MATHEMATICAL MODELLING IN

BATCH EMULSION POLYMERIZATION

Cao Tungyu

This thesis is submitted in
partial fulfillment of the
requirements for the degree
of Master of Philosophy.

The University of Aston in
Birmingham, U.K.

June, 1981.

-l



CAO Tungyu M.Phil. June 1981

Mathematical Modelling in Batch Emulsion Polymerisation

SUMMARY

Emulsion polymerisation, suspension polymerisation and the
dispersion processes of styrene in water have been carried
out at 50°C in a stainless steel, stirred batch reactor of
3.6 dm3 capacity. The reactor was fitted with a temperature
control facility and could be operated with or without
internal baffles.

A mathematical model covering stages I,ITI and III of emulsion
polymerisation has been proposed and its predictions have
been compared with experimental data.

Classical models do not present satisfactory predictions
for the case of low soap concentrations or for the case

of high impeller speed at low or intermediate soap con-
centrations. The model presented here overcomes this
problem by taking into account the amount of soap adsorbed
onto the dispersed monomer droplet interface. An existing
relationship between monomer droplet size, impeller speed
and impeller diameter for an unbaffled vessel and a new
relationship for a baffled vessel were incorporated into
the model.

During stage III the increase in monomer particle viscosity
reduces the translational mobility of the radicals with

the result that the reaction rate increases dramatically
(the gel-effect). Analogous behaviour in suspension
polymerisation of styrene has been investigated and a
relationship between the termination rate constant and the
level of monomer conversion has been developed. This
relationship is incorporated into the model for emulsion
polymerisation.

The predictions of the current model incorporating the soap
adsorption and the gel effect amendments are in good
agreement with experimental data for emulsion polymerisation of
styrene at 50°C across the whole of the conversion.

KEY WORDS: Emulsion polymerisation, styrene, dispersion,
modelling, gel-effect.
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SECTION 1

INTRODUCTION

Emulsion polymerization is one of the most important
methods for effecting the process of addition polymerization.
It is carried out in a system which includes a monomer (or
monomers) and a dispersion medium, generally water, in
which the monomer is either virtually insoluble, or else
sparingly soluble. A micelle-generating substance,
namely the emulsifier, is usually present and a water
soluble initiator is generally used. The polymerization
takes place, in the main, within the monomer swollen
polymer particles which according to the Harkins model

for enulsion polymerisation are nucleated within the

micelles.

The emulsion polymerization process offers sign-
ificant advantages over bulk, solution or suspension
polymerization. Although the internal viscosity of
the particles is extremely high, the viscosity of the
emulsion remains low during the process of emulsion
polymerization. Heat transfer therefore is no real
problem and good temperature control can often be
achieved thus avoiding the"runaway reaction" which is
often observed in bulk polymerisations. The combination
of highly effective surface active agents, very mild
agitation and the small size of the polymer particles
minimizes the tendency of the particleS to coalesce
so that, in contrast to suspension polymerization,
emulsion polymerization is suitable for the production
of sticky, rubbery polymers. Furthermore, the

-
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polymer is produced in latex form and this is an obvious

advantage in certain industrial applications.

Emulsion polymerization polymers are characterised
Iby a very high molecular weight. The reason for this
follows from the fact that free radicals are not formed
within the particles but enter into the particle from
the surrounding aqueous phase in which the initiator
is dissolved. When a free radical enters a non-growing
particle, polymerization is initiated and continues
until it is terminated by the entry of another radical
into the particle. Therefore, the average life time of
growing polymer radicals in emulsion polymerization is
much longer than for the other polymerization processes.
Thus, it is possible for a growing molecule to grow to
a very high molecular weight before being terminated.
This growth of the polymer chain can proceed simult-
aneously in a large number of particles, which are
isolated from each other by the intervening water phase.
A growing polymer molecule in one particle cannot
terminate one in another particle. This means that
the total number of radicals in unit emulsion volume
is larger in emulsion polymerization than in other
polymerization processes, therefore, the overall rate
of polymerization is high. These two important
characteristics of emulsion polymerization make it a
valuable commercial process. High product molecular
weight for instance is especially necessary when
producing synthetic rubber with satisfactory elastomer
properties. High conversion rate of course leads to

-3-



reduced production costs.

For the reasons mentioned above, the emulsion poly-
merization process is of increasing importance to
_commercial polymer production. In both batch and con-
tinuous reactor systems it has become a major processing
step in the manufacture of polymer products such as paints
inks, coatings, adhesives, flocculants, synthetic rubbers,
plastics, high impact strength copolymers and so on.
Current latex production by emulsion polymerization
throughout the world is of the order of a million tons
per year. In spite of its great economic importance
however and although emulsion polymerization has been
carried out for at least 50 years, the detailed quant-
itative behaviour of these reactions is still not well
understood. For this reason, it is considered of
considerable benefit to develop a reliable, efficient
predictive mathematical model for emulsion polymerization

reactors.

The emulsion polymerization system is heterogeneous
in that it consists of several phases which change in
character during the polymerization process. The
behaviour of an emulsion polvmerization reactor also
differs for the different monomers that may be polymerised
by this process. In addition, the purities of the
monomer and of the other ingredients, the gas space
atmosphere, the geometry of the reactor and its access-
ories, the impeller speed and the reaction conditions

all affect the progress of an emulsion polymerization.
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Consequently, the modelling of emulsion polymerization

is extremely complex. In spite of this, a number of
workers have devoted themselves to the study of emulsion
polymerization science. Since the classical work of
Smith-Ewart (1) on the modelling of emulsion polymerization,
a great number of papers have appeared which have either
modified the classical model or have proposed their own

new models.

It is apparent from the literature that none of the
numerous previous models for emulsion polymerization
have considered the effect on the reaction of the
adsorption of emulsifier onto the surface of the monomer
droplets. In many instances the amount of this adsorbed
emulsifier may be ignored because it is a relatively
small proportion of the total emulsifier concentration.
However, if the emulsifier concentration is low, or if
the impeller speed is high enough, the proportion of
the adsorbed emulsifier on the monomer droplet surface
will be comparable with that of the micellar soap.

In this case the effect of the adsorbed soap must clearly
be taken into account. Several workers have studied

the effects of stirring on the process of emulsion
polymerization. Shunmukham (2) noted that violent
agitation would reduce the polymerization rate and
increase the induction time. Schoot et al (3) suggested
that the increase in induction time is associated with
inhibition by trace oxygen in the nitrogen atmosphere
used and the decrease in polymerization rate is due to

increasing mass transfer between the gas and liquid
e



phases as agitation becomes more severe. Evans et al (4)
omi et al (5) and Nomura et al (6) pointed out that,

under a highly purified nitrogen atmosphere, the decrease
in the rate of polymerization and in the number of polymer
particles with increased agitation may be due to the fact
-that the micelle population is a function not only of

the soap concentration, but also of the amount of soap
adsorbed onto the surface of the monomer droplets, i.e.

a function of the degree of dispersion which is directly
dependent on the agitation. In this work, a mathematical
model for Stage I and Stage II of emulsion polymerization
is established which takes into account the soap adsorbed

on the surface of monomer droplets. The soap adsorption

model is described in detail in Section VI.

In modelling Stage III of the reaction difficulties
are encountered which are associated with the auto-
acceleration of the conversion rate with increasing
monomer conversion. This phenomenon is often known
as the Trommsdoff effect, or gel-effect. Friis et al.
(7-10) carried out experimental emulsion and bulk poly-
merizations of polymethylemthacrylate (7, 8) and poly-
vinyl acetate (7, 9)1Qy using a steady state model
they were able to model the gel-effect. They also
compared their model (10) with the experimental data
obtained by Grancio (11). They also looked at styrene
polymerization and the relationship which they used to
relate the termination constant to monomer conversioﬂ
for polystyrene was based on Hui's work (12) on the

thermal polymerization of styrene in bulk which was
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carried out over the temperature range of 100-200°C.

It was found, at-least at SOOC, that this relationship
overestimates the termination rate constant if it is
used for mbdelling the erulsion polymerization reaction,
‘particularly at high levels of conversion. Gardon
(13,14) developed a mathematical model based on a non-
steady state assumption for Stage II. Unfortunately,
it does not extend to Stage III because the relationship
between termination rate constant and monomer concent-
ration in the particles was not known. In the present
work, a functional dependence of monomer conversion has
been generated using experimental suspension polymerization
data. A non-steady state mathematical model for Stage
III has been developed, which is combined with the model
for Stage I and Stage II mentioned above to construct

a general model over the whole conversion range of the
emulsion polymerization. A comparison has been made
between the predicted and the experimental data. 1t

is described in Section VI.

The flow pattern of the liquid in a baffled reactor
is significantly different from that in an unbaffled
reactor. The velocity distribution in the former is
more uniform than in the latter (15) and the extent of
monomer dispersion in the baffled reactor is much
greater than that in the unbaffled one. Vermeulen et
al (16) presented a correlation from their work for a
b~-ffled reactor, in which the Sauter mean diameter of the
droplets is directly proportional to the impeller speed
to the power (-1.2). Unfortunately, their formula is

o



only valid for the system in the abscence of emulsifier.
Merry obtained an empirical formula (17) for the dispersion
of styrene in an emulsifier solution in water, in which
the mean diameter of droplets was shown to be proportional
to the impeller speed to the power (-1.08). This

formula however can only be used for the unbaffled
reactor. Harada et al (32) presented a correlation

for the dispersion of styrene in an emulsifier solution

in water for a baffled rcactor, and in this case average
diameter of the dispersed monomer droplets is proportional
to impeller speed to the power (-0.75) and to the
emulsifier concentration to the power (-1.5) for a lower
limit of the emulsifier concentration of 3.13 g/dm3 water,
which is above the emulsifier concentration range used

in the current study. Therefore, in the present work,
the dependence of the average droplet diamgter upon
emulsifier concentration and impeller speeél;a;wbeen
investigated and it has been included in the mathematical
model for emulsion polymerization mentioned above.

The results predicted from the model are compared with

the experimental data as described in Section VI.

Apart from setting up the mathematical model for

emulsion polymerisation, a technique, with which particle sizes
as small as 0.09 micron may be measured, has been developed, this
technique has been based on Mie's theory(1l9) on the work of

Bateman(20) and of Merry (17).
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2.1 The Qualitative Theory of Emulsion Polymerization

In the 1940's Harkins proposed an important qual-
itative theory (21-24) which laid a solid foundation
for the modelling of emulsion polymerization. The main
features of this theory are best illustrated diagram-

matically as in Figure 2.1.

Figure 2.1 (a) shows the system before initiation
has occurred. The emulsifier molecules are present
mainly in the form of micelles, a small amount is
adsorbed onto the surface of the monomer droplets, and
a further small amount is dissolved in the water in the
form of free molecules whose saturated concentration
is defined as the critical micelle concentration (c.m.c.).
Micelles are able to concentrate monomer at their centres
so that monomer can be solubilised by emulsifier.

Only a very small amount of monomer is dissolved in the
water as free molecules. Compared with the micelles,
the monomer droplets are relatively large. Genefally

speaking, the diameter of the droplets is about 10

micron but the micelles about 0.0l micron. In a typical
case, the number of monomer droplets would be about 1012
l/cm3, but for micelles the number would be about 1018
1/cm> (25).

Figure 2.1 (b) shows the system after the initiator
is charged. Free radicals are generated in the aqueous
phase and these diffuse into the micelles to initiate
the polymerization. The micelles in which initiation

takes place become polymer particles. The monomer
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droplets act as reservoirs from which the monomer
migrates constantly into particles through the aqueous

phase, thus supplying the growing particles.
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Particle nucleation and growth of the particles lead
to an increase in the specific surface area of the
particles. There is therefore a tendency to adsorb
more free molecules of the emulsifier from the true
aqueous phase onto this new surface and this in turn

rtends to lead to the destruction of micelles. Thus,
as polymerization proceeds, the micellar emulsifier
tends continuously to change into adsorbed emulsifier
so that the micellar emulsifier eventually disappears.
The period of the reaction from the charging of the

initiator to the disappearance of the micelles is known

as Stage I.

Figure 2.1 (c) shows the system after all the
micelles have disappeared. The emulsifier is found in
three forms, namely, adsorbed onto the particle surface,
adsorbed onto the droplets surface and dissolved in the
aqueous phase. Monomer is continually diffusing from
the droplets to the particles through the agueous phase
to supply the particles as they increase in size. The
number of particles, that is the number of reaction loci,
remains constant once all the micelles have disappeared
and so, therefore, as the polymerization rate is a
function solely of the number of particles the rate
also remains constant. As polymerization proceeds,
eventually the monomer droplets also disappear. The
period of the reaction from the disappearance of micelles
to the disappearance of monomer droplets is known as’

Stage II.

=



Figure 2.1 (d) shows the system after the droplets
have disappeared. At this stage the emulsifier exists
in two forms only, namely adsorbed onto the surface of
the particles and dissolved in the aqueous phase in free
-solution. The rate of polymerization gradually falls off
due to the monomer depletion at the reaction loci. In
normal cases, the final diameter of the particles is
about 0.1 micron and the number of particles is about

1029 17em®.

2.2 Mathematical Model

2.2 The Smith-Ewart Model

Smith and Ewart (1, 26, 27) treated Harkins'
physical model quantitatively for Stage I and Stage II
of emulsion polymerization. They provided two experi-
mentally verifiable equations for Stage I and predicted
that the final particle number should be proportional
to the 0.4 power of the initiator concentration and to the
0.6 power of the emulsifier concentration. In addition,
they also provided recurrence equations based on the
steady-state assumption for Stage II. Most of the models
presented after Smith and Ewart modified or extended this

classical model. The model may be summarized as follows:

For Stage I, it was assumed that all free radicals
are generated in the aqueous phase and then migrate
into micelles and particles. Smith and Ewart assumed the

two following possible cases:

e



(1) When all radicals enter only into micelles and gen-
erate new particles there. In this case, the number
of particles per cc of water at the end of Stage I
can be described using the following equation

4 SO.G

A R, O.
Np =1 0.53 (H) {2=1)

where N? number of particles per cc of water, 1l/cc

water
R = rate of radical generation, l/cc water min.
p = volume growth rate of particles, u = (ﬁp/NA)

(dm/dp) {@m/(1l-@gm) }, cm3/min. particle

S = area provided by emulsifier, cmz/cc water.

(2) When radicals enter into both micelles and polymer
particles, the ratio of entry into one or the other
depending only on the ratio of the external surface
area of micelles and particles. In this situation,
the equation becomes:

N, = 0.3?(}%)0'4 goeF (2-2)
For Stage II, Smith and Ewart made a population
balance on N, the number of particles per cc of water
containing i radicals, and obtained the following non-

steady state recurrence equation:

R 3 K.a Py S
e e SR ol
IN,,,(1+2) (i+1) - Nji(i-1)} = O (2-3)
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where K_ = radical desorption rate constant, cm/min.
a = average surface area of one particle at a

given time, cmz/particle

<l
Il

average volume of one particle at a given

time, cm3/particle.

Il

: : 3 :
termination rate constant, cm™ /mole min

%

Ha

The first term of equation (2-3) considers the transfer

Avogadro number

of the radicals from the aqueous phase to the particles.
(R/N?) represents the rate of this transfer into a single

particle.

The second term considers the transfer of radicals
from particles into the aqueous phase.(Koai/v) represents

the rate of this transfer out of a single particle.

The third term considers the loss of free radicals by
mutual termination of the radicals. {K i (i-1) /V}
denotes the rate of this loss of radicals from a single

particle.

My I The Gardon Model

The definitive exposition of the Gardon theory of
emulsion polymerization was published in six papers which
appeared in 1968 (13, 14, 28-31). He recalculated and
extended the Smith-Ewart model. He used a different
mathematical method from Smith and Ewart and he derived
the equations for calculating the surface area of the

particles, the reaction time, the number of particles, the

=l 5



molecular weight and the monomer conversion for Stage I.
He considered the case of slow termination of radicals
instead of Smith and Ewart's fast termination, and he
obtained an equation relating reaction time to monomer
conversion. The model is described briefly below:

For Stage I. Gardon considered that each particle
absorbs radicals at a rate proportional to its surface
area 4nr12. If n, is the number of radicals per cc of
water whose radius is rj and Nt is the number of particles
per cc of water, the differential equation of particle

nucleation is

o7 o
72
Il

R 2
E{S = 4n{}3nir.

i )t} (2-4)

He derived the equation below based on equation (2-4)

by using a numerical method.

5 5
y(x) = 0.318 x> - 0.701 x3 y (%) (2-5)
u(x) = 0.279 x{1.91 = y(x)- 4y(§)} (2-6)

Z(x) = 0.265x° - 0.047x>" 35 (257)
where vy = dimensionless surface area
4 2
Yy (== dnn, (2-8)
X = dimensionless time
R
M L LT R - -
K = the relative rate of volume growth of particile.
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LN ke
T Am N, dp 1-gm (2-10)
U = dimensionless particle number
&3 o2
D 5.K.5
- P = -
4(12“) S (R) Nt (2-11)
Z = dimensionless conversion
o
il 12%.5 o 5,5 3
g = 4(5 3.5 (E) (Zniri ) (2=-12)
Kp = propagation rate constant, cm3/mole min.
dm = density of monomer, gram/cm3
dp = density of polﬁgr, grarn/cm3
¢gm = volume fraction of monomer in particles.

When polymerization has proceeded to the end of Stage I

equations (2-5), (2-6) and (2-7) become:

£ = 0.365(%)0'6K_O'4 (2-13)

0.6 R, 0.4

Np = 0,208S (K) (2-14)

Zro11 T 0.3016
where ti11 T reaction time elapsed at the end of Stage I, min.
ZI—II = the value of parameter Z at the end of Stage I.

For Stage II , Gardon derived a set of differential
equations based on a non-steady state assumption which is

described as follows:

-17-



Q

af 3
) = of —
IS5 3.81(-£) + ==(z£,)
194 _ 3 81(f -£,) + s
daz " gl Ml : Z 3
i Q3
I== = 3.81 (£~ £,) + z=(12f, - 2f))
19£1 = 3.81(f, .- £,) + Eé{(i+ 2) (i+1) £ - i(i-1)f,} (2-15)
az y 1=2 4 Z {42 0 i
EEoiw 3 (2-16)
pif, = I (2-17)
dz %
Se = 0.372I (2-18)

where fi = number fraction of the particles each of which

contains i radicals.

I = average number of radicals in one particle
Q3 = dimensionless termination parameter
1-¢
e QDG m
— T - ap s
Q3 Kp e Qm (2=19)

Gardon fitted the numerical solution of the above
equations to the following quadratic equation which is the
relationship between conversion and reaction time.

0.05464 _2 114

Z = —-—-—-6':—9'—4 X + 0.186x + 0.0721(1 - —0-:94) (2"'20)

Q3 Q3
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Zeolad Harada Model

lHarada et al (32) developed a model of emulsion
polymerization with the assumption that there is not
more than one radical in each polymer particle. In
this model they considered the efrect of radical transfer
both to the monomer droplet and to the transfer agent
and the effect of the ratio of the amount of radicals
diffusing into micelles to that diffusing into the polfar
particles. They obtained several differential equations

as follows:

dip _ = (2-21)
dt 1+ thp/KlmS
le*
- m * - * > K - *R*%* ==
= K "R Kp{M}N, *+K NR K, N, *R*+ Kgp, (MIN*
* T} - * =
Ken{MINg* + Ko {T} = R (TINg (2-22)
de* )
= * = * — *R* - *
3t KP{M}Nj _1 = Kp{MIN *-K,N, (R (MIK {TH Ny
(2=23)
dN* _ *
3 = KmgR' + Ky (Np - 2N*) R* (2-24)
.d_Pj. = *R* K * -
3t K2Nj R* + Ke (M} + KfT{T}) Nj (2=25)
where Np = number of particles per cc of water, particles/cc
water NQ = N + N*
N = number of inactive polymer particles per cc

of water, particles/cc water

=10



N*

R*

N*

{M}
{T}

fm

£

P]

Il

number of growing polfgr particles per cc of
water, particles/cc water

concentration of radicals in aqueous phase,
radicals/cc water

rate of radical generation, radicals/cc water,

min.

number of micelles per cc of water, micelles/cc H20

radical diffusion coefficient from aqueous phase
to micelles, cc water/molecule min.

radical diffusion coefficient from aqueous

phase to particles, cc water/molecule min.

number of particles containing a polymer radical
with j monomer units, particles/cc water

number of active polymer particles, particles/
cc water

monomer concentration in particles, g.mole/cm3
concentration of transfer agent in particles,
g.mole/cm3

transfer rate constant to monomer, cma/g.mole.min.
transfer rate constant to transfer agent,
cm3/g.mole.min.

dead polymer containing j units, molecules/cc water

Harada et al solved the equations mentioned above for

two limiting cases. One case is that for which the

radicals generated in the aqueous phase preferentially enter

the micelles, the other is that for which almost all the

radicals generated in the aqueous phase are captured by the

particles present. For these two cases, they obtained the

=



equation for calculating the number of particles and derived
the correlation relating monomer conversion to time. Their
model gives excellent agreement with the experimental

results.

2.2.4 The Min and Ray Model

Recently’a more comprehensive detailed mathematical
model was formulated for emulsion polymerisation reactors by
Min and Ray(33,34). This model consists of complex multivariate
population balance equations coupled to material and energy
balances for the reactor. It includes all previous models as
special cases. They also demonstrated the computer simulations
of the model both for batch emulsion polymerisation reactors
for the polymerisation of methyl methacrylate(35) and for semi-
batch emulsion polymerisation for the polyvinyl chloride
system(36). They showed that the model predictions are shown
to be in good agreement with laboratory experimental data
and with pilot plant data. To model emulsion polymerisation

systems they made;

1) a particle size distribution balance
2) an individual particle balance

3) a micelle balance

4) a monomer droplet balance

5) an aqueous phase balance

6) a general material balance

7) a general energy balance

In this model they took into consideration the following
factors:

(1) water-soluble initiators will decompose

e



(2)

(3)

(4)
(5)

(6)

(7)

(8)

(9)

(10)

and form freei radicals in the aqueous phase
whilé monomer-soluble initiators will form

free radicals in the monomer droplets, in the
dissolved monomer in the aqueous phase, and

in the polymer particles.

Particles can be formed both from micelles

and from oligmers in the agueous phase.

Shorter chains and radicals can be desorbed
from particles, micelles and monomer droplets.
Coalescence between polymer particles will occur.
Both homogeneous and heterogeneous particles
morphology can be treated.

The gel-effect is considered

The model can describe both continuous well-
stirred and batch emulsion polymerization
reactors.

The particle size distribution will influence
the behaviour of emulsion polymerization reactors.
The aqueous phase polymerization will contribute
to the total polymerization rate.

The polymer particle may be stabilised by both

emulsifier and polymer chain ends.

2.3 Gel-effect

As mentioned above, the Smith-Ewart model was based

on the instantaneous termination assumption (1). This

approximation seems to be reasonable for describing

Stage I and Stage II but is not valid for Stage III because

of the Trommsdorff effect (37), i.e. the gel-effect.
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Harada claimed (18) that their model,which is

based én the instantaneous termination assumption, is in
excellent quantitative agreement with the experimental
results except in the range where autoacceleration occurs.
As Gardon (28) pointed out, in Stage III, polymer concen-
tration in the particles increases with increasing monomer
conversion. Thus as termination is known to be a
diffusion-controlled process the termination rate constant
must decrease with increasing conversion during Stage III,
this is what is normally described as the Trommsdorff or
gel-effect. It would follow that the Smith-Ewart
assumption of instantaneous termination becomes very
gquestionable for Stage III even for small particle sized

latexes with low initiation rate.

Friis et al. published several papers to deal with the
gel-effect in emulsion polymerization (7-10, 41). They
suggested that in bulk polymerization the terminatiOn
reaction becomes diffusion controlled and the termination
rate constant decreases by 3 to 4 orders in the conversion
interval 0-100%. This decrease in termination rate constant,
which will be referred to as the gel-effect, always causes
a significant increase in the rate of polymerization and
can also shift the molecular distribution to higher
molecular weights. They pointed out that in emulsion
polymerization a single polymer particle can be regarded
as a locus of bulk polymerization with intermittent
initiation. A decrease in the termination rate which
is observed in bulk polymerization should therefore also

occur in a single polymer particle. Therefore, the increase
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in rate due topagel-effect in emulsion polymerization of
various monomers can be accounted for quantitatively by

means of data from bulk polymerization.
The relationships between termination rate constant
and monomer conversion that they suggested for various

monomers are shown as follows:

Methylmethacrylate (valid temperature range, 40—900C}

EF = {l}x exp(BXp + C x 13 (2-26)
to p P

B = -41.54 + 0,1082 T

c = 23.46 = 00,0785 ¥

Styrene (valid temperature range, 50—2OOOC)

Kt 2 PR

Keo = {exp{-(BX + CX © + DX %) }) (2-27)
g 22,67 %5 08 .30 S

O e GiEe. 1, T8 O T

D. % 23,03 % 7:.85 . 10 2%

Vinyl acetate (valid temperature, 50°C)

Kt o Seyn(B+ (Xp + DX ° % BX ) (2-28)
Kto P P

B = 17.6620

C = -0.4407

D = -6.7530

E = -0.3495

=94
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where K = termination rate constant at xp ey

cm3/mole min.

Kto = termination rate constant at x_ = o,
3 :
cm” /mole min.
Xp = fractional monomer conversion
iy = absolute temperature, %

Friis fitted the values of Kt estimated from
equation (2-26) (2-27) and (2-28) to a steady state model
as presented in equation (2-3) to obtain the relationship
between Xp and time. They have compared the predicted
results from the model with the experimental data.

It seems to be ingood agreement.

2.4 Dispersion

In the past twenty-five years a number of workers
have studied liquid/liquid dispersions in both baffled
vessels and unbaffled vessels. Vermeu len et al. (43)

presented a correlation for a baffled reactor.

2.3 0.6

g.
i
where D = impeller diameter

N = impeller speed

= surface tension

Q
|

i
p = fluid density

k = constant

@ = phase ratio

ds = Sauter diameter
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- En.d.3
3

ds =
n,d,? (2-30)
= s |
Dt = Reactor diameter
f(¢) = a function of ¢ whose value is presented by

vvarious workers as follows:

Worker £(9)

Calderbank (44) 1+3.75¢ (for D/Dt = 2/3)
1+9¢ (Eor D/Bt = 1/3)

Scully (45) 143.3¢

Brown and Pitt (46) 1+3.14¢

Mylnek and Resnik (47) 1+5.4¢

Coulaloglou (48) 1+4.47%

Merry (17) carried out dispersion tests on the
system water, styrene in the presence of soap (Nansa) in
an unbaffled reactér.' The tests were carried out
under different emulsifier concentrations and impeller
speeds and in reactors of differing diameters. The
droplet sizes were determined by use of a Coulter Counter.
The power dissipated by the impeller was measured by
using a pully-balance system. lle obtained the

following correlations for unbaffled reactors.

. -1.08 .. -0.185

ol (2 ) (2-31)
. D,

1 :
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For Re< 8 x lO3

0.61—0.241nReReO.O7—O.12lnRe

N = const (2=32)
3
For Re> 8 x 10
Nl.22—0.24lnReRel.19—0.12 InRe _ AR N (2-33)
where N = impeller speed
D = impeller diameter
Ni = reference impeller speed
Di = reference impeller diameter
Dd = mean droplet diamter
Ddl = reference mean droplet diameter
Re = Reynolds number
2
f = B0p (2-34)
M
p = density of f£luid
i = Dynamic viscosity

Nomura et al. (6) also developed an empirical formula for
the system water, styrene and sodium lauryl sulphate though
for a baffled reactor.

D 1.0500015 4 1.4 242y awp*y " HA (2-35)

d

where § = emulsifier concentration

1l

This formula is only valid however in the range of
emulsifier concentration § > 3,13 g/Dm3 water which is

higher than the soap levels to be used in the current study.
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2 Determination of particle size

The most important fundamental property of a latex
is the particle size and the particle size distribution.
In emulsion polymerization, the reaction rate, molecular
weight and its distribution and the polymer properties
all relate to the particle size and to the number of
particles. Five methods have been used in the past for
finding the value of tie particle size: (i) electron
microscopy (ii) soap titration (iii) light scattering
(iv) centrifugation and (v) turbidity. Methods (i)
and (v) can yield particle size distribution, from which
the average values can be deduced. Methods (ii) (iii)

and (v) give only average values.

(1) Electron microscopy:

This method can give a complete picture of the
particles present in a latex. Size analysis is carried
out by measuring the diameter of images of the polymer

particles printed on an electron micrograph (49).

{:350) Soap titration

The soap titration method for the determination
of particle sizes is based upon the concept that the soap
is adsorbed on the surface of polymer particles until the
surface is entirely covered by a monomolecular film of
emulsifier molecules, each of which covers a definite

15 cmz/one

area (for sodium lauryl sulphate A_ = 3.5 x 1605
molecule (18)). If the latex contains less soap than is
required for saturation of the particles, then virtually

no free socap is present in the true agqueous phase. When

D -



the soap is added beyond the point of saturation then

the free soap will appear. When this free soap concen-
tration reaches the critical micelle concentration,
micelles are formed and at this point sudden changes in
the properties of the latex, such as surface tension,
conductance ratio, adsorption of the coloured or fluores-
cent dye, etc., will occur. If these properties are
measured the final point of the titration may be found.
According to the amount of the emulsifier added up to
this point, the surface area of the particles is easily

calculated (50-53).

(iii) Light scattering (54)

Light scattering is based upon the measurement of
the angle between a beam of incident light and the angle of
maximum intensity of scattered light. The angular
dependence of intensity depends upon the relative refractive
indices of the particles, the medium, the wavelength of

the light and the size of the particles.

(iv) Centrifugation (55)

An ordinary centrifuge can be adapted to determin?
the particle size of a latex. Firstly the latex is
diluted to a solid content of 2% and then centrifuged at
2700 r.p.m. while the temperature is kept fairly constant
by use of dry ice. Samples are removed at various times
by means of a hypodermic syringe with the needle inserted
to a depth of 2 cm. The concentrations of these sémples
are determined. A roughly quantitative particle size

contribution curve can be calculated from these data.

=00



(v) Turbidity

Measurement of'ligﬁE transmission is one of the most popular
methods available for measuring the particle size. It
is based on the dependence of the turbidity of a dilute
latex upon the particle size and on the other parameters.
Barns and La Mer (56-58) did much work in this area both
theoretically and in the development of the technique for
the determination of the size of colloidal particles
using Mie's theory (19). Of more direct use to the
neasurement of polystyrene latex is the method developed
by Bateman et al. (20). They published a table

(see Table 2-1) of theoretically determined values of
total Mie scattering coefficient against wavelengths and
particle radii. It is valid for the case of particle
diameters more than 0.2 micron. Merry (17) extended
Bateman's measurement range to smaller diameters using

an interpolation method. The data he obtained seems to
be reasonable in the region of particle diameter greater
than O.14 micron, but it results in a significant error

if the particle size is smaller than 0.14 micron.

T
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SECTION TIII

EXPERIMENTAL EQUIPMENT AND TECHNIQUES

ek Flow diagram and Equipment specification

£ Emulsion polymerization - Experimental technique
3.3 Suspension polymerisation - Experimental technique
3.4 Droplet dispersion tests

-32-



3.1 Flow Diagram and Equipment Specification
The flow chart for the emulsion polymerization,
suspension polymerization and monomer dispersion runs

is shown in Figure 3.1.

<

—M——D'Q'“—‘z [ |
S S
EL*## @ ? \\ig | T

Py m AN S

l.nitrogen cylinder 2.jacketed heat exchanger
3.reactor vessel 4.axial seal

5.sample line 6.charge line

7.safety valve 8.purge pipe

9.flow indicator 10.Churchill temperature controller
ll.gear pump 12.1lubricant reservoir

13.overpressure vent line l4.impeller

15.lubricant circulation line 1l6.heat exchange fluid line

Figure 3.1 Flow Diagram

The reactor used in this work was designed and équipped
by Merry(l7) of this department. The reactor system is shown

in figure 3.2.
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As shown in the photograph, the main body of the
reactor was a cylindrical stainless steel vessel with a
dished bottom. It was of 152 mm bore and had a wall
thickness of 6.5 mm. The vessel was secured to its
lid by means of a flange which was again made of stain-
less steel. The 1lid of this reactor was constructed
from a mild steel flange lined with a sheet of stainless
steel to ensure that the contents of the vessel
contacted only with the stainless steel. The lid was
secured to the vessel with eight 3/4 inch mild steel bolts.
The lid,also carried the charge line, purge line,sample line
overpressure vent line, safety valve and bearing. The
maximum working pressure of the reactor was 1O bar. In
order to allow temperature control, the reactor was
fitted with a jacket through which water as the heat
exchange medium was circulated. The temperature of the
circulating water was controlled by a Churchill Captain
unit, which has both a heating and cooling facility.

The impeller for emulsion polymerisation was a six-bladed
turbine type of 75mm. diameter as shown in Fig2.3 and a
combination of impellers of 75 mm diameter for suspension
polymerization as is shown in Figure 3.3. The combined
impeller consisted of a 4-bladed inclined turbine and

a 6-bladed swept-back turbine mounted on the same shaft,
the inclined turbine being mounted 96 mm above the

swept-back. They are shown in Figure 3.4.

AR



Figure 3.3 Turbine type impeller for emulsion

polymerization
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(a) (b)

Figure 3.4 The impellers for suspension polymerization
(a) 6-bladed back-swept turbine

(b) 4-bladed inclined turbine
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The Baffle

Figure 3.5.
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Another possible adaption to the reactor were the
stainless steel baffles which consisted of eight vanes
running parallel to the axis of the vessel and located
at 45° intervals along the vessel wall. Each of the
vanes had a width of 20 mm. The baffle is shown in

Figure 3.5.

3.2 Emulsion Polymerization Experiments

Prior to a polymerization run, the reactor vessel and
all the accessories in the reactor were thoroughly cleaned.
The cleaning involved scouring with an abrasive cloth or
brushing with a wire brush, then washing thoroughly with a
1% solution of sodium lauryl sulphate and distilled water

and finally rinsing with redistilled water.

The required volumes of redistilled water and styrene
were measured using a graduated cylinder and the required
masses of sodium lauryl sulphate and potassium persulphate
were weighed accurately. The emulsifier and the
initiator were then dissolved in the water and both this.
solution and the styrene were charged into the reactor.
The vessel was then firmly bolted to its 1lid.To exclude
the oxygen from the reactor, the contents of the reactor
were purged 5 times with nitrogen by successively
pressué?ng the reactor to approximately 3 bar and then
venting to atmosphere. On the fifth venting, the
pressure was dropped down to about 1.5 bar, the

operating pressure.
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After purging, the temperature at which the reaction
was to be performed was selected on the Churchill Captain
unit. Then stirring was started and heating began.

When the reaction temperature was reached, timing was
started. The samples for analysis were drawn off through
the dip pipe the end of which was located in the middle
position of the emulsion depth in the reactor. The
interval between sampling was arranged to be 15 or

20 minutes depending cn the run. The reaction continued

until the monomer conversion was greater than 908%.

SeS Suspension Polymerization Experiments
The reactor cleaning operation for suspension polymeri-
zation was the same as that for emulsion polymerization as

detailed above.

After cleaning and bolting the vessel to the lid, the
required volume of redistilled water and styrene were
measured using a graduated cylinder and the required amount
of polyvinyl alcohol as stabilizer and B8,R'-azobisio-
butyronitrile as initiator were weighed accurately. Then
the stabilizer was dissolved into the water by heating and

stirring while the initiator was dissolved into the styrene.
These two solutions were then charged into the reactor.

The process of purging with nitrogen was the same as that

for emulsion polymerization.
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After purging, stirring and heating were started
When the reaction temperature was reached timing was
started. The samples for analysis were drawn off through
the dip pipe. The intervals between sampling iere

arranged to be 30 minutes.

3.4 Dispersion Tests

After cleaning according to an identical procedure
as above the vessel was secured to its 1lid. The defined
volumes of distilled water and styrene were measured
using a graduated cylinder such that the phase ratio of
water to monomer was the same as in the emulsion
polymerizations. The required mass of sodium lauryl
sulphate was weighed accurately, this was then dissolved
in water, thereafter both this solution and the styrene
were charged into the reactor. Each batch used in the
dispersion tests Was subjected to five impeller speeds
of 450, 550, 650, 750 and 850 r.p.m. The procedure was
to start at 450 r.p.m. and to stir at this speed for one'.
hour and then to increase to the next speed. A sample
for analysis was withdrawn at the end of each hour long
interval and these were analysed immediately after
withdrawal. The method of analysis is described in

Section 4.
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SECTION IV

ANALYTICAL TECHNIQUES

4.1 Droplet size analysis
4.1.1 Photomicrographic technique
4.1.2 The Coulter Counter
4.1.3 Comparison between Photomicrographic Method
and Coulter Counter Method
4.2 Determination of degree of monomer conversion
4.2.1 Precipitation with methanol
4.2.2 Precipitation with aluminium chloride
4.2.3 Direct drying
4.2.4 Comparison of Techniques
4.3 Development of the technique for the measurement
of particle size using light transmission
4.3.1 General description
4.3.2 Setting up the technique for measuring particle
size in an emulsion latex
4.3.3 Determination of particle size using

extinction method.
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In this section, the methods of both droplet
size analysis and the determination of monomer conversions
are introduced and the technique of the measurement of

very small particle sizes is developed.

wi.1 Droplet Size Analysis

Two methods of droplet size analysis, namely a
photomicrographic technique and the Coulter Counter
method, were employed in this study. They are described

briefly below.

4.1.1 Photomicrographic

In this technique, photographs of the
dispersion were taken though a microscope. The numbers
of droplet images within the different size intervals on
the photographs were counted. Thus the distribution and
the Sauter mean droplet diameter could be calcul-

ated.

The photographs of monomer droplets using the
microscope were obtained using the following procedure.
Firstly, the latex sample was diluted. The bottle
containing the latex sample was shaken gently, two drops
of the sample were extracted from the middle position of
the depth of the contents in the bottle into the syringe
and then 4cc of redistilled water was also taken into
the syringe. The syringe was shaken gently to mix the
contents. A slide for holding the sample was made ﬁp
of two glass plates and two small spacers of perspex

sheet having a thickness of about O.lmm. These two
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spacers were put between the two glass plates to make

a narrow slit, as is shown in Figure 4.1.

o
7

Figure 4.1 The Slide

N N

The dilute sample in the syringe was injected
slowly into the slit. It was found that in this way
the droplets could be evenly distributed across the
slide between the two glass plates, without observing

swarming of the drops and without fear of evaporation.

The slide was placed under the microscope,
three to five photographs of different parts of the slide
were taken using a Miranda Sensorex 30 mm still camera.
The microscope is shown in Figure 4.2 and a typical
photograph of monomer droplets taken through the

microscope is shown in Figure 4.3.

4.1.2 The Coulter Counter

The Coulter Counter is a widely used piece of
equipment for the andysis of particle sizes of solid
materials in the size range 2 to 300 micron but it is

also used in the analysis of liquid droplets in

dispersion. Figures 4.4 and 4.6 show the ‘equipment

.



The Microscope

Figure 4.2
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Droplets in the dispersion x 635

Figure 4.3
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and Figure 4.5 shows a simplified diagram of the Coulter
Counter cell. As is seen in these figures, an orifice
tube (B) which is filled with the electrolyte solution
in water is immersed into the same electrolyte solution
in a cup (A) containing the particles or droplets. The
only contact between the electrolyte solution volumes
inside and outside of the tube is through an orifice

of known diameter in the wall of the tube. On the
horizontal section of the mercury manometers (B) .,

two electrodes are installed. The volume of the tube
between the two electrcdes is fixed and known. Thus
the volume of the electrolyte solution passing through the
orifice in a given time may be determined. If the
electric circuit is connected, then an electric current
will pass between the two electrodes (C), one inside the

tube and another outside the tube both placed near to the

orifice. The electrolyte solution will flow through the
orifice by virtue of the pressure between the outside
of the tube and the inside of the tube. When the dropiets

dispersed in the electrolyte solution pass through the
orifice the area for current to flow is reduced and thus

the resistance between the electrodes changes.

The electrical signal resulting from the resistance
fluctuations is fed into the analysis section of the Coulter
Counter where it is decoded. A threshold setting is
manually selected which relates to a certain particle
size. After successively monitoring the whole range
of'particle sizes, the droplet size distribution and

average droplet size may be obtained.
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The Coulter Counter

Figure 4.4

To vacuum pump

Electrolyte solution
Orifice tube
Electrodes
Manometer

Volume control electrodes

Figure 4.5 Test Cell of Coulter Counter
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The simplified procedure for operation of this equip-

ment is briefly introduced below.

Prior to using the Coulter Counter for measuring the
droplet size, the following preparation work should be

done.

(i) Make up 0.9% of sodium chloride solution in water
and filter it by passing through a 0.8 micron membrane

twice.

(ii) Because the droplet sizes in the system treated
in this work are less than 56 micron and the manometer
volume of 2 ml is used, the tube with 140 micron orifice

diameter should be selected.

After preparation, a control test is needed in order
to obtain the background counts on the filtered electro-
lyte. Then a calibration is performed using smooth
particles of known density monosized particles to obtain
the calibration constant K. Finally the suspension of
the samples in the filtered electrolyte solution are
analysed. The whole range of the droplet diameters is
divided into 16 intervals by changing the lower threshold

dial setting, t the upper threshold dial setting, tU

L
aperture current setting, I, and the reciprocal ampli-
fication, A. For each interval, the number of droplets
is counted and displayed on the oscilloscope of the

Coulter Counter numerically, the average diameter of the

droplets, Dd’ is calculated using the following equation:
=50=



CONVERSION CHART TECINIQUE - SINGLE THRESHOLD

Sample - Polystysene Source - Electrolyte - NaCl Dispersant - Date - 14/2/81
Aperture - 100 um Manometer - 2ml Calibration - 2.1121 Matching - Operator - Cao
Diameter Volume Factor, K Switch
Aperture - Gain - Colncidence - 0.625 Calibration - 1.85 um
Resistance Control Factor, P bata

= nte n=n"+n" - - v
t/ 1| a | n' (rawcounts) oL ol B [T | tIA a&| an | v [T [zen)Y| wes

vﬁ@u

20| 8 64 1,0 1,0 0,0 | O 0.29 0 0 0.29 | 10240 45.9 0.15 | 5120 768|768 2.51
20| 8 32 3;2 1,2 3,2 1 2 (o] 0 2 5120 36.4 1.7 | 7680 |13056/13824 | 45.15
20, 8 16 7.3 6,4 2,4 2 4 0 o] 4 2560 28.9 2.0 | 3840 7680|21504 | 70.24
20 8 8 2,5 2,2 2,4 1 2.6 0 1 1.6 1280 22.9 (6] 1920 0[21504 | 70.24
20 8 4 6,2 3,4 6,1 3 3.6 (e} 1 2.6 640 18.2 1.0 960 96022464 | 73.37
20, 8 2 4,10 4,3 3,3 3 4.3 o] 2 2.3 320 14.4 0 480 0|22464 | 73.37
20| 4 2 11,10 7:11 9,10 |11 10.0 0 3 7.0 160 11.5 4.7 240 1128]23592 | 77.06
20f 2 2 18,15 23,21 |[18,12 14.3 (8] 6 8.3 80 9.1 1.3 120 156|23748 | 77.56
20 1 2 20,21 19,21 26,29 22.7 L8] 9 13.7 40 el 5.4 60 324124072 | 78.62
20 1 1 49,64 44.52 |[67.48 54 (0] 12 41.0 20 5.7)| 27.3 30 819|24891 | 81.30
20| 1 1/2 |135,145 | 145,130 138.8 (o] 25| 133.8 10 4.6|| 72.8 15 1092|25983 | 84.86
201 1 1/4 |335,326 | 293,292 311.5 0 55 | 246.5 5 3.6 132.7 7.5 995126978 | 88.11
20(1/2 1/4 |586,659 | 628,629 625.5 (6] 119 | 506.5 2.0 2.9]| 260 3.75 975{27953 | 91.30
20]0.354 |1/4 |943,959 |976,1013 972.8 T 178 | 795.8 1.725 2.5|| 289 2.11 610|28%63 | 93.29
20|0.354 |1/8 1419 1403 1411 1 282 | 1130.0 0.863 2.0|| 334 1.29 431128994 | 94.70
20|1/4 1/8 2155 2162 21585 3 497 | 1682.5 0.625 1.8]| 553 0.744 | 411{29405 | 96.19
20(0.171 |1/8 3253 3088 31705 6 824 | 2352.5 0.443 1.6 670 0.534| 358/29763 | 97.21
20(1/8 1/8 7291 7892 75915 36 3015 | 4612.5 0.313 1.4[[2260 0.378| 85430617 |100.00
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i
D, = K(tp1a)'/3 (4-1)
Therefore the droplet size distribution and the
average droplet diameters can be obtained. A sample
table illustrating the treatment of the data is shown

in Table 4.1.

4.1.3 Comparison between the Photomicrographic
Methodand the Coulter Counter Method

Compared with the photomicrographic method, the
technique using the Coulter Counter is rapid and con-
venient, but it was found from experiment that the data
obtained showed considerable scatter and the reproduc-
ibility was rather low for determining the droplet sizes
of styrene. This is suggested to be because the droplets
suspended in the electrolyte solution are not stable,
some of the droplets coalesce together and the styrene
can evaporate during the analysis for greater accuracy,
although the photomicrographic technique is time- consumiﬁg
and tedious, it was used for most of the dispersion tests

in this study.

7 G Determination of Monomer Conversion
Monomer conversion is one of the most important
parameters for emulsion polymerization studies. In

this work, it was measured using the following procedure.

At timed intervals from zero time (15 or 20 minute
intervals) the samples were taken from the reactor and

each of the samples was put into a bottle of known
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weight. The bottle containing the sample was weighed.
According to the weight of the sample in the bottle, a
definite amount of inhibitor, namely benzoquinone, was
added to the bottle to give a concentration of 0.5%

in the sample. The role of benzoquinone is to prevent
further polymerization of the unreacted monomer. In
this work, the monomer conversion was determined by

using three methods which are briefly described below.

4:2.1: Precipitation with Methanol

For each of the samples, a certain amount (3-5 gram)
was taken from the bottle containing the stopped sample
mentioned above. The polymer was precipitated by
adding it to a bottle containing about 50 ml of methyl
alcohol. The precipitate was then filtered on a
weighed sintered glass filter. The precipitate was
washed in turn with methanol and hot water five times
then finally with methanol. The precipitate was then
dried to constant weight. From the weight of the dried
precipitate the weight of sample and the recipe of the
run of the polymerisation, the fractional conversion

based on styrene could be calculated.

4,2.2 Precipitation with Aluminium Chloride
For each of the samples a certain amount was taken

(3-5 gram) from the bottle containing the stopped sample

mentioned above. The bottle was placed in an ice bath
to cool it for fifteen minutes. 5 ml of cool hexane
was added and was shaken gently. The mixture was then

diluted 60 times with cooled distilled water.
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Ten drops of 27% w/w aluminium chloride solution in

water was then added to the dilute sample in order to
precipitate the polymer. The precipitate was filtered

on a weighed sintered glass filter. The precipitate

was washed with hot water five times. The precipitate
was then dried to constant weight. From the weight

of the dried precipitate, the weight of the sample and

the recipe of the run of the polymerization the fractional

monomer conversion could be calculated.

4.2.3 Direct Drying

For each of the samples, a certain amount was taken
(0.5-1.0 gram) from the bottle containing the sample and
it was put onto an aluminium plate of known weight which
was heated for half an hour prior to use. The plate
was then placed in an oven to dry at 70°¢C overnight to
constant weight. From the weight of the remains on
the plate, the content of the inhibitor, the weight of
the sample and the recipe of the run of the polymérizétioﬂ

the fractional monomer conversion could be calculated.

4.2.4 Comparison of Techniques

The results from the technique using the precipitation
with methanol seem to be more accurate than the other
methods, but it is too time-consuming and wastes a large
amount of methanol. The technigque using the precipitation
with aluminium chloride solution is economical in reggrd
to the use of the solvent and can deliver reasonable
results, but it is also time-consuming and the precipitate

tends to agglomerate so that it is hard to dry if the
-54-



extraction of styrene with hexane is not complete.

The technique of direct drying gives the most acceptable
results. A major advantage of this method is that it
is very convenient and it needs no organic solvent.

So in this work, the latter technique was used for most
of the test runs of both emulsion polymerization and

suspension polymerization.

4.3 Development of the Technique for the Measurement

of Particle Size Using Light Transmission

4.3.1 General Description

An important characteristic of a latex is its
particle size. In emulsion polymerization, the reaction
rate, molecular weight of polymer and its distribution
and the polymer properties all relate to the particle
size and the number of particles. The light transmission
technique is one of the methods available for measuring
these parameters. This technique is based on the depend-
ence of the turbidity of a dilute latex upon the particle
size and upon the other parameters. Many previous
workers have devoted themselves to the development of
the light transmission technique to measure the size of
colloidal particles (56-58). Of more direct use to
the measurement of polystyrene latex is the light
transmission method developed by Bateman et al. (20).
Unfortunately, Bateman's method is only valid for the
case where the diameter of the particles is greater than
0.2 micron. The latex produced by emulsion polymerization,
however, contains very small particles with an average
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diameter much smaller than 0.2 micron, particularly in
the early stages of the reaction. Merry (17) extended
Bateman's measurement range to a smaller diameter

range using an interpolation method. The data he
_Obtained seems to be reasonable in the region of particle
diameters greater than 0.14 micron, but it results in a

significant error if the particle size is smaller than

0.1l4 micron.

In the current project, a light transmission tech-
nique for measuring particle sizes whose diameters are
even smaller than 0.1 micron has been developed and
the results obtained are compared with those determined

by electron microscopy.

4.3.2 Setting up the Technique for Measuring Particle
Size in Emulsion Latex.
According to Mie's theory, the total Mie scattering
coefficient, K can be evaluated using the following

equation.

K = 2.323 E (4-2)
tr N 1
P P
where B = light extinction, E = lnI/%)
IO = incident light intensity
I = transmitted light intensity
rp = average radius of particles, em
i = Length of scattering cell, cm
Np = number of particles per cm3
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If the mass concentration of the particles is denoted by

5
Coflaamy EhBRG < Vol o e Sy Sp i RS
3 p  sw

3.0707Exr 4
P SW
Cl

K = (4-3)

where dsw = the density of particles, g/cm3

On the other hand, o is defined as size parameter.

& 2mnr (4-4)

Ao

where A, = wavelength of the incident light in the air, cm.

n = refractive index, which is given by the equation
as follows:
2
n = a + b/xg (4-5)

-11
a and b are constants, a = 1.3240, b = 3.040 x 10
for water (59) and a = 1.5683, b = 10.087 x 10 +1
for polystryene (60).

From equation (4-3) and 4-4) the following formula

can be obtained.

0.4887 d__ EA,
SW

ncl

K
a

(4-6)

In this project, several samples were used in which
the particle sizes and the mass concentration of the
particles were known. The values of E were measured
using a Pye Unicon SP1800 ultraviolet spectrophotometer
see Figure 4.6 within the wavelength range from 3700 2

to 65008 . The values of n were determined by equation
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(4=5) ¢ Therefore, the dependence of r, K and %, could

be found from equation (4-3),(4-4) and @-6). The results
computed from the original data are listed in Table 4-2,
Table 4-3 and Table 4-4. Five formulae which represent
the relationship between the parameter K/o and rp were

obtained as follows by using polynomial regression

method:
r = 0.04387 + 0.1751X + 0.9485X°> - 1.3463X°
3700 : ' .
a 2 3
r,300 = 0-04294 + 0.4171X - 1.2214X° + 11.1013X
" 2 3
Teooo = 004254 + 0.7329X - 5.6351X° + 45.2569X
¥ - 0.042117+ 1.0047% —~13.7433%°% + 122.572%°
5600 ' :
Y6500 = 0.04218 + 1.6546X - 29.9384X% + 336.231xX°

where X stands for K/o
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Table 4-2 The values of the size parameter for various

particle radii and wavelengths.

r(R) 0.046 0.055 0.0645 0.0698 O0.0771 0.0821 0.0958

20 ® 3

3700 1.0516 1.2575 1.3463 1.5960 1.6204 1.8781 2.1900
4300 0.9010 1.0774 1.1843 1.3674 1.3875 1.6091 1.8763
5000 0.7724 0.9236 1.0152 1.1722 1.1889 1.3794 1.6085
5600 0.6884 0.8231 0.9048 1.0447 1.0592 1.2293 1.4335

6500 0.6919 0.7078 0.7780 0.8983 0.9016 1.0571 1.2327

Table 4-3 - Total Mie scattering coefficients of poly-

styrene sphere in water for smaller particles

r® 0.046 0.055 0.0645 0.0698 0.0771 0.0821 0.0958

Ao(ﬁ) K

3700 0.01634 0.05295 0.10380 0.16270 0.20540 0.24280 0.38200
4300 0.00827 0.02843 0.05820 0.09573 0.12480 0.14890 0.22970
5000 0.00451 0.01552 0.03244 0.05584 0.07538 0.09505 O.14500
5600 0.00301 0.00991 0.02103 0.03749 0.05347 0.06743 0.10390

6500 0.00169 0.00553 0.01185 0.02234 0.03010 0.04292 0.06527
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Table 4-4 - The values of parameter k/a for various

particle radii and the wavelengths

r®) 0.046 0.055 0.0645 0.0698 0.0771 0.0821 0.0958

-AO(R) K/o

3700 0.01553 0.04210 0.07710 0.10190 0.12680 0.12930 0.17440
4300 0.00918 0.02639 0.04910 0.07000 0.09885 0.00254 0.12240
5000 0.00584 0.01680 0.03195 0.04764 0.06340 0.06891 0.09015
5600 0.00437 0.01204 0.02324 0.03589 0.05049 0.05485 0.07248

6500 0.00286 0.00781 0.01523 0.02486 0.03306 0.04060 0.05295

Figure 4.6 Pye Unicon spl800 ultravoilet spectrophotometer
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.33 Determination of Particle Size using Extinction
Technique

This technique involves measuring the turbidity of a
diluted latex and estimating the values of mass particle
concentration, C, and the refractive index, n. Then the
parameter K/a can be calculated by means of equation (4-6).
The average radius of the particles in the latex can, there-
fore, be found according to equation (4-7). The computer
programme for this calculation is shown in Appendix I.

The procedure below can be followed.

4.3.3.1 Collecting Basic Data
In order to perform this calculation, the recipe
for the emulsion polymerization needed to be known. Then

based on the recipe the following parameters may be

estimated.
+
MAXT = Wmona Wsoap S (4-8)
Wtotal
Wmom
MAXP = o (4-9)
total

where Wmona' Wsoap' and WI denote the weight of monomer,
soap and initiator charged, respectively. Wtotalstands

for the total weight of the contents in the reactor, and
MAXT and MAXP are the maximum theoretical solid contents

and the maximum theoretical polymer content, respectively.

Another important parameter TSC, the total solid

content, can be determined gravimetrically.
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4.3, 3.2 Diluting

Because the original latex contains so many particles,
the turbidity goes beyond the scope of the spectrophotometer.
Therefore it had to be diluted twice to reduce the concen-
_tration of the particles in the latex.

For the first dilution, an amount of emulsion sample
in a bottle (say, about 0.5 gram) was accurately weighed.
The weight of this sample is denoted by 9q° Distilled
water was then added to this bottle (say 100 gram) and it
was again weighed. The weight of the sample after the
first dilution is called G,. Thus the following parameters

1
after the first dilution may be easily calculated:

9,

TSC. = TSC —— (4-10)
Y G
1
9;

MAXT.= MAXT—= (4-11)
1 G,

g9, |

MAXP .= MAXP—= (4-12)

1 G,

where TSCl, MAXTl, and MAXPl are the solid content, maximum
theoretical solid content and the maximum theoretical polymer

content after the first dilution.

In the second dilution, a sample of first dilution
(say , about 10 gram) was weighed accurately. The weight
of this sample is denoted by gy It was diluted again
(say, till about 1lOugram). The weight of the second
diluted latex is known as G,. Thus, the following formulae

2

can be used for finding the parameters after the second
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dilution:

- g o
TSC, = TSC_ 2 (4-13)
G
2
95
MAXT2 = MAXTl EE (4-14)
ED)
MAXP, = MAXP, -G—2 (4-15)

4.3.3.3 Estimating the Mass Concentration of the Particles
in the Diluted Latex
Firstly, the monomer conversion, XP, may be found

using the equation as follows:

MAXP - (MAXT-TSC)

o MAXP

(4-16)

Therefore, the weight fraction of polymer in the

diluted latex, FPL, can be found.

FPL = MAXP2XP (4-17)

The weight of polymer in the diluted latex, Wp,

should be

Wp = 62 FPL (4-18)

and the weight of monomer in the diluted latex, Ws'

should be
Woe (MAXT2 ) TSCz} G2 (4-19)
The weight of water in the diluted latex, War should be
WA = il = MAXTZJG2 (4-20)

It may be imagined that the monomer would exist
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both in the aqueous phase and in the particle phase
according to the partition law. ik WsA denotes the
weight of monomer in the aqueous phase and M the partition

coefficient, then:

WSA
o ok
W T Mo,
W
p
MW, W
or W = 8 (4-21)

For a system made up of polystyrene, styrene and water,

M= 2.2393 x 10 1,

Consequently, the weight of monomer in the particle

phase, Wsp' can be obtained.
Wsp = Ws - WsA (4-22)

Therefore, the mass particle concentration, C, can

be written as

Gl akt BP (4-23)

4,3.3.4 Finding the Density of Particles in the Diluted

Latex, dsw

Because the particles are swollen by monomer, the
density of the particles should have a value between

the density of polymer, dp, and the density of monomér, dm.

Thus, the following equation may be used for finding the

1
value of dsw approximately,
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. o e W

a. = ( 2 )d, *-(_W;TE%‘") dy (4-24)
sp

_4.3.3.5 Estimating the Refractive Index, n.

The value of the refractive index of water, N and
the refractive index of polymer, np, are first found using
equation (4-5), under the different wavelength conditions
(say, 37008, 43008, 50008, 56008, and 65008). Then the
equation below is used to evaluate the average refractive

index approximately.
o = 1Ch R (E=C)n (4-25)
P A

4.3.36 Measuring the Extinction Coefficient, E.

The values of E are measured by the spectrophotometer
for predetermined wavelengths. To be accurate, the zero
point should be adjusted each time because zero drift affects

the results.

4.3.3.7 Evaluating the Parameter K. /o and the Average
Radius of Particles
In accordance with the parameters computed or

measured above, the values of K/a may be determined by
means of equation (4-6) for the predetermined wave-
lengths. Then from the value of K/a obtained above, the
average radius of particles for each wavelength can be
obtained according to equation (4-7). If we take these
radii on average, the average radius of the particles in

the diluted latex is finally determined.
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4.3.3.8 Correcting the Size of Particles
As is mentioned above, the monomer in the latex is

partitioned between the aqueous phase and the polymer

phase according to the partition law. 1In this case,
equilibrium between the two phases is actually achieved.
After diluting, the equilibrium is upset and some monomer
will be transferred from the polymer phase to the aqueous
phase. A new equilibrium will be achieved. Because the
samples adopted for measuring the particle size here are
much more dilute than the latex in the reactor, the content
of the monomer in the polymer phase in the diluted sample is
less than that in the reactor, in other words, the size of
the particle measured in this case is smaller than the actual
particle size in the reactor. So the particle size
measured above should be corrected to return the

particle size to that under the reaction conditions. The

following equation is used for this correction:

déw WsA 1/3
= ]
D _Dp {a__(]_+ ﬁ_—;T)}

(4-26)
P sW p sp

where Dé = the average diameter of particles measured above
D = the average diameter of particles in the reactor

'
% sW

1l

the density of the particles in the latex after
the second dilution

dsW = the density of the particles in the ractor

For Stage I and Stage II of emulsion polymerization,

= + — =
G T RE e rpy Mg W A rr-trr! (852

For Stage 111

dsW = dpxp + dm(l~Xp) (4-28)
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e th i
where xp,II—III the monomer conversion at the end of

stage ITI.

s | Comparison between the Results from This
Technique and the Electron Microscopic Method.
This technique has extended Bateman's data to a
smaller particle diameter range than Merry achieved
previously (17). It seems that the technique is valid
for measuring the particle diameter down to 0.09 micron.
The data determined with this technique are similar to
those measured using an electron microphotographic method.
Some results analysed by these two techniques are compared
in Table 4-5. Further evidence for the validity of
this method is that the results under the various wavelengths
for the same sample are quite close to each other, as

shown in Table 4-6.

average particle radius, micron
Sample
electron microscope light extinction
N5 0.043 0.0443
N7 0.0502 0.0450
N16 0.070 0.0633
N1l 0.075 0.0701

Table 4.5. Comparison of the results from the light

transmission technique with those from electron microscopy.
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Table 4-6 Change in radius of particles with wavelength

Sample N5 N7 N1l6 N1l
AD(R) r, micron
3700 0.0448 0.0453 0.0650 0.0671
4300 0.0447 0.0452 0.0631 0.0676
5000 0.0444 0.0451 0.0621 0.0678
5600 0.0437 0.0450 0.0638 0.0688
6500 0.0440  0.0447 0.0629 0.0735
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SECTION V

THE MATHEMATICAL MODEL

S5l

5

Setting up the Model for Stage I.
General description of the model.

Setting up the differential equation for particle
nucleation

Derivation of the equation for the surface area of
monomer droplets

Estimating the parameters of monomer droplets

Derivation of the equation for estimating the
surface area of particles

Derivation of equation for estimating the volume
of polymer particles

Derivation of the equation for estimating the
fractional monomer conversion

Derivation of the equation for estimating the
number of particles

Setting up the model for Stage II

Setting up the model for Stage III
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5.1 Setting up the Model for Stage I

Since the classical work of Smith-Ewart(l) on modelling emulsion
polymerization , a great number of papers have appeared which either
modified the classical model or proposed new models. None of these papers
considered the effect of the adsorption of emulsifier onto the surface of
monomer droplets. In the normal case, the amount of this adsorbed soap
may be ignored because it is relatively small compared with the total
soap concentration. However, if the soap concentration is low or if
the impeller speed is high enough, then the proportion of the adsorbed
soap on the monomer droplet surface will be comparable with that of the
micellar soap. In this case, the effect of the adsorbed soap must be

taken into account.

Several workers have studied the effects of stirring on the process
of emulsion polymerization. Shunmukham(2) noted that violent agitation
would reduce the polymerization rate and increase the induction time.
Schoot et al(3) suggested that the increase in induction time is associated
with inhibition by trace oxygen in the nitrogen atmosphere used and the
decrease in polymerization rate is due to increasing mass transfer between
the gas and liquid phases as agitation becomes more severe. Evans et a1(4),
omi et al(5) and Nomura et al(6) pointed out that, under a highly purified
nitrogen atmosphere, the decrease in the rate of polymerization and in
the number of polymer particles with increased agitation may be due to
the fact that the micelle population is a function not only of the soap
concentration, but also of the amount of soap adsorbed onto the surface
of the monomer droplets, i.e. a function of the degree of dispersion

which is directly dependent on the agitation.
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In this project, a mathematical model for emulsion polymerization is
established which takes into account the soap adsorbed on the surface of

monomer droplets. The computed results are compared with experimental data.

5,1.1 General Description.

For a batch emulsion polymerization, definite amounts of water, monomer
and soap are first charged into the reactor before charging the initiator.
The soap charged will, in the main, dissolve in the water. The limiting
concentration of soap up to which value the soap is in solution as single
free molecules at a given reaction temperature is known as the critical
micelle concentration, [S] e And any soap added above this value goes
into solution but forms into aggregates known as micelles which play a
significant part in the mechanism of emulsion polymerization. A proportion
of the initial soap will of course be adsorbed onto the surface of the
monomer droplets. The proportions of the soap distributed amongst these
various forms may be easily computed. If S stands for the total area
provided by soap, [S] the initial soap concentration, Ag the initial surface
area of monomer droplets, Ag the initial area of micelles and Ag the surface

area occupied by one soap molecule, then

AC =8 - A3 (5.2)

As the degree of dispersion increases it is clear that as Ag becomes
larger, then Ag becomes proportionately smaller for a definite total

amount of soap.

When the initiator is charged and the contents of the reactor reach

the reaction temperature, the initiator starts to dissociate into radicals
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and the reaction begins after a short induction period. The rate of
radical generation, R, may be calculated from the following equation

R = 2k;i£[IINp (5.3)

where ki = the decomposition rate constant of initiator.

£
[1]

the efficiency of initiator decomposition.

Il

the initial initiator concentration.

The classical mechanism for emulsion polymerization(21/23) assumes
that the soap micelles, which have the ability to solubilise monomer by
concentrating it in solution at their centres, are the loci for the
initiation and polymerization. A radical is assumed to migrate into the
centre of a micelle and to initiate polymerization there. As polymerization
proceeds, the micelle becomes a monomer swollen polymer particle. More
moncmer migrates from the droplets to the particle to sustain the reaction.
As more and more particles are formed and increase in size, more soap is
adsorbed onto the particle surface, thus depleting the number of micelles.
When the micellar soap is completely depleted, generally speaking, particle
nucleation stops. At this point, the final number of particles is fixed.
The period from the beginning of the reaction to micelle depletion is
often referred to as Stage I. In this period, if the surface area of
particles is denoted by Ap and the area of micelles by Ay at a given

time, then

Ay = S-ApAg (5.4)

After Stage I, the reaction proceeds into Stage II, during which the
soap can be found in three loci, namely, free soap in solution, the soap
on the surface of particles and that on the surface of monomer droplets.

As polymerization proceeds, the particle size will become larger, whilst
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that of the monomer droplets becomes smaller and smaller. So some soap
will be set free from the droplets and move to the polymer particle
surface. When the monomer droplets disappear, Stage II finishes and

enters into Stage III.

In Stage III, because of the disappearance of micelles and
monomer droplets, the soap is present either in free solution at a
concentration at or below [S]cyc or is adsorbed onto the surface of the

polymer particles which are thus rendered stable.

5.1.2 Setting up the Differential Equation for Particle Nucleation.

Gardon(28) recalculated and extended successfully the Smith-Ewart
model for emulsion polymerization by using a different mathematical
approach. Neither Smith and Ewart nor Gardon considered the effect of
both the critical micellar soap and the soap adsorbed on monomer droplet
surface on the progress of the reaction. In the present paper, a
mathematical model is set up using the same mathematical method as
Gardon with the critical micellar soap and the soap adsorbed on the

monomer droplet surface being allowed for.

Suppose during Stage I, the process of emulsion polymerization
proceeds from time o to time t. To derive the differential equation,
we may subdivide the time t into m very small intervals, 1, 2, 3, « « . ,
i-1, i, i+1, . . . , m1l, m. At the beginning of the subinterval i, the
time is Tand at the end of it, the time is (t4+dt). If NP(T)
denotes the number of particles which have been nucleated during period
from time o to time t, Ap(t) the surface area of polymer particles at
time t and Aj(t) the surface area of monomer droplets at time T,

then the differential equation of particle nucleation can be set up as

=7 %%



follows :

dNp(T) = R [s- = (5.5)
Spt=2 [s-A(1)-A4(T)]

5.1.3 Derivation of the Equation for the Surface Area of Monomer Droplets.

Two simplifying assumptions are adopted for this purpose:
(1) The Sauter Mean diameter of monomer droplets is taken for

calculating their surface area at any given moment.

3
I n.dz
= _l 1

e (5.6)
“ydg
(2) The number of monomer droplets, N3, remains constant throughout

Stage I and Stage II.

Based on these assumptions and defining V3 as the initial volume
of monomer droplets per cc of water, rg(t) as the radius of monomer
droplets at time T, VP(T) as the volume of particles per cc of water
at time t, dgy as the density_of particles swollen by monomer and _dm as
the density of monomer, the mass balance over the monomer at time T can.

be expressed as

4
Vad, = gﬂ(rd(T)):'INddm + V(g (5.7)
3 1 g dsw 73
ra(t) = (_-Z'ITD-I;--) /B(Jg - a;—vp(-:)) /3
Bglt) = am(rg(T)) g =
d
[3(amNg) /2 V8 - 3(4uNdJl/253"vp<T)12/3
m

Let B, = 3(4myy)¥2 3

=T =



! 1/2
83 = 3(4ﬁNd) (dsw/dm)

5.8
So ‘Ajlz) = (BZ-B3vp(T»2/3 (38

Substituting equation(5.8) into equation (5.5), we obtain:

de(T}
a‘l‘
5.1.4 Estimating the Parameters of Monomer Droplets.

= R . . - 2/3
% {s Ap(r) (B2 BBVP(T» } (5.9)

o 0
e Ad and Dd

meter of water and the initial Sauter diameter of monomer

are the initial surface area per cubic centi-

droplets, respectively, then

Ay = 6Vo/Dg (5.10)
Ng = (6/m) (V3 (D7) (5.11)

The initial volume of monomer droplets, VS, can be cobtained
from the initial charge. The initial droplet diameter, Dg, can
be calculated by using Merry's emprical formula (17) for an

unbaffled reactor:

&n i AE -0.185
Dg = Dg (N/N;) (5.12)

where N and H are the impeller speed and impeller diameter used

08
(H/HiJ

in the experiment, respectively, and N; and Hi are the impeller
speed and impeller diameter used in the dispersion test,
respectively. Dé is the Sauter mean diameter of monomer
droplets which had been measured by use of a Coulter Counter in
the dispersion test.

Use of this formula assumes linearity between Sauter mean

droplet diameter and the term Nl‘OB NO'lBS

for the system under
study. Preliminary dispersion tests in the presence of
sodium lauryl sulphate in concentrations in excess of the
c.m.c. were seen to display such linearity.

For a baffled reactor, the empirical formula, the deriva-
tion for which is presented in Section VI, can be used.

0 o ise04013 ~1. 06

d o (5.13)



Where S, is the total soap concentration gram /drn3 of water.

5.1.5 Derivation of the Equation for Estimating the Surface Area of
Particles.

Firstly, it is necessary to find the relationship between the time

and the radius of the particles. For a single growing particle, the rate

of volume increase can be described by the following equation:

R
SR e e
3 dt  Npdpl-oy

where Kp is the rate constant for polymer propagation
dp is the density of the polymer

¢m 1s the monomer volume fraction in the particles.

3 Gn Im
Let K i fg 9 TUTE cgn e (5-14)
3
dr
so —E =K
dt (5.15)

If this particle is formed at time t , then ry=o at time t and

rp = Ip at time t. Hence, the following integration can be obtained.

3

P2 ;2
/P ar3=xr/ at
O p H Y

rp3 = R(t-T) (5.16)
rpz = k2/3(t-1)2/3 (5.17)

Where (t-T) is the lifetime of the growing particle from its

generation to time t.
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The number of polymer particles which are formed during the interval
from T to (t+dr) is denoted by de(T ). Each of these particles at
time t will be of the radius of rp and surface area of

41Trp2 = 41TK2/3(t-T)2/3. So at time t, the surface area of all the

particles which have been formed in the interval from t to (t+dt) in one

cc of water can be written as:
an,(t) = ank?/3(e=)23an (1) (5.18)

where the dAp( t) is the increment of total surface area of the particles
per cc of water at time t owing to the nucleation of dNp(t) particles from

time T to (tH71).
Based on equation (5.9) and (5.18), we obtain:
aa,(t) = K235 (6 )2/3 (5-A (1)~ (B-Byv (1)) 3 ar (5.19)

Let Bl=411K2/ 3(R/S) and integrate equation (5.19) over the range from time

T=0 to T=t, we obtain

b
- 2/3 2/3
A,(t) = Blfo{t—T) / [S-A,(t)=(By=B3V(T)) /3)ar (5.20)
According to Simpson's rule
a a-b a+b
F(a) = F(b) =fb f(x)dx = ey [E(a)+ 4f(—-—5—-) + £(b)] (5.21)

To use equation 5.21to estimating equation 5,20 we set a=t,

b=, %= Fla)=A(t), F(b)=0, £(x)=£(r)=8)(t-1)¥3 [s-A(r)-

+b
(ByByV,(x))2/3], £(a)=E(t)=0, £(b)=E(0)=B)(s-AQt¥/3, f(f;—>=
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i t t o

= B e W O 2/3 2/3

-)= B¢ |5 BV (- - .
f(z) l[ AP(Z) (132 3 p(z)} ](2)

Substituting these into eguations (5.21), the following formula can be

obtained:
(t) = -B£t5/313 525-23 - 2.52A(~)-2.52(B,-ByV. (~)) %3]
Ap 6 . . 2% 2 - Bz 3 p 2
Let By = 3.528 - Ag, the above equation becomes
(t) = A £5/3(p,-2.528_()-2.52 (By~B3V, (E))2/3] (5.22)
Ap 6 4 - ZAp 2 - B2 3 p 2 -
When time t tends to zero, the following eguation is used for
calculating the surface area of polymer particles approximately.

A,(t) = 0.587B) (5-A3)t>/3 (5.23)

5.1.6 Derivation of Equation for Estimating the Volume of Polymer
Particles.

For one single particle generated at time T, in terms of equation

(5.16), the volume at time t should be (4ﬂ/3)rp? = (47/3)K(t-T).

For de(T) particles generated during the interval from T to

(1+dt), the volume at time t should be
4w
dvp(t) = 5— K(t-1) ANp (1)
From equation (5.9), it becomes

Qv (t) = KD (1) [S-A_(T)~(B,-B.Y (t))2/3)at (5.24)
D T Tz Ap 'y s
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Let C; = (4%/3)$(R/s) and Integrate equation (5.24) over the

range from T=0 to T=t, then
V() = Cqf (t=0) [SA( 1) = (By-By Veo(t)) %3]t (5.25)
P 32 Bp 2530p :

Using the same method as that mentioned above, from equation (5.21)

and (5.25), the following equation can be obtained
6 : ol (i
= 2 e A M2
Vp(t) P t“[3s A3 ZApiz) (82 B3Vp(2)) ]
Let Cy = BS-AS, then the above equation becomes
=Gy t L 2/3
Vplt) = =t e1Cp2a,(2)-2(By BV, () 7] (5.26)

When the time t tends to zero, the following equation is used for

calculating the particle volume, Vp(tJ, approximately

C
et HR 0
Vp(t) = : t*(s-a3) (5.27)

5.1.7 Derivation of the Equation for Estimating the Fractional Monomer
Conversion.

The relationship between fractional monomer conversion, Xp{t), and
the volume of particles per cc of water, Vp(t), at a time t can be written

as

9p

Where My is the amount of monomer charged initially.
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Substituting equation (5.26) into equation (5.28), we get

C,dp(1-%m) t t
%8 = i Ri02h ()2 (BB (1))

Let D] = Cydp(1-¢p)/6Mg, then above equation becomes

X5(t) = D €2 (Cym2A_(S)=2(Bo-BaV.(=))2/3] (5.29)
& it 7 BVpls .

5.1.8 Derivation of the Equation for Estimating the Number of Particles

Integrating equation5.9 over the range from time t=0 to t=t

N.(t) = R lsma (t)-(B,~Bv.(1))2/31d (5.30)
p R iy Y s ;
According to equation (5.21) and (5.30), we obtain the formula as follows

_R o Syl ¥ e A £ 273
Np(t) = = E165-AG-Ap(E)~(By By (£))2/3-4a () -4(By-ByV, (-) /3]

]

Let Zl
N, (t)

5.2 Setting up the'Model for Stage 1I.

R/6S and 7, = 6S-A3, then

| T
2, €125, (t)-(By-B3V, (£)) % F-42(5)-4(By B3V () 1%3) (5.31)

The following equation is used for calculating the conversion rate

in Stage II

dfp _K 1
b Ay Np ¢ I e (5.32)

where I is the average number of radicals in one particle.

In Stage II, there is good evidence that the ratio of monomer to
polymer in the particle, ¢, remain constant. The number of particles

per cc water, Np, also remains a constant as particle nucleation has
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stopped by the end of Stage I and the value may be calculated using the

model proposed above.

In the Smith-Ewart model, the average number of radicals in one
pérticle, I, is considered equal to 1/2. This may be true if the particles
are infinitely small. In that case, the diffusion path for radicals is
so short that on entry of a second radical into an active particle
termination is instantaneous. However, as is well known, the concentration
of macromolecules is very high in the monomer swollen particles and the
viscosity inside is relatively larde. Conseguently, the termination
process is controlled by diffusion. When a radical enters into an active
particle if the particle is large as in the latter half of Stage II, then the
collision between two radicals is not instantaneous. In this case, two or more
radicals may co-exist in the same particle for some time. As a result,
the parameter I is greater than 1/2 and the larger the particles, the
greater the value of I will be. In our case, we are dealing with rather
low soap concentrations, thus the particle size is much larger than in

the normal case and therefore we must take this 'volumetric' effect into account.

Now the question is how to find the parameter I at a given conversion.
Gardon[11,12] has established a mathematical model for this purpose based
on the non-steady state assumption. Here we use a similar method for

solving this problem.

To simplify, an assumption of all the particles having the same size

at a given time during Stage II is used.

If i denotes the number of radicals in a particle, £j the number

fraction of the particles each of which contains i radicals, V the average

R le



volume of a particle, a the average surface area of a particle and Ko the
radical desorption rate constant, thus the non-steady state population

balance of particles in one cc of water can be described as follows

af; R Koa K¢
— = — (f31~f5) + —=— [£447(H1)~E5d] + —=
i (£i-1-£4) = e (HL)=£11] Na
(£ 140 (i+2) (i+1)~£4i(i-1)] (5.33)

Divide equation (5.33) by equation (5.32) and let
Gy = RGN/ (kN2 &)

Gy = (Ko/Rohn /3Ny (6M )23 M3 /a ) (1-4)1/3 /0,
(Ke/Kp) (dp/dp) (1=4p) /0

the following set of equations can be obtained

]

]

G3

ey 6 G, : .
a— = E (fl_l—fl) + -lﬁ_ [f1+l{l+l)—fj_1]
X I
P
G 3 e, fo
+ == [£:.-(i+2) (i41)-£;i(i-1)] (5.34)
Xnl
P
I = Zifi (5.36)

Fortunately, the ratio of polymer to monomer in particles is a
constant during Stage II and thus the diffusional resistance does not
change with conversion, i.e. both the termination rate constant, K¢, and
the value of G3 are conversion independent throughout Stage II. The
value of Kt in Stage II should be equal to that in bulk polymerization at

the same conversion as at the end of Stage II, Xp,1-11s in emulsion
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polymerization. It is to be calculated using the following empirical

formula which is formulated in Section VI.

Ke = exp(A +AxXn 111 + A3%p” rrr-111 * A4%p” r11-111

+ agxotorr pop) (5.37)

where Xp/r1-IIT is the functional monomer conversion at the end of Stage II.

A1, A2, A3, A4 and Ag are constants.

Kto = the termination rate constant in pure styrene.

T = the absolute temperature.

Thus, a set of the simultaneous equations (5.34), (5.35) and (5.36)
which consists of (i+2) equations has been set up. As we know, the
duration of Stage I is rather short. Therefore, the particle size is
relatively small at the end of Stage I and at this point the termination
process might be considered as virtually instantaneous. Thus all of f;
in which 132 would be zero and the value of I tends to 3. So we would
choose the threshold between Stage I and Stage II as a starting point.
In this case, the initial conditions for solving the above set of equations
would be Xp = XprI-II+ fo =05, fj = 0.5, T =0.5; f2 =3 =£4 = _,.=0
The value of I is determined by solving this set of equations at various
conversions and the relationship between t and Xp can be found using

equation (5.32).
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5.3 Setting up the Model for Stage III
In Stage III, it is found that the autoacceleration

effect of the conversion rate becomes important. This
phenomenon is known as the Trommsdoff effect or gel-effect,
_and is extremely significant in emulsion polymerization
modelling. If it is not taken into account, a sign-
ificant deviation of the predicted results from the
experimental results will be encountered in Stage III of
the reaction Friis et al carried out experimental
ermulsion and bulk polymerizations of polymethylmethacrylate
(7, 9) and polyvinyl acetate (7, 10) and by using a steady
state model they were able to model the gel-effect. They
also compared their model with experimental data for the
emulsion polymerization of styrene. The relationship which
they used to relate the termination constant to monomer
conversion for polystyrene was based on Hui's work (12)

on the thermal polymerization of styrene in bulk which was
carried out over the temperature range of 100 - ZOOOC. Tt
was found, at least at SOOC, that this relationship over-
estimated the termination rate constant when itis used for
calculating the emulsion polymerization particularly at high

levels of conversion.

Gardon (13,14) developed a mathematical model based
on a non-steady state assumption for Stage II.
Unfortunately, it was not extended to Stage III because the
relationship between the termination rate constant and the

monomer concentration in the particles was not known.
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In this project, the dependence of the termination
rate constant upon monomer conversion has been generated
using experimental suspension polymerization data (see
Section VI), a non-steady state mathematical model for
_Stage IITI has been developed. When it is combined with
the model developed for Stages I and II above, a math-
ematical model covering the whole conversion range of

an emulsion polymerization is the result.

In Stage III, the ratio of monomer to polymer in the
particles is no longer a constant. As polymerization
proceeds, the volume fraction of monomer, ¢(Xp), will

increase gradually with the monomer conversion, X .

l“Xp
$(Xp) = o= £
(T-X)+(d 7d TX_

(5-38)

and thus the value of Kt will also decrease with Xp.
This may be described by the following equation:which is

developed in section VI.

2 3 4
= .39
Ky exp (Al + Azxp + A3Xp - A4xp + ABXP ) (5 )

The model for Stage III can be presented as follows:

daf,
de s & 1 . d, s
IE?; = HlJl(Xp)(Li_l fi)+H2J2(Xp){fi+l{l+l} fil} +
i i+1)-f i(i- -40
H3J3(Xp){fi+2(1+2J(l+l) £,i(i-1)} (5-40)
o N (5-41)
1
if£,i =1 (5-42)
1
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where

o 2
Hl”mﬂdmffﬂ
- i 1/3 2/3 1/3
H, (Ko/hp){w NA)(GMO/NP) (dp /dm)
H3 = 1/Kp
X)) =1-d X d (1 - X
Jl( p) o / p( p)
1/3 2/3
TJa(X ) = {d./4d { (1-x_)+d X /4 1-X
2( pJ ( m/ p} ( p) o p/ D } /( p)
J, (X ) = ——l———exp(A +A. X +A x2+A X3+A X4)
3P l—xp I 2 p 3p 4D 2P
The initial condition is
de % Bgizraqryy vt = Trroanye
4 S Zedies vwinins )
fi z fi'II—III'
BL b= R ltey

In the computation, the values of fi and I can be found by
solving equations (5-40), (541) and (5-42) at various
conversions and the corresponding dependence of Xp upon t-

may be determined by solving the following equation:

dX
ek

o Kpdm
= N I¢(X )
NAMO P p
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SECTION VI

RESULTS AND DISCUSSION

Bl Determination of the Dependence of Termination

Rate Constant on Monomer Conversion

6.2 Formulation of Dispersion Data for the Baffled
Reactor
6.3 Scope of the Model

6.3.1 Predictions of the model for Particle
nucleation

6.3.2 Conversion-versus-time plots for the unbaffled
reactor

6.3.3 The effect of stirring rate

6.3.4 The gel-effect

6.3.5 The Baffled reactor
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6.1 Determination of the Dependence of Termination
Rate Constant on Monomer Conversion

There is clear evidence (38) that the termination rate

constant, K for styrene polymerization is extremely

t'
large, and is about 5 orders larger than the propagation
- rate constant, Kp. The termination rate is therefore

diffusion controlled even for the smallest radicals even

in the early stage of reaction. As polymerization proceeds,

the polymer chains entangle with each other and this causes
the monomer-polymer solution to increase in viscosity and
therefore the translational mobility of the radical chains
will be decreased. Thus, Ky decreases dramatically with
monomer conversion. Furthermore the reduction of Kt depends
only upon the extent of this entanglement of the polymer
chains and upon the environmental conditions in the
polymerization loci regardless of whether the reaction is
occurring in bulk, in the droplets of suspension
polymerization or in the polymer particles of emulsion

(10)

polymerization. As Friis pointed out , in emulsion

polymerization a single polymer particle can be regarded as
a tiny locus of bulk polymerisation with intermittent

initiation. A decrease in the termination rate which is

observed in bulk(or suspension) polymerisation should therefore

also be observed in a single polymer particle in emulsion
polymerisation. Thus it seems reasonable that the relationship
between Kt and monomer conversion obtained from either bulk
Oor suspension polymerisation may be used for the emulsion

polymerisation model.
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According to Hui's theory, the dependence of K,Z upon

t
monomer conversion may be described by the following

formula.
K K Z 3 4
_12-._ = Eo exp (A2XP+A3XP +A4XP+A5XP) (6-1)
Kp Kpo

In the case of the reaction temperature being above
the glass transition point, Tg, monomer molecules or chain
segments can move so freely that the propagation reaction
is not controlled by diffusion. Therefore, the value of Kp
always maintains a fixed value as long as the temperature
is not less than Tg. For polymerization of styrene if the
monomer concentration is more than 2.6%, Tg will be lower than
50°c. In other words, Kp remains a constant at 50°C within

the range of monomer conversion from zero to 97.4%.

Consequently for the normal case, equation (6-1) becomes:

[¥9)

K, = exp(Al+A X +A. X

2 4
4 ah tAs p+A4X +A Xp) (6-2)

5

o]

For bulk and suspension polymerization, the propagation

rate may be described as follows(40):
dx "
—R =k (1-x ) (FaflTly (6-3)
dt P p K.

where Kif{I} is the decomposition rate of the initiator,
which can be regarded as a constant during the reaction.
This approach has been made by a number of authors

previously(l3).
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Figure 6.1 shows the interdependence between
conversion and time obtained from the experimental

suspension polymerization of styrene at 50°¢.

For polymerization of styrene Kp is set at

Y2 x lO7 cm3/mole. min(32)

» and K, f at 1.782 x 10—41/min(39).
From fig 6.1 a series of values of (dXp/dt) may be found
using numerical differentiation, then the value of Al, AZ,

A3, A4 and A5 may be estimated by means of multiple
regression. The computer programmes for this calculati&%

are shown in Appendix II.
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Fig. 6.1 Dependence of conversion upon the time for
suspension polymerization of styrene at 50°C:
{A1BN} = 0.216 mole/dm3 monomer, the phase ratio:

water/monomer = 6 (volume), stabiliser (polyvinyl alcohol)

concentration: 2.6% (in water)
The values obtained are presented below:
A. = 29,5873
AZ = =-7.4332
A, = 45,8577
A4 = =-95.9184
A. = 47.4095

= 1.073 ¥ 10*cn” fmole. min. This
(42)

When Xp =0 Kt

value agrees with that in the literature (Olive

12

S e GhE, cm3/mole.min).

Figure 6.2 shows the dependence of K_ upon conversion

t
for suspension polymerization of styrene at 50°c. It may

be seen that in the early stages K, changes only slightly,

t

but in the later stages, the decrease in K, with increasing

t

conversion is dramatic.
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6.2 Formulation of Dispersion Data for the Baffled
Reactor.
" To prove the validity of the model proposed above, for
baffled reactors, the interdependence of the average initial
diameter of monomer droplets, 0

d

concentration, SO (gram/Dm3 water), and impeller speed

(micron), total soap

(r.p.m.) is needed in the computation. In this section

it is shown how this relationship was derived.

The flow pattern of the liquid in a baffled reactor is
far different from that in unbaffled reactors; the
velocity distribution in the former is more homogeneous than
in the latter(lS). Differences in the dispersion
characteristics between baffled and unbaffled reactors would
be expected and, in fact, experiment has shown that the
extent of monomer dispersion in the baffled reactor is much
greater than that in the unbaffled one. Vermeulen et al(ls)
presented a correlation from their experimental data for
baffled reactors, in which the Sauter mean diameter of the
droplets is shown to be directly proportional to impeller
speed raised to a power of -1.2. Unfortunately, their
formula is only valid for a system in the absence of an
emulsifier. Merry(l7) obtained an empirical formula for
the dispersion of styrene in an emulsifier solution in
water, in which the mean diameter of monomer droplets is

shown to be proportional to the impeller speed raised to

the power of -1.08 This formula, however, was developed

for unbaffled reactors. Harada et a1(32)proposed a
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correlation for baffled reactors in which the average
diameter of the dispersed monomer droplets was shown to

be proportional to the impeller speed raised to the power
of -0.75 and to the emulsifier concentration raised to

the power -1.5. In this formula, however the lower limit
of the emulsifier concentration is 3.13 gram/dm3 water,
which is beyond the emulsifier concentration range that
was dealt with in this project. Therefore, to model
emulsion polymerization in a baffled reactor for the case
of low soap concentration a correlation is needed relating
the average initial monomer droplet diameter to the

impeller speed and to soap concentration.

To obtain this relationship three batches of styrene/
water/sodium lauryl sulphate were tested. The emulsifier
concentrations for the three batches were assigned 3.75,
2.75 and 1.75 gram per cm3 of water. Five impeller speeds
were set for each batch, namely, 450, 550, 650, 750 and
850 r.p.it. The average droplet diameter was obtained
using the microphotographic technique described in Section
Iv. The results for each sample are listed in Table 6-1.
The computed results from that data in Table 6-1 are listed
in Table 6-2. The computer programme for this computation

is shown in Appendix III (1).
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Table 6.1 The experimental data of dispersion test.

diameter
of

particle
cm

number of droplets

S.= 3.75

S.= 2.75

S.= 1.75

o Impeller Speed

450 550 650 750 B850 450 550 650 750 850

450 550 650 750 850
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Table 6-2 Average diameter of monomer droplets computed
from the data in Table 6-1 for the various emulsifier

concentration and impeller speed.

g ? /cm3 water 3.75 .75 3.98
N, r.p.m. Dg, micron
450 29.63 27.83 34.64
550 18. 35 14.92 21.07
650 17.94 12.20 11.94
750 10.59 10.43 11.04
850 9.34 9.60 8.88

In accordance with the data obtained above, the
following empirical exponential correlation was fitted

using a multiple regression method.

0.013

D3 = 2.42 §_ =

N (6-4)

The computer programme for this formulation is shown

in Appendix III (2).

It may be seen from formula (6-4) that in a baffled
reactor, impeller speed affects the values of the average
diameter of the dispersed monomer droplets more seriously

than in an unbaffled reactor.
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6..3 Capabilities of the Model

To illustrate the capabilities of the model proposed
above, more than 30 test runs were performed under various
emulsifier concentrations, initiator concentrations and
impeller speeds both in the baffled reactor and in the
unbaffled reactor. The experimental results are shown
in figures 6.3 to 6.12, in Table 6.3 to 6.6 and in

Appendix IV and V.

In the computation, the following values of the

constants for emulsion polymerization of styrene are used

7 (32) (61)

Kp=l.27 x 10 cm3/mole.min s K, = 5.7 x 1072 1/min

o %) - 3 = 3 o
dm—0.8?9g/cm , dp=1.049g/cm™, dsw—0.934g/cm . ¢m_0°605'

15 (32) 3

cmz/one molecule

(6)

mole/Drn3 water .

AS=3.5 x 10 and {Sémc=l.8382 %10

The desorption of radicals from particles to the aqueous
phase for emulsion polymerization of styrene is ignored
because the solubility of styrene is relatively low so that

their escape from the particles is insignificant. Thus KO

is set equal to zero and so is the value of G2.

6.3k Predictions of the Model for Particle Nucleation

The accepted mechanism for emulsion polymerization
assumes that the particles are initiated in micelles, thus
the number of particles and the reaction rate at a given
time are functions of the amount of micellar soap.

Because some soap is adsorbed onto the surface of the

T



monomer droplets, the micellar soap will be reduced,
accordingly the number of particles, the conversion rate,
the size of particles and the duration and final
conversion of Stage I vary with the degree of dispersion
which in turn depends on the soap concentration and the

impeller speed.

Figures 6.3 and 6.4 show the computed results of the
conversion and the number of particles versus time in

Stage I for polystyrene.

It can be found that the conversion rate, the particle
nucleation rate, final conversion at the ena of stage I and the
number of particles decrease with decreasing soap concen-
tration and increasing impeller speed along the conversion
history of Stage I. It can also be seen that the duration
of Stage I increases with soap concentration but is
affected little by the impeller speed. This is perhaps
because as the reaction proceeds, the monomer drdplets
would shrink slightly and some soap would be set free from
the droplets, therefore the duration of particle nucleation
is slightly postponed especially in the case of a high

degree of dispersion.

Table 6.3 shows a comparison of the results obtained
by experiment and the predictions both from the classical
model and from the present model. It is found that under

the various soap concentrations and impeller speeds, the
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present model is in acceptable agreement with experimental
data. Most importantly, under low soap conditions, the
classical model deviates significantly from the experimental
results owing to the fact that it does not allow for the
soap adsorbed onto the surface of the monomer droplets and
the critical micellar soap and the advantage of the

present model is thus clearly demonstrated.
The computer programme for Smith-Ewart model is shown

in Appendix IV. And the program simulating the present

model for the unbaffled reactor is shown in Appendix V.
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Figure 6.3 Conversion-vs-time plots computed according
to the present model: [IFO.00463m01e/dm3.water,

LY So:5g/dm3,water, N=410 r.p.m.,

(2) So=2.5g/dm>.water, N=410 r.p.m.,
(3) So=2,Ig/dm3.water, N=410 r.p.m.,
(4) So=1.5g/dm>.water, N=410 r.p.m.,

{5 So=l.5g/dm3.water, N=600 r.p.m.,

(6) So=l.5g/dm3.water, N=800 r.p.m.
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Figure 6.4 Number of particles-vs time plots computed
according to the present model:

U}O.OO463mole/dm3,water,
(7) So=5.0g/dm3.water, N=410 r.p.m.,
(8) So=2.5g/dm>.water, N=410 r.p.m.,
(9) So=2.0g/dm
(10) So=1l.5g/dm
(11) So=1.5g/dm”.water, N=600 r.p.m.,
(12) So=1.5g/dm™.water, N=800 r.p.m.

.water, N=410 r.p.m.,

.water, N=410 r.p.m.,

w W w w
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Table 6.3 TIinal number and diameter of particles obtained by experiment and theory.

Total Concen, Impeller Present Model Experimental Smith-Ewart Model
yrons @m. : speed Number of Final Number of Final Number of Final
of soap initiator rmp = . J - 3 ,

\Qam \aaw particles diameter particles diameter vmwﬁwmmmm diameter
& g x 10-14 of parti. x 10714 of parti. x 107 of parti.
H O H,.O . > ; : 5 - :

2 2 parti./ micron parti./ micron parti./ micron

ccH,O ccH, 0O ecH,,0
2 2 2
7.50 2.50 410 8.085 0, 1046 6.5313 0.1130 LRl | 0.1023
3.79 2,00 410 5.552 0.1216 5.2070 Qr 1227 6.259 0,1169
2.25 2,580 410 3.607 0,1403 3.6040 00,1384 4,562 0.1298
5.00 25 500 5.031 0.1255 5.1834 0.1216 5.583 0,1204
2.90 1525 410 3.034 0, 1487 3.1218 0, 1438 3.746 0.1386
2.00 1.25 410 2,483 0.1585 2.4514 0.1559 3.289 0. 1446
1,50 1.25 410 1.809 0,1764 1.9514 0.1679 2,756 0, 1532
LS50 o 5y 600 1,647 Q. 1819 1.7215 €, LTS 2,756 0.1532
1,50 1525 800 1,484 0.1883 1.5312 0, 1846 2,756 0.1532

s S T N

-102-



B.302 Conversion-versus—-time plots for unbaffled
reactor

Figures 6.5,6.6,6.7 and 6.8 show a comparison
between-the classical model, the present model and
the experimental results of conversion against time and
the effect of emulsifier concentration on the behaviour
of emulsion polymerization reactors. If the soap level
is high (Figure 6.5), the present model (Curve 14), the
classical model (Curve 13) and experimental conversion-
versus-time data are closer to each other compared with
the case of low soap concentration. The difference
between the classical model and the experimental data at
this high scap level is well within the experimental
error encountered and consequently, many authors simply
neglected the effect of the emulsifier adsorbed on the
surface of the monomer droplets. If the soap concen-
tration is reduced, however, the fraction of the scap
adsorbed on the monomer droplets increases and its effect
is enhanced. As is shown in Figures 6.6, 6.7 and 6.8
the classical model deviates significantly from the
experimental results but they are in good agreement with
the present model which takes into account the soap

adsorbed on the surface of monomer droplets.
The computer program for the classical model is shown

in Appendix IV and the program simulating the present

model is shown in Appendix V.
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Figure 6.5 Comparison between theoretical and experimental
conversion versus time plots : 8 5.0 g/dm3.water, {I}=0.00463
mol/dma.water, N= 410 r.p.m. (13) Smith and Ewart model

(14) present model, (.)experimental points.
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0.5 T T T T T T

0 1 1 1 ] L L
20 40 60 80 100 120 140

t, min
Figure 6.6 comparison between theoretical and experimental

conversion versus time plots : So= 25 g/dm3water,N=4lO r.p.i.
{I}= 0.00463 mol/dm3water. ; (15) Smith and Ewart model,

(16) present model, (.)experimental points.

=105-



17
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| 1 i 1 1 i 1

20 40 60 80 100 120 140 160

t, min

Figure 6.7 Comparison between theoretical and experimental
conversion-vs-time plots: N=410 r.p.n., So=2.Og/dm3.water,
[1F0.00463 mol/dm3.water, (17) Smith Ewart model, (18)

present model, experimental points
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6.3.3 The effect of stirring rate

As has already been pointed out, violent agitation will
result in a high degree of dispersion with the consequence
that more soap will be adsorbed onto the monomer droplets and
more micelles will be destroyed so that the final number of
particles will be reduced, the size of particles will be
increased and the conversion rate will be reduced. Figure 6.8
shows that under low soap concentrations the present model
reflects dependence on impeller speeds and the predictions are
in reasonable agreement with experimental results. It can be
seen from Table 6.3 that under the same emulsifier and
initiator concentration conditions, if the impeller speed
increases from 410 r.p.m. to 800 r.p.m., then the number of

$ ¥o 1.484 % 10t

particles will decrease from 1.809 x 101
while the final particle diameters will increase from 0.1764
micron to 0O.1883 micron. These predictions of the present

model are in excellent agreement with the experimental results.

It can be seen in Table 6.3 that the Smith-Ewart theory
predicts that impeller speed has no effect on the number of
particles and on the final particle diameter. If this were
true for the system indicated, the number of particles should

be 2.756 % 10+

and the final particle diameter should be
0.1532 micron. These values are in fact far from the true
experimental values which are seen to be dependent on

impeller speed. This dependence is clearly reflected in the

computer predictions of the present model.
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t, min
Figure 6.8 Comparison between theoretical and experimental
conversion-vs—-time plots: So=l.Sg/dm3.water,[Ik0.00463
mol/dms.water, (19) Smith-Ewart model, (20) present model,
N=410 r.p.m., (21) present model, N=600 r.p.m.,
(22) present model, N=800 r.p.m.:;éxperimental, N=410 r.p.m.,

X experimental, N=600 r.p.m.,“experimental, N=800 r.p.m.
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6.3.4 The Gel-Effect

The predicted results from the classical model and the
present model over the whole range of the monomer conversion
and the corresponding experimental data are shown in
Table 6.3. and Figure 6.9. to 6.11. The computer program for

this calculation is shown in Appendix IV.

Table 6.3 shows predicted results from the present model
for a typical case. It is clear that Kt will maintain a

constant value when Xp < 0.43 because up to this point, which
represents the end of Stage II, the ratio of monomer to
polymer in the particles maintains a fixed wvalue. During
Stage 1II, however, the average number of radicals in one
particle, I,slightly increases due to the particles increasing
in size. When the conversion is beyond 0.43 i.e. Stage III,
the value of Kt increases dramatically and the rate of

increase in the value of I will accelerate owing to the

gel-effect.

Figure 6.9 shows the distribution of radicals among
particles at different monomer conversions for a single case.
It indicates clearly that the distribution is broadened and
the average number of radicals is increased along with

increasing monomer conversion.
Figures 6.10 to 6.11 show conversion-versus-time plots

computed by both the present model and the classical model

and the experimental results. It may be seen that the
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theoretical simulation is a far better prediction than the
classical model iﬁ Stage I and Stage II. This is particu-
larly evident at low initial soap concentrations. This
improvement over the classical model comes from the fact
that the present model has taken into consideration the
emulsifier adsorbed onto the surface of monomer droplets.
~In Stage III, it is found that the present model (the solid
lines) which allow for the gel-effect is in much better
agreement with the experimental results (symbols) than the

case which neglects this effect (the dashed lines). The

validity of the present model is clearly demonstrated.

From Figure 6.10 and Figure 6.1l1l, it can be seen that
in Stage I and Stage II, the deviation of the experimental
data and the present model from the classical model becomes
more serious if the initial soap concentration is decreased.
This is because the fraction of the emulsifier that is adsorbed
onto the surface of monomer droplets increases with the
reduction of emulsifier concentration at a given impeller
speed. In other words, in these low initial soap conditions
the adsorbed emulsifier will play a significant role in
decreasing the number of particles and consequently in the

polymerization rate.

From Figures 6.10 and 6.11 it may also be seen that the
severity of the gel-effect increases as initial soap
concentration decreases for a given impeller speed. There

is no easily tested explanation for this but it might be

I



proposed that it may be associated with the observation
that the radicals in the surface layer of the particles are
terminated more readily than those in the body of the
particles because the diffusion paths for radicals in the
Surface layer are short. When the initial soap concentra-
tion is low, fewer particles will be generated and thus the
surface area of particles per cc of water will be smaller,
and therefore fewer radicals will be able to take advantage

of the fast termination zone,
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Table 6.4 Interdependence between the conversion, the

termination rate constant and the average number

of radicals in one particle:

SO=2'25 g/dm3 water, RO=2.5 g/dm3 water, N=410 r.p.m.
o

Reaction temperature: 50°C.

X I Kt’cmB/mol min
0. 10 0.500101 3.4340 x 10%°
0.20 0.500203 2.4340 x 102
0.30 0.500305 3.4340 x 10%2
0. 40 0.500407 3.4340 x 10%2
0.43 0.500448 3.4340 x 107
0.50 0.500749 19687 % 1077
0.60 0.502582 5.6610 x 10-1
0.70 0.514133 1.0089 x 10't
0.80 0.599936 1.3133 x 107
0.85 0.758931 4.5729 x 10°
0.90 1.081800 1.6483 x 10°
0.95 1.608270 6.4814 x 10°
0.97 1.871540 1.6323 % 16°
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0.5 ;////’F“HE\\\} CURVE | Xp I

Figure 6.9 Distribution of radicals among the particles
at different monomer conversions: SO=2‘25 g/dm3 water,

RO=2.5 g/dm3 water, N=410 r.p.m., reaction temperature: 50°¢C.
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Time, min
Figure 6.10 Comparison between theory and experimental
data: ® . " present, " ===-=" the model without considering

gel-effect, " : " the Smith-Ewart model, M.=0.5 g/g water,

0O
R0=2.5 g/dm3 water, "A" SO=7.5 g/dm3 water, "C" SO=2.25 g/dm3

water.
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Figure 6.11

300 400

min

500

Time,

Comparison between theory and expermental data:

" " present model, "---" the model without

considering gel-effect, . " Smith-Ewart

model, MO=O'5 g/g water, RO=1.25 g/dm3 water,

3

Ly SO=5 g/dm3 water, N=500 r.p.m., "B" S =2.0 g/dm

0
water, N=410 r.p.m.
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B6.3.5 The Baffled Reactor

To test the vélidity of the model for the baffled
reactors, further test runs of emulsion polymerization were
carried out in the reactor fitted with baffles as described
in Section 3.1 In the computation, the dispersion formula
derived above (equation 6.4) was used instead of Merry's
empirical dispersion formula (equation 5.12). The results
are shown in Figure 6.12 and 6.13. The computer program

for this calculation is shown in Appendix VII.

Figure 6.12 and 6.13 show comparisons of conversion-
versus—-time plots computed by both the present model and the
classical model with the experimental results across the whole
range of the conversion. It indicates that the present model
comes far closer to predicting the experimental data than the
classical model. This is due to the fact that the present
model has considered both the emulsifier adsorbed onto the
surface of the monomer droplets and the gel-effect, both of
which factors are ignored in the classical model. Therefore,
the validity of the present model for the baffled reactor is

also clearly demonstrated.

It is seen again from Figure 6.13 how impeller speed
affects the behaviour of emulsion pclymerization reactors.
As discussed above, for the baffled reactor the extent of
monomer dispersion is much more severe than that in the
unbaffled reactor so that a much greater effect on the number
of particles and on the polymerization rate by the level of

agitation can be expected. It is clear from Figure 6.13

]l 7=



that the slope of the conversion-versus-time curve for the
case of high impeller speed (Curve C) is much lower than that
for the case of low impeller speed (Curve B). If Curve B in
Figure 6.12 is compared with Curve 21 in Figure 6.8 for the
unbaffled reactor of the same impeller and soap concentration
it is clearly seen that the baffled reactor gives rise to a
much reduced reaction rate and particle number as may be
expected from the higher specific monomer surface area

available for soap adsorption in baffled systems.
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Figure 6.12 Comparison between theory and experimental data

for baffled reactor S.= 1.5 g/dm3 water,

0
Ro=l.25 g/dm3 water. Mo= 0.5 g/g water,
N=600 r.p.m. "A" Smith-Ewart model,

"B" present model. Reaction temperature 50°C.

-119-



1 1 ] 1 ] I ! ! !

FPigure 6.13
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Comparison between theory and experimental

results for baffled reactor R.=1.25 g/dm3 water,

0

MO=O.5 g/g water, "A" Smith-Ewart model,

"B"present model, SO
"C" present model, N=800O r.p.m., S

Reaction temperature 50°C.
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SECTION VII

CONCLUSIONS
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1) The classical models for emulsion polymerization as
presented by Smith and Ewart and by Gardon do not present
satisfactory predictions for stages I and II of the

reaction for the case of low soap concentrations and for

the case of high impeller speeds at intermediate and low

soap concentrations. This is recognised in this project

to be due to the fact that these two models fail to take

into account the adsorption of a proportion of the emulsi-
fying soap onto the surface of the dispersed monomer droplets.
This adsorption clearly reduces the number of micelles
available for polymer particle nucleation. Not surprisingly,
therefore, the classical models predict more, though

smaller, polymer particles and higher reaction rates than are
observed in practice_and this deviation becomes increasingly

severe as the initial soap concentration is reduced.

2) The increase in viscosity within the polymer particles
during Stage III of the emulsion polymerization reaction

gives rise to a reduction in the translational mobility of.

the radicals within the particles. This is suggested to
progressively reduce the effective termination constant of the
reaction as the polymer concentration increases through

Stage III. The classicial models do not take this 'gel-effect'
into account and thus they predict a declining reaction rate
during Stage III whereas in practice the reaction rate is

often observed to increase.
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(3) The field of study of this project has been the
effects upon the behaviour of the emulsion polymerization
reaction of the adsorption of emulsifier onto the surface of
monomer dro?lets and of the gel-effect. A mathematical
model for predicting these effects in both unbaffled and
baffled stirred batch reactors has been established. It is

summarized below.

Stage I
A (e) = Ry t5/3{B -2.52a_ (3 £)-2.52(B,-B, v ))2/3
3
gL o2 T £\ Py £y 2/3
Vp(t] = g; t” {C, 2Ap(§) 2(B, B3Vp(2)) }
X, (8) = p,t% {c,m2a ($)-2(B,-B,V (5 59203
X o e 243 A
Np(t) = 2,t {z, Ap(t) (B, B3Vp(t)) 42 (2)
£ £y,2/3
4(B, BBVP(ZJ)
where
By = ark?/3 (r/s)
= k.0
82 = 3(4ﬁNd) v
B = dem ) 28, /4.3
3 d sw/ m
B, = 3.528-2"
4 a
c; = (41/3)K(R/S)

=123~



e Cldp(l—¢m)/6MO

Z, = R/6S

K = (3/4n) (KP/NA)(dm/dp)¢m/( 1= 4.}
R = 2Kif {I}NA

S = ( {8} - {8} )N A

g (o) 0o, 3

Ny = (6/%){Vg/(Dg)")

o _ (o i
Ad = 6Vd/Dd

5 j{N} ~l.08{H} =0. 185
D= 5

d d Ni hi

Stage TII

dfi = Ei (£ P G2 {fi+l(i+1)-fii}+G3

dxp 25 =1 Xp1/3I pr

{fi+2(ik2)(i+l}—fii(i~l)}

zfi =
zfil =1

where 2
Gy = RMONA/(Kprdm¢m)
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4 1/3 2/3,.13/3.,4.) f1-% ) /¢
(KO/Kp) f“ NAKGMO/NP) (d / m m m

Gy 8 (Rg/Kp) (d /d,) ti=¢ /e,

g 2 3 4
Re = @3R8 0K, rropratisdy ar-rirtd X 1x-11atAst  11-311
dxp_ s _IEE- %' NP ¢mI
at " N, By
Stage ITII
1985 = B 0, (X ) (£, -£)+H, T (X ) (£, . (i+1)-£,1) +

H3J3(Xp){fi+2(i+3(i+lJ~fii(i-l)}

BE, = 1
3
Efii =1
where
. 2
Hl = RNAMO/(KPNPdm)
- 1/3 2/3 1/3
H2 = (KO/KP)(n NA} {GMO/NP) {dp /de
H3 = 1/Kp

Jl(Xp) = l—dep/dp(l—Xp)

1/3 2/3
X = (d_/d -X )+d X /d -
Jy( p) ( m/ pJ {(1 p) " p/ P} L Xp)
1 2 3 4
= + + + +A_X
J3(Xp] — exp(Al A2Xp A3Xp A4Xp Ag p)
P
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ax K d

G - AT IR T S
dt NA&O P P
1-X
$(X) = i
P 1-X )+(d /d )X
(1-X)+(d, 7d TX_
4) The model for Stage I of the reaction demands a know-

ledge of the specific surface area of the monomer dispersion.
A relationship relating Sauter mean droplet diameter,
impeller speed and impeller diameter has been presented by
Merry ( 17) for styrene in an aqueous solution of emulsifying
soap in an unbaffled reactor. This has been incorporated into
the model for Stage I of the reaction for emulsion polymeri-
zation of styrene in an unbaffled reactor. A relationship
between Sauter mean droplet diameter, soap concentration and
impeller speed for the dispersion of styrene in an aqueous
solution of sodium lauryl sulphate in a baffled reactor has
been determined during the current study. This relationship
is presented below. It has been incorporated into the

model for Stage I of enulsion polymerization of styrene in a
baffled reactor. | |

SL 0.013 .-1.86
Dy = 2.42 5, N

Internal dia.of the vessel = 152 mm, impeller combination

diameter 75 nm. -
5) The model for Stage III of the reaction demands a

knowledge of the termination rate constant of the polymeri-

zation and its dependence on polymer concentration.
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An empirical formula which relates radical termination

constant, Kt' to monomer conversion, Xp;has been formulated

from conversion against time data of suspension polymeriza-

tion of styrene at 50°cC. It is shown as follows:

2 3 4
= + + +
Kt exp(Al AZXP A3Xp A4XP+A5XPJ

where Al = =9,5873
A2 = =7,4332
A3 = 45,8577
A4 = =05,9184
AS = 47.4095

This relationship is incorporated into the model for emulsion

polymerization.

6) Emulsion polymerization of styrene at 50°C has been
successfully carried out under a range of initial sodium
lauryl sulphate concentrations from 1.5 -+ 7.5 gms dm_3 and for
impeller speeds in the range 410-850 r.p.m. The progress of

the reaction has been monitored gravimetrically and the final

particle size has also been determined.

7) A technique for the measurement of particle size using

a light transmission method has been developed based on

Mie's light scattering theory. This technique is valid for
measuring particle diameters down to 0.09 micron. The
following set of equations relating particle radius to the Mie

light scattering coefficient for various wavelengths have been
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formulated and used in the current work.

% 3 3
Y3700 = O-04387+0.1751X+0.9485X%-1. 3463X
Y4300 = O-04294+0.4171%-1.2214%X%+11. 1013X

o . 2 3
Yeooo = O-04254+0.7329%-5.6351X%+45.2569X
- = 0.04211+1.0947%-13.7433X%+122.572X">
5600

= 0.04218+1.6546-29.9384X%+336.231X°
Te500  —° ! 4 ’

where X stands for k/a

The data determined with this technique have been shown
to be in good agreement with that obtained measured using an

electron microphotographic method.

8) Predictions of the computer model for stages I, II and
III of emulsion polymerization of styrene at 50°C are in
excellent agreement with experimental results. The model

is clearly able to represent the dependence of the reaction
on impeller speed, a facility that was not available in the
use of the Smith and Ewart or Gardon models. The model also
allows the progress of Stage III of the reaction to be

successfully predicted in that it takes into account the
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gel-effect. Particle size, particle number, reaction rate

and the mean number of radicals per particle are predicted

with good accuracy across the whole of the conversion, or at
least up to the point at which the glass transition point falls
above the temperature of the reaction (in this case this was
97.4% conversion). This excellent agreement is found both

for unbaffled and baffled reactor operation.
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Suggestions for Future Work

i) The validity of the present model is demonstrated only
for the case of styrene as monomer under rather limited
conditions, for instance it is a very simple recipe with no
transfer agent, no electrolytes, no incremental soap and it
has been tested only at one temperature. Future work should
focus on testing different kinds and combinations of monomers
under different phase ratios, initiator concentrations,
emulsifier concentrations, impeller speeds, temperature and
different sized reactors with or without baffles to further
test the capabilities of the model and to expand its applica-

tions.

ii) In the present model, it has been assumed that the heat
transfer in the system is perfect so that the reactor remains
isothermal. For the real system however especially for large
reactors, this will not be achieved in practice. To model
the emulsion polymerization reactor more effectively, heat
transfer in the reactor must be investigated and incorporafed

into the model.

iii) Molecular weight and its distribution directly affect
the properties and application of the polymer. For the
emulsion polymerization processes, these characteristics in
turn relate to the number of particles, the initiator
concentration, the purity of the contents in the reactor,
environmental conditions and so on. A successful mathe-

matical model of emulsion polymerization reactors should

=1 30=



correctly predict the molecular weight and its distribution

of polymer.

(iv) In fact, the molecular weight of products produced by
emulsion polymerization can be too high for some practical
applications. For this reason, it is sometimes necessary
to include within the recipe a chain transfer agent in order
deliberately to reduce the molecular weight. In a further

investigation this factor should be taken into account.

(v) Gel-effect is a very important phenomenon for emulsion
polymerization. Although in the present work the model has
given good results, this has only been possible using an
empirical formula which clearly is only applicable to this
single case. Future work starting from the study of the
morphology of the polymer molecules, the structure of the
polymer itself and the structure of the polymer solution
could be directed towards determination of the dependence
of the radical termination rate constant upon the monomer
conversion which would be applicable to all polymers under

different conditions.

(vi) Although the light transmission technique for measuring
the particle size developed in the present work can determine
the particle diameter down to 0.09 micron, it is still not
adequate for the investigation at the whole course of the
emulsion polymerization. Thus, it is necessary to further

extend the technique down to an even smaller size range.
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NOMENCLATURE .

Average surface area of one particle at a given
time, cm?2

Constant
Constant
Constant
Constant
Constant

Initial surface area of monomer droplets, cm?/cc
water

Surface area of particles, cm%&m water

Surface area provided by one soap molecule, em?
Constant, Bl=4m¥V3(n/s)

Constant, Bop=3(4mNg)ivy

Constant, B3=3(43Ndﬁ(dsw/dm)

Constant, B4=3.52S—A8

Constant, C1=(4/3)k(R/S)

Constant, Co=3S-A3

Density of monomer, g/cm3

Density of polymer, g/cm3

Density of monomer swollen particles, g/cm3
Constant, Dlzcldp(1—¢m)/GMO

Initial Sauter diameter of monomer droplets, cm
Reference Suater diameter of monomer droplets, cm
Efficiency of initiator decomposition, fraction

Number Iraction of the particles each of which
contain i radicals

Number fraction of the particles each of which
contains 1 radicals by the end of Stage 11,
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2

Constant, Gl—RUONA/(hp D m?m)

Constant Go=(K JKy) @t/ 3 Np) (6Mg /Ny, )2/3(d1/3/d )
(g ) e m

Constant, (¥ fh )(L /d )(T ) )/r,aIﬂ

Impeller dlameter, cm,

Constant, H1 RNAMO/(Kp p d.)

Constant, Ha=(Ko/Kp)@l/3N,)(6Mg/Np)2/3(ad//dp)
Constant, ngl/Kp

Reference impeller diameter, cm.

Number ol radicals in one particle

Initial initiator concentration, mole/dm3 water

Average number of radicals in one particle by
the end of Stage II

Function of Xp

Function of X

Function of X,

Constant, K=(3/4ﬂXKp/NA)(dm[dp)¢m/(1—¢m)

Rate constant of initiator decomposition, 1/min

o]
Rate constant of polymer propagation cm”/mole.min

Rate constant of polymer propagation in pure monomer

cm¥/mole.min

Termination rate constant, cm/mole.min

Termination constant in pure monomer, cmsjmolu.min

Radical desorption rate constant, cm/min

Ratio of monomer to water in initial charge, g/g
Impeller speed, rpm

Avogadro number

Number of monomer droplets, 1/cc water

=} 33=



N
N

rd

$(X,)

Reference impeller speed, rpm

Number of particles, 1/cc water

Radius of monomer droplets, cm

Radius of polymer particles, cm

Rate of radical generation, 1/cc water

Initial initiator charged, g/dm3 water

Total area provided by soap, cm2/cc water

Initial soap charged, mole/cc

Critical micelleiconcentration,

water

mole/cc water

Initial soap charged, g/dm3 water

Time, min

Time passed by the end of Stage I.

S 0
Glass transition temperature of the polymer, C.

Initial volume of monomer droplets, cm3/cc water

Volume of particles, cm3/cc water

Average volume of one particle,cm3

Fractional monomer conversion.

Fractional monomer conversion
Fractional monomer conversion
Constant, Z4=R/6S

Constant, 22=GS-A3

Volume fraction of monomer in
Stage I and Stage II.

Volume fraction of monomer in
Stage III
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APPENDIX I

COMPUTER PROGRAM FOR DETERMINATION OF PARTICLE SIZE USING
EXTINCTION METHOD.
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APPENDIX IT

COMPUTER PROGRAMS FOR THE COMPUTATION OF THE DEPENDENCE OF
TERMINATION RATE CONSTANT ON MONOMER CONVERSION

1) DEFFI The Computation of pr/dt from t-xp data using

= differentiation method.

2) REG 3 The Formulation of K. and X_ using multiple
regression method. P
3) XKT The Evaluation of K. against X
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APPENDIX TII

COMPUTER PROGRAM FOR FORMULATION OF THE DISPERSION DATA IN
BAFFLED REACTOR

1) DISPER The Evaluation of the average diameter of monomer
droplets for the various sample from the dispersion
data.

2) D Formulation of Dg, So and N using regression

method.
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APPENDIX IV

COMPUTER PROGRAM FOR SMITH-EWART MODEL
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co12 -TRACE 1

coco TRACE O

coo1 MASTER SWMODEL

cooz C THIS PROGRAMME RECALCULATES THZ SMITH-:WART POSEL FOR EMULSION
coo3 C POLYMERIZATION OF CTYRENE

coos c

Cco0s5 DIMENSION T1(3)

gooeé COMMON /A/KP, KD ,DM DP,FI NA,AS SCHC

cocz REAL KP,KD,NA K ,®C N10,MI

coos C

coo9 C INPUT DATA . KP(CC/MOLE.MIN), FICX) NA(C“GLECULES/CChW), DM(GZAM/CC),
0010 C DP(GRAN/CC), AS(SQCH/MOLECLES) KD(1/8), SCMC(GRAM/LW), T(MIN), SO(GRAN
co11 C /LW), MOCGRAM/CCW) =0 (CRAM/LE)

co12 C

co13 DO $969 11=1,3

G014 READ(1,1) SO0,MO,RO

0015 1 FORMAT(IFD.0)

CD16 WRITE(2,391)

cov 391 FORMATC(////7/2%,"INITIAL DATA: AMOUNT OF SGAP S50; AMOUNT OF MONOMER
op18 * MO;AMOUNT CF INITIATER RO*/2Xx,77(1n=)///10X,*S0(6/LL)",6X,
Co19 *'HO(G/CCW) " ,7X,"ROCG/LW) ")

coz0 WRITE(2 ,352) SO_.MO,RO

goz1 392 FORMATC(/, 3F15.2/712X,7T(1H*) /7))

cczza IF(S0.LT.2.5) GCTO 2

coz23 T9=0.025

024 Lo 3 L=1,8

coz2s T1(L)=2.0+T9

G026 TS=T1(L)

coev 3 CONTINUE

coz2g 60T0 &

ooz9 2 7T9=0.01

0030 bo % L=1,8

co3t T1C(L)=2 .04T9

o003z TE=T1(L)

C033 5 CONTINUE

0034 B CALL STAGE1(S0,¥0,RO,R,T1,Vi0,N10,TE)

003s CALL STAGE2(V10,N1C,TE,M0,0NM ,DP, FI _ KP,NA, R, T2,VF)

€036 CALL STAGE3(T2, P ,FI KP . NA_ N0 ,DM DF MD,MI,C.5)

Co37 %993 CONTINUE

G038 STOP

€039 END

END OF SEGMENT, LENGTH 115, NAME SuMODEL

0040 BLOCK DATA

0041 COMMON /A/KP,KD ,DM, 0P, FI NA ,AS, SCMC

C0&2 : REAL KP,KD,NA

C0&3 DATA KP,KD,DM, DP,FI_NA,AS,SCMC/1,.27:7,5.7E-5,0.%06,1,057,0.8L5,
CO&44 26,023E22,3.5E=1¢,0.5/

0045 END

CO&4é SUBROUTINE STAG :1(S0,MG,RC,R,T1,V1C,N13,78)

cos?y DIMENSION T1(2) ,A1CE),TC10),AC10),vA10), N(1C), 0010, 50 (10),X10)
Coesd COMMON /A/XP,KD DM, DP,Fi NA , AS, SCrC

0GaY REAL KP KD, NA,K MO N, RI _N10

coso c

Co51 C F1X CONSTANTS

cosz c

G053 S=NA#AS*50/ (272 .0+10C0.0)

cosé R=2 .0*KD*NA+RO/ (Z70L.T+1L7C.2)

Co55 K=(3,0/(CL . 023,15159))4(RPINA)=(Dn/DF)=(F1/(1.0=-F1))
cosé o=l 022 16189 =Kex(2.0/3.3)nR/S

cosv C=(4.0%2.146159/5.0) KR /S

€058 c

0Cs? € FIND THE RELATIONSRIP SETWEEM TIFE T1 <MD THE FREA OF PAFTICLES IN CMNE
ccel € CC WATER A1

CO&1 o 400 1=1,8

c062 IFC.NOT.I.E3.1) GOTOZCO

COe3 ANC1)=0.587#02S»T1(L)ex(S.072.0)

CC&s GOTIacl

Clo5 30C ATCID=EwTICI) *x (S LT D) (CoSnTeS=-C 42 R (I-1))

CCés 40T CONTINUE

Cc0s&7 c

Coe8 C FIND THE TIME TE WHEN FASTICLEWUCLATICN 1S JUST CLMPLET:
CO6% c

Ca7C CALL CHAZHICAT,™1,%,S,TE)
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- Co71
go72
€073
0074
co7s
0076
corv
0078
0079
coso
coa1
00&2
0083
0084
0085
CoEé
Cos7
coes
goe9
gos0
€091
cose
co93
G094
€095
€096
cos7
cose
009%
g100
c1c1
€102
G103
0104
G105
C10¢

c

c

c

CALCULATE A SERIES OF VALUES OF PARAMETERS ALANG THE HISTORY GF
PCLYMERIZATION DURINGTHE STAGZ ONE
WRITE(2 ,450)

450 FORMAT(//2X,"TH: RESULTSCALCULATED ALONG THL REACTION HISTORY OF

1STAGE ONE'/2X ,6c(1H=)/1)
WRITE(2,5C0)
500 FORMAT(//8X,°TIFE(MIN)® ,4X,"CONVERSIONCX)"® 3X,"S(MIC) (G/LW)" 2X,
2 AP (SQCM/CCHW) ', 3X,"VP(CC/CCW) " ,4X, "UP(MICRON) ", 5X, "N(PERS/CCW) ")
po 400 I=1,10
TCI)=(TBE/10.0)*FLOAT(I)
600 CONTINUE
po 800 J4=1,10
CALL CHAZHICTI,21,2,TCJ), ACI))
TH=T(J) /2.0
CALL CHAZHI(T1,21,5,TH,AH)
NCJI=SCR/SI*TCII*(5-ACJ)/6.0-(2.0/3.C)*AH)
VEI)=(T(I) 2276 0)%(3,.0xCx5-2,0=C2AH)
DCJI=(VII/ACIII*ECC00.0
XC3)=V(II*(1,0-FI)*0P/¥0*100.0
SMCJ)=(S~ACJ)) /oS /NA%2T2 .0+10C0.0
WRITE(2,700) T(J),XCJ),5803) AC2), ¥ (1), DLII NCS)
7G0 FORMATC/SX,0PF17.3,2F15.2,1P4E15.3) ‘
E0D CCNTINUEZ
PI=1.44*KP*FI«D= *N(10) /R
WRITE(2,190)

190 FORMAT(//2X,'TH: VALUZS CF PARAMETERS AT THe END OF STAGZ ONE',
3}!3!,'TI!E(HIN)',&x,'EUNVERSION(Z)',SX,'S(HIE)(SILH)',ZK,'AP(SGCP!
4CCHJ',2K,‘VP(CC!CCR)',4:,'aP(NICRCN)',SI,'FCLEC.hT.',it,'N(PIFSICC
5W)'/1)

WRITE(2,191) TCIG) X C10) ,5MC010) ,AC10),v (100 ,0C10) ,MI_ NC10)

191 FORMAT(//5X,F10.3,2F15.3,1P2E15.3,CFF15.0,1PE15.3)

N10=N(10)
vig=v(Q1C)
RETURN
END

END OF SEGMENT, LZINGTH 395, NAME STAG:1

ci107
ci1ce
c109
C110
0111
c112
€113
0114
c115
C116
c117
0113
G119
€120
a121
122
0123
c124
0125
C126
127
0128
€129
C130
€131
0132
€133
€134
€135
€138
0127
C138
0139
€140
0141
c142
0143
C144
€145
D146

OO n

SUSROUTINE STAG:2(VI,NI,TB,M0,0%,DP ,FI,KP,NA,R,T2,VP)
REAL NI,NP,NT,N#,M0,KP,MI

VDO=MO/ DN

VP=VI

VD1=VDO=VP* (FI+(1.0=FI)*DP/DM)

NT=NI

T2=18

DELTAT=1.0

WRITE(2,210)

210 FORMAT(//2X,"THi RESULTS CULCULATED ALONG THE REACTION HISTORY CF
ZSTAGE TWO'/2X,E60C1H=)//a%, "TIMECPIN) ', 4X,"CONVERSION(X)" 3X,
39AP (SQCM/CCW)*, %X, "VPCCC/CCW) " ,4X, "DPC®ICRON) * ,4X, VD (CC/CCH) ' /)
B=0.5+CKP/NA)* (CM/DP)*FL*NRT

CALCULATE A SERIES OF VALUES OF PARAMETERS ALONG THE HISTCZRY GF POLYMERIZATI
PURING THE STAGE T4.0

po 240 1=1,10002
po 2z0 J4=1,2
IFC(VD1.LE.D.O) E0TCZS0
DELTAV=E*DELTAT/(1.L-F1)
VP=VP+DELTAY
DPA=(6.0#VP /(3. 14615GaNT) I (1.0/3.0)#1200C.C
AP=(VF/OPR)*6007C.C
VOT1=VD1-DELTAV*(FI+(1.0-FI)+DP/CM)
T2=TZ+DELTAT
X2=vP+(1.0=F1)*CP/*0x10C.C
220 CONTINUE
WRITE(2,230) TZ ,x2,AF, VP DPA,VD)
230 FORMATC/SX,OPFI1L.3,F15S 43, 1P4EY5.3)
240 CONTINUE
250 MI=2,0*c*NA#DP /-
WRITE(Z ,260)
26T FORMATC///2%,"T~E WALUES OF P&RAMETERS AT THE END CF :TAGE TwG',
S//,8X, " TIMEC(MIND® 4%, "CONVenSIONR) " 2K, "APLSGCP/CCWY " 2X, 'VP(CL/
BCCW)® ,LX,"DPCMICRONY Y ,4Y ,"VO(CC/CCN) ", 5%, " MoLEC WNT. /1))
WRITEC2 ,270) TZ ,X2,AF , VF ,DPa, VD1 ,01
270 FOSMATC/SY,F10.7,F1S .3 1R4E1S,.3,0PF15.0)
RETURN
END
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END OF SEGMENT,

0147
0148
0149
0150
0151
€152
€153
0154
0155
€156
6157
0158
0159
0160
Cc161
£162
C163
0164
0165
€166
0167
168
C16¥9
0170
€171
0172
0173
174
Ci75
C176
€177
€178

LENGT

310

340

350
360
70
38C

390

H_ 219, NAME STAGEZ

SUSROUTINE STAG=3(T2,VP,FI ,KP,NA_NT ,DM,DP,M0,MI,Q)

REAL MO ,NI,KP,NA,NT,MI

WRITE(2,310)

FORMAT(//2X,"TH: RESULTS CALCULATED ALONG THE REACTION HISTORY OF
ESTAGE THREE‘fE!,bﬁ(1F=)IIEI,'TIHE(HIN)',41,'CONVERSICN(!)',2K,
5*AP (SQCM/CCW)®,3X, VP (CC/CCW)" ,4X,"DPCMICRON) " 4X, "VHMP(CC/CCWY" /)

VP =VP*F1

Ti=72

DELTAT=1.0

x3=0.0

b0 340 1=1,100

Do 240 J=1,5

IF(X3.GE.55.0) €OTO370

RATE=(KP/NA)*(VFMP/VP )X (NT*Q)

VMP=YMP~-RATE«DELTAT

VP=VP-RATE#DELTAT*(1.0-DM/DP)

AP=(NT*3.16155)**(1,.0/3.0)2(6.0avF)+#(2.0/3.0)

DP3I=(VP /AP) #600C0.0

X31=(1.0-vMP+DM/*0)*1C0.D

TI=TI+DELTAT

CONTINUE

WRITE(2,350) T3 ,X3,AP, VP ,DP3 VMP

FORMATC/SX,0PF1C.3,F15.2 ,1P4E15.3)

CONTINUE

WRITE(2 ,3E80)

FORMAT(///2X,"THE FINAL RESULTS OF THE CALCULATION® ,/27,36(1H=)//
8?!,'TIME(MIN)',éx,'EGNvERTIONtt}',2?,'N{PARTICLESJ',3!,'DP3(MICRON)E
§Y,4% ,"MOLECLE.NT"/)

WRITE(2,390) T3 X3, NT,0P3,MI

FORMAT(/SX,F10.2,F15.3,1P2E15.3  CPF15.1)

RETURN

END

END OF SEGMENT, LENGTH 192, NAME STAG:3

0179
C1:0
181
0182
0183
0184
0185
C186
C1&7
01838
C183
€150
G191
192
0193
G194
€195
€196
0197
C198
C199
c200
0201
ca2ce
€203
C204
€205
c206
0207
gecs
€209
cz210
c211
c212
213

1C

20

21
22
23

24
235
26
27

28
s

(2]
[T =)

SUBROUTINE CHAZHICA, B N,%,Y)
DIMENSION A(N),=C(N)

NC=N

N=N=-1

0O 1 J=1,N
IFCAX=ACIII*(X=2CJ+1))) 10,10,1
I=J

GOTO 22

CONTINUE
IFCAES(X-A(1))-2BS(X=A(ND)) 20,21,21
1=1

GOTO 22

I=H-1

IFCI=N+1) 24,23,264

I=1-1

GOTO 27

IFCI-1) 25,27,2°%
IFCABSC(X-ACI))=EES(X=AC1+1))) 26,27 ,27
I=I-1

v=0.0

IFCI-N) 29,28,2¢

I=1-1

L=1+2

PO 2 K=1I,L

W=3(K)

DO 3 J=I,L

IFCJ-x) 20,3,30

We(X=ACJ))/ (ACK)=A(IY)nd
CONTINUE

V=V +W

CONTINUE

Y=v

N=NC

PETURN

END

END OF SEGMENT, LEZNGTH 179, NAME CHAZR1

or 8 B

FINISH
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APPENDIX V

COMPUTER PROGRAM FOR STAGE I AND STAGE II IN UNBAFFLED REACTOR
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co12
€000
coo1
coce
coc3
C004
coes
(Welel]
coc7
COGE
coes
co10
co11
co1z
co13
Co1é
go15
co1s
c017
co1g
co1¢%
coecd
coz21
coz2z2
€023
cozs
co2s
€026
coz7
coz2s3
coz9
co30
€031
cc3z
€033
Co34
go3s
Co3é
co3z
0038
co3y
CC40
Co41
Cos&2
Coe3

END CF

CO44
CC45
CCas
C0s7
Cowg
€045

£ose
cos1
€52
cosz
C0osé
CC55
£oseé
cos7
cosée
CC579
Cosc
COs1
Cose
CEs3
Coes
[0S

(a¥zEzNaNaNal

o000

TRACE 1
TRACE O
MASTER UNSTABLE MODEL

THIS PROGRAMME SIMULATFS THr EMULSION POLYMERIZATION . TH: MOPEL
PROPOSED TAKES INTC ACCCUNT TH:Z SCAP ADSQREED ONTO THE SUPFACE CF
MONOMER DROPLETS. THE REACTCR USED IS UNSAFFLED. AND THE 7ROGRESSC
OF STAGE TWO IS CONSIDESED 25 UNSTAELE

DIMENSION T1(3)
COMMON /A/KP,KD,DM,DP,FI NA_ AS, SCMC
REAL KP,KD,NA,.K,MO,N1C, M1

INPUT BATA . KPCCC/MOLZ.MIN), FI(%) NACMOLZCULES/CC&), DMCCAM/CLCY,
DP(GRAM/CC),AS (SQC4/MOLECLES) KD (1/8),SCACCGRAF/LMW),TUKIN) SO (GRAM
FLW) ,MOCGRAM/CCW) ,ROCGRAM/LY)

$0=5.0
Mo=0.5
RO=1.25
H=7 .5
REV=410
WRITE(2 ,391)
261 FORMATC//// /2%, INITIAL DATA: ACUANT OF SCAP SO;AMCUNT OF MONCME
+ MO; AMOUNT OF INITIATOR RO; DIAMET:P OF IMEELLER H; I¥PELLER SP:
*ED REV',IEX,118(1H11!I!1EX,'50(GILH:',bx,“:(&ftcu)',Tx,‘nc(EfLU)
',Ex,'H(cn)',8!,'REU(RPM)‘)
WRITE(2,292) SO,M0,R0,H,REV
392 FORMATC/,SF1S.2///2%x,115(AH*Y/ 1)

IF(SO.LE.2.5) GOTO 2
T9=0.025
b0 3 L=1,8
T1(L)=2.C*T%
TI=T1(L)

I CONTINUE
GOTO 8

2 19=0.01
po 9 L=1,8
T1(L)=2 .0*T9
T9=T1(L)

9 CONTINUE

R CALL STAGE1(50,*0,R0,5,R ,K,T1,V10,N1C,T10,TE, REV,H, X102
CALL UNSTA(N10,T10G,MC,RO X13)
STOP
END

SEGMENT, LZINGTH 101, NAME UNSTABLEMOUEL

ELOCK DATA

COMMCON /A/KP,KD,DM,DF FI NA,AS,S5C¥C

REAL KP,KD,NA

DATA KP.KD,DM,DF ,FI,NA,AS,SCMC/1,2757,5.75=-5,0.906,1.057,0,605,
36.023E23,3.5E=-15,0.5/

END

SUBROUTINE STAG:=1(3C,M0,R0,5,R,K,T1,VIC N10,T10,T8,REY,¥,X1C0
DIMENSION T1CS),A\(é),T(10),ﬁ(15),v(1[],Nt1§),0(10),3#’12),1t103
DIENSICON u1(a},vn(1c1,cn(1ﬂ),nn{1n),va1(3),591(5},1:1{5),AM1(3)
COMMON /JA/KP,KD ,OM,DP,FI NA_ AS,SCMC

REAL KFP KD ,NA,K MG, N, MI_NOC,N1C

X(==1.03

y==0,185

REVI=8LS5.C

HI=7.5

p01=13.07

S=NA®AS = (SO-SCMC)/(272.0#1020.3)

BP=t 0*KD*NE*RC/127C.C+1200.0)

K=(Z. 0008 0%2,1c153))=(KE/NAY=(LM/DIJ«C(FI/(1.0=FI))

CPLCULATZ DEGR

0Ff ODISPERTION EEFCRE RcACTION



0066 VDO=MO /D

Co&7 DDO=DOI*(REV/REVI)a+ XXa(H/HI)#*»Y
Coée NDO=6.0*VDO/(3.141594DpD0*+x3)#1 _CE 12
_poés ADO=(VDO/DDO)*6L0CC.0
co70 c
co71 C FIXx THE COKSTANTS
corz C
cors B1=4.0%3.14159=k»x+(2.0/3.0)%R/S
cozs B2=3.0%(4 .02 ,14157+ND0) #+x(1.0/2.0)=VDD
co7s . DSw=0.966
cove B3=3,0%(4 . C*3.14159#NDO) ##(1,0/2.C)4(DSW/DM)
cor7 B4=3.52+5-AD0
cora C1=(4.0#3.14159/3.0)*(K*R/S)
co7e C2=3.0x5-ADO0
Cog0 Z1=R/ (& .0%5)
coe1 12=6.0=5=4AD0
coez c -
C0s3 C FIND THE RELATICNSHIP SETWEEN TIME T1 AND THE AREA OF PARTICLES IN ONE CC WAT
0084 c
Co85 po 420 1=1,38
Cogé IF(.NOT.I.EQ.1) GOTOA1C
coe7 A1CI)=0 587 *B1+(S=AD0O)*T1(I)=+(5.0/2.0)
CO&Es VA(1)=(C1/2.0)% (S=ADC)*T1(L)ws2
coss GOTO 481 !
C0s0 410 AICI)=(B1/6 .0)»{B4-2.52#R1(1=-1)=2 . 52#(E2-B3+V1(I=-1))#2(2.0/7.0))+
go91 *T1(I)*»(5.0/3.0)
cog2 VICI)=(C1/6.0)*(C2~2.0*A1(I=1)=2.0*(B2-BI*VI1(I-10)*2(2.0/3.0))
co33 IxTI(I)ex?
o9 481 AD1(I)=(B2-B3#V1(I))*+(2.0/3.0)
€095 AMI(I)=S=-A1(1)=2D1(I)
Cose 420 CONTINUE
cos7 c y
ccss € FIND THE TIME TEB WHEN PFRTICLE NUCLEATION IS JUST COMPLETE
C099 C
c1co H1=10.0
101 TE=0.365+(5/R)»»0 6 /K2*0 4
t102 CALL CHAZHI(T1,5M1,8,TE, E¥B)
103 471 IFCAMB.GT WH1) GCTO4LT7
C10& ! IFCAME.LT.(=HT)) GOTO4T5
c105 GOTO436
C10é 476 DO 435 I=1,1C00
CiC7 CALL CHAZHIC(T1,M1,E,T8,4M)
108 IFCABSCAM) LLE.HY) EOTO4L3S
C1C9 IF(AM.GT.H1) GOT04TSE
€110 Ta=78-0.01
c111 435 CONTINUE
0112 478 H1=H1410.0
€113 GOTO471
C114 477 0O 441 1=1,10C0
€115 CALL CHAZHMI(T1,/M1,3,TE, AN)
C11¢ IF(ABSCAM) LT .H1) GOTOLIE
o i & IF(AM LT.(=H1)) GOTOQ47E
€118 Te=TB+0.01
119 441 CONTINUE
€120 c
£121 C CALCULATE A SERIES OF VALUES OF PARAMETERS ALANG THE HISTLRY GF
gi2z2 C POLYMERIZATION DURINGTHE STSGE ONE
€123 c
C124 L36 WRITE (2,4L0)
0125 440 FORMAT(//2X,"THE RESULTSCALCULATED ALONG THE REACTION HISTORY OF
C12s ISTAGE CMNE*/E2X,6C(1H=)11)
127 WRITE(Z ,444)
C1z28 LLL FORMATC/EX, "TIMC(MINY" &Y, "CONVERSICNC %) LX, "SM(G/LWY® 2IX, "AP(SC
129 *ACM/CCh) *,LX,*VPC(CC/CCW) "' ,5X,"DP(MICFOND " ,4X, "NCPARS/CC.)"*,5K, "VR(CC/CCHI /)
c120 *C/CCUY )
131 oC 460 1=1,10
G132 TCII=(TB/10 .0)*FLOAT(I)
0123 460 CONTINUE
C13¢ D0 4B80 J=1,10
C135 CALL CHAZHICTY,21,:,TCJ) ALLY)
C12¢ CALL CHAZHICTI,N1,6,TLd), vE2))
U137 TH=TI) /2.0
€138 CALL CHAZHMICTT, 1,5, TH AK)
€139 CALL CHAZHICT1,v1,<,TH,vs)
C14C NCII=21#TCI )2 (2 =AY )=(Rc=22+y(J))*e=(Z2.0/3.0)=4 0*AH=L Da(B2-222V}
141 1)*2(2.0/3.0))
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c142
0143
0144
0145
C146
0147
0148
0149
€150
151
0152
0153
0154
0155
0156
0157
C158
0159
0160
0161
0162
0163
C164

END OF SECGMENT,

0165
C1é6
C167
€168
0169
€170
o171
c172
C173
€174
0175
€176
0177
0178
€179
€180
0181
p182
c1az2
0184
0185
0186
C1&7
0188
0189
€150
€191
0192
c193
0194
0195
156
0197
01558
0179

END OF SEGMENT, LENGTH

CzCo
gz01
C20¢e
0203
204
G205
0zC6
c2a7

470
480

490

L94

LENGTH

10

e0

21
22
23

24
25
26
27

28
29

L]
w o

)

610

DCII=CVCIISACI) I*ECCLO0LC
XCII=VJIXYx (1. 0=-FI)+DP/MO*+100.0

VD(J)=VDO=V(J)*DSW/DNM
DDCII=(C60/3.14159)+(VD(JI/NDOD)*x(1,0/3.0)
ADCJUY=(VDC(J)/DD(JYI=£.0
SMCJ)=(S=ACJY=ACCJ)) /AS/NA%ZT2 .0U*10700.0

WRITE(Z2,470) T(J) , XCJ),SPUI) ACI), VL), DCI) NG, VD (J)D
FORMATC/SX,0PF17 .3 ,2F15.2,1PSE15.3)

CONTINUE

MI=1.4L#KP*FI*DF+H(10)/R

WRITE(Z ,490)

FORMAT(//Z2X ,*THE VALUES OF PARAMETE=S AT THE END OF STAGE ONE',

2//8%,"TIMECMIND " &Y _ "CONVERSION(Z) " 32X, "S(MICI(G/LM)"® ,ZX, AP (SGC*
GCCW) " 3X,"VP(CC/CCW) ", 5%, *DPCMICRCND",5X, "MCLEC WTS", 2%, 'N(PARS/C
Sw)'//)

WRITE(2,4594) TC13),Xx€10),smM(10) ,A012),v(10) ,0C10) ,MI, NC1C)
FORMAT(//5X ,F10.2,2F15.2,1P3E15.3,0PF15.0,1PE15.3)
Vio=v(13)

X10=x(10)

T10=T(10)

N10=N(10)

RETURN

END

770, NAME STAGET

SUBROUTINE CHAZKICA,E,N,X,Y)
DIMENSION A(N),EC(N)

NC=N

N=N=-1

DO 1 J=1,N
IFCC(X=-A(J))*(x=2C4+1))) 10,10,1
I=J

GOTO 22

CONTINUE
IFCABSUX=AC1))=2BS(X=A(NY)) 20,281,211
=1

GOTO 22

1=n=1

IFCI=-N+1) 24,23 ,24

I=1-1

GOTGC 27

IF(1=-1) 25,27,25
IFCABS(X=ACI))=ABS(X=A(I+1))) 245,27 ,27
1=1I-1

v=0.0

IFCI=-N) 29,28,2°

I=1-1

L=1+2

PO 2 K=1,L

W=5(K)

Bo.3 J=I,L

IFCJ4-x) 30,3,30

W= (X=ACU) )/ CACKI=A(J)) %n
CONTINUE

V=V+W

CONTINUE

Y=V

N=NC

RETURN

END

179, NAME CHAZHI

SUBRCUTINE UNST2(NP,TO,MC,RZ,%0)

DIMENSIGN F (25) ,AMCZ5) ,AK(25),C(25),¥YC25), 1(25),¥2(25),v3(25)
COM¥CN &

COMMON /A/KP,KD ,CM,0P,FI, NA

REAL NP MO, NA,KE,MI, XD .

po &1C I=1,25

F(I)=U.3

CONTINUZ
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0208 F(1)=X0

c209 F(2)=0.5

0210 F(3)=0.5

0211 @=0.5

0212 WRITE(2 ,8E8)

0213 883 FORMAT(///2X,"THE FESULTS CALCULATED ALONG THE REACTICN HISTC!

0214 * OF STAGE TW0'"/2zX,062(1H=)/)

€215 WRITE(Z,999)

g216 999 FORMATC//6X,'11°, 3%, "T(MIN)' EX,"2" 10X, "X(X)*,10x%,

0217 ESEO AINL EY LB R L 5%,FE0 )
0218 N=10

€219 H=0.000025

02z0 c(1)=0.5

gzz21 €(2)=0.5

gz22 €(5)=0.5

€223 €(3)=1.0

224 cC4)=1.0

c225 EPS=1.0E-4

G226 CUS1=47691.0

c227 D0 657 I=3 ,N-5

C228 AK(I)=0.0

c229 657 CONTINUE

£230 AK(1)=1.0

G231 R=2 .0*KD*NA+RO/ (270.0%1CC0.2)

232 E=0.5*x(KP/NAY = (DM /OPY*FI&NP

0233 G=R+MO/ (200 .0*NP*E*DP)

0224 0=200.0+B*DP/MO

€235 T=T0

0236 po S0 11=1,200000

237 703 po &70 xk=1,100

c23s Q0=q

0239 X0=F(1)

€240 CALL RUKB(N,H,C,EPS, F, AM AK,G,YY,Y1,YZ, Y3, ,CUSI)

C241 420 SIGMAF=0.0

0242 DO 666 M=2,N-5

0243 SIGMAF=SIGMAF+F (M)

o244 666 CONTINUE

€245 00 660 L=2_N-5

0246 FCL)=FC(L) /SIGMAF

C247 660 CONTINUE

C248 e=0.0

0249 DO &51 M=3,N-5

€250 Q=G +FLOAT(M=2)%xF (M)

£251 651 CONTINUE

cesz T=T+(F(1)=X0)/(t*G0)

€253 670 CONTINUE

€254 WRITE(2,1000) I1,T,Q,.FC1),F(2),F(3) F(4) F(5)

€255 1000 FORMATC(/2X,16,3F12.7 ,1PLE15.6)

0256 IFCF(1) .GE.43.0) GoTO 705

0257 SO CONTINUE

0258 705 RETURN

0259 END

END OF SEGMENT, LENGTH 277, NAME UNSTA

0260 SUBROUTINE RUKBIN,H,C,ZPS, Y AM AK G, YY,Y1,Y2,Y3,CUSI)
CZe1 DIMENSION YONY, MONY AKCR) ,CCND,YYCN), Y1 ON) Y2 (N, Y30
G262 COMMON G

£262 CALL RUKU(N,Y,Y1,AM, &K 4 ,6,CUSI, C)

264 500 H=H/2.C

€265 CALL RUKUCN,Y,Y7,AM, &K ,%,0,CUSI, C)

€266 CALL RUKU(N,Y2,%3,Am AK,H,3,CUSU,C)

C2&7 DO 197 I=2,N-5

0248 IFCY3C(I).LT.0.0.0R.Y2(1I).LT.0.0) 6OTO 72

Cee6s b=AcS(YZ(I)=Y1(I1))

0270 IF(D.GT.EPS) GOTO 72

ca271 197 CONTINUZ

cz272 GOTO 72 A
0273 72 DO 194 I=Z_ N=5 [ AF
C2v4 Y1(1)=Ye(I) -
cez7s 194 CONTINUE
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0276

277 73
0278 22
0279

0280 23
0281 29
g282 !
02832 " 193
£284

0285

END OF SEEMENT, LENGTH

-

0286

c287

0288

0289

0290

0291

0292 3y
0293

€254

0295

0296

0297

0298

0299 3
0300 " 201
€301 22
0302 ;
€303

END OF SEGMENT, LENGTH

C304

C305

0306

0307

308

€309

€310

g311

0312 ¥
0313 €50
c314

0315

END OF SEGMENT, LENGTH

C316

END OF COMPILATION -

60TO0 500

IF(PD-EPS/32.0) z22,22,23
H=4 .0*H

60TO0 292

H=2 .0#H

po 193 I=1,N-5
Y(I)=Y3(1)

CONTINUE

RETURN

END

187, NAME RUKS

SUBROUTINE RUKU(N,Y,YY, AM,AK,H,Q,CUSI,C)
DIMENSION Y (N),YYCN) ,C(N), AKCND LAKIR)
COMMON G

p0 30 I=1,N=5

AM(I)=Y (1)

YYCI) =Y (D)

CONTINUE

pO 22 J=1,4

CALL RKFF(N,AM,4K,8,CUSI)

b0 201 I=1,N-5

W=H*AK(I)

IFCJ.EQ.4) GOTO 31

AM(II=W*CCJ)+Y ()
YYCI)=wxCCJ+1)/2,0+YY(I)

CONTIKUE

CONTINUE

RETURN

END

133, NAME RUKU

SUBROUTINE RKFF (N, A™ AK,d,CUSI)
DIMENSION AM(N) ,AK(N)

COMMON 6

A=G/Q

B=CUSI/(AM(1)*Q)
AK(2)=A*(=AM(2))+B+(2.0%#m (L))

DO 650 L=3,N=5

AKCL)YSA*CAM (L=T1)-AMCL))+E+(FLOAT(L*(L=1))
*AM(L42)=FLOAT((L=2)*=(L=3))*AM(L))
CONTINUE

RETURN

END

115, NAME RKFF

FINISH

NO ZRRORS
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APPENDIX VI

COMPUTER PROGRAM FOR GEL-EFFECT
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Cc012 TRACE 1

0000 TRACE O

0001 : MASTER GELEFF1

cocz DIMENSION F(25) ,AM(Z5) ,8K(25),C(25),YY(25),Y1(25),Y2(25),Y3(25)
0oo3 DIMENSION AFOCS5C0),AF1(SC0) ,AF2(5C0) ,AF3(50C), AFL(500),AF5(500),
oaoc4 {AGCS00) ,AZ(S00) ,AT(S5CD)

CoGs COMMON /JG1/A1, A2, AT, kL AD,KP
CO0é CoMmoON fE2/G,DP,DM,GT

coo7r REAL NP MO, NA KF,KD

0008 DO 410 I=4,25

coc? F(1)=C.0

0010 610 CONTINUE

0011 F(1)=0.485T7612

co12 F(2)=0.4999665

0013 F(3)=0.4959933

Co14 FC(L4)=3.36648E~5

0015 F(5)=6.729512E~5

co16 2=0.5000804"

co17 To=51.2626822

po13 j N=10

0019 NP=&.08214

0oz0 RO=2.5

coz1 ue=0.5

00z2 A1=29.5873

oozz2 ] A2==7 L3322

coza A3=L5,3577

0025 Ab==55_51E4

0026 AS5=47 4095

ooz7 KP=1,27 =7

0gz28 NA=§ .023E23

€029 F1=0.8605

oczo pP=1.057

c031 om=0,505

coz2 KD=5,.7E-5

033 H=0.000025

C034 c(1)=0.5

Cco3s c(2)=0.5

0036 C(5)=0.5

C037 c(3)=1.0

003 ce4)=1.0

0029 tps=1.,05-4

0040 D0 657 I=3,N-5

Co41 AKCI)=0.0

0C42 657 CONTINUE

€043 AK(1)=1.0

CO44 R=2 . 0*KD*NA#*RO/ (27C.0C»135C0.C)
G045 E=.5«(KP/MA)*= (DY /DP)*FI4NP
Co4é GSR*(NA/NPx*x2) = (MO/(DM*LF))
coLv GT=G*(DM/DP=1.0)

CO0&4s =2 .0«E+pP /MO

CoL9 T=T0

o050 Do SO 11=751,20700C

00s1 IFCFCN=5).LT.1.0l2=4) GOTG 743
Cis2 N=N+1

0053 703 0o 670 Kk=1,100

COsé gc=q

€055 XG=F(1)

cosé CALL RUKB(N,H,C,EPS,F,AM AK @, ,YY,¥1,¥Z,Y3)
0os7 425 S1cmMmAF=0.0

CC53 DO &é6 M=2Z N-5

Cos3 SIGPAF=SIGMAF+F (M)

C0&0 666 CONTINUE

Coé1 60 £60 L=2,N-5

Cos2 FCL)=FCL) /SIGMAF

0063 560 CONTINUE

Coé&s a=0.0

0065 Bo 651 WM=2,N-5

G066 G=Q+FLOAT(M=2)*F (M)

Co67 651 CONTINUE

00es DIC=(C/FId+F10CF (1)

C0&9 T=T+(F(1)=X0) /(" 12+%)

gezc 67C CONTINUZ

ol WRITEC(2 ,1C00) I, 1,5 ,FUVY, FOED FOZ) FECAD) ,FLS),FL6)
carz 1000 FORMATC/2X,16,3F12.7 ,1P5EY5.8)
co73 IFCFE1) 5098} 20TC 7C8
co74 50 CONTINUE
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* 0075 705 STOP
€076 END

END OF SEGMENT, LENGTH 306, NARE G:LEFF1

——
cor?
0078 SUBROUTINE RUKB(N,H,C,EPS,Y AM, FK G YY, Y1,Y2,Y3)
0079 DIMENSION Y (N),3M(N) ,AKCN),COND  YYCE), YTLN) ,Y2(N),Y3CH
0080 CALL RUKUCN,Y,Y1,AM_AK,H,Q,C)
cosa1 S00 H=H/Z2.0
gcogz CALL RUKUCN,Y,YZ,AM_ AK,H,2,C)
00&3 CALL RUKU(N,Y2,Y3 AN AK,F,3,C)
0084 po 197 I=2,N=5
Co8&s IFCY3C1).LT.0.0.0R.Y2¢I),.LT.0.0) GOTO 72
0ogs D=ABS(Y3(1)-Y1(I))
0087 IFC(D.GT .EPS) GOTOD 72
0083 197 CONTINUE
coge9 6OTO 73
cosC 72 DO 194 I=2,N-5
0091 Y1(1)=y2(1)
cose2 194 CONTIKUE
0093 60T0 50C
0094 7% IF(D-EPS/32.0) 22,23,23
c09%5 22 H=4 C#H
0056 GOTO 292
co97 2T H=2 .0#*H
€098 292 po 193 I=1,N-5
0099 YCI)=Y3(I)
0100 193 CONTINUE
o101 RETURN
0102 END

END OF SEGMENT, LENGTH 173, NAME RUKE

G103

0104 SUBROUTINE RUKUN,Y,YY, AF, AK,H4,1,C)
0105 DIMENSION Y (N),TY(ND ,CON), AMCN) AKX (N)
€106 po 30 I=1,N-5

0107 AMCI)=Y (1)

0108 YYCI)=Y(I)

0109 I3 CONTINUE

0110 Do 22 J=1,4

0111 CALL RXFF (N, AM, fK Q)

g112 po 201 I=1,K-5

0113 W=H*AK(1)

0114 IF(J.EQ.4) GCTO 31

115 AMCI)=WCCJ)+Y (D)

0116 31 YYCI)=WaC QI +1)/72.0+4YY(D)

C117 201 CONTINUE

C118 22 CONTINUE

0119 RETURN

0120 END

END OF SEGMENT, LENGTh 131, NAME RUKU

121

0122 SUBROUTINE RKFF (N,AM,AK,G)

0122 DIMENSION AMIN) ,AKIN)

0124 P1=FUCAMCT1) ) /R

(5 5 p2=TK(AMC1))/8Q

£126 AKL2)=P12(=AM(21)+PZ2+(2.02AY(4))
c1z7 Do 650 L=3,N=5

v AKCLY =P 1+ (ANM(L=1)=AM(L))+P2« (FLOAT(L*(L=1))*AM(L+Z)
C12¢9 f=FLOATC(L=2)*(L=-3))*2aNM(L))

0130 650 COMNMTIMNUE

e 0 | RETURN

132 END

END OF SEGMENT, L:ZNGTH 116, NAME RoFF
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£132
0134
G135
0136
0137
0138
0139
140

END OF SEGMENT, LENGTH

c141
0142
0143
0144
0145
0146

END OF SEGMENT, LENGTH

0147
€148
0149
0150
€151

END OF SEGMENT,

0152

END OF COMPILATICN -

FUNCTION TK(X)

COMMON /GT/A1, AT, A3, 84 AS KP

REAL KP
YSAT+AZAX +AZaxX e a2 42 baXer THASH Lo ul
TK=eXPC(Y) /(KP*(1.0-X))

RETURN

END

L6, NAME TK

FUNCTION FU(X)

COMMON /B2/G,DP ,0M,GT
FU=(G+6T*X) /(1.2-X)
RETURN

END

19, NAME FU

FUNCTION F10(X)

COMMON /B2/G,DP DM

E10=C1.0-%) /(CX*BM/DE)+(1.0-X))
RETURN

END

20, NA%e F10

FINISH

NQ ERRCORS
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APPENDIX VII

COMPUTER PROGRAM FOR BAFFLED REACTOR
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co12 TRACE 1

cooo RASTER BAFFLE

coo1 c

€002 € THIS PROGRAM SIMULTES EMULSION POLYMEZIAZATICN OF STYRENE .IT PASED ON FAST
Cop3 [ TERMINATION RATE «ITHIN LATcZ PATICLES

0004 [

Coos DIMENSION T1(&)

Coos COMMON IAJKF,KD,DF,D‘,FI,N&,AS,SEPﬂ

cooz REAL KP_KD,NA , K _ MO,N1C, M1

coos C

coo9 € INPUT DATA . KP(CCIHOLE.HIhi,FI(,),NA(NGLEEULESICCUJ,DH(GSAHJCC),
co010 c DP(ER&HIEC},AS(SGCM!PGLECL‘S),KD(T!S},SCHC(HGRRF!LHJ,T(FIN)SC(ERF!
Co11 C /LW) MOCGRAM/CCW) 70 (GRAM/LY)

co12 C

£o13 READCY,100) (T1(1),1=1,2)

CO014 100 FORMAT(EFO.0Q)

C015 READ(1,200) SO,*0,R0,REV,H

€016 200 FORMAT(SFC.D)

co17 WRITE(2Z ,351)

001 391 FORMAT(///2X,"INITIAL DATA : AMOUNT OF SAOP S0;AMOUNT GF MONOMEP k0 ;
co17 *0;AMOUNT OF INITIATCR RU;DIAMRTEF OF I®PELLER H;INPELL*R SPEESD REV
coz20 "121,118(1H=)!!7!,'50(GILHJ',&X,"O(G!CCH)',?X,'FG(EIL;J',BX,'h(CH
coz21 *) " EX,"REV(RMP) ")

cozz WRITE(2,392) S0 ,M0,R0,H,REV

coz23 292 FORMATC//,5F15.2)

coz4 C

cozs € THE CASE OF FAST T-RMINATION AND NOT CCNSIDERING THE SOAF ON MONOMEE DROPLET
(o026 (R L R e e e T T T e
coz7 c

C0es <

coz2¢9 C STAGE ONE

cozo C ===z ====

co31 C

€032 CALL ST1A(SO0,M0,R0,R,K,T1,V10,n10,T5)

C033 c

D34 C STAGE Two

CO035 { wz=mssc==

C03s c

Ca37 CALL STEGEQ(V1C,NiC,TB,HC,DH,DP,FI,KP,NI,R,TZ,VP)

0028 ¢

Co3¢ C STAGE THREE

CO40 c s=s==sssss3

0041 c

co042 CALL STAGE3(T2,4P,FI1,KP,NA,N10,0K 0P ,A0,M1,0.5)

043 c

€044 C THE CASE OF FAST TZRMINATICN AND CCNSIDERING THE SOAP ON “ONCMER DSOPLETS
CC45 C LR R R e N R R e L I L L T L DT e
0046 c

0067 [

CO4LE C STAGE ONE~

CoL9 {13 =z==az==x

Cos0 c :

Cos1 CALL S5T18(S0,%0,R0,R ,K,T1,V10,N10,T10,TE REV H,410)

cos2 C

Cc053 € STAGE TWO

Coss  s=sazs==zmnza

C055 C

Cose CALL STASE2(VIC,N10,TE,MC,DM, 0P ,FI kP, NA,R,T2,VP)

€057 o

0055 C STAGE THREE

cose ( s==zzasss===z

C0s0 c

Cos1 CALL STAGE3I(T2,uP,FI_KP, NA,N1C,0M, DF 0, 81,2.5)

C0é2 c

063 SToP

e END

END CF SEGMENT, LENGTH 127, NAME BsFFLE

€085 BELGCK DATA

Cleé COMMON /B/KP, KL ,OF 0B FI NA,AS , 2C"C

Coa7 RE-L KP,KD,NA

Co62 CATA KP KD, DM, DF F1 WA 20, 5CC/1.2787,5.7E=3,0,.306,%.:7,2.655,
CO&9 2802223, 85615, 0.5/

£G70 IND
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-

cor1
o072
co73
CO74
0075
oo76
0077
co78
Q079
0080
coe1
Ccosz
COE3
C054
c085
COg&é
CO&7
Co&8
CO&9
€090
co91
o092
C0%2
C094
€095
Co%¢
co97
co98
Co%9
c100
0101
ci1c2
0103
€104
c105
0106
c107
c103
c109
c110
0111
0112
0113
£11¢4
C115
G116
£117
0118
c11?
0120
0121
c12¢
€123
c124
G125
c12¢6
c127
L1k
c12%9
G130
C131
G13¢
C132
C134

END OF

SECMENT,

s NN al

[sBal =l

[zl aNal

[Nl

201

il

Fl
cc

- {0v]
400

FI

(o
PO
L5C

500

600

700
200

190

151

SUEROUTINE ST1A(SO,™C,RC,R,%,T1,v1C,N10,TE)

DIMENSICON T1(S),A1(c},T(10),&(1u),v(10),u(10),9(1C),5ﬁl15),x(101
COMMON /A/KP,KD, DM, DP,FI NA,AS, SCNMC

REAL KP,KD,NA,K MO, N, M1 ND

WRITE(Z,201)

FORMATC///2X,"THE CASE OF FAST TERMINATION AND NOT CONSIDERING
*SOAP ON MONOMER DROPLETS */2%,72Q1F*)/11)

X CONSTANTS

S=NA*AS*S0/(270.0#1CC0.0)

R=2 .0%KD*MNA=RO/ (270.0*10C0.0)

K=C3.0/C4 . 0*3.14159) )% (KP/N2)* (DM/DF)*(FI/(1.0=-FI1))
2=4 0#3 141592K 22 (2,0/3.0)2R/S
C=(4.0#3.14159/3.0)*K#*R/S

ND THE RCLATIONSHIP BETWELN TIME T1 AND THE AREA OF PARTICLES IN ONE
WATER A1

bo &00 I=1,8

IF(.NOT.I1.ES.1) GOTOZ00

A1(I)=C 587 *6+54T1(1)*x+(5.0/3.0)

GOT0400

ATCI)=B#T1(1)##(5.0/2.0)¢(0.58745-0,42*A1(1-1))

CONTINUE

ND THE TIME T8 WFEN PARTICLENUCLEATICGN 15 JUST COMPLETE
CALL CHAZHI(A1,71,8,5,T3)

LCULATE A SERISZS OF VALUZS OF PARAMETEZRS ALANG THE HISTIRY OF
LYMERIZATION DURINGTHE STAGE CNE

WRITE(Z ,450)

FORMATC//2X% ,"TH= RESULTSCALCULATED ALONG THZ REACTION AISTORY OF
1STAGE ONE'/2X,62(C1H=)/1)

WRITE(2,500)

foaﬂsf(ffhx,'TI"E(EIN)',kx,'tnnkaSION(13',5!,'S(HIC)(GILN)',2X,
2 AP (SQCM/CCW) ', 7X, " VP(CC/CCH) " 4%, "DPCNICRON)*,5X,"NC(P2RS/CCH) ")

po 6C0 1=1,1C

TCI)=(T3/10.0)#FLOAT(I)

CONTINUE

00 200 J4=1,10

CALL CHAZMICTI,21,2,TCJ) AC04))

TH=TC(J) /2.0

CALL CHAZHIC(T1,81,8,TH, AE)

HCII=C(R/SI*T(JI*(S~ACI)/6.0-(2.0/2.0)%8H)

VEII=(T LI w2 /)6 D)2 (3, CrCa5-2.0%C*AH)

DCII=(VLII/ACI) I=ALECO0 .0

¥(J)=V(Id* (1 .0-FI)*DP/MC+1CC.0

SMLJI=(S=A(J))/eS/NA+272 . .C#1000.0

WRITE(2,700) TCI) L %0) ,508C00) ,ACI) Vi), D01) NCT)

FORMAT(/SX,0PF10.2,2F15.3,1P4E15.3)

CONTINUE

MI=1.4L*KP*FI*D¥+N(1C) /7

WRITE(Z ,150)

FORMATC//2X,"THe VALUES COF FARAMETZRS AT TH= END OF ST3G6% ONEY,
5!!?:,'T1ﬂ5(!1N)‘,&x,'CGhVERSIONf1)',3(,’S(HIEJ(GILF}',?w,'£°tSGC*r
LCCW)®,24,"VP(CC/CCW) ", 46X, DR (®ICRON)" 5%, "MULEC.WT.", 44, "N(PARS/LC
W) 1)

WRITE(Z ,151) TC10),X€12),5M010),AC12),v(10),2C10) M1, NC1D)

FORHAT(IISX,F1C,3,EF1E.3,193&15.!,5’??5.9,1?515.3)

N10=N(10)

vi0=v(13)

RETURM

END

L.NGTH L07, MAME STI1A
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0135 SUBROUTINE ST1B(S0,”C,RO,R,K,T1,v10,N10,7T10,78 REV,H,x10)

0136 DIMENSION T1(3),k1(5},1(10),A(1DJ,v<1JJ,Nt1£),bt15),5#(101,1(10)
137 DIMENSION V1(8),vD(10),00C10),A0C153,vD1(8),DD1(8), A01(8),AMI(E)
€138 COMMON /A/KP,KD ,DM,DP,FI NA_,AS SCMC

£139 REAL KP ,KD,NA K MO, N,MI, NDO N10

£140 READ(1,250) XX,Y,REVI,_HI DDI

0141 250 FORMAT(AFO.0)

142 WRITE(2,251)

£142 251 FORMAT(///2X,'THE CASE OF FAST TERMINATION AND CONSIDEARING THE
0144 *SOAP ON MONOMER DROPLETS'/2X,73CIH*)//1)

0145 c

€146 C CALCULATE DEGREE OF DISPERTION BEFORE REACTION

0147 C

C148 S=NA*AS*(SO-SCMC)/(270.0+1000.0)

01473 vVDOo=MO/DM

g150 DDO0=2.42303«50*+(0.C12F)*REV#*(=1.851)

€151 WRITE(2 ,300C) SGC,REV,H,d0C

0152 2000 FORHnT(ZI,'Sa=',FQ.Z,ZX,'REV=',F6.2,2!,'H=',F4-2,2x,'D:o=',215.5
0153 \VERED

C154 ppO=pD0O*1.CE6

€155 NDO=6.0#VD0O/(3.14159+DD0#*3)+1 ,CE 12

C15¢& . ADO=(VDO/DDGC)*46-000.C

€157 WRITE(2,2C0C) DLO,ADO,REVY

€158 2000 FORMATC(/////1,10%,°DD0=",E15.5,10x,"4p0=",E15.5,10X%, "REV="F6.2/)
159 c

0140 C FIX THZ CONSTANTS

161 c

C162 B1=4,0#3,.14615F*v+x (2 0/3.0)*R/S

01463 B2=3.04(4.0+3.1415G*ND0)*2(1.0/2.0)+vD0O

C164 psSw=0.966

C165 B3=3.0%(4 .0%3,.1215GaND0)*+(1.0/2.03)+«(DSW/DM)

Cieé B4=3,.52+5-AD0

Cle7 C1=(4 .0*3.14159/3.0)*x(KX*F/5)

0168 C2=3.0x5-AD0

0167 21=R/ (6 .0%5)

c170 12=6.0%S=-ADO

c171 £

g7z C FIND THE RZLATIONS-IP BETWZIN TIME T1 AND THE AREA OF PARTICLES IR CONE CC WA
£173 c

0174 0O 42C I=1,8

175 IFC.NOT.I.EQ.T) GOTCALIC

0176 AYCI)=0.587«B1*(S=AD0)+T1(I)xx(S.C/2.0)

c1re VIC1)=(C1/2 .0)» (S=ADO)*TI(L)*#2

C178 GOTC 431

0179 410 A1CI)=(21/8.0)%x1B4=2 . 52#A1(1=1)=2.52%(62-B3«V1(I-1))*»(2.0/3.0))*
C180 *T1(1) =~ (5.0/3.03

€181 v1(l)=(c1!6.3)*(C2—2.0*i1(I-1)-2.C*CaZ-BS*Vi(1-111**(2.513.01)
c182 I£T1(1) %22

0183 481 AD1CI)=(B2-83+VI1(I))++(2.0/3.0)

0184 AMT(1)=5=A1(I)=-4D1C1)

185 42C CONTINUE

C188 c

c1g7 C FIND THE TIME TB WHEN PARTICLE NUCLEATION IS JUST COMPLETE

C123 c

C18¢ H1=10.0

C150 TE=0.365+(S/R)*»0 & /k*+C .4

£131 CALL CHAZHIC(TY,/M1,58,73,~M3)

cise 471 IFCAME.GT.H1) GCTOLTT

£153 IFCAME.LT.(=H1)) GOTCLTS

f158 GOTOD43L

1§85 476 DD 425 1=1,1C00

€196 CALL CHAZHI(T1,2M1,8,T2,40)

€197 IFCABSCAM) (LE.HT) GOTOA3E

g138 IFCAM.GT.H1) GOTOA4T7E

€133 TE=T8=C0.01

G200 435 CONTINUE

€201 478 H1=H1+10.0

20z GOTOL71

€203 477 DO 441 I=1,10CO

€204 CALL CHAZHICTI,rM1,8,T8,2M)

€285 IFCABSCAM) LT .HT) CGLTOLZe

£205 IFCAMLT.(=H1)) GGTCATE

c2c7 TE=TL +0 .01

C2Ce L41 CONTINUE
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ca2C9
© 0210
0211
€212
0213
0214
€215
o216
€217
0218
c21¢9
0220
0221

0222

gz23
0224
gz25
0226
p227
C2cé8
0229
0230
€231
0232
€233
234
0235
Q236
0237
0218
0239
0240
0241
0242
£243
gzéd
0245
C2te
0247
C248
a9
c2s0
€251
€252
0253

AN oo

CALCULATE A SERIES OF VALUSS OF FARAMZTERS ALANG THE HISTLRY OF
POLYMERIZATION DURINGTHE STFGE ONE

436 WRITE (2,440)

440 FORMAT(//2X,"THE RESULTSCALCULATEC ALONG TH: REACTION HISTORY OF
1STAGE ONE'/2X,62C1H=)//1)

WRITE(2 ,444)

444 FORMAT(/BX,'TIM:(MIN)®,&X,*CONVERSIONC, %) 4%, "SM(G/LVY" ,3X, "AP(SQ :
*CH!CCH)',41,‘UP(CE!CCH}',3!,'DPEMIEHQN)',bl,'NtFlRSJCCJ)',Sx,'vntECJCCH)IJ
«C/CCWI* )

bo 460 1=1,10
TCI)=(T2/10.0)*FLOAT (1)
460 CONTINUE
Do 480 J4=1,10
CALL CHAZHIC(TT,A81,8,TCI) ALLD))
CALL CHAZHICT1,N1,5,TC3) , VvUID)
TH=T(J) /2.0
CALL CHAZHICT1,%1,5,TH,AH)
CALL CHAZHICTT1,V1,8,TH, VH)
NCII=Z1+T () #C2i-ACJ)=(82=B3#V (J))*#(2.0/3.0)=4.0%AH=G . Ca(E2-E3*VH
1)*=(2.0/3.0))
D(JI=C(V(JI/ACI)I*6000C0.0
X(JI=V(J)*C1,.0=-FI1)*DF/MO*100.0
VDCJ)=VDO=V (J)*DSW/DM
Dn(J)=({6-Gf3.1h!S?)t(vD(J)!huo))**(1.tf3.0)
ADCJI=CVYD(J)/DDC(II)I*6.0
SMCJ)=(S=ACJ)=ADCJ)) JAS/NAXZT2.0+10C0.0
WRITE(2 ,470) TCI) ,%03),5M0I) A0, V1), DU NG, VDML
476G FORM&T(ISX,OPF1C.S,ZF1S-S,1PSE15-3)
LEQ CONTINUE
MI=1.4L*KP*FI*DM«N(I1C)/R
WRITE(Z ,490)

490 FORMAT(//2X,"THS VALUES OF PARAMZTERS AT THE END OF ST!GZ ONE',
3:!81,'71ME(HIN)',ﬁt,'couvsasrﬂutz)',3!,'5(M:C)(G:LH)',Ex,'APtSQCHJ
kCCU)',ZX,'VP(CC!CCH)',&X,'DP(FICRGN)‘,5&,'HGLEC.5T.',6\,'N(PlﬂS!tﬂ
SW)*/)

WRITE(2 ,494) T(TOJ,!t1C),5H{10),!(12),V(10),u{IG),HI,N(10)

L94 FDRH&T(I!SI,F1Q.3,2F15.3,1P3E15.3,G°F15.G,1PE15.3}

vi0=v(10)
X10=X(10)
TI10=T(10)
N10=N(10)
RETURN
END

END OF SEGMENT, LENGTH 762, NAME ST1B

0254
0255
0256
Cas7
0258
257
€260
0261
Gze2
€263
C2ed
C265
C2cs
C2e?
ceéa
G269
€270
0e71
gere
0273
G274
0275
0276
0277
0278
279
0280
0281
gz222
(or .1
Ceee
02585
Czéé
287
czge
g289

aEalalal

SUBROUTINE STAG-2(VI ,NI,TB,M0,D%,0P ,F1,KP,NA,R,TZ,VP)
REAL NI NP, NT NA, MO KP, M1

VDO=M0 /LM

ve=vI

VD1=VDO-VP* (F1+(1.C=FI)ACP/DM)

NT=NI

12=T8B

DELTAT=1.0

WRITE(Z2,210)

210 FORMAT(//2X,"THE RESULTS CULCULATED ALONG THE REACTION HISTORY CF
2STAGE TJO'fZK,&L(1H=)IIEV,'T!FE(FINJ',41,'CUNVERSION(Z}',33,
j'AP(SGCMJECH)‘,fx,'VF(CC!ECH)',k!,':P(HICROh)‘,kx,'Ua(CCJCCH)'J)

E=Q.S5*(KP/NA)* (TP /DP)I*FI*NT
CALCULATE A SERIES CF VALUES OF PARAMETERS ALCNG THE HISTORY OF POLYMERIZATIO
DURING THE STAGE T-OD

b0 240 1=1,1C0CGCC

po 220 4=1,2

IFCVD1.LE.D.0) ~0TOZEC0

DPELTAV=B+DELTAT/(1.0G~-F1)

VP=VP+DELTAV

DPA=(& . 0*VP /(3. 1615G4NT) Jxx(1.C/27.0)=10000.C

AP=(VP/BPA)*600r0 .0

VD1=VD1=-DELTAV*(FI+(1.C-FI)*DP/LM)

T2=T2+DELTAT

X2=YP+(1.0-FI)*tP/®0+1C0.C
223 CONTINUE

WRITE(2 ,230) T2,X2,4P, VP, 0Pa, VD1
220 FORMAT(/SX,CPF17.3,F15.2 ,1P4E15.3)
2640 CONTINUZ
250 mI1=2 . CeExhA*DP/!

WRITE(Z ,2¢0)
260 FORMAT(///2X, T=E YALULS GF PARAM:T RS AT TrE END OF ZTRCE Tw0',

SII,Ek,'TI!E(HIN?',LK,'EJHUEQSIOth)',?!,'#P(S:C‘Iccdl',E!,'VF(CCI

ECCW) " LX,"OP(MICRONY *, 4K ,"VOCCC/CCW) ', 5%, "MILEC.WT" L,/ /))
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0290 WRITE(2,270) T2,X2,AP,VP ,DPA,VD1,%1

6291 270 FORMATC/SX,FI10.2,F15.3,1P4E15.2, CPF15.0
cz92 RETURN
c293 END

END OF SEGMENT, LeNGTH =~ 221, NAME STAGE?

0294 SUBROUTINE STAGE3(TZ,VP,FI KP,NANT DM _DP _ M0O,MI Q)

C295 - REAL MO NI, KP_ N/, NT, NI

296 WRITE(2,310)

0297 210 FOKMATC//2X,"Th= RESULTS CALCULAT=D ALONG THZ RZACTION HISTORY OF
C2%& G6STAGE THREE */2X 64 CIH=)/ /B, "TIME(MIN)" ,4X , "CONVERSION(R)" 2X,
£z299 SYAP(SGCM/CCW) ", 2X,"VP(CC/CCw) ", 4X,"CP(MICRON) " ,4X, "VRP(CC/CCWI /)
0300 VMP=VP*FI

0301 T3=T12

c3ce DELTAT=1.0

c303 %3=0.0

0304 b0 360 1=1,100

0305 0o 340 J=1,5

C306 IF(XZ .6E.%5.0) c0TO270

c307 RATE=(KP/NA)I® (VYVP/VYPX* (NT*Q)

Q308 VMP=VMP-RATE*DELTAT

03C¢% VP=YP=RATE*DELTAT=(1.0=-DF/DP)

0310 AP=(NT*3,.14155) ++ (1 . C/3.0)+(6.0xYP)*++(2.C/3.0)

0311 pP3I=(VP /AP) *x40020.C

€312 X3=(1.0=VMF*DM/M0)»100.0

0313 T3=TI+DELTAT

€314 340 CONTINUE

G315 WRITSE(2,350) T3, X3,AF, VP, DPZ _ VMP

€316 350 FORMATC/SX,CPF1C.3,F15.3,1P4ET5.3)

c317 360 CONTINUE

€318 370 wWRITE(2 ,38C)

C319 380 FORMAT(///2X,"T+E FINAL RESULTS CF THE CALCULATION',/2¥,36(C1H=)//
0320 87X, "TIMECMIN) ® 4% ,"CONVERTIONCX)® 2X, "N(PARTICLES)" 3%, 'DPI{MICRON) ",
0321 9)* 4% ,"MOLECLE .«T."/)

0322 WRITE(2,390) T3 X3 NT,DPZ nI

0323 190 FORMATC/SX,F10.2,F15.3,1P2E15.2,CPF15.1)

C324 RETURN

0325 END

END OF SEGMENT, LcNGTH 194, NAMZ STAGEZ

0326 SUEROUTINE CHAZHI(A,E,N,X,Y)
0327 DIMENSION A(N) ,2(N)

g3z23 NC=N

£329 K=N=1

0330 DO 1 J=I1,N

£33 TIFCCX=ACI))=(X=ACJ+1))) 10,701
c33z 10 1=J

G313 GOTO 22

€334 1T CONTINUE

C335 IFCABSIX=AC1))=-2BS(X=-A(N))) 20,21,21
033¢ 20 1=1

G337 GOTC 22

0338 21 I=N-1

G339 22 IFCI-N+1) 24,23,24

€340 23 I=1-1

G341 GOTO 27

0342 24 IF(I=-1) 25,27,2%

C343 S IF(ABS(X=A(C1))=¢BS(X=ALI+1))) 24,27 ,27
044 25 1=1-1

€345 27 v=0.0

{346 IF(I-N) 29,28,2°

0347 23 I=I-1

C3LE 29 L=1+2

0349 b0 2 K=I,L

€350 W=E (K)

Cis1 Do 3 J=1,L

G352 IF{J=-K) 30,230

G35 30 WE(X=ACJII)/(ALKI=ACI) ) 0
gise T CONTINUE

C355 V=V+W

C35¢ 2 CONTINUE

€357 Y=V

g3sa N=hC

E35% FETURN

C3ecl END

EMND OF SEZPMENT, LENGTH 181, NAME CHAZHK]

361 FINISH

END OF COMPILATION = NO ERRCSS
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