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ABSTRACT: The development of a simplified kinetic model describing some effects
observed in catalyzed olefin terpolymerization is presented. Based on the method of
moments, the model describes the influence of Al/V ratio and diene concentration on
reaction yield and on polymer characteristics such as molecular weight, ethylene
incorporation, and polydispersity. In order to verify the model validity, the terpolymer-
ization reactions were performed using VOCl;—Al,Et,Cl; systems and 2-ethylidenebi-
cyclo[2.2.1]hept-5-ene (ENB) as diene. The results of dynamic simulation fit well the
experimental data for AI/V up to 15, but the model fails under high diene concentration,
where branching reactions, neglected by reason of simplification, become significant.
© 19981998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 1173-1189, 1998
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INTRODUCTION

The intrinsic complexity of ethylene—propylene—
diene (EPDM) terpolymerization with Ziegler—
Natta catalysts demands reaction models in order
to control and to better understand the polymer-
ization process.

Ziegler—Natta systems are among the most
studied in modeling.'~* However, a few complete
models for ethylene—propylene (EP) copolymer-
ization or (ethylene—propylene—diene-methyl-
ene) EPDM terpolymerization, employing vanadi-
um-based catalyst, were published in the litera-
ture. Valvassori et al.’ performed one of the first
systematic kinetic studies of ethylene—propylene
copolymerization, employing VCl,—Al(Hex); sys-
tems. Podolnyi et al.® studied the effect of 2-eth-
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ylidenebi-cyclo[2.2.1]hept-5-ene (ENB) in ethyl-
ene and propylene copolymerization kinetic con-
stants in the presence of VOCIl;—Al,Et;Cls,
employing a batch system under monomer con-
stant pressure. He assumed all reactions as in-
stantaneous and observed a higher ethylene reac-
tivity with the diene introduction. Moreover, he
realized that ENB reactivity is higher in a grow-
ing chain terminated with ethylene than with
propylene.

Cozewith” built a more complex kinetic model
of the terpolymerization reaction with vanadium
salt—alkylaluminum catalyst components, based
on pilot plant studies in a continuously-stirred
tank reactor (CSTR). In that proposed kinetic
model, he considered catalyst activation and de-
activation, chain initiation with ethylene, chain
propagation, spontaneous chain termination,
chain termination by diene and propylene, and
transfer reaction with propylene, hydrogen, and
alkylaluminum. Cozewith verified the influence of
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the Al/V ratio on the molecular weight under
different catalytic systems. In the case of terpoly-
merization with a VOCI,(OEt)-AlEt,Cl catalytic
system, the alkylaluminum presented a high in-
fluence on chain transfer reactions. He considered
that polymeric chain lifetime was not instanta-
neous, as previously proposed by Podolnyi et al.®
but it was in order of minutes.

Pronyayev et al.® employing the VOCl;—
Al,Et;Cl; system and an experimental unit iden-
tical to the one used by Podolnyi,® studied the
copolymerization kinetic taking into account
chain transfer reaction with polymers, catalyst
activation, and reactivation by monomers for the
EP copolymerization. He concluded that the acti-
vation and deactivation rates were very similar.
The number of active centers was around 15 to
40% of the initial VOCl; concentration.

Cozewith?® also studied the influence of the hy-
drogen on the molecular weight for the VOCl;—
Al,Et;Cl; catalytic system on the EP copolymer-
ization in a CSTR reactor. In order to produce
monodisperses polymers, in a latter study, he
modeled the EP copolymerization using a plug
flow reactor (PFR). It is worth mentioning that
this author observed that the compositional dis-
tribution was not homogeneous due to the ethyl-
ene-to-propylene ratio variation along the reactor
since ethylene is more reactive than propylene.

Most of the models proposed in the literature
did not deal with a complete approach of the ter-
polymerization reaction. For instance, Podolnyi
and Pronyayev published simplified mathemati-
cal models aiming at the kinetic constant deter-
mination. Nevertheless, none of them presented
the detailed set of equations employed in the
model reaction for EPDM terpolymerization. The
only models presented were based on homopoly-
merization reaction.

This article focuses on modeling the kinetics of
vanadium-catalyzed olefin terpolymerization in a
semibatch reactor, where the monomers (gas
phase) are fed continuously under a constant
rate, while the liquid phase is operated in batch.
Such conditions guarantee a homogeneous co-
monomer composition and prevent the generation
of more than 1 catalytic species in the reaction
milieu, giving a narrow molecular weight distri-
bution.

Our proposed model is based on an experimen-
tal system similar to the one adopted by Podolnyi,
as follows: in semibatch, with continuous ethyl-
ene and propylene feeding, employing 2-ethyli-
denebi-cyclo[2.2.1]hept-5-ene (ENB) as the diene
and VOCl;—ALEt;Cl; as the catalytic system.

Nevertheless, this model differs from the one de-
veloped by Podolnyi on considering the terpoly-
merization as a dynamic process. It is worth men-
tioning that this selected catalytic system guar-
antees the existence of a unique active species.®
The influence of the Al/V ratio and of diene con-
centration was evaluated in terms of dynamic
simulation and compared to experimental data.

EXPERIMENTAL

Chemicals

Polymerization-grade ethylene and propylene were
purchased from White—Martins (Porto Alegre, Bra-
zil) and dried using molecular sieve (0.4 nm) col-
umns. Hexane was dried by refluxing over metallic
sodium, followed by distillation under argon atmo-
sphere. 2-ethylidenebi-cyclo[2.2.1]hept-5-ene (ENB),
the catalyst precursor VOCl; (0.23M in hexane),
and the cocatalyst Al,Et;Cl; (1.00M in hexane)
were donated by NITRIFLEX S.A.

Polymerization Reactions

The polymerizations were carried out in a 2-L
glass reactor (Biichi) using n-hexane as the sol-
vent. The diene, the vanadium compound, and the
required amount of cocatalyst were introduced in
this order into the reactor containing hexane (1 L)
at 0°C under positive pressure of a mixture of
ethylene and propylene (1 : 3 in mass, according
to gas chromatography analysis of the gas phase).
The temperature was then increased to 15°C un-
der a continuous flow of ethylene and propylene
for 30 min. The reaction was then quenched by
the addition of ethanol (at room temperature).
The polymer was collected, washed with ethanol
(1 L), and vacuum-dried at 135°C for 60 min.

Polymers Characterization

The polymer films were characterized by infrared
(IR) spectroscopy [Mattson 3020 Fourier trans-
form IR (FTIR) spectrophotometer] measuring
the ratio of the intensities of the 1155-cm™!
methyl band and the 720-cm ™! methylene band
according to ASTM D3900. The diene incorpora-
tion was monitored by the intensity of the 817-
cm ! band and compared to those obtained from
commercial polymer samples with known iodine
numbers.

The glass transition temperature (7,) of the
polymers was determined using differential scan-
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ning calorimetry (12000 PL-DSC) with a heating
rate of 20°C - min !, while the average viscosity
molecular weight (M) was determined with an
Ubbelohde-type viscometer using decalin as sol-
vent at 135°C. Molecular weight and molecular
weight distribution were determined by means of
gel permeation chromatography (GPC, Waters
150C) in 1,2,4-trichlorobenzene at 140°C. The
data were analyzed using polystyrene calibration
curves.

THE KINETIC MODEL

Carrying out this investigation, it is first useful to
consider the generally accepted mechanisms,
which may be found throughout the literature.
According to those, we arrive at a general set of
equations and rate expressions presented in Ta-
ble I, adapted from Cozewith.’

As we can see from Table I, the catalyst (C;)
must undergo activation by the alkyl cocatalyst in
a rapid and complete reaction or might be deac-
tivated by a spontaneous reaction (k,) or by a
reaction with diene (k,5). In the studied system,
the diene deactivation is extremely important
since the monomer itself can cause the irrevers-
ible reduction of V (III) to V (II), inactive for
polymerization.!! For this reason, it was only tak-
ing into account the deactivation by ENB.

Chain growth begins with initiation step due to
ethylene and propylene, as assumed previously
by Cozewith.? Some authors consider only the role
of ethylene in this reaction step.®” The chain
growth is followed by a rapid chain propagation,
resulting from the combination of each 3 mono-
mers, which would theoretically generate 9 equa-
tions. Nevertheless, we neglected the following
combinations: diene—diene, diene—propylene, and
propylene—diene, due to the extremely low diene
incorporation in such copolymers, as previously
proposed by Cozewith.”

The polymer molecular weight is controlled by
chain transfer with agents, like hydrogen (not
considered in our model) or alkyl cocatalyst, cre-
ating a dead polymer chain (U;) and a vacant
active site. Chain transfer may also occur due to
reaction with propylene; in this case, such reac-
tion leads to the formation of a live polymer uni-
tary chain (@,).

Finally, the mechanisms of site deactivation
may occur spontaneously (k,) or with the mono-
mer, propylene (k,,), or diene (k;,3). In both
cases, those reactions create permanently deacti-

vated sites (D), and the growing polymer chain is
terminated (U, or U, . ;).

The standard Ziegler—Natta scheme does not
account for branching reactions, which proceed
from the reaction of chain branches via internal
and terminal double bond polymerization. The
unreacted double bonds on dead polymer species
can be produced by the introduction of a diene (as
in the present system) or by the inherent nature
of chain transfer mechanisms. In other words,
polymers formed with dienes will possess unre-
acted double bonds hanging off the chain, which
then can eventually react at an active site to form
a tetrafunctional branch point via the internal
double bond branching reaction. The unsatura-
tion that results from the latter chain transfer
mechanism can react similarly to generate a tri-
functional branch point via the terminal double
bond branching reaction. Very recently, a long
chain branching modeling was discussed in the
literature.'? In our system, taking into account
the low branching reaction rate for ENB, those
reactions were not added to the model.

Most reactions in Table I present a bimolecular
kinetics, except the ones concerning the catalyst
activation, deactivation, and chain spontaneous
termination. According to Cozewith,” the best cor-
relation for the transfer reaction rate with alky-
laluminum is obtained by replacing the alumi-
num concentration by the ratio of alkylaluminu-
m-—ethyl bonds to vanadium, which are calculated
by assuming that vanadium catalyst is reduced to
a valence of 3 during catalyst activation and that
1 alkyl group reduces 1 vanadium by 1 valence
unit.

MATHEMATICAL MODEL

The equations that compose the mathematical
model, based on mass and energy balance, were
done after the polymerization unit represented in
Scheme 1. The monomers (ethylene and pro-
pylene) were continuously introduced in a 2-L
glass vessel, solubilized in the liquid phase, being
finally removed by an on—off control pressure reg-
ulator. Gas feed flow rates were measured and
controlled with Brooks flowmeters previously cal-
ibrated. The use of continuous gas flow aimed to
maintain constant the relative monomeric compo-
sition in the liquid phase, as well as the terpoly-
mer composition. If a batch system were em-
ployed, we would have a propylene-enriched gas
phase due to the higher activity of ethylene.
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Table I General Kinetic Scheme for Catalyzed Olefin Terpolymerization

Kinetic Model

Reaction CTE Reaction
k,
Activation k, C,—C,
ky
Deactivation Poison k, C,—D
. Ky
Diene Kes C, + Ms—D
. o e . kyl
Chain initiation Ethylene k,, C, + M,—P,
ky,
Propylene koo C, + M)—Q,
k11
Chain propagation Ethylene ki, P, + M,—P, .,
kg
ki P+ My—@Q; .1
k13
ki P, + Ms—R, .,
k21
Propylene Kar Q + M—P,.,
k22
koo Qi+ My—Q;
ks
k23 Qi + Mg—)Ri +1
. ks
Diene k31 Ri + Mlﬁpi +1
kSZ
ko R+ My—Q;
. Kerms
Chain transfer Propylene Kirme P+ M, —U +Q,
Koo
Al-alkyl Ko P, +Al—U, + P,
ky
Chain termination Deactivation k, P—U,+D
Kims
Propylene Kimo P,+My—U; ,+D
Kems
Diene Kims P+ My—U;s, +D

CTE: kinetic constant

The solvent (Hexane, Hx), the cocatalyst (Al),
the catalyst (VOCl;), and the diene (ENB) were
added in batch and assumed that they were ho-
mogeneously dispersed in the liquid phase.

The reactor temperature was indirectly regu-
lated by a proportional controller in the tempera-
ture of the ethylic alcohol bath. The reactor pres-
sure was maintained through an on—off control

valve placed at the outlet of the reactor. If the in-
ternal pressure (P;) was higher than the set point
pressure, the valve released the exceeding pressure.

The instantaneous data, such as temperature,
pressure, and stirring rate, were recorded using a
Biichi Data System (BDS-388). After a predefined
polymerization time, the reaction was then termi-
nated by shutting off the feed streams, followed
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by nitrogen purge and precipitating the polymer
in ethanol.

Our model was not based on the assumption of
a quasi-steady-state condition. According to this
assumption, the polymeric chain building is prac-
tically instantaneously, and the following simpli-
fication concerning the live chains (P) in the mi-
lieu could be adopted:

dpP
ar = 0 (D

Cozewith” pointed out that this chain building
time is of the order of 1 to 3 min. Thus, in our
model, we did not perform the above-mentioned
simplification and opted for the dynamic study of
the terpolymerization reaction.

The liquid and the gas phase volumes were
assumed constant during polymerization. Accord-
ing to this assumption, there is no variation in
volume regarding the mass balance.

Moreover, it is also worth mentioning that only
the monomer present in the liquid phase is capa-
ble of participating in the polymerization since
the reaction takes place only in that phase. Thus,
taking into account the above-mentioned consid-

erations, the mass balance can be done separately
in the liquid and in the gas phase. In the following
description, the indexes G and L will be related,
respectively, to gas and to liquid phase. For in-
stance, Mz means the ethylene monomer in the
gas phase.

Mass Balance in the Gas Phase

The mass balance in the gas phase was performed
for each gas (ethylene and propylene) and for the
solvent due to its vapor pressure.

The mass balance for ethylene present in gas
phase (Mypq) is obtained taking into account the
gas flow into and out of the reactor, and the mass
transferred by convection to liquid phase.

According to Floyd et al.,'? the transfer rate by
convection per volume unit (Rgp) is calculated
through equation (2).

ROB = kla(MEQ - M) (2)

where My is the monomer concentration in equi-
librium, M is the instantaneous monomer concen-
tration, and kla is the overall mass transfer coeffi-
cient based on the liquid phase. This coefficient is in
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fact the combination of mass transfer coefficient &/
with the interfacial specific area @.'® In view of the
difficulty to determine experimentally these param-
eters, we estimated them from data published by
Floyd et al. for propylene homopolymerization'?
correlating parameters such as stirring rate, reac-
tor volume, and temperature with those used in our
system. In our model, we assumed that for the lab-
scale reactor, the mass transfer resistance for eth-
ylene and propylene were of the same magnitude,
based on the experimental conditions such as homo-
geneous reaction, high stirring rates, and high
monomer concentration.

The ethylene accumulation in the gas phase
(M gre) is obtained by equation (3), where Mygp
represents the amount that is introduced into the
system, and Myrqg is the amount released by the
pressure control valve. Similarly, equation (4)
represents the same balance in the case of pro-
pylene.

d]ngG = F"/E; Mgy — klaET“jz (METEQ — Mgm)
Fg
- 7G Mgres (3)
d]Z:PG = F‘;’GP Mppr — klapp “Z (MPPEQ — Moppy)
Fg
- 7(} Mppes  (4)

Mass Balance in the Liquid Phase

The mass balance concerning the liquid phase
took into account the presence of catalyst, cocata-
lyst, monomers, live and dead polymeric chains,
and the solvent itself.

The concentration of deactivated catalyst (D) is
due to poisoning, vanadium oxide formation, and
deactivation by vanadium itself present in the
reaction milieu [eq. (5)].

dD
ﬁ = (kx+kx3MDI)Cl (5)

The concentration of nonactivated catalyst
(C,) decreases due to the above-mentioned reac-
tions, besides the active species (C,) generation
reaction, as follows:

dC,
W = _(kx + kx3MDI+ka)C1 (6)

The activated species (C,) are formed by acti-
vation and chain transfer reactions but consumed
by the initiation reaction, including both mono-
mers, ethylene (P,) and propylene (®,):

dC,
W = kaC1 - kyICZMETL - kyZCZMPPL

Al,
+ [ktrm2MPPL + ktrz(clo_ 1 :|(P1 + Q1) (7)

In the above expression, the transfer reactions
to the activated monomers (P; and ;) are pro-
portional to initial cocatalyst-to-catalyst ratio
(Al,/C4,) following the expression proposed by
Cozewith® for this catalytic system. For higher
diene concentration, the initial vanadium concen-
tration (C,,) was corrected taking account the
reduction to V(II) by the diene. In that way, the
initial alkylaluminum concentration (Al) is re-
duced by transfer reactions that are proportional
to initial cocatalyst/catalyst ratio (Al,/Cqy):

dAl_ I (AZO 1) po 04 RO g
ar - kelg, P°+Q"+R% (8

To express the monomers’ concentrations in
the liquid phase, we must take into account their
transfer from the gas phase by convection, dis-
counted by the monomer consumption due to ini-
tiation and propagation reactions, considering all
the live polymeric chains, which are terminated
in ethylene (P°), propylene (Q°), and diene (R°).
In the case of the diene, its concentration only
depends on catalyst deactivation, propagation,
and termination reactions, as follows.

dM
dfTL = klaET(METEQ — Mgn)
— (k1 Cy — kP’ + ky1Q° + k31 R)) Mgy, (9)
dM
d:PL = klaPP(MPPEQ — Myp1)

— (kysCy — kioP” + kp0@° + kg, R°
+ (Kims + ko) (P° + Q° + R%))Moppr, (10)
DI

M 0 0
dt = —Mpi(k5P° + ky3@

+ kx3cl + ktm3(P0 + QO + RO)) (11)

In the case of copolymerization, 2 indexes are
necessary to define the polymerization degree.
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For instance, for a live polymer species P, ,,, n
represents the number of ethylene units, and m,
represents the number of propylene units, incor-
porated in the polymeric chain. Ray et al.'® de-
duced the polymer weight distribution through
generating functions, based upon the quasi-
steady-state approach (QSSA) and the long chain
hypothesis. As we cannot apply the QSSA to our
system, we opted to use, for simplification rea-
sons, a single index i, which represents a theoret-
ical monomer, with the molecular weight being
the weighed mean between the 3 monomers’ mo-
lecular weight with their incorporation rate in the
polymeric chain. By applying this assumption,
the molecular weights and polydispersity can be
deduced in analogy to the homopolymerization,
which simplifies the model. It is worth mention-
ing that this approach might lead to a reduced
error since ethylene and propylene have similar
molecular weights and ENB, although much
heavier, has a very low incorporation rate in the
polymeric chain.

In order to evaluate the live polymer chain
concentration in the reaction milieu, we applied
the method of moments to the kinetic reactions to
obtain a system of differential equations, which
may be numerically integrated. Some mathemat-
ical relationships are required to define the live
polymer moments and to provide a means of
transforming the individual kinetic reactions into
moment balance equations. The moments deter-
mination will permit us to calculate the number-
and weight-average molecular weight, as well as
the polymer polydispersity.

The polymer moment of kth order is defined
according to equation (12), as follows:

Sk

Il
@

(12)

Thus, the terpolymer chains with ; polymeriza-
tion degree (S;) will be constituted of polymeric
chains terminated in ethylene (P;), propylene
(Q;), and diene (R;), besides the dead polymer
chains (U,).

SiZPi+Qi+Ri+Ui (13)

The total zeroth-order moment is given in
equation (14), as follows:

S°= Y P,+Q +R,+ U,

i=1

:EPi+EQi+ERi+EUi (14)
i=1 i=1 i=1 i=1
where
P°= > P, (15)
i=1
R = > Q, (16)
i=1
R°= > R, a7
i=1
and
U= > U, (18)

Applying the live polymer moment definition in
the polymer chain balance and using some math-
ematical assumptions,!” we were capable to de-
termine the live polymeric chain terminated in
ethylene, as shown in equation (19), as follows:

dP°® Al 0 0 0
W:kylc2METL+ktr2 071()_ 1)(P°+ Q + R")

+ Ky M Q° + kgiMp R — P'a (19)
where

Al
o = ktrZ Fm -1)+ kt + (kth + kter
+ ki) Mppr, + (ki + ki) M m) (20)

In the same way, the concentrations of live
polymeric chains terminated with propylene (Q°)
and diene (R°) are determined by

dQ°

W - YZCZMPPL + ktrmZMPPL(PO + QO + RO)

+ klZMPPLPO + k32MPPLRO - BQO (21)
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where

Al
ﬁ = ktrZ Fm -1)+ kt + (kth + ktrm2)MPPL

+ k21METL + (k23+ktm3)MDI) (22)

dR’ 0 0 0
dr - ki3P°Mp; + kes@"Mp; — Ry (23)

where

Al,
Y= ktrZ Ci -1)+ kt + (ktm2 + ktrmZ
10

+ k3o)Mppy, + kg1Mpry, + kthMDI) (24)

Finally, the concentration of dead polymeric
chains in the reactor (U°) are obtained from the
transfer and termination reactions, which occur
with all live polymeric chains (P°, Q°, and R°).

dUO 0 0 0
= (P°+ Q"+ R (25)

where

Al,
N = | Kie C.. = 1) + ki + kynsMpy
10
+ (kth + ktrmZ)MPPL) (26)

The higher-order moments for all live and dead
polymeric chains are summarized in Table II.

With the moments S° S!, and S2, we can
calculate the number-average and weight-aver-
age molecular weight (M, and My,) and the poly-
dispersity (DP).

Sl

My=w 50 (27)

where w is the hypothetical monomer molecular
weight resulting from the combination of ethyl-
ene, propylene, and diene molecular weights,
weighted by their cumulative molar fractions

(xprr, XPpp, and xppNp):

w = xpgrMyr + xpppMpp + xpengMenp  (28)

The cumulative molar fractions are calculated
by time integration of the rate of monomer incor-
poration in the polymeric chains.

The average molecular weight is calculated ac-
cording to equation (29), as follows:

I S2
The polydispersity is
DP = My = LOSQ 30
- M:N - (SI)Z (30)

Finally, the polymer concentration (Y ) in the
reaction milieu, can be obtained by the following
equation:

Yr=S°My (31)

Energy Balance

The energy balances were made for the reactor,
the jacket, and the heat exchanger, assuming a
perfect mixture and neglecting any enthalpy vari-
ation with the pressure.

For the reactor, we have

dT (- AHp)

dT _ (- AHp) ,  UcAn(T — Tc)
dt — pCp;, 7

VipCpL (32)
where R, is the total rate of propagation reac-
tions with the 3 monomers.

The heat of polymerization ( — AHp) was ob-
tained by dynamic estimation using the SPEEDUP
software from the experimental temperatures and
polymer properties. The estimated result presents
the same magnitude of that used by Hutchinson et
al.'® for modeling propylene polymerization using
classical Ziegler—Natta systems.

Regarding the jacket, we previously investi-
gated the heat transfer to the environment and
observed that is negligible. Thus, for the jacket we
have the following equation:

dTc UAu(T —Tc)  Fg

= + (Tg—T 33
dt prVcCpr VC( ? o) (33)
Finally, the energy balance concerning the

heat exchanger is described by equation (34), as
follows:
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Table II Moment Balances for Live and Dead Chains of the Generic Kinetic Scheme

Equations

Moment
Balances
P _ k,,CoMgr, + k (
First order Ethylene dr ~ SnteMEm T Kus

Aly

c. - 1>(P° + Q" + R") + kuMun P’ + koM (@' + Q°)
10

+ kg1 Mg (R' + R°) — oP!

d@?
Propylene dt

= kysCoMppr, + KpnaMppr(P° + Q° + R°) + KooMppQ° + kypMoppr (P' + P°)

+ kyoMpp(R' + R°) — BQ'

. de 1 0 1 0 1
Diene W = klsMDI(P + P ) + k23MDI(Q + Q ) - ’YR
au 1 0 1 0 1 0
L F7a P+ P+ Q'+ Q@+ R' + R°)(kynoMppr, + KynsMpr)
Dead chains

1 1 1 Alo_
+ P +@Q +R)ktrZC 1)+ ki + Ko
10

dpP?

Second order Ethylene dt

= ky1czM ETL — ktrZ(

Aly

c. - 1>(P° +Q° + R®) + kyyMg,(2P" + P°)
10

+ koM (Q@® + 2Q" + Q°) + kyyMpr (R* + 2R' + R°) — oP?

dQ?
Propylene dt

+ kgoMpp R* — BQ*

. dR?
D
iene 3

dU?
dt
Dead chains

= kysCoMppr, + KimaeMppr,(P° + Q° + R°) + kpoMoppr,(2Q" + Q°) + kysMppr P?

dr = leMDI(P2 + 2P + PO) + kzszum(Q2 + 2Q1 + QO) - 7R2

— = <(P2 + 2P+ P° + @* + 2Q* + Q° + R% + 2R + R®)(KymoMppr, + KimsMpy)

2 2 2 AZO_
+ P+ Q +R)ktrZC 1)+ ki + Ko
10

dTp Fg K.
at ~v, Te=Ts) — VoConpr (Tp — Tser)

(34)

The values of the heat transfer constant (K,
and of the overall heat transfer coefficient (Ug)
were dynamically estimated under the same ex-
perimental conditions, but without polymeriza-
tion reaction, using the SPEEDUP software. We
can see, in Figure 1, the experimental and the
simulated temperatures of the reactor (7') and of
the heat exchanger (T'z) using these estimated
parameters.

To represent the on—off pressure control, the
following equations were added to the model:

if Py = Pggy, then Fig =0 (35)

P, — P
if Py = Pyyy, then Fg = Kg ,/% (36)
G

Finally, to complete the model, we had to add
the equations concerning the physical properties
of the components. We considered an ideal gas
phase due to the low-pressure system. The mono-
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T simulation
¢ T experimental
............ Tb simulation
* Tb experimental

Temperature (0 0)
N

O 5 10 15 20 25 30
Time (minutes)

Figure 1 Temperature profiles for the reactor (—)
and for heat exchanger (- -) using the estimated param-
eters and compared to the experimental data. [diene]
=1.8 X 10 3mol L™} Al/V = 8.3.

mer equilibrium concentrations were obtained by
data published by Wilhelm and Battino'® and
Floyd et al.,'® while the flow constant (K;) was
determined experimentally.

Constant Estimation

With the proposed model, the terpolymerization
reaction was simulated taking into account, ini-
tially, the polymerization constants proposed in
the literature. The equations were integrated
by the third-order semiimplicit Runge-Kutta
method using the STIFF3 routine.?’ The initial
conditions and some parameters used in the sim-
ulations are presented in Table III.

Table IV shows the kinetic constants from the
literature and the ones estimated in our model.
Initially, we estimated the constants by trial and
error method, considering the kinetic model pro-
posed by Cozewith.? After the initial constant es-
timation, we verified those constants that exhib-
ited higher sensitivity, considering the following
experimental parameters: ethylene content, mo-
lecular weight, polydispersity, and polymer yield.
Finally, the constants with more sensitivity were
estimated by the least-mean-square method us-
ing the SPEEDUP software, and their standard
mean deviations are also quoted in Table IV.

Comparing the kinetic constants, we observe
that Podolnyi considered the activation constant
as infinite, that is, an instantaneous reaction. On
the other hand, Cozewith estimated it as 102 mol
L~ ! min~! and he did not take into account the
influence of Al/V ratio in the generation of the
active species since his studies were performed in
Al/V ratios higher than 5. Under such conditions,
there is an equilibrium between formation and
deactivation of active species, which means that
no effect of the number of active species on the
polymer characteristics is observed. The activa-
tion constant (k,) estimated in our model is
smaller probably due to the lower working tem-
perature.

Cozewith, using a different vanadium-based
catalyst system, was the only one that considered
the influence of diene concentration in the cata-
lyst deactivation. In our model, the diene deacti-
vation constant (k) was estimated from the poly-
mer yield and ethylene conversion, under differ-
ent diene concentrations.

Table III Simulation Parameters and Initial Conditions Used in the Theoretical Model

Parameters Values Initial Conditions Values
Pgpr (bar) 1.12 C,(0) (mol L™1) 2.3 X 107*
Tepr (°C) 15.0 Aly/Cyo 0.5 to 15.0
Fgr (Lmin™Y) 1.23 My (0) (mol L™ 0.16
Fpp (L min~?) 1.36 Mppp(0) (mol L1 0.46
Fg (L min~ %) 7.2 M1(0) (mol L™1) 50%X 10 *to 1.5 X 1071
klapp = klagp (min™?1) 0.4 P(0) (bar) 1.10
Ug (calmin™'°C 'm™) 271.72 £ 9.2 T (0) (°C) 0.0
AH,, (cal mol™") 1.0 X 10* = 1.744.6 Ty (0) (°C) -4.0
Ay (m?) 0.1072 T (0) (°C) -2.0
K¢ (cal min~* °C™Y) 479.63 + 25.0 yer/ypp (0) 25/75
Ve @) 4.5
Kg (L min~* bar °?) 18.78
Ve (L) 0.9

V, = Vo (@) 1.0
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In Table IV, we can also observe that all the
authors agree that the initiation step takes place
only with ethylene, excepting Cozewith,” who
supposed that this step can start either with eth-
ylene or propylene in equal probability. According
to experimental data, we observe that the initia-
tion step considering both monomers seems to be
more suitable. If we considered the initiation step
only with ethylene in the model, we would have
an ethylene cumulative incorporation more heter-
ogeneous than that observed experimentally.

All the authors agree that, in the case of copo-
lymerization, the ethylene is the most reactive
monomer and that the ethylene—ethylene addi-
tion constant (k) is the highest one. On the other
hand, it is worth mentioning that Podolnyi, com-
paring co- and terpolymerization reactions, ob-
served that the k;; and k;, constants were re-
duced in the presence of the third monomer. Sim-
ilar results were obtained when we compared
both reactions in the Cozewith and Podolnyi mod-
els, regarding the propylene—propylene addition
constant (kys), where its value is reduced or even
neglected in the case of terpolymerization. Those
considerations are based on the fact that the pro-
pylene homopolymerization under such tempera-
tures (20—-60°C) and with these catalytic systems
is very unlikely.® Cozewith also observed that
propylene—ethylene addition constant (ky,) is in-
creased in the case of terpolymerization. In all
those models, an increase in ethylene incorpora-
tion compared to propylene was verified when the
third monomer was added. In our model, when we
used the propagation constant proposed by Coz-
ewith,” we observed lower ethylene incorporation
than that determined experimentally. Thus, we
fitted those constants in a more suitable way until
achieving an ethylene incorporation similar to
that observed experimentally.

With respect to diene addition, very different
values are verified in the models in Table IV. The
very high ethylene—diene (k;5) and diene—ethyl-
ene (ks;) propagation constants are compatible to
experimentally observed yields in the case of high
diene concentration. Concerning the diene—pro-
pylene (ks;,) and propylene—diene (kys) chain
propagation constants, Podolnyi et al.® proposed
very high values (=10° mol L™! min™?!), while
Cozewith” neglected them due to their very low
incorporation. In our study, the model can fit the
experimental data, only when those constants
were neglected.

According to those authors, the best transfer
agent is hydrogen, followed by propylene, and
finally by alkylaluminum. In our experimental

system, we did not use hydrogen as a transfer
agent. Thus, we could only estimate the influence
of propylene (ko) and alkylaluminum (k).

Concerning the termination chain, according to
the models proposed in the literature, this step
can occur by the influence of diene or propylene,
or also by spontaneously catalyst deactivation.
None of the authors in Table IV estimated the
influence of diene on the termination step. As we
worked with high diene concentrations, we in-
cluded in our model the diene termination reac-
tion. The kinetic constant was estimated from
ethylene conversion data and polymer yields un-
der different diene concentrations.

As we can see in Table IV, Podolnyi et al.,® even
working at lower temperatures (20°C), presented
higher kinetic constants when compared to those
proposed by Cozewith for the same catalytic sys-
tem. Comparing both Cozewith’s models per-
formed at different temperatures (30 and 37°C),
we observe that the coherence of each kinetic
constant at each different temperature is main-
tained, except for the propylene—propylene chain
propagation, propylene chain termination, and
catalyst deactivation constants. These differences
may be attributed to the distinct catalytic sys-
tems employed. However, it seems that the com-
parison between co- and terpolymerization reac-
tion constants is inadequate since the introduc-
tion of the third monomer causes considerable
changes in the constant values.

RESULTS AND DISCUSSION

Before discussing the influence of Al/V ratios and
of the diene concentration on EPDM terpolymer-
ization, an example of the best fit in the case of
instantaneous and cumulative ethylene incorpo-
ration in the polymer chain is worth illustrating.

According to Figure 2, the cumulative molar
fraction of ethylene incorporated in the polymer,
estimated by the model, has good agreement with
those observed experimentally. We can also ob-
serve that the cumulative ethylene composition
incorporated in the EPDM, for both experimental
and theoretical cases, is kept constant along the
reaction time. This cumulative homogeneity in
composition is typical of systems that work under
constant concentration of monomer. On the other
hand, concerning the instantaneous ethylene in-
corporation predicted by the model, we can ob-
serve a decrease in ethylene incorporation for the
first 3 min. Such results suggest a convective
transfer control due to the high ethylene reactiv-
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Ethylene 054 “or - -
Molar B
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in Polymer Cumulative Simulation
0.3 —— Instantaneous Simulation
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Figure 2 Experimental and simulation results of cu-
mulative and instantaneous ethylene incorporation.
Al/lV = 8.3; [V] = 2.32 X 10~ % mol L™; [diene]
=18 X 1073 mol L™,

ity, which causes an instantaneous lack of mono-
mer and, consequently, a decrease in the ethylene
incorporation. These results are also supported by
other works in the literature?®! in which ethylene—
propylene copolymerization was studied using a
plug flow reactor (PFR) system. In this case, the
variation of ethylene—propylene ratio in the gas
phase due to the higher ethylene reactivity leads
to a heterogeneous distribution.

After fitting the kinetic constants, we evalu-
ated the effect of the initial Al/V ratio on activity
and on polymer properties, keeping constant the
diene concentration.

Initial Al/V Ratio Effects

Experimentally, the initial Al/V ratio was varied
from 0.5 to 15.0, using a constant diene concen-
tration (1.8 X 103 mol L™ 1). From experimental
results, it was observed that for Al/V ratios lower
than 2, no reaction takes place since at least 2
alkylaluminum molecules to 1 of catalyst to form
the active species is necessary.'® For Al/V ratios
between 2 and 8, we had previously observed that
the yield increases until it reaches a plateau for
ratio over 8,22 probably due to an equilibrium
between activation and deactivation of the cata-
lytic species. In our proposed model, assuming
that 100% of active species for Al/V corresponds
to 8 and 0%, for AlI/V = 2, we estimated the
influence of alkylaluminum on the formation of
the active species (k,).

The influence of initial A//V ratio in the ethyl-
ene polymer incorporation can be observed in Fig-
ure 3.

Experimentally, we observed that up to Al/V
= 8, there is a decrease in ethylene incorpora-
tion; and for higher Al/V ratios, its content is
practically constant. At very low Al/V ratios, we
observe that the mathematical model did not fit
well the experimental data, although the model
has taken into account the influence of A//V ratio
on the active species formation step. The higher
ethylene incorporation observed for lower Al/V
cannot be exclusively a consequence of small
amount of active species, which may reduce the
propylene insertion, but also due to any change on
the nature of active species.

Table V presents the polymer characteristics
for the Al/V ratio between 2.5 and 15.0. According
to the literature,?® for ethylene—propylene incor-
poration ratio, between 40 to 50%, the glass tran-
sition temperature (7,) does not change signifi-
cantly, from —52 to —40°C. The T, values pre-
sented in Table V are coherent with data
proposed in the literature.?® The increase in diene
incorporation (shown as iodine number) causes an
increase in T, values and it may account for the
small T, differences observed for the same ethyl-
ene content.

According to Table V, an increase in Al/V ratio
from 8.5 to 15.0 leads to a decrease in viscometer
molecular weight. The same behavior could be ob-
served in the simulation process, as shown in Fig-
ure 4. The decrease in molecular weight as Al/V
ratio grows might be due to the increase in alkyl-
aluminum transfer reaction. Cozewith’ did not ob-
serve such behavior when he varied the Al/V ratio
over 8, probably because he worked in a continuous
system, where the alkylaluminum has been con-
stantly request for the catalyst alkylation.

0.8

0.7

Ethylene L} .

Molz.lr 061
Fraction

in Polymer
0.5 ¥ -

Experimental
Simulation

0.4

T T T T T

2 4 6 8 10 12 14 16
Initial A’V Molar Ratio
Figure 3 Experimental (®) and simulation (—) re-
sults of the effect of the initial AI/V molar ratio on the

ethylene incorporation. [diene] = 1.8 X 1072 mol L™ 1;
[Vl = 2.32 X 10 *mol L™%
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Table V Polymer Characteristics Under Different Initial AI/V

Molar Ratios®

AlIV Todine M, x 10°° Propylene
Molar Ratio Number (uma) T, (°C) Molar Fraction
2.5 20 1.00 —-41 0.37
5.0 27 — —41 0.45
8.3 25 0.86 -39 0.49
10.0 29 — —44 0.49
15.0 28 0.54 —40 0.51

aly] = 2.32 X 10 *mol L™}; [diene] = 1.8 X 10 * mol L !

Diene Concentration Effects

The ENB concentration in the reactor was varied
between 5.0 X 10* and 1.5 X 10! mol L1,
keeping constant the Al/V ratio at 8.3. Experi-
mentally, we can observe that the solution color
changes from uncolored to violet after the diene
addition, indicating the catalyst reduction from
V(II) to VD), which is known to be inactive for
Ziegler—Natta polymerization. Thus, the ENB
acts on the active species formation step, and
consequently on the polymerization yield, as we
can see in Figure 5.

According to Figure 5, as we increase the diene
concentration in the milieu, the reaction yield
decreases. Experimentally, the reaction yield re-
duction starts at diene concentrations above 0.04
mol L. The yield decreasing in the model seems
to be governed by the higher deactivation and
termination ratio promoted by the diene, when
compared to the yield increase as a consequence
of diene incorporation in the polymeric chain. The
difficulty in estimating such behavior may be due

101
an
8
Mw 6— 0000000000000
(-10'5 u.m.a)
MA_&A—A—A—A—A—A—AA—A—A—A—A—A
4 600000 0000000000
Initial A’V Molar Ratio
5. D
‘ Tois0
0 hd T T T T T
0 5 10 15 20 25 30 35

Time (minutes)

Figure 4 Effect of Al/V molar ratio on theoretical
weight molecular weight. [diene] = 1.8 X 10" ®mol L™ %;
[Vl = 2.32 X 10 *mol L™,

to other parallel reactions, such as branching, gel
formation, and diene-coupling reactions,?* which
were not considered in this model for simplifica-
tion reasons. Recently, it was observed that such
deactivation under high diene concentrations
does not take place when metallocenes catalysts
are employed.?®

Table VI presents some properties of the poly-
mers produced by different diene concentrations.
Experimentally, we observe that as diene concen-
tration increases, its incorporation in the polymer
grows. The T, is practically constant, excepting
for very high diene concentrations, where T,
value becomes higher and the 7', curve profile less
sharp. The increase in the diene incorporation
leads to a larger number of branchings in the
polymeric chain, reducing the free volume among
the chains and, consequently, increasing the T',.
On the other hand, higher ethylene incorporation
decrease the T, values. Thus, as in our present
case, both ethylene and diene incorporation in-
creases along the data in Table VI; and as both
parameter present antagonistic effect in T,, it

40
301 B
* Experimental
Polymer 3 Simulation
Yield 207
(gpol-L™)

101

0
0 2 4 6 8 10

Diene Concentration (mol°L'1)'102

12 14 16

Figure 5 Experimental (@) and simulation (—) re-
sults of the effect of diene concentration on the polymer
yield. Al/V = 8.3; [V] = 2.32 X 10~ *mol L™
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Table VI Polymer Characteristics Under Different Initial Diene Concentrations
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a

[diene] M, 10°° My, X 1075 DP Todine T, Ethylene
mol L~? (uma) (GPC) (GPC) Number (°C) Molar Fraction
1.00 x 1073 7.2 — — 17 —42 0.50
1.80 X 102 8.6 5.0 3.8 25 -39 0.51
5.00 X 102 5.7 — — 25 —42 0.54
9.00 X 1073 1.2 3.0 30 33 —42 0.55
1.80 X 102 cp® cp® cp® 45 -33 0.59

alyv] = 2.32 X 10 *mol L 1; Al/V = 8.3.
b ¢p = crosslinked polymer.

seems that this is the reason for the constancy in
T, data in this studied diene range.

Figure 6 shows the ethylene molar fraction in
EPDM as function of ENB concentration. The eth-
ylene incorporated content grows as the diene
concentration increases. As already mentioned,
high diene concentration reduces the number of
active species, and during the competition for the
insertion at the active species, the higher intrin-
sic reactivity of ethylene guarantees its higher
incorporation. The model confirms this hypothe-
sis and agrees with the experimental data, as we
can see in Figure 6.

The diene concentration between 3.6 X 102
and 1.5 X 10" ! mol L ! leads to gel formation, as
a consequence of the higher number of the chain
crosslinkings. Those polymers were insoluble and
did not allow us to perform their characterization.

According to GPC determination, the polydisper-
sity changes from 3.8 to 30.0 with the increase in
diene concentration. The molecular weight determi-
nation with viscometer demonstrated also a reduc-
tion in molecular weight as diene concentration

0.8

0.7 1
Ethylene

Molar 064

Fraction

in Polymer
0.5 1

¢ Experimental

Simulation

0.4

T T T T T T T

Diene Concentration (mol-L'l)-IO2

Figure 6 Experimental (®) and simulation (—) re-
sults of the effect of diene concentration on the ethylene
incorporation. A/V = 8.3; [V] = 232 X 10~ *
mol L%,

grows. The dynamic simulation of the weight-aver-
age molecular weight obtained under different
diene concentration is shown in Figure 7.

If we used the constants initially proposed in
Table II, we would observe the reduction in the
yield, but we would not be able to verify the re-
duction in molecular weight as we experimentally
determined. This correction was performed, con-
sidering the number of vanadium active species
in the presence of high diene concentrations. Ac-
cording to the literature, for diene concentrations
around 9.0 X 103 mol L™, only 20% of the initial
catalyst concentration remains in an active
form.'* This reduction factor was used in the
model. For even higher concentrations, a propor-
tional factor was then employed. This reduction
in catalyst concentration increases the number of
alkylaluminum free species and, consequently,
augments the transfer reactions, decreasing the
molecular weight.

In our proposed model, for the first minutes of
polymerization, we can observe in Figure 7 a
higher molecular weight for higher diene concen-

Diene Concentration ( mol-L™")
—o— 1.8X10°
—o—9.0X10°
a0 72x107
—o—1.5X10"

0 5 10 15 20 25 30 35
Time (minutes)
Figure 7 Effect of diene concentration on theoretical

weight molecular weight. AI/V = 8.3; [V] = 2.32
X 10 ~* mol L.
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trations. This can be attributed to the fact that
initially we have a significant number of ethyl-
ene-ending chains, which lead to a higher diene
incorporation and, consequently, to a higher mo-
lecular weight. This fact takes place since we
assumed high ethylene—diene propagation con-
stants. Cozewith, employing the vanadium salt—
AlEt,Cl system, also observed the increase in
polymer molecular weight with the diene concen-
tration.” Nevertheless, he did not observe the
same behavior for the first minutes of reaction
because he worked with a CSTR system, with
continuous feeding of catalyst, cocatalyst, and
monomers. Then, at relative low diene concentra-
tion (1 X 10™% mol L™ 1), there is not a drastic
catalyst reduction.

In our proposed model, the polydispersity does
not grow with diene concentration, as we could ob-
serve experimentally. These results suggest that
the model fails to fit experimental data for high
diene concentrations since we neglected branching
reactions promoted by the diene, which may become
important for very high concentrations.

CONCLUSION

The present model fits reasonable well the exper-
imental data for Al/V ratios up to 15, being in
accord to many observations already described in
the literature. The reaction needs at least 2 atoms
of Al to generate the active species, which grows
in activity until AI/V = 8, and then is kept
constant. The ethylene incorporation in this
range can also be simulated.

The diene concentration affects the number of
active species since it leads to vanadium reduc-
tion, deactivating the catalytic species. The de-
crease in yield and in molecular weight can be
simulated by this model. Nevertheless, it failed to
reproduce the polydispersity observed experimen-
tally since the branching reaction, which were
neglected due to the low reactivity of the remain-
ing double bond in ENB, cannot be excluded from
the model for high diene concentrations.

Diene concentrations below 102 mol L ! and
Al/V ratio over 8 lead to small variations in poly-
mer properties.

The proposed model was able to predict and to
explain the influence of Al/V ratio and diene con-
centration on the polymer characteristics. For ex-
treme conditions, the model failed, as already
mentioned, due to the presence of other neglected
reactions (such as branching), the products of
which are very difficult to characterize.

This work was supported by PADCT-FINEP and
FAPERGS. The authors thank Dr. Jorge Zacca for use-

ful discussion.

NOMENCLATURE
AM’ AEXT
Al, Al,

ClO’ Cl’ C2

Cp. Cp,
D

DP
FET7FPP7FGyFR

klagr, klapp

M17 M27 M3

MDI

METEQ’ METF’ METG7
METGS’ METL

MPPEQ7 MPPF7 MPPG7
MPPGS’ MPPL

My, My

P,, P°, P!, P?

PATM: PSET7 PT

internal and external
area (m?)
alkylaluminum concen-

tration (mol L™ 1)

vanadium and active spe-
cies concentration (mol
L™

heat capacity of liquid
phase and cooling lig-
uid (cal Kg~ 1 °C™1)

deactivated species con-
centration (mol L)

polydispersity

volumetric flow of ethyl-
ene, propylene, gas
phase, and cooling lig-
uid (L min™?%)

heat transfer constant
(cal min~ ! °C™ 1)

flow constant for the gas
phase (L min~! bar %)

mass transfer coefficient
based on liquid phase
for ethylene and pro-
pylene (min~1)

ethylene, propylene, and
diene concentration
(mol L™ 1)

diene concentration (mol
L™

ethylene concentration at
equilibrium, feed, gas
phase, gas out, and lig-
uid phase (mol L™1)

propylene concentration
at equilibrium, feed,
gas phase, gas out, and
liquid phase (mol L 1)

number- and weight-aver-
age molecular weight
(uma)

activated ethylene units,
zeroth, first- and sec-
ond-order moments for
live chains terminated
with ethylene (mol L)

atmospheric, set point,
and reactor pressure

(bar)



Qb QO’ Ql’ Q2

R° R', R?

’ET> I'PP) TENB

S0, st 8®

SET7 SPP

T’ TB7 TC7 TSET

Ug

UO, Ul, U2

VB’ VC’ VG’ VL,

XX

XPET> XPPp> XPENB

YET YPP

AHp

Pr> PG> PL

DYNAMIC SIMULATION OF EPDM TERPOLYMERIZATION

activated propylene units,
zeroth, first-, and sec-
ond-order moments for
live chains terminated
with propylene (mol L™1)

total propagation reaction
rates (mol L™1)

zeroth, first-, and second-
order moments for live
chains terminated with
diene (mol L™1)

ethylene, propylene, and
diene reactivity on the
polymeric chain

zeroth, first-, and second-
order total moments
(mol L™1)

ethylene and propylene
solubility ~(mol L7t
bar 1)

reactor, heat exchanger,
jacket, and set temper-
ature (°C)

overall heat transfer coef-
ficient (cal min~ ! °C !
m 2

zeroth, first-, and second-
order moments for all
dead chains (mol L™1)

heat exchanger, jacket,
gas phase, and liquid
phase volume (L)

weighted molecular
weight of teorethical
monomer (g mol 1)

n-hexane molar fraction
(mol mol 1)

cumulative molar fraction
of ethylene, propylene,
and diene in the poly-
mer (mol mol 1)

polymer concentration on
the reactional medium
(gL

ethylene and propylene
mass fraction on gas
phase

heat of polymerization
(cal mol™ 1)

cooler, gas, and liquid
phase density (kg m™3)
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