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NOMENCLATURE

area associated with a single molecule of surfactant,
en®/molecule

area average particle diameter, R
number average particle diameter, 1
volume average particle diameter, ’

exit age distribution
initiator concentration, moles/1

initiator decomposition rate constant, sec™t

polymerization rate constant, 1/mole-sec
termination rate constant, l/mole-sec

chain transfer rate constant, 1/mole-sec

3/

Cin~/ sSec

number average molecular weight, gr/mole

number average moiecuiar weight of polymer in a
particle, gr/mole

viscosity average moleculsr weight, gr/mole

weight average molecular weight of polymer in a
particle, gr/mole

nonomer concentration in a particle, mele/1

-



(n]
pO
Pp

number of radicals in a particle
number of particles per gram of latex

Avogadro's number, molecules/mole

radius of a latex particle, cm

rate of radical capture by a particle, events/sec
rate of termination inside a particle, events/sec
rate of chain transfer inside a particle, events/sec

rate of radical generation, radicals/l-sec

free radical concentration, mecles/l

total area of particles and micelles in the system,
en®/1

surfactant concentration, moles/1

dimensional constant used to calculate the rate of
radical capture

dimensional constant used to calculate the rate of
termination

dimensional constant used to calculate the rate of
chain transfer

intrinsic viscosity

density of monomer, gr/ml

density of a particle, gr/ml



T

)

vi

mean residence time of the reactor, sec

volume fraction of monomer in a particle



INTRODUCTION

During World War II both the United States and Germany
saw a need to develop a synthetic rubber in order to become
self-sufficient in that commodity. Consequently, a massive
research effort was directed at this end, and as a result,
a process for producing a synthetic rubber was developed.
This research program had a side effect of producing many
engineers and scientists trained in the new field of polym-
erization. After the war these engineers and scientists
directed their skills toward other areas of polymerization,
resulting in a boom in the polymer industry. Today polymers
and polymerization are a dominant'sector of the chemical
industry, employing over fifty percent of all chemists and
chemical engineers (56).

ln the govermment research program, vuné palcicuiar

polymerization process was found to be best suited for
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producing a
extensively. This process was emulsion polymerization. In
this process, water, monomer, a surfactant, and a water-
soluble initiator are mixed together. The product of the
resulting polymerization is a latex in which the polymer is
present in tiny particles stabilized in the latex by the
surfactant. Sowme of the advantages of such a process are

apparent. Heat transfer from the site of polymerization by



the water phase is excellent, so that temperature control
is not a problem. Since the product is a latex, it is di-
rectly usable in paints, coatings, and adhesives. Perhaps
the most important advantage is that uniformly high molecu-
lar weight polymers are produced at high rates of reaction.
This is a direct contrast with bulk, solution, and suspen-
sion polymerization processes in which high molecular weight
polymers are produced only at very slow rates of reaction.

There are also disadvantages with an emulsion

nolymeriza-
tion process. For instance if the polymer itself is the
desired product, the latex must be destroyed, and the
polymer must be recovered and processed to remove the sur-
factant. In addition while most of the polymer is being
produced in the latex particles, bulk polymerization may
be occurring in the monomer droplets, ani solution polym-
erization may be occurring in the monomer-water solution.
The polymer produced in these last two locations has con-
siderably different properties than that produced in the
particles, Fortunately it forms a separate solid phase

whinh nan ancilsr he remcved frcm tlnc l
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most troublesome problem of emulsion polymerization is that
a product propertiecs are often inconsistent from one run to
another even though reaction conditions are not inten-~
tionally changed.

Despite its drawbacks emulsion polymerization is still



the basis for nearly all artificial rubber processes.
Besides rubber, many paints, coatings, and adhesives are
also produced by emulsion polymerization. Except in the
rubber industry, most emulsion polymerization processes
employ batch production rather than continuous production.
The flexibility of a batch operation is certainly one rea-
son for this. Another reason, and perhaps the most im-
portant, is the difficulty in operating and controlling a
continuous emulsion polymerization system. Perhans with
additional research this can be overcome and centinuous

emulsion polymerization will see more commercial use.

Purpose and Goal of this Investigation

The advantages of being able to predict and control
the properties of polymer produced under a given set of
conditions are obvicus. In cmulsion polymerization, the
size distribution of the latex particles and the molecular
weight of the polymer are two key properties which would
be desirable to predict and control. For this investiga-
Tion molecular weight was
terest. The specific goal was to experimentally determine
the relationship between molecular weight and particle
size and to obtain a mathematical mocdel which could be used

to explain the experimental results. The purpose of the

investigation was two-fold. One purpose of determining



relationship between molecular weight and particle size was
to identify the sources of molecular weight poly-dispersity
and thus to provide better predictions of the molecular
weight distribution. The second purpose was to obtain ad-
ditional insight into the mechanism of emulsion polymeri-

zation so that a more accurate model may be obtained.



THEORY AND LITERATURE REVIEW

Smith-Ewart Theory

A qualitative theory of emulsion polymerization was
introduced by Harkinsin 1947 (20). The following year Smith
and Ewart's quantitative refinements to the theory were pub-
lished. They retalned the basics of Harkins' mechanism and
included a mathematical analysis of the batch emulsion polym-
erization process (48). The werk of these pioneers is still
widely accepted as providing a reasonably satisfactory de-
scription of the batch process of emulsion polymerization.
The basics of their theory will be given below.

The essential ingredients of an emulsion polymerization
reaction are water, monomer, surfactant, and initiator.
Tnitially the surfactant is present as clusters of 50-100
molecules which contain a small amount of monomer. The
shape and size of these clusters, or micelles, is uncertain,
but one may consider them to be spherical with a diameter
of approximately 50 angstroms.

I'ne monomer is present as droplels whnich &re approxXi-
mately 10 i in diameter and are stabilized by surfactant
molecules which cover the surface of the droplet.

The water soluble initiator decomposes slowly to pro-
vide a steady source of free radicals throughout the re-

action. The free radicals are very reactive and will



combine chemically with monomer to initiate the growth of
a polymer chain. The free radicals diffuse through the
water until they come in contact with a micelle. TUpon con-
tact the free radical is absorbed into the micelle and re-
acts with the monomer initiating the polymerization reac-
tion. The micelle with a polymer-monomer mixture in it is
called a particle. As the particle grows, monomer dif-

fuses from the monomer droplets to supply the reaction

The particles are stabilized in the latex by sur-
factant molecules which cover the surface of the particles.
The source of the surfactant molecules is the micelles,

which dissolve as needed to provide surfactant for sta-

bilization. Eventually the total surface area of the
particles becomes so large that all of the surfactant is
required for stabilization of the latex particles. At this
point micelles disappear, and nucleation of new particles
ceases. The number of particles will remain constant for
the remainder of the reaction, unless additional surfactant
is introduced 1nto the latex so that micelles agaln are
formed.

Eventually a particle containing a growing polymer
chain will capture a second free radical. The free radi-
cals are extremely reactive, and a particle is very small

so that the probability of having more than one growing



polymer chain in a particle is very small. As a result
the time average number of free radicals in a particle is
one-half.

Eventually the monomer droplets disappear. There is,
however, a considerable amount of monomer still in the
particles, and the reaction will continue until this monomer
is polymerized.. The final product 1s a latex containing
tiny polymer spheres, ranging up to several thousand

angstroms in dlameter, stabilized in an agueous base.

Remarks on Radical Capture and Termination

This description of the Smith-Ewart theory just pre-
sented is basic and very broad. Two points will be dis-
cussed in more detail, since they are of special interest
in thi
attention in the literature and are areas of uncertainty
in the emulsion polymerization mechanism. These are radi-
cal capture by particles and micelles and termination in-
side the particles.

Smith and Ewart assumed that the process of radical

capture was governed by the ordinary laws of diffusion (48).

4

According to diffusion theory, particles would capture free
radicals proportionally to the radius of the particle.
Gardon has proposed that the capture of radicals is by a

mechanism described by a cellisicen theery (9). In this case



the surface area of a particle would determine the rate of
radical capture. The models of Watterson et al. (5%), Parts
et al. (36), Harada et al. (19), and Sato and Taniyama (43,
44) all assume that radical capture is independent of

par .icle size, although they have not emphasized this in
their discussions. The simple model used by these investi-
gators does not appear to have received much acceptance.

It is difficult to differentiate between the radical cap-
ture models because they predict resulis which are nov
drastically different, so that experiments which would
clearly differentiate are difficult to devise. Fitch and
Shih attempted to determine which of the radical capture
models is most nearly correct by studying the nucleation

of particles (7). Their experimental results were closer

to results predicte
nevertheless inconclusive. DeGraff and Poehlein attempted
to distiitguish between the collision model and the diffu-
sion model by analysis of molecular weight data, but their
results were also inconclusive (5).

The second process of special interest in this 1ln-
vestigation is termination inside the particies. Smith and
Ewart (48) realized that termination may not be instantan-
eous and that multiple radicals may exist simultaneously in
a particle. Their mathematical description of a batch

emulsion polymerizatiocn invelved a gquasi steady state



balance for the number of particles containing n free
radicals. They were able to solve the numbers balance
only for three limiting cases. The limiting case which
best described their experimental data was based on the
average number of free radicals in a latex particle being
one-half. This corresponds to the assumption of in-
stantaneous termination and the on-off growth mechanism
of a latex particle. Stockmayer (49) and 0'Toole (33)
were later able to solve the quasi steady state numbers
balance without the assumption of instantaneous termina-
tion, and they calculated the average number of free rad-
icals in a particle as a function of particle size. Their
calculations indicated that for very small particles the
average number of free radicals is one-half, but as parti-
gle gize increaces The average nmumher of radicais in-
creases. The change with particle size is very gradual
initially but as the particle size 1s further increased,
the average number of free radicals in a2 particle becomes
a very strong function of particle size. Gardon obtalned
nearly ldentical predictions of the average number of free
radicals in a particle when he solved the time dependent
numbers balance (11), verifying the validity of the steady
state assumption of Stockmayer (49) and C'Toole (33).
Because of the difficulty, if not impossibility of

determining the number of free radicals in a particie



10

directly, experimental verification of the presence of
multiple radicals has necessarily dealt with observance
of the rate of polymerization and molecular weight.
Gardon (11) presents the most convincing analysis. He
has applied his calculations of the average number of
growing polymer chains in a particle to predictions of
reaction rate and molecular weight in batch emulsion
polymerization. By his analysis he was able to explain
the details of the time dependent rate of polymerization
and time dependent molecular weight behavior for several

monomers.

Previous Investigations of Molecular Weight

Molecular weight in batch emulsion polymerization

P K P N
w.L llL.LJ.J..L.LLB W LiNs

physical characteristics of 2 polymer. For this reason

batch emulsion polymerization investigaticns. The primary
emphasis has been the determination of the effects of
initiator and surfactant concentrations on the molecular
weight of the product and determination of the time de-
pendent molecular weight behavior.

The first published study of the effect of initiator
concentration, surfactant concentration, and temperature

on molecular weight in a batch reactor was that by Smith

[0p]
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(47) who thoroughly examined the effects of these variables
on molecular weight for batch polystyrene emulsion polymer-
ization. Wiener (55) and Brodnyan et al. (3) performed
similar, but less extensive studies, for vinylidene chlo-
ride and methyl methacrylate respectively. More recent
investigators have begun to include theoretical calcula-
tions of molecular weight in their research. Watterson

et al. (54%) and Parts et al. (36) predicted molecular
weights using a simple model which assumed that radical
capture is independent of particle size. They predicted
that molecular weight would rise to a maximum and then
level off during the course of a batch reaction. Harada

et al. (19) and Sato and Taniyama (44%) used a model simi-
lar to Watterson's but much more detailed and complete.

Haorada like Wahtferson el al.. introduced an adjustable
2 ~

I

parameter and consequently were able to fit their calcu-
lated values to their experimental molecular weight-con-
version data. Sato and Taniyama were also able to obtain
agreement with their experimental and predicted molecular
weight data, but it is not clear if their predictions were
fitted to the data using their calculated parameters or if
their predictions used values of parameters taken from the
literature. Saidel and Katz (42) studied the affects of
random radical arrival on molecular weight. They used a

partially stechastic medel te predict that molecular weight
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as a function of conversion would rise to a maximum and
then decrease. They did not ccllect experimental data but
qualitatively compared their predicted values to values
found in the literature and concluded that the trends were
similar.

Gardon has performed the most extensive and impressive
study of batch emulsion polymerization to date, both theo-
retically and experimentally (9, 10, 11, 12, 13, 14). His
work is based primarily on the Smith-Ewart theory, but his
comprehensive analysis also takes into account the effect
of multiple radicals on polymer particles., His analysis
of molecular weight in batch emulsion polymerization pre-
dicts that molecular weight is proportional to the sur-
factant-initiator ratio raised to the 0.6 power and that
molecular weight increases to a maximum and then decreases
during the course of the polymerization reaction. His
laboratory data confirm the trends predicted by his cal-
culations for several different monomers.

Several investigators have studied somewhat different
aspects of molecular welght than those discussed above.
Stryker et al. (50) investigated the emulsion polymeriza-
tion of ethylene and determined that a chain transfer re-
action between the growing polymer radicals and the
emulsifier mclecules was responsible for producing an

unusually low molecular weight product and an inverse
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dependence of molecular weight on emulsifier concentra-
tion. Morton et al. (31) fractionated a polystvrene latex
according to particle size in order to determine the re-
lationship between particle size and molecular weight in
the same latex. They measured molecular weight for two
latex fractions, having mean diameters of 800 8 and 400 4

6 6

and found molecular weights of 4.6 x 10° and 4.8 x 10

gr/mole respectively. They concluded that particle size

0
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Molecular weight in continuous emulsion polymerization

Studies of continuous emulsion polymerization systems
have not been published as extensively as have studies of
batch systems, although single continuous stirred tank re-
actors, multiple continuous stirred tank reactor systems,
and tubular Ilow reactors are widely used industrially (6).
Patents on continuous emulsion polymerization processes
are Ccopious ar

filed for a patent on a process for the manufacture of
styrene-butadiene copolymer rubber (6). However in most
commercial systems, reactor type and operating conditions
are evidently determined by experience, since thorough
kinetic studies of continuous emulsion polymerization have
not been reported until recently (32).

The earliest published kinetic study of continuous
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emulsion polymerization is that of Gershberg and Longfield
(15). Experimentally they found that the rate of polymer-
ization is independent of initiator concentration, while
molecular welght is inversely proportional to initiator
concentration. Consequently they concluded it is possible
to increase the molecular weight without at the same time
decreasing the rate of polymerization.

Several investigators have used models other than
that of Smith and Ewart fo predict the results of contin-
uous emulsion polymerization. Sato and Taniyama (43) ex-
tended the model they had used to describe a batch reaction
to a series of continuous stirred tank reactors. The model
treated micelles and latex particles like molecules of a
chemical species which reacted with free radicals in a man-
ner independent of size. Both calculated and experimental
results agreed with those of Gershberg and Longfield (15).
Nomura et al. {32) used a model similar to that of Sato
and Taniyama (43) to describe emulsion polymerization in a
series of stirred tank reactors. Their experimental and
s were 2lsc gimilar to those of Gerghberg
and Longfield (15).

The most complete data for a continuous emulsion
polymerization was obtained by DeGraff (4). He used an
approach much like that of Gershberg and Longfield (15)

for predicting the numbers of particles and reaction rates.
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Molecular weights were predicted from the ratio of the
calculated rate of reaction to the calculated rate of rad-
ical production. Although his individual predictions were
in error by as much as a factor of two, his experimental
and theoretical values both indicated that molecular weight
increased with surfactant concentration to the first power
and decreased with initiator concentration to the first
power. His predictions of molecular weight as a function
of residence time were quite different from his experi-
mental data. His predictions indicated that molecular
weight should vary approximately as residence time to the
-2/3 power, while his experimental data showed that
molecular weight was nearly independent of residence time.
Later DeGraff and Poehlein (5) used a different ap-
proach to calculate molecular weights for a continuous
system. They used a molecular weight distribution derived
by Katz et al. (22) together with a predicted particle
size distribution to obtain an overall molecular weight
distribution. This approach and the approach used by

\ s

- ~e~ 7Y . [, R I 2 ~ S AanT A~y ~
DeGraff (4} predicted nearly identical rsesulis,
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THEORETICAL PREDICTIONS OF MOLECULAR WEIGHT

In the previous sections the concepts of emulsion
polymerization have been described, and pertinent prior
investigations have been reviewed. In this section these
will be applied to predict the molecular weight of polymer
produced in a continuous stirred tank reactor.

Our physical picture of emulsion polymerization is a
series of randomly occurring events. It follows that the
most direct model of emulsion polymerization would also be
based on a series of randomly occurring events. Any con-
tinuous model for this type of process would necessarily
require assumptions, the validity of which can be difficult
to assess. In this work a Monte Carlo model has been de-
veloped which describes emulsion polymerization by a numer-
ical simulation of Lhie many randouly UCCUrriiy €VENTs which
determine the history of a latex particle. We have at-

tempted in this medel to include

[4V]

11 physical factors felt

w3

to be important in particle and chain growth. For the lim-
iting case of instantaneous termination a deterministic ap-
proach was used to develop an approximate analytic expres-

sion for molecular weight.
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Monte Carlo Simulation

For the Monte Carlo simulation, the Smith-Ewart theory
was used as the basic description of the mechanism of emul-
sion polymerization. The deviations from the Smith-Ewart
theory and the assumptions used in the model are listed
below:

1. The significant events in determining the history
of a latex particle are radical capture, termina-
tion, and chain transfer to monomer.

2. For a given latex, the probability of any event
occurring in a particle is dependent only on the
state of the particle. The size of the particle
and the number of free radicals in a particle
determine its state.

3. Two events cannot take place simultaneously.

Free monomer is present in the latex at all times.

5. The total surface area of all particles and
micelles in the latex is equal to the surface
area associated with the total surfactant con-
centration in the latex.

6. Themonomer concentrationof the particles isconstant
at all times and is independent of particle size.

7. The volumetric rate of growth of a particle is
dependent only on the number of free radicals in

a particle for a given latex.
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8. Free radicals are captured by particles at a rate

proportional to the surface area of the particle.

9. When a particle leaves the reactor, it is in-

stantly quenched by inhibitor killing all growing
polymer chains.

10. In the reactor, termination of growing polymer
chains in latex particles is by combination.

11. The exit age distribution of latex particles is
that of an ideally mixed continuous stirred tank
reactor.

The heart of this Monte Carlo simulation is a prob-
ability expression for the time at which the next event
will occur in a latex particle. The probability expres-
sion depends on the rates of the events that can occur.
Rate expressions for radical capture, termination and

chain transfer are given below:

- ,’-;-Trr2\_ 71\
T, = { S PEA (@)
—l\ \
Ty = k (m T )(mnv N,V (2)
“A'p YA'p U F
rep = kgl NAV o) MV, (3)
where
I' =

rate of radical capture by a particle, events/sec
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R = rate of production of free radical in the re-
actor, radicals/l sec

S = total surface area, en’/1

r = particle radius, cm

Tip T rate of chain transfer in a particle, events/sec

chain transfer rate constant, 1/mole sec

N
o]
il

n = number of free radicals in the particle

[M] = monomer concentration in the particle, mole/l

Vp = particle volume, 1

N, = Avogardo's number, molecule/mole

r. = rate of termination in a particle, events/sec
k. = terminatlon rate constant, 1/mole sec.

In Equation 1 the assumption has been made that particles
and micelles capture free radicals in proportion to tneir
surface area and that the total surface area of the systen
is equivalent to S, the surface area of the surfactant
molecules in the system.

To use these equations values for the constants must
be available. The rate of radical production, R, can be

determined by

R = de[I]NA ()

where
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1

by
[N
1

initiator decomposition rate constant, sec”

initiator concentration in the reactor mole/l.

—

!

(S
1|

The total surface area of the latex, S, can be calculated

from
S =a [SIN, (5)
where
[S] = the surfactant concentration in the reactor,
moles/1
a, = the area covered by one molecule of surfactant,

cmz/molecule.

The monomer concentration in a particle can be expressed
more conveniently in terms of @, the volume fraction

monomer in a particle.

) _
[M] = 1000 TN (6)
|V}
where
p, = monomer density
Mo = molecular weight of monomer.

Our rate expressions can be more simply expressed as

Ly 2

- 2
Fo 7 ( S

JR = ar (7)
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L n(n-1) _ B n(n-1)

r = - (8)
t ]\IAVp r3
r p = 1000 np, tf(zf/M (9)
where
4TR
a= 4 (10)
3000 k,
/17 N\
b=y — e
1000 k, .p @
q = “ﬁ_ETTJ;QGQ . (12)

0

Since the probability of any event occurring in a small
time increment 5t is r;®t, the probability of that event
not occurring in the time increment ot is (1 —ribt) where

r. represents the rate at which any single event occurs.

-+,  NO event - , ... PR
TR =1 - (r +7,_+ 5 . 1)
Ploceurs in ot! = 1 7 VT TTy FTyp)0T (L3

The probability that no event occurs in a finite time
t2 -tl = Z bti is the product of the individual terms.

(N0 event ocecursy . p . “(+ +T +7 ok
PO in time A% P L T ATy

all i
(1)



In the limit for very small values of dt, this becomes

T
2
exp(- ‘f (rC +rt-+rtf)dt) . (19)
t
1

P

]

Because the rates of capture and termination are functions
of particle size, the time integral in Equation 17 will be
transformed to an integral over particle radius through

use of the particle growth equation. The growth equation

for a single polymer particle may be taken to be

d(% u r3(l-ﬁ)pp) kpnﬁpo

G = T000 W, (16a)

or

3
&L= = %n (16b)

where kp is the polymerization rate constant in 1/mole sec

and

3kppoﬁ
000 ™ N o (1-3) :
A"D" g

K =

Using Equations 7, 8, 9 and 16, Equation 15 can be eval-
uated.

3(n-1) o
P = expl- K?(rg -r?) -~ ié&%——l 1n F%-K(rg —r%)]

(17)
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When the particle contains no free radicals, the rates of
chain transfer and termination are zero, and the particle
size does not change. Therefore the following expression

is obtained.

P = exp[- S5(t, -t7)] n=0 (18)
r

If the rates of capture, termination, and chain transfer
change negligibly between events. the following approxi-

mation can be used.

P = exp[(- 4%-E££E:ll - nq)(t2 -tl)] (r >750 %)

r r3
(19)
For calculational purposes this equation was used for
narntinlace wit naAdiiie omasntar +Fhan 7REN Q writh nacolideoeihia
rl\.ﬂt-\. N b N b Nt WS ¥ ke VLA AN L, A b LLLLLL WiAlaLrl 1{ /v E:S Y WAL L*\J&-I—-‘-F”-l- N oade

Equations 17, 18, and 19 can be arranged in terms of
the radius at the time an event will occur in a particle

or the time at which the event will occur.

a .5, 3B(n-1) N3
—lnP-+§%E r{+=p==1Inr] + g I]
-1
= ?%% rg-+ QE%E;—l in r2-+% rg n#0 (20)
r2in D

- RS s, -t n=0 (21)



5=ty r >750 % (22)
r2 r3 ] n)éo

Time and particle size are related through the in-

tegrated particle growth equation

rg -r% = K(t2 -tl)n- . (23)

For use with Equation 22, an approximate expression

for the integrated particle growth equation was used.

|

rp-Tq = 3 (tz-tl)n (24)
T

o

This was necessary because of the round off error obtained

when Equation 23 was used to calculate the radius of large

Equations 20, 21, 22, 23, and 24 are the basic equa-
tions used in the Monte Carlo simulation. For the simula-
tion a random number was generated for use as the proba~
bility P, and the appropriate equations were solved to ob-
tain the size and age of tThe particle when the next event
occurred. Use of all equations, except Equation 20, i1s
straight forward. Solving Equation 20 for the radius of
the particle at the next transition is an iterative process.

Since the function
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P(e = jar’ | 3B(n-1) -

e e 3 (25)

+4-

=ls
[

is monotonically increasing with r and a lower bound for

r is known, r, can be determined as accurately as desired
by trial and error. Numerically this is a simple and rapid
procedure.

Once it has been determined when the event will occur,
it must be determined which event will occur. This must be
a random determination and can be based on the conditional
probabilities of radical capture, termination, or chain

transfer, which are given below.

r
P = < (26)
¢ (rc'+rt’+rtf)
P+
p, = - (27}
t 7 (r +ry e

Tep
P = (28)
tf (rc—%rt»krtf)

The occurrence o1 an event causes a change in the size
and/or number of growing chains in a polymer particle. When
a capture event occurs, a new chain of length zero is cre-
ated. When a termination event occurs, two of the growing

polymer chains are chosen at random for termination and the

number of growing chainsg is reduced by two. The length of
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the dead polymer chain is the sum of the lengths of the
two terminating chains. When chain transfer occurs, the
number of growing chains remains unchanged. One of the
growing chains is selected at random. Its size is set to
zero and a dead polymer chain is created with the size of
the transferring chain.

The initial state is chosen to be a particle 50 ]

in diameter with one growing polymer chain of size zero

l._l
I_l-
ot

in The complete history of a particle was constructed

by repeatedly determining when the next event would occur
and the size of the particle at that time. The number and
size of the growing polymer chains were also calculated.
Simply determining the history of the particle, how-
ever, is only part of the problem. To extract useful in-
formation from the simulation of the growth of a single
particle, an elaborate bookkeeping procedure is necessary.
The number and length of all growing chains must be known.
The number of dead polymer chains and the sum of the weights

of the dead polymer chains must a.so be known if number av-

T mmaA a T ~de = 3 TO a2 7L
Qgr\ LClCC’\llaI’ 1D Aaic v Y tLaAaucUe 11 "JU'E;L’.U

igh
and viscosity average molecular weights are of interest,
the sum of the squares of the weights and the sum of the
weights to the (l+a) power are also needed. Here a is the

power parameter in the Mark-Houwink equation, which is given

below.
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[n] = K (29)

This equation is commonly used to obtain the viscosity av-
erage molecular weight from the intrinsic viscosity of a
dilute polymer solution.

In order to determine properties of the entire latex,
the properties of the particle as a function of size must
be weighted according to the numbers of particles of that
size in the product and summed over all particle sizes.
Numerically this procedure was carried out by utilizing
diameter intervals. As a particle '"grew" through a diam-

eter interval, the following sums were recorded for that

interval:
1. ani
2 Z}Ci )_MJ
3. S : ZM%+a
b mxg zm?
5 Zin .
Here
“by/e o St/ . .
x = (e - e ) = the fraction of particles leav-

ing the reactor hetween times

t1 and to
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n = the number of living and dead polymer chains in
a particle and
Mj = the molecular weight of the jth polymer chain.

The inner summation is over all live and dead polymer chains
in the particle. The outer summation is over the events
which occurred while the particle was in that interval.

When a particle passed from one interval to the next, the
growth of 1live chains in the particle for one interval was
based on the time spent in that interval. Inclusion of

live chains in these summations was based on the assumption
that when a particle left the reaction vessel, it would be
quickly quenched by inhibitor which would instantly termi-

nate the growing chains.

m, R ~r A
L v . v

ct
(]
’e

a la
residence times of the reactor. Over 99 percent of the
particles would have been discharged from an ideally
stirred vessel in this time.
The data accumulated for the history of one or more
particles allows calculation of the following:
1. DNumber, weight and viscesity average molecular
weights as function of particle diameter.
2. Number, weight, and viscosity average molecular
weights of the latex.

3. Particle size distribution of the latex.
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4., Viscosity average molecular weight of all parti-
cles above a given diameter as a function of
weight fraction of total latex polymer represented
by those particles.

Item 4 is of less general interest, but is of specific in-
terest to this investigation since experimental data was
obtained in this form.

A flow diagram for the numerical computation is given
in Figure 1. A listing of the computer program is given in
the Appendix.

Before the Monte Carlo simulation can be confidently
used, an estimate is needed of the reliability of the pre-
dictions. To obtain an estimate of the standard deviation
of the particle diameters and the molecular weights of the
latex. Monte Carlo simulations were obtained for ten parti-
cles. The results were analyzed to obtain the mean and
standard deviation of each predicted quantity. The results
are summarized in Table 1.

One way to increase the reliagbility of the results
would be to run the Monte Carlo simulation for more than
one particle and to estimate the product properties from
the combined data. This would decrease the standard de-
viation of the predicted quantities by approximately J/ n
where n is the number of replications. Since a large por-

tion of the standard deviation is due to events which take

QAT



Figure 1.

Flow diagram for Monte Carlo simulation of

growth
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Table 1. Mean and standard deviation for Monte Carlo data
kp = 756 1/mole sec
k, = 4,92 x lO8 1/mole sec
Ko = 0.0454 1/mole sec
T = 32.9 min
For a single particle For multiple particles
(based on 10 runs) (based on 2 runs)
Vari- Standard Standard
able Mean Deviation Mean Deviation
(9af) (1af)
Dna 1344 4 60 1358 1.5
Dab 152k 36 1527 2.0
D,° 1665 26 1665 1.6
6 6 6 6
Mn 0.905%10 0.026x%x10 0.921x10 0.037x10
MV 1.739 0.103 1.799 0.073
Mw 1.930 0.139 1.998 0.076
a Sn, Dy
ny
b
2
) Z‘niDi
ZniDi
€ 3
) ZniDi
>n.D
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place early in the history of the particle, an alternative
method of decreasing the variances would be to replicate
only this portion of the particle history. For the im-
plementation of this technique the data was replicated 27
times for diameters 50 R to 1000 %, five times for diam-
eters 1000 & to 1600 3, and two times for diameters above
1600 8. The means and standard deviations for these cal-

culations based on two replications are shown in Table 1

calculated when one particle was observed, the standard
deviation of the various mean diameters has decreased from
26-60 X when the history of individual particles were used
to several angstroms when multiple particles are used.

The standard deviations of the molecular weights are less
affected. The improvement using the multiple particle
technique was made with only a small increase in computer

cost over that for an individual particle.

Approximate Analytic Expressions

The Momte Carlo simulation Just presented can ve used
to predict the behavior of a continuous emulsion polymeri-
zation reactor. However it is a numerical technique and is
less convenient to use than an analytic expression. In

this section analytic expressions will be derived for the

number and weight average molecular weights of polymer in
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a particle and polymer in the latex with the assumption
that chain termination in the latex particles 1s in-
stantaneous.

If the rates of radical capture and chain transfer
do not change significantly during the lifetime of a grow-
ing polymer chain, the probability that no event occurs in

a particle from time zero to time t is

p (10 event occurs '(rc'krtf)t

from t=0 to t=t) - © ' (30)

If this period of time is followed by the occurrence of an

event in the next time increment dt, the probability is

next event occrls '(rcﬂ'tf)t

P(between time t and t+6t) = (rc+rtf) e ot .

(31)

The molecular weight of a growing polymer chain is

given as

M= kp@pot (32)

where t ig the time of growth of the polymer chain. In a
particle of radius r, the time of growth is not single
valued, but has a statistical distribution given by Equa-
tion 31. If the mean of this distribution is used in
Equation 32, the number average molecular weight of polymer

produced under stationary conditions is obtained.
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o]

Mg = kpﬁpo ‘Y t(rc‘+rtf) e
0

-(r +r_.)t
¢ T gt (33)

If the rates of radical capture and chain transfer do not
change significantly during the lifetime of a growing

chain, we can obtain

k @p,

Mns - irc-+rtf5 * (3%

The weight average molecular weight of polymer produced

under stationary conditions, Ews’ can be derived similarly

e o]

o -(r +7,..)%
] (kp@pot)z(rcwtf) e O "I 44
M = — (35)
: -{r_+1r..0%
J (kafpot)(chrrtf) e Y Y at
0]
2k @p,

= Zrc-+rtf) (36)

For a polymer particle the number and weight average
molecular weights can be determined by an appropriate

summation over all chains in the particle, as given in the

following equations.
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2 niMl

= i

an S ng (37)
i
Z W.M

_ j 11

(38)

Ea
H
e ™M
=

Here ny and w; are the number and weight of chains with

molecular weight Mi in a particle. The number of chains,

n;, is (r, +r;.)/2. The weight of chains, w;, is

(I’c +rtf

) ) Moo

Combining these expressions for ny and Wy and Equations

34, 36, 37, and 38 and changing the summations in Equations

37 and 38 to integrations yields the following expressions.

t - k gpo .
| erry) iy w
= = - (39)
np E
1
5 j (rc-krtf) at

-

ot

= - [e)
= (%+0)
Mip E n

Mo
C—
~~
]

Q
+
=3
D
p—
o
Q.
d.
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Over the life of a particle, the rate of radical capture

changes according to Equation 1.

- 4R .2
r, =g T (L)
By the use of Equations 1, 39, 40 and the Smith-Ewart

particle growth equation

dr3 _x
2

at ; (1)

to change from integration over time to integration over
particle size, we can obtain the number and weight average

molecular weight of a particle of size r.

k_@p
== - D 0
an T (12mR 2 (+2)
S5 7 e
V2 1/2
g - Solfor (b gl dRe?y (43)
WP g3 Tt S

The number and weilght average molecular weight can be
calculated from Equations 37 and 38 if the summations are
taken over all chains in the latex. An equivalent method
would be to weight the contribution of a particle by the
number of particles of that size (or, equivalently, of
age) in the latex. By expressing the fraction of particles

with age t using the exit age distribution, the number and
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welght average molecular weights of the latex can be

written as

o0

17 k ﬁp e-t/T
E j (I’ +I'tf) (I' +rtf) T dt
M, = S (L)
l -t/T
5 l[ (rc-+rtf) dt
o}
1 (kDQpO)Z -t/
_ T +T
Mw - ooo C tf / ()_'_5)
% ‘[ (rt-+rtf) 0 k??io ) e': i dt
o Te "Htf
These equations reduce to
_ k_@p
My = T3 P2 (16)
SR (P73 s
3 (KT) I{1.000) +Tya
ir in Q ® ﬁ2u

b—%;_uﬁ j : "gffs . (47)

When the rate of chain termination is zero, both the number
and weight average molecular weights vary as S/R and 1'2/3.
As expected this dependence decreases as chain transfer be-
comes more important, until at the limit both number and

welght average molecular weights are independent of S/R

and .
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EXPERIMENTAL INVESTIGATION

Apparatus, Materials, and Techniques

Batch latexes were prepared in a one quart, wide mouth
bottle with a screw top. In the top were cut openings for
a three blade stainless steel stirrer, a thermometer, a
single stainless steel baffle, a nitrogen purge line, and
a sampling port. The reactor was placed in a constant
temperature bath so that the contents of the reactor were
maintained at 60 + 2 °c. Prior to reaction the water and
the monomer were purged by bubbling prepurified nitrogen
through them for approximately 30 minutes. The reactor was
blanketed by nitrogen at a pressure of about 20 cm of water
throughout the reaction to minimize the chance of oxygen
entering the system. The reaction was stopped by removing
the reactor from the temperature bath and adding an amount
of tertiary butyl catechol to the reaction vessel moderately
in excess of that necessary to counteract the initiator.

Continuously prepared latexes were produced in a 290
ml cylindrical glass vessel with a round bottom. The
top of the vessel was a Teflon plate with openings for a
glass stirring rod with a Teflon paddle, a thermometer,
Teed lines for water solution and monomer, a thermoregu-
lator, and a nitrogen purge iine. The reaction vessel was

heated by a Glas-Col electrical heater which was controlled
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via a relay by the thermoregulator. A variac was used to
adjust the output of the heater. Reaction vessel tem-
peratures were maintained at 60 + 0.5 °¢. Feed solutions
were pumped by two Milton-Roy positive displacement mini-
pumps. The stirring rate was maintained at 200 RPM by a
Cole-Parmer constant speed stirring unit. Throughout the
run prepurified nitrogen blanketed the reactor at a pres-
sure of about 5 cm of water. A schematic of the contin-
ucus apparatus is shown in Figure 2.

Batch particle size distributions were obtained by
ultracentrifuge analysis using a technique similar to that
developed by Peppard (39). A Beckman Model E analytical

ultracentrifuge was used with schlieren optics. Particle

densities were obtained by centrifuging the latex in two

sucrose solution were used for the two media. Some of the
particle size distributions were verified from electron
nmicroscope photographs of the latex.

The particle size distribution for the continuously
produced latexes could not be obtained by ultracentrifuge
analysis, since these latexes were too turbid. Electron
microscope photographs were used to determine these parti-
cle size distributions.

Polymer molecular weights were obtained by dilute

solution viscometry. For preliminary batch experiments



Figure 2. Schematic of reactor used for preparation
of continuous latexes
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the one point method of Maron was used to determine in-
trinsic viscosities (26), but for continuous experiments
intrinsic viscosities were obtained by extrapolation of
viscosity-concentration curves to zero concentration.
Viscosities of the solution were measured according to
ASTM recommended procedures (1). Molecular weights were

calculated using Equation 29

[n] =®E . (29)

Here [n] is intrinsic viscosity and Mv is viscosity aver-
age molecular weight. The values of the constants K and
a are those of Goldberg et al. (16). Toluene was used as
the solvent at 3OOC.

Latex fractionation according to particle size was
achieved using the technique of fractional creaming with
sodium alginate. This technique will be described in de-
tail in a later section.

The polymer in the batch latexes was recovered by
diluting the latex with water and adding sodium chloride
until the solids coagulated. The mixture was then fil-
tered, and the residue was washed alternately with hot
deionized water and methanol until the effluent did not
taste of salt. While this method for determining the
presence of sodium chloride is rather crude,; it is very

quick and has a lower detection limit of several hundred
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parts per million. The residue was washed several addi-
tional times with hot delonized water before it was dried.
While this procedure removed the sodium chloride, it did
not remove all of the sodium alginate. Consequently it
was necessary for the polymer residue to be dissolved in
toluene and filtered to remove any traces of sodium
alginate. The polymer in continuously produced latexes
was recovered by coagulation of the latex with sodium
chioride. To remove the impurities with reasonable time
expended it was necessary to wash the residue with acetone
until a pure product was recovered. This step is certainly
undesirable since the lower molecular weight fractions of
polymer would also be removed. One sample was purified

with methanol in order to determine if error introduced
__________ 1e could be tolerated. The methanol
purification required many washings of the polymer and
lasted 5-6 hours. Comparison of the results from the
methanol purification and the acetone purification showed
that the effect of acetone washing of polymer had neg-
1igibie effect on the viscosity average molecular weight.
Prior to polymerization, the styrene was distilied
by vacuum distillation at approximately 75 °C and 690 mm
Hg vacuum with a reflex ratio estimated to be about 2/1.

It was stored in a refrigerator until it was used or for

60 days at which time it was redistilled.
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The water used was delonized tap water which was

passed through a Barnstead water purification cartridge

to remove organic impurities.

Table 2 shows the source and purity of the chemicals

used in the experimental investigation.

Table 2. Source and purity of reagents used in the ex-
perimental investigation

Chemical Source Grade
Potassium Matheson, Coleman, Reagent
Persulfate and Beil
Tertiary Butyl Eastman Kodak Practical
Catechol
Sodium Monsanto Technical
Pentachlorophenate
(Santobrite)
Sucrose Baker Reagent
Sodium Lauryl Sargeant Technical
Suifate
Nitrogen Cook Welding Supplies Prepurified
Toluene Baker Reagent
Styrene Cope Plastics Ungraded
Sodium Kelco Ungraded
Alginate

(Kelcosol)
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Latex Fractionation

Two potential methods of latex fractionation were
tested before the fractional creaming technique was de-
veloped. The first technique involved the use of a col-
umn packed with porous glass beads. The beads were 120/200
mesh and had a mean interval pore diameter of 1000 2. The
supplier was Electro-Nucleonics, Inc. A column packed
with these porous glass beads should have been able to
fractionate a latex according to particle size, since the
larger particles would go around the beads while small
particles would enter the pores in the beads. Consequently
larger particles should have a residence time in the col-
umn less than that of smaller latex particles. To test the
column two monodispersed latexes having mean diameters of
appreximotely 1200 R ond 500 & were nroduced nsing ihe
procedure of Williams and Grancio (57). A mixture of the
two was passed through the columnh. Design calculations
for the column showed that a wide separation should occur,
and two well separated latex fractions should emerge from
the column. When the experiment was performed, only one
latex band flowed out of the column. After this experi-
ment was performed several times with the same results, an
India ink tracer was passed through the column. The parti-
cles of carbon black in the ink were small enough to vass

through the pores in the glass beads, so that the retention
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volume for very small particles could be determined ex-
perimentally. However, the retention volume of the ink
was the same as that for the latex and also very close to
a calculated retention volume for large particles. This
suggested that the latex particles had plugged the proes
in the glass beads.

The second attempted method of fractionation was by
a centrifugation technique widely used in biochemical re-
search to separate very similar macromolecules. It was
suggested by Dr. Malcolm Rougvie of the Department of
Biochemistry at Iowa State University. The technique in-
volved centrifuging a mixture of two monodisperse latexes
in a cell with an imposed density gradient. The function

of the density gradient was to provide stability under

fuging medium. The density gradient was produced by plac-
ing in the cell a sucrose solution whose concentration de-
creased linearly from the top to the bottom of the cell.
After a density gradient was placed in the centrifuging
cell, a layer of a latex mixture, similar to that used in
the experiments with the packed column, was gently placed
on top of it, and the cell was centrifuged at 15,000 RPM.
After the centrifuging was completed, the cell was removed
and examined. Samples were taken from several different

positions in the cell and analyzed using the analytical
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ultracentrifuge. This procedure was performed for a series
of experiments in which sample sizes, density gradients,
and centrifuging times were varied, but no separation was
achieved.

The third method investigated for fractionation of a
latex according to particle size is called fractional
creaming. The technique used in this investigation was
similar to that used by Schmidt and Biddison for determin-
ing particle size distributions of latexes (45). The
procedure itself is quite simple. It consists of merely
adding a measured amount of sodium alginate to a latex
sample. Upon setting, the mixture will separate into two
phases. One phase will contain the larger particles, and
the other phase will contain the smaller particles. When
a batch-produced latex was fractionated, the layer con-
taining the large particles was found at the bottom of the
separating vessel. When a continuously-produced latex was
fractionated, the layer containing the large particles was
the top layer. The relative amounts of polymer in each

B T o O T R < TnaA Avmmrraad A -~ ]
phase 1s a functicn of the amount of & scdium a

t
added. Therefore a series of samples can be prepared in
which the amount of alginate is successively increased.

The mean diameter of the particles in each phase will shift
with each additional increment of alginate added. In this

way a series of samples can be obtained in which the weight
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fraction of polymer increases and the mean particle

diameter decreases throughout the series.

While the basic idea is very simple, the actual

procedure used in the experiments is a bit more compli-

cated.

1.

Therefore a detailed description is given below.

To 300-400 gr of latex were added 4.0 gr of
sodium lauryl sulfate. The mixture was diluted
with water to a volume of 1 liter.

To 50 ml of the diluted latex mixture a weighed
sample of sodium alginate solution was added.

The entire mixture was diluted to a total weight
of 200 gr. The sodium alginate solution was ap-
proximately 1.0 percent sodium alginate by weight.
It also contained 0.1 percent sodium pentachloro-
phenate  the purnose of which was to prevent
bacterial growth. The amount of sodium alginate
added to the sample ranged from 30 to 60 grams of
1.0 percent solution. The exact amount was de-
termined by trial and error. When a seriles of
fractionations was desired, the minimum level of
sodium alginate was established for the first
sample and was increased by 3 or 4% grams for each
successive sample.

These solutions were put into separatory vessels

and allowed to set for one to two days to allow
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separation of the phases to take place. The best
separatory vessels were found to be glass tubes
approximately 120 em in length and with an inside
diameter of 1.5 cm. These worked well for meas-
uring the volumes of the phases and for allowing
for separation of the two phases.

4. The height of each phase was measured, and the
volume of each was calculated.

5. The twc phases were separated by remcving the top
phase by suction.

6. Samples of both phases were dried to determine
the solids concentration of each.

7. A mass balance was used to determine the total
solids content of both phases and the fraction of
the total solids in each phase. For the purposes
of these calculations, the sodium lauryl sulfate
and the sodium alginate were assumed to be
present in each layer at the same concentration.

After the technique was developed, an experiment was

performed, Lhe purpcse of which was Lo deterumine the el-
fectiveness of the fractionation and to compare the weight
fractions of poiymer calculated from a mass balance with
that obtained by analysis of electron microscope photo-
graphs. A batch latex was fractionated using the procedure

outlined above, and electron microscope photographs were
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taken of the latex in the top and bottom phases. From
these photographs the welght average diameters of the top
and bottom phases were determined to be 750 % and 920 R
respectively. The difference between these values indi-
cates that fractionation did indeed occur. However, the
separation was not perfect. When the particle size dis-
tributions for the two phases were compared, a cut off
diameter of approximately 800 @ was obtained. This value
represents an overlap of the two distributions of 20-2%
percent. That is 20-25 percent of the material in the top
phase that would be in the bottom phase in an ideal sep-
aration and vice versa. This was also found to be typical
of the quality of separation of a continuously-produced
latex.

A mass balance was applied to the experimental data
for the batch separation and the weight fraction of polymer
in the bottom phase was calculated to be 20.1 percent.

The weight fraction of polymer in the bottom phase was

calculated by analysis of the electron microscope photo-

Description of an Experiment

The idea behind the experiments is very simple--to
fractionate a latex according to particle size and measure

the molecular weight of each fraction so that molecular
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weight could be determined as a function of particle size.

However the experimental procedure involved a number of

operations and was somewhat more complex than a brief

description of the experiment would indicate. Therefore

a detailed description of an experiment wlll be given

below.

1.

T~

A latex was produced by either a batch or a con-
tinuous process.

The particle size distribution of this latex was
obtained by use of an analytical ultracentrifuge

or an electron microscope for batch-produced and
continuously-produced latexes respectively.

The technique of fractional creaming was used to
fractionate 5 to 10 samples of the latex. Each
sample contained a larger amount of sodium alginate
than the previous, so that a series of fractionated
latexes was obtained, each containing successively
more polymer and having a smaller mean particle
diameter.

For each sample the two phases were separated, and
the polymer was recovered from the phase contain-
ing the largest particles.

The viscosity average molecular weight of each of

these samples and of the entire latex was de-

Lermined.
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RESULTS

Batech Emulsion Polymerization

Two batch experiments were performed as described in
the previous section. The recipes for the polymerizations

are given below for the two experiments.

Exp 21 Exp 23
Water 180 180
Styrene 100 100
Potassium persulfate 0.15 1.0
Sodium lauryl sulfate 5.0 5.0

Both polymerizations were allowed to react to completion.
Viscosity average molecular weights of the polymer produced
in experiments 21 and 23 are 5.70 x 10° and 1.54% x 10°
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ment 23 to reduce the molecular weight of the polymer,
because it was anticipated that at high molecular weights
chain transfer would be a dominan“ factor and would result
in molecular weight being insensitive to particle size.
FPigure 3 shows the molecular weight plotted versus
cumulative weight fraction for experiments 21 and 23. Un-
fortunately the data for experiment 21 is incomplete, but
nevertheless these data for the two experiments appear to
show the same trend. The highest molecular weight is found

at the lowest cumulative weight fractions indicating that



Figure 3. Viscosity average molecular weight as a func-
tion of cumulative weight fraction of polymer
for batch emulsion polymerization
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the highest molecular weight polymer is in the largest
particles. A detailed analysis of this data was performed
to infer the molecular welght as a function of particle
size, but it was found that the results were extremely
dependent on the shape of the curve drawn through the
molecular-weight fraction data. Consequently this type of
analysis 1s not reliable. However it can be concluded
from the data that molecular weight is not a strong func-

tion of particle size and that the

is found in the largest particles.
Based on considerations of the process of radical
capture alone, one would expect molecular weight to be a
decreasing function of particle size for both the diffusion
and the collision mechanisms of radical capture. The fact
that such a direct contrast exists between experimental
data and theoretical expectations implies that some other
phenomenon is responsible. Perhaps the explanation lies

partially with the cause of particle size polydispersity

in a batch reactor. Particles are larger than average

N AR Vrass ¥

they contained multiple free radicals causing them to grow
Faster. Either of these situations would cause a higher
than average molecular weight polymer to be associated
with particles that are larger than average. It would be

surprising however, if this alone could explain the trend
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of the data in these experiments.

Even if this data could be analyzed with more cer-
tainty, the meaning would probably be clouded since 30-50
percent of the polymerization occurs after the free
monomer in the latex disappears. Polymerization is not
well understood under these conditions, but it is thought
to be substantially different than in monomer-rich

particles.

Continuous Emulsion Polymerization

Four experiments were conducted using the continuous
stirred tank reactor and associated apparatus described

previously. The recipe used in these runs is given below.

water 180 parts by weight

e . -i A~

Styrene 00
potassium persulfate 1.0
sodium lauryl sulfate 5.0

0 . . L.
The four runs were at 60°C and with residence times as

shown.
Experiment Residence Time (min)
ok 32.9
25 634
26 47,2

27 47,2
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After the latexes were produced, they were fractionated
using the process of fractional creamingj; the polymer was
recovered from the latex fractions; and the viscosity aver-
age molecular welghts were measured. In all experiments the
reaction was carried out for at least nine residence times
before a sample was taken for analysis. Electron micro-
scope photographs were taken of the latex samples, and
particle size distributions were obtained.

A tabular summary of particle size data, overall
molecular weights, conversions and numbers of particles
is given in Table 3 for the four continuous experiments.

The number, area and volume average diameters were cal-

culated from the following equations.

zn.D.
D = = (48)
n Lills
L
_ n.D
D = L 2 (LQ)
a ZniDi
_ anD%
Dy =—% : (50
LniDi

The values shown in Table 3 have been corrected to reflect
the fact that latex samples are dried before they can bhe

viewed with an electron microscope, and, as a result,



Table 3. Summary of experimental data for continuous emulsion polymerization

Number of

Experiment ?ggid?ggi) 5n(3) 5a(ﬁ) ﬁv(ﬁ) MQ(E%%E) Conversion pgitgglistgir
ol 32.9 1470 1550 1680 1.17 x 10°  16.5% 8.56 x 10%3
o5 63.1 1950 2150 2310 1.01 x 10°  40.2% 7.92 x 1013
26 h7.2 1710 1860 2050 0.92 x 106 25.0% 7.4% x 1043

07 47,0 1650 1800 1920 1.12 x 10°  28.44 9.52 x 10%3

65
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particles that are observed do not contain any monomer.

In making these corrections a value of the volume fraction
monomer, 4 = 0.65, was used, and monomer and polymer volumes
were considered additive.

Figure 4 shows the molecular weight of the fractionated
latex samples plotted versus the weight fraction of total
polymer. The detailed shape of the curve drawn through the
data points is uncertain due to the scatter, but the in-
creasing trend is evident. The trend indicates that the
lowest molecular weight is found in the largest particles,
and as the mean particle size in the sample decreases, the
molecular weight increases. Looking at Equations 42 and
43, the approximate analytic expressions for molecular

weight as a function of particle size, we see that a de-

Before the Monte Carlo simulation could be used,
estimates of the following parameters were required.
1. Volume fraction of monomer in a particle, @.
2. Surface area per soap molecule, ag.
+ Decompositlon rate constant for Initiator, kj.
. Polymerization rate constant, kp,

3
L
5. Termination rate constant; k.
6

- Chain transfer rate constant, ki ..

o

Of these parameters, a_, kg, and K., have been reported by



Figure 4. Experimental viscosity average molecular
weights as a function of cumulative weight

fraction for continuous emulsion polymeri-
zation
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numerous investigators whose results are in general, 1f
not excellent, agreement. The other parameters have also
been widely investigated, but published results have been
very divergent. As a consequence it became necessary in
this investigation to determine which of the literature
values could best be used to describe the experimental
data. In some cases it was necessary to adjust the liter-
ature values slightly to obtain a good fit with experimental
results. These adjustments were of the order ¢f 10 percent
or less. Table 4 summarizes the values of the parameters
used in this investigation.

FEarly in this investigation, the volume fraction of
monomer was considered to be a function of particle size,
as calculated by Morton et al. (31). Their theoretical
predications for a latex particle are based on an equilib-
rium balance between the interfacial surface tension and
the swelling force. Their equation contains two parameters,
the interfacial surface tension and a polymer-solvent in-
teraction parameter, both of which are difficult to estimate
accurately. The surlace Lemsion is particularly difficult,
since it can be a function of not only surfactant concen-
tration, but also the temperature, the concentration of
salts in the latex, and even the conditions of synthesis
(14%). Using the values for the two parameters given by

Gardon (14); the equation of Morton et al. (31) predicts @

~
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Table 4. Summary of the parameters used in this investi-
gation T = 60 OC
Parameter Values Source
ag 61 ﬁz/molecule Brodmyan and Brown (2)
ky 4.99 x 1070 sec” Kolthoff and Miller (25)
i 756" Smith (47)
k, kt/kg = 861 Tobolsky and Offenbach (51)
ko 6.0 x lO'sk Johnson and Tobolsky (21)
= P Mayo et al. (28)
Szha et 21. (k1)
Tobolsky and Offenbach (51)
7] 0.65'b Gardon (10)
Pp 1.056 Matheson et al. (27)
Po 0.869 Patnode and Scheiber (37)

20btained by interpolation of author's data.

bAdjusted slightly to provide a better fit to our

experiment

al data.

to be a monotonically increasing function of particle size

with a value greater than 0.8 for particles with diameter

of 2000 .

If this is taken to be the mean value for all

particles in the reactor, it is evident that a maximum con-

version of approximately 20 percent can be reached before

free monomer disappears.

sions of a

Dproxim

Experimentally, however, conver-

ately 40 percent were obtained in this
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investigation before the free monomer vanished. This cor-
responds toc an approximate value of § = 0.60. The dis-
crepancy may be explained by use of incorrect values for
the parameters used in the theoretical equation or by the
monomer content of particles being rate controlled rather
than equilibrium controlled. Because of these un-
certainties, a constant value of @ = 0.065 was used for all
calculations in this investigation.

The vaiue of the polymerization rate counstant, kp,
given in the literature is strongly dependent on the type
of polymerization used in obtaining the data. Typical of
most solution and bulk polymerization investigations,
Matheson et al. calculated kp = 176 1/mole sec at 60 °C
(27). The value of the polymerization rate constant cal-
data is nsually higher
than that calculated from bulk or solution polymerization.
For instance extrapolation of the values of kn given by

Smith (47) to 60 °C yield k. = 737 1/mole secy the value

p
obtained by Paoletti and Billmeyer is kp = 300 1/mole sec
at 60 °C (35). With such widely differing values of kp
published in the literature, it was decided that initial
Monte Carlo runs should be made for the two extreme values.
Termination rate constants for polystyrene emulsion

polymerization have nct been the subject of much study,

since termination has often been considered to bhe
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instantaneous. This is equivalent mathematically to as-
suming that kt is infinite. Gardon was the only investl-
gator found to report k, for emulsion polymerization (12).
He determined the ratio kt/kp = 141. Comparable values of
this ratio determined from bulk polymerization experimenta-~
tion of Tobolsky and Offenbach are 3-4 orders of magnitude
larger (51). The values determined from bulk and solution
polymerization are so large that the Monte Carlo simulation
results were the same as obtained using an infinite value
of k.. Therefore, for initial computer runs values of kg
based on Gardon's (12) value of kt/kp and on Tobolsky and
Offenbach's (51) value of kt/kg were used.

The following table summarizes the rate constants used
in the initial Monte Carlo simulations (Table 5).

Initial Monte Carlo runs made with a simplified model
which did not include chain transfer yielded average molecu-
lar weights of L4-6 million, with individual chains having
molecular weights as high as 40 million. Since no evidence

of this extreme behavior was found in the literature or

alerted to the possibility of an omission in our model.
When chain transfer was added, more reasonable molecular
weight behavior was predicted.

The computer runs based on Gardon's (12) value of

kt/kB showed strong disagreement with experimental data
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Table 5. Summary of rate constants used for initial Monte
Carlo simulations

ktf = 6.0 x 10~ kp

kp (1/mole sec) ky (1/mole sec)
1762 2,67 x 107
1762 2.48 x 10%
7379 467 x 1087
737% 1.04 x 107

3Matheson et al. (27).

Pgased on kt/k% = 861, given by Tobolsky and Offen-
bach (51).

®Based on kt/kp = 141, given by Gardon (12).
Asmith (47).

for both molecular weight and particle size. For the run

using k_ = 756 1/mole sec, computer output indicated that

p
a particle 2000 ? in diameter would contain 15-20 free
radicals. The multiple free radicals were the cause of

the disagreement with the cxperimental data. Figure 5 shows
the viscosity average molecular weight plotted versus cuu~
ulative weight fraction. The strong disagreement with the
experimental data shown in Figure 4 is obvious, both in the

magnitudes of predicted molecular weights and in the shape

of the curve. The predicted and experimental particle size



Figure 9.

Predicted molecular weight as a function
of weight fraction based on Gardon's (12)
value of kﬁ/kp

kp 176 1/mole sec

ky 2.48 x lOLF 1/mole sec

Ky o= 0.01056 1/mole sec

T = 32.9 min

I
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data are shown below for comparison.

Dn Da DV Dv/Dn

experimental 1410 & 1550 1680 1.192
predicted 1078 } 1434 1847 1.715

Again the strong disagreement is obvious.

The numerical data obtained using very large values of
kt showed much better agreement with the trend of the ex-
perimental molecular weight data for both kp = 176 and
kp = 737 1/mole sec. Of the two values of kp, predicted
particle size data using Smith's (47) value showed the
best agreement with experimental particle size data, but
mild disagreement did exist. By using kp = 796 1/mole sec

the predicted mean particle sizes showed good agreement
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minutes, but at larger residence times predicted mean
particle sizes were smaller than the experimental values.
Since multiple radicals in particles would be more likely
for small values of k., this discrepancy could be caused
by use of a value of kJG which was too large. It was an-
ticipated that multiple radicals would have the most sig-
nificant effect in the experimental data at the largest
residence time. Therefore a reasonable aoproach for de-

ciding on a value of k, would be to use k = 756 1/mole sec

ke

and adjust kt so that the experimental and predlcted particle
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size data agreed for residence times of 47.2 and 63.% min.
More emphasis would be placed on the data for the largest
residence time, since in this experiment muitiple radical

effects would be most pronounced.
6

Computer runs were made for kt =7.9 % 106, 5.0 x 10°,

6 8 for

and 2.5 x 10° in addition to the run at k = 4.92 x 10
the residence time of 63.4 min. For residence times of
32.4 and 47.2 minutes, computer runs were made with ky =
5.0 x 10° and 4.92 x 10°. The effects of k, on the molecu-
lar weight as a function of particle size and on the particle
size distribution can be seen in Figures 6 and 7. In Fig-
ure 6 the results of the analytic expression based on the
assumption of instantaneous termination is also shown.

Looking at the general shape of the curves, molecular
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D
n

iz

D
1~y

C or emalil
particles7 but a maximum is reached followed by a decrease
in molecular weight as particle size increases further.

The Monte Carlo model shows that very small latex
particles contain polymer of low molecular weight. These
particles are so small that even if there is only one
polymer chain in the particle, the molecular weight of that
chain is relatively low. The shape of the curve is very
similar for small particles for all values of kt used in

these calculations. However, for large particies the shapes

of the curves are very noticeably different duec to the



Figure 6.

Monte Carlo simulation predictions of
molecular weight as a function of particle
size

T = 63.4 min

kp = 756 1/mole sec

kip = 0.0454% 1/mole sec

a) ki = 4,92 x 108 1/mole sec
) k= 7.5 x 10° 1/mole sec
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Figure 7. Monte Carlc predictions of particle size

distributicn
kp = 756
ktf: 0.0454

T = 63.4
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presence of multiple radicals in large particles. Mul-
tiple radicals cause the molecular weight of the polymer
to increase very rapidly with particle size. This is in
line with the predictions of Stockmayer (49), 0'Toole (34),
and Gardon (11) who showed that in the particle size range
in which the average number of free radicals is signifi-
cantly greater than one-half, the multiple radical effect
is a very strong function of particle size.

The effect of multiple radicals on the particle size
distribution is much less noticeable than on molecular
weight. Figure 7 shows the predicted particle size dis-
tributions for the various values of kt' Experimentally
the curves would probably not be distinguishable, since
the differences among them are small and are only observed
in the toilo ¢f the distriboftions.

The most dramatic effect of the value of kt is seen
in the pnredicted relationship between molecular weight and
cumulative weight fraction as shown in Figure 8 along with
the corresponding experimental data. Our Monte Carlo sim-
ulation shows that the shape of the predicted curve is very
sensitive to values of kt. Consequently it is expected
that the shape of the experimental curve would be very
sensitive to the presence of multiple free radicals in the
latex particles. Clearly the experimental data more nearly

matches the predicted data for large values of k., but it is



Figure 8. Experimental and predicted values of viscosity

average molecular welght versus weight frac-
tion of polymer

k. = 756 1/mole sec

ktf: 0.045% 1/mole sec

a) T = 63.4
b) T =47.2
e) T = 32.9
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not obvious which of the predicted curves is most similar

to the experimental data. 1In all cases the predicted values
of molecular weight are higher than the experimental values.
Such disagreement between experimental and calculated values
of molecular weight is common for a priori predictions.
Therefore in trying to match the experimental curves and
predicted data, more emphasis was placed on matching the
shape of the predicted curve to the form of the experi-
mental data rather than in minimizing the absclute dif-
ferences between the predicted and observed values.

The method used to compare the trends of the experi-
mental and predicted data was based on an analysis of the
differences between the experimental and predicted molec-
ular weights. Let di represent the difference between the
; th experimental molecular weight and the corresponding
predicted molecular weight. If the experimental data
showed no scatter, a computer predicted curve would exist
for which all di would be equal assuming the model was
correct. If the predicted curve did not fit the data, the
values of d;'s would not be the same. This suggests that
the variance or standard deviation of the di?s would be
useful for determining which value of kt will produce a
curve most similar in shape to a curve drawn through the

experimental data. The variance of d is
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5(d. -3.)°
2 (5

where n is the number of experimental data pcints. The
standard deviation, sy, is the square root of the variance.
The computer curve for which the standard deviation of d

is minimum should be the best fit to the experimental data.
Table 6 gives a summary of these calculations. Looking
first at the calculations for the residence time of 63.4
min, we can see that the standard deviation of d; decreases
as kt increases with the minimum corresponding to kt =

8

4,92 x 10° 1/mole sec. This suggests that the data for

this experiment is best described when termination is

Table 6. Standard deviation of d
kp = 756 1/mole sec

ky
exp ot %.92x10° 7.5x10° 5.0x10° 2.5x10
2l 32.9 0.0899 0.0899
25 634 0,103k 0.108% 0.1189 0.2462
26 47,2 0.0678 0.0509

27 47.2 0.1032 0.1299
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taken to be instantaneous. Similar analysis of the data
of the other experiments is less conclusive, but in none
of the experiments is there an indication of strong de-
viations from results predicted under conditions of in-
stantaneous termination.

Table 7 shows the predicted and experimental number,
area and volume average particle diameters. The ratio of
volume to number average diameters is also given. This

ratio may be the most lmportant indication

l\_h

of nonideal
behavior. For the largest value of kt this ratio is con-
stant, independent of residence time. For k, = 5.0 x 10°
the ratio shows a steady increase as residence time is
increased indicating the presence of proportionally more
large particles. The experimental data for the four ex-
periment.s show a constant wvalue for the volume average to
number average diameters. It is also interesting to note
that the experimental ratios of volume to number average
diameters are less than those obtained from the computer
simulation, indicating that a narrower size distribution
is optained experimentally than i1s predicted. The experi-
mental values are closest to agreement for theoretical
predicts where kt = 4,92 x 108 is used. These observations

suggest that termination in the particles is instantaneous.
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Table 7. Monte Carlo particle size data

k. = 756
Y 0045k
ko = 0.045
ky T =32.9 T =47,2 T =63.k4
Dna =1357 1539 1702
4.92;<1o8 Dab =1525 R®= 1,225 1733 R=1.228 1915 R =1.226
Dvd =1663 1889 2085
6 1756
7.5 x10 2011 R =1.273
2230
6 1368 1560 1774
5.0 x10 1556 R = 1.253 1795 R=1.282 2062 R =1.311
1715 2001 232l
¢ 1871
2.5x10 2207 R =1.361
25k
1410 1710 1950
gxg'l 1550 R =1.192 1860 R =1.199 2140 R =1.184%
ata 1480 2050
1650
1800 R =1,163
1920
a
D = ZniDl
n rn *
b 2
b - >n; Dy
a ZniDi
C
'
Da
d 5.3
b - 2niDi
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Molecular Weight Predictions

0f general interest is the success of a model in the
prediction of latex molecular weight as a function of the
reaction variables. Figure 9 shows the number and weight
average molecular weights of the latex as a function of
residence time, as obtained by use of the Monte Carlo
simulation. These curves were obtained using kt = 4,92 x
108 1/mole sec and correspond to conditions of instantaneous
termination. The analytic expressions for molecular weight
give nearly identical results. For comparison the cor-
responding experimental data are also shown. For very
small residence times chain transfer is controlling, and
the curves are nearly horizontal, but as the residence time
gets large, chain transfer decreases in importance and the
clone of the molecuiar weighl curve aporoaches -2/3 as pre-
dicted by Equation 46. The experimental data of this in-
vestigation is also shown on the graph and does not appear
to be inconsistent with the trends of the predicted curves.
However predicted values of molecular weight are somewhat
higher than the experimental values. This discrepancy is
typical of molecular weight calculations in emulsion
polymerization. It is commonly attributed to decreased
free radical efficiency.

The experimental data of DeGraff (4) can be quali-

tatively compared with the results calculaied bv our model.
v 7



Figure 9. Molecular weight as a function of residence
time as predicted by the Monte Carlo simu-
lation under conditions of instantaneous
termination

k. = 756 4/mole sec

p 8

ky = 4,92 x 10~ 1/mole sec
k =0.0@54
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but DeGraff's data was collected under different experi-
mental conditions and cannot be compared quantitatively.
DeGraff concluded from his experimental data that molecu-
lar weight of the latex 1s independent of particle size.
However his data show considerable scatter and are not
inconsistent with our predictions.

The relationship between number average molecular
weight and the initiator to surfactant ratio is shown in
Figure 10 for several residence times. These curves were
generated using the analytic expression for number average
molecular weight given in Equation 46. For very small initiator
concentrations, chain transfer is the dominant factor in
determining molecular weight, but as the initiator level is
increased, the process of radical capture becomes more im-
poritant and 1s tlie couLrulliiyg facior fur large 1nitlaior
concentrations. As before the data of DeGraff (4) can be

qualitatively compared te

O

ur predicted results
found that molecular welght varies linearly with both sur-
factant concentration and initiator concentration when
plotted on logarithmic coordinates. However, when his
molecular weight data 1s expressed in terms of the initiator
to surfactant ratio, the trend of his data is consistent

with our predictions.



Figure 10.

Number average molecular weight as a func-
tion of the initiator-surfactant ratio as
predicted by the analytic molecular weight
model

kp = 756 l/molg sec
k, = 4,92 x 10” 1/mole sec
K.~ = 0.0454 1/mole sec
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DISCUSSION

Consideration of all the data presented in the pre-
vious section leads on to the conclusion that noninstan-
taneous termination has had minimal, if any, effect on the
product produced in this investigation. Experimental
molecular weight data from this investigation is not in-
consistent with predictions based on instantaneous termi-
nation. Analysis of the particle size data provides ad-
ditional evidence that termination is instantaneous. If
all experimental evidence is considered, it can be con-
cluded that termination in the particles is extremely rapid
under conditions of this investigation and that for cal-
culational purposes termination can be considered to be
instantaneous without introduction of noticeable error.

A comparison of the batch and contlnuous experimenial
results shows that the molecular weight-particle size re-
lationship is different for the two cases. In the batch
experiments large particles were found to have the highest
molecular weight while in the continuous experiments large
particles had the lowest molecular weight. A reason hy-
pothesized for partial explanation of the batch results

was that the stochastic variation responsible for producing

Fa
4

(o)

larger than average particles also i1s responsible for pro-

ducing larger than average molecular weights. 1In a
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continuous system, however, dependency of the rates of radi-

cal capture and chain termination on particle size is the -

cause of molecular weight being a function of particle size.

Use of the Monte Carlo simulation has shown that the
assumption that a particle grows one-half of the time can-
not be validly used for very small particles. With our
model the average particle was observed to grow from 50 1
to approximately 500 2 before the second free radical was
captured. Obviously the free radical population of parti-
cles in this range is much closer to one than to one-half.

Despite the apparent success of the Monte Carlo simu-
lation for describing the growth of an individual polymer
particle, predictions of conversion are grossly in error.
Two possible sources of the error are use of an incorrect

cluc cf ¢ ond use of £ To rerregent The ToTal suriace area

of the latex. Table 8 summarizes the experimentally cal-
culated values for @ and the total surface area of the
particles. Both appear to vary with residence time. The
volume fraction of monomer is largest for small residence
times, a result contrary to the predictions of Morton et
al. (31). For all experiments the total surface area of
the particles is lower than the surface area based on sur-
factant concentration; S, but the experimentally determined
value of particle surface increased with residence time.

The observed changes of experimental particle surface area
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Table 8. Experimentally determined values of volume frac-
tion of monomer and particle surface area

exp P 25 26 27

T 32.9 63.k4 k7.2 47.2
conv 16.5% 40.2% 25.0% 28.4%
g 0.79 0.60 0.73 0.72

Total surface
area of 5 5 5 5'
particles 0.59 x 107 1.03 x 107 0.7% x 107 0.89 x 10

S =a_ N,[8] = 2.27 x 107 em®/ml latex

may explain the change of @ with residence time. The in-
creased particle areas at larger residence times should
Tesult in lower interfacial surtactant concentration. Inis
lower surfactant concentration, according to Mortonfs (30)
Cheory, will in turn establish a lower egquilibrium volume
fraction of monomer in a latex particle. This is consistent
with the otserved experimental change of @ with residence
time. It should be noted at this time that S is alsc used
in the calculation of molecular weight the results of which

have been found in this investigation and in the literature

consistently larger than those observed experimentally.
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CONCLUSIONS

Experimental data from this investigation indicate
that molecular weight is a modest function of particle
size in a polystyrene latex produced in a continuous
stirred tank reactor. The experimental data indicate
that the smallest molecular weight is found in the
largest particles.

Limited experimental data obtained for batch emulsion
polymerization of polystyrene suggest that molecular
weight is a modest function of particle size for a com-
pletely reacted latex. One of two experiments indi-
cates that higher molecular weights are found in the
largest particles, while a second experiment is in-
conclusive.

MhnAn MAant
Lra  Lansda

[al
o,

Corle gimulotion of emuleion polymerization
in a continuous stirred tank reactor is useful for
prediction of the molecular weight and particle size
characteristics of the latex.

Comparison of the experimental data and predictions
of the Monte Carlo simulation show no evidence of the
presence of multiple free radicals in latex particles.
Approximate analytic expressions for number average
and weight average molecular weighlts were derived
based on the assumption of instantanecus Lermination.

~1 a 3 ]
Calculations based on these cxpressicns are nearly
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identical to predictions of the Monte Carlo simula-
tion.

Chain transfer was a significant factor in accurate
predictions of the molecular weight of polystyrene
produced by emulsion polymerization.

The assumption that the total surface area of parti-
cles in a latex as determined by the surfactant con-
centration in a latex was found to be in error in

this investigation.
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RECOMMENDATIONS

A latex fractionation technique should be developed
which would fractionate a latex according tc particle
size in such a way that a series of latex samples
nearly homogeneous in particle diameter is obtained.
The relationship between molecular weight and particle
size should be studied for a monomer other than styrene,
in which the effects of multiple radicals in particles
would be more likely to be found. Methyl methacrylate
and vinyl acetate are possibilities.
The monomer content of particles should be investigated
to determine if
a) monomer content is affected by the amount of sur-
factant present
L) monomer content is a functicn cf particle size
¢) monomer content of particles is an equilibrium
or rate controlled quantity.
The commonly made assumption that the total surface
area of the latex is limited by surfactant concentra-
tion should be examined. This may be combined with a
study of nucleation phenomenon in a continuous stirred
tank reactor operating under transient conditions.

Additicnal kinetic studies a

3

e needed to determine why

the polymerization rate constant determined by emulsion
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polymerization differs so greatly from values of the
same constant determined for bulk or solution polymer-
ization. Kinetic studies of particle growth in batch
monodisperse latexes may be useful.

A batch latex produced with excess of free monomer
should be separated into fractions according to
particle size. Comparison of the results of such an
experiment with the batch results obtained in this

investigation may yield information about polymeriza-

tion in monomer starved purticles.
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APPENDIX

Computer program for Monte Carlo simulat;on of

emulsion polymerization of styrene in

a continuous stirred tank reactor
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MCNTE CARLO SIMULAY ION GF SMULSION POLYMERIZATION IN A
CONTINUIDLE STIRRED TANK REACTOR

DEF INIVICN OF TERMS

AS = ARSA ASSOCIATED WwIVH ONE MOLECULE OF SURFACTANT . CM%x%2 PER MOLECULE
AVGN = AVOGADRO 'S NUMBETF

C(J) = NILCCULAR WEIGHT 0OF THE J TH GROWING PGOLYMER CHAIN

CHA ING = GROWTH OF A POLYMER CHAINs CRAMS PER MOLE

cl = CCNCENTRAT {ON OF TNITTATORs GRAMS PER 109 GRAMS OF WATER

CIM = CONMCENTRATION OF INITIATOR, MOLES PER LITER

CONV = PERCEMT COMNVERS UON

CS = IJCNCENTRATION OF SURFACTANT, GRAMS PER 100 GRAMS OF WATER

CSM = CCMCENTRATIOMN OF SURFACTANT, MOLES PER LITER

CTl = NMCLECULAR WEIGHT U T+E FIRST CHAIN SELECTED FOR TERMINATION
CT2 = MOLECULAR WEIGHT (i THE SECOND CHAIN SELECTED FOR TERMINATICON
UMWY = CUMULAT IVE WEIGHT FRACT ION

D{INT) = NMEAN DIAMETEFR §#OR A DIAMETER INTERVAL

CAVG = AVERAGz CYAMETER (¢ ANGSTROMS

CEAR = NUMBER AVERAGE PIMITICLE CIAMETER

CZ2BAR = AVERAGE PARTICLE DIAMETER SQUARED

C3BAR = AVERAGE PARTICLI DIAMETEZER CUBED

DEL = CIAMETER INCREMEN™ IN A SEARCH ROUTINE
OENM = DENSITY OF MONOMER, GRAMS PER ML

DENP = DENSITY CF POLYMER,GRAMS PER ML

DIA = PARTICLE DIAMETER: ANGSTROMS

DLIMIT = CIAMETER AT wWhHIZH THE GROWTH DF A PARTICLE IS NO LONGER FOLLORWED
DNE#W = PARTICLE DIAMETEf WHEN THE NEXT EVENT OCCURS, ANGSTROMS

STIME = AMOUNT OF TIME UNTIL NEXT EVENT, SEC

DTIMELI = TIME A PARTICLE *SPENDS" IN A CIAMETER INTERVAL

1 = NUMBER CF EVENTS

80T
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INT = INVERVAL NUMBER
IEND = CIAMETER INTERVAL WHICH A PARTICLE WILI. BE IN AT THE END OF THE

EVENT
IX = STARTING NUMBER FOF GENERATING A RANDOM NUMBER
KKK = PARTICLE COUNT INCEX
MN = NUMBER AVERAGE MW OF THE LATEX
MV = VISCOSITY AVERAGE Mw OF THE L ATEX
MW = @EIGHT AVERAGE Mw OF THE LATEX
MNINTCINT) = NUMBER AVEFRAGE MW FOR A DIAMETER INTERVAL
MVINT{INT) = VISCCSITY AYERAGE MW FOR A DIAMETER INTERV AL
MNINT(INT) = WEIGHT AVERAGE Mw FOR A DIAMETER INTERVAL
N = NUMEER OF GROWING PUILYMER CHAINS IN THE PARTICLE
NCHAIN = NUMBER OF TERMINATED POLYMER CHAINS
PARTN = MNUMBER OF PARTICI_ES PER GRAM OF LATEX
PH = =ALOG(HYDROGEN ION CONCENTRATION)
PHI = VOLUME FRACTION OF MONOMER IN A PARTICLE

PLVINT = FRACTICN OF PAKTICLES LEAVING THE VESSEL BETWEEN TIMEI AND
(TIMET -+ DTIME I)
FCLY = IRATE GF POLYMER IZATION 1IN THE REACTORs GRAMS PER MIN

RATEC = RATE OF RADICAL <TAPTURE, EVENTS PER SEC

RATET = RATE OF TERMINATION. EVENTS PER SEC

RATETF = RATE OF CHAIN TRANSFER, EVENTS PER SEC

RKP = RATE CONSTANT FOR POLYMERIZATIONLLITERS PER MOLE PER SEC

RKT = FATE CONSTANT FOR TERMINATION, LITERS PER MJOLE PER SEC

RKTF = RATE CONSTANT FDix CHAIN TRANSFER TO MONOMERs LITERS PER MQOLE PER SEC
TIMEI = AGE OF A PARTICILE WHEN IT IS IN A DIAMETER INTERVAL

TEMFP = TEMPERATURESDEG TENTIGRADE

RN = RANCCM NUMEER

RR = RATEZ OF RALCICAL CENERATIONs, RACICALS PER SEC PER LITER OF WATER
SUMMI(INT) = SUM OF Mw “0OR A DIAMETER INTERVAL

SUM OF Mw*%2 FOR A DIAMETER INTERVAL

SUMNMV(INTD SUM OF Mukx]l,62 FOR A ODIAMETER INTERVAL

SUMFRE (INT) = SUM 0OF THE PRUBABILITIES ASSOCIATED WITH AN INTERVAL
SUMCHN(INT) = NUMBER CF CHAINS RKRECORDED IN AM INTERVAL

0

SUMM2 ( INT)

SUMD = SUMMATION CVER ALL INTERVALS OF D{INT)®SUMPRB(INT)
SUMCZ = SUMMATION OVER ALL INTERVALS OF SUMPRBUINT)I*D(INT) *%2

NEXT

60T
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SUMDZE = SUMMATICN OVER ALL INTERVALS OF SUMPRBU{OINT) *D{INT) *%3

SUML = SUM OF SUMMLI (INT) OVER ALL INTERVALS
SUM2 = SUM CF SUMMZ2 (INT ) OVER ALL INTERVALS
SLMVY = SuM CF SUMMVIINT) OGVER ALL INTERVALS

SUMC = SUM OF SUMCHN(INT!: OVER ALL INTERVALS

TAU = RESIDENCE TIME», MIN

TFINAL = FINAL AGE DF TrE PARTICLE

TWT = SUN OF THE MW OF (#LL TERMINATED CHAINS

TuTV = SUM LCF Mwkilo€2 FLR ALL TERMINATED POLYMER CHAINS
TAT2 = SUM OF Mwx%2 FOR ALL TERMINATED POLYMER CHAINS
V = REACTOR VOLUME ML

WTC = MOLECULAR WEIGHT CF THE TERMINATED CHAIN

THE FCLLOWING STATEMENTS CGENERATE A RANDOM NUMBER:
IX=IX*%6E5E52 G
IF{(IXolLTeO)IX=IK+21474832647+1
RN=IX#0¢4656¢€1 3E=9

T+1S FROCRAM REQUIRPES THE FOLLOW ING DATA INPUTZ

CARD 1
IXs I1C FORMAT

CARD 2

lo TAU. Ei130€& FAORMAT
2e CTSs E1Es6 FORMAT
38 Cly 186G FORMAT
CARD 3

le RKPyw E15¢€ FORMAT
2e RKT1 E150€ FORMAT
Ze RKTFs E1%e6 FORMAT

IX MAY BE& ANY 0ODD INTERGER FROM 1 7O 10 DIGITS IN LENGTHe IT IS RECOMMENDED
THAT THE LAST VALUE OF IX GENERATED BY THIS PROGRAM BE USED FOR THE
INITIAL VALUE IN THE NEXT RUN OF THIS PROGRAM,

0TT
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i92

o RN
oD W

100
193

DI MENSTION SUMML(S50) «sSUMME (50 ) s SUMMV (50 ),SUMPRBI(E0)
DIMENSION SUMCHN({S50) sCUMVWT(S0),D(50),2(40)
REAL MNINT (50) vMVINT(50)s MWINT (S0
RZTAL MN MV MW

PH=365

AVGN=69 02TE23

DENP=1,0€63

DEAN=0+86¢S

PHI=0o0€E

AS=6100E-16

V=23900C

KKK=0

READ(5,17C )IX

READ(S551) RKPIRKT«RKTF

READ(S+1 +END=105ITAU,CSyC I TEMP
FORMAT(4E] Se 6)

FORMAT(I10)

FCEMAT(I1)
WRITE(ESs 223 TAULCS«CI s TEMF
VRITE(6+24 } RKFy RKTy RKTF
WRITE(E26)IX
FORMAT(%1% ,4E1 56,6

FORMAT(® 1 4,4E14426)

FORPMAT{® *,113}

D3 100 1I=1,350

SUMPRB(II) =00

SUMML({II)=0e0

SUMM2 (11)=0sC

SUMMV{II)=0,0

SUMCHN{ITI)=0C

CONTINCE

TEMP=TEMP+ 27 3¢ 3

CSV=CS/280 838

CIM=CL/276 033

TTT
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C

10

=l

6

FKO=Z4oCEREEL16%X%E XP(=23250000/16 986/ TEMP ) +20 281 E13XkEXP(—2600N0 eC/ 1585
1/TEME)/1000%% PH

RR =24 O:kRKDH*C I M*AVGN

S= AVGNXCSHN %A S

REK=35 OkRKFP®DENM/ 40/ 3201416 /AVGN/DENPXPHI/Z (1o0-PHI)*10GNe 0
AL PHA=RR*40%301416/S/40CE16

BETA=RKT¥3 0 /AVGN/4s0/ 261416%8,0E24%1000e0
ETA=RKTFXDENM*x100Ge /10401 4*%xPHI
Cl1=3s0*%ALFPHA/ScQ/RK/Be OEZ &

C2=36¢ C*BETA/RK/8sLE24

C3=ETA/RK/ 8Bs OE 24

C4=RKFkDENMXPHI*X1000 0

CS5=44 0%3e1 81 S DENPXAVGN/Z0 N/8eCE24%(160—-PHI)

CE=RK*¥8¢ 0% 24

WRITE(6,103)C1 sC24C3+C4,0H,C6

VRITE(S+s103)ALPHABETA ETA

FCRMAT(5E1 456)

VIRITE(ES106) RRsS«RKD:RKiRKPsRKT RKTF sCS 4sCITAU
FORMAT(//t* RR = 41406 /9 & =9,E1456//7' RKD =*',E1406/' RK =%,
1148/ RKP =0 3E1406/" RKT =% 3E14e5/"' RKTF =°,El14e58//

20 CS ='94,E18,6/7° CI =8, E1Le6/% TAU =",E14e6//)

TAL=TAUXABSL o0

TEF INAL=TAU%X50

THE FCOLLOWING TWO STATEMENTS ARE ORPTIONAL

2

2C1

WRITE(£,102)
FORMAT(/ /T8, "EVENT cT1 7, 'DTIME"sT32,*TIME' sT42+'DIAMETER? , TE2,

1 RADICALSY ,T72 »° My}

DLIMIT=500Cs 0

IF (KKiKe CE« 27 ) GO 7O 5C0
IF{KKKeEQea 2) ILAST=INT
TIME=0s0

TWT2=Co ©

TWTV=0eC

NCHAIN =0

N=1

clt



C

DNEW=ECe O

I=1

INT=1

C(1)=CoC

E2=1,0

IF(KKKeGE«2) DLIMIT=1E0000
IF(KKKeGEe7) DLIMIT=ICCCa 0O
KKK=KIKK+1

C DETERMINE WHEN THE EVENY wILL OCCUR

C
le

1€9

167

ié1l

DIA=DNEW
IF(CIAeGT+CLIMIT) GO TO z1
IX=IX%€EES3S

IF(IXalLTel )IX=IX+2147483647+1

RN=I X#0e 4656 €1 3E=0

IF(NeEQeC) GO TO 11C

IF(DIALTo1S500-0) GO TC 167
RATEC=ALPHAXDIAXDIA
RATET=BETA¥N*{N=1)/{DI Ax3:32)
RATETF=ETAXN

DT IME==ALOG{RN)/(RATEC+RA TETH+RATETF)
DNEW=CIA+RKEN*DT IME/ 3o C/DIA/DIA¥8oCE24
TIME=TIME+DTIME

I=1+1

GO T3 162

TERMI=C1*( DIAXXE) /NT+-C2F(N=1)% AL OG(DIAI+C3*(DIA**3)
CONST==ALOG(RN )+TERM1

DEL=1sC

CNEW=CIA

DNEW=CNEW&tDEL

TERM2=C1 % DNEW*%5) /N4+C2%( N=1) *ALOG(DNEW) + C3* (CNEW**3)
IF(TERM20I.Toe CONST) GO TO 11€1

DNEW=DNE w-DEL

CEL=DEL/1% 00

IF(DELeGTuCGeCO02}) GO TO 161

€11



2 Ne N3

110

CALCULATE THE

1e 2

163

165

IF{DNEWolLTe (DI A+0eD3)) GC TO 160
DY IME=( (DN EW %% 23)=(DI A¥%x3) ) /N/CE
TIME=TIME+ CTIME

I=1+1

GO 70O 11

RA TEC =ALPFAXDI A%*2

DT IME==~ALOG(RN)})/RATEC
TIME=VIME+CT IME

CNEW=DIA

I=1+1

GO TC 168

CONTRIBUT ICN THIS PART ICLE MAKES TO THE PRODUCT LATEX

IEND=DNEW/100e C+1
IF(IENDoLT o INT ) TEND=INT
IF(IENDe GEle5C) GO TO 2¢Ci
IF(IENDeGTe( INT+1}) GO TC 11
IF{IENDeGTINT) GO TC 169
DAVG={ DNEW +DIA )/ 24 O
TIMEI=TIME
CHAING=C4:DTIME

GO TO 166

DINT=INT*100,0

DT IMEI=DTIMEX(DINT=DIA)/({DNEW-DIA)
TIMEI=TIME=-DTIME+DT IME I
DAVG={DINT+DIA) /2« C
CHAING=C4 kDT IME I

GO TO 166

DT IME I=DTI ME

IEND=IANT

TIMEI=TIME

CAVG=CNEW

Eil =E2

E2=EXP(-TIMEI/TAU)
PLVINT=Ei--ES

HTT



151
152

i1

157

142

SUMMI (INT)Y=SUMM1 (INT }+TWT *PLV INT
SUMM2CINT) =SUMM2 (INT)+ TWTZ2*PLVINT
SUMMV (INT)=SUMMV{INT J+PL VINTXTWTV
SUMPRB{ INT)=SUMPREB(INT )+ 2LVINT
SUMCHNC(INT I=SUMCHN(INT )+ L VINT*{NCHAIN+N)
IF{Nae EGaC) GO TC 4

DO 1€1 JU=1i N

C(JI)=ClJ}+CHAING

SUMMY (INT) =SUMMY ( INT }+C(J)*PLVINT
SUMM2{INT)Y=SUMMZ2(INT )+ C(J)*%2%xPLVINT
SUMMVY (INT) =SUMMV ( INT }+PLY INT((C(J)*%1062)
CONTINUE

IF(INToCGEs IEND) GO TO 21
DTIMEI=CTIMEX(CNEW=DINT ),  (DNEW=DIA)
TIMEI=TIMEZ

CAVG=(DNEW +DINT } /260
CHAING=C4&DTIMEIL

INT=INT+1

DINT=INT*1 000

GO TO 1e€¢€

IEND=CNEW/100C+1

IF{INTeEGQy IEND) GO TC 157
DINT=INT*1 00eC
DELD3=(DINT*x*3=DIAX%RZ)
DTIMEI=DEILD3/C6/N

CHAING=CS/N*DELD3
TIMEI=TIMI+DTI MEI-DT IME
DAVG=(DINT+DIA)/2s D

GO TC 142

TIMEI =TIMIZ

CAVG=(CNEW D IA /257
CHAING=CS/ Nk (DNEWk*2=DT A:¢%3)

T1=E2

E2=EXF(~TIMEI/TAU)

PLVYINT=E1-~-E2

SUMMI (INT I =SUMMICINT )+ TwW  H#PLVINT

GTT



Nn OO0

140
1ag

141

SUMM2 (INT )} =SUMM2 (INT I+ TWY 2%PLV INT
SUMMV(INT) =SUMBVIINT)+ FLVINT*THTV
SUMPRE(INT )=SUMPRE{ INT )+FLVINT
SUNCHRCINT )=SUMCHN(I AN )+PLVINT *(NCHAIN+N)
IF(NEQeC) GO 7O 3

CO 14¢C J=1 N

C(J)=C(J)+CHAI NG

SUMML {INT)=SUMMLICINT)I+C(u)*PLVINT
SUMM2 { INT )} =SUMM2 {INT }+ C(J ) ¥%2 %Pl Vv INT
SUMMV{ INT) =SUMMVIINTI+HFPLVINT) (C{J) ¥ *%162)
CONT INUE

IF(INTeEQe IEND)Y GO TC 31

INT=INT+1

IF{INTe EG: IEND) GO TO 141

DLAST=DIN™

DINT=INT #1 0060

DAVG=DINT--506C
DELD3=(DINT*x*3=DLASTH*% 3}

CTIMEI=DEL D3/CS/N

TIMEI=TIME I+DTIMEI

CHAING=CS/ N%DELD3

GO TO 142

DELO3=(DNEwW*k%3=DINTX%3)
CTIMEI=CEIL.D3/C6/N

TIMEI=TIME I+DTIMEI

CHAING=CS/ NkDELD3
DAVG={DNEWHDINTY} /260

GO TO 142

DEITERMINE wWHICH EVENT OCCLRS

31

RATEC=ALFHAX DNEWX&2
RATET=BETAAEN¥*(N=1) /DNE u*:x3
SRATETF=ETAx2N
PCAP=RATEC/(RATECFRATE T+RATETF)
PTERM=RATIET/(RATECH+RATET *RATETF )

91T



c
C
C

Onn

11

4

o

ac

IX=IX %6553 2
IF(IXalLTe0)IX=IX+214748364741
RN=IX%Ca4656613E-9
IF(RN=PCAP)4 4,112

2 IF(RN=PCAP =P TERM) 40 ,4C 51553

RADICAL CAPTURE CALCULAT ICNS

N=N+1
C{N)=0s0

WRITE(E,3)1,0T IME,TIME,DNEWSN
FORMAT(?® 7 ,1603F1G402 21 E0:71X,y?
IF(TINMEeLTeTFINAL) GO TO 1€
GO TC 201

TERMINATICN CALCULATIONS

IF(NeZQe2) GO TO 5
IX=IX"65539

IFLIXeL ToR)IX=IX+21474 E36647+1
RN=IX%C 4555661 3E=9

DO € J=1..N

IF{(J/NoGToRNYIGO T 7

CONTINUE

CT1=C(J4)

C(J)Y=C{N)

N=N=1

IX=IX*%EES3G

IF(IXaeLTo0 )IX=IX+2147483647+1
RN=1I X% Qo 45E6€1 3E~3

CO 8 J=1N

IF(J/NaGTo RN)GGC TO 9

CONT INUE

cTa=Cc(J)

C{J)=C(N)

THE FOLLOWING TWO STATEMENTS ARE OPTIONAL

CAPTURE?®)

LTT



5]

22

N=N=1

WTC=CT1+CT2

GO T4Q 22
WTC=C({1)+C(2)

nN=0

NCHATIN=NCHAI N+1
TWT=TWT+WTC
TuTz2=TuT2+WT C*k %2

T TV=TaTVFEWTC%x*%1e 52

C T-E FOLLCWING TwO STATEMENTS ARE OPTIONAL

10

C

C

C
153

WRITE(ESIDIT sDTIME,TIME«DONEWINWTC

FORMAT(? °,16+s3F1402,1872104,5° TERMINATION® }

IF(TINEe LToTFINAL) GO TC 16
GO TO 2¢C1

CHAIN TRANSFER CALCULATICNS

IX=IX*65539

IF{IXel. TeO)IX=IX4+2147483547+1
AN=IX X0 455661 ZE-29

DO 1€4 J=1 ,N

IF(JU/Na CToRN) GD TO 15%
CCNTINUE

TUT=TwT+C(J)
TUT2=TWTZ+C(J) %x%k2
TUTV=TUuTVEC( J) &K1 e62

NCHA IN=NCHAIN+ 1

C THE FOLLCWING TWO STATEMENTS ARE OPT IONAL

ise

WRITE(EZ,15G)IsDTIME, TI NMEHZDNEWSNSC(J}
FORMAT (9 * ,76+3F14e2+,18,Z210%, ° CHAIN
C(J)=0a0

IF{(TIMEoLT.TFINAL) GO TO 16

GO TC 201

QUTPUT ACCUMULATED DATA

TRANSGFER )

8TT



s50C DO 5C1 INT =17, ILAST
SUMMI(INT)!=SUMML (INT)*13¢ 5
SUMM2 (INT ) =SUMM2 (INT 1 %13 5
SUMMVI{INT] =SUMMV (I NT)#%13¢5
SUMCHN( INT )=SUMCHN(INT ) %] 35
SUMEPRE (INT )=SUMPRB(INT )*1 3.5

c01 CONTINUE
DO S92 INT=11,16
SUMMI{INT) =SUMMY (INT)I%3e 85714
SUMM2 (INT) =SUMM2UINT } %35 853714
SUMMV{ INT) =SUMMV{INT ) %32:8571 4
SUMCHN(INT )=SUMCHMN{INT )% 30 8571 4
SUMPRE(INT )=SUMPRB(INT )*Z ;85714

s0z CCNTINUE
WRITE(&,101)
100 FORMAT(//74 ,°*INT®4T13.,°* UDIAMETER® sT27,PMN? ,T42

1, MY 9, TS6, *MWI)

WRITE(7,170) ILAST

SUM1i=0200

SUM2 =0C

SUNMVY=0,0C

SUMC=0e0

SUMD=CoC

SUMD2=Ce C

SUMD3=060

SUMPLVY=0o(

DO 54 INT=1,1LAST

WRITE{(7+171)SUMMI{INT )} SUMM2(INT) ¢ SUMMV( INT )sSUMPRB(INT) ,

1SUMCHNCINT)
172 FORMAT(5E1406)

DUINT)I=INT®1 0CcC=S0s 0O

MNINT(INT)=SUMMICINT )/ SUMCHN(INT)

MW INT{INT)=SUMM2 (INT )/ SUMMI{INT )

MVINTOINT)=( SUMMV{INT) JSUMML {INT) )&%kl ,61209
134 VRITE{(6+53 YINTLDUINT)y,MNIMTCINT) MVINT(INT) . MYINT(INT)
=3 FORMAT(® " 31S.F15:2:3E1468)

61T
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103

SUMI=SUMI14+ SUMMLI(INT)

SUM2=SUM2+SUMM2( INT}

SUMY=SLMV+SUMMV ( INT}

SUMC=SUMC-+ SUMCHN(INT}

SUMD=SUMD+D{ INT ) *SUMPRBU(INT)

SUMD2=SUMD2+DIINT}I*D{I AT, * SUMPRB(INT)
SUMDI3=SUMD3+(D{ INT )%%k3 }RSUMPRB(INT)
SUNMFLV=SUMFLV+SUMPRB{TIANT )

CONTINUE

MN=SUM1 /sSuUMC

MV=( SUMV/3SUM1) %1, 86129

MW=SUMZ2/SUM1

CBAR=SUMD/ SUMPLV

D2BAR=SUMD 2/5UMD

C3EAR=SUMD3/srsuMD2

WRITE(E 10 7)DBARDZBAR DIBARs MN, MV MW ,SUMP LV
FORMAT(//7" NUMBER AVERAG!IE DIAMETER = ®*F2Ce 2/

1* AREA AVERAGE DIAMETER =t ,FZ2C 2/

Z2' VOLUME AVERAGE DIAMETER =°,F20e2//

3¢ NUMBER AVERAGE MOL ECULAR WEIGHT =3 El1406/

4¢ YISCOSITY AVERAGE MCULECZULAR WEIGHT = ,El14,6/

5° WEIGHT AVERAGE MOLECULAR WEIGHT =',E1456//

€67 SUMPLV =% +Fi4es6)

PARTN=S/{S/RR/ATAULEs Ck 26 1 416X SUMD2/SUMPLV/4eCEL1S)*18090/728€-0/
11.CE3

POLY=SUMY /F SUMPLV/AVGN

CCNV=POLY XPARTN*288,(C

POLY=PCLY:k FART N%6Qo 0 4t /T AU

WRITE(E,12G) PARTNL.POL Y, iZONV

FORMAT (* NUMBER OF PARTICTLES = °3E14c¢€E,? PEF ML OF LATEX?'/
1° GRAMS OF POLYMER PRODUCED PER MINUTE = ! ,E1466/

2' PERCENT CONVERSION =1?0,121406)
WRITE(E6,108) IX

FORMAT(/® IX =1%53120)

CALL GRAPH {ILASTsDsMRMNINT»3 31275700050 :s0003Co0% 205050605
1 PARTICLE DIAMETER s, A® o* VOLECULAR WEIGHT ;""" 3

T, INUMBER AVERAGES ®°}

0ctT



32

200C

i0g

CALL GRAPH(ILAST D yMWINT »1251C7490200s060sC00900Cs0eC0 900y
1130,039,93 ¢, "WEIGHT AV ERNAGES ®)

CALL GRAPHIILAST DsMVIANT 2 1051C7 900609000 sC 6050003060 s006C s
19,835,903 ¢, yWISCOSITY AVERAGE: *)

CALL GERAFH{ILAST sDs3SUMFRB33937576095e0:06C300CsCaCsCoaly

-t

2)
SMV=SUMMV{ILAST)

SM1=SUMM1{ ILAST)

CUMWT (TLAST)=SUMML (ILAST ) /SUM1

MVINT(ILAST) =( SUMMV{ TLAST) /SUMML (ILAST)) **195129
WRITE(S,30)

FORMAT(// INT®SoT1L +?°SUMMI® ,T25,"SUMM2*',T39, *SUMMV ', TS53,
1 *SUMPRB®, T 67, P SUMCHN )
INT=1

WRITE(Ey 22 IINT,SUMML (INT) s SUMMZ (INT) sSUMMY {INT ) ,SUMPRB(INT ),
1SUMCHN(INT J

FORMAT(® ! ,I14,:5E14e6)

DC 200 INT=2,ILAST

L=TLAST=INT+1
WRITE(G6:32)INTsSUMML (I NT) ¢ SUMMZ2 (INT) s SUMMY (INT ) ,SUMPRB(INT ),
1SUMCHN(INT)

CUMWT L) =ZUMWT (L+1)+SUNM, {(L)/7SUML

SMi=SMI+SUMMI(L)

SMV=SMV+SIUMMV (L)

MVINT(L)Y=( SMV/S5M1 )%k le €129

CONT INUVE

CALL GRAFPH({ILAST sCUMHNT oM/ INT 9337370095609 00CsC00s020+s0C>»
IWEIGHT FRACTIONI®* s "MOLEZULAR WEIGHT;? 47309 ,%32)

GO TC 2

STYCP

END

TPARTICLE DIAMETER, A" 4PDENSITY: ' 2"PARTICLE SIZE;°,°DISTRIBUTION:?
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