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SUMMARY

Commercial emulsion polymerizations in large scale reactors are usually operated semibatchwise in order to limit the reaction rate and the heat production rate, and so avoiding
heat transfer limitations. Semi-batch operation offers more flexibility than batch or
continuous operation. High-grade polymer latexes can be tailor-made by adjusting the
feed rates of monomer and other ingredients.
In the work presented in this report it is shown by experiments and detailed modeling of

the nucleation period that the amounts of initiator and emulsifier in the recipe needed for
the production of a latex with a partiele concentration and a partiele size distribution
defined beforehand can considerably be reduced by operating the reactor semi-batchwise
instead of batchwise. An extended dynamic model for (semi-)batch ab initia emulsion
polymerization is developed and validated for the emulsion polymerization of styrene.
The model also comprises of diffusion-controlled kinetics and covers the whole course of
the polymerization reaction.
In commercial operation, oxygen and inhibitor are usually not removed completely from

the reaction mixture. It is also hardly possible to perform a semi-batch process without
introducing traces of oxygen into the reaction system. In this work, a new model is
derived for taking into account the effects of oxygen impurities on the nucleation and
polymerization processes. It is demonstrated by model simulations and experiments that
small amounts of oxygen have a large influence on the kinetics of partiele nucleation. The
model was able to predict the observed conversion time history and the partiele size
distribution of a latex product obtained by semi-batch operation. For analyzing the
partiele size distribution of latexes with very small particles i.e., dp <40 nm, a new and
promising technique called freeze-etch electron microscopy is presented. The model can
be seen as a useful tool for predicting the influence of retardation periods on the
polymerization kinetics and product properties.
Further, a strategy is worked out for applying the dynamic models for the polymerization
in

vesicle

bilayers,

a new technique

for

obtaining hollow latex particles.
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CHAPTER

1: INTRODUCTION.

In the laboratodes of Chemica! Process Technology and Polymer Chemistry and

Technology of the Eindhoven University of Technology, the performance of various
reactor types are studied for emulsion polymerization.
Emulsion polymerization is widely used in industry to produce latexes for a variety of
applications such as latex paints, adhesives, coatings, binders in paper and textile
products, and synthetic rubber. Because the main reaction medium is water, and not an
organic solvent, its importance is steadily increasing with efforts to design
environmentally friendly processes.

Commercial emulsion polymerizations in large scale reactors are usually operated semibatchwise in order to limit the reaction rate and the heat production rate, and so to avoid
heat transfer limitations. In case of emulsion copolymerization, composition drift can be
suppressed by feeding the most reactive monomer semi-batchwise into the reactor. Semibatch operation usually offers more flexibility than batch or continuous operation. Highgrade polymer latices with special partiele morphology, composition and other well
defined characteristics can be tailor-made by adjusting the feed rates of monomer and
other ingredients.

Most theoretica! and experimental studies on semi-batch emulsion polymerization focus
on seeded polymerizations: the polymerization is performed in the presence of latex
particles that have been produced in a previous step, and no new particles are nucleated
during the polymerization. The seed latex is usually produced batchwise and
characterized thoroughly in terms of partiele size distribution and partiele concentration
before it is applied. By performing the emulsion (co)polymerization in this way, the
influence of small concentrations of impurities, e.g. inhibitor and oxygen, on the
nucleation period are tracked and the addition profile ofthe monomer(s) can be adapted
in order to meet the product specifications.

5

A seed latex consistsof small particles with diameters between 30 and 50 nm to ensure
that, after performing a seeded emulsion polymerization, the polymer in the core of these
particles does not significantly influence the specifications of the latex product. The
production of a large concentration of small particles asks for high emulsifier and initiator
concentrations in the recipe. However, initiator and emulsifier residues are usually hard to
remove and may influence the polymer properties negatively.

In this study it is shown by experiments and detailed modeling of the nucleation period

that the amounts of initiator and emulsifier in the recipe necessary for the production of a
certain latex, can he considerably reduced by operating the reactor semi-batchwise instead
of batchwise.
Additionally it is demonstrated by model simulations and experiments that the influence
of small amounts of impurities like dissolved oxygen, have a large influence on the
kinetics of partiele nucleation. This is of industrial importance since in commercial
processes both oxygen and the inhibitor are usually not removed completely from the
reaction mixture.
The models developed forsemi-batch ab initia emulsion polymerization can he used for
process design and process optimization.

6

CHAPTER 2: MECHANISM AND KINETICS OF SEMI-BATCH EMULSION
POLYMERIZATION.

2.1. Introduction.
In literature, a large number of papers have dealt with phenomena occurring during

seeded semi-batch emulsion polymerization 1 •2 . Tothebest ofthe author's knowledge, no
attention has been paid yet to the modeling of partiele nueleation under monomer-starved
conditions. However, performing ab initia emulsion polymerization under starved
conditions provides a very efficient use of the emulsifier: the rate of partiele growth is
suppressed, so that only a relatively small amount of emulsifier is necessary for colloidal
stability of the growing partieles. Therefore, more micelles are available for partiele
nueleation. This means that the amounts of initiator and emulsifier needed for producing
a certain seed latex can be considerably reduced by operating the reactor semi-batchwise
instead ofbatchwise.

In this chapter, a dynamic model for ab initia semi-batch emulsion polymerization over

the whole course of the reaction is derived. The model comprises partiele nueleation, a
radical population balance over the partieles, the evolution of a partiele size distribution,
diffusion limitations for desorption, bimolecular termination and propagation. In
principle, the model can be applied for any monomer feed rate profile.

2.2. Polymerization Mechanism.
One of the first attempts to describe the mechanism of emulsion polymerization was
made by Harkins 3 • His qualitative theory explained some experimental observations for
styrene emulsion polymerization and served for many years as a basis for the
understanding of the mechanism of emulsion polymerization. The course of emulsion
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polymerization in a batch process may he considered as involving three time separated
intervals.

According to Harkins' scheme, initiator in the aqueous phase decomposes into free
radicals. The radicals react with morromer dissolved in the continuous phase, and the
oligomer radicals enter micelles to form polymer particles (interval 1). These polymer
particles grow by absorbing morromer and emulsifier from the aqueous phase, thus
causing morromer dropiets and soap to be depleted.
At the moment that all micelles have disappeared, partiele nucleation stops (end of
Interval 1), and the particles grow until all the morromer has disappeared as a separate
phase (interval ll). In interval 11, the partiele number is assumed to be constant, the
partiele volume increases proportional to conversion, and the morromer concentration in
the particles is approximately constant.
Interval Ill starts when the morromer dropiets have disappeared. The morromer
concentration in the partiele phase will decrease with increasing conversion, leading to
lower polymerization rates. A partiele grows when it contains a growing chain. When a
second radical enters the partiele the reaction is terminated and is only reinitiated when a
third radical enters the particle, and so on.
Interval ll and Ill are known as the partiele growth stages, interval I as the stage of
partiele nucleation. This simple description indicates that polymer particles play an
important role in segregating the radicals during the course of the polymerization and
consequently influence the properties ofthe produced polymer.

Smith and Ewart4 cast the Harkins model in the form of equations, which were then
solved by methods developed by Stockmayer5 and O'Toole
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•

The Smith-Ewart-Harkins

model was reasonably successful in descrihing the details of the emulsion polymerization
of styrene4 • In the decades after, reformulation and extension of the model took place,
concentrating on details as diffusion-controlled termination
in the particles, and radical desorption from particles

8

7

•

,

concentration of morromer
These theories are

well

established in emulsion polymerization, at least for sparingly water soluble morromers
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and batch operations. As new mechanisms were postulated to explain particular
experimental observations, it was realized that a general theory for emulsion
polymerization required a rather complex rnadeling framework. Extended (computer)
models were developed to simulate the dynamics of batch and CSTR techniques9 .

2.3. Kinetics of semi-batch emulsion polymerization.
Reaction model.
For the emulsion polymerization considered in this work, the following assumptions are
made:

1. Micellar nucleation involving the absorption of radicals by monomer swollen micelles
is the only partiele nucleation mechanism considered. Radicals generated in the
aqueous phase enter monomer swollen micelles and initiate the polymerization
reaction leading to mature monomer swollen polymer particles.
2. Partiele nucleation stops when all micellar emulsifier has disappeared.
3. Radical absorption ïs considered to be a statistica! process which only depends on the
partiele surface, regardless ofthe nature ofthat surface.
4. The monomer is sparingly soluble in water. There is no transport limitation for
monomer from the aqueous phase to the partiele phase.
5. The monomer concentration in the particles in independent ofthe partiele size.
6. There is no partiele coagulation during the polymerization. After the nucleation
period, the number of particles remains constant.

A detailed description of the kinetics and mechanisms appears in the following sections
of this chapter.

9

Partiele nucleation.
For the modeling of micellar nucleation in a latex with a discrete partiele size distribution
with Ntot partiele size classes, the re lation proposed by Nomura and Harada 10 for the rate
of partiele formation (Rm 1c) has been extended by Mayer et al.9b,c:

Ntot

Çtot
1+

L N(i)d~ (i)

(1)

i=l

N ACmicelle (t)

where p, N, 01 , NA, N(i), dp(i), and

(tot

respectively stand for the number of (oligomeric)

radicals in the water phase that are absorbed per unit of time by either micelles or
particles, the total number of partiele size classes, Avogadro's constant, the number of
particles in size class i, the diameter in size class i, and the proportionality constant
representing the ratio of the radical absorption rate into a partiele and into a micelle. For
Cmicelle(t),

the concentration of emulsifier located in the micelles at timet, can be written:

(2)

where CEO and as respectively stand for the overall amount of emulsifier in the reactor per
volume unit of water and the surface occupied by one kmol of emulsifier. The critica1
micelle concentration is denoted by CcMC· The third term on the right hand side of this
equation (Eq. 2) reflects the amount of emulsifier adsorbed on the partiele surface.

In analogy with the relation for micellar nucleation (Eq.l), the radical absorption rate by

the particles (Pa) is given by:
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Pa

1+

NACmicelle(t)

(3)

Ntot

Stot

LN(i)d;(i)
i=l

Obviously, summation of Rmtc and Pa provides the overall absorption rate pNA. The
quadratic diameter occurrence in both equations 1 and 3 expresses the partiele surface
dependenee of the radical absorption, see assumption 3.

The ra te of polymerization and partiele growth.

The polymerization rate (Rp) of a latex with a discrete partiele size distribution and the
volume growth rate (dr~oldt) ofthe particles at timet are respectively given by:

Ntof

k p('>f,p

Rp =

LN(i)n(i)
t=r

(4)

(5)

(6)

where

kp

is the propagation constant,

CM,p

is the monomer concentration in the partieles,

and n(i) is the time-averaged number of growing ebains per partiele in partiele size class
i. The monomer feed rateis represented by F, the molecular weight ofthe monomer by

Mw. X, Xm and p stand for the fractional conversion, the fractional conversion were
monomer dropiets disappear, and the density. Subscripts m and p denote monomer and
polymer, respectively. These equations hold, provided the monomer concentration in the
particles is independent of the partiele size and the amount of monomer dissolved the
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aqueous phase is negligible with respect to the total amount of monomer in the reaction
mixture, see assumptions 4 and 5.

The time-averaged number of growing chains per partiele and the concentration of
monomer in the particles can respectively be calculated applying a radical population
balance over the partiele size distribution and a relation based on thermodynamic
equilibrium between monomer dissolved in the water phase and the monomer in the
particles.

Monomer concentration in the particles.
For the monomer concentration in the partiele phase Harada et al. derived the following
relations 11

:

CM,p=

I-X
[
m
]=(CM,p)sat'd forXsXm
M,. (1-Xm)lpm+Xmlpp
I-X

CM

,p

= Mw [(1- X) I Pm +X I p p]

(7)

for X > X m

With these equations the monomer concentration can be calculated as a function of
converswn.

Time-averaged number of growing chains.
For a fixed number of polymer particles in size class i, the steady state Smith-Ewart
4

recursion relation for the number of particles with n radicals is given by

pa~~; A [N(i)n-l -

:

N(i)n] + kdes(i)[(n + l)N(i)n+l - nN(i)n] +
(8)

_5_-[(n + 2)(n + l)N(i)n+Z- n(n -l)N(i)n] = 0
V p(i)N A
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where N(i)n. vp(i), Pa(i) and kdes(i) stand for the number of particles in size class i
containing n growing chains, the partiele volume, the radical entry rate and the rate
coefficient for radical desorption from the particles. The bimolecular termination rate
constant is represented by kr.

This recursion equation can be solved to find the time-averaged number of growing
chains per partiele in each size class (Stockmayer5 and O'Toole6):

(9)

where Ib(a) is a modified Bessel function ofthe first kindandof order b with argument a.
The values of the argument and order are calculated by:

(10)

The total amount of radicals available per unit of time for absorption by particles and
micelles (i.e. nucleation) is given by p:

(11)

where p1, krw and Cr\1, respectively stand for the rate of radical formation by initiator
decomposition, the termination rate constant for radicals, and the concentration of
radicals, all for the aqueous phase. For industrial emulsion polymerizations, termination
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of radicals in the water phase in usually negligible with respect to radical desorption and
radical production in this phase. For this reason the last term of the above equation (Eq.
11) is neglected9c.

The radical desorption rate coefficient can be obtained from the treatment reported by
Asua 12 :
(12)

where krn Ko, Dw, md, Dp stand for the rate coefficient for chain transfer to monomer, the
desorption rate constant for monomer radicals (derived by Nomura 13 ), the diffusion
coefficient for the radicals in the aqueous phase, the partition coefficient for the monomer
radicals between particles and the aqueous phase, and the ditfusion coefficient for the
monomer radicals in the partiele phase, respectively.

Freshly nucleated particles (i.e. initiated micelles) contain one radical until either radical
desorption or bimolecular termination occurs. Bimolecular termination can only take
place in a partiele when it absorbs a second radical. Since the freshly nucleated particles
are very small, the characteristic time for desorption is usually considerably shorter than
the characteristic time for bimolecular termination. For this reason, the freshly nucleated
particles are allowed to grow with one radical per partiele during the characteristic time
for radical desorption "'Cde/c. After this period, desorption is taken into account and the
radical population balance as derived in this section is applied.

Diffusion-control model of kinetic parameters.
Most models on ab initia emulsion polymerization presented by previous authors are
based on the assumption that the rate coefficient for propagation and bimolecular
termmation are independent of the monomer conversion. However, in many semi-batch
emulsion polymerizations, the monomer concentration in the latex particles is usually
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rnuch lower than the concentration in the batch- or continuous ernulsion polyrnerization.
In semi-batch operation the systern is in rnany cases in a rnonorner-starved state.

Therefore, gel effects on termination, propagation and chain transfer are generally not
negligible.

In the following paragraph sorne recent theories developed for taking into account the gel

effect for the propagation and the termmation reactions are discussed.

The propagation rate of a growing chain, as rnentioned earlier, is affected by the restricted
diffusion of individual rnonorner molecules at high conversions or, more correctly, at low
free volumes. Arai and Saito

14

,

Marten and Harnielec

15

have independently proposed a

serniernpirical re lation for kp which is written in terms of fractional free volurne VJ.

(13)

where

Vfc

is the critical free volurne at which kp starts to decrease and both C and

Vfc

are

adjustable parameters. However, this rnethod requires the designation of a critical value
by fitting it to the experirnental data.

In a series of papers, Soh and Sundberg7 cornbined the free volurne and the entanglernent

concepts, and developed a cornprehensive model for the kinetics of bulk polyrnerization
1

over the whole conversion range. In the work of Li and Brook c this model was used to
treat both the propagation and the termination coefficients in the particles.

According to Soh and Sundberg the propagation constant at high conversion can be
written in terms oftwo lirniting rate coefficients:

1
1
1
-=-+-kp

kpo

(14)

kpvf
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where kpo corresponds to the propagation rate coefficient in the absence of diffusion
control and kpvf stands for the propagation rate coefficient when the propagation 1s
completely diffusion controlled. lts value is given by the Rabinowich-type expression:

k pvf

= 34• x 10

19

Dm I M 0113

(15)

where Dm is the diffusion coefficient for monomer and M0 is the molar concentration of
pure monomer. The diffusion coefficient for the monomer radicals in the partiele phase,

Dp is assumed to be equal to Dm because monomer molecules and monomer radicals have
similar sizes. Following the free-volume theory of Fujita 16 , as suggested by Soh and
Sundberg, provides a relation for this diffusion coefficient:

Dm I kT= 1 I Çm

(16)

where kis Boltzmann's constant and (mis the friction coefficient given by:

(17)

Here, the pre-exponential factor is the friction coefficient of the polymer at the reaction
temperature, v1 is the free volume of the polymer-monomer system (i.e., monoroerswollen polymer particles), given by:

(18)

The free-volume contrïbutions from monomer and polymer are represented by Vftn and viP.
The volume fraction rnonomer (cf>m) is given by, see Appendix B.1:
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(/> m

=

1+

1

(

)

Xm

for X

Pm

~ Xm

1-Xm p p

(19)
(/> m

Sundberg et al.
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=

1+

(

1

)

_____!__ Pm
1-X pp

for X > X m

have also derived a relation, however semiempirical, for the termmation

rate constant by use of the free volume concept:

kt

= kto exp[ v· (1 I v10 -11 v1 )] for v1
kt

= kt lvf=vf,l;m

for

Vf

> v /,Iim
(20)

~V f,lim

where kro is the terminatien rate constant, and VJO the free-volume of the morromerswollen polymer, both at a reference point. v* is the critica! free volume.

VJ.!im

is the value

of the free volume where k1 has reached its limiting value. This limitation on the gel effect
is attributed to residual termination. When the translational movement of growing
polymer chains becomes seriously restricted, the rate of terminatien does not approach
zero since the active chain ends still possess a certain degree of mobility due to the
propagation

reaction.

The

above

parameters were

determined

from

emulsion

polymerization data and thus represent fitted constants 17 .

In this work the emulsion polymerization of styrene under monomer-starved feed
conditions with sodium persulphate as initiator and sodium dodecyl sulphate as emulsifier
was studied. For model simulations, relevant parameters and physical constants were
obtained from literature 18 , as shown in Table 1.

Table 1. Values of the physical and chemical parameters used in calculations
for the simulation of the emulsion polymerization of styrene with sodium
persulphate as initiator and sodium lauryl sulphate as emulsifier at 50°C

17

parameter

unit

value

reference

as

m 2/kmol

3.01·10 8

9d

(tot

11m2

1.3·1020

9c

Mw

kg/kmol

104.2

-

kpo

m 3/kmol·s

258

9d

Xm

-

0.43

11

Pm

kg/m3

878

18d

PP

kg/m

1053

21a

5.2

11

kmollm ·s

2f·ki·C 1

9d

-

0.5

9d

k;

1/s

1.6·10-6

9d

ktr

m 3/kmo1·s

1.8·10-3

12

Dw

m /s

2

5.4·10- 10

12

md

-

1600

12

Mo

kmo11m

8.43

-

3.6·10 5

7c

3

(CM,p) sat 'd
PI

f

((s)vjp

3

kmo11m
3

Js/m

3

2

k

JIK

1.38·10-23

-

Vjp

0.020

7c

Vjm

-

0.143

7c

kto

m 3/kmol·s

1.8·10

-

0.049

17

0.109

17

0.60

17

Vj,fim
VJO

v*

6

17

18

2.4. Solution ofthe model equations.
In order to obtain a general dynamic model for (semi-)batch emulsion polymerization, the
model equations presented in this chapter have been solved using a simple and
straightforward first order Euler method as was developed by MayeJlc.

The behavior of the reaction system is simulated by studying the history of all particles
formed in the reactor with small discrete steps .1t. After each time step the composition of
the reaction mixture, which may change as a re sult of the feed stream, partiele nucleation
and partiele growth, is actualized.
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CHAPTER 3: THE EFFECT OF ÜXYGEN IN EMULSION POLYMERIZATION.

3.1. Introduction.
In industry, oxygen and inhibitor are usually not removed completely from the reaction

mixture. Also, it is hardly possible to perform a semi-batch process without introducing
traces of oxygen into the reaction mixture. Since small amounts of oxygen have a large
influence on the kinetics of partiele nucleation and on the growth rate of the polymer
particles, the influence of oxygen on the polymerization process has been modeled for
semi-batch ab initio emulsion polymerization.

The polymerization literature is very sparse in its coverage of impurity effects. A review
of the literature reveals that there exists a general recognition that oxygen acts as a radical
scavenger and inhibitor causing an induction period 19 • However, with exception of Huo
et al. 20 , there appears to he little else in the open literature. Following their approach, the
impurities diffuse with monomer preferentially into polymer particles and react with
radicals to a non-reactive chain.

In this work, a different approach is made to account for the retardation effect of

dissolved oxygen, the common impurity in emulsion polymerization processes. Here,
oxygen is treated as a co-monomer, since it is known for a long period of time that it
reacts very fast with (oligomeric) styrene-radicals to produce a less reactive radical
product. However, this less reactive radical is only able to propagate with styrene and not
with oxygen21 • The influence of the presence of oxygen in the reaction system on the
polymerization over the whole course of reaction is modeled for ab initio semi-batch
techniques.

3.2. Polymerization Mechanism.
Unsaturated compounds with reactive double honds are known to give polymerie
peroxide products on the oxidation with oxygen22 • Mayo and Milier have shown that the
20

autoxidation of styrene by a free radical mechanism gives two simultaneous reactions, a
copolymerization of styrene with oxygen, and a direct cleavage to benzaldehyde and
formaldehyde 23 • The two processes involve a common intermediate, a free radical ending
in a styrene unit, and both the composition of the copolymer and the fraction of a reacting
styrene converted into aldehydes depend on the oxygen concentration in the monomer
phase. A styrene-oxygen copolymer, (-CH2CH(C6H5)-02-)n, has been prepared by
emulsion polymerization of styrene in the presence of oxygen by Bovey and Kolthotf 4 •

These observations by Bovey and Kolthoff suggest an approach similar to
copolymerization but with the exception that a peroxidic radical (denoted by Z*, see
Scheme) does not react with oxygen. This perception led to the postulation of the
following mechanism:

initiation
p

+

M

R*

+

M

R*

+

02

Z*

+

M

R*

+

M

Z*

+

M

I
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(1)

R*

(2)

)

R*

(3)

)

Z*

(4)

)

R*

(5)

propagation
kp,R

kp02

kp,Z

chain transfer
ktr,R

)

R

+

M*

(6)

z

+

M*

(7)

terminalion
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R*

+

R*

kt,RR

Z*

+

R*

kt,RZ

Z*

+

Z*

kt,ZZ

)

w

(8)

)

x

(9)

)

y

(10)

where, P, I, M, M*, respectively stand for the initiator molecule, the radical produced by
decomposition of P, monomer, and radical activated monomer. R* and Z* are free
radicals of unspecified length ending in monomer or peroxide units, correspondmg to -

CH2CH(C6Hs) * and -CH2CH(C6Hs)OO* respectively. The former oligomer radical is
able to react with oxygen, whereas the latter unable to do so. W and Y are termmation
products. X is a cross-termmation product.

For the calculation the polymerization rate it is important to discrimmate between the two
different types of free oligomer radicals (R* and Z*), because of their different chemical
reactivity. For this reason a parameter ( q>) has been introduced which is defined as the
number of R * radicals over the total number of radicals:

nR.

(/)

nR.
= nR.+ n2• = n

[R*]
= [R*] + [Z*]

(21)

In the open literature, only rough estimations are available for the values of the
propagation rate constant for Z* oligmers (kp,z) and for the rate constant for the reaction
of R* radicals with oxygen (kP 02 ). Bulk polymerizations in the presence of oxygen have
revealed that kp,Z is about two orders of magnitude smaller than the propagation rate
coefficient kp,R· The rate coefficient k pOz is about five orders of magnitude larger than

3.3. Kinetics of emulsion polymerization in the presence of oxygen.
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Reaction model.

For taking into account the effect of dissolved oxygen on ab initia emulsion
polymerization, the following assumptions have been made:

1. The oxygen in the reaction system (either introduced during the course of reaction, or
initially present) partitions between the partiele phase and aqueous phase. There is
phase equillibrium between the particles and the continuous phase.
2. The solubility of oxygen in the monomer swollen partiele is equal to that in pure
monomer.
3. The (co)polymerization reactions of monomer and oxygen take only place in the
particles.
4. Micellar nucleation involving the absorption of radicals by monomer swollen and
oxygen containing micelles is the only nucleation mechanism considered. Radicals
generated in the aqueous phase enter monomer swollen micelles and initiate the
polymerization leading to mature monomer swollen polymer particles.
5. Only R* radicals are able to start the nucleation of an uninitiated micelle, Z* radicals
will desorb from the swollen micelle before propagation takes place.
6. Partiele nucleation stops when all micellar emulsifier has been adsorbed on the partiele
surface.
7. Radical absorption is considered to be a statistica! process which only depends on the
partiele surface, regardless ofthe nature ofthat surface.
8. The monomer is sparingly soluble in water and all the supplied monomer diffuses
instantaneously into to polymer phase.
9. The concentrations of both monomer and oxygen in the particles are independent of
the partiele size.
lO.There is no partiele coagulation during the polymerization. After the nucleation
period, the number of particles remains constant.
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A detailed description of the kinetics and mechanism appears in the following sections of
this chapter. Here, only the kinetics distinct from those described in Chapter 2 are
discussed.

Fraction of R* radicals.
As mentioned before, the fraction of R* radicals in the particles ( cp) is a cardinal
parameter for the description of the distinct processes as a result of the different types of
radicals. Assuming that all monomer is consumed by the propagation reactions 3 and 5
and application of the steady state approximation for Z* radicals, see Appendix B.2,
provides the following relation for cp:

1

k (c Î
1+ kp02lco2,p

(22)

J

p,Z

M,p

where, C0 2>P stands for the oxygen concentration in the partiele phase. As can be seen, the
fraction is determined by the ratio of the oxygen and monomer concentration in the
particle.

Partiele nucleation.
For the rnadeling of micellar nueleation in the presence of oxygen, distinction has to be
made between the rate of partiele nucleation (Rnucl) and the rate of radical absorption by
micelles (Rmic). In Chapter 2, it was assumed that every radical entering a micelle,
initiated that micelle, leading to mature monomer swollen polymer partieles. In that case,
the rate of partiele nueleation equals that ofradical absorption by micelles (Rnucl=Rm;c)·
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However, in the presence of oxygen only R* radicals are able to initiate micelles, Z*
radicals will desorb from the micelles before propagation has occurred, see assumption 5.
The rate of micellar nucleation is then given by:

(23)

The mathematica! relations derived in Chapter 2 for Rmic, Cmicelle(t) and Pa (Eqs. 1 to 3)
still hold for the presence of oxygen, but only a fraction lp of the radicals absorbed by the
micelles will contribute to micellar nucleation.

The ra te of polymerization and partiele growth.
The polymerization rate (Rp) of a latex with a discrete partiele size distri bution at time t is
given by (Appendix B.3):

N,"'
KCM,pLN(i}if(i)
R = _ _......:i......:=l=----p

With

K:

<pk p,R + (1

(24)

tp )kp,z. Where K: is the apparent propagation rate constant for a

radical polymerization in the presence of oxygen. The relations for the volume growth
rate of the particles, and for the monomer concentration in the partiele phase remain the
sameasin Chapter 2 (Eqs. 5 and 6).

The rate of oxygen consumption.
For the rate of oxygen consumption ( R02 ) in a latex with a discrete partiele size can be
written, see Appendix B.4:

(25)
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This equation allows calculation ofthe consurnption rate of oxygen as a function of time.

Oxygen concentration in the particles.

The oxygen which has been introduced during the course of the reaction, or which is
initially present in the reaction system, partitions between the partiele phase and the
aqueous phase according toa partition coefficient ('}1:

(26)

where C02 ,w and C02 ,P respectively stand for the oxygen concentrations in the aqueous
phase and in the partiele phase. The concentration of oxygen in the partiele phase is given
by (Appendix B.5):
1-)
ca2.P--c02 ( r +V

(27)

where, C0 2 and V respectively stand for the overall amount of oxygen present in the
reaction system and the total volume of the (monomer swollen) partiele phase, both per
unit volurne of aqueous phase.

F or the mass balance of oxygen which has been introduced by monomer feed, or initially
loaded, can be written:
dC
dt

02
--

= wF- R02
(28)
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where ro represents the mole fraction of oxygen dissolved in the monomer. C0 2> 0 stands
for the concentratien of oxygen initially present in the reaction system.

Time-averaged number of growing ebains per particle.
The Smith-Ewart recursion equation for the steady state, and the solutions given by
Stock:mayer and O'Toole still hold for the polymerization in the presence of oxygen (Eqs.
8 to 10). Because of an altered nucleation mechanism, the radical balance is somewhat
different.

The total amount of radicals available per unit of time for absorption by particles and
micelles is given by:

(29)

The third term on the right hand si de of this equation accounts for the radicals desorbing
from the micelles (Z* radicals), unable to initiate the polymerization reaction within the
micelles, see assumption 5. Rearrangement ofthis equation leads to:

Nlof

PI +

Ik
i=l

des (i)N (i)n(i)

-2k

N

c2
tw

lW

(30)

A

The radical desorption rate coefficient is obtained from (See Appendix B.6):

k

(i)
des·

= ktr,R K 0
k p,R

.
Wlth K 0

2

12D.. I mddp (i)
=-----'--1+2D.. I mdDp

(31)
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Here, it is assumed that the ratio of transfer rate constants k1r,R and k1r,Z approximately
equals the ratio of the propagation constants kp,R and kp,Z because of the similar chemica!
transition states for both types of reaction.

Freshly nucleated particles.(i.e. micelles initiated by R* radicals) contain one radical until
either radical desorption or bimolecular termmation occurs. As mentioned before, the
characteristic time for desorption is usually considerably shorter that the characteristic
time for bimolecular termination. The freshly nucleated particles are allowed to grow
with one radical per partiele during
reaction is

K:,

'!des

seconds. The propagation rate constant for this

sirree the characteristic time for reaction of R* with oxygen is considerably

shorter than the time for desorption. After this period, the radical balance as derived in
this section can be applied to calculate the average number of growing chains per particle.

Model for diffusion-controlled kinetic parameters.
In this section, the models accounting for the gel-effects with respect to propagation and

termination are extended in order to describe high-conversion emulsion polymerization in
the preserree of oxygen.

The diffusion-controlled propagation rate constants kp,R and kp,Z are individually
calculated according to the method described in Chapter 2 (Eqs. 14 to 19).

1

1

1

1

1

1

k p,R

k p,RO

k pvjR

k p,Z

k p,ZO

k pvfl

- - = - - + - - and - - = - - + - -

The diffusion-controlled propagation rate constant

I(

K: can

= q>k p,R + (1- (/) )k p,Z

(32)

now be calculated:

(33)
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The apparent termmation rate constant in the presence of oxygen (k1, 101) consists of the
individual (cross) termination rate constants, see reactions 8, 9 and 10:

(34)
2

_
kp,ZO
kt zz - ( a!--) kt RR and kt
'

k p,RO

'

_
'

RZ -

kp,ZO
a2 --kt RR
k p,RO

'

where a1 and a2 are empirica} constants to relate both the bimolecular termmation rate
constant for Z* radicals and the cross-termmation rate constant to the termination rate
constant for R* radicals. This means that calculation of the tennination rate constant kt.RR
for any given point in the reaction by the method used in Chapter 2 (Eq. 20), enables
calculation of the overall diffusion-controlled termmation rate constant by these relations.
The empirica! parameters

a were determined experimentally by performing bulk

polymerization23b.

In this work the experiments and model simulations were carried out for the emulsion
polymerization of styrene under monomer-starved feed conditions. Calculations were
made for oxygen present in the monomer feed and for initially loaded oxygen in the
reactor. The reactions were performed at 50°C with sodium persulphate as initiator and
sodium lauryl sulphate as emulsifier. The relevant parameters and physical constants were
obtained from literature, as shown in Table 2.

Table 2. Valnes of the physical and chemical parameters used in calculations
for the simulation of the emulsion polymerization of styrene with sodium
persulphate as initiator and sodium lauryl sulphate as emulsifier at 50°C in
the presence of oxygen.

parameter

as
Çtot

unit

value

reference

m"lkmol

3.01·108

9d

11m2

1.3·1020

9c

29

Mw
kp,RO

kglkmol
I

3

m /kmol·s
3

104.2

-

258

9d

kp,ZO

m /kmol·s

1.0·10· kp,RO

2

22

kp02

m 3/kmol·s

2.5·10 kp,RO

5

23

a1

-

1.43

23

a2

-

68.8

23

(JJ

-

1.68·10-4

Appendix A

r

-

0.657

Appendix A

Xm

-

0.43

11

Pm

kg/m3

878

18d

PP

kg/m3

1053

21a

kmo11m

5.2

11

kmollm3 ·s

2f.kïCI

9d

-

0.5

9d

1/s

1.6·10"6

9d

ktr,R

m 3/kmol·s

1.8·10"3

12

Dw

m"/s

5.4·10"10

12

md

-

1600

12

Ma

kmol/mj

8.43

-

m 3/kmol·s

1.0·10" kpvjR

Js/m2

3.60·10

J/K

1.38·10"23

-

Vjp

-

0.020

7c

Vfin

-

0.143

7c

kto

m31kmol·s

1.8·10

17

-

0.049

17

-

0.109

17

0.60

17

(CM,p) sat 'd
PI

f
ki

kpvjZ
(Ç)vjp
k

Vj.iim
VJO

v*

3

2

5

6

7c

30

3.4. Solution ofthe model equations.
In order to obtain a general dynamic model for (semi-)batch emulsion polymerization in

the presence of oxygen, the model equations presented in this chapter have been solved
by using a simple and very straightforward first order Euler method. The approach, made

in Chapter 2, provides besides its simplicity the very important advantage that the model
and solving technique can easily be extended with other physical and chemical processes
that may be important in emulsion polymerization, i.e. the effect of impurities like
oxygen.

The behavior of the reaction system is, identical to the procedure described in Chapter 2,
simulated by studying the history of all particles formed in the reactor with small discrete
steps 11t. After each time step the composition of the reaction mixture, which may change
as a re sult of the feed stream, partiele nucleation and partiele growth, is actualized.
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CHAPTER 4: EXPERIMENTAL SET-UP.

4.1. M aterials.
For the experiments described in this work, the following chemieals have been used:

compound
styrene

purity
distilled industrial grade

supplier
DSM Research

Sodium Dodecyl Sulphate l.laboratory grade

Merck

Sodium Persulphate

llaboratory grade

Merck

Argon

I 99.999%

Hoekloos

The styrene was distilled prior to use in order to remove the inhibitor 4-tert-butylcatechol.
The other chemieals were used without further purification.

4.2. Equipment.
The semi-batch emulsion polymerizations were carried out in a 1.1·1 o·3 m3 cylindrical
stainless steel vessel equipped with a six bladed turbine impeller and four baffles

9

c.

The

experiments were performed at a reaction temperature of 50°C and an impeller speed of
500 rounds per minute. A continuous flow of argon was bubbeled through the reactor to
remove oxygen from the reaction mixture. The monoroer was added semi-batchwise
using of a positive displacement pump (ISCO-pump).

4.3.

Procedures.

Semi-batch experiments.
The semi-batch experiments were performed as described in the following paragraphs.
The reaction temperature was set to 50°C. The aqueous phase containing emulsifier and
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initiator was prepared by dissolving the initiator prior to adding a concentrated aqueous
emulsifier solution. The ISCO pump was loaded with freshly distilled monomer and the
addition profile was adjusted. After adding the aqueous phase into the reactor, oxygen
was removed from the water phase during 5 minutes by a continuous flow of argon.

The reaction mixture was stirred at 500 rpm. Subsequently, 2.5 ml of monomer was fed
into the reactor and polymerized to remove the last traces of oxygen from the reaction
mixture for 5 minutes. Then, the pump was switched on to feed the reactor continuously.
During the polymerization samples were taken to determine the conversion by gravimetry
and the partiele size distrubtion by freeze-etch electron microscopy. Conversion
measurements were corrected for the changing monomer content caused by sampling on
the one hand, and feeding monomer on the other hand. The conversion is defined as the
fractional amount of polymer in the reactor with respect to the total amount of monomer
fed into the reactor on the moment of sampling.

Two different recipes were used, see Table 3. The initiator and the emulsifier used, were
sodium persulphate and sodium dodecyl sulphate, respectively.

Table 3. Recipes of the semi-batch experiments performed in the cylindrical
stainless steel vessel at a temperate of 50°C. The volume of the aqueous phase
was typically 0. 7 dm 3• The monomer feed-rate F is defined to this initial
water volume.
initiator

emulsifier

feed rate

feed period

C;o

CEo

F

fteed

[kmol/m3w]

[kmol/m3w]

3
[kmol/m w·S)

[min]

A

0.0121

0.120

5.0·10-4

50

B

0.0206

0.123

1.0·10-3

30

recipe
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Determination of the partiele size distribution.
To determine the number of polymer particles and their size distribution a new technique
called freeze-etch electron microscopy was used, since conventional TEM techniques
showed extensive coalescence during the sample preparation.

Freeze-etch electron microscopy is a method that has been particularly useful in cell
biology to visualize the interior and exterior of cells
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•

In this technique the samples are

frozen at the temperature of liquid nitrogen (-196°C) , and the frozen block is cracked
with a knife blade. The fraction plane passes through the partiele and water (i.e.
amorphous ice) interface. The ice level of the fractured sample around the polymer
particles is lowered by sublimation of water in a vacuum as the temperature is raised
(freeze-drying).
The parts of the polymer particles exposed by this etching process are then shadowed
with platinum by spraying this metalfroman oblique angle. This shadowed fraction face
is strengtherred by a film of carbon evaporated from above. The organic material is
dissolved away by etching and washing and the platinum replica is viewed in an electron
microscope.
In this technique cryo protectants are usually not used since they are nonvolatile and

remain in the specimen as water sublimes. In order to obtain high resolution images by
this technique, one must prevent the formation of large ice crystals by freezing the
specimen extremely rapidly. One way of achieving such rapid freezing is by using a
special device to injector shoot the sample in liquid propane.
Coagulation of the latex is prevented because of this rapid freezing. Therefore, it is
suggested that this technique is a promising method for analyzing and visualizing latexes
that inhibit artifacts on drying with conventional TEM techniques.

In this work a Balzers BAF400 Freeze Etching System was used in combination with a

WEST3100 cryostat (Catholic University of Nijmegen, department of Cell Biology).
Golden grids were dipped in the diluted samples and placed between two small copper
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holders. In order to remove contaminants, the grids and the holders were etched in
sulfurie acid prior to use.
The samples were injected in a mixture of solidlliquid nitrogen and treated according to
standard procedures. Platinum was sprayed at an angle of 45° and carbon was evaporated
from above. The platinum replica was cleaned with chromic acid and washed with water.
After drying at room temperature, electron micrographs were made with a Philips EM201
Electron Microscope.
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CHAPTER 5: RESULTS AND DISCUSSION.

5.1. Introduction.
In this chapter, experiments and model calculations are presented for the ab intio semi-

batch emulsion polymerization of styrene in order to investigate the influence of the
monomer feed rate on the partiele number in the latex product. It is expected that for
semi-batch operation under starved-feed conditions more particles are nucleated, since the
partiele growth rate is considerably lower than the growth rate in the corresponding batch
process. This means that the amount of initiator and emulsifier needed for the production
of a certain seed latex: can be considerably reduced by operating the reactor semibatchwise instead of batchwise. In order to quantify this effect, the semi-batch
experiments and model calculations are compared with batch emulsion polymerization
experiments.

In case of semi-batch emulsion polymerization, under monomer-starved conditions, a

significant part of the polymerization process usually occurs at high monomer
conversions. For this reason, special attention has been paid to the modeling of highconversion emulsion polymerization, i.e. diffusion limitations for the propagation and the
termination reaction. The model for high-conversion emulsion polymerization has been
validated with batch experiments.

5.2. The dynamic modeling of high conversion batch emulsion polymerization.
In order to validate the models accounting for diffusion limitations for the propagation

and the termination reactions (Chapter 2), model calculations have been compared with a
batch emulsion polymerization of styrene.
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Figure 1 shows the simulated and observed conversion time history for an ab initio
emulsion polymerization of styrene. The model simulations have been performed with
and without the diffusion controlled kinetics.
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Figure 1: The simulated and the observed (•) conversion time
history for the batch experiment (CMo=7.39, C1o==().021, CE0=0.148
kmoVm 3w)• - simulation for 1'des=18s (see section 2.3.), without
diffusion-controlled kinetics; --- simulation for 1'des=1Ss, with
diffusion-controlled kinetics.

It can be seen that the simulations not accounting for the diffusion controlled-kinetics

(see Figure 1, - ) fail to predict the conversion time history in the high-conversion range
(X>0.90). When diffusion-controlled kinetics for both the propagation and the
bimolecular termination are taken into account (see Figure 1, ---) there is a reasonable
agreement between the simulated and the observed conversion time history.

Both simulations systematically overestimate the conversion rate for conversions above
X=0.2. These model calculations have been performed with an average residence time of
the radicals in freshly nucleated particles (see Chapter 2), i.e. with the assumption that all
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freshly nucleated particles grow with one radical during

'rdes

seconds before either radical

desorption or bimolecular termination occurs. As a result, the broadening of the partiele
size distribution in time is systematically underestimated leading to an overestimation of
the conversion rate. This can be explained as follows: The model calculations assume a
very small size distribution, and devide the radicals almost equally among the freshly
nucleated particles. However, in reality the smallestand the largest particles differ much
more in size than is assumed. The radical absorption rate of a large partiele is in reality
much more than that of a small one. Consequently, the time-averaged number of growing
chains will be very low for the smallest particles so that they will not contribute
significantly to the conversion rate.

In order to account for these effects, each partiele size class formed during the nucleation

period was destined to loose its radicals according to a residence time distribution
function E(t) as derived by Maye~c.
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Figure 2: The simulated and the observed (•) conversion time history for the
3
batch experiment (CMtr=7.39, C10=0.021, CEtr=0.148 kmo11m w)· (-) simulation
with diffusion-controlled kinetics and radical desorption according to the
residence time distribution for radicals in freshly nucleated particles.
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Figure 2 shows the simulated and the observed conversion time history for the same batch
experiment as presented in Figure 1. The model calculation has been performed
accounting for the residence time distribution of the radicals in the freshly nucleated
particles and for diffusion limitations for the propagation and the termmation reaction.

In Figure 2 it can be seen that there is a good agreement between the observed and the
simulated conversion time history. This indicates that the models accounting for diffusion
limitations of both the propagation and the termmation reaction can be a useful tool for
predicting the polymerization rate at high monomer conversions, e.g. predicting the
conversion rate forsemi-batch emulsion polymerizations.

Although model calculations accounting for the residence time distri bution of radicals in
freshly nucleated particles are in better agreement with the observations than the
calculations with an average residence time of the radicals, the latter model is used for
practical reasons. A typical simulation, with the model described in Chapter 2, takes over
4-5 hours of computer calculation time, whereas implementation of the residence time
distribution function E(t) leadstoa gross increase of calculation time. This effect will be
even larger fora semi-batch operation, since the nucleation period is considerably longer
than for the corresponding batch process. At present, a more efficient numerical
procedure is being developed for reducing the simulation time.

5.3. The injluence of the monomer feed rate on the partiele number for the
semi-batch emulsion polymerization ofstyrene.

In order to investigate the influence of the monomer feed rate on the partiele
concentration in the latex product, semi-batch experiments and model calculations were
carried out for two different recipes.
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In Table 4 some major results ofboth semi-batch and batch experiments are summarized.

The partiele numbers of the latex product are compared with those of a batch process
with the same initiator and emulsifier concentrations.

Table 4: The number of generated particles for recipes A and B for both
batch and semi-batch operation. For the batch operation, the number of
particles was obtained from data by Mayer et atc.

recipe

batch

semi-batch

[1021 m-3 w]

[1021 m-3 w]

A

3.2

6.8

B

4.0

5.3

Table 4 clearly shows a considerable increase of the partiele concentration in the latex
product when the reactor is operated semi-batchwise, i.e. under monomer-starved
conditions, instead of batchwise. This can he explained as follows: when the growth rate
of the particles is suppressed by feeding monomer into the reactor at a slow rate, only a
relatively small amount of emulsifier will adsorb per unit of time on the partiele surface
so that more micelles are available for partiele nueleation. As a result, semi-batch
operation leads to a Jonger nucleation period and provides a higher partiele concentration
in the latex product than the corresponding batch process.

It is also concluded from these experiments that the concentration of initiator can he
considerably reduced when lowering the morromer feed rate. In experiment A the initiator
concentration is only 59% of the concentration in recipe B. As a result of the halved
morromer feed rate which leads to a decrease of the partiele growth, the partiele
concentrations in both latex products are comparable, even though the initiator
concentration in recipe A is considerably lower. It is expected for the same reason, that
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the emulsifier concentration can be considerably lowered as well when performing the
emulsion polymerization semi-batchwise.

The observed conversion time history and the partiele size distribution for recipes A and
B are given in Figure 3 and Figure 4, respectively. (Note: the conversion is defmed as the

fractional amount of polymer in the reactor with respect to the total amount of monomer
fed into the reactor at the moment of sampling).

In order to study the semi-batch experiments in more detail, model calculations were

performed with the extended dynamic model as derived in Chapter 2. The drawn lines in
Figure 3a and Figure 4a represent the simulations of both the conversion time history and
the number of generated particles for recipes A and B.
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Figure 3: (a) Tbe simulated (-) and observed (•) conversion time bistory and
tbe partiele number as a function of time (---); (b) and tbe partiele size
distribution of the product latex determined with freeze-etch electron
microscopy at the end of the reaction (Recipe A: Cur=0.0121, CEo=0.120
kmo11m3w' F=5.0·104 kmol/ m3 w·s, lteetF50 min). Tbe number of generated
particles Np,A= 6.8·1021 m·3w( •) with a volume-averaged diameter of dv= 35nm.
End conversionX=0.98.

In both the starved feed experiments and the model simulations, the stage of partiele

nucleation covers the process time.
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Figure 4: (a) The simulated (-) and observed conversion (•) time history and
the partiele number as a function of time (---); (b) and the partiele size
distribution of the product latex determined with freeze-etch electron
microscopy at tbe end of tbe reaction (Recipe B: C11,=0.0206, CEo=0.123
3
kmollm w, F=l.O·lO..J kmoll m3w·s, ltee.t=30 min.). The number of generated
11
3
particles Np,B= 5.3·10 m· w ( +) with a volume averaged diameter of dv= 40nm.
End conversion X=0.96.

As can be seen from these experiments, the conversion time history typically consists of
two different stages: one stage during monoroer feeding, and another a:fter the feeding has
stopped. For both recipes, during the feeding no complete conversion is reached, whereas
a:fter the feeding has stopped the conversion steadily approximates X=0.96 to X=0.98.
The observed partiele size distribution is typically bimodal. This bimodality may be
explained by the presence of distinct periods of different partiele growth rate during the
process, which leads to different rates of partiele nucleation.

The simulations of the conversion time history are comparable for both recipes. In both
cases, the conversion reaches a ceiling value of X=0.9 within 2 minutes a:fter starting the
feed. A:fter the feeding has stopped, the conversion steadily approaches a slightly higher
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value. Note that the sïmulations predict, in accordance with the experiments, a higher
partiele concentration in the latex product as compared with the corresponding batch
processes, see also Table 4. This means that partiele growth has been suppressed during
the experiments by feeding the monomer semi-batchwise into the reactor. However, the
conversion rate is considerably overestimated by the model during the whole course of
reaction.
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Figure 5: The simulated partiele size distributions for the product latexes of
recipe A (left) and recipe B (right), respectively. The simulated total number of
3
particles are Np"..= 7.0·1021 and Np,IF 6.7·1021 1/m w, respectively.

Figure 5 shows the simulated partiele size distributions for the semi-batch experiments in
figures 3 and 4. From tigure 5 it can be coneluded that the bimodality of the observed
partiele size distribution is considerably underestimated by the dynamic model. The
relatively low conversion rate observed for the semi-batch experiments shown in figures
3 and 4 is possibly caused by inhibition of retardation effects. Since, by addition of
monomer, also small amounts of oxygen, dissolved in the monomer, are introduced in the
reaction system, retardation effects of oxygen are likely to occur.

Inhibition and retardation of the polymerization as a result of feeding small amounts of
oxygen into the reaction mixture might also explain the bimodality of the observed
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partiele s1ze distribution: As a result of retardation during the feeding and the
disappearance of oxygen when the feeding is stopped, a period with a low growth rate of
the particles and a period with a high partiele growth rate occurs. This leads to distinct
periods with different rates of partiele nucleation which fmally fmds expression in a
bimodal partiele size distribution ofthe latex product.

5.4. Model calculations of the injluence of oxygen on the course of emulsion
polymerization.
As suggested in the section 5.3, the suppressed conversion rate could be explained by
retardation effects of oxygen. In the dynamic model for the influence of oxygen on the
course of the emulsion polymerization process, it was proposed that oxygen slows down
the reaction rate by active participation in the polymerization reaction. In order to
investigate the influence of small amounts of oxygen on the polymerization process,
model calculations were performed with the extended dynamic model as derived in
Chapter 3.

For the simulation ofthe influence of oxygen on thesemi-batch emulsion polymerization
process, the oxygen concentrations in the feed and the aqueous phase have to be known,
or else, at least, reasonable estimations have to be available.
The amount of oxygen introduced by the monomer feed is easily estimated by assuming
this concentration to be equal to the concentration of oxygen in styrene at room
temperature. The estimation of the amount of oxygen initially present in the reactor is
more difficult: most of the oxygen is removed from the water phase by a continuous flow
of argon, but the efficiency of this extraction process is not known. For the model
calculations, the oxygen concentradon is estimated to be a certain fraction (.Q) of the
solubility of oxygen in water at the reaction temperature (C(02,w)sat'd)·
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Also during the polymerization, a continuous flow of argon is used to remove oxygen
from the reaction mixture. Since no data are available on the efficiency of this removal,
an extraction parameter (E) is introduced into the model which gives for the mass balance
for oxygen:

(35)

In Figure 6, the simulations with the extended oxygen model and the experimental data

for recipe B are given.
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partiele number as a function of time (---) for recipe B (see Figure 4). Model
calculations are performed with the dynamic model as presented in Cbapter 3
(parameter val u es: !1=2%, E=35% ).
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In Figure 6 it can be seen that the model accounting for retardation by oxygen prediets the
conversion time history and the partiele concentration in the latex product within the
experimental error.

In Figure 7, the calculated concentration of the oxygen in the particles (---) and the
fraction of R* radicals (-) are given as a function of time. R* represents the relatively
more reactive :free radicals of unspecified length ending in a monomer unit.
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Figure 7: The fraction of R* radicals cp (-) and the concentration of oxygen in
the polymer particles (---) as a function of time. Model calculations are
performed with the dynamic model as presented in Chapter 3 (parameter
values: D=2%, E=35% ).

As can be seen from Figure 7, the concentration of oxygen decreases during the course of
the reaction, but doesnotdrop to zero until the monomer feeding (and inherently oxygen
introduetion into the reaction system) stops. The :fraction of R* radicals (cp) approaches a
nearly constant value during feeding period. As a result of oxygen depletion the :fraction
of reactive radicals R * almost immediately increases to cp= 1, after the monomer feeding
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has stopped. The simulation also reveals an inhibition or retardation period (t <3 min.).
Because the assumed oxygen concentratien present in the water phase at t=O is relatively
small, this inhibition period is short, as corresponding with the experimental observation.

The results in Figure 7 indicate that the dynamic model accounting for oxygen
interference, as described in Chapter 3, is probably an useful tool in predicting inhibition
and retardation periods and for simulating the intlucnee of oxygen and other inhibitors on
the partiele concentration in the latex product.

The model calculations (Figure 7) elearly show two distinct stages for the fraction of R*
radicals: one stage during the feeding ofthe monomer (t <30 min.) where the fraction of

R* approaches a nearly constant value significantly lower than unity, and the second stage
after this feeding has stopped (t >30 min.) where the fraction equals unity. Since the
propagation rate is related to this fraction of R* radicals (Eq. 24), also two stages with
distinct propagation rates are predicted.

The observed bimodality of the partiele size distribution may, as pointed out in section
5.3., he explained by the presence of distinct periods of different partiele growth rates
during the process, and teading to different rates of partiele nueleation. Model
calculations were performed to predict the partiele size distribution of the semi-batch
experiment in Figure 7.
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Figure 8: (a) the simulated (N=5.3·10 21 l/m3w), and (b) the observed partiele
size distribution as determined by freeze-etch electron microscopy (N=5.4·1021
l/m3w) (see Figure 4).

Figure 8 shows the partiele size distribution obtained by model simulations accounting
for retardation by oxygen, see also Figure 6, and the observed partiele size distribution. In
Figure 8 can be seen that: The model accounting for retardation by oxygen prediets a
bimodal partiele size distribution that corresponds fairly well with the experimentally
determined distribution. This result confirms the hypothesis that the bimodality of the
observed partiele size distribution is caused by retardation of the emulsion polymerization
as aresult ofthe presence of oxygen in the monomer feed.

It should be noted that the calculations presented in this chapter are based on rough but
reasonable estimates of crucial physical and chemica} parameters available in literature,
such as the propagation rate constant kp,Z and kpo2, and the oxygen solubility parameters.
Therefore in the future, experiments have to be performed to determine these parameters
accurately. It is suggested to perform seeded emulsion polymerization experiments
instead of ab intio emulsion polymerizations because of its relative simplicity for both
data interpretation and computer modeling.
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It can be coneluded that simulations with the dynamic model accounting for inhibition by
oxygen fairly well predict the observed conversion time history and the partiele
concentration of the latex product. The typically bimodal partiele size distribution, as
observed in the experiments, is predicted by the model. This indicates that the dynamic
model can be a useful tool for predicting retardation periods and the influence of oxygen
on the latex product.
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CHAPTER

6:

ÁPPLICATION

OF

THE

DYNAMIC

MODEL

FOR

THE

POLYMERIZATION IN VESICLE BILAYERS.

6.1. Introduction.
Molecular organization and compartrnentalization in self-assembling surfactauts and
synthetic hosts are key concepts in biologica} membrane-inspired chemistry. A key
structure in this field of chemistry is the vesicle. Figure 9 gives a schematic representation
of a vesicle, a hollow bladder-like surfactant suprastructure, composed of a closed
surfactant bilayer sheet with tail-to-tail arrangements ofthe surfactant.

Figure 9: Schematic representation of a vesicle (Lat. vesicula, bladder), a
bladder-like surfactant suprastructure. The diameter of the vesicle is
typically 0.01-lOJ.lm. The dimeosion of the vesicle bilayer is typically
0.006J!m, the size of two tail-to-tail arranged surfactant molecules.

The organization of substrate in vesicles can lead to altered chemica! behavior. These
properties are exploited for catalysis, transport, drug delivery, artificial photosynthesis
and synthetic enzymes26 • However, the application of vesicles, e.g. as encapsulating
species, is hampered by the very fragile structure of vesicles. In the presence of
hydrophobic/ hydrophilic interfaces, vesicles break up and subsequent adsorption of the
surfactant molecules on the interface easily occurs.
Polymerization in vesicles could fulfill the need for increased stability and for
controllable permeability and size. These hollow latex particles could also find
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application as encapsulating species, fillers, and opacifiers. Recently, polymerization of
styrene in vesicles bilayers was shown to be practicable27 •

6.2. Emu/sion polymerization in vesicle bilayers.
The polymerization in vesicles cernprises a heterogeneous process during which the
monomer is supplied to the vesicle bilayer by mass transfer of monomer from the water
phase to the vesicle. Since vesicles break up in the preserree of a hydrophobic/
hydrophilic interface, e.g. in the preserree of morromer droplets, the polymerization
process should be designed such that the monomer is transferred to the water phase in a
very well controlled marmer.

Mayer and German have indicated that a hollow fiber membrane unit is a very promising
reactor type for polymerization in vesicles28 . In such a reactor, the monomer phase is
pumped loopwise through the hollow fibers, whereas the water phase with the vesicles is
pumped along the fibers. The morromer consumed as a re sult of the polymerization in the
vesicles is supplied by mass transfer through the membrane. Since the water phase and
the morromer phase remain separated during the entire polymerization reaction, the
formation of monomer dropiets is avoided. The large specific surface of a hollow fiber
membrane provides a large mass transfer capacity which makes it possible to perform the
polymerization at a relatively high rate. Obviously, some of the surfactant will adsorb on
the membrane surface. However, for practical applications, the total membrane surface is
about one or three orders of magnitude smaller than the surface created by dispersion of
monomer in the water phase.

Since hollow fiber units are a promising reactor for heterogeneous polymerizations which
cannot be performed in the preserree of monomer droplets, a membrane reactor of this
type will be developed in order to perform vesicle polymerization. In this new field of
research it is important to elucidate the aspects of reactor design, kinetics and modeling of
this new type of heterogeneous polymerization.
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This implies further development of methods of obtaining vesicles stabilized by intrabilayer (co)polymerization, dimensional control in the preparation of hollow partieles,
and a qualitative as well as a quantitative understanding of the kinetic and mechanistic
features of vesicle polymerization.

6.3. Dynamic model for polymerization in vesicle hilayers.
The dynamic model for semi-batch emulsion polymerization derived in Chapters 2 and 3
can be applied as a starting point for modeling the polymerization in vesicle bilayers.

The polymerization in vesicles, which occurs in the water phase can be considered as a
semi-batch process where the monomer is supplied by mass transfer through the
membrane. Because of the modular set-up of the dynamic model derived in Chapters 2
and 3, the monomer feed rate F fora semi-batch process (Eq. 6), can easily replaced by a
relation descrihing the mass transfer rate of monomer through the membrane.

Additionally, special attention has to be paid to the kinetics of polymerization in vesicles,
i.e. radical absorption, radical desorption and bimolecular termination, since the geometry
of vesicles is different form that of micelles and latex particles. The different processes
can easily be implemented into the dynamic model as derived in this work.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS.

7.1. Conclusions.
From the simulations and experiments performed for ab initia batch and semi-batch
emulsion polymerization of styrene, the following conclusions can be drawn:

1. The extended dynamic model accounting for diffusion-controlled kinetics is able to
fairly well predict the conversion time history over the whole range of conversion as
well as the concentration of particles in the latex product for ab initia batch emulsion
polymerization.
2. Emulsion polymerizations of styrene clearly show a considerable mcrease of the
partiele concentration in the latex product when the reactor is operated semibatchwise, i.e. under monomer-starved conditions, instead of batchwise.
3. Therefore, the concentration of initiator and emulsifier in the recipe needed for the
production of a latex with a partiele concentration and a partiele size distribution
defined beforehand can be considerably reduced by operating the reactor semibatchwise instead of batchwise.
4. The performed semi-batch emulsion polymerization experiments typically show a two
staged conversion time history and a bimodal partiele size distribution. These stages
coincide with the stage of morromer feeding and the period after this feeding has
stopped. These characteristics have been successfully explained with oxygen
interferences in the nucleation and polymerization process of the ab initia semi-batch
emulsion polymerization, indicating that the dynamic model can be a useful fool for
predicting retardation periods and the influence of oxygen on the latex product.
5. Freeze-etch electron microscopy is a promising technique for analyzing and
visualizing latexes that inhibit artifacts on drying with conventional TEM techniques.
6. The dynamic models presented in this work can probably also be applied for the
modeling of polymerization in vesicle bilayers.
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7.2. Recommendations.
In the future the following experiments, model adjustments and model calculations can he

performed in order to elucidate in more detail the characteristics of ab initia semi-batch
emulsion polymerization, the influences of oxygen on the nucleation and polymerization
processes, and of the polymerization in vesicle bilayers:

1. Model calculations and experiments for ah initia semi-batch operation for different
recipes and for different monoroer feed rates and different monomers.
2. Batch and semi-batch emulsion polymerizations experiments elucidating the
influences of oxygen in order todetermine the relevant parameters accurately.
3. Derivation of the kinetics of polymerization in vesicles i.e. modeling of radical
desorption, bimolecular termination and radical absorption. Further, the mass transfer
of monoroer through the hollow fiber membrane is to he studied.
4. Implementation of the kinetic expressions for polymerization in vesicles into the
dynamic roodels derïved in this work.

This additional work results in further development of dynamic roodels for the batch and
semi-batch ab initia emulsion polymerization, and the postulation of a model of
polymerization in vesicles. These roodels can he used for process design and process
optimization.
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APPENDIX A: PHYSICAL AND CHEMICAL PARAMETERS.

A. 1. Oxygen solubility parameters.
The mole fraction of dissolved oxygen in styrene monomer is calculated on the basis of
the solubility of oxygen in styrene at room temperature (T=298Ki 3b. This value is
measured to be 7 .1·1 o· 3 kmo11m3 at 1.0 1·105 Pa 0 2-pressure, and estimated 1.4·10'3
4

kmo11m3 at 2.03·1 0 Pa, which is the partial pressure of oxygen in air. The mole fraction
is calculated by dividing this value by the molar concentration of pure styrene (Mo=8.43
kmo11m\ thus resulting in ro=1.68·10'

4

•

The partition constant 'f is estimated as the ratio of the solubility of oxygen in water and
in styrene at the reaction temperature (T=323K)

23

b,l&d_

The concentration of oxygen
4

dissolved in water is 9.33·10'4 kmol/m3, whereas it is 14.2·10' kmo11m 3 in styrene. The
partition constant equals y=0.657 for styrene at this temperature.
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APPENDIX B: DETAILED MATHEMATICAL EQUATIONS.

B.l. Volume fraction monomer.
In a monomer-starved reaction, i.e. no monomer dropiets exist, the mass ratio and the

volume ratio of monomer and polymer is, by defmition, given by:

m" 1-X
Vm
- - = - - andmp
x
vp

mm I Pm _ (1-X) Pr
mplpp
X
Pm

(I)

The volume fraction of monomer in the monomer swollen polymer partiele is calculated
by:
l/Jm

_V_m- = __(::..._1_-_X_:_) P~m:!___
Vm +VP (1 X) I Pm +X I pP

1

___!_/

1+(~)Pm

(TI)

1-X pP

B.2. Fraction ofR* radicals.
The kinetic expression derived in this section is based on the following assumptions:
1.

the rate coefficients for reaction of R* and Z* with monomer depend only on the end
groups ofthe growing chains (ultimate effect); and,

n. the reactions 3, 4 and 5 (see Chapter 3), account for all the consumption ofmonomer
and oxygen.

The assumption ii implies that kinetic chains are long enough so that consumption of
monomer in reactions 2, 6 and 7 may be neglected. The following balance can be derived
for Z* radicals:

d[Z*]=k [R*][O]-k [Z*][M]
dt
p02
2
p,Z

(ill)
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•

The solution ofthis equation for the steady state approximation (d[Z*]/dt=O) is given by:

kp,Z

[M]

[R*]

nR.

(/)

Z*]

n2•

1- cp

----=--=-=

k po2 [ 0 2 ]

[

(IV)

and thus results fmally in an expression for the fraction ofR* oligomers:

1

cp=----1+ kp02 [02]
kp,Z

(V)

[M]

The parameter cp enables the calculation of the altered rate of polymerization as a re sult of
interference of oxygen with the radical polymerization.

B.3. The rate ofpolymerization.
The rate of polymerization can be easily rewritten for these new reaction paths. The total
consumption rate of monomer is accounted for by reactions 3 and 5. The rate of
polymerization is obtained by summation of these two reaction rates:

(VI)

Rp =

KCM,pnN

N

.
wtth K = kP ,R*cp + kP ,2.(1- cp)

A
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The time-averaged number of R* and Z* ebains per partiele are denoted by nR.and nz•.
The apparent propagation constant

K,

defined this way, accounts for the different

chemical behavior ofthe R* and Z* radical chains.

B.4. The rate of oxygen consumption.
For the rate of oxygen consumption in a latex with a discrete partiele size distribution it
can he written:
Nlot

kPo2 Co2

I

N(i)nR.(i)
i=l

(VIT)

This re lation allows calculation of the rate of consumption of oxygen by use of the known
parameters

n and <p.

B.S. Oxygen concentration in the particles.
Assuming that C02

,

by defmition, is the total amount of oxygen present in the reaction

system per unit volume of the aqueous phase (i.e. not the concentration of oxygen in the
aqueous phase), tben the amount of oxygen (in kmol) present in the reaction mixture
equals C0 2 Vw, where Vw represents the volume of aqueous phase. The oxygen partitions
between the water and the partiele phase. Assume a fraction a of the total amount of
oxygen being dissolved in the aqueous phase. The concentrations in both phases are
calculated by:

(VIII)
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where, Vp stands for the volurne of the partiele phase (V=VJVw). The ratio of these
concentrations is defined by the partition constant:

(IX)

(1- a)y

= av <=>a=

(-r-)
y+V

F or the concentration of oxygen in the aqueous and the partiele phase it can be written:

C

o2w

=C

02

r-) andC
(y+V

o2·P

=C

02

(1-)
y+V

(X)

It is assurned that the solubility of oxygen in (rnonorner swollen) polyrner partiele equals
that in pure rnonorner.

B. 6. Ra die al desorption rate coefjicient.
Sirnilar to the apparent propagation rate constant

K,

an apparent chain transfer rate

constant (ktr *) can be defined:

k,:

= q>ktr,R + (1- Cf> )ktr,Z

(XI)

The rate coefficient of radical desorption in the presence of oxygen is given by:

k

== k,:K0
des

J(

= (q>ktr,R +(1-q>)ktr,Z]Ka
rnk
+ (1- "t'rn)k p,Z
Y p,R

(XII)
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The ratios ofthe chain transfer rate constants k 1,,z and

ktr,R

(r 1,), and the propagation rate

constants kp,Z and kp.R (rp) are defined by:

r 1,

ktr,Z
=ktr,R

d
an r

= k p,Z
p

(Xill)

kp,R

Assuming that the ratio r1, equals the ratio rp because of the similar chemica! transition
states for both types of reaction (r= r1,= rp), the desorption rate constant is simplified to:

kdes

=(

{cp+r(l-cp)}ktr,RJ
Ko
{CjJ + r(l - CjJ)} k p,R

kt,,RKo

= -----'--

(XIV)

k p,R

This relation allows calculation of the desorption rate constant by use of the well known
constants for R * radicals.
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LIST OF SYMBOLS.

a

argument of the modified Bessel function [-]

b

order of the modified Bessel function [-]
surface occupied by one krnol of emulsifier [m2/kmol]

CcMc

critica! micelle concentration [krnol/m3w]

CEo

overall amount of emulsifier in the reaction mixture [krnol!m3w]

C1o

overall amount of initiator in the reaction mixture [krnol!m3w]

CMo

overall amount of monomer in the reaction system [krnol!m3w]

CM,p

monomer concentration in the particles [krnol/m3]

(CM,p)sat'd

saturation value of monomer concentration in the particles [krnol!m3]

(C02,w)sat'd

oxygen solubility in water at the reaction temperature [krnollm3w]

Cmicelle(f)

concentration of emulsifier located in micelle at timet [krnol/m w]

C02

overall concentration of oxygen in reaction system [krnol/m3w]

C02,p

oxygen concentration in the particles [krnol/m

C02,w

oxygen concentration in the water phase [krnol/m w]

Crw

radical concentration in the aqueous phase [krnol/m w]

3

3
]
3

3

diameter of the partiele [m]
volume-averaged diameter of the particles [m]
2

diffusion coefficient of a monomer radical in the water phase [m Is]
2

Dp

diffusion coefficient ofmonomer radicals in partiele phase [m /s]

E

extraction parameter [-]

E(t)

residence time distribution function [-]

f

initiator efficiency factor [-]

F

monomer feed rate [krnollm w·s]

kd

rate constant for initiator decomposition [1/s]

kpo2

reaction rate constant of R* with molecular oxygen [m /(krnols)]

kp,R

propagation rate constant of R* [m /(krnols)]

kp,Z

propagation rate constant of Z* [m /(krnols)]

3

3

3

3
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kdes(i)

desorption rate coefficient for particles in size class i [1/s]

kp

propagation rate constant [m31(kmols)]

kpo

propagation rate constant without diffusion limitation [m31(kmols)]

kt

bimolecular termination rate constant [m31(kmols)]

kt,RR

termination rate constant for R* radicals [m31(kmols)]

kt,ZZ

termmation rate constant for Z* radicals [m31(kmols)]

kt,RZ

cross-termination rate constant for R*IZ* radicals [m 31(kmols)]

kro

terminalion rate constant at reference point [m 31(kmol"s)]
effective chain transfer rate constant [m31(kmols)]
apparent effective transfer rate constant [m31(kmols)]

ktr,R

chain transfer rate constant for R* radicals [m31(kmols)]

ktr,Z

chain transfer rate constant for Z* radicals [m31(kmols)]

krw

termination rate constant in the aqueous phase [m3wl(kmols)]

kpvf

diffusion controlled propagation rate constant [m31(kmols)]

Ko

desorption rate constant for monomer radicals [1/s]
partition coefficient for monomer radicals [-]
molecular weight of morromer [kg/kmol]

Mo

molar concentration of pure monomer [kmollm3]
(overall) time-averaged number of growing chains per partiele [-]
time-averaged number of R * chains [-]
time-averaged number of Z* chains [-]

N

number of particles [11m3w]
Avogadro's constant [1/kmol]
number of partiele size classes [-]
ratio of chain transfer rate constants [-]
ratio of propagation rate constants [-]
rate of radical absorption by micelles [11m3w·s]
rate of micellar nucleation [11m3w·s]
rate of oxygen consumption [kmoVm3w·s]
overall rate of polymerization [kmoVm3w·s]
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fteed

length of monomer feed period [s]
free volume of(monomer swollen) partiele [-]
free volume at reference point[-]
free volurne of monomer [-]
free volume ofpolymer [-]

Vj,lim
V

•

free volume in limiting case of termination constant [-]
critic al free volurne [-]
volurne of partiele in size class i [m3]
fractional conversion [-]
fractional conversion where monomer dropiets disappear [-]

V

total partiele volume per unit aqueous phase [m3/m3w]
volume of(monomer swollen) partiele phase [m3/m3w]

a

empirica! constant for termmation re lation [-]
proportionality constant for radical absorption [11m2]
friction coefficient [Js/m2]
2

friction coefficient of polymer at reaction temperature [Js/m

]

fraction of R * radicals [-]
C/Jm

volume fraction monomer [-]

r

oxygen partition constant[-]
3

propagation rate constant in presence of oxygen [m /(kmol's)]

w

mole fraction of oxygen solubilized in monomer [-]
fractional constant for oxygen dissolved in water [-]
3

p

rate ofradical absorption by micelles and particles [kmol/m w·s]

Pa

rate of radical absorption by particles [11m w·s]

3

3

rate ofradical formation by radical decomposition [kmol/m w·s]

Pm

3

density of monomer [kg/m

]

3

density of polymer [kg/m ]
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mean residence time of a radical in freshly nucleated particles [s]
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