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Abstract

The comparison of the mathematical model and experimental results of the free radically initiated semi-continuous emulsion polymer-
ization of styrene/butadiene/acrylic acid in the presence of chain transfer agent (CTA) is presented. The mathematical model takes into
account the mechanism of gel formation and the effect of acidic monomers. It has also been included the inhibition caused by oxygen and
monomer inhibitor. The experimental results (solids content, unreacted amount of monomer and gel content) and those obtained by the
model are in rather good agreement.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tion rate increased, namely when the oxygen mass transport
rate from the headspace to the aqueous phase increased.
Emulsion polymerization is a free radical polymeriza- Saenz and Asuf8] studied the effect of the nitrogen purge
tion whose kinetics is severely affected by the presenceand monomer purification, on the particle-size distribu-
of small amounts of inhibitors and retarders. These sub- tion in the dispersion polymerization of styrene in ethanol.
stances are polymerization supressors of different degreesfhey found that the inhibitors contained in the technical
of effectivenesg1]. Inhibitors completely stop the poly- monomers were less critical than oxygen because as they
merization, whereas retarders are less efficient and causavere completely dissolved in the reaction mixture, their
only a reduction of the polymerization rate. main effect was to provoke a time delay in the start of the
Kinetic studies in emulsion polymerization are often polymerization, whereas the diffusion of the oxygen from
performed in the absence of inhibitors. The initiators and the headspace to the reaction mixture led to a continuous
emulsifiers are of a high purity grade, and the monomers retardation. Vega et aJ4] noted that the presence of vari-
are purified by distillation to remove the inhibitors used able amounts of oxygen distorted the conversion profile in
during storage as well as other reactive organic impuri- the emulsion copolymerization of acrylonitrile and butadi-
ties which may act as radical scavengers or chain transferene carried out in an industrial reactor. Lopez de Arbina
agents (CTAs). On the other hand, in industrial processeset al. [5] conducted a calorimetric study on the influence
it is impractical to purify the monomers or at least to do so of oxygen on the seeded styrene emulsion polymerization.
to the extent done in laboratory studies. A decrease of the inhibition period and an increase of
Oxygen is a well-known inhibitor for many free-radical the polymerization rate was observed when the system is
polymerization systems. Initial rates of polymerization may purged with nitrogen. They also found that oxygen had a
be extremely low during the period in which molecular great influence on the polymerization kinetics, producing
oxygen is acting as a retarder or an inhibitor. The action of not only inhibition, but also decreasing the reaction rate.
oxygen as a radical scavenger (inhibitor) causing a decreasel he explanation for these results was the existence of mass
in the polymerization rates has been observed by severaltransfer limitations from the reactor headspace to the latex,
researchers. Nomura et §] found that, in the presence of resulting in a gradual, continuous flow of oxygen into the
oxygen, the polymerization rate decreased when the agita-liquid phase. Cunningham et gb] carried out measure-
ments of oxygen initially dissolved in the agueous phase in
* Corresponding author. Fax:34-943-212236. the styrene emulsion polymerization and show that oxygen
E-mail addressjmasua@sg.ehu.es (J.M. Asua). was most appropriately treated as both water-soluble and

1385-8947/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S1385-8947(03)00185-2



184

M. Zubitur et al./Chemical Engineering Journal 98 (2004) 183-198

Nomenclature

A

Agl
dp
DMW

Dw(i

[DB]

[DB]¢

I(fm

Kt

Kinhib

K

hydrophilic monomer

gas-liquid surface area (din
diameter of a swollen particle (cm)
aqueous diffusion constant of
monoradicals from monomer

M (dm?/s)

average aqueous diffusion constant
over all monomeric radicals of
lengthi (dm?/s)

concentration of pendant double
bonds in inactive polymer (mol/l)
concentration of pendant double
bonds in inactive and active polymer
(mol/l)

activation energy (K1)

initiator efficiency (=)

radical entry efficiency (-)

feed rate of monomaer(mol/s)

feed rate of initiator (mol/s)

feed rate of the oxygen that enters
in the reactor system with the
monomer feed stream (mol/s)

feed rate of the oxygen that enters
in the reactor system with the
water feed stream (mol/s)

feed rate of CTA (mol/s)

feed rate of TBC (mol/s)

amount of gel (-)

Henry’s constant of oxygen (atm)
initiator concentration (mol/l)

mass transfer coefficient at the
gas—liquid interface (dm/s)

average entry rate coefficient for all
radicals (I/mols)

average entry rate coefficient for
radicals containing monomer

units (I/mol s)

average rate constant for transfer
to monomer (I/mol s)

average transfer rate constant for
all radicals to chain transfer agent
T (I/mols)

pre-exponential factor dEq. (15)
(I/mol s)

initiator decomposition rate constant
(s

average rate constant for propagatio
in the particle phase (mol/ls)
average rate constant over all radicg
for propagation in the water phase
(mol/ls)

average rate constant for propagatio
to pendant double bonds (mol/l s)

Is

.2
kp,.

KRrekker COOH
kipo

Kiwe, ktwd

Kewo
ktec

mo,
mrec

Ml
Mh sol
M sol
MW,y
NA

ns

Na

0X;
OXm
0))

OZa
[OZ] e

[OZ]Z
PoB

Pm

PMW

average rate constant for propagation
to monomeii in phasez (I/mol s)
Rekker coefficient of acidic groups (-)
oxygen inhibition constant rate in

the particle phase (I/mols)

average constant over all radicals for
agueous termination by combination
(I/mol s)

oxygen inhibition constant rate in

the aqueous phase (I/mol s)

TBC inhibition constant rate

(I/mol s)

number of moles of oxygen (mol)
TBC partition coefficient between
droplets and patrticles (-)

number of moles of water (mol)
number of moles of monomerin

the reactor (mol)

concentration of an individual
monomer M in phasez (mol/l)

number average molecular weight

of the sol fraction (g/mol)

weight average molecular weight of
the sol fraction (g/mol)

water molecular weight (g/mol)
average number of free radicals

per particle (-)

number of monomers of type A (-)
number of monomers of type S (-)
Avogadro’s number

number of polymer particles (-)
oxygen concentration in the initial
charge (mg/l)

oxygen concentration in the monomer
feed (mg/l)

total amount of oxygen in reaction
medium (mol)

oxygen in the headspace (mol)
concentration of oxygen in the reaction
medium phase that would be in
equilibrium with the oxygen
concentration in the gas phase (mol/l)
oxygen concentration in phage

(p, monomer-swollen polymer particles;

w, aqueous phase; d; monomer drople
(molfl)

proportion of pendant double bonds

in inactive polymer chains (-)
molecular weight of the monomeric
unit (g/mol)

probability that of all oligoradicals

in aqueous phase the end group is

M (=)

partial pressure of oxygen (atm)

ts)




M. Zubitur et al./Chemical Engineering Journal 98 (2004) 183-198 185

sion polymerization for Case | systems (e.g. vinyl acetate).

Qi ggtr:;g::ig:tiaft:]hee ";?t(i:éll\ée pr):()?ll)s/zer They modified a population balance model for Case | emul-
0:(n) ith moment of thepinactiveppolymer sion polymerizations developed by Penlidis et[&D], to
J

account for the effects of impurities. The model was able to
account for the experimentally found induction period that
was proportional to the amount of impurities present.

distribution in generatiom in the
particle phase

[Rw] concentration of al ‘l’/'l'gorad'ca's in the Chien and Penlidig11,12] studied the effect of the
S E?/greoopuhsogica;eofmrgr%e)r impuritie; on a continuous methyl methqcrylate sqlution
T CTA in the reactor (mol) polym_enzat|on reactor system. The |nh|b|tor. used in the
ul concentration of CTA (T) in polymer experiments was Z-Z-d|phenyl-1-p|crylhydra2|l (DPPH). In
particles (mol) th_e open loop ex_pe_nment&l] they compared the _results
TBC TBC in the reactor (mol) with model predictions and found that conversion data

agreed well, but larger discrepancies were found for average
molecular weight. On the hand, closed-loop control strate-

gies[12] were performed to keep the conversion at the de-

sired level while adding known and unknown disturbances

of impurities to the process. Different controllers were as-

sessed by simulation and real-time experiments and in all
cases the conversion was controlled in the nominal value.

[TBC]; concentration of TBC in phase
(p, monomer-swollen polymer particles;
d; monomer droplets) (mol/l)

V, volume of phase (p, monomer-swollen
polymer particles; w, agueous phase;
d; monomer droplets) (1)

iOZ Tho:zgaz{?acr?toonf ?;;X%?er:eric radical Recently, Kiparissides et dlL3] developed a mathemati-
/ Jdistribution in the part)i/cle hase cal model to quantify the effect of the oxygen concentration
Y ith moment of theppolymeﬁc radical on the polymerization rate and particle size distribution in
J

ab initio vinyl chloride batch emulsion polymerization re-

actor. They found that, at low initial oxygen concentrations,
the polymerization rate increases with the oxygen concen-
tration and that the average latex particle size exhibits a
U-shaped behavior with respect to the initial oxygen con-

distribution in generatiom in the
particle phase

Greek symbols

A1 sz);gregrf)c?gglrcsirélgts)eﬁlment between centration. They explain this experimental observation by

8y oxygen partition coefficient between the combined role of oxygen as an inhibitor and a radical
water and droplets g.e.nerator_through the formation gnd subsequent d.eco.mpo—

. water density (g/l) sition of vinyl peroxides formed via the copolymerization

of vinyl chloride with oxygen.
In a previous papefl4] a mathematical modeling of
a semi-continuous emulsion polymerization of a mul-
monomer-soluble inhibitor. They found that at high initial timonomer system comprising vinylic, divynilic, and
oxygen levels low molecular weight was produced. This water-soluble monomers in the presence of CTA was pre-
effect is an indicator that the oxygen remains in the organic sented. In this work, the model is extended to account for
phase. On the other hand they found an exponential depenthe effect of impurities in the monomer feedstock and the
dence of induction time on initial oxygen concentration that presence of oxygen in the monomer and reactor headspace.
provided evidence for slow diffusion of oxygen from the These inhibitors might affect the kinetics of the emulsion
headspace into the latex. If there were no diffusion from the polymerization but also in the structural properties of the
headspace, a linear relationship will be observed betweenpolymer latex (MWD and gel). In this paper the predictions
the initial oxygen concentration and induction time. of the extended model are compared with experimental
Huo et al.[7] studied the effect of water-soluble and data (solids content, unreacted amount of monomer and gel
monomer-soluble impurities on the kinetics of emulsion content) of the seeded semi-batch emulsion polymerization
polymerization of monomers following Case Il kinetics of styrene (S)/butadiene (Bd)/acrylic acid (AA). The com-
(e.g. styrene) in a batch reactor. They modified the mathe-mercial importance of all the above properties for a latex
matical model presented by Broadhead ef{&l.by modi- makes such a model useful for the design, optimization,
fying the radical balances in the reactor to include reactions and control of emulsion polymerization reactors.
with water-soluble (hydroquinone) and monomer-soluble
(tert-butylcatechol) impurities. Their experimental studies
reveal that impurities can have an appreciable effect on 2. Experimental
both polymer nucleation and growth. These effects were
accounted for by a mathematical model. Data were gathered using an on-line Raman Spectrome-
Penlidis et al[9] investigated the effect of water-soluble ter (Bruker RFS 1000[15] in a 51 reactor, that allowed the
and monomer-soluble impurities on the kinetics of emul- measurement of the solids content and free styrene every
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Table 1 3. Mathematical model

Basic formulation used in the experiments

Initial charge (g) Feetl(g) 3.1. Outline and assumptions

Prepolymerized latex 6.7 - . . .

s P _ 1152 A mathematical model developed in a previous work
Bd - 580 [14] for the semi-continuous emulsion polymerization of
AA - 37.4 a system comprising vinylic, divinylic and water-soluble
ET_A (_te”'d?decy' mercaptan) - tlitf monomers in the presence of CTA was extended to take

nionic surfactant - ; into account the presence of inhibitors. For the sake of
Initiator (ammonium persulfate) - 15.5 o N .
Water 1500 260.82 brevity in what follows, only the distinctive kinetics aspects

of the polymerization in the presence of inhibitors will be
described and discussed. The material balances and molec-
ular weight distribution are given iAppendices A and B
6 min. In addition to these measurements, for several exper-A complete description of the mathematical model can be
iments the final amount of gel produced was also measured.found in Ref.[14].
The experimenta| procedure was as fo”ows: a prepo'ymer- |nh|b|t|0n iS a Consequence Of the presence Of impuritieS
ized latex and a part of water were initially charged into (€.9., the inhibitors in the monomer feed stream and oxy-
the reactor. The rest was fed divided in two streams hav- 9en traces in the nitrogen atmosphere of the reactor and in
ing both the same tota' feeding time: one was Composed bythe feed Streams). The inhibitors consume the free radicals
monomers and CTA and the other was the initiator and emul- Produced by decomposition of the initiator leading to an in-
sifier in aqueous solution. The basic formulation is shown hibition period, and hence to an increase in the amount of
in Table 1 The purging procedure was as follows: the sys- free monomers.
tem was vacuum down to 0.1 bar, then it was purged with )
nitrogen to atmospheric pressure and again vacuum down3-2- Reaction scheme
to 0.1bar. The system was heated to the reaction temper- ) ] )
ature (heating period 50 min) and the reagent feeding was ©>ygen diffuses from the gas phase into the reaction
started { = 0). The operating pressure was 4—6 bar during medium vyhere |F reacts with free 'radlcals in aqueous phase
the feeding period and then decreased to 1-2 bar. (R*) and in particles (R*®) according to the following ki-

In addition to the on-line measurements of solids content Netic mechanism:
and_unreacted_styrene measured by FT-Ra_man Spectroscopyye (ag) + Oz (ag) kwo RO,* (ag) (inactive)
off-line analysis were performed. The solids content (de-
fined as the dry latex weight/wet latex weight ratio) was ktpo ) .
measured by gravimetry. Styrene concentration (defined asRm® + O2(p) = RG*(p)  (inactive)
weight styrene per weight of wet latex) was measured by GC.
Both off-line and on-line measurements were in good agree- matical model as dead polymer
ment[15]. The process variables varied during this study '

i : . . Radicals in particles may also react with monomer-soluble
were: styrene/butadiene ratio, reaction temperature and CTA. " .
. o impurities such atert-butylcatechol (TBC), which are com-
concentration as it is shown ifable 2

monly added to the fresh monomer by the suppliers due to
their radical scavenging properties

aFeeding time 4.5h in all the experiments.

The inactive radicals R® were considered in the mathe-

Table 2

Semi-continuous experiments carried out with different temperatures, S/Bd Rpy,® + TBC(p) kT—Bg Pn(TBC)

ratios and CTA concentrations

Rurf Temperature°C) S/Bd CTA The use ofkwo, kipo andkrgc as overall rate constant, re-
gardless of the monomer reactivity with the impurity is a

1 85 2.0 0.89 o

5 85 20 089 simplification to the model.

3 80 2.0 0.89

4 90 2.0 0.89 3.3. Material balances

5 85 2.0 0.66

: o0-85 28 Tor 331 Oxygen | o

8 90-80 2.5 1.67 Oxygen in the headspace diffuses to the reaction mixture
9 90 25 1.67 according to the following balance:

10 95 2.0 1.56 dOya

11 % 2.0 146 o = ~Ay([Ozle — [0]w) (1)

aRuns 1-6 contained oxygen in the initial charge. Runs 7-11 did not h D is th | f . h
contain oxygen in the initial charge. where Q4 (mol) is the total amount of oxygen in the

bwt.% with respect to the monomers. headspacek (dm?phasg¢dnm?s = dm/s) is the mass
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transfer coefficient at the gas—liquid interfaég, (dn?) is 3.4. Inhibitors distribution between the phases

the gas—liquid interfacial area, §fa (mol/l) is the concen-

tration of oxygen in the aqueous phase that would be in equi- 3.4.1. Oxygen

librium with the concentration of oxygen in the gas phase The total amount of oxygen in the reaction medium is the

and [Q]w (mol/l) is the oxygen concentration in agueous sum of the oxygen in the aqueous phase, polymer particles

phase. and droplets (if present):

The material balance for oxygen in the reaction medium _

is given by the following equation: Oz = [OzlwVw +[OzlpVp + [OzlaVa @)

where [Q]q (mol/l) is the oxygen concentration in droplets,

d .

& = Fox, + Foxy + kKAgi([O2]e — [O2]w) \Z and_Vp () are the.volur_nes of droplets anq particles,

dr respectively. The relationship between oxygen in water and
nN [ icl d in droplets is given by partition

kvl R TIO 5l Vi — k Pro 2 oxygen in particles an p g Yy p
ol RuJ[O2lw Vv = ktpo Na [©2]p @ coefficients §1 and g8, respectively):

where @ (mol) is the total amount of oxygen in lateKgy,, [O2]p = [O2]w (5)

(mol/s) is the feed rate of the oxygen that enters in the re- B1

actor system with the water feed streafg,,, (mol/s) is the [O2]w

feed rate of the oxygen that enters in the reactor system with[O2]d = (6)

the monomer feed stream. The third term of the right-hand P2

side accounts for transfer of oxygen from the gas phase toThe concentration of oxygen in the aqueous phase that would
the latex phase and the fourth and fifth account for the con- be in equilibrium with the oxygen concentration in the gas
sumption of oxygen by radicals in the aqueous and polymer phase, [Q]e, is given by Henry's Law:

particles. ph_a;t_es, respectivelyyo aqd kipo (I/mol's) are the _Po, = Ho,Xo, @)
oxygen inhibition rate constants in aqueous phase and in

particles, respectively, i (mol/l) is the concentrations of  wherePo, (atm) is the partial pressure of oxygdifip, (atm)
radicals in the aqueous phasdgy (I) is the volume of the is the Henry’s constant of oxygen am¢p, is the molar
aqueous phasa, is the average number of free radicals per fraction of oxygenEq. (7)has been modified as:

particle,Np is the total number of polymer particles in the

reactor,Na is the Avogadro’s number, and § (mol/l) is Po, = Ho
the oxygen concentration in particles.

mo, MW,y
——=  ~ Hp,[O
szZ F my Oz[ 2]e

(8)

Wheremo2 and my are the number of moles of oxygen
3.3.2. Monomer inhibitor (TBC) and water, respectively, M\)is the water molecular weight
TBC is too insoluble to be present in the aqueous phase,(g/mol) andpy is the water density (g/l).
hence its mass balance is

_ 3.4.2. TBC
s Frec — kTBC[TBC]pN— (3) The total amount of TBC is given by the following equa-
A in-
tion:
where TBC is the total number of moles of TBC in the tpc— [TBC]pVp, + [TBClaVa 9)

reactor,Frgc (mol/s) is the feed rate of TB&;gc (I/mol s)
is the TBC inhibition constant rate, and [TBCJmol/l) is where [TBC}, and [TBC} are the concentrations of TBC

the concentration of TBC in the polymer particles. in particles and droplets, respectively. The concentration of
Table 3

Values of parameters used for the model predictions

Parameter

ko (I/mol's) 4.27 x 107 @3919Temp [16] (S-type) 8.05x 107 e~427¥Temp [17] (Bd)

ko (I/mol's) 5 x 10° e3560'Temp [18] (A-type, associated form) % 107 e~3560'Temp [18] (A-type, dissociated form)
kim (I/mol s) 3.35x 107° [19] (S-type) 6.10x 1075 [20] (Bd)

kim (I/mol s) 1 x 10°° [18] (A-type, associated form) ¥ 10°° [18] (A-type, associated form)

ktwe = kwa (/mol's) 1 x 10 [18] (S-type) 1x 10° [18] (Bd)

kwe = kwwa (I/mols) 1 x 108 [18] (A-type, associated form) ¥ 10° [18] (A-type, associated form)

kp/ kg 300 [18]

f 0.6

B1 0.4[21]

B2 0.83[21]

krgc (I/mols) 1.0x 10° [21]

Mrac 15[21]
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TBC in the polymer particle is Table 4
Values of estimated parameters
TBC
[TBClp = ——i—— (20) Parameter Value
Vo + Vamtee
kinhib (I/mol's) 6.22x 1013
where mrgc is the TBC partition coefficient between  Einnib (K™ 6428
monomer droplets and particles. ::(dmls) (?-;’39
The mathematical model described above and in fRe"ke’COOH 99 » 104
Appendices A and Bontains numerous parameters. Some Sxi (mg/l) 0.30
of them are available in the literature (s€able 3. The Oxm (ppm) 18.0

concentrations of TBC in styrene (12ppm) and TBC in
butadiene (150 ppm) were provided by the monomer suppli-
ers. The amount of oxygen in the water feed was measuredibrary) to minimize the following objective function:
asOS.r? mg/l. b A f m o n 3
thers parameters were not available or the range of pa-; _ _ 2
rameters reported in the literature is very broad. Therefore, /= ZZZ(W’ explt) = Yuthelt))
these parameters were estimated by fitting model predictions
to the experimental data gathered in seeded semi-continuousvherem is the number of experiments,is the number of
emulsion polymerization of S/Bd/AA, namely: (i) the evo- experimental points of each experimelnis the number of
lution of the solids content, (ii) the amount of free styrene variables (solids content, unreacted styrene and gel content),
and (iii) gel content. yrexp(t) the experimental measurements of solids content,
The estimation was carried out using the Nelder and Mead amount of unreacted styrene and gel content, Bngk(r)
algorithm[22] of direct search (DBCPOL subroutine, IMSL  are the theoretical predictions of these variables.

(11)
i=1j=1h=1

60
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=)
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- ]
2 ]
S 30
= 4
o -
> 4
2y ]
= 207
= ]
@ 1
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& 1510
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£ 110
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0 1 2 3 4 5 6 7
time (h)

Fig. 1. Comparison between experimental and model simulations of (a) solids content and (b) amount of free styrene for Rung" =286 Z)(
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The adjustable parameters were as follows: whereDy; is the average diffusion coefficient (dre)
of an oligoradical of lengthin water,Dy is the diffu-
sion coefficient of monomer M in water apgh is the
probability that of all oligoradicals in aqueous phase
the end group is M.

(ii) The mass transfer coefficient at the gas—liquid interface,

(i) Radical entry was assumed to occur by diffusion, and
hence the average entry rate coefficikgt, (I/mols)
of any radical was calculated according to the Smolu-
chowski equatior23]:

kaiy = 2 x 10~ 7 faDw(iydpNa 12 k (dm/s).
a0 JaDwirdy (12) (i) The Arrhenius dependence of the oxygen inhibition
wheref, is the particle entry efficiency factor, which constant.
was taken as adjustable parameter Einhib
) P ktpo = ktwo = Kinhib exp<— mT' ) (15)
Dusy = 20D (13)
W) 12 where the pre-exponential factémnip, (I/mols) and
its dependency with temperature, the activation energy
na+ns Einnib (K1), were taken as adjustable parameters. The
D1y = Py D (14) range of values okgpo found in the literature was:
" %: e 1x 10t 1 x 107 I/mol s [24].

60 ]
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E simulation 9
\° .
T 40
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Sé 30
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S i deD
£ 20 ]
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Fig. 2. Comparison between experimental values and model simulations of (a) solids content and (b) amount of free styrene f6r=R80°E)
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(iv) The Rekker coefficient of acidic groupzekker cOoH

(v) The oxygen concentration in the initial charge,i ox
(mg/l) (only for reactions that shows an inhibition
period at the start of the reaction, namely Runs
1-6) and the oxygen concentration in the monomer
feed, ox,. The experimental range for pxwas
0.5-1.2mgl/l.

In order to fit the parameters, all the reactions shown
in Table 2were used.Table 4 presents the values of the
parameters estimated in this work.

4. Results and discussion
4.1. Reactions with oxygen in the initial charge
In Runs 1-6 inhibition was observed after the monomer

addition was started~gs. 1-4. These experimental results
showed the necessity of taking into account the inhibition

M. Zubitur et al./Chemical Engineering Journal 98 (2004) 183-198

in order to obtain a reliable model for the prediction of the
emulsion polymerization of S/Bd/AA.

Runs 1 and 2 are replicated experiments carried out at
85°C. Fig. 1a shows the comparison between the model pre-
dicted and experimental solids content, d@rid. 1b that of
the free styreneFig. 1 shows that the process was repro-
ducible. It can be observed that the model captured the main
trends observed experimentally, in particular, it is noticeable
the ability to predict the inhibition period.

In Runs 3 and 4 the temperature was varied. The other
process variables were kept constant as presentiabie 2
Figs. 2 and 3show the model predictions and the experi-
mental results for Runs 3 and 4, respectively. Experimen-
tal results show that the inhibition period as well as the
amount of free styrene decrease with increasing tempera-
ture. This effect was basically due to the increase of the
rate constant for oxygen consumption with the tempera-
ture. The oxygen water solubility is inversely proportional to
the temperature, hence, Henry’s const&d. ((7) increases
with the temperature but the slope of this increase is very

60 7
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° 1 simulation
> ]
5 40
N i
= ]
) ]
N
g 30
] @)
e ] 0
= 20
S ]
v 4
10
0 :GDOO J
@ o7 T T T T T
0 1 2 3 4 5 6 7
time (h)
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~ -
E B
o s ]
2 1.5107
2 ]
P ]
g ]
2 s ]
E110° ]
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2 i
510° 7
] W@O
(b) O T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T \% T T T T \( T T T T
0 1 2 3 4 5 6 7
time (h)

Fig. 3. Comparison between experimental values and model simulations of (a) solids content and (b) amount of free styrene f6r=Raa°CY
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small in the temperature range 80—X@andH is approx- monomers) and 0.66 wt.% in Runs 5 andmg. 4 displays
imately constan{25]. Therefore, the diffusion of oxygen a good reproducibility of the experiments and a good agree-
from the headspace to the reaction medium did not change,ment between experimental data and model predictions for
whereas the oxygen consumption rate increased with tem-the inhibition period, the evolution of the solids content and
perature leading to a reduction of the inhibition period. Fur- the amount of free styrene.
thermore, the amount of free styrene decreased because of Table 5shows the comparison between experimental val-
the increase of the polymerization rate (both propagation ues and model predictions of the final gel content of the la-
rate constant and radical concentration) with temperature.texes. It can be seen that an increase of reaction temperature
The mathematical model was able to simulate reasonablyled to an increase of the amount of gel. The model predicted
well this effect of the temperature on the extension of the well this effect, which was due to the decrease in the effect
inhibition period, as it is shown ifrigs. 1-3where both of the inhibitors with the temperature. The inhibitors con-
the predictions of the solids content and free styrene aresume reactive-free radicals in the reactor, thereby preventing
shown. polymer from growing further and resulting in the reduc-
Fig. 4shows the solids content and free styrene time plots tion of the gel content. Increasing the temperature led to an
for two replicated experiments (Runs 5 and 6) carried out increase to the oxygen consumption rate, decreasing the in-
at the same temperature than Runs 1 and 2 but with a lowerduction period and allowing to the radicals to grow further
concentration of CTA (se@able 2. In Runs 1 and 2 the and propagate to the pendant double bonds increasing the
concentration of CTA was 0.89wt.% (with respect to the gel fraction.
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4.2. Reactions without oxygen in the initial charge

For the second set of experiments, Runs 7—11 the reaction
system was purged more efficiently (seection 2 and no

Table 5
Comparison between experimental values and model prediction of the
final gel content for the experiments

inhibition period was observed. In these reactions, the initial
oxygen content was considered equal to zero.
Figs. 5-7show the comparison of experimental data

Run Gel experimental (%) Gel simulated (%)  with model predictions for the solids content and unreacted
1 64 67 amount of styrene for Runs 7-9. Runs 7-9 were carried out
2 69 67 with a relatively high S/Bd ratio (S/Beé: 2.5) and a high
3 55 49 concentration of CTA (1.67wt.%). Moreover, Run 9 was
4 3 [ carried out at a constant reaction temperat(te=(90°C),

5 Not measured 71 .

6 Not measured 7 whereas Runs 7 and 8 do have ramps down during the feed-
7 Not measured 4.4 10°° ing period in the temperature range 90-85 and 90-€30e-

8 2 49x 1075 spectively. In these experiments no inhibition was observed.
9 5 1.9x 107 As expected, the polymerization rate increased with the
12 gg 3471 temperature. The shape of the unreacted amount of styrene

is different with respect to Runs 1-5, where there was oxy-
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Fig. 6. Comparison between experimental values and model simulations of (a) solids content and (b) amount of free styrene f6r=Red-8QC).

gen in the initial stage of the process. In Runs 7-9, the carried out (not shown) decreasing the amount of butadiene
amount of free styrene increased to a maximum value corre-in the polymer particle using a lower reactivity ratio for bu-
sponding to the end of the feeding time and then decreasedadiene and allowing a larger consumption of styrene. This
during the batch period. In general, model predictions com- was done by assuming that the butadiene reactivity ratio was
pared well with experimental results, the fitting being better an additional parameter to be fitted. The agreement of the
for the solids content than for the amount of free styrene, predicted unreacted amount of styrene with experimental
for which the prediction by the model was higher than that results improved with respect to those showrFigs. 57
observed experimentally. This effect was also observed in This showed that a smaller amount of butadiene in the
the reaction carried out at the highest temperature of the polymer particles may provide better predictions of the free
previous set (Run 4). Since for these reactions the solidsstyrene.

content measured experimentally and those obtained by the Table 5shows that the amount of gel in Runs 7-9 is
model are in rather good agreement, the deviation can bevery small because less butadiene which limited crosslink-
caused by: (i) diffusional limitations of butadiene from the ing and more CTA which lowers the kinetic chain length
gas phase to the latex phase that were not accounted by thevere used in these experiments. On the other hand, less gel
model or (i) incorrect partition coefficients or reactivity was produced in experiments carried out at lower temper-
ratios used as parameters in the model. We were confidentatures because of the higher concentration of monomer in
with data used for the partition coefficients and reactivity the polymer particles, which favored linear propagation to
ratios taken fronj26]. Thus, the former reason is likely the  monomer over propagation to pendant double bonds (PDB)
most important one. To check this point, simulations were in inactive polymer.
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Figs. 8 and SSshow the comparison of experimental data imental measurements will allow to tailor formulations and
and model predictions for the solids content and unreactedfeed policies to produce copolymer latexes with the desired
amount of styrene for Runs 10 and 11. These experimentsstructural properties for a particular use. In addition, it would
were carried out at 98C with a S/Bd ratio of 2 and dif-  be very useful for optimization and process control of the
ferent amounts of CTA as shown ifable 2 The figure semi-batch emulsion polymerization of systems comprised
shows a reasonable agreement between model prediction®y vinylic/divinylic/acrylic acid monomers.
and experimental results. The chain transfer reaction to CTA
(tert-dodecyl mercaptan) is very fast and the CTA radicals
formed react quickly with free monomer units. This means Acknowledgements
that it should not be any effect of the amount of CTA in the
kinetic of the process and the predictions of the model do  The permission by Rhodia and Latexia to publish this
not show any difference in solids content or amount of free work is appreciated. The financial support from the Euro-
styrene between Runs 10 and 11. pean Community to the project BRPR CT96 0275 is also

Table 5compares the experimental and simulated values greatly appreciated.
of the gel content for Runs 10 and 11. The model predicts
that the larger the CTA content the lower the gel content,
because the chain transfer to CTA reduces the kinetic length.Appendix A. Mathematical model
However, the experimental results do not show this trend

although are quite similar (within the experimental error of A.1. Reactant balances: evolution of the kinetics
the measurement). The explanation for this result is that in

this system the gel amount is mainly controlled by the S/Bd  The material balance for the monomers is given by
ratio and the effect of changing this ratio is higher than the

change of the amount of CTA. This effect can be observed % =F — lezw[Mi]wa _ ,;p.[Mi]p% (A1)
comparing the gel content of Runs 7-9 (with S/Bd2.5) dt P M Na
and Runs 10-11 (with S/Be 2). where M is the number of moles of monomidn the reactor,

F; is its feed rateVyy is the volume of the aqueous phase;
IEgl. is the average rate constant for propagation to monomer
i in phasez (w or p) calculated as in Ref§27], [M;], its
. ) concentration in phasg[Ry] is the concentration of radicals

A previously developed mathematical model for the i, the aqueous phaseis the average number of radicals per
semi-continuous emulsion polymerization of a vinylic, di- particle; N, is the number of polymer particles; aiv is
vinylic and acrylic acid type monomers was extended t0 e Avogadro’s number.
account fo_r inhibition caused by both oxygen and inhibitor_ Partitioning of the monomers at thermodynamic equilib-
contained in the monomer feed streams, and assessed withim was calculated by means of an iterative algorithm using
experimental results of a copolymerization system com- the partition coefficients and the material balani@s29]

posed by styrene, butadiene and acrylic acid. The exper- T is too insoluble to be present in the agueous phase,
iments were performed at high solids content (50wWt.%) 5.4 its mass balance is

under a wide range of experimental conditions. _
Model simulations predicted reasonable well the evolu- — = F — kq[T]p——
tion of the solids content, the unreacted amount of styrene Na

and the final amount of gel. The model captured well the where T is the number of moles of CTA in the reactey,

inhibition period observed in the experiments that contained s the feed rate of CTAk is the average constant for chain

oxygen in the initial charge and explained the decrease of transfer to CTA, and [Tis the concentration of CTA in the

the induction period decrease obtained by increasing the re-polymer particles.

action temperature. The increase of the temperature led to an The initiator balance is

increase of the rate constant for oxygen consumption Iead-d[lz] F

ing to a reduction of the inhibition period. o v ki[12] (A.3)
Some discrepancies were found between the predicted W

and measured unreacted amounts of styrene in the reactionsihere [b] is the concentration of initiator, whose thermal

carried out with absence of oxygen in the initial charge and decomposition rate constantkg andF, is the feed rate of

they were attributed to a diffusional limitation of the butadi- initiator into the reactor.

ene from the headspace to polymer particle, which was not The radicals produced by the initiator decomposition or by

accounted for by the model. desorption may propagate to a nonacidic monomer (S-type
The amount of gel formed was well predicted under the monomer), or an acidic monomer (A-type monomer). De-

very wide range of conditions employed in the experiments. tails on the material balances of the different oligoradicals

The good agreement between theoretical results and experpresent in the aqueous phase and their contribution to the

5. Conclusions

(A.2)
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development of the average number of radicals per particle polymer in the particles
can be found elsewhef&4]. ]
dQy _ Z dQx s(n) (B.1)

dr dr
A.2. Molecular weight distribution and gel fraction
The kth order moments of the chain length distribution of

Polymerization with divinyl monomers produces highly dead polymer in all generations produced by the different
branched polymer. In the model used in this work, the only Mechanisms are:
mechanism for branching is the propagation to pendant dou- Termination by the entry of a second radical:
ble bonds, i.e., the contributions of mutual termination and dQy aps
transfer to polymer are considered negligible compared to = g
this first process. The accurate calculation of the polymer
structure requires a good description of the sol MWD and 40
to account for the compartmentalization of radicals. kf

In order to describe the sol MWD, the polymer was di- dr (ka[TTp + kim [M] p) Y B3)
vided in generations according to its size. The first gener- Termination by transfer to inhibitors in the particles:
ation (e.g.,n = 0) was formed by linear chains. The next 40wt
Ne generations were composed by polymer chains having dQkinhib _ (ktpolO2]p + kTBC[TBClp) Yi (B.4)
the same number of branching poif#9] (e.g., all chains dr
in generation 4 have four branching points) and for genera- Propagation to PDB in inactive polymer:
tions higher thame + 1 the geometrical growth of Teymour d0s poE k% ppe
and Campbel[31,32] was adopted. Polymer belonging to =—
generations higher thamy was considered to form gel. dr Na

The number #,) and weight §4,) average molecular  whereppg the overall proportion of PDBs to monomer in

= ka[Rw] Y& (B.2)

Termination by transfer to monomer and CTA:

YiQit1 (B.5)

weights of the sol fraction are as follows: inactive polymer:
ng [DB]Na

- —o(Q1(n) 4 Y1(n)) = .
M, sol = Zzg_o P (A.4) poB 01+ 71 (B-6)

> ne0(Qo(n) + Yo(n)) . . . . .

where [DB} is the concentration of PDBs in both inactive

- 308 o(Q2(n) + Yo(n)) polymer and polymeric radicals, calculated by the material
My sol = P (A.5) balance equations (B.7) and (B.8).

ng
2n=o(Q1(1) + Y1(m) The balance of PDBs has two terms; formation by entry

whereQy is thekth order moment of the chain length dis- ©f 20% of divinyl monomer (DM) in polymer in the required
tribution of dead polymer of all generationg, stands for ~ conformation, and loss by propagation of radicals to PDB
thekth or_der moment of _radicals of aII_gene_rations particles d[DB] ,;pDB Yo kYo[DBJt
(generation zero is the linear generatioRy; is the molec- = 0.2[DM], -
. . . dt VpNA VpNA

ular weight of the monomeric unit.

The amount of gel(,, is the total amount of monomer  where [DB} is related to the concentration of pendant double
that has been polymerized, but which is not present in the bonds in inactive polymer [DB] by

(B.7)

ng first generations 01
DB] = [DB B.8
[DB] = [DBJ 55~ (B.8)
Gi=01+1 - Z(Ql(”) + Ni(m) (A.6) A detailed description of the material balances of the mo-
n=0

ments of the active and inactive polymer chain length dis-
whereny is the highest generation calculated. The calcula- tributions as well as those for the generations can be found

tion of the moments of chain length distributions of both €lsewherd14]. . ' .
dead and active polymer is given Appendix B The closure problem, in which the calculation of each
moment requires that the next be known is resolved by the

Saidel and Kat433] approximation for the third moment

Appendix B. Moments of the chain length distributions 03 = 2Q2Q2 0201 (B.9)
of dead and active polymer 01 Qo '

The balances for th&th order moments of the overall References
chain length distribution of the dead polymer in all genera-
tions Qx) can be expressed as the sum of the contributions 1] 6. odian, Principles of Polymerization, Wiley, New York, 1991,
of each of the processes leading to the formation of dead p. 242.
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