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SYNOPSIS

The rate coefficient for entry of radicals into the polymer particles and the radical exit rate
coeflicient were estimated in seeded emulsion polymerization of styrene. The dependence
of both coeflicients on the particle size was used in an attempt to discriminate between the
models proposed for these coefficients. The results obtained were found to be consistent
with a model in which the entry of radicals into the polymer particles occurs by the prop-
agational mechanism and the radicals desorb from the polymer particles by diffusion. A
comparison between the estimated values of the coefficients and those calculated theoret-
ically using the equations derived from the corresponding mechanisms was performed.

INTRODUCTION

An important characteristic of emulsion polymer-
ization is that, unlike other polymerization pro-
cesses, polymerization rate and molecular weight can
be increased at the same time. This is due to the
compartmentalization of the system that reduces the
probability of mutual termination of the propagating
radicals. The behavior of this compartmentalized
system depends on the rate of exchange of species
between the elements of the system. For most emul-
sion systems the rate of polymerization is controlled
by the rate of entry and exit of free radicals to and
from latex particles, not by the rate of monomer
transfer to the polymerization sites. Considerable
effort has been devoted to investigate these pro-
cesses. Thus, the entry of radicals into the polymer
particles has been treated as a collisional process®
as well as a diffusional process? and a colloidal pro-
cess.®> More recently, a new mechanism involving
the propagation of the free radicals in the aqueous
phase as the rate-determining step for entry has been
postulated by Morrison et al.*

Nomura et al.>® and Asua et al.” have proposed
different exit rate coefficients. The main difference
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between these models is that Nomura et al.>® con-

sidered that if a previously desorbed single-unit mo-
nomeric radical entered a polymer particle contain-
ing one radical, instantaneous termination would
occur, whereas Asua et al.” took into account the
possibility of redesorption. This resulted in large dif-
ferences between the predicted desorption rate coef-
ficients under conditions in which extensive desorp-
tion of radicals occurs, i.e., highly water-soluble
monomers. The model proposed by Asua et al.” was
able to explain the experimental results obtained by
Adams et al.,® whereas Nomura’s model*® failed to
fit these results.

The determination of the values of both the entry
rate coeflicient and the exit rate coefficient is a pri-
mary goal for the discrimination between these
models and, consequently, for elucidation of the
mechanisms involved in emulsion polymerization.
In addition, accurate values of the parameters are
required for the use of predictive mathematical
models of industrial emulsion polymerization pro-
cesses. Recently, Asua et al.® presented a critical re-
view of the approaches for parameter estimation in
emulsion polymerization systems, analyzing both
the type of data used in each approach and the cor-
responding data analysis method. These authors
concluded that the time dependence of the conver-
sion during the approach to steady-state values of
the average number of radicals per particle, 7z, is
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more sensitive to the values of the parameters than
both steady-state measurements!! and particle size
distribution analysis.!? In addition, Asua et al.® re-
ported some weaknesses of the methods of data
analysis used previously!®!® and proposed a new
method for parameter estimation in emulsion po-
lymerization systems. The method is based on an
algorithm for parameter estimation in ordinary dif-
ferential equations and uses the evolution of the
monomer conversion in chemically initiated seeded
emulsion polymerizations. By using simulated data
for a “zero-one” system, the authors® analyzed the
effect of both random and systematic errors, con-
cluding that the random errors did not affect the
values of the estimated parameters, whereas sys-
tematic errors greatly affected the accuracy of the
estimated parameters. In addition, it was found that
a minimum number of experiments carried out under
a minimum range of variation of experimental con-
ditions were required to estimate the parameters ac-
curately.

In this article, the approach proposed by Asua et
al.? was used to estimate the entry and exit rate coef-
ficients in the emulsion polymerization of styrene
using data of the time evolution of the conversion
during the approach to steady-state values of 77 re-
ported in the literature.'®* The dependence of these
coefficients on the particle size was used in an at-
tempt to discriminate between the models proposed
for the entry and exit rate coefficients.

EXPERIMENTAL DATA USED FOR
THE ESTIMATION OF THE
KINETIC PARAMETERS

Two sets of data on seeded emulsion polymerization
of styrene were used in the present study. The first
consisted of experiments carried out with a latex of
an unswollen diameter of 94 nm and a particle con-
centration of 4.9 X 10 particles/cm? of water.!”
Experiments were conducted at 50°C in interval II.
The concentration of initiator (K,S,05) was varied
from 1.6 X 1078 to 8.33 X 10~° mol /cm?. The second
set included experiments carried out in intervals II
and ITI at 50°C using a 154-nm-diameter seed latex.!*
The concentration of polymer particles was varied
from 0.98 X 10 to 2.04 X 10*? particles/cm? of
water and the initiator (K;S,03) concentration var-
ied between 0.21 X 10~7 and 5.01 X 10~ mol/cm3.
Unfortunately, there are no unprocessed conver-
sion-time data available for these sets of experi-
ments.'® Nevertheless, conversion-vs.-time data can
be generated using the values of the pseudo-first-

order rate coefficients for both entry of free radicals
into the latex particles (p) and exit of free radicals
from the latex particles (k) given for each of the
experiments in Refs. 10 and 14. For the experiments
considered n < 0.5, i.e., these were zero-one systems,
and thus conversion-vs.-time data could be gener-
ated by considering the typical recipe given in Ref.
10 and integrating the following equations:

g{ _ kp[M]le

dt MoN, (1)

dN;
dt

= p(Np — 2N{) — kN, (2)

where x is the fractional conversion, k, the propa-
gation rate constant, [M], the concentration of
monomer in the polymer particles, M, the amount
of monomer initially charged into the reactor, N4
Avogadro’s number, N; the number of polymer par-
ticles containing one radical, and N the total num-
ber of polymer particles. Experiments for which val-
ues of either p or k& were not reported were not taken
into consideration. In addition, only experiments
carried out in interval II were considered. Therefore,
experiments 15-21, 23, 24, 26, and 27 in Ref. 10 and
experiments 61-63, 67, 68, 71, 74, 78, 79, and 84 in
Ref. 14 were used. The concentration of monomer
in the polymer particles was taken to be 5.8 X 1073
for set 1 and 5.5 X 1073 mol/cm? for set 2 and the
propagation rate constant used was k, = 2.58 X 10°
cm?®/mol s. These were the values used in Refs. 10
and 14 to calculate the reported values of p and &.
Figures 1 and 2 present the data obtained for these
experiments described previously.
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Figure 1 Data obtained for experiments in set 1.
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Figure 2 Data obtained for experiments in set 2.

ESTIMATION OF THE PARAMETERS

For styrene, the contribution of the aqueous phase
polymerization to the overall conversion is negligi-
ble, and hence the monomer material balance for a
zero-one system is

dx _ ky[M1N,

dt MyN, 3)

For a zero-one system the population balance for
N. 1 is

aN,
dt

= k;[R].(Nr— 2N;) — kgN; (4)

where k, is the entry rate coefficient, k, the desorp-
tion rate coefficient, and [ R],, the concentration of
free radicals in the aqueous phase that can be cal-
culated by means of the material balance for radicals
in the aqueous phase:

d[R],

=0 =2k/[I]N4 + ksN-
P [ IIN4 + kg Ny

—ka[R]wNT_2ktw[R]ﬁ)NA (5)

where k; is the rate coefficient for the generation of
free radicals from initiator decomposition and k&,
the termination rate constant in the aqueous phase.
It has been demonstrated that the pseudo-steady-
state assumption can be safely used® in Eq. (5). For
a chemically initiated system, the initial conditions
for Egs. (3)-(5) are

t=0 x=0 [R]l,. =0 N, =0 (6)
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Asua et al.? discussed the advantages of using the
model given by Egs. (3)-(5) instead of those rep-
resented by Eqgs. (1) and (2), concluding that the
main advantage of the present model is that it uses
more fundamental parameters that are independent
of experimental conditions, such as concentration
of polymer particles and concentration of initiator.
Consequently, the parameters of the model can be
readily used in mechanistic studies, and the model
is useful for predictive work. Asua et al.® demon-
strated that all of the parameters of the model, ex-
cept k,,, which is correlated with k,, can be accu-
rately estimated when enough experimental data are
available.

Some of the parameters of the model, namely, &,
and k4, depend on the monomer swollen polymer
particle diameter. Table I presents the dependence
of the entry rate coefficient on the particle size pre-
dicted for the different models proposed in the lit-
erature. The following expression has been proposed
for the desorption coefficient”:

Ko

kg = kfm[M]pm

(7)

where k;,, is the chain transfer rate coefficient, § the
probability that a desorbed single-unit monomeric
radical reacts in the aqueous phase by either prop-
agation or termination, and K, is the rate of exit of
a monomeric radical from the polymer particle. As-
suming a diffusion mechanism and no additional re-
sistance in the interphase, Nomura® derived the fol-
lowing equation for Kj:

__12(Dy/mg) 1
1 + 2(D,/myD,) dp*

(8)

0

where D,, and D, are the diffusion coefficients of a
monomeric radical in the aqueous phase and the
polymer particles, respectively; my; the partition
coeflicient of such a radical between polymer par-
ticles and aqueous phase, and dp the diameter of the
monomer swollen polymer particle.

TableI Dependences of Entry Rate Coefficient
on Particle Size Predicted by Different Models

Model Dependence
Collisional (Ref. 1) dp?
Diffusional (Ref. 2) dp

Colloidal (Ref. 3)
Propagational (Ref. 4)

(dp + de)?/dp de ~ dp
Almost no dependence®

2 For a constant number of particles.
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Table IT Values of Estimated Parameters Using Both Sets of Experiments Separately

Set 1 Set 2

Two parameters

kq (cm®/mol s) 6.55 X 108 7.42 X 10°

ka (s7Y) 7.18 X 1074 5.42 X 107*

2 e? 6.014 X 1075 9.59 X 10°°

1 2 1 2

Three parameters

k, (cm®/mol s) 4.58 X 108 1.25 X 10° 5.27 X 108 1.25 X 10°

ky(s7YH 8.07 X 107* 1.39 x 1072 512 X 107 8.35 X 107*

ki (s7h) 2.25 X 1078 7.66 X 1077 2.25 X 1076 9.24 X 1077

2e? 5.46 X 107° 1.01 X 10™* 9.21 X 1078 1.09 X 107°

& Column 1 initial guess: k, = 1 X 10°% ky; = 5 X 107% k; = 1 X 107, Column 2 initial guess: k, = 2 X 10'% k3 =1 X 1073 b, =5 X 107",

The parameter estimation approach gives a single
value of each estimated parameter for the whole
range of experimental conditions in which the data
used for the estimation are obtained. Because the
two sets of experiments were carried out using dif-
ferent seed sizes, they were analyzed separately using
the algorithm proposed by Asua et al.? Table II pre-
sents the results obtained taking two rate coefficients
(k, and ky) and three rate coefficients (k,, k;, and
k;) as estimable parameters. The estimation was
performed using the values of &, and [ M ], employed
in the generation of data, namely, k, = 2.58 X 10°
cm?®/mol s, [M], = 5.8 X 107% mol/cm?® for set 1
and [M], = 5.5 X 102 mol/cm? for set 2. In addi-
tion, the termination rate constant in the aqueous
phase was k,, = 7 X 10'° ¢cm®/mol s, and when
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Figure 3 Comparison between experimental results and
model predictions (solid lines) for some experiments from
set 1: (W) experiment 16; (A) experiment 20; (A) exper-
iment 24; ([J) experiment 26.

two parameters were estimated, k; was taken to be
equal to 1.3 X 106571, When only two adjustable
parameters were used, the estimated values of k&,
and ky; were found to be independent of the initial
guess. However, when three adjustable parameters
were considered, the values of k,, kg, and k; depended
on the initial guess, as shown in Table II. In addition,
the values of the average residual sum of squares
per point (2 e2) show that the fitting of the data
was not significantly improved by increasing the
number of estimated parameters from 2 to 3 and
large confidence intervals were determined when
three-parameter estimation was used. This means
that the experiments do not contain enough infor-
mation to estimate more than two parameters. Fig-
ures 3 and 4 present a comparison between experi-
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Figure 4 Comparison between experimental results and
model predictions (solid lines) for some experiments from
set 2: (M) experiment 79; (A) experiment 71; (A) exper-
iment 74; ([]) experiment 67.
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Figure 5 The 95% confidence regions for k, and k, ob-
tained using experiments in set 1 (seed particle diameter,
94 nm) and set 2 (seed particle diameter, 154 nm).

mental results and model predictions obtained using
Egs. (3)-(6) and the parameters given in Table II
for the two-parameter estimation. It can be seen that
good fitting was obtained for intermediate and large
concentrations of initiator. The lack of fit at low
initiator concentrations is due to thermal initiation,
which is not included in Eqgs. (3)~(6). Figure 5 pre-
sents the 95% confidence regions for the parameters
estimated from both sets of experiments using a two-
parameter estimation. It can be seen that k, in-
creased and k, decreased when the size of the swollen
seed particles increased from 140 to 218 nm. How-
ever, it should be pointed out that the individual
confidence intervals, estimated as the projection of
the confidence regions onto the corresponding axis,
for both sets of experiments intersected one another.
From Figure 5, it can be estimated that k, presented
a 0.65 power dependence on the polymer particle
diameter, whereas a —1.47 power dependence on dp
was found for k. These dependences do not coincide
with those given for &, in Table I and for k; by Egs.
(7) and (8). However, de la Cal et al.’® have dem-
onstrated that significant errors in the estimated
values of k, and ky, and hence in their dependence
with respect to the particle size, can be introduced
by neglecting the variation of the particle size during
polymerization.

In order to take into account the variation of the
parameters during the polymerization, the entry rate
coefficient and the rate coefficient for radical de-
sorption were written as follows:

« = ki dp™ (9)
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ki
dp®?

d (10)

where «; can take the values 0, 1, or 2 depending on
the model chosen from Table I and 0 < ay < 2. The
limits of a, were calculated from Egs. (7) and (8):

P
"
kqis independent of dp  (12)

BKo <€ k[ M1, Ry (11)

BKo > ky[M],

For sparingly water-soluble monomers such as
styrene K, < ky[ M ],, and therefore, a value of a5
close to 2 is expected.

Equations (9) and (10) were substituted into Egs.
(3)-(5) and the parameter estimation algorithm
employed to estimate k* and k for given values of
oy and «;. The results are presented in Table II1
together with the corresponding average residual
sum of squares. The values of the entry rate coef-
ficient k, and desorption rate coefficient k, calculated
for a polymer particle of 200 nm using Egs. (9) and
(10) are also included in Table III. Note that al-
though wide changes in «; and o, were used, only
small variations on both k, and k; were obtained.
The results presented in Table 111 did not allow the
unambiguous determination of «; and «,; because
several pairs of «; and a, gave an equivalent fitting
of the data. This means that the data, because of
the relatively small range of variation of the particle
size, did not contain enough information for the es-
timation of unique values for «; and a,. Therefore,
a complete discrimination between models in Table
1 is not possible. Nevertheless, the results shown in
Table III allowed the rejection of several models
presented in Table 1. In Figure 6, the a;—«a; space
has been divided into two regions according to the
averaged residual sum of squares per point obtained
for each a;—ay pair. The excluded region represents
the pairs of values a;—a, that gave large values of
> e2. The boundary between the two regions is a
non-well-defined zone that depends on the degree
of exigency of the test used for model discrimination.
Figure 6 shows that the collisional model® (o, = 2),
the diffusional model? (a; = 1), and the colloidal
model® («; = 1) are incompatible with the assump-
tion that desorption of radicals occurs through a dif-
fusion mechanism with no additional resistance in
the interphase because a value of a, close to 2 is
expected from Egs. (7) and (8) for styrene. On the
other hand, the propagational model* for k, (o close
to zero) and Eqs. (7) and (8) for ky (1.5 < a3 < 2)
are the only combination of models that cannot be
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Table III Values of Parameters Using Different Particle Size Dependences

k. (200 nm) kg (200 nm)
oy as ks (cm®/mol s) k§ ™ > e?
1.00 0.0 5.10 X 10% 1.02 X 10° 8.96 X 107* 8.96 X 1074 3.01 X 107®
0.25 1.0 1.05 X 10 7.02 X 108 1.11 X 1078 5.55 X 10™* 3.07 X 1078
0.00 1.5 7.67 X 10° 7.67 X 10° 5.61 X 107! 6.27 X 107* 3.15 X 107
0.00 0.0 5.11 X 10° 5.11 X 10° 3.33 X 1074 3.33 X 107™* 3.15 X 107
0.50 1.0 2.13 X 10" 9.52 X 108 1.65 X 1078 8.25 X 10™* 3.29 X 107
0.25 1.5 1.18 X 10'° 7.89 X 10° 5.69 X 107! 6.36 X 107* 3.55 X 107
0.00 2.0 7.71 X 108 7.71 X 108 2.41 X 10718 6.02 X 107* 3.82 X 107°
0.50 1.5 2.29 X 10" 1.02 X 10° 7.70 X 1071 8.61 X 107* 4.11 X 1078
2.00 0.0 5.48 X 10 2.19 X 10° 1.96 X 1072 1.96 X 1072 4.56 X 1075
0.25 2.0 1.17 X 10* 7.82 X 10° 2.35 X 107%° 5.87 X 107 4.58 X 1078
0.50 2.0 2.18 X 104 9.74 X 108 3.02 X 107 7.55 X 1074 5.50 X 1075
1.00 1.5 6.82 X 10 1.36 X 10° 1.00 X 107%° 1.12 X 1072 5.86 X 1075
1.00 2.0 6.31 X 10* 1.26 X 10° 3.75 X 107 9.37 X 107* 7.99 X 107°
2.00 2.0 1.05 X 10'° 4.20 X 10° 1.07 X 10712 2.67 X 1073 1.43 X 10™*

discarded using the results presented in Figure 6.
However, it should be pointed out that this result is
based on a limited amount of data using a rather
small range of particle sizes.

It is interesting to compare the values of k, and
k4 in Table III with the predictions of Eqgs. (7) and
(8) for k; and the propagational model* for k,. The
value of the radical desorption rate coefficient cal-
culated from Egs. (7) and (8) and the values of the
parameters given in Table IV is k; = 8.6 X 10 ™*s™!.
This value, considering the uncertainty associated
with D,,, is in good agreement with the values of ky
in Table III.

To our knowledge, the propagational model* has
not been formulated in such a way that an equation
for k, has been proposed. The Appendix shows that

o
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O

Figure 6 Feasible region for a; and as.

the following approximate equation for the entry
rate coefficient can be derived:

0_002—2 E{i_
1+ 0o[(1—01)/(1—0)] Np

ko = kp[M].
(13)

where [ M],, is the concentration of monomer in the
aqueous phase, z the critical degree of polymerization
of oligomers in the aqueous phase, o, the probability
that an initiator radical undergoes a propagation re-
action in the aqueous phase, and ¢ the probability
that a growing oligomer propagates in the aqueous
phase given approximately by

oo B(Ml,
ko M1, + ko[ R,

(14)

Note that according to the propagational model, *
k, depends on [ R],, and hence on experimental con-
ditions such as the concentration of initiator and

Table IV Values of Parameters Used to
Calculate k,

k, = 2.58 X 10° cm®/mol s
[M], = 5.65 X 107® mol/cm®
my = 1800*

8 = 0.30"

Kt = 2.7 cm®/mol s
D, =5 X 107 em?/s
dp = 200 nm

a

2 Ref. 17.
b Ref. 7.



Table V Values of Entry Rate Coeflicients
Calculated Using Equations (5), (13) and (14)
for Different Values of the Critical Degree

of Polymerization 2

z k, (cm®/mol s)
4 1.6 X 10°
5 1.0 X 10°
6 6.6 X 10®

the concentration of the number of latex particles.
For experiment 15 in Ref. 10, which used an initiator
concentration of 1.3 X 10 % mol/cm? and a concen-
tration of number of particles of 4.9 X 103 particles/
cm?, assuming that ¢, = 1, the values of the entry
rate coefficients calculated by means of Egs. (13)
and (14) for different values of z are given in Table
V. Comparison of these values with those in Table
I1I gives a critical degree of polymerization of about
5-6, which is a reasonable value for a styrene oligo-
mer stabilized by a hydrophilic end group.

CONCLUSIONS

The approach proposed by Asua et al.® was used to
estimate both the entry rate coefficient and the exit
rate coefficient in emulsion polymerization of sty-
rene using data of the time evolution of the conver-
sion during the approach to the steady-state values
of 7 reported in the literature.’®* These data in-
cluded experiments in which the concentration of
polymer particles as well as the initiator concentra-
tion were varied. Two different seed particle sizes
were used. Parameter estimation was carried out
taking into account the variation of the particle size
during polymerization. Good fitting of experimental
results was achieved. The dependence of &, and ky
on the particle size was used in an attempt to dis-
criminate between the models proposed in the lit-
erature for the entry and exit rate coefficients. It
was found that the collisional model, the diffusional
model, and the colloidal model were incompatible
with the assumption that desorption of radicals oc-
curred through a diffusion mechanism with no ad-
ditional resistance in the interphase. The results
obtained were consistent with a model in which the
entry of radicals into the polymer particles occurred
by the propagational mechanism and the radicals
desorbed from the polymer particles by diffusion. In
addition, the values of k, and kg4 calculated using the
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equations derived from these mechanisms agreed
with those estimated in this work from experimental
data.
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NOMENCLATURE
de Precursor diameter (cm)
dp Diameter of the monomer swollen

polymer particle (cm)

D,, D, Diffusion coefficients of a monomeric
radical in the polymer particles and
the aqueous phase, respectively
(cm?/s)

[I] Concentration of initiator (mol/
cm?)

[IM;] Concentration of oligomers of length
2z in the aqueous phase (mol /cm?)

k Pseudo-first-order exit rate coeffi-
cient (s71)

k¥ kY Parameters defined by Egs. (9) and
(10), respectively

ko Entry rate coefficient (cm®/mol s)

kq Desorption rate coefficient (s™1)

kim Chain transfer rate coefficient (cm?/
mol s)

ky Rate coefficient for initiator decom-
position (s™1)

ky Propagation rate constant (cm?
mol~ts™1)

R Termination rate constant in the
aqueous phase (cm® mol™! s71)

K, Rate of exit of a monomeric radical
from a polymer particle (s %)

my Partition coefficient of the monomer

between polymer particles and
aqueous phase

[M],, [M], Concentration ofthe monomer in the
polymer particles and aqueous
phase, respectively (mol/cm?)

M, Amount of monomer initially
charged into the reactor (mol/cm?
of water)

n Average number of radicals per par-
ticle

N, Avogadro’s number
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N, Number of polymer particles con-
taining one radical per cubic cen-
timeter of water

Nr Total number of latex particles per
cubic centimeter of water
R, Concentration of free radicals in the
aqueous phase (mol/cm?)
Conversion
z Critical degree of polymerization of

oligomers in the aqueous phase

Greek Symbols

oy, @y, Parameters defined by Egs. (9) and (10)

B Probability that a desorbed single-unit mo-
nomeric radical reacts in the aqueous
phase by either propagation or termina-

tion

p Pseudo-first-order entry rate coefficient
(s™)

a Probability that a growing oligomer prop-
agates in the aqueous phase

g0 Probability that an initiator radical under-

goes a propagation reaction in the
aqueous phase
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APPENDIX

The propagational model* for entry of free radicals
into the polymer particles assumes that free radicals
polymerize in the aqueous phase until the oligomers
reach a critical degree of polymerization z. Then the
oligomer will enter into the polymer particle.
Therefore, the rate of growth to the critical degree
of polymerization is the rate-determining step for
entry of free radicals into particles. The rate of entry
of free radicals per particle is

N,
p = k[ IM;_,] [M]wﬁf (11)

where [IM;_,] is the concentration of oligomers of
length z — 1.

Assuming pseudo-steady-state conditions for the
radicals in the aqueous phase the following equation
can be written:

[IM;-1] = o[IM; ;] = o*[IM; 5] = - - -

" 2[IM1] (1.2)

i

where ¢ is the probability that a growing oligomer
propagates in the aqueous phase. An approximate
expression for ¢ is given by Eq. (10).

The concentration of oligomers of length 1 is

[IM3] = oo[I'] (1.3)

where g is the probability that an initiator radical
undergoes a propagation reaction in the aqueous
phase.

The total concentration of radicals in the aqueous
phase is



[Rlo = [I'] + oo [IM3] + oo IM?]
+ oo s+ 0g0* [ IM ]

_ z~1
= [I'](l +op T ) (14)
1—o¢

Combining Egs. (I.1)-(1.4), the following equa-
tion for the rate of entry of radicals per particle was
obtained:

& 0.00,2—2
Nrl+ oo[(1=06*1)/(1 - 0)]

p =k [Ml, [R].

(1.5)
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According to the model used in the present work,
the rate of entry is given by

p =ki[R], (L6)

Combining Egs. (1.5) and (1.6), the following equa-
tion for k, was derived:

NA 0'00'2_2

Nrl+oo[(1—o6"2)/(1—0)]

k., = k,[M], (L.7)





