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- ABSTRACT

fhe research work involved éhe experimental s£udy.of the
effects of the addition of nonreactive liguid additiveé,
heptane and cyclohexane, on the emulsion polymerization of
butadiene. Based on the experimental results, a theoretical
model was developed for emulsion polymerization in the pres-
ence of a nonreactive diluent. The study also invelved the
-meésurément of associated physical, sclution and transport
properties of“butadiene.
¢ The measured properties included the solubility of buta-
diene in heptane in the temperature fange(frOm 4 to 50 °C at
atmospheric pressure. Butadiene was found to be highly so-
luble in heptane. The solubility of butadiene in water at 4
‘C and atmospheric pressure was found to be low; however, it
increased with an increase in surfactant concentration in
water.,'The diffusivity of butadiene was alsc measured in
heptane in the temperature range from 4 to 50 °C. The crit-
ical micelle concentration of the surfactant was determimed
by means of viscosity and density measurements. It was found
to be 2.5 g dm™>.
A polymerization reactor which had the essential features
of .a commercial reactor, was designed for the butadiene em-

. . [ . t )
ulsion polymerization studies. It was constructed of glass,



teflon, aluminum and stainless steel, and wés suitable for.
operation at pressure of up to 690 kPa. It was essentially a-

3 of

small batch reactor, ’ for.processing less than 200 cm
emulsion at a time, while the auxiliary equipment was de-
signed to use the reactor as a calorimeter to obtain poly-
merization rate data utilizing the heat of polymerization.

* The emulsion polyme;iza;ion of butadiene was performed at.
10 °C. The addition of both of the nonreactive solvents
caused a reduction in the rate of polymerization as well as
a reduction in the molecular weight of 'the polymer formed.
Tﬁe reduction in the rate was more than expected on the ba-
sis of mere ;onomer dilution with the additive. For hepfane
the rate of polymerization-was approximately second order in
initial coﬁcentration of moncmer in the oil phase. Cyclohex-
ane was less effective as a retarder for the polymeriza-
tion, the order of reaction was 1.5 to monomef concentration’
in the o0il phase. The addition of the additives had no meas-
urable effect on the telative proportion of cis-1,4, wvinyl,
and trans-1,4 structures of polybutadiene. It was found that
the rate of polymerization and the average molecular weights
of the polymer increased with an inérease.of surfactant con-
centration. However, the change in the rate of polymeriga—
tion and molecular weight with surfactant concentration was
greater in the presence of heptane. It was oﬁserved that the
rate of polymerization remained essentially constant with

the variation of initiator concentration, irrespective of

the addition of heptane. Finally it was noted that the in-

- iii -
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.

crease of initiator concentration caused a reduction in the

polymer molecular weight. This reduction was found to be
greater in the presence of_heptaﬁe. A

A theoretical model was developed -to explain the experi-
mental results for the emulsion polymerization of butadieﬁe
in the presence of noﬁreactive additives. The model‘takes

into account the monomer concentration in the particle and

the viscosity of the additives to explain the reduction in

the rate of polymerization. It is suggested that the water,

insoluble additives depress the activity of the monomér in

the latex particles, which results in a decrease in the rate

of polymerization below that expected on the basis of mere

monomer dilution. It is postulated that the increase in the
number of particles 'in the emulsien, when the surfactant
concentration is increased, \is greater in the presence of a
solvent.. This postulation is used to explain the higher de-
pendence of the rate and the molecular weight on the surfac-
tant concentration, in tﬁe presence of nonreactive solvent,
Mathematical equatioﬁs were developed for tﬁe model. ' The
rate of polymerizatian and the molecular weight'equatiohs

h3

are given below:

- L
ip kosdop A 0° / 0.4 _
6 = 0.369 [ ] (R(L -4 =-9.)) q

—iv.-—

s



’;Y ¥?

- k d g a7 0%° 0.4
M ® 0.369 —1%“;_1, [N,y (L =6, =8)]

A separate research study for the develépment of diffu-
sivity correlations was also performed. New correlations for
the predictioﬁ of diffusion coefficients for normal paraffin
" solvents and solutes, for agueous solutions, for nonpolar
sofutions and a géneral-écrrelation were developéd. The mo-
lar volumé, pérachor and radius of gyration for both solute
and solvent were used as correlating parameﬁers: The new

correlations represent a significant improvement in accuracy

for the prediction of diffusivities.

5
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Chapter ¥
INTRCDUCTION

Emulsion- polymerization is--a_process for conducting a
polymerization reaction for a monomer in the micelles 'which
are formed by dissolving-é surfactqnt in a dispersing medium
(usually water). These micelles act as tiny reactors inde-
pendent of each other, and lead to the formation of\polymgr-
dispersion. The.kinetics of emulsion-polymerization in the
presence of nonreactive liquié additives have -been studied
by several investigators (1-4). It was reported that addi-
tives generally caused a reduction in the polymerization -
rate and also a reduction in the ﬁolecular weight of the‘
polymer formed. The explanations given by the investigators
for their experimental results suggest that further experi-
mentation is‘required to elucidate the results obtéi:ed.

The aim of this investigation was to engage in a system-
atic study of the effects of the addition of noﬁreactive
selvents on the kinetics of emulsion poiymerization of buta--
diene, and to develop a theoretical model to explain the ex--
perimental results. The effect of the additives on the aver-
. age molecular weight and the molecular structure of the
butadiene polymer obtained, was also investigated. The ad-

ditives utilized were heptane and cyclohexane. These are

T
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good solvents for butadiene so that the polymerization ex-

periments could be performed at atmospheric preésure by ini-

t1ally dlssolv1ng the monomer in the solvent. These solvents
were chosen because they were of different viscosity; there-
fore, the effect of a difference f; solvent viscosity on
emulsion polymerization of butadiene could be studied.

The investigation was commenced with the measurement of
the physical properties of agueocus. potassium laurate solu-

tions. The measurements of the solution density and viscosi-

s

ty were wused to determine thecritical micelle concentra-

. N
tion. \ S

-~

N

The next phase of the investigation wég‘the determination

of solution and transport properties of butad}ene,' in par-

“ticular its solubility and diffusivity in heptdne, water and

-

surfactant scolutions. These properties were considered use-’
ful in elucidatingvﬁhe mechanism of emulsion polymerization
ifn the presence of nonreactive solvents.

The study culmlnated with the design and operation-of a
batch polymerlzatlon reactor. Emu151on polymerization gf bu-

tadiene is generally conducted,in the laboratory by means of

. - ¢
bottle reactors. But . in the present investigation a batch

‘reactor was designed in order to include the essential’ fea-

’

~tures of an industrial reactor. The reactor was kept small,

having a total‘yolume oi 400 cm3 , for safety reasons. The

auxlllary equ1pment for the reactor was designed to measure

the quantity of Theat evolved from the polymerizZation reac-
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tion.. This latter measurement was useful for determining

the rate of polymerization. Different polymerization exper-

iments were conducted to study the effect of various parame-
ters inciudiné ﬁempérature, solvent, surfactant and initia-
tof.concentrétions. In each experiment, the polymerization
rate, the moleculér welght and molecular structure of the
resulting polybutadiene was obtained. The polybutadiene sam-
ples were analyzed by Gel Permeation Chromatography, and In-
frared Spetf}ophotometry,' for the determination of the mo-
lecular weight and molecular structure, respectively.

A theoretical model was proposed to explain the experi-
mental results obtained in this investigation. The proposed
model divides the reaction time into two intervals the de-
marcation between which depends on the disappearance of in-
active micelles. As the reaction proceeded surfactant from
. the inactive micelles was used to stabilize growing polymer
particles. In the model, consideration is given to the sol-
vent viscosity and' its effect on monomer activity. Chapter
3 has béenidevdted to the theoretical development of-the
model for emulsion polymerization in the presence of a non-
reactive solvent.

Part of this investigation also involved the development
of correlations for diffusivity 1in liquids. Because thé
mechanism of diffusion in liquids is only partly understood,

semi-empirical correlations based on known physical proper-
. &

ties of the substance are commonly used to predict the dif-

AN . -
~

™.

S
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fusioﬁ coefficients in liquid systems. A number of correla-
tions were tested and new ones were developed, using the
diffusivity data available in the literature.

The complete study 1is presented in seven chapters, the
first being the introduction itself. * The second chapter
gives a brief review of the literature which is relevant to
this investigation. As mentioned above, the theoretical de-
velopment 1is diséussed in Chapter 3. The details of the ex-
perimental equipﬁent and the operating techniques involved
are described in Chapter 4. The properties of the chemicals
used in this investigation are presented in Chapter 5. The
results and discussion of this study are presented in Chap-

ter 6, and the conclusions drawn therefrom are given in

Chapter 7.



Chapter I1

THEORY AND LITERATURE SURVEY

The purpose of this chapter is to give a brief review of
‘the literature which is.relevant to this investigation, for
example, 1initiation and méchanism of free radical polymeri;.
zation, emulsion polymerization and its mechanism, and a
critical review of the effects of nonreactive liguid addi-
tives on emulsion pogymerization. The analysis and molecﬁ-
lar structure of polybutadiene are also discussed in this
chapter. The 1literature concerned with the properties of
dissolved butadiene, "such as its solubility and diffusivity

in certain solvents and soap solutions, is also reviewed.

2.1 INITIATION

Emulsion polymerization is initiated by the generation of
free radicals in the reaction medium. Free radicals can be
generated in a number of ways from various initiators. Two
most commonly used methods are the thermal decomposition of
relatively unstable substances, and the chemical reaction of
an unstable oxidizing agent with a suitable reducing agent.
A free radical is a substance with an unpaired electron. Two
free radicals are usually formed when a covalent bond of an

initiator is broken. Free radicals are extremely reactive,
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and the two radicals deactivate themselves when they come in
contact with each other. They occur in-extremeiy low concen-
trations when utilized for polymegization initiation and
have a very short average life span of 1less than one-tenth
of a second before they decompose further or react with an-
other substance. They initiate polymerization by opening ‘the
double bond of vinyl monomers and transferring their uni-

paired electrons to the monomer molecules, forming radical

chains (5}). Polymerization then proceeds by successive ad-

dition of further monomer molecules to the radical end of
the gfowing chain. It is usually postulated that the radical
chains are as reactive as the initial free radical. There-
fore, the deactivation of a radical chain with a free radi-
cal or another radical chain is as probable as the mutual
deactivation of free radicals. All‘the free radicals gener-
ated are not able to initiate polymerization reactions be-
cause of the mutual deactivation of some of them. ?he effi-
ciency with which radicals initiate -chains can be estimated
by comparing the number of radicals generated with the num-
ber of polymer chains formed. Most initiators in typical vi-
nyl polymerization reactions have efficiencies between 60
and 100%.

The initiators used in emulsion polymerization are water
soluble and are capable of providing a continuous supply of
free radicals. The initiator, potassiﬁm persulfate, at a
concentration of 0.02 mol.dm™’ and at 60 °C is able to pro-

vide radicals for more than 33 hours (6). Certain initiators

\
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can be successfully used only above certain témperatures,
below which they do not thermally decompose. At low temper-
atures (less than 20°C} free radicals are usually geﬁerated
by the chemical reaction of an oxidizing agent with a reduc-
ing agent. This process is known as redox initiation. fhe
numerous redox initiation systems, which have been success-
fully used to initiate polymerization, have been reviewed by
Bacon (7)., Whitby et al. (8) studied a large number of
amine-peroxide redox systems‘for emulsion poiymeriza;ion of
styrene. Cumenehydroperoxide was found to be particularly
effective when reacted with alkyl amines. Ethylene amines,
from diethylenetriamine to nonaethylenedecamine, were inves-—
tigated. The results showed that the tgtréethylenepentamine
and the pehtaethylenehexamine were most reactive with cume-
nehydroperoxide to form the free radicals which initiate
pdlymérization reactions. The mechanism of the hydroperox-
ide-amine initiation system has not been studied in detail.
Blackley (9) postulated the radical generating reaction for

this initiation system as follows:
ROOH + R'NH, + RO- + R'NE + H,0 (2.1)
It has also been postulated that minute traces of iron
present as an impurity in the emulsion form complexes with
the amine which react with the hydroperoxide to produce free

radicals. -It.has been claimed that rigorous purification of

all recipe components to make them iron-free resulted in a
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reduction of the effectiveness of the hydroperoxide-amine
system. In the present investigation the cumenehydroperox-
ide—tetraethyleﬁepentamine redox system was used, which ‘had
been found by Whitby et ai. (8} to give a satisfactory rate

of polymerization and molecular weight of the polymer

formed.

2.2 FREE RADICAL POLYMERI ZATION

Free radical polymerization is the most commonly used
meéhod for the praparatioh of polymer from vinyl or diene
monomers. It involves a chain reaction, 1in wﬁich monomer
molecules are successively added to an activated site at the
end of a groﬁing polymer chain, The activated site 1is an
unpairea electron. The mechanism of ‘free radical polymeriza-
tion can be explained by a description of the various steps
involved.

The process of chain initiation 1involves two steps: the
first is the decomposition of the initiator to yield a pair
of free radicals, and the second is the addition of a monom-
er molecule to the free radical. The second step involves
the transfer of an unpaired electron from the free radical

to the monomer molecule forming a chain radical."

I —— 2R (2.2)

R- + M —=— RM- (2.3)
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The rate of decompesition of the initiator to free
radicals is considerably slower than the rate of ddition of
monomer to free radicals. Thus, 1initiator decomposition 1is
the rate determining step in the chain initiation sequence.

The rate of initiation of chain radicals can be written as:

*

~ IR ] _ _, dlI] _
R, s 2 &2 2 € ky[1] (2.4)

The factor ¢, the initiator efficiency in the rate ex-
pression, takes into account the fact that not all free rad-
icals generated initiate a chain; some of the radicals‘are
lost by mutual deactivation. The factor 2 in the rate ex-
pression arises from the fact that two radicals are formed
by the decomposition of one initiator molecule.

The proceés of chain propagation involves the successive
addition of monomer molecules to the chain radicals and it

can be represented by the following eguations:

£

k

RM- + M —FP RM-Z (2.5)
k

RM'x + M —2— RM;H'I (2.6)

It is usualiy postulated that the chain radical reactivi-
ty expressed by k; is independent of the molecular weight ‘or
number of monomer molecﬁles in the growing chain. Based on
this assumption the rate of chain propagation can be written

as:
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- - 4(M] ] = :
R, it kp[M] ) [M: ] kp{M][M ] (2.7)

The last step in the chain process is the termination of
the growing chain radicals, which results in the formation
of polymer. The termination of chain radicals can occur ei-
ther by combination or by disproportiocnation:

i) Combination

I3
. . te
RM: + RM, —=Sv 2 (2.8)

R, = - LR 1 _ o 2

t dt te (2.9)
ii) Disproportionation
ktd
RM + BM, ———»_+ By (2.10)
.=—i.[£_l = [T 2
R, pre 2k, 4] (2.11)

Both types of termination may occur at all temperatures
of polymerization. At high temperatures however, the rate of
termination by disproportionation is higher than that by
combination. On the other hand at low temperatures combina-

tion is the dominant termination reaction.
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2.3 MICELLES
The function of a surfactant in .emulsion polymerization
is to increase the solubility of monomer in the aquéous
phaée. A large part of the surfactant usually exists in the
form of micelles, which act as the loéi for reacting polymer
molecules., Micelles are formed when the chcentra;ion of the
surfactant in the aqueous solution exceeds the critical mi-
celle concentration (cmc). The size and shape of the mi-
celles depend on the surfactant used. The size of micelles
is usually expressed as an agﬁregation number, which ex-
presses the average number of surfactant molecules present
in each micelle. The aggregation number is wusually within
the range of 50 to 100 (10). It ig'considered that micelles
are spherical or rod-like in shape with the hydrop;;bic ends
of the surfactant molecules oriented inward and the hydro-
philic ends outward as shown in Figure 1. The addition of a
small amount of electrolyte such as potassium chloride caus-
es a marked reduction in the cmc of a surfactant, but the
effect becomes progressively less as larger guantities are
added. In an emulsion system the surfactant concentration is
generally in the range of 25-30 g.dm'3 of agueous phase
which is greatly in excess of the cmc, so that most of the
surfactant is present in micellar form {(11). The total num-
ber of micelles in an emulsion system is extremely large.

In 1 cm® of aqueous phase of a typical emlusion there are

19
approximately 5x10 molecules of surfactant. If the aggre-

gation number is assumed to be between 50 and 100, the
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Figure 1 - Diagram of micelle with solybilized monomer
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eguivalent number of micelles lies between 5x1&7- and 1x10
per cm’ of agueous scolution. The extremely high combined
surface area of the micelles is characteristic of emulsion
polymerization and constitute a major difference from other
polymerization techniqgues. A comprehenéive review 'of the
phenomenon of micelle formation in agueous solution has been
published by Shinoda (12) and is used as a reference in the

above presentation.

The solubility of moncmer in micellar solutions is gener-

ally higher than that in water. When dissolved in a micellar

solution, monomer tends to diffuse into the central region
of the micelles. This results 1in an increased or enhanced

solubility of the monomer and is known as solubilization.

2.4 EMULSION POLYMER] ZATION

Emulsion polymerization is a complex and industrially im-

portant method for producing polymer&é‘materials especially

15

elastomers. There are some inherént advantages of emulsion.

polymerization. One advantage is that heat removal during
polymerization presents no difficulty since the viscosity of
the latex remains low, even at high monomer conversions. The
combination of surfactant, mild agitation of emulsion and
small size of polymer particles minimizes the coalescence of
particles. This ‘'characteristic of emulsion polymerizat%on
makes it suitable for the production of elastomers. One of

‘the principal advantages of emulsion pelymerization is the
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‘possibility of forming polymer of high molecular weight at a
very high rate of polymerization. In this respect emulsion
polymerization stands alone among other techniques Sf poly-
merization (13).\‘Commercially} emulsion polymerization is
used ip the production of synthetic rubber such as polybuta-

diene and styrene-butadiene rubber. Also, the polymer latex

product of emulsion gfolymerization has been'employed' in

.

‘ coating and glue industties.

A number of theories\iave been proposed to describe the
mechanism of emuléion polymerization. Among these, lHarkinsr
theory (14,15) was the first. It is also the basis of two
other important theories: those of Smith-Ewart (lé) and Gar-
don (17-22},

< .

The mechanism of emulsion polymerization according  to
Gardon will now be described. When a relatively water.inso—
luble monomer is addéd t6 an agueous sﬁrfactamt solutfon,
three phases result: an aqueous phase in which small amounts
of monomer and surfactant are dissolved, a dispersed phase
in which emulsified monomer droplets of diameter 0.5 to 1,0

Am, are found and a micellar phase saturated with monomer. In
emulsion systems the number of ﬁonomer drop#pts and micelles
are extremely large. The number of monomer droplets is ap-

. 2 . , 3
proximately 10 per cm’ and the number of mlcelles/lo' per

cm® of emulsion. The polymerization is initiated by the ad-~
dition of a water soluble initiator which is capable of pro-
ducing free radicals. The free radicals react with the dis-

"
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solved monomer molecules present in . the aqueous ‘phase
forming ché&n radicals (radicals). Gardon believes that
these radiEQIS“difﬁuse into micelles or monomer droplets «be-
fore becoming long encugh to érecipitaté. ‘Micelles and mo-
nomer droplets éapture the radicals at a rate proportional
to their surface areas. Because if i's estimated that ini-
Eially théﬁ combined surface areas of micelles »is approxi-
- mately sixty times Fhat of the emulsified monomer droplets,
it is considered thét the majbrity of the radicals are cap-
tured by the micelles. Hehce, the portion of polymerization
which takes place in the monomer droplets can be ignored.

Gardon divides .emulsion polymerization intd three inter-
vals depending on the time q£/£hé/disappearance of the mi-
cellar phase and the emulsified monomer droplets. During in-
terval I, radicals -are consfaéféd to diffuse into the
micelles 'to initiate polymerization. The micelles then con-
tain both monomer and polymer particles.‘-As the polymeriza-
tion reaction proceeds, the micelles, now called latex par-
ticles, continue to grow By absorbing dissolved monomer from .
the aqueous phase, which in turn is replenished from the mo- |
.nomer droplets., The monomer droplets, therefore, serve as a
monomer reservBir {for the continued polyﬁerizét;oﬁ in the’
particle during intervgl I. . &

Gardon explains the above mechanism for monomer absorp-

tion using thermodynamic concepts. Gardon postulates that

the free energy of mixing favours the entry of monomer mol-

“ : (
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ecules from EQe agueous phase“to thé latex partlcles. The
free energy of mixing is counteracted by the 1nterracial
free-energy change ‘due” to the increase in the eurface area
of the.. latex particies as they swell by absorbing mouomer
molecuies. Therefore the latex partlcles can "absorb monomer

until the interfacial free energy change and free energy of

>

mixing reach an equilibriuim.u It follows that fthe monomer ' -

concerdtration in the latex particles remains constant during

-

" polymerization as long as the agueous phase is saturated
. * -

with monomer. - _
As the size of the . latex particles increases, .more sur-
factant molecules are required on the surface of the. parti-

cles for stabilization. - Surfactant molecules are absorbed

frem the aqueous phase on the latex partlcles untal the con-.

centratlon of surfactant in the aqueous phase becomes less

-than the cmc. At concentratfons below the cmc the, inactive

micelles {those in which polYmef}Zation'has_not yet been in-

itiateal collapse and supply the necessary surfactant to the

growing partigiles for stabilization: thus, no new latex par-
- ~

'ticles can be formed. This situation is considered to occur"

3

nat a conversion of between . 2 and 15% and correspond to the

end'of ;nterval I. ~  ?'

Durlng interval II the.lateﬁ particles formed during in-
Cterval I coutihue to growv. Since the number of particles
and the‘conce:tration. of monomer <in each ~particle are con-
stant,, the. rate of polymer1zat1on remalns constant duriné

“interval II.- The continuous dlffu51on of monomer from the
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droplets to the latex particles results in the disappearance

of, the droplets at a ‘conversion of between 50 and B80%.

-Thereafter unreacted monomer is left only in the latex par-

ticles. The absence of monomer as a separate phase corre-
sponds to the commencement of interval III During this fi-
nal rnterval the rate of polymerlzatlon ) decreases
contlnuously as the monome in the latex partlcles is con-
sumed. It is con51d§g§d that conversions approaching 100%‘

are usually achieved and that the final polymer part1c1es

have diameters of the order of 0. 05 to 0.2'Am, that is, in—‘

‘termed1ate in size between the 1n1t1a1 micellés and the mo—
o ) . 7 M

N

.nomer droplets.

. —_— te .
Gardon developed a mathematical model for his proposed

‘mechanism. The model was developed for a persulfate "initia-

.tor which.produces two identical’ free radicals for initia-

tion, and fer qeections carried out under isothérmql condi-
tions. Calculations led to the following expressions for the
rate of polymerization, the constant total number of "‘parti-

cles which remain after interval 'I,~:and'the number average

" molecular weight:

. . N AR 0.6 o “
T& % 0.369[R(1-9 )] A S R q (2.12)
m’ N d
Avo p
R(l 9 N 3 -
N = 0.369 a0-8[— Avo P]O 4 (2.13)
) k d
mp m.
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o 6
- ’ ) OI
= 6 0.4 lkgdmd’mA
Mn = 0,3 9[NAV° dp(l-¢m)] l . (2.14)

The average number of free radicals per particle at
steady state , q, is an important parameter ,in the Smith
Ewart theory (16). When the value of this parameter (g) is

equal to a half, the rate of polymerization becomes:

0.4 (R dm¢mA:0.6
p.lBS [R(l-¢m)l ! N d , . (2-15)
. Avo p ,

de
dt

"It corresponds to the physical Situation in which radi-
cals diffuse into the particles one at a time and in which

~

transfer of radicéls;out of . particles is negligible. Entry
of a seconé radical into a particle results in instant ter-
minatioQ: Thus each particle has a growing po}ymér molecule
or radical in it for haif of the time while during the other
half of the time there is no polymerization because there is
no radica¥ present in it. Since the rate of radical entry
into the particlgs is constant at any time , half of the
particles contain one radical and the other half contain
none. The Smith-Ewart model is generally found to describe
the polymerization mechanism for water insoluble monomers
such as styrene. For certéiq monomers however, it was ob—.

served that there 1is transfer of radicals out of particles

particularly for monomers insoluble in their polymer (5).
: -
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In such cases g is less than a half. At high conversions for
certain monomers such as styrene and methylmethacrylate Q
was found to:.range from 2 to 10 (5)5 Therefore, g may be
considered to be different for different monomers and con-
versions.

Gardon presented an extensive comparison between pre-
dictions based on his theory and corresponding experimental
results (18). It was claimed that the predicted values were
in good agreement with experimentally measured parameters-
for a wide range of emulsion polymerization systems includ-
ing those of styrene aﬁd butadiene. However, Gardon did not
postulate a theory applicable for emulsion polymerization in
the pfesence of nonreactive liquid additives in the nature
of that attempted in this work. -

AN

2.5 EFFECTS OF NONREACTIVE LIQUID ADDIT&VES ON EMULSIQN
POLYMERIZATION

r

Emulsion polymerization 1in the presence of nonreacti@e
liquid additives has been studied by various investigators
{1-4). It was reported tﬁat “the effect of these additives
was in general to reduce thé polymerization rate and the av-
erage molecular .Qeight of the polymer. 1In this section a
brief review is made of the literature concerning the influ-
ence of a solvent on free radical bulk polyme:izatidn. Sub-
sequently a review of the literature dealiné with emulsion
polymerization in the presence of nonreactive 1liguid addi-

tives is also presented.
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Since the original proposal of the free radical
polymerization mechanism by Staudinger et al., (23) many in-
vestigators studied -the effect of wusing a solvent on free
radical polymerization reactions. Norrish et al. (24) dis-
covered that the rate of polymerization of methylmethacf&—
late increases with time particularly when high conversions
are reached.‘This phenomenon was explained by Trommsdorff et
al. (25) by taking into account the viscosity of the poly-
merization medium. In order to investigate'the effects of
viscosity of the polymerizing medium on the reaction rates,
the elementary rate constants were determined at various
conversions in different solvents. The results indicated:
that the rate of the termination process varied with viscos-
ity to a much greater extent than that for the rate of the
propogation ﬁfocess (26,27). Schulz et al. (28,29) estimat-
ed the reaction rate constants for the free radical polymer-
ization of methylacrylate in several solvents. Their resulps
indicated that the términation rate constants were_invegéely
proportional to the viscosity of the solvents. Their results
also indicated that the propogation rate constants were re-
duced to a lesser extent than the termination .rate co%stants
with an increase in viscosity. Similar results were also
obtained in the free radiéal polymerizatidn of benzylmetha-
crylate. It was concluded, therefore, that the solvent ef-
fect is mainly due to the 1influence of solveﬁt viscosity on

-

the termination process. The result is that an increase in
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the viscosity has the net effect of increasing the polymgfij
zation rate for this situation. s

Seymour et al. (1,2) studied the effects of several noﬁ—
réactive 1iquid additives on. emulsion polymerization of
styrene at 50 °C. , They used Triton X-405 as the surfactant
and potassium persulfate as the initiator for their investi-
gations. They divided the used additives into different cat-
egories on the basis of their viscosities and sQlvent powers
fqr dissolving the polystyrene. Benzene, c¢yclohexane and
octane were categorized as nonviscous aﬁd good solveﬁts for
polystyrene; heptane and hexane were categorized as nonvis-
cous and poor solvents fér polystyrene; whereas diisoctylpﬁ-
thalate and Nujol were categorized as viscous and nonsol-
vents. Their stuay revealed that the presence of good
nonviscous solvents retarded the rate of ﬁolymerization,
while the presence of poor nonviscous solvents resulted in
less of a reduction. The pélymerization rate was highest in
the presence of viscous nonsolvents. The rate was also in-
fluenced by the quantity of the additives. As the guantity
of the additive was fncreased, the rate of polymerization
was further reduced. It was observed that the additives
which retarded the rate of polymerization also reduced the
average molecular weight of the ﬁroduct. They also observed
the effect of surfactant concentration on £he rate of poly-
merization in the presence of Nujol at a concentration of

0.025 parts per part of styrene. The reaction rate was found

to depend on the surfactant concentration to the 1.8 power.
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Seymour et al. (1,2) explained their observations on the
basis of two properties of the additives, their viscosity
and their solvent power. They contended that a viscous poor
solvent increased the viscosity of the reaction mixture
within the polymerizing particles resulting in lower diffu-
sion rates especially those of the macro-radicals. This re-
duced the rate of termination of chain radicals present in
the polymerizing particles and in effect, enhanced the rate
of propagation. Conversely, a decrease in the viscosity of
the reaction mixture in the polfmerizing particles as a re-
sult of the‘addition of a good and nonviscous solvent, re-
tarded_the rate of polymerization and reduced the molecular
weight of the polymer.

Blackley and Héynes (3) conducted similar investigations
with aromatic hydrocarbon additives, namely, benzene, to-
iuene and ethylbenzene, as well as with cyclohexane. They
also studied the-emulsion polymerization of styrene at 50 °C
, but using sédium lauryl sulfate as the surfactant and po-
tassium persulfate as the initiator. 1In the presence of all
these additives the rate of polymerization was reduced. The
aromatics were found to reduce the rate of polymerization
more than cyclohexane. They expected the reduction 1in the
rate of polymerization as a result of monomer dilution by
the additives, but the observed reduction was much greater
than expected on the basis of mere monomer dilution. They

also observed that~a greater number of particles was formed
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in the presence of the additives. By considering the number
of particles present they observed that the rate of polymer-
ization was reduced in each particle 1in the presence of ad-
ditives. Their observations indicated that there was a de-
crease in intrinsic viscosity of the polymer formed in the
presence of additives. They explained their results by
Trommsdorff 'gel' effect; that is, the addition of nonvis-
cous additives lowers the viscosity of the medium inside the
particles. A decrease in viscosity enhances the rate of ter-
mination, which results in the reduction of the molecular
weight of the polymer and the rate of polymerization. Their
explanation raised a question that if the Trommsdorff 'gel'
effect is so important in the presence of additives, then in
the emulsion polymerization of styrene in the\sgsence of any
additive, more than one free radical may be present in at
least some of the particles. They were neither able to dis-
prove or substantiate their contention concerning the number
of free radicals in the pélymer particles at one time.

Azad et al. (4) studied the effect of nonreactive addi-
tives on the kinetics of a seeded-emulsion polymerization of
" styrene at 50 °C. The seed latex was initially prepared by
an emulsion polymerization at 50 °C using SDS as the surfac-
tant and potassium persulfate as the initiator. They chose
the method of seeding the emulsion polymefization to keep
the number of particles constant in the emulsion. Therefore

the effect of other parameters on the kinetics of emulsion
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polymerization was independent of the variation of number of -
paFticles. They observed that in the presence of water inso-
luble additives the rate of polymerization was lower than
that calculated on the basis of monomer dilution. Azad et
al. (4) proposed another mechanism to explain their observa-
tions. They postulated that the waterh inscluble additive
was not transportéd through the water; instead it remained
in the monomer droplets, reducing its activity which in turn
lead to a lower activity of monomer in the polymerizing par-
ticles. They developed equations for the swelling of the
seed latex in the presence of water 1insoluble additives in
the monomer phase. Their observation with water insoluble
additives such as octadecane and tetracosane agreed we&ibhh”
with theoretical predictions based on equations for equilib-
rium swelling. On the other hand, it was sugge#ted that
when the additives were relativel\‘water—soluble, the reduc-
tion in the rate of polyme;}zétion was influenced by two
things: first, the monomer was diluted by the additives and
next, chain transfer p?bbably occurred with the additives.
It was posfulated that chain transfer to the water soluble
additives, somgtimeS'resulteé in diffusion of free radicals
out of thé particles. This resulted ultimately in a lowering
of the average number of free radicals in the polymerizing
particles, which in turn explained the reduction in the rate

of polymerization.
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The explanation given by Azad et al. (4) appears to be
incomplete. Some inconsistency in explanation may be ob-
served when considering that the addition of the aromatic
hydrocarbon additives, benzene, tocluene or ethylbenzene re-
tarded the rate of polymerization to the same extent (3).
The solubiiity of these additives in water is of the same
order; thérefore, in order to explain thg same order of re-
duction in the rates, by the mechanism suggested by Azad et
al. (4), the chain transfer constants of these additives
would likewise need to be of the same order. The chain
transfer constants as tabulated in Table 1 can be seen‘to be
quite different, however. Therefore, the postulation of
chain transfer with additive as an explanaxion. for the ob-

served retardation appears to be only partially justified.

TABLE 1
Chain transfer constants and solubility parameters of
aromatics
compound chain transfer constants solubilit pérameter
(30) (31{ .
| At 60 °C At 100 °C
Benzene 0.018 0.184 9.2
Toluene 0.125 0.65 8.9
Ethylbenzene 0.67 l.62 8.9

The ‘above literature survey suggests that a satisfactory
mechanism of emulsion polymerization in the presence of non-

reactive additives is not yet fully developed. It is the
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purpose of this work to study the kinetics of emulsion poly-
merization of butadiene in the presence of nonreactive lig-
uid additives, and to develop a theoretical model for the

various effects of the additives.

2.6 MOLECULAR STRUCTURE OF POLY (1,3-BUTADIENE)

The structural arrangement of butadiene in its homopolym-
er depends upon the number of double bonds participating in
the polymerization. The molecular structure of butadiene,
which has two double bonds, is shown in Figure 2a. If only
one double bond participates in the polymerization the vinyl
or 1,2 polybutadiene shown in Figure 2b would be formed.: In
turn, vinyl polymer structures could occur in three differ-
enf forms, the isotactic form, in which all the unreacted
vinyl groups are oriented toward one side of the polymer
chain, the syndiotactic, 1in which the vinyl groups appear
alternately on one side and then the other side, and the
last one is the atactic form in which the wvinyl groups.are
randomly oriented. These vinyl structures are shown in Fig-
ure 2c. The other polymer structures arise when bo£h double
bonds participate in polymerization and the four carbons of
the butadiene molecules form the backbone of the polymer
chain. In this case cis—1;4 and trans-1,4 structures are
possible as shown in Figure 2d. Polybutadiene produced in an
emulsion system usually contains a mixture of all‘possible

structural arrangements of butadiene. The proporticn of the
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different molecular structures depends on
*
including the type of initiator, type an

arious parameters
concentration of
surfactant Psed and the polymerization temperaque. Hampton
(32) analysed the proportion of various sfruc ures obtained
at different polymerizafiggntemperatures:\ The proportion of
unreacted vinyl groups was found” to vary very little with
‘pelymerization temperatiire. However, the proportion of
trans-1,4 decreased aﬁd cis-1,4 increased as the polymeriza-
tion temperature was raised. The polybutadiene, therefore,
prepared at low temperature was found-to contain a high pro-
»poftion of trans-1,4 structure.y/‘FE?E—éxeater regularity in
configuration for butadiene polymer is associated with im-
proved physical properties. On the other hand the polybuta-
~diene prepafed at high temperature contains a random Qe—
guence of vinyl, cis-l,g and trans-1,4 strqcturés. This
random sequence is considered to be the major reason for the
- poor physical properties of the polybutadiene product. Thusl
the butadiene elastomers are usually synthesized at low

temperatures. In the present investigation the polymeriza-

tion temperature was kept constant at 10°C.

2.7 ANALYSIS OF POLYBUTADIENE

Polybutadiene prepared by an emulsion pelymerization
technique has a distripution of molecular weights aé well as
different configurations, The average molecular weight and
the molecular st ture of polybutadiene can be determined

by several methods. The methods for measuring the average
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molecular weight include membrane osmometry, light
scattering, viscosity measurement and gel permeation chroma-
tography (GPC). Meﬁbrane osmometry~yields the number average

A © molecular weights, M,. The primary difficulty with this
method is Fhaé the sample has to be washed thoroughly to re-
move surfactant and other émulsion ingredients for accurate
measurement. From light scattering measurements the weight
average molecular wgight, M, .may be obtained. The major
drawback of this technigue is that great care is reguired to
eliminate contamination of the dissolved sample with minute
particles or dust in the pglybutadiene solution which give
meaningless results. Viscosity measurements are an indirect
method for determining molecular weight, that is, it pro-
vidgs a value which is proportional to but not an actual ab-

/(ﬁ\\\h_§olute value of the average molecular weight. Analysis by

/ GPC provides a molecular weight distribution, which can be
used to calculate both M, and M,,. Therefore, GEC was used in
the present investigation.

The separation of polybutadiene molecules by GPC is based
upon differences in their size, which is closely related to
the molecular weight. Separation is accomplished by inject-
ing the polybutadiene solution into a continuously flowing
;tream of solvent which passes through a GPC column. 1In the
GPC column highly porous, tiny, rigid gel particles, called
STYRAGEL are closely packed together. The pore sizes in the

gel particles may vary from relatively small to very large
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defending on the moleculaé weight to be analysed. As the so-
.'lutlop flows through the gel partlckes, molecules of small_

sizes: penetrate more pores than molecu%es of 1arge sizes. .
‘ Therefore ~£he 1small size moledules take lonoer'time wtb'
emerge than do the larger molecules.'lf the pore size of the
gel is in the right range, the GPC column can separabe the
polymer molecules based on the1r 51zes with the largest mol-
ecules elut1ng from the column first. .

The GPC is calibrated with monodispersed polystyreﬁe
standards. A whole Series‘of polystyrene standards of molec-
" ular weight from 600 to 1.8.million are available. One char—'
acteristic of these stan@ards that makes them unigque is
theirlvery narrow molecular weight distribution. For cali--
bration, between § and 12 of these standards dissolved in
'suitable solvents are systematically 'oharged into  the GPC
" and from the curve of polymer concentration versus time it
is established at what volume the particular polymer molgcu-
lar weights are eluted., A calibration plot is then made of
"the product- of intrinsie viscosity of polystyrene standard
solutions and respective molecular weight versus elution
volume. The product of " intrinsic viscosity and molecular
weight is considered to be equivalent to a hydrodynamic vol-
ume. The theoretical justification for the calibration curve

is based on the fact that polymer molecules elute from gel

o

packed column on the basis of their hydrodynamic volume. The

usage of this calibration curve reguires the Mark-Houwink
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coefficients, £ and «, of the polymer which s to be anal-
_ = _ R o - ‘
'ysed. These coefficients relate-the intrinsic viscosity with

the molecular weight. o ‘

/ . Inl = aM® - : ' T (2.16)

This calibration ;cdrve has been shown - to be‘valid for ob-
taininglabsolutg molecﬁlar weight for polystyrene, polyvinyl
éhioride, polfbutadiene.aﬁd numerous -other poiymers (33).

. Polymef structure is often cha;écterized by infrared
spectrophotometry. Infrared spectrophotometry is concerned
with the measurement of the absorption spectfa which‘agises
when molééuleé undergo a transition between. guantum stateé
.co}responding to two different internal.energies. The energy
-difference, AE, between the states is_relatediéo‘the fre-

A

guency of radiation absorbed or emitted by theﬂquantum rela-
hY - b

tiomAE=hY . An infrared spectrophotometer uses a glowing
light source provide light with wavelengths from 2.5 to
15 Lm. It.giz‘Leen used by variols investigators to deter-
ﬁine'the relative.propor;ign ofégis-l,4, vihyi and trans-1,4
structures in polybutadieﬁe. Hampton (32) assigned the 10.3,
11.0 and 13.8 Am wavelengths to trams-1,4, vinyl and cis-1,4
structures respectively. Binder (34) used the same wave
lengths as was used by Hamﬁtbn for trans-1,4 and vinyl
structures but used 14.7 Aim for® the cis-1,4 structure. Rich-
ardson (35} determined trans-1,4 énd vinyl structures only

and obtained cis-1,4 structure by difference. In the pEes~
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ent investigation the stereospecific polymer, cis-1,4 poly-
butadiene obtained from Polysar Limited, Sarnia, was used to
find the exact absorbance freguency of the cis—i,4 struc-

ture, which matéggd Hampton's value of 13.8 .4m.

2.8 SOLUTION PROPERTIES OF BUTADIENE

The study of the solution properties of butadiene was of
only indirect relevance to emulsion polymerization. It in-
volved the measurement of the solubility of butadiene in wa-
ter and aqueous surfactant solutions. These measurements
were useful when dealing with the emulsion polymerization of
butadiene. The solubility of butadiene in.heptane, styrene
and heptane-styrene ‘mixtures was also measured. The. study
also involved the development of various empirical correla-
tions for the prediction of molecular diffusivities in 1li-
quids. The literature concerning the solubility and diffu-

sivity of gases in liquids is reviewed in brief.

2.8.1 Splubility

The solubility of a gas in a ligquid is determined by the:

equation of phase equilibrium; the fugacity of component A
will be the same in both the lidﬁid and gas’ phases at equi-
librium (36):

£ =5 o (2.17)

Ve

-
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Assuming that the gas phase is ideal and neglecting any non-

. "idealities resulting from solute-solvent interactions, Equa-

"tion 2.17 becomes ‘Radulf!s'xléw *after substituting vapor

Y

pressure for fugacity: =~

The ideal solubilities of gases above their critical temper-'
ature can be calculéted from Equation 2.18 using a hypotﬁet*
ical vapor preséure, which can be obtained by extending the;
vapor pressure curve to the solution témperature. The ideq}
solubility given by Egdation 2.18 suffers from;‘two serious
defects. First, it is independent of the nature of the sol-
vent; lthat is, at a fixed temperatu;e and partial pressure

it predicts the same solubility in all solvents. This is

contrary to observed behaviour. Secondly, Equation 2.18 pre-

dicF; that at constant pértial pressure the solubility of a
gas always dechﬁges with rising temperature. This pre-
diction is not always true. Hence, Equation 2.18 is uséd
only fér a rough estimate of gas solubility.

Another method for prediéting gas éolubilities is by Hen-
ry's law (36): '

fA = HABxA for Ky << 1 (2.19)

Henry's law provides a good approximation when the solubili-

ty and the partial pressure of the solute are small and when

(2.108‘) . N

s
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th;uteﬁperature is well‘below the critical témperature of
the solvengi .

Many attemptg.have been made to Eorrelate gas solubili-
ties. The success of these correlatiocns have. been limited
becausé of ;lack of reliable experimental data and at the
same time a sﬁtisfactory theory for gas liquid solutions has
not been established.~Hildebrand and Scott“(31,37) developed
the‘regular solution theory for nonpolar systems. They de-
fined a regﬁlar solution as: - one vaolving no entropy
change when & small amount of one of its components is
transferred to it from an ideal sclution of the éame cbmpo—
sition, the total volume remaining unchanged. Based on the
regular solution theory, two eguations have been developeé
for the prediction of solubilities of gases in liquias. The
first, Equation 2.20, is for systems in which solute—golvent
molecules do not differ grea{}y in size and the 'secondf

Equation 2,21, is for solutions involving large differences

in molecular sizes.
K}

ERNCCRE .
-ﬂnxA =-'£nxA —_—_— (2.20)
RT
’
¢ 1 vﬁ(ss—sA)z vﬁ : ' Vﬁ
-f.nxA = -ﬂuxA +o——— + £n(v—) + (1 - V_) (2.21)
RT B B

3

These equations are used for the prediction of gas sclubili-
ties in nonpolar solvents. Hayduk and Laudie (38) have pre-

sented a prediction method based on H-bonding factors for
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estimation of gas solubilities in polar solvents. The H-
bonding factor was defined as:

4

|

(2.22)

Miyano énd Hayduk (39) later on expressed H-bonding factors
by a simplified Margqules eguation and found it more useful
to co;relate the solubilities of gases in pure solvents as
well as in solvent mixfures. The H-bonding factors for a bi-

]
nary system was expressed as:

' 2
-£HG=AABXB (2.23)
Several correlations have been develdped for the pre-
diction of gas solubilities in mixed solvents. The eguation

provided by Krischevsky (40). was considered valid for ideal

solvent solutions:

fn H | =
xBﬂnHAB

AM + xp&nH, (2.26)

‘Another equation, provided by O'Connell and Prausnitz (41),
which is considered to apply fairly well for nonpolar sol-
vents is presented below:

Ln H, = Xg ZnH

AM toxp dn - TopXgxg, (2.25)

AB

&
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The constant Tgp is the _characteristic of the B,D binary
pair interaction and can be estimated using the regular so-

lution theory as:

- 2
. (GB GD) (VB+VD)
BD 2 RT (2.26)

-~

The other correlations for the treatment of solutes in mixed

solvents may.be found in the literature (36).

In emulsion polymerization of a monomer, the monomer is
dissolved.in an aqueous surfactant solution. It has been
found that the solubility of bufédiene in the aqueoﬁs sur-
factant solution is significantly higher than in water. Sur-
factant is capable of forming micelles in the agueous phase.
These micelles are usually sphe{ical in shape and absorp mo-
nomer molecules into their central region as discussed in
Section 2.3. Therefore, the presence of micelles increases
the sélubility of monomer in the aquecus surfactant solu-
tion. The enhancement of monomer solubility is—Known as so-
lubilization. The phenomenon of solubilization has been
studied in detail by Klevens (42) and by McBain and Hutchin-
son (43). The extent of solubilization is affected by sur-
factant type, surfactant concentration, nature of solubi-
lized substance and concentration of simple electrolytes 'in
the surfactant solution. According to McBain and Richards
(44) the solubilizing power of a surfactant increases quite

sharply when both its concentration and chain length (molec-

ular weight) are increased. Their results also concluded

L2
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tgat the number of molecules of solubilized substances per
molecule of surfactan; is constant for a given surfactant at
all surfactant concentrations, and the extent of solubiliza-
tion can be increased by the addition of éimpie electro-
lytes. Stearns et al. (45) have provided evidence to suggest
that the effect of electrolyte is essentially to make more
surfactant available for forming more micelles through the
lowering of the cmc. As discussed in Section 2.3 the number

17 4
of micelles .is considered to lie between 5x10 and 1x10

per cm’ of agueous phase. Each micelle contains between 50
and 100 solubilized meonomer molecules, depending upon the
nature of the surfactant (11}, Therefore it is considered
that the solubilized material_in thé surfactant solution is
not present as suspended or emulsified drsplets, but is in-
corporated-in the colleoidal particles (micelies) of the sur-
ﬁactant‘itself. It is in solution in the same sense that the
surfactant itself is in solution. Tﬁe micelles may be con-

-

sidered to form a separate phase within the emulsion system.

2.8.2 Diffusivity

Mclecular ﬁiffusion'is concerned with the movement of in-
dividual molecules through a substance resulting from a con-
centration differential. The rate of diffusion is commonly
described in terms of a molar flux and a diffusion coeffi-

cient, as defined by Fick's law:

J = = VC (2.;27)
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~

During emulsion polymerization the monomer digghses from the
monomer droplets to thé\aQerus phase. In the aqueous phase,
3 .

the monomef&concentration is very low. In such cases, where
solute A diffuses in an infinitely dilute solution of A in
B, the diffusion coefficient is denoted by ‘IiB. For scien-
tific applications I%e is considered to be valid for concen-
trations of 10 mole percent (46).

Several theories have been proposed for the mechanism of
diffusion including those involving a hydrodynamic’, kinetic,
statigEical-mechanical or thermodynamic basis or a combina-
tion of these. The diffusion theories have been reviewéa\@n

/ . { /
‘detail by Ghai et al. (47,48). Because of our limited kﬁoglﬁ“T‘J

edge of the liquid state, the theories provide only a péw-
ﬁial basis for the prediction of diffusion <coefficients.
Therefore, to predict the diffusion coefficient a number of
empirical correlations have been develéped. Some of the im-
portant empirical correlations are presented below.

Wilke and Chang (49) introduced a correlation taking into
account the molecular weight of the solvent and an empirical
association factor. Empirically fitted constants resulted in

o i ]
the following equation:

(2.28)
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Scheibel (50) developed another correlation by eliminating

the association factor from the Wilke-Chang correlation:

o KT
DAB ;—;—173— . (2.29)
a B A

In the above equation the value of the constant K is:

-8 3V, 2/3
K = 8.2(1070) [L + [z—] ] (2.30)
A N

v

The value of the constant K was determined separately for

several solvents as below:

(1) for water, K = 25.2(10"8) if v, < Vg

o

(11) for benzene, K = 18.9(10°%) if v, < 2V

(111) for other solvents, K = 17.5(1078) if v < 2.57,

A

"Reddy and Doraiswamy (51) proposed the following relation:

e
T ———

K'MBOQ ST
D® -
AB 1/3 (2.31)
- nB(VAVB) :

The value of K' in the above eguation is:

v
K' = 10(10"%) when FE s 1.5 7 (2.32)
A
: -8 Vs
K' = 8.53(10 °) when 7z 1.5 (2.33)

A
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In general, most investigators found that the above three
correlations predict a similar value of the diffusion coef-
. ficient. However, 1in the case of water as the solute, the
prediction accuracy from the Reddy-Doraiswamy correlatioﬁ
was conside;ed better (46). .
Another general correlation developed by King et al. (52)

utilizing latent heat of vaporization as a measure of the

intermolecular forces involved, is given below:

. . V. 1/6 AW, 0.5
D° = 4.4(107 %) nl— [-B] B

[—— (2.34)
AB B VA AWA

A recently developed general correlation by Tyn and Calus
(53) was considered to have a better accuracy for prediction
than any other existing correlation. Utilizing the parachor
as a measure of molecular interaction, Tyn and Calus devel-

oped the following correlation:

0 8. T Vlge Py 0
D, = 8.93(107%) s (D (2.35)
B VB A

For the development of their correlation they treated water
as a dimer, in that they considered that the value of the
molar volume and parachof‘was doubled. They also considered
the organic acid solutes as dimers except when diffusing in

water, methanol and butanol: then'they were treated as mo-
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nomers. For predictions 1involving non—asséciating solutes
in monohydroxy alcohols, the value of the molar volume and
parachor was multiplied by a factor which was related to the

solvent viscosity as follows:
y = 8n, - (2.36)

Withlthese rules! Tyn and Calus claimed that their general
correlation was the best available.

‘Correlations have.also been developed for predicting-dif-
fusivities at infinite dilution in water. These correlations
are expected to be of greater accuracy than using one of the

general correlations. One such correlation for water as sol-

vent developed by Othmer and Thakar (54) is presented below:

-5
s _ 14.0(107°)
Dysn 1.1 0.6 (2.37)
Ng A

The correlation was based on data published prior to 1950. A
more recent correlation developed by Hayduk and Laudie (55)

using data published after 1950 is shown below:

5

p° - 13.26 (10”7 (2.38)
AB 1.14 0.589
Ng v,

Both correlations yield similar, but not identical results.
It was found that an average absolute error of 10% could be

expected with either correlation.



42

As part of this work all of the above mentioned
correlations were tested for their accuracy and new ones
were developed by using the literature data availablé. For
the development of new -correlatioﬁs the nonlinear optimiza-
tion technique was used. The technigue involved the Box-mod-
ified Gauss method. This method was selected because of its
most rapid convergence after testing all the optimization
techniques avialable at the computer center of the Universi-
ty of Ottawa. In this method the sum of squares functions

was minimized to obtain the-desired parameter values (56).
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THEORETICAL DEVELOPMENT

A theoretical model is proposed for emulsion polymeriza-
tion in the presence of a nonreactive liquid additive. The
Gardon model for simple emulsion polymerization, which is
presented in Section 2.4 was modified to propose this model.
The proposed model will be examined in Chapter 6 to see
whether it actually describes the effects of the addition of
.nonreactive liquid additives, heptane and cyclohexane, on
the kinetics of emulsion polymerization of butadiene. The
purpose of this chapter is to'present the development of the
theoretical model.

When a monomer is mixed with a nonreactive miscible liﬁ—
uid solvent and agitated with an agueous surfactant solution
until equiIibriUm is established, three ﬁhases result.
First, one will find an agueous phase saturated Qith monom-
er, additive and surfactant, éecond, a micellar phase satu-
rated with the monomer and with the additive, and third, the
emulsified droplets of the monomer-solvent solutio < The
physical picture of the emulsion is shown in Figurg 3. The
solubility of monomer and solvent 1in the aguecus “phase is

assumed to be extremely low, thérefore only a small amount

of monomer and solvent is present in the aqueous phase. The

-
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.;m; py u;ing the 'following relation:

45

monomer and solvent concentration in the micelles and in the -

emulsified dfbplets is assumed‘to deéend upon the.solubiii-
zation of ‘monomer and of solvent and upon the . monomer ‘to.
solvent fatﬂb_inithe feéd.  fhe‘ ﬁonomef to. solvent ratio-in
the micelles can be found out as follows: -,

At a certain concentration of . the agueous surfactant so-

lution, let S; (mol.dm > of solution) be the solubilizatiop:'

.of pure monomer anépsg (mol.dm > of solution) the solubiliza-

tion of pure additive. The concentration of monomer and
vent in the micelles, in terms of mole fraction, when

equimolar mixture of monomer and solvent is dissolved, will

be: - ‘ L
s?. ; -
Sm = ——E— - , . . (3-1)
{.'Si ’
,\ . ‘ . -SG -'-
5, = —=" L (3.2) -
L. . ) Z'Si ) .

The mole fraction of monomer in -tHe micelles, F,_,. can

. 2
be calculated from the mole fraction of monomer in the feed,

roo. : -
v - - s x™ RS - Cen

I m r " _."‘
S x + 8§ (l-x ) . o "€3';)
a m . .
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The polymerization is initiated by the addition of water
soluble initiators, which generate free radicals. These rad-
icals are gene;ated fandomly throughout the aqgueous phase,
The free radicals react with the dissclved monomer in the
agueous phase and form chain radicals. It is believed that
these radicals, before becoming loqg enough to precipitate,
are absorbeq either by the micelles or by the droplets due
to high concentration of the 'micelies and droplets 1in tﬁe
agueous phase. The number of monomer droplets and surfactént
micelles are estimated to be approximately 10,2 /cm? and
10|$ /cm; respectively, as discussed in Section 2.4. It has
been sugges;ed that the micelles aﬁd\the droplets absorb the
radicéls ﬁroportional to their surface areas (5,17). The
surfacé area of micelles iq;approximately.sixty timesAlargér
than that of emulsified droplets (i?);' Hence it is hypoth-
esized fhat‘the-majority of the-fadicals are'aﬁsorbed by the.
miceiles and that the extent of p?lymérization‘taking place

in the droplets is sufficiently small . so that it can be ig-

- ¥

- nored,

In the Gardon model the reaction taking place during em-
pIsiog,ponmerization iSEEfvidQQ-into three 1intervals. As

presgnted;in Section.2.4, the time of disappearance of the
micellar pﬂase _cqg:é;pdhdé-ép_ﬁhéfcommencement of int;rval
:ET 5hd';ﬁé‘fime 6f' disé?peakance éﬁ'emuléified-monomer,drq—
'.ﬁlefs cgrrespénas‘to’the éommencement'of ihéegval II1. How-

ever in.'fhé'p;oposedlmodeil"thé_polymerizétion reaction is

‘.

AT
'
e
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divided into two intervals. 'The emulsified droplets do not
disappégr in the presence of a nonreactive liquid additiQe.
In interval I free micelles (containing no polymer)} are
present and as the reaction proéééds and the free micelles
are consumed, the complete disappearance of free micelles
marks the commencement of intervai II. During interval I,

" radicals diffuse into the micelles and initiate polymeriza-
tion, converting the miéelles into latex partiéles. New la-
tex particles are formed and their number increases as the
radicals are absorbed by the micelles. 1In thé;latex parti-
cles as the monomer molecules are consumed by the reaction,
new monomer molecules are absorbed from the agueous phase.
The equilibrium concentration of monomer in the aqueous
phasé'is maintained by thg4diffusion‘of ngSEEr from the em-
ulsified droplets. As Gardon (17) described, the driving
4 .
force for the diffusion of monomer into the latex particles
is the free energy of mixing, which is countered by the in-
terfacial free energy ¢hange of the system. The iﬁteffacial-
free energy change of the system is caused by the increase
in the surface area of theﬁparticles, which increases iﬁ
size during polymerization. As the particles grow in size,
more surfactant molecules are absorbed on their surface for™
. the stabilization of the particles. Thé continuous absorﬁ—
ti&n 6f'the surfactant molecules on the latex particles re-

sults in a decrease in surfactant concentration in the ‘ague-

ous phése. Gradually the surfactant concentration becomes
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‘chemical potential, Axr
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f »

less than the cmc and as a result, the micelles in which the

polymerization has not yet been initiated, collapse and the'

surfactant dissolves and migrates to the polyﬁer particles.
Thus no additional latex particles are formed. This corre-
sponds to the end of interval I. The physical picture after
iﬁterval 1 is depicted in Figure 4.

During interval II the number of latex 'particles remain

constant. The polymerizatioﬁ continues in the latex parti-

cles and thé monomer diffuses from the droplets to the aque-
ous phase and subsequently from aqQueous phase to the parti-
cles. It is assumed in the proposed model that the presence
of relatively water insoluble additive depresses the activi-

7ty of monomer, and thus‘concentrateg the monomer in the. dro-

"plets. Therefore at equilibrium the concentration of mo%Qmer

in the latex particles is less .than that expected from sim-
-ple dilution. The distribution of ‘mohomer between the dro-
plets and the latex particles in the presence of an additive
can be explained from thermodynamic considerations. .The
Ci, of the monomer inside a droplet of
radius r containing tﬁé additive at concentration C; is re-
lated to the chemical potential, A;; , of the monomer .at the

same concentration in contact with a plane surface by (57):

c e 207V
1 t mq
_ H i = (3.3)
rl p J.'l
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The presence of an additive has simply reduced the chemical
potential of monomer in the drbplets. In plane surfaces, the
chemical potential of the monomer, ,L;‘ , 1in a solution of
concentration C; is related to its chemical potential in the

pure state.f(-«P by:

1 o
- = IRT £ .
Up up o n ?ml (3.6)
Substitution from Equation 3.5 gives:
2 0V
1 o M
Mo -uy = ———— + IRT &n Yy (3.7)
1 P 1 !

Similarly for a latex particle of radius r, and additive

concentration C;, the following equation can be written:

29V
c, . my )
MW" = pg = ———=  + IRT %0 Y (3.8
Substitution from Equation 3.7 gives:

c c Vm Vﬁ | Yo :

U 1. u z 20 [—¥£ - ——3] + IRT 4n —* (3.9)
T r r r
2 1 2 m,

The difference in chemical potential of the monomer in the
droplet and in the latex particle in the presence of an ad-

ditive, as expressed by Equation 3.9, 1is the driving force
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for the movement of monomer. Physically this imbalance is

rectified by the diffusion of the monomer., At equilibrium:

1 2
H." o= w (3.10)
1 2
le vmz le
20 [—— - —£] + IRT 4n —= =0 - ¢ (3.11)
T r Y
1l 2 m
2
Since r >> r,then:
v v v
ml. m2 m2
T T Tt -3 (3.12)
o 2 2
Therefore, Equation 3.11 becomes:
20 V.
%2
n vy = n Yy 4+ ——— (3.13)
m1 o, r2 IRT

Since 2r-Vm1/%3ﬂ2T)is a positive quantity a Y, is larger
than a Y., . The activity is directly proportional to the
concegtration. Therefore the concentration of honomer, at
equilibrium, in the latex particles is iess than expected
from simple dilution. Thus, the experimental rate of poly-
merization in the presence of an additive becomes lower than
expected on the basis of monomer dilution. The thermodynamic
considerations of 'the depression in the monomer activity,
due to the presence of water insoluble 1liquid additive has

been treated in detail by Ugelstad and coworkers (58-64).
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It is assumed in the proposed model that the extent of
reduction in the rate of polymerization depends upon the
physical properties of“the additive including its viscosity
and solvent power to dissolve the monomer and polymer. The
presence of the additive affects the viscosity of the reac-
tion medium inside the particle. A change in the viscosity
influences the diffusivity of monomer, polymer énd radicals
inside the particles, which results in a change in the ele-
mentary rate constants. It has been observed that a change
in the viscosity of the r#action medium mainly affects the
termination process whereas the influence on the propogatién
process is significantly less (27,28,65).' The relation be-
tween termination rate and viscosity is developed by using a
model proposed by Allen and Patrick ({66). This moael relates
the rate constant for reaction betﬁeen species A and B, L
, with the collision radius for an encounter, 8,5 , as fol—'

lows:

k = CD B L (3.14)

For the termination step in a polymerization reaction, sy
is related to the size of a freely rotating polymer segment
of a polymer molecule and to its molecular weight. The mutu-
.2l diffusion coefficient, Dpp is dependent upon whether
the molecular motion required to cause an encounter 1s cont-
rolled by the segmental or translational diffusivity of the

chain,. or whether or not that diffusion is 1influenced by
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chain entanglements. The variation in termination rate con-
stant may be conveniently expressed as a ratio of the values
at different times during the reaction. Let k,, refer t

time, t,, then Equation 3.14 becomes:

kt D B
- = [ BP.__'] [F_] (3.15)
€y Py 0

Neglecting the variation of the collision radii with conver-

sion Equation 3.15 becomes:

k D

L P (3.16)
k - [D J

o - Py

Neglecting the collision radii with conversion is equivalent
to ignoring changes of molecular weight with conversion.
This approximation is quite reasonable for emulsion polymer-
ization because the molecular weight changes little, if any,
with c¢conversion (17). Therefore, the termination rate is di-
rectly proportional to the diffusivity. From an observation
of diffusivity correlations , it is observed that the diffu-
sivity is frequently inversely propgrtional to the viscosity

of the medium (67):

Doc_].:.
n

(3.17)
P
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»Utilizing the relation between viscosity and diffusivity the

following equation is obtained:

] . (3.18)

”// . That is, 1t may be considered that the rate of termination
is inversely proportional to the viscosity of the reaction
medium. Hence, the addition of an add%tive, which increases
the viscosity of the reaction medium inside the particle,
tends to result in a reduction in the termination rate. This
may result in the possibilty of more than one radical exist-
ing in the latex particles. Thus the rate of polymerization

— obtained would be expected to increase.

The rate of polymerization in interval II is expected .to
remain constant as long as the variation of monomer concen-
tration in the latex particles is insignificant dJdue to the
-diffugion of monomer from the droplets to the particles.
Howevér, after certain time the drop of monomer concentra-
tion in the droplets may reduce the rate of diffusion of mo-
nomer to such an extent that the monomer concentration in
the particles decreases. Thus the rate of polymerization no
longer remains constant and begins to decrease, As the mo-
nomer concentration continues to decrease with the increas-

. ing conversion so does the rate of polymerization. There-
fore below a certain conceptration of monomer in the

) droplets, the rate of diffusion of monomer from the droplets
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to the latex particles becomes the polymerization rate con-
trolling step.

The mathematical expressions for the proposed model will
now be develobed. The approach followed for this develop-
ment is similar to that adopted by Gardon}ﬁl?) although the
expressions obtained are different and take intp account the
presence of additive in the emulsion polymerizétion. The
differential equation for the initial rate of formation of
latex particles will now be devedoped. If n, is the number
of particles of radius r; per unit volume of agueous phase,
then the surface area of all particles at any given instant
is:

éﬂ E nirz

1 (3.19)

5

If N is the number of particles per unit volume of agueous
phaseé at time t, the differential equation for the rate of

generation of particles is:

dN

t 4T 2
= * RIL - (D) Q ar ] (3.20)

The rate of polymerization depends upon the monomer and
radical concentration. In homogeneous polymerization it is

written as:

_ dM] , .
o =k, [MIIR] _ (3.21)

)

7
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In emulsion polymerizatioﬁ,. each particle can be considered
to be a separate reactor and the above rate equation can be
mogifigd accordingly. Considering a particle as a system,
the differential equation for the number of converted moles

of monoegr in the system is written as:

i

dh_ _y  4dIM] : .
dt Vs dt © (3.22)

The eguation expressing the number of radicals in the system

is:

(3.23)

N

= NAvo VS[R.]

-

* .
The equation expressing the monomer volume fraction 1is:

m

op = V_[M] o (3.24)

The addition of a nonreactive liquid additive is expeéted to
affect the rate of conversion. Therefore the .effect of the

addition of an additive is taken into account by an equation

expressing the additive volume fraction as:

¢a *\Va[a]

(3.25;
Substitution from the above eguations into Equation 3.21
gives the following polymerization rate for emulsion poly-
merization: '

IS

’
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"
As discussed above, latex particles grow in size during poly-

merization. The differential equation describing the in-
crease in particle size is derived by considering the volume
of polymer in the particle:
AVm dm [411'
d

X = —_.-;]m:3 (L-9¢_=-9¢) (3.27)

a

The derivative of Equation 3.27 when combined with the value

of dA/dt from Egquation 3.24 gives:

3 k d ¢ g
dr 3 P m m
VO P m 'a

The ébove equation describes the changg of particle size
with time. ff i£ is assumed that the number of radicals in a
particle during polymerization is always one, the differen-
tial equation for the pérticle'size becomes:

’ ar’ = = 1[—-3—I< ][—dmlt——% -] o (3.29)
' dt G N d 1-p -9 -
Avo P m a

‘For a péfticle hucleated at time T after init?dtion of poly-
"merization and for an initial radius assumed to be zero at
that time, its volumetric, and surface area, growth rate are
proportional to the cube and the sguare of  the radiﬁé with

time, respectively as follows:

-
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)

v, v
) B .
3 : d ) ¢ .
A e 1[—"—-1[—1(: RS e
, Avo p “m "a
& " .
. ‘d ) ¢m ) 2/3 - /,
[ ][——2—][—“](t “-T) =1 (3.31)
I Av ; i- ¢m-¢a
~ As has been described above, 7Lp‘to a certain conversion

the monomer_concentrat1on is assumed to remain constant in

the particle. It is also assumed for the development'of the »

’

proposed model that the additive concentratlon in the parti-.

_cle Pemains constant Unde£7these assumptlons a new constant
S

K is defined as:

d_ ¢ - - :
K= (2] [~—L1“[ 1 = =S . (3.32)
A v Avo .

v Using, the«above assumptions Eguation. 3.20 can'be'éolved for

a final number of particles, N, at the end of-interval I, as

previoualy evaluated by Gardon (17). .. R

1

N = 0.208 AO'S[%]

£ 2

;(3;33)

-3

Assuming that the monomer and additive.volume fractions re-
main, constant in the particles, th& variation of conversion%

w1th t1me cah be calculated This evaluation is based on the

,.fikt tbat the»amount of polymer formed is” proport1onal to

F
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N : 3 ..
the total volume of the part1cles or to¥wv., A particle

formed at" tzme T has _a cubed raalus of K{t- 1) et time £

accordlnﬁ to prev1bus assumpilons Hence the number of - par~
tzcles formed in A"C at t1me'c is ANt . When the total vol--

ume is d1v1ded by 4ﬂ73 . the-ﬁollqw1ng equaglon can be wr;t-

— o

i .
5 -

.
P
.

3 Ll o .
SZ n,r), = TEO §(t 'r) AN T (3.34)
© ’ * .—’“.x

“Substitufioﬁ from Eguation 332q3resulté~in:the'follbging in

tegral eduation:ﬁ h . LT
- /’. ¢

H

‘ . £t - ' ' o C
3 - 3 2 R )
(z’.niri).t RK E; \—3: (} nyri) ) (t-t)ar (3.35)

. The volume of ﬁolymer per- unit -volume of agueous phase‘can

be writteh as: . ) . K | »

P;(l-«# -¢)( )(E '.ﬁ {3+ 36)

The ébove equations‘we:e'solved the same way as Gardon tL?)
Lo '._"- - N .

solved a  similar sets of equations to obtain the amount of

polymer produced during interval I:
"'———-r"' \\-“‘_/— %'
d 2 )
P = 0.351 (-—L)c ) o R £°. O (3.37)
Avo ’

-

1

L .
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Equation 3.37 shows that inititally the conversion is propor-
‘tional- to initiator concentration "and does not depend upon

,the surfactahr coheentration )

,The expre551on for the number average‘molecular weight’ of
the polymer formed durlng interval I can be derived by con-
sidering thg,average,tlme, tP » needed for a single radieal
~to*enter a perric;e. The 't, can. be found out as follows:

Th; ﬁumber'of-radica;s enteriqg a latex particle per sec~

+ /ond is - , ' , /

i =3

= 4mr”[T] ) ' "(3.38)

L . R ) .
For the sake of simplicity, it is assumed that a newly

formed'particle has" zerd 1n1t1al radlus and particle. age tp .
. s .
is measured from the time of entrance 8f a free radical. At

time tp the_radlus_of the pé?ETETE—"{§>(K tp) by Equations

3.29 and 3.32.'Thu§:- . ' _ '4“1 I .
- ° - - ¥ .
- -  \2/3.R, . L
ar_ - AmKe )Tl _ 1 (3.39)
P : : Lo
' A= (2R k23303 8y (3.40)

The average time tp needed for a single radical to enter a
particle which contains .only one growing polymer chain, is

obtained by setting A=l.



» , f/i

16_1 .
b ] R
- 5 0.6 .A.0.6 1 ‘
tp = [15;] [g] . EETZ (3,4})

The average volume of a particle with one terminated Ehain
_iﬁ itiis (4”/3).KEP . The value of M, is obtained by multi-
- plying this volume by the volume fraction of .polymer in the

particle, (1-%-®,),by the polymer density, dp , and by Avo—

gadro's Number N, . )

Avo

=t

47 -
n [7f] Kt:p (l-—¢m-¢a) de (3.42).

+ .

Substitution from Equations 3.32, 3.33 and 3.41 yields;' -

) . " 2
M_ = ;.44 Ky *dp w9, (3] ' (3.43)

o m

L=t

-

The average ‘ﬁolgcular weight, as is clear from Equation
3.43, depends upon the rate of entry of radicals in the la-
tek particles. : ' -

Tﬁe mathematical analysis is now extended to iqteruai II,
In inferval 11, the number of latex particles remains EanC:}\
stant. Therefore,.the total volume of polymer present in one

?\unit_volume of agueous phase can be calculated as follows:

A
ks

: {
‘ | | ‘n | (3.4
. = _1 ' 44
P = AV N[dP] | )

Differentiating Equation 3.44 gives: ' '
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Substitution for dA/dt from Equati ..26 yieldg:
dP - N m -
Avo P .

Substitution of the value for total number of particles, N,

from Equation 3.33 yields:

| 4 b 0.4
dp _ 0.6 myomg R -5’ -
T = 0.208 4% k(3 ”NA,E[K] 7 (3.47)

Finally, the value of the constant K can be substituted to

e

give the polymerization rate:

ap ‘ Iﬂ:'dmd’m'*‘*0"EtL 0.4 _ .
It 7 0369 ¢ o (R(1L=-¢_~=¢_)) q  (3.48)

{!s . NAvo P

For the assumptionsifiade above, the rate of polymerization

. is folnd to be proportional to the surfactant concentration

to the power 0.%, and to the initiator concentration to the
povwer 0.4. ' . |

It is'hypothesized that both the avefage number of radi-
cals per particle, @, and also the total number of parti-
cles, N, -are constant'dufing interval II& ; I1f the volume

L v ! - .
fraction of monomer in the particles, q%,, is assumed con-

stant, the rafe of polymerizat?bn would be. constant because
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~all the other variables are constant, as described by Equa-

tion 3.46. However, as discussed earlier, the decrease of
B

monomer concentration in the droplets results in the de-

crease of monomer concentration in the particles. Thus

) £
continues to decrease with 1increasing conversion. The rate.

of polymerization, therefore, is expected to fall continous-
ly and approach zero asymptotically as the monomer becomes
depleted,

An equaﬁion for the average molecular weight for interval

"I1I may be determined assuming a constant volume fraction o¢f
~

$m

monomer in the particles and for an average number of radi-

cals per particle equal to 0.5. The vo1ume rate of pdlymer
production in a singlé growing particle ié 2(dp/dt) /N. The
factog 2 is required to take into account that only half of
the pa}ticles are'giowing‘af'any time. fhe average time in-
terval betweenthe entry of two radicals into a growing
polymer particle is N/R and this 1is the time during which a

single polymer chain grows: In this case the number average

molecular weight will be:

d
= = _Pyral
Mrl ZNAVO [R_]-[ . (3.49)

If the.value of dP/dt is substituted from Equation 3.46, the

following equation results:

- ) N }
.Mn kpqu’m[il (3.50)
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Further substitution for the value of N from Equation 3.33

yields:

_ 4. 0.6 4 0.4
M = - — — -
a = 0-208 kK d ¢ f7] (3] | (3.51)

Finally, when the value of K is substituted Eguation 3.51

becomes:

_ kd ¢ A 0.6 C 0.4
i, - 0.369 [—B2T] [Ny, d (L= ~06.)] (3.52)

This Equation indicates.that for interval II, the number av-
erage molecular weight 1is proportional to the 0.6 pgwer of
the surfactant concentration and inversely . proportional to
the 0.6 power of the initiator concentration. Similar con-
clusions can also be drawn for iptefval I, where the number
average molecular weight - is obtained by substitution for K

and N from Equations 3.32 and 3.33 respectively into Equas

tion 3.43. Comparison of the number average molecular
welghts for intervals I and iI, that is, Equations 3.43 and
3.50 shows that the average molecular weight value of inter- :,’
val I is 44% highér than that calculated for ingErval™]I.
However, it is not likely that in reality the ayerkage mo éc -
ular weight for interval I is. higher than the interval Il
value. ¥t is assumed for the calculation of ﬁn in interval

I, that a particle grows from size zefot This assumption may

+
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result in a serious error in the calculated value of M,. It
can be said that according to the (proposed model the M, for
interval II should not differ significantly from the inter-
val I value. |

.- %

The assumption taken for the above analysis includes the
instantaneous termination of rédicals inside the particles
and the similar viscosities of the monomer and the additive.
However, the addition of an additive may affect the viscosi-
ty of the‘reéction medium in the particles, The additive
molecules surrounding a chain radical may affect the diffu-~
sion of a monomer molecule and another radical for the poly-
merization 'and the termination reactions, respectively. As
discussed previously, at higher conversions and at high vis-
cosities a particle may contain more than one free radical.
" »The increase in the average number of radicals in the parti-
cles is expected to increase the rate of polymerization. The
average moleculay weight of polymer, which is indicated by
Eguation 3.48, is also expected to increase.

The proposed model will be employed to explain the ef-
fects of the addition of heptane and cyclohexane on the ki-
netics of emulsion polymerization of butadiene. The experi-
mental. results were obtained at constant temperature 10 °C.
.The analysis of the experimental result$ and the application

of the proposed model are presented in Chapter 6,



Chapter IV "

PROPERTIES OF MATERIALS

The useful properties of materials used in the presént
investigation are presented in various tables. The materials
were obtained from different companies. The monomer, buta-
diene, of 99 mole% purity was purchased from Matheson of‘
CaQada, Limited. The cylinder pressure at 21 °C was 148 kPa.
Butadiene was supplied containing an - inhibitor (.01 to .02%
tert-butycatechol) to prevent premature polymeriiétion. The
inhibitor was removed by scrubbing the gaseous butadiene
with an agueous sodium h;droxide solution. Subsegqguent dry-
ing with calcium carbonate removed vaporized water. The ga-
seous bq}adiene was condeﬁsed at -5 °C by means of a chilled
solution of water and glycol circulating around the buta-
diene collection tube. The volume scale attached to the
tube was used to measure the volume of liquified butadignp'
collected. Some of the physical properties of butadieﬁe
found useful in this work may be found in Table 2. Some of
these prope%ties were taken from the_literatdre (68)}. The

ermodynamic propertiés can be found in the Research Paper
of National Bureau of Standard (69). The vapor-pressure-e-

quation coefficients are presented in Table 3.

AN
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The surfactant, potassium laurate, having a specified pu-
rity of 95% was purchased from K and K Laboratories. Potas-
sium laurate is highly soluble in water..Solubilities of po-
tassium laurate are reported in the International Critical
Tables by McBain (70). McBain reported that potassium lau-
rate is so soluble that a solution having a concentration of
less than 2 mol.k§4of water can not be saltég out by potas-
sium chloride at room temperature. At 50 °C the ;éégrted po-
tassium laurate solubility is 8.5 mol.kg"‘of water. Bury and
Parry (71) reported that dilute solutions of potassium lau-
rate exhibit a tendency té'dgposit the acid socap. This ten-
dency increases on standing and. is favoured at low tempera-
tures possibly because of carbon dioxide absorption.
Therefore, fresh surfactant solutions were prepared when re-
quired for the experiments and were kept stoppered to limit
carbon dioxide absorption.
Hydroperoxide-polyamine system was used'as.the initiato;.

Cumenehydroperoxide was purchased from K and K laboratories

" and tetraethylenepentamine was obtainéd ﬁfbmqgastman-Organic

Chemicals, Rochester. To prevent the coagulation of the em-
ulsion latex, potassium hydroxide was added to keep the pH
of the emulsion between 10 and 10.5. In a neutral or acid
meaium, tﬁe emulsion latex would coagulate: The heptane
used was of §9+'mole% pprity manufactured by Matheson Cole-
man and Bell. The physicél properties of héétané used are

presented in Table 4. The cyclohéxane used had 1less than
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0.005% nonvolatile matter and was from BDH Chemicals. Nitro-
gen was bubbled through each solvent for several hours. The
solvents were then stored under nitrogen at room temperature
until required for use. Nitrogen' was also bubbled through
the distilled water, used for the polymerization experi-
ments. Polybutadiehe samples were dissolved in tetrahydrofu-
‘ran for measuring the\ molecular weight by Gel Permeation
Chromatography.
Styrene of reagent grade was purchased from Eastman Kodak
Company. It was further purified by vacuum distiilation and
was stored under nitrogen at -15°C until reQuired for use.

The physical properties of styrene are given in Table 5.



/"

TABLE 2

Physical properties of butadiene (68)

Molar masé 54.09 g.mof!
Boiling point at 101.325 kPa 268.75 K
.Freezing point at 101.325 kPa 164.24 K
Critical temperature 425,16 K
Critical pressure | 4326.58 kPa

Enthalpy of vaporization

at 298.16 K . 384.36 kJ.kg"'
at b.p. at 101.325 kPa 406.45 kJ.kg"

- Solubility parameter at 298.16 K 14527.8 JV{anz.

Gaseous heat capacity, G

at 273.16 K 1358.62 J.kg LK
at 298.16 K 1471.66 J.kg .K_
at 373.16 K 1779.81 J.kg '.K
Liquid density

at 263.16 K 656.8 kg.m

at 273.16-K 645.2 kg.m™

at 283.16 K -633.3 kg.m?

at 293.16 Kk 621.1 kg.m?

at 323.16 K 581.8 kg.m?

Gaseous molar .volume

at 277.16 K 121698.42 cm’ .mol

at 298.16 K 23791.23 cm3.mol'

at 323.16 K _ ' 25806.92 cm® .mol’
Pitzer's acentric factor | 0.195

Liguid viscosity

at 277.16 K : 0.50116 mPa.s -

at 298.16 K . 0.3967 mPa.s
at 323.16 K 0.3128 mPa.s
¥ .
o d L@

.y
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TABLE 3
° 7 Antoine wapokspressure-equation coefficients (46)
1n (p) = A - B/(T+C)
- p in mm Hg and T in Kelvin '
V) ' :
Component . A B [
. k]
Butadiene 15.7727 2142,66 -34.30
Styrene - 16.0193 3328.57 -63.72
Heptane 15.8737 2911.32 —-56.51
water 18.3036  3816.44  -46.13
Cyclohexane 15.7527  2766.63 -50.50
r,)z
L)
. ’ -
$
L'\
{, 1 N v ’
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©t TABLE 4 o é

Physical properties of heptane (31,72)
Molar mass ‘ oL 100 20 g.mol_l
* Boiling point at 101.325 kPa  371.56 K . »
Freezing point at 101.325 kPa 182.56 K
Criticﬁ} temperature ' 540,16 K: N
Critical pressure 2735.77‘kPa' T
Enthalpy Qf.vaparization

at b.p. at 101.325 kPa  3165.22 kJ.kg"

” , Solubility parameter at 298 K 15243.94 J”{nfyz
Molar volume : ',
277.16 K | 143.35 cp®.mol
283.16 K : - - 146.0 cm? .mol|
298.16 K 147.0 cm®.mol
323.16 K 151.5 cm?®.mol

)

» Molar Mass of Potassium Laurate (C,H;CCOK)=238.272

. - . .,

’ ' - L . - - L2
' p ' 5.

& K
-ﬂ L j . ‘:n.
B , ) -
S y ) . T ) e
N, : 8 o s
': o . Lo TN gt



TABLE 5
'JPhysical properties of-styreﬁe (3%,73%

.

L

. . ) ,
Molar mass . . 104.14 g.mol ¢

~

Boiling point at 101.325 kPa 418.16'K
F:;zing point at 1’01'.325 kPa 242.56 K
critical temperature ‘ 642,16 K
Critical pressure _ © 3809.82 kPa
Solubility parameter at 298 K 19029.35 Jm 2

Molar ¥olume

277.16 K - 113,78 cm’ .mol '

-

172
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Chapter V

EXPERIMENTAL EQUIPMENT AND PROCEDURE
R Maen

Several sets of egquipment were used in this resgérch. A
reactor was specifically designed to carry out emulsion
polymerizations of butadiene. Auxiliary equipment for the
reactor was designed'to measure the heat evolved by the the
reaction to detérmine the rate of polymerization. Polybuta-
diene samples'were dissclved in ﬁ:;??ﬁydrofuran for analysis
by means of gel permeation chromatography and infrared spec-
trophotometry for its molecular weight distribution and mo-

lecular structure respectively. Butadiene solubility and

diffusivity in the liquid phase were measured in several

solvents by means of the appropriate solubility and diffu-

sivity abparatus. All of the equipment used and the experi-—

mental procedure followed are described in this chapter.
' i

5.1 POLYMERI ZATION REACTOR AND QOPERATING PROCEDURE

Emulsion polymerization of butadiene was carried out in a
batch reactor which was specifically designed to include the

essential features of commercial reactors. The reactor was

3

kept small, approximately 400 cm’ in volume, foriéafety rea-

sons. The maiﬁ\body of the reactor, as shown in Figure 5,

was constructed of glass, stainless steel and teflon.“The

reactor {was made of a three inch diameter QVF glass end

N
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Figure 5 -~ Reactor details
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buttress, topped by a . machined stainless steel cover. The
two pieces ‘were bolted togethet using flanges with an O-ring

forming the seal. :The Eeaétof was tested and found capable

A}

of withstanding pressure up to 690 kPa. There were two te-
flon valves from O.H. John's Scientific connected with the

stainless steel. top. These.valves facilitated purging the

reactor with nitrogen and for adding liquified butadiene.
¢ . . - 2
The emulsion inside the reactor was agitated by means of

5 perforated plate agitator connected to a soft iron core.
. with a stainless'steel rod. The soft iron core housed in'a
1/4-inch diameter stainless steel sheath was moved up and

'3

down by means of an external solenoid qpnnecked ‘to a timer
operating at ohe'cycle per second. Thus, the agitator was
especially a churn with the force for the downward stroke
provided by the weight of the plunger. Initial trial runs
determined that an agitation’rate of oné cygle. per second

. . 7 . N a . . A . .
was sufficient to form and maintain an emulsified -mixture in
« v
the reactor. ' .

A stainless steel thin walléd tube of 3/8-inch diameter
immerse@ in the emulsion, served as a heater sheath. A c¢om-
mercial heating element of 120 ohms resistance was inserted
in the sheath, which was partia}ly filled with o0il to in-
crease the rate of heat transfer from the heater to the
sheath, and subseguently fq the emulsion mixture. An addi-
}tiohal stainless steel tube of l/B—inch diameter was pftovid-

: o
ed for injecting the initiator by means of a syringe. A rub-
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‘ber septum was provided : on the top of the tube for this

purpose. Provisions were also made in the reactor cover for
the insertion of ‘a thermistor probe, and a pressure gauge
for pressure measurement and a thermocouple for temperature
meaéurement. 4

The auxiliary equipment was designed to use the reactor

.as a calorimetric reactor in that the rate of heat evolution

i

during the polymerization could be measured. The principlq'
involved in the design of the calorimetric reactor involved
the use of a cooling device which was capable of removing
all of the heat of polyﬂﬁffgétign.. In conjunction with the
cooling device was incl‘ded‘a_smgﬁl auxiliary heater which

could provide a quantity of heat comparable to that from the

reaction and hence maintain a constant temperature in the

reactor even when there was no reaction. Hence, when a reac-
tion was in‘progress, the reduction in heat produced by the
heater was equivalent to that produced by the.reaction. This
éype of calorimetric reactor had been previously utilized by
Laudie (74). Details of the egquipment are now presented.
During operation the reactor was immersed in a vessel with
constant temperature water flowing around it, - as shown in
Figure 6. 'Water at 7°C was pumped from a constant tempera-
ture bath into the bottom of the vessel through a rotameter.
The rotameter was used to continuously check and maintain a
constant flow rate, The water flowed up and around the-reéc-

tor and overflowed back intoc &he constant temperature bath.
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This arrangement assured a constant external heat transfer
coefficient at the rgactor wall, The thermistor probe in-
stalled within the reactor was connected to a thermotrol
unit from the Precision-Scientific company which ‘'was operat-
ed as an on-off temperature controller, and which was set at
the reaction temperature of 10 °C. The reaction temperature
was controlled to *0.01°C. The load output of the controller
which normally is connected to a heating element was insteag.
connected to a solenoid coil of a relay. When the solenoid
coil was enérgized the relay connections were made between:
the internal heating element and a 60 volt DC source. The DC
soyrce was in fact a rectifier and voltage requlating device
purchased from Trygon Electronics. The combination of heat
produced by the heater and by the reactor was designed to
keep the reaction mixture exactly at the reaction tempera-
ture. When the controller was off, the current was directed
throuéh a dummy heater which had the same resistance as the.
intefnal heater,

In addition, a system of timing clocks was arranged to
measure the on and off time for the internal heating element
and so to determine the heat generated by the reaction. A
schematic diagram for the timing'éystém is éhown in Figure
7, and for the electronic éircuit in Figure 8. The timers
used were of the digital type from Automatic Timing and Con-
trols, having an elaSpgd time ranée of up to 9999.9 seconds

and specified to have an accﬁracy of 0.011 seconds per oper-

\

*

[
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ation. The time relays of 1 to 10 minutes and of 3 to 30
minutes wefz purchased from Agastat Company. The circuit was
designed to measure electrically the heat evolved by the
pelymerization reaction oveg a short time interval (10 min-
utes) and to repeat this measurement evefy 20 minutes so
that an almost continuous record of heat evolved qpuld be
obtained. When in operation, the total on-timer indicates
the cumulative time the heater remains on, whereas, the on-
‘timer and off-timer indicate the duration of time the heater
remains on and off respectively in 10 minute interval.

The procedufe for determining the heat evolved by the re-
action involved initially charging all the components'except
the cumenehydroperoxide inté the ‘reactor and bringing the
mixture to the-reaction temperature. “The monomer was liqui-
fied and mixed with an additive ( heptane or cyclohexane}
before charging into the reactor. The rate of heat supplied
by the internal heater toc maintain the reactor content at 10
°C, without reaction, was then determined by measuring the
fraction of on-time of the internal heater for a ten minute
interval (one beginning every 20 minutes). The rate of heat
addition without reaction was used as a basis for the deter-
mination of the rate of heat generation by the polymeriza-
tion reaction. When the initiator was added, the heat of re-
action was estimated from the decrease iﬁ heating iime
required and the rate of electrical energy qppplief/nggﬁé

heater, The heat requirement without reaction was exBécted
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to change with conversion during polymerization as the spe-
cific heat ‘of the latex was different from that o% the orig-
inal emulsion. Therefore, to determine the variation of re-
quired steady state rate of heat input with conversion, the
reaction was stopped at different conversions by injecting

shortstop and the steady state rate of heat input was meas-

ured. During polymerization heat was supplied by the inter-

nal heater as well as by the reaction. The sum of these two
was considered to be eqﬁé} to the steady state rate of heat
input. The conversion during polymerization was estimated
from a'knowledge of the cumulative heat generated by the re-
action and by using the heat of polymerization of butadiene
of 75.36 kJ.mol ' (75). The method used for calculating the
con@ersion was the same as that used by Andersen (76,77} and
by Laudie (74). The rate of heat evolved from the reaction,
in watts, 1is related to the polymer preduction rate by the
following equation: J

W ;
(5.1)

The basic recipes wused in this research are‘reported in
Table 6. The solvent quantity added was calculated on the
basis of butadiene solubility in the solvent, so that the
complete amount of butadiene could be dissolved in the sol-

vent. Thus, the polymerization in the presence of the sol-
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vent could be performed at atmospherié pressure. 'Thewbuta—
diene was completely mixed with the solvent befb%%iéfsiging
into the reactor. The potassium laurate and initiator con-
centrations were varied by a factor of two, aboat this stan-
d?rd\Fecipe. The ratio of cumenehydroperéxide to tetraethy-

engpentaminé' was always képt constant during initiater
concentration variations.

The experiments were started by putting all of the ingre-
dients of the recipe into the reactor, except for the buta-
.diene and associated solvent, if any, and the cumenehydro-
peroxide. The reactor was closed and submerged in the
coolant recirculation vessel. Next, the reactor was tested
for 1eak§‘ﬁ§ﬂﬁé§hs of nitrogen pressure appliéd to the reac-
tér. The n;trogen was first vented then evacuated before the
Jbutadiene and asscciated solvent were charged into the ‘reac-
tor. 'The agitator was then started and the temperature in-
side the reactor was recorded. When the reaction tempera-
ture was obtained, the timing system was started t¢ measure
the heat supplied by the internal Heater. Finally cumenehy—

Y

droperoxide was injected to start the polymerization, and

the timing system was used to determine the heat evolved by

polymerization as described before,

When the desirediéonve;sion was reached, shortstop (Hy—
droguincne and hydrogenperoxide) was injected into the reac-
tor to stop the reaction. The reactor was removed from the

vessel and the exeess butadiene was slowly vented. Finally,



. ” . 84

. P .
nitrogen was bubbled 1in the reactor to remove any residual
\{¥ssolved butadiene. The reactor was dismantled and, before
goagulating the léf%xawith sodium chloride solution and sul-
:g furic acid, the anFioxidant N—Phenyl- -Na hthqugigg was
added. The adioxidant was found , necessafy to prevent. any
moieéulaﬁ/ﬁeighﬁ cha;ge of th;\pe%f%er during the drying and
solﬁtion procésses prior id“analysfs. The polypu;édiene ob-
tained was filtered and thoroughly washed wiy{ii\é‘tilledb-wa-
ter to remove soap, sodium chloride and otﬁ;r chemicals. The
product was vacuum dried in. a desgicator until constant
weight was achieved before it was finally dissolved and ana-
N

4
. hY

[y

" lyzed.

-f
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S TABLE 6 = . . - -
Recipe for emulsion polﬁme;ization“ofibutadiené
- .. L > ‘
Comﬁoneﬁt . ‘\ ~? Rec1€e A, - Rec1?e ‘B,
‘ . ’ .
Butadiene B 100.0- £100.0 \‘
Water .- © . 180.0 -  1B0.0:
Potassium laurate , 5.0 5.0
. V) . ’
Potassium hydroxide ~0.112 . 0.112
Potassium chloride -0.8 0.8
Cumene Eydroperox{de p.Zl 0;21
- Tetraethylenepentamine. ©0.40 : 0.40
Heptane/Cyclohexane - .85.0 to 222.0
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5.2 ANALYTICAL INS;I‘RUMENTS AND OPERATING PROCEDURE

The polybutadiene‘samples preparéd under different condi-
tions.weré analysed by Gel Permeation Chromatography (GPC},
and Infrared Spectrophotometry for the determination of
their molchlar_weighf, and molecular structure, respectivé—
ly. The samples were dissclved in Eetrahydrofufan for analy-
sis. The instrument used for GPC was a high pressure liquid
chromatograph supplied by Waters Associatés. The Microstyra-
gel columns were used as recommended by Waters Associates.
The columﬁs were 30 ¢m long and 0.8 c¢m in internal diameter.
The packing m;teriél uséd was ‘a fully porous and highly
~cross~linked styrene-divinylbenzene copelymer having a par-
ticle size of 10 microns. The -column packing was specified
‘to have a solid volume of 20%, a pore -volume of 40% and an
interstitial volume of 40%. A single column of 30 cm in
length was specified to prévide'l3000 theoretiéai plates_for
the separation of polymer of different molecular weights.

The principle of operation of the GPC was discussed in
Section 2.7. Polystyrene standards from Wéters Associates
were used for calibrating the GPC. The universal calibration
curve of log ([NIM) versus retention volume was obtainea.
This calibration curve is shown in Figure 36 in Appendix E.
The Mark—Houwink'coefficients-used for polysty:enew(78), and
for polybutadiene (79), are given in Eguations 5.2, and 5.3,"

respectively:

[a] = 1.25¢107%)u? 713 (5.2)
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c.
4) 75

(n] = 2.27.¢10" )M , (5.3)

An Infrared Spectrophotometer . used for the determination

of polybutadiene structures was originally purchasea_-froﬁ
Perkin Elmer (model 267) . Sodium chloride cells were used
analysis. The wave lengths assigned to trans-l,4 and vi-
nyl structures were 10.3 and 11.0 Am. These values were tak-
en from the literature (32f. A wave length of 13.8/Amwas
found to Se thractsristic of the cis—l,4'struct:r%vby anal-
ysing the cis-1,4 polybutadiene sample’ obtained from Polysar

Limited. The operating procedure and the calculation for

the analysis has been discussed by Godon (80).

5.3 SOLUBILITY APPARATUS AND OPERATING PROCEDURE

The apparatus used to measure the butadiene solubility in
heptane, in styrene-heptane mixtures, in water and in aque-
ous surfactant solutions at atmospheric pressure was essen-
tially of the same design as that described by Hayduk and
Chang (81). The apparatus used is shown in Figure 9, It con-
sisted mainly of a ga§ burette, a contacting chamber in the
form of a glass tube spiral, a small manometer and a solvent
burette all enclosed 1in a glass jécket through which water

_at constant temperature was circulated. The gas burette at

its lower end was connected with tygon tubing to a bottle
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filled with ﬁércury. The mercury filled botéle could be
raised by meang/gf a rotating threaded shaft, chain-driven
Sy a variable-speed motor. The top, end of the glass spirai
was closed with a rubber septum. The solvenp was brought
into the contacting chamber throﬁgh the ruﬁber sﬁf?um/by the
use of a syringe attached ‘to.a syringe pump.

The solubility apparatus used for measu}ing'tﬁe butadiene
solubility in heptane at 25 and 50°C, contained a gas bu-
rette of 100 cm®in capacity with graduagions\oﬁ 0.1 cm®>and a

3

solution burette of 5 cm® in capacity with graduations of

0.01 cm>. Deaerated solvent was supplied.by means of a Har-

3 gas tight

vard Apparatus sy}ingé pump equipped with a 20 cm
Hamilton syringe. The solvent flow rate was kept constant
with a motor of 1/10 fpm and 1/20 rpm for the syringe pump
for solubility méasurements at 50°C , and for 25°C , respec-
tively.

Preliminary measurements for the solubility, at 4°C and
atmospheric pressure,  of butadiene in heptaﬁé and styrene-
heptane solutions indicated that the solubilities were very
high. 1In this case, another solubility apparatus was con-
structed with a gas burette of 250 c¢m?® capacity graduated in

0.5 cm”® divisions and with a solution burette of 5 cm® ca-

3

pacity graduated in 0.01 cm® divisions. The solvent was in-

3

jected with a 10 cm® gas-tight Hamilton syringe using a mo-

tor speed of 2 rph.
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On the other hand, the solubility of butadiene in water
and surfgétant solutions at 4°C and atmospheric pressure was
low. The solubility apparatus gsed in this case had a gas
burette of 5 cm’ capacity graduated in 0.01 cm® divisions

and a solution burette of 10 cm® capacity graduated in 0.02

3 3

divisions. The syringe used was 20 cm”® in volume while
the motor speeds used were 1/2, 1/4 and 1/5 rpm. The volu-

metric infusion rates for the different motor speeds were

'accurately determined by weighing the quantities of - dis-

tilled water discharged in a certain time interval,

Constant temperature water at 25 and 50°C was circulated

through the jacket of the solubility apparatus by a bath

circulator. The bath was controlled to within *0.05°C of
the set temperature. The water was replaced by water-glycol
solution for the experiments at 4°C. A Neslab refrigeratidn
unit was used for cooling the antifreeze solution 1in the
circulating bath when required.

The procedure for measuring gas solubility has been de-

scribed in detail by Hayduk and Chang (Bl). The degassing

apparatus used for deaerating the solvent, 1is shown in Fig-
ure 10, Calibration plots were prepared to determine the
compositisn of degassed solvent for styrene-heptane mix-
tures. Calibration plots were obtained by measuring the den-
sity and refractive index of solutﬁons cf known composition

and are shown in Figures 34 and 35 in Appendix C. The cali-

" bration data, tabulated in Table 14 in Appendix C, were ob-

tained by weighing different proportions of heptane and
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- Sstyrene, mixing them and measuring their refractive indices

and densities at 25 °C.

5.4 ﬁIFFUSIVITY APPARATUS AND QPERATING PROCEDURE

Diffusivities of dissolved butadiene were measured at
various temperatures using the steady state capillary cell
method originally described by Malik and Hayduk (82). A dif-
EUSiJR\QS££L—J132§iSZing of a capillary sealed 1in a closed
.reservoir which could be filled with degassed solvent by
means of two valves located on either side of the ;eservoir
is shown in Figure 11. The end of the capillary in the res-
ervoir was conically ground to facilitate the dissipation of
solute. - The capillary used was of ;: mm diameter for the
measurement of the butadiene diffusivities. Whereas diffu-
sivities in heptane at 25 and 50 °C were measured without
difficulty, the measurement of butadiene diffusivity at 4°C,
caused a great deal of experimental difficulty. The liquid
level in the capillary continued to increase, - due to high
solubility of butadiene in heptane at 4°C and made it impos-
sible to take reliable'volume readings. On t@e other hand
the bead movement in case of water as solvent was extremely
slow for a 1 mm diameter capillary. Another cell was made
having two capillaries, oné attached to the other. The top
.capillary was of 0.6 mm in diameter and lower capillary was
of 1.5 mm in diameter. Again the movement of beaé in the ca-
pillary remained extremely sléw and no reliable diffpsivity

for butadiene in water was obtained. ‘ -
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5.5 EQUIPMENT FOR MEASURING LIQUID VISCOSITIES AND
DENSITIES

Two additional laboratory devices were used for measuring
the physical properties of soap solutions at various concen-
trations. Solution viscosities were measured with calibrat-
ed Cannon-Fenske viscometry tubes immersed in a constant
temperature bath. An Anton Paar Model DMA 02C digitél pre-
cision densitometer was uéea to measure the soclution densi-
ties. This instrument utilized a vibrating reed, the fre-
quency of which was related to the density of the fluid in
which the reed was immersed. The instrument required cali-
bration with twe fluids of accurately known density, usually
dried air and distilled water. The calibration constant, B,
was cobtained from the fluid deﬁéities and corresponding vi-

bration frequencies:

)y - B (54

The instrument was capable of "providing densities to at
least four-figures accuracy if tﬁe cell temperature is cont-
rolled to 10.001'°c. For calibraticn purposes densities of
dried air and deaeratea water were obtained from Weast (83)

and Perrf et al. (B84) respectively.



Chapter VI
RESULTS AND DISCUSSIONS

The presentation and discussion of the experimental re-
sults has been separated into varicdus sections. Section one
deal; with the determination of the properties of aqueous
surfactant solutions and latices. The solution and transport
properties of dissolved butadiene, its solubility and diffu-
sivity in certain solvents are discussed in section two. In
the third section, the results are presented for the effects
of nonreactive liquid additives on the kinetics of emulsion
polymerization of butadiene. In this section a discussion is
also included for the effects of the variation in surfactant
and initiator concgntrafions on the kinetics of the emulsion
polymerizationﬂéf butadiene in the presence of nénreactive
solvents. These results are discussed on the basis of the.
theoretical model developed earlier. Liﬁitations in utiliza-
tion of the . model developed, as well as 1its possible uses
are discussed,ip the third segtién. Finally, in the last’
section the results of the development of several‘diffusivi—

ty correlations are discussed.

_95_



56
6.1 CRITICAL MICELLE CONCENTRATION OF PCTASSIUM LAURATE

It was useful to determine the cmc of potassium laurate
while studying -+the kinetics of emulsion polymerizaﬁion of
7\ butadiene. The surfactant concentration was always kept
ég;;é-fﬁb,to ensure micelle formation. Three types of cmc
values have been reported by Sata and Tyuzyo (85) and by
Hess et al. (B6). The first .corresponds to a change from di-
lute homogeneous molecular solution/;o one containing sur-
factant clusters or dispersed micelles. The second corre-
sponds to the change to an ordered micelle strﬁcture, and
the third corresponds to the start of micelle crowding. In
this work, conly the first cmc was considered to be of impor-
tance becaﬁse of the solubilizing effect of the micelles for
~butadiene even at relatively low surfactant concentrations.

Two properties of potassium laurate solutions Qere meas-
ured at 4°C in order to determine the cmc. The viscosities
and densities of potassium laurate solutions may be observed
to have a measurable change in behaviour at the chc. When
the experimental results are inspected, it is apparant that
the value of the cm¢, that is the most reliable,'is that ob-
tained from a reduced viscqsity versus concentration plot as
shown in Figure 12. The value of the cmc for potassium lau-
rate at 4;C was determined as 255'g.dm'3. The viscosity data
are given in Table 9 of.Appendix A. The variation of density
of potassium laurate solutions wiéh concentration ié also

shown in Figure 12. The density-concentration relation
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L 3 PO
1s observed to have an 1nflect1on at: the cmc of 2:5 g. dm'l.

The density data are also glven 1n-Table 9- of Appendlx A

-~

No publlshed data for the cmc of pota551um laurate at low

temperatures was foumd in the llterature. Harklns (87) re-
) ] '

ported the cmc for potassium laurate at 26 C. _ At higher
temperatures, the cmc for’ potassium laurate-was reported by

ﬂKlevens (88). Both the experimental and the l1terature val=

ues of the cme” versus temperature is shown in Flgure 13<} It

e

'may be noted that the cmc increases w#th .increasing tempera—

ture. The values of the cmc at various temperatures are giv-

en in Table 10 of Appendix A. ;’ - o o

\, . — " ..

6.2 SOLUBILITY AND DIFFUSIVITY OF BUTADIENE

It is wuseful to know the solub1l1ty and dlffu51v1ty of

‘butad1ene in water, in agueous’ surfactant solutlons and non---

reactive solvents, The’ solub111ty of butadlene in heptane at

various temperatures and at atmospherlc pressure expressed

as the mole fractlon and Ostwald coeff1c1ent is presented in
Table 11 of Appendix B, Butadiene is highly soluble 'in hep-
tane even at atmospheric pressure, .' The logarithm of Sdiu-
tility in mole . fraction versus the .inverse of the absolute
temperature-is shown i
calculated from Raoult's law and the reguiar solution theory’
is also shown in Figure 14. It .may be noted that butadiene

solubility in ' heptane at.low temperatures is close to the
predwé@ed value . based on Raoult s law and the regular

R
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Figure 14. Buta iene solubility -

-
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solution theory. Deviation between predicted and experimen-

tal values increases wi---éﬂﬁxeasg in -temperatdre. Hayduk
and Castaneda (89) obtained similar results while studying
- butane solubility in paraffin solvents particularly in hex-
ane and in heptane. Thus, Raoult's law and the regular so-
lution theory are occasionally useful in predicting sdlubil-

ities but even then probably only for very high solgbilities

in nonpolar solvents, Predieted and experimental vatues of

butadiene solubility in heptane is given in Table 12 of Ap-

pendix B.

4

The solubility of butadiene irf water and in agueousgpo-
tassium laurate solutions, at 4°C and atmospheric pressure,
.is shown in Figure 15. It may be noficed‘that the solubiiity
of butadiehe in water is extremely small. As discussed in
Section 2.3, the function of surfactant is to increase the
amount of butadiene dissolved in the liquid phase. The gquan-
tity of butadiene above its solubility in water 1is held in
the micelles, which are formed when potassium laurate con-
centration exceeds the cmc. It is noted from the experimen-
tal results that the solubility is increased considerably
with an increase in potassium laurate concentrgtion. Klevens
(:;}\?lso observed that the solubilizipg power of a scap in-
creasé%xguite sharply as its concentration is increased. Kﬁf
studied th“splubiliéation of ethylbenzene in aqueous solu-

[§

tions of various n-alkanoates. Stearns et al. (45) provided

evidence that the increase in solubility in the surfactant

solutions is associated with the presence of an



20

(10%)

0.8

Solubility in mole fraction

102

! 1 !

0. 10 20 30 40

Potassium laurate concentration, g.dm"3

Figure 15 - Solubility of butadiene in potassium laurate
solutions at 4°C



=y

103
increasing number of micelles, and so is interpreted as be-
ing the result of imbibition within the micelles. The ratio
of solubility of butadiene in surfactant solutions, xg , to
that in water, x, , versus surfactant concentration is shown
in Figure 16. The solubility increases almost three fold at
a potassium laurate concentration of 40 g.dm™* . Hall and
Pethica (90} suggested that, at saturation conéentration of
the monomer, the amount of monomer solubilized increases
linearly with the total concentration of the, suffactant.
However, the experimental results show that the amount of
butadiene solubilized, doés not iﬁcrease linearly with the
amount of potassium laurate in solution. Stearns et al. (45)
reported a éimilar observation while reporting the solubili-
zation of other hydrocarbons in potassium laurate solutions,

.Tabulated values .for butadiene solubilitﬁes in surfactant
sclutions are listeq in Table 13 of Appendix B.

The solubility of-butadiene in styrene-heptane mixtures
at 4 °C and atmospheric pressure was also measured. These

-measurements were not of direct relevance to the present in-
4

e

vestigation, but would be useful while studying the effect
of heptane on emulsion copolymerization of styrene-buta-
diene. The solubilities of butadiene in the mixed solvents
are shown in Figure 17 expressed as Ostwald coefficient. It
may be seen from Figure 17 that butadiene is highly solﬁble
in styrene-heptane mixtures and the solubility reaches a

maximum at a mole fraction of 0.8 for styrene . The
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Figure 16 - Solubilization of butadiene in potassium laurate
solutions at 4°C
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numerical data of butadiene solubility in styrene—heptane
mixtures is reported in Table 15 of Appendix C. The experi-
mental vaiues of solubilities were <compared with thé values
predicted by means of Raoult's law, the regular solution
theory and other eguations discussed in Section 2.8.1. The
comparison data is presented in Tables 16 and 17 of Appendix
C and graphically shown in Figure 18. It may be observed
that Egquation 2.20 of the regular solution theory is a bet-
ter approximation of the experimental values as compared to
Racult's law and Egquation 2.21, However, large error may be
noticed when predicting butadiene solubility in styrene by
means of the regular solution theory. Equation 2.24 which is
for ideal solvent mixtures, gives a good approximation of
the actual butadiene solubility for styrene-heptane mix-
tures. However, when the binary ;nteraction constant is add-
ed to take into account the nonideality of the mixture, that
is when Eguation 2.25 is used, the. deviation of predicted
valuég from the experimental values increases. The binary
interaction constant was calculated from Equation 2,26 as-
suming styrene and heptane as nonpolar solvents. This as-
sumption might have resulted in a larger deviation, The bi-
nary interaction constant was estimated empirically to
represent the solubility data with minimum error. The esti-
mated value of the constant is 0.17 as compared to 0.8 esti-
mated by assuming styrene and heptane as nonpolar solvents.

The predicted values by using the value of binary constant
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as 0.17 is also shown in Figure 18, which is in good agree-
‘ment wigﬁ,the.experimental values. .

The(giffusion coefficient for dissolved butadiene in hep-
tane at 25 and 50°C are listed in Table 18 of Appendix D.
The accurate measurement of diffusivity at lower tempera;
tures by the steady state capillary cell method was not suc-
cessful as a result of the extremely high solubility of the
butadiene. The liquid 1level in the capillary kept on in-
creasing (because of the volume occupied by the dissolved
butadiene) at such a rate that even a pseudo'steady—state
could not be reached. On the cother hand, diffusivity meas-
urements in water and surfactant solutions were unsuccessful
because of the extremely low solubility of-butadiene? in
those solvents. In this case, the liguid bead moved so slow-
ly in the capillary that accurate readings of the volume .
change within the capillary were impossible. Hence, further
measurements of diffusivity for these complex systems wefe

abandcned.

6.3 EMULSION POLYMERIZATION OF BUTADIENE IN THE PRESENCE
OF NONREACTIVE DILUENTS

Having obtained some useful information about potassium

laurate sélutions and of the solubility of butadiene as dis-
: cussed in the above two sections, it was then possible to
attempt to analyse the experimental results for the emulsion
polymerization of butadiene in the presence of nonreactive

liquid additives. The values for butadiene solubility in
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heptane were used for determining the quantity of heptane to
be added to perform the emulsion polymerization at atmos-
pheric pressure. The knowledge of the c¢mc was used to en-
sure that, for all of the experiments, the surfactant con-
centration exceeded the cmc. The other ‘data obtained, such
as the solubility of butadiene in water and surfactant solu-
tions and the butadiene diffusivity, were use%ul for inter-
preting the experimental data. i

The experimental results of emdlsion polymerization of
butadiene in the presence of the nonreactive liquid addi-
tives , heptane and cyclohexane, are presented in this sec-
tion. Thé process variables studied include reaction ;ime,
reaction temperature, additive concentration, surfaééant_
concentration and" initiator concentration. The effects of
the additives the rate of polymerization and the molecu-
lar weight q(gQZ;so compared. |

To obfain a meaningful interpretation of the experimental
results, the conversion during the emulsion polymerization
was kept low, 'to.about 40%. The molecular weight also re-
mained approximately constant at the Yewy conversions. It
was expected that at higher conversions: the latex wculd
thicken and the molecular weight would coqtinue to_increase
(74). This was considered to be causgg b§ the formation of
branches and cross links on the polymer molecules previously

formed. For this reason, the conversion was kept low for

the polymerization experiments.
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Butadiene was polymerized at 4 °C using the recipe shown
im\Table 6 in Section 5.1, Except for the quantity of sol—>
vent that was systematically added the same recipe was used
for all of the experiments., A éypical conversion—time rela-
tionship for polymerization with (or without) the added sol-
vent is shown in Figure 19. The polymerization in the pres-
ence of heptane was performed at'atméspheric pressure, ~The
heptane was charged at a weight ratio of heptane to buta-
diene of 0.85. It may be seen from Figure 19 that the addi-_
tion of heptane causes a reduction in the rate of polymeri-
zation. The conversion-time data are reported in Table 20
of Appendix F. The lower conversion rate resulted in a cor-
respondingly lower heat evolutioﬁ‘ due to polymerization.
Further experiments were performed at 10° in order to ob-
tain a higher rate of polymerization and higher rate of heat
evelution to measure it more accurately with the desigﬁéd

apparatus.

The data for the effect of an increase in polymerization
temperature on the conversion-time relationship are given in
Table 21 of Appendix F and graphically represented in Figure
20. As expected the conversion obtained at 10 °C was dlways
higher than that obtained at 4 °C for the same reaction
time. Almost 50% conversion was achieved at 10 °C as com;
pared with 35% conversion achieved at 4.°C in a period of

4.5 hours.‘
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‘The effect of the addition of heptane on the conversion-
time relationship is shown .in Figure 21. The different con-
centrations of.heptane ;ere.obtainéa1py varying the amount
of heptane while the butadiene quantity was always kept con-
stant. It may be observed that the presence of heptane re-
tards the rate of polymerization and that as the quantity of
heptane is increased further retardation results. This type"
of regardation in the rate of polymerizsjmon was also ob-
serve by other investigators (1,3,4) while polymeriziné
styrene in the presence of various nonreactive additives-in—
cluding héptane. The effect of viscosity on thg‘emulsion
polymerization of butadiene was observed by repléc'ng hep-
tane (0.457 mPé.s at 10°C) (72) with the more viéEoﬂ§ cyclo-
hexane (1.21 mPa.s at 10°C) (73). The effect of thé“addition
of cyclohexane on the conversion-time relationship is shown
if Figure 22. It may be seen from Figure 22 that the‘pres—
ence of cyclohexane also retards the rate of polymerization
and that as the concentration of cyclohexane is increased
further retardation results. The data for the effect of the
addition of heptane and cyclohexane on the conversion-time
relationship are given in Tables %2 and 23 of Appendix G.

The addition of an additive‘is expected to reduce the
rate‘of polymerizétion because it reduces the butadiene con-
centration in the monomer phase as well as in the micelle
phase. The rate of polymerization is considered to be di-

rectly propertional to the monomer concentration as
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exﬁressed by emuision-polymerization theories (16,17). How-
ever, the reterdatibn in the presence of heptane and cyclo-
hexane appearerto be more than thet expected on the basis }ﬁ
mere monomer dilution by the additives. The experimental
values for ﬁhe- polymerization rates are compared with pre-
dicted values calculated on a basis. of a reduced monomer
concentration resulting from a dilution with solvent, as
shown in Figufe 23. The experimental values for the rate of
polymerizat{on were determined for the straight line portion
of the conversion-time curves. These values are listed in
Table 24 of Appendix G. The predicted values for the rates
were calculated by considering the iﬁitial.concentration of
butadiene in the monomer phase. The percent deviation of
the predicted values Gith the experimental values of the
polymerization rates is given in-? ble 25 of Appendix G.
Figure 23, shows that the experiheAﬂEl values were less thah
the calculated ones. It also shows that the rates of poiy—
merization obtained in the presence of the more viscous cy-
clohexane were always higher than those obtained in the
presence of heptane. Seymour et al. (1) also observed that
viscous nonreactive additives were .less effective in reduc-
ing the rate of polymerization. , They studied the emulsion
polymerization of styrene in the presence of wvarious non-
reactive additives. The observation is made therefore, that
the viscosity of an additive is most likely an important

property which may significantly'affect the kinetics of
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emulsion polymerization. The retardation in the rate of
polymerization in the presence of a solvent suggests that
the rate of polymerizafion is dependent on monomer concen-
tration to an order higher than first order. It appears that
the rate of polymerization can be exprgssed in terms of the
mondmer concentration by the following equation:

%

R, = Cy[M] (6.1)

The index B3 was determined by measuring the slope of the
double logarithmic plot of the. rates of polymerization ver-
sus initial wmonomer concentration in the hydrocarbon phase
as shown in Figure 24, It is equai to 1.70 in the presence
of heptane and 1.48 in the presence of cyclohexane. Thus,
the rate of polymerization is dependent on monomer concen-
tration to a greater extent in the presence of heptane.
These data were correlated with a computer program to get
the best fit and the value of the index 8,. Blackley (3)
.found that the equivalent index €3 for the emulsion polymeri-
zation oﬁ’styrene: in the presence of aromatic diluents was
2.75, wheréas in the bresence of cyclohexéne it was of the
order of 1.

The molecular _weights of polybutadiene samples were de-
termined by Gel Permeation Chromatography by foiI;;I;;_;;;‘j_%__i——
procedure previously discussed in Section 5.2. A typical

chromatographic molecular weight distribution is shown in

Figure 37 of Appendix E. The sample calculation for the
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determination of the number ;;erage and the weigﬁt average
molecular weights is also presented in Appendix E.

The molecular weights of polybutadiene samples obtained
at different concentrations of heptane énd cyclohexane are
reported in Table 26 of Appendix G. The molecular weights of
polybutadiene samples obtained at different reaétion times
were also determined. It was found £hat the molecular-
weights were independent of reaction time. A similar obser-
vation was also noted by other investigators including the
molecular weight of polyvinylchloride as obtained by Laudie
(74). Emulsion polymerization theories are often based on
the assumption that a constant molecular weight of polymer
is obtained for increasing reaction times at low cohversiez;
{17). 1t is observed tﬁat the addition of either heptane or
cyclohexane reduces the polymer molecular weight. Molecular
weights further reduce as the quantity of additive 1is in-
creased. Heptane was found to reduce the molecular weight
more than cyclohexane. The reduction in molecular weight in
the presence of a solvent was also observed by other inves~
tigators (1), while studying the emulsion polymerization of
styrene.

Molecular structure ofy, polybutadiene samples were deter-
mined by Infrared Spectfophotometry és previously discussed
in Section 5.2, A typical spectrum of a polybutadiene sam-
ple is shown in Figure 38 of Appenaix G. The relative pro-

portions of cis-1,4, vinyl and trans-1,4 structures of poly-
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" butadiene samples obtained at differgnt concentrations of
heptane and cyclohexane aré presented 1in Table 27 of Appen-
dix G. The results indicate that the presence of heptane or
cyclohexane has no effect on polybutadiene structure.

-

The data for the effect of changes in surfactant concen-

-

tration upon butadiene conversion while the other variables
were all kept constant are given in Table 28 of Appendix H
and éraphically represented in Figure 25. As expected it,may
be observed that for a particular reaction time the conver-
sion increases with an increase of surfactant concentration.
Although the number of particles in the latex was not meas-
ured, it is well known that the number of particles increas-
es with the surfactant concentration, as described by vari-
ous investigators incluéing Ugelstad et al. (91}. The
increase in surfactant concentration was expected ', to cause
an increase 1in the nuTber of particles which in turn in-
creased the reaction rate and butadiene conversion gr the
same reaction time. The effect of changes in surf¥ctant con-
centration on the butadiene conversion in ﬁhe presence of

heptane is shown in Figure 26. The heptane concentration was

kept constant at heptane to butadiene weight ratio of 1.32

in all the experiments. All of the other variables were held. .

constant to obtain this conversion-time relationship. Figure
26 depicts the increase of conversion with the increase of-
surfactant concentration for any particular reaction time.

The data for the effect of variation in surfactant
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concentration upon butadiene conversion in thef presence of
heptane are presented in Tabl€é ™29 of Appendix H.

When the results corresponding to Figures 25 and 26 are
'compared, it may be seen that the conversion rate dependency
on the siurfactant concentration is greater in the presence
of heptane. Tp-analyse these " observations, the rates of
polymerization at various surfactant concentrations were
compared for the constant rate portions of the conversion-
time relationship. These constant rates of polymerization
were plotted ‘against surfactant . concentration as _ghown in
Figure 27. The rates of polymerization may be observed to
increase with an increase in surfactant concentration and
this dependence éan be represented by:

%

Rpoc [A] (6.2)
The exponent €, for the butadiefie polymerization in the ab-
sence of solvent was found to be 0.59. This is comparable
with an exponent of 0.6 predicted from the Gardon theory of
emulsion polymerization (17). An exponent of the order of
0.6 was also observed by Morton and Salatiello (92) for the
emulsion polymerization of butadiene. In the presence of
heptaﬂ; solvent, however, the value of the index ¢, increased
to 1.12. This may be compared with the exponent of 1.8 which
was obtained by Seymour et ?1' (2) for the emulsion polymer-
ization of ' styrene in the presence of Nujol at styrene to

Nujoi ratio of 1 to 0.025, Therefore, it may be concluded

&

-
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that the rate oprolymérization is influenced by the sur-
factant'concentration'ﬁa a greater extent in the presence of
a nonreacfive liguid additive.thaﬂ without it. The data for
the rate of polymerization versus potassium laurate concen-
tration are gi#en in Table 30 of Appendix H.

Figure 28 demonstrates the effect of a variation iﬁ sur-
factant congentrétion upon the average molecular weight of
polybutadiene produeéd while the other wvariables -a?e'held
constant. The molécuiar weight may be observed to increase
with increasing surfactant concentration in thé;xibsence as
well as presence of heptane. This observation is in agree-
ment with the prediction based on the Gardon theory for this
situation. It is also élear from Figure 28 that the poly-
dispersity of the polymer produced also increases with an

T T S :
increasing surfactant ' concentration. In the absence of a
solvent the polydispérsity at the surfactant concentration
of 0.04'mol.<:1m"-3 is 4.14, wvhile at a surfactant concentra-
tion of 0.4 mol.dm;?the polydispersity is observed to in-
crease to 5.7. It may be seen from Figure 28 that the addi-
tion of heptane caused a reduction in the polydispersity of
polybutadiene formed at all surfactant concentrations. The
polydispersity increased from 2.62 to 4,85 when the surfac-

o

tant concentration was varied from 0.04 to 0.4 mol.dm~3 .

"The dependence of M, and M,, on surfactant concentration can

be represented by:

M o< [A] O - T (6.3)
n "
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~ 8¢ ' .
M o< [A] - (6.4)
w _
The values of the indices Bs5 and € have been determined from
" the slope of the plots in Figure 28 and are presented in Ta-
ble 7 (page 135). The complete numerical data for the varia-

)

tion.of= molecular we}ght with surfactant concentration are
presented in Table 31 of Appendig H. ’ '

TTYﬁffaréd.spectra of polybutadiene samples were obtained
to analyse the effécf of a variation in surfactant® concen-
tration on the molecular structure. The reiative'proportions
of cis-1,4, vinyl and tfans—l,4 structures of the polxbuta—
diene samples are presented in Table 32 of Apbendix H. From
the results obtained it-may be noted that the polybutadiene
structure is gsseptially independent of the concentratieon of
surfactant used.

A number'qf expe:imeﬁtsfﬁere conducted to study the ef-
fect of a variation in ini??ator concentration for otherwise
constant polymériza&ion conditions. Based on recent emulsion
polymerization theories (16,17), it may be expgcted that the
polymerizétion rate will be constant for a variation in ini-
tiator concentration provided that the number of particles
is also constant. Gardon (lTT’;gII; developing thg emu;éion
péiymerizatioﬁ'theéry‘used potaésium persulfate as the ini-
‘tiator. 'Acdording to his theory, the steady-state rate of
polymerization is affected by the initial initiator

9 -
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concentration because of its effect upon the formation of
the number of latex particles during the initiation stage.
In this case the rate of polymerization is expected to be
proportional to the 0.4 power of the 1initiator concentra-
tion. However, jin this investigation a redox initiation sys-
tem consisting of cumeneﬁydropero&ide—tetraethylenepentamine
~was used. Therefore, ifl was assﬁmed that the effect of
changes in initfatdﬁ concentration in the present results

e .
might not be the same as predicted by the emulsion polymeri-
zation theories. In this work, the cumenehydroperoxide to
tétraethylenepentamine ratio was kept constaPt so that it
was expected that the number of free radicals generated was
propbrtional to the concentration of either ingredient.

The effect of varying the initiator concentration on bu-
tadiene‘conversidn is shown in Figure 29, For otherwise sim-
ilar conditions, the quantity of polybutadiene produced or
thé butadiene conversion essentially remained constant with
a variation in initiator concentration. The effect of vary-
ing the initiator concentration on the butadiene conversion
in the presence of heptane is also shown in Figgre 29. The
heptane concentration in all of the experiments was held
constant at an heptane to butadiene weight ratio of 1.32.
It may be seen that the conversion in the pfesence of hep-
tane also remained constant with a variation in the initia-
tor concentration. The conversion ';btained in the presence

of heptane was lower than that obtained with butadiene
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alone for the same initiator ¢oncentraticn. The data for the
effect of changes in initiator‘goncentration on Butadieﬁe
conversion are given in Tables 33 and .34 of Appendix I. The
effect of the addition of heptane was determined by compar-
ing the rate of polymerization fSr every initiator concen-
tration . as determined from the slopes of conversion-time
curves in Figure 29. The .logarithm of the-rates of polymeri-
zation and the initiator (cumenehydroperoxide) concentration
are shown in Figure 30. The results indicate ;hif the rate
of polymerization remains at 1east approximately constant
with a variation in initial concentration of the initiator
and can be represented by:
"R oc[r]e7
P

(6.5)

When the data were torrelated the value of the indesty was
fouﬁd to be 0.08 for polymerization of butadiené alone and
0.06 for polymerization of butadiene in the presence of hep-
tane, The results obtained indicate that the rate of poly-
merizatjon of butadiene, with or without heptane, essential-
ly remains independent of the redox initiator concentraticn,
The polymerlzat1on rate data for the varioﬁs initiator con-
centrations are presented in Table 35, 0f Appendix I.

The effect of a change 1in initiator concentration on pe-
lybutadiene molecular weight is shown in Figure' 31. It may

be observed that an increase in initiator concentration
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resulted in a reduction in both M, and M, for butadiene
polymerized alone as wéil as in the presence of heptane. The
molecular weights were reduced to a greater extent by an in-
crease in the initiator concentration in the presence of
~heptane solvent. The molecular ééight was correlated as a

function of the initiator concentration as follows:

M o —=— (6.6)

(6.7)

1

The best values of indices 65 and §; obtained for the effect
of initiator concentration on M, and M ,are given in Table
8. The value of the indices indicates thaf the reduction in
M, and.}_dw caused by the increase of initiator concentration
is greater in the presence of heptane.

Infrared spectra of polybutadiene samples were obtained
to analyse the effect of a variation in.initiator concentra-
tion on the molecular structure. The relative proportions of
cis-1,4, wvinyl and trans-1,4 structures for the polybuta-
diene samples are presented in Table 37 of Appendix I. It
is apparent from this table that the relative proportion of
polybutadiene isomers are essentially independent of the in-

itiator concentration used for polymerization.
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TABLE 7

The effect of surfactant concentration on M, and M,

N
Oc /04 Index Remarks
8¢ - 0.47 o Without heptane
8, 0.89 '~ With heptane '
0 0.60 without heptane
04 1.11 With heptane

TABLE 8 >

The effect of initiator concentration on M, and M.,

68199 Index Remarks
‘ 8g 0.35 Without heptane
eg 0.63 With heptane
ég' 0.38 Without heptane
0 0.72 With heptane

9
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The experimental results were used to modify the model
for emulsion polymerization as originally developed by Gar-
don (17} fér the situation in which a solvent was. present.
The model, -as presentéd in Chapter 3, will now be exgmined
to see whether it actually describes the results obtained.
If the monomer volume fraction in a particlg, $n + 1is as-
sumed to be constant up to a certain conversion, then the
rate of polymerization would be expected to be constant as

expressed by Equation 3.46:

e = N

m
dt = kp ¢m q [N ] [__] (3.46)

In the above expression, all of the other variables includ-
ing number of particles, N, are constant. Constant rates of
polymerization were obtained in the presence of heptane and
cyclohexane after certain conversions as shown 1in Figures
21 and 22. Constant rates of polymerization were also ob-
served by Blackley and Haynes (3), for the emulsion pélymer-
ization of styfene in the __presence of ethylbenzene solvent.
-Seymoﬁr et al. (1,2) also observed constant rates of poiy—
merization of styrene in the presence of a number of differ-
ent solvents including hexane, heptane, octané, dibutylph-
thalate and diisoctylphthalate. Therefore, the
polymerization rate in 1interval II can be assumed constant
up to a certain conversion//J;BBve this conversion, the de-

crease in monomer concentration in the latex particles, as
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discussed in Chapter 3, is expected to reduce the rate of
polymerization.

The retardation in the rates of polymerization caused by
the addition of nonreactive iiquid additives is more than
that calculated on the basis of a reduced monomer concentra-
tion resulting from a dilution with solvent. This phenom-
enon may be explained by the model described earlier.  As
mentioned in Chapter 3, the presence of a felatively water
insoluble additive depresses the activity of the monomer,
and thQF concentrates the monomer in the droplets. There-
fore, at equilibrium the concentration of monomer in the la-
tex particles is less than that calculated from simple dilu-
tion. Thus, the rate of polymerization obtained 1in the
presence of heptane and cyclohexane was lower than that cél—
culated on the basis of monomer dilution as shown in Figure
23. However, heptane was found to cause a greater degree of
retardation {(than cyclohexane) of the rate of polymerization
as indicated in Figure 23. This reduction in the polymeriza-
tion rate may be explained by diffusivity considerations
within the polymer partidlés. As mentioned in Chapter 3,
viscosity effects are quite prevalent in emulsion polymeri-
zation. Within the polymer particles, an increase in vis-
cosity restricts ’the diffusion of all components including
the macroradicals, the new radicals as well as the monomer
itself. The ménomer and a chain radical must diffuse through

a region of solvent surrounding the active chain radical for
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polymerization and termination reactions, respectively, to
take place. This diffusive resistance through the solvent is
an additional rate controlling resistance. As discussed in

Chapter 3, it has been observed that a change in the viscos-

ity of the reaction medium mainly affects the termination

process and the influence on:the propagation process is sig-
nificantly less (27,28,66). Termination rate constants have
been related to the viscosity of the medium by Equation
3.18;
n .
k P
B S (3.18)

k n
y P

In the above eqguation, the rate_pf termination is inversely
- proportional to the viscosity. Hence, the addition of cy-
clohexane, which_is more viscous than heptane retards the
termination rate more than does heptane. This is expected to
result in the existence of a number of chain radicals in a
single particle, which in turn increases the molecular
weight of the polybutadiene as well as the polymerization
rate, |

It has been ascertained by Ugelstad (93,94) and Blackley
(3} that the addition of nonreactive solvents to the emul-
sion mixture increases the number of particles in the emul-
sion system. The emulsion polymerization theories (16,17}
predict that the increase 1in surfactant concentration in-

creases the number of particles in the emulsion. An attempt
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will be made to explain the experimental results for various
surfactant concentrations in the presence of heptane by pos-
tulating.that the increase in the number of particles in the
emulsion, when the surfactant concentration is increased, is
.greater in the presence of heptane. It is essential to test
the validity of this'ﬁostulate before using it to explain
the experimental results. The experimental data for the rate
of polymerization and the molecular weight were analysed to
test the validity of the assumption. Utilizing Equation
3.46, it may be seen that a variation in‘surfactant concen-
tration affects only the number of particles, N, all other

parameters remaining constant.

b ~q (o] [EE] (3.46)
? o NAvo dp o

dP
dt k
Therefore, the equation for the rate of polymerization can
be written as:
R =C, N (6.8)

At two levels of surfactant concentration, 1 and 2, the

above equation can be written as:

w

P N
- . ' (6.9)
P 2

[

o
[ &)
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. The rates of polymerization for surfactant concentrations of
0.3 and 0.03 moi.dm;3as obtained from the Figure 27, are re-
spectively, - 15.3 and 4% ponversion_h’i. The ratio of these

rates are:
l = ' .
y. = 3.82 . (6.1

1% thé increase in rate is attributed solely to an increase
in nuﬁber of particles, the number of particles were inf
creased approximately four fo?g. I1f the concentration héd
been increased to 1 mol;dm'B; _the incréase in the number of

particles would have been 14.1 times as great:

1

N leIw, : ' (6.11)

When the data for the rate of polymerization in thé presence
of heptane were inspected, the number of particles appeared
to increase by +a factor of 36.6 for an increase of surfac-

tant concentration to 1 hol.dm'3:

N, = 36.6 N, o | (6.12)

Thus, it appears possible that the‘incneése in the ‘number of
particles on increasiné the surfactant concentration is en-
hanced by the presence of heptane.

Another test of the postulate’ concérning the effect of
solvent on the number of particles will be attémpted by com-

-

N
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péring the resulting polymer molecular weights. It . may be
observed that in Equation 3.50 if all of the variables re-
main constant with an increase of surfactant concentration

except the number of particles, the equation can be written

as:

M =C. * N (6.13)

n 5 = /
Comparing the molecular weights at two different level of
surfadtant concentrations the above ‘equation can be written

asy

ol 2 : _ (6.14)
M 2 .
n2

A comparison of the'corresponding molecular weights showed

R e, I oL (\ . -
an-increase in the number of Aartxcles by a factor of 11 on

increasing the surfactant concentration by 1 mol.dm > :

PN, = 11N

L 9 +(6.15)

The.comparable ratio of number of particies-obtained_in the

presence of “heptane was

~

N, = 28.2 N

: ) (6.16)

Ty

. : .. =
ghese'results also clearly support the assumption.
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_ A comparison of Equations 6.11 and 6.12 with Equations
6.15 and 6.1& indicates little differences in the numerical
values, Tﬁe‘analysis of Equations 6.11 and 6.12 sho;s that
the increase in the number of particles, when the surfactant
concentration is increased by 1 mol.dm‘% is enhanced by a
factor of 2.59 by the presence of heptane. A similar analy-
sis“of Equations 6.15 and 6.16 indicates that this enhénce—
ment is by a factor of 2.56. However,'the difference in the
increase of number of particles from the rate of padymeriza-
tion ahd molecular weight data analysis does not affect the
postulate that there is an increase in the number of parti-
cles resulting from the presence of solvent. The diﬁference
in the numerical values is attributed to,the fact thaf lit-
tle is known regarding the‘preéise chemistry of the hydro-
peroxide—polyamine initiatien éystem as discussed in Section
2.1. In the development of theoretical model, the assump-
tions ‘taken involve thg production of identical free radi-
cals, which may not be true for the redox initiation system
dsed_&n the present investigation; '

The éxperiﬁental results fof_varioué surfactant concen;
trations in the presence of heptane .may be explained by the
postulate. As discussed in Chapter 3, the polymerization
'réte and the molecular weight of the mer formed are di-
rectly proportional to the number of particles, and the num-

ber of particles 1increases with the increase 1in surfactant

concentration. Therefore, the increase in surfactant concen-
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tration results in an increase of€ the polymerization rate as
well as the molecular weight.of the polymer formed. However,
the increase in the number of particles, when the surfactant
concentration is increased, 1is greater in the preéence of a
solvent. Therefore, éhe inc;ease in the rate of polymeriza-
tion and in the molecular weight with an increase of surfac-
tant conEentration,ﬁis greater in the presence of heptane.

1t may be seen from the theoretical model presentéd in
Chapter 3 that the rate of polymerization is independent'of-
the initiator concentration provided the number of particles
remains constant. The experimental rate of polymerization sf
butadieneJ with and without hepfane, remained essentially
independent of the redox initiatsr concentration. It may\be
considered from this observation that the number of parti-
cles are independent of the redox initiator concentration,

As is shown in Figure 31% the molecular wéight reduces
with the increase of initiator concentration. It is consis-
tent with the prediction from the theoretical model that the
incr;ase in the initiator concentration causes a reduction
in the molecular weight. However, the reduction observed in
the presence of heptane was greater. As discussed above, the
presence ofhhebtane increases the viscosity of the reactio

medium which may result in the presence of more than or

free radical rn the particle. The number of free radicals
> . ’

present in the particles’isf%exﬁected to increase with the

. N . . A . . .
increase of initiator concentration. As discussed in Sec-
-
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tion 2.1 , the free radicals, .generated by the.hydroperox-
ide-amine initiation system,igre not idenfical. Thus, the
increase in number of free rédicais might increase the rate
of termination of the radicals which are more active. - This
would resultlin a greater reduction in the molecular weight.

The experimental fesultg indicate that the addition of
heptane and . cyclohexane caused a reduction in the rate of
polymerization as well as in the molecular weight of the po-
lybutadiene obtained. Heptane was found to cause.a greater
degree of reduction {than cyclohexane) of the rate of poly-
merization and of the molecular weight. The addition Qf the

additives have very little, if any, effect on the molecular

" structure of polybutadiene. The effect of the varhation of

surfactant concentration on the rate of polymerization and

on the molecular weight was more dominant in the presence of

-

an additive.

-
]

————
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6.4 DEVELOPMENT OF DIFFUSIVITY CORRELATIONS FOR DILUTE
LIQUID SOLUTIONS

Diffusivity data available in the literature were used
for the development of a number of new correlations for the
prediction of diffusion coefficients in liquiad solutiohs.
Different correlations were developed for different types of
s;I;;:;H;“lncludlng normal paraffin solutions, nonpolar sol-
vents, and for agueous solutions. A general correlation for
gll solvents and solutes was also developed..The correlating
parameters used for the development of correlations included
the molar volume, the parachor and the radius of gyration
for both solutes and solvents.

A nonlinear gptimization technique was used for develop-
ing the corrélationg. This'techniqueois based on Box-modi-
fied Gauss method. lThe computer program for this technique
is available at the Unlver51ty of Ottawa Comguter Centre and
is stored under the subroutine name NONLIN. The NONLIN pro—'
gram was modlfled to accomodate 800 data points whereas, the
original version was programmed for only 100 data points.
To use this program the form of the relationship and the
choice of parameters needed to be specified, while the pa-
ramete?s best representing the data were calculated. Various
forms of_conrelattng.equétions of increasinglcémplexity were
utilized in each case and the re'sulting deviation betwegn

predicted values and experimental values were expressed as

the sum of sguares.
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A vi;cosity—diffusivity map (95) for normal paraffin so-
lutes dissolved in normal paraffin solvents at 25°C is shown
in Fiqure 32. It was used as a basis for correlating diffu-
sivities in normal paraffin solutions. It was found that
diffusivities at one solvent viscosity could be correlated
as a function of solute molar volume, The slopes of the
lines wereldetermined and related again to the solute molar
volume. Thus a basic form of the correlation was obtained.
The temperature w? taken into account by considering the
N

temperature index 'to be™~ variable. The equation developed

was:

[10.2
1.47 v

- 0.791]
T A
g 0.71 n (6.17)

A B

8

D°_ = 13.3(10'.)

AB

This correlation was developed utilizing 58 data points for

normal paraffin solutes containing 5 to 32 carbons and for

‘normal paraffin solvents containing 5 to 16 carbons. These

data were taken from sources listed in references (53) and
(95). After a number of trials using equations of different
form, Eguation 6.17 yielded the lowest average deviation of
3.4% from the ekperimental results. Such a good correlation
suggests that the mechanism for diffusion of all long-
chained paraffin solutes in paraffin solvents is similar. In
addition, an inspection of the complex index of the viscosi=

ty term in Equation 6.17 indicates the existance of an

g
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interaction between the solute molar volume and solvent vis-
cosity.

A comparison of experimental data with the predicted val-
ues for solutions of paraffins is shown in Figure 33. The
predicted values are generally in very good agreement with
the experimental ones. Minor deviations are observed with
the low diffisivities in the high molecular weight solvents,
dodecane and hexédecane. Statistical tests were performed to
ensure that the equation adequately represented the data.

These are outlined in Appendix J.

) It was next determined whether further improvements to
the predictive equations for diffusivity at infinite dilu-
tion in water were possible utilizing the nonlinear regres-
iion technigue. Seven different nonlinear models were devel-
oped and compared utilizing some 237 data points referred to
by Tyn and Calus (53) and Hayduk and Laudie (55). All of the
correlations developed are compared in Table 38 of Appendix
J. The average percent absolute error ﬁay be seen to de-
crease with an increase in complexity of the form of equa-
The slightly complex form of the equation giving the

1
average deviation from the experimental data 1is as

(228 . 1.12)
a = 1025 - -~ ""8 A ll52
Dyn [;ETTE 0.365]1(10 ) nB T (G.lg)

—

A
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Equation 6.18 yielded an average deviation of 9:4% as com-
pared with a comparable deviation of 10.3% from the Hayduk
and Laudie correlation and was considered a significant im-
provement for predicting diffusivities in water. A residual
plot indicated that the form of the equation was adequate.
Yet another general correlation was developed for the
prediction of diffusion coefficients based on all of the
data points available including those for paraffin solutions
and agueous solutiéns. The data sources may be fQuhd in
several compilations (47,53,55,95). The new general corre-
lation, based on parachor values for both solute and solvent
and yielding fhe lowest average error forEprediction purpos-

es is as follows:

g ple29 . my?
D°_ = 1.55(107%) (6.19)
AB ,0-92  [0.23 L 0.42
B B A

Eguation 6.19 was .compared with the Tyn and Calus and with
Wilke-Chang correlations in Table 39 of Appehdix J. Eqguation
6.19 yielded an average error for prediction of 13.9%, as
compared with 14.2%, and 16:1% for the Tyn and Célns, and
the Wilke-Chang correlations, respectively.' It was further
observed that the equations based on the parachor values had
significantly lower average errbrs than those simply based
on molar volumes, It was possible to exclude the molar vol-
-ume of the solute entirely from the correlations and to ob-
tain good‘correlations as long as the corresponding parachor

values were utilized. The rules applied for the polar or
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associating substances were the same a3 those specified by
Tyn and Calus in their correlation. The adgquacy of the gen-
eral correlation was tested by plotting the residuals versus
the predicted values; a random distribution was observed.
Statistical tests were also perfgrmed for the adequacy of
the correlation as discussed in Appendix J.

, A general correlation was also developed using the radius
of gyration as a parameter for both solutes and solvents.
Only available radius of gyration values for most common
substances were utilizedi hence, not all of the‘diﬁfusivity
data available could be utilized in the deVelopment of cor-

relations. Based on 436 data points for which radii of gyra-

tion were available, the following correlation was obtained:

10 1.7 Rg'z
DAB = 6,916(10 )] SR 0.4 (6.20)
n R
B A

Equation 6.20 was effective in correlatiné the data with an
average error of 14.3% which can be compared with the aver-
age error of 14.2% for the Tyn and Calus correlation as
shown in Table 39 of Appendix J. 1In this case, although the
form of the equation is somewhat simpler than that" of Tyn
and Calus, no improvement in accuracy was obtained. A corre-,
lation was also developed for nonﬁolar solvents only. Based
on 254 diffusivity data for which radii of gyration were

easily available, the following correlation was developed:

‘ 1.6
o . - -10, "7  ,0.31 ;0.4
Dis = 13.82(107°7) 57 Rg™ ™" Ry (6.21)

B -
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Equation 6.21 corfelated the data with an average error of
13.4% which is identical to the average error obtained from
Equation 6.20 when used only 254 data for nonpolar solvents.
Therefore, it is considered that Equation 6.20 can be used
as effectively as Equation 6.21 for predicting diffusivities
in nonpolar solvents.

A comparison of the wvarious equations on the basis of
percent average error are summarized in Table 40 of Apgendix
J. Several of the newly developed'correla;ions yield signif-
icantly lower probable errors when compared with those for

other available correlations. These correlations have been

reported in the literature (67).



-Chapter VII
CONCLUSIONS

Although it has been shown that emulsion polymerizatio?
of butadiene can be performed at atmospheric pressure by
dissol;ing it in heptane or cyclohexane, the addition of
these additives caused a significant reduction in the rate -
of polyﬁerization and the molecular weight of the polymer
formed. This was considered to indicate that the presence éf
water insoluble additive depresses the monomer activity in
the polymerizing particles resulting in the reduction of
polymerization fate and the molecular weight. It was found
that, in the presence of an additive, though the rate of
_ polymerization was always lower, its dependencelon the sur-
factant concentration was greater than for comparable condi-
tions without an additive. Thus, it was concluded that in
the presence of an additive there is.a greater fractibnal
increase in number of particles in the emulsion wheh the
surfactant concentration is increased than without an addi-
tive. _ | k

As in the emulsion polymerization of butadiene without
any solvent, a _variation of initiator conceqtration was
found to have very little effect on.the rate of polymeriza-
tion. Hence, it was concluded that the number of latex par-

ticles was independent of the initiator concentration as for

. - 153 - ”
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conventional efulsion polyme:ization,"lt was also concluded

-

that an increase in initiator concentration reduced the mo-

lecular weight of thé  po1ymer to a greater extent -in the

\

presence of a solvent than without it. Finally, it is con-

cluded that the relative proportions of cis-],4, wvinyl and
trans-1,4 structures . remain essentially constant upon the

the butadiene .

addition of heptane or cyclohexane solvents t
emulsion mixture. |

A theoretical model may be used to explain the exper
tal results by taking into account .the viscosity of the ad-
ditive and its effedt on the activity of the monomer. The
Hathematical equatioh developed for the monomer concentra-
tion in the micellefiq-the presence of an additive is given
below:

S x - -

' m m .
F = (3-3)
@, Smxm + Sa(l xm)

The -resulting rate of polymerization and the mqlecular

weight of the polymef are represented by the following egua-

tions:

ap Kp " dgly © A °- 0.4 _ '

It = 0.369 [ 5 3 ] (R(l-¢m-¢a)) 9 (3.48)
Ave p .

_ Ckod 6 A 0.6 0.4

Mn =»0.369[--L————R ] [NAvo dp(l.— cpm.-cpa)] (3.52)
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‘Based on the solubility experiments it méy be concluded

that butadiene is only'slightly soluble in water, but is so-

@

lubilized in agueous potassium laurate surfactant solutions,
O & R

4 . : - . .
For a surfactant concentration of 40 g.dm 3, the butadiene

solubility increased by 300% at otherwise comparable éondi-

tions. Butadiene was also foqnd'to be highly soluble in hep-

' /
tane.” . . ) . - . : T e

Bgseé on the supplementary portion of thisfinveséigation
involving the-corre}étion 6£ di}fpéivities, it is concluded
that the-tﬁolnew gorrelqtions' developed for estimétiné dif—‘
fusivities in ‘dilute aqué;UB'aﬁ§ di1ute'.paraffin sOlutioné
are ?ignﬁfidantiy more aé%uraté than those_currghtly availa- .

)

ble ‘in the literature. These correlations are for dilute

. . ¥
agueous solutions, and for dilute paraffin solutions, re-

speétiveT&:‘ &
& T o o X0e2 ang -
. . _! -8 1\147, VAp ‘ N '
Dyin = 13.3¢10 °) ———— n . v o (6.17)
AB v 0-71, g I
. A 4 '
i ¥
: (2228 - 102y
L] 025 - ' L] 3
Do, = [-Me23 _ g 3657(1078y o A o132 61
AB 0.19 . - : \
e sy, \' - * ﬁ 1 ’ ’
A - ' ‘ - » !
<
v - b R
2 A ' < )
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A.l TREATMENT OF DATA FOR DENSITY OF POTASSIUM LAURATE
SOLUTIONS

)

Potassium laurate solutions densities were measured .by

Anton Model ® DMA02C digital precision densitometer. It was

¥,

calibrated by two fluids, dried air and distilled water. The
denéity for dried air at 4°C, 0.0012743 g.cm >, was obtained
from Weast (83) and for distilled water at 4°C, 1.0 g.cm>,
was obtained from Perry et al. (84). The measured vibration
frequencies for dried air and distilled water were 176933
and 239554, respectively.- The calibration constant, B, was
calculated from the foh@owiné equation:

da - dg = 1/B(Tp - T2)

1 - 0.0012743 = 1/B((239554)2* (176933)%)

B = 2.61141(10°)

Sample calculation:

For a 30.49 g.cilm"3 concentration of potassium laurate so-
lution the vibration frequengy obtained was 239742. Thus the
density of this solution will be

d, - 1= 1/2.61141*10lo [(239742f'- (239554? ]
d, = 1.00345 g.cm’3

N
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Density and viscosity of aqueous potassium laurate solutions

Concengrétion
(g.dm™)
0.000
0.528
0.970
1,511
1.997
" 2.547
3.964
5,172
5.958
9.91¢9
12.052
15.063
19.946
26,836
30.490

-

Densit
(g.cm?

1.0000

1.0001

1.0002
1.0003
1.0003
1.0004
1.0006
1.0007
1.0009

1.0013
1.0015
1.0018

1.0024

1.0031
1.0035

at 4°C

Viscosity

(mPa.s)

0.01547
0.01551
0.01553
0.01569
0.01572
0.01598
0.01605
0.01620
0.01621
0.01649
0.01641
0.01672
0.01737
0.01792
0.01855

(dm3.d"

0.00496
0.00411

-0.,00922

0.00799

0.01285

0.00937
0.00917

' 0.00804

0.00663
0.00501
0.00536
0.00615
0.00589
0.00653

Reduced Viscosity

-
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TABLE 10

Effect of temperature on critical micelle concentration for
potassium laurate

Temperature cme Reference
(°c) (g.dm”)
4 2.5 . Present work
26 5,72 84
35 ' 6.43 85
45 7.27 85
55 ° 8.34 ‘ 85
65 10.0 . 85
» A2

&

n
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Appendix B

>

@

Solubdility of thadiene in" heptane, water and agueous potas-

sium laurate solutions
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B.1  TREATMENT OF DATA FOR s%hUBILITYQE_* BUTADIENE
Solubilities of butadiene,'jgxpressed as Ostwald coeffi-

cients, ﬁere calculated from the meésuredfvolume of ?apor-

free gas requ1red to saturate the correspondlhg solvent vol- .

ume by means of the followlng equation:

vV_P L
L = ¢ t : _ (B.1)
| vL[Pt_PA(l-xA) -

® The mole faggtion solubility was determined by:

L/Vv
A 1:/vG - 1/vL

{B.2)

An iterative calculation process was used for calculating
L gnd x. An :initial value of x was chosen; L and x were
then calculated. The calculation was repeated with the new
value of x until the difference in successive calculated

values of x was negligible. Gas molar volumes were obtained

from literature sources ( 62,63).

hTS



TABLE 11
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-S0lubility of butadiene in hepfane‘at various temperatufés

Temperature
{°c) X
4 0.6671
" 0.6689
25 0.3590
0.3643
0.3578
0.3338
50 0.2092
0.2117
"'l
&
e N~
) I

o

x(average)

0.6680

.

0.3537

0.2104

L

304.1
306.6

84.88

87.33
84.29
75.73
36.43
36.92

L{average)

305.4
-
83.06
Fe
36.67
-+
s ‘)?"’*§ .
- \ s
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L0 _ AEL‘ - TABLE 12 o -
Comparison of experimental solubility of butadiene fin
heptane with those predicted from theoretical correldtions

(°c) X X Equation2.20 Eqguation2.21

~r

“‘Temperature y

4

4 - 0.6880 0.7285(5.8) '0.7144(3.8) .-0.8038(16.8)
25 .0.3537 0.3610(2.1)  0.3545(0.2) . 0.3964(12.1)°
50 0.2104 0:1787(-15.0).0.1758(-16.4) 0.1951(-7.3)

~ *value in brackets indicates percentage'deviation

$Deviation = (Predicted - Expt'l)100/Expt'l
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TABLE 13 ' ' o

i

" Solubility of butadiene in water and- aqerus pota551um
laurate solutions at 4°C

Pota551um laurate Mol.fr.of Ostwald

(g.dm™) butadine coeff.
0.0 " 0.00068 0.806
5.16 - 0.00072 ~ 0.852
10.05 0.00080 0.949
15.10 ' 0.00093 1.112
.20.07 ' 0.00105 _ 1.5;2
25,18 0.00120 1.434
30.47 0.00143 1.672
35.31 ' 0.00160 1.897
40.11 0.00185 2.220
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Solubility of butadiene in styrene-heptane mixtures
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TABLE 14 ‘
Density and' refractive index at 25°‘C for styrene-héptang
mixturgs :
Styrene composition Densit | Refracqive index
(% volume) (g.cm™
100 | 0.9012 1,544
90 078794 1.529 "
80 o 0.8575 1.514
70 0.8351 1.488
60 0.8132 1.483
50 0.7906 . 1.465
40 .- 0.7684 1.450
30 | 0.7458 1.434
20 0.7234 1.421
10 0.7011} 1.402
|

0 0.6789 1.386

ax



0.93

0.89 |-

0.81f-

A

Density, g.cm_'3
o
~3
~1
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Q
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0.69 F

0.65 1 ) I i
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Figure 34 - Density of styrene-heptane mixtures versus
mixture composition at 25°C



Refractive index

1.54

1.52

1.50

1.48

1.46

1.44

I.42

1.40

1.38

| i . |
o - 20 40 60 80 300

Styrene, % volume

Figure 35 - Refractive index of styrene~heptane mixtures
versus mixture composigion at 25°C
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T “TABLE 15

- jolubility of butadiene iﬁ/styqene—heptane mixtures-at 4°C

Mol.ff. of ' - Mol.fr. of . . Ostwald
styrene . ° -butadiene .
- 0.000 0.668
0.054 . . 0.679
0.100 : 0.682
0.144 0.688
0.196 : 0.700
0.259 ' 0.698
0.315 . 0.703
0.486 L 0.704
0.541 , 0.700
0.585 - 0.694
0.680 ‘ 0.695
0.703 0.707
0.751 _ 0.698
.. 0.879 0.692
' 0.968 0.683
1.000 . 0.680
1.000 0.683 )
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TABLE 16

Comaprison of experimentally determined solubility of
butadiene in styrene-heptane mixtures at 4°C with those
predicted from theoretical correlations

-

Mol.fr. of

styrene X Equation2.20 Eguation2,21l
0.000 0.728(9.0) 0.714(6.9) 0.804(20.3)
0.054 0.728(7.2) 0.725(6.8) 0.801(17.9)
0.100 0.728(6.7) 0.724{(6.1) 0.797(16.8)

0.144 0.728(5.8) 0.723(5.0) 0.794(15.3)
0.728(4.1) 0.721(3.1) 0.789(12.8)
0.728(4.4) 0.719(3.0) 0.784(12.3)
0.728(3.5) 0.716(1.9)" 0.778(10.7)

0.486 0.728(3.4) 0.706(0.3) . 0.760(7.9)

0.541 0.728(4.1) 0.702(0.2) 0.754(7.6)

— 0.585 0.728(4.9) 0.698(0.5) 0.748(7.7)

0.680 0.728(4.7) 0.688(-1.1) _ 0.734(5.5)

0.703 0.728(3.1) 0.685(-3.1) 0.730(3.3)

0.751 0.728(4.4) 0.678(-2.,8) 0.722(3.4)

0.879 0.728(5.3) 0.656(-5.1) 0.695(0.5)

0.968 0.728(6.6) 0.633(-7.3) 0.670(-1.9)

~ 1.0 0.728(7.1) 0.336(-50.6)  0.346(-49)

1.0

0.728(6.7) 0.336(-50.6) 0.346(-49)

* Values in brackets indicate percentage deviation.

% Deviation = (predicted - Expt'l)100/Expt'l
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Comparison of experimentally determined solubility of
butadiene in styrene-heptane mixtures at 4°C with those
predicted using Equations 2.24 and 2.25

.Mol.fr. of
styrene
0.054
0.150
0.144
0.196
0.259
.0.315
0.486
-0.541
0.585
0.680
0.703
0.751
0.879
0.968

*Binary interaction parameter empirically calculated as .17

‘Equation2.24

0.669(-1.5)
0.669(-1.9)
0.670(-2.7)
0.671(-4.2)
0.671(-3.8)
0.672(-4.4)
0.675(-4.2)

0.675(-3.6)

0.676(-2.2)
0.677{(-2.6)
0.677(-4.2)
0.678(-2.9)
0.680(-1.7)
0.681(-0.3)}

Equation2,25

0.642(-5.4)
0.6%3(-8.7)
0.607(-11.8)
0.591(;15.5)
0.576(-17.4)

0.566(-19.6)

0.552(-21.6)
0.554.(-20.9)

0.557(-19.8)

0.569(-18.1)
0.573(-18.8)
0.584(-16.3)
0.624(~-9.7)
0.664(-2.7}

Equation2.25‘

0.674(-0.7)
0.679(-0.5)

0.683(-0.7)

0.688(-1.7)
0.692(-0.7)
0.696(-1.1)
0.702(-0.3)
0.702(0.4)
0.702(1.2)
0.701(0.8)
0.700(-0.9)
0.699(0.1)
0.691(0.0)
0.682(0.2)

fValue in brackets indicate percentage deviation -

% Deviation

= {Predicted - Expt'l)100/Expt'l

0
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Diffusivity of butadiene in heptane
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D.1 TREATMENT OF DATA FOR DIFFUSIVITY OF BUTADIENE

f

The mathemat?cal' analysis for measuring diffusivity by
the steady state <capillary cell method‘h;s been elaborated
on earlier (B1l). Using Fick's first law of diffusion and
assuming the mass density of the solute in the 1liquid ap-
proximately egual to ‘that of the solvent, the following

eguation results:

- £ T Ol+W

[2n (=29 171 (D:1)

e o la
: 1+,

AB d

Another equation similar to the one above can be derived as-

.

suming constant molar concentration along the diffusion path

J, =2 1+C

A Ad, ,-1 .
D°_ = ———— (fn( )] (D.2)
AB c l+CA£,

For the calculation of the diffusivity.of butadiene in
heptane, Equation D.l1 was used as the percent difference be-

tween the effective mass densities of solute and solvent was

less than the effective molar volumes of solu%g and solvent.
. £>

e,
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TABLE 18

Diffusivity of butadiene in heptane

Temperatu}e Diffusivity ' | Average
T (ants10%) T lemraehy(18%) ﬁ

25 ' 3.76 ’ 3.51
3.48
3.22

Fad

3.57

) 50 » 5.05 : 4.66
4,26
4.68
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E.1  CALCULATION OF M, AND M, FROM GPC CURVE '

The retention volume and peak height for "~ about fifteen
equally spaced points along thF GPC curve were measured. The
molecular weights for the respective retention volumes were

calculated utilizing the Mark-Houwink equation as discussed

-

in Section 65.2.

»

n] = au®" | (E:1)

M 1/w+
u = (g t/ert (E.2)
The M [N} values for the respective retention volumes ob-

tained from the calibration curve are shown in Figure 36.

L]
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1

Retention
vol.{cm?)

13.8
14.
15.
15.
1s6.
le6.
17.
i8.
18.
19,
19,
20.
21.

o O e 0N O e N DY © W

21.

=1
|

I

TABLE 19

Calculation of M_ and M,, from GPC curve

2

Height
{(mm)

2.4
8.4
6.4
9.5

11.9

14.3

16.7

19:1

20.6

21.4

19.1

13.5
6.3
1.6

38132

3
M [n]

1450000

1000000

660000

230000
270000
160000
105000
63000
36000
20000
10000
5000
2300
900

scol 2/ s5col 5§
-3
167.2/4.3848x10

4

Mol. Wt.

4.0092x10
3.2422x10
2.5570x10
2.0017x10
1.5343x10
1.1378x10
B.9438x10
6.6796x10

"4.8515x10

3.4674x10
2.3334x10
1.5702x10
1.0075x10
5.8940x10

k4!
I

5

Col2/Cold

5.9862x10
1.3571x10
2.5029x10

.-4.7460x10

7.7560x10
1.2568x10
1.8672x10

2.8595x10
4.2461x10

6.1718x10
8.1855x10
8.5876x10
6.2531x10
2.7146x10

w = £col 6/ g£col 2

87446

,
1.4621x10 /167.2
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6

Col2xCold

9.6221x10
1.4266x10
1.6365x10
1.9016x10
1.8258x10
1.6271x10
1.4936x10
1,2758x10
9.9941x10
7.4202x10
4.4568x10
2.1198x10
6.3472x10
9.4304x10
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Appendix F
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Effect of temperature on emulsion polyﬁerization of buta-

. diene

186



187
TABLE 20

Effect of heptane on conversion-time relationship for
emulsion polymerization of butadiene

Temperature 4°C
‘Butadiene 10.27 mol.dm‘aof water
Potassium laurate 0.1166 mol.dm > of water
Cumene hydroperoxide 0.00767 mol.dm ° of water
Time (s) - Conversion (%) " Wt.ratio’
‘. 7740 18.4 0.0

10318 21.5 0.0

10318 23.1 : 0.0

13124 26.2 - - 0.0

4403 7.5 0.85

7362 , 14.3 0.85

11024 | '16.2 - 0.85

* Weight ratio heptane to butadiene
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TABLE 21 o

Effect of temperature on conversion-time relationship for
emulsion polymerization of butadiene

Butadiene - 10.27 mol.dm >of water
Potassium laurate 0.1166 mol.dm > of water
€umene hydroperoxide 0.00767 mol.dm"3of water
Time (s) Conversion (%) Temperature (°C)

7740 | 18.4 "

10318 . 21.5 4

10318 23.1 : -4

13124 26.2 4

2400 13.1 10

5000 -, 21.0 10

8042 | 28.0 C o« 10

15982 ) 46.5 10
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<

Effect of additives on emulsion polymerization of butadiene
. & N
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Effect of the concentration of hept
conversion-time relationship for e

Temperature

Butadiene

TABLE 22

butadie

Potassium laurate

Cumene hydroperoxide

Time (s}

2400
5000
8042
15982
4125
8924
14900
18100
5334
8107
12126
17049
6100
10500
13078
17986

ion

10°C

190

e on the
olymerization of

10.27 mol.dm™ of water

0.1166 mol.dm'gof Qater

0.00767 mol.dm > of water

Conversion (%)

13.
21.
28.
46.
11.
21.
28.
33.
11.
"
20.
26.

8.
11.
12.
13.

® »u n o o -

8
5
5
3
0
0
3
5
B8
]

*Weight ratio of heptane to butadiene

Wt.ratio"

0.0
0.0
0.0
0.0
0.85
0.85
0.85
0.85
1.32
‘1.32
1.32
1.32
2,22
2.22
2.22
2,22



- | 191
TABLE 23

Effect- of the concentration of cyclohexane on the
conversion-time relationship for emulsion polymerization of

butadiene
Temperature 10°C
Butadiene 10.27 mol.dm > of water
Potassium laurate ' 0.1166 mol.dm™ of water
Cumene hydroperoxide 0.00767 mol.dm > of water
Time (s) Conversion (%) Wt.ratio”
2400 13.1 0.0
5000 | 21.0 | 0.0
8042 28.0 : 0.0
15982 ’ 46.5% 0.0
2994 : 12.1 0.85
5503 17.5 0.85
11470 27.5 | 0.85
19883 42.0 -~ 0.85
5132 _ 11.0 o 1.32
8815 17.5 ' 1.32
12126 . 20.5 1.32
18820 27.5 , 1.32
6126 9.9 2.22
14246 - 16.5 2.22

*Weight ratio of cyclohexane to butadiene ‘
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TABLE 24
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Effect of the concentration of heptane and cyclohexane on
the rate of polymerization

NG

Temperature

Butadiene

Potassium laurate

Cumene hydroperoxide

Solvent

ngtane
Heptane

Heptane

Cyclohexane
Cyclohexane

Cyclohexane

Wt.ratio”®

0.0
0.85
1.32

2.22

0.0
0.85
1.32
2.22

&
Mol.fr. of
butadiene
0il phase
1.0
0.686
0.584

0.455"

1.0
0.647
0.541
0.412

10°C

10.27 mol.dm™ of water
0.1166 mol.dm > of water
0.00767 mol.dm™ of water

Polymerization rate
in {($conversion.h’)

*Weight ratio of solvent to butadiene
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“TABLE 25
Comparison of experimental rates of polymerization in the

presence of heptane and cyclchexane with the predicted rate
of polymerization

Temperature 10°C

Butadiene ‘ 10.27 mol.dm™ of water
Potassium laurate 0.1166 mol.dm™® of water
Cumene hydroperoxide ' 0.00767 mol.dm > of water
Solvent Mol.fr. of Polymerization rate({%conversion.h™)
butadiene in: .
oil phase Experimental Predicted
1.0 9.0 9.0
. . x*
Heptane . 0.686 ) 4.5 ‘ 6.2(37.1)
Heptane 0.584 - . 3.6 : 5.3(46.1)
Heptane © 0.455 . 2.3° 4.1(78.3)
1.0 9.0 9.0
Cyclohexane 0.647 5.0 - 5.8(16.0)
Cyclohexane 0.541 3.8 4.9(29.0) -

Cyclohexane, 0.412 2.4 3.7{(54.2)

*Values in brackets indicate percentage deviation

$Deviation = (Predicted - Expt'1)100/Expt'l
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TABLE 26

Effect of concentration of heptane and cyclohexane on
molecular weight of polymerization

®
Température ) 10°C
Butadiene 10.27 mol.dm™> of water
Potassium lauraté 0.1166 mol.dm > of water
Cumene hydroperoxide 0.00767 mol.dmeOf water
Solvent Wt.ratio' mol.fr. of ﬁﬁ(1043 M, (10
butadiene in
0il phase
0.0 1.0 Cosa 17.0
' Heptane 1.32 0.584 2.1 6.9
Heptane. 2.22 0.455 0.9 2.1
0.0 1.0 4.1 17.0
Cyclohexane . 1.32 0.541 ’ 2.5 9.8
- Cyclohexane 2.22 0.412 | 2.0 6.0

0

*Weight ratio of solvent to butadiene
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TABLE 27 N v
Effect of concentration of heptane and cyclohexane on
polybutadlene structures ' L
C. iy -
Temperature 10°C
. Butadiene . 10.27 mol.cflm"3 of 'water
Pot;ssium laurate 0.1166 mol.dm > of water (:\
Cumene‘hydroperbxide 0.00767 mol.dﬁ'aof water o
Solvent "Wt.ratio' Cis-1,4 Vinyl Trans-1,4 : '
ST . ‘ (%) ¥ (%) K\
. ‘ | N
A 0.0 19.8 34.7 45.5
Heptane 0.85 ) 18.8 34.9° 4I/'46.2
Heptane  1.32 - 18% 36.5 45.6
Heptane 2.22 28.0 30.4  42.6
' 0.0 .  19.8 34.7 45.5
Cyclohexane 0.85 | s 20.5 35.8 43,7
Cyclohexane 1.32 16.8 33.9 .-49.2

Cyclohexane  2.22 18.7 35.3 . 46.0 ‘«\\\

*Weight ratio of solverit to butadiene’

. ; \ . '
’ \\

[




Appendix H

-

Effect of variation of potassium laurate concentration on

emulsion polymerization of butadiene
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TABLE 28‘ ) -
Effect of conce@traﬁ?ﬁﬁ‘ﬁfﬂ%gtaséium laurate_ohl_
conversion-time relationship for emulsion polymerization of
butadiene
Temperature | lé"C N
Butadiene | 10.27 mol.dm > of water
) Cumene hydroperoxide 0.00767 mol;dmégof water
Potassium laurate . Time (s) - Conversion (%)
(mol.dm > of water?
0.042 6053 8.5
0.042 12040 6.5
0.1166 2400 . 13.1
0.1166 5000 2100
0.1166 8042 28.0
0.1166 15982 46.5
0.21 6247 50.0
0.21 8650 59.3 -
0-21; 12400 72.2
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TABLE 29
Effect of concentration of potassium laurate on

coriversion-time relationship for emulsion polymerization of
butadiene with heptane at heptane/butadiene weight ratio of

1.32 : '\h_*\

Temperature 10°C
Butadiene 10.27 mol.dm > of water
Cumene hydroperoxide 0.00767 mol.dm> of water
Potassium laurate Time (s) Conversion (%}
(mol:dm‘aof water)
%
0.042 12222 4.7
0.042 22922 7.5
0.1166 5334 11.5
0.1166 8107 14.3
0.1166 i 12126 20.0
0.1166 17049  26.0
0.21 6293 19.4
0.21 12400 31,2
0.21 15049 35.1
0.38 6135 40.9
0.38 10312 ' 54.9

0.38 . 13303 : 62.8"
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TABLE 30

Effect of concentration of potassium laurate on rate of
polymerization of butadiene with and without heptane

Temperature 10°C
Butadiene 10.27 mol.dm > of water
Cumene hydroperoxide 0.00767 mol.dm > of water
Wt.ratio Potassium laurate Polymerization rate
mol.dm > of water (%Conversion.h™)
0.0 . 0.042 4.8
0.0 . 0.1166 8.0
0.0 0.217 12.3
1.32 0.042 1.0
1.32 0.1166 3.6
1.32 0.21" 7.0
1.6

1.32 0.38 1

*weight ratio of heptane to butadiene
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TABLE 31

Effect of concentration of potassium laurate on molecular
weight of polybutadiene with.and without heptane

> .

Temperature 10°C

Butadiene 10.27 mol.dm™?of water
' Cumene hydroperoxide 0.00767 mol.dm >of water
Wt.ratio’ Potassium laurate M, (107) ﬁw(lﬁq)
mol.dm 3 of water

0.0 . 0.042 3.1 13.5
0.0 0.1166 4.1 17.0
0.0 0.21 7.0 38.0

1.32 0.042 0.9 2.4
1.32 0.1166 2.1 6.9
1.3z 0.2 3.4 18.3
1.32 ~0.38 - 6.8 27.2

*Weight ratio of heptane to butadiene

/
!
/



TABLE 32

Effect of concentration of potassium laurate on

202

polybutadiene structures with and without heptane

Temperature
Butadiene
Cumene hydroperoxide

Wt.ratio" Potassium laurate
mol.dm™ " of water

0.0 0.042
0.0 0.1166
0.0 0.21
1.32 | 0.1166
1.32 0.21
1.32 0.38

*Weight ratio of heptane to butadi

/

[

10°¢C

\

N

10.27 mol.dm'zofﬁﬁhtei_i_/////

0.00767 mol.dm'zof water

Cis-1,4
(%)
17.3
19.8
19.4
18.0
17.7
19.3

ene

Vin

(%

37.3
34.7
34.5
36.5
35.8
37.3

Trans-1,4

(%)

45.3
45.5
46.1
45.6
46.5
43.5
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Effect of variation of initiator concentration on emulsion

polymerization of butadiene
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TABLE 33

204

Effect of concentration of cumenehydroperoxide on
conversion-time relationship for emulsion polymerization of
butadiene

Temperature
Butadiene

Potassium laurate

Cumene :ydroperoxide
{mol.dm™? of water)

0.00365
0.00365
0.00767
0.00767
~0.00767
0.00767
0.01462
0.01462
0.01462

Time

6224
14500
2400
5000
8042
15982
6104
9123
12191

10°C
10.27 mol.dm’gof water

0.1166 mol.dm > of water
(s) Conversion (%)

24.9
44.9
A5.0
21.0
28.0
46.5
29.0
36.3

43.0

The ratio of cumenehydroperoxide to tetraethylenepentamine was
always kept constant as in the recipe given in Table 6
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TABLE 34

Effect of concentration of cumenehydroperoxide on
conversion-time relationship for emulsion polymerization
of butadiene with heptane at heptane/butadiene weight ratio
of 1.32

Temperature 10°C
| Butadiene 10.27 mol.dm > of water
Potassium laurate 0.1166 mol.dm 2 of water
%umene gydroperoxide Time (s? Conversion (%}
mol.dm™? of water)
0.00767 5334 11.5
0.00767 8107 14.3
0.00767 ‘ 12126 20.0
0.00767 17049 26.0
0.01462 6203 10.7
éf?' ' 0.01462 13170 18.2
! 0.02924 6159 11.8
0.02924 9623 17.5
0.02924 13120 21.1

The ratio of cumenehydroperoxide to tetraethylenepentamine was
always kept constant as in the recipe given in Table &
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TABLE 35

Effect of concentration of cumenehydroperoxide on rate of
polymerization of butadiene with and without heptane

Temperature 10°C ‘
Butadiene 10.27 mol.dm™ of water
Potassium laurate 0.1166 mol.dm” of water
Wt.ratio® %umene Hydroperoxide Polymerization_rate
mol.dm"® of water) (%conversion.h™)
0.0 _ 0.00365 8.1
0.0 _ 0.00767 . . 9.0
0.0 0.01462 ‘ 8.9
1.32 0.00767 4.5
1.32 , 0.01462 . | ' 3.9
1.32 ©0.02924 4.8

The ratic of cumenehydroperoxide toc tetraethylenepentamine
" was kept constant as in the recipe given in Table 6

*Weight ratio of heptane to butadiene



207
TABLE 36

Effect of concentration of cumenehydroperoxide on molecular
weight of polybutadiene with and without heptane

“

Temperature 10°c
Butadiene : ©10.27 mol.dm ’of water
Potassium laurate 0.1166 mol.dm ° of water
Wt.ratio Cumene hydroperoxide ﬁn(lda) ﬁw(164)
(mol.dh;iii water)
0.0 0.00365 ' .5.0 23.4
0.0 0.00767 .0 aa 17.0
0.0 | 0.0£262 . 3.0 13.8
1.32 0.00767 2.1 . 6.9
1.32 0.01462 ) 1.7 5.3
1.32 ‘ 0.02924 ' 0.9 2.7

A

The ratio of cumenehydroperoxide to tetraethylenepentamine
was kept constant as in the recipe given in Table 6

*Weight ratio of heptane to butadiene



TABLE 37

Effect of concentration of cumenehydroperoxide on

208

polybutadiene structures with and without heptane

Temperature

Butadiene .

Potassium laurate

Wt.ratio”  Cumene hydroperoxide

(mol.dm™ of water)
0.0 0.00365
0.0 0.00767
0.0 0.01462
1.32. 0.00767
11.32 -0.01462
1.32 0.02924

10°C

10.27 mol.dm >of water

0.1166 mol.dm 3of water

Cis-1,4
(%)
19.3
19.8
20.2
18.0
18.4
21.5°

Vinyl

(%

37.1
34.7
36.7
36.%
36.4

33.6

Trans-1,4
(8}~

43.6

45,5 ¢

43.1

45.6

45,2

449

The ratio of cumenehydroperoxide to tetraethylenepentamine
was always kept constant as in the recipe given in Table 6

*Weight ratio of heptane to butad

iene
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J.1 STATISTICAD ANALYSIS OF THE CORRELATION FOR :
DIFFUSIVITY IN LIQUID SOLUTIONS OF NORMAL PARAFFINS

The Forrelatlon for dlff951v1ty in liquid solutions of

¥

normal paraffins was developed using a nonlinear optimiza-

tion technigue. In performing the regression analysis for

*_the development of Equation 6.17 cerﬁéin"assumbtions about
the error were made which included the usual assumpt}ons
that the efro;s are indépéndent, have a zero mean, a E;n-
stant variance and follow a normal distribution. "If the

above assumptions were correct, this would be confirmed by

an analysis of the residuals. A residual plot shown in Fig-

ure 39 shows an essentially random’'distribution of points
which indicates the adequacy of the model. For parameter
.precision analy51s a 95% confidence reglfn for the parame—

ters was constructed by lineacrizing the nonlinear madel

about the least squdfes estimate parameters in the parameter’

space. The correlation and covariance matrices for the cor-
relation indicated by Equation 6.17 were calculated. Corre-
lation—magriCES'indicate that the value of correlationé at
some ﬁoint are high. The likely reason for this was that the
' data--werg taken from various sources and that different
methods were eméloyed to obtain them. 1In thé case where the
number of parameters are more thén three, it Became diffi-

cult to visualize a joint confidence'region for the parame-

ters. Therefore, the eigen value and the eigen vector analy--

sis were done to identify the 10 (5 number of paramétres)

‘end points of the principal axes of the ellipsoidal region.
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The sum 6f the gquares was not the same at all points, indi-
cating that the assumption'of linearizattion was not justifi-
ébldl\‘since the data were fromwdiﬁferent éogrces, this'yas
the best rgsult which could be obtained. The covariance ma-
trix, 6rrelation matrix, iO end po{nts of the principal
axes of the ellipsoidal region and the sum of squares at

these points are listed below: —
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Covariance Matrix

0.2408E-04 -0.9695E-04

-0.9695E-04
0.1831E-01
0.1386E-03

~0.2329E-03

0.1831E-01

0.9493E-03 -0.1393

-0.1393

126.602"

-0.8495E-03 0.1781

0.4153E-03 -0.1171

Correlation Matrix
1.0 -0.64121
-0.68121 1.0
0.723386 -0.8765
0.764945 . -0.746580
-0.905590

0.2572

§§

\\0772338

-0.87650
1.0

0.935085

-0.43319

0.1386E-03 -0.

-0.8495E-03

0.1781

0.1364E-02 -0.

-0.1103E-02

0.764945

-0.746580

0.935085

-0.570110

0.

-0.

0.

~-0.

0.

~0.

-0.

2329E-

4152E-

1171

1103E-

2746E-

90559

25722
43319

57011

1.0
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Five principal axes

1)

2)

3)

4)

5)

(1.3181E-02, -0.7064,
1.3371E-02, -0.7063,

(0.0123, - =-0.7121,
0.0142, ~0.7006,
(0.0160, -0.8654,
0.0106, -0.5473,
(0.0118, -0.6474,
0.0148, ~0.7653,
(0.0084, -0.7052,
0.0181, -0.7075,

The sum of sguares

Axes - One end

10.261s6,
10.1324,

8.8392,
11.5548,

26.7533,
-6.3593,

18.6628,
1,7312,

7.0746,.
13.3194,

Other end

0.796G7,
0.7S06,

0.8018,
0.7796,

0.7085,
0.8728,

0.7735,
0.8078,

0.7470,
0.8343,

0.46
18.65

1

2 .

3 317.33
4 111,65
] 4

85.55

0.46
25.83
4422,17
340.86
96.78

1.4677,
1.4667)

1.4467,
1.4877)

1.3790,
1,5555)

1.3508,
1.5836)

1.4655,
1.4689)

214
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TABLE 38

Comparison of various correlations developed for water

Number of data points - 237

.

Correlation.' Average % absolute éfror
1. Equation (2.38) - 10.303 .
2. D3, = 10.08(10'5)n;'15v;°'52 10.207
3. D;B = lz.BlB(IO-S)T-O.068n;1.22V;0.485 10.300
6 b2 - .002l6(10"é)r'1'46n;°'934v;°‘24950‘25 | . 10.188
5. D2 = 8;95(10-5)"{;0.495”;0.755/VA—1.33) Y 10.762
6 Dip = (71,1270 192 15 02y1073 (8.25/V,-1.34) 9.653
7. b3 = 4_12-(10—7)‘,;0.48”1\58.BS/VA-l.IG)T0.933 | « 9.830

-1

8. DI = (12.15 V;0.19_3_()5)”1;9.58 Va = 1e12)p1.52000-9, Lo
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J.2 STATISTICAL ANALYSIS FOR THE GENERAL CORRELATION FOR
DIFFUSIVITY PREDICTION

The correlation and covariance matrices for Equatign_ﬁ¢l9
were developed. Eigen values were calculated and an eigén
vector analysis was also performed to identify the 12 end
points of the principal axes of the ellipsoidal region. The
suﬁ of squares at all §f the end points are not the same and
the redson for this is the same as that described earlier
for the paréffih correlation. The covariance matrix, the
correlation matrix, the principal axes .and the sum of

squares at the end point of these axes are listed below:
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Covariance Matrix

0.5489E-06 70.6226E-04 0.4398E-05 0.1817E—05‘ 0.1492E-05 0.2267E-06
-0.6226E-04 -0.7462E-02 -0.5682E-03 -0.1347E092 -0.1511E-02 0.3650E-04
0.4398E-05 -0.5682E-03 0.1116E-03 0.2821E-03 0.3040E-03 0.2860E-06
0.1817E-05 -0.1347E-02 0.2821E-03 0.3782E-02 0.4369E-02 0.8062E-04
0.1492E-05 ~0.1511E~02 0.3040E-03 0.4369E-02 0.5094E-02 -0.7681E-04

0.2267E-06 0.3650E-04 0.2B00E-06 -0.8062E-04 -0.7681E-04 0.5969E-04

-

Correlation Matrix . ~
1.0 -0.97285 0.56187 0.3988BE-01 0.2823E-01 0.3961E-01
-0.9728 1.0 | -0.62252 0.2535 ~-0.24514 0.5470E-01
0.5618 -0.62252 1.0 0.43414 0.40310 0.3430E-02
0.3988E-01 -0.25354 0.43414 . 1.0 ' 0.99551 -0.1697E00
0.2823E-01 -0,24514 0.40510 . 0.99551 1.0 -0.1393E00

0.3961E-01 0.54700 0,3430E-02 -0.16969 -0.13930 1.0
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Six principal axes
1) [ 0.0015, 1.2901, 0.9145, 0.2350, .5002, 0.4183,
0.0016, 1.2891, 0.9144, 0.2351, .5004, 0.4184]
2) [ 0.0098, 1.2978, 0.9137, 0.2484, .4890, 0.4183,
-0.0067y 1.2814, 0.9153, 0,2217, 0.5116, 0.4184]
3) [ 0.0082, 1.2819, 0.8937, 0.2388, 0.5054, 0.4210,
-0.0051, 1.2972, 0.9353, 0.2313, '0.4951, 0.4157]
5) [-0.0278, 1.3080, 0.9095, 0.2612, 0.5266, 0.4078,
0.0269, 1.2711, 0.9195, 0.2089, 0.4740, 0.4289]

6) [-0.0015, 1.2938, 0.9186, 0.2393, 0.5056, 0.4539,
0.0046, 1.2854, 0.9104, 0.2308, 0.4950, 0.3828]'.

The sum of squares

Axes One end - Other end
1 123.756 91.671
2 64708.94 ‘ 92160.12
3 42397, 36 59272.7
4 1003807.0 629363.5
5 1062197.0 509824.0
6 10543.13 16302.73
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TABLE 39

Comparison of correlations for liquid dlffu51v1t1es at
infinite dilution

A) General correlation for polar Average error Number of data
and non-polar substances:

Wilke-Chang correlation

(r=2.26 for water) , 16.1 756
Tyn and Calus correlation 14.2 756
Eguation 6.19 13.9 756
Equation 6.20 14.3 756

B} Correlations tested with data
.for non-polar solvents only

Tyn and Calus correlation 14.1 254
Equation 6.19 13.4 254
Equation 6.20 13.4 254
Equation 6.21 13.4 254

C) Correlations tested for normal
paraffin solvents and solutes

Wilke-Chang correlation 13.3 - 58

Equation 6.19 12.7 58
Tyn and Calus correlation 12.5 58
Equation 6.17 3.4 58

D) Correlations tested for water
as solvent:

Wilke-Chang correlation (7 =2.26) 10.4 237
Tyn and Calus correlation 13.3 237
Hayduk-Laudie corelation 10.3 237
Equation 6.18 . 9.4 237

Eguation 6.19 12.8 237
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TABLE 40
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Comparison of experimental diffusivities with those
predicted from various methods

" ¢

L

28°C . & 50°C_ 5

(cm*.s') (207 (em*.s7")(107)
Experimenpal 3.51 ‘ 4.66
Wilke-Chang correlation 3,97(13.1) 5.46(17.0)
Scheibel correlation 3.03(-13.5) '4.17(-10.6)
Reddy-Doraiswamy correlation 2.70(-22.9) 3.73(-20.3)
King, Hsueh, Mao correlation 4.47(-27.4) © 6.14(31.8)
Equation 6.19 3.19(-8.9) 4.71(0.9)
Tyn and Calus correlation 4.21(19.9) 6.08(30.4)

*Values in brackets indicate percentge deviation

$Deviation = (Predicted - Expt'l1)100/Expt'l





