Modeling of Poly(phenylene oxide) Reactors

M. MISRA and SANTOSH K. GUPTA*

Department of Chemical Engineering, Indian Institute of Technology, Kanpur-208016, India

SYNOPSIS

A simple model is presented for the polymerization of poly(phenylene oxide) (PPO) in the
presence of mass-transfer limitations. The mass balance and moment equations for this
system compose a hierarchy of infinite ordinary differential equations. Closure conditions
similar to those used for nylon 6 are used to truncate the set of moment equations. The
rate constants are adjusted to achieve a reasonable fit between model predictions and one
set of available experimental data on the variation of the number-average chain length
(u,,) with time. The monomer conversion and the polydispersity index (PDI) are predicted.
The PDI of the entire macromolecular species is found to vary with time in an interesting
manner (a decrease is predicted with time during certain periods). This is due to the effect
of mixing of two sets of macromolecular species present in the reaction mass having different
concentrations, as well as different individual values of x, and PDI. Sensitivity results are
reported to identify the important parameters and operating conditions. It is found that
the values of u,, are very sensitive to even small changes in the operating conditions which

decrease the mass-transfer rates. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Poly (phenylene oxide) (PPO), commercially avail-
able as Noryl® (registered trademark of GE), is an
extremely important engineering thermoplastic. It
has a high glass transition temperature (205-
210°C)* and decomposes only above about 400°C.
The backbone comprises phenyl rings, because of
which it has a high mechanical strength, even at
—200°C.% In addition, this polymer has high com-
patibility, easy processability, and glossy looks. Be-
cause of these several advantages, PPO is carving
out a niche for itself in the speciality polymer mar-
ket. Its importance is reflected in the reviews®?®
published in recent years.

High molecular weight poly (phenylene ethers)
can be polymerized by the catalytic oxidation of 2,6-
disubstituted phenols in solution, with oxygen gas
sparged through the reactor. The first successful po-
lymerizations were reported by Hay et al.®” who used
amine complexes of copper salts as the polymeriza-
tion catalyst. Endres and co-workers®® reported ex-
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perimental results on the oxidation of 2,6-dimeth-
ylphenol in the presence of copper(l) chloride in
pyridine solvent. They inferred that the reaction
proceeds primarily by bifunctional, step-growth po-
lymerization. Their experimental results suggested
that the equal reactivity hypothesis applied. Fink-
beiner et al.'? focused attention on the role of oxygen
and concluded that copper(I1) was the true oxidizing
agent in the oxidative coupling reaction and that
the sole function of oxygen was to oxidize copper (1)
to copper (II). A Michaelis—Menten-type empirical
kinetic model was proposed by Tsuchida et al.}! to
describe the polymerization kinetics. Mobley*? ac-
counted for catalyst deactivation during polymer-
ization and also incorporated the effect of unequal
reactivity between monomer and higher oligomers
in his improved kinetic model. Unfortunately, none
of the early models is detailed and rigorous enough
for use in the simulation, optimization, and control
of industrial PPO reactors, because of their sem-
iempirical nature.

In this study, we present a simple kinetic scheme
for the polymerization of 2,6-dimethylphenol and
account for the simultaneous dissolution of oxygen
from the bubbles into the liquid medium and its
consumption by reaction while oxidizing copper (1)
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to copper(Il). Mass balance equations have been
written for the various species present in the reaction
mass. They constitute an infinite set of coupled or-
dinary differential equations (ODEs). An estab-
lished method of solving such equations is by sum-
ming them up appropriately to give an equivalent
set of infinite, coupled ODEs for the moments of
the chain length distribution.’® The advantage of
solving the moment equations instead of the mass
balance equations is that the hierarchy of moment
equations can be broken by using closure conditions,
and results of interest can be obtained by integrating
a much smaller set of these equations.

Closure conditions similar to those used for nylon
6 polymerization®** have been found to work for
PPO polymerization as well. The values of the rate
constants were tuned using the Box complex
algorithm!® using the experimental data of Endres

Table I Detailed Reactions for PPO Polymerization

and Kwiatek.® Sensitivity studies were carried out
to identify the important rate constants. In addition,
step changes in some important reactor operating
conditions were effected and their influence on the
polymerization studied. These simulate the effects
of changing the oxygen bubbling rate, temperature
of the reaction mass, stirring speed, etc.

FORMULATION

Table I shows the four-step kinetic model for the
polymerization of 2,6-dimethylphenol (2,6-DMP).
This is a simplified representation of the mechanism
of polymerization presented by Aycock et al.® The
first reaction is the oxidation of Cu™ by oxygen and
its complex formation with pyridine. The activated
complex reacts with the monomer to produce an ar-

1. Catalyst Oxidation :

Pyr
+ kg |
Cu+:-0, — HO— Cu—Cl
2 © 4+H,0 +Pyridine i
Pyr
2. Aryloxy Radical Generation :
CH3
P
17 ki
OH +HO—Cu~-Cl =—77——
: 4
yr .
CH3 - Pyridine

3. Polycondensation :

Hj CHj3

H3 C
0~——0 0+0 ‘:::> 0~——0 -
k2
CH
| 3

CH3l LCH3

n
4 Polyaddition :

—————CHj CH3
CH CHs
L

J

n

CH3 CH3 CH3
CHy CH3 CHy
J l }
m n+m
H3 CH3
k3
0_; 0 ~~—— OH
k3
CH3 CH3

n+i




MODELING OF POLY(PHENYLENE OXIDE) REACTORS 1879

yloxy radical. These radicals can grow both by step
growth as well as chain-growth mechanisms, giving
long-chain PPO molecules. The actual mechanism
suggested by Aycock et al.? is far more complex, in-
volving intermediates like quinol ethers and quinone
ketals, but Table I captures the essential features of
PPO polymerization and has been arrived at after
exploring a few more kinetic schemes (which are
computationally more intensive, but do not give
much better results ). In addition, the experimental
data reported by Endres and Kwiatek® on the evo-
lution of the number-average chain length, u,, with
time, ¢, for PPO shows a striking similarity with the
u,(t) for nylon 6, and so it is felt that the basic
kinetic schemes for these two systems should be
somewhat similar. It may be mentioned that nylon
6 is associated with a ring-opening step leading to

the formation of aminocaproic acid, which poly-
merizes by both the step-growth and chain-growth
mechanisms, akin to what is depicted in Table I. In
fact, we used the terminology “polycondensation”
and “polyaddition” for reactions 3 and 4 in Table I
(instead of the more rigorous terms, step growth
and chain growth), following the usage of these
terms for nylon 6. The kinetic scheme of Table I
can be rewritien schematically as in Table 1I, in
terms of species R, and D,,.

Oxygen gas is sparged through the liquid reaction
mixture. Oxygen dissolves in the medium, there
being a mass-transfer resistance associated with this
step. The dissolved oxygen oxidizes copper(l) to
copper (I1), as per the first equation in Tables I and
II. Pure oxygen is usually sparged into the system
at a pressure slightly above atmospheric. In the

Table II Kinetic Scheme for 2,6-DMP Polymerization

1. Catalyst oxidation:

Pyridine, H,O

Cut + 1 O ———— Cu?**
ko

2. Aryloxy radical generation:

k
D,,+Cu2+kT—*xR,ﬂ*Cu+ n=1,213, ---

1

3. Polycondensation:

k.
IL+RM§DMM m=1,2,3, - -
2

n=mm+1lm+2 ---

(except m = n = 1)

4. Polyaddition:

k.
Rn+R1§ILH n=1,23, ---
3

CH3 CH4

Rn: H 0 0;n=12,3,
CH3 |y CH3
CHy CH3

Dn H 0 OH;n=1,23, ..
CH, CHj3
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model developed herein, we neglected the pressure
buildup above the liquid surface in the reactor, i.e.,
the system is vented (and oxygen recycled). This is
often what is used industrially and is also the ex-
perimental condition used by Endres and Kwiatek.®

The mass balance equations for the individual
molecular species for this system are given in Table
III. In writing these equations, we assumed that the
(bulk) liquid is well mixed and that there is no gas-
film resistance to diffusion (i.e., pure O, is being
sparged ). Oxygen diffuses from the bubbles through
a thin liquid film. Reaction 1 (Table I) occurs in the
“bulk” of the liquid. We assume that there is no
reaction inside the thin liquid film. These are rea-
sonable approximations to make for sparged poly-
merization reactors, and similar approximations
have been used earlier for modeling sparged poly-
propylene reactors.’® The liquid-film mass-transfer
coefficient at the gas (bubble}-liquid interface, &,
and the gas-liquid interfacial area per unit total vol-
ume, a,, are estimated using the correlations given
in Table I of Sau and Gupta ' which have been com-

piled from Refs. 17-20. The values of the physical
properties of oxygen and pyridine, as well as the
parameters of the (laboratory-scale) reactor (of
Endres and Kwiatek,® for which some experimental
i, data are available in the open literature), are
given'™*?1" in Table IV. The equilibrium concen-
tration of oxygen at the gas-liquid interface, [O.]*,
at the given temperature and pressure is estimated
using the ideal solubility concept (Ref. 20, p. 337)
with vapor pressure of oxygen estimated using the
Antoine equation® with parameters from Ref. 20.
The mole fraction of oxygen at equilibrium (at 1
atm and 300 K) is obtained as 1.156 X 10 %. This
corresponds to [ O, ]* = 0.0188 mol dm™3. It is to be
emphasized that only approximate values of [O,]*
are required, since sensitivity tests (described later)
reveal that the number-average chain length, poly-
dispersity index (PDI), and the monomer conver-
sion are relatively insensitive to its exact value.

* An order of magnitude estimate is used.

Table III Mass Balance Equations for the Various Species

d{D]

AP~k tcu 114 + RiICu" IR %
MBI — (Cu D) + RICU" TR + BRI — KD @)
M)y 11D + KO (R + BalRIIR, 1] — KAL)
+ ks 332 [RuIR.-n] — 2(n — 2)k4[D,]; n=3,4,5,--- (3)
AL~ —ptcw 1D - KW IR - kiR ,,,Z (R
+ 2k %3 [D,.] — ks[R,] [Q[Rl] + %2 [Rm]] + kb {2[D2] + %::3 [D,,,]} 4)
ML —hicu1iD,] - KICU IR, — RlR,) [[RIJ 2 mz [le}
+ 2k} {[Dm] > [Dm]] — B[R](R] + B5 Dl n=2,3,4, -+ (5)
s
AT~ yfCu IO + [ % [D.] - R4[Cu) i (R,] ®)
dCu™] _  diCu’] .
dt dt
HOL _ g (102" = 10,1) £ Ko Cu' 0,1 ®
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Table IV Physical Properties and Reactor Parameters® Used!™2%2!®

Reactor parameters

V, = superficial inlet gas velocity = 0.8 (dm s™")*"

d, = reactor diameter” = 1.0 dm

d; = impeller diameter = (d,/3) dm

V, = total volume of liquid in the reactor = 0.785 dm?®
P = pressure = 1.013 bar

T = system temperature = 300 K

Property

Oxygen Pyridine

Surface tension?!, ¢

Density,” p,, p1.

Viscosity,” s, p

Critical pressure,” P,

Critical temp,? T,

Diffusivity® of O, in pyridine, D,

From ideal gas law

2018 X 103 gdm™" s™*
50.4 bar _
154.6 K
50X 10°dms™! —

— 38.0 dyne dm™? s™?
983 g dm™
0.0974 g dm™ 57

¢ Notations as in Ref. 16; reactor parameters are typical of the laboratory reactor used by Endres and Kwiatek.®

Y An order of magnitude is estimated.

A few differences of the kinetic scheme of Table
I from that for nylon 6 need to be pointed out at
this stage, since these lead to slightly different mass
balance equations (Table III). The reaction

R, + Ry > D,y; n#1l (1)

is included in both the polycondensation and po-
lyaddition steps in Table II. These are kinetically
different since the polycondensation step is via a
quinone-ketal intermediate,® while the polyaddition
step is via a quinol-ether® intermediate. Also, a total
of 2(n — 2) possibilities (internal locations) exist for
the reverse reaction for D, since, again, quinone-
ketal intermediates are involved.

A well-established technique to solve the infinite
set of mass balance equations (of Table III) is to
write the corresponding moment equations. Equa-
tions for the zeroth, first, and second moments of
the polymeric species, as defined by

MHr = z nk[Dn] (a)
n=1

A= 2 n*[R,] (b) (2)
n=1

are given in Table V along with some additional
ODEs to make the set complete. A moment closure
equation relating us to o, u; and u,, as well as a
closure condition for [D,] are required before we can
integrate these equations. Since the kinetic scheme

for PPO polymerization is somewhat similar to that
of nylon 6, closure conditions identical in form to
those used for nylon 6 have been used in this work
as well. The results obtained were found to be in
excellent agreement with the experimental data of
Endres and Kwiatek.® The theoretical predictions
of u,(t) were also found to be relatively insensitive
to slight changes in the closure equations. These
tests suggest that the closure equations used are ap-
propriate. The complete set of equations is given in
Table V. The equation for d[R;}/dt in Table V in-
cludes a term uo — [D,] — [Ds]. This term could take
on negative values near ¢t = 0, due to the closure
approximation, [D,] = «;[D,], used. To avoid this,
a multiplying factor, o, is used with this term,
which is zero for negative values of uy — [D{] — [D,]
and unity otherwise. This prevents unreasonable
results from being generated at ¢t ~ 0.

The rate constants used for obtaining the wu,,
conversion, and PDI histories were tuned using the
Box!® complex algorithm. Initial guesses for some
of these constants were obtained from the litera-
ture,” while for the remaining, starting estimates
were obtained by trial and error.?? The objective
function used to obtain the “best-fit” value of the
rate constants was taken as

N
Min E = 2, w; | (uif* — pl™) | /uf* (3

=1

In this equation, u&** are the experimental values

of u,, of Endres and Kwiatek,® while uﬁf{f“ are values
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Table V Complete Set of Equations for PPQO Polymerization

Moment equations:

g

=~k [Cu® 1o + RI[Cu™] Ao + kaho(ho — [Ri]) — 2k5(wy — 2p0 + [D1]) + Rs[Ri]No — Ea(uo — [Di]) (1)

+ Ry[Ri] o + A) — K3 — [D1]) (2)

+ ka[Rl]()\z + 20 + >\o) - k%(ﬂz - [Dl]) 3)

— = ki[Cu™po — RACU"IAe — ZkoXo(Ao — [Ri]) + 4R5(sy — 200t 2[Dy]) — 2ks[Ry]No + 2k5(po — [Dh]) 4)

—_ = kl[cu2+]ﬂ1 - krl[CU+] A — k‘Z{Q)\())‘l - [RI](}\() + )\1)} + 2k5(uy — 2p, + [Dl]) - kﬁ[Rllo\o + A) + Ry, — [Dll) (5)

2

dt
du : .
d_tl = —k[Cu® g, + EICuTIA; + ka{2AcA; — [RiT(Ag + A1)} — 2R (uy — 2y + [D1])
d
ﬁ = —R[CuIps + ES[CU A + kof2(Noha + AD) — [Ri] o + 2X, + A9} — 2Rb(us — 2uy + [Ds])
dho
dt
dr,
dt
dkz — 2+ t + 7
—&t— = Rk [Cu®**Ju, — R [Cu™IN, + k2{2>\0)\2 —[Ri](A + )\o)} + 2k5

Additional equations:

3

7
w3z — 2us + 5#1 — 2uy+ [D1]}

=k [Ri)(Ao + ) + k(e — 2p0 + 2p0 — [D]) (6)

= —ki[Cu™][D,) + ki[Cu*][R;] (7)

dlDi] _
dt
% = ki[Cu™][D1] = KA[Cu*][Ri] — ks [Ri](Ao — [R1]) + 2R5(ko — [D1] = [D3]) X

— ks [Rl]()\o + [Ri]) + k3(uo — [D1] + [Dz]) (8)

2+
d[(:;l; o —R[CU 10 + R(Cu™ o ~ KO I ©)
d[Cu®™] _d[Cu']
dt dt o)
% = kgeu{[O:]* — [0,]} — % Ey[Cu*[0,]"2 )

Closure conditions:

K3

_ Ra(2papo — p1)
HiHo

(12)

[Ds} = oy[Dy]; (e; = 0.1) (13)

(at the same value of t) predicted by our model for
any assumed set of rate constants. There are N
(=6) data points available® in the open literature.
The values of the weighting factors, w; to ws, are
taken as unity, while wg is taken as 3.0. This is to
ensure the importance of the last data point (high
value of u,,). The value of £ is the sum of the squares

of the deviations between experimental and theo-
retical values of u, at different values of ¢. Mini-
mization of E, thus, improves the agreement between
theory and experiment. It may be added that there
is very little experimental data reported on PPO
polymerization in the open literature, and full con-
firmation of our present model has to wait until more



MODELING OF POLY(PHENYLENE OXIDE) REACTORS 1883

data (under different operating conditions) becomes
available.

The number-average chain length, u,, has been
defined in the present work as

Mn = {(ﬂl — (D) + (A — [Rl])}/
{(go — [D1]) + (Ao — [R1D} D)

The need for this definition of u, arose because when
we used the conventional definition of u, (without
subtracting {D;] and [R;] in eq. (4)), our model did
not give very good agreement with the experimental
data of Endres and Kwiatek® in the initial stages of
polymerization, irrespective of the choice of the rate
constants. Closer scrutiny of the experimental pro-
cedure of Endres and Kwiatek revealed that the mo-
nomeric species (and possibly some of the other
lower oligomers) was dissolved out of the polymer
before making dilute solutions of the latter for mea-
suring u, using intrinsic viscosity. Thus, to reflect
the actual compositions of the polymeric samples,
species D, and R, should be excluded from the var-
ious moments, as given in eq. (4).

RESULTS AND DISCUSSION

The DO2EBF subroutine of the NAG library, which
uses Gear’s algorithm?* to solve stiff ODEs, was used
to solve the set of equations of Table V with the
starting set of values of the rate constants as given
in Table VI (Set A). The initial conditions for the
ODEs correspond to the experimental conditions
used by Endres and Kwiatek?:
Att=0:

w, =0.75moldm™® k=0,1,2

AN=0moldm™;, k=0,1,2

Table VI Best-fit Values of the Rate Constants
for PPO Polymerization (at 300 K)

Rate Constant Starting (A) Best-fit (B)
ko, dm® mol™! 57} 48.0 49.0
ky, dm® mol™! s7! 0.571 0.568
ks, dm® mol™! g7* 9.2528 X 102 10.749 X 102
kg, dm® mol™! 7! 4977 X 1074 4.855 X 10™*
k%, dm® mol™ s7* 193 X107 1.781 X 1073
5 87" 3.995 X 1077 4.065 X 1077
387" 3995 X 1077 4.448 X 1077

{D,;] =0 moldm™
[R;] = 0 mol dm™®
[D,] = 0 mol dm™?
[Cu*] = 0.045 mol dm?
[Cu*] = 0 mol dm™®
[0;] = 0 mol dm™3 (5)

The (constant) values for kg, a4, and [Oy]* used
are

ky = 0.030073 dm s™*
ay = 92.661 dm? dm™3
[0,]* = 0.0188 mol dm™ (6)

These correspond to the operating conditions used
by Endres and Kwiatek.® Several checks were made
on the computer program to ensure that it was free
of errors. Also, a change in the value of the com-
putational parameter, TOL, in the DO2EBF code,
from 1072 to 108, gave the same values for g, (up
to four decimal places). A value of 10~* for this pa-
rameter was used for all runs subsequently. A typical
computer run took 45 s on a mainframe supermini
HP 9000/8508S. The results were not affected much
when the closure constant, «,, was varied from 1.0
to 0.01 or when a multiplying factor of 1.5 or 0.5
was used on the right-hand side of the closure equa-
tion for uz. Values of a; = 0.1 and a multiplying
factor of unity on the right-hand side of the closure
equation for pu; were used for all runs hereafter. The
Box complex algorithm converged to values given
as Set B in Table VI. It is clear that the starting
values used were very good estimates and, in fact,
had been obtained earlier? using a slightly different
kinetic scheme.

Figures 1-3 show the variations of y,, PDI, and
monomer conversion, respectively, with time, as ob-
tained using the best-fit values of the rate constants.
Excellent agreement between experimental data® on
i, and model predictions are observed. It is found
that u, increases very slowly to about 12.5 at t = 617
s and then rises very sharply to about 200 at £ = 840
s. The initial slow increase followed by a sharp rise
in p, with time is a characteristic of both PPO and
nylon 6 polymerizations and is associated with the
presence of both step-growth and chain-growth re-
actions in their kinetic schemes. The fact that our
model predicts the general trends of u,(t) confirms
that we have indeed been able to identify a fairly
accurate kinetic scheme for PPO.
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Figure 1 Variation of g, (and 10 g, for small values of
t) with time using the best-fit values of the rate constants
(Table VI) and conditions given in Egs. (5) and (6). Ex-
perimental data of Endres and Kwiatek® also shown.

Figure 2 shows the PDI history. The PDI exhibits
a local maximum at about ¢ ~ 450 s. It would be
interesting to see if such a maximum is also observed
experimentally, but since no data on the PDI has
been reported yet, this remains purely a theoretical
prediction. This unusual behavior of the PDI is pri-
marily because the reaction mass is a mixture of two
different species, B, and D,. The relative concen-
trations of these species and the individual values
of u, (of the R, and D, species) vary with time in
an interesting manner® to give the maximum in
the PDI.

PDI

10

[T

[ { 1 L i i S [4]

0 L
0 180 360 540 720 900

t,s

Figure 2 Variation of PDI for the same conditions as
in Figure 1.

Monomar conversion

0 ! L i 1 1 | 1 1 I
0 180 360 540 720 900
ts

Figure 3 Variation of monomer conversion for the same
conditions as in Figure 1.

Figure 3 shows the variation of the monomer
conversion with time. The monomer, D;, gets
consumed very rapidly and is almost depleted by ¢
= 180 s. Figure 4 shows the variation of the dissolved
oxygen concentration in the liquid (bulk value),
[Oy], with time. For the given conditions, the equi-
librium concentration of oxygen in pyridine (the
value at the bubble-liquid interface), [O,]*, used
is 0.0188 mol dm™®, as discussed earlier. As seen
from Figure 4, [ O,] reaches close to its saturation

200 45
(C J
16.0 3.6
T -
'E
1o 427 =
3 —
£ g*
) e
” (&)
e 8.0 18 =
e
4.01 108
0 b i 1 1 1 i i i 1 -o
0 180 360 540 720 S00
ts

Figure 4 Variation of dissolved oxygen concentration
(in the liquid bulk) and Cu®" ion concentration in the
liquid. Conditions same as in Figure 1.
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Table VII Experimental and Theoretical Values of p, Under Different Conditions

¢ et pineor Hn tn Hn

(s) {Ref. 8) (best-fit k’s) (ko = 0) (ks = 0) (k) = ky = k3 =0)
120 2.29 3.0886 2.006 3.031 3.0906

240 412 4.68121 2.022 5.031 4.6818

360 6.33 6.7104 2.040 8.127 6.7108

480 8.49 9.2190 2.058 11.193 9.2195

660 15.9 21.3281 2.084 15.772 21.3159

840 200 200.8020 2.109 20.365 200.690

value very rapidly (in about 140 s) and remains at
this value throughout. A very shallow minimum is
observed at about 585 s. It is interesting to see that
at about this value of ¢t the u,(#) curve starts rising.
This is consistent with our kinetic scheme (Table
IT). The generation of significant amounts of high
chain length D,, species around this time leads to a
rapid transformation of Cu?* into Cu™ in the reac-
tion mass (by reaction 2 in Table I1). Dissolved ox-
ygen then is rapidly consumed (by reaction No. 1),
and if mass transfer does not take place at a fast
enough rate, there will be a slight lowering of [O,].
The variation of Cu(II) in solution, [Cu?*], with
time is also shown in Figure 4. [Cu®'] rises very
rapidly to about 0.044 mol dm™ in about 50 s and
remains at this value throughout (the maximum
value of [Cu?"] is 0.045 mol dm™). Like [O,],
[Cu?*] also shows a shallow local minimum at about
585 s, for the same reasons.

An interesting theoretical experiment is now
conducted. We made k; = 0 (i.e., the polyconden-
sation step is omitted) and k3 = 0O (i.e., the polyad-
dition step is omitted) separately to see how p,(f)
changed. Table VII shows that if k, = 0, u,, remains
low throughout (approximately 2.0). On the other
hand, if k3 is made equal to 0, u, increases to only
about 20 (at t ~ 840 s). Thus, we infer that both
polyaddition and polycondensation reactions are
required to yield high values of p,. In fact, there
seems to be a synergistic effect present. A close study
of Table VII indicates that the early (slow) increase
in u, can easily be associated with the polyconden-
sation reaction, whereas both the polycondensation
and polyaddition reactions are necessary to explain
the sharp rise in u, at later times.

We now carried out a detailed sensitivity study
to see which of the forward rate constants from
among Ry, k, ks, and k3 need to be estimated accu-
rately. Such a study can also help in the intelligent
design of experimental work in the future. We varied
the rate constants by +20%, one at a time, keeping
the others at their best-fit values. Figures 5-7 show

the effect of varying k,. Significant changes are ob-
served in the y, values corresponding to high values
of t. The final value (at ¢ = 840 s) of u, increases to
about 840 (from 200) for a 20% increase in k; and
decreases to about 48 for a 20% decrease in k;. The
high sensitivity of u, to k; also indicates that one
must have a good temperature control of the reactor
if the activation energy for this reaction is not neg-
ligible. We see from Figure 6 that although the final
value of PDI has not changed much the local max-
imum is reached at an earlier value of ¢ for a 20%
increase in k;. It would be interesting to confirm the
existence of the PDI peak experimentally and ex-
plore whether the peak location can be used to curve-
fit the values of the rate constants. Figure 7 shows
faster conversion of the monomer when k; is in-
creased, as expected. Values of [O,] and [Cu**] were
found to be relatively insensitive to variations in k,

1000

800

Pn
T

400

200+ ret.

=20

1

0 180 360 540 720 300

Figure 5 Effect of varying &, on u, history. Reference
curve is same as in Figure 1. All other parameters except
k, are as for Figure 1.
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40

PDI

0 180 360 540 720 300
t,s

’

Figure 6 Effect of varying k, on PDI history. Other
conditions same as in Figure 5.

primarily since their values are quite close to their
maximum values.

Figures 8 and 9 show the results of the sensitivity
test of ks. Here, again, a 20% increase in k; leads to
the final value (at ¢t = 840 s} of u, increasing signif-
1cantly from 200 to about 340. A 20% decrease in k;
is associated with a fall of u, to about 97. In contrast,
u, values are essentially unchanged for a +20%
change in k,. This leads to the interesting obser-
vation that in the later stages of reaction (¢t > 617
s) the values of u, are sensitive only to the polyad-
dition reaction, even though the presence of the po-
lycondensation reaction is necessary for the attain-
ment of high values of n,,.

Monomer conversion

0.4H

0-2f1

1 L 1 1 i1
360 540 720 900

t,s

]

0 L !
0 180

Figure 7 Effect of varying &, on monomer conversion
history. Other conditions same as in Figure 5.
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Figure 8 Effect of varying k; on g, history. Reference
curve is same as in Figure 1. All other parameters except
k4 are as for Figure 1.

The effect of varying k; on the PDI history is
shown in Figure 9. The trends are opposite to those
observed on changing &, (Fig. 6). A 20% decrease in
ks gives a higher peak. This is because lower values
of k3 prolong the presence of K, in the reaction mass,
while higher-length D, species are formed. This
leads to higher polydispersities in the macromolec-
ular mixture. The values of monomer conversion,
[0,] and [Cu?*] were found to be relatively unaf-
fected by variations in k;.

Sensitivity tests performed on k4 and k, revealed
insignificant changes in the y,, PDI, monomer con-
version, [Q,], and [Cu®*] histories. Thus, we need

40

PDI1

11 1 1y 1

) 1
0 180 360 540 720 900
t.s

(]

Figure 9 Effect of varying ks on PDI history. Other
conditions same as in Figure 8.
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to estimate k; and k; very accurately when more
experimental results become available. It may be
added that the effect of increasing temperatures can
be qualitatively inferred from the combined effects
of increasing the two sensitive rate constants, k;
and k;.

Since the reverse rate constants appeared to be
quite low, we carried out one integration assuming
k| = kb = k5 = 0, for the conditions given in egs. (5)
and (6). Table VII shows that almost identical re-
sults are obtained for u, for the irreversible case, as
for reversible polymerization. In fact, we can easily
simplify the kinetic schemes and the mass balance
and moment equations given in Tables II, II1, and
V, by dropping the terms for the reverse reactions.
It is expected, however, that reversibility will play
an important role at still higher values of u,, when
the u,(t) curve starts flattening out, but since ex-
perimental data are not available beyond ¢ = 840 s,
we cannot say much about the reverse rate con-
stants. In fact, since the role of the reverse rate con-
stants is negligible, we are really curve fitting only
four parameters, k,, k;, ks, and ks, in this work.

The role of some important reactor operating
conditions is now studied, using the best-fit values
of the rate constants. The first such condition stud-
ied is the initial monomer concentration, [ D], (this
changes the initial values of all the u, also). We
found that a 20% increase in [D;], leads to the final
value (at t = 840 s) of u,, increasing from 200 to 342,
while a 20% decrease in [D;], brings u, at 840 s
down to 96 (see Fig. 10). The PDI history also

o

Pn
T

1001~

0 180 360 540 720 900
i,s

Figure 10 Effect of varying the initial monomer con-
centration, { D], on the g, history. Other conditions same
as in Figure 3.

4.0

PDI

0 180 360

Figure 11 Effect of varying the initial monomer con-
centration, [D],, on the PDI history. Other conditions
same as in Figure 3.

changes as [D,], is made to vary by +20%, as shown
in Figure 11. It is interesting to note that the effect
of varying [D,], by this amount is similar to the
effect of varying k; by £20% (see Figs. 8 and 9).
There are no discernible differences in the plots for
monomer conversion, [Cu?*], etc., for the three val-
ues of [Dy], studied.

The other important reactor operating variable
studied is the rate of mass transfer. Since the two
parameters characterizing this, k, and a, occur as
a product, only the latter (kyay) is varied, and its
effect on the polymerization studied in detail. We
do not focus attention on the variation of the indi-
vidual physical variables like the superficial inlet gas
velocity, volumetric feed rate of gas, height and total
volume of the liquid in the reactor, impeller speci-
fications (impeller diameter, rate of rotation), etc.,
since their effects on k,a, can easily be deduced from
the correlations given by Sau and Gupta.'® Figures
12-16 show how the u,,, PDI, monomer conversion,
[O,], and [Cu®*] histories change when kga, is de-
creased by factors of 5, 10, 20, 30, 40, and 50. It is
observed that mass-transfer limitations could be
quite significant, and a polymer having much lower
values of u,, would be obtained if oxygen cannot dis-
solve in the solvent rapidly enough. Figure 15 shows
how increases in the mass-transfer rates lead to the
minima in the dissolved oxygen concentration (at ¢
~ 650 s), becoming less accentuated, as alluded to
earlier. An increase in the value of k40, beyond the
reference value given by eq. (6) (by factors of 5, 10,
and even 100) does not lead to any significant
changes in the results. This reflects the fact that the
reference values used [eq. (6)] for k,; and a, are such
that mass-transfer resistances are not very signifi-
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ts
Figure 12 Effect of varying (kua,) on the u, history.

Reference curve same as in Figure 1. Values of factor, 8,
with Rua, = B(kyGg)yer, indicated.

cant in the laboratory-scale reactor used by Endres
and Kwiatek,® as would be expected. In fact, we
modified our balance equations to remove all mass-
transfer resistances, i.e., without including the first
step of Table II. The modified equations were
slightly different from those given in Table V.
Equations (9), (10), and (11) of Table V were deleted
and, instead, the following were used:

[Cu*] = 0 mol dm™®
[Cu?*] = 0.045 mol dm ™3 )

40

PDI

1 1 1 ) IS R
0 180 360 540 720 900

t,s

0 1 1 1

Figure 13 Effect of varying (k,a,) on the PDI history.
Values of 8 (see Fig. 12) indicated.

0 ref, 0.2
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0-4

Monomer conversion
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360 540 720 900

ts

0 1 |
0 180

Figure 14 Effect of varying (kua,) on the monomer
conversion. Values of factor, (8, indicated.

The results obtained were very close to those ob-
tained in the presence of mass-transfer terms [eq.
(6)]. This confirms that mass-transfer resistances
are negligible under the conditions used by Endres
and Kwiatek.® However, these effects would play an
important role in larger, industrial-scale reactors.
An interesting study was also carried out in which
the reference value [eq. (6)] of kya, was used for 0
<t < t;, and, thereafter, a step change was made in
the value of this product. For t > t;, kya, was taken

200

16.0

-

~

o
T

w
(=]

102101, mol dm~?

4.0

0
0 180 360 540 720 900
ts

Figure 15 Effect of varying k,a, on the dissolved ox-
ygen concentration.
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102 [Cd™) mol dm?

] 1 i 1 1 1 1 I 1 1
0 180 360 540 720 900
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»

Figure 16 Effect of varying kga, on the Cu®** ion con-
centration.

as 0.033 (kyay)eq 6)- It was found that the value of
the computational parameter, TOL (in the DO2EBF
code), had to be reduced to 1077 to obtain good re-
sults for the step tests. Figure 17 shows how u,, varies
with time for this step-test, with different values of
t, of 0.001, 1.5, 5.0, 10.0, and 20.0 s. Figure 18 shows
the dissolved oxygen concentration for these cases.
Reduction of the mass-transfer rates of oxygen leads
to a lowering of the values of u,, this change being

200

— Curve tys ref]

1 20

- 2 10 2
160 : :

& 15
5 0-001

1201~

pn
T

80—

1 It 1
0 180 360 540 720 900

Figure 17 Effect of step-decrease of kua, at t = £; on
the u, history. For t < t,, reference value of kya, was used,
while for t = t;, 0.033 (kya,) . was used.

20-0

ref

e

16-0r-

120+
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8.0r

4.0

1 1 1 L 1 1 1
0 180 360 540 720 300

Figure 18 Effect of step decrease of kya, at t = ¢; on
the dissolved oxygen concentration. Other conditions same
as in Figure 17.

more significant when the value of kya, is reduced
early. What is to be noted from Figure 17 is the
extreme sensitivity of the results to the value of t;—
lowering the mass-transfer rate a few seconds earlier,
say at 5 s after the start of polymerization instead
of at 10 s, could lower the final value of u, from
about 160 to 130. Practically speaking, this implies
that changes of operating conditions which lead to
a reduction of the mass-transfer rate (e.g., agitator
speed or rate of sparging of oxygen) even for short
periods of time could have important effects on the
value of u,. We have knowledge of some experimen-
tal evidence of such effects, but are unable to give
details due to reasons of confidentiality. The fact
that our simple model can mirror such behavior gives
further confidence that it describes the physical
situation well. The PDI shows delayed peaks as t;
decreases, somewhat akin to that observed in Fig-
ure 13.

CONCLUSIONS

A simple model accounting for mass transfer in the
presence of polymerization reactions has been de-
veloped for PPO polymerization. The tuned model
explains some scarce experimental data on u, history
quite well. Sensitivity tests are carried out to identify
the important parameters characterizing polymer-
ization. It is found that the effect of step changes in
the mass-transfer rates are quite significant.
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NOMENCLATURE

Qg gas-liquid interfacial area per unit volume
(dm? dm™)

D, a polymer molecule (nonradical ) with n re-
peat units

Rql liquid-film mass-transfer coefficient (dm
s

k; rate constants for forward reactions (dm?®
mol ‘s lors™)

k! rate constants for reverse reactions (dm?®

mol'stors™!)
[0;] dissolved oxygen concentration in the liquid
“bulk” (mol dm™?)
equilibrium value of the dissolved oxygen
concentration at the gas-liquid interface
(mol dm™3?)

PDI polydispersity index of the entire macro-
molecular species [= (g — [D;] + A
= [BiD)(pe = [D1] + A — [Ry]) /€y —
[Dl] + A [R1])2]

[O]*

R, a polymeric aryloxy radical with n repeat
units
t time (s)

Greek Letters

Ax kth moment of R species; k=0, 1, 2 (mol dm™3)

feq. (1)]
pr  kth moment of D species; k = 0, 1, 2 (mol dm™2)

[eq. (1)]

i, number-average chain length of the entire
macromolecular species [=(u; — [D;] + A\
— [By]) /(o — [D1] + Ao — [R1]D)]

u, weight-average chain length of the entire mac-
romolecular species [= (uy — [Di] + Ag

- [Rl])/(#l - [Dl] + A - [Rl])]

Symbols

{ 1 molar concentration {mol dm™?)

Subscripts

0 initial value (unless otherwise specified)
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