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SYNOPSIS

This paper studies the effect of forced-feed oscillations of an intentionally added chain
transfer agent on isothermal free-radical polymerizations carried out in continuous stirred-
tank reactors (CSTRs). A solution polymerization is first considered. The influence on
the molecular weight distribution (MWD) of rectangular waves and impulsive trains of
the transfer agent feed is theoretically and experimentally investigated. The main result
is that (within certain limits) the average polydispersity can be increased at will with
respect to its corresponding steady-state (SS) value, without affecting the average number
average chain length or the instantaneous monomer and initiator conversions. This result
is extended to an emulsion copolymerization under sinusoidal oscillations of the transfer
agent feed, where the “decoupling” between the average molecular polydispersity and other
parameters (conversions, number average molecular weight, average number of branches

per molecule, and the particle-size distribution) is also produced.

INTRODUCTION

Consider a solution free-radical polymerization car-
ried out in an homogeneous continuous stirred-tank
reactor (CSTR) operated in the steady state (SS).
Under ideal assumptions and in the case of linear
polymers, the observed MWD will exhibit a fixed
shape and a polydispersity D, (= u,/u,) between
1.5 (termination by recombination only with no
transfer reactions) and 2 (termination by dispro-
portionation only). In the latter case, a Schulz-Flory
distribution is obtained.

The forced periodic operation (PO) of continuous
polymerization reactors has shown certain advan-
tages as a means of modifying the MWD of the pro-
duced polymers. A review on this subject was pub-
lished in 1981, and since then, other publications
have appeared.?® Forced oscillations in continuous
free-radical polymerizations have been studied on
several occasions.” ! These investigations involved
in all cases CSTRs and sinusoidal or square waves.
Most works considered the PO of the monomer and/
or the initiator. When the average properties of the
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polymers obtained under this kind of PO are com-
pared to the properties observed in the SS (with the
forced inputs at their time-average values), then the
main results of Refs. 7-12 are that (i) the number
average chain lengths are similar in both cases and
(ii) the polydispersity under PO is always higher
than that in the SS. (It is interesting to note that
through forced oscillations in continuous “living”
anionic polymerizations it is possible to produce
polymers with average polydispersities that are lower
than in the SS2%8).

The present work theoretically and experimen-
tally considers the periodic forcing of the transfer
agent feed in an isothermal solution free-radical
homopolymerization. The objective is to show that
under certain conditions it is possible to broaden
the average MWD without affecting other proper-
ties. The PO of transfer agents had been previously
considered in relation to coordination polymeriza-
tions, ?>?! but as far as the authors are aware, this
is the first application to free-radical mechanisms.
Finally, the ideas are extended to a continuous
emulsion copolymerization with case II kinetics.2*2*
The closely related problem of natural oscillations
under steady-feed conditions were observed, for ex-
ample, in emulsion polymerizations?? for case I
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kinetics. Forced oscillations in continuous emulsion
polymerizations have not been reported so far.

SOLUTION POLYMERIZATION

Theoretical

Consider a solution free-radical homopolymerization
carried out in an isothermal and homogeneous
CSTR of constant reaction volume V. The reaction
mechanism is represented by

Initiation: I 5 2R, - (1.a)
R.-+ M3 R,- (1.b)

Propagation: R,-+M i Roere
(n=1) (1.c)
Termination: R+ + Ry -5 P, + P, (1.d)
Ro+ Ro = Porm (Le)
Transfer: R+ MB P, + M (1.f)
R.-+S%pP,+8  (Lg
R,-+T%Pp, +T- (b

where I, M, T, S, P,., and R,, respectively, represent
the initiator, the monomer, the intentionally added
transfer agent, the solvent, the “dead’” polymer, and
the growing chain. Assume the following extra hy-
potheses: (1) secondary radicals M-, T'-and S - have
the same reactivity as does R;-; (ii) all polymer
chains have the same density; (iii) negligible “gel
effect”; (iv) the rate constants are independent of
chain length; (v) first-order kinetics in each reagent;
and (vi) the pseudo-SS hypothesis is applied to the
primary initiator R, . From the mass balances for
all intervening species, and by application of the
generating function technique for the polymer
chains,?” the dynamic model presented in the Ap-
pendix may be obtained.?®

The quality of a polymer obtained under PO is
represented by the average properties under peri-
odicity conditions of the accumulated effluent over
an integer number of periods of oscillation T,. We
shall indicate these properties by the superscript *.
Call A\, and w, (rn = 0, 1, 2), the MWD moments
corresponding to the active and the inactive polymer,
respectively. For example, the average moments of
the active polymer are calculated from:

t+Tp
f F(r)\,(7) dr
A== (n=0,1,2) (2)

t+Tp
f F,(r)dr
t

where F, is the total outlet flow. The average values
of the number average chain length y, and of the
polydispersity D, are calculated through

[N+ o}
A 3
b = I+ wil 3
A*+ * A*+ *
pr = 1N G108 +oi] “

[AT + wi]?

Other important properties are the average conver-
sions of the initiator #; and the monomer 7,,. For
example, 7; is obtained through

t+Tp
J: F,(r)[I(7)] dr
e R (5)
ft fi(x) (1] dr

where f; is the initiator solution flow rate, the square
brackets indicate molar composition, and super-
script f indicates feed conditions.

The polymerization of methyl methacrylate in
toluene at 80°C with benzoyl peroxide as initiator
and benzenethiol as transfer agent was simulated
on a VAX 11/780 computer through eqgs. (A.1)-
(A.14). The computer programs were written in
FORTRAN 77, and one of Gear’s integration rou-
tines was employed.

Consider the POs represented in the upper section
of Figure 1, the kinetic data of T'able I (taken from
Ref. 29), and the input parameters of Table II. The
transfer agent feed flow fr(t) was oscillated as rect-
angular pulses ( Rectangular PO) and as a train of
impulses (Impulsive PO). The flows of initiator and
of the monomer solutions ( f; and fy4, respectively),
were maintained at a steady value of 7.5 mL /min.
For the two POs considered, the time-average value
of fr(t) is 0.012 mL /min. Therefore, both POs may
be referred to a common SS condition, indicated by
superscript s. The SS results are also shown in Table
11. Because a pure transfer agent feed is employed,
the oscillations of the total ocutlet flow F, are neg-
ligible under Rectangular PO. Under Impulsive PO,
the instantaneous total flow is constant, except when
the impulses are applied.

The simulation results are presented in the lower
section of Figure 1, in the form of frequency-re-
sponse graphs. A wide range of frequencies w (= 27/
T,) was investigated. The low-frequency limit cor-
responds to a period T, = 60 § (where § is the in-
stantaneous mean residence time ); whereas periods
of T, = 8/15 were adopted at the high-frequency
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Figure 1 The investigated POs, with simulation results. In the Impulsive PO, the transfer
agent volume (mL) associated to each impulse is [0.012 mL/min X T,(min)].

limit. The average values of n; and 7, under peri-
odicity conditions are also represented and compared
to the SS values. The steady oscillations of the out-
put variables for a typical Rectangular PO are il-
lustrated in Figure 2. The following components can
be made:

Table I Kinetic Data

ky; = 1.8182 X 1072 dm?®/mol min
k, = 57,434 dm®/mol min
ks = ke = 0 dm®/mol min
kis = 4.509 dm®/mol min
ki = 79,658 dm®/mol min
k.y = 1.797 dm3/mol min
f=09
pm = 909 g/dm?®
pp = 1059 g/dm?

[r%] fr (1) A

o012k 4-amomm o

ml
[Hfﬁ'] fmlt)y =f (1)

! J

L ,‘I
aooi 80 T [mm ] 1

p

00! 010 100 w[m;ma]

001 010 100 w[minq]
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1. Under PO, the instantaneous values of ; and
nm (and consequently 57 and 753), remain
constant at their corresponding SS values.
The initiator and monomer mass balances are
unaffected by the transfer agent oscillations
because (a) the operation is carried out at

Table I Input Parameters and Common

SS Results
Input Parameters SS Results
fi = fy% = 0.0075 dm®/min e = 56.8
f4 = 0.000012 dm®/min Di =198
F? = 0.015012 dm®/min 7% = 0.0693
[I'] = 0.00834 mol/dm® nt = 0.024

[M’] = 1.559535 mol/dm®

[T'] = 9.7386 mol/dm®
V = 0.225 dm®
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Figure 2 Oscillations of a Rectangular PO simulation
with T, = 700 min and corresponding S8 values.

constant temperature and (b) the instanta-
neous mean residence time is practically
constant. With 7, (¢) being constant, the in-
stantaneous rate of polymerization is con-
stant, and, therefore, the PO does not induce
perturbations in the reaction temperature.

2. At all frequencies in Rectangular POs, and
for periods lower than T', for Impulsive POs,
u¥ is maintained at its SS value. For long
periods of oscillation, the transfer agent im-
pulses influence the average u, during small
fractions of the period, and as T, = oo, a
new SS condition corresponding to absence
of transfer agent (indicated by superscript s’)
is reached.

3. The average polydispersity under PO in-
creases with respect to the SS value. Under
Rectangular PO, the largest deviations are
observed as T, = o and at T', under Im-
pulsive PO. With very fast cycling, all outputs
tend to their SS values because the reactor
completely filters out the oscillations. Im-
pulsive PO is useless for very long periods,
because the same polymer quality is more
easily obtained in the SS. However, for T,
< T, the impulse forcing is preferable be-
cause (a) the same increase in D} may be

obtained at smaller periods and (b) the larg-
est deviation is produced at a finite period.
(The lower the period of oscillation, the bet-
ter, because the volume of the collecting tank
required to average the reactor effluent is re-
duced.)

4. By increasing the total amount of added
transfer agent, D} may be further increased,
but at the cost of lowering u}. For example,
if under Rectangular PO the transfer agent
feed is doubled, the maximum of D} varies
from 4.26 to 6.7, but u} drops from 56.7
to 32.6.

In summary, Impulsive POs seem preferable to
Rectangular POs because they are more easy to im-
plement in practice, while simultaneously providing
a greater flexibility in D} . A potential disadvantage
of intentionally feeding a transfer agent is that it
may be difficult to produce high molecular weight
material.

Experimental

The work involved the previously simulated chem-
ical system, but with the data of Table III and do-
decanethiol (instead of benzenethiol) as transfer
agent. The objective was to validate theoretical pre-
dictions regarding the behavior of a CSTR under
Impulsive PO of the transfer agent feed.

Figure 3 schematically represents the experi-
mental setup. The polymerization was carried out
at 80°C in a 300 mL Parr 4561 stainless steel reactor
with stirring and ON/OFF temperature control. A
septum was adapted in the reactor lid, to allow the
transfer agent injection by means of a syringe.

The storage tanks for the initiator and the mono-
mer solutions consisted of two 10 L stainless steel
vessels with graduated glass gauges and facilities for
inert gas blankets.

The feed flows were applied by two Milroyal D
Milton Roy servo-controlled metering pumps, op-
erated by a pair of Statotrol GVFW General Electric
controllers. Each pump motor drove two pumping
heads of reciprocating action, with a phase difference

Table III Experimental Data

F; = 0.015 dm®/min
V =0.3 dm®
T =353.12 K
[I] = 0.01333 mol/dm®
[M7?] = 1.565 mol/dm?
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Figure 3 The experimental rig.

of 180°. A pulseless flow was provided by dividing
the feeds into each pumping head and rejoining the
outlet flows in a parallel fashion. Also, a back-pres-
sure valve was installed at the discharge manifold,
to allow a correct operation of the check valves. The
feed flows were preheated to 40°C before entering
the reactor, and its effluent was immediately cooled,
to deactivate further polymerization.
Representative polymer samples were collected

in 5 L glass reception flasks containing hydroqui-
none as inhibitor. The polymer samples were ana-
lyzed by a Waters ALC/GPC 244 size-exclusion
chromatograph fitted with an R401 refractive index
detector and a complete set of u-Styragel columns.
The chromatograph was linked to a MINC-II com-
puter for the data acquisition and part of the data
treatment. The chromatograms were corrected for
instrumental broadening (30), in a VAX 11/780
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computer. The observed MWDs were represented
with linear molecular weight axes. The monomer
conversion was gravimetrically determined. To this
effect, the solvent was evaporated and the solid
product dried under vacuum (all at room tempera-
ture).

The reagents were prepared as follows: Toluene,
Aldrich 17, 996-5 (99%), was utilized, after distil-
lation under vacuum. Dodecanethiol (lauryl mer-
captan), Fluka 44230, was used, without purifica-
tion. Benzoyl peroxide, Carlo Erba 427345 (77.5
+ 2.5%), was employed, after verification of its pu-
rity.?! Methyl methacrylate, Fluka 64200, was used,
after first washing the inhibitor with water and a
5% NaOH solution and then drying the monomer
with CaCl, and CaH,.?? After preparation, the ini-
tiator and monomer solutions were ultrasonically
degassed, to eliminate dissolved O,. Ice was added
into the bath to avoid initiator decomposition.

Figure 4 indicates the stages in which the exper-
iment may be subdivided. Stage [ corrresponds to
an SS condition without transfer agent feed (indi-
cated by superscript s’). This is equivalent to the
situation when T, & oo in the Impulsive PO. Stage
II corresponds to the impulsive operation, imple-

A
[ ml
min. g ¢
STAGE 1 75 fpm(t)=f1(t)
(ss" )
o] 1 L .
0 2 ”
Sample t [hr-]
Collection
(o A
min. i
STAGED ;4 fy()=f (1)
(PO)
0 ] | .
4 6 8
Tr. agent Tr. agent Sample t[hr, ]
injection 1 injection 2 -
{1.68 ml) (1.68 ml) Collection
1\ 1f1-00039 mol
(o) [r7]-00039 2%
min. fs )-fS(n
STAGETI 5 mrlt)=f
(S8)
o] 1 L -
3 10 12
Tr. agentT Sample t[hr' ]
into manomer <—>
i Collection
sofution

Figure 4 Stages of the experimental run.

mented by two manual injections of 1.68 mL of pure
transfer agent into the polymerization reactor. The
period of oscillation was 2 h, and the average resi-
dence time 20 min. For this reason, the polymer ac-
cumulated in the second period could be taken as
representative of the PO. In Stage 111, the SS cor-
responding to the impulsive operation (indicated by
superscript s) was implemented. To this effect, pure
transfer agent was incorporated into the monomer
solution tank and the mixture added at flow rate
farr. A transfer agent concentration of 0.0039 mol/
dm? ensured that in a period of 2 h an equivalent
to 1.68 mL of the pure reagent was added.

Experimental conditions slightly differed from
those in the Theoretical section. For dodecanethiol
at the intended polymerization temperature, ks
= 43,100 dm?®/mol min.?® With the kinetic data of
Table I (except for k), the information in Table
III, and an impulse area of [0.014 mL/min X T,
{(min) ], the response to an Impulsive PO similar to
that of Figure 1 was simulated. The corresponding
results are shown in Figure 5, while the left-hand
side of Table IV indicates the predicted output vari-
ables under SS’ (Stage I), the PO (Stage II), and
the SS to which the PO should be compared (Stage
I11). Note that (a) an increase of over 50% is ob-
served in the number average chain length, when
comparing SS with SS’, and (b) the PO provides a
moderate increase in D} .

From characterization of the samples represen-
tative of Stages I-III, the experimental results of
Figure 6 and the right-hand side of Table IV were
produced. Note that as expected (a) u} practically
coincides with 45, and 1} is very similar to n3;; (b)
the MWD under PO is broadened with respect to
the SS; and (¢) the polymer obtained under steady
operation without transfer agent feed exhibits a
higher number average chain length than with the
transfer agent addition.

In Table IV, the following is observed: (a) the
experimental values of the p,’s are considerably
lower than are the corresponding theoretical pre-
dictions, while (b) the predictions for the D,’s and
the 7)’s are close the measured values. The dis-
crepancy in the number average chain lengths may
be justified by (a) the presence of impurities acting
as termination or unwanted transfer agents and/or
(b) errors in the kinetic parameters that were di-
rectly taken from the literature.

EMULSION POLYMERIZATION

In the industrial production of styrene-butadiene
rubber (SBR), it is a common practice to adjust the
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Figure5 Simulated results for the sought experimental
conditions.

observed average molecular weights by appropriate
chain transfer agent (modifier) addition. Through
a direct extension of the ideas in the previous sec-
tion, it is here theoretically shown that sinusoidal
oscillations of the said reagent also allows a con-
trolled broadening of the MWD, without affecting
other parameters.

Consider the emulsion polymerization of styrene
and butadiene in a CSTR at 5°C with p-menthane
hydroperoxide as initiator, heptahydrated ferrous
sulphate with sodium formaldehyde sulfoxylate as
redox couple, sodium dodecyl sulphate as emulsifier,
and t-dodecyl mercaptan as transfer agent.

A mathematical model of this process due to
Broadhead et al.?®3* was utilized. It is based on a
kinetic mechanism consisting of a redox initiation

2909

length; (c¢) reactivity of macrorradicals only depen-
dent on the nature of the terminal monomer; (d)
molecular weights determined by transfer reactions
(i.e., negligible termination); (e) equilibrium dis-
tribution of the molecular species between the
phases; (f ) monomer concentration in the particles
independent of particle size; (g) pseudo-SS for the
free radicals and the Fe?" and Fe®* ions; (h) negli-
gible particle agglomeration; and (i) particles of the
same generation are monodisperse in size and the
PSD only results from the continuous nucleation
process. Furthermore, for the given model and at
the investigated conversions, the termination re-
actions may be assumed instantaneous and therefore
there is absence of gel effect. Under these conditions,
the average number of radicals per particle is equal
to 0.5, leading to a case II emulsion polymerization
kinetics.

The instantaneous values of the following vari-
ables are predicted: (a) number average molecular
weight M, and polydispersity D,; (b) average molar
fraction of styrene in the copolymer xg; (¢) number
average values of the tri- and tetrafunctional number
of branches per polymer molecule B; and By, re-
spectively; (d) monomer conversion 7,s; (€) number
of polymer particles per unit volume N,; and (f)
differential number distribution of polymer particle
volumes n(v), and from it, the number average vol-
ume 0, and the polydispersity @, = 0,,/0,.

As before, the average properties under PO are
of interest. Some of such properties are calculated
as follows:

(a) Average MWD moments of the inactive

in the aqueous phase and the following reactions in polymer:
the polymer phase: propagations with the monomer
and the polymer; transfers to the monomer, to the t+T,
polymer, and to a transfer agent; and termination. f Up(7)w,(7) dr
The main hypotheses in the simulated example are w* = ¢ — (n=0,1,2) (6)
(a) micellar nucleation of the polymer particles®’; f . (r)
(b) uniform polymer density, irrespective of chain s P
Table IV Simulation vs. Experimental Results
Simulation Results Experimental Results
PO with PO with

Ss T,=2h SS SS' T,=2h SS
Un 185.89 109.18 109.18 154 77.2 82.0
D, 1.99 2.59 1.99 2.01 2.58 2.00
M 0.111 0.111 0.111 0.104 0.101 0.106
n 0.0317 0.0317 0.0317 —_— — —
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Figure 6 The measured MWDs.

where v, is the volumetric polymer phase flow
in the reactor effluent.

{(b) Average monomer conversion:

*

M
4T,
3 vy (1) Up(7)
J; [MsPs(T) Vp(‘r) + MBPB(T) VP(T)]dT
= t+T,
P vp(7)
J; [MS(PS(T) V,(r) +Fs(T))
+ MB(PB(T) ,1‘);((:)) + FB(T))] dr
p

(7)

where Fg and Fg are the molar flows of sty-
rene (S) and butadiene (B) in the reactor
effluent; Mg and Mg are the molecular
weights of the comonomers; Pg and Py are
the moles of styrene and butadiene converted
into polymer; and V, the polymer phase vol-
ume in the reactor.

(c¢) Average of the average number of branches
per molecule:

+T,
j; wo(T)Bi(7)vp(7) d7
Bf = o (i=3,4) (8)
J: wol(T)vp(7) dr

(d) Average number PSD (volume), number av-
erage value, and polydispersity:

t+T,

"No(r)n(v, 7) F,(r) dr
n*(v) = (9)
f N,(7) Fo(7) dr

foo vn*(v) dv
= (10)
f n*(v)dv
0
foo vin*(v) dv
b= (11)
f vn*(v) dv
0
Qi -2 (12)
Upn

Consider the following sinusoidal oscillation of a
pure transfer agent feed:

fr(t) =f‘“T[1+Amsin(%7,Lt)] (13)

p

where A,, is a dimensionless amplitude, defined as
the ratio between the maximum and the time-av-
erage flow. The other input variables are indicated
in Table V. Note that fr is negligible with respect
to the total feed flow, and, therefore, the instanta-
neous mean residence time remains practically con-
stant. The kinetic parameters, equilibrium con-
stants, emulsifier data, etc., were taken from Ref.
33. The calculated SS condition is presented in Ta-
ble VI.

Through a sinusoidal forcing with A,, = 0.5 and
0.65 [Fig. 7(a)], the results represented in Figure
7(b) are obtained. The PO broadens the MWD
without affecting the average values of the number
average molecular weight, the branching properties,
the reagents conversion, or the PSD. Furthermore,

Table V The Simulation Data

Reaction volume = 3709.6 dm®

Water feed = 104.6 dm®/min

Styrene feed = 15.6 dm®/min

Butadiene feed = 65.2 dm®*/min

Initiator feed = 34.4 g/min

FeSO,- TH,0 feed = 7.44 g/min
Reduction agent feed = 27.5 g/min
Emulsifier feed = 2439.7 g/min

SS modifier feed (f) = 0.07636 dm?/min
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the instantaneous monomer conversion remains
constant at the SS value. The deviations in D} are
greater as the amplitude A,, and the frequency of
oscillation T, are increased. Through an appropriate
selection of these parameters, polymers with average
polydispersities between 3.09 (SS) and 24 (PO) may
be obtained.

In solution polymerizations, a sigmoidal function
D} (w) was observed. In the emulsion case, the
curves do not exhibit inflexion points, but also tend
to finite average polydispersities as T, = oo. The
increased broadening at high 7',’s may be due to the
branching reactions in emulsion kinetics.

CONCLUDING REMARKS

When free-radical polymerizations are carried out
in CSTRs, the sustained periodic forcing of a pure
transfer agent feed seems to offer an advantage with
respect to the SS operation: The average polydis-
persity may be broadened without affecting the av-
erage values of other parameters. This conclusion
is valid for the relatively simple kinetics of a linear
solution homopolymerization of MMA and for the
much more complex process of a styrene /butadiene
emulsion copolymerization.

Apart from the investigated POs, decoupling be-
tween D} and other parameters was also observed
through rectangular oscillations of the monomer
feed 180° out of phase with a pure solvent feed, to
ensure a constant mean residence time. Alterna-
tively, a transfer agent solution may replace the pure
solvent, with enhanced results from the point of view
of D¥. However, in such cases, the instantaneous
monomer concentration is not constant, thus in-
ducing oscillations in the reaction temperature.

Pure transfer agent forcing is easy to implement
and does not affect the total efluent flow. Rectan-

Table VI SS Results

M: = 74,309 g/gmol

x5 = 0.111
D;, = 3.09
v = 0.105
5 = 0.233
: = 0.026
7% = 2439 nm®
Q=179

N3, = 2.723 X 108 particle/dm®

(o]
()
50

Q)

860 80 Tp [min.]

Figure 7 PO of a continuous emulsion polymerization:
(a) sinusoidal transfer agent feed flow; (b) corresponding
PO results.

gular, sinusoidal, and impulsive POs were investi-
gated. For equal values of the amplitude A,, and the
period T, rectangular waves produce larger devia-
tions in D} than do sinusoids. Also, impulse trains
at intermediate periods of oscillation provide better
results than do rectangular oscillations with longer
periods. For moderate increases in D}, either si-
nusoidal, rectangular, or impulsive POs may be em-
ployed to produce the same average polymer quality.
However, impulsive POs are preferable because they
require the shortest period of oscillation, and, there-
fore, the size of the reception vessel required to av-
erage the reactor oscillations is reduced.
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polymerization model; to Mr. M. Brandolini and Mr.
dJ. L. Castaneda, for their help with the experimental work;
and to CONICET and Universidad Nacional del Litoral,
for the financial support.
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- m [S(8)] — kis[S(8)]

X {Xo(t) = [Ri+ ()]} (A4)
d[R,-(1)]
dt
X {Ao(t) = [Ri+ (D]} + Es[S(2)]
X {Ao(t) = [Ri- (D)1} + ke[ T(2)]
X {Xo(t) = [Ri- ()]} — {ko[M(2)]
+ (ktc+ktd))\0(t)}[Rl°(t)]

=2fka[1(2)] + k[ M (t)]

——[R:i-(t)] (AS5)

0(t)
‘%‘L’: 2fkalI(£)]
(e + Reg) NB(E) — ﬁ Xo(t) (A6)
E”‘d"_t(t) = 2fka[I(t)] + {kpy[M(£)] + Rss[S(t)]
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X [[d)(t) + BN — 2 (?)M-i]
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1
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0D W, n=1, .
with
1 Fdt) _FR®
W_—V +akp[M(t)])\0(t) v (A.10)
F;(t) = fi(t) + fu(t) + fr(t) + fs(t) (A.11)
a = WM(—l——-}—) (A.12)
Pp  PM

R [M(£)] + k[ S(2)]
+ ke[ T(t)] + RaAo(t)

#(t) =

k[ M(t)]
(A.13)

_ _keo(?)
B(t) —kp[M(t)] (A.14)

where [ ] indicates molar concentration; f;, fu, fr,
and fs are the feed flow rates of the initiator solution,
the monomer solution, the transfer agent, and the
pure solvent, respectively; F;, F, are the reactor inlet
and outlet total flows; superscript f indicates feed
stock condition; fis the initiator efficiency;  is the
instantaneous mean residence time; A, = Z j*[R;-],
(n=20,1,2) are the nth order moments of the num-
ber chain length distribution (NCLD) of the active
polymer [R;-] vs. j; w, = Z j*[P;], (n =0, 1, 2) are
the nth order moments of the NCLD of the deac-
tivated polymer [ P;] vs. j; a is the contraction coef-
ficient; Wy,, W;, Wg and Wy are the molecular
weights of the monomer, initiator, solvent, and
transfer agent, respectively; p, and py are the den-
sities of the polymer and of the monomer, respec-
tively; and 1/(1 + ¢ + (3): is the propagation prob-
ability.





