 

. length; the rate of propagation (rp) takes the following form 

1.7 

where [M-] is the sum of the concentrations of all chain radicals. 

At some point, the propagating polymer chain stops growing and terminates. 

Termination results from the annihilation of the active centers; it occurs by two 

routes: combination and disproportionation of the radicals. In combination (known as 

coupling) two radical chains are destroyed when tl)ey react with each other leading to 

one inactive chain. Disproportionation termination takes place when a radical chain 

strips a hydrogen atom from another radical chain; a carbon-carbon double bond takes 

the place of the missing hydrogen. Disproportionation leaves two inactive chains. 

M +M k!C; M n· m· ) n+m 

M M k", M 'M n·+ m· ) n + m 

(combination) 
1.8 

(disproportionation) 

where. k" and' k'd are the rate constants for termination by coupling and 

disproportionation; respectively. The rate of termination (r,) is then 

1.9 
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where k, = k" + kid (Ebwele, 2000). The factor 2 was introduced because at each 

incidence two radicals disappe~r. 

Figure l.l illustrates the initiation and propagation steps of polystyrene; atthe 

beginnitlg an initiat~r radical reacts with a styrene molecule producing a styrene 

radical, this new radical continues to react with other styrene molecules generating a .. 

. long chain _of styrene molecules (polystyrene). - A discussion covering. the 

homogeneous chain copolymerization will follow. 

Free Radical Slyrene styrene Radic:Q1 styrene Macrcradical 

R· 

~~ .. 
+ C=C ~ 

I I 
H H 

~~ ~~ ~Q~~ 
~ R-C-C· + C=C ~ R-C-C-C-C' 

I I . I . I 

* * * * H H H H 

Polystyrene 

Figure 1.1 Schematic diagram of the initiation and propagation steps for polystyrene 
(source: Polymer Science and Technology, Ebewele, p. 27~30) 

1.2. Chain Copoiymerization 

Usually homopolymers (polymers made from one monomer) have properties 

suited to a certain application but are deficient to a wider range of applications. A 

copolymer with only a small proportion of a second monomer often possesses the 

desirable properties of the parent homopolymer, while the other component provides 

the properties fonnerly lacking. For instance; the homopolymer of acrylonitrile 

(synthetic fiber) has excellent resistance to weathering and chemicals but poor affinity 

for dyes. Copolymerization of acrylonitrile with small amounts of other monomers 
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(e.g. 10% of methyl m~thacrylate) yields the desirable properties of the homopolymer 

and the advantage of dyeability. 

Chain polymerizations can be carried out with mixtures of two monomers to 

_ fonn a polym~r with two different structures in the polymer chain. This process in 

. which two monomers· are simultaneously polymerized is called a copolymerization,. 

and the product is a copolymer. It is important to note that the copolymer is not a 

mixture or a blend of two homopolymers but contains units of both monomers 

incorporated into each .copolymer molecule. The two monomers ·enter into the 

copolymer in overall amounts determined by their relative concentrations and 

reactivities. The process can be illustrated as 

There are four types of copolymers: random copolymers in which the 

monomers are arranged along the polymer chain in a random fashion similar to the 

above illustration, alternating copolymers in which there is a regular order of M I and 

M2 (e.g. -MIM2MlM2MIM2MIM2-), block copolymers in which there are long 

sequences of the . same repeating unit in the chain (e.g. 

-MIMIMIMIM2M2M2MIMIMIM2M2M2-), and last graft copolymers in which 

one monomer forms the main chain, and the second monomer forms side extensions 

as branches. 

Copolymerization allows the synthesis of an almost unlimited number of 

different products by variations in the nature and relative amounts of the two 

monomer units in the copolymer product. An obvious example of the importance of 

the copolymerization process is the case of polystyrene. The United States produces 

millions of tons per year of polystyrene products, and only about one-third of the total 

is styrene homopolymer. Copolymerization as well as blending overcomes the 

brittleness and low impact strength of Polystyrene (Odian, 2004). 

9 
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The inclusion of a second monomer however complicates the reaction kinetics 

and brings 'additional requirements; the most important requirement is the need to 

understand h(n" differences in monomer reactivity affect copolymer composition and 

the sequence distributior\"fthe different repeat units in the copolymer chains. Since 

the most reactive monomer is inc()rporated preferentially into the copolymer chains, 

the copolymer molecules' formed can have compositions which significantly differ, 

, ,from the initial comonom~r mixture composition. -

1.2.1. Kinetics of Copolymerization(Th~ T~rminall\1odel) , 
The composition of a copolymer cannot be determined simply from 

kn9wledge of the homopolymerization rates of the two monomers. The 

copolymerization of the two monomers (M, and M,) leads to two types of 

propagating species: one with M,o at the propagating end and the other with M," (the 

"0" represents a radical as the propagating species). The first order Markov or 

terminal model of copolymerization assumes that the reactivity of the propagating 

species is dependent only on the monomer unit at the end of the chain (referred to as 

the end or ultimate unit); four propagation reactions are then possible. Monomers M, 

and M, can each add either to a propagating chain ending in M, or to one ending in 

M2, that is, 

M,"+MJ 
kll )M," 

M,"+M, kl2 )M2" 1.10 

M2"+M, k2! )M," 

M2"+M2 k" ) M2" 

where k;j is the rate constant for a propagating chain ending in M; adding to monomer 

Mj. All propagation reactions are assumed to be irreversible. For the homogeneous 

copolymerization in a batch reactor the rates of disappearance of the two monomers 

are given by 

10 
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1.11 

1.12 . 

where [M;'] denotes the concentration of all the species ending with 111;" Dividing 

both equations yields the ratio of the rates at which the monomers enter the.· 

copolymer, that is, the copolymer instantaneous composition 

kll [M,. ][M,]+k2' [M2·][M,] 
k'2 [M" ][M2J+k22 [M2·][M2 ] 

Eq 1.13 can be transformed into 

1.13 

1.14 

An expression for the ratio [M ,']/[M2'l is obtained by applying the steady 

state approximation to the concentrations [M,,] and [M,,] (rate of generation and 

consumption of these radicals are constant), that is 

o & o 1.15 

For the [M,,] and [M,,] to remain constant, their rates of inter conversion must 

be equal (rate of conversion of M)' to M,' is equal to the conversion of M,' to M)'), 

that is 

It 
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1.16 

. Combining 1.14 and 1.16 and simplifYing yields the copoiymerization 

. equation (Mayo-Lewisequation) 

d[MI] [MI]('i[Ml]+[M2]l 
d[M2 ]·· [M2 ]([MJ]+r,[M2])· 

1.17 . 

,I where d[Md/d[M2J is the molar ratio of the two monomers being added to the 

copolymer, and the parameters rl and r2 are the monomer reactivity ratios 

k k r. = _1_1 r. =--li 
1 k ' 2 k 12· 21 

us 

The copo,lymerization equation can also be expressed in tenus of mole 

fractions instead of concentrations. If/J andh are the mole fractions ofmonomers M, 

and M2 in the feed, and F, and F2 are the mole fractions of M, and M, in the 

copolymer formed at any instant, then the copolymerization equation becomes more 

convenient and takes this form 

F
J 
_flhfl+f2) 

F2 -f2(rzf2+fJ) 

1.2.2. Monomer Reactivity Ratios 

1.19 

The monomer reactivity ratio (r) is the ratio of the rate constant for a given 

radical adding to its own type of monomer to the rate constant for its addition of the 

. other monomer (Eqt.lS). Table 1.I provides a list of pairs ofmonomers reactivities. 

Tbe data assists in estimating the extent of copolymerization of two monomers. In the 

system styrene(M,)-n-butyl acrylate(M2), for example, the reactivity ratios are rl=0.7 

12 
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and r2=0.20. Since the rate of consumption of styrene (MI) is faster than that of butyl 

·":crylate (M2), the composition ofthef'e~d would clia~ge rapidly if styrene werenot·· 

added to prevent a change in its composition i.e, a phenou{enon knows as composition 

drift (§ 1.2.3). It should be noted that there iIfe somediscrepancies in th~ liteyature 
. - -' - , -

regarding the reported reactivity values. DuM et al. (1990) explained that this is due 

. to improper experimental design or dueto inaccurate copolymer composition analysis 

methods. However, Garcia et al. (2000) repotted thatdifferen~es between the apparent 
- . . . -- . 

reactivity ratios detemlined by means of solution and bulk polymerizations are due to 

the polarity of the solvent. An increase in the polarity of the solvent increases the .. 

reactivity ratios. 

The possibility of two monomers to copolymerize is noted by r values 

between zero and unity. An r] value greater than one means that Ml' preferentially 

adds Ml instead ofM2, while an r] value less than one nieans that Ml' preferentially 

adds M2. An r1 value of zero would. mean that Ml is incapable of undergoing 

homopolymerization . 

. 

Ml Ml r, r2 rl f2 

Styrene 0.5 0.5 0.25 

Methyl methacrylate Vinyl acetate 20 0.015 0.30 

Butyl acrylate 2.86 . 0.12 0.34 

p-Chlorostyrene 0.74 1.025 0.76 

Styrene Vinyl acetate 55 {l.01 0.55 

Butyl acrylate 0.7 0.2 .. 0.14 

Butyl acrylate 0.02 3.48 0.07 
Vinyl acetate 

Vinyllaurate 1.4 0.7 0.98 
. 

Table 1.1 Typical free radical chain copolymerization reactivity ratios 
(source: Polymer Handbook, 1999) 

The reactivity ratios are experimentally detennined by polymerization to low 

conversion for different feed compositions. After ineasuring the copolymer 
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composition, the copolymer equation (1.13) is solved for one of the reactivity ratios 

-where itgives a straight line, Several runs provide several straighllines; plotting those ' 

lines on an rl vs. Y2 graph provides a region where those lines inleisect; this region of 

intersections provides information about the reactivity ratios and the precision of the -

experiments, . 

If rl > 1, then -monoiner Mt tends'to produce homopolymers, or block 

.. copolymers. Preference for reaction with a differen(monomer occurs,when rl < 1. _ -

When b'oth rl and r2 are approximately equal to I, the conditi~ns are said to be ideal, 

and a random copolymer is produced (The term ideal copolymerization does not mean -

a desirable process). When rl and r2 are approximately equal to zero an alternating 

copolymer is produced. In general, there will be a shift toward alternating when the 

product of rl r2 approaches zero. On the other hand, if the values of rl and r2 are 

similar and the product YJ '2 approaches I, the product will be more likely a random 

copolymer. The value of rl r2 for most copolymerizations is between I and 0, and it 

might be used with discretion for estimating the randomness in a copolymer. 

1.2.3, Copolymer Composition Drift 

Due to different reactivities and solubilities (see chapter 3) of many 

monomers used in copolymerization, the instantaneous chemical composition of the 

copolymer is different from the chemical composition of the monomer in the reaction 

mixture. As a consequence the chemical composition of a copolymer formed 

gradually changes during the reaction. This phenomenon is known as copolymer 

composition drift. 

In batch systems for a given pair of comonomers, Mt and M,. the mole 

fraction of monomer Mt repeat units in the copolymer formed early in the reaction 

(Ft) is determined by the Mt mole fraction initial value in the comonomer mixture 

(ji). For most copolymerizations FI of fi and one monomer is consumed preferentially 

causing I1 to change as the overall monomer conversion increases, This change in fi 
gives rise to a variation in Ft with conversion leading to copolymers which consist of 
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. copolymer molecules with significantly different· compositions. This broadening of 

.. the distribution of copolymer composition clearly becomes more significant as the .. 

overall moriomer conversion increases. 

In rj > I, r, < I copolymerizations fi decreases· with conversion as M, is 

consumed preferentially. Eventually M, is consumed completely leaving some 
. . 

unreacted M2 (i.e. fi becomes zero) and so thereafter the homopolymer of monomer 

M2 is formed. In r, < I, r, < I or r, > I, r, > I copolymerizationsfi changes with 

.. conversion until it becomes equaHoeither 'zero·orunity and the corresponding 

homopolymer is formed from then onwards. When r, »r2 (i.e. r,»1 and r,«I) 

both propagating species (M,' and M,,) preferentially add M, until it is consumed, 

aftenvard M, will homopolymerize. 

Over the years different methods have been suggested to overcome the 

composition drift problem; a common feature was the usage of the continuous 

processes (e.g. semi-batch) instead of the batch process. The gradual addition of 

monomer should lead to control of the reaction due to an enhanced ratio of exchange 

reaction (independent of monomer concentration) to propagation reaction (dependent 

on monomer concentration) .. When the monomer is charged in a single shot, the 

polymer particles will be saturated with monomer, favoring the propagation reaction 

over the exchange reaction, consequently leading to composition drift. On the other 

hand, when the monomer is gradually charged, the particles will tend to be monomer

starved, favoring the exchange reaction that leads to control of the composition 

(Rivera et aI., 2005). 

The control addition of the comonomers to the reactor and preventing 

monomers buildup 'in the reactor (knrwn as starved conditions) help to control the 

copolymer composition and leads to the creation of copolymer compositions at the 

desired levels. Keeping the monomers at minimum concentrations in the reaction 

vessel leads to the instantaneous conversion (>90% conversion) of the added 

monomers upon entering the reactor; hence the copolymer formed must have the same 
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overall composition as that of the comonomer mixture added. More discussiori~about 

this scenario is given in section 3.4. 

1.2.4. Azeotropic Copolyinerization 

Figure 1.2 shows several curves for non-ideal cases of feed f versus 

instantaneous composition F. The curves will cross the line F, '= jj; at the point of 

intersection the polymerization proceeds without a ~ change in the composition of 

either the feed or the copolymer. This is known as azeotropic copo!ymerization. 

1.0 

'1 

Figure 1.2 Instantaneous composition of copolymer (F,) as a function of mono mer 
composition Ifj) for different reactivity ratios (r,/r2) 

(source". Ebewe!e ,2000) 

Applying F, ~ jj in Eq 1.19 yields the critical composition of the azeotrope, 

1.20 

or solving Eq 1.17 with d[M,JI d[M2J ~ [Md I [M2J gives 
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1,21-

Next the emulsion polymerization process will be discussed; some 

furidamentals related to this process and the different components used in this system 

and their role will be carefully explained, It should be noted that the discussion ofth" 

copo\ymerization rate behavior is given at the end of chapt~r two instead of chapt~r 
one and the reison for this is the fact that the copolymerization rate is affected by the 

-e~ulsion·component~ and the nucleati~~ process; obviously discussing those aspects 

should be done prior to the copolymerization rate, 

17 
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2. Emulsion Polymerization 

. Emulsion polymerization is a heterogeneous polymerization that takes place in 

an emulsiontypicaily incorporating water, monomer, surfactant, Itnd initiator. The 

most common type of emulsion polymerization is an oil-in-water emulsion, in which 

droplets of monomer (the oil) are emulsified (with surfactants) in a continuous phase 

· of water. The major· developments in emulsion polymerization started around the 

Second World War for producing synthetic rubbers from 1,3-butadiene and styrene .. 

(styrene-butadiene rubber). 

The emulsion polymerization process has several advantages. The continuous 

· water phase is an excellent conductor of heat and allows the exothermic heat of 

reaction to be removed from the system. The final product, referred to as latex, can be 

used as is and does not generally need to be altered or processed. Moreover, there is 

· one very significant advantage for emulsion polymerization. The molecular weight of 

a polymer Can be controlled without altering the polymerization rate by using chain

transfer agents. In other polymerization processes, this cannot be done without 

aliering the polymerization rate. 

Emulsion polymerization is presently the predominant process for the 

commercial polymerizations of vinyl acetate, methacrylates, chloroprene, and various 

acrylate copolymerizations. Such applications include paints, coatings, finishes, and 

floor polishes. 

2.1. Typical Ingredients and their Role 

The main components of emulsion polymerization are the monomer(s), 

dispersing medium, emulsifier, and initiator. 

2. J. J. Dispersing Medium 

The dispersing medium is the liquid in which the various components are 

dispersed by means of the emulsifier. This medium is usually water in an attempt to 
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avoid the hazards associated with solvent-based emulsions. The quality' of the 'water. 

used in emulsion polymerization is important. De-ionized water may be used since tlie . 
presence of foreign ions can interfere with both the initiation process and the action of 

the 'emulsifier. However, because oxygen is a free-radical scavenger which might . ,_. 

delay the p~lymerization, the water should be deoxygenated, by purging with nitrogen 

(N2) for instance. The usual ratio of water to monomer(s) is generally in the range . 

. 70/30 to 40/60 on a molar basis (Araujo et aI., 2001). 

2.1.2. Emulsifier 

Emulsifiers (known as surfactants or soaps) are the key formulation 

ingredients in the emulsion polymerization process. The surfactants' main roles are to 

stabilize the monomer droplets to prevent coalescence, serve as the site for nucleation 

of particles, and stabilize the latex particles and the growing polymer particles to 

prevent agglomeration. 

The action of the emulsifier is due to its molecules having both hydrophilic 

and hydrophobic ends and therefore they will be attracted to the surface of the polar 

water phase. Surfactants first will line up along the surface of the polar phase, and 

when that is completely filled up (corresponding to the critical micelle concentration, 

CMC), they will begin to form grouping of surfactant molecules where either the 

hydrophobic (in a polar continuous phase) or the hydrophilic (in a non-polar 

continuous phase) ends cluster inward to escape the continuous phase. Those 

groupings are known by micelles, and they are of different shapes and size, depending 

on the surfactant concentration and the nature of the surfactant molecules. 

Anionic surfactants such as sodi~m lauryl (dodecyl) sui fate (SLS, 

CJ,H2SNaO,S) and sodium dodecylbenzene sulfonate are the most commonly used 

surfactants in emulsion polymerization. The sulfates and sulfonates group emulsifiers 

are useful for polymerization in acidic media (§2.1.5). Non-ionic surfactants such as 

poly(ethylene oxide), poly (vinyl alcohol) and hydroxyethyl cellulose are of use 

where the final polymer latex should be insensitive to changes in pH over a.wide 
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range. Nonionic surfactants are only infrequently used alone, since their efficiency in 

producing stable emulsions is less than that of the anionic surfactants. Anionic and . 

no~ionic surfactants could have some effects on . the initiator efficiency; more 

. discussion· is given in section 3.1. Cationic sur/actants such as dodecylammoniuni 

chloride andcetyltrimethylanimonium bromide are much less frequently used than· 

anionic surfactants because of their inefficient emulsifying action, undesirable effects .. 

. on initiator decomposition, and their cost compared to· the anionic surfactants. 

Increasing the surfactants' concentration. increases the· polymer particle 

. number and decreases the particle size. However, the delayed addition of surfactant 

after the nucleation stage improves particle stability and does not affect the particle 

number, size, and size distribution. 

Typical values of CMC 

Typical micelles dimensions 

Number of surfactant molecules in 

. a micelle (Le. aggregation number) . 

Micelle concentration 

Concentration of monomer drops 

Monomer drops diameters 

0.00 1- 0.1 mol L-' 

. 2-10 nm 

50-ISO 

. 

10"-10" L-' . 

10'" - 10'" L-

I-lOO ~m 

Table 2.1 Typical values associated with emulsion polymerization 
. (source: Odian, 2004) 

Typical values ofCMC are between 0.001-0.1 mollL (Table 2.1); and most of 

surfactants having values in the lower end; for instance, the CMC of SLS is 0.0081 

mollL (Araujo et aI., 2001). The aggregation number for most surfactants lies 

between 50-ISO surfactant molecules/micelle; for SLS, the aggregation number is in 

fact 80 molecules/micelle. 

The concentration of the micelle is basically estimated with the help of the 

aggregation number, and the amount of surfactant in the recipe. Vet it should be noted 
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that the CMC and the aggregation number are markedly affected by the reaction 

. medium. Corrin and Harkins (1947) reported that the addition of a sm~ll quantity of 

electrolyte to the system (e.g Potassium persulfate, K2S20S) reduc~s the CMC of the 

surfactant (anionic and cationic); but the effect becomes less with increasing the 

. electrolyte concentration .. 

Stigter and Mysels (1955) demonstrated that the aggregation number of SDS 

increased with increasing NaCl concentration. Increasing the NaCl concentration from 

. OM to O.IM increased the aggregation number ofSDS from 80 to 112. Bliickly (1975)·· 

explains that the reduction in the CMC will not affect the number of micelles; itwill 

make the micelles larger and increase their effective ionic charge. However, others 

(e.g. Kamath, 1973) reported that the extra surfactant will generate more micelles 

leading to higher polymerization rates. Full et al. (1996) reported that smaller particles 

are achieved with increasing the electrolytes (e.g. K2S04) concentrations (Carillo et 

aI., 2007). In addition, CMC is also affected by the presence of some hydrophobic 

monomers (e.g. Styrene) leading to larger values (Gilbert, 1995). 

2.1.3. Monomers 

The water solubilities of most monomers are quite low (Table 2.2). When a 

water-insoluble or slightly water-soluble monomer is added, a very small fraction 

dissolves in the continuous aqueous phase. 
. 

Monomer Solubility (gilOO g water) 

Acrylic acid Total 

Butadiene 0.081 

Butyl acrylate 0.16 (25°C) 

Ethylene 0.9 (80°C, 4500 psig) 

Methyl methacrylate 1.59 (20°C) 

Styrene 0.027 (25°C) 

Vinyl acetate 2.4 (20°C) 

. 

Table 2.2 Water-solubilities of some common monomers 
(source: Araujo et aI., 2001) 
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The amount of monomer in micelles compared to that in solution is much 

greater for the water:iruoluble, non-polar monamers; it might reach up to 40-fold 

. depending on the monomer type (Odian, 2004). The largest portion of the monomer 

(>95%) is dispersed as monomer droplets which are stabilized by surfactant 

.. molecules absorbed on to their surfaces. The dropiets size depends on the agitation 
. . - . 

intensity and they usually vary between I-lOO ).Jrn. Comparing the droplets sizes to 

the nionoll1~r-containing micelles (Table 2.1), it is clear that the monomer droplets are 

much larger than the monomer-containing micelles. Consequently,. the number 

concentration· of miCelles· i~· more. than the number· concentration· of monomer 

droplets, and the total surface area ofthe micelles is larger than that of the droplets by . 

more than two orders of magnitude. 

2.1.4. Initiators 

The most commonly used water-soluble initiators are ammonium and 

potassium persulfate, which dissociates in the aqueous phase into two suI fate radical 

anions which can initiate the polymerization (Fig 2.1). Redox initiators, typically a 

mixture of an oxidizing agent and a reducing agent, whose reactions generate radicals 

(such as succinic acid peroxide) have also been used (Lovell and EI-Aasser, 1997). 

They are typically useful for polymerization at low temperatures to produce high 

molar mass polymers with lower degree of branching. 

Previously, it was demonstrated that the existence of electrolyte in the system 

(e.g. Potassium persulfate, K,S,08) reduces the CMC of the surfactant. In addition, 

the persulfate decomposition produces bisulfate anion leading to a drop in the pH of 

the medium during the course of the decomposition. Therefore, reactions are usually 

carried out in buffer solutions (e.g. NaHCOJ, §2.1.5) so that the pH remains constant 

(Blackly, 1975). 

Under acidic conditions (pH<3), Kolthof and Miller (1951) reported that the 

rate coefficient of K,S,Os increases sharply which in return reduces the half-life of 

the initiator (i.e. time for the concentration of the initiator to decrease to one half its 
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original value). This effect could bea re'sult of the dissociation of the oxygen from the 

persulfate ion in strongly acidic solution, wh~reas in alkaliIle or neutral media the -

source of the oxygen is the water. 

2.1 

The half-life 0[[<2S20. was reduced from over 110 hours at pH>3 to less than 

20 hours at pH=L The initiator half-life- (tlI2Y is calculated using the following 

equation 

2.2 

Where ki is the initiator decomposition rate constant (s'). 

- Another important property is the initiator efficiency. Performing material 

balance on the amount of initiator that is decomposed during a polymerization and 

compared with that which initiates polymerization, it was found that initiator was 

inefficiently used. Dunn and Taylor (1965) concluded that 60% of the persulfate 

radicals were effective in initiating polymerizations. 

2.1.5. Other Components 

Various other components may also be present in the emulsion system. A 

variety of chain-transfer agents (CT As), such as mercaptans, are used primarily to 

control the molar mass of the polymer. CTAs have the ability to stop the growth of a 

molecular chain by yielding an atom to the active radical at the end of the growing 

chain; however the CT A in turn is left as a radical which can initiate the growth of a 

new chain. 

BzifJers such as sodium bicarbonate (NaHCO,) are often added to the 

formulation to control the pH of the reacting system. Some monomers undergo 

hydrolysis reactions at elevated pH values, while they remain stable at lower pH. In 

addition, under acidic conditions (§2.1.4) the decomposition of persulfate initiators 
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increases leading to a reduction in the number of free -radicals in the polyme~izing -

system. Consequently, the conversion will decrease. 

2.2. -- Particle Nucleation 

2.2.1. Heterogeneous (Micellar) Nucleation 

The type of initiator used distiriguishes ~mulsion polymerization from other 

types of polymerization. Oil-soluble initiators are used in suspension polymerization 

and the reacti()nocc~rs in the monolller dro~lets, whereas -in einulsion polymerization, 

the initiator used is water-soluble initiator, so the initiator is present in the aqueous 

phase where it dissochitesgenerating radicals. 

In Smith-Ewart theory (§2.4), the site of polymerization is not the monomer 

droplets since the initiators employed are insoluble in the organic monomer. Instead, 

polymerization takes place almost exclusively in the micelles. Most of the radicals 

produced are captured by the micelles since the total surface area of the -micelles is 

rnuch larger than that of the monomer droplets. Although polymerization of the 

monomer in solution can take place, it does not contribute significantly to the overall 

conversion since the monomer concentration is low. 

Micelle with 
monomer 

I I T T I r 
MOl\omtr 

I I I I I 1 
Emulsifier 

.,/ 

Aqueous phose 

I 

Monomer droplet 

Polymer particle swollen 
with monomer 

Figure 2.1 Simplified representation of an emulsion polymerization system 
(source: Odian, 2004) 

24 



Chopter 2 - Emulsioll P()~Fllleriza/iol1 --'----------------

The micelles are' rich with monomer compared to the monomer in solution; 

, " therefore they act as 'a meeting pla~e for'the organic (oil~soluble) monomer and the 

water-soluble initiator. As polyme;ization proceeds,the micelles gr~wbythe addition 

of, monomer from· the" aqueous solution, whose' concentration is, replaced' by 

dissolution of mono mer from the monomer droplets. 

1 
~ 

1 

Figure 2.2 Simplified illustration of the emulsion polymerization homogeneous and 
heterogeneous nucleation (taken from Gilbert, 1995) 

The emulsion polymerization system (Fig 2.1) consists of three types of 

particles: monomer droplets, inactive micelles in which polymerization is not 

occurring, and active micelles in which polymerization is occurring (referred to as 
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polymer particles). Inthe figure, ail emulsifier molecule is shown as 'er-- to indicate. 

one end (0) is polar or hydrophilic and the other end (~) non-polar or hydrophobic .. 

. Next, the sequence of events that leads to the formation of the polymeric 

particles in emulsion poiymerization will be discussed. An illustration of this process 

is given in figure 2.2. At first, the initiator (e.g. P?tassium persulphate) starts to 

. decompose at high temperatures (low temperatures in the case of some redox 

ini~iators) i~ the conti~uous phase (e.g. aqueous solutioll) producing initiator radicals: . 
. '. 

Due to high number of micelles and greater surface area, the initiator' radicals are 

captured by the surfactant micelles. 

Monomer which exists in the monomer drops dissolve in the water, and 

transfers to the hydrophobic environments provided by the micelles. When an initiator 

radical enters monomer-SWOllen micelle, it activates the micelle and polymerization 

starts; the micelle is now classified as polymer particle. The radical within the micelle 

reacts with the monomer producing mo~omeric radicals and continues propagating 

converting the monomer within the particles in to polymer. The monomer that is 

being converted in to polymer is continuously replaced by monomer mass-transfer 

from the monomer drops to the polymer particles. 

When all the monomer in the drops is consumed, the drops disappear and the 

system starts to consume the dissolved monomer. As propagating continues, the 

monomer mass fraction in the particles is decreasing in favor of the polymer mass 

fraction. This could lead to an increase in the,viscosity inside the particles. 

When a radical enters a growing particle, it could react with a growing 

polymeric chain leading to an instant termination, or if a growing chain does not exist 

due to previous termination, then the radical might start a new chain. The increase in 

the viscosity inside the particles could lead to a reduction in the tennination process 

due to the fact that the mobility of the chains is affected by the increase in the 

viscosity reducing the rate at which the radicals terminating the growing chains 
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(known as autoaccelerationor gel effect, §2.3), The process of terminating growing~ 

chains and starting new ones will eventually lead to large number of dead chains in 

~ ~ thep~lymeric particles. The molecular mass of the~e chains could beof the order 10' 

(Gilbert, 1995). 

2.2.2. Homogeneous Nucleation 

Homogeneous ~ particle ~ nz/cleation. occurs when nidicals generated in the 

aqueous phase propagate by adding moriomer units to form water-soluble short-chain· 

radicals (known as oligomers). When the oligomeric-radicals reach the limit of their ~ 
solubility in the water they start to precipitate out of solution. The precipitated 

oligomeric radicals form primary particles which stabilize by absorbing surfactant 

(from solution, monomer droplets, and micelles) allowing further propagation and 

growth by absorbing monomer, polymerization, andby coagulation. The subsequent 

absorption of monomer is equivalent to micellar nucleation. 

The extent of homogeneous nucleation is affected by the solubility of the 
. . 

monomersand the concentr~tion of the surfactant in the continuous phase. More 

soluble monomers are more likely to undergo homogeneous nucleation more than less 

soluble monomers. Araujo et a!. (2001) investigated several copolymerization systems 

and revealed that the number of particles increased with the solubility of the 

monomers. 

When the surfactant concentration is well above the CMC, micellar nucleation 

is the predominant nucleation process. Around the CMC, homogeneous nucleation is 

present, but micellar nucleation is still the predominant process of nucleation. 

Working below the CMC, micelles are absent and only homogeneous nucleation 

occurs. 

2.3. Polymerization Rate Behavior 

In emulsion polymerizations, the polymerization rate behavior depends on the 

particle number density Np (the concentration of polymer particles in units of number 
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of particles per litre) and the existence of mono mer droplets in the reactionvessel.ln 

batch systems, three i~tervals (I, 11, Ill) can be observed (Figur~s 2J and 2.4).There 

is a separate monomer phase in intervals I' and II but riot in Ill. The particle number 

increases with ti~e in interval 1 and then remains constant during intervals 11 and Ill. 

Interval!: Themainingredient that controls this step is the surfactant. Particle 

nucleation occUrs ill this interval, with the polymeri~ation rate increasing with time as 

. the polymer particle number builds up. 

Asexplainedearli~r,·the monomer transfers fr~mthe monomer droplets to the 

aqueous phase, and then diffuses into the polymer particles to replace that which has 

reacted. As the polymer particles grow in size and contain polymer as well as 

monomer, in order to maintain stability they absorb more and more surfactant from 

that in solution. When the surfactant concentration in solution falls below its CMC, 

the inactive micelles become' unstable and disappear. 

By the end of interval 1 almost all of the surfactant in the system has been 

adsorbed by the growing polymer pmticles leading to a relatively unstable monomer 

droplets which will coalesce if agitation is stopped. The duration of this interval 

depends on the initiation rates and the solubility of monomers. 

I IT ill 

i!l 
'" ~ c 
0 . ., 
~ 
'r:: 

'" E 
2:-
0 

CL 

Time 

Figure 2.3 Polymerization rate stages in emulsion polymerization 
(source: Ebewele, 2000) 
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Low initiation rates lead to a longer Interval I since more time is needed to· 

attain the steady-staie particle nu~ber, on the other hand,· the lllore wai~r~soluble 
.• monomers tend to complete interval Ifaster as a consequence of the existence of 

homogeneous nucle~ti~n occurri~g simultaneouslY with micellar nucleation, resulting· 

in achieving the steady-state particle number sooner. Usually this interval counts for 

5-20% conversion. 
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I 
I 

INTERVAL I: 
MQIiOHER 1" MICEllES Id,a",,1Db AO) 
"ONOMER IN DROPLETS Idia f005Ao, 
HONOI1ER IN POLYMER PARTICLES 

>'1 /. GROWING NUHBER. Of POLYMER 
~ - PART1(lES . Time 

Figure 2.4 Conversion stages in a batch emulsion polymerization 
(source: Ebewele, 2000) 

Interval 11: The existence of monomer droplets is the main feature of this interval. 

Polymerization proceeds in the polymer particles as the monomer concentration in the 

particles is maintained at the equilibrium (saturation) level by diffusion of monomer 

from solution, which in turn is maintained at the saturation level by dissolution of 

monomer from the monomer droplets. The polymerization rate is either constant due 

to constant number of particles or increases slightly with time as a consequence of the 

gel effect (known as Trommsdorff or autoaeeeleration effect). 
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. The gel effect is due to an increase in the viscosity of the reaction mixture 

- inside the polynier particles as the polymer chains form (§2.2.1). This high viscosity. 

hinders the diffusion of chains because of e~tanglements, so the rate of termination. 

slows considerably. However, the diffusion of small molecular monomers is hardly· 
. . . 

affected by vis~osity, so propagation proceeds as before. In addition, initiator 

continues to add more free radicals to the system, chainsg,.owwithout termination, so 

the conversion is rapid and the Molecular Weight (MW) is high. In this interval, the 

polymer particles increase in size as the monomer droplet sizes decrease. 

Interval 11 ends when the monomer droplets disappear. The duration of this 

interval is controlled by the mass transfer limitations and the water solubility of the 

monomers. If the water solubility is high interval 11 could end at lower conversions 

since the drop in the total monomer contained in the droplets is quick, causing the 

transition at lower conversions. Low mass transfer rates of monomer from the 

monomer droplets to the aqueous phase increases the duration of this step. 

Interval 111: The particle number remains the same in interval III as in interval 11, but 

the monomer concentration in the system decreases with time, since monomer 

droplets are no longer present to replace what is being absorbed by· the polymer 

particles. The decrease in the concentration is slower with the more water-soluble 

monomers as the monomer in solution acts as a reservoir. The presence of a gel effect 

continues in interval Ill. Polymerization rate gradually decreases as the monomer 

concentration in the polymer particles decreases. Final conversions of 100% are 

usually achieved. The final polymer particles, spherical in shape, usually have 

diameters of 50--300 nm. 

The discussion of the polymerization rate behavior for a semi-batch system is 

almost similar to the previous one. The semi-batch systems behavior is solely based 

on the chosen recipe and the addition procedure. If the surfactant is being added along 

the course of reaction and the concentration of the surfactant is maintained above the 

CMC, interval I will not end until the surfactant feed is stopped and it is fully 
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consumed. if monomers are added to the system, interval 11 will be lo~ger. If the 

. ;ystem is oper~ted at the end in a batch ~ode to achieve· I 00% conversion, behaviour 

similar to figures 2.3 and 2.4 is expected during the batch region. 

. . . 

2.4. Polymerization Rate(Smith-Ewart Kinetics). 

2.4.1. Homopolymerization 

The batch emulsion polymerization rate differs in the three intervals. Micelles 

and polymer particles exist at interval I, and only polymer particles exist in intervals 

11, and Ill. So in the beginning, considering the polymerization rate of a single 

polymer particle -active micelle- (rp), rp depends on the propagation rateconstant (kp) 

and the monomer concentration [M]p in the particle 

2.1 

The rate of polymerization (Rp) at any instant is given by the product of the 

concentration of active particles [P'] and the rate of propagation in a single particle 

2.2 

Since micelles and polymer particles exist at interval I, and only polymer 

particles exist in intervals 11 and lll, [P'] can be expressed as 

2.3 

~here [ m] and [P] are the concentrations of micelles and particles (L'\ ii is the 

average number of radicals per micelle plus particle, and NA is Avogadro number 

introduced to express [P'] in molar units (moIlL). Therefore, the polymerization rate 

expression can be expressed as 

2.4 
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.where Rp is expressed in mol L-'S-l_ Most of the monomer conversion to polymer _ 

- takes place in intervals 1I, and IlL So eli~inating the co~centration of micelles leads 

to -

25 

Clearly from the previous discussion, the average number of radicals per 

particle (n) is important in determining the polymerization rate. Smith-Ewart (1948) 

considers three different situations for ;; _ Case 1 where the average number of 

growing chains per reaction locus is very small relative to unity, case 2 where the 

average number of growing chains per reaction locus equals 05, and case 3 where the 

average number of growing chains per reaction locus is large relative to unity 

(Blackly, 1975)_ 

Case 1 (n < 05): If the radical desorption from particles is high and the radical 

termination in the aqueous phase is not negligible, n is considered < 0_5. Other 

factors such as small particle sizes, low initiation rates, and monomers with high 

water solubility also contribute to a decrease in ;; _ Vinyl acetate follows this case_ 

Case 2 (;; = 0.5): Many systems are believed to confonn to this case (Odian, 2004)_ If 

the rate of radical desorption does not occur or negligible compared to the rate of 

radicals entering particles (absorption), and if the particle size is too small to contain 

more than one radical (valid for D[4,3] :s 120 nm; Blackly, 1975), the trapped radical 

undergoes propagation until another radical enters and instantaneously terminates the 

reaction. For this system ;; is given a value = 0.5 and it is known as "zero-one 

system" since the polymer particles contain one radical and are growing, or contain no 

radicals and are inactive. This suggests that at any given moment half the polymer 

particles are active and growing, and the other half are dead. This assumption is 

noticeably assumed in the texts; however others (Gilbert, 1995) argued that this is not 

actually happening and n is actually :s05 _ 
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Case 3 (ii > 0.5): Wh,m the particle size is large such that two or more radicals can 

coexist in a polymer particle without instantaneous termination, if the initiation rate is 

high, and if the .. termination rate in the aqueous·. phase and desorption are. both 

negligible; n is considered> 0.5. This effect is more likely to occur as the particle. 

size and percent conversion increase and due to gel effect (§2.2.1 and §2.3). 

Araujo et al. (2001) demonstrated that the systems Sty/MMA (70/30), . 
. .. 

StYIMMA (30170), and the systetri Sty-BuA (70i30) follow SmithcEwart case 2 (;; = . 

0.5) at low conversions, and increase at higher conversions due to gel-effect. 

Increasing the acrylate monomer composition led to an apparent increase in the n at 

lower conversions (30170 Sty-MMA). 

·2.4.2. Homogeneous Copolymerization 

Copolymerization models were used to predict the overall propagation rate, 

and the composition of the resulting c?polymer. One of the early and straightforward 

models is the one. called terminal model (known as Mayo-Lewis or first order 

Markov); in this model it is assumed that the reactivity of the propagation reaction is 

dominated by the nature ofthe terminal unit ofthe polymer radical. 

This model was widely accepted as the bases of the copolymerization kinetics 

and thought to be able to describe most of ~opolymerization systems, and the systems 

which did not follow this model were thought to be exceptions. Fukuda et al. in 1985. 

and others have demonstrated that almost general failure of the terminal model to 

describe both the propagation rate and the composition in the free-radical 

copolymerization simultaneously. Therefore, other earlier models (penultimate or 

second order Markov) started to get more considerations. 

A popular model is the implicit penultimate model where it was assumed that 

both the terminal and the penultimate units of the polymer radical affect its reactivity, 

but only the temlinal unit affects its selectiyity. Another model is the explicit (or 

complete) penultimate model where it was suggested that both the terminal and the 
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· penultimate units of the p~lymer radical affe~t the reactivity a~d the selectivity. Next, 

.. the kinetics ofthose models ~i11 be presented . 

. The homogeneous rate of copolymerization (Rp) for a batch process can be 

expressed as follows (Ma et ai., 200 I) 

2.6 

· where [M] is the concentration of the monomers, kp and k, are the average 

propagation and termination rate constants (§1.I.I), and Ri is the rate of initiation 

expressed as 

2.7 

where 1 is a factor which expresses the efficiency of the initiator (§ 1.1.1), kd is the 

initiator dissociation rate constant, and [IJ is the initiator concentration. 

The average termination rate constant (k,) is taken as the average of the 

homopolymerization termination rate constants (kt/ and kt2), each weighed on the 

basis of the copolymer composition in mole fraction (F) and it takes the following 

form (Fukuda et aI., 1985) 

2.8 

· The average propagation rate constant based on the terminal model can be expressed 

as (Fukuda et aI., 1985) 

k; r,/,'+2/,I,+r,I,' 
(' (r,J,lk,,)+(r,I,lk,,) 

2.9 
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where r, is the reactivity ratio, ku is the rate constant for radical i to add monomer i, . 

. and f is the comono~er feed c~mposition. Fukud~ and coworkers reported that the . 

failure of the terminal model is expected for most systems (Table 2.3). 

- .~ 
- -'-

. ... - . Terminal model· 
Comonomers '. Temp, °C -

predicts kp 
. .... '.. . . 

STY/MMA. 17.9 - 57.2 No 

MMAlBMA. 30 ... Yes' o. 

. '- . . . 

. STYIBA 25,50 . No -

. 

MMAlBA 20,60 No . 

Table 2.3 Various copolymer systems tested for terminal model 
STY = styrene; MMA = methyl methacrylate; BMA = butyl methacrylate; BA = butyl acrylate 

The explicit penultimate model describes the average propagation rate as 

k = r;ft+2IJ,+r,f,' 
P hf,lkll)+(r,f,lk,,) 

where the adjusted parameters r; and k" are expressed as follows 

2.10 

2.11 

2.12 

and the four different monomer reactivity ratios (r, and r, ') and the two radical 

reactivity ratios (s,) are calculated as follows 

2.13 
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where i, j = 1 or 2 and i of j, and kijm is the rate constant for the penultimate (i), the 

terminal (J), and the monomer (m) units. This model was fully described by FUkuda et 

al. in 1987 and it replaced their original implicit penultimate model 

The implicit penulti:nate model (Fuktidaei aI., \985)· was p~oposed for the 

copolymerizations· where the teiminal model successfully .describes the copolymer 

composition, but fails to des~ribe the propagation rate and rate constants. Ma et at: in 

2001 studied the system styrene (M!) and diethyl fumarate (M2), and their system. 

conforms to this model (Figures 2.5 and 2.6). 

(a) 
Experimental 

Terminal Model 

~ 

u. 0.5 
r 1 = 0.22, '2 = 0.021 

Figure 2.5 Copolymer composition CF,) vs. feed composition ifj) 
for the copolymer styrene CM \) diethyl fumarate (M2) 

(Source: Ma et al., 2001) 

Garcia et al. (1999) confirmed that like the majority of the Sty/alkyl acrylate 

systems, the system Sty/BuA can be modeled by the implicit penultimate model. It 

should be noticed that the main assumption in this model was (based on the 

composition data) that the penultimate unit affects the reactivity but not the selectivity 

(i.e. r, = r, ') so only s, is the unknown. This assumption simplified 2.11 into the form 

(Coote and Davis, 1999) 

2.14 
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where i,j = 1 Or 2 and i * j. 

~ 

'tI) 

~ ..... 
0 101 
E 
..J 

~ 
10Q 

Implicit Penultimate 

Figure 2.6 Propagation rate constant vs. feed composition (fi) 
for the copolymer styrene (M I) diethyl fumarate (M2) 

(Source. Ma et al., 2001) 

In summary, the terminal model for copolymerization gives expressions for· 

copolymer composition (Eqs. 1.17 and 1.19), propagation rate constant (Eq. 2.9), and 

polymerization rate (Eq. 2.6). The explicit penultimate model gives expressions for 

copolymer composition (Eqs. 1.17 and 1.19) where r; is calculated according to 2.11 

(i.e. penultimate effect on the reactivity), propagation rate constant (Eq. 2.10) where 

k;, is calculated according to 2.12 (i.e. penultimate effect on the propagation), and 

polymerization rate (Eq. 2.6). The implicit penultimate model gives expressions for 

copolymer composition (Eqs. 1.17 and 1.19) where r; = r; = r;' (i.e. there is no 

penultimate effect on the reactivity), propagation rate constant (Eq. 2.10) where k;, .is 

calculated according to 2.12 (i.e. penultimate effect on the propagation), and 

polymerization rate (Eq. 2.6). 
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Finally, several workers concluded that the explicit penultimate model should· 

be considered th~ bis~model for th~ copolymerization kinetics (Coote and Davis, 

1999) although other models ilfe being developed and investigated. 

2.5. '. Number of Polymer Particles 

From the polymerization equation, it is apparent that the number density of . ' 

polyriier particles (Np) is of critical importan~~ in determining the polymeri;"tion rate 

(Rp). In the Smith-Ewart theory, where the micelles are the main sites of 

polymerization, the number of polymer particles is given by 

,2.15 

where p is the rate of radical generation, J.l is the rate of partide volume growth, ID is 

the area occupied by a surfactant molecule, S is the surfactant concentration in the 

micelles neglecting the dissolved surfactant, and X is a constant whose value is 

between 0.53 and 0.37 (B1ackley, 1975). 

Equation 2.15 is valid for Smith-Ewart case 2 (0=0.5, §2.4.1). It should be 

noted that Smith-Ewart made several assumptions to simplify the problem. For 

'instance, it was assumed that micellar nucleation is the only nucleation process, the 

transfer out of the particles does not occur, and that the entry of a second radical leads 

to an instant termination. 

Nomura et al. in 1976 considered the chain transfer of radicals to monomer 

and the radicals absorptionldesorptionlre-absorption during interval I and came up 

with this equation 

2.16 
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where 0.6< z <1.0 and depends on the chain transfer constant and water solubility of 

the monomer. 

, . Smith-Ewart theory predicts that the, relations between the final number of 

polymer particles and the concentrations of the surfactant (figu~e 2.7) and the initiator 

take the flowing forms respectively,. 

2.17 

2.18 

It should be noted that minor modifications of the Smith-Ewart assumptions 

will drive the exponent values from 0.4 and 0.6. Actually, Nomura et al. (1976) has 

shown that radical desorption .from the particles increases, the order of dependence 

exponent on the surfactant concentration from 0.6 to 1.0 and decreases the initiator 

dependence exponent from 0.4 to O. 

Q. 

Z 
5 

[SLS] 

Figure 2.7 Dependence of the final number of polymer particles on 
the surfactant concentration (Smith-Ewart case 2) 

The number of polymer particles based on the conversion and the size of the 

particles takes the following form (Araujo et aI., 2001) 
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2.19 

- > ~ ,: ", -. - -, . -- -,--, . -'-. ~ --- -.. --', --
whereMr is the initial total monomer concentration (glcm3 of water), Pp is the 

polymer density (glcm\ dp is the average particle diameter (cm), andxm is the total 

weight conversion. This formula' assumes that the particles contain only polymer. 

2.6. Monomer Partitioning 

2.6.1. Models for Estimation of Monomer Concentrations in Different 

Phases 

In homogeneous polymerization (l.e. bulk or solution), the reactions occur in a 

single phase whereas in heterogeneous polymerization (l.e. emulsion or suspension), 

the reactions are affected by the existence of several phases in the reactor (e,g. 

micelles, monomer drops, polymer particles, and the suspension medium). Previously 

(§2.2) it was demonstrated that in emulsion systems, polymerization takes place 

almost exclusively in the micelles (Smith-Ewart). Therefore, estimating the 

concentration of the monomers in the particles is of a great importance to understand 

the polymerization rate, copolymer composition, and the pnlymer microstructure, 

The rate of mass transfer of monomer between the different phases of the 

system is high enough for thermodynamic equilibrium of monomers between the 

phases to be achieved. Therefore, it is widely accepted that the monomer 

concentration inside the particles is controlled by thermodynamic considerations only 

(Gilbert, 1995) 

Morton et al. (1954) monomer partition model is considered the most 

complete description of the monomer partitioning; therefore other models predictions 

are usually compared to the predictions by the Morton model (Gugliotta et aI., 1995). 

Urretabizkaia and Asua implemented a simple monomer partition model (i.e. constant 

partition coefficients model, epC) which is inspired by a method propnsed by Omi et 
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al. (Urretabizkaia and Asua, 1994). Gugliotta et al. (1995) investigat~d the predictio~s 
of this model and was compared to Morton et al. and Maxwell and coworkers models " 

The main advantage of the CPC model (Appendix C) over Maxwell and 

Morton models isthat most of the parameters that are required to solve Morton and 

Maxwell models are not required to solve the equations of this model. For instance, 

the CPC model does not depend on thee"istence of the monomers drops, therefore 

, systematically checking the existence of the monomer drops is not a requirement to 

solve the equations. 

Gugliotta et al. (1995) investigated the behavior of the system BuA (A) and 

Sty (B) copolymerization in a batch reactor by the three aforementioned. Figures 1,2, ' 

and 3 illustrates the predictions of the instantaneous conversion of monomers A and B 

(xA, xB), the overall conversion (x), and the cumulative' (Y A) and instantaneous 

molar copolymer compositions (YA,inst). It should be noted that subscript A refers to 

the BuA monomer. 

x.:~A) (8) 
0.8 

0.8 
0 .• " 
0,4 

0,6 

0,2 Y, 

0 0.4 
0 8750 17500 26250 35000 0,0 0,2 OA 0.6 0.8 1.0 

Time(s) x 

Figure 2.& Conversions (A) and copolymer compositions (B) data calculated by the 
three different partitioning models of BuA/Sty with 30 wt% solids content and 
seed/monom'er ratio of 0.1 (- ) Morton, C· ... _·_· ) Maxwell, and (- -- - ) CPC 

(source: Gugliotta et aL; 1995) 

Figure 2.& illustrates that the three methods were able to give similar results 

when the seed/monomer ratio was 0.1 and the solids content was 30%. The authors 
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reported that the small differences between the methods are within the experimental 

error. Figure 2.9' illustrates that when the s;Uds content' is' reduced to 10%, the 

predictions by Maxwell arid the epe models were similar buf different from the ones' ' 

obtained by Morton modeL Figu;'" 2.1 0 demonstrate~ the seed/11I~n011ler ratio on the 
. - - -

predictions of the model. Reducing the se~d ratio to the levels of the unseeded 

systems led to some differences between the Morton model and the Maxw~ll and epe 
models. 

0,% 

0.4 

'a 
0.8 

0.6 

OA 

0.2 

(8) 

llwt% llwl% 

0,2 '-'--'-'--'--'-'--'---'-'-'---'-'-'--'-' 
7llJO IlOlJO 2211JO' 30000 0.0 0.2 0.4 0.6 

'firne{,) , 

(0) 

0.6 10wl% 

1.0 

, 
I 
I 
I 
I 
I 

yl 
A,IR!t, 

I 
L. 

I 

I 
J 
I 
I 
I 

Figure 2.9 Effects of solids content on the three partitioning models for Sty/BuA 
copolymerization ( -) Morton, ( -_ .. _ .. -) Maxwell, and ( .. - - - ) epe 

(source; Gugliotla et at; 1995) 
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Gugliotta et a!. concluded that for high solids content systems (50 wt %); the 

predictions by the three models are independent of the model that is used. For 

medium solids content (30 wt %), the predictions were independent of the model 

when significant amounts of seed polymers were used (>10%) .. 

1-
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0.6 

0.4 
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(A) 

seedlmonomer = 0.15 

5500 11000 16500 22000 
Tune(s) 

x.. ~;:::::(q= 
x I / / . / / 
xA' / 

" / 
11/ 

11/ 
I~I/ seed!monomer = 0.Q3 
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I/J 
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HI 

P , 
O'-'~--'--'---'-.L.-'--'-L-'-...L-J 

o 15000 30000 45000 6l1000 
Time (s) 

(8) 
0.8 

Seedtmonomer = 0,15 
0.6 

YA 

---0.4 --
0.0 0.2 0.4 0.6 

x 

(D) 
0.8 

0.6 
seedlmonomer = 0.03 

YA:insl 

0.8 1.0 

, 
i 
i 
i 
I 

Y ! 
AJ'''j 

/ , 
I 

~/ 

.'::~'~~-':"-~--;':;''''-----0.4 ="-.:.:.w......wL...........J~...w~.......J 

0.0 0.2 0.4 0.6 0.8 1.0 
. , 

Figure 2.10 Effects of seed/monomer ratio on the three partitioning models for 
Sty/BuA copolymerization ( --1 Morton, ( .......... ) Maxwell, and ( _ .. -') epe 

(source: GlIgliotta et a!.; 1995) 

Low solids systems showed big differences between Morton model and the 

other models. It should be noted that the epe model predictions were similar to the 
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"Maxwell m~del in all the st~died cases. Further details of the epe model is given in 

the next section; 

2.6.2; Constant Partition Coefficients Model 
"_. - - - ~ 

This model is basically an iterativ~ ~lgorithm for estiinating the monomers 
" " 

concentration between the different phases. Gugliotta et a1. (1995) explains that it was" 

inspired by a method proposed by Omi et a1. "" " 

" For the estimation of themonomer concentrations in the different phases (i.e. 

continuous phase, polymer particles, and m"onomer drops) the overall material 

balances for the monomers must be solved with the equilibrium equations. Assuming 

that the volume change by mixing is negligible, the overall material balances (i.e. 

volume balances) can be written as follows 

Vi = Yid + Vl + v;,q, i =A, B 

yd=VAd+VB
d 

vP = Vpol + YAP + VBP 

v'q = Vw + vA,q + vB,q 

2.20 

2.21 

2.22 

2.23 

"where Yi is the total volume of monomer i; Yid, Yl, y;,q are the total volumes of 

" monomer i in the monomer drops, polymer particles, and aqueous phase, respectively; 

Vd, yP, and y,q represent the total volumes of the of the monomer drops, polymer 

particles, and aqueous phase, respectively; ypol and yW represent the total volume of 

the polymer and the water phase, respectively. 

The equilibrium equations for the constant partition coefficients model are 

defined by 

" rAj 
k! = 1i~q ,i = A, Band} = p, d 2.24 
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.. VI 
A.J _ I 

.'1';- Vj 
2.25 

where k( is the partition coefficient of nionomer i between ·the pha~e j and aqueous 

pha;e, and rp/is the volume fraction of component iin phase}. P;om 224 and 2.25 k/· 
and kf can be written in the following form 

Vd /Vd 
I 

vaq /Vaq 
. I . 

2.26 

kP 
I 

vP/VP 
I 2.27 vaq /Vaq 

I 

v/ and V;"q can be obtained from eqs. 2.26 and 2.27, respectively, as follows 

2.28 

2.29 

Combining 2.20, 2.28, and 2.29 V f takes the following form 

v; 2.30 

The procedure to estimate the monomer concentrations in the different phases is 

as follows (source: Urretabizkaia and Asua, 1994): 

I O· V vpa' VW k d dkP VdVPVaq . Iven;, , . i, an I, guess . , 

Where, 

Vi Volume of mono mer i (cm3
) 

Vpa' Volume of poly mer (cm3
) 

VW Volume of water in the re~ctor (cm3
) 
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~ k/ ~. Partition coefficient of monomer i between the drops and the aqueous 

phase (Sty ~ 2714, BuA ~724) ~~ ~ ~ 

kf Partition coefficient of monomer i between the particles and the 

aqueous phase (Sty~ 1629, BuA ~ 471) 

~ Vd Volume of the monomer drops (cm3) . 

~ vP ~ Voluine ofthe monomer-swollen polymer particles (cm3
) 

Va
, ~~ Volume oftheaqueous phase (cm3

) 

2. Calculate vr using equation 2.30 ~~~. 

Where, 

vr Volume of mono mer i in the polymer particles (cm3
) 

3. Calculate V;aq using equation 2.29 

Where, 

Vr' Volu~e of mono mer i in the aqueous phase (cm3
) 

4. ~ Calculate V;d using equation 2.28 

Where, 

V/ Volume of monomer i in the drops (cm3
) 

5. Calculate new Vd, VP, and V uq using equations 2.21, 2.22, and 2.23, 

respect\vely 

6. Iterate until convergence in Vd, VP, and Vu, is obtained 

7. After convergence, calculate the concentrations of the monomers in the 

different phases according to this equation 

Where, 

[iL Concentr~tion of mono mer i in phase} (moll cm3
) 
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-vi Volume of mono mer i in phase f (cm» _ -

_ Vj Volume of phase} (cm3
) 

Vj • Molar volume of mono mer i (cm3!mol) 

This model that converges quickly is _ able to handle intervals !land III (i.e. 

presence and absence of mono mer drops) without any change in the equations ?fthe 

-model. This is one of the main advantages of this model cOIllparedto the other models 

since the existence of monomer drops -especially for semi continuous processes-- has 

not to be systematically checked .. 

The model was successfully implemented- by MATLAB®. The code extracts 

the required data from an EXCEL ® sheet and writes the output back to the same sheet 

The fully commented code and a sample of the EXCEL ® sheet are given in appendix 

C. 

47 



Chapter 3 - /7tyre"e-B1f~v/ .!loT/ate Emu/dolJ Copo/ymeri;;(jlion ------

3. styrene-Butyl Acrylate Emulsion Copolymerization . 

Most commercial latexes are copolymers formed by the simultaneous 

. copolymerization of two or more· monomers. Copolymerization processes are very 

relevant to the industri;'\ environment because they allow the preparation of polymers 

with a wide range of properties (Odian, 2004). The final latex properties are 

determined by factors such as. the copolymer composition, molecular weight 

distribution (MWD), and morphology· of particles. To control these properties 

different operational variables can be\Jsed (temperature, initiat()r, chain transfer ag~nt . 

(CTA), and comonomer), as well as different reactors (batch, semi-batch, and 

continuous) and also different control strategies (for example, feeding strategy and 
. I 

agitation intensity) (Leiza et aI., 1997). 

, 
In the following sections a literature review of the copolymerization of 

StyIBuA will be presented. The factors which affect the polymerization rate, 

molecular weight distributions, particles formation rate, and copolymer composition 

will be discussed. 

3.1. Polymerization Rate· 

3.1.1. Agitation Effects 

Zubitur and Asua (200 I) investigated the effects of agitation on the 

copolymerization of Sty and BuA in a reactor operated for three hours semi-batch, 

and one hour batch. The effects of feeding neat (Le. not mixed with other substances) 

and pre-emulsified monomers with and without chain transfer agents (CTA, §2.1.5) 

·on the polymerization rate and molecular weight distribution (MWD) were studied. A 

. summary of the experimental procedures from the literature is given in appendix B. 

The authors reported that increasing the anchor type agitator speed up to 150 

rpm (Le. corresponds to power input = 0.1 KW/ml) led to an increase in the 

polymerization rate when neat monomers were used. The power input was measured 
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using torque tables, Zubit~r and Asua (2001) explained that this increase was related 

to a higher m~ss-transfer rate. of mono mer . from the monomer droplets seeing as the' . 

. agitation intensity did not affect the particles number. The authors reported that those 

results seem to be in agreement withNomura et al.·s (1972) finding~ that the diffusion 

from the droplets to the aqueous phase can represent the main resistance to monomer 

transport . 

. It is apparent that the authors are suggesting that increasing the agitation speed 

increased the mass-tamsfer of the monomer to the polymer particles. Zubitur iod . 

Asua (2001) explained that monomer diffusion from droplets to the aqueous phase 

depends on both the mass-transfer coefficient and the total area of the monomer 

droplets. When the agitation intensity is low, the monomer droplets coalesce and the 

. interfacial area is small, leading to slow monomer diffusion rates from the droplets to 

the aqueous phase. 

Feeding a mixture of neat, monomers and water-insoluble eTA (mercaptans) 

led to a conversion evolution similar to the sanJe mixture without eTA, this indicates 

that the presence of a highly water-insoluble eTA in the monomers feed did not retard 

the monomers diffusion and it is also an indication that the radicals formed by chain 

transfer are not significantly less active than are the monomer radicals. It should be 

noted that the eTA should affect the MWD only since its primary role is to terminate 

a propagating chain and to start a new one by donating a radical. 

It was also illustrated that the pre-emulsification of the monomers led to an 

improvement in the instantaneous conversion (i.e. the ratio between the polymer in 

the reactor and the monomer fed up until the sampling time). The authors explained 

that this improvement was not related to an increase in the particle numbers but to an 

increase in the rate of mass-transfer from the droplets to the aqueous phase. 

Ozdeger et al. (1998) studied the effects of the agitation speed and impeller 

type (Rushton and A310 f1uidfoil) on the kinetics of a batch emulsion 
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"copolymerization of Sty and BuA. They reported that the effects of solids content 

were more pronounced than the type and speed of the impeller used. 

The solids content (given as percentage by mass) is an estimate ofthe solids in" 
. 

" " the reactor if the monomers were totally converted to polymer. It is desirable to have a 

high solids" content" in the final" latex, mainly due" to economical considerations, 

however the quality of the polymer produced is affected by other factors such as the 

composition drift(§1.2.3) and particle size distribution (PSD). Studying the heat of 

reaction (Q,) and number of polymer particles (Np) evolutions with time, the authors 

observed a reduction in the initial polymerization rate with increasing agitation 

intensity, and after the initial period the impeller speed did not affect the 

polymerization rate. 

It should be noted that the ~uthors were comparing the speed of the agitation 

of the two different impellers although the Rushton and A310 have different power 

numbers. The power input for the Rushton impeller is higher" than the fluidfoil 

impeller at the same agitation ~peed, therefore comparison should be between power 

input (PIV) and not the impeller speed. The reduction in the initial number of particles 

with increasing agitation intensity is expected, since increasing the impeller speed 

" leads to smaller and greater number of monomer droplets being created. Those 

monomer droplets will absorb more sudactant, causing a reduction in the surfactant 

available in the aqueous phase for nucleating the polymer particles, hence, the number 

of particles and the rate of polymerization will decrease with increasing agitation 

intensity. Ozdeger et al. (1998) reported that 

In addition, Ozdeger et al. (1998) demonstrated that the impeller type did not 

affect the polymerization kinetics significantly indicating that there are no mass

transfer limitations. On the other hand, the polymerization rates at 30% solids content 

were higher than 50% solids. This result might be a consequence of more surfactant is 

associated with the oil phase at higher monomer-water ratios, leading to initially less 
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~ free surfactant available for the nucleation of particles; therefore the polymerizatioll 

o rate will decrease.~ . 

3.1.2. BuAComposition Effects· 

Guillaume et al. (1990) studied the emulsifier-free batch ~emulsion 

copolymerization of styrene with· butyl· acrylate. By· operating· the reactor without ~ 

~ emulsifier, homogeneous nucleation is the only nucleation process and the kinetics are~

widely affected by the solubility of the monomers in the aqueous phas~. 

Conversion-time curves showed a strong increase of the polymerization rate 

with increasing the fraction of BuA in the recipe. Santos and Coutinho (1992) and, 

Yang and Yang (1997) reported similar observations. An autoacceleration (Gel effect) 

period was observed after 50% conversion for the Sty homopolymerization and starts 

sooner with increasing the BuA content. It was indeed reported (e.g. Billmeyer, 1984) 

that the gel effect is more pronounced for pure acrylate (e.g. methyl methacrylate), 

Theoretically, the gel effect is due to an increase in the viscosity of the reaction 

mixture as the polymer. chains form, This high viscosity hinders the diffusion of 

chains because of entanglements, so the rate of termination slows considerably. 

However, the diffusion of small molecular monomers is hardly affected by viscosity; 

so propagation proceeds as before, In addition, initiator continues to add more free 

radicals to the system, chains grow without termination, so the conversion is rapid and 

the Molecular Weight (MW) is high, 

Moreover, a limiting conversion is found to appear at lower percentage 

conversion with increasing BuA content in the recipe, ~ This limiting conversion 

happens when the glass transition temperature (T,) of the composition of the polymer

rich phase corresponds to the polymerization temperature, as the reaction will be 

completely frozen, 

The particle number does not change drastically upon variation of the BuA 

content. Elimination of the particle number effect leaves only one cause for this 
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...... - increas~ in the· polYll1erizationrate which i; the decrease in the termination rate 

constant due to gel effect. 

3.1.3. Effects of Reaction Temperature 

Santos and Coutillllo (1992) studied the ideal batch time of reaction (the time 

for the conversion to re~ch a plateau), the· effect of initiator concentration, the 

temperature, and comonomer composition in the emulsion copolymerization of 

styrene and butyl acrylate. 

At lower temperatures, the authors observed a limited overall conversion (40% 

conversion at 60°C) and a large induction time; increasing the temperature reduced 

the induction times and improved the overall conversions. An explanation for this 

phenomenon was not provided but it is possible to suggest that the reduction in the 

induction period is related to an increase in the rate. of radical generation as a 

consequence of increasing the temperature, so the polymerization starts sooner at 

higher temperatures. The improvement in the overall conversion with increasing the 

temperature is an indication that the T g did not exceed the reaction temperature, so the. 

reaction did not freeze and the conversion continued to higher values. 

Santos and Coutinho (1992) concluded that 85°C gave the highest overall 

conversion with 150 minutes ideal batch time of reaction. It is important to note that 

high-conversion polymerizations produce broader MW distributions, which are not 

desirable from a practical viewpoint, since most polymer properties show optimum 

values at specific molecular weights (Odian, 2004). 

Yang and Yang (1997) studied the effects of initiator concentrations, Sty/BuA 

ratio, reaction temperature, agitation rate, and emulsifier concentration on the 

polymerization rate, particle size, and molecular weight distribution in a batch system. 

Using a statistical method (Fractional Factorial Method) the authors were able to 

isolate the effects of the Sty/BuA ratio, reaction temperature,. and surfactant 

concentration as the key variables influencing the conversion. 
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They reported that the polymerization rate increases with increasing 

temperature: The temperature increase leads to an inc~easeln the initiator radicals' 

generation rate, which causes an increase in the propagation rate. and number of 

particles (Odian, 2004). 

3.1.4. Surfactantandlnitiator Effects 

Yang and Yang (1997) reported that the polymerization rateIncreases with 

increasing· surfactant an.d the· initiator concentrations. Increasing thesurfactan.t 

con~~ntratiori leads to;n in~rea;e in the number of parti~l~~ gen~r~ted and!hls ~ill ... 
cause higher polymerization rates. Increasing the initiator concentration increases the 

free radicals concentration, leading to an increase in the polymerization rate . 

. Chrastova et al. (1999) investigated the role of the anionic (Mersol H.) and 

non-ionic (Slovasol 2430) emulsifiers, initiated by potassium peroxodisulfate with 

and without activator (Na,S,04) on the batch emulsion copolymerization of Sty with 

BuA. The redox initiation system (such as K,S,OglNa,S,04) helps to generate free 

radicals at lower temperatures. One of the reasons to work at ·low polymerization 

temperatures is to obtain a high molecular weight polymer. However, at low 

temperatures an activator (Sodium dithionite dehydrate, Na,S,04) was required to 

achieve higher polymerization rates, due to the low dissociation rate constants of the 

initiator. 

Several authors (e.g. Brooks, 1981) reported that emulsifier can take part in 

the reaction ofperoxides decomposition; others reported that ionic emulsifier (Sodium 

dodecyl sulphate) in the micellar state does not contribute to the acceleration of the 

decomposition of K,S,Og. Chrastova et al. (1999) demonstrated that the rate of 

copolymerization is higher for the systems emulsified with non-ionic emulsifier 

(SlovasoI2430). 

Non-ionic emulsifier accelerates the decomposition of K,S,Os, but low 

K,S,Os decomposition was observed when the Slovasol 2430 concentration is above 
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1.45x10" M, so probably the main influence of the non-ionic emulsifier on the rate of . 

· copolymerization will be only to a small extent the consequence of its acceleration of 

K,S,Os decomposition, the main influence might be its ability to influence colloidal 

characteristics of emulsion. 

3.1.5. Solubility Effects 

Araujo et a!. (2001) investigated the conversion; particle size,copolymer 

· composition, and gel content by varying polymerisation temperature; mono/lH,r 

composition, water·to monomer· ratio, initiator,· and emulsifier concentrations for 

different binary and ternary systems including the copolymerization of Sty and BuA. 

Investigating the copolymerization rate revealed a possible correlation between the 

m0l!0mer solubility in water and the polymerization rate. 

More water soluble monomers have higher polymerization rates. The authors 

did not explain this relation, but it could be related to Nomura et aI's (1972) findings 

that monomer diffusion from droplets to the aqueous phase is the limiting step; so 

more soluble monomers have low mass-transfer effect leading to higher 

polymerization rates. However, no information about the agitation was provided. 

Therefore, it is not clear if the agitation was high enough when the mass-transfer 

limitation was observed. 

3.2. Molecular Weight 

Cruzrivera et at (1989) performed a series of Sty/BuA copolymer latexes by 

emulsion copolymerization in the presence of a blend of emulsifiers and with K,S,Os 

as initiator. Different copolymerization feed strategies were tested (composition, 

controlled copolymerization (CC), azeotropic batch (AB), core-shell 

· copolymerization (CS), and Multistage polymerization (ML». An explanation of 

those strategies is provided in appendix B. 
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. . Since the· polymerization ingredients and temperature in the aforementio~ed 

methods were exactly the same, it is obvious that the observed differences in the MW·· 

(Table 3.1) which was obtained by Size Exclusion Chromatography (SEC) were· 

related to the different feed strategies. The aze~tropic batch and the CC processes 

.. gave higher MW than the ML and. CS processes, which were explained by· the 

difference in the monomer concentration in the reaction loci, regardless .of· the 

monomer composition in the feed. 

Composition MW MD 
Code 

x (10.3) x (10.3) 
MWIM. 

(mol%BuA) 

PS Seed 1204 362 3.3 

CCI 72 2435 716 3.4 

CC2 50 1305 241 5.4 

B3 24.7 1726 384 4.5 

CSI 68.6 402 35 11.6 

CS2 48.9 835 69 12.1 

CS3 28 885 112 7.9 

MLI 70 467 44 10.6 

ML2· 50.5 630 113 5.5 

ML3 28.6 858 115 7.4 

Table 3.1 MW characteristics of different Sty/BuA copolymer latexes 
Mw = Weight average molecular weight, Mn = Number average molecular weight, Mw/Mn = Polydispersity index, 

CC = composition-controlled copolymerization, AB = azeotropic batch, CS '" core-shell copolymerization~ 
ML'" Multistage polymerization, PS = Polystyrene 

Moreover, the polydispersity indices (i.e. the ratio of the number average 

molecular weight (M,J to the weight average molecular weight (Mw). which is a 

measure of the broadness of a molecular weight distribution) for the CC and the batch 

processes were less than the CS and ML since the latter processes consist of different 

MW species (e.g. ML composites contain three different MW polymers from PS seed, 

copolymer intennediate layer, and PBuA final layer). 
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Zubitur and Asua (200 I) reported that the average MW in the neat monomer 

addition case in~reased with increasing the stirrer speed I.lpt; 15() rpm; increasing the. 

stirrer speed above 150 rpm did not affect the MW. They explained that this is due·to 

a mass transfer effect where higher monomer concentration exist in the latex particles 

at higher agitation speeds up to 150 rpm; above this speed the monomer concentration 

in the polymer particles was a; the thermodynamic equilibrium values: Consequently, 

increasing the agitation speed above 150 rpm had no effect on the monomer 

concentration and the molecular weight. This finding is consistent with their 

observation on the affect of the stirrer speed on the in~tantaneou; conve~sio;where 
the transfer from the monomer droplets to the aqueous phase is the limiting step. 

The presence of a highly water-insoluble CTA (mercaptans) in the monomer 

droplets led to a decrease in the average MW, and increasing the agitation intensity 

led to a further decrease which is likely due to an improvement in the mass-transfer 

rate; this result suggests that the polymerization of water-insoluble monomer.s can be 

very sensitive to agitation, increasing the stirrer speed, increases the monomer 

droplets, increases the surface area, increases the mass-transfer of the monomer and 

CTA leading to a reduction in the MW. 

The authors also tested the effects of feeding pre-emulsified monomers on the 

MW, and they did not observe any changes, which suggest that the mono mer 

concentrations were at the thermodynamic equilibrium values. Pre-emulsifying the·, 

monomers led to a decrease in the resistance to CT A mass-transfer; this will lead to a 

further decrease in the MW. The authors did not observe any agitation effects on the 

particle size distribution. 

Yang and Yang (1997) studied the molecular weight and polydispersity of the 

Sty/BuA copolymerization final latex. They observed an increase in the number 

average molecular weight (Mol as a result of surfactant concentration increase, 

initiator concentration and temperature decrease. Reducing the reaction temperature 
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reduces the rate of radical generation and often reduces the chain transfer to monorrier 

_ leading to larger MW values. 

In~reasingtlle StylBuA ratio leads to a d~creas~ in Mo; the authors explained 

that the monomers of low StyIBuA ratio-are easily ]Jropagated to obtain a polymer of-

__ higher molecular weight. An explanation was not provided, but it could be related to 

the fact that incre~sing the BuA composition, lead~ to gel effect. Consequently, the 

termination rate will decrease leading to higher MW since the chains are propagating 

and not terminating: - Further statistical investigations - isolatedtlie surfactant 

concentration as the dominating factor affecting the Mo. 

The polydispersity of the system increased with the polymerization time 

increase; the polydispersity increase is larger for a surfactant-free system. These 

results are due to the fact that many molecules with different molecular weights were 

generated at the BuA rich stage of polymerization (later stage), and that the larger 

polydispersity exists in the system of larger particles size. Decreasing the StylBuA 

ratio led to an increase in the polydispersitY; this is believed to be related to more gel 

effect (autoacceleration) exists in the BuA-rich comonomers, leading to a wider 

molecular weight distribution. On the other hand, increasing surfactant concentration 

reduced the polydispersity, and it is thought to be due to a decrease in the particle size 

induced by the addition of the surfactant, which can be regarded as case II of the 

Smith-Ewart theory (§2.4) where n = 0.5; such a decrease in the particle size leads to 

increasing the termination rate (r,) compared to the propagation rate (rp). 

3.3. Particle Formation 

Araujo et al. (2001) reported that the experimentally observed particle 

concentration is less than what was numerically expected (based on the micelle 

aggregation number and the surfactant concentration in the system), which confirms 

that not all the initial micelles were nucleated. This is due to the fact that as soon as 

new particles are nucleated and start growing, emulsifier molecules from the 

remaining micelles are used to cover the surface of the growing particles. They 
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observed that hydrophilic morlOmers (water-soluble) polymerized with low solubility 

.. comonomers promote particle formation, and due to the largenumber~f~articles they· 

will grow to smaller sizes at comparable amounts of surfactaJ1t. This might be related 

to the fact that water-soluble monomers promote homogeneous nucleation. 

The behavior of the number of particles with increasing fractionai conversion 

indicates a role for· the solubility. The particle concentration in the systems 

copolymerized with Sty (low water-solubility) became almost constant after a given· 

conversi~n,but this ~havior was not present in the systemscopolynierized with . 

MMA (moderately soluble monomer). This could be a·result of the MMA tendency 

for homogeneous nucleation in comparison to Styrene. 

Yang and Yang (1997) reported that the particle size increased with 

conversion in copolymerizations with and without surfactants, and it approached a 

constant diameter when the monomers were used up. The presence of surfactants 

leads to smaller particles (Chui et aI., 1991). Moreover, a unimodal distribution exists 

in surfactant-free copolymerization, and a bimodal existed in with-surfactant 

copolymerization system. 

Fitch et aI. (1983) explained that the nucleation time is short relative to· 

reaction time in the surfactant-free system, which leads to uniformly sized particles, 

and that the nucleation time is long in with-surfactant system leading to a bimodal 

size distribution of particles. The statistical design method revealed that the key 

variable influencing particle size is the surfactant concentration. An increase in the 

particle size corresponds to a decrease .in the surfactant concentration, which is 

attributable to fewer particles being generated in surfactant-free emulsion 

polymerization. 

Ozdeger et al (1998) observed some differences in the particle number data 

between the A310 fluidfoil and Rushton impellers when operated at 1000 rpm, but 

due to insufficient data, the authors could not conclude whether the differences were 
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significant: At the lower solids contents, unimodal ~ latex particle size distributions 

were obtained, thai is not the case at the higher solids which is evident by the ~ 

skewness at smaller particle sizes. This is likely to be due to surfactant partitioning to 

the aqueous phase . 

. At higher solids, more surfactant is associated initially with the oil phase, . 

leading to free surfactant in the later stages ~of polymerization, which is used partly for 

stabilizing the existing particles, and the rest for creating new particles. The authors 
~ ~ 

.~ ~ . also stated that it is possible at higher solids contents, the initial c';nditions correspond 

to surfactant levels below the CMC, leading to homogeneous nucleation, followed by 

micellar nucleation when enough surfactant is partitioned. 

3.4. Copolymer Composition 

Canu et a!. (1994, b) suggested an optimal monomer feed policy for producing 

a polymer with constant composition (§ 1.2.3), in the minimum reaction time and with 

complete depletion of both monomers (Appendix B). 

This feeding policy overcomes theirreproducibilities which affect the system 

behaviour in terms of conversion vs. time, thus involving changes in the 

concentrations of emulsifier, initiator, or buffer agents. Other less frequent 

irreproducibilities such as the ones affecting the monomers partitioning are not taken 

care of. The proposed procedure for determining the optimal monomer policy for 

producing a given amount of polymer with constant composition is summarized in 

appendix B. The perfonnance of this approach was validated by applying this 

procedure to the Sty/BuA copolymerization in a batch and semi-batch reactors. The 

polymer compositions were at the desired values. 

Cruzrivera et a!. (1989) used the composition-controlled (CC) method to 

produce a quasi-homogeneous copolymer where most of the total amount of 

monomers is added before starting the reaction, and only the remaining Sty (the most 

reactive monomer) is fed dropwise to avoid compositional drift. Another way to 
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obtain homogeneous copolymer was to apply the copolymerization equation 1.17. For 

a binary system where both reactivity ratios are less than one (ru <I fan azeotropic . 
- - - - - --

. feed composition (§1.2.4) calculated according io thepolymerization equation I.I I,· 

with Sty/BuA ~. (I-r2)/(I-r,) ~ 2.72, would be expected .. Such a composition was 
- -- .-

.' chosen so it was not necessary to use a controlled process to produce a homogeneous 

copolymer~ 

Zubitur and Asua (200 I) reported that the cumulative copolymer composition 

was initially richer with Sty than the feed composition at higher agitation rates (220 

rpm), and eventually the copolymer composition approached the feed composition 

when starved conditions were reached. At lower stirrer speed (70 rpm), the Sty 

composition was lower than the feed and remained lower. This is believed to be a 

mass-transfer effect. Sty is more water-insoluble than is BuA, increasing the impeller. 

speed will generate more Sty droplets. Therefore more Sty will diffuse to the aqueous 

phase and become availableto the polymer particles, and since the reactivity ratios of 

the Sty is higher than the BuA it will dominate the composition of the polymer 

particles. 

Ozdeger et a!. (1998) reported some differences in the copolymer 

compositions obtained at various agitation speeds;. these are not considered to be 

significant. The results were in agreement with Zubitur and Asua (2001) since the' 

copolymer was rich with Sty at the early stages only. Ozdeger et a!. (1998) reported 

that some differences in the copolymer composition between the two impellers at 

early stages of the polymerization at 400 rpm impeller speed. However, due to 

insufficient data, the authors could not conclude whether those differences were 

significant or not. Moreover" a role for the solids contents on the copolymer 

composition was also detected; unfortunately the data presented were also insufficient 

to come to a firm conclusion. 

Sun et a!. (2007) investigated the solution semi-batch RAFT copolymerization 

of Sty-BuA and demonstrated' the possibility of controlling the composition of the 
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copolymer by feeding the more reactive monomer (Sty) according to Mayo-Lewis 

equation (1.19). The least reactive monomer (Le. BuA) was totally fed initially along 

with part of the Sty monomer. The semibatch feed consisted of Sty monomer that was 

.... fed by means of a programmed metering pump a~d the· feed rate was· according to a . 

. mathematical model (Le. Mayo~Lewis). 

3.5 .... Conclusion 

.. In this chapter a literature review covering the StyiBuA copolymerization was .. 

. . offered. Thecopolymerization behaviour is affected by many variables such as tlie _ 

reaction temperature, agitation intensity, and the solubility of the monomers. 

The effects of mass-transfer from the monomers droplets to the continuous 

phase were found to play a role in controlling polymerization rate. Increasing the 

agitation intensity, pre-emulsifying the monomers, and increasing the surfactant 

concentration helped to increase the rate at which the monomers transfer to the 

aqueous phase and hence increasing the polymerization rate. The average molecular 

weight· of the copolymer was mainly· affected by the reaction temperature arid the 

BuA contents. Increasing the reaction temperature increases the termination rate, and 

lowering the BtiA content in the recipe reduces the gel effect, leading as well to low 

MW. The polymer particles, as expected, were found to be affected mainly by the 

concentration of the emulsifier and the agitation intensity. The successful control of 

the copolymer composition requires a controlled feeding strategy; one of the 

recommended methods was to feed the more reactive monomer (Sty) along the course 

of the reaction (semi-batch) which minimized the composition drift. More variables 

and explanations are provided in the abovementioned table. 
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4 .. Experimental Procedure 

The starting point in the proposed work will be based 011 Zubitllr and Ausa 
. . .. 

(2001)published work. The exact published recipe for theneatmonomerwithout 

CTAcase will be~sed (Table 4.1), and after reproducing their results the proposed 
.. . - . .-

experiments will· be· applied where different· reactor start-up procedures will be 

investigated to verifY their effects on the overall behavior ~f the reactor: 

... . ... 

Component .. Initial Charge (g) Stream 1 (g) Stream 2 (g) 

Styrene - - 329.7 

Butyl acrylate - - 270.3 

Sodium Lauryl SuI fate 9.0 3.0 -
Potassium Persulfate 1.0 - -
Sodium Bicarbonate 1.0 

. - -
Deionised Water 1050.0 .. 150.0 -
.Flow Rate (glmin) - 0.85 3.33 

. . 

Table 4.1 Recipe used in the copolymerization of Sty/BuA 
(source: Zubitur and Ausa (2001» 

Based on the physical data of the reagents (Appendix A), the StyIBuA ratio 

. was found to be 60/40 on molar bases, and the surfactant's volumetric flow rate was 

0.85 cm'/min. Since ~nly the overall flow rate of the styrene and butyl acrylate was 

provided, and based on the fact that the authors adjusted the feed rate to complete the 

semi-batch mode in 3 hours, it was possible to calculate the individual volumetric 

flow rates which were found to be 2.01 and 1.68 cc/min for the styrene and the butyl 

acrylate feeds respectively. 

The reaction's temperature was 70'C, and different agitation speeds ·were 

tested. Based on their observations the proper speed was found to be 150 rpm (power 

input 0.1 KW/m') (§3.1). Table 4.2 is a list of the reported agitation speeds, the 
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corresponding Reynolds numbers at the beginning and at the e~d of the experiments, . 

'. and the power input ~eporied by the authors .. 

. . . . . . 

I ImpeUer Speed Reynolds Number Initial Power Input 

(rpm) '. '. Beginning End (kW/m3) .... .. I 
70 . . .. 9450 .' . 380 0.005 . . .. 
100 13500 540 0.01 . 

. '.' . . 

.. 150 .. ' 
20250 .... 810. 0.1 . .. ... : ... 

I 
220 . . 29700 . 1190 0.3 I . '. . . 

. 

. . .. . 

Table 4.2 Agitation speeds and their corresponding Reynolds numbers 
and power inputs (source: Zubitur and Ausa (2001)) 

4.1. Apparatus, Procedure, and Reagents 

4.1.1. Apparatus 

Reactions were performed in a jacketed lL glass reactor (figure 4.1). Water, 

heated up to the desired reaction temperature was pumped through the jacket and the 
I . 

temperature was monitored by a thermocouple inside the reactor. This method was 

tested and found to be sufficient to control the reaction temperature within'± 1.0 cC. 

The reactor is equipped with four baffle plates, an overhead reflux condenser cooled 

by tap water, and a radial 4 blade stirrer (diameter = 6 cm). A displacement pump 

with three heads was used to feed the various ingredients to the reactor. 

The reactants were purged with N, for 30-45 minutes in 3 glass bottles; each 

bottle was. connected to one of the displacement pump heads by high-density 

polyethylene or Teflon tubing. Three separate streams were fed to the reactor, two 

streams for the styrene and the butyl acrylate, ~nd the third one will be for the 

surfactant solution or a mixture of surfactant and 6ther ingredients selected according 

to the recipe and the feeding procedure. The flow rates of the pump heads were 

adjusted at the desired levels before the experiment and were verified before and after 

each experiment by measuring the feed rate; the average flow rate was recorded. The 
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. precision of the pump was found to be acceptable based on the observed constant flow 

rates.A schematic of the apparatus is given in figure 4.1. 

Nitrogen 
N, 

Surfactant MonomBf 2 Monomer 1 

Figure 4.1 Schematic diagram illustrates the apparatus 

4.1.2. Procedure 

At the beginning, the reactor is filled with the predetermined initial charge, 

and then it was heated to the desired reaction temperature while being stirred and 

purged with N2 for at least 30 minutes. While purging the reactor, the other 

ingredients of the recipe (Le. subsequent feed) were purged for 30-45 minutes with 

N2. The initiator was dissolved in 100 cm3 deionised water. The initiator solution was 

purged with N, and heated to the polymerization reaction temperature. The reactor 

and the subsequent feed were kept under a blanket ofN2 during the experiment. Using 

a gas bubbler, the rate of the N2 flow rate was monitored and kept low to minimize 

foaming and evaporation. Finally, the experiment starts by adding the initiator 

solution and starting the pump. Samples were removed at the desired time intervals 
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(10 minutes); aliquots of 3-4 g latex were withdrawn by clean glass pipettes; some of 
- - - - -

the latex will be used for gravimetric calculations and the rest for the particle size 

measurements and the copolymer composition analysis. 

4.1.3. Reagents 

Styrene (99%, Stabilized with 1 0-15ppm p-tert-butylcatechol) and Butyl 

acrylate (99+%, ;iabilized with 20 ppm MEHQ) we~e obtained from Fisher Scientific .. 

. Both were distilled under vacuum « 20 mmHg) at 65°C to remove the inhibitors. The 

. monomers were then kept in dark glass bottles, sealed with plastic bags, and then stored .. 

at· about _20°C to prevent any further polymeriZation. The initiator, potassium 

persulfate (KPS), the emulsifier, sodium lauryl sui fate (SLS), and the buffer, Sodium 

bicarbonate (NaHC03) were obtained from different sources and were used as 

received. Full information about the chemicals is given in appendix A. 

4.2. Analysis 

4.2.1. Conversion 

The conversion was m·onitored by the gravimetric method. Using clean glass 

pipettes, aliquots of 3-4 g latex were withdrawn at the desired time interval. These 

samples were added to pre-weighed foil containers and the new weight was recorded. 

Then an inhibitor consisting of a mixture of methanol and hydroquinone (95/5 w/w) 

was added to the latex to kill any further polymerization, and then the new weight was 

recorded. The samples were left overnight at room temperature to dry, and then were 

further dried in a vacuum oven for another night at-60°C. The dried polymer was 

weighed to calculate the monomers instantaneous conversion based on the following 

mass balance for the semi-batch process: 

I C
· Weight of Dry Sample - Weight of Solids 

nstantaneous onverslOn = 4.1 
Weight of Monomers 

Weight of dry sample = Weight of sample - Weight of the holding container 4.2 
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Weight of solids = .. 
Weight afsolids initially in the reactor+ Weight of the additional solids through the 

feed - Weight of solids extracted through sampling . 4.3 

Weight ofmonomers = 

Weight of monomerS initially in the reactor + Weight of the additio~al m@omers 

through the jeed - Weight of monomers extracted through sampling 4.4 

Where the solids are the surfactant (SLS), the initiator (K2S208), the buffer (NaHC03), 

and the inhibitor (hydroquinone). . 

4.2.2. Particle Size 

The latex particles size was measured in some experiments using Malvern® 

Mastersizer which was later replaced by Malvern® Zetasizer 3000 because it offers 

smaller size ranges. The Zetasizer 3000 uses the full Mie theory which gives accurate 

results over the range 0.02-2000 jJm .. The Zetasizer 3000 calculates the z-average' 

from. the intensity of scattered light according to the cumulants analysis. The 

measurements were done at 2SoC using a scattering angle of 90·. For each sample 

drawn for the gravimetric calculations, some of it kept in a test tube for the particle 

size measurement. Before conducting each measurement, a clean disposable glass 

syringe was used to transfer a very small amount of the concentrated latex from the 

test tube to a cuvette and diluted with deionised water, and then the measurement was 

conducted. The measurement was done twice on some of the samples to check the 

accuracy of the instmment, and the difference between two consecutive mns on one 

sample was found to be ±4%. 

4.2.3. Composition 

Fourier transform infrared (FT-IR) spectroscopy was used to analyze the 

copolymer samples composition. Further discussion of this technique is given in 

chapter 6. 
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·4.2.4. Number of polymer particles (Np) 

. -

Araujo etal. 1(200 1) reported that the number of-polymer particles per cm3 of 

water takes the following form (Araujo et al. I, 2001) .. 

N· 6MT x m 

. . ... ... . .. p . pp7rd; . .•.. • . 4.5 

Where Mris the initial total monomerconcentration (glcm' of water), Pp is the 

poly~erdensity (glcm3),dp is the a~~rage parti~le diam~ter (~m), and Xm is the total 

weight conversion. This formula assumes that the particles contain only polymer. 

4.2.5. Surface Tension Measurement 

In order to estimate the CMC, surface tension measurements were conducted. 

using DuNouy Tensiometer. Previously (§2.1.2) it was demonstrated that the CMC is 

affected by the reaction medium. The presence of electrolytes or hydrophobic -

monomers affects the CMC. Therefore, surface tension measurements were conducted 

on solutions of deionised water saturated with Sty and BuA monomers. 
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Figure 4.2 Surface tension evolutions with surfactant concentration of water' saturated 
with BuA and Sty monomers at 70°C 
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In order to recreate the. reaction conditions, initiator· (K2S20.) and buffer 

(NaHC03)were added to the solutions and the temperature of the solutions was raised·

.. to 70 'C. Figure 4.2 illustrates that the CMC is 2.5 x 10-3 M, which is identical to what 

. is reported in the literature (Gilbert, 1995). It also demonstrates that the type of the· 

monomer did not affect the CMC. The CMC values for the solutions saturated with. 

Sty or BuA were identical. 
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5. Preliminary Experiments 

5.1. Experimental Setup Testing 

Several experiments were conducted to test the system. For the test runs, two 

streams of styrene and butyl acrylate were fed to the system in a. semi-batch mode,' 

and all the other ingredients (i.e. SLS, KPS, and NaHC03) were initially charged to 

the reactor. The recipe is exa~tly 50% of the recipe implemented by Zubitur and Asua 

(2001) and is given in table 5.1. The reactor was operated in semi-batch mode for 3 

hours, and then 1 hour in a batch mode; so the total duration of the experiments was 4 

hours. The average volumetric flow rates of the Sty and the BuA were at 1.0 and 0.86 

cm3/min respectively, and the molar ratio of the monomers (Sty/BuA) was 60/40. The 

agitation intensity and the reaction temperature were 150 rpm and 70'C respectively. 

It should be noted that a full reproducibility and error propagation study is given in 

, appendix D. 

, 

, Initial Stream 1 Stream 2 Stream 3 
Component 

Charge (g) (g) (g) (g) 

Styrene - - 164.85 -
Butyl acrylate - - - 135.15 

, 

',. 

Sodium Lauryl Sui fate 6.0 - - -
Potassium Persulfate 0.5 - - -
Sodium Bicarbonate 0.5 - - -
Deionised Water 600.0 - - -
Flow Rate (glmin) - - 0.92 0.75 

Table 5.1 Test experiments'recipe and feeding strategy 

Figure 5.1 illustrates a comparison between the instantaneous conversion 

evolution with time of one of the test runs and the data reported by Zubitur and Asua 

(2001). It is noticeable that the overall behavior of the conversion, is comparable to 

Asua's results. The ultimate conversion was lower than the original data by 5% only. 
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This difference could be related to the effects 'on the rate of polymerization by the 

. agitation' intensity. Next a discussion of the agitation effects on the polymerization 

rate and the polymer particles will be given, ' 
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Figure 5.1 Instantaneous conversion evolution with time compared 
with the data from Zubitur and Asua (2001) 
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Figure 5.2 Schematic of the reactor used by Zubitur and Asua (2001) 
(source: Zubitur and Asu., 2001) 
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D=6cm 

Figure 5.3 Front view schematic of 4-blades flat blade agitator 

5.2. Agitation Effects 

Figure 5.2 is a schematic ofthe reactor in the original work (Zubitur and Asua, 

2001). Comparing the geometry of the impeller in figure 5.2 to bur impeller (figure 

5.3), clearly the power input in the original work is higher compared to our setup at 

the same agitation speed, so operating at similar agitation speed does not provide 

similar agitation conditions. 

Zubitur and Asua (2001) reported that the corresponding Reynolds numbers 

for 150 rpm agitation speed were 20,250 at the beginning of the reaction, and 810 at 

the end due to the increase in the viscosity; the power input was 0.1 kW/m3 (Table 

4.2). 

The power requirements for an impeller can be calculated using following 

equation 

4.6 

where P is power, Np is power number, p is density, D is impeller diameter, and N is 

impeller speed. The power number is a function ofReynolds number for laminar and 

transition regime flow, and a constant for turbulent flow. [n our setup, the stirrer is flat 
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blade where the power number is about 4; D = 6 cm and N=150 rpm, usillg those 

" numbers" in the aforementioned equation corresponds to 0.05 watts. Since the volume . . . 

of the reactor is 1 L,the power input per"unit volume is 0.05 kW/m'. Clearly the 

_ current impeller speed provides ·only 50% power input compared to the original work . 

. In order to investigate the effects ~f the impeller 8peed on the system, two 

experiments were conducted similar to Zubitur and Asua (200 I) published work, 
. . 

where three streams (styrene, butyl acrylate, and surfactant) were fed to the reactor . 

. -" The experiments were scaled down to fit the apparatus; the recipe .andthefeeding 

strategy were as shown in table 5.2. The agitation speeds were 150 and 300 rpm and 

the temperature was held constant at 70°C. The average volumetric flow rates of the 

Sty, BuA, and SLS for the 150 and 300 rpm runs were at 1.02,0.89, and 0.49 cm'/min 

and 0.96, 0.86, and 0.5 cm3/min; respectively . 

. 

. Initial Charge Stream 1 Stream 2 Stream 3 
Component 

(g) (g) (g) (g) 
-

Styrene· 190.06 . 

- - -
Butyl acrylate . 

-
155.82 - . - -

Sodium Lauryl Sulfate 5.19 1.73 - -. 

Potassium Persulfate 0.58 - - -
Sodium Bicarbonate 0.58 - - -
Deionised Water 605.3 86.5 - -
Flow Rate (g/min) - 0.5 1.06 0.87 

Table 5.2 Recipe and feeding strategy for the 150 and 300 rpm runs 

The instantaneous conversion, the particle sizes, and the number of polymer 

particles are illustrated in figures 5.4 The shape of the conversion data in figure 

5.4(A) is similar to the published work (Asua et a!.; 2001); and increasing the 

agitation speed to 300 rpm did not lead to noticeable differences in the instantaneous 

conversions. It should be noted that 300 rpm impeller speed provides about 8 times 
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the power input compared to 150 rpm, yet the instantaneous' conversion for !he 300 

.rpm was comparable to the 150 rm. 
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Figure 5.4 Time evolution of the instantaneous conversion (A) and the particle size 
and number of polymer particle (B) for the 150 and 300 rpm runs 

However, the effects on the z-average and the number of polymer particles are 

clear. Increasing the agitation speed generated more monomer drops. Consequently 

this resulted in more surfactant being absorbed by the drops leading to smaller particle 

sizes and lower number of polymer particles since the amount of the surfactant that is 

available for nucleation was lower for higher speeds agitation; this is exactly what· 
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figure 5.4(B) illustrates. The reduction in the number of polymer particles might 

explains the slight reduction in the conversion for the 300 rpm. The z~average samples 
.. -

kept increasing while the monomers we;e fed to the reactor, when the batch region 
. . . 

~tarted, the z-average started to level out since the monom:ers are vanishing from the 

reactor. ' 

5.3. Conclusion 

The experiments in this chapter serve as a starting point. for the proposed . 

research. It was found that the instantaneous conversion data is comparable to the 

published data by Zubitur and Asua (200 I). Increasing the power input by a factor of 

8 did not affect the instantaneous conversion markedly. The effects on the particles 

were obvious and expected. 
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6. Copolymer Composition Analysis 

6.1. Introduction 

The chemical coinposition of a polymer is one of the key factors that 

determine its properties. The determination. of the polymer composition· is also 

, important for a better understanding of the chemistry, reactivity, adhesion, and 

. polymer fabrication techniques. In the following paragraphs a brief review of some 
.' . 

spectroscopic techniques which are used to determine the microstructure of a polymer _ 

is presented. 

Mori (1989) investigated the styrene-methyl methacrylate copolymers 

.. composition by ultraviolet absorption spectrophotometry (VV), infrared absorption 

spectrophotometry (IR), and proton nuclear magnetic resonance spectrophotometry 

(IH_NMR). The random copolymer PS-PMMA was prepared using solution. 

polymerization. The monomers were mixed with equal volume of benzene (solvent), 

and azobis-iso,butylonitrile (AIBN, 0.4 gIL) was used as initiator. The mixture was 

heated up to 65'C under N, atmosphere and was left for 10 hours to polymerize . 

. Yields of the copolymers were between 15-35%. In order to extract the copolymer, 

the solution was poured into a tenfold volume of methanol and the copolymer was 

recovered by precipitation. An extra step was used to purify the copolymer by 

reprecipitation from chloroform-methanol, and finally it was dried at 55'C under 

reduced pressure. The conversion was at a low degree in order to achieve a statistical 

monomer sequence distribution (Le. random copolymer). This helped the authors to 

isolate the IR absorption bands that are sequence-distribution-dependent from the 

bands that are sequence-distribution-independent; the latter can be used to detennine 

the copolymer composition. 

The following is a brief description of the procedures used to analyze the 

samples prepared using the aforementioned techniques. The IR spectra were obtained . 
by dissolving the copolymers in chloroform (CHCb) and recording the lR spectra in 

the regions of the carbonyl band (Le. C=O) around 1730 Cm-I and the phenyl band 

75 



Chapter (; - COjJolymer COllljJosition AnaIYo'i,o' -------'------

(Le. C~C) band around 1600 cm-I. The solution celi was a NaClwindow cell of 0.5 

'mm path length, and the IRresolution ~as 2 cm-I. 

In the UV analysis technique, the copolymers and the PS homopolymer were 

dissolved in CHCh.: Quartz cells of I-cm path length were used to conduct the 

analysis where the resolution was selected as 0.1 nm. The UV calibration curve was 

constructed using the absorbance at 260 nm and the PS concentration. 

- - -. 

For the NMR analysis, deuterated chloroform (CDCh) was used as a solvent 

with tetramethylsilane (TMS) as an internal standard. The composition' of the 

copolymers was measured from the integrated area of the phenyl peak to the 

integrated total proton peak area as follows: 

Styrene (mol %) 8 (phenylpeakarea)xIOO 
5 (total peak area) 6.1 

Mori (1989) explained that the correlations among the data as obtained by the 

different techniques were examined by plotting one vs. the other. For instance, when 

the X-axis was styrene content as obtained by NMR then the Y-axis was the methyl 

metharcylate content as obtained by UV and IR (Le. 1730 cm-I). Similarly, when the 

X-axis was styrene content as obtained by the IR (Le. 1600 cm-I) then the Y-axis was 

the methyl metharcylate content as obtained by the other methods. 

The compositions of the copolymers obtained by the three techniques. are 

listed in Table 6.1. The data are in good agreement except for the IR results of the 

phenyl band at 1600 cm-I. The phenyl band was weak compared to the carbonyl band 

at 1730 cm-', so a more concentrated solution (5 wt %) was required to conduct the IR 

analysis. The authors suggested that the deviation in the data was mainly a result from 

the instrumental error due to the low absorption coefficient. The relative standard 

deviations were 0.1-0.6%,0.3-1.5%,0.5-0.8%, and 5% forthe UV, NMR, IR at 1730 

cm", and IR at 1600 cm-I; respectively. 
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The IR absorption bands in the region 1100 and 1300 cm-I in the PS-PMMA 

copolymer were mainly MMA-originated, and they w~r~ not additive to the IR spectra 

.. of. both PS and PMMA homopolymers .. · The bands' in" this region changed in 

wavenumbers and absorption' coefficients with composition. So those bands are 

sequence-distribution-depend~nt and therefore cannot' be . used to analyze' the 

. copolymer composition. The authors concluded that an UV absorption at 260 nm for a 

styreneunit, an.d an IR absorption band at 1730 cm-I for a MMA unit are independent 

of the nature of the neighboring monomer units in a copolymer chain and could be 

used to validate the composition of the copolymer . 

. . 
. .. 

Styrene. Styrene (mol %) 

Copolymer Feed IR 
(mol %) . UV NMR . 

1730 cm-' 1600 cm-' 
-'-

I 90 8S.5 84.2 .87 76.8 

III 70 6S.7 66.3 67.4 63.4 

.' V SO 48.7 49.8 S1.9 43.6 

VII . 

30 41.S 43.S 41.4 . 40.4 

IX 10 IS.2 14.3 . 11.2 6.6 

. 

Table 6.1 Copolymer composition as obtained by three independent analytical 
. techniques (source: Mori, 1989) 

Ohatzi et al. (1997) studied the system styrene/2-ethylhexylacrylate (STY/2-

EHA) using the elemental analysis (i.e. determines the amount of an element in a 

compound): UV, and FT-IR techniques. A batch reactor was used to prepare a series 

of different copolymer compositions, as well as a PS homopolymer in emulsion. The 

reaction was tenuinated at low conversion; the mole fraction of the resiaual monomer 

in the reactor was always less than 3%. 

The elemental analysis is based on estimating the weight percentage of an 

element in a compound. The most common type of elemental analysis is for carbon, 
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hydrogen, and nitrogen (CHN analysis), which is widely used for organic compounds. 
. . 

So by estimating the weigh! percent of the carbon and hydrogen, the ·copolymer .. 
. - - - - -

. composition was determined. PS . solutions in dichloromethane at a ~onc:entration 
.. . 

range from 0.6-1.2 gfl together with PS solutions in dichloromethane and dioxane 
. . 

from the literature were used to prepare the calibration curve (figure 6.1). The 

maximum UV absorption values were at 260 nm. The resolution was set at O. I nm; . 

and quartz cells of I cm path length were used for all measurements. The transmission. 

IR absorption spectra were collected at room temperature in the range 450-4000 cm-I . 

. .. and theresolutionwas I cm-I. PS homopolymer and copolymer solutions in CHChat 

. concentrations of 10-50 gfl were measured in a liquid cell of 0.2 mm path length 

equipped with KBr windows. Calibration curves were constructed based on the peak 

intensities. 

3.0-,-------'------, 
• Presents~dy 

§ 2.5 o Dichloromethane3 

o 
~ 2.0 .... Dioxane3 • 

1.5 • 
1.0 

0.0 +-.c.,..,'"T"~"""~"""'~~T"'"~-r~.-j 
o 0.002 0,004 0.006 0.008 0.01 0.012 

Concentration of STY (mol/l) 

Figure 6.1 UV calibration curve (source: Ghatz; etal.; 1997) 

Sequence-independent absorption bands have to be identified for determining 

copolymer composition through IR spectroscopy; especially for statistical copolymer 

systems (block copolymers do not exhibit such problems). On the other hand, 

sequence-dependent bands (exhibiting peak position and.non-linear intensity changes 

with copolymer composition) can be used for determining the monomer sequence 

distribution. 
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Ghatzi et aJ. (I 997) reported that the position of the styrene absorption band at 

1602 cm-' changed by less than 2cm-1 to higher frequencyas the styrem, content in . 

the copolymer increased which is considered a marginal shift (figure 6.2). In addition, 

the normalized peak height of this band (after correcting for the baseline) increases 
- _.. - - . 

. linearly with the styrene mole fraction content in the copolymer evaluated from the· . 

UVand elemental analysis. Those two facts suggest that the absorption band at 1602 

cm-' is a good representative of the PS content in the copolymer. 
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Figure 6.2 IR KBrtransmission spectra ofSTY/2-EHA in the region 2000-1500 cm-' 
(source: Ghatzi et al.; 1997) 

Close examination of the peak at 1730 cm-' (figure 6.2), which can be 

assigned to the carbonyl stretching vibration of the acrylate component, revealed 

considerable variations in their shapes as the overall copolymer composition changed, 

and specificallY, a broadening to higher wavenumbers as the 2-EHA content of the 

copolymer was increased. Moreover, a non-linear relationship was shown to exist 

when plotting the normalized intensities of the peak (after baseline correction), as a 

function of the acrylate mole fraction in the copolymer evaluated from UV and 

elemental analysis. Those two facts indicate that the carbonyl peak at 1730 cm-' 

cannot be used to determine the copolymer composition. 
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Examining the ester peak at 1158 cm-l assoCiated withthe acrylate in the 

copolymer (not shown) revealed a lin~ar relationship betwe~n the intensity of this 

peak and the mole fraction ~ of the ~crylate in the copolymer evaluated. using the 

aforementioned methods indicating that this ~ peak can be considered a" good 

representative ofthe copolymer composition ... 
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Figure 6.3 IR calibration curve based on the PS peak at 1602 cm -I (A), IR calibration 
curve based on the 2-EHA peak at 1158 cm-l (8), ratio of the absorbances of the 

bands 1602 and 1158 cm-I as a function ofthe ratio of the monomer mole fraction in 
the copolymer (C), and comparison between the estimated values of copolymer 

composition based on the three independent techniques (D) 
(source: Ghatzi et a1.; 1997) 

The IR calibration curves based on the peaks 1602 cm-l and 1158 cm- I are 

shown in figures 6.3(A-C), and a comparison between the estimated values of the 

copolymer composition based on the three different analytical methods is given in 

figure 6.3(D). A satisfactory agreement between the copolymer composition values 

obtained by the three techniques can be observed. 
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Vuluga et al. (2004) investigated the use and limits ofFT-IR and Differential 

Scanning Calorimetry (DSC) to characterize the microstructure of a copolymer in~de 
. fr~m i,3-dioxolane (DXL) and 1,3-dioxepane (DH). 1,3-dioxepane can readily be 

polymerized only by a cationic ring-opening mechanisms (Vuluga et aI., 1999). 

H()wever, cyclic acetals copolyinerized using this method may be suspected of being 

blends of homopolymers. 

DXL and DH homopolymers and copolymers were all prepared at the same. 

conditions - using cationic copolymerization; Homopolymer mixtures have been 

... prepared by dissolving the corresponding amounts from each homopolymer in 

acetone, at a total concentration of 5% by weight. The samples have been evaporated 

and dried at 10' Pascal and 35°C for 24 hours. 

3000 2500 2000 

Wavenumbers 
1500 

(C) 
o (D) 
~~ 

00 

Figure 6.4IR spectra ofa mixture ofDXL and DHL homopolymers and for a 
copolymer (source: Vuluga et al.; 2004) 

The copolymer composition was measured by analyzing the concentration of 

the unreacted monomers through gas chromatography, as well as the initial monomer 

concentration. To assure uniformity of all samples, copolymer samples were also been 
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dissolved in acetone at 5% by weight and dried using the· same technique· as the 

. homopolymers. 

The authors did not observe any differences regarding the positions and 

intensities of peaks when they compared the FT-lR spectrum of a polymer mixture 

with that of a copolymer (figure 6.4) having the same total c~mposition (DH=19%). 

This fact· indicated. that a calibration curve built using different composition .. 

homopolymer mixtures could be used to estimate the composition of the copolymer. 

Five peaks were used to prepare four calibration curves for a mixture of homopolymer· 

blends at different· compositions (figure 6.5). The copolymer composition is· the 

average of the measured compositions reSUlting from the calibration curves. 
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Figure 6.5 lR calibration curves between the molar fraction ofDH units (fDH) 
and selected 1R peaks (source: Vuiuga et al.; 2004) 

DSC measurements have shown that for homopolymer mixtures, both, glass 

transition temperature (T g) and melting temperature (T m) are present in the 

thennograms. Tm disappears for copolymers with molar fraction of the comonomer. 
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above 10%. Tg depends linearly upon copolymer composition (fig 6.6); considering 

the straight line equatioll. the gl~ss' transition temperature could be roughly used to 

estiniate the composition of the copolynier. 
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Figure 6.6 Variation ofT, with DH mole fraction in the copolymer 
(source: Vuluga et al.; 2004) 

Romero et al. (2005) demonstrated the possibility of constructing the FTlR 

calibration curve for the system StylB uA by measuring blends of PS and PBA in 

different well-know proportions. 

10. • 'H·NMR • 
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"#: • FTIR 

~ 
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<{ 4. ,. 
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. 

• ; . 3 4 ~ 7 
Sample 

Figure 6.7 Comparison ofBuA content as determined by !H-NMR and FTlR 
(Source: Romero et al.; 2005) 

. From the FTIR spectra of the blend,s. the ratios of the absorption peaks at 700 

cm'! for the PS and 1727 cm'! for the PBA detennined and plotted against the PBA 
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content of the blend. The calibration curve was then used to calculate the BuA content· 

in the copolymer. Romero -et al. demonstrated a good agreement between the FTIR . 

and the IH_NMR techniques (Fig 6.7). 

Hua et al. (2004) monitored. the copolymer StyIBuA offline using an ATR

FTIR probe. The ATR-FTIR (Attenuated total reflectance infrared spectroscopy) is 

basically a FTIR instrument equipped with A TR accessorywhich allows samples to 

be examined directly. in the solid or liquid state without further preparation. The 

- . conversion and the copolymer composition were determined by monitoring the

monomer concentration. Hua et al. reported that the ATR-FTIR results agreed at 99% 

confidence level with the traditional gravimetric and IH_NMR spectroscopy. 

In conclusion. several spectroscopic methods which are used to determine the 

. composition and the microstructure of copolymers were reviewed. It was reported that 

FT-lR is an effective method for the determination of the copolymer composition, yet 

it suffers from some limitations when compared to the other spectroscopic techniques. 

(Le. NMR and UV). 

The proper selection of FT-IR absorbance peaks which are. sequence

distribution-independent is important for estimating the copolymer composition. 

Broadening of the lR peaks, and the shift in their positions with changing the 

copolymer composition are indications of sequence-distribution-dependent peaks. 

Sequence-distribution-dependent peaks should be avoided in estimating the 

composition of the copolymer. Constructing the calibration curve based on the lR 

spectra of homopolymer blends is an acceptable method. The UV and the NMR 

techniques are good alternatives, but they were either unavailable (NMR) or do not 

provide adequate information about the copolymer microstructure (UV). 
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6.2. Constructing the IR calibration curve ' 

". 6.2.1. Preparation of homo polymers 

The first step in constructi~g the calibration curve is to obtain homopolymers 
- -" - -- - "- - " 

'of polystyrene (PS) and polybutyl -acrylate, (PBA) and mix them at different 

• compositions. ,The PS homopolYrller was obtained from Fisher Scientific, and the' 

PBA homopolymer was prepared by means of solution polymerization. ' 

Homogeneous polymerization processes' (i.e. Bidk and Solution) produce the 

minimum contamination of the polymer compared to heterogeneous processes (i.e. 

Emulsion, Suspension) due to the fact that just the fundamental ingredients exist in 

the homogeneous polymerization recipes. For instance, in bulk polymerization the 

monomer is heated up to certain temperature (50· 70°C) and then the initiator is 

added. However, bulk polymerization is highly exothermic and requires strong and 

elaborate stirring since the viscosity of ,the reaction system' increases rapidly at 

relatively low conversion. The viscosity coupled with the exothermic effects make 

temperature control difficult. 

, 
Polymerizing of a monomer in a solvent (i.e. Solution Polymerization) 

overcomes many of the disadvantages of the bulk process. The solvent acts as diluent 

and helps in the transfer of the heat of polymerization, and also reduces the viscosity 

of the reaction mixture. On the other hand, the presence of solvent may present new 

difficulties. For instance, the purity of the polymer may be affected if there are 

difficulties' in removing the solvent. 

The recipe used to prepare the PBA polymer is given in table 6.2. First a 

mixture of the monomer (butyl acrylate) and the solvent (toluene) is heated up to 80 

°C and purged with N2 for half an hour, and then the initiator (lauryol Peroxide) was 

added at a concentration of 0.01 molll of the monomer. The mixture was left for 72 

hours under a blanket ofN2. The rate of the N2 flow rate was monitored and kept low 

to minimize evaporation. 
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. Ingredient .. Weight, gm Density Molecular Weight 
. . 

Butyl acrylate .. 27 0.894 128.17 

Toluene· 
... 

170 0.8661·· 92.13 ...•. 
. .. 

Lauryol Peroxide 0.11961 - ... 398.70 . ...... 
. 

Table 6.2 Polybutyl acrylate solution polymerization recipe· 

To recover the iBA· polymer, the re~ction mixture was poured· into a 

separating funnel containing around tenfold volume of methanol. And the~ the 

mi~~~;'e was vigorously ~gitated a;'d left for few hours. The precipitate (polymer and 
. ':-'., '" ",:. \. - .. --:;, - :-

. traces ofioluene and possibly butyl acrylate monomer) was collected in a beaker and 

~;s· dried under vacuum at 100°C for at least 48 hours. 

6.2.2. Obtaining the IR spectra 

To conduct the FT-IR analysis, solutions ofihe homopolymers in THF at 5% 

w/w were prepared and casted on NaCI discs. To assure uniform films, the discs were 

rotated at high speeds (-500 rpm) for short times (-5-10 seconds). After drying the 

discs at room temperature for 24 hours, the FT -IR analysis was carried out; the IR 

spectra were recorded over the range 450-4000 cm·' and the resolution was set to I 

cm-I. 

Prior to blending the homopolymer mixtures, the purity of the polymers 

should be confirmed (e.g. no traces of butyl acrylate monomer exist in the PBA 

polymer). This step was done by comparing the spectra of the polymers to published 

lR spectra of homopolymers and monomers (Fig 6.7). Observing the five peaks of 

Aldrich™ lR spectra for polystyrene and poly butylacrylate standards (6.7A and 

6.7C) with the IR spectra of the polystyrene homopolymer (6.7B) and the poly 

butyl acrylate homopolymer that is prepared in the lab (6.7D), it is clear that the 

spectra were similar; the frequencies of the transmittance bands were identical. The 

differences in the absolute transmittance were expected since the absolute 

transmittance increases with the thickness of the sample. 
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Figure 6.7 Aldrich™ IRspectra of PS (A) and PBA (C) homopolymers compared to 
the IR spectra ofFisher™ PS (B) homopolymer and PBA (D) homopolymer 

-which is prepared by solution polymerization 
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Solutions of the PS and PBA homopolymers in THF at 5% w/w concentrations 

were prepared at different compositions (Table6.3).The mixtures were prepared .'. 

based on the monome'rs' molecular weights. For. each composition, two films were 

cast on the NaCl discs using- the same method e~plained earlier. Figure 6.8 illustrates· 

the spe~tra of the different blends. Clearly, as the PBA concentratio; decreases some 

peaks which are associated with the PBA decrease, while others which are associated 

with the PS content in the blend started to increase;· 

. 

... Molar fraction 
PBA,g PS,g 

ofpBA 

0.2956 2.1614 0.1000 

0.4496 1.4848 0.1975 

0.3082 0.3933 0.3890 

0.4439 0.2485 0.5921 

.0.6919 0.1523 0.7869 . 

0.4853 0.045 0.8976 
• 

. Table 6.3 Different PS-PBuA homopolymers blends based on the monomers . 
molecular weights (BuA=128.17, Sty = 104.15) 

-..: , , 
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I~ _______ .. _. ______ .. ____ . _ . ___ . ___ . ________ . ______ J 

Figure 6.8 FT-JR spectra of different PS-PBuA blends 
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It should' be noted that, in quantitative infrared spectroscopy" baseline 

, corrections should be implemented. The absorbance difference between the baseline 

.' and th~ top of the band is then used. Figure 6.9 is an illustration of thistechniqw'. 

In creating the calibration curve, the ratio of the PBA carbonyl stretching C=O ' 

(i.e. peak at -1730'cm") to PS benzene ring be~ding C=C-H (i.e. peak at -700 cm") 

. was chosen. The main reasons for choosing the peaks at 1730 cm" and 700 cm" is the' . 

fact that the peaks were present at the same position in all the different blends, and 

broadening was not detected with changing the composition, as iIIu~trated in figure 

.6.8, hence these peaks are sequence-distribution-independent (§6.1) and can be used 

to estimate the copolymer composition. 

The different absorbance values and molar ratios for the homopolymer blends 

are given in table 6.4. MA TLAB® 'curve fitting tool box was used to fit the average 

absorbance ratio and the PBA molar content in the samples (figure 6.10). The' butyl 

acrylate molar ratio in the samples can be estimated using this equation 

Butyl acrylate content (mole fraction) = 

-1.546xlO-4x ' + 5.595x I 0-' x 2 + 0.9252x. -3.252 x 10-2 6.2 

x +1.699 

where x is the IR peak ratio, i.e. PBA carbonyl stretching (C=O) absorbance divided 

by the absorbance of the PS benzene ring bending (C=C-H). 

It should be noted that the data in figure 6.10 were constructed based on 

homopolymer blends compositions that range from 0.1-0.9 by mole. Therefore, within 

this range it is expected that the calibration curve provides accurate estimates for the 

composition of the copolymer. 
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Figure 6.9 An illustration ofIR baseline correction 

PBA First set offilnis Second set of films 
Average 

mole 
PBA PS Abs. PBA PS Abs. abs. ratio 

fraction 
C=O C=C-H ratio C=O C=C-H ratio· 

0.1000 0.1080 0.2348 0.2491 0.0999 0.2009 0.2404 0.2447 

0.1975 0.1350 0.1929 0.5117 0.1259 0.1965 0.4976 0.5047 

0.3890 0.1724 0.1588 1.2309 0.1625 0.1458 1.3220 1.2764 

0.5921 0.1994 0.1108 3.0638 0.2002 0.1112 2.9017 2.9828 

0.7869 0.2086 0.0756 7.4630 0.2275 0.0821 8.3781 7.9205 

0.8976 0.2930 0.0736 20.9224 0.2511 0.0695 19.2404 20.0814 

Table 6.4 FT-IR absorbance ratios of different homopolymer blends 
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f(x) = (p1~"3 + p2*)C"2 + p3,,): + p4) I (x + q1) 
Coefficients (w nh 95% confidence bounds): 

p1 = -0.0001546 (-0.0004502,0.000141) 
p2'" 0.005595 (-0.003521,0.01471) 
p3 = 0.9252 (0.8491,1.001) 
p4 '" . ..0.03252 (-0.04756, -0.01748) 

. q1 = 1,699 (1.441,1.958) 

Goodness of fn: 
sse 1.175e-007 
R-square: 1 
AdjUsted R-square: 1 
RMSE: 0.0003427 

--Rational Cu-L GN 
.......... 95% prediction bounds 
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Figure 6.10 FT -IR calibration curves 

6.3. Validating the calibration curve 

25 

Previously (§6.1) it was demonstrated how some IR absorbance bands are 

affected by the type of the neigh boring units and those bands should not be used to 

estimate the copolymer composition. In order to study this, another analysis method 

can be used to estimate the composition (e.g. NMR, UV, GC) and then check whether 

the absorbance obtained from the IR for a certain peak changes linearly or not with 

composition estimated using the other method. The fact that the change is linear, , 
coupled with no differences in the peak's frequency and no broadening is detected, 
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. then this confirms that this peak is a good representative of the copolymer 

composition. 

Another method to test the IR accuracy is to prepare a copolymer at Iow 

conversion (I 0-30%) and estimate its composition using a method other than the IR, 

and at the same time obtains IR spectra of this copolymer. Next homopolymer blends .. 
. - - -

can be prepared where the composition is equivalent to the copolymer composition 

analyzed earlier, and analyze the blend with FT-IR. By comparing both spectra it is 

possible to isolate the peaks that have similar frequency:and absolute absorbance and 

use them to estimate the composition. 

Both methods require other analysis instruments which were not available, and 

also both require a technique of obtaining exactly equal film thicknesses for the IR 

analysis or using an IR solution cell with fixed width since the absolute absorbance is 

affected by the thickness of the sample. However, another method was implemented 

successfully to verify the calibration curve by means. of an azeotropic 

copolymerization. 

Wall (I 944) explained that although the composition ofa copolymer which is 

forming at any time is generally different from that ofthe monomer mixture, there can 

be particular compositions for which the copolymerization equation (Eq. 6.3) holds 

even though the reactivity ratios ofthe monomers are not equal to one (rj of r2 of I) 

FI _/lh/l+lz) 
F2 -12 (rz/2 +/1) 

6.3 

Fi and fi are the instantaneous copolymer and feed compositions; respectively. By 

setting FI = ji, Eq 6.4 transforms into 
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.. This indicated that if the composition of the monomer mixture in the re~ctor is 

based on Eq. 6.4, then thesystem forms a constant polymerizing mixture. In other 
_. . . . 

words, the copolymer produced will be of a uniform composition given by the 

azeotropic monomer ratio. 

. 

. Preparing azeotmpic copolymers using homogeneous polymerizations (Le. 

bulk and solution polymerizations) is possible. But for heterogeneous systems (e.g . 

. emulsion) since polymerization occurs in the particles, it is not simple to guarantee 

that the monomer mixture in the particles is equivalent to the azeotropic monomer 

ratio. 

Cruzrivera et al. (1989) demonstrated the possibility of preparing Sty-BuA 

azeotropic copolymer when the Sty/BuA molar ratio = 2.72. The molar ratio of the 

Sty should be 0.73 and the BuA molar ratio should be 0.27. Applying those numbers 

in 6.3 reveals that the reactivity ratios of the styrene and butyl acrylate are 0.7, and 

0.2; respectively. 

Next two azeotropic copolymerization experiments will be discussed. The first 

one is· a solution copolymerization, and the second one is an emulsion 

copolymerization. The solution copolymerization recipe is given in table 6.5, and it 

was performed similarly to the preparation of the PBA homopolymer explained 

earlier. 

FT -IR analysis was carried out on two solution copolymer samples, and by 

dividing the absolute absorbance of the c=o peak by the absolute absorbance of 

C=C-H peak, the absorbance ratios 0.810, and 0.814 were obtained. Applying those 

numbers to Eq. 6.2, the estimated butyl acrylate content in the copolymer was found 
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to be 29% which is identical to the butyl acrylate content in the actual recipe (figure 

6.5). 

. . 

. .... .. Weight Density Molecular Mole 
Component .. 

. (glcm3
) 

. .. 

(g) . .. Weight Fraction 
. . .... . ... 

Butyl acrylate 9.0 0.8940 128.17 0.29 . . .' ,. . .. 

Styrene .. IS.O 0.9090 104.15 0.71 . 
'Toluenec 130.0 0.8661 92.13 -

... 

Lauryol Peroxide 0.12 - 39S.70 -
. 

Table 6.5 Recipe of azeotropic copolymerization of Sty-BuA in solution 

Component Weight, g 

Surfactant (SLS) , 6 

Initiator (KPS) 0.5 

Buffer (NaHC03) 0.5 .. 
. 

Deionized Water 600 

Styrene 114 

Butyl acrylate 52 
. 

Table 6.6 Recipe of azeotropic copolymerization of Sty-BuA in emulsion 

The second experiment was an azeotropic batch emulsion copolymerization 

run (table 6.6) which was carried out in aIL jacketed batch reactor. The 

polymerization temperature was 70 'c, and the reaction mixture was purged ~ith N, 

while agitating at 300 rpm prior to the addition of the initiator. Samples were 

collected every 2-3 minutes in the first 15 minutes, and then every 30 minutes. The 

duration of the experiment was four hours. 

The instantaneous conversion and the butyl acrylate content in the copolymer 

detennined by the FT-IR and the calibration curve (figure 6.10) evolution with time 
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are given in figure 6.1 1 (A), and the particle sizes (z-average) and number of polymer 

particles evolution with time is illustrated in figure6.II(B). 

Figure 6.11 Instantaneous conversion and butyl acrylate content (A) and 
the z-average and number of polymer particles (B) evolution with time 

for the azeotropic batch emulsion copolymerization 

Figure 6.ll(A) illustrates the usual behavior of the conversion evolution in a 

batch reactor. In the beginning, the system exhibits a sharp increase in the conversion 

(interval I); particle nucleation occurs in this interval, with the polymerization rate 

increasing with time as the polymer particle number builds up. In interval two the 

number of polymer particles is constant, and the monomer diffuses from the monomer 

drops to the polymer particles; the polymerization rate is slower in this interval. The 
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third and last interval starts when the monomer drops disappear and the system starts 

to consume the dissolved monomer; noticeably the polymerization rate is much 

slower in this interval. 

0.30 

0.20 • 

• • 
¥ 0.10 ••. 
0.· 
c· 

• • • • 
• • ~-
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Figure 6.12 The composition drift of the azeotropic batch emulsion 
copolymerization . 

Most of the polymerization occurs in the first 30 minutes, which is also 

indicated by the increase in the z-average in figure 6.11 (B). After the first 30 minutes, 

the particle size slightly increases and remained constant at the end. Once more, this 

behaviour is also expected since most of the monomers were consumed and very little 

is available (-10%), so the size does not change greatly. 

The composition drift (i.e. the ratio between the BuA content in the copolymer 

and the BuA injected to the reaction vessel) is illustrated in figure 6.12. A value of 0.0 

represents the ideal case where no composition drift is occurring, a negative value 

indicates that the BuA content in the sample is less than the BuA content in the 

reactor, and a positive value indicates the reverse. It should be noted that the reported 
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composition in figures 6.11 and 6.12 is the average composition of the polymer 

· particles, not the instantan;ous comp~~ition of the copolymer just fOrn1ed. 

Observing figure 6.11, the first sample extracted after two minutes showed a 

butyl acrylate content of28% and after 30minutes the BuA content w~ 28% as well." 

The butyl acrylate content in the extracted samples remained constant and varied 

between 27% and 30% for the remaining of the experiment. Figure 6.12 demonstrates 

that the copolymer composition was nearly constant and minimal composition drift 

· was detected; This result is in agreement with Cruzrivera et al. (1989). 

The data from the azeotropic solution and emul~ion copolymerizations 

demonstrate that the calibration curve was able to give accurate, estimates of the 

copolymer composition and confirms the validity of the FT-IR technique. 

6.4. Conclusion 

A brief literature review focused on the analysis ofthe copolymer composition 

· using, the gpectroscopic techniques was presented. The investigated spectroscopic 

techniques (Le. NMR, UV, and FT~IR) were confirmed to be adequate in studying the 

copolymer microstructure, and were able to provide precise estimates of the 

copolymer composition. The NMR and UV do not suffer from some of the limitations 

that are associated with the FT-IR technique. Due to the lackofNMR instrument and 

the inadequacy of the UV technique, the FT-IR technique was selected since it 

, provides information about the copolymer microstructure and composition. The FT

IR spectroscopic technique was applied successfully. 

Copolymer samples with accurate compositions which could serve as 

standards for building the FT-IR calibration curve are not available; therefore blends 

of homopolymers were used to construct the FT-IR calibration curve. The FT-IR 

spectra show several IR absorption bands (peaks); some of those bands are sequence

distribution-dependent and some are sequence-distribution-independent; the latter are 
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the o~es used for bUlIding the calibration curve and estimating the o~erall copolym~r 
composition. 

For the Ccopolymer styretie-butyl acrylate,' it was demonstrated that absolute. 

peak:ratiosfo~ PBA carbonyl stretching (i.e. C~O peak at -1730 cm'l) and the PS 

benzene ring bending (i.e. C=C-H at -700crn'l) could be used to estimate the 
, - - . 

, composition of the copolymer. Homopolymer blends of PBA and PS were used to 

,construct a calibration curve, which' was validated by 'a set of. azeotropic 

copolymerization experiments in solution and in emulsion. 
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7. Effects of Monomer Feeding Policy 

7.1. . IUtroduction 
" . . 

In this chapter a detailed· presentation of the experiments conducted to " 

investigate the effects of distributing the monomers between the initial charge and the 

subsequent feed on· the composition of th~ copolymer styrene:butyl acrylate will be " 

give~. The evolutions of the- instantaneous and the overall conversion, the particle 

size, the number of polymer particles, the composition of the" copolymer, and the 

concentration of the monomers in the different phases with time will be discussed. A 

detailed discussion of the work that :was conducted on this particular copolymer in the· 

literature was given in chapter three. 

7.2. Monomers distribution effects 

Several runs. were made where the flow rate of the monomers and the' total 

mass of styrene and butyl acrylate in the feed and in the initial charge were varied. 

The recipes of the experiments are givenin table 7.1. 

There are two stages for each experiment, in the first stage the experiment was· 

conducted in a semibatch mode, and in the second stage the experiment was operated 

in a batch mode. The total duration for both stages does not exceed four hours (240 

minutes), and the duration of the second stage (i.e. batch stage) depends on the 

duration of the first stage (i.e. semibatch stage). The first stage duration was varied 

between 90 and 180 minutes, so the remaining time to complete the four hours 

reaction time will be for the batch stage. 

The masses of the initiator, deionized water, surfactant, and the buffer were all 

kept constant. The reaction temperature was also kept constant at or near 70° C, and 

the monomers flow rate was adjusted to completely transfer the monomers in either 

90 or 180 minutes. The total mass that exists in the reactor at the end of each 

experiment and the solids content (Le. mass ratio of the polymer to everything else in 
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the reactor if all the monomers got converted) were kept constants at around 1100 cc 

and an average of32%respectively; 

. . ... 
Monomers in ' Monomers 

Feeding Time, Monomers Mole '. , ... 

Run LC.,g • '. Transferred, g . 
Ratio %, Sty/BuA' ... '. minutes 

, Sty BuA Sty . BuA 1 ·1.· ., " . .. ' . . ' . 

I 194.53 0.00 0.00 163.65 180 
.' 

, 59/41 
. 

2. 0.00 160.00 199.62 ·0.00 180 . 61/39 . 
.. 

3 96.97 .0.00 98.17 164.14 . 180 59/41 

4 0.00 80.00 196.34 80.46 180 60/40 

5 194.00 0.00 0.00 160.92 90 60/40 

6 0.00 160.00 199.62 0.00 90. 61/39 

7 97.00 0.00 .. 101.44 159.31 90 61/39 

8 0.00 80.00 197.98 84.48. 90 60/40 

9 0.00 0.00 245.43 76.44 90 80/20 

10 0.00 0.00 43.36 185.06 90 -22178 

11 0.00 0.00 171.80 138.39 90 60/40 

12 0.00 0.00 71.99 211.61 90 30/70 
. 

Surfactant (SLS) 7.1 g 

Initiator (KPS) 0.6 g . 

Buffer (NaHC03) 0.6 g 
Other 

Deionised Water 700g 
Ingredients 

Final Volume I lOO cm' 

Solids Content 32% 

Temperature 70°C 

Table 7.1 The recipes of the experiments related to the study of the monomers effects 
on the copolymer 

Next a discussion of the observed effects on the instantaneous and overall 

conversion, the composition of the copolymer, and the particles will be presented. 
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7.2.1. Instantaneous and overall conversion evolutions 

Figures 7.1 and 7.2 illustrate· the instantaneous (§3.1.1) and the overall 

conversion evolutions with time for experiments RI-R8. 
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Figure 7.1 The time evolution of the instantaneous (A) and the overall (8) 
conversions for the experiments RI-R4 ' 

The duration of the semibatch stage for the experiments in figure 7, I is 180 

minutes, whereas the semibatch stage duration for the runs in figure 7.2 is 90 minutes. 
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The total reaction time for all the experiments (i.e. semibatch and batch stages) is 240 

minutes: 
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Figure 7.2 The time evolution ofthe instantaneous (A) and the overall (B) 
conversions for the experiments R5-R8 

The code which appears in the legend of the above figures explains the 

Sty/BuA molar ratio in the recipe, the mass fraction of one of the monomer in the 

initial charge, and the duration of the semibatch stage. For instance in figure 7.2, 

R8=6040SB.50%B _IC.90m indicates that the Sty/BuA molar ratio in the recipe was 
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60/40, 50% of the BuA existed in the initial charge, and that the duration of the 
.- - -- -: -'- ,.-

semibatch stage was 90 minutes. This format will be used throughout the next 

chapters .. 

In §3.1 the instantaneous conversion wa~defined as the ratio between the 

polymer in the reactor and the monomer fed upuntil the sampling time. However, the 

overall, conversion is the ratio between the polymer in the reactor and the total 

monomer in the recipe .. 

The instantaneous conversion curves in figures 7.I(A) and 7.2(A) illustrate an 

expected behavior which is comparable to figure 5.1 (Zubitur and Asua, 2001); where 

at an early stage the system exhibits a sharp increase in the polymerization rate due to . 

nucleation. At this stage (i.e. interval I, §2.3) most of the micelles are activated by 

initiator radicals leading to a sharp increase in the polymerization rate. This interval 

ends when all the micelles are activated and free surfactant is not available in the 

system .. As more monomer· gets converted, the instantaneous conversion slightly 

increases until the end of the semibatch stage. This interval is denoted as interval 2, 

and it ceases when the monomer dr()ps vanish. During the batch stage the remaining 

monomers are consumed and since no further monomer is added, then there is no 

monomer accumulation. Hence there is a noticeable increase in the instantaneous 

conversion in the batch stage, as might be expected. 

The overall conversion profiles in figures 7.1(B) and 7.2(B) illustrate that 

starting with one of the monomers fully charged in the beginning (Le. RI, R2, R5, and 

. R6) gives higher overall conversions when compared to the other feeding sc~narios 

(Le. R3, R4, R7, and R8). Starting with manomer in the initial charge implies that this 

monomer will be available in the reaction medium to polymerize for longer times 

when compared to feeding the monomer along the course of the reaction, this will 

eventually lead to higher conversions. As a result, increasing the amount of the 

monomer in the initial charge leads to higher overall conversions as shown in the 

aforementioned figures. 
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The recipe for the experiments RI-R8 ,was kept unaltered (Table 7.1), and yet 

it should be noted tha; this is a binary system where the mono11lers have different 

molar masses (Sty=104.15, BuA=128.17) and that the-molar ratio ofthi mono~ers i~ 
the recipe is 6(l!40 (i.e. StylBuA molar ratio). As a r~sult, starting with 100% or 50% 

of one particular monomer, and feeding the remaining during the semibatch stage will 

eventually lead to the injection of the same amount of monomer as shown in figures 

7.3(A) and 7.4(A) but only at the end of the semibatch stage, and not before that. . 
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Figure 7.3 The total moles (A) and overall mole fraction (B) of injected monomers 
for the experiments R I-R4 
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Figure 7.4 The total moles (A) and overall mole fraction (B) of injected monomers 
for the experiments R5-R8 

This could be further explained by examining figures 7.3 and 7.4 which 

illustrate the time evolution of the total moles of monomers that were injected to the 

reactor, and the overall fraction of the 'monomer in the reactor (i.e. mole ratio of 

monomer injected to the total moles of monomer in the recipe). At the end of the 

semi batch stage three moles of monomer were fed in all the experiments. But in the 
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. beginning of the experiments, the amount of the monomer in the initial ch~rge varies 
. . . 

according to the feeding scenario of each experiment. 

- -- . -- .-
- - - , -

Further investigation of figures 7.I(A) and 7.2(A) one can observe that the 

runs where the BuA existed in the initial charge exhibited higher conversions 

. compared to the runs ~here the Sty was in the initial charge. For instance, the: 

instantaneous conversion for R4 was higher than R3, this was apparent even at an 

. early stage of the reaction. In addition, RS and R6 demonstrated the same result. 
- - . 

As explained in §2.4.1, the rate of polymerization in emulsion polymerizations 

is given by equation 2.S. Considering the facts that the. reactivity of the Sty is higher 

than the BuA, the respective kp values for the BuA ~ 127 I mor l s·1 and for the Sty ~ 

376 I morl S·I (deArbina et aI., 1996) and since starting with 100% or SO% of the Sty 

in the initial charge provides more monomer than starting with the BuA (figures 7.3 

. and 7.4). All these facts suggest higher polymerization rates when the Sty exists in the 

reactor and no! the other way around. 

Investigating the effects of starting· with one monomer or the other on the 

overall conversion (Figure 7.1 and 7.2), it is noticeable that the overall conversion for 

R2 was higher than RI; R4 and R3 demonstrated the same behavior where starting 

with SO% BuA in the initial charge leads to higher overall conversions. RS and R6 

showed similar overall conversion behavior, and since the monomer content in RS is 

more than R6 this confirms that R6 polymerization rate was higher. In runs R7 and 

R8, starting with the SO% Sty in the initial charge gave Slightly higher overall 

conversions. These results clearly indicate that the polymerization rate increases with 

increasing the BuA content in the reCipe. 

Nomura et al. (1972) reported that monomer diffusion from droplets to the 

aqueous phase can be the limiting step; so more soluble.monomers have higher mass

transfer rate leading to higher polymerization rates. Zubitur and Asua (200 I) reported 

that increasing the stirring speed will overcome the limitations' reported by Nomura et 
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al. since reducing the size of the drops wilIincrease the surface area leading t() higher 

.. mass-transfe~ rates. However, it should be noted that earlier (§5.2) it was shown that 

increasing the stirrer speed did not increase the polymerization rates. Furthermore, the 

constant partition coefficient model predicted that monomer drops vanished after the 

first 10 minutes. ThesetWo facts indicate thatthe solubility in the water did not play it 

role in increasing the polymerization rate, and this is in agreement with otheneports 

(Flory, 1953; Brooks, 1970). 

c Some researchers (Piirma and Chen; 1979)· reported that the polarity of the 

polymer affects the effective molecular area of a surfactant molecule on the particle 

surface (Le. area occupied by each surfactant molecule on a particle). They reported 

that as the polarity of the copolymer increases due to composition change, the affinity 

between the surfactant molecules and the polymer particle is becoming less than the 

affinity between the surfactant molecules themselves. Therefore, the area occupied by 

each surfactant molecule on a particle (Am) is increasing due to the polymer particles 

being partially covered. 

Polystyrene is non-polar and polybutyl acrylate is a polar polymer, thus, it is 

expected that as the butyl acrylate in the composition increases, Am increases, leading 

. to more free surfactant molecules being available in the system. These excess 

surfactant molecules could lead to more micelles which could increase the 

polymerization rates. This will be investigated in §7.2.3. 

Araujo et a!. (2001) revealed a possible correlation between the ,monomer 

solubility in water and· the polymerization rate, they suggested that homogeneous 

nucleation for water soluble monomers could increase the number of polymer 

particles leading to an increase in the polymerization rate (§3.1). 

It was also reported that increasing the BuA in the recipe leads to an increase 

in the polymerization rate. Yang and Yang (1998) reported that increasing the Sty 

ratio retarded the reaction rate. Guillaume et a!. (1990) suggested that the increase in 
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the polymerization rate when the BuA ratio was increased could be caused by an' 
," • -, - .,', - "1 _ __. _ 

increase of the average number of radicals per particle (n) in the case of rich BuA 

copolymeri~ations, and this behaviorwasattributed togel effect (§2.2.1 and §2.3) .. 

Plessis' et a!. (200 I) reported that the addition of small amounts of Sty to the 

reaction. mixture in the seeded semi-batch emulsion copolymerization of Sty/BoA. 

reduced the level of branching and reduced the gel effect. Gilbert et a!. (200S) 

explains. that. branching occurs via· two' reactions: a bimolecular' reaction, 

. intermolecular chain transfer byhydroge~ atom abstraction (long chain branching, 

LCB), and a unimolecular reaction, intramolecular "backbiting" (short chain 

branching, SCB). The Sty monomer does not branch and it reduces the PBuA ends, 

consequently reducing the SCB effect. 

It should be noted that increasing the BuA content in the polymer beyond 40% 

increased the cross-linking. This finding was detected while dissolving the samples in 

THF for the composition study. The increase in the cross-linking could be an 

indication of an increase in the gel effect leading to higher polymerization rates for 

the BuA rich initial charge runs .. 

Figures 7.S and 7.6 demonstrate the time evolution of the calculated monomer 

mass fraction in the particles (Appendix C). It is noticeable that both monomers 

showed similar concentration in the particles. For instance, the Sty mass fraction in 

RI (figure 7.5A) and the BuA mass fraction in R2 (figure 7.SB) were similar (i.e. 

-O.SS), this is an indication that the solubility of the monomers did not affect the 

monomer mass transfer to the particles. RS in figure 7.6B shows that after 60 minutes 

the Sty monomer vanished from the particles; consequently the polymerization rate 

after the first hour is driven by the added BuA. Similarly, R6 in figure 7.6A showed 

that it took the BuA 4S minutes to fully polymerize. It should be noted that on molar 

bases, RS contained initially 22% more monomer than R6. R2 in figure 7.SB showed 

a behavior similar to the previous ones; whereas the result in RI demonstrates that the 

Sty rate of depletion was low compared io the other cases, which is a sign of low 
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polymerization rate for this particular case. This result is analogous to the 

instantaneous conversi()n evolution result (RI, figure 7.IA). 

In experiments R3, R4, R7, and R8 50% of one particular monomer was, 
, , 

, injected initially, alld the remaining w~ fed during the semibatch stage. So it WaS 

expected to observe that both'monomers existed in the particles at least until the end 

of the semibatch stage, and this is exactly what figures 7.5 and 7.6 demonstrate. 
',' . , 

, . 
0.6 

.i! 
" 

• R1=604OSB.100%s...):.18lA'n 

" Ro o RI~ 100"IoSj:.18Om 

t: 0.5 .0 ... P3=604OSB.500/0SJC18Om , 

11. 0 lJ. R3=604OSB.5O%SjC.18Om 

.s OA c 0 (A) 0 :c 
" • 0 

.t 0.3 Solid: SuA 
, ., 0 Open: Sty 

" ~ 0.2 
0 

0 

• 0 
~ , , .. ~ 0 , , 
E , • , • , • • 0 0.1 

" • • , 
I • I 

C '. I·' • 0 ,. • 0 :;; • • • • • 0 .' ' 0.0 

0 20 40 60 80 100 120 140 160 180 200 220 240 

Time,min 
" 

0.6 
UI 
.! I • R2=G04OSB.100'loBJ:: .. 18ctn 

u O~.100",(,BJC.1&::m 

t: 0.5 ... R4=6040SB.SO%B-'C 180m .. 
Cl. t. R4=604OS8.50%B 1C.180m 

.E , 
c 0.4 

..g (8) 
u .. 0.3 • ~ 

u. Solid: BuA 
UI 
UI 

, 
Open: Sty .. :;; 0.2 • ~ •• 0 .. 

E • • 0 • 0 
0.1 1l~1!It. • ' 0 • 0 • 0 0 

c 0" • • • • 
0 0, 0 

0 :;; & 0,' 

• , 
. , • 0.0 

0 20 40 60 80 100 120 140 160 180 200 220 240 

Time, min 

Figure 7.5 The time evolution of the monomers mass fraction in the polymer particles 
for 180 minutes feeding time experiments 
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Figure 7.6 The time evolution of the monomers mass fraction in the polymer particles 
for 90 minutes feeding time experiments 

These results suggest that starting the reaction with the BuA in the initial 

charge leads to higher polymerization rates; the overall and the instantaneous 

conversions were higher for the runs containing BuA in the initial charge. It is also 

noticeable that the differences in the solubility in the aqueous solvent between the 

monomers did not affect the mass fraction of the monomers in the particles; the 
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monomer concentrations were similar. The rate of depletion of both monomers was 

almost identical for most of the cases. RI showed a slow polymerization rate which is 

apparent in lbe instantaneous conversion evolution (Figure 7.IA) and the Sty mass 

. fraction in the particles (Figure 7 'sA). 
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Figures 7.7 and 7.8 illustrate the feeding time effect on the conversion 

, throughout the se~ibatch stage. It should be noted that the~-axis represents the ratio 

between the sampling time and the duration of the semi batch stage. The instantaneous -

conversion results (figures 7.7A and 7.8A) indicate that increasing the feeding,rate 

decreas~s the instant~neous conversion; consequently increasing the monomer, 

accumulation in the reactor. 
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Figure 7.8 Feeding time effect on the instantaneous (A) and overall (B) 
conversions for BuA rich initial charge experiments 
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Figures 7.9, 7.10, and 7.11 demonstrate the conversion, the time evolution of 

the monomers fed to the reactor and the monomer mass fraction in the particles for 

the experiments R9-RI2, respectively. The recipes in these experiments were not 

identical. The solids content and the Sty/BuA ratios were varied in order to investigate 

their effects on the kinetics of the reaction and the physical properties of the 

copolymer. The total moles of monomers transferred to the reactor were between 1.7 
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and 2.7 moles (figure 7.10), and in these runs the initial charge did not contain 

. monomers. All th~ monolllers in the r~cipe were fed during the semibatch stage whi~h . 

lasted for 90 minutes (Table 7.1). 

Observing. the instantaneous conversion curves (figure 7.9A); some 

differences between the experiments are observed. RI2 exhibited the highest initial 

instantaneous conversion, and RII was the lowest. The overall conversion r~sults 
indicate that R9, RIO, and RI2 exhibited similar conversion profiles during the 

semibatch stag~, and then RI2 gave higher conversions inthe batchstige. Itshouldbe .... 

noted that RI2 recipe, on molar bases, contain more monomer than the other runs. 
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Figure 7.10 The time evolution for the total moles of monomer injected to the reactor 
for the experiments R9-R12 

Figure 7.11 demonstrates an interesting fact; it is noticeable that the particles 

were initially rich with BuA monomer even when the recipe was dominated by the 

Sty monomer. For instance, in R9, the Sty/BuA ratio was 80120, yet the BuA mass 

fraction was slightly higher than the Sty mass fraction. The BuA in the recipes of the 

experiments RIO and Rl2 was richer than the Sty, so it was expected to notice the 

differences in the particles. The BuA depletion rate was noticeable in R9, RIO, and 

R 12, whereas the Sty concentration seems constant, as if its rate of accumulation in 
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the particles is close to its rate of depletion; As the conversion increases, the monomei 

mass fraction in the particles becomes similar. 

Figure 7 .11 illustrates that the mo~omers concentration in the particles in RII 
. . 

were si~ilar; the fact that 60/40 Sty/BuA molar ratio is near. the azeotropic 

composition (Le. Sty/BuA=70/30) could play a role in the monomers mass fractionin -

the reactor since the differences in molar mass between the two monomers is not 

large. 
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Figure 7.11 The time evolution of the monomers mass fraction in the polymer 
particles for the experiments R9-R12 

In conclusion, it was demonstrated that starting the reaction with the BuA in . 

the initial charge I~d to higher polymerization rates when compared to starting the 

reaction with the Sty; the effects were·· apparent on both the overall and the 

instantaneous conversions. 

Researchers proposed several theories; in contrast to other work (Flory, 1953; 

Brooks, 1970), Nomura et al. (1972) and Zubitur and Asua (2001) suggested that the 

solubility of the monomers in the water has an effect on the mass transfer rate of the 
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monomers to the particles; this is not a valid justification since it was previously 

shown that the speed of the agitation in the reactor did not affect the polymerization 
-. . .. - -

rate (§5.2). Moreover, the constant partitio~ coefficient model (§2.6) predicted that 

. monomer drops vanished within the first ten minutes and that both monomerS showed 

similar mass fraction in the particles. These facts suggest that although the solubility 

of the BuA is· six times the Sty solubility in the water, yet that did not play a role in 

affecting its concentration in the particles. Consequently, the BuA solubility in the 

water did not play a role in increasing the polymerization rate. 

The. increase in the polyme~ization rate when the initial charge is rich with 

BuA could be also attributed to the nucleation in the system. There are some reports 

proposing that the BuA is affecting the nucleation in the system; these effects could 

be related to the polarity of the BuA or its solubility in the water. Piirma and Chen 

(1979) demonstrated that as the content of a polar monomer increases in the 

copolymer, the area occupied by the surfactant molecules on the particles increases. 

This might lead to the generation of more particles which in return will increase the· 

polymerization rate. Araujo et al. (2001) suggested that more soluble monomers 

increase the homogeneous nucleation leading to an increase in the polymerization 

rates. The effects of the BuA on the nucleation will be discussed thoroughly in §7.2.3. 

Guillaume et al. (200 I) suggested that the increase in the polymerization rate 

could be a result of gel effect in the system which OCcurs at higher BuA 

concentrations. Since it was detected that cross-linking occurs when the BuA content 

increases, there is a possibility that gel effect is one of the factors that lead to this 

increase in the polymerization rate. 

Feeding the monomers at higher rates leads to a. reduction in the instantaneous 

conversion. The effects on the other properties of the copolymer will be discussed in 

the next sections. 
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7.2.2. Copolymer composition evolution 

In this section, the main effects of the strategy implemented in feeding the' 

monomers to· the reaction. vessel on the overall copolymer composition will be 

discussed. 

Figures 7.12 and 7.13 illustrate the time evolution of the copolymer 

composition and the composition drift respectively . 
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Figure 7.12 The time evolution of the copolymer composition 
for the experiments RI·R8 
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Figure 7.13 The time evolution of the composition drift during the semibatch stage 
for the experiments R I-R8 

The composition drift is defined as the ratio between the BuA content in the 

copolymer and the BuA injected to the reaction vessel; the x-axis in figure 7.13 

• represents the ratio between the sampling time and the total duration of the semibatch 

stage. A value of 0.0 represents the ideal case where no composition drift is occurring, 

a negative value indicates that the BuA content in the sample is less than the BuA 
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. content in the reactor,· and a positive. value indicates the· reverse. It should be noted 
- . 

that the reported. composition in the figures is the overall composition of the 

copolymer samples· extracted from the reactor at any given time. and it does not 

represent the change in the composition between the time intervals. 

Examining figure 7.12, it is noticeable that initially the copolymer is rich with 

the monomer which was fed in the initial charge (Le. the first monomer). It is also. 

noticeable that in the extreme cases where the initial charge contained 100% of one of . 
- - - - -

the monomers (Le. RI, R2, R5; and R6); it was possibleto detect the other m()nomer 

(Le. second monomer) that is being fed to the reactor in the copolymer composition 

even at an early stage of the reaction (Le. 10 minutes). The detection of the second' 

monomer after short time shows that it was possible for the second monomer to 

. dissolve in the water and transfer to the particles which were rich with polymer and 

the first monomer rapidly. The fact that the aqueous phase was rich with the first 

monomer did not show an effect on the mass transfer to the particles. Both monomers . 

were able to dissolve in the saturated aqueous phase and were able to reach the 

particles although that the monomers solubilities in the different media were different. 

Previously (Figures 7.7A and 7.8A) it was demonstrated that reducing the 

semibatch stage duration lowered the instantaneous conversion; examining this effect 

on the composition drift (figure 7.13), it is noticeable that reducing the duration ofthe 

semibatch stage did not show a major effect on the. composition drift. The 

composition drift in 7.13A (Le. Sty rich initial charge) was between -0.4 and -0.2, and 

in 7.13B (Le. BuA rich initial charge) it was between +0.05 and +0.2, which illustrates 

that the drift in the composition is affected by the monomer type in the initial charge, 

and it also demonstrates that BuA rich initial charge minimized the drift in the 

composition. 

The role of the rich BuA initial charge in minimizing the drift in the 

composition was not surprising and several authors have reported similar results. 

Canegallo et al. (1994, b) proposed a procedure to control the composition of the 
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copolymer; their procedure requires the continuous monitoring of the conversion by 

means ~f online tools. At first, the critical monomer (i.e. the least reacti~e monorIler; .. 

SuA) is identified; and is tot~lly injected in· the beginning, similar to R2 and R6·:. 

experiments. The more reactive monomer (i.e. Sty) is fed in a semibatch mode. The 

Sty f;ed rate during the selIlibatch stage (§3.4)is adjusted throughout the experi~e~i 
according to the conversion and a mathematical model io guarantee the production of .. 

a homogeneous copolymer. However, it should be noted that Canegallo et al. feeding 

s~enario was not linear (i.e. Sty feed r~tewas not constant), whereas in R2 and R6 the 

Sty feed rate was linear withtime.-- Canegallo et al. showed that a homogeneous· 

copolymer was successfully produced throughout the experiment and that the BuA 

weight fraction in the copolymer was constant at 0.5 (i.e. mole fraction = 0.45). 

Cruzrivera et al. (1989) demonstrated a minimal composition drift by applying 

. a procedure similar to R2 and R6; the BuA was fed initially and the Sty was fed in the. 

subsequent feed. The decision to inject the BuA monomer initially and to incorporate 

the Sty in the subsequent feed was made according to the reactivity ofthe monomers 

(i.e. BuA reactivity < Sty reactivity). • 

Figures 7.14 and 7.15 demonstrate the copolymer composition evolution and 

the composition drift for the runs R9-RI2. The monomer mixture ofR9 and RII was 

richer with the Sty monomer. Observing R9 and Rll (figure 7.14), it is noticeable that 

the BuA content in the copolymer was slowly increasing with time; this slow increase 

is analogous to the BuA monomer slow depletion in the particles (figure 7.11). 

Observing figure 7.15, it is noticeable that R9 and RII exhibited the highest 

composition drift in which the copolymer was rich with the Sty; this drift was 

decreasing with time until the composition of the copolymer approached the 

composition of the feed monomer mixture at the end of the experiments (figure 7.14). 

Zubitur and Asua (200 I) reported that the cumulative copolymer composition 

was initially richer with Sty than the feed composition. They stated that there is a 

correlation between the agitation intensity and the composition of the copolymer in 
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which increasing· the agitation· intensity reduced the monomer drops size which in 

return helped the Sty to overcome its limited solubility inthe water and ·dissolves 

quickly, anel therefore ·the copolymer was initially richer with the Styrene, However; . 

Plessis etal. (2001) reported that the amount of Sty in the copolymer StylBuA was 

. larger than the feed composition. They attributed that to be due to the reactivity ofthe .. 

Styrene. 

It should be noted that previously it was shown that the agitation intensity did 

. not affect the reaction kinetics (§5.2). It was also demonstrated that the· monomer 

d;ops vanished early in the experime~ts,and that both Dlonomers showed similar 

concentrations in the particles although their solubilities in the water were different 

(figures 7.5 and 7.6). All these facts indicate that the observed increase in the Sty 

content in the copolymer could be related to other factors. 
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Figure 7.14 The time evolution of the copolymer composition for the 
experiments R9-R12 (no monomer in initial charge) 

Ozdeger et af. (1998) demonstrated similar results where the copolymer was 

initially richer with the Sty than the BuA and then it approached the composition of 

the mixture at the end; the Sty/BuA molar ratio was 55/45. 
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Figure 7.11 demonstrates that the rate at which the Styis depleting from the 

. particles ishigh~r tha~ the rate of the BuA depl~tion, leading to this composition drift.' 
- - -. - -. 

It was demonstrated earlier that the wafer solubility effect on the reaction kinetics was 

not apparent; it is more likely that this effect is related to the Sty reactivity and not its. 

solubility in the solvent. The BuA content in the monomer mixture of the experiments 

RIO and RI2 was higher than the Sty, and these two runs demonstrated lower' 

composition drift as can be seen in figures 7.15. The fact that the Sty content in the. 

monomer mixture was low could be the main reason in minimizing the drift in the 

composition. The reactivity of the Sty coupled with rich Sty 1n00lOmer mixture leads 

to composition drift. Therefore, minimizing the content of the. Sty in the monomer 

mixture leads to a reduction in the composition drift. 
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Figure 7.15 The time evolution of the composition drift during the semi batch stage 
for the experiments R9-R 12 (no monomer in initial charge) 

Finally, it was demonstrated in this section that monomer rich aqueous phase 

did not affect the dissolution of the monomer that is being fed to the reactor. Both 

monomers (i.e. Sty and BuA) were able to polymerize and emerge in the copolymer 

composition even after a short period of time (figures 7.5 and 7.6). In addition, 

feeding the monomers at twice the feed rate in, order to reduce the semibatch stage 

duration did not affect the composition although its effect on the instantaneous 
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conversion was demonstrated earlier (Le; increasing the feed rate reduced the 

, instantaneous conversion). The 'resulting copolymer composition approached the 

monomer l1lixture composition in ~ll the studied cases, and this approach was at 

higher rates when the feeding rate was higher (Le. 90 minutes 'semibatch stage). 
- - - : - , -- - >. . -. -' - -

, , Starting, with the BuA (Le. least reactive monomer) in the initial charge and 

feeding the StY in the subseque~t' feed, minimized the composition drift, the same 

finding was reported by other researchers (Canegallo et aI., I 994(b); Cruzrlvera et aI., '. 

'1989). F~edingthemore reactiv~ monomer (Le. Sty) overc~e the effects which are 

, related to the differences in reactivities of the monomers. 

It was also demonstrated that Sty rich monomer mixture increases the 

copolymer composition drift. This was also reporied in the literature, but contrary to 

the others findings (i.e. Zubitur and Asua; 200 I) the solubility was not the main cause 

ofthe drift; the reactivities of the monomers could be the mairi reason for this drift. , ' 
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7.2.3. Copolymer particles evolution 
In this section the evolution of the particles size ·~d n~mber of polymer 

. particles will be discussed. 
. . - .. - ~-

. - . .. "--... ; -.. - -

Figures7.i6 and7.n demonstrate thi,time evolution of the z-average and 
number ofpoly~erparticles for the experiments RI-RS. Clearly, some differences in 

the size between the runs at early and later stages can be observed. The experiments in 

. which the BuA cOn!tmt in the initial charge was high gave initially smaller particles, 

and this effect was also apparent on the final particles size.· 

Previously (§7.2.1), it was demonstrated that on molar bases, the experiments 

. in which the initial charge contains BuA (i.e. R2, R4, R6, and RS) initially contain 

lesser amount of mono mer than the Sty runs (figures 7.3 and 7.4), however the same 

amount of monomer is fed at the end of the semi batch stage. Therefore, since feeding 

the same amount of monomer did not produce similar final particles size (figure 7.16), 

this clearly confirms that the initial conditions of the reactor did show an impact on 

the polymer; otherwise all the runs should exhibit similar final z-average since the 

amount of SLSand the ultimate monomer concentration in the recipes were constant. 

Observing figure 7.17, it is noticeable that the runs which exhibited smaller 

particles showed higher number of polymer particles when compared to the runs with. 

the bigger particles. In emulsion polymerization, the increase in the number of 

polymer particles is an indication of a decrease in the size of the particles. However 

what makes this result interesting is that this increase in the number of polymer 

particles can be detected even at the initial stage where the number of moles was 

different. Reducing the monomer amount at constant SLS concentrations should lead 

to smaller particles and smaller number of polymer particles; we noticed the first but 

not the latter. 

In summary, these findings suggest that the experiments where the initial 

charge contain the monomer BuA exhibited smaller particles and higher number of 
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polymer particles when compared to the runs where the initial charge contains. Sty 

monomer. 
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Figure 7.16 The time evolution of the particle sizes for the experiments RI-R8 

In emulsion polymerization, monomers that show signs of higher solubility in 

water might promote homogeneous nucleation (Lovell and EI-Aasser, 1997). In 

return, larger number of small particles will be generated which will eventually result 

in a smaller average particles size in the final product. BuA solubility in water is six 

_______________________________________________ 125 



ChapleT 7 - Effects f?f A1011omer Feeding Policy 

times the solubility ofthe Sty monomer, so the increase in the number of particles and ' -

the reduction in the particles size could be related to this fact. 
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Figure 7.17 The time evolution ofthe number of polymer particles 
for the experiments RI-R8 

Araujo et at (2001) observed a role for the monomers solubility in the solvent. 

They reported that hydrophilic monomers (Le. water-soluble) if polymerized with low 

solubility cOlTIonomers promotes particle formation, and due to the large number of 

particles they will grow to smaller sizes for similar amounts of surfactant. They 
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explained that this· could be related to fact that water-soluble monomers encourage 

homogeneous nucleation. 

In addition, taking into account the BuA solubility effects onthe particles 

suggests that feeding B~A to the system during the semibatch stage could lead to 

longer nucleation periods since particles are being generated due to homogeneous 
, - - . 

nucleation. However" Figure 7.17 demonstrates an interesting result where it is 

apparent that polymer particles build up continued at least for the first 40 minutes for 

the experiments RI-R8. If the solubility of the BuA is the only ~ffect, in that case the 

increase in the number of particles should cease sooner for the runs R2 and R6 since 

Sty (less water-soluble than BuA) is the monomer that is being fed and it is known 

that Sty does not promote homogeneous nucleation. This observation suggests that the 

solubility of the BuA is not the only factor affecting the number of the polymer 

particles and the particles size. 

Ozdeger et al (1998) suggested that at higher solids, more surfactant is 

associated initially with the oil phase, leading to free surfactant in the later stages of 

polymerization, which is used partly for stabilizing the existing particles, and the rest 

for creating new particles. It should be noted that the constant partition coefficient 

model predicted that monomer drops vanished within the first ten minutes from the 

reactor for the experiments RI-RI2. 

Piinna and Chen (1979) investigated the factors affecting the number of 

surfactant molecules on the surface of the polymer particles (§7.2.1). They 

investigated the effects of the partides size, reaction temperature, electrolyte 

concentration, the swelling of the particles, and the polarity oflhe polymer on the area 

occupied by each surfactant molecule on a particle O;e. under saturation conditions, 

effective molecular area of a surfactant molecule on the particle surface, (Am),,, ). 

In summary, they demonstrated that (Am),,, is constant at 0.47 nm' if the 

average particles size was in the range of 70-150 nm, (Am)", was reduced to 0.36 nm' 
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at 45 nm particle size. Raising the temperature from 22 °c to 47°C increased (Am),at 

from 0.47to 0.52 nm>, considering that the tempe~ture was raised by a factor of 2, 

the temperature effect can be considered minimal. (Am),,, ",; 0.47 n~2 at OM 

electrolyte concentration,' and it beca~e 0.35 nm2 when the electrolyte concentration 

was raised up to O.9M, once again it is possible to consider this effect to be minimal. 

Swellin'g the PS-PMMA copolymer particles with' benzene up to twice the original 

.unswelled· volume reduced. Asat · by 10%. Finally, PMMA is a polar polymer, and 

increasing its content in the copolymer showed big effects on the (A';')sat as can be 

seen in the figUre (7.18). 
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Figure 7.18 The evolution of molecular area of SLS at saturation on the polymer 
particle with MMA content in the copolymer 

SLS molecules concentration in the 2.12x10 1
' molecules/cm' water 

reactor 

Expected initial number of micelles 2.65xI0" micelles/cm' water 

Final SLS molecules concentration 2.1 Ox 10" molecules/cm' water 

in the reactor 

Table 7.2 Concentration of SLS in the reactor 

Table 7.2 provides some data concerning the SLS surfactant in the reactor for 

the experiments RI-RS. The aggregation number for SLS (i.e. 80 molecules/micelle, 
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§2.1.2) was used to estimate the expected initial number of micelles. Experiments RI

R8 showed similar filial concentration of SLS molecules in the reactor, and it was 

estimated by sutitracting the experimental final mimber of polymer paiticles from the· 

.. expected initial micelles and mUltiplying by the aggregation number. 

The obs~rved number of polymer particles in figure 7.1 7 is lower than the. 

initially available micelles (Table 7.2); this comes in agreement with Araujo et aI. 
. . . .' 

(200 I) findings; They reported that not all the initial micelles are nucleated, and they 

- explained that tI1i;;s . d~eto the f~ct that as soon asnew particl~s are nucleated and 

start growing, the particles will absorb some of the available surfactant to cover the 

surface of the growing particles. 

In order to investigate the particles coverage with SLS molecules, it will be 

assumed that Piirma and Chen (1979) data for PS-PMMA are similar to the 

copolymer Sty-BuA. Moreover, since the biggest effect was reported to be related to 

the change in the polarity of the copolymer, all the other factors (e.g. temperature) 

will be ignored given that their effect on (Am),,, were minimal (Piirma and Chen, 

1979). 

Figures 7.19 and 7.20 illustrate the theoretical particle· coverage with SLS 

molecules at saturation (A) and the unadsorbed SLS molecules (i.e. inactive micelles 

and free SLS molecules) in the reactor at any given time (B) for the experiments RI

RS. 

To calculate the theoretical coverage at saturation (i.e. Total SLS molecules. 

that are required to fully saturate the particles according to Piirma's findings), a 

second degree polynomial was generated to estiniate (Am),,, for the copolymer Sty- . 

BuA (figure 7.1S). Then using the experimental z-average and number of polymer 

particles data, the required total SLS molecules to cover the surface of the particles at 

saturation was estimated. The numbers of the unadsorbed SLS molecules at saturation 
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were estimated from the differe~ce betwe~n the total amount of SLS in the reactor and 

the theoretical coverage. 
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7.19 The time evolution of the theoretical particle coverage with SLS molecules at 
saturation (A) and the unadsorbed SLS molecules in the reactor (B) for the 

experiments RI-R4 

Figure 7.19 illustrates that based on the reported (Am)", figures in the 

literature, assuming that the particles are fully saturated with SLS molecules (i.e. 

extreme case) the amount of the unadsorbed SLS exceeds the CMC for longer 

periods. This could be one of the reasons that led to the observed extended nucleation 

periods in the system. It is also noticeable that the amount of SLS that is required to 

fully saturate the particles is initially higher for the runs where the initial charge was 
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rich with the Sty. In addition, the rate at which the SLS depletes from the system is 

higher. for the Sty rich initial charge runs when compared to the BuA rich initial 

charge runs. After the first 20 minutes for the experiments RI and R3, and after 60 

minutes for R2 and R4, the amount of SLS that is required to fully saturate the 
- _.. .. 

particles exceeds the SLS that is available inthe system. Figure 7.20 demonstrates 

something similar, but the times we~e shorter after increasing the feed rates .. .... "... .. .: · .. .. . 
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7.20 The time evolution of the theoretical particle coverage with SLS mOlecules at 
saturation (A) and the unadsorbed SLS molecules in the reactor (B) for the 

experiments R5-R8 
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This finding indicates that the particles are not fully saturated with SLS" 

molecules at the end of the runs since the 'amount of SLS is not sufficient. Yet this 

lack of SLS molecules to fully saturate the particles did not lead to polymer 

coagulation in the system. 

• Figures 7.19 and 7.20 also dem()nstrate thatwhenthe initial charge is rich with 

the BuA monoiner; the amount of SLS molecules that is required to saturate the 

.. particles,was lesser than the Sty rich i~itial charge runs. This observation indicates 

that when the initial charge is richer with BuA, additional free surfactant is available 

in the system. This could lead to the generation of more polymer particles 'and in 

return could lead to the observed increase in the polymerization rate for BuA rich runs 

(figures 7.1 and 7.2). 

It should be noted that these findings are for the extreme case. where the 

particles are fully saturated initially. Yet this serves as an indication that even if the 

particles are not fully saturated and unadsorbed SLS is available for all the runs (i.e. 

Sty and BuA rich runs), the amount of SLS that is available for nucleation will be at 

larger quantities for the BuA rich runs when compared to the Sty rich runs, hence 

leading to more polymer particles and an increase in the polymerization rates. 

Experiment Am,nm'<: Experiment Am,nm'<: 

RI 1.58 R5 1.71 

R2 1.78 R6 1.84 

R3 1.66 R7 1.85 

R4 1.71 R8 1.76 

Table 7.3 Effective molecular area of SLS molecule 
on polymer particle at 60/40 Sty/BuA 

Based on the available SLS in the system at the end of each experiment, and 

assuming that all the SLS molecules are adsorbed by the polymer particles, it is 

possible to estimate Am for the runs Rl-R8, the results are demonstrated in lable 7.3. 
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Once more, table,7.3shows that according to Piinnaet al. findings~ the polyIller 

~ particles at fue end of experiments RI-R8were not fullysaturated with the~ SLS 

molecules since the expected Am value ",as 0.7 nm2 (figure 7.18) 

.~ Figure 7.21 . demonstrates the z-average and the number' of polymer particl~s 

e~olutions with tiine forth~runs R9-RI2: It should be not~d that that these runs were 

conducted Without monomer in the initial charge, all the monomer was fed during the 

semibatch stage, and that themonomer ratio in the recipes was variable (Table 7.1). ~ 
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Figure 7.21 The time evolution of the particle sizes (A) and the number of polymer 
particles (B) for the experiments R9-l2 
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Observing figure 7.21(A), it is noticeable that RIO and RI2 gave very small 

;izes compared to R9andRIl. These differences in the size are a~ indication of the. 

differences in the number of polymer particles which can be observed in 7.21(B). It 

should be noted that R9 and RIl contain more Sty than BuA, and did co~tain more· 

monomer by mole compared to RIO and R12. Therefore, it was expected that R9 and 

RII exhibit bigger particles since the SLS conc~ntration is cons·tant in R9-R12 and 

the monomer concentration in R9 and RI I is higher than RlOand R12; In addition, 

increasing the Sty concentration in the recipe leads to bigger particles as demonstrated 

earlier (figures 7.16 and 7.17) .. 

In conclusion, it was demonstrated in this section that rich BuA initial charge· 

leads to smaller particle sizes and larger number of polymer particles. Some 

researchers (Araujo et aI., 2001) suggested that homogeneous nucleation for water 

soluble monomers could play a role in increasing the number of particles leading to a 

reduction in the average particles size. 

Ozdeger et al. (1998) suggested that SLS that is used to stabilize the oil phase 

could become available at a later stage when the oil drops vanish. This excess SLS 

could partially be used to generate new particles. It should be noted that monomer 

drops vanished early in the experiments. 

Applying Piirrna and Chen (1979) data on the Sty-BuA copolymer 

demonstrated that the polymer particles were not saturated with SLS molecules, and 

that when the initial charge is BuA rich, more unadsorbed SLS is available in the 

system. This excess SLS could be used to generate new particles leading to the 

observed increase in the polymerization rate for BuA rich initial charge experiments. 

It should be noted that coagulation was not detected in the system. 
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7.3. Conclusion 

. In this chapter it was demonstrated that distributing the monomers between the 

initial charg~ and the subsequent feed showed various effects on the polymerization 
. -. 

rate, the particles evolution, arid the composition ofthe copolymer. 

Starting the -reaction-with the BuAin the. initial charge led to higher· 

polYmerization rates; smaller polymer particles, and minimized the composition drift. 

Investigating the nucleation in the system and applying Piirma's findings revealed that 

. the polymer particles are not saturated with SLS molecules, and that the unadsorbed 

SLS was at higher quantities when the initial charge was rich with the BuA monomer. 

This could explain the increase in the polymerization rate for the BuA rich initial 

charge runs and the reductions in the particles size. Since cross-linking was also 

detected in the system, there is a possibility that gel effect is one of the factors that led 

to this increase in the polymerization rate (Guillaume et aI., 200 I). 

Moreover, it was also demonstrated that considering the extreme case and that 

is if the particles are fully saturated with surfactanl molecules, it was found that . 

unadsorbed SLS existed in the reactor at concentrations higher than the CMC for up 

to 60 minutes in some experiments which could explain the extended nucleation 

periods. It was also demonstrated that when the initial charge is Sty rich the quantity 

of the unadsorbed SLS was lesser than the BuA rich initial charge runs. 

The constant partition coefficient model (§2.6 and appendix C) predicted that 

monomer drops vanished within the first ten minutes and that the initial BuA 

monomer mass fraction in the particles for the case when the initial charge is rich with 

this monomer is similar to the Sty mass fraction when the Sty is richer in the initial 

charge. These results are supported by the composition results where it was 

demonstrated that monomer rich aqueous phase did not affect the dissolution of the 

second monomer that is being fed to the reactor. Both monomers (Le. Sty and BuA) 

were able to polymerize and emerge in the copolymer composition even after a short 

period of time although their solubilities in the water were different. These results 
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coupled with the agitation tests indicate that in contrast to Nomura et a!. (1972) and 

Zubitur and Asua (2001), the monomer partitioning iscontrollecl by thermodynamic 

laws and that the mass-transfer of the monomers to the particles is not the rate 

limiting step .. 

Starting with the BuA in· the initial charge and feeding the Sty in the 
. . . 

subsequent feed minimized the composition drift. This finding was reported by other 

researchers (Canegallo et aI., 1994(b); Cruzrivera et al.,1989). Feeding the more 

reactive monomer (i.e. Sty) overcame the effects which are related to the differences· 

in reactivities of the monomers. It was also demonstrated that Sty rich monomer 

mixture increases the copolymer composition drift. This was also reported in the 

literature, but contrary to the others findings (Le. Zubitur and Asua; 200 I) the· 

solubility was not the main cause of the drift; the reactivities of the monomers could 

be the main reason for this drift 

Feeding the monomers at higher rates led to a reduction in the instantaneous 

conversion but did not affect the composition of the copolymer or the particies 

evolution. The copolymer composition approached the monomer mixture composition 

in all the studied cases, and this approach was at higher rates when the feeding rate 

was higher. 

In summary, BuA rich initial charge leads to higher polymerization rates, 

minimal composition drift, larger number of polymer particles, and smaller particle 

sizes. Minimizing the reaction time by increasing the monomer feed rate lowered the 

instantaneous conversion but did not influence the composition or the particles 

evolution. 
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8 .. Effects of Surfactant and Initiator on the Copolymer 

8.1. Introduction 

. In this chapter a detailed discussion of· the· experiments conducted to 

• investigate the effects of distributing the surfactant and the initiator between the initial 

~harge and the subsequent feed on the composition of the copolymer styrene-butyl . 

acrylate will be. presented. The evolutions of the instantaneous and the over~ll 
. . . 

• conversion, the particle size, the number of polymer particles, the composition of the· 

copolymer, and the concentration of the monomers in the different phases with time 

will be discussed. This will lead to a better understanding of the effects of the 
. , 

surfactant and the initiator on the overall behavior in the reactor and the effects on the 

composition ofthe Sty-BuA copolymer 

8.2, SUlfactant distribution effects 

Several runs were made where the amount of SLS in the feed and in the initial 

charge was varied. The recipes of the experiments are given in table 8.1. 

These experiments were conducted similarly to the runs RI-RI i. There were 

two stages for each experiment. The first was the semibatch stage, and the second was 

the batch stage. The total duration of both stages was four hours, and the semibatch 

stage duration was 90 minutes for all the runs. In table 8.1 the masses of the other 

ingredients (i.e. the initiator, de ionized water, buffer, and the monomers) were kept 

unaltered. Hence, the total mass and the solids content were constant. The reaction 

temperature was at or near 70' C. 

8.2.1. Effects of surfactant concentration in the initial charge 

In experiments R13-RI6, the initial concentratio~ of the surfactant was varied 

between 25% and 200%; the initial charge did not contain monomers. The subsequent 

feed consists of monomers only, and no further surfactant was added to the system. 
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In order to isolate the effects of the initial surfactant concentration on the . 

. .... kinetics and the properties ~ftheSty:BuA copolymer, alIthe other ingredients bfthe . 

recipe'werenot changed in the experiments shown in table8.1. . 

Figure 8.1 illustrates. the instantaneous conversion (A) and the overall 

. conversion (B) evolutions with time for the experiments R13-RI6. Acorreiation 

between· the SLS concentration' and' the conversion can be observed in which' 

decr~asing the _SLS concentration lowe~ed the polymerization rate . 

. 

Surfactant Cone. Monomers 
Feeding Time, Monomers Mo le 

Run SLS (g) !Water (Cm-I) Transferred, g 
minutes Ratio %, Sty/BuA 

I.e .. Feed Sty BuA 

\3 14/700 0.0/0.0 71 210 90 30/70 

14 7.1/700 0.0/0.0 72 212 90 30/70 
. 

15 3.5/700 0.0/0.0 71 210 90 I···· 30/70 

16 \.8/700 0.0/0.0 77 214 90 30/70 .. 

17 3.5/350 3.5/350 74 220 90 30/70 

18 L81l75 5.3/525 71 210 90 30/70 
'. 

. Initiator (KPS) 0.6 g 

Buffer (NaHCO,) 0.6 g 
Other -'-

Final Volume 1000 cm' 
Ingredients 

Solids Content 30% 

Temperature 70' C 

Table 8.1 The recipes of the experiments related to the study of the surfactant 
effects on the copolymer 

It is noticeable that run Rl6 showed the lowest instantaneous conversion 

compared to the other runs, whereas runs R13· and Rl4 exhibited the highest 

instantaneous conversion. This effect is also apparent on the overall conversion 

(figure 8.IB) where Rl6 gave the lowest overall conversion. Reducing the initial 

surfactant concentration primarily leads to a reduction in the number of micelles in 
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_ the system, and since the micelles are the locus of the polymerization reaction, any 

change in their numbers will eventually have an impact on the kinetiCs of the system. 
-

Thus, a reduction in the number of micelles leads to a reduction in the polymerization 

rate. 
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Figure 8.1 The time evolution of the instantaneous (A) and overall (B) conversions for 
the experiments R13·R16 
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RI6 instantaneous and overall conversions were increasing in the batch stage 

... at lower rate, which suggests that the Rl6 final conversion could be comparable to 

. RJ3-RI5, but it wiIJ take longer to reach that level. 
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Figure 8.2 The time evolution of the particle sizes (A) and number of polymer 
particles (8) for the experiments R13-R16 

Figure 8.2 demonstrates the SLS concentration effects on the z-average (A) 

and the number of polymer particles (8). Reducing the SLS concentration led to a 
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reduction in the number of polymer particles and since the monomers diffuse into a 
. , 

fewer number of particles, this will lead to an increase in the average particle sizes 

(figure 8.2A), 
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Figure 8.3 The time evolution ofthe theoretical particle coverage with SLS molecules 
at saturation (A) and the unadsorbed SLS molecules in the reactor (B) for the 

experiments R 13-R 16 
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It should be noted that Yang and Yang (1997) reported that the statistical 

design method revealed that the key variable influencing p~rticle size is the surfactant 

concedration. An increase in the particle size· corresponds to a decrease in the 

.. surfictant concentration. 

. . _. , . . . 

The results· of figures 8.1 and 8.2 show that increasi~g the ·SLS concentration 

beyond 100% (i.e. 7.1 SLS gl700 cm' water) did not show an effect on the system. In 

general, . increasing the surfactant concentration increases the number of polymer 

particles and leads to higher polymerization rates. This was not detected and the~ns 

RI3 and RI4 exhibited similar kinetics. 

Figure 8.3 illustrates the theoretical number of SLS molecules which are 

required to fully saturate the polymer particles (A) and the free SLS molecules in the 

system (B) that are not adsorbed onto the particles if the polymer particles were fully 

saturated. It should be noted that runs RI3 and RI4 exhibited similar particle sizes 

and number of particles, so it was expected that both runs theoretically show similar 

demand for SLS molecules to saturate the particles. This is exactly what figure 8.3A 

demonstrates. Figure 8.3B shows that even if the particles were fully saturated in the 

system, the remaining free SLS in the system for RI3 and RI4 was above the CMC 

for at least 40 and 20 minutes respectively. Therefore, micelles were available in Rl3 

but apparently they were not activated (§2.2.l) and did not transform in to polymer 

particles. 

Observing the monomer mass fraction in the particles (figure 8.4); it is 

noticeable that the particles were rich with BuA since the recipe is rich with this 

monomer. It is also apparent that the effects of SLS concentration on both monomers 

were similar. If a run exhibited a reduction in the BuA concentration in the particles, 

it exhibits a reduction in the Sty mono mer mass fraction in the particles as well. 

Previously, it was demonstrated that the system is not affected by the 

solubility of the monomers in the water (§5.2; §7.2.1), and this result IS another 
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indication of that finding since increasing the. number of particles provides more. 

surface area and will ailow the more soluble mOllOmer to diffuse at higher rates . 

. Clearly'thisdid not occur, and the monomer solubility in the water did not Caff~ct the • 

. kinetics of the reaction indicating the system was in equilibrium . 
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Figure 8.4 The time evolution of the monomers mass fraction in the polymer particles 
for the experiments R13-R16 

Figure 8.5 illustrates the evolution of the composition (A) and the composition 

drift (B) of the experiments R13-RI6. There are no apparent effects of the SLS 

concentration on the composition of the copolymer. All the runs exhibited only a 

small composition drift which was not affected by the change in the SLS 

concentration in the initial charge. This finding is in agreement with what was 

observed previously and that is there is no apparent effect for the SLS concentration 

on the monomer mass fraction in the particles. 

Previously (§2.5), it was demonstrated that Smith-Ewart case 2 predicts that 

the order of dependence of the number of polymer particles on the surfactant 

concentration is 0.6 for batch reactors. Figure 8.6 illustrates that varying the surfactant 
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concentration from 25% to 200% shows-that the final order of dependence for the 

. semibatch emulsion copolymerization'of Sty-BuA was 1.62 which is higher than 

Smith-Ewart predictions for batch systems .. 
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Figure 8.5 The time evolution of the copolymer composition (A) and composition 
drift (B) for the experiments R13-R16 

It should be noticed that several researchers (e.g. Nomura et aI., 1976) 

demonstrated that minor modifications to Smith-Ewart kinetics could produce 

different orders of dependence. For instance, the rate of particle volume growth (\1; 

____________________________ ~ ________ ~ ____ 144 



_ Chapfer I: - ,Flfi?(~t,~ (~fSi!l:fiJ(:fl1l1t and Initiator Distrilmfio17 

§2.5) is not constant at monomer-starved conditions (Sajjadi and Brooks, 1999). The 

. particle growth rate decr~ases leading to higher numbers of polymer particle~. 
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Figure 8.6 The order of dependence of the number of polymer particles on the 
surfactant concentration for the runs R13-R16 

Finally, in this section a thorough study of the effects related to reducing the 

SLS concentration in the recipe on the kinetics of the Sty-BuA copolymerization was 

presented. Reducing the surfactant concentration led to a reduction in the number of 

polymer particles and in return this resulted in a reduction in the polymerization rate. 

Increasing the surfactant concentration beyond 100% did not affect the 

polymerization rate or the number of polymer particles, although free non-adsorbed 

surfactant molecules above the CMC were available in the system. The real cause of 

this behavior will be looked at in the next sections. 

Changing the SLS concentration did not show an effecl on the copolymer 

composition and the composition drift. This suggests that the reduction or the increase 

in the number of polymer particles does not affect the monomer concentration in the 

particles. This' was proven experimentally using the composition data, and by 
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estimating the concentration of the monomers in the particles numerically by means 

of the constant partition coefficient model (§2.6 and appe~dix C). 
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8.2.2. Distribution of the surfactant between _ the initial charge and the 

subsequent feed 

The experiments RI7 and RI8 were conducted to investigate the effects 

. distributing the surfactant between the initial charge and the subsequent feed on the 

Sty-BuA copolymerization. A solution of deinonised water and surfactant was fed 

during the semi batch stage. It sh~uld be noted that the surfactant concentration in the 

Figure 8.7 The effects of the SLS feed on the instantaneous (A) and overall (B) 
conversions fodhe experiments R14, R17, and RI8 . 
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The supplied semibatch surfactant feed brought the final volume in the reactor 

for all the runs to the same leveiH 000 cm'). This approach will help in identifying 

the role of the extra surfactantadded during the semibatchstage, and whether this role .. 

was stabilizing the existing particles, or generating new particles .. 

50 

45 

40 

35 ... 

~ 30 ... 
,.; ... 
C) •••• • 

l! 25 •••• 
~ . 
~ 20 • 

15 

• 
.~ .. 

• 
• • • 

• 
• 

• •• 

• RI4=3070SB.l 00%SLS.90m 
10 

• RI7=3070SB.50%SLS+50%.90m 

5 (A) ... RI8=3070SB.25%SLS+75%.90m 
0~~~~~~~~~r=~=T~~~~ 

o 20 40 60 80 100 120 140 160 180 200 220 240 

Time,min 

~ 

~ .--~---------------------------------, .,., 

• 
• •• , 

III ... . ... ......... 

• • 
• • 

• 
• 

• 
• • • • 

• ... 
1+ RI4=3070SB.l00%SLS.90m ~-I 
I • RI7=3070SB.50%SLS+50%.90m 

:e (B) 1_~R~~2~os_B_.2_5o;'_osLs+7_5_%_.90m 
~+--~-~-r-~r-~r-~r-~---,--,---,--~---4 
~ 0 20 40 60 80 100 120 140 160 180 200 220 240 

Time,min 

Figure 8.8 The effects of the SLS feed on the particle sizes (A) and number of 
polymer particles (B) for the experiments R14, R 17, and R 18 . 
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Figure 8.7 illustrates the instantaneous (A) "and the overall (B) conversions 

evolution with time. It is apparent that reducing the mass of the initial charge reduced 

the polymerization "raie. The reduction in the polymerization rate could be attributed 

to the fact that reducing the "mass of the initial charge led to an increase in the 

agitation intensity and in return increased the number of monomer drops and reduced 

their sizes. As a result, due to the increase in the surface area the monomer drops will 

absorb more surfactant leading to a reduction in the number of micelles and reducing" 

the polymerization rate. This effect was apparent on the initial and the final 

polymerization rate. 

Figure 8.8 demonstrates that the semi batch SLS feed did not raise the number 

of particles in Rl8 and RI7 to the same level ofRl4. This could suggest that part of 

the additional SLS surfactant was used to. stabilize the existing particles or the 

monomer drops. Therefore, its effect on the polymerization rate was limited. 

Figures 8.9 demonstrate the effects of the SLS in the initial charge on the 

overall number of particles and particle sizes. The polymer particles and particle sizes·. 

were plotted against the overall surfactant ratio in the reactor (i.e. the ratio between 

the surfactant in the reactor and the total surfactant in the recipe) for the runs Rl7 and 

R18. Figure 8.9 clearly demonstrates that at the same surfactant quantity, different 

particle sizes and number of polymer particles were obtained. For instance, at 0.7 SLS 

overall ratio the reactor contains 5 g of SLS surfactant, yet RI7 and Rl8 exhibited 

different z-average and number of polymer particles. 

Figure 8.10 illustrates the evolution of the mass fraction of the monomers in 

the particles with time (A) and with the overall SLS ratio (B). There is no apparent 

correlation between the surfactant and the monomer concentration in the particles. It 

is clear from figure 8.1 OB that similar ratios gave similar monomer mass fractions, 

which confinns the previous finding (§8.2.1) where it was demonstrated that there is 

no role for the SLS on the composition and the monomer concentration in the 

particles (figure 8.11). 

_____________________________________________ 149 



~ 

~ '" 
u .. 
~- '" 
a: :l 
z 

• •• .. 
~ 

+ 

'" ., 
~ 0.2 0.3 

50 

45 

40 

E 
c 
or 35 • 
'" E 
~ 30 > • 
%-

25 

20 

15 

0.2 0.3 

• • • • • .-
0.4 0.5 

•• • •• 

• 

• 

(A) 

- -... 
• R17=3070SB.50%SLS+50%.90m 

• R18=3070SB .25%SLS+ 75%.90m 

0.6 0.7 0.8 0.9 

Overall SLS concentration ratio, dimension less 

(8) 

• • • • • • 
• 

• 
• - -.. -.-

I_ R17=3070SB.50%SLS+50%.90m 

• R18=3070SB.25%SLS+75%.90m 

0.4 0.5 0.6 0.7 0.8 0.9 

Overall SLS concentration ratio. dimension less 

1 

Figure 8.9 The evolution of the number of polymer particles (A) and particle sizes (8) 
with overall SLS ratio 

--___________________________________________ 150 



ChajJter l~ - EjJi!clS (~fr;wf(Jclnm aud Jniliat(ir Distriliution --------

'" .!! 
:e-
" Co 

.. = 
c 

i 
"'~ :; 
E 

0.50 

0.45 

0.40 

0.35 

0.30 

0.25 

0.20 

; 0.15 
E 
o 
c 
o 

::;; 
0.10 

0.05 

0.00 

-01._ 

• .01. _ 

01. • ~ AA -.~ A .. ~ -A 

• R14:3070SB.l00%SLS.90m ~ 

01. R17:3070SB.50%SLS+50%.90m 

_ R18:3070SB.25%SLS+75%.90m 

(A) 

o 20 40 60 80 100 120 140 160 180 200 220 240 

Time.min 

r--------~~----_r==== .. ============~·· 0.50 

11 0.45 

:2 0.40 
~ 
.5 0.35 
c 

. 0 0.30 
~ 
~ 
'" ::l 
E 

I 0.25 

0.20 

; 0.15 
E 
o 
c 
o 
::;; 

0.10 

0.05 

• 

0I.~ • 
•• • ... 

• R17=3070SB.50%SLS+50%.90m 

AR1B=3070SB.25%SLS+75%.90m 

(8) 

• 
• 

0.00.J-----.-----.----.,----.-----.-----.-----l 

.0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Overall SLS concentration ratio, dimensionless 

Figure 8.10 The time evolution of the monomers mass fraction in particles CA) 
and SLS overall ratio (B) for the experiments RI7 and RI8 

______________________ ~ _______________________ 151 



C/;ojiln' I: - i:;;PCI,~ (!f,r;m1aclrmt IInd Jniliarol' [Ji.~lrili1llj()11 

= '0 
Q 

0 
0 
le • ·0 
~ 

E 
0 
u 

~ 
0 
0 

" •• 0 
~ 
E 
0 
u 

. ... .. ' .... . . -." - - ~ -.+11.t -.a- -t --t, --------- --- -- --,- ------ ---
I· .. • .. . .. 

60 It . 

• R14"'3070SB.100%SlS.90m 

• R17=301<lSB.50%SlS-+50%.90m 

(A) ... R16=3070SB.25%SLS+75%.90m 

40~~~--~~~~~~=i~~~~~ 

0.20 

0.15 

0.10 

0,05 

0,00 

-0.05 

-0.10 

-0.15 

-a.20 

0.20 

0.15 

0.10 

0.05 

0.00 

o 20 40 60 80 100 120 140 160 180 200 220 240 

• .. .. .•. • .. ... •• • "50 • • .. ... •• 
a' 

. 

Tlme,min 

• .. • 
• .. 
• • 

100 150 200 
. 

• R14=3070SB.100%SLS.90m 

• R17=3070SB.50%SLS+50%.9Qm 
(8) .. R1S=3070SB .25%$ lS+ 7S%.90m 

Time, minutes 

I. R17=3070Sa.500/0SlS+50%.9Qm 

(C) I_ R18=3070SB.25%SLS+75%.90m 

• • 

• 

03 ·0.411 0.' 0 .• .0.7 0.8 • .0.9 
-0,05 • • •• 
-0.10 • • 

• 
-0.15 

-<1.20 

Overall SLS concentration ratio, Dimensionloss 
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Figure S.ll- illustrates the time evolutions of the copolymer composition (A), 

composition drift (B), and the effect of the overall SLS ratio on the evolution of the 

composition drift (C). Since the monomer concentration in the parti~leswas 
_ independent of the SLS concentration, it was expe~ted to observe the same behaviour 

for the. copoiymer composition and the composition drift. This is exactly what figure 

8.11 illustrates. The SLSconcentration did not show an effect on the composition of 

the copolymer; R14, R17, and RIS exhibited similar c()mposition evolution behavior. 

In conCiusion, feeding the surfactant during the _ semibatch stage led to a 

. reduction in the number of polymer particles causing lower polymerization rates. The 

semibatch SLS feed did not generate new micelles and it was used to stabilize the 

existing particles. Since the concentration of the surfactant in the initial charge and in 

the semibatch surfactant feed was constant, it is concluded that the main effect that 

- led to the drop in the polymerization rate and the number of polymer particles was the 

agitation intensity. Reducing the mass of the initial charge led to higher agitation 

intensities causing smaller mOnomer drops. Consequently, the drops will absorb more 

surfactant leading to a reduction in the micelles and in the polymerization rate. The 

reduction in the number of micelles produced bigger particles since the monomer _. 

diffuse in to fewer micelles. 

The Sty-BuA copolyme~ composition was not affected by the change in the 

particle sizes and the number of polymer particles. The composition drift was 

independent of the factors that affecied the particles and the polymerization rate. 
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8.3. Initiator distribution effects 

S~veral runs were conducted where the amounts of the KPS -in the semi batch 

feed and in the initial charge were varied. The recipes of the experiments are given in 

table 8.2. 

-- - -- - - -

Initiator Cone. KPS Monomers -

Feeding Time, Monomers Mole 
Run (g) J Water (cm) Transferred, g 

- minutes -Ratio %, StyIBuA -
I.e. Feed Sty BuA I _ -

19 1.21700 0.0010.0 68 205 90 - 30170 

20 0.601700 0.0010.0 71 211 90 30170 

21 0.301700 0.00/0.0 72 214 90 30170 

22 0.151700 0.0010.0 73 215 90 30170 

23 0.301350 0.30/350 74 213 90 30170 

24 0.151175 0.451525 74 220 90 30170 

25 1.21700 0.00/0.0 72 212 90 30170 
-- -

26 0.61700 0.0010.0 71 210 90 30170 

Surfactant (SLS) 7.0 g 

Buffer (NaHCO,) 0.6 g 
Other -'-

Final Volume 1000 cc -

Ingredients -

Solids Content 30% 

Temperature 70' C 
-

• . ( )SLS-200Yo{I.e.14g) 

Table 8.2 The recipes of the experiments related to the study of the initiator 
effects on the copolymer 

These experiments were conducted similarly to the previous runs. The 

polymerization was performed in two different stages. First, a semibatch stage which 

lasted for 90 minutes, and then a subsequent 150 minutes batch stage. The total 

duration of both stages was four hours. 
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, The masses of the other ingredients (i.e. the SLS,deionized water, buffer, and 

the monomers) were kept unaltered except in two runs (i.e. R25an R26) where the 

SLS concentration was t~ice the,usualconcentration(Le. 200% SLS = 14 g). The 

total mass and the solids content were consta~t. The reaction temperature was at or ' 

near 70° C. 

8.3.1. Effects ofinitiatQr concentration in the initial chaige 

In experiments' R19-R22, the, concentration of the KPS, in' the recipe' was' 

, , vaded between 25% and 2000/0; the initial charge did not contain monomers. All the .' 

other ingredients of the recipes were kept unaltered (table 8.2). The subsequent feed 

was a mixture of the monomers only, and no further initiator was fed to the system. 

Figure 8.12 illustrates the evolutions of the instantaneous (A) and the overaH 

(B) conversions with time for the experiments R19-R22. A relationship between the 

KPS concentration and the conversion' can be observed in which lower polymerization 

rates were obtained when the KPS concentration in the initial charge was reduced. 

Experiment R21 exhibited the lowest polymerization rate compared to the other runs. 

Reducing the initial KPS concentration causes a reduction in the concentration of the 

initiator radicals in ,the system. 

Previously (§2.2.1), it was demonstrated that the initiator radicals start the 

polymerization reaction initially in the micelles and later in the polymer particles. 

Consequently, the change in the initiator concentration will affect the kinetics of the 

system in which a reduction in the KPS concentration is expected to lead to a 

reduction in the polymerization rate. Run R22 overall conversion is increasing with 

time in the batch stage, but this increase is of a lower rate indicating that the system 

might eventually reach higher conversions, but that will be after longer times 

compared to the other runs. 

It is also noticeable that runs RI9 and R20 exhibited similar kinetics although 

the KPS concentration in RI9 is twice the concentration in R20. 
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Figure 8.12 The time evolution of the instantaneous (A) and overall (B) conversions 
for the experiments R19-R22 

Figure 8.13 demonstrates the KPS concentration effects on the particle sizes 

(A) and the number of polymer particles (8). Reducing the KPS concentration led to a 

reduction in the number of polymer particles and an apparent increase in the particle 

sizes. These two consequences could be attributed to the fact that reducing the KPS 

concentration leads to fewer numbers of active micelles, as a result, the monomers 
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Figure 8.13 The time evolution of the particle sizes (A) and number 
of polymer particles (B) for the experiments R19-R22 

Figure 8.14 illustrates the composition and the composition drift. Similar to 

the SLS, there were no apparent KPS effects on the composition of the copolymer. 

Although the KPS concentration affected the number of polymer particles and the 

particle sizes which in return affected the total surface area of the particles. Yet this 
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did not result in noticeable effects on the composition of the copolymer. Once more 
-' . . 

, this suggests that the solubility of the monomers in the water is notplaying a role in 
the system. Similar findings can be interpreted from figure 8.15. It illustrates that the 

monomer mass fraction was independent of the KPS effects on the system. This was 

. expected since the KPS did not affect the composition in the system. 
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Figure 8.14 The time evolution of the copolymer composition (A) and 
composition drift (B) for the experiments R 19-R22 
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- Previously (§8-.2.I), it ~asdemonstratedthat the power dependence of the 

number of polymer particles on the surfa~tant c~ncentration was higher than Smith

Ewart case 2 predictions. Figure 8.16 illustrates the power dependence of the number_ 

-of polymer particles on the initiator concentration. Smith-Ewart kinetics predicts a 

value of 0.4, but figure 8.16 suggests a value of 0.84. Once more, the obtained value 

is higherthan Smith-Ewart case 2 predictions, which could indicate that some of the 

assumptions of case 2 such as the constant growth rate of the particles are not valid 

for the semibatch emulsion copolymerization of Sty-BuA (Sajjadi and Brooks, 1999) . 
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Figure 8.17 The time evolution of the instantaneous (A) and overall (B) conversions 
for the experiments RI 9, R25, and R26 

_______________________________________________ 160 



C/;(JI"er I: -- EjJer:/.~ (!fL'wjiletrfllt Ilod Initiator Disrrilmlim; 

30 

10 

5 

:: 

• • 
• . • t + * t + + • j. j. 

• • 
• 
j. 

(A) 
• R19=3070SB.200%KPS.90m 

+ R25=3070SB.200%SlS&KPS.90m 

j. R26=3070SB.200%SlS.90m 

o 20 40 60 80 100 120 140 160 180 200 220 240 

Time.min 

~ ~--------~------------------------------------, 
'" 

• 
•• j. 

• j. , .. • • • 

(8) 
• R19=3070SB.200%KPS.90m---1 

+ R25=3070SB.200%SlS&KPS.90m 11 

:! j. R26=3D70SB.200%SlS.90m 

~ ~O---2TO---~~--6TO---8TO---,TOO---'~~~=I~~=--=-~'~'O~-=-=--'~8-0===~~O-=O=--=~~;=O~-2~40 

Time,min 

Figure 8.18 The time evolution of the particle sizes (A) and number 
of polymer particles (B) for the experiments R19, R25, and R26 

Previously (§8.2.1 and §8.3.1) it was demonstrated that increasing the SLS or 

the KPS concentrations in the initial charge beyond 100% did not show. effects on the 

kinetics of the system. An attempt to understand this behaviour was made by 
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increasing the KPS and the· SLS concentrations in the initial. charge to 200% 

simultaneously . 
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Figure 8.19 The time evolution of the composition (A) and composition 
drift (B) for the experiments R19, R25, and R26 

• 

Figures 8.17-8.19 demonstrate the effects on the conversion, the p311icles, and 

the composition evolutions with time. Figure 8.17 illustrates that the instantaneous 
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and the overall conversions (R25)slightly increased due to the simultaneous increase 

. ofKPS and the SLS concentrations. This change is not apparent in RI9 and R26. An 

effect on the number of polymer particles and the- particle sizes is not·nodceable in 

.. figure 8.18. There is a chance thatthesimultaneous increase of the SLS a~d the KPS • 

led to the a~tiv~tionof mo~e· micelles and in return led-to this· increase in the 

polymerization rate. But this is not evident by the number of particles in the system 

.. (figure 8.18). Once 1lI0re, the composition and the composition drift were riot affected 

and all the runs ~xhibited similar behaviours (figure 8.19). 

In conclusion, i~ was found that reducing the initiator concentration reduces 

the initiator radicals in the system leading to a reduction in the polymerization rate. 

Similar effect was detected on the number of polymer particles in which the number 

of particles was reduced with reducing the initiator concentration. The reduction in 

the number of polymer particles indicates that lower initiator concentration activated 

fewer micelles leading to smaller number of polymer particles. Consequently, the 

polymerization rate in the system was reduced. Lower number of particles led to· 

larger particle sizes since the monomer transfers to smaller number of particles. 

Feeding the initiator beyond certain limit (100% KPS) did not affect the· 

system kinetics until it was coupled with an increase in the SLS concentration. This 

could be related to the fact that the excess KPS activated more micelles upon 

increasing the SLS concentration. 

Although the polymerization rate and the number of polymer particles were 

affected by the change in the initiator concentration, the overall composition and the 

composition drift were independent of the initiator effects. 
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8.3.2. Distribution of the initiator between the initial charge and the 

subsequent feed 

Runs 23 and 24 were conducted to study the effects of distributing the initiato; 

between the initial charge and the semibatch feed on the Sty-BuA copolymer. 
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Figure S,20 The effects of initiator feed on the instantaneous (A) and overall (B) 
conversions for the experiments R20, R23, and R24 
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Figure 8.21 The effects of initiator feed on the particle sizes (A) and number of 
polymer particles (B) for the experiments R20, R23, and R24 

The volume of the initial charge in runs 23 and 24 was 50% and 25% of the 

usual volume (100% initial charge volume = -700 cm'). The initiator concentration 

was constant in the initial charge and in the semibatch feed (Le. 3.18 xlO-' M). The 

initial charge does not contain monomers. Separate streams of the monomers and the 

initiator fed the reactor during the semi batch stage. The semibatch feeds brought the 
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reactor final volume up to the usual level (Le. -1000 cml
) at the endof the semibatch 

stage .• 

Figure 8.20 illustrates the evolutions of the instantaneous (A) and the overall 

(B) conversions with time' for the runs R20, R23,' and R24. Although the 

concentrati~n of the lnitiatoris constant, noticeable differences between the runs in 
. -- - - . 

the polymerization rateis ob~erved. It seems that there \Vas a negative effect on the 

polymerization rate when the mass of the initial charge was reduced and the initiator 

was fed during the semibatch stage. 

This effect is also apparent in figure 8.21 where it is clear that there was a 

reduction in the number of polymer particles as a result of reducing the mass of the 

initial charge. This could be explained by the fact that reducing the initial volume 

leads to initially higher agitation intensities; consequently leading to smaller monomer 

drops. The smaller monomer drops will absorb more surfactant compared to the 

bigger monomer drops. 
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Figure 8.22 The effects of initiator feed on the monomers mass fraction in the 
particles for the experiments R20, R23, and R24 
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This reduction in the surfactant could lead to a reduction in the polymerization 

rate and an increase in the particle sizes since the monomer will diffuse in to. fewer 

number of polymer particles. 

~ 
'0 
E 

100~------------------------------~------~-----; 

~~ 
... 80 &. --- ~ __ --- -. -- -~_ -- _-- ~_ -- -- -- J.,- -- - c-

8 ,.. '. t 'J" ~ ....... -I- -..- ..... .,.- - - ...... - - - - - - - - - - - - - . 
~ ,~ ... . 
o 60 
II 
o 
u 

~ 
1II 

• R20=3070SB.100%KPS.90m 

• R23=3070SB.50%KPS+50%.90m 

... R24=3070SB.25%KPS+ 75%.90m (A) 
40+-~--~--r-~--~~~=T=;~=;~=T==~~ 

o 20' 40 ,60 80 100 120 140 160 180 200 220 240 

Time.mln 
0.20 .. ~-~---'----~--------------, 

0.15 

0.10 

... 
• • • + 

• * .. 
+50 It • "100 150 200 .. 

-0.10 

·0.15 

-0.20 ---, .---,-- ---~--'- ,,----.----.-~---

r R20=3070SB.1 OO%KPS.OOm 

,[+ R23=3070SB.50%KPS+50%.90rn 

(8) "'R24=30~~%KPS+75%.90rn 

Time, minutes 

Figure 8.23 The effects of initiator feed on the copolymer composition (A) and 
composition drift (B) for the experiments R20, R23, and R24 
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"The mass fraction of the monomers in the particles (figure 8.22) and the 

composition and the composition drift (figure 8.23) data confirmed that the 

discrepancies in the particles and the polymerization rate did not show major effects 

on the composition of the copolymer. 

" In conchision, the semi batch initiator feed showed negative effects on the ' 

polymerization rate. The initiator concentration in the semibatch feed and in the initial 

'charge was constant, yet lower polymerization rates were obtained when the ' 

,semibaich, initiator feed was' supplied. "This effect could be related to the higher 

agitation intensities since the reduction in the initial charge volume'led to smaller 

monomer drops. Consequently, more surfactant was absorbed by the monomer drops 

leading to a reduction in the micelles and the polymerization rate. 

The reduction in the number of micelles led to a reduction in the number of 

polymer particles and an increase in the particle sizes. The composition and the 

compositi()n drift were not affected by the changes in the system kinetics. 
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8.4.·· Surface tension evolution 

. To investigate the surfactant evolution in the reactor, an attempt was niade to 

extract samples from the reactor andtoco;duct surface tension measurements: Figure 

8.24 is an illustration of the surface tension evolution of an experiment where the··· 

recipe was identical to R14 . 
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Figure 8.24 The time evolution ofthe surface tension for 100% SLS and KPS 
in the initial charge and semibatch feed of monomers 

It should be noted that this method suffers from some limitations. For instance, 

due to the volume of the samples that were extracted from the reactor (20-30 cm3 
/ 

sample) it is expected that the behavior of the reactor might be affected by the 

reduction in the volume. Moreover, inhibitor solution was not added to the samples 

since it might alter the conditions of the samples, this might indicates that the samples 

may exhibited further polymerization since the temperature was kept high at or near 

70°C. 

Figure 8.24 illustrates that the surface tension for RI4 varied between 33 and 

35 dynes/cm for the first 20 minutes and then it started to increase. This suggests that 

the SLS concentration was below the CMC after the first 20 minutes. Observing 
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figure 8.2; it is clear that the nucleation continued for 40-60 minutes. The fact that 
. - --- - -, -,-

nucleation· continued further than· 20 minutes· does not •.. necessarily mean that 

homogeneous nucleation was occurring. This· could be a result of smaller particle 

sizes that were not detected until later times, or the surface tension measurements do 

not represent the. actual conditions in the. reactor due to· the aforementioned· 

limitations. 
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.. 8.5. Conclusion 

In this chapter, a detailed study of the effecis of distributing the surfactant and 

the initiator between the initial charge and the semibatch 'subsequent feed on the . 

kinetics of the Sty-BuAsemibatch emulsion copolymerization was presented. 

. . - .-

. It was not surprising to find that reducing the surfactant content in the initial 

charge reduces number of polymer particles in the system leading to larger particle 

sizes. This reduction in the number of polymer particles caused a reduction in the 

polymerization rate of the system. 

No apparent effects were detected on the composition and the composition 

drift. This indicates that the diffusion' of the monomers to the particles and the 

monomers mass fraction in the particles were not affected by the changes related to 

. the surfactant concentration. It was also found that the system did not follow Smith

Ewart predictions. The power dependence of the number of polymer particles on the 

surfactant concentration was 1.62 which is higher than Smith-Ewart case 2 predictions 

(Le. 0.6). 

Distributing the surfactant concentration between the initial charge and the 

subsequent feed showed major effects on the polymer particles and subsequently the' 

polymerization rate. The surfactant concentration in the initial charge and the 

semibatch feed was constant (Le. 3.47x I 0.2 M), yet it was found that reducing the 

volume of the initial charge, and supplying surfactant feed during the semibatch stage 

led to a reduction in the polymerization rate and the number of polymer particles. This 

caused larger particle sizes. 

Reducing the volume of the initial charge leads to higher power input by the 

impeller. The increase in the power input could lead to smaller monomer drops and an 

increase in their numbers. The increase in the total surface area of the monomer drops 

will lead to more surfactant being absorbed by the monomer drops causing a 
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reduction in the amount of the surfactant that is available for the micelles. This, . 

. reduction in the number ofmic~lles will eve~tually leads toa reducti~n in the number 

" ,of polymer particles, an increase in the particle sizes, arid a decrease in the, 

polymerization rates. 

,The composition and the composition drift of the Sty-BuA copolymer were 

independent of the variations in the number of particles and the polymerization rates. 

, Once more, this indicates that that the composition of the system and the mass 

'. fractiori of the ,monomers in the partiCles wer~ independentofthe effects related to the 

surfactant or the agitation intensity. 

Studying the initiator concentration in the initial charge revealed predictable 

results. Reducing the initiator concentration in the initial charge reduced the 

polymerization rate. This was a result of the reduction in the initiator radicals in the 

system which led to lower numbers of polymer particles and larger particle sizes. The 

power dependence of the number of polymer particles on the initiator concentration 

was 0.84, which is higher than the 0.4 value which is predicted by Smith-Ewart case 

2. 

However, the copolymer composition and composition drift were not affected 

by the initiator concentration although the effects on the rates of polymerization were 

obvious. 

Distributing the initiator between the initial charge and the semibatch 

subsequent feed demonstrated a behavior similar to the surfactant distribution. 

Lowering the volume of the initial charge led to a reduction in the polymerization rate 

and the number of polymer particles although the initiator concentration was kept 

constant (i.e. 3.18x1 0·' M) in the ,initial charge and in the semibatch feed. Once more, 

this could be attributed the decrease in the size of the monomer drops and the increase' 

in their numbers as a result of higher agitation intensities. The copolymer composition 

and composition drift were independent of these effects. 
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The simultaneous increase of the surfactant and the initiator concentrations led" 

. to higher polymerization rates when· compared to the increase of one and not the 

other. This might indicates that the excess initiator radicals activated more micelles 

leading to higher" polymerization rates. The effects on the number of particles were 

. not apparent. The composition data were independent of the changes in the rates of 

the polymerizations .. 

In summary, reducing the surfactant or the initiator concentrations in the initia( 

". charge led to lower number of ]lolymer particles: larger· p~icle si~es: lower 

polymerization rates, "and did not show any effects on the composition of the 

copolymer. Distributing the surfactant or the initiator between the initial charge and 

the semibatch feed led to a reduction in the polymerization rate as a result of a 

. reduction in the number of polymer particles, but did not influence the copolymer 

composition. The surfactant feed did not generate more particles; it was mainly used 

to stabilize the existing particles. 
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·9. General Conclusions 

9.1. Conclusions 

. . 

The main objective of this work was to study the effects of the distribution of 

the reaction ingredients between the initial reactor charge and the semibatch feed on 

the composition and the overall behavior of the emulsion copolymerization of styrene 

(Sty) and butyl acrylate (SuA)· in a semibatch reactor. Sodium lauryl sulphate (SLS) 

and potassium persulphate (KPS) were used as surfactant and initiator respectively. 

The conversion, particle sizes, and the composition of the samples were analyzed 

using the gravimetric method, Malvem™ Zetasizer, and Fourier transform infrared 

spectroscopy (FT-IR) respectively. Computer modeling was applied to study the 

monomer concentration in the particles by means ofthe constant partition coefficient 

(CPC) model. The general conclusions derived from this work will be summarized in 

the next few sections. 

9.1.1. MODomer effects OD the Sty-BuA copolymer 

It was found that the distribution of the monomers between the initial charge 

and the semibatch feed showed significant effects on the polymerization rate, the 

particle sizes and numbers, and the composition of the copolymer. 

In general BuA rich initial charge when compared to Sty rich initial charge 

shows: 

• Higher polymerization rates 

• Smaller particle sizes 

• Minimal composition drift 

BuA is a polar monomer; BuA rich initial charge leads to less surfactant 

molecules that are adsorbed on the BuA rich polymer particles. It was demonstrated 

that the estimated additional unadsorbed SLS in the reactor for the BuA rich initial 
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charge case leads to an increase in the number .of polymer particles and hence a· 

reduction in the particle sizes. This will eventually lead to higher pDlymerization 

rates .. 

Cross-linking was detected when the BuAcontent inthe cDpolymer exceeds 

. 40%. This cDuld indicate that gel effect led to lDwer terminatiDn rates due tD the 

increase in the viscosity within the polymer particles and eventually caused the 

apparent increase in the poiymerization rates fDr BuA rich initial charge experiments. 

Investigating the free unadsorbed SLS molecules in the reactDr based .on 

Piirma and Chen results revealed that the SLS concentration in the reactor was above 

the CMC fer up te 60 minutes. This infDrmation could explain the extended 

nucleation periods that were detected. The nucleatiDn time increases when the system 

is BuA rich and decreases when it is Sty rich (Le. pDlarity effects). 

At high agitatiDn intensities (0.4 kW/m') the number of pDlymer particles and 

the polymerizatiDn rate exhibited a slight decrease when cDmpared to mDderate 

agitation intensities (0.05 kW/m'). This was linked tD the increase in the number of 

mDnDmer drops at higher agitatiDn intensities which resulted in the absDrption .of more 

surfactant mDlecules by the mDnDmer drDps, in .order tD stabilize them, causing a 
• decline in the number .of micelles and affecting the rates .of pDlymerizatiDn. 

BuA rich initial charge experiments exhibited minimal cDmpDsition drift. The 

reactivity of the Sty mDnDmer is the main cause of the cDpDlymer compDsitiDn drift. 

Reducing the Sty mDnDmer cDntent in the initial charge in favDur .of the BuA 

monDmer and feeding the Sty in the semibatch feed led tD a reductiDn in the 

cDmpDsitiDn drift and the prDductiDn .of cDpDlymers with Sty-BuA mDlar ratiD that is 

cDmparable tD that of the mDnDmer mixture. 

The sDlubilities .of the mDnDmers in the aqueDUS phase did nct affect the 

mDnDmer concentraticns within the particles. The CPC mDdel (§2.6 and appendix C) 
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illustrated that the Sty monomer mass fraction inside the particles for Sty rich initial, 

charge runs is comparable to the BuA monoiner mass fraction in the particles for BuA 

rich initial' ch;rge runs at the same' reaction conditions.' The fact that the BuA 

, solubility, in the aqueous phase is higher than the Sty did not reduce its concentration 

in the polymer particles in favor of the Sty monomer. Moreover, the composition 
, ' 

resuIts·demonstrate that even when the aqueous phase and the polymer particles were 

rich wilh the first monomer (i.e. the monomer lhat is fed in lhe initial charge) lhat did ", ' 

not affect the dissolution of the second monomer (i.e. lhe monomer that is being fed , 

. to· the reactor) and the second monOlner wasableto polymerize and emerge in the 

copolymer composition even after short periods of time. This demonstrates that the 

solubilities of the monomers in the aqueous phase did not affect the kinetics of the 

system. 

Feeding lhe monomers at higher rates helps in reducing the reaction time. It 

was found that increasing lhe monomer feeding, rates led to a reduction in the 

instantaneous conversion but did not affect the composition of the copolymer or the 

particles ~volution. The copolymer composition approached the monomer mixture 

composition in all the studied cases, and this approach was at shorter times when the 

feeding rate was higher. 

In general, increasing the BuA content in the initial charge demonstrates the 

best approach since it will reduce the reaction time and it will reduce the composition 

drift. However, this approach will lead to smaller particle sizes which can be 

increased by increasing the content of the Sty in the initial charge. 

9.1.2. Surfactant effects on the Sty-BuA copolymer 

It was found that the surfactant effects on the nucleation in the system were 

significant. As expected, reducing the SLS concentration in the initial charge led to a 

reduction in the number of polymer particles and an increase in the particle sizes. 

These effects led to a reduction in the polymerization rate. 
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The composition of the copolymer,~ the composition drift, and the monomers 

mass fraction in the particles were independent ~f the number of polymer particles ~ 
~ and the particle sizes .. ~ 

It was also found that the system did not follow Smith-Ewart predictions. The 
~ ~ 

power dependence of the ultimate number of polymer particles on the surfactant 

concentration was 1.62which is greater than Smith-Ewart case 2 predictions (Le. 0.6) .• 

This could be related to some of Smith-Ewart case 2 assumption~, and in partic~lar t6 
-- - - . 
~ ~ ~ the particles growth rate since it was ass~m"d origin~lly to be constant, however, this 

~ might not be the case in this work. 

Distributing the surfactant between the initial charge and the subsequent feed 

while maintaining constant surfactant concentration in the system showed significant 

effects on the kinetics of the system. It was fo~nd that the reduction in the volume of 

the initial charge led to a reduction in the number of polymer particles and the 

polymerization rate. This was associated withthe increase in the number of mono mer 

drops as a result of the increase in the agitation intensity. The additional monomer 

drops absorb more surfactant reducing the total number of micelles in the system and 

the polymerization rate. Once more, the composition and the composition drift of the 

Sty-BuA copolymer were independent of the variations in the number of particles and 

the polymerization rates. 

In general, feeding all the surfactant in the initial charge is the best approach 

since it overcomes the power input effects that were caused by the change in the 

volume, and it offers the possibility to estimate the final particle sizes. The 

irregularities in the number of polymer particles and the polymerization rate did not' 

affect the Sty-BuA copolymer composition. 
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9.1.3: Initiator effects on the Sty-BuA copolymer 

The effects related to the initiator concentration in the initial charge on the 
- .-"" . - -" -

. - kinetics of the system were expected; The polymerization rate and the number of 
. - ." . 

polymer particles were reduced when the initiator concentration in the system was 

·reduced. The pow~r dependence of the· nUlllber of polymer particles on the initiator 

concentration was 0.84, which is greater than the 0.4 value which is given by the 

Smith-Ewart case 2. However, the copolymer composition and the composition drift . 

. - were not affected by the initiator concentration and were indepel\dent of the effects cn 

the rates of polymerization and the particles evolution. This finding is similar to the 

. results from the surfactant concentration study. 

The distributing of the initiator between the initial charge and the subsequent 

semibatch feed demonstrated a behavior similar to the surfactant distribution effects. 

Once more, it was found that the power input plays an important role and that 

lowering the volume of the initial charge led to a reduction in the polymerization rate 

and the number of polymer particles even at constant initiator concentrations. This 

was attributed to the decrease in the size of the monomer drops and the increase in 

their numbers as a result of higher agitation intensities. The copolymer composition 

and composition drift were independent of these effects. 

Therefore, feeding all the initiator in the beginning is the best approach since it 

prevents any agitation intensity effects on the system that were caused by the change 

in the volume. Reducing the factors that could affect the system simplifies the process 

and improves the chances of controlling the system. The composition of the Sty-BuA 

copolymer was independent of any irregularities caused by the initiator and the power 

input. 
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.9.2. Future work 

Investigating the effects related to the distribution of the monomers, the 

surfactant, and the initiator hi the initial charge and the semibatc{ feed improved the 

. awareness of their effe~ts on the ~olymeriz~tion rate, particles evolution, and'the 

composition of the copolymer. This understanding made it possible· to propose· 
: .. . " '. '. . '. ---

suggestions concerning the best approach to undertake· the semibatch emulsion 

copolymerization of Sty-BuA process in order to minimize the reaction time, the 

. financial cost, and to produce a copolymer with minimum composition drift. 

However, it is recommended that the following tasks should be studied in 

order to expand the knowledge in this area: 

• The molecular mass of the polymer is of prime importance since it affects 

the mechanical and the chemical properties of the polymer. The molec~lar 

mass is expected to be affected by the compositions of the initial charge 

and the subsequent feed, therefore studying the molecular mass should be 

considered. 

• An investigation of the particle size distribution will help to widen the 

knowledge about the particles evolution in the reactor and might help in 

explaining the reasons that caused the drift from Smith-Ewart kinetics. 

• It was demonstrated that the power input plays an important role and 

affects the particles evolution. A thorough investigation of the power input 

is another area that should be considered. 

• Investigating the monomers concentrations in the particles by means of the 

constant partition coefficients model was successfully implemented in this 

work. The investigation of other mathematical models is another area that 

might be considered. 
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Appendix A: Physical and chemical properties of the 

reaction components(l) •..• '. 

. . .. 

Component Property.. . . Value . . ... 

.'. Chemical formula CgHg 
'. . . '" . 

Molecular mass 104.15 • 
.... 

Styrene 
Boiling point . 145°C(760.0 mm Hg) .' 

. . 

Specific gravity 0.91 . 

(Monomer) 
.. 

Inhibitor 1'10-15 ppm p-Tert-Butylcatechol 

. SolubIlity in water 0.027 g/I00 g of water (20°C) . 
-'-

kpii\" 
. 3761/mol/sec 

. Chemical formula C7H120, 

Molecular mass 128.17 

Butyl acrylate 
Boiling point . 145°C (760.0 mm Hg) 

Specific gravity 0.89 
(Monomer) 

Inhibitor . 20 ppmMEHQ 
. 

Solubility in water 0.16 g/I00 g of water (25°C) 

kpii'" 127 IImollsec 

Chemical formula K,S,Og . 
..:. "-

Molecular mass 270.3118 . 
. 

Potassium Persu1fate 
Specific gravity 2.4770 

(Initiator) 
kI'" 5.78xlO"" 

Efficiency'" 0.6 
. 

Chemical formula NaHCOJ 
Sodium Bicarbonate 

Molecular mass 83.995 
(Buffer- pH regulator) 

SpecifiC gravity 2.16 
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Physical and chemical properties of the reaction. 
components (Continued) . 

.. . . . . 

Component Property Value 
.'. . . 

... Chemical fonnula C12H25Na04S .' 
Sodi\lm Lauryl Sulphate 

Molecular mass 288.38 .. 
. . .. (Emulsifier) 

Solubility 15 g/IOO g of water (20°C) 
. . . 

". Chemical fonnula C6H60 2 
. 

• 
Hydroquinone 

' ... 

Molecular mass '. 110.11 .... .. 

(Inhibitor) 
Boiling point 285°C (760.0 mm Hg) 

, 

. ... 

. 
(I) Fisher SClentLfic MSDS data (2) PropagatIon rate Constant, deArbma et al. (1996) (3) Blackley (1975) 

. 
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Appendix B: Experimental Procedures fromthe Literature 

--'-
• 

Reference Type of process Ingredients Notes 

Monomers StylBuA(1) . Initial charge: SLS, K2S20g, NaHC03, and Water. 

SLS(2) Neat monomers run: 
Emulsifier 

• Stream I: SLS, Water, 
Zubitur & Asua (200 I) Semi-batch Initiator K2S20 g(3) . ' . 

• Stream 2: Sty, BuA, and CTA (if used), 
CTA(') C12H2SS (5) Pre-emulsified monomers run: . 

Buffer NaHCO, (6) Stream I: Sty, BuA, SLS, Water, and CTA (if used) 

Monomers StylBuA 

Ozdeger et al. (1998) Batch Emulsifier Triton X-405 

Initiator K2S2Og 

Monomers StylBuA 

Yang and Yang (l997) Batch Emulsifier SLS 

Initiator K2S20S 
(I) sty - Styrene, SuA - Butyl acrylate, (2) SLS - SodIUm Jauryl sulphate, (3) K2S;Os - PotassIUm persulfate, (4) CTA - Cham transfer agent, (5) CurbS'" DodecyJ mercaptan 
(6) NaHCO.1 = Sodium bicarbonate 
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Appendix B (Contlnued) 

Reference Type of process Ingredients . Notes 

Monomers Sty/BuA 
... 

. 

-*** Emulsifier 
Guillaume et 

Batch 
.. 

aL(1990) 
Initiator K2S20, 

I 
Buffer NaHC03 

. . 

Monomers StylBuA 
Santos and 
Coutinho Batch Emulsifier SLS 

(1992) 
Initiator H8NzO,S2(1) , 

Monomers StyIBuA 

Emulsifier Mersol H, and Slovasol 2430 Ionic emulsifier = Mersol H 
Chrastova et 

Batch 
aI. (1998) Initiator K2S20 8 

Non-ionic emulsifier = Slovasol 2430 

Activator Na2S20P) 
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Appendix B (Continued) . 
. . . .. . . 

Reference Type of process Ingredients Notes 

Monomers Sty/BuA 
. .. .. 

Semi-batch 
Aerosol MA80 and 22N Cruzrivera et Emulsifier 

al. (1989) 
and 

.. 
(Check the procedure at the end of this section) 

.. 

Batch Initiator· K2S2Og 
. 

~ 

Buffer NaHC03 . . 

Monomers StylBuA 
.. 

Araujo et al. Batch Emulsifier SLS 
(2001 ) 

Initiator HgN2OgS2 

Semi-batch Monomers Sty/BuA 

Canu et al. II and Emulsifier SLS 
(1994) . 

Batch Initiator K 2S2O, 
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Cruzrivera et al. (1989) copolymerization strategies: 

Composition-controlled copolymerizatiofl (CC): 

• Initial charge: BuA + Part of Sty . 

Sty was added stepwise based on the analysis of the unreacted monomer to 

keep the composition constant 

Core-shell copolymerization (CS): 

.... Polysty~ene seed was first prepared batchwise 

A buffer and half of the initiator Were charged 

Monomer mixture was then added at starved conditions 

After 6 hours, the remaining initiator was added to reach near 100% 

conversion 

Multistage polymerization (ML): similar to CS with two main differences 

Comonomer mixture was richer with Sty 

BuA was introduced in the third step .. 

Azeotropic batch (AB): 

• All the ingredients were initially charged, and. the monomer mixture 

composition was calculated according to the polymerization equation 
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Canu et al. (1994) Copolymer Composition Control Policy in a Semi-batch Reactor: 

Canu et al. proposed a procedllre- to produce a copoiymer with a constant-
- . -. - -

instantaneous composition. This -procedure has been-tested on binary and ternary 

copolyrners and in _ all the cases -the produced copolymer was at the desired-

composition (Canu et al. I & 11, 1994). C Here is a summary of the procedure for a 

- binary system: 

L Identifying thecriticalmonomer: 

The critical monomer is entirely charged at the beginning, and it is identified as 

the one exhibiting the minimum value of the parameter A, 

A -Y,p, ,
C,p,_ B.l 

where i stands for monomer i, Yi is the copolymer weight composition, Pc is the 

copolymer density, C, is the polymer-free volume fraction of monomer i in the 

polymer particles, and Pi is polymer i density. Yi is determined by 

Y, B.2 

where y, is the mole fraction of monomer i in the polymer, MW, is the molecular 

weight of mono mer i. And C, is determined according to 

( 
kpllkp2P1PI kp21kp12Czpz ". )c -

lJ.= kPZP1PI +kp1lClPZ + kpZ P 1P1 +kp1ZCZPz JPl' 

y, ( kp12kp ,P,p, + _ kp"k p12C,p, )c-
k

p2l
C,p, +k

p12
C,p, k

p2l
C,p, +k

p12
C,p, ,p, 

constant B.3 

where kp'j is the propagation rate constant of radical i with monomer j, and p is the 

molar density. Considering C,+C2~1 reduces A.3.3 to a quadratic equation for C, or 

Cb which can be solved easily. 

2. Identifying the transition interval from flooded to starved conditions: 
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This is achieved by solving the following equation 

., M/A B~' -M* - C J:- j'f' 

C - .~' 

Aj + 1-9' 
BA 

where the index} refers to the critical monomer, 9' IS the overall volume fraction of 

monomer species i~polymer particles at s~turation, Ai; is th~ fillal amoun't of 

polymer produced', and Bj is a parameter related to the mOnomer water solubility 

determined according to 

B.5 

where M;" is the monomer concentration in the aqueous phase at saturation, ~, is 

the monomer swelling ratio as a function of the amount of polymer produced (M,,) and 

it is obtained by solving 

(Aj (M; -M,)+M, +Bj)-)((Aj (M; -M,)+M, +Bj )+4BjM,) 

B.6 

M; values could be negative i.e. the critical mOnomer (j) is largely soluble in 

the aqueous phase (i.e. Bj is large). This means the reaction does not exhibit flooded 

interval, and it operates in the starved interval from the beginning. 

3. Calculate the monomer feed flow rates: 

. Finally the flow rates for the flooded and starved intervals are determined 

according to the following two equations 

Flooded Interval: 

• • y ( ) Q, (M,)=Q{ =-' A, -A j =constant 
A, B.7 

Starved Interval: 
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B.8: 

Finally, it should be noted. that the different numerical values. used in the 

previous equations are obtained fromdifferent literature sources (e.g. M;·', kpij, PI. 

and 1ft,'). The data for the examined systems (e.g. styrene-butyl acrylate, methyl 

• methacrylate-vinyl acetatae, and methyl methaClylate-vinylac~tate-butyl acrylate) are 

tabulated in the original reference (eanu et al. I & 11,1994) .. 
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. Appendix C: MATLAB® ImPlementatian of the Constant 

Partition Coefficients Model 

function [result] = 
monomeLconcCexceLfile.sheet....number.number_of-samples •• ;. 
read_range. write-range) 

% ****************************************************************-
% • Definition: This MATLAB function will determine the- monomers 
% • concentration in the polymer particles according to the 
% • constant partition coefficients model. 
% * 
% • Author : M.A-Tamimi 
% • Date : June 15. 07 C1st version) 
% *****-*********************************~************************* 

% If the execution did not finish 0 wi77 be returned, otherwise 1 
% wi77 be returned (check the 7ast line) 

result=O; %#Ok<NASGU> 

% *** constants *** 

% suA, sty, po7, and water densities 

bu~density=O.894; sty_density=O.909; pol_density=l.l; 
water_densitY=l; 

% MW of the monomers 

MW-»ua=128.17; MW_sty=104.15; 

% Partition coefficient of monomer i between the drops and the 
% aqueous phase 

% Partition coefficient of monomer i between the partic7es and 
% the aqueous phase 
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%* •• Reading the required data From excel File *** -
. - '.. 

% preparing the range in which the data wi 77 be read From 
% the excel File .. readf: first ce77, readl: last ce77 

readf=rea~range; readl=rea~range+number~of_samples-l; 

% converting the range to string variable (total 109 columns) 

read_r=strcat('A' ,num2str(readf),':' ,'DE' ,num2str(readl); 

% Reading all the data in to 1 big matrix,· and then the 
% difFerent columns wi77 be assigned to diFFerent vectors 

% Get the time (min) (i.e. 2nd column) 

time=excel_data(:,2); 

% Time diFFerence between 2 samples (min) (i.e. 3rd column) 
% time....diFFerence=exce Ldata(:, 3); 

, 
% Tota 1 mass of the unconverted monomers in the reactor (gm) 
% (columns 58 and 60) 

bu~reactor_gm=excel_data(:,S8); 

sty_reactor-9m=excel_data(:,60); 

% volume of the unconverted monomers in the reactor (cc) 

v_bu~cc=bu~reactor_gm./bu~density; 

v_sty_cc=sty_reactor_gm./sty_density; 

% Molar volume of monomers (cc/mol) 

vJlua...J1101=vJlu~cc./(bu~reactor_gm./MWJlua); 

v_sty~ol=v_sty_cc./(sty_reactor_gm./MW_sty); 

% Total moles of converted monomer 

bu~converted~ol=excel_data(:,S4); 

sty_converted~ol=excel_data(:.S7); 
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% polymerization rate For each monomer (mol/sec) 

buil-Pol~ratu~1_s~c=bu,,-convert~dJllol./(time.·60); 
sty_pol_rateJllol_sec=sty~convertedJllol./(time.·60); 

% Mass 01' polymer in the· reactor (i.e. Mass 01' monomers 
% co~verted, gm)·· . ... 

% volume 01' polymer (cc) 

v_poLcc=poLreactor_gm'/poLdensity; 

% Mass 01' water in the reactor (gm) 

% volume 01' water in the reactor (cc) 

% particle sizes (z-zeverage, nm) 

z-ave-nm=excel_data(:.40); 

% particles concentration in the reactor (#/cc 01' water) 

% Tota 1 number of polymer particles 

% Guess the volume of the particles (1st guess: assuming that each 
% particle takes the shape of a sphere, and taking the z-average 
% as the diameter find out the volume 01' each particle, and then 
% multiply that by the total number of the particles 

% Guess the volume of the aqueous phase (1st guess: it equals 
% volume of the water) 
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% Guess' the volume or the monomer drops (lst guess: 
'. % Monomer mass in. the reactor/sty density) 

v_d_cc=(stYJeactor _gm+bua...reacto~ _gm) ./sty:"densi ty; . 

' .. % Initialfzingth~ vectors which wi77 hold the volume of the . 
%monomersin'the dirferent phases' (cc) 

V_bUiLp=zerClS (si ze(v"'a'l-cc)); v.J\ua...d=zeros(size(v_aq_cc)); 
v-hua...aq=zeros(size(v_a'l-cc)); 

v_sty-p=zeros(size(v_aq_cc)); v_sty_d=zeros(size(v_aq_cc)); 
v_sty_aq=zeros(size(v_aq_cc)); 

% TMs loop will read the data for each sample 

for ii=1:1ength(v_d-cc) 

% starring the tria 1 and error procedure (2000 iterations 
% is the max) 

for rr=1:2000 

% volume or monomers in the particles (cc) 

v.J\uiLp(ii)=v_bua...cc(ii)!(l+v_aq_cc(ii)!v-p_cc(ii)! ••• 
k-bua...p+v_d-cc(ii)·k-bua...d!v_p_cc(ii)!k-buiLp); 

v-sty_p(ii)=v_sty_cc(ii)!(l+v_a'l-cc(ii)!v-p_cc(ii)! ••. 
k-sty_p+v_d_cc(ii)'k-sty_d/v_p_cc(ii)/k-sty_p); 

% volume of the monomers in the aqueous phase (cc) 

v_bua...aq(ii)=v_bua...p(ii)·v_aq_cc(ii)!k-bua...p!v_p_cc(ii); 
v_sty_aq(i i) =v_sty_p (i i)'v_aq_cc(ii)/k-sty_p/v_p_cc(ii) ; 

% volume of the monomers in the drops (cc) 

v_bua...d(ii)=k-bua...d·v-Pua...aq(ii)·v_d_cc(ii)!v_aq_cc(ii); 
v_sty_d(ii)=k-sty_d'v_sty_aq(ii)'v_d_cc(ii)!v_aq_cc(ii); 
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. % Calculate new vd, vp, and vaC, imd compare them to the 
% old values 

.v_d.Jlew=v_sty_d(ii)+v_bu~d(ii); "" 
·v_p.Jlew=v_pol_cc(ii)+v_sty_p(ii)+v-Du~p(ii); 

" v_aq.Jlew=v_w_cc(ii)+v_sty_aq(ii)+v-Du~aq(ii); 
. - - . 

chkl=abs (v_d.Jlew':v_cLcc(ii)); .··chk2';abs (v_p_new-v_p_cc(ii)); 
chk3=abs(v_aq_new-v_aq_cc(ii)); 

% In. case the. difference between the old values and the new 
% ones is lower thele~4 break the loop. Otherwise; use" the 
% new values and recalculate 

if «chkl<le-6) && (chk2<le-6) && (chk3<le-6)) 
break; 

else 
v_cLcc(ii)=v_d.Jlew; 
v-p_cc(ii)=v_p_new; 
v_aq_cc(ii)=v_a~new; 

end % if statement 

end % iterations loop 

. % This wi11 produce a warning in case the data did not 
% converge 

if (rr==2000} 
sprintf('warning! The data did not converge.\nsample ... 
number%i, errl:%f err2:%f err3:%f',ii,chkl,chk2,chk3) 

end %if statement 

% sprintf('sample #: %i\tNO. of trials = %i',ii,rr) 
% sprintf('%i %f %f %f %f %f %f', ii, v_bua.:p(ii), .•. 
% v_buLaq(ii), V_bULd(ii), v_sty-p(ii), ... 
% v_sty_aq(ii), v_sty_d(ii)) 

end % samples loop 

% concentration of monomers in different phases (mol/cc) 
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bua...con~p=vJJua...P ./(v_p_cc. ·v_bua...mol); .. 
bua...con c..aq=vJJua...aq .f (v _aCl-Cc. 'v JJua...mo 1 ) ; 

. bua...conc_d';v_bua...d ./Cv_d_cc. *vJJuUol); 

sty_con~p=v_sty_p./(v-p~cc.·v_stY-fflol); 

sty_cori~aq=v.Jty_aq. I (v_aCl-cc. 'v_sty-fflO 1) ; 
.. sty_con~d--v_sty_d./(v.;..cLcc. ·v_stY-ffl01);·· 

% writing the final results to the exceTJile 

sampleJ1umber~l: nu~ber ~of.Jample~; 

volumeJJua...in.Jystem=v_bua-P+vJJua...aq+v_bua...d; 
mass_of_bua...i"-system=volum~bua...in_system.·bua...density; 

% The difference between the calculated mass and the given mass 

volume.;..sty_in.Jystem=v.Jty_p+v_sty_aq+v_sty_d; 
mass_of_sty_in-system=volum~sty_in_system.·sty_density; 

. sty_error=mass_oLsty_i "-system-sty_reactor _gm; 

% preparing the output. An the results win be merged in to 
% 1 big matrix. 

final_result=[sampl~number·. time. bua...conc_p. sty_con~p •••• 
bua...con~d.sty_con~d. bua...con~aq. sty_con~aq, v_P_cc •••• 
v_d_cc, v_aQ_cc, v_bua-p,v_sty-p, v_bu~d, v-sty_d, .•. 
v_bua...aq, v.Jty_aq ;vol um~bua...;"-system, •.. 
mass_of_bu~in_system,bu~error, volume_sty_in-system, ... 
mass_of_sty_i n_system, sty_error , bua...pol_rate~ol_sec, .•• 
sty-pol_rate~ol_sec]; 

% Writing the resu7ts. 

write_r=strcat('A' ,num2str(write.-range)); 

xlswrite(excel_file,final_result,sheet_number, write_r); 
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% return 1 to MATLAB to idicate that the code was executed 
% successfully· 

result=l; -

.'% *****************~****** END ***************************** 

196 



Appelldix IJ---. Rrlpror/lIcihilily (JlldF:rmr PJ'f)pagatioli ---'-..,------

Appendix D: Reproducibility and Error Propagation 

. There ar"many variables that· could affect the reproducibility in a semibatch 

process. For instance, inefficient deoxygenating· the reactor and contaminating the 

. re~ctor through sampling both could affect the accuracy and the reproducibility. These· 

effects could be avoided by following 'a strict experimental procedure. In addition, 

Errors insolid content analysis (e.g. sampling, weighing, and drying) could affect the .... 

reproducibility and could be avoidedby ca':';fuItreatment. Next, adiscussion of the 

reproducibility and error propagation of two identical runs (Table D.1) will be 

presented . 

.. Initial Stream I Stream 2 Stream 3 
Component 

Charge (g) (g) (g) (g) 
Styrene 164.85 . 

Butyl acrylate ..... 135.15 
Sodium Lauryl Sulfate 6.0 .. 

Potassium Persulfate 0.5 
Sodium Bicarbonate 0.5 
Deionised Water 600.0 . 

Flow Rate (g/min) .. 0.92 0.75 

Table D.l Test experiments recipe and feeding strategy 

D.1 Conversion 

The instantaneous conversion was determined by means of the gravimetric 

method. This method· relies on continuously weighing the samples during and after 

the experiment. An attempt was made to determine the uncertainty in the 

measurements by conducting repeated measurements of a known quantity. The 

uncertainty in the determination of the weight was found to be ±O.0003 g. The 

instantaneous conversion is calculated as follows: 

D.l 

where Wd is the weight of the dry sample, W, is the weight of the holding container, . 

W, is the weight of the solids, and W" is the weight of the monomers. The 
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uncert~inties JWd, JWe and oW,were all taken = 3xI0". Wm is estimated from the 

'.' monom~r fe~d rate a~d oWmwill be assumed = O. 

The uncertainty it; a function!(x/ • ... ,Xn) caused by the uncertainties in XI; ... ;Xn 

(i.e. ox/, ... ; oXn) can be' determined as follows' 

D.2 

Applying Eq. D.2 on D.I. and differentiating yields the uncertainty in x . 

OX= 
3xlO-4Jj 

D.3 
. Wm 

, 
Tables D.2 and D.3 illustrate Ox for both test runs. The error propagation due . 

to the gravimetric method starts at -0.5% and decreases down to -0.1% at the end of 

the experiments. 

Sample Wc,g ~{,g W\·;g Wllhg x. % ox, % 
I 1.0233 1.3810 0.3135 0.0976 45.30 0.53 
2 I.ll41 1.5016 0.2973 0.1429 63.12 0.36 
3 1.0150 1.5213 0.3255 0.2609 69.27 0.20 
4 L0033 1.5761 0.3150 0.3229 79.81 0.16 
5 1.0531 1.5485 0.2333 0.3361 77.99 0.15 
6 1.0530 1.8034 0.3232 0.5446 78.45 0.10 
7 1.0162 1.6940 0.3442 0.4029 82.79 0.13 
8 I.l628 1.9989 0.2816 0.6635 83.57 0.08 
9 1.0341 1.6423 0.2604 0.3975 87.49 0.13 
10 0.9931 1.8593 0.3032 0.6474 86.97 0.08 
1I 1.2008 2.1538 0.2692 0.7776 87.93 0.07 
12 1.0238 2.0596 0.2996 0.8360 88.06 0.06 
13 1.1517 2.2188 0.2620 0.8530 94.38 0.06 
14 1.1816 2.2010 0.2655 0.7932 95.05 0.07 
15 1.0218 2.1814 0.3186 0.8911 94.37 0.06 
16 1.0122 2.3239 0.3015 1.0349 97.61 0.05 

Table D.2 The propagation error in the instantaneous conversion 
of experiment 1 
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Sample W"g Wd,g W" g Wm,g X, % ox, % 
1 1.0174 1.3719 0.2985 0.1137 49.24 ' 0.46 
2 1.1151 1.4582 0.2660 . 0.1185 65.09 0.44 
3 1.1428 1.6610 0.3165, 0.2758 73.13 0.19 

'4 1.1783 1.8031 0.2654 0.4632 77.60 0.11 
5 1.0834 1.7420 0.2660 0.5017 78.24 0.10 
6 1.0450 1.7947 . 0.2574 0.5953 82.69 0.09 
7 1.1769 2.1191 0.2903 0.7969 81.80 0.07 
8 1.1256 1.9804 0.2889 0.6643 85.18 0.08 
9 1.2087 2.0298 0.2857 0.6086 . 87.97 0.09 
10 ' 1.0848 ' 2.2752 0.2988 1.0684 83.45 0.05 

-11 1.0467 1.8413 ' 0.2789 0.5729 90.01 0.09 
, 12 1.1186 2.3714 0.3231 1.0456 88.92 0.05 

13 1.1624 2.2433 0.3027 0.8229 94.56 ' 0.06 
14 1.1634 2.5895 0.2939 1.2001 94.34 0.04 
15 1.0073 2.1140 0.2948 0.8488 95.65 0.06 
16 1.0015 2.1458 0.3005 0.8950 94.28 0.06 

Table D.3 The propagation error in the instantaneous conversion 
of experiment 2 

Figure· D.1 illustrates the reproducibility analysis of the conversion.' A good 

agreement is observed for both runs and it is expected that the same agreement was 

obtained for all the runs in this work. 

100 
· • • , 

90 • : , , ,. • * 
, 

C 80 a • • . 2 • ~ 70 • ~ , 
> 60 0 
0 
0 50 • ~ , • 0 40 ~ 
0 

J! 30 0 

* 20 
.E 

10 ::; EXP~-1--1 
0 !. ~xp.2l 

0 20 40 60 SO 100 120 140 160 1S0 200 220 240 

Tlme,rnin 

Figure D.l The instantaneous conversion reproducibility 
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D.2 Particle Sizes and Nwnber of Polymer particles 
. . - -- -". - - --

~ ~ 

~. The latex particles size was measured by M~lvem® Zetasizer3000. ~ 
The average difference between consecutive runs on. one sample was found to be 

~. ±4%.The numbeiof polymer particles is determined according to the following 

equation 

N = 6Mrx 
P p :rd'.p p 

0.4 

where MT is the initial total monomer concentration (g/cm3 of water). Pp is the ~ . 

polymer density (g/cm'), dp is the average particle diameter (cm), and x is the total 

weight conversion. The average uncertainty for dp is 4%, and Pp was taken ~ 1.1 

g/cm3
• Ignoring OMT and considering ox and Mp, and applying 0.2 on 0.4 yields oNp 

~ which takes the following form 

Sample 
I 

2 

3 

4 

5 

6 
7 

8 
9 

10 

II 
12 

13 
14 

15 
16 

6MT Jc5x2 xd/ +9x' xc5d ' c5N = . p 
~ P trdp

4 pp 

dr?!. nm Ode de+ode de-Ode Ne., #/cm
1 oNe Ne+oNe 

29.60 1.18 30.78 28.42 1.27E+15 1.53E+14 1.42E+15 

40.70 1.63 42.33 39.07 1.36E+15 1.63E+14 1.52E+15 

42.80 1.71 44.51 41.09 1.93E+15 2.31E+14 2.16E+15 

46.00 1.84 47.84 44.16 2.39E+15 2.87E+14 2.68E+ 15 
47.00 1.88 48.88 45.12 2.74E+15 3.29E+14 3.07E+15 

48.30 1.93 50.23 46.37 3.05E+I5 3.66E+14 3.42£+15 

51.00 2.04 53.04 48.96 3.20E+15 3.84E+14 3.58E+15 

53.00 2.12 55.12 50.88 3.29E+15 3.95E+14 3.69E+ 15 
53.50 2.14 55.64 51.36 3.77E+15 4.53E+14 4.23E+15 

55.00 2.20 57.20 52.80 3.84E+ 15 4.61E+I4 4.30E+ 15 

54.80 2.19 56.99 52.61 4.33E+I5 5.19E+I4 4.85E+I5 

56.00 2.24 58.24 53.76 4.44E+15 5.32E+14 4.97E+15 

56.10 2.24 58.34 53.86 4.73E+15 5.67E+14 5.30E+15 

55.80 2.23 58.03 53.57 4.84E+15 5.81E+I4 5.42E+15 

56.30 2.25 58.55 54.05 4.68E+15 5.61E+14 5.24E+15 

56.00 2.24 58.24 53.76 4.92E+ 15 5.90E+I4 5.51E+I5 

Table 0.4 The propagation error in the number of polymer particles 
and particle sizes of experiment I . 

0.5 

Ne-oNe 
1.I1E+15 

1.20E+15 

1.70E+15 

2.10E+15 
2.41E+15 

2.69E+I5 
2.81E+15 

2.90E+15 

3.32E+15 

3.38E+15 

3.81E+I5 

3.90E+15 

4.16E+15 
4.26E+I5 

4.12E+15 

4.33E+15 

200 



App!mriix D····- JI/!pmdllr.ihilily and Error P},fjpag(Jlir;11 

SamEle d{!!- nm Jd~ d~+Jd~ de-ode Nc. #/cmJ oNe Ne+bNe Ne-oNe 
30.00 1.20 31.20 28.80 L32E+15 1.59E+14 1.48E+15 1.16E+15 

2· 38.50· 1.54 40.04 36.96 1.66E+15 1.99E+14 1.86E+15 1.46E+15 

3 41.00 1.64 42.64 39.36 2.32E+15 2.78E+14 2.59E+15 2.04E+15· 
4' 44.70 1.79 46.49 42.91 2.53E+l5 3.04E+l4 2. 84E+1 5 2.23E+15 

5 46.50 1.86 48.36 44.64 2.84E+15 3.4IE+14 3.18E+15 2.50E+15 

6 48.00 1.92 49.92 46.08 3.28E+15 3.94E+14 3.67E+15 2.89E+15 

7 51.50 2.06 53.56 49.44 3.07E+15 3.69E+14 3.44E+l5 2.70E+15 

8 52.80 2.11 54.91 50.69 3.40E+15 4.08E+14 3.8IE+15 2.99E+15 

9 54.00 2.16 56.16 51.84 3.70E+15 4.44E+14 4.14E+15 3.26E+15 

10 54.60 2.18 56.78 52.42 3.78E+15 4.54E+I4' 4.23E+15 3.33E+15 

11 54.80 2.19 56.99 52.61 4.44E+15 5.33E+14 4.98E+15 3.9IE+15 

12 55.00 2.20 57.20 52.80 ·4.75E+15 5.69E+14 5.3IE+15 4.18E+15 

13 55.70 . 2.23 57.93 53.47 4.86E+15 5.83E+l4 5.44E+15 4.28E+15 

14 54.60 2.18 56.78 52.42 5.15E+15 6.18E+l4 5.76E+15 453E+15 
15 56.30 2.25 58.55 54.05 4.76E+15 5.71E+14 5.33E+l5 4.19E+15 

16 55.00 2.20 57.20 52.80 5.03E+15 6.04E+14 5.64E+15 4.43E+15 

. Table D.S The propagation error in the number of polymer particles 
and particle sizes of experim'ent 2 

Tables DA and D.S, and figures D.2 and D.3 demonstrate the error 

propagation in the number of polymer particles and the particle sizes of experiments 1 

and 2. It is noticeable that oNp increases with time although it was demonstrated 

earlier that I5x decreases. This increase is a result of the increase in the average particle 

sizes (dp) which leads to bigger values of Mp, this indicates that Jx effect on oNp was 

minimal. 
. . 
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Figure D.2 The particle sizes reproducibility 
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Figure 0.3 The number of polymer particles reproducibility 

D.3 Composition 

The composition of the copolymer was determined by means of curve fitting 

(§6.2). The IR data were fit using MATLAB® curve fitting tool (i.e. cftool). The 

goodness of fit as reported by MATLAB® was as follows: The sum of squared errors 

(SSE) ~ 1.175 xlO-', the coefficient of determination R2 ~ 1.0, and the root squared 

mean errors (RMSE) ~ 0.00003427. 

r Lower Ifr) f(r) Up!!.er f(r) 
0.244711 0.093937 0.099895 0.105853 

2.22838 0.517659 0.523232 0.528806 

4.21205 0.662117 0.668528 0.67494 

6.19572 0.73858 0.744442 0.750303 

8.17939 . 0.7&572 0.792036 0.798352 

10.1631 0.816852 0.824907 0.832962 

12.1467 0.839237 0.84886 0.858484 

14.1304 0.856646 0.866791 0.876936 

16.1141 0.871003 .. 0.880304 0.889606 

18.0977 0.883053 0.890363 0.897672 

Table 0.6 95% confidence bounds 
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. - " " 

. The 95% confidence bounds are given in table D.6,where r = is the IR peak· 

. ratio -Le; PEA carbo~yl stretching (C=O) absorbance divided by the absorbance of . 

the PS benionering bending (C=C~Hr-- and/(r) is the compositionasdetennined by' 

the fit (§6.2) .. 
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