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Abstract | The effect of free radical éntrv and monomer composition on the particle size distribu-
tion(PSD) was theoretically analyze2 during interval I of emulsion copolymerization in an ideal
batch reactor. Styrene-butadiene (St-Bu) and styrene-methyl methacrylate (St-MMA) systems were

given as an analytic example.

INTRODUCTION

Since the appearance of the Smith-Ewart theory,!
it has gained wide acceptance as providing a
powerful tool
radical homopolymerization. Lichti et al? pro-
posed a mathematical model for describing varia-
tion of PSD during homopolymerization by apply-
ing the Smith-Ewart theory. Feeney et al®~®
treated the model of Lichti et al? together with
the coagulative nucleation theory.

to quantitatively describe free
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In an emulsion copolymerization, Ballard et al’
proposed a mathematical model for predicting the
time evolution of the copolymer composition and
copolymer sequence distribution by extending the
Smith-Ewart equation! to emulsion copolymeriza-
tion systems. Chen and Wu® extended the model
of Lichti et al? to predict the conditions for pro-
ducing bimodal PSD during emulsion copolymer-
ization. No theory dealing with the effect of free
radical entry into the latex particle and monomer
composition on PSD has been proposed for
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emulsion copolymerization.

Recently, Park et al.® showed the average rate
coefficient for free radical entry into a latex parti-
cle(p) as p=p,+akn for emulsion copolymeriza-
tion by extending the model of Penboss et all?
Here p, is the component arising from the
aqueous-phase initiator. a is the average fate para-
meter. k is the averaged coefficient for exit
(desorption) of free radicals. n is the averaged
number of free radicals per particle.

This paper theoretically deals with the effect of
free radical entry into the latex particle and mono-
mer composition on PSD for emulsion copolymeri-
zation.

THE TIME EVOLUTION EQUATION OF PSD

Description of Model

We consider the interval II region of an emul-
sion copolymerization in an ideal batch reactor.
Although same model has been introduced by
Chen and Wu? its derivation is explained in more
detail. For simplicity, we neglect the coagulative
nucleation.>~®
By extending the model of Lichti et al.? the time

evolution of the PSD may be presented as
+2ijcap+ (j— Deppt+irag+irga Iniajp + Panci-1)as
+ ppniag- ne T (i+ Dkang 4 ap+ G+ Dkghiag+ 1
+ (l + 1) (1+ 2)CAAn(i+2)AjB +2(l+ 1) (] + I)CAB
nGenag+nst G+ DG+2)cppnipgezp+ G+1D)
AN+ DAG- 1B T G+ Drealung-pag+1ns—90/ov
[ (ikpaaCraMoa +ikpaCmaMoa + ik eCrMp + iKpan
CaaM,p) Nad ' Iniyp @)
Here njp(v,t) represents the relative number
of latex particles containing (i+j) radicals at
volume v and time t, i of which is of type A, and
j of which is of type B. py and pg are the rate coef-
ficients for entry of radical A and B. k, and kg are

the rate coefficients for exit of radical A and B.
Caar Cgp and cpa(with cap=cpy) are the termina-
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tion coefficients. ryg and rg, are, respectively,

defined as
1ag = (kpap+ Kran) CvpClm ! (2)
rga= (Kopa + Keesa) CvaCu! (3

Cuma and Cyp respectively represent the con-

centration of monomer A and B within the latex
particles and Cy=Cya+Cyp. kyap and ki ap are
respectively the propagation and transfer rate
coefficients for addition of a B monomer to A
radical and similarly for others.
N, is Avogadro number. d is density of the mono-
mer swollen particle. M, and Mg are respecti-
vely the molecular weight of monomer A and B.
Note that the definitions of ryz and rg, by Ballard
et al.” which is different from ours, are

ap= (kpap+ Keran) Cup 4
rpa = (Kppat+ kypa)Cma (5)
in which no Cj} term is involved.
Here we define the average volume growth rate
of unswollen particles containing a radical as
RS b . g -1
(i+DK=Z Py(ikpnCpraMoaNidpy
+jkypa CuaMoaNA dpd
+ ko8 Crp Mop Na dis
+ik,apCmpMopNa ot (6
P is defined’ as the probability of a latex particle

containing A and B radicals out of a total of (i+})
radicals. P; was derived correctly as® 1!

G+ ! (kpBACMA)i(kpABCMB)_j A
TG (kypaCua T kpapCus) '™

(D

where d,, and d;p are respectively the densities
of polymer A and B. To obtain K value of swollen
particles, d4 and d,g are replaced by the swollen
particle density(d). The relationship between d
and concentration of monomers may be presented
as (from Appendix)
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d= 1/VS: d (1* 10‘3CMAM0AdMA“1

cop

—10°CypM,pds ) ®)

where v, is the volume of swollen particle. d, is

the copolymer density. dy, and dyp are respecti-
vely the density of monomer A and B.
Simplification of Time Evolution Equation of PSD
Ballard et al.” defined the following average rate
coefficients to simplify eq(1), except the last term

p=patpp 9

_i4j
(i+j—1)k=i§’l P, (iky + k) (10)

.
(i4r1)(i+J'—1)e=">:’1
Z

Pyli(i— 1 cas +2ijogp +i(i— Degg] (11)
Using the definition of P;, eqs(10) and (11) were
simplified as’8 1

k=kyPy+kgPy 12)
€= capPyp+capP1y +cppPor (13)

To simplify the last term of eq(1) and eq(6), we
define the following average rate coefficients of
propagation as

k =k, +kyp (14)

i .
(i+Dkpa= E Pylikons +ikppa) CuiaCit (15)

_ itj . .
(i+j)kpB:i)::0 Pij (JkpBB+ lkpAB)CMBCi\}I (16)

Using the definition of P
be simplified as

kon = (KoaaCraP 1o+ KopaCuaPor) Ot an
kyp = (KpapCrMpP10+ KopeCrpPor) Cie (18)
Using the eqs(15) and (16), eq(6) becomes

i €gs(15) and (16) can

K: EpAMOACMNdepAl +EDBMOBCMNA1dD-B} (19)

Note that the equation of K of Chen and WuB
which is different from ours, is

2/ A143 A3% 1990 6¥

K=K,P;o+KgPy, (20)
where

K= (kpanCia + KpaeCump) MoadpdNA @D

Kp= (k,ppCmp +k,paACyma) M pd N2 (22)

K, and Ky are respectively the volume growth
rates of a particle that contains one A-type and
one B-type free radical.

Using the definitions of average rate coefficients
and from the definition of Py, eq(1) can be simpli-
fied as

on;(v, t)/gt=—p(mj—n;_ 1) +k[(i+ Dn;,; —in;]
~9/ov(iKn) (23)

ny(v,t) is the relative number of latex particles
containing i free radicals at volume v and time t.
n;(v,t) can be derived from the definition P; as

niAjB (V, t) = Pijn(i+j) (V, t) (24)
DISCUSSION

The observed PSD and n(v,t) during copoly-
merization can be calculated from n,(v,t) as

n(v,t)= .22300 n,(v, t) (25)

n; can be obtained by solving the partial differen-
tial equations(23) with appropriate initial condi-
tions. For the 0-1 system, eq(23) can be expressed
as

ony/ot=—pny+ (p+k)n (26)
any/at=pny— (p+k)n;— g/gv(Kn,) 27

Lichti et al? solved the similar equations as the
eqs(26) and (27) in the case of emulsion homo-
polymerization by assuming p, k, and K constant
with respect to v for simplicity, though they may
vary with v.12716 Solving eqs(26) and (27) requi-
res a set of initial conditions. For the ab initio®
emulsion copolymerization in interval I, Lichti et
al.2 took the initial condition as
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ng(v, tg) = (1—n) n(v,t) (28)
n; (v, tg) =0 n(v,t) (29)

where fi=p/(2p+k) in interval 1. Lichti et al?
took n=0.5 to determine the kinetic parameters.
The expressions for the moments of PSD were
obtained by taking the Laplace transform of egs
(26) and (27), and using the method of moment.
17.18 Moments m, and m, were obtained as'®

m, = v¥ n(v,t) dv (30)
0
m,=n K t-(I-n) n K/p (31)
my=@ K 0% + 20— n)@® K?/ ()
Here p, k, and K were assumed constant with
respect to v. To characterize the PSD, the number
average volume (V,), the weight average volume

(¥,) and the polydispersity ratio index (P,) are
respectively

il

Vn

Tv n(v,t) dv/ T n(w,t) dv=m, (33)
0 0

Yy Tvz n(v,t) dv /T v a(v,t) dv=my/m; (24)
0 0
v,

I

P,=¥,/V,=m,/m’ (35)

Number average diameter of a particle is obtained
from (D,)* /6=, To deal with the effect of free
radical entry into the latex particle on PSD, n and
p are respectively represented as’

—@m+1—)+ [@m+1—a)+8 am]®®

n= 4o (36)
p=p, + akn 37)
where m=p,/k. @ is given by’

o= takaPyt g kg Py (38)

k, Pip + kg Pyy

a, and ag are respectively the fate parameter of
type A and B. Neglecting any background free-
radical generating processes, p, can be expressed

in terms of the initiator concentration as™

p, =2 f ky [I] N2 (39)
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f is the initiator efficiency. k, is the decomposition
rate coefficient of initiator. [I] is the initiator con-
centration in the aqueous phase. N, is the number
concentration of latex particle.

To deal with the effect of monomer composition
on PSD, we represent eq(19) as

_(_:_N[_ kpAAkpBB(rAszMoAdp.Al + fAfBMOAdp;\l+
Ny rakoppfa + rekpaafp

fAfBModeg + rBfZBModehl)

R =

(40)

fy is the mole fraction of monomer A in the par-
ticles and r, is the reactivity ratio and similarly for
others.

Fig. 1 and Fig. 2 show the effects of reaction
time and p, on P, and D, for St-Bu system and
St-MMA system, respectively. P, values decrease
with reaction time*181% K, P, D,, n, n, and ng
against the monomer composition are plotted in
Fig. 3,4,5,6,7 and 9 for St-Bu system and St-MMA
system, respectively. n, and ny are respectively
the average number of radical of type A and B per
particle. They are calculated from n by the rela-
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Fig. 1. Polydispersity ratio index (Py) and number
average diameter of particle (D,) vs. reaction time (t,
min) at specific values of p, for St-Bu system : (1)
0.00107 (2) 0.00214 (3) 0.00428 s
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Fig. 2. Polydispersity ratio indes (P,) and number
average diameter of particle (D.) vs. reaction time (t,
min) at specific values of p, for St-MMA system : (1)
0.00107 (2) 0.0214 (3) 0.00428 s
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Fig. 3. Average volume growth rate of particle (K) vs.
monomer composition of St (fy), using p,/ k=1, t=60
min, for St-Bu system.
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Fig. 4. Average volume growth rate of particle (K) vs.
monomer composition of St (f.), using p./ k=1, t=60
min, for St-MMA system.
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Fig. 5. Polydispersity index ratio (P,) and number
average diameter of particle(D,) vs. monomer compo-
sition of St (fy), using p,/ k=1, t=60 min, for St-Bu
system.
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Fig. 6. Polydispersity index ratio (P,) and number
average diameter of particle (D,) vs. monomer com-
position of St (f), using p,/ k=1, t=60 min, for St-
MMA system.
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Fig. 7. Average number of radical per particle (n),
average number of radical of type A and B per parti-
cle (fis, np) respectively vs. monomer composition of
St (fa), using p./ k=1, t=60 min, for St-Bu system :
(1) n(2) na (3) ns
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Fig. 8. Average number of radical per particle (n),
average number of radical of type A and B per parti-
cle (ny, ng) respectively vs. monomer composition of
St(fy), using p./ k=1, t=60 min, for StMMA system
(1) n (2) ny (3) ms.

Table 1. Rate Coefficients Used in Calculation
Monomer
A B C
St Bu MMA

ka, ka(s™) 0.0015 0001 0001

Kpaa, Koes(L mol? s7) 258 65 495

Koag, Kopa(L mol! s7) 496 1076
4448 481

dpa dpe (g cm™®) 1.05 097 1.188

s ap 0 +1 -1

M.a, Mg (g mol™) 114 54 100

tion : ny=nP;; and ng=nP;. Values of the
kinetic parameters used in calculations are shown
in Table 17
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APPENDIX

Swollen and Unswollen Latex Particle

Parameters in Emulsion Copolymerization

System

We assume ideal mixing of monomers and poly-
mer in the particles. Let Cj4 and Cg denote mass
of monomer A and B per mass of polymer inside
a latex particle, respectively. For a particle contai-
ning lg of polymer, the mass of monomer A and
B solubilized is Cgy g and Cug g, respectively. The
total volume of this swollen 1 g particle, V(cm®g?),

is thus given by the following equation
Ve=dop" + Coa dya + Cop dyg' (A-1)

The number of moles of monomer A and B pre-
sent is respectively C,M,z' and CgMg. Thus
Cya and Cyp (mol dm?®) is respectively given by
Cua=10° Cpn / M4 V9 (A-2)
CMB=103 CgB/(MoB Vs) (A_B)

Substituting eqs (A—2) and (A—3) into (A—1),
d can be represented as

d=v{'=d (1~ 10°CpyaMopdyia’

- IO‘BCMBMOBdMB) (A_ 4)

The volume fraction of copolymer, monomer A,
and B is respectively given by

@, =1-10°CysMoadyia — 10 °CrMopdys

(A-5)

®,=103Cya M, adpal (A-6)

@ =103CpgMpdpi (A-7)
The volume swelling factor f, is given by

_ swollen volume <I>,}1 (A—8)

v" unswollen volume
B A= 1988 Eu A g=ete At

AfFRAA ezl o8 dTHASL
2 olo] ZAkTh,

EZz|H H147d A3E 19903 6€
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