AN INVESTIGATION OF POLYOLEFIN
MANUFACTURING TECHNOLOGY
) - MATHEMATICAL MODELLING OF
POLYMERIZATION AND POLYMER MODIFICATION
PROCESSES

by
PAUL EDWIN GLOOR, B. Eng.
A Thesls
Submitted to the School of Graduate Studies
in Partial Fultiiment of the Requirements

for the Degree of
Doctor of Philosophy

McMaster University

(c) Copyright by Paul Edwin Gloor, April 13, 1993



AN INVESTIGATION OF POLYOLEFIN
MANUFACTURING TECHNOLOGY



i

DOCTOR OF PHILOSOPHY (1993)
(Chemical Engineering)

McMASTER UNIVERSITY
Hamilton, Ontario, Canada.

TITLE: An investigation of polyolefin manufacturing technology
- Mathematical modelling of polymerization and polymer
modification processes

AUTHOR: Paul Edwin Gloor,
B. Eng. (McMaster University)

ADVISORS: Professor Archie E. Hamielec
Professor John F. MacGregor
NUMBER OF Xii,281

PAGES:



1

Abstract

Polyolefins have been manufactured as commodity polymers for over 50 years
and yet technological details, at the molecular level, of the manufacturing processes
avaliable In the open literature are sparse at best, The objectives of the present
investigations were therefore to use modern mathematical modeling techniques to
elucidate relevant phenomena at the melecular level that are crucial to the success of
key manufacturing processes used commercially.

The work described in this thesis can be broken down into two separate parts.
The tirst deals with the mathematical and computer modelling of industrially important
methods for the production of polyolefins, specifically: @) the high pressure tubular reactor
process, b} the high pressure autoclave fype reactor process, and ¢) the low pressure
Ziegler Natta reactor process using heterogeneous catalysts. The second part deals with

the chemical modification of these polymers by free radical methods during the extrusion
Process.

Free radical copolyrnerization of ethylene in high pressure rzactors is considered.
Kinetic mechanisms to describe the polymerization rate and polymer properﬂés, including
copolymer composition, molecular weight, branching frequencies, melt flow index and
polymer density, have been proposed. The method of moments is used, in conjunction
with pseudo kinetic rate constants to allow for copolymerization, to calculate” the
molecular weight averages Based upon this kinetlc scheme, a mathematical model has
been derived and implemented as cecmputer programs to simulate commercial tubular

and auteclave type reactors. The model parameters were fit 1o steady state data from
industrial reactors.

The steady state tubular reactor model allows for multiple feed points, multiple
initlators (including oxygen) and non-isothermal polymerization. The effects of the pulse
valve and the product cooler are incorporated.

The dynamic autoclave reactor model also includes the two phase kinetics due
to polymer-monomer solubilities and phase separation In the reaction mixture. Gel
formation from crosslinking reactions Is als¢ analyzed. A mixing model is developed to
represent the flow inside the reactor. In the simulation PID control equations are used 1o
maintain operation at the unstable steady state. A sensitivity study is pefformed on the
mixing model parameters and onsome of the kinetic parameters. The modeliscompared
to steady state temperature, initiator flow and conversion data from commercial reactors.
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Many polyolefins are produced using heterogeneous Ziegler Natta catalysts
either in gas phase, bulk or slurry type reactors. A multiple active site model is nacessary
in order to account for the bread properties of polymer produced on these catalysts.
These properties Include broad molecular weight and copolymer composition
distributions. A kinetic model has been derived, based upon multiple catalyst sites of
ditfering reactivities, for the Ziegler-Natta copolymerization of olefins, The model predicts
the rate of polymerization, the copolymer composition and the molecular weight
distribution of the polymer produced as well as accounting for the observed broad
copolymer composition and molecular weight distributions.

In addition to producing polyolefins in reactors, industry is now chemically
modifying commodity polyolefins to produce higher priced specialty materials, Several
of the reactive processing techniques to modify polyolefins involve the introduction of a
free radical inltiator into the polymer melt which produce the radicals that modify the
molecular structure of the polymer. In general, in reactive processing, scission, grafting,
branching and crosslinking may all occur simultaneously.

This dissertation deals with the development of mathematical models to relate
the moiecular modifications, scission, branching, crosslinking and grafting. The models,
based upon generally accepted kinetic mechanisms and certain assumptions about the
nature of simultaneous scission and crosslinking, can predict the molecular welght
averages, degrees of crosslinking, scission and grafting, and the sol/gel ratic. A
mathematical formulation to describe simultaneous random scission and crosslinking has
bsen Liesented in the literature but only solved by assuming that scission and crosslinking
occurserially, Forthis work, analgorithm to numerically solve this equation was developed,
The results of these caiculations were compared to the classical solutions o this problem
and to the experimental data gathered in this project.  This model, although applied to
polyolstin modification, has applications for other systems where simultaneous random
scission and crosslinking of polymers is encountered.
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Chapter 1 Introduction

There can be no doubt that polymeric materials greatly influence our lives. We
use them for our clothing, our houses, our automobiles, our electronics, to package our
food... The list is virtually endless. The polymers made from the alkenes (polyolefins),
especially polyethylene, polypropyiene and copolymers, are some of the most usefuland
are produced In vast quantities. In fact, the world wide production of polyethylene is cver
15 million tons per year (Elias 1989).

Polyethylenes have been manufactured since 1933 and polypropylene since the
discovery of the Zlegler-Natta catalysts in the early fifties. Much effort has been made to
produce materials with the desired densities and tlow characteristics by manipulating the
reaction conditions or by the addition of comonomers and other modifiers. Even though
we have been making these polymaers for some time, we still can not exacily quantify just
how the process operating conditions influence the molecular and physical properties.

On the other hand, a relatively new process called reactive extrusion, is allowing
us to modify existing polyolefin chains to produce materials with a wide variety of
properties. We can increase or decrease the molecular weight, add branches, produce
a crosslinked structure, graft functional groups to the back bone or graft two different
polymers together, allin the melt during the extrusion process. By changing the molecular
weights or amounts of branching we can tailor the flow characteristics of the polymer to
the application, B8y grafting special groups onto the backbone of the polymer we can
influence the surface properties, like adhesion, to allow for better bonding to reinforcing
materials, These special groups may aiso be used for further reaction as in the case of
silane crosslinking of polyethylenes. Alloys of usually immiscible polymers are made by in
situ compatibilization, by creating polymer chains with blocks of each polymer type.
Whereas, In the past new products were made by designing new polymers by the addition
of comonomers or new reaction systems, reactive processing offers a new path to novel
materials. Since extruders are high throughput, relatively inexpensive, pieces of equipment
even small manufacturers can create a line of low volume, higher priced, specialty
polymers all based upon cheaper commaodity polymers,

Let us consider the major events in the life of polymer (figure 1), Polymer producers
manufacture the polyolefins from monomer. Nearly allof the polymer created is extruded
by the polymer producer to at least pelietize the product. The polymer producers earn
their living by selling their polymer at a high enough price to pay for the monomer and all
the operating costs. Raw material costs and product variability con be reduced thiough



more etficient reactor operation. Companies that reduce the variability of thelr product
properties, may be able to charge a premium. Another of the costs assoclated with
production occurs when a grade change or @ mistake is made, The off specification
material produced, if It can’t be blended and sold at a discount, must be discarded.
Proper operation of the reactor system can minimize the off spec material produced, and
thus signiflcantly improve profits,

monomer $ additives $ additives
: r il i i extruder
EEEIIENEIIa T A
processor
polymer
producer @
recycle
oft spec
material Y
4 @
consumer

Flgure 1. A life cycle dlagram for polymers.

The polymaer is then shipped from the producer to the processor who extrudes it
into a useful shape by, for example, molding, casting or spinning it into fibers and thus
Increasing its value. These products are then used by the consumer, who traditionally
discarded the product to land fill when it was no longer desired. Recent public opinion
Is now forcing a trend to recycling these polymer products. There are several obstacles
associated with this enterpiise, not the least of which is that much of the material in the
recycle stream is a mixture of different plastics, which must be sorted since their blends do
not have adequate mechanical properties.



Let us now Introduce reactive extrusion into the picture. It polymer producers
can learn to modify their product during the extrusion process, a variety of grades can be
produced by simply changing the extruder conditions and the additives. Grade changes
would no longer require several hours but could be accomplished in a few minutes, thus
reducing the amount of off specification material. Off specification material might even
be saved by the appropriate reactive extrusion method. The polymer processors can,
using reactive processing, create a host of novel materials based upon moditied structures
and blends, increasing the value of the product that they sell. Moreover mixtures of

recycled plastics may be compatibilized into materials with good mechanical properties
using reactive extrusion.

Weli, how does the work at hand fit into this picture? We have pointed out the
value in learning how 1o befter operate our polyolefin producing reactors and learning
more about reactive extrusion, One useful framework for studying these systems is to
develop mathematical modsis. We learn a great deal about the process during model
development, because we are forced to systematically ask the important questions. When
the modelis complete, it then becomes convenient storage for all that we have learned.
To retrieve the knowledge simply give the process conditions to the computer program.

The work described in this manuscript deals with the mathematicaland computer
modelling of the chemical and physical phenomena involved in the production of
polyolefins in the high pressure free radical process and applied o tubular and autociave
type reactors. A model for the low pressure Ziegler - Natia process is developed which
should be applicable to slurry, bulk and gas phase reactors. In addition models are

developed for chemical modification of polyolefins by free radical mechanisms in the
meit.

Since "the virtue of a computer Is speed, not intelligence” (Reid et al. 1986) we
must compare our mathematical results to the real world.  We have beaer fortunate fo
be able to obtain data from industrial autoclave and tubular reactors (Poliolefinas S, A.

SGo Paulo Brazil). Moreover, an experimental study of the reactive extrusion of polyolefins
has been completed for this thesis,



1.1 Overview of polyolefins

Before we get into the heart of this work, It is important to outline some of the
important properties, uses and concepts associatad with polyolefins. Polyolefins are
produced elther by high pressure, free radical processes, or by processes using
Zlegler-Natta catalysts at lower pressures.

In free radical polymerization, an initiator Is added to the monomer and it
thermally decomposes to form free radicals. These radicals attack and subsequently
add on to the double bond on a monomer molecule. This new radical species will then
attack and add on to another monomer molecule. This process continues, bullding up
high moiecular weight material, until two radicals meet to terminate or a transfer reaction
initiates a new chain.

Ziegler-Natta catalysts are mostly complexes of compounds of group IV to
group VIl elements (transition metals) and compounds from groups | to 1V, The first
compound is the catalyst, the second Is g cocatalyst. Some of these catalysis are
supported on materials ke silica. The manufacture, i.e. order of addition, grinding, mixing,
of the catalysts has a great effect on the catalyst peformance and is still somewhat of
an art. These catalysts are very sensitive to impurities like water, CO, and oxygen and
can be polsoned by them. The catalysts seem to have g distribution of active site types
and some impurities, like CO, can preferentially poison cer}oin sites changing the overall
character of the catalyst,

The conceptual model for the polymetization that has stood the test of time is
the monomer insertion mechanism of Cossee (1964) as is shown in figure 2. The monomer
is inserted at the catalyst site and the polymer grows outward by adding units at the
catalyst end, just like hair grows, from the root. The catalyst controls the sterecregularity
of the growing chain, by adding the monomer units in a specific orientation.

The rates of polymerization with time can follow several paths, some initially
increasing and then declining, some always declining and some constant (see figure 3
and Tait 1986). These different profiles are possibly due to the presence of initiation
reactions that cause the formation of new active centers with time, catalyst breakup
which exposes new catalystsurface, and catalyst decay which is the destruction of active
centars with time. The polymer chain continues to grow by inserting new monomer units
until a reaction, like transfer to hydrogen displaces the growing chain from the catalyst
site.
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Monometallic Mechanism

(Cossee (1964))
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Figure 3 Typlcal kinetic rate time profiles _for Ziegler-Nalta calalysts.

1.1.1 Polyvethvlenes

Polyethylenes are manufactured via free radical and Ziegler-Natta

polymerization of ethylene and comonomers. The free radical method, usually at high
pressures (up to 3500 atm.) and temperatures (up to 300°C), is the oldest of the two



methods, The Zlegler-Natta processes usually have much milder conditions (lower
pressures and temperatures). The common property which distinguishes different
polyethylenss is polymer density. Although the distinction Is somewhat approximate we
usually say that low density PE has a density below 0.94 g/cm?® while high density is above
0.94 g/cm?, the density being determined by the polymer structure.

Low density polvethviene (LDPE or HP-LDPE): Polyethylene made in tha high
pressure process Is almost always of low density. The free radical mechanism promotes
the formation of short chain branches (typically about 4 carbon atoms long) and long
chain branches of length comparable to the length of a typical polymer molecule.
Typlcal branching frequencies are 7-17 short chain branches per thousand backbone

carbon atoms, for long chain branches about 0.5 - 2.2 per thousand backbone carbon
atoms,

Ethylene vinyl acetate (EVA) copolymers can be produced only by the free
radical process, since vinyl acetate destroys the Ziegler-Natta catalyst activity.

High density polyethviene (HDPE): is produced by the homopolymerization of
ethyleneusing Ziegler-Natta catalysts. In 1980, HDPE was the number three thermoplastic
produced in the world, surpassed only by LDPE and polyvinyl chloride and followed by
polypropylene, polystyrene and expanded polystyrene.

Linear low density polyethyvlene (LLDPE): A low density polyethylene can also
be produced by the Zlegler-Natta processes by incorporating an a-olefins as a
comonomer to provide short chain branches. The density is theretore determined by
the copolymer composition and by the size of the a-olefin. Most commodity-type
applications incorporate butene-1 as the comonomer but higher molecular weight
olefin comonomers produce resins with significant strength advantages. including tear,
impact, and puncture resistance, relative to butene copolymers.

Compared to a HP-LDPE resin of similar density and melt index, the LLDPE will
have higher tensile and impact strength, elongation, environmental stress crack
resistance, heat resistance, and stiffness The greater strength of LLDPE allows for a
reduction in the product thickness, relative to HP-LDPE and still maintain good end use
propetrties but existing extruders must be modified to convert from HP-LDPE to LLDPE due
to the higher shear viscosity of the narrow MWD LLDPE (Yiand Pacala, 1988).



An even lower denslty polyethylene, produced by Ziegler-Natta processes, s
aptly named very low density polyethylene (VLDPE) and has properties such that it may
replace ethylene vinyl acetate copolymer or even polyvinyl chloride in applications like
flexible hose and tubing, speciality and medical fim, and tie and sealing layers in
multilayer film constructions (Yi and Pacala, 1988).

UHMWPE: produced by low pressure Ziegler-Natta processes has a molecular
weaight of greater than about 3 milion, and intrinsic viscosity of 20 or more. (Birnkraut et
al. 1981). As with other polyethylenes, UHMWPE provides a good non- adherent surface,
low coeflicient of friction, and good chemical resistance. Moreover UHMWPE exhibits
good high abrasion and impact resistance. The large amorphous areqs are responsible
for the excellent impact properties, and for a lower density. Impact strength decreases
with decreases in molecular weight, and may be due to decreasing intermolecular
forces and chain entanglement. The melt viscosity of UHMWPE is quite high and as such
extrusion on ordinary equipment may not be possible, one must use processing based
on powdered metallurgy techniques, or machining from rods or sheets. The most
common techniques are compression molding and ram extrusion. Injection molding
may not work because the melt viscosity is too high. Nevertheless its desirable properties
are causing Innovations in the machinery making UHMWPE easier 1o process (Smoluk,
1989).

1.1.2 Polypropvlenes

Propylene will not polymerize at commercial rates via free radical mechanism
due to the high transfer to monomer rate and the relatively low reactivity of the double
bond. However polymers of propylene can be produced using the organometallic
Ziegler-Natta catalysts. Polypropylene homopolymers are characterized by high stitfness
and high heat deflection temperatures but show lower impact resistance when
compared with equivalent melt flow polymers. Polypropylene can be copolymerized,
with ethylene for instance, as a random polymer, or as a ‘block’ copolymer. Random
copolymers are produced by providing both comonomers to the reactor during the
entire course of reaction. Block copolymers are produced by forming a homopolymer
and then In g subsequent reactor adding both monomers. It was believed that the
chains would consist of homopolymer block attached 1o a random copolymer block.
However it is more likely that the block copolymer is a very intimate blend of
homopolymer and random copolymer. Block copolymers display a good balance of
stifftness and impact properies, while random copolymers combine good impact



resistance with superior contact clarity and improved low-temperature heat sealability.
Random copolymers have lowear melting point that polypropylene homopolymer, every
one percent ethylene reduces melting point by §°C. in older process three percent
ethylene was the limit due to the 'stickiness’ problem, but new processes can take up
to seven percent. Hormopolymers find use In general injection molding and extrusion,
random copolymers are mostly used in blow molding and fims while the block
copolymers are employed In the injection molding of impact resistant products.

In order to increase conventional PP's processabllity, suppliers apply controlled
rheology, a post-reactor technique in which peroxide is used to enhance meit flow 1ate
(MFR). This Is a fine example of chemical modification of polymers in the melt. This allows
extension of a conventional polypropylene to a 50 or even to a 300 MFR, However
controlled rheology, while providing appropriate molecular weight, and molecular
welght distribution for many applications, also narrows MWD, thus reducing stiffness and
adding to cost. Some polyolefin manufacturers are now making different grades of
polymer, not by changing the operating conditions of their reactors, but by simply
adding peroxides to the extruders during the pelletizing process.

A polymer's MFR is inversely related to its molecular weight or chain length.
MFR s controlled by feeding hydrogen, a chain transfer agent, into the reactor; higher
levels produce shorter, lower MW chains, which In tun have a higher MFR,
Conventionally, the achievable MFR ranges from less than 1.0 to 20 MFR the limit being
the volume of hydrogen incorporated. Union Carbide and Himont claim that thelr

processes can feed hydrogen in volumes high enough to get MFRs of 1000 or more.
(Leaversuch, 1988}.

1.1.3 Polymer Structures and Characteristics

The predominant measured characteristics of polyethylene and copolymers
are density and melt flow index. The density is a rough measure of the short chain
branching frequency. As the short chain branching frequency increases, the density
decreases. Long chain branches, since there are so few of them, make a very small
contribution to the density, but may affect the melt flow index. The melt flow index is a
rough measure of the molecular weight. Different poiyethylenes have different
branching structures as shown in Figure 4.
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Different Structures of Polyethylene

L
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Figure 4 Branching Structures for Polyethylene

Polypropylenes are also characterized by their solubility in various solvents, thus
determining their crystallinity,. The crystallinity of polypropylene is due to the
stersoregularity of the chain, sterecregular (sotactic) polymer is mare crystaliine,
whereas the stereo liregular (atactic) polymer is less so (See Figure 5). Syndiotactic
polypropylene, where the methyl group appears on opposite sides of the chain for
adjacent repeat units, may alsoc be made. The crystalline polymer is much less soluble
than the amorphous polymer. Therefore the seluble fractions are usually assumed to
be atactic, whereas ihe insoluble are isotactic, This is the basis for the technique of
Temperature Rising Elution Fractionation (TREF), whereby polymer is fractionated with
respect to its solubility, and thus its crystallizability. There are certainly molecular weight
effects involved with this measurement but these are not usually considered to be
important,
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Stereoregularity of Polypropylene
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Figure 5 Stereoreqularity of Polypropylene

1.1.4 Molecular Weights and Distributions

Polyolefins made from heterogeneous Ziegler-Natta processes have a broad
molecular weight distribution, even when produced under steady state conditions, The
polydispersities range from 5 - 20 (Floyd et al. 1538). This broad molecular weight
distribution has been attributed to diffusion resistance (Floyd et al. 1987: and Zucchini
and Cecchin, 1983) but is more likely due to the presence of muitiple active site fypes
(Floyd et al. 1988)

The high pressure processes, both autoclave and tubuiar reactors also make
broad MWD material, the autoclave because of a broad residence time distribution,
the tubular reactor because of the changing conditions, especially temperature and
initiator levels, along the tube. Moreover the long chain branching tends to broaden
the molecular welight distribution and may even lead to gel of effectively intinite
molecular weight,

1.1.5 Copolymer Composition Distributions

The composition of copolymers made via free radicai methods are random as
calculated by the reactivity ratios. On the other hand the copolymer composition
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distribution for Ziegler-Natta produced polymers may be quite broad, indicating the
presence of actlive sites having different reactivity ratios, and thus producing a polymer
tbq’r has a mix of copolymer compositions.

1.1.6 Stereoregularity

Z-N polymerization of propylene tends to produce very isotactic material that
is insoluble in o solvent like xylene. The old fitanium based Ziegler-Natta types (early
1980°s) produced about 1000 gram of polymer per gram of catalyst, about 90 to 92%
insoluble. New super-high-activity catalysts yield 40,000 gram polymer /gram catalyst
with about 99% being insoluble in xylene (Leaversuch, 1988). The sterecregulating power
of the catalyst may be a function of active site type where some sites produce atactic
polymer and the majority produce isotactic. Free radical methods have little or no
stereoregulating control especially at the high temperatures usually employed.

1.1.7 Branching Frequencies

HP- Low density polyethylene, whether nade in a tubular oran autoclave type
reactor have both short and long chain branches. increasing LCB will make the melt
flow more non- Newtonian, and change the behavior of the material during processing
(Hamielec and Viachopoulos, 1983). The molecular properties of the LDPE made in
each type reactor will be different. Typical branching frequencies are 7-17 SCB8/1000
carbon atoms, for long chain branches about 0.5-2.2 LCB/ 1000 carbon atoms (Becasley,
1989),

Homopolymer in the low pressure Ziegler-Natta processes are predominantly
linear, and lower density polymers are made by adding an a-oletin comonomer (like
butene-1) to add short branches aleng the chain. The number of branches depends
upon the copolymer composition and the length of the branch depends on the size of
the comonomer, There are very few or no long chain branches.

1.2 Overview of some production technologies

LDPE was developed by IClin 1933 (Fawcett et al. 1934) and was an established
segmentof the plastics industry in the early 1960's when Du Pontintroduced alow pressure
solution polymerization process for the production of LLDPE. Union Carbide started to
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make HDPE in 19468 using the Unipol fluidized bed technoloygy and 1977 they announced
that UNIPOL couid produce LLDPE. In 1978 Dow introduced octene based LLDPE made
In low pressure solution technology.

LLDPE has replaced HP-LDPE in many markets and found application in new
areas. [n 1986 about 1/2 of the LDPE sales was from LLDPE and gains are largely at the
axpense of HP-LDPE. New higher a-olefins are playing a major role in the growth spurt
since 1982 (Yi and Pacala, 1988). LDPE is still added to LLDPE by some processors to
improve the film properties,

1.2.1 High pressure free radical processes

Since 1933 ICI has been producing LDPE in autoclave type and tubular type
reactors, Up to 36% single pass conversion can be obtained in tubular reactors, using
only oxygen as initiator, The polymer produced in i zse reactors can have a densily
from 0.915 to 0.93 g/cm® and melt flow index from 0.1 to 50 g/10-min. This process can
also produce EVA.

Vessel type reactors produce a polymer with some very high molecular weight
material, making it unsuitable for the manufacture of films (due to haziness), but this
material is good for molding because of its toughness (Gupta, 1987). The polymeris more
highly branched and gel may be formed.

1.2.2 Ziegler-Natta catalyzed processes

Karl Ziegler and co-workers invented low pressure polymerization of PE in 1953
using transition metal catalysts. The Ziegler catalysts are combinations of aluminum
alkyls with chemical derivatives of titanium, zirconium, hafnium, niobium, tantalum,
chromium, molybdenum, tungsten. Soon thereafter, inltaly, Giulio Natta bror.ght about
the modification of the titanium-chloride -aluminum alkyl catalyst into a sterecspecific
catalyst capable of producing polypropylene of high isotacticity, For their work, and
thus demonstrating the importance of the production of polyolafins using these catalysts,
both Ziegler and Natta received the Nobel prize for chemistry in 1963.

The first industrial scale Ziegler plant started in 1955 at Hoechst in Frankfurt, West
Germany (500 metric ton per annum). Chromium based Philips catalysts and
Molybdenum catalysts of Standard Oil were the basls for plants built soon after (Schulz,
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1981). Some of the processes based upon these catalysts are briefly outlined below,
for a more complete list one should consult Tait (1989) and Short (1983). Ziegler-Natta
catalysts can be used in gas or liquid phase reactors.

Gas phase reactors

The gas phase reactors are usually either fluidized bed reactors or transported
bed reactors. The Union Carbide UNIPOL process Is a fluidized bed that was developed
In the 60°s to make HDPE, The original catalyst used a chromium type silica supported
catalyst in o fluldized bed reactor design (Tait, 1989). UNIPOL typically operates at
100-300 psi (6.8 to 20.5 atm) psiand at temperatures less than 100°C. This process was
modifled in about 1975 to allow for the production of LLDPE. The major modification
was the development of new high activity catalysts thot operate at low lemperatures
and pressures. Since the melting temperature of copolymers is lower, the reaction
temperature must be lower to prevent agglomeration in the fluidized bed reactor. The
molecular welght is controlled by the addition of hydrogen. Gas phase is generaily
accepted fo provide the greatest product versatility providing a broad range of LLDPE
products for fiim and Injection molding (Yi and Pacala, 1988). This process has been
licensed and now more than 40 reactors operate in 15 countries (Tait, 1989). See Figure
6 and McAuley et al. (1990) for a schematic of the UNIPOL process

UNIPOL System
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Flgure 6 A Schematic of UNIPOL Process
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UNIPOL technology was further extended with the development of the Sheﬁ
High Activity Catalyst (SHAC) in 1985, to allow for the polymerization of propylene and
random copolymers, These reactors can be built in series to produce high impact
polypropylenes, a special copolymer incorporating ethylene.

The BP process is also carried out under mild conditions (60-100°C and 15-30
aim.) in a fluidized bed reactor. This process can make polyethylene and a-olefin
comonomers, using hydrogen to control the molecular weight. The catalysts are high
activity titanium and magnesium.

The BASF process to make polypropylene was first developed in 1969. This
process consists of a stired polymer bed into which liquid propylene and catalyst are
fed to the bottorn. An activator is fed to the top of the reactor. The gas phase reaction
is maintained by keeping a quantity of high molecular weight polymer in the reactor.
A variety of catalysts have been used including §-TiCl, 0.33 AICI, activated by AIEt,CI
and a variety of high activity catalysts such as MgCl,/donor/TiCl, activated by a
AiEt,/donor system. This process has been operated by Rheinische Olefinwerke at
Wesseling In West Germany, by ICl and USt (Norchem) and El Paso has used its own

version for some time, Himont uses similar technology that it commercialized with Mitsui
Petrochemical (Tait, 1989).

Liquid phase reactors

Liquid phase reactors are usually of either slurry type or solution.

The slurry process is a widely used process for production of polypropylene
and copolymers where the reactor is filled with a poor solvent for the polymer, like
heptane or pentamethyiheptane, and the solid catalyst isdispersed in the liquid phase.
The polymer then grows around the catalyst forming small particles. Typical conditions
are 50-75°C and 10 atm. The catalyst is removed using alcohol and the polymer is
separated from the diluent by centrifugation and dried. The atactic polypropylene Is
soluble In the diluent and must be extracted so that the diluent can be recycled. This
process is quite flexible allowing for a varlety of rtandom and block propylene ethylene
copolymers.

In 1984 the slurry process accounted for 50% of US capacity but by 1988 only
accounted for less than 20%. Now liquid phase, bulk polymerization and gas phase
reactors predominate (Leaversuch, 1988). Low cost slurty processes for polyethylene
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production have also been developed with the abllity to produce polymers with a
varlety of denslties, melt flow indexes and molecular weight distributions. See flgure 7
for a pictorial representation of the slurry process.

Schematle of Typlcal
Slurry Reactor

Schematic of Typical Slurry
Reactor Traln

monomer«comonomsersinert gas

calllyll_
+
diluent

1o deashing/
separator

Figure 7 Schematic of Slurry Process

The polymer in the solution processes is not necessarily in solution but may be
in a molten state. Du Pont developed a process for the production of HDPE that
operates at 200°C and 70 atm. Eastman Kodak has operated a solution process for
polypropylene using modified first generation catalysts,

NORSOLOR- ORKEM (France) Company operates a high pressure (600-800
bars) high temperature (200-300°C) CSTR type reactor to make LLDPE. Reaction takes
place In super critical phase, the polymer being soluble in the monomer mixture. The
outlet Is pelletized directly and no solvents are used (Vilermaux et al. 1989).

1.3 Overview of reactive processing of polyolefins

Reactive processing Is the method where by free radical initiators and possibly
other additives are added to the exiruder. The polymer is melted and mixed and the
chemical reaction allowed to occur. Typical reaction temperatures are from 150 to
300°C. Since the residence times of the extruders are short, from a one o 20 minutes, the
reaction must be fast enough to be completed in this fime. One of the simplest processes
is controlled rheology polypropylene, where polypropylene and a peroxide initiator are
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extruded and the molecular welght of the polymer is reduced making the polypropylens
aasler to process. Branching and crosslinking of polyethylene can be accomplished In
the same manner. Grafting processes, like maleation of polypropylene or polyethylene,
are performed by adding maleic anhydride along with the peroxide and the polymaer,
In general when we desire to produce a particular product by one of the scisslon,
branching or grafting processes, the polymer undergoes the other two reactions as well,
Reaction conditions, like temperature, screw speed, peroxide levels and addition points,
must be adjusted to emphasize the desired reaction.

1.4 Objectives of this thesis

This thesis considers the synthesis and chemical modification of polyoletins, The
methodology for this study, Is to use the tool of the mathematical model. In developing
the mathematical model, one is forced to systematically ask the important questions,
and then answer the gquestions by searching the literature or performing the appropriate
experiments. Moreover once the model is developed, it can be used to suggest even
more informative experiments. At the end of this process, one has gathered the
information, and stored it in a convenient, concise form, a computer simulation model.
Given this overall method, the objectives to be accomplished are as follows,

a) 7o develop a mathematical model for copolymerization of olefins (propylene
and ethylene) using Ziegler - Natta catalysts, to describe the rate of reaction and
the distributions of the molecular weight, copolymer composition, and the
sterecregularity.

D) To develop comprehensive mathematical models for the polymerization of
ethylene and comonomers in high pressure autoclave and steady state tubular
reactors. These models would predict the rate of polymerization, the
temperature, compositions, molecular weight averages, short and long chain
branching frequencies, gel content and crosslink density.

c) To study and develop mathematical models for the free radical modification of
polyolefins in the melt, to account for random scission and crosslinking and to
develop algorithms to solve the models. Furthermore we need to develop suitable

experimental and analytica! techniques to gather data with which 1o verity this
model.
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1.5 Outline of the thesis

Gilven that this thesis has three major objectives, it is appropriate that the thesis
has three major parts. After the compulsory Introductory remarks, the first part deals with
the production of polyethylene and copolymers by high pressure free radical
polymerization. The chemical mechanisms of the system are outlined and then applied
to model both tubular and autoclave reactors.

The second part deals with the production of polyolefins, both polypropylene
and polyethylene, using Ziegler-Natta catalysts.  Again the chemisty of the
polymerization system Is presented. A multiple active site approach is used to predict the
rates of polymerization and the broad molecular weight and compositional distributions.

Lastly, the third part deals with the chemical modification of polyolefins in the
melt using free radical mechanisms. The chemistry Is again presented and used as the
basis for models for the modification of the polymer structure. The algorithm for the
solution of the model Is presented and the model is compared o experimental data
gathered for this thesis.

The thesis is brought to a close with concluding remarks.

1.6 Published reports

Much of what is contained in this thesis has been published in the open literature.
Since there are several authors for each paper, the work from these papers that has been
performed by the other authors will be pointed out in the appropriate sections of the
thesis. The relevant papers are;

Free radical polymerization of polyoclefins:

R. C. M. Zabisky, W-M. Chan, P. E. Gloor, A. E. Hamielec, "A kinetic model for olefin
polymerization in high pressure tubular reactors - A review and update”,
Polymer, 33 2243-2262 (1992)

W-M. Chan, P. E. Gloor, A. E. Hamielec, "A kinetic mode! for olefin polymerization in
high pressure autociave reactors" AIChE J. 39, 111-126 (1993)

Ziegler Natta polymerization of polyolefins:

A. B. M, de Carvalho, P. E. Gloor, A. E. Homielec, "A kinetic mathematical model
for heterogeneous Ziegler-Natta copolymerization®, Polymer, 30 280-296
(1989)
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A. B. M. de Carvalho, P. E. Gloor, A, E. Hamielec, “A kinetic mathematical model
for heterogeneous Ziegler-Natta copolymerization Part 2; Stereochemical
sequence length distributions", Polymer, 31 1294-1311 (1990)

Chemical modification of poiyolefins:

A. E. Hamielec, P. E. Gloor, S, Zhy, Y. Tang "Chemical modification of polyolefins in
extruders: chain scission, long chain branching, crosslinking and grafting.
Compailoy 90 Second International congress on compatabilizers and
reactive polymer alloying, New Orleans, March 7-2 (1990)

A. E. Hamieleg, P. E. Gloor, . Zhu "Chemical modification of high molecular weight
polymers in extruders: experimentation and computer modelling the
kinetics of chain scisslon, long chain branching, crosslinking and grafting.
Compalioy 91 Third international congress on compatabilizers and
reactive polymer alloying, New Orleans, January 30 - February 1 (1991)

A. E. Hamielec, P. E. Gloor, S. Zhu "Kinetics of free radical modification of polyolefins
in extruders - chain scission, crosslinking and grofting” Can. J. Chem. Eng.
69 611-618 (1991)

Triaceaq, V. J., Gloor, P. E., Zhu, §., Hrymak, A, N.,, Hamielec, A. E. “Free radical
degradation of polypropylene: Random chain scission”, in press Polym,
Eng. Scl. (1993)

Gloor, P, E., Tang, Y., Kostanska, A. E., Hamielec, A. E., "Chemcial modification of
polyolefins by free radical mechansims - A modelling and experimental
study of simultanecus random scission, branching and crosslinking,
submitied to Polymer (1993)

1.7 The contributions of this thesis

The major contributions of this thesis are:

» a more comprehensive model for high pressure copolymerization of ethylene in steady
state tubular reactors, including, o more complete description of the oxygen
initiation phenomena, scission of back bone radical centers and including the
effects of the pulse valve.

« a model for high pressure copolymerization of ethylene in dynamic vessel ieactors
including the etfects of the mixing, heterogeneous reaction conditions and gel
formation.
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» a model for Ziegler-Natta copolymerization of polyolefins using ¢ multiple active site
approach to describe the broad copolymer and molecular weight distributions,

« a numerical solution to the equation for simultanecus scission and crosslinking of
polyolefins in the melt by free radical methods. A methodology for gathering
the appropriate data is developed and the model is fit to this data.



21

1.8 References

Beasley, J. K., (1989) "Polymerization at High Pressure* p. 273-282, vol. 3, Comprehensive
Polymer Sclence, Allen, G., Bevington, J. C,, Eds., Pergamon Press, Oxford.

Birnkraut, W. H., Braun, G., Falbe, J., (1981) "Uttrahigh Molecular Weight Polyethylene-
Processing and Properties.”, p. 79-88, Commodity and engineering Plastics, J.

Appl. Poly. Sci.: Applied Polym. Symp. 36., N. Platzer (ed.), Wiley & sons. New
York.,

Cossese, P., J. Catalysis 3 99 (1964)
Eligs, H. G., "Mega Molecules", Springer-Verlag, Berlin (1989)

Fawcett, E. W., Gibson, R. Q., Perrin, M. W., Paton, J. G., Willams, E.G., (1937) 8rit. Patent
471590 (1937) ICl invs.; Chem. Abstr, 32, 13626 (1938)

Floyd, 8., Heiskanen, 1., Ray, W, H., (1988) “Solid Catalyzed Oletin Polymerization® Chem.
Eng. Prog. November pp, 56-62

Floyd S., Helskanen, T., Mann, G. E., Ray, W. H., (1987) J. Appl. Polym. Sci., 33, p. 102]
Guptq, S. K., (1987) Current Sclence, 56, No. 19, 979-984.

Hamielec, L. A., Viachopoulos, J., (1983) "Influence of Long Chain Branching on Extrudate
Swell of Low Density Polyethylenes®, J. Appl. Polym. Sci., 28, 2389-2392

Leaversuch, R. D. (1988), "Resin-making Revelution That Will make Polypropylene the

Polymer Star of the 1990s Is Well Under Way", Modern Plastics, November, pp.
38-44

McAuley, K. B., MacGregor, J. F., Hamielec, A. E., (1990) "A Kinetic Model! for Industrial
Gas Phase Ethylene Copolymerization" AIChE J. 36 (6), 837.

Reid, R. C., Prausnitz, J. M., Polling, B. E., "The properties of gases and liquids" 4th ed.
McGraw Hill (1986) p. 381 '

Schulz, H., (1981) "Twenty-Five Years of Ziegler High Density Polyethylene - History and
Outlook*, p. 61-65, ComCommodity and Engineering Plastics, J. Appl. Poly. Scl.:
Appiied Polym. Symp. 36., N. Platzer (ed.), Wiley & sons. New York.

Short, J. N., (1983) MMI Press Symp. Ser., 4, 651,

smoluk, G. R., (1989) "Performance Rich UHMWPE is Becoming Easler to Process', Modern
Piastics, 68-71, May

S :,_.';



22

Talt, P. J. T, (1989) "Monocalkene Polymerization: Ziegler-Natta and Transition Metal
Catalysts” p. 1-25, vol. 4, Comprehensive Polymer Sclence, Allen, G., Bavington,
J. C., Eds. Pergamon Press, Oxford,

Vilermausx, J., Lorenzini, P., Bertrand, P., Greffe, J, L., (1989) "Modelling of Polymerization
of Ethylene by Ziegler-Natta Catalysts’, In Polymer Reaction Engineering, K-H.
Reichert, W, Gelseler eds, p. 350 VCH Publ. Weinheim FRG

Yi, K., Pacala, L., (1988) *Linear Low Density Polyethylene: Markets- The First Decade and
Beyond", ANTEC ‘88 SPE Conf. Proc. 46th AnnualiTechnical Review, Atlanta April
18-21, 1366-1370

Zucchini, U., Cecchin, G., (1983) Adv. Polym. Scl. 51 p. 101



23

Chapter 2 Production of polyethylene and
copolymers by free radical polymerization

Low density polyethylene and copolymers are thermoplastics which are used in
a large variety of applications. They are produced, at high pressure, In elther autoclave
type or tubular reactors by free radical polymerization. Figure 8 shows the typical process
for high pressure polymerization of ethylene. Ethylene and the Initiotors are pressurized
and fed to the reactor. Residence timesin the reactor are of the order of 30 to 60 seconds,

and the single pass conversion Is usually less than 25 percent. Thus the unreacted ethylene
Is cooled, flashed oif and recycled.

Initiators Recycle

i

Oxygen '

Comonomer Low
ot Pragsaure
Sepatator

Ethylene

High
P Pressure
Separaior

React .7 | Product
eactor Cooler

1st
> 2nd

Compressor Compressar

—y§

| I Ep—

Recycle

Silos g Product
Extruder

Figure 8 The process for synthesis of high pressure polyethylene and copolymers

The tubular reactors (figure 9) can be over 1000 meters long (coiled) but are only
a few centimeters in dicmeter. Pressurized (2500 to 3500 atm) ethylene and initiators are
fed at the front, and at other locations along the tube at a rate to give a residence time
of less than one minute. Feed temperaiures can be as low os 40 to 50 °C while reaction
temperatures approach 300°C. Some cooling is provided by jackets and by cold monomer
feed, but a large temperature rise is associated with the reaction. Initiator flows and
cooling rates are set fo give the desired temperature profiles, conversions and molecular
welghts. Modifiers are also added to adjust the molecular properties of the polymer,
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‘:] Heating/cooling jacket
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Figure 9 Schematic of tubular reactor with multiple feed points

The vessel type reactors (figure 10) typically operate at lower temperatures and
pressures than do tubular reactors and they behave more like a continuous stirred tank
reactor (CSTR). The autoclave reactors may be eight to 10 meters tall and have a length
to diameter ratio of between four and 20, Mixing Is provided by a shatt running down the
center of the vessel with several (up to 40 or so) impeller blades of different types. Heat
transfer through the walls Is limited, so that the reactor is essentially adiabatic with the only
cooling provided by the inflow of cold monomer, The inflow of initiator at several points
down the reactor vessel provides control of the temperature which may vary down the
length of the reactor.

This section develops mathematical models for the production of low density
polyethylene and copolymers in both types of high pressure reactors. The mechanism
and kinetics of this free radical copolymerization is outlined below and by Zabisky et al,
(1992). We shall outline the important features of the tubular and autociave models and
present some simulation results in the form of sensitivity studies and comparisons with the
performance of industrial reactors.
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Figure 10. Schematic of a Typlcal Autoclave Reactor, T/C denoles a temperature
controller that manipulates the {nitlator flow.

2.1 Reaction kinetics for copolymerization

This model attempts to account for the important elementary reactions that
are likely to occur in the high pressure reactor assuming the terminal model for
copolymerization is valid (penultimate effects are neglected). The reactions to be
considered are presented below. The analysis is simplified without any loss of rigor by
using pseudo kinetic rate constants (Hamielec and MacGregor 1983, Tobita and
Hamielec 1988) . Finally, the model parameter estimation was based on the use of valid
literature and plant data, Of noteis the fact that the values for the kinetic rate constants,
reported in the literature, seem to vary over a wide range (Gupta 1987). It one just
considers the rate of polymerization, the ratio kp/ke'? is important. Figure 11 shows this
ratio as reported by several authors, The range over which it varies is quite apparent,
although to be fal, it must be pointed out that these values arise from different
measurement techniques and modes of initiation. The ratio kp/ke'* is expected to increase
with pressure because of the larger activation volume for k, than tor k,.
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Flgure 11 A sampling of the rate parameters for ethylene polymerization, from
various sources.

2.1.1 The elementary reactions

The appropriate reactions considered are listed below. The terminal model is
assumed to be adequate to describe this kind of polymerization, i.e., the rates of reaction
depend only upon the monomer unit on which the radical center is located and thus
penultimate effects are ignored. The reactions inciude initiation, propagation,
bimolecular termination, transfer to small molecules and polymer, backbiting, B-scission,
reactions with terminal double bonds, and explosive decompaosition of monomer and
polymer.

Initiation
1} The decomposition of peroxide initiator, |, to form free radicals, R

I kd n'R

—

where nisthe number of radicals formed perinitiatormolecule, usually two. ttis assumed
that each radical formed has the same reactivity. This is true for symmetrical peroxides.
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iy Oxygen Initiation of ethylene polymerization was first reported by

Fawcett et al. (1938), and has been used commercially In both tubular and vessel type
reactors. [t Is well known that oxygen also acts as an inhibitor in free radical
polymerizations at lower temperatures. Ehrlich and Piftilo (1960) studied the O, effect
and found definite pressure and temperature boundarles between the inhibition and
the initiation regimes. On the other hand Gierth (1970) found a gradual transition from
one regime to the other. Certainly these phenomena are quite complex. Oxygen may
react with radicals or monomer fo form polymeric peroxides. These peroxides may
then decompose to initiate the polymerization (Marano 1979), Several authors,

including Thies (1971), have trled to mode! O, initiation by assuming the overall second
order reaction occurs

O, +M g, 2R

—

neglecting the inhibition reactions, with moderate success. In tubular reactor
simulations, the tendency is to predict a sharp temperature peak, at the end of each
reaction zone, as the oxygen bums out. In industrial practice, a rounded peak is
observed for oxygen Initiation. Hciiar and thrlich (1983) attempted to produce a
rounded peak by incorporating a thermal self initiation reaction for ethylene (Buback
1980). Even so the peak was not rounded but sharp with a more gradual temperature
drop, due to thisself initiation. They found that the oxygenmust behave astwo separate
initiators, one fast and one much slower. In the present work it was found that a fist
order oxygen initiation iate does not adequately explain both the initial temperature
rise and the rounding off at the peak. We agree that the oxygen acts as two separate
initiators, one fast (responsible for the heat kick for the inlfial temperature rise} and one
slower (responsible for the rounded peak). For these reasons it was decided that
Initiation by oxygen must be examined more closely,

Tatsukami et al. (1980) have studied the oxygen initiation of ethylene and
postulated the additional reaction

R+0, ke X0,
deactivated products and

peroxides
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where X0, represents the products of the inhibition reaction that are peroxides, and X

denotes some possibly polymeric end group. These reactions account for the Initiation
and the Inhibition effects of oxygen, but not for the slow Initiation at high temperatures
responsible for the rounded peak. To explain this, Brandolin et al. (1988) observed that
the inltiation rate was of order 1.1 with respect to oxygen. In this study, it was decided
to try a less empirical method whereby some of the peroxides formed by the inhibition
reaction can decompose to further initiate the reaction. Thus oxygen Initiation can be
modelled with the additional reaction: |

Xxo, 2R

kd

—

slow initiation

I As mentioned previously, monomer may also thermally combine to form a

radical type I. Although this reaction Is thought to be very minor for ethylene at

moderate temperatures (Marano 1972), it may be significant at higher temperatures,

~ causing reactor runaways (Hollar and Ehrlich 1983). Buback (1980) found this reaction

to be third order in ethylene. Since the actual mechanism for this reaction is unknown,
It will be used as an overall third order reaction.

M. kih R.

{ — i

Propagation

Propagation of monomer type | with radicals of length r with radical centre
on monomer type |

Rr)+M, Lpji R(r+1)

—

Termination

Bimolecular termination reactions between two radicals to form one or two
dead polymer chains.

8y combination
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Ri(r)+R(s) ke, P(r+s)

or by disproportionation

Rr)+R/(s) *‘_."ﬂ P (r)+P(s)
or
P (s)+P(r)

The disproportionation reaction forms a dead chain with a terminal double bond,
denoted by the superscript =.

Chain Transfer reactions

(i) Transfer to monomer. Transfer of reactivity from radical type jto a monomer
type | fo form @ monomer transfer radical and a dead polymer chain

R{r)+M, i RI(1)+P(r)

—r

The transfer radical with propagation willhave a terminal double bond and this radical
willeventually become polymer with a terminal double bond after termination orchain
transfer.

(i) Transfer to chain transfer agent, modifier or solvent. Transfer of reactivity
from radical type j to chain transfer agent, 1SH, to form a dead polymer chain and
the transfer radical, TS*.

R,(r)+TSH His; TS* +P(r)

—

It is assumed that, 15*, has the same or greater reactivity as polymer radicals towards
monomer addition. The chain franster agent will thus not atfect the rate of
polymerization when bimolecular termination is chemically controlled, but can reduce
the polymerization rate when termination is diffusion controlled and chain length
dependent by reducing the size of the macromolecules.
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B-scission of terminal radicals

Terminal radicals may undergo p-scission (Nicolas 1958, Ehrlich and Mortimer

1970) at the high temperatures of polymerization forming a dead polymer ¢chain and
a radical of unit length,

R 4 P 1)
+R,(1)

It is assumed that this will not affect the rate of polymerization, but of course wauld
reduce the molecular weight of the product.

Reactions with internal (backbone) radical centers

An Internal radical center Is a radical located on a backbone carbon atom
and are formed by three reactions types: (I) transfer to polymer, (i) reactions with
terminaldouble bonds and (i} backbiting. Theseinternalradicalcenters can, in theory,
undergo all of the reactions thatchain end radicals do. Propagation leads to branches,
the type (whether long or short) depending upon the radical formation mechanism,
Reactlon types i and it lead to long chain branches, and backbiting leads to short
chain branches. In addition, these internal radicals could undergo a B-scission reaction
to torm two smaller chains, ene a macroradical and the other a dead polymer chain.

Transfer to polymer leading to long chain branching (LCB)

This reaction involves the transfer of reactivity from radicat type jto anitype
monomer unit in a dead polymer chain to form a radical with the active center
somewhere along the chain. In the presence of monomer, propagation leads to long
chain branching.

R(r)+P(s) Hj; R'(s}+P{r)

—_—

and then propagation
R'(s}+M; kp;; Ris+1)
- (LCB)
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where R' denotes an internal radical. One can express this two step reaction as a

single overall reaction where K¢, Is an overall reaction rate constant as explained In
the appendix to this chapter.

R j(r )+ Ps) A_'fi” R(s )(hmndu'd) +P(r)

Backbiting leading to short chain branching (SCB)

For the tormation of short chain bianches via backbiting, the radical activity
is transferred to a site along the same chaln and this site may propagate leaving a
short chain branch. Three, 4 and 5 membered rings are favoured giving methyl, ethyl
and butyl branches.

R(r) kbji R/(r)

and then propagation
R/(r)+M, kpij R{r+1)
- SCB

As with long chain branching, this two step reaction can be expressed as a single
overall reaction:

R (r) Ksca R (r )(hm.ndn'd)

—

B-scission at internal radical centres '

In addition to the propagation reactions, internal radicals may undergo
p-scission to form two smaller radical and dead polymer chains, one with a terminal
double bond.
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R/(r) ol P(s)+R;, (r-s)
or

P™(r-s)+R,  /(s)

This reaction Is also a two step reaction, whereby the first step Is the attack of a dead
polymer chain by a radical, forming an internal radical, the second step being the

scisslon reaction. One can write this as an overall reaction of the form when the
radial centres on the backbone are very unstable.

R(q)+P(r) fl:_ P (s}y+R,_ .(r-s)+P(g)

for}

or
P(r-s)+R;, (s)+P(q)

Terminal double bond reactions

The reactions of termination by disproportionation, B-scission, and transfer to

monomer produce chain ends that have double bonds. These double bonds might

react with radicals, via a propagation type reaction, producing internal radicals that
can propagate to form long chain branches.

P;(r)+Rys) R'{(r +3)

-

Explosive decomposition

The thermal decomposition of monomer and polymer at high temperatures
to form a variety of lower molecular weight products

M; kdem; Carbon + hydrogen etc.
P(r) kdep Carbon + hydrogen etc.
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A reactor unaway usually resultsin a muge pressure Increase due to the rapid evolution
of small molecules via these decompaosition reactions. ‘

2.2 The pseudo kinetic rate constants

One can simplify the mathematical treatment for a copolymerization by using
pseudo kinetic rate constants (Hamielec and MacGregor 1983). These rate constants
are the rate constants for each elementary reaction weighted by the fraction of
monorneror radical type in the reactor. Instead of writing down all the reactions between

all monomer or radical types, we can formulate the equations in terms of tha total
monomer or radical concentrations.

First we must calculate some fractions based upon the composition of the

reactor contents, and the kinetic constants. The reactivity ratios for propagation are
defined as

T
: kp;

kpa

rym—

kpa,

where kp; Is the elementary propagation rate constant for adding monomer type | to

polymer radical of typel. The mole fraction of each monomer type in the reaction mixture
is given by

M,

fl-ﬁ

Ji=1-4,

M, and M are moles of monomer of type 1 and the total moles of monomer, respectively.

The mole fraction of moncmer type 1 chemically bound in the accumulated polymer
(L.e., the copolymer composition) is given by:
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Accumulated Copolymer Composition:
— W,
T e,

Fy=1-F,

where W, is moles of monomer 1 bound in accumulated copolymer chains and W, , and
Y, can be found using a mass balance.

Instantaneous Copolymer Composition:
(ry=1)f, Iz + /)

Yrirr- 2 2L =r)f 1y

The mole fraction of polymer radicals of type 1 is given by

- kpa.f;
kpafi +kpi2f:

$y= 1 -9,

¢

This assumes that the long chain approximation is valid. The following pseudo kinetic rate
constants are used in modelling

Thermal initiation of monomer:

kth = keh [} + kthof

Propagation:

kp = kp@f, + kpydaf| + kpyo$yfs + kpatofs

Transfer to monomer:

kfm = kfm \$.f, + kfma,0of, + kfm 9. f; + kfmysb.f,

Transfer to chain transfer agent (or solvent):
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kfts = kfis b, + kfis:$,

Termination by disproportionation:

kid =ktd, &, +2.ktd, o, + ktedyoa

Termination by combination:

ktc =ktc, @) +2 - kic,$,0; + ki, 9.0,

and the overall bimolacular termination rate constant:

kt = ktc + kid

Decomposition reactions for monomer and polymer:

kdem w kdem, f, + kdem.f,

kdcp = kdcplﬁ + kdcpﬁ

Transfer to polymer:

kfp =kfp, |F;¢l + kfpzlﬁ‘#z

+ ka::Fz‘Pl + kf[’zf 2

p-scission of terminal radicals:

p-scission of internal radicals:

Uym T ko

Backbiting:
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ky = ky, O F, +kb|z¢lF1 +kyg 92F ) + Ky oy b:F

Notice that for backbiting, the Instantaneous copolymer composition is used.

It should be noted that the use of pseudo kinetic rate constants for reactions
Including polymer Is not strictly correct, since the composition of the chains will vary with
monomer convarsion. The use of F, Is an attempt to corract for compositional drift,
however for large extents of compositional drift the errors can be significant. Recently
Xie and Hamlelec (1992) have quantified the error associated with the pseudo kinstic
rate constant approach for branching systems, and have found that the error increases
with composition drift, monomer conversion and branching frequency. Since in our
case, the conversion Is relatively low, and the comonomer composition Is smali, the
composition drift is virtually insignificant (especially for ethylene - vinyl aceiate (Beasley
1989) where r, m r, « 1 ). The use of pseudo kinetic rate constants should be a valid
approximation for the branching reactions while being exact for the remaining,
propagation, termination, and transfer reactions (Tobita and Hamielec 1988). Xie and
Hamielec (1992) have shown how to completely eliminate the eror in M, by correctly
including the transfer reactions in the calculation of the radical fractions.

2.3 A note on collaboration

Thanks to Mr. W-M Chan, Mr. R. C, M, Zabisky and A. B. M. de Carvalho for their
assistance in technical details of the industrial processes, Mr, Chan also derived the
moment closure formula assuming log normal distribution and was responsible for
collecting the industrial data. Mr. P, R. Bellotti performed the PFLASH calculations and
developed the simplified thermodynamic correlation for the autoclave reactor model.
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2.4 Application to high pressure tubular reactors

2.4.1 Introduction

This section concentrates on the production of LDPE and copolymaers in tubular
reactors with the objective to develop a mechanistic model to describe the important
chemical and physical phenomena that occur in this fype of polyethylene reactor.
There have been severai tubular reactor models presented In the literature (as will be
described at the appropriate points throughout this work and in table 1), many with
shortcomings, lacking comparisons with experimental or industrial data or only for
homopolymerlzation. Many of these models neglect the effects of the pulse valve and
the product cooler. This thesis endeavors to present a more comprehensive model and
give actual comparisons with industrial data to support the theory.

Table 1 Summary of some recent attempts at modelling
LDPE tubular reactors

Author Reactions Included Parameters from Comments
AGRAWAL & * PEROXIDE INITIATION FROM LITERATURE = STUDIED AXIAL MIXING
HAN (1975) » TERMINATION 8Y DATA (AGRAWAL

COMBINATION 1974)

* TRANSFER TO MONOMER,
POLYMER & TRANSFER AGENT

* B =SCISSION
CHEN ET AL. * PEROXIDE INITIATION RATE :EHRLICH & * SUGGEST NEGLECT AXIAL
(1976) * TERMINATION BY MORTIMER {1970) MIXING
COMBINATION MWD: TO GIVE « LET REACTION MIXTURE
* TRANSFER TO POLYMER REASONABLE VALUES PROPERTIES VARY WITH
*» f§ -SCISSION REACTOR LENGTH
»SCISSION OR TRANSFER
NECESSARY TO OBIAIN

REASONABLE MWD



HAN & LIU
(977

LEE & MARANO
(1979}

GOTOET AL,
(1981)

BUDTOV ET AL.
(1982)

DONATI ET AL
(1982)

* PEROXIDE INITIATION

* TERMINATION BY
COMBINATION

* TRANSFER TO MONOMER,
POLYMER & TRANSFER AGENT
* §-SCISSION

* PEROXIDE INITIATION

* TERMINATION BY
COMBINATION &
DISPROPORTIONATION

* TRANSFER YO MONOMER,
POLYMER & TRANSFER AGENT

* PEROXIDE INITIATION

« TERMINATION

* TRANSFER TO MONOMER,
POLYMER & TRANSFER AGENT

* f§ ~SCISSION OF SEC RADICAL
* § =5CISSION OF TERT RADICAL
* BACK BITING

* OXYGEN INITIATION

» TERMINATION BY
DISPROPORTIONATION

» TRANSFER TO MONOMER,
POLYMER & TRANSFER AGENT
(PROPANE)

= PEROXIDE INITIATION
* OXYGEN INITIATION
» TERMINATION BY
COMBINATION &
DISPROPORTIONATION
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AGRAWAL & HAN
(1975 //

SZABO & LUFT (1969),
EHRLICH &
MORTIMER (1970)
ASSUMED
ACTIVATION
VOLUMES

- FROM EXPERIMENT
IN A VESSEL REACTOR
 TERMINATION RATE
BY ASSUMING
SEGMENTAL
DIFFUSION

* FROM EXPERIMENT
IN A TUBE & SYMCOX
& EHRLICH (1962)

Fal
R

« MULTIPLE INJECTIONS OF
MONOMER & INITIATOR

*DID NOT USE SSHFOR
RADICALS

* USED MODEL FOR SENSITIVITY
STUDY & TO SHOW TRENDS

» EXTENSIVE COMPARISON
WITH EXPERIMENTAL DATA

* USED OXYGEN INITIATION (1
ORDER W. R. T.. OXYGEN)

= NO MOLECULAR WEIGHT
CALCULATIONS

+ PULSE VALVE EFFECT ON

AXIAL MIXING NEGLIGIBLE,
BASED ONFLUID DYNAMIC
MEASUREMENTS



HOLLAR &
EHRLICH (1983)

YOON & RHEE
{1985)

MAVRIDIS &
KIPARRISSIDES
(1985)

SHIRODKAR &
TSIEN (1986)
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« PEROXIDE INITIATION

« OXYGEN INITIATION

» THERMAL SELF INITIATION
« TERMINATION

» B -SCISSION

TAKAHASH! &

+ PEROXIDE INITIATION
« TERMINATION

« IRANSFER TO MONOMER &  (1979)
POLYMER

» PEROXIDE INITIATION
* TERMINATION BY (1979
COMBINATION &

DISPROFORTIONATION

» TRANSFER TO MONOMER,

POLYMER & TRANSFER AGENT

* B =SCISSION

« PEROXIDE INITIATION

« TERMINATION BY
COMBINATION &
DISPROPORTIONATION

« TRANSFER TO MONOMER,
POLYMER & TRANSFER AGENT
« B ~SCISSION

« BACKBITING

PLANT DATA

CHEN ET AL, (1976},

EHRLICH (1982)

» CHEN ET AL, (1974)
-+ LEE & MARANO

LEE & MARANC

+ INCLUDED THERMAL SELF
INTIATION OF ETHYLENE

« CONCLUDED THAT OXYGEN
BEHAVES AS A FAST & A SLOW
INITIATOR

» STUDIED AXIAL MIXING &
CONCLUDED IT MAY BE
NEGLECTED

* STUDIED 35H FOR RADICALS &
CONCLUDEDITIS A VALID
ASSUMPTION

= STUDIED OPTIMAL
TEMPERATURE PRCFILES

» TESTED S5H FOR RADICAL
CONCENTRATION &
COMCLUDED IT 15 A VALID
ASSUMPTION

* INCLUDED MOMENTUM
BALANCE TO CALCULATE
PRESSURE

+ PERFORMED SENSITIVITY
STUDY TO OPTIMIZE
PERFORMANCE

* MULHPLE INITATORS

« TWO REACTION ZONES WITH
MULTIPLE INITIATOR &
MONOMER FEEDS



GUPTA ET AL,
(1987)

TJAHJADI ET AL,
(1987)

BRANDOLIN ET
AL, (1988)

VERROS ET AL.
(1992)

= PEROXIDE INITIATION

= JERMINATION

* TRANSFER TO POLYMER &
TRANSFER AGENT

*+ B -5CISSION OF SEC RADICAL
& TERT RADICAL

* BACKBITING

* PEROXIDE INITIATION
* TERMINATION BY
COMBINATION

* OXYGEN INITIATION

* TERMINATION BY
COMBINATION

* TRANSFER TO POLYMER &
TRANSFER AGENT

* f} -5CISSION

* PEROXIDE INITIATION

« CHAIN INITIATION REACTIONS
* TRANSFER TO MONOMER,
MODIFIER & POLYMER

* TERMINATION BY
COMBINATION &
DISPROPORTIONATION

* BACK BITING

[} —SCISSION OF TERTIARY &
SECONDARY RADICALS
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CHEN ET AL. (1976),
GOTO ET AL. (1981)

« LAURENCE &
POTTIGER (1985)

* RATE PARAMETERS
FROM REACTOR
TEMPERATURE PROFILE
* MOLECULAR
WEIGHT PARAMETERS
TO MATCH
MEASURED
MOLECULAR
PROPERTIES

GOTO ETAL. (1981) &
GROUPS OF KINETIC
RATE CONSTANTS SET
EQUAL FOR ETHYLENE
& VINYL ACETATE

+ CONCLUDE THAT SSHFOR
RADICAL CONCENTRATIONS
VALID

* MULTIPLE INITIATOR &
MONOMER FEEDS

* SENSITIVITY ANALYSIS
PERFORMED

+ OXYGEN INITATION
MODELED AS N'" ORDER
REACTION (W. R. T. OXYGEN)
N=1.1

» DETERMINED WHAT GROUPS
OF REACTION RATE CONSTANTS
CAN BE INDEPENDENTLY
ESTIMATED FROM
EXPERIMENTAL DATA.
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KALYONETAL  + PE HOMOPOLYMER » ESTIMATED KINETIC ~ + REPORTED INDEPENDENT
(1992) - OXYGEN INITIATION MODELLED VALUES FROM VALUESFORKP & KT -
ASFIRST ORDER REACTIONIN  INDUSTRIALDATA,  + PRESENTED RHEOLC GCAL
OXYGEN & ZEROTH ORDER FOR  + NO BRANCHING ~ DATA FOR POLYMER
MONOMER. CORRECTION FOR  PRODUCED UNDER DIFFERENT
» TRANSFER TO MODIFIER & MW MEASUREDBY ~ REACTION CONDITIONS ..
POLYMER GPC
» BACKBITING v
p -SCISSION OF TERTIARY & Tay
SECONDARY RADICALS
THIS WORK & = COPOLYMERIZATION - INDUSTRIAL « ALLOWS FOR
ZABISKY ETAL.  » PEROXIDE INITIATION REACTOR COPOLYMERIZATION
(1992) « OXYGEN INITIATION TEMPERATURE PROFILE * ACCOUNTS FOR PULSE VALVE
- OXYGEN RETARDATION & & FINAL CONVERSION PRESSURE VARIATION
RE-INITIATION « MEASURED + OXYGEN INITIATION,
» THERMAL SELF INITIATION MOLECULAR WEIGHTS RETARDATION & RE-INITIATION
« TERMINATION 8Y + REASONABLE - MULTIPLE INITIATORS
COMBINATION & BRANCHING « MULTIPLE FEED POINTS
DISPROPORTIONATION FREQUENCIES
« TRANSFER TO MONOMER,

POLYMER & TRANSFER AGENT
« [§ =SCISSION OF TERMINAL
RADICALS

* B -5CISSION OF BACKBONE
RADICALS

* BACKBITING

The mathematical model to describe steady state high pressure tubular
reactors is developed below. This model is bosed upon the kinetic mechanisms for the
copolymerization (presented above), and upun a knowledge of the reactor flow and
temperature characteristics. The modelis then used as the basis fora computer program
(TUBULAR) to simulate the steady state production of LDPE and copolymers in tubular
reactors. This computer model predicts the temperature, pressure and fractional

o
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"{fi‘:’onverslon profiles along the reactor as well as the final product quaility, Tfj'e properties
of“interest are the copolymer composition, molecular weight averages, branching
frequencies, melt viscosity and polymer density, The computer simlation should then
Iibe useful to develop new products and Improved methods of making existing products.

]’Sofe'ryf calculations can easily be performed using the simulation model, By
" Incorporating the kinetics of free radical copolymerization into the model, we can
simulate a multitude of new copolymers to determine, at least as a first estirncte. the

-~ Ideal proportions of each monomer in the feed to yield the desired copolymer product.

This project endeavors to build upon these existing models, and conectly
incorporate other physical and chemical phenomena that were neglected by others,
Some of the new considerations presented by this work, are '

+ A more detailed study of the pB-scission phenomena including scission of backbone
radicals,

« the pulse valve Is incorporated to allow for pressure fluctuations
» the product cooling section Is included
« a mora complete description of the cooling jackets Is included.

* oxygen Initiation is modelled in more detail to account for Initiotion, retardation,
and re initiation,

« o multiple feed, multiple reaction zone reactor is modelled and the kinetic and

' heat transfer parameters, although proprietary, are estimated from
trmperature and conversion data collected from an industrial reactor
producing polyethylene and polyethylene vinyl acetate copolymers using
both oxygen and peroxide initiation,

2.4.2 Kinetic model development

The mathematical model to describe the polymerization is presented in this
section. The model includes mass, momentum and energy balances for a steady state
tubular reactor. We assume that the tubular reactor and the cooling jackets experience
plug flow, i.e., there are no radial temperature or concentration gradients in the tube
or jackets, and no axial mixing. The validity of these assurnptions depends upon the L/D
ratio, the fluid properties and the Reynolds number. Since the Reynolds number for these
reactorr is usually greater than 10,000 (Chen, et al. 1976), and the L/D ratios are very



43

large, these assumptions should be valld. Fluld mechanical studies (Donati et al. f982)

seem to suggest that the axial mixing effect Is of minor importance and Yoon and Rhee
(1985) confirm this.

We also assume that the reaction mixture is homogeneous. There may be a
polymer rich phase precipitating very near the tube wall, where it Is cooler. The reaction
rates will be much different there, but we are neglecting this since resins produced In
tubular reactors do not show the grainy film appearance, a typical characteristic of
two phase reaction polymer obtained in autoclava reactors. With these assumptions,
the model should give reasonable bredlcﬂons of the polymer quality, temperature and
fractional conversion profiles along the reactor. Relaxing these assumptions would lead
to greater model complexity with possibly a small increase In accuracy.

The model is written using axial distance, L, as the independent variable. The
resulting ordinary differential equations will be solved in this form by integrating along
the reactor length. We will consider mass balances on each species in the reactor,
energy balances on the reactor and jacket contents, and a momentum balance to
account for the pressure drop In the reactor, Special considerations are made for the
pulse valve. The chemical reactions considered are presented in the previous section,
Terminal double bond and explosive decomposition reactions are neglected. One can

simplify the mathematical equations for a copolymerization by using pseudo kinetic rate
constants,

Mass balances on species

In order to find the rate of polymerization we must pedorm a mass balance
on each chemical species including, oxygen, initiator, monomers, radicals chain
transfer agents and monomer units bound as polymer. If we consider a plug of fluid
flowing down the reactor with some velocity, we can write an equation of the form

accumulation in the plug = net generation by reaction

This results in ordinary differential equations with axial distance being the independent
variable. These equations can be solved from the front feed of the reactor to the first
feed point. Then new initial conditions are found by Including the new feeds, and the

equations are then solved to the next feed point. This procedure is continued until the
exit Is reached.



44

The long chain approximation is made for rnonomer and the stationary state
hypothesis Is made for all radical species. Radical formation is by decomposition of
peroxide, by oxygen initiation, and by thermal initlation. Oxygen retardation and
re-initiotion are also included.

The detalls of the balances are presented in a later section.

Energy balances

The temperature profile along the reactor is an important calculation. The
rate of polymerization can double for every 10°C rise in temperature, and thus if the
temperature profile is incornrect, the other predictions will certainly be inaccurate. We
must also calculate the temperature profile for safety considerations. Energy balances
are performed on a piug of the reaction mixture and on a plug of the jacket contents.
Heat transter across the reactor wall is considered and the ternperature of the reactor
and the Jacket is calculated

accumulation of energy in the plug in the reactor=
net gen_eg'aﬁon by reaction
- net energy fransferred to jacket

accumuliation of energy In the plug in the jackel =
net energy transferred lo jacket from the reactor

Again, this results in ordinary differential equations with axial distance being the
independent variable. These equations can besolved from the front feed of thereactor
to the first feed point or the end of the first jacket section. The new temperature is
calculated by assuming instantaneous mixing of the fresh feed and the reaction
mixture. An enthalpy balance is performed at the feed point to obtain the new initial
conditions. The equations are then solved to the next feed point orjacket section. This
procedurg is continued until the exit Is reached. The temperature of the cooling
medium must be specified at the up stream entrance or exit points of each cooling
jacket section. Forsections of the jacket where the flow Is counter current to the flow
of reactonts, the outflowing temperature must be specified. The down stream
temperature is then calculated from the energy balances.

The heat capacity of each stream is assumed to be the sum of the heat
capacities of the pure componentsand we are neglecting heats of mixing andsolution.
The heat transfer coefficients are calculated by obtaining film heat transfer coefficients
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that take into account the properties of the reaction mixture (Chen et al. 1976) and

by fiting the wall heat transter coefficient to match the reactor and jacket
’remperotures.

The details of the balances are presented in a later section.

Reactor pressure effects

The reactor pressure affects both the rates of recaction and the
thermodynamic properties of the reaction mixture. The reactor pressure decreqses
alongthe reactorlength to the pulse valve, where alarger pressure drop s experienced.
Furthermore, the pulse valve is pericdically opened and closed, creating pressure
waves, to help reduce reactorfouling. Allof these effects must be reasonably modelied.

Pressure profiles

Since the rate of reaction depends upon the reactor prassure, it Is important
that we adequately model the prassure profile down the reactor length. One method
is to write a differential equation for the pressure drop for turbulent flow down a tube.
This gives (Donati et al. 1982, Kiparissides and Mavridis 1985) from the definition of the
Fanning friction factor for turbulent flow,

P fiprut
dL [ R
where
p fluid density
r inner radius of reactor
u linear velocity of fluid
£. the gravitationa! constant used to convert kgm (kilograms mass) 1o kgf

(kilograms force)

P reactor pressure.

I the Fanning friction facior
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TheFanning friction factor for turbulentflow, under these reactorconditionsis probably
inthe range 0.01 > f, > 00791 +Re™'* (Brandolin et al, 1988). The solution of this equation
should give a reasonable pressure profile down the reactor to the pulse valve.
Reynolds numbers calculated using the mode! developed in this thesis show that the
flow is fully turbulent.

Pulse valve effects

In this section we are interested in the effect of the valve pulsing and thus,
varying the reactor pressure range and the reaction mixture flow rate, This pulsing
causes the reaction mixture to heat up and cool down, due to the change in: (a)
reaction rates as the pressure changes; (b) flow rates causing variation In residence
times; (c) heat transfer coefficients as the velocity changes; and (d) heat transfer
coetficients as the fouling is allowed to accumulate, or is removed from the reactor
wall. This pulse valve may also cause axial mixing, but for the reasons discussed
previously, we are neglecting this. We are aiso modeliing this as a steady state flow
reactor, even though the reaction mixture s slightly increasing and decreasing In linear
veloclty. The optimum case would be to model unsteady tlow, accounting for axial
mixing. Unfortunately this would involve solving a set of partial differential equations
(Intime and reactor length), and we may find that the approximations we have made
here, give a simpler, but nonetheless adequate model.

Reactor fouling has not been studied for this type of reactor. Since we have
no theoretical basis to model the fouling of the tubular reactor, we have neglected
this. Furthermore Donati et ol. (1982) found in ¢ pilot scale reactor, that the sinusoidal
pulsing of the reactor had no significant effect on mixing, heat transfer coefficient
and pressure reduction probably due to the low frequency (2 to 10 sec per pulse) of
pulsation, as compared to the much higher frequencies of turbulent motion
(approximately 10° times greater). A large amount of axial mixing (denoted by a small
Peclet Number) over asignificant length of reactor would be required to stric a reactor
of any polymer film fouling the walls. Agrawal and Han (1975) found that a Peclet
number near 100 is needed for significant axial mixing. On the other hand Chen et
al. (1976) found that the Peclet number is more probably in the order of 10" for a
tubular reactor. For these reasons, we feel that we are still justified in neglecting axial
mixing (although we did not measure the Peclet number in this study), and in
neglecting any fouling on the reactor walls, because the axial mixing that would be
present, due to the pulse valve, is not sufficient to strip the walls of any fouling.
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Under usual operation, the pulse valve Is quickly opened every T,,,, seconds,

allowing a decrease in reactor entry pressure of AP (kgf/cm?) and slowly closed over
T..... S8CONds untll the pressure returns to the set point. We assume that the valve is
Instantaneously opened and linearly closed with time, Since we have not yet
developed any realistic modelon how the pressure and mass flow rates change with
valve position, we assume that the flow Increases linearly, and the pressure decreases
linearly with valve position as it Is opened. The pressure change is a process variable,
controlled by the operaior, and the flow rate change may be in the order of 20 1o
50% (Donati et al. 1982). We also assume that the pressure reduction due to the pulse
valve, AP, is the same over the entire length of the reactor (up to the pulse valve).
Thus the pressure profile down the reactor, P, Is calculated as in the previous section,
and periodic perturbations due to pulsing are superimposed upon this profile, A
reprasentation of the pressure profile is shown in figure 12

A

E # — .
: - .
A AP Po
0
o 3
o,

— "I;p,,,

T =

-

Residence Time

Figure 12 Description of effect of pulse valve on reactor pressure profile

Pressure drop across the pulse valve

The pulse valve causes a large pressure drop from the reactor 1o the product
coolersections. This pressure drop can change the rate of any residualreactions and
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the temperature of the reaction mixture. The pressure drop Is probably most simply
modelled, In the absence of actual pressure data, as a constant value, This would
appear as a discontinuity in the pressure profile down the reactor.

The effect of the pulse valve, can be considered to be a throtting
phenomenon. This s a pressure drop at constant enthalpy, assuming that the heat
losses to the surroundings are negliglble. Thisis more famlliarly known as Joule-Thomson
expansion (for example see Smith and Van Ness 1975). The Joule-Thomson coefficient,

GP

This coetfticient is a function of temperature, pressure and solution composition. In the
absence of thermodynamic dataq, for the mixture under these conditions, we assume
that It is a constant and glves

I,-T,
Vr=p 5

P,-P,
So given the pressure drop, and the expansion coetficient, one can estimate the
temperature change over the pulse valve. v, is probably also a function of the valve
type, and fluid properties. This analysis may be oversimplified and a more detailed
description could be used incorporating the two phase flow affer the pulse valve,
However since we have very little information about the flow past this valve, we shall
use the simpler model.

Molecular weight considerations

A precise knowledge of polymer properties is of great importance, as more
and more specialties are required for specific industrial applications. In order to predict
the physical properties of a resin, It is indispensable to know the molecular progerties
of the polymer. For this reason, molecular properties such as molecular weight
aistribution and branching frequencies are very meaningful calculations for the model.
From the industrial point of view, a relioble copolymerization model is capable of
appraising synthesis conditions, as well as allowing studies on new copolymers prior to
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Industrial tests. Thus, new polymer grades could be developed more easily, and the

existing ones moy be optimized in order to supply consistently high quality resins to
customers.

Several attempts to model the molecular weight and branching frequencles
have been made, in addition to the necessary initiation, propagation and termination
reactions, some have included transfer 1o polymer and backblting, but others have
neglected eitheror both termination by combination and p-scission. Additionally, other
authors only consider the p-scission of terminal radicals. The p-scission of internal
radicals reaction could also cleave long chalns into two smaller macromolecules, thus

preferentially reducing the molecular weight of the longer chalns and narrowing the
distribution.

With respect to high pressure polyethylene reactors, a brief discussion of some
of the past molecular weight modelling attempts, for homopolymerization, is in order.
Saldel and Katfz (1967, 1968) considered transfer to solvent and termination by

" combination and disproportionation but neglected the p-scission, transfer to polymer
and backbiting reactions. They then used the method of moments to derive equations
for the number and weight average molecular weights. When the stationary state
hypothesis for radicals was not used, they found that the moment equations were not
closed, i.e., the lower moments were functions of the highermoments. In order to close
the equations, a technique presented by Hulburt and Kafz (1964) was used. This
technique assumes that the molecular weight distribution can be represented as a
truncated (after the first term) series of Laguerre polynomials by using @ gamma
distribution welghting function chosen, so that the coefficients of the second and third
terms are zero. It should be noted that this is still an empirical correlation for the higher
moments as a function of the lower ones. This conelation may not be valid for many

cases and quite possibly not for the polymer produced in this process (Zabisky et al
1992 and later sections).

Mullikin and Mortimer (1970, 1972) used a probabilistic approach to find the
molecular weight averages under steady state conditions, including long chain
branching, but excluding termination by combination, backbiting and fi-scission. Smaill
(1972, 1973) used the same kinetic scheme as Mullikin & Mortimer and the method of
generating functions to find the molecular weight averages and the moments of the
branching distribution. Jackson et al. (1973) considered transfer to chain transferagent,
termination by disproportionation, termination by combination and transter to polymer,
but neglected backbiting and p-scission.
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Agrawal and Han (1975) Iincluded termination by combination, transter to
polymer, transfer to monomer and transfer to moditier but neglected backbiting and
p-scission. Chen et al, (1976) used the method of moments and the closure technique
of Hulbu:? and Katz. The reaction scheme included termination by combination,
transfer to polymer and p-scission of terminal radicals. Han and Liu (1977) used this
same kinetic mechanism.

Lee and Marano (1979) used rate constants from Szabo et al, (1969) and
Ehrlich and Mortimer (1970) and Included transter to monomer and modifier.
Termination was by disproportionation ond"'comblnotlon. and backbiting and transfer
to polymer to produce branches was also included. The p-scission reaction was
modelled for the breakup of the chains at tertiary carbon atoms in the back bone,
and the p-scission rate constant would apparently include the fraction of radicals that
are on tertiary carbon atoms. In actual fact, they neglected f-scission because they
claim that most of the chains are made by either termination or transfer to moditier
and because of uncertainty in the rate constant for the B-scission reaction.

Yamamoto and Sugimoto (1979) used the model of Mullikin and Mortimer to
estimate the long chain branching rate constant from their polymerization data. They
include g-scission of terminal radicais and neglected termination by combination.

The model of Gotoetal. (1981) Is based upon the probabilistic model
suggested by Mullikin and Mortimer but they included the backbiting reaction to
produce short chain branches as well as transfer to solvents monomers and B-scission.,
Hollar and Ehrlich (1983) added thermal initiation to the model of as Chen et al. (1976).
Kiparissides and Mavridis (1985a, 1985b) Included termination by combination and
disproportionation, transfer to monomer, polymer and solvent, and f-scission of terminal
radicals but neglected backbiting. They then used the method of moments to find
the number and welght average molecular weights, using the Hulburt and Katz (1964)
closure method when the stationary state hypothesis was not used for the radical
concentration. Gupta (1985, 1987) used the same kinetics as Goto (1981).

Yoon and Rhee (1985) included only transfer to monomer, transfer to polymer
and termination by combination. Shirodkar and Tsien (1986) considered transfer to
monomer, solvent and polymer, backbiting, and termination by both combination and
disproportionation, but neglected p-scission, Postelnicescu and Dumitrescu (1987)
considered termination by combination and disproportionation, tfranster to monomer
and transfer to chain transfer agent, but nagiected transfer to polymer, backbiting
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and p-scission. Tjahajadi et al. (1987) considered only termination by combination,
neglecting all other ;cqc’rlons Brandolin et al. (1988) included termination by
combination, transfer to polymer and solvent, and p-scission of terminal radicals.

What follows Is our attempt 1o model the molecular welght and branching
development for a more comprehensive set of reactions, including binary
copolymerization. Firstly, balances for the radicals and polymer chains of length r are
given and then the method of moments is used to find the molecular weight averages
and the branching frequencies, The derivation of the molecular weight moments,
using this method, is as follows. Notice that we have used pseudo rote constants to
convert the copolymerization equations Into simpler homopolymer equations.

i il

Moments of the molecular weight distribution

Forsuch a complex system, it is not possible without excessive computational
effort to predict the entire molecular weight distribution. The method of moments,
affords a relatively simple method to calculate the important leading averages. The
moments of the molecular weight distribution are found by writing balances on the
radical and polymer molecules of chain length r, multiplying each term by the
appropriate power of r, and summing them from r=1 to «, The moments of the dead
polymer radical size distribution are defined by

Y,= 3 rRE)

and the moments of the polymer size distribution are defined by

;= 3 r'P(r)

The moments are found by parforming mass balances on species of length
r and then multiplying the equation by the desired power of r and summing. Details
of the process are given in a later section.

The radical centers can either be at the chain end, or on the backbone of
the chain (in‘ernal radicals), Itis assumed that the concentration of polymeric radicals
with two ol more radical centres is negligible. We assume that all internal radicals
promptly undergo either propagation (forming long or short chain branches) or
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p-scission, i.e., the transfer to polymer reaction responsible for the production of the
internal radical is the rate limiting step.  This Is equivalent to assuming that the
concentration of backbone radicals s near zero. We therefore neglect
tetratunctlonal branching and the possibility of crosslinking due to termination by
combinatlion of internal radials,

Thestatlonary state hypothesis (SSH) for the radicalmomentsisused. Mavridis
and Kiparissides (1985a,b) and Yoon and Rhee (1985) found little difference in the
solution to the MWD when the SSH assumption is relaxed. Moreover, In our simulations,
when the SSH was relaxed the results were not signiticantly changed. The: assumption
makes the ODE’s much easler to solve, as they become less stlff,

Mass balances can be performed to find the dead polymer moments, The“:
average chain lengths are then given by:
Number average
— i+Yy @
P
Q+Ys Qo

Weight average
TO+Y @
z-average
T O +Y, . %
Y, O

Since@; » Y;.

The problem of closure

When B-scission of the Internal radicals is accounted for in the mode! the

moment equations for the lower moments are functions of higher moments,
therefore, the system is not "closed" when this reaction is significant. If we include
thisreaction we must find a suitable a closure technique that will adequately predict
the higher moments as a function of the lower ones. Twc nossible choices have
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been selected for a closure technique as described below, and these were

evaluated by simulation, and comparing predicted with actual measured molecular
weight averages.

Several authors have used the closure technique of Hulburt and Katz {1964),
although this method may not be completely suitable for polyethylene produced
In a high pressure tubular reactor (Zabisky et al. 1992). Nevertheless, this technlque
will be evaluated as a possible closure meathod. The closure equation is:

2
ediel

Q= =—==(20.00- O})

Molecular weight distributions produced in tubular reactors are often close
to being Log Normal. For this reason, a log normal distribution s used to derive
expressions for the higher moments as a function of the lower moments (see later
saction for the derivation), and the result is:

0.\
QJ - Qu( Q:)

Comparison with actual data

Experimental molecular weight data for LDPE, produced in a tubular
reactor, were provided by Poliolefinas, and are shown in the table 2. It should be
noted that the molecular averages were measuted by gel permeation
chromatography, but no corrections were made for branching. Thus the higher
molecular weight averages may be somewhat underestimated, M, and M, In
particular, The magnitude of the error Is unknown but could be checked by
comparing the GPC results to an absclute method like high temperature low angie
light scattering.

If @, Isset to unity, one can calculate the highermoments from the molecular
weightdatq, sinceM, = m@,/Qq, M,, = mQ,/Q,. and M, = m@/Q, (m isthe molecular weight
of monomer). One can therefore calculate the third moment (and thus A1) as given
by the Hulburt ond Katz (H-K) and log-Nomal (L-N} methods and compare the results
with those presented above. These are shown in figure 13.
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Table 2 Molecular weight data from tubular reactor
(Triunfo, Brazil)

Resin M, M. M,
Resin A 25900 222000 705000
Resin B (sample 1) 15800 88300 273000
Resin B (samplc 2) 16700 97800 312000
Resin C 21300 148000 445000
Resin D 20500 135000 398000
Resin E (sample 1) 17800 95800 307000
Resin E (sample 2) 17800 98300 330000
Resin E (sample 3) 18900 98500 284000
I T e ——
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Figure 13 Correlating plant molecular welght data with closure techniques

We can see that the L-N method greatly over predicts the @, value, whereas
the H-K method under predicts it. The geometric average of the two methods Is in
good agreement with plant reactor data.

Qseevmeric = VECui-x O _n
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Recommendations for closure

1

\‘.

On the basis of these tests, the method of choice appears to be the |
geometric mean of the Hulburt & Katz method and the Log-Normalmethod. 1tshould
be emphasized that the method that fits the actual plant data best (in this case, the
geometric mean) should be used for simulotions. Closure methods should not be
arbitrarlly chosen without validation with real data. Moreover the closure methods

are not generally valid, for example they may differ for tubulor and autoclave
reactors.

Brahching frequencies

The shortand long chain branching can have animportant effect on polymer
properties. The more short chain branches incorporated along the polymer chain, the
lower will be the polymer density, while long chain branches affect the rheological
properties. The branching frequencies can be calculated by mass balance on the
total number of long (LCB) and short branches (SCB), The number of short and long
chain branches per polymer molecule is calculated as follow:

— SCB
S
Qo

— L
I CB

" Qe

The number of shoit and long chain branches per 1000 carbon atoms is given by
(assuming two backbone carbon atoms per monomer unit)

(2
L Q

).sno
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Soluition of the.“1athematical model

“The modells com prised of a system of coupled ordinary differential equations.
These equations may become stiff during the nearly adiabatic temperature rise, To
‘$Solve these equations, we have used a package called LSODE (Hindmarsh 1980, 1983)
that uses either a non-stitf (Adams) or stiff (Gear) method with variable step size and
interpolating polynomial order. '

2.4.3 Simulations

Some typical conversion, temperature, molecular weight and branching
frequency profiles are presented In figures 14, 15, 16, and 17. These profiles were
generated using the simulation program TUBULAR presented in this report and are simply
to show stanciard trends In @ multiple feed, multiple reaction zone tubuiar reactor. The
inflow points of monomer, moditier and initiator are shown in these figures. Relative
tempercCture is the reactor temperature over the temperature of the feed monomer,
Convefrsion is presented as the mass of polymer divided by the mass of monomer and
polymer.
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Figure 14 Typical Conversion Profile: Peroxide Initiated Homopolymer
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Figure 17 Typical Branching Frequency Profile: Peroxide Initiated Homopolymer

In order to evaluate the validity of the model developed, simulations for both
homopolymerization and copolymerization were carrled out to compare the model
predictions with actual plant data. Since literature values for the kinetic rate constants
seem to vary over a wide range (Gupta 1987), we chose to fit the parameters to industiial
data. For this reason the values of the rate constants used, must remain proprietary. The
results are shown in figures below.

Figures 18 and 19 show the reactor and jacket temperature (1)) profiles, as well as
monomer conversion along the reactor for homopolymerization of ethylene using
oxygen as initiator, while figures 20 and 21 employ liquid peroxides instead. Figures 22
and 23 provide the same plots for copolymerization of ethylene and vinyl acetate. For
copolymer, the conversion is the total mass conversion of monomer. Notice that in all
cases, the model predictions fit the plant data récsonobly well, suggesting that the
modeil proposed has the necessary structure and fundamental basis to simulate the
industrial reactor. However, efforts stil have to be made In the sense of improving
parameter estimates of the model, with respect to the molecular properties, and work
is currently being done by Poliolafinas by measuring molecular properties, and fitting
the model parameters.
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Figure 22 Reactor Temperature Profile: Peroxide Inltiated Copolymer
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2.4.4 Conclusions for tubular reactor model

A more general kinetic model than is available in the open literature has been
“developed for free radical, high pressure copolymerization in a commercial tubular type
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reactor with multiple feeding polnts. The model accounts for reactions which are
frequently neglected by other olﬁihors like: thermal initiation of monomer, backbiting,
fi- scisslon, and decomposition reactions. In order to represent realistically the
polymerization process, the effect of pulse valve and product cooler was also
incorporated in the model. In order to have a better understanding of how reactor
operation policies affect the polymer microstructure, (c nin fuin the polymer properties)
the model was extended to predict both the Donecular welght averages, and the
average frequency of long and short chain branching. A new approach for moment
closure to evaluate molecular weight averages has also been presented. Simulation
results generated from the model were compared with plant data, and have shown
encouraging prospects for industrial application, '



2.5 Application to high pressure autoclave reactors

2.5.1 Introduction

The mechanism and kinetics of this free radical copolymerization is outlined

above and by Zabisky et al. (1992). However, there are several complications Whlch'"

make the modeling of autoclave type reactors highly challenging, namely: a) non-ideal
mixing, b) the presence of unstable steady states, ¢) thé existence of reactions in two
pzhases and d) the possibility of gel formation due to c. o":!.nking reactions, In order to
develop a comprehensive model capable of predlr fing the actual plant operating
conditions as well as the polymer properties, one must address all of these items without
making the model too complex to be readily solved. Attempts have been made to
model this type of reactor (Georgakis and Maiinl, 1982; Marini and Georgakis, 1984),

- but herein attempts will be made to produce a more comprehensive model to describe
not only the rates of reaction, but also the molecular properties of the material formed.
Our objective Is to create a mathematical structure to account for the rate of
polymerization and o describe the molecular weights, compaositions, branching
frequencles ond gel content of the polymer formed., This mode! includes
thermodynamic and kinetic considerations for a heterogeneous ieaction mixture and
includes a mixing model to account for the flow pattern within the reactor. The model
Is put together to create a dynamic simulation of commercial autoclave reactors
Including multiple feed points and temperature controllers.

In this section we shall outline the important features of this model and present

some simulation results in the form of sensitivity studies and comparisons with an industrial
reactor.

2.5.2 The mixing model

The mixing pattern in an autoclave type reactor tends to be of a recirculating
nature. The effect of mixing on reactor perfformance is very important, especially since
an imperfectly mixed vessel requires more initiator per unit of polymer produced than
does a more perfectly mixed vessel under the same conditions (Georgakis and Marin,
1982). The Initiator tends to decompose near the feed points, and not in the bulk of the
reactor, thus not promoting a@s much polymerization as if the initiator was uniformly
distributed throughout the reaction mixture. The presence of temperatuie gradients
down the reactor also reveal imperfect mixing.
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Donati et al. (1981) studled a cold mock up of an industrial scale reactor, a
CSTR with a single impeller. They found the flow In this compartment tended to be
downward near the wall, with back flow in the centre. They medelled this flow pattern
as two annuli divided into several CSTR’s with axiol flow and radial mixing between the
two annull, The regions near the impeller and the bottom of the tank were modelled as
CSTR’s with no radial gradients. Georgakis and Marini (1982) modelled this same reactor
as threa CSTR's In serles with recycle to each one. They used two small volurnes near
the Initiator feed points and then a larger volume element for most of the reaction,
These models which appear to be adequate for a single compartment, at least with
respect o inltiator consumption, are based upon measurements of the velocities in the
actual reactor and therefore should be quite realistic. However these models were
proposed only for a single compartment between the stirrer blade and the bottom. The
present model must account for the entire vessel,

The proposed mixing model

Consider the autoclave reactor represented by N, volume elemeiits, each of

them consisting of a CSTR segment followed by a plug flow segment to account for
steep temperature grudients from one volume element to the next. In the plug flow
segment, to avoid solving pariial differential equations, we have approximated the
whole section by ¥, equal volume CSTR’s in serles. To account forrecirculation we allow
recycle from the CSTR segment of each element to the CSTR segment of the element
above. Figure 24 shows the multiple reaction volume scheme.

We can set the volume of each element, V;. Moreover, for each volume element we

define the volume fraction of the CSIR segment to the total volume of element j as.
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Figure 24. Schematic of proposed mixing model for total reac.or, and a blow
up for a specific volume element | showing how the plug flow segment
is approximated by several small CSTRs.
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and thus 8, Is o parameter to be estimated for each volume element j. The larger ¢

the more the mixing in the element approaches ideai CSIR. The volume of each small
CSIR In the plug flow segment is given by
vi{l-8,)
J-IL--L_A{_J. L-?.,},-..,N +I

4

The recycle is specitied by a recycle ratio, q, defined as the volumetric flow rale in the
recycle stream divided by the sum of volumetric feed rates to all elements. Thus the
parameters which define the mixing model are: a) the number of volume elemenis
(N,). b) the volume fraction of each element that is the CSTR segment (8,). €} the nurnber
of smaller CSTR’s in the plug flow segment (N,), and d) the recycle rate for each
element, except top element (g). Reasonable estimates of these parameters can be
obtained from knowledge of the reaction temperature profile, initiator flow rates and
stirrer geometiy.



2.5.3 The unstable steady state

It has been found (Georgakis and Marini, 1982; Marini and Georgakis, 1984 and
this work) that by using a steady state model, cne cannot solve both the mass and
energy balances for reasonable operating conditions. Considering a single adiabatic
CSTR, the manomer conversion given by the steady state energy balance and by the
monomei mass balance can be plotted against reaction temperature (Figure 25), There
s a steady state near the region where the industrial reactor normally operates, denoted
by point A. Here both the mass and the energy balance equations are satisfied. If we
attempt to operate at a point on the mass balance line to the right of point A then the
heat generated by the reaction will cause the temperature to rise. On the other hand,
if we start at a point on the left hand side of A, the system will cool down until no
polymerization occuss, Thus point A is an unstable steady state. One con use a dynamic
simulationand include temperature controller equations to maintain the operating point
at the desired steady state.

30
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Figure 25. Steady state operating lines for a vessel reactor based upon the mass
balance and the energy balance. A single well mixed volume. Feed
temperature 40C., Ethylene homopolymerization
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2.5.4 A thermodynamic correlation for polymer-monomer phase
compositions

Under certain conditions, the polymer may precipitate out from the monomer,
forming monomer and polymer rich phases. The polymerization then occuis as a
heterogeneous reaction. Reactions with dead polymer, ke branching and ultimately
gelformationreactions, are accentuatedin the polymerrich phase. it has been reported
that the polymer produced under heterogeneous conditions differs significantly trom
the polymer manufactured under homogeneous conditions, the farmer providing a
better balance of mechanical and optical properties (Bogdanovic and Srdanovic,
1986). It is thus vital to quantify the polymer-monomer compositions in each phase
during the polymerization. The boundary between homogeneous and heterogenaous
reactlon conditions is a function of prassure, temperature, and polymaer stiucture,

In order to quantify the monomer and polymer compaositions in each phase of
the reaction mixture, a joint project was undertaken by Polioiefinas and the group of
Prausnifz at the University of California, Berkeley, to model the phase equllibrium problem
In polymeric systems using the continuous thermodynamics approach and a cubic
equation of state (Sako et al. 1989), This resulted in the creation of a sottware package
entitied PFLASH (1988). PFLASH calculates the weight fraction ot polymer in each phase
as a function of temperature, pressure and molecular weight. For ethylene -
polyethylene, this model predicts an Insignificant amount of polymer dissolved in the
monomer rich phase under the normal range of operating conditions, so we need only
concern ourselves with the monomer concentration in the polymer rich phase,

Due to the relatively large computation time required to run the complex
thermodynamic model (PFLASH), a much simpler correlation was developed by fitling
the output generated by PFLASH. Simulations were performed using PFLASH following
an orthogonal factorial design and multiple linear regression was used to calculate the

eight coetfficients (Box etal. 1978). Allcoefficients were significant at the 95% confidence
level,

W, =0.24548 ~ 0.05777X, - 0.078337X, + 0.00487 18X, ~ 0.0273K6X X, +
+0.003255GX X, + 0.00328LX.X, + 0.0029964X XX,

where W, is the weight fraction of polymer in the polymer rich phase, and X, X, X, are

all normalized variables defined as:
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This correlation Is only valid when alf the normalized variables fall within the range of
(-1,+1]. Due to our lack of data for the ethylene: vinyl acetate - polymer phase
relationships under these conditions, this correlation Is only strictly valid for ethylene and
polyethylene. The presence of the small amounts of a comonomer, like vinyl acetate,
has not been accounted for and this may introduce some error of uncertain magnitude.
Flgure 26 shows the sensitivity of W, to temperoture, pressure and weight average
molecular weight and figure 27 shows the fit for the simplified correlation to the PFLASH
calculations,
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Figure 26. The phase diagram for ethylene - polyethylene from the simplified
correlation,
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Figure 27. Comparison of the PFLASH predictions and the predictions from the
simplified correlation.

2.5.5 Gel formation

Gelis the insoluble polymer network that can be formed under certain reaction
conditions, and greatly affects final product properties. By detinition, the onset of
gelation occurs when the weight average molecular weight (¢.) goes fo infinity. Gel
formation is caused by the branching reactions between radicals and dead polymer
including transfer to polymer followed by termination by combination, and reactions
with terminal double bonds in polymer chains. When the polymer concentration in the
polymer rich phase becomes very high, branching reactions and eventual gelation are
accentuated. The gel, once formed, acts like a sponge rapidly consuming sol polymer
molecules and radicals. One can identity the following reactions as responsible for gel
growth: @) aduiion of monomer to gel radicuis by propagation, b) termination by
combination of sol radicals with gel radicals c) reaction of sot radicals with terminal
double bonds in gel, and d) reaction of gel radicals with terminal doukie bonds in sol.

In our system, the double bonds on polymer chain ends are produced by
p-scission, transfer to monomer, and termination by discroportionation reactions. To
account for the reactions with double bonds, one must keep track of all polymer chains
with and without double bonds, thus significantly complicating the molecular weight
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calculations. However our simulation shows that adequate branching frequencies can
be obtained by simply Including transfer to polymer reactions. Therefore, as with the
tubular reactor model, we shall ignore reactions with terminal double bonds to reduce

the complexity of the problem and accept that cur model may be deficlent in this
regard.

2.5.6 Model development

The palymerization reaction mechanisms considered

In this work, the following elementary reactions (table 3) are included from
the set presented above and by Zobisky et al. (1992). Initiation is by thermal
decomposition of an organic peroxide initiator., The modifier acts as a chain transfer
agent, but may also be incorporated into the chain in smail amounts to contribute to
the short chain branching. The first subscript in the rate constants refers to the type of
radical center, and the second describes the monomer type. R’ represents o
backbone radical center. R", P~ denotes a radical or a polymer with a terminal double
bond.

As with the tubular reactor model we shall neglect reactions with terminal
double bonds and explosive decompaosition. Moreover we have neglected the scission
of internal radicals since it only complicates the model, and seems not to greatly
influence the predicted mclecular weights, The lower reaction temperatures should
also favour the omission of this scission reaction,



71

)

Table 3. The kinetic scheme.

I 4 2R | initiation
Rir)+M; ‘fﬁ | Rr+1) propagation
Ri(r)+M; *f'ia R7(1)+P(r) transfer 1o monomer
R{r)+TSH ‘i‘:f T8 +P(r) transfer to modifier
Rir)+TSH ‘:‘:J R + 1) spars branchet Modifier incorporated In the chain
Ri(r)+P(s) *f.ﬁ R'{s)+P(r) transfer to pelymer {long chain branching)
Ri(r) l:f R'{(r) backbiting (short chain branching)
Ri(r) 1 P(r - 1)+R(1) fi-scission of terminal radicals
Ri(r}+R(s) *;': P(r+s) termination by combination
Ri(r)+R;(s} *'_.'1 P(r)+P(s) termination by disproportionation

The pseudo kinetic rate constants

One can simplity the mathematical equations for a copolymerization by using
pseudo kinetic rate constants as outlined above and by Hamielec et al. (1987) and
Zabisky et al. (1992). Instead of writing down all the reactions between all monomer or
radical fypes, we can formulate the equations in terms of the total monomer or radical
concentrations. Our mass and energy balances then appear as homopolymer
equations but are valid for copolymerizations.

The overall balances

Given the mixing model, ocne can construct the mathematical model by
wiriting the mass and energy balances for a single velume segment (recalling that a
volume element is composed of 1 main CSTR segment and 1 plug flow section
approximated by a variable number of CSTR's referred to as plug flow segments). The
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resulting set of differential equations, for ali volume segments, must usually be solved
simultaneously because of the recycle, The mass balance for a species in a volume
segment wlll, In general, have the form:

accumulation in volume segment= oulflow from previous segment
+ feed fo segment
+ recycle from next element
- oufflow to next segment
- recycle to pravious elerment
+ net generation by reaclion

For the plug flow segments there will not be any feed, or recycles. We must perform
population balances on monomer and comonomer, moles of each monomer bound
as polymaer, initiators, radicals and modifier. The stationary state hypothesis is used for
allradical species. The detalls of the mass balance equations are given in the appendix
to this chapter,

Two phase kinetics

We need to determine the rate of reactions. Since the concentrations of
each species may be different in each phase we must consider the contribution of
reaction in each phase to the overall rate of reaction. The following assumptions qre
adopted for the two phase kinetics,

a) Thermodynamic equilibrium. The amount of polymer in the monomer rich phase is
negligible. The monomer-polymer compaositions in the polymer rich phase are
determined by the simplified cornrelation.

b) In calculating the volume fraction of @each phase, the volumes are considered to
be additive.

c) The ratio of vinyl acetate to ethylene monomer concentrations will be identical in
both the monomer and polymer rich phases.

€) The kinetic rate constant values are the same in both phases.

f) Initiator, modifier and radical concentrations in each phase can be described by
partition coefficients. The radical partition coefficient value is equal to the square
root of the initiator partition coefticient.
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The details of the equations for the volume fractions of each phase, the mass
balances for each species and the rates of reaction in each phase are given in the
appendix to this chapter.

The molecular weight equations

The molecular welght equations, using the method of moments, ore as
outlined by Hamielec et al. (1987), and Tobita and Hamielec (1989a), with some
modifications for polymerization in two phases. The leading momentis for radical and
polymer chain length distribution for each phase are explained in the appendix to this
chapter. The pseudo kinetic rate constant method can be used with the pseudokinetic
rate co stants calculated in the appropriate manner (Xie and Hamlelec 1992). Since
at the gel point, the weight average molecular weight goes to infinity we need to carny
out the molecular weight moment analysis under two distinct domains, namely pregel
and postgel regions. In the post gel region, only the molecular weight averages of the
sol are calculated. After the gel point, the polymer moment equations are not closed.
The " moment depends on the (i+1)™. For this reason, we must use a closure technique
in order to calculate the higher moments as a function of the lower ones. The transfer
to polymer rate is a function of the higher moments. In the pregel region the transfer
to polymer reaction, assuming the stationary state hypothesis for radicals, causes no
netchange in the number of radicals. Thus for the second moment, these terms cancel
out and the meinent equations are closed. However in the post gel region, this reaction
causes radical centers to move between the sol and the gel phases and thus we can
no longer cancel out these terms, and the moment equations are not closed. We
have selected the method of Hulburt and Katfz (1964) although the validity of this
method should be checked by comparison with actual data (Zabisky et al 1992). if
molecular weight data are available, the closure equation then should be oblained
by fitting a correlation to this data in order to get more accurate resulls. We should
note that obiaining accurate molecular weight averages (M, M,, M,) is not a tivial
task for branched polymers and copolymers.

[2:]

(@)= [0.1104 2[2,)[Cd) - [2])
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Balances are made on short and long chain branches, to determine the
branching frequencies. Since the concentration of polymer in the monomer rich phase
Is negligible, reactions with dead polymer are only considered in the polymer rich
phase,

The mass of gel is calculated and s assumed to reside only in the polymer rich
phase. At the gei point, the mass of gel must be glven some positive, non zero vaiue,
howevaer, it is unclear just what this initial value should be, Tobita and Hamielec (198%9a)
defined a possible initial condition based upon conversion and crosslink density, but
the condition Is still somewhat arbitrary. Moreover, the gel growth equation does not
appear to be very sensitive to the value chosen, therefore tor simplicity, we have
arbltrarily set the initial gel fraction to a small value (about 10?2 or 10?). The gel point Is
defined as the point where the welght average molecular weight becomes infinite.
For practical purposes, we can not calculate infinite molecular welghts, so we must
arbitrarily state a maximum molecular weight that is effectively infinite. It is fortunate
that at the gel point, the weight average molecular weight grows very rapidly with
ncreasing crosslink density, so that the practical gel point is not sensitive to the
maximum molecular weight value chosen. Alternatively, one could specify @ large
polydispersity (M,,/M,) which would appear as a scaled maximum molecular weight,

Details of all these equations are given in the appendix to this chapter.

The energy balances

Calculation of the temperature profile along the reactor length and the
initiator flow rates requires an energy balance on the reactor contents that accounts
for the inflows, out flows, recycles and the reactions. The reactor is assumed to be
adiabatic, the only cooling is supplied by cold monomer feed. Heat Jervaration is from
the propagation reaction only. The energy balance equation is given in the appendix
to this chapter.

The temperature controller equations

The autoclave reactor temperature is centrolled by manipulating the initiator
feed. The controller is of a continuous proportional - integral - derivative type.

) K, |  d(Ti=T)
Fy o Fio 4 Ky(T, = T)+ e ‘[ (T = Tt + Kty —
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F, is the initiator flow rate. The subscript ss denotes steady state (or initial value) of the
Initiator tlow. T, Is the set point temperature, T is the measured temperature and the
parameters K,, v, and <, are the proportional gain, integral and derivative time
constants respectively. Temperature Is controlled in the CSTR segments only and the
initlator flow does not necessarlly enter the element that Is being controlied. For
example the temperature at the bottom of the reactor may be contiolled by
manipulating an Inltiator flow entering ot the mid point of the reactor length.

2.5.7 The solution of the mathematical model

The dynamic mathematical model derived above Is comprised of a large set
of ordinary differential equations, with its size dependent on the number of volume
elements chosen. Recycle causes the ODE's to be coupled. A computer program
entitled DynAuto was developed to represent the model. DynAuto uses the ODE solver
LSODE (Hindmarsh, 1980, 1983) that uses either a non-stiff or stitf (Gear) method. The
model was writien in FORTRAN and the simulations were performed using a 18M-PS/2
mode! 70 (20 MHz2) with math coprocessor.

2.5.8 Simulation and results

Some example simulations were performed to show the sensitivity of the mixing
and model parameters and to compare with esulls from a commercial reactor.
Simulations using o single volume element and with two elements were considered to
study all the mixing parameters. The start-up and grade change simulation and the gel
formation simulations used a single volume element with no plug flow segments. The
reactor configuration and operating conditions chosen were {(except as noted in the
text for specific simulations):

a) single volurme slement

« reaction temperature of 258°C

about 21% conversion

pressure of 1440 kg/cm?

residence time of 37.6 seconds

monomer feed temperature of 40°C
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* using about 0.5 g/s Trigonox-B (dl-tert-buty peroxldé) initlator.  The initiator
concenkation Is assumed to be equal in both the monomer rich and the
polymer rich phases. The initiator decomposition rate constant wcs‘glven
by

T T
(s™). T is temperature in degrees Kelvin, P Is pressure in kg/cm?.

kel = 8.843x]0'2cxp(- 15715.0 _0.1581 IP)

b} Two volume elements. the top element comprises approximately 45% of the total
reactor volume,

« reaction temperature of 258°C in the top element and 285°C in the second element
» approximately 85% of the monomer feed is to the top element.

+ other conditions as above.

The kinetic parameters used for these simulations are given in table 4 The
propagation, termination and beta-scission rate constants and the activation energy
for the transfer to polymer rate constant are as reported by Brandolin et al. (1988). The
transfer to polymer rate constant reported by Brandolin et al. (1988) gave rise to a very
large degree of long chain branching, and thus was adjusted downward o give amore
reasonable result for branching frequency and weight average molecular weight. The
transfer to polymer rate constant was later manipulated for the sensitivity analysis with
respect to gel growth, The backbiting rate constant was selected to give the short chain
branching frequency reported in table 5.
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Table 4. Kinetic parameters used for example
simulations except as noted in the text.

Reaction Frequency fuctor Activation Enerpy
(enl/mol)
propagation (cm*/mol-s) 1.0x 10" 5245.0
termination (cm*/mol-s) 3ox10" 39500
$,.=0.5
back biting (s 327x10° 5245.0
B scission (™) 73x 10" 13200

transfer to polymer (cm’/mol-s) 2.0x (O" 95(0,0
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Table 5. Reasonable molecular weights and branching
frequencies used to determine transfer to
polymer and back biting rate constants for the
example simulations.

Quantity Value Units
Number average molecular 16,000, g/mol
welight
Weight average molecular 82,000, g/mol
weight
Short chain branching 21.8 branches per 1000 carbon
frequency atoms
Long chain branching 0.48 brenches per 1000 carbon
frequency atoms

Sensitivity analysis of the mixing Parameters

Let us consider the sensitivity of the model predictions (steady state) to the
mixing parameters, first for asingle vo  1me element, and then for twe volume elements.

Single volume element

For ¢ single volume element, there are two rnixing parameters to be studied,
a) the volume fraction of the CSTR component {o the total volume of the element
(8;) and b) the number of plug flow segments in the volume element (N,). The plots
below show how the number of segments affects temperatures, initiator
consumption, and molecular weight averages of the polymer produced. Figure 28
shows how the addition of the segments allows the gradual increasz of segment
temperatures, avoiding a sudden temperature rise from one volume element to the
naxt. The outlet temperature from the reacior is nearly equal in all cases, but a
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smoother profile s generated by having more segments. Figure 29 presents the elfect
of the number of segments on initiator consumption, defined as the mass of initiator
required to produce a certain amount of polymer. The initiator level is manipulated
by the controller in order to maintain the temperature at the set point, More initiator
Is required as the number of segments increases, especially for 0, = 0.7, This Is In
agreement with the observation that perfect mixing tends to consume less initiator
than uoes poor mixing (van der Molen et al. 1982), Mixing becomes more segregated
as the number of segments increases and as f; Increases.
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Flgure 28. A study of the effect of the number of segments on redction
temperatures In a single volume element. The first segment Is the
CSTR segment and accounts for 8, of the element volume,

The effects of N, and 8, on the number average molecular weighls are

shown In figure 30, The number average molecular weight is highest for a single CSIR
with no piug flow segments, and decreases as f); Increcses. Increasing the number
of segments increases the number average molecular weight. The molecular weight
averages are determined by the competition between propagation reaction and
allother transter (including transfer to polymer) and termination reactions. The relative
rates of these reactions willchange with temperature. The number average molecular
welght decreases with increasing temperature, because the radical generation rate
is higher, producing more polymer chains. In the single CSIR case all the polymer s
produced at 258°C. When we have one plug flow segment, 8, of the reaction volume
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Flgure 29. The effect of the number of segments on Initlator consumption for
a single volume element. Initiator consumption is grams of initiator
consumed per kilogram of polymer produced. The single CSTR has
no plug flow segments and 8,=1.

Isat258°C but the remainder of the volume is at about 272°C, thus some of the polymer
produced has a lower molecular weight. As the number of segments increases we
have polymer produced at several intermediate temperatures between 258 and
272°C and thus the overall molecular weight increases.

The transfer to polymer has a higher activation energy than does
propagation, and thus higher temperatures promote branching. , Branching causes
the molecular weight distritution to be broader as quantified by the polydispersity
(M./M,). Figure 31 shows the polydispersity decreasing with increasing numbers of
segments, and with increasing §);. This can be explained by the same argument as
for the molecular weight averages.



81

i8

17 - —

16 - 7 ei

Number average molecular weight
{Thousands}

s 07
+ 09
<+ single CSTR
15 L] L] 1 L] T T L}
1 3 5 7

Number of segments

Figure 30. The effect of the number of segments on the number average
molecular welght, for a single volume element.
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Figure 31. The effect of the number of segments on the polydispersity of the
molecular welght averages, for a single volume clement,
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Two volume elements

For multiple volume elements, there Is an additional mixing parameter, the
recycle ratio, to be studied. For convenience, we use only two volume elements to
analyze the effect of the recycle ratio on temperatures, initiator consumption and
numberand weight average molecular weights. We shall study the first element, and

hold the second element femperature constant by manipulating the initiator flow to
that element.

Figure 32 shows the effect of recycle ratio (g) on segment temperatures. As
the recycle increases the temperature profiles become flatter. Increasing q,feduces
the single pass residence time and increases the mixing and in the limit the element
behaves as a single CSTR as demonstrated by the neaily flat temperature protile at

higher recycles. The 8; = 0.7, =1 gives a nice smooth temperature rise to the second
volume element,
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Flgure 32, A study of the mixing paramelers for a two volume element system
showing the effect of recycle ratlo, number of segments, arnd CSTR
volume fraction on temperatures in the first element. The second
element temperature is held constant at 285°C.

We hove observed for the single volume element that the initiator
consumption decreased with increasing mixing. Figure 33 shows that increasing the






83

mixing, now by increasing the recycle, has a similar effect. The number of segments
has a much smaller influence on initiator consumption than does the recycle rate or
8; and the recycle swamps out the other variables at about =4 or 5.
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Figure 33. A study of the mixing parameters for a two volume element system
showing the effects of recycle ratlo, number of segments, and CSTR
volume fraction on initiator consumption,

Therecycle influences the temperature profile and the monomer andinitiator
concentrations, which in turn affect the molecular weight averages. Figure 34 shows
the relationship between number average molecular weight and recycle ratio. All
curves collapse onto approximately the same line ot recycle ratio near three
indicating that beyond this point, N, and 6, have negligible eftects on the number
average molecular weight when compared 1o the effect of recycle. The number
average molecular weight (for the 8, =0.7, 2 segment case) passes through a
maximum with increasing recycle. This can be explained by examining the initiator
concentration in each volume segment for this case. The initiator concentration
decreases with increasing recycle, in the CSTR segment of the first volume element
(Figure 35). Since the number average molecular weight will grow smaller with
elevated initiator concentrations, increasing the recycle increases the molecular
weight of the polymer produced in this ssgment. However, at the same time, the
initiator concentration, in the second element increases causing a reduction of the
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molecular weight of the polymer produced in this segment. The molecular welght of
the final product is @ mixture of the polymers produced in both segments, and thus
M, passes through a maximum because of the two competing effects.
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Figure 34. A study of the mixing parameters for a two volume element system
showlng the effects of recycle ratlo, number of segments, and CSTR
volume fraction on number average molecular welght of the polymer
produced.



85

10
h Two velume slements
g . First CSTR one plug flow segment
£ ei =0.7
B 4
o
=
g8 67
g .
=
ﬂé
5 4
i)
N
| Plug flow segmant
E
<] 2 -
b4
4 Second elemant
0 P}

[ A

Recycle ratic

Figure 35. The effect of the recycle ratio on the Initiator concentration In each
segment for two volume elements. One plug flow segment in the
Jirst element, 8,=0.7. The concentrations for each segment are
normalized by dlvision by the segment concentration at a recycle
ratlo of flve.

Start up and grade changes

During plant operation, the procedure used 1o switch from one polymer
grade to another is critical because it often leads to off specification material
produced during the transition period. Knowledge of dynamic responses of the
process variables is essential to promote appropriate contro! actions and grade
transition policies. The dynamic response of a single volume element (1 segment) at
start-up and for one grade change is shown in figure 36. The initial conditions are that
the reactor is full of pure ethylene at 2565°C. A grade change is implemented near
10 residence times by changing the set point temperature to 250°C. The responses
are normalized by dividing each individual response by ifs final value so that they may
be plotted on the same axes for comparison. Notice that the temperature, and
conversion of monomer reach steady state quickly, as influenced by the controller.
However, the molecular properties, especially the weight average molecular weight,
take much longer to reach the steady state. The short chain branching frequency
does not change with the change in temperature since we have specified that the
activation energy for backbiting is the same as that for propagation.
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Flgure 36. The dynamic response of a single CSTR during start up_from pure
ethylene, (nitlally at 255 °C. The reactor set point Is changed to
250°C after about 10 residence times to slmulate a grade change.

Gel formation

it has been reported (Cozewith et al. 1979) that under some circumstances
o steady state can not be reached in a continuous flow stired tank reactor for
crosslinking systems. However the molecular weight equations that they use describe
the entire polymer population before the gel point. They observe that there are cases
where the steady state cannot be reached without the higher molecular weight
moments going to infinity, indicating the gel point, Our work agrees with this, however
we have also included the equations to describe the sol polymer and the gel fraction
after the gel point and a steady state can be reached after the gel point. All of the
sol molecuiar weight moments remain finite. In fact the polydispersity actually
decreases after the gel point, since the gel preferentially consumes the longer chains.

Two important kKinetic parameters influencing the mass of gel in the reactor,
are the transfer to polymer rate constant (k,) and the fraction of termination by
combination, ¢,.. Figure 37 shows the influence of transfer to polymer and termination
by combination rate constants on the steady state gel fraction, for the levels specitied
In table 6. As transfer to polymer, and the fraction of termination by combination
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inciease, the steady state gel fraction also increases, If termination is all by

disproportionation, then no gel should be formed even in the prasence of transfer to
polymer reactiors (Tobita and Hamielec 1989b).

Table 6. Levels of the kinetic parameters used for the

gel study.
Variable Level
-1 0 1
Kip/ Ko 1.09x10? 1.45x107? 1.82x107?
Pre 05 0.75 1.0
a4
- 42
ag *
3 high ktc
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£ 40 A
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& low kic
:ii. 38 -
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2
& 36 -
34 1 1 T

-1 ] 1
transfer to polymer rate constant

Figure 37. The gel fraction at steady state us a function of termination by
combination and transfer lo polymer rate. Single CSTR.
Temperature fixed at 258°C.
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In order to study the gel formation dynamics, a transient was induced from
a steady state gel fraction value of near 50% and the response monitored for two
ditferent k, and ¢, values. This initial gel level Is quite high, but was chosen to better
Ihustrate the behavior. The energy balance equations were not solved, but the initiator
flow and the temperature were fixed to Ikolate the molecular weight behavior from
the dynamic temperature response. The rasuits are shown In figure 38, The gel levels
rmay osclllate before steady state is reached and the transients are larger and longer
lived If the parameters influencing the rate of gel formation (&, and ¢,.) are lower, The
molecular weight averages and the gel fractions are aiso correlated. The rate of gel
growth Increases as the molecular welght averages increase, since larger molecules
are added to the gel for each termination by combination reaction. However, gel
preferentially consumes larger molecules, because it is more probable to encounter
a radical center in a large chain than on a small one. Thus an increase in molecular
welght causes gel to grow faster, then the growing gel consumes the larger chains,
reducing the molecular welght averages. Finally, clumps of gel are allowed to flow
out of the reactor, reducing the gel fraction, and hence providing the opportunity
for the molecular weight to grow again. This cycle is presented in figure 39. The
molecular welght averages, especially the number average, lead the gel fraction.
Larger and longer lived oscillations were observed at lower values of k,,and ¢,.. Lower
values of these parameters cause lower gel growth rates, and thus the molecular
weight averages are allowed to grow to much larger values. When the molecular
weight averages are high, the gel growth rate becomes quite large, and @ huge
oscillation is started quickly driving the gellevel up and the molecuiar weights down.
At higher values of k,;, and ¢, the gel growth is faster and the high molecular weight
averages are avoided. The oscillation in gel fraction still needs to be verified by
experiment.
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A second case, reactor start up, was simulated. The reactor was initially full
of pure ethylene at 258 °C and then the monomer and initiator flows were started
and the reaction allowed to come to steady state. In this case high values of k,, and
¢ were selected to promote gel formation. Figure 40 shows the molecular weight
averages and the gel fraction behavlor with time. In the pregel region the molecular
weightsshown apply to all the polymer but in the post gel region the molecular weight
averages only describe the sol polymer. Initially there is no gel in the reactor and the
molecular weight averages grow and the polydispersity increases. When the gel point
is reached, (as indicated in our simulation by a polydispersity greater than about 20)
the gel slowly begins to grow, and the molecular weight averages continue to
Increase. However, aftera brief time, the gelfraction quickly grows and the molecutar
weight averages and the polydispersity of the sol polymer sharply decrease, The
systermn gradually oscillates to a steady state after about 40 residence times.
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Figure 40. The dynamic behavior of the molecular weight averages and the
gel fraction in both the pregel and the post gel reglon. Start-up_from
a reactor full of pure ethylene at 258°C. High values of the transfer

to polymer and termination by combination rate constants .were
used,
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We have studied the influence of the kinetic parameters k,, and ¢,. by setting

them to arbitrary vaiues, It should be pointed out that these values will be influenced
by temperature and pressure and thus are functions of the operating conditions.
Moreover the presence and the concentration of the polymer fich phase is also a
function of temperature and pressure, and mus! also influence gel formation.
Increasing the temperature and the pressure decreases the weight fraction of polymer

in the polymer rich phase and thus should also deciease the tendency ‘o form gel
polymer.

Comparisons with industrial data

Actual industrial production recipes were used for simulation to test part of
the model by comparing the observed steady-state values with those predicted from
. the model for monomer conversion, copolymer composition, initiator flow rates and
temperature profile along the reactor. Unfortunately measurements of moleculars
welight, branching frequencies or gel fractions were not available and thus
comparisons with these quantities were not possible. Therefore this section only tests

the mixing model the parts of the model related to the rate ot polymerization and
heat generation rates.

The set of model parameters used for the previous simulations did not
completely represent the industricl data so a new set were fit to the data. However
these kinetic parameters and the process information used to run the model must
remain proprietary. The initiator decompaosition rate constants used were as reported
by the initiator suppliers. The rate constants for propagation and termination were
chosen to fit allthe polymerization rate data. The rate constants for transter 1o moditier,
B scission, and transfer to polymer were not needed to describe these observations,
since we have no molecular weight data. The mixing parameters (number of
elements, and recycles) were chosen to match the temperature profiles and initiator
flows for specific recipes. Table 7 summarizes the results obiained for both ethylene
homopolymer and ethylene-vinyl acetate copolymer.

The results obtained from the model are quite good in comparison with the
actua! plant data. The largest relative error of the predicted values was less than
thiteen percent for initiator flow rate, and all model responses are within the
measurement error of the data collected.
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Table 7. Comparison between industrial plant data and
the model predictions.

Response Resin 1 (Homopolymer) Resin 2 (Copolymer)
Predict Observe Error Predict Observe Error
(%) (%)
Normalized Temperature
Level 9 (top) 0.9908 09923  -0.15 0.726 0.726 0
Level 8 0.9908 0.9923  -0.15 0.726 0.726 0
Level 7 0.9935  0.9923 0.12 0.726 0.726 0
Level 6 0.9935  0.9923 0.12 0.726 0.726 0
Level 5 1 0.9923 0.78 0.836 0.827 1.09
Level 4 1 ! 0 0.937 0.907 3.31
Level 3 | 1 0 0.977 0.968 0.93
Level 2 l 1 0 (1L.996 0.992 0.40
Level 1 (bottom) 1 1 0 0.996 1 -0.40
Total Initiator flow rate 054 055  -182 320 284 1268
(&/s)
Total Conversion 0.178 0.169 5.33 0.164 0.153 7.19
Comonomer Composition - - - 4.0 4.2 -4.76

(wt% monomer 2)
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2.5.9 Conclﬁsions for autoclave model

We have endeavored to construct a comprehensive mode! to describe the
high pressure homo and copolymerization of ethylene in autoclave type reactors. This
model accounts for the important chemical reactions, the mixing pattern in the vess=2|,
and the two-phase kinetics. It also incorporates the mass and energy balances on the
vessel, as well as the temperature controller equations. The model predicts polymer
properties such as composition, molecular weight, branching frequencies and gel
conteni.

The model was fit 1o both homopolymer and copolymer recipes for initlator
flow rates and temperature profiles. The fit was quite adequate for steady state

conditions. No dynamic data are currently available to test the transient behavior. More

data are needed to verify the model predictions tor the mclecular properties.

To our knowledge, no one has previously presented predictions of gel content
for this flow system. The gel content shows oscillations in the transients, but steady state
values may be reached which are insensitive to the initlal conditions.

[
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2.7 Appendix for free radical polymerization

2.7.1 Appendix for tubular reactor model

Details of the kinetic model development

The model includes mass, momentum and energy balances for a tubular
reactor. We assume that the tubular reactor and the cooling jackets expetience plug
flow, Le., there are no radial temperature or concentration gradients in the tube or
jackets, and no axialmixing. We also assume that the reaction mixture is homogeneous.

The model is written using axial distance, L, as the independent variable. The
equations are solved in this form by integrating along the reactor length, We will
consider mass balances on @ach species in the reactor, heat transfer from the reaction
mixture to the cooling jacket and molecular weights development is addressed last,

Mass balances on species

In order to find the rate of polymerization we must perform a mass balance
on initiator species i,

b e rag
dL-—L (![r']

(molesfcm)

*
Ac=m-r°

(1] is the rnoles of initiator i divided by the volumetric flow rate. The rate of radicai
formation from initiator will be

R‘rinr'lr'umr = 2 ("i ' fx ’ kdl[’l])

where n; is the number of radicals produced by one initiator molecule decompaosing
(usually two), and f; is the initiator efficiency.

The rate of radical production by thermai initiation of the monomexr is
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Rl permat = e+ [MT

For polyethylene production, the thermal initiation of the monomer may not
be Important, since Initiation rates by peroxides are usually much larger. However, it
Is included in order to provide analysis on runaway synthesis conditions in the reactor,
The form of the rate expression for thermal initiation Is from Buback® who studied the
thermal polymerization of pure ethylene. He found that the activation energy for this
reaction was quite large, about 53 kcal/mol, and therefore this reaction may not
become significant (if at all) until high temperatures. The contribution of the
comonomer to thermal initiation is not known.

Oxygen can both initiate and inhibit free radical polymerization. Thus, the
mass balances for 0, and RO, are:

St Ac{kdo JOLIIM 1+ TOIY,)

(molesfcm)

‘i{;—o-z- = Ac(kr[O,][Y,] - kd, [RO,))

{molesfem)

and the net rate of initiation by oxygen and decomposing peroxides formed from
oxygen will be

Rl ppygen =2kely [O][M] + 2kd,[RO,]

where [M] Is the total monomer concentration and [RO,] is the concentration of

peroxides that form from the inhibition reaction by oxygen. [Y;] s the total radical
concentration or equivalently the zero™ moment of the polymer radicai distribution.
The total rate of initiation will be given by

RI -R"iniﬁnmr + Rlﬂlmmf + R!-

yRen
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The rate of monomer consumption, for each monomer type (assuming long chain
approximation), is given by

dM;
aL " ~Aclkpb[Yo)[M.]+ kl’ji%[yo] I2A))
(maolesfcm)

The moles of monomer 1 and 2 bound as polymer can be calculated using

Y,

d
A =Ac « (kp;; * ¢; « [Yol[M;]

+kpj gy [Yol[M:]
 kdep, [

{molesfem)

We also need a balance on the moles of chain transfer agent (moditier or
solvent) In the reactor

dz;iﬁ = =Ac - kfis[TSH](Y,)

Energy balance equations

The energy balance on the reactor contents, considering heat flow trom the
jacket to the reactor results in:

dT AH dW, d‘l'z)
dL W-Cp L * dL
U .

2x-r
+(—W)(Tj—7')

where
C, heat capacity of reaction mixture;
AH average heat of polymerization {energy released/mole monomer

reacted), defined, for convenience, as a positive number;
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r internal radius of reactor;

T reactor temperature at length L;

T; lacket temperature at length L;

L length clong the reactor;

u overall heat transter coefficient;

w mass flow of reaction mixture along the reactor.

The overall heat transfer coefficient, U, can be calculated by

L LS

U hy h.
where
h; heat transfer coefficient for film between reactor contents and reactor wall;
h, heat transter coefficlent from the jacket contents and through the jacket

wall. This quantity must either be measured or estimated from the heat
transfer dato, for each heating / cooling zone.

The first term Is the resistance to heat transfer from the film inside the reactor, the
second term is the resistance to heat transfer from the water/steam mixture to the
film inside the reactor.

We can use the approach taken by Chen et al. (1976) where the heattransfer
coefficient for the wallis set to a constant for each heating/cooling zone. The thermal
conductivity of polyethylene reaction mixture (cal/[cm.s.K]) is given by Eiermann
(1965)

5.0 x 10™W,, +3.5x 10~W,
(Wa + W,)

where W, and W, are masses of monomer and polymer (grams).

The viscosity of the monomer (poise) in the reactor is given by Carr, et al.,
(1955)
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1.15x10°
e

n,=1.98x10" (Tin°C)

and the relative viscosity

@)”
(@a)"

= 0.0313 (r,)*(Q )"

logis,) = 0.0313

where solution viscosity
’ solvent viscosity

and @, and Q, are the zero™ and the first momenis of the polymer chain length
distribution, W(r).

The solution viscosity (assuming that monomer is the solvent) is calculated by

n, - nf : nll

The Reynolds number is

The Nusselt number is given by

N, = 0.026-R™.p*" (R, > 10,000)

r
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!
N..-0-166(R3“~|25)-P:’"‘-‘-[1+(3L—’) ]

(R, < 10,000)

The inside heat transter coefficient Is given by

KN,
2'r

h" -t

The heat capacity of the reaction mixture is assumed to be the sum of the
heat capacilties of the pure components and we are neglecting heats of mixing and
solution.

Moments of the molecular weight distribution

The moments of the molecular weight distribution are found by wiiting
balances on the radical and polymer molecules of chain length r, multiplying each
term by the appropriate power of 1, and summing them from r=1 to =,

The moments of the polymer radical size distribution are defined by

Y= ilriR(r)

and the moments of the polymer size distribution are defined by

Q= 3,r'P(r)

The radical centers can either be at the chain end, or on the backbone of
the chain (internal radicals). We assume that all internal radicals promptly undergo
either propagation (forming branches) or f-scission. We therefore neglect
tetrafunctional branching and the possibllity of crosslinking due to termination by
combination of internal radicals.

To find the polymeric radical moments we must write a balance on radicals
of unit length.
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1 dR(1
LB Ry _kere)(02)

=kp[R(1))[A]

= (kic + ktd}[Y,]J[R(1)]

+(T+k){[Yo] - [R(D)])

- Kl R(DIQ]

- KR(D][E)]
where

T = kfm[M ]+ kfis[TSH)

And then for length r (r 22),

1 dR(r)
Ac L

=kp[M][R(r - )] - kp[M][R(r)]

= (ktc + ktd)[R(r)][Yo] - (t+ k) [R(r)]
= Kie[RINDNIQI] + Ky [ Vol [P(F)]
- KIROMQI+K LY. 3 [PW)]
= kr[R(r)]{O,]
The radical moment equations are represented by:

dYi dR(1) & dR(r)

db dL +r-2r dl,
After substitution of radical balances in the expression above, and noting that
Q>0 >0 1.
Y;»Y,_,»Y ...

Q:»Y,

we obtain:
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1 dY,

o =Rl - kr{Y[07] - (ktc + ke[,
Iy
E%ZTLL =Rl - ke[Y,][05] - (ktc + kid)[¥][Y,]

+kp[M][Yo] = (x + kp)[Y)]
+Kiea([Yol[@a] - [V][@2)])

+%K,,[Y0][QJ-K¢IQ.][Y:]

i,
fcf ~RI ~ kr[¥:][04] - (kic + ked)[¥,][Y,]

+2Up[M]Y,]- (v + k)[Y.]
+ Ky ([ Yo) (@) - {Y=0{2,D)

+ 3KV - KLY

1 dYy o
el =Rl = kr[Y,][0,] - (ktc + kid)}[Y,)[ Yo

+3kp[M][Ya] - (v + k) [Y]
+ K e[Vl [Q.1 - [V, 1@
+1KIY1I0) - K L0,

The stationary state hypothesis (SSH) for the radical moments is used to give
algebraic equations from ordinary difterentiol equations.

V{kr[O,]) + d(ktc + ktd)RI -kr[0,]
2ktc + kid)

[Yn] =

RI + kp[M][Yo]+ Kol Yo)[Q:) + 3K, {Yo][Q:]
-k"[oz] +(ktc + ktd)[Yo] + (v + ky) + K[ Q)] + L (e

v
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RI+ 2+ kp[MI[Y,]+ Koenl Yol Q0] + KL Y0)(Q

(¥2) -kr[oz] + (kic + ktd)[Yo) + (T + ky) + Kyoy[Q )] + K{Q)

RI +3kp[M][Y2] + Ky Yol[Qu) + ‘}Ku-[yu] (Q.]

(¥l " kO3] + (kic + kd)[Yo) + (< + k) + Kyeal Q1] + KO

The dead polymer moments can be found by performing a balance on
polymer chalns of length r

1 dP(r)

e d mktd[R(r)][Yo]

+3kte 3 (R - )){R()]
+kr[O][R(r)]

+ Kl RVIC,)

- Kol Y (P]

+ kRO - KLY, 1PO))

4 Ku[Yu]‘ é’ i[P (s)]

+ K Q)] [R(r)]

Multiplying this equation by the appropriate power of r and then summing, we get
the following moments of the polymer size distribution:

1 dQ -
ETE"O wktd[Y,] +§krc{Yn]2

+kr{O)[Yo]+ (v + k) [Yal + KLV, 1[Q)]

™

=
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0,
L arrs kael¥,][v,]

+kr[O][Y ]+ (v + kY]
+ K es([Q[Y,] - [Vo)[@:D)

1
+ Kp[Qt][Yl] - EKu[Yu] (@.]
using long chain approximation
LA

;IZ%% =ktd[Y,][Y,] + kte([Yo)[Ya]+ [y,]z)

+kr[O,][Y:] + (x+ ky)[Y:]
+ KLcﬂ([QI] [YZ] - [YO] [Q\D

+ KO- 3K {¥](0)

;—cf{i% whtd[Yo][Ys] + kte([Yo] Y]+ 3[Y,)[Y-])

+kr[O,][Y )+ (x+ k) ([Y,]
+ Ky epl[Q111Y2] - (Yol [Q.D)
+ KLOIY- 3K LY Q)

The number and weight average chain lengths are given by:

Number average

"_—_Ql"'yl!g_l_
" Ge+Ye Qo

O+ Vs €N
o+Y, @

0

r, =
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= h+Yy @,
- - —
! G:+Y:

Since@g, » Y.

Notice that if we include the scission of internal radical centers, the equations
are not closed and a closure method must be used for thelr solution.

Overall reaction rate constants involving internal radicals

We have written the Internal radical f-scission, long and short chain

branching rates as overall reactions, even though they are two step reactions. The
tirst step belng some sort of fransfer o polymer (either by a radical attacking a polymer
chailn, or by backbiting), ond the second step being either sclssion or propagation
which forms branches, The internal radicals can also be consumed by transter to
monomer or to chain transfer agent and, although much less likely, by termination.
Internal radicols are shielded by the coiled chain, and surrounded by monoma:. For
termination to occur, a growing macroradical must penetrate the coiled chain and
approach the radical center before the radical center has @ chance 10 propagate,
With the large amount of monomer present the concentration ot backbone radicals
is likely to be too small for significant backbone -adical - radical termination, 1t should
be noted that this reaction is very important during polymer degiadation in an
extruder, where there is no monomer present and significant crosslinking can occur,

Let's consider two types of internal radicals, one formed by transfer to
polymer, and one formed oy backbiting. The former leads to a long chain branch
and the latter to a short chain branch. A balance on these two types of internal
radicals of chain length r gives:

long chain branch radicals

1 dR’
- d,’:(’) =kfp - [P][Ye]

—(kp[M]+ k', +T)[R,(r)]
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short chain branch radicals

1 dR'\(r)
Ac dL

wkb[R(r)] - (kp[M ]+ k'g + D) [R'5(r)]

Making the stationary state hypothesis for these internal radlicals, expressions
for the concentrations of these internal radicals follow:

(R°(r)] = (W)'f'[ﬂﬂ][m

70 I el )

and the total concentrations

(R',] ( kip

T v

, kb
®d - (oo
Considering the generation of long chain branches, we realize that

1 dLCB .

kfp
- ) ot 20

- KLC‘B[Q!] [Yo]

and for short chain branches

! dSCB .
ae g ~keIMIR']

kb
<40 e ) 4
= Kscn[yo]

where

, kip
Kicn= kP[M]( k'u-i-kp[M]wc)
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and

kb
Ko=) T

The rate of p-scission of internal radicals Is given by

ldf , ..,
Ach-kr'[R"]

; kfp
-k n( W) [Q.][Y.)
= K'}I[Ql] [Yu]

where B is the moles of internal radicals undergoing fi-scission per time (moles/s) and

g | — K
Ky=k "(k‘p+kp[M]+-r)

This neglects the contribution to the internal radical concentration made by
backbiting. Backbiting tends to give internal radical centres two or three units from
the end of the chain, and not uniformly along the chain. This is quite possibly (Ehrlich
and Mortimer 1970, Nicolas 1958) the mechanism for [}-sCission of terminal radicals
described above. Since we have already accounted for this effect, we shall neglect
the contribution to the internal radicals produced by backbiting.

Itis not clear whether fi-scission of internal radicals has an apprecicble effect

on the molecular weight during polyethylene synthesis. Under industrial conditions,
transfer to modifier may produce many more deod polymer chains than does
g-scission. Only comparison of the model predictions with industrial data can provide
clarification of the importance of the -scission reaction.

We have written all of these two step reactions as overall reactions, with @
sort of grouped rate constant for each overall reaction. One last note is that we have
written these equations considering a homopolymer; for the copolymer case pseudo
rate constants should be adopted.

Branching frequencies

The short and long chain branching can have an important effect on
polymer properties. The more short chain branches incorporated along the polymer
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chain, the lower will be the polymer density, while long chain branches affect the

rheological propertles. The short chain branches are produced by the backbiting
reaction, therefore, the rate of short chain branching is

l dSCB
Ac dr, 'Ksc'n[yo]

Long chain branches are produced by the transfer to polymer and terminal
double bond reactions. As stated before, we have neglected the terminal double

bond reactions, thus, the total number of long chain branches produced (LCB) is
given by:

dLCB
= Kalill0)

The number of short and long chain branches per polymer moleculs s
calculated as follow:

T SCB

e

— LCB
L,
Qo

The number of short and long chain branches per 1000 carbon atoms is given
by (assuming two backbone carbon atoms per monomer unit)

s = (Sg"’) 500

LCH

- 500
M= ( ] ]

The expressions derived above permit one to calculate the branching

frequencies. Consequently, it will be possible to control some of the polymer physical

properles (such as density) and rheological properties (such as melt flow) through
variation in operating conditions of the reactor
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A test of the moment closure techniques in branching systems.

It Is becoming apparent that modeling of polymer molecular properties for
polymerization systems where polymer produced Is not inert are becoming more and
more important, Such systems involve branching and crosslinking to, form a gel,
peroxide attack In reactive extrusion, condensation reactions with mu'I‘N- functional
monomers and so on, In the more classical mathematical modeling of the molecular
welghts of the chains, as in free radical polymerization for example, the radicals grow
to a certain length and are terminated by some mechanism, forming dead polymer
chailns. These chains are inert to further reaction. The production rate of these chains
is only @ function of the concentration of chains of smaller tength. For these systems
one can readily colculate the entire chain length distribution using the method of
instantaneous molecular weight distribution. Several systems of current interest now
involve the case where radicals con attack this polymer to produce new radicalcenters
at points along the backbone of the chain. This can cause scission or produce long
chailn branching, or if termination by combination is significant, crosslinks leading to
gel formation. Now the production rate of chains of a certain length now depends
upon of the concentration of chains of all lengths, including those chains longer than
the chain length of interest. This means that in theory, in the first cose one only needs
to account for chains shorter than some maximum chain length, whereas in the later
case, one must account for all chains from lengtn unity to infinity (or the longest chain
present).

One method of calculating the chain length averages is the method of
moments. In this technique, the leading moments of the chain length distribution are
calculated, If we detine the moments of the distribution to be:

0, 3.r'P(r)+ 3. r'R(r)

h
the n"” moment

and the averages are:
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py=-— number average
o
T 2 weight average
&
- O
r, - — z average
e

In this special casa the moments of the distribution all depend upon the lower moments,
Inatl

Ql'l -I(inQn-[i n-Z"'?QO)
In general this need not be the case and we could have the case where
Qn - f(Q-“'Qn * AL+ b Qn, Qn-l'Qn-Z“"Qn)

This means that one may have to calculate an infinite number of moments,
certainly an impossitie task. This Is the closure problem.

A solution to this closure problem is to find an effective empirical equation to
evaluate the higher moments as a function of the lower ones. One such method that
has been used by several authors was derived by Hulburt and Katz (1964) based upon

fitting the distribution by the first term of a Laguerre Series. The closure formula is of the
form;

Ql ~ 2
@, QIQD(.-Q:QU ey
This short appendix is to evaluate the usefulnéss of the Hulburt Kafz closure

technique and compare it to the Log nommal technique presented in Zabisky et al
(1992) where :

Q.\'(%) Qo

To this end we shall derive the leading moments of the molecular weight distribution
for a simple free radical reaction system, which is closed, and compare the results
calculated by the'moment equations and by the closure technique.
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The kinetic example

Consider the simple polymerization mechanism.
decomposition of initiator
15 2R(1)
propagation
R{r)+M i R(r+1)

transfer o monomer

R(r}+M if: P(r)+R(1)
termination by disproportionation

R(r)+R(s) l—n: P(r)+P(s)
termingtion by combination

R{r)+R(s) i P(r+s)

One can also consider radical transter to polymer, and propagation with internal or
pendant double bonds, the branching reactions.

transfer to polymer
R(s)+P{r) E’; P{s)+R(r)
propagation with internal (or pendant) double bond
R(r)+P(s) i R(r +s)
where

I is an initiator molecule,

M Is a monomer molecule

R(r)is a radical of length .

P(s)is a dead polymer chain of length s.

This kinetic mechanism can be used and expressions found for the molecular
welght moments defined as
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polymeric radical moments
Y, = Enr"R(r)
dead polymer moments
X, = 3 r"P(r)
r=0
total macromolecule moments
Qn b Yn +Xn

One can use the stationary state hypothesis for the radical moments and assume
that v, « X, such that @, wX,. One can write an expression for the moments of the
polymer distribution, when transfer to polymer, and propagation with internal double
bonds are important. These equations were derived by Tobita and Hamlelec (1988):

1d(VQy) , :

?t (deO -[M,](‘t +g_cﬂ)

1d(VQ,)

v dx -[M"J

1d(VQy) 4] A1 +C)1+C,+Cpp)  (14+C,a+Coo)
Vo odx ’ T+B+Cy * (¢ +B+Cp)
1d(VQy) LY NP,
A -[M,,](l+3(l+CP2)YO+3(1+C,,_.)YD+36 Yé)

The radical moments are given by

Y, = V/R[I ktc +ktd)

1+C,+C,,
Yoml o Yo
T++C,

14C+Coy A1 +C)(1+C,0+Chy)
+ L]
Tl rapec, (t'+B+C,) °

where
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¢ ktdY, kfm
“kptm] " kp

kicY,
P ]

and

_kaQ:
P k(M)
. kP.Q.'
Cri = ko]

The total number of tri-functional branch points, as generated by transfer to polymer,
Is given as

i '
_‘17‘ (Q‘Ixa.'-'. ) - [M,,]C,,;

By, Is the number of tri-functional branch points per polymer molecule.

Where we define conversion as

A’{u""M
Mo

X =
where M, Is the initial monomer concentration. We can write

dx
i kpYo(l -x)

Onecansolve these differentlalequations above (using the packagelSODE) '
from x=0 fo x=1 to give us the moments of the molecular weight distiibution. Since we
have a mathematically closed set of equations, we can calculate M, and compare
it to the value given by the closure techniques. For this test the temperature was
isothermal, transfer to monomer was neglected and termination was all by
disproportionation. When transfer to polymer is considered, and termination is by
combination, the polymer tends to form a gel as indicated by @, growing to infinity,
Furthermore propagation with internal double bonds tends to form a gel. Gel
formation was aveoided in this study by neglecting termination by combination, and
propagation with internal double bond reactions.
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We shall assume a constant reaction volume of one liter. The parameter
values were ad|usted to give polymer properties similar to those measured for low
density polyethylene (Foster et al. 1980) and thus

kp =26.2
kd = 4.3x107
ktd = 12.6
kic=1{)
kim =0
kfpikp = 2.0x107
Mo= 10 and I, = 0.01xM, mol/liter (and constant). The maximum conversion was 25%.
This gave the chain properties
M, = 20900
M, = 146000
M, = 377000

Ay = 1.51

It should be noted that the polydispersity of LDPE is not totally due to the long
chain branching (as in this example), but also to the widely varying temperature and
initiator levels experienced In a tubular reactor. The effect of the transter to polymer
rate on the error between M, and M, calculated using the closure methods is shown
infigure 41. The branching frequency, A,, is presented as the number average number
of branches per 1000 carbon atoms. The error is calculated as

M z(rlnmre) -4 f‘z[m-.mnll

Error(%) = 100 Mz

One cansee that the Log normal method greatly over predicts the M, values

for all branching frequencies but especially at higher branching frequencies. The
Hulburt and Katz method gives very good results at low branching frequencies but
tends to under predict the M, value at higher branching frequencies. The geometric
mean error is, for the most part, less than that for either the Log normal or the H-K

method but has comparable absolute error as that of the H-K method at the higher
branching frequencies.
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Figure 41 The effect of branching frequernicy on the error in M,
Conclusions for moment closure technigues

The closure technique of Hulburt and Katz seems to be adequate for narrow
unbranched distributions but as the distribution broadens the error increases. The
technique does not perform as well where there is significant branching, at least by
transfer to polymer. In our example here we tried to simulate polymer properties near
that measured for HP-LDPE and found the error to be quite significant. Nevertheless
tor this example the Hulburt and Katz method is superior to the Log normal method.
In polyethylene production at temperatures near 300°C p-scission may be important,
and would tend to narrow the distiibution possibly helping to keep the eror in the
Hulburt and Katz method within tolerable limits. One must be cautious when choosing
a closure technique, since the adequacy of the technique must depend ¢ great deal

on the shape of the molecular weight distribution, and on how it changes with
conversion.

Nomenclature for tubular reactor model

Subscripts and superscripts

1,2 pertain to monomer type 1 (and 2) or monomer type | (and 2 ) repeat
units.
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s L pertain to short and long chain branches
denotes internal radical,
= denotes termingl double bond

- bar denotes accumulated properties

General

A, cross sectional area of tubular reactor of constant cylindrical cross
section,

C, heat capacity of reaction mixture

AH average heat of polymerization

f initiator efficiency

fr Fanning friction factor

1 comonomer composition, the mole fraction of monomer 1.

F, instantaneous copolymer composition, the instantaneous mole fraction
of monomer type 1 units in the chain,

F, accumulated copolymer composition, the accumulated mole fraction
of monomer type 1 units in the chain

L. gravitational constant used o convertkg ., 10 k8 purre)

h heat transfer coetticient for film between reactor contents and reactor
wall

h, heat fransfer coefficient from the jacket contents and through the jacket
wall

k rate constant in appropriate units for the order of reaction.

L axial coordinate of the reactor

LCB the number of long chain branches in the reaction volume

L, the number of long chain branches per polymer molecule

M; molar flow rate of monomer type i

m molecular weight of monomer
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=

the number of radicals formed per peroxide molecule

P reactor pressure

M, number average molecular weight

M, weight average molecular weight

M, z average molecular weight

r. number average chain length

e weight average chain length

r. z average ct-ain length

P(r) polymer molecule of chain lengtih r

P(r) polymer molecule of chain length r with a terminal double bond.
0 the I" moment of the polymer molecular weight distribution
r reqctor Inner radius

RI rate of initiation

R{r) radicals of chain length r

R'(r) internal radical of length r

SCB the number of short chain branches in the reaction volume
S, the number of short chain branches per polymer molecule
t time

T reactor temperature at length t.

T; jacket temperature ot length L

u linear velocity

U overall heat transfer coefficient

1 volumetric tlow rate of reaction mixture

14 mass flow rate of the reaction mixture

W, W, mass of polymer and monomer

(X1 concentration of any species X

Y; the i" moment of the total radical molecular weight distribution
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Greek letters

®, fraction of radical centers that are on monomer type 1 units.
p solution density

Wr Joule-Thomson coefficient

n, monomer viscosity

n, relative viscosity

", solution viscosity

moles of monomer | bound as polymer

A the number of long chalin branches per 1000 carbon atoms
As the number of short chain branches per 1000 carbon atoms
T Q grouping of Kinetic parameters and concentiations related to the

transter to small molecule reactions.

Rate constants

kb backbiting reaction

Ky p-scission reaction of an internal radical
ky p-scission reaction of a terminal radical
kd initiator decompaosition reaction

kelh termina! double bond reaction

kdem deccmposition of monomer reaction
kelcp decomposition of polymer reaction
kdp, oxygen initiation reaction

kep slow initiation reaction

kfm transfer to monomer reaction

kfp transfer to polymer reaction

kfis transfer to chain transfer agent (CTA) reaction

K, overall g-scission reaction for internat radicals
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KSC' i)
kpy;
kr
kic;
ktd;
kth
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overall long chain branches reaction
overall short chain branches reaction
propagation reaction

inhibition reaction for oxygen

termination by combination reaction
termination by disproportionation reaction

thermal initiation reaction
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2.7.2 Appendix for autoclave model_

Mass and energy balance equations for autoclave reactor

Given the mixing model, ocne can construct the mathematical model by
wiriting the mass and energy balances for a single volume segment The mass balance
for a specles In a volume segment will, In general, have the form :

accumulation In volume segment=  outflow from previous segment
+ feed to segment
+ recycle from next element
- outfiow to next segment
- recycle to previous element
+ net generation by reaction

Mathematically, for any species X,

Xm'Uf-) ¥ ' :
WU ] [ L} T U I
i =FiatFourFian-Fir-Fun+trilVie

where
X, moles of species x,
F* molar flow rate of species x,
F! molar recycle flow rate of species x,
5
r rate of reaction to generate species x,

j refers to the volume element, and L refers to the volume segment. Note that from our

mixing model;
F

j.l-Fj-l.H’u

Fron=Fy,
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For the plug flow segments (L > 1) there is no feed or recycle

Frian=Fegu=0

Itis ailso true that in a CSIR, the {ollowing relation holds:

vm.u(j.l.)

]

where YV, Isthe volumetric outflow rate. Defining the recycle ratio at volume element
Qr.(j.l)

7= e M M
ta(gft '+ e :)

where @, Is the volumetric recycle flow rate and @, and ;" are the volumetric flow

rates of monomer 1 and 2 in the {f, stream. The volumetric feed rates of monomer
one and 2 are given by

so the recycle flow rate will be given by

I M,
0rmg S P, P
r(i1) hg-[ [Ml]ll [MZ]IA

The recycle molar flow rate for each species is then given by
F:.'u.n - [Xs];.,Qr.v.u
g; Is a parameter to be estimated, and is zero for all plug flow volume segments,

To determine v,y assume that volumes are additive and the reaction mixture

is essentially monomer and polymer
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Vautin) = Oy, 11y + Oy 1y + Oy 1y + O 11y

where,

M M M
Fi.!!-l +Ff.(}.n + 0 e {M) et ™ Q. i.0M, it ";.;.' Vii
T

PiL

Oy, ™

M M. M.
Fiio+ Frian+ Qg oadMay o - CriadMali +17iVia
= A

ML

O,

P »
Fj.;. A+ |.L){P1],' o~ o {P s "j.;. Vie

’l
Pie

0’]] -

P Py
Fiioi 4 QrgonedPa), v = CrgadPaliy +1iiVia

P
Pj.

a Ilz L

and

m, = molecular weight of monomer type 1 (g/mol)

m, = molecular weight of monomer type 2 (g/mol)

= density of monomer 1 (g/cm?®).

p" = density of monomer 2 (g/cm?)

g = density of polymer (g/cm®)
The rates of teactions r? . r;; ,rii and rji wil be derived in the next section.

We can solve the set of ODE for X, ;,, of the form,

d[Xi]j,L 5 n o
it a Fio+Frin+ Q. I.L[Xk],- o~ @y Vaugey) [Xx],-,,_ +ra Vi

Depending upon the segment type, there may or may not be fresh feeds or recycles.

For simplicity, we are adopting the following nomenclature in our subsequent model
development,

: W \ "t
(inflow —outflow), =F;, \+Fp 0+ Qr.un.u[xx],- NV (@rg1r* Vi) [Xl},_,_
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Two phase kinetics
Let &, be the ratio of the mass of monomer to the mass of polymaer, both in the
polymer rfich phase. This quantity can be calculated from:

(l)m m— ]
]

where W, Is the mass fraction of polymer in the polymer rich phase given by equation

3. Defining W, as the mass of polymer in the polymer rich phase, one can evaluate
the volume of the polymer rich phase (swollen with monomer) as:

o (1 ) ()

+_
th [2H] mfi+mfa) P,

W, =mP +mpP,

where f, and f, are mole fractions of monomer 1 and 2; m, and m, are the
molecular welghts of monomer 1 and 2; p,, p, and p, refer to density of monomer
1, monomer 2 and polymer respectively; P, and P, aremonomer 1 unitsand monomer

2 units bound as peolymer. This assumes that the volumes are additive. The monomer
rich phase volume is given by:

VymV,-V,

where V, is the volume of the segment.

Now that we have expressions to calculate V, and V,, we are now able
1o derive mass balance equations for each species in an arbitrary volume segment
¢, L). Firstly, we assume the initiator and the modifier to partition according to.

UL

Ul

[TSH], |
(7w, ="
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K, and K;; need not be identical for all initiator or modifier types. In our simulations
both K, and K;; were assumed to be unity, From the mass balances and the partition
coefficlents, one can calculate the concentration of inlfiator and modifier in each
phase as

()t Vs

U =% vy,

1¥m F

[TSHlnle:

(TSH), ~ v + v,

It the stationary state hypothesis (SSH) is adopted, then one can calculate
the radical concentrations in each phase, For the prege! region

71, - (7 '[’1”)

where k, = k.. + k. In the postgel region, the polymer rich phase is composed of sol plus

gel. The monomaer rich phase radical concentration is unchanged and the polymer
phase radical concentrations are given by these two simultaneous algebraic
equations

[R]g - kfﬂ[ﬁll][R]P
k{m[Mlv + kl.l + (kmw + kuf.m)[R ]p + k[p[QI]p + kIu[TSH ]P

0 =(Kipes + kit ) [RT; + {k[M,]+ Ky + kit [RLIR],
~{2fkl1), + kM, [R], + Ky [TSH], [R], + K, [R], (0], }
wheare [M,] denotes the moles of monomer units bound in the gel per unit of volume;
[R], is the sol radical concentration; [Q,], represents the tirst polymer moment in the

sol; and the subscript ‘'sg’ in the termination rate constants denote sol-gel. Note that
we have assumed that K, =K, and K, = K

A balance on initiator and monomer types 1 and 2 gives

%-(:nﬂow - outflow), =k (11, V, +[11,V,}
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d 1 . 1
V,—E:%f—] =(inflow — au:ﬂuw):.‘,'_ =k, {{M ,]mq:,[R],,,v,, + [M,]’_qa,([R 1, +[R) :)Vr}
= kpﬂ {[Mllnq)![R ]mvm + [Mllpfb;([R]P + [RL)Vp}
d{M.]

V= =inflow = outflow);: = kyus{[M:) 0RLu V. + [M 9[R], +[RLIV, )

=k {(M] 0RLV, + [M]0:[R], +[RLIV, }
The concentrations of monomer in the polymer and monomer rich phases are given
by:
fl qu)m
Voimf\ + ma.f3)

LW, 0,
Vimfi + mof2}

VM ]-(M) [V,
(] = [ ]‘E N4

[Mt]p =

(73], =

V,[M.] - [M2), [V,
g, - )

Similar balances can be made to find the moles of each monomer bound as polymer
and the modifier in the reactor.

d[P,]
de

V,— w(inflow - outflow}’, + k,y {[M,] 9[RL V.0 +[M,]0([R), + [R])V, )

+ k(M) 0:(R LV + [M]0:A[R], +[R])V, }

d[P,]

V..._.
Todt

=(inflow ~ outflow);’, = kyo{[M=], @R 1,V + [M:] 0iER], + [R1V, }
+ k(M) 04R LV, + (M) 0:((R], +{R1)V, }

v d{TSH] 1sn

o =(inflow - outflow);;,' -k, {[R],[TSH1, V.. +([R], +[R])[TSH],V,}

~kou{[R1[TSH],V,, +([R], +[RL)[TSH],V, }
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Molecular weight and moment equations

We are using the method of moments 1o find the molecular weight averages.
1, and r, are the number and weight average chalin lengths and Q,, @,, &, are the
leading moments of the molecular welght distribution.

Lol
"0

_l@l
“fel

The leading moments for radical and polymer chain length distribution for each phase
are derived below. By definition, the moments of the dead polymer and macroradical
distribution are:

[@1- 3, rP()]

(v1= 3 rire)
Notice that [Yia] 2> [Y.] >> [Y,.]
(] >> [Q] >> [Q,))
() >>[Y)

and advantage Is taken of these inequalities to simplify the exprassions whenever
possible. One can also neglect the term 2fk.{l] where its value is insignificant as
compared to other terms,

Firstly consider the pre gel region. The radical moments are given by

(7, R0, - Lo ’[’1"]“

[v), = (%], (-—ff—[i)

[¥ol,

T, + P

[Yl],.,, -
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(l + Cp:)[YU]p
T+, +Chy

2[Y],

" (T + B

Z[Yl]p + C,,..[Y.,]p
T, +f, +Cy

r],

(v,

[¥.], =

where

kim[M ) + kg [TSH ], + ky + k(Y]
" kp[M].

kfm[ﬁf]p + kf,_,[TSH]y + k“ + k,,;[Yu]p
K (M,

kn-[yo],,.
" kM1,

kYo,
? " k,[M),

ky (O],
o LM,

The polymer moments are given by

v, dEfﬂ] =(inflow - oulﬂr)w)g: ¥ (Tm * %m)kr[“l" LORE

+ (1:,, + &)k,,[M]p (Yol Ve

2
[@\]=[P]+[P.]
d{Q.] 2 P
Vo~ -[ To# P (Tt ﬂm)z]k,,[M],,. LARA

21+C,2) Bl +C,.)0
T +B +Co {(t,+f, +C, ¢

]k,[M LIV,

. [y
+(inflow - outflow); |



Since there Is no dead polymer in the monomer rich phase, the following relationship
holds:

£
[Q;],, = [Ql]"‘?;

Now consider the post gel region where we can wirite expressions for the
molecular weight of only the sol polymer. Since there s no gel in the monomer rich
phase, the postgel radical moments are the same as those in pregel region. However
they differ in the polymer rich phase,

[¥.}, =[R),
[Yn],, =R l:

k(M], [Yu] +kpa[M], [Yol; + kW[ TSH), [Yo)], + ku[Yo); (@2 ] +k[Yo);

[YI]P (k“.,, + k,h,) [Yo] + (k,,.“ + k“;_m) [}’o] + kfm[M]‘, + kﬂ,[TSH]p + ka[Q ] + klP[er] + kp

k]m[M]p [Yﬂ]r + kIu[TSH]p [Yo]r + kp[YO]r ?J‘ [n’f]p [yt] + klp[Q\] [Yn]r
kM, + kp [TSHY, + ky+ 5, [Q, 1, + kp[M, ]+ (ks + Kipas) [Yu] + (Kieng + ko) [Yo),

[v,], -

where
Yoy = (Vo) + [Yu],
The polymer moments are given hy

v, i—] =(inflow - outflow);? +kpu[M 1 (Yol Vi + k[, [V, Y,

+3 klr[Yﬂ] V +o krcu[yo] 4 +Ald[YD]MV +ki-f.l.l[Y0]:vp

+ kkfm[YU]P [Yo]‘ Vp - 'k]p[YD‘.l,r [Ql]p Vp + k!b[yl)]p [A'!g]vp + k[\[YO]," Vm

+h YoV, + k[TSH], [Yo] V., + k [TSH], AR

[Q]=[P]+[P,]-{M,]
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v, ﬂdgt_:]- =(inflow - ou!ﬂaw)gf_ + k(M1 [Y2] Va +[81], (Yo}, + [V V)

+k {[TSH1,[Y,) V. +[TSH], (Yol + [Yu]p)Vp IR AR

# (X, + VLV, ) + 2, (ML, [YL,Y,
+ A’,,([Yo]m [Y:],,. Vo + [Yl]:. Vm) + k;.r[yo],. [Yz],,, 4
+ k:r.u[yl ]; Vp - kluw[yﬂ], [Yll_g V.P

where the moles of monomer bound as gel Is given by

d[M

14 -[7--—]- w(inflow - am_ﬂow}j Lk MY, ] vV, + k..-,,,[yo], [YI]p V.

= ]\[ Yﬂ]‘ Vp

In the post gel region the polymer moment equations are not closed. We have
selected the closure method of Hulburt and Katz (1964) to express @, as a function
of the lower moments.

(0]
NN

The short chain branching frequency is given by

=== (2[2:][Q0) - [2T)

v, d[SCB
dt

] =(inflow - r)utﬂow)"'m +k,[Yo] Vo + kh[Yn],, v,
+ky [Yo] [TSHLY,, + k, [Yo), [TSH],V,

We do not consider backbiting by gel radicals, or the consurmption of short chain
branched sol polymer by the gel. In the pregel region, the long chain branching
frequency is given by:

dfLCB] . ]
v, ! ” ] = (inflow - outflow ,‘,i” + k!:l[yu}p [Q']p v,
In the postgel region, considering branches only in the so!:

d[l..]
"d

= (inflow - autﬂow)"c" +klp([}’°] +[Y,,] N, ] v,
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This equation neglects the consumption of branches from the sol caused by
incorporation of branched polymer into the gel. The number of short and long chain
branches per 1000 carbon atoms is given by (assuming two backbone carbon atoms
per monomer unit):

sl
A =300 00

(LCB]
M= 30053

Energy balance

The energy balance, for any reaction volume, ossurﬁing no losses to the
surroundings Is given by

dH . .
7‘. -(mlFl + mlF:)CP[ml‘(Tfml =14 n-[) + pr'nQr'nc'pin(Tin - Trr{)

+ pr.mQr.incpr.a‘n(Tr.in = Trd) = P(Qr.m + Quul )CP(T - Tr.-[) = A}{rmR,p Vs

(calls)
where AH/(m,Cp) = 1300°C.

Notation for autoclave model

Cp The heat capacity of mixture (cal/g-"C)

C,i dimensionless group for molecular weight calculations related 1o
transfer to polymer

f initiator efficiency

L monomer composition (mole fraction of monomer 1 and monomer 2)

F,F, Instantanecus copolymer compositions (mole fraction of monomer 1
and monomer 2 bound as polymer)

F, Fs accumulated copolymer compositions {(mole fraction of monomer 1

cnd monomer 2 bound as poilymei)
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molar flow rate (mol/s)

molar initiator flow rate (mol/s)

molar recycle flow rate (mol/s)

the change In enthalpy of the reactor contents from the 1eterence
conditions {cal)

heat of polymerization ('collmole)-

initlator species

rate constant for backbiting reaction (s)

rate constant for Initiator decomposition reaction (s™')

rate constant tor transfer to monomer reaction (cm?*/ mol-s)

rate constant for ‘ransfer to polymer rection (cm*/mol-s)

rate constant for ranster to moditier reaction (cm’/mol-s)

rate constant for propagation reaction (cm?®/ mol-s)

rate constant for modifier incorporation reaction (cm*/mol-s)

rate constant for termination by combination reaction (cm’/mol-s)

rate < . nstant for termination by combination reaction between one
so! radical and one gel radical (cm?*/maol-s)

rate constant for termination by combination reaction between two
sol radicals (cm®/ mol-s)

rate constant {or termination by disproportionation reaction
(cm*/mol-s)

rate constant for termination by disproportionation reaction between

one sol radical and one gel radical (cm®/mol-s)
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rate constant for termination by disproportionation reaction between
two sol radicals (cm?/mol-s)

partition coefficient for initiator (mol/cm?® in monomer rich phase :
mol/cm?® in polymer rich phase)

proportional gain for the controller (g/s-"C)

partition coetficient for moditier (mol/em? in monomer rich phase :
molfem?® In polymer rich phase)

maoles of long chain branches

molecular weight of monomeis (g/mol)

monomer species

moles of monomer units bound as gel polymer
number of plug flow segments in g volume element
number of volume elements in the reactor

moles of monomer units bound in the polymer
volumetric flow rate (cm?/s)

the i moment of the polymer distribution (mol/cm?)
volumetric recycle flow rate (cm?/s)

radical species

recycle ratio at volume element j

reqctivity ratios

rate of reaction (mol/cm?-s)

number average chain length

weight average chain length
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moles of short chain branches
modifler

set point temperature ("C)

volume of a single volume element (cm?)

volume of a segment (cm?) N
volume of the monomer rich phase (cm?)

volumetric outflow rate from a segment (cm?®/s)

volume of the polymer rich phase (cm?)

total volume of the reactor (cm?)

mass of polymer in the polymer rich phase (g)

welght fraction of polymer in the polymer rich phase

normalized variables for temperature, pressure and weight average
molecular weight respectively (dimensionless)

concentration of species X, (mol/cm?)

the " moment of the radical diskibution (mol/ecm™)

Greek symbols

Bt

e

dimensionless group for molecular weight calculatic. s

integral time constant for the controller (s)
derivative time constant for the controller (s)
mole fraction of polymer radicals

ratio of the mass of monomer in polymer rich phase to the rmass of
polymer in the polymer rich phase

fraction of total termination by combination
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8; volume fraction of the CSTR component to the total Ev"olume element |
p ~ density (g/cm?) :
A, number of long chain branches per 1000 carbon atoms
number of short chain branches per 1000 carbon atoms
Subscripts
g related to gel polymer
m related to monomer rich phase
P related to polymer rich phase
r related to recycle
TS related to modifier
1,2 related to monomer 1 and 2
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Chapter 3 Production of polyolefins and
copolymers by Ziegler-Natta polymerization

3.1 Introduction

Eversince their discovery, the heterogeneous isospecific catalysts based on TICl,
and organometallic compounds have caused not only major industrial innovations, but
also a great deal of scientific effort in order to better understand the fundamentals
involved In this fleld. This research has covered a wide spectium of subjects including
polymerization kinetics and chemistry, catalyst synthesis, as well as the characterization
of both homopolymers and copolymers. These attempts have resulted in saveral new
developments, especially with regards to catalyst synthesis. For instance, the production
of supported catalysts based on TiCl, and MgCl, has induced the appearance of new
technologies such as gas phase and bulk processes which are now eplacing the old
slurry processes. Unfortunately, much of the scientitic information generated during the
development of creating such processes is maintained in secrecy by the companies
which have performed the studies. Even so, a large number of papers have been
published, as well as some relevant books and theses.

Despite all of this research, many aspects ielated to the polymerization of olefins
using hetercgeneous Ziegler-Natta catalysts remain poorly understood and even matters
of some controversy. One of the most important sources of controversy is the reason for
the broad molecular weight distribution (molecular weight distribution) and tor the
compositional inhomogeneity of copolymers even if prepared at conslant monomer
composition. Presently, there are two main theories which try 1o explain these observed
phenomena, namely, the presence of either a distribution of activities for the catalyst
sites or diffusional effects limiting the transport of reactants. The {ormer assumes the
existence of multiple catalyst sites of different activities, whereas the latter proposes the
encapsulation of the catalyst particles by the semiciystalline polymer creating a
diffusional barrier for monomer fransport.

According to the first point of view, the ditferent types of sites have different
propagation, decay and possibly transfer rates to account for both the broad molecular
weight distribution and the copolymer composition inhomogeneity. As for the second
hypothesis, two consequences could occur: i) the efficiency of the catalyst willdrop as
the catalyst particles become more and more encapsulated, and ii) active sites at
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different radlal positions In the particle will have different levels of monomer available to
them. Furthermore, different monomers will have different diffusion rates, resulting in the
production of a spectium of chain lengths and compositions.

3.1.1 Literature review

Boor (1979) recognized that the reasons for the wide molecular welght
distribution in polymers prepared using Ziegler-Natta catalysts were not well understood
and presented five proposals covering both chemical and physical points of view. One
of these was the existence of a multiple site distribution related to the propagation rate
constants as had been proposed by Grieveson (1965), whereas two others took into
account diffusional limitations created by the encapsulation of the reactive sites by the
growing polymer chains. In fact, many experimental results have been interpreted elther
by using a distribution of site activities (Baroe et al. 1983, Begley 1964, Berger and
Grieveson 1965, Bohim 1978 1981, Burtield 1983, Chien et al. 1976 1982 1985, Cozewith
and Ver Strate 1971, Doiet al. 1983, Gordon and Roe 1961, Kashiwa and Yoshitake 1984,
Kell et al. 1982 1984, Martineau et al. 1983, Mussa 1959, Roe 1961, Sergev et al. 1984,
Zakharov et al. 1984) or by using the diffusional limitation approach (Baker et al. 1973,
Brockmeler and Rogan 1976, Bukatov et al. 1982, Buls and Higgins 1970, Crabtree et al,
1973, McGreavy and Rawlings 1976, Schindler 1963, Schmeal and Street 1972, Singh and
Merril 1971 Ross 1984a,b, Meyer 1977, Nagel et al. 1980, Taylor et al. 1982 1983).

Kissin (1985) has pointed out that even for low monomer conversions, when
diffusional effects should be minimized, it has been experimentally observed that the
copolymer compasition is not homogeneous even for polymer produced at constant
monomer compaosition,

A large number of physical models have been proposed in order to explain
the wide molecular weight distribution and the copolymer compositional
Inhomogeneity. Some of these have been described mathematically oand applied for
simulation purposes (Biockmeler and Rogan 1976, Schmeal and Street 1972, Singh and
Merril 1971, Taylor et al. 1982 1983, Galvan 1986, Bosworth 1983). Models have been
developed in order to take into account the wide distribution of rate constants, Some
attempts consider a small number (around 2) of different sites (Galvan 1986) . The
reasons for such a small number of sites seems to be that the added complexity of using
more sites may limit the model’s use for simulation purposes, and the estimation of the
large number of kinetic parameters may be prohibitive. Bosworth (1983) has made an
attempt to use statistical distributions (Normal and Log-Normal) for the propagation
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rate constants and has concluded that the variance for the distributions must be very
- large to explain the observed polydispersity. Boswo‘r‘m considered this large variance
to be improbable. Both authors use ¢ model that included diffusional aspacts and @
few types of active sites.

3.1.2 Why a multiple active site model?

We belleve that the existence of a distribution for the rate constant values with
respect to the catalyst sites constitutes the most probable hypothesis for explaining the
broad molecular weight, copolymer composition ‘and stereoregularity distributions
based upon the following reasons.

a) Kissin (1985) states that fractions, separated based upon solubilily, of
homopolymer produced by heterogeneous Ziegler-Natta caialysts have @
charocteristic stereoregularity (as measured by meiting points, NMR and IR) and is not
just a mixture of purely isotactic and atactic polymer. This suggests that there is a
continuous distribution of values for the stereo-reactivity ratios s¢, 5. Where

3
ki [

Sy ™ _km‘

k!.[.

L
§ o= P

DD and LL represent the two possibilities for isotactic linking between monomers ang DL
and LD represent the two possible syndiotactic linkings. Diffusional limitation models
can not account for this distribution of chains with regard to stereo regularity, but a
multiple site model, each type of sites having its characteristic s”,s* values, naturally
accounts for this phenomenon.

b) Usami et al. (1986) have separated fractions of linear low density
polyethylene using temperature-rising elution fractionation (TREF). Their IREF curve had
two distinct peaks, representing distinct copolymer compositions. The reactivity ratios,
as measured by carbon-13 NMR, were different for each peak. They concluded that
each peak was produced by a different kind of active site.
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Based upon this evidence we belleve that o valid modelmust include multiple
site types for the Ziegler-Natta polymerization of olefins. Under certain conditions it may
be necessary 1o include diffusional limitations for the reactions. This could be added
later as necessary (Soares 1992),

3.1.3 A note on collaboration

This modelling was done in collaboration with Bruno de Carvaiho and led to
the publicatlons de Carvalho et al. (1989a, 1990). de Carvalho's knowledge of the
commerclal processes was Invaluable, A proprietary extension of this project was
applied to Polibrasil's' polypropylene - ethylene production plant and much of his time
was devoted to this proprietary segment (de Carvalho et al. 1989b). Large portions of
the mathematical model were derlved together, relying a great deal on my, and
certainly Dr. Hamielec's, past modelling experience and de Carvalho's background on
the chemistry of Ziegler-Natta polymerizations, de Carvalho also derived many of the
expressions for the stereo- chemical sequence length distributions presented in de
Carvatho et al. (1990), and thus these results are not presented in this thesis.

3.2 Reaction mechanism

The polymerization reactions occur on several reactive site types on the catalyst
particle. In general, each type or site (l.e, site of type j} will have ditferent reaction rates
associated with it. The reactions listed below correspond to production of j type sites and
propagation, transfer, and deactivation reactions on these. It is assumed that a terminal
modells appropriate to model these reactions and thus penultimate effects are ignored.

3.2.1 Initiation

We shall define any active site with a monomer molecule or growing polymer
chainon it as a propagation site (N(r,j) for r=1,2,3...). Any active site without @ monomer
molecule orgrowing chainis aninitiationsite (V(0, j), N, (0, /), Nx(0, j)). The numberof active
sites Is the sum of the propagation sites and the initiation sites. A potential site (N*())} is
a site that may react via a formation reaction to form an active site. The total number
of sites may be proportional to the total surface area of the catalyst particles.

i Polibrasil (Camagari. Bahia) was known as Polipropileno S/A at that time.
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The formation of type | propagation sites can be written as two reactions, Firstly
a potential site on the catalyst particle and the co-catalyst i@act to form an initiation
site, N(Q.j). This site can then react with monomer i to produce a propagation site,
N{(1,) of unit length. The relative rates of these two reactions determine the extent of

the acceleration siage in the polymerization (Kissin 1985). The reactions may be wiltten
Qs

N*(j) + co - catalyst H0) N, )

This initiation site can then react with monomer type 1 or monomer type 2 to
form a propagation site of type 1 or 2,

N, j)+M, ki) N(L]J)
N@©,j)+M, kia() N1, )

The initlation sites N,(0,)),N.(0,j} are formed by transter to hydrogen,
spontaneous transfer and transfer to organometallics as explained below.

3.2.2 Propagation

The propagation sites support grewing polymer chains. These chains grow by
the addition of either monomer type 1 or type 2 to the chain ot the point were the chain
is attached to the catalyst site. The chain itself can end In either a monomer type 1 or
type 2 group. Thus there are four propagation reactions. Reactions between a chainr

units long ending in ¢ monomer fype i group and a monomer type k molecule (i=1,2
and k=1,2).

N{r,j)+M, a0 N.(r+1,j)

—
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It one assumes a terminal type model then the propagation rate constants are not
functions of the penullimate monomer type, but only functions of temperature and site
type.

3.2.3 Transfer

As well as undergoing propagation reactions these sites can be involved In
transter reactions. These reactions involve the substitution of a small molecule on the
active site, disptacing the polymer chain. This chain becomes a dead polymer chain
of length r, Q(r), and Is no longer involved In the polymerization (is permanently dead).
The active site with the small molecule attached can then undergo propagation
reactlons or Initiation reactions to produce propagation sites. Thus one catalyst site can
produce many polymer chains during the reaction.

Transfer to hydrogen

Reactions can occur between a chain runits long ending in a monomer type
I group and a hydrogen molecule to form an initiation site with a hydrogen on it and
o dead polymer chain of length r.

N(r,j)+H, &0 Nu(0,/)+Q(r)

This site can then undergo an initiction reaction with monomer type i o become a
growing polymer chain., This probably is the most important transfer reaction for
proceasses that use hydrogen to control molecular weight,

N, (0,/)+M, 0 N(1,))

Transfer to monomer

Reactions can occur between a chain r units long ending in a monomer type
igroup and a monomer type kmolecule to form a site with a monomerk (i.e. a polymer
chain of length 1) on It and a dead polymer chain of length 1 ending with a terminal
double bond. This reaction can be expressed as
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Nir,j)+M, 4l N (L j)+Q(r)

This site can then undergo propagation to form a long polymer chain.

Transfer to organometallics

Reactions can occur betwean a chain runits long ending in a monomer type
lgroup and a organometallic molecule left over from the catalyst formation reactions.

N(r,j)+AR i) Ny(0,)) +Q(r)

The dead polymer chain has an end group of type AR,_,. This Initiction site can then

undergo an initiation type reaction with monomer type i to become a growing polymer
chain,

NR(O’j)+Mi ki) N..(l!])

Spontaneous transfer

The propagation site may be able to spontaneously lose its polymer chain
forming a site with @ hydrogen on it and a dead polymer chain with a terminal double
bond.

N,-(I‘,j) Hs) Nn(()aj) +Q(r)

This site can undergo initiation reactions with monomer o become a growing chain
as for transfer to hydrogen. it could be possible for the double bonds created by this
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reaction to Insert into a catalyst site and propagate thus creating a branched polymer
chain. However we feel that In systerns where hydrogen is added this reaction will
probably be insignificant.

3.9.4 Deactivation

It has been shown (Kissin 1985) that forsome polymaerizations the rate of reaction
wll decrease with time. This suggests a catalyst deactivation reaction of unstable
centres. It has been found (Keil 1972 1975, Tsvetkova et al. 1969, Spitz et al. 1984, Wu et
al. 1982) that the rate of deactivation does not depend upon either the amount or type
of monomer present, Thus the rate of deactivation can be considered to be
independent of the polymerization process. The deactivation reaction Is probably g
complex series of reactions but one may be able to approximate It with a first order
reaction of the form

Nij) 9 N()+0(r) (r =0)

The deactivation reaction forms a dead polymer chain and a dead catalyst sitea, The
rate of decay does not continue until all the catalyst sites are dead. It appears to level
off after 1 or 2 hours (Kissin 1985). This suggests that not all j sites have the same stability,
and for some site types, kd(j)) will be zero.

3.3 Model development

Given the reactions, and the multiple site concept described above, one can
derlve a model for heterogeneous Ziegler-Natta copolymerization. The following few
paragraphs give a brief overview of the approach taken with the details given in the
next few sections.

The reaction mechanisms are general, applying to any process, so it should be
possible to adapt the model to gas phase (e.g. UNIPOL) or to liquid phase {e.q. slurry),
by taking into account the physics and thermodynamics of the system to determine the
appropriate concentrations etc. In fact this has been done for UNIPOL (McAuley et al,
1990) and for slurry (de Carvalho et al 1989b). If catalyst break up is important, it will be
a function of the physical properties of tha catalyst (porosity, support strength etc.) and
it must be modelled as well but this is beyond the scope of the work presented here.
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The model Is a set of mass balances on the Important species, and will give a
collection of algehrclc and ordinary differential equations. We shall assume a perecily
mixed dynamic ves;el allowing for both inflow and outflow, and wiite the equations
accordingly, in this way several reactor types are accounted for. For instance a steady

state reactor model Is given by simply setting the time derivatives to zero and solving the
resulting set of algebraic equations.

The rates of each reaction will be written in terms of the concentrations available
at the reaction site. |t is assumed that the concentrations are the same for all sites, and
that these concentrations will be determined by the reactor type. Forinstance, fora gas
phase process one must account for the concentrations In the gas phase, the polymer
phase and on the catalyst surface, for q slurry process one must also aceount (or the
concentiations in the diluent phase. This partitioning can be modelled using avcilible
thermodynamic relationships, If equilibrium can be assumed. Some suggestions are
presented in the next section for siurty reactors and for UNIPOL by McAuley et al. (1990)

The equations are written for copolymerization, and pseudo kinetic rate
constants (Hamielec and MacGregor 1983) ore defined for each site type, to reduce
them to simpler homopolymerization equations. In this manner one could also easily
extend the model o three or more monomer types.

A balance on the numbert of each site type can be made by accounting for
the rotes of iniflation, deactivation, transfer and inflow and oulflow., The rate of
polymerization (monomer consumption) is determined by summing the monomer
consumption rate on all site types. The copolymer composition produced by each site,
can be calculated by performing a mass balance on the molas of each monomer type
converted to polymer by that site, Given the distribution of site types, one can find a
distribution of compaositions. Notice that this gives o single, but ditterent, copolymer
composition for each site type, in general each site type will produce a distribution
(although it may be narrow) simply due to statistical broadening for short chains. We are
assuming that this distribution is much narrower than the overall distribution and thus
neglect this statistical broadening. Statistical broadening of compoesiton can be
accounted for, in fact McAuley et al. (1990) used Stockmayer’s bivariate distibution
(composition and molecular weight) to give a distribution of compositions for each site
type.

£y
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It Is also possible, to derive expressions for the sequence length distribution of
the copolymer made on: each site type, and thereby the overall sequence length
distribution (de Carvalho et al. 1990) of the copolymer product,

The copolymer molecular welghts can be calculated in two ways, the first o
more general method, gives the average molecular weights for each site type, and
thereby the overall averages for the polymer product, and a second method, glving the
entire molecular weight distibution. The first, more general method, uses the method of
moments, for both the live and the dead pblymer species. A balance on polymer of
chain length r, Jor both the living and the dead polymer populations, is made for each
_site type. Polymer grows by propagation, and is terminated by transfer to hydrogen
'.‘rnonomer. or some other small molecule, or spontaneously, Given these balances, 1t is

possible to derive equations for the moments of the living and the dead polymer
populations, and thus the overall averages for the polymer product. The second method
assumes that the living polymer concentration is much smaller than that of the dead
polymer population, and that the inflow and outflow of sites is much smaller than the
generation and consumption of site types by Initiation, and transter. Glven these
assumptions It is possible to derve an expression for the instantaneous chain length
distribution produced on a catalyst site type. The overall distribution for the polymer
product can be found by averaging over all site types. In this manner the molecular
welght distribution can be tound, as well as the averages. 1t can be shown that the
polydispersity of the polymer formed under steady state conditions, or instantaneously,
is a function only of the overall mean propagation rate constant, and the variance of
the propagation rate constant over all site types. The instantaneous molecular weight
distribution on each site type has a polydispersity of two and it is the most probable
distribution,

in order fo specify an active site type distribution, one must be able to assign
propagation rate constants for each site type. There does not appear to be any way to
define the active site type distriibution o pricrl, but only via experimentation. One can
arbitrarily define an active site type distiibution for simulation purposes. ©On the other
hand a systematic method (but by no means the only method) to select an active site
distribution this is to assume that the frequency factor for each site type is the same, and
that the activation energies are Normally distributed. In this manner one must only specify
the number of site types, one frequency factor, and a mean and a variance for the
activation energies. Broad kp distributions can be achie''~d in this manner, because it
approximates a log normail distribution for kp. The number <1 site types chosen may be
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arbitrary, but experimentation may reveal the number of site types. For instance, If two
narrow specific molecular weight (or compositional) peaks are observed, one may
choose two site types. Altemnatively if one were using TREF {0 measure data with which
to estimate the kinetic parameters, it might be appropriate to chose one site type for
each TREF fraction. The mean propagation rate must be chosen to give the observed
production rate of polymer, and the variance chosen to glve the desired polydispearsity.

It TREF fractions are obtained, and the molecular weight (by GPC for example)
and copolymer compositions (and possibly sequence length distributions by NMR) of
each fraction are determined, one could assign an active site type to each fraction.
Then based upon the composition and tha molecular weights found for the fractions
determine a set of reactivity ratios and propagation and transfer rate constants,

One can also define a set of sterec addition rate constants (analogous to
copolymer propagation rote constants for binary copolymerization) for each site type.
Thus for each type ong can Identity a parameter S(j) specifying the sterecregulating
power of a site type where 5()) Is the ratio of Isotactic placements over syndiotactic
placements. A difficully arises when one tries to determine the value of S for each | type,
since there are no good methods to precisely measure the stereoregularity distribution,

3.3.1 Formation of initiation and propagation sites

The rate of formation of active sites will be given by

Rate of formation , o . . ( moles )
- + . - VY
(ol‘ type j active sitcs) 4G) V(D) [Co - Cur] second

if the co-catalyst is added in excess then

Rate of formation
of typej active sites

) =410)- VG-V 2o

second

where [X] denotes concentration of species X. The concentrations of sites are in moles
per litre in the reactor, and all other concentrations of reactant species are moles
adsorbed per unit of catalyst surface, multiplied by the total catalyst surface area per

litre of reaction mixture. In this way all concentrations have units of moles per litre of
reaction mixture, L.e.
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moles area  moles
. -
area litre  litre |

It is assumed that the concentrations of reactants available to each site are
Independent of the site type and location. It may be that concentrations vary spacially
but this Is neglected.

In the same manner one could define the concentration of sites as the moles
of sites per unit catalyst suface areq, multiplied by the total catalyst surface area per
unit volume In the reactor, This glves the same result as saying moles of sites per unit
volume. In aslutry reactor the volume of the reaction mixture is the volume of the diluent
phase, since there are no catalyst sites in the head space of the reactor.

[N*())] is the concentration (moles/litre) of potentiaisites of type jin the reactor,
and V is the reaction volume In liters. The units of the second order rate constants are
in (itres/mole-second). The deactivation rate constant is assumed not to be a function
of the chain composition or molecular weight growing on the site or what type of
monomer molecule resides on the site, but only a function of the site type.

The rate of deactivation of active sites will be given by

Rate of deactivation
of typej active sites

) = kd(j)- [N(D]-V ( oo )

second
Remember that the deactivation rate constant, kd(j). will be zero for some values of |

Since transfer and propagation reactions do not change the total number of
activessites one obtains a balance on the totatnumber of type jactive sites in the reactor
as

INCi
¢ A;rr(l) wkf(J) (IN*()] V = kd(§)- [N ()] V

second

+ N ) =N e ( moles )
where
Ne(j}= rélN(r'j) + N, (0, /) + N (0, j} + N (O, )

Notice that kd(j) depends only on |, i.e., it has been assumed to be equal for every kind
of site which constitutes A,{j).



e

ir

.

151

N

The Inflow (Ni(j)») and outflow (N,(j),.) will be determined by the type 01 prouess Is
being used, l.e. batch, semibatch, or continuous.

A balance on the fotal number of active sites where the number of active sites
can be wiitten In terms of moles In the reactor (e.g. [N(r, )] V = N(r, /). Is given by,

dNr —
kf N* T_deT"NTm NTcul

where
PLAOE
7= 3 06)16)
& - 3 (ki() 1)

and the fraction of the total active sites that are of type j is given by
N()
10) =52

The total number of potential sites is N*,

One must also perform mass balances on the number of initiation sites in the

reactor.
IN,,(0
: "( SO iy (13- Vi) + kY- Vi)
— kh(j)* Ny (0, ) [M] = k() Ny 0, )
+NH(O'j)m - NH(O'j)nul
dNR(0, j)

K G) TAT V) = k() Ny(0. ) [A)

=kd(j} - Ny(0, j) + Ng(0, )~ N0, )

dN(O ”-kf(;) SN*()=ki(j) - N(O, ) [M] - kd(j)- N(©, })

+N(0|j in —N(O'j)uu!

“
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where Yy(j) Is(\\\:jie zeroth momer:t.of the live polymer distribution on type j sites, or

equivalently the moles of j type propagation sites in the reactor. [A ]Is the concentration
ot organometallic. The rate constants kth(), kfr(l), kfs{), khei), ki) and kr()) are pseudo
rate constants that take into account the copolymer and comonomer composition and
all the elementary reactions.

le.

M () = 0,0) K () + 05) - ki)

KG) = 0G) kG + 040) - ki)

K5G) = 0,) - ki) + 040) - s
k(i) = £y kr,(G)+ o ko)
KRG = fy Kby (G) + fo Kl
KiG) = ki) + ki)

and ¢,(j) Is the fraction of | type sites that have a growing chain ending with a monomer

1 type unit and accounts for the copolymer composition. f, is the mole fraction of the
monomer adsorbed onto the catalyst suiface that is monomer type 1.

3.3.2 Rate of polymerization

The rate of polymerization can be found from the rate of monomer
consumption. The total rate of monomer consumption is given by propagation, transfer
and inltiation reactions. If one uses the long chain approximation then the consumption
of monomer by transfer and initiation reactions is neglected. The rate of polymerization
of monomer type 1 is:

Rov= 3 0.0)MG) +hsG)- NG, (o)

where [M,]Is the concentration of monomer on the surface of the catalyst and N,(j) is

the moles of j type sites having a growing chain with monomer of type i at the aciive
site. The rate of polymerization of monomer 2 is given by

Rp:"é'(k::(f)-Nz(ijl:(j). NGNIM,] ( moles )

second
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The rate of chénge of moles of total ronomer In the reactor is given by

dM = . A moles
= 3 ) M) NG + M-, (“.L,m,)

where M is the total moles of monomer, [A]=[M,]+[M.] is the coricentration of total

monomer at the surface of the catalyst, and N(j) = N,(j)+N:(j) Is the total moles ot
propagation sites of type J.  The pseudo propagation rate constant is given by

kpG) =k () 0U) - i+ k() 0,G) o
+ Ay () 0:() Sy + kel i) $20)

If one defines the fraction of propagation sites that are of type j then

. N{)
)= N

P

where N, is the total number of propagation sites.

N, = ’T_-" -2.”"' i)
- _ZI(NTU )= (N4, ) + Ny (0, ) + N{0 )
J -
- E YOU)
J=1
Then the mean propagation rate constant will be given by

E-élkp(j)-n(j)

and the rate of polymerizaiion will be given by

— maoles
Rp =kp-[M]-N, ( )

second

4
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The instantaneous welight fraction of polymer made by each | site willbe given
by

()« FlinaJ) + my (1 = Fiina i 0) - kp(GIN()
jz'(ml *Flina() + my (L = Fina QD) kp () - N()

W(j)=

wherem, und i, are molecular welghts of monomer | and 2 and F,,,, s the Instantaneous

copolymer composition (mole fraction of monomer 1 type units in polymaer).

3.3.3 Copolymer comnosition

The total moles of monomer type 1 bound as polymer (both living and dead)
In the reactor is given by the solution to
dpP, = . . o .
= S D) £ 0+ k) 0:) - SN G) - (M)

moles
P. -
*Prin = Prow (.\'ecand)

A similar equation can be wiitten for moles of monomer type 2 bound ags
polymerin the reactor. The copolymer composition of the polymer in the reactoris then
given by

P,
“P,+P,

Fy

and the instantaneous copolymer composition of the polymer made on a type | site will
be given by

(rn)=1)-fi+hi
(r)+ 720 = 2)fi + 21 = 1N, + o)

FllMU) =
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where the reactivity ratios for each type of site are given by

k)
ki)
ki)

r) “%l)

r{j}

The fraction of propagation sites that have a monomer fype 1 end group on
it can be found by using the second long chain approximation,

ko) o) fo=kay - 0:U) - i

and
‘Pz(J) =-1- (PI(J)
to get

- k:l(i)'fl
k(i) fi+k2U) L

0.(7)

3.3.4 Concentrations on the catalyst surface

To this point we have described the polymerization in teims of the
concentrations of the species on the surface of the catalyst. Unfortunately one does
not know these concentrations but the bulk concentrations or partial pressures of the
species in the reactor, For this reason one must consider expressions for the suiface
concentrations in terms of the bulk concentrations.

Any speciesin thr @actor, except growing polymer chains, can, in theory, exist
in four phases. These species may be (1) In the vapour phase in the head space, (i)
dissolved in the diluent phase, (ili) in the swollen polymer phase surrounding a catalyst
particle, and of course (iv) on the surface of the catalyst. Each species willhave different
affinities for each phase. There may be diffusion limitations between any two phases,
for example, there may be resistance to diffusion from the vapour phase into the liquid
phase (Floyd et al 1986, Kisin 1986), or a diffusion limitation from the diluent phase though
a very viscous swollen polymer particle to the catalyst surface. These limitations may
depend upon the reactor type, and on the operating conditions,
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v
One can find the equllibrium concentrations of the species in the diluent and
the vapour phases by using some  equation of state (e.g. the Modifled
Benedict-Webb-Rubin equation (Orye 15?69)) or phase-equilibrium constants (Phase
equllibrium 1959) to relate the pressure of the reactor to the composition in the liquid
phase,

Alternatively, Herry's law could be used to relate the diluent and polymer
phase concentrations to the vapour phase concentrations for ethylene and propylene.
Raoult’s law could be assumed for the diluent concentration in the vapour phase. Thus
the ideal gas law would be assumed for the vapour phase. The amount of swelling of
the polymer phase by the diluent could be approximated by the Flory-Huagins equation
(Flory 1953),

To relate the surface concentrations to the sunrounding concentrations one
can use the Langmuir adsorption equation. The assumptions that must be valid to use
this equations are (Keil 1972) (i) adsorption of a molecule or atom takes place on an
adsorption site, and only one molecule can be accepted by each site, (i) the surface
sites all have identical heats of adsorption, and (lii) there are nu energy interactions
between the adsorbed molecules. Then the fraction of adsorption sites on the catalyst
surface that have a species k molecule adsorbed on them is given by

K. C,
)

k can be monomer, comonomer, organometallic, or hydrogen and the summation with
respect to lincludes all species that compete for adsorption sites on the catalyst surface
including species k.

K, Is the adsorption equilibrium constant for species i and is a function of
temperature

RT
the activation energy E; is in the order of 10 kcal per mole (Keli 1972)

E;
K; = Ko,;* uxp( -—-)

; is the concentration of species | in the surrounding phase.

The total concentration of species k on the surface is given by

[k]=6,-6; ( moles )

velume
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8, is the total number of adsorption sites on the catalyst surface per unit
volume. This value is proportional to the total catalyst surface area
divided by the volume of the reaction mixture.

A diatomic molecule like H,, which is adsorbed in the dissoclated form, the

term K, - C, Is replaced by (K, - C;)'%. it should be noted that the parameters to reloie
the concentrations will be grouped with the rate constants for the chemical reactions
and thus if absolute values for the thermodynamic parameters are not found, the

simulations should still be valid because the estimated reaction rate constants should
compensate for the error.

3.3.5 Molecular weight development

In order tor the model 1o be useful, It must be able to predict the molecular
weight of the polymer produced. The development of the molecular weight equations
Is presented for the genera! case, and then a simplified development is derived. This
simplified set of equations will be applicable under certain operating conditions and
gives us a different insight into the factors that affect the molecular welght distribution.
The simplified equations are easler to solve.

General development

In general both the molecular weight of the live and dead polymer contribute
significantly to the overall molecular weights. For this general case it would be difticult
to solve for the molecular weight distribution, but easy to solve for the leading moments
of the distribution. In this case one can obtain expressions for the number and weight
average molecular weights and for the polydispersity of the distribution.

If one considers a balance on the moles of growing chains of lengthron aj
type site (for r greater than or equal to 2)

dN;:,j) wkp(j)- [M]-N(r =1,5)=kp(G}-[M]- N(r, )

—ktG) N(r, j)=kfm(j}-(M]-N(r,j) = kd(j)- N(r.j)
+N(r'j)iﬂ-N(r|j)uul
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where s

Kt} = kfs () + k() [H] + &fr(j) (A ]
All of the rate constants presented here are pseudo rate constants that take into
account the comonomer and copolymer composition,

A balance on propagation sit... z rype j of unit length yields

dN(l NI i) M- Yo+ KIG) - [M) = k() N )

=kt(j) N1, j}=kp (i) [M) N1, j) ~ kfm(j) - [M]- NUL )
+N(l'j)in-N(I!j)uut \
where

KI(G) = kr(j) N(0, j) + kh () Ny (0, ) + ki (j) - N(O, )

and Y(j) s the zeroth moment of the live polymer distribution on site type J. The
consumptionof N(1,§) by transfer to monomer term appears because wehave included
N(1.j) in the generation of N(1.]) by transter to monomer (in Y,(j} ).

The definition of the nth moment of the live polymer distribution is

Yn(j) -’éorn -N(r.j)

and notice that N(0,j) (L.e. r=0) is not considered live polymer so the summation may
start at r=1 instead of r=0,

To find this moment we must simply multiply the equation for N{rj} by r" and

sum ltfromr =2 — w then add the equation for N(1,j} tocomplete the sum fromr = ] = =,
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Setting n = 0 and noting that
SN =1))= 3 N(rj) = Yli)
one gets

dYy(j)
dt

k1(j}-[M]- "“U) RCHELUNE A0
+ YOU )in = Y("J. )u\.ll
Repeating this procedure for n=1 and noting that

}::2,. “N(r - 1,j)-'i (r+ 1) N(r, j) =Y () +Y()

and that .
V() » Y, (DY)

one gets

) e
S ki) I Y, + k1) (]

-kfm(j) - [M]-V\(j) -kt () V\(j) - kd () V()
+ Yl(j)in = YlU)uul

And repeating this procedure for n=2 and noting that
SN - Ljy= 317N j) = V() + 2V () + V)

one gets
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I ER U N S

~ kfm(j) - [M1- Y(j) - ki(f) - V(i) - kd () Yl))
A AW

Now one must account for the dead polymer produced by the transfer and
deactivation reactions. A balance on dead polymer of chain length r produced by
a j type site gives (for r greater than or equal to 2)

QL) bty Nr. )+ i) M1 Mo, )+ KGN )
+ Q(f|j in = Q(rlj)nul

Since Q(1.)) Is not considered dead polymer (1.))=0.

Let the nth moment of the dead polymer distributicn produced by a type |
site be given by

()= 3.r"Q(r))

The N(1.j) term must be subtracted since the transter reactions with N(1.j) do
not produce polymer but

V(D » Y () » V() »N(,j)

The moments of the dead polymer distribution produced by site j are given
by

dXo(j)
dt

=(ki(j) + kfm(j) - [M]+ kd(j))- Y(j)

+ XDU )m - Xo(j)uul



161

axX@) o -
g =aG) + G- M3+ kd (D - V()

+ X\ e = X0 o

dX,{j
2 (k) + k) M+ kA V)

+X;-_U)in "XQU)nul

Now having the moments of the live and dead polymer distribution one can
find the accumulated number and weight average chain lengths of the accumulated
polymer product

_ S xg)
me—_—————

j@l(Yo(iHXuU))

PIAGI AN

rw =

jgl(Yu(i)'erU))
and the polydispersity is given by rw/m.

Simplified analysis

This simplified analysis depends upon making some assumptions about the
operating conditions in the reactor. This analysis allows one to find a simple exprassion
for the Instantaneous molecular weight distribution and expressions for the number and
weight average molecular weights as well as for the polydispersity.

We shall introduce these assumptions at the points where they are needed
in the derivation. Firstly, the stationary state hypothesis (SSH) for growing chains of length
r will be assumed. This assumption involves the supposition that most of the polymer in
the reactor is dead polymer, and the life time of the growing polymer is short with
respectto the total polymerization time. This assumption should be valid for cases where
the hydrogen concentration in the reactor is high enough for large transfer rates.
Secondly, it will be assumed that the inflows and outflows of live polymer chains are
negligible. if the concentration of live polymer in the reactor Is small then this should
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A

be valid, Furtheimore, the deactivation rate will be considered to be negligible.
Therefore, the moles of growing chains on type j sites with a chain length of two or

greater will be given by:

kp() - [M]- N =1,))
kp(j): [M]+ k() + kfim(j) - [M]

Nir,j)=

Ii\&elet
_ k) k() '
kp(j)-[M] kp(j}

LK)+ k() K GYAY, ki)
kp(j)-[M) kp(j)

if only transter to hydrogen Is important, this equation becomes:

W)

NG ) '(Trm) N(r =1,])

]

r=1) .
() o

(moles)

Considering the chains of unit length, the application of both the SSH and the
assumption for negligible amount of these speciesin the stream, as made above, leads

to:
_kfmG)- [M1- Vo) + K1 G) - (M)
kp(j) - [M])+kie(f) + kfm(f) - (M)
(%) Ys)+(50h)
1 +1())

N(L,j)

Now, repeating the same procedure for the initiation type sites, one gets:

kG + k() - Yol))
kh(j)-[M]
kfr(j)Yo(i)
kr()-[M]

KUY -N*)
ki) M)

Nu(0,j} =

NR(O'J) -

N(O )=

{moles)

{moles)

(moles)

{moles)
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Substituting these in 1o the balance tor N(1.J) and dividing both top and botiom by
kp(i{M] one gets

() Yli) +

) 1M

N(l,j)=

L+0)
let
-
thus
N =( 17 00 +<0) Y0

The instantaneous weight fraction of dead polymer produced on a jtype site
that is length r Is given by

(Rfm ) - [M]+ kG + R G A )+ KN (. j) -

Wdtr.j)= k() M1 Y
.'c(i)‘r-(N—-Y(:(}';))
\ 1 r , . o3
wfz(r.,)-(mm) 1) B + TG )

It we assume that all the activa sites ure formed before flowing into the reacto
then (j) = 0 and 've define

. l
1pU)- 1 +TU)

then

Wd(r, j) =Gy - r -Gy

We have assumed that both the formation and the deactivation of active
sites are negligible during the polymerization. This means that the number of active
sites remains constant throughout the polymerization.
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Tha instantaneous welght fraction of polymer produced by a typea jsitels given
by

k) Yi)

Wi ==

The overall dead polymer Instantanecus molecular weight distribution is given by

Wd(r) = 3 WG 7w

d kp(])'yﬂ(f) Wy (Y
- 3L st

The instantaneous weight average chain length is given by

rw o= zl(r - Wed(r))

- 3(wur-<G- 37w

Notice that
=SR2 LV))
AW =Gy
Then
PSP B L L7))
rw = ’;‘ W) () 1|:(])( (—l mwE )),)

Ifx(j) « | (asit should besinceitis the ratio of transferreactions to propagation reactions)
then

Yii)=1

and

. () .
L-w()- l-( i +TU)) "1 +1:(j)=TU)

then
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+ Q)
Wmd Yy ——
r g )
replacing W(j) we find that

2 3 AkpGYoml)
ft’.m-l YO

ryw =

whera

Ks() AfrG)-[AT k() - [H:])
1" M) M)

Thus the instantaneous weight average chain length for the polymer produced by a
type j site is given by

M) = kfm{j) +

rw(j)=— (J)

The instantaneous number average chain lengtn is given by

rm =

1
5("7)

r=l

-

== 3 (Wa)-<6)* 5 w0

m i

Since
-~ s = l
2wl 0
Thetrefore
1 i . : W)
?:?',@.(WU) ) 1-%‘))

- =+ 36)240)
p i=1

also notice that the number average molecular weight of the polymer produced by
a type | site is given by.
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It we assurme that the transfer reaciions are not functions of the type of reactive
site, then A(j) Is not a function of |, It may quite well be valid if the rate of transter o
hydrogen dominates the transfer process. Hydrogen is a small molecu's and may
theretore have a transfer rate that s independent of the site type. Thus, the
Instantaneous polydispersity Is given by

E - 2( ] 4'%:)
rn kl)"

where o Is the variance of the distribution of propagation rate constants.

0" = 3 n0)- (i) - oY

We have derived an expression for the instantaneous polydispersity that uses
only the mean propagation rate constant and the variance of the kp(j)’'s. The
Instantaneous molecular welght distribution for each | site is the most probable
(rw(j)/mn()=2) and varies from the most probable for the entire polymer produced by
ratio of the variance of the kp(j)'s to the mean kp value. Nevertheless, this expression
should be seen as an approximation which willonly be valid if all the assumptions made
duringits derivation were fulfiled. As we have pointed out above, the molecular weight
distribution for a copolymer produced with heterogeneous Ziegler-Natta catalyst is
broad evenit the polymerizationis carrled out understeady state conditions at constant
monomer ratio. In that case, this equation is actually not able to predict a broad
molecular weight distribution when some of the most common statistical distributions
are adopted for the propagation rate constant, k,(j). Forinstance, if the propagation
rate constant is assumed as exponentially distributed this equation will give a small
value (equal to 4) for the polydispersity. In addition, if @ normal distribution is assumed,
one may have to consider negative vaiues for the rate constant in order 1o achieve
the usual large values for the polydispersity. Consequently, in order to explain the wide
molecular weight distribution by using this equation, one must adopt a skewed
distribution for the propagation rate constant, such as the log-normal distribution.

Tofind the accumulated number and weight average molecular weights and
polydispersity (rn, rw, riv/rn) one must find the weighted averages of the instantaneous
values (in, rw, rw/in) and the inflows and outfiows. To find the accumulated weight
average chain length we must take a mass weighted average of rw, i.e. we must
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weight the Instantaneous iw by the mass of polymer that is that ree. Mp s the mass of
polymer In the reactor and m is the effective molecular waeight per repeat unit, The
subscripts ‘in’ and 'out’ denote inflowing and autflowing quantities.

dMp -Tw in .
fit = IWio s Mpsrwem-kp-Ny-[M]~-rw,, - Mp

(L)

dMp —
- Mpo+m - kp-N,-[M]-Mp,,
and the accumulated weight average molecular weight of the polymer In the reactor

is given by the ratio of the solutions to the two equations above, i.e.

— Mp-rw
FW m
Mp

For an ideal CSIR the properties of the outflowing polymer are the accumulated
properties in the reactor, Le, rw,, =rw

To find the accumulated number average chain length we must tind the
number weighted average of n, i.e. we must weight the instanianeous n by the
number of moles of polymer that is thot mn, i.e. Mp/(m - ra).

d ( Mp ) Mpo  kp N, - (8]
di\m-rn) m -?}Ti,,+ m
Mp,.,

m- ri,.

The number average chain length is then given by dividing the mass of polymer in the
reactor by the solution to t3= above equation, i.e.

(2 e
m Mplim - rn)

and the accumulated polydispersity is given by the ratio of the accumulated averages.

The accumulated molecular weight distribution is given by weighting the mass
of fraction of polymer of chain length r by the mass of polymer in exactly the same
manner as we found the accumuluted weight average molecular weight,
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A

¢ SWd(r.j)-m - kp()- YG)- 1)
= W(r Your * MPous
and

Wi(r) = Mp !-‘;Vd(r)

We now have expressions for the accumulated number and weight average
molecular welghts, But more importantly we now have a simple expression for the
Instintaneous molecular weight distribution. From this we can calculate tha weight
fraction of polymer of any chain length and not just the averages.

3.4 Estimation of parameters

Possibly, the malor difficulty associated with a model which takes into account
a multiple activity site distribution is the large number of parameters to be estimated.
Cozewith and Ver Strate (1971) have shown that if N multiple sites are present, the
reactivity ratios estimated from the conventional copolymerization equation (r, and r,)
should be seen as average values. Following our nomenclature, these averages can be
expressed as:

N

XORRORIGRID

i

ri-

N
PICXOH RO )
whelek, iz 1, 2 kwi

Analyzing a binary monomer system, Cozewith and Ver Strate (1971) have
concluded that the product of these average values falls between the reactivity ratio
products of the individual j sites. Moreover, the application of the average r, - r, values
and the average copolymer composition to predict the propagation probability
underestimate the amount of material in longer sequences.
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Many attempts have been made in order to calculate the reactivity ratlos for
whole Insoluble samples of copolymers produced with heterogeneous Ziegler-Natta
catalysts, Some of them have used the multiple active site hypothesis because these
copolymers falled the flist-order Markov process, Carbon-13 NMR has been applied as
a powerful technique fo calculate reactivity ratios and the chemical composition
distribution (Kakugo et al 1982, Ross 1986) Analyzing propylene/ethylene copolymer
produced with TiCl,, Kakugo et al. (1982) have interpreted discrepancies for ethylene
centered triads, determined with basis on r,, as though they were caused by at least two
different kind of sites, Ross (1984a, 1986) and very recently Cozewith (1987), has discussed
Kakugo's data. The former has derived equations for diad and triad distributions with
regard to multiple sites, each site having random character. This model fit Doi (1983)
and Kakugo'’s data much better than the first-order Markov approach, Cozewith has
analyzed the suitabllity of three different models (single site, multiple sites with r,-ry = 1,
and two-sites also having random character) o fit data generated not only trom their
work but also by Kakugo (1982), Ray et al. (1977), and Doi {1983). They concluded that
multiple catalyst species were present in all cases, in general more than two. According
to their estimates, the reactivity ratio products for the individual sites lie between 0.5 and
3.0. Even so, the two-random site modeil was appropriate for many cases.

As it has been pointed out above, the reactivity ratios calculated with tasis on
a sample of the whole insoluble copolymer are averages of the individual reactivity ratios.
Thetefore, in order to determine the individual reactivity ratios it is necessary to perform
NMR on each copolymer fraction produced by each j site type.

We shall point out how to estimate the main parameters of the model presentad
in the previous sections, without assuming any particular character for the j sites.

3.4.1 A conceptual approach

Considering a binary copolymer produced using a heterogeneous
Ziegler-Natta catalyst one should identify three main sources of heterogeneity:

Q) That which is caused by diftering mean chain lengths for each site and leads to
the broad molecular weight distribution;

b) That which is caused by differing mean chemical composition for each site and
results in the existence of a broad comonomer sequence distribution; and

¢) That which is caused by differing mean stereo regularities for each site and brings
about the existence of a broad stereo sequence disiribution,
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The Ideal approach would consist of an effective technique which was
capable of either separating fractions according to thelr chemical composition
independent of both molecular welght and stereoregularity distributions, or
fractionating the copolymer In terms of Its stereoregularity iIndependent of molecular
welight and chemical composition distributions. If such a procedure were to exist, one
could develop the following conceptual model: each fraction obtained by this
procedure would be generated by an individuatl type of site, having as its characteristic
parameters the rate constants for formation, initiation, transfer, deactivation, and
propagation reactions. Therefore, by analyzing each fraction, one could determine,
for each type of site, the main parameters associated with molecular weight, chemical
composition and sterearegularity distributions, which are functions of the rate constants,

As this ideal technique does not exist, we will develop a practical approach
to estimate, as well as possible, the parameters for the model by using TREF, NMR and
GPC techniques, while maintaining the conceptual basis for the existence of individual
site types which produce particular fractions.

3.4.2 A practical approach

Attempts have been made to achieve separation based on compositional
differences by using fractionation based upon crystallizability, via either Isothermal
crystallization at successive lower temperatures (Allen et al. 1964, Kamath and Wild 1966)
or Isothermal dissolution at a series of rising temperatures (Wijga et al. 1960, Nakajima
and Fujiwara 1964).

Recently, Wild et al. (1982) have reported an improved temperature-rising
elution tractionation (TREF) system capable of fractionating a copolymer according to
its chemical composition without being influenced to a great extent by both molecular
weight distribution and co-crystallization effects between untike macromolecule
specles. Wild used mainly polyethylene and ethylene a -olefin copolymers to develop
the analyticaltechniquecalled TREF so thatshort branching constituted the main source
forcopolymerinhomogeneity. At that time Wild suggested the possibility to perform joint
TREF and SEC analysis in order to characterize copolymers.

Following Wiid's ideas, Nakano and Goto (1981) have developed an
automatic cross-fractionation technique which combined both crystallizability and
molecular welight fractionation. Nevertheless, Nakano was more concermed with the
analytical technique itself than with the copolymer structure interpretation.
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Subsequently, Wild et al. (1986) reported the analysis of cross-fractionation
data in which fractions obtained by TREF were subjected to SEC measurements. By
following such methodology he has obtained tidimensional plots for characterizing not
only HP-LDPE but also LLDPE polymers. According o these plots, HP-LDPE has a unimodal
bivariate distribution whereas LLDPE is bimodal.

In 1986, Usami et al. reported an attempt to characterize TREF fractions of
copolymers (LLDPE) produced with heterogeneous Ziegler-Natta catalysts. Analyzing
LLDPE samples from four different continuous processes (gas-phase, bulk, solution, and
slurry), he found bimodal TREF distributions for all of them, confiming Wild'’s observations.
As the hypothesis for the existence of a common discontinuous change in monomer
concentration in the four processes seemed 1o be quite improbable, he assumed that
the cause for the bimodal distribution should be associated with the existence of at least
twossite types on the catalyst used each having its characteristic reactivity ratio product,
After having obtained six fractions of a sample from the gas-phase process, he observed
sharp DSC thermograms for each one, indicating that the TREF performed well. He also
obtained three more fractions on the same sample by using only three elution
temperatures instead of the previous six. For five of the first six fractions, as well as for the
last three, the reactivity ratio products were determined using carbon-13 NMR. In
general, the values were different for each fraction, varying from 0.49 to 1.00. He
concluded that the two peaks on the TREF curves were caused by two different site
types, one having an alternating character {r,(1)- r{1) = 0.50 1o 0.60) and the other having
random character (r,(2)-r,(2) = 1.00). The molecular weight distribution measurements
allowed him to also state that the sites with alternating character produce lower
molecular weight polymer whereas the sites with random character give the higher
molecular weight polymer,

The methodology of the work described above constitutes the most advanced
tool for estimation of the parameiers of a multiple site model available at this time. It is
a practical attempt to carnry out the ideal approach presented above, However, as it
willbe shown, extensive analysis on TREF fractions are able to estimate directly oniy those
parameters which lead to monomer reaction rates, chemical composition, and
molecular welght distribution. The sterecregularity parameters for each kind of site can
not be estimated in this manner because four different rate constants for isotactic and
syndiotactic addition are included in each rate constant for propagation. Moteover,
even though the TREF fractionation is not strongly influenced ty molecular weight
distribution and co-crystallization between uniike chains, it seems improbable that the
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fractionation should be independent of the stereoregularity. Therefore, unless the
amountof atactic and stereo-block polymer is negligible, an overlap betwe=n chemical
and conflgurational compositions should be expected when performing!f'tc:cﬂoncﬂon
based on crystallizabllity. Otherwlise, a previous segregation of the polymer in atactic
(that fraction soluble In cold solvent), stereo-block polymer (that fraction soluble in
bolling solvent), and isotactic (that insoluble fraction) should be performed betfore the
TREF analysis In order 10 reduce the effects of stereo-inhomogeneity.

Mathematical treatment

Having obtained a TREF curve by analyzing a copolymer sample produced
with constant monomer composition, one can, using a calibration curve, generate a
plot between the weight percent of copolymer and the copolymer composition. Then,
following our conceptual model, each discretized coordinate on the TREF curve can
be seen as a particular point which corresponds to a individual type of site, Evidently,
in a practical sense one has fo select the significant coordinates through a careful
analysis of the TREF pattemn and operational conditions. Nevertheless, the TREF curve
is not sufficien:, by itself, to estimate all the parameters because the copolymer
composition equation:

Figli)= I; 1-f,

(- () #1) + (- (72) +1)
where k = 1, 2, can not be solved for both r,(j) and r,(j). Thus, each chosen fraction
ought to be subjected to extensive characterization. Each fraction of copolymer taken

from the elected TREF coordinates will consist of chains which are constituted by four
kinds of diad sequences, namely:

d,(j) for M, units added to the N,(j) sites.

where |, k = 1, 2. Each of these diad compositions is produced according to its
corresponding propagation equation. Therefore, the instantariecus number of diads
can be derived from:

kikU)'¢nU)'ﬁ

dil','m,(j) - k (j)
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Using both the first and the second long chain approximation, and if the copolymer
comes from a steady state process in which not only the monomer composition s
constant throughout the copolymerization the four diad composition equations can
be reduced to:

, /,

’IU)‘(T_Tl)
o W [N

i) (w27) + 1)+ (r00-(57) 1)
]

() +1) +(r)- (52) 1)

dllU) -
(

d\a(f) "’:|U)'(

dy(j} =

Now it follows that:
Fu()= (), + i), ,
And therefore the reqctivity ratios can be expressed as:

(diG)), .- (1= 1)
(Fa(i) = (daG ;) S

r{j) =

It should be recognized that both F,(j) and d,(j) can be interpreted in terms

of probabiliities. The former represents the probability of @ k monomer addition to any
site whereas the latteris the probability of a k monomer addition 1o anisite, producing
a specific ik diad. Note that one can also define the following conditional probabililies
from the diads and copolymer composition, for the formation of a new i site from a
given k site, as:

du(j)

Pulj) “E0

Or, In kinetic terms:

k A 3/
puli) = W) o fi
El(kh(j) 0 f)
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For a given k, these conditional probobll['ﬂes are such that;
2 [
',Z:IPHU) -l

Theretore, the reqctivity ratios can be calculated via:

(Punli)) - (1 - /)

() =

(PN fe

And by using carbon-13 NMR on each TREF fraction, those conditional probabllities
can be determined providing estimation for each jset of reactivity ratios. Furthermore,
the main parameters associated with the propagation rate can be estimated from
the welght fraction of the copolymer, as follows, The weight of the copolymer sample
subjected to TREF is glven by:

Sw-jE(mI'FIU)+m2'(] =Fgm-k£,0G) () - A

where At Is some small interval of reaction time. Also, the weight of each selected TREF
fraction is given by:

S ) =y Fi(§)y+my- (L= F(GM - 4,() (i) - At

Thus, the weight fraction of copolymer for each j fraction can be split for both k = 1
and k = 2 monomers according to:

W)= F\(j) - W()
where:

S.(
Wiy ==L

L d

It provide. the following pair of equations (k=1,2) for each j fraction:

B
i) - ( 2L 60000 (5L
o
+k2:0)'¢:U)'(;m+f:))

and from the second long chain approximation, as before
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$.0) = 1-9,()

Therefore, these equations can be solved for the propagation rate parameters,
namely:

ki) i)

In order to complete the estimation process, GPC analysis carried outon each
TREF fraction provides estimations for aa(j), and Mw(j). Thus, 1(j) can also be evaluated,
making the determination of the total transfer rate constant possible.

3.5 Simulations

We shall use this model to perform some simple calculations to generate TREF
and molecular welght plots. It will be shown that this model is able to predict, even for a
copolymer produced under steady state conditions, broad chemical composition and
molecular weight distributions. If the modelis able to simulate TREF and molecular weight

plots then it should be possible to estimate model parameters from actual TREF and
molecular weight measurements.

For illustrational purposes we shall arbitrarily choose a distribution for the
propagation rate constant, which has mean values roughly conresponding to literature
values for the copolymerization of propylene (1) and ethylene (2) with titanium trichloride
and aluminum alkyl as active catalyst. However, just what should the distribution look
like? Since we know nothing abeut the actual j distributions, we can adopt an empirical
distribution for the propagation rate constants so as to have the parometers of these
distributions as adjustable model parameters, These distributions must be in agreement
with experimental evidence, i.e., they ought to be ositively skewed. Proceeding in this
manner, we can only generate speculative results for the polymer microstructure
simulation. Unfortunately, any choice of distribution tor A(j) will be completely arbitrary,
because there are no reasonable guidelines for the choice of this distribution.

3.5.1 Active Site Distribution

The chosen distribution for the propagation rate constants must be consistent
with the experimental evidence available. Kissin (1985) has reported that for propylene
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polymerization with 6 - TiCl, + AIEL,Ct 0130 °C, the range for the propagatien rate constant
Is quite wide: 2,0 to 500.0 liter/mol-sec. The average value (about 10,0 liter/mol-sec.) s,
however, much smaller than the upper limit. Bohm (1978a) has also reported analogous
figures for ethylene polymerization at 85 °C, using a highly active catalyst system,
obtained by reacting Mg(0OE!), with Ticl,. Intetpreting GPC data from polymer produced
in different stages of polymaerization (15 and 7200 seconds), he has concluded that 2%
of the active sites have a very high propagation rate constant (greater than 2900
liter/moi-sec.), whereasmost of them (68%) have propagation rate constant values near
the average value of 80 liter/mol-sec. Therefore, one can say that

- kmax
3 ..Lm k- fi(k) dk

where k is a continuous random variable, having a positively skewed density function,
t,. such that

L:" k)~ dk =1

It has been shownabove that the instantaneous polydispersity of the polymer
produced on each j type site must be equal to two. In addition, if the catalyst is stable
and the polymerization takes place under steady state conditions, the overall
polydispersity can be expressed by

2 (SKFDNG) . (535) 0y
= (3G Yoo

where
M) = k() T()

ko) +kh(j) +kp(f) [53:]| +kpn(j) - [H:)

is the ratio between the total fransfer rate and the monomer concentration. If this ratio
is assumed to be independent ot j, then the fraction of each site type can be written
in terms of the mean and the variance of the k() distribution

LA s
N TR
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In the literature two different positively skewed distributions have been
adopted, to represent the propagation rate constant distribution, namely the
Exponential (Caunt 1966) and the Log-Normal (Bosworth 1983), If we apply the
Exponential distribution for the propagation rate constant in this equation, we get a
maximum polydispersity of only four, which is much less than the observed
polydispersities. The log normal distribution will give much larger polydispersities and thus
wili be used In this report. 1t should be noted that a Log-Normal distribution for the
propagation rate constantimplies that (If the frequency factor is assumed lo be constant
forallj) the activation energy Is normally distributed, because of the Arthenius expression
which relates them. Therefore, each N(j) associated with Its correspondent k(j), can be
evaluated by solving the following relationships
ki 1

N(f)-j,

)
N - fylk}- d(k)
&=

kG-1)+k(j+1)
- 2

k()

[RZGRIEDEOEY

-1 S
[k = (—"—) 'cxp(—&—%—’—)

(2-m)* 0 2.0

where k" = In(k) is nommnally distributed with parameters (mean and variance) i’ and o,

respectively. These parameters are related to the mean and variance of the
Log-Normmally distributed k variagble by means of

. . gt
= exp '+

aPmexp(2- 1 +07) (explu™) - 1)

Therefore

r. o2
—m2expla )
r



178

Notice that if one lets 1’ and o™ be the mean and the variance of the Normal

activation energy distribution, then this equation can be used to calculaie the mean
and the variance of the conesponding quasi-Log-Nommai distribution for the
propagation rate constant by means of

R (Nl

R-T 2

2 2 -Me) =g\ -0p\°
Oyn=Arexpl 2| —= — ‘de — | -1
0 p( (R-T)"(R-T)) (“p((R-T)] ]

where the subscripts k() and E(j) denote, respectively, the rate constant and the
activation energy of the j type sites. A, R, and T are the frequency factor, assumed to
be independent of j, the gas constant, and the reactor temperature. Furthermore, one
can also express the polydispersity in terms of the variance of the Normally distributed

activation energies
. OFy T\ 2
r—-2-(l +—“’-’) -?.-cxp((_(ﬂ) )
I Kk R:T

These equations show that instead of defining a Log-Normal distribution for the
propagation rate constant, one can take an easier path by adopling a Normal
distribution for the activation energy, obtaining a quasi-Log-Naimal disitribution for the
propagation rate constant. In this case, the standard deviation of the activation energy
distribution should be regarded as an adjustable parameter for the model simulation.

3.5.2 Catalyst react. /ity profiles

Let us choose the catalyst site distribution to be defined by the paramelers
given in table 8 using 51 active site types and briefly study the copolymerization of
propylene and ethylene using hydrogen as a chain transfer agent. The base caose
active site distribution yields an activation energy distribution presented in figure 42 and
the propagation rate constant profiles are given in figure 43, The distribution for the
product of the reactivity ratios is presented in figure 44, Notice that the reactivity ratio
product varies over a wide range of values, allowing the formation of copolymer with
alternating character as well as copolymer with preponderantly block character. Table
¢ shows the concentrations of the reactants for the various simulations.
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Figure 42, Activation energy profiles for the propylene and ethylene
homopolymerization rate constants_for the base case distributlon,
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Flgure 43. The propagatlon rate constant distribution for the propylene and

ethylene homopolymerization and the pseudo propagation rale for the
buase case distribution and concentratlons.
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Flgure 44, The distribution for the product of the reactlvity ratiecs for the base
case distribution.
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Table 8 Cataljst site distribution parameters

Reaction frequency factor activation energy  standard deviation of
(1/mol-s) (cal/mol) activation energy
(cal/mol)
(narrow, base, wide)

propylene- 8.5x10° 0.13x10° (300, 600, 1200)
propylene

ethylene- 5.7x10° 0.13x10° (325, 650, 1300)
propylene
propylene- 17.0x10° 0.13x10° (338, 675, 1350)
ethylene

ethylene- 40.0x10° 0.13x10° (400, 800, 1600)
ethylene

transfer to 10.0x10° 0.13x10° 0

hydrogen

Table 9 Reactant levels for Ziegler-Natta simulations

Species low base case high
{mol/Il) (mol/l) (mol/l)
propylene 25 .
ethylene 2.25 6.25 10.25
hydrogen 0.001 0.0 0.1
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Let us investigate the effect of the width of the distribution on the copolymer
and molecular weight distributions by performing simulations using the base case
concentrations. We manipulate the width of the active site distribution by using the low
and high varlances for the activation energles. Figure 45 shows the molecular weight
distributions generated using the three distributions. Naturally as the active site
distribution gets broader, the molecular weight distribution gets broader, Figure 46 show
the copolymer composttion distributions, presented as simulated TREF responses. Each
propylene unit adds one short branch so polypropylene homopolymer has 500 short
branches per 1000 carbon atoms. As these figures demonstrate, the copolymer
produced with multiple active site catalysts has a wide chemical composition
distribution, even for constant monomer compaosition, Again as the active site distribution
narrows, 5o does the copolymer composition distribution.

0.5
narrow

0.4 -

0.3 -

wide
0.2 1

Weight fraction of polymer

0 T T T T T T
1 3 5 7 g 11 13

In Chain length

Figure 45. The effect of the aclive slte distribution on the molecular welght
distribution using the base case concentratlons.
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Figure 46. The effect of the actlve site distributlon on the copolymer composition
distribution using the base case concentrations.

3.5.3 Reactant concentrations

We can also vary the reactants in the simulation. Hydrogen is added asa chain
transferagent to control the molecular weight. Figure 47 presents the molecular weight
distributions for the three hydrogen levels. The hydrogen obviously reduces the
molecular weight of the polymer produced, however, for these simulations, where the
transfer to hydrogen rate constant is independent of site type, the shape of the
distributions remains unchanged. We suggest an experiment where the hydrogen level
would be varied and the polydispersity measured. If the polydispersity remains constant
then the transfer to hydrogen rate would be @ constant for all j for that catalyst type.
However hydrogen has been observed to increase the polydispersity for a commercial

Stauffer type AA TiCl_‘-_%AICI, with DEAC co-catalyst (Yuan et al. 1982). Therefore the

transfer to hydrogen rate constant may differ with site type.

We can also change the level of the comonomer, ethylene, and scrutinize the
effect on the copolymer composition distribution presented in figure 48. Two
observations are apparent, firstly as more ethylene is added the copolymer composition
distributions shift to higher levels of ethylene (lower branching frequencies). Secondly,
the distribution gets wider with increasing ethylene content. Remember that we
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Flgure 47. The effect of hydrogen on the molecular weight distribution using the
base case active site distribution.

speciftied a larger activation energy variance for ethylene than for propylene. Therefore

we are widening the pseudo propagation rate constant distribution by adding more
ethylene,
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Figure 48. The effect of ethylene on the copolymer composition distribution using
the base case aclive site distribution,

3.6 Conclusions

+ A multiple site model is necessary to account for the molecular properties of polymer
produced by heterogeneous Ziegler-Natta catalysts. These properties include
broad molecular weight, copolymer compaosition, and stereo-regularity
distributions. A kinetic model has been derived, based upon mulliple catalyst
site types of differing reactivities, for the Ziegler-Natta copolymerization of
olefins. The kinetic scheme accounts for the formation, initiation and
deactivation of active sites, as well as spontaneous transfer and transfer
reactions to hydrogen, monomer and organcometallics. The model predicts the
rate of polymerization, the copolymer composition and the molecular weight
distribution of the polymer produced as well as accounting for the observed
broad copolymer composition and molecular weight distributions.

+ A generalized molecular welght development has been derived by calculating the
leading moments of the live and dead polymer chain length distributions for
each type of active site. A simplified method was also proposed, that wouid
be valid under certain operating conditions, and that gives some Insight to the
factors influencing the molecular weight distribution.  From this analysis an
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equation for instantanecus molecular weight distribution (not just the leading
moments) was found. The instantaneous molecular weight distribution for each
site would be the Most Probable Distribution (polydispersity = 2) and the
Instantaneous polydispersity for the entire amount of polymer produced would
deviate from two by the ratio of the variance of the propagation iate constants
to the mean propagation rate constant,

+ Guidelines are given for the estimation of the model parameters based upon @
conceptual appreach, according to which, each fraction segregated on the
basis of crystallizabllity can be seen aqs if it came from a particular type of site.
The technique of temperature rising elution fractionation (TREF), is presented as
the best available method of separating fractions based on crystallizability.
Following this point of view, it Is shown that NMR and GPC analysis on selected
TREF fraction allows the estimation of the parameters associated with the
propagation and transfer rates, the chemical composition, as well as the
molecular weight distribution, separately, for each type of site. It Is not possible
to estimate the stereo-regularity ratios via this technique.

* Some computer simulations were made to demonstrate the ability of the model to
predict broad chemical composition and molecular weight distributions. These
simulations demonstrate that the multiple active site model explains the polymer
inhomogeneity by proposing that the polymer is composed of different fractions,
each fraction being produced by a particular type of catalyst site. Compaosition
and molecular weight distributions can be generated that could be compared
1o polymer subjected to a cross fractionation technique like that of Nakano and
Goto (1981) or Wild (1986). This sort of characterization is now underway (Soares
1992)
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3.8 Appendix for Ziegler-Natta polymerization

3.8.1 Nomenclature

r
]
N*()

N(r.). NQ)

N(0, /) Ny(0, ),

NR(Osj)

N} Ny

NpU)sz

Ni(r!j)!Ni(j)

SIAAN)

MM
Mp

my, My, m

chain length
active or potential site type

moles of potential sites of type |. Potential sites are catalysts sites
that do not facilitate polymerization, but may react, via
formation reactions, to form active sites that do facilitate
polymerization

moles of propagation sites of type j with growing chain of iength
t, and total moles of propagation sites of type |

moles of Initiation sites of type | produced by formation, by
transfer to hydrogen or spontaneous transfer and by transfer to
organometallic,

moles of active sites of type j. (Sum of initiation sites and
propagation sites of type j) and total number of active sites.

moles of propagation sites of type |, and tolal moles of
propagation sites,

moles of active sites with polymer of chain length rending in @
monomer type | group, and total moles of active sites having a
chain ending in @ monomer type i group

moles of dead polymer of chain length 1 produced by type jsites
and moles of dead polymer of all chain lengths produced by
type ] sites

moles of monomer type { and total monomer

mass of polymer in the reactor (or inflowing and outtlowing it the
subscripts ‘in’ or ‘out’ are present)

the molecular weight of monomer 1, 2 and the eflective
molecular weight per repeat unit.

moles of organometallic

moles of hydrogen
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reaction volume
time

mole fraction of adsorbed monomer that is type | (monomer
composition)

accumulated and Instantaneocus mole fraction of monomer
type i bound as polymer ( copolymer compaosition)

total moles of monomer type i bound as polymer
rate of polymerization
instantaneous mass fraction of polymer produced by jtype sites

the instantaneous weight fraction of dead polymer that Is chain
length r produced by type | sites, and by all sites

the differential weight fraction of polymer in terms of short chain
branching and mole fraction of monomer 1 bound as polymer.

the n th moment of the live polymer chain length distribution
produced by | type sites

the n th moment of the dead polymer chain length distribution
produced by j type sites

the accumulated number and weight average chain lengths
and the instantaneous number and weight average chain
lengths.

denote concentrations of species X either on the catalyst
surface or in the reactor. (moles/litre).

denote the bulk concentrations of species | in the reactor
(moles/litre).

the equilibrium constant for adsorption of species i on the
catalyst surface.

stereo reqctivity ratios. The ratio of the rate constant forisotactic
addition of monomer to syndiotactic addition of monomer

probability of forming a diad with monomers i and k.
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Subscripts
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H.R.S
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T
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the conditional probability that a { type monomer adds on to a
growing chain given that a k type monomer unit was added
immediately before, or equivalently, the probability of adding

a monomer type | to a growing chain ending in monomer type
k.

the fotal sample mass for TREF and the mass of the | fraction,

any gquantity that Is an accumulated property (as opposed to
an instantaneous property)

the fraction of the total active sites thot are of type |
the fraction of the propagation sites that are type |

the fraction of j type sites that have a growing chain ending in
a monomer type i unit

the ratio of the transfer rates to the propagation rates for type
| sites

a grouping of constants related to 1(j)

a grouping of transfer constants

the variance of the propagation rate constants about the
mean propagation rate constant

the fraction of adsorption sites on the catalyst surface that are
occupied by a k type molecule (k= hydrogen, monomer,
organometallic)

the total moles of adsorption sites on the catalyst surface per
unit voiume of reaction mixture (moles/litre).

pertaining to monomer types 1 and 2

pertaining to reactions with hydrogen and origanometallic and
spontaneous reactions

denote total quantities
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D, L
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denote flows into and out of the reactor
denote an instantaneous value

denote the sterecregular orientation of the monomer,

Kinetic Rate Constants

Rate constanis with (j) denote reactions with type j sites. The subscripts |, k
denote monomer types, and if the rate constant has no i, k subscript they are pseudo
rate constants that take into account the copolymer and monomer compaositions. First
order rate constanis will have units of reciprocal time, and second order rate constants
will have units of litre/moles-time.

kfG L&)
ki(j)

kh(j) kr(j)

k(i) kp(j)
kfm(j), kfh(j),

kfr( ) k()
kd ()

kp,kd,
kf

kat(j)

pertaining to formation of active catalyst sites (type | ) from
potential sites

pertaining to formation of propagation sites from initiation sites
(initiation reactions)

pertaining to formation of propagation sites from initiation sites
that have been formed by transfer to a hydrogen or
organometallic reactions (initiation reactions)

pertaining to propagation reactions

pertaining to transfer to monomer, transfer to hydrogen,
transfer to crganometallic, and spontaneous transfer reqctions

deactivation reactions

mean propagation, deactivation, and formation reaction rate
constants

the propagation rate constant for the addition of k type
monomer with L configuration to a growing chain ending inan
i type monomer in the D configuration on a type | site.
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Chapter 4 Chemical modification of polyolefins
by free radical mechanisms

4.1 Introduction

Reactive processing now allows the conversion of lower cost commodity
polymers, such as polyolefins, to higher priced specialty polymers. Extruders are used
because of their low capital costs and high flexibility, Speclalty polymers are produced
by modifying the molecular weight (either a reduction in the averages and polydispersity
as in the case of controlled rtheology polypropylene, or a build up of molecular weight,
as in the case of polyethylene), or by grafting functional groups onto the polymer
backbone. This grafting process can be accompanied by otherchanges in Ihe structure
and properties of the basic polymer (Kwei et al. 1991).

Moreover, with increased awareness of our extravagant lifestyle, and its impact
on our environment, recycling of polymers is becoming a hot topic for discussion and
research. Different kinds of plastics are difficult to sort and separate, and do not, in
general, make blends with good mechanical properties without some sort of
compatibilization. Reactive processing offers techniques to make compatible blends or
alloys. Reactive processing techniques involve the introduction of an initiator into the
polymer melt, which produces free radicals to commence the modification of the
molecular structure of the polymer. However these free radicals also initiate a host of
reactions that may produce other, less desirable, modifications. In general, scission,
grafting, branching and crosslinking may all occur simultaneously. The difficully is to
promote the desired reactions while suppressing the undesired. To date much of the
work In reactive processing has been of the fry it and see approach, and several usetul
productsand techniques have been developed. More fundamentalstudies are certainly
less abundant. These studies may be more difficult, but have greater potential to allow
for conceptual leaps than do the more empirical approaches. The optimization process
can be facilitated by the use of mathematicalmodels to relate the extent of the reactions,
and therefore also the final properties of the polymer, to the processing conditions and
the initial polymer properties.

This thesis deals with the development of mathematical models to reiate the
molecular modifications, scission, branching and crosslinking to process conditions. The
models, based upon generally accepted kinetic mechanisms and certain assumptions
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about tha nature of simultaneous scission and crosslinking, can predict the molecular
welght averages, degrees of crosslinking, scission and branching, and the amount of sol
and gel.

Numerical algorithms to solve the model equations have been developed. One
can specify any arbitrary initial molecular weight distribution, (e.g. as measured by GPC),
the free radical initiator concentration, and the kinetic parameters {for scission, and
termination, and solve for the entire molecular weight distribution, before and after the
gel point, as well as the gel fraction and branching frequencies.

The models have unknown parameters which must be estimated by matching
the predictions to experiments. In this investigation, experiments were performed with
high density polyethylene, polypropylene and peroxides in an extruder and in ampoules.
The polymer was analyzed for molecular weight and gel fraction. These resulis were then
used to estimate the model parameters.

Before we proceed with the discussion of the present work, let us quickly scrutinize
some of the work that has been presented in the past.

4.2 A note on collaboration

Thanks to Y. Tang for the gel fraction measurements, and A. Kostanska for
performing some of the DSC measurements.

4.3 Literature Review

In this section, we review the appropriate literature pertaining to the chemical
modification of the polyolefins, emphasizing polyethyiene. Firstly we shall discuss the
chemistry of the system, the attempts to model the chemical kinetics, and finally the
experimental work that has been reported.

4.3.1 The Chemistry

The chemical reactions involved are shown in table 10, In the free radical
modification of polymers, we need a source of radicals, and in our case we are using
chemical initiators. These may be peroxides or azo-compounds. These initiators
decompose at the reaction temperature to produce free radicals. The initiator radicals
can then a) transfer their reactivity to a polymer chain by abstracting a hydrogen and
preducing a backbone radical, b) terminate with another radical, ¢) react with an
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unsaturation in the polymer chain producing an allylic chain end radical (Hulse et al.
1981, Hendra 1987), d) react with an additive (Chodak et al, 1987) orimpurity that may
present, or @) recombine to form some possibly inert product.

Consider the backbone radical and its formation. Firstly the radical must be
sutficiently energetic to abstract a hydrogen. Not all initiotor radicals are suitable
(Chodak and Lazar 1982, Callals 1990). Secondly the polymermust have onabstractable
hydrogen avallable, and not all hydrogens are equal In this respect. The backbone
radical will be either secondary or tertiary depending upon whether a branch is present
or not, The radical then has a variety of fates. It can a) undergo -scission to form o
chain end radical and a dead polymer with a terminal double bond, b) terminate by
combination with another backbone radical leading to crosslinking and the formation
of X branches (tetra functional branches), c) terminate by combination with an chain
end radical leading to a Y branch (i functional branches), c) terminate by
disproportionation leading to an unsaturation d) terminate with a primary radical, e)
transfer its reactivity to another chain, f) react with an additive (M) or impurlity leading
to grafting. Polypropylene tends to undergo scission, since most of the backbone
radicals formed are tertiary. Polyethylene homopolymer tends to crosslink, but scission
has been observed (Kwel 1991), especially if branches are present, Polypropylene can
be made to crosslink at high peroxide concentrations (Chodak and Lazar 1982) or by
using additives that react with the tertiary radical before it has a chance {0 undergo
scission (Chodak and Lazar 1986). Grafted additives may have radical centres that can
terminate by combination with backbone radicals producing crosslinks.  Propagation
of the additive species Is also a possibllity, production a homopolymer of species M,

When enough ciosslinking has occurred, a three dimensional network of
polymer is formed, that is insoluble in even the best solvents for the polymer. Thisis called
gel. The remaining linear and branched, but still soluble, polymer is defined as sol. The
point at which the first gel appears is the gel point. On the other hand, if only scission
occurs, the molecular weight averages decrease, and the width of the distribution
changes, approaching M,./M, = 2 in the limit,

Terminal radicals, produced either by scission or reaction with terminal
unsaturation, can terminate with each other leading to chain extension. 1t one of the
terminal radicals is an allylic, a backbone unsaturation is produced, probably frans-viny!
unsaturation (Bremner and Rudin 1990). Scission of radicals at branch points can lead
to vinylidene unsaturation (Bremner and Rudin 1990).
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4.3.2 Mathematical Modelling

Giventhesetof chemicalreactions, itis possible to develop models to calculate
the molecular weights of the polymer being produced. The kinetic modelling
methodology Is to make mass balances on polymer chains of length r as a function of
time, and initiator concentrations, Balances are qlso needed for all the radical species,
and using the stationaty state hypothesis, algebralc equations result, The number of
balance equations on polymer Is extremely large (one for each chain length), but it is
often possible to a) solve for about 100 different chain lengths 1o describe the molecular
weight distribution, or b) group the mass balances together 1o yield only the averages.
Using these approaches, wa can make some assumptions about the system {(neglecting
some reactions) and develop simpler models for specific cases.

Pure Scission

Lets now consider the case of pure scission, i.e. no crosslinking or grafting. It
is possible to postulate that the scission reaction could occur preferentially at the
center, at the ends, or randomly along the chain. For the case where the polymer
undergoes only random scission, one can derive a model that gives the entire
molecular welght distribution as a function of the degree of scission. This was done by
Saito (1958, 1972) for the case of irradiated polymers, but is certainly applicable for the
case of the chemical modification of polypropylene (Triacca et al. 1993).

wir,p)= [w(r,()) +pr J( w)w(s.())dx] exp{-pr)

where w(r,p) is the weight fraction of polymer of chain length 1, at degree of scission
p. The degree of scission is the fraction of all repeat units in the backbone of the linear
chains that have undérgone scission, and will be a function of the number of radicals
generated by initiator molecules that have decomposed up to this time and thus there

is a relationship between p and reaction time. The initial molecular weight distribution
is arbitrary

The model of Suwanda et al. (1988) and Lew et al. (1989) is equivalent 1o
Saito’s equation since the same chemical reactions are considered and the derivation
follows the same path, but the equation is simply in a ditfferent form when employed
by these authors.
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Ziff and McGrady (1986) removed the assumption that scission Is random and
consider the balance on polymer of length r as

a’;f') --P(r) I Fly,r = y)dy +2 J P{y)F(r.y ~ridy

where F(r,y) is the rate of fragmentation of a chain of length rat the y™ unit. This equation
may be solved for arbitrary functions of F(r,y) and reduces to Saito’s equation when
F(r.y) Is equal to a constant,

Inaddition one could use the method ofmoments to find the molecular weight
avearages Instead of the whole distribution. This was the approach taken by Tzoganakis
et al. (1989) and Hamielec et al. (1990, 1991). The moments of the molecular weight
distribution are defined as:

Q= ir‘P(r)-Q,jor“"’w(r)

=0, ‘[ (i Ydr

where @, Is the " moment of the molecular weight distribution, r is the chain length,
P(r) is the concentration of polymer chains of length r, and w(r) is the weight fraction
of polymer having chain lengthr. The average chain lengths are then given by r, = 0,/Q,
andr, = 3,0, wherer, andr,, are the number and weight average chain lengths. Using
these quantities, one can develop a model for pure random scission of the form.

D 30,-30010, - 00

I 3
((}r:) QT L _Q,) KO, - Q)

where A =2-f-kd-[!] depends upon the initiator concentration, (I}, efficiency, f, and

decomposition rate constant, kd. Since the mass of polymer in the system is constant
dQ\/dt = 0. Notice that the balance equation for , contains a term with @,, and thus
the moment equations are not closed. Lower moments are functions of higher
moments. Tzoganakis (1988} and Hamielec (1990) addressed this problem with different
empirical closure equations, and this gives rise to the two different models. Tzoganakis
(1988} attempted to fit the initial distribution using a closure rule based on Hulburt and
Katz (1964)



205

Qs = 20:(20,G, - GQ Qo)

whereas Hamielec et al. (1990) tried to fit the fina! distribution, assuming it to be the
most probable distribution

30:

©"3g,

Zhu (1991) addressed this moment closure problem, in a more genetalmanner
showing that the closure rule changes with the degree of scission and depends upon
the initial molecular weight distribution.

Another interesting approach is that of Ballauff and Wolf (1981). They define
a rate constant for chain scission as k;. This is the rate constant for the breakage of @
chain of length i at the " unit. And the rate constant for breakage of a molecule of
length |, at any point, is simply

il
ki = 2 k:‘j
1

One can then write a balance on chains of length i

‘ i-1
%‘—)- =2k P+, +h P+ vk, vk, P(r)
[
where ris the maximum chain length. One now has a set of linear differential equations,
one for each i value, and so far nothing has been said about the scission mechanism,
The scission mechanism (random, preferring the center, preferring the ends ...) will be
contained in the selection of the k, values, for example for random scission k,=k. We
can rewrite this set of equations in matrix form
d;)- -

A
di P

And this can be solved by solving the eigenvalue problem of matrix A. Nolice that A

is upper triangular so the eigenvalues are simply the diaogonal elements. Any initial
distribution can be entered,

The major draw back of this method is, probably, the amount of storage space
needed for the matrices, since A is roughly an Xr matrix (aithough upper triangular)
where r is the maximum chain length needed. In fact in the Ballautf and Wolf (1981)
paper they state "...restrictions imposed by computer memory capacity do not permit
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one fo take all possible rupture sites along the chains into account. The polymer
molecule is therefore divided into a certain number of subunits. [t has to be checked
In each case that the results of the calculation do not depend on the length of the
subunits". The power of this method is that a) no assumptions about the type of scission
wasincluded, so our assumption of random scission could be relaxed and b) no difficult
numerical solution solutions need be used.

Monte Carlo type simulations have also been done by Guaita et al. (1990) to
study the effect of non-random scission, to very high degrees of scission.

Pure Random Crosslinking

For the case of pure random crosslinking (transfer to polymer and termination
by combination), we can follow the same approach and perform mass balances on
polymer of chain length r.  Doing s© and making the stationary state hypothesis for
radicals and assuming that all radicals terminate with the sama rate constant, one can
find (Saito 1972, Tobita 1990, Hamielec et al. 1991)

dwlir,x)

r
ol ~rw(r.x)+ 5 l wir,xpwir —5,x)ls

and now x the degree of crosslinking, i. . the fraction of all repeat units that have a
crosslink, We define a crosslink as a branch point so when two chains are tied together,
two crosslinks are needed. The general analytical solution to this equation has not yet
been found, and a numerical solution is required. Attempts have been made (Triacca
et al. 1991) with moderate success, but a useful numerical solution is presented in this
report. It should be noted that one performed only a mass balance on the sol poiymer,
and thus w(r) will aiways include only the sol. But the reactions with ge! polymer are

included. Thus}w(r)dr is the mass fraction of sol and will equat 1 until the gel point and
Li]

then fall, as the sol is consumed by the gel. In this way the equations show no
discontinuity at the gel point.

An alternative approach, again, is to use the method of moments. Since Q,,
the totalmass of polymer, is a constant, we can normalize the moments to make them
dimensionless by defining g, = 2./Q,. The moment equations, before the gel point when
q,=1, become
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and the average chain lengths become, in terms of the initial chain lengths, r,, and

v

Fwo

1 1
n Ta,

r

Wy

r, = —
I-x-r,

The gel point has been defined as the point where the weight average
molecular weight approachesinfinity. Using this definition one can relate the gel point

to the degree of crosslinking and the initial molecular weight average fo find the critical
degree of crosslinking, X, .

l
X, = —

o

After the gel point, g,, the mass fraction of sol, is no longer unity, but talls, and
the moment equations are not closed. The moments are as follows.,

Qo [0
de - 0T

4

dq
—— =1 ~q))

elx

dq, 2
——m =gl =gy} +q;

dx

One could use a closure equation, like that of Hulburt and Katfz (1964),
Hamielec (1990) or another. Flory (1953) developed a statistical expression fo relate
the sol fraction, g, to the degree of crossiinking and the initial molecular weight
distribution, (The primary chainsin Flory's analysis are part of theinitialmolecular weight
distribuiion before chemical modification})
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4= 3wl 01 -x(1-q,)7

Thus we can substitute this expression for q, into our differential equation for g, and
solve for g, (Zhu 1991),

Simultaneous rahdom scission and Crosslinking.

Now we must address an even more interesting and difficult problem where
both random scission and random crosslinking are important and occursimultaneously.
An approach (Saito, 1958, 1972) to solve this problem Is to consider modification to
occur In two stages, serially, first random scission, followed by random crosslinking. [n
this manner we can use Saito’s scission equation to determine the molecular weight
distribution after the desired degree of scission, p. Then we can use the pure random
crosslinking equations, on the degraded polymer, to determine the new molecular
welight distrbution after the desired amount of crosslinking, x. The total degree of
maodification is z=x+p. If the initial distribution is inear and most probable and the ratio
of scission to crosslinking is constant then this approach leads to the Charlesby-Pinner
equation (Charlesby and Pinner 1959),

L2
X'Ty X

s+57 -

where s is the sol fraction. This equation Is widely used (with some slight moditications),
even for polymer with initial distributions much broader than random for example: Kwei
et al. (1991), de Beer and Pennings (1981), Capla and Borsig (1980} and in a host of
paperson iradiation of polyethylene. Insolgelmeasurements, the measured quantity
s+5'? is plotted vs. the reciprocal of the peroxide concentration and a straight line
drawn through the points. The intercept (at infinite peroxide level) gives the ratio of
scission to crosslinking p/x. 1t should be noted that since crosslinking is a second order
reaction with respect to radical concentration, and scission Is first order, the ratio of
scission to crosslinking willchange with initial peroxide concentration and as the initiator
is depleted (see appendix).

There is really no reason why the initial molecular weight distribution needs to
be random, because one can use any initial distribution in both the scission and
crosslinking equation. The assumption of constant scission to crosslinking ratio can also
be relaxed. Numerical solutions are needed since the Charlesby-Pinner equation is no
longer valid, but still the two step approach is solvabie and the FORTRAN program 2step
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was created In this thesis for this purpose. The real imitations of the Charlesby-Pinner
equation lie in the assumptions of a) independent crosslinking and scission (In two steps)
b) constant p/x and c) Initially linear polymer. There are some other concerms,

specifically related to radiation crosslinking that are addressed in Babic and Stannett
(1987).

The problem with the two step process is simply, that’s not what really happens
in real fife. The scission and crosslinking occur simultaneously, not serally with scission
occurring first. In fact, for peroxide induced maodification, where 1he peroxide level
will fall with time, one should expect more crosslinking to occur first, and scission later,
and thus p/x will not-be constant. Higher peroxide levels enhance crosslinking over
scission. Moreover, scission will produce terminal radicals and these radicals could
combine with backbone radicals to form Y branches. The two step process precludes
the formation of Y branches, allowing only X branches. Both Y and X branches are
observed in practice (Horii et al. 1990).

Many of the commercial polymers that are chemicaily modified are not linear
(for example low density polyethylene). What chains are produced when these
branched molecules undergo scission? This Is a key question and the heart of the
problem of modelling simultaneous scission and crosslinking. Consider a linear chain
oflengthr. (Figure 49) We can count units from one end to find the ™ unit. If it undergoes
scission at the " unit the products are two chains, one of length |, and one r-j, We know
that we can always make a chain of length jif r >  and it doesn’t matter from which
end of the chain we start fo count, a cut at the " unit always makes the same products.
However now consider a tetra functionally branched chain. We wish to cut it at the
i® unit, but how do we find the " unit? If we start o count from one end, and count
units towards the center, what do we do at the branch? Suppose all the aims of the
molecule are longer than j units, then we can produce a linear polymer j units long by
cuiting the " unit measured from any of the ends, i.e. 4 different ways. If only 3 of the
four arms were longer than j, we can only make linear polymer of length j three ways
and so on. The possible ways to cut achain, to produce the desired products, depends
upon the structure of the branching, and since we have a vast number of possible
configurations for the branched polymet, the problems is extremely complicated. It is
even possible to cut a unit, and not change the total number of molecules in the
system.
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D ] — S
< <+t

Flgure 49. Scissfon of several branched molecules.
A) a linear molecule, B) the four ways to make linear chalns j units
long. C) the three ways to make linear chalns J units long and D)
scission that does not lead to a new polymer molecule.

Zhu (1991) (see also Hamielec et al. 1990) developed a integro differentiai
equation, by extending Salto's work, that accounts for simultaneous random

crosslinking, random scission and random grafting, including the production of Y
branches.

Law(r.2) = -w(r,z)+2a J' -—w(s'z)dx
r dz ) s

r

+%'[[w(.\',z)w(r ~5,2)ds

m

+B,'[ wis,z) J‘ w(m'z)dm]dv

reg
rp®

+E2- Jivmrlm J erim s
m A, m
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where z Is the degree of modification and a is a group of kinetic parameters related

to scission, B, B; and fi, are groups of kinetic parameters related to the formation of
X branches, Y branches and end linking respectively. It Is assumed that there are two
ways to cut a chain to make the desired products. This is exactly correct it the chains
are finear, While this is not an ideal assumption, it should be better than assuming the

two step model of Saito, since Zhu's model can predict the formation of Y branches
whereas Saito’s can not.

A statistical approach put forward by Shy and Eichinger (1986) and
Galiatsatos and Eichinger (1988) whereby a number (Np) of primary chains are
randomly distributed in a cublcal box with edge length L = (MaNp/pNav,)'* where Mn is
the number average molecular weight of the primary chains, Na Avagadro’s number,
v, the volume fraciion of polymer and p the density of polymer, Potentiai scission and
crosslinking sites are generated at random along the main chains, with the ratio of
crossiinking to scisslon set by the parameter s (3 <s< 15 for PE). The formation of
crosslinks is controlled by varying a capture radius, centered on each of the unreacted
crosslinking sites. The closest radical that is within this radius will be allowed to crosslink
with the one at the centre of the radius. After all the crosslinks are made, the scission
sites are allowed to break. The software keeps track of the structures produced, and
the sol and gel fractions. In this way defects, including cycles and dangling =nds, can
be determined. This model was compared to sol/ gel, swelling and visco-elastic data
for Iradiated polymer with generally good agreement.

This approach is interesting for a couple of reasons, firstly it allows random
scission of branched chains, and secondly it gives information on the structure of the
network formed. We can do scission on branched chains, since we are keeping track
of allthe structures produced In the system. The limitations may be that the crosslinking
and scission are still done in a twostep serial process (now crosslinking first) and secondly
a finlte number of chains needs be specified due to computational requirements,
although the authors state that this is not a difficulty.

Finally, Demjanenko and Dusek (1980) have considered a complex statistical
mode! from the theory of branching processes based upon the graph model (Gordon
1962, 1966, 1975, 19746), that accounts for scission followed by crosslinking, crosslinking
followed by scission and simultaneous random scission and crosslinking.
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4.3.3 Experimental and Analytical

Several studies on the chemical crosslinking of polyethylene (and copolymers)
have been done. See table 11 for a brief summary of some of the methods and results
of the more recent ones. People have studied high density polymers, low density
polymaers, different molecular weights, different Initiators, different temperatures,
different reaction times, with and without additives, in extruders, batch mixers, molds,
test tubes and thin films. However most of the work, at least one of the following is true:

a) Initial polymer is not completely characterized with respect to molecular weight
distribution, copolymer composition, branching and level of unsaturation.

b) the reaction temperature s not well defined over the entire reaction period. In
extruders and to a lesser extent in batch mixers the temperature Is not very
weltknown for the whole polymer sample. For hot pressed molds, test tubes,
and thin films the heat up time to reaction temperature may be significant,
and is not often reported. Moreover this temperature- time profile may not
be reproducible from one experiment to ancther.

) the validity of the method of analysis may be suspect, for example, using GPC
to measure the molecular weight of branched polymer.
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4.4 Mathematical Modelling -

Of the chemical reactions listed In the previous section, let us choose the subset
that includes, initiator decompaosition, radical attack of back bone hydrogen atoms,
scission of the chains and termination by combination (figure 50). We can perform
population balances on chains of length r (Zhu 1991) and derive expressions for the
molecular welght distribution as a function of degree of modification, The degree of
meodification can be related to the peroxide concentration and the reaction time. The
classicalsolution 1o this problem has been o use the two step approach (Sailo and Flory).
In this work we have developed a numerical solution to the equation developed by Zhu
(1991). In the next sections we shall discuss some of the inadequacies of the two step

approach, the numerical solution of the Zhu equation, and present some comparisons
between the two approaches.

peroxide attack

|

scission

/RS
S o

X-branch >[

|

RS
|

o/‘\ Y-branch

p
|

Figure 50. The chemical reuactions that modify the polymer molecrdar structure
during simultaneous random scissfon and crossiinking.

4.4.1 Some discussion of the two step approach.

Software entitled 2step was developed to use the two step approach to find
the gel fraction, and for special cases the molecular weight distibution and the
molecular weight averages, for a given initial distiibution and peroxide level. This model
solves differential equations for the initiator concentration, 1he degree of scission and
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the degree of crosslinking.’ Then given the degrees of scission and crosslinking, Saito’s
equation for pure random scission and Flory's equation for pure random crosslinking are
used to find the gel fractions. One obtains the entire molecular weight distribution for
pure random scission. The averages in the pre gel region predicted. The averages after
the gel point can be calculated if we start with the most probable distribution by using
equations 43, 44, 47, 48, 49 and 50 in Hamielec et al. (1991).

The Charlesby-Pinner equation has been widely used, for example Kwel et al,
(1991), to find the ratlo of scission to crosslinking for polyolefins, Let us take a look at how
valld this approach is for chemically iInduced modification. The assumptions of the
Charlesby-Pinner equation are a) two step solution is valid for scission and crosslinking,
b)inltial distribution is the most probable distribution, ¢) the ratio of scission to crosslinking
(p/x) s constant and d) random scission and crosslinking. The Charlesby-Pinner equation
is used by plotting s + Vs versus the reciprocal of the crosslink density, drawing a straight
line through the dataq, extrapolating to infinite degrees of crosslinking to find the ratio of
scission to crosslinking. Figure 5] shows predicted curves for various conditiens on a
Charlesby-Pinner plot,

Lines 1 and 2 demonstrate the effect of the initial molecular weight distribution.
The p/x ratio was held constant at p/x=0.43 (by artificially forcing the Initiator
concentration to be constant), The quantity s + Vs is calculated as the peroxide causes
crosslinking. Line 1 is calculated using the most probable distribution as the initial
distrioution and is a straight line with intercept equal to 0.43 as expected. lLine 2 uses
a broader distribution with identical Mw, This line is not straight but curved. However
the intercept will still be equal to 0.43. Thus fitting a straight line to experimental data,
where the Initial distribution is not the most probable can be in serious enror,. A more
reglistic case is given by lines 3 and 4 where the initiator concentration is allowed to fail
with reaction, and the ratio of p/xis not constant. Line 3 uses a most probable distribution
and line 4 uses the broader distribution, The final value of p/x was arbitiarily set 1o be
0.43 by varying the scission and crosstinking parameters. The initial p/x will be smaller.
Notice the trend at higher values of crosslink density, the quantity s +vs actually increases
with increasing crosslinking. This is becouse the ratio of p/x is increasing and the
calculated gel level falls. Lines 1 through 4 all have the same initial peroxide
concentration. Lines5and 6 arecalculated by varying theinitial peroxide concentration
and calculating the s +Vs when all the peroxide is consumed. This is usually how the
expeariments are performed when experimental Charlesby-Pinner plots are constructed.
The ratio of p/x is allowed to vary but the scission and crosslinking parameters are set to
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Charlesby-Pinner plot

for two stap solutions
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Figure51. Charlesby- Plnner plots for several two step solutions. 1) most probable
initial distribution and p/x constant, 2) broad distribution and p/x
constant, 3) most probable distribution and p/x not constant 41) broacl
distribution and p/x not constant 5) the flnal values due to different
{nitial peroxide concentrations for most probuable distribution, 6} the

Jinal values due to different [nitlal peroxitle concentrations for « broac
initial distribution

the identical vaiues as forlines 3 and 4.  Lines 5 and 6 do not follow any of the other
lines, The lines are a somewhat closer to linear, except that the intercept is now not
equal to 0.43 but will tend to zero as [lJo increases (see appendix). These observations
lead one to the conclusion that using Charlesby-Pinner plots to find the ratio of scission
to crosslinking, for peroxide induced modifications, is not valid.

The classicalapproach assumes that the polymer undergoes the entire armount
of scisslon and then the enfire amount of crosslinking. An improvement could be to use
a two step model were the polymer undergoes a small fraction of the total scission, then
a small fraction of the total crosslinking. This slightly modified molecular weight
distribution is then subjected to an additiona! small amount of scission followed by
additional crosslinking. This process is continued until the desired amount of scission and
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crosslinking is reached (Hrymak 1993). This approach still neglects end linking and the
formation of Y branches, and requires a numerical solution for the crosslinking step, but
may give better results that the classical two step approach,

4.4.2 Numerical solution of the model equations

We are inferested in solving an equation of the form, as derlved by Zhu (1991)
for simultaneous random sclssion and crosslinking.

1awlr,2) = =w(r,z)+2a J ___w(s,z)d"
rodz ] s

r

+ % I[w(.\', 2yw(r —=5,2)Jds

rr ]

"'ﬁ.\‘[ w(s,2z) J Wo—?:-:—) Imldx

F=3

Bl ] vt

dm dx

where z is the degree of modification and a is @ group of kinetic parameters related to
sclssion, fi,, B, and B, are groups of kinetic parameters related to the formation of X
branches, Y branches and end linking respectively.

kl’er.:.
koRy + ki RE + ko RiR,

64'

kirRth
k;\Rh + krrRP‘:. + krrRhRf

ﬁ.\'

kRS

ﬁz ) kﬂRh + kIrR: + k,‘.Rp,R,

o ?,kpr - k“-Rf - kl‘erRh
2("‘1Rh + krcR!? + krerRr)

Ry and R, are backbone and chain end radical concentrations, respectively, and are
given by using the stationary state hypothesis for ali radical species
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R, and R, are the total radical concentration and concentration of radicals on initiator
fragments, Here it Is assumed, in a, that there are two ways to cut a chain to make the
deslred products. However some modifications to this equation yield an equation of the
same form, that can be solved using the same algorithm as described here.

Triacca etal. (1991) attempted to solve this equation by selecting several chain
lengths (200 or s0) and solving the resulting differential equations using the package
LSODE (Hindmarsh 1983). The integrals were evaluated using the tropezoid rule. The
solution for the pure random crosslinking case was found to about 80% of the way fo

the gel point before excessive numerical errors and computational time were
encountered.

The following is a more efficient algorithm. Fistly the molecular weight
distribution was discretized, roughly equally spaced on a natural log of chain length
scale. About 50 o 100 nodes are used and each node becomes a differential equation
to be solved (see figure 52) with either time or the degree of modification as the
independent variable. The equation is transformed using W(r) dr = W'(x) dx where x=In(r)
to improve the accuracy of the solution, especially that of the integrals. The molecular
weight distribution is then interpolated using a natural cubic spline. This provides a
smooth interpolation, without excessive waviness and allows one 1o solve the integrals
In a more efficient manner. These differential equations are then solved using LSODE.
Each differential equafion has a number of integrals 1o be solved, let's number them Qs

(integral 1) :l'aw(s,z) .
— Ly

b}

r
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(Integral 2) r
J:[w(.s'.z)w(r -8,2) ks

(integral 3) ’ [
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J‘wgm'—z)dm I w(ﬁ'—z)-dm
] m r=g m
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L )

(integral 4) r

I

Integral 1 can be evaluated between the nodes by substitution of the spline coefficients
for W(r) and solving the integral analytically. To obtain the entire integral we simply sum
up the results between all nodes from r to infinity, Notice that this integral also appears
In integrals 3 and 4 and thus are solved in the same manner for these cases. We Initially
calculate the value of integral 1 at each node, and save these values in an array. We
can then obtain the value of the integral at any r value by solving the integral from 1 to
the next nodal value (analytical solution) and adding this to the value of the integral at
the next nodal value.

dy

Integrals 2, 3 and 4 are all evaluated over the same region (0 to r) and thus
these integrals can be evaluated at the same time. Gaussian quadrature (four
integration points) was used to evaluate the integrals between the nodes (or partia!
regions between the nodes) and then sum up the values for each portion. The differential
equations are solved using a predictor-comrector package called LSODE (Hindmarsh
1983)

The sol fraction and the molecular weight averages can be found by
integrating over the entire molecular weight distribution. By assuming a cubic for W(x)
betweenthe nodes, we canfind an analytical solution to these integrals. The solfraction
willbe the area under the curve W(x) versus x and will fall below unity when gelis formed.
In this way the gel fraction is calculated. Moreover when no gelis formed, the sol fraction
will give us an indication of the numerical error,

The number of nodes required to adequately represent the initial distribution
wasinvestigated by choosing amost probable distribution, descretizing it using a number
of nodes and interpolating with the spline, and then comparing approximately 1000
inferpolated values with the actual values. The error decreases with increasing number
of nodes indicating that we need at least 25 nodes to adequately approximate the
distribution. More than 100 nodes is probably unnecessary (see figure 53). Moreover if
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Figure 52. The algorithm. 1} select nodal values on molecular welght disiribution
to obtain onedifferential equation for each nocle, 2) Interpolute beliveen
the nodes using cubic splines 3) evaluale Integrals using geusstan
quadrature, or analytically using the spline 4) Solve the differenticd
equations using LSODE

we assume an initial distribution that is most probable, one can derive analyticalsolutions
to integrals 1 to 4 for a specific chain length at zero degree of modification. When thiee
point gaussion quadrature was used, for the interval between the nodes, the error in
the integrals was insignificant.

Computer software entitled SIMULTAN was created to use this algorithm to
calculate the motecular properties for any arbitrary initial molecular weight distribution,
initiator concentration, reaction time and temperature. The language is FORTRAN.
SIMULTAN also can perform the calculations using the two step approach forcomparison
purposes. The solution requires approximately five minutes for the pure random scission
case, and between five and 40 minutes for the pure random crosslinking case on a IBM
P§/2-70, 386 machine with math coprocessor operating at 20 Mhz clock speed.
Computer fime depends upon the required degree of modification and the accuracy
requested.
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Error for approximating
the most probable distribution
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Flgure 53. The number of nodles needed to approxtmuate the initlal most probable
distribution.

4.4.3 Comparisons with classical solutions

Pure random scission

For the case of pure random scission, one only needs to evaluate integral 1
for each differential equation, and thus the solution is quite fast. We started with an
arbitrarily broad distribution and calculated the molecular weight distributions and
averages for increasing degrees of pure random scission. The molecular weight
distributions are presented infigure 54. Increasing scission narrows the molecular weight
distribution to approach the most probable. This is o somewhat trivial result, as Saito
(1972) has presented an analytical solution for this case, however this exercise provides
the opportunity to check part of the numerical solution. The ernror in the calculation,
as indicated by the sol fraction is less than one percent for 100 nodes. Figure 55
compares the molecular welght averages calcuiated by our numerical solution to that
predicted by Saito. The agreement is excellent.
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Molecular weight distribution
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Figure 54. Molecular weight distribution for pure random scisston,
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Figure 55. Molecular welght averages for pure random scission.
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Pure random crosslinking

Next we test pure random crosslinking using an initial distribution that Is most
probable, The welght average molecular weight is 250,000. Figure 56 reveals that the
molecular welght distribution first broadens as higher molecular weight material is
created, untii the gel point. After the gel point the molecular weight distribution of the
sol narrows as the gel grows by preferentially consuming the higher molecular weight
sol material. In the post gel region the molecular weight distribution and the averages
describe the sol fraction only, and the area of the peak is equal to the sol fraction,

Molecular weight distribution

for pure random crosslinking
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Figure 56. Molecular weight distributions as a_functlon of the crosslink density.

There are two parameters that we use to control the error of the solution, the
tolerance for LSODE and the number of nodes. Increasing the number of nodes or
reducing the tolerance for LSODE increases the time for the solution of the model. The
relative tolerance for LSODE seems to have little effect on the error as long as it is set
to be less than about 107, Figure 57 shows the gel fraction as a function of the crosslink
density for different numbers of nodes. In all cases the gel fraction becomes slightly
negative before the gel point and then rises to become greater than zero. Increasing
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the number of nodes tends to make the negative deviation sharper and moves the

gel point closer to the gel point predicted by Flory. At higher gel fractions all solutions
approach the values predicied by Flory.

Gel fractions
for pure random crosslinking
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Flgure 57, Gel fractlon jor pure random crosslinking as a function of the
crosslink density and the number of nodes.

Since we assumed the most probable distribution for the initial molecular
weight distribution, the gel fraction and the molecular weight averages can be
calculated from equations 43, 44, 47, 48, 49 and 50 of Hamielec et al. (1991). Figure
58 shows how the weight average molecular weight, as predicted by Flory, grows to
infinity at the gel point, and then falis after the gel point. The numerical solution does
notgo tointinity but shows a smooth transition through the gel point. The peak becomes
sharper as the number of nodes is increased. The number average molecular weight
follows the same increasing - decreasing trend but remains finite right through the gel
point. The number of nodes does not greatly influence the number average. In all
regions, except right very near the gel point, the numerical solution and the classical
solution are In excellent agreement.
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Molecular weight averages
far pure random crosslinking
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Figure 58. Average molecular welghts as a function of crosslink density and
the number of nodes.

Simultaneous random scission and crosslinking

The numericalsolution to Zhu's equation compares quite well with the classical
solutions for pure random scission or pure random crosslinking, however this equation
was derlved to describe the case of simultaneous random scission and crosslinking.
One can consider simultaneous random scission and crosslinking of an initial distribution
which is broader than the most probable, using both Zhu's equation and the two step
solution. We set the parameters such that we obtain the overall ratio of scission o
crosslinking equal to p/x=0.43, and use 75 nodes for the numerical solution. Figure 59
compares the gel fraction predictions. The simultaneous solution predicts that the gel
point occurs at lower degrees of crosslinking and gives a higher gel fraction over the
entire range. At large degrees of modification the two step solution predicts a
reduction in the gel fraction. Zhu's equation shows a continuous rise in gel fraction.
The reduction in the gel fraction seems to be an unreasonable consequence of the
two step assumption. If one considers the branching frequencies, one can see that
there can be a significant contribution to the molecular weight due o Y branches.
Figure 60 shows the predicted branching frequencies versus degree of modification.
In this case there are more X branches than Y branches, and the rate of branching
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appears to change slightly as the Initiator decomposes, with the rate of X branching
decreasing and the rate of Y branching Increasing. Higher initiator concenirations
favour X branches over Y branches. The two step model neglects the ¥ branches, and
thus must underestimate the molecular weight build up, and the gel fraction, Zhu's
model assumes that the termination rate constant for the production ot Y branches is
equal to that for the production of X branches. In fact, the termination rate constant
for production of Y branches may be larger because of steric difficulties in getting two
backbone radicals together to form a X branch,

Gel fraction

for simultaneous random scission and crosslinking

75 nodes
0.8 4 overall Zhu equation
scission/xlink=0.43
5 0.6 broad distribution
g 6 4
b 2 step modet
@ 04
0.2 .
D L] T ¥ T L)
0 0.0002 0.0004 0.0006  0.0008 0.001

degree of madification

Figure 59. Comparison of the gel fractions predicted for stmultancous random

scission and crosslinking using Zhu's equation and the hwo step
solutlon.

The average molecular weights, in the pre gelregion, agree quite well (Figure
61), except at the gel point where the two step solution predicts an infinite weight
average molecular weight, Calculation of the two step averages after the gel point

for this arbitrarily broad distribution was not done ond so no comparison was possible
here.
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Branching frequencies
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Figure 60. X and Y branching frequencies for scisslon and crossiinking.
Frequencies are as branches per thousand backbone carbon aloms.
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Figure 61. Comparison qof the moleculur weight averages preclicled for
simultaneous random scisslon and crosslinking using Zhu's equation
and the two step solution.
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Figure 62 shows the results of a calculation for various degrees of moditication,
and compares the final results to that given by the two step approach. Here, the two
step approach is implemented by solving Zhu's equation for pure random scission up
to degree p, and then for pure random crosslinking up to degiee x. The two step
approach seems to overestimate the size of the high molecular weight tail,

Degree of
modification

- original
-~ 0.386 X 10"

----- 1.01x10°
—- two step

 x=0.751x10
\ p=0.0184 x 10

W(In r) Arbitrary units

Ln (r}

Figure 62. Moleculur welght distributions during simultaneous random scission
and crosslinking as calculatecd by solving Zhu's complete cquation
stmultaneously or by solving it in Lwo steps.

In summary one can say:

« the numerical solution to Zhu's equation compares quite well with the classical
solutions for pure random scission and crosslinking. There is some disparily
between the molecular weight averages near the gel point tor pure rIandom
crosslinking.

« For simultaneous random scission and crosslinking, Zhu's equation predicts the gel
point to occur at lower degrees of modification than does the two step
solution. Higher gel fractions are predicted by Zhu's equation at all degrees
of modification.

+ Unlike the two step model, which predicts a reduction in the gel fraction at higher
degrees of modification, Zhu's equation shows a continuous increase.
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« The number and welght average molecular weights predicted by both methods, in
the pre gel reglon are quite similor.

4.4.4 Modifications for random scission of branched polymers

The equation for simultaneous random scission and crosslinking, developed by
Zhu (1991) assumes that the molecules that undergo scission are linear.  This means
that each molecule has two ends, and thus there are two possible ways to cut the chain
to create asmallermolecules of specified length. To modify @ chain of length rto create
a chain of length s (s<r), we can cut the chain s units from either end. On the other
hand, branched molecules will have more than two ends per molecule and thus the
possibilities should increase however the number of possibilities will not equal the number
of ends, but will also depend upon the placement of the branch along the backbone.
Moreover in some cases, especially for gel, a scission will not create a second molecule.
What we need to do is to make some assumptions about the average branching
structures, for instance, assume the molecules are linear (Zhu 1992), stars or combs and
so on,

Let us make the first step, and assume that all the polymer molecules are stars,
andall the branches are of the same length and radiate from the center of the molecule.
Based upon the branching frequencies and the degree of scission, we can easily
calculate the number of chain ends per molecule.

Each scission adds two ends and increases the number of molecules by one.

Each Y branch formed reduces the number of ends by one, and reduces the number
of molecules by one.

Each X branch formed does not change the number of ends, but reduces the number
of molecules by one.

Therefore the total number of molecules is given by

Qo=Q's+(p - x+yN

where Q’', Is the initial number of molecules, p is the number of scission reactions and x
and y are the number of X branches and Y branches. @, is the first moment of the
polymer molecular weight distribution and is constant. The number of ends equals

E=20"+(2p - )0,
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The total number of ends per molecule is then given by E/Q,. Making this ratio and using
the initial number average chain length calculated by r,, = 0,/Q°, we can tind that

E 2+(2p -y,

¢ -—

N "1+ (s =y =X,

Let us consider a star polymer of length r, with four branches of length r/4. |f

we wish to cut the molecule to creqate a second molecule of length n we have four
cases.

1} n > r: no possibility of creating a molecule of length n
2) n < (r/4) . four possibilities to create a molecule of length n

3) (r-r/4) < n <1 we can cut -n off of any end to get a molecule n units long, therefore
there are four possibilities.

4) (r/4) < n < r-1/4 : no possibilities since we would have to cut off more than 1/4 from
any end.

For the more general case, we simply replace 4 with the number of ends per
molecule, e, and we can still consider the number of possibilities (see figure 63).

number of possibilities

0 rle (e-1)rfe r
desired chain length after scission n

Figure 63. The possibllities for creation of a molecule of length n from u star
shaped molecule having r units and e ends.

The term for the production rate of molecules of length n by random scission
of is given by the term
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« J- ¢ Wfr)dr

L)

where¢=¢ if n<r/e orn > (e-1)r/e and ¢ = 0 otherwise. Thus we can break this integral
up into two integrals

enf{e=1) -
Iq: dr j W(r)d +e ajmdr
n r n r
Notice that this reduces to the case given by Zhu (1991) if e is equal to two. A
simple illustration of the effects can be made if we assume that the molecular weight
distribution is the most probable distribution.

wir)=1r exXp{~t-r)

Branched molecules will most likely have a distribution broader than the most probable.
We can substitute this expression into the integrals above and solve them analytically.
We can also ratio this to the integral assuming linear molecules to determine the relative
change In the scission term. This equation then becomes

scnssm'n of stars = ( %) [ |- cxp('m(l _e__e )) +expltn(l - y))]

scission of lincar molecules 2 1

Figure 64 shows the results of this calculation for several values of » - 1, the relative length

of the molecule to be formed by scission, ond several average ends per molecule. For
small values of » -t the ratio is larger than one, and in the limit as n -t gets smaller the
ratio will equai e/2. This result is expected since when we are making small molecules
by scission, nearly all of the branches are longer than the desired molecule, and thus
they can all be used. However as n « 1 gets larger the ratio falls below unity, reaches a
minimum and then rises to some final value, above unity,  Work is currently underway
to determine the effect of this modification and others including the comb structures
(Gludici 1992).
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Effect of random scission of
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Figure 64. The ratio of the random sclsslon of star molecules to lincar molecules
as a_function of the number of encls per molecule and the relative length

of the molecule to be formed by scission {t-n). The most prabable
distribution (s assumed.

4.5 Experimental

4.5.1 Modification of polyethylene

The polyethylene powder (HDPE) used was Novacor Product WS05585-H with
average molecular weights (as calculated by GPC) of around Mn= 10000, Mw=180000.
The Isotactic polypropylene powder used was Shell KY-6100.

The polymer was coated with the peroxides, Lupersol 101 (2,5-dimethyl-2,5 (t
-butylperoxy) hexane, Atochem) and Lupersol 130 (2,5-dimethyl-2,5 (t -butylperoxy)
hexyne-3, Atochem) (see table 12). This was accomplished by dissolving the desired
amount of peroxide in acetone (BHD Inc.) and adding this to the polymer. Additional
acetone was added to create a slurry which was well shaken. This slurry was placed in
an atuminum pie dish and the acetone allowed to evaporate for at least 48 hours. The
sample was stirred occasionally during the evaporation time. The polymer - peroxide
mixture was then heated either in the minitruder or in ampoules and the resulting
modified polymer analyzed for either gel content or molecular weight.
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Table 12. Initiator decomposition rates.

Peroxide type A - Frequency E - Activation Molecular Percent Active
factor energy weight
s {cal/mol)
Lupersol 101 8.73 x10'® 37182, 290.4 92.0%
Lupersol 130 7.88 x10 '° 38127. 286.4 92.5%

kd = A exp (-E/RT). T is temperature in Kelvin, R=1.987 cal/ mol-K,
ref: Alochem

Minitruder experiments

Several experiments were performed using a minitruder (Randcastle Inc.)
having the following specifications:

* single 1/4 inch screw. 24:1 L/D barrel
» three heated zones with temperature controllers to control within 1 °C

+ moximum throughput to approximately 120 g/h at maximum speed of
approximately 115 RPM. Contiolled by tachometer feedback.

Allpolymer powders were screened through a 20 mesh sieve to help ensure adequate
feeding. The throughput of the minitruder was measured for polypropylene at 200°C
and was found to be a linear function of RPM,

Q =0.3669 RPM (mgls)

The mass of polypropylene contained in the barel and die was measured using a
carbon black tracer at several RPM values and at 200°C and on average was 1.051
9. This allows the calculation of an approximate residence time (see figure 65).

. 2.8637x10° (seconds)
RPM N
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The influence of screw speed on

mean residence time
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Figure 65. Resldence time_for minitruder calculated by a) measuring the time
_fora carbon black plug to pass through the extruder, b} by meusuring
the mass through put and the mass of polymer in the barrel and c)
Jrom the correlation,

Extrusion experiments were then performed at RPM settings to cllow at least
enough mean residence time for 99% consumption of the peroxide added at the
temperature selected using the decomposition rate given by Atochem. The usual
experimental conditions used for polyethylene modification are as follows (table 13),

extra experiments and replicates were also performed and are highlighted in the
discussion section.
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Table 13. Usual experimental conditions for polymer
modification in minitruder.

Temperature Peroxide type Peroxide level RPM
(‘c) (wt%)])
190 Lupersol 101 0.2100.88 10
200 Lupersol 101 Oto2 10
200 Lupersol 130 Oto 1.4 10
230 Lupersol 101 Oto2 30
230 Lupersol 130 Oto 1.4 30

Ampoule experiments

In order to determine the effect of the extruder mixing some reactions with
polyethylene were performed in small aluminum ampoules in @ heated oil bath. Figure
66 diagrams a typicalampoule. Theinside of the ampoules were coated with asilicone
mould release compound (Moulders Supply Ltd.) to allow the sample to be removed
from the ampoule. The polymer, coated with peroxides asin the minitruder experiments,
was placed in the ampoules, and packed tightly to facilitate good contact between
the powder particles to obtain o homogeneous polymer/peroxide mixture. The
ampoules were closed and suspended in an oil bath at the desired temperaiture, for
the desired time. The samples were then cooled, removed, cut up, and analyzed for
gel content.

The approximate center line temperature was measured using a
thermocouple and pure polymer (see figure 67). The thermocouple was placed by first
melting some polymer in the ampoule, and then drilling a hole down the centre line
of the polymer. The thermocouple was then placed in the hole, These profiles showed
that the center line reached 99% of the bath temperature after only a few seconds.
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Figure 66. Exploded vlew of a typlcal ampoule. Sizes are approxtinate and may
vary siightly from ampoule to ampoule,
The ampoule experiments were performed using Luperso! 130 since this peroxide’s

crosslinking efficiency showed a small temperature dependence (see discussion
section) and the half life was much larger than the heat up time (figure 68).
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Figure 67. Center line temperature profile for aluminum ampoules.

The ampoule experiments were performed at 200 °C using Lupersol 130 in
concentrations of 0.218, 0.88 and 1.37 wi% with replicates at the highest peroxide level,
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Figure 68, Temperature profle and Initiator conversion for Lupersol 130 In
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4.5.2 Molecular weight measurements

The molecular weights of the linear polymers were measured using a Waters
150-C gel permeation chromatograph. No quantitative molecular weight
measurement of branched polymers was performed. Three columns oblained from
American Polymer Standards (AM gel 10° A- 15 micron, AM gel linear - 15 micron, AM
ge! 500 A -15 micron and a guard column) were used. 1,2,4- tiichlorobenzene (J. 1.
Baker Chemical Co.) with 2,6, di tert butyl p-cresol (Fisher Scientific) stabilizer added.
Column and injector temperatures were 135 °C and the flow rate was 1.0 mi/min.
Sensitivity was set 1o 256 (-256 for polystyrene) and the scale factor to 20. Three hundred
microlitres of a 0.1 wi% polymer - TCB solution was injected. The samples were made
up using the same TCB as the mobile phase for the GPC. Sixty minutes were allowed for
each analysis and 5 minutes allowed between injections.
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Narrow polystyrene standards (Tosoh Corporation set D) were used to calibrate
the GPC. The Unlversal callbration using K= 1.21x10 & a= 0,7070 for linear polystyrene
(Dawkins 1984), K=5.260x10* & a=0.700 (Wagner 1985) for polyethylene and were used
for analysis of polyethylene (HDPE).

The results were then checked against broad polyethylene (American Polymer
Standards and Polymer Laboratories). An independent check for the HDPE molecular
welight distribution was performed by American Polymer standards and they found the
HDPE molecular weights to be (averages of five Injections)

Mn= 14,000 (14770, 13180, 13040, 14960, 14340)
Mw= 182,000 (177400, 181200, 180800, 178100, 183400)
Mz= 760,700. (711000, 772900, 777700, 781200, 961900)

The welght average molecular weight agreement is adequate, and the
number average molecular weights were some what lower than reported for the
standards, possibly due to peak broadening. Since this work is primarily interested in
changes in the molecular weights, and not absolute values, the universal calibration,
using the constants above was used with no corrections for peak broadening.

The raw chromatograms were then exported from the GPC software as ASCIl
fles, smoothed and the calibration curves used to convert the chromatograms to
molecular weight distributions for use in the models.

Because of the errors introduced by the branches, even though they may be
approximately corrected for by using viscometry or light scattering (Foster et al. 1980,
Shiga and Sato 1987), branched polymer was only qualitatively analyzed using GPC,

4.5.3 Measurement of gel fraction

The gel fraction was determined using ASTM D-2765 with some modifications.
The polymer sample to be analyzed was divided into three specimens, each
approximately 0.5 g. lf needed, the polymer was cut into small pieces. A specimen
holder was made of 400 mesh stainless steel cloth as per the ASTM D-2765. The polymer
was placed In the specimen holder and they were weighed and suspended in
approximately 350 g of boiling (190 °C) decohydronaphthalene (decaline, Aldrich
Chemical Co.) for at least 72 hours, It was observed that if the extraction time was less
than 48 hours, the results showed unacceptable variance. Moreover, extiaction for
longer than 72 hours did not significantly change the measurement. Approximately
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three grams of Antioxidant 2246 (American Cyanamid) was added to the decaline to
avoid oxidative degradation. The sample was then removed, dried at room
temperature for 24 hours, and then vacuum dried at 145 to 150°C tor 24 hours. The
sample and the specimen holder were then re-welghed and the sol fraction calculoied
based upon the loss of polymer during the extraction process.

The technique was developed by measuring the gel content of polyethylene
that was subjected to gamma irradiation for a range of doses.

Forsome samples, the sol was collected, filtered and dried for turther analysis.

4.5.4 NMR measurements

3¢ NMR was used to Iin an attempt to quantify the number of Xand Y branches
In the polymer. However the width of the lines in the spectia obscured the lines due to
these branch types. This could have been due to insufficient times for dissolution or
measurement (8 hours). It should be noted that the gel will only swell and not dissolve
and thus does not give as clear a signal as polymer in solution. The peaks are broader
and overlap for swollen gel as compared to polymer in solution

4.5.5 DSC measurements

Differential scanning calorimetry was used (ASTM D3417) to find the heat of
fransition and the transition temperatures for polymer with diffeient peroxide levels by
either melting or crystallzing the polymer. Morecover the DSC was used as a small
chemicailreactor. The DSC used was a DuPont 910 differential scanning calofimeter
with a LNCA Il cooling attachment. The polymer, coated with peroxides, was placed in
the DSC pan and hermetically sealed. The temperature was increased to the desired
reaction temperature (140 or 180 °C) and held for sufficient time to consume 99.9% of
the peroxide (Lupersol 101), see figure 69. All heating and cocling rates were 10°C per
minute, After the reaction was complete, the ASTM termperature profile was run and
the heats of fransition and the peak temperatures of transition were recorded. A typical
cooling transition peak is shown in figure 70 The baseline was always selected to be a
horizontal line as shown in this figure. Using the common nomenclature, the area of this
curve is the heat of crystallization and the peck temperature is the crystallization
temperature. The heating peak has a similar shape but with negative heat flow. The
area is called the heat of fusion and the peak is the temperature of fusion.
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Temperature profile for DSC experiments
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Flgure 69. Temperature profile for DSC experiments. Where polymer mociified
in ampoules was tested, only the ASTM section was used.
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Figure 70. Typical thermal response profile for DSC using the ASTM method,
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4.6 Discussion

The experimental resuils are presented and discussed tisst on their own and
compared to model predictions where applicable.

4.6.1 Differential scanning calorimetry

Several experiments were performed with coated polymer powder at 160 and
180°C, and with polymer modifled in ampoules at 180°C. In all cases ihe peroxide used
was Lupersol 101, Figure 71 shows that the heat of crystalization is reduced with
increasing peroxide levels. The heat of crystallization should be proportional 1o the
amount of crystaline polymer formed, and thus the modification s reducing the
crystaliinity by infroducing defects into the polymer molecules, or by reducing the
mobility of the molecules 1o inhibit crystal growth. However the heats of transition for
polymer modified at 160 and 180 or in the ampoules are statistically equal, and thus
alther the polymer Is being modified to the same degree for all the temperatures, or the
DSC is not sensitive enough to resolve the difference,

Cooling heat of transition with
peroxide and temperature
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Figure 71 The heat of crystallization as a function of the peroxide level and
reaction temperature. This heat was measured by cooling the sample
from 200 to 40°C
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The peak temperature of transition, as shown in figure 72, also demonstrates a
reduction in the transition temperature with an increase In peroxide level. And again
no significant difference could be found between polymer modified at 160, 180 °C or
In ampoules,
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Figure 72 The pealk temperature of lransition as a_function of the peroxice level
and reaction temperature. This temperature was measured by cooling
the sample from 200 to 40°C

The heatof fusion, and the peak temperature of fusion, as measured by heating
the sample from 40 to 200 °C showed the same trend. The heat of fusion was
approximately 25% larger than the heat of crystallization, and the peak temperature
tor fusion was about 20% larger than the temperature of crystallization.

It one can say that the change in the thermal properties, as measured by the
DSC, is caused by the degree of modification by the peroxide, it appears that the
reaction temperature has no effect on the degree of moditication.

4.6.2 Extrusion experiments

Firstly we shall present some overall observations about the minitruder
experiments, We were able to extrude the polyethylene even when containing the
highest amounts of peroxides used. The electrical current required by the extruder did
not appreciably increase with peroxide content. As the peroxide content incregsed,
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the extrudate became rougher, and finaily began to form flakes instead of a conlinuous
extrudate. Polymer powder coated with higher amounts of peroxide tended to
aggregate near the hopper walland did not feed as easily into the barrel of the extruder.

Several experiments were performed where polymer was extruded in the
absence of peroxide and the gellevelmeasured to determine if there isany modlfication
occuring due to the extruder. The gel levels measured for these conditions was less
than three percent (see appendix). The gel level was aiso measured for virgin,
unextruded, polymer powder and found to be, on average, 2.8%. It should be noted
that the gel measurement technique is biased slightly to give higher gellevels. 1tis easler
{0 not extract enough polymer than to extiact too much, and thus we expect the
measured gel level to be slightly higher than the actual level, For this reason we can
accept that gel levels less than three pearcent actually represent zero gel. Furthermore

the simple act of extruding the polymer does not significantly increase the gel level, in
the absence of peroxides.

Figures 73, 74 and 75 show the gel fraction vs the amount of Lupersol 101 for
experiments performed at 190, 200 and 230 °C respectively. In all cases the gel level
Increases with increasing peroxide except at the highest peroxide level where it actually
decreases. The gel levels appear to be quite similar for that extruded al 190 and 200
°C but somewhat lower for that extruded at 230°C.,
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Gel fractions
for Lupersol 101 @ 190C
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Figure 73. Gel fractions measured for minitruder experiments performecd at 190°C
using Lupersol 101 iniliator.
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Gel fractions
for Lupersol 101 @ 230
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Flgure 75. Gel fractions measured for minitruder experiments performed at 230°C
using Lupersol 101 initlator,

Figure 76 and 77 show the ge!l levels for polymer extruded ot 200 and 230°C in
the presence of Lupersol 130. Unlike the difference found for Lupersol 101, the gellevels
for both 200 and 230°C appear to be quite similar. Infact, except for the higher peroxide
levels, the gel fractions are quite similar to that found for Lupersol 101 at 190 and 200 °C.
This Is further demonstrated in figure 78 which shows the average gel fractions of each
extruder run plotted against the mmoles of peroxide per gram of polymer. For pure
random crosslinking, one would expect (see appendix) that the only lemperature
dependence, and difference between peroxides, would be with respect to initiator
efficiency. If the efficiency for Luperso! 101 and tupersol 130 were 1o be equal, and
independent of temperature, one would expect the same gel levels, for pure itandom
c:osslinking, for both initiators, at all temperatures. This seems o be true, for lower
peroxide levels for all conditions except for Lupersol 101 at 230°C. The efficiency of the
peroxide at 230°C seems to be markedly less than for all the other cases, Why? One
could postulate that the efficiency for Lupersol 101 has a strong temperature
dependence. However this is not demonstrated by the 190 and 200 °C curves which
have statistically equal averages. The polymer could be experiencing moie scission at
230°C, but this should be a function of the polymer and not the initiator, and the curve
for Lupersol 130 at 230°C does not show this reduced gel level. Notice that this set of
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conditions {Lupersol 101 at 230°C), has the shortest lite time for the peroxide. It could

be that the peroxide is being depleted before the polymer has had adequate time to
melt and mix in the extruder. This should reduce the gel fraction.

Gel fractions
for Lupersol 130 @ 200 C
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Flgure 76. Gel fractions measured for minitruder experiments performed at 200°C
using Lupersol 130 (nitiator,
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Gel fractions
for Luperscl 130 @ 230C
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Figure 77. Gelfractions measured for minitrucer experiments performed at 230°C
using Lupersol 130 initiator.
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The second major observation Is that the gel fraction seems to be reduced by
high levels of peroxides. The reduction is shown for both peroxide types and at all
temperatures, except 190°C where the higher peroxide level was not used. Moreover
replicate experiments were performed to confirm the phenomena. One possible
solution Is that increased scission Is occurring at the elevated peroxide levels, although
this prediction Is only borne out by a two step model and not by the solution to Zhu's
equation (see modelling section). Another possibility Is that this result Is due to extruder
effects. It was noted that the higher peroxide levels did not feed as well, or possibly the
extruder was causing shear degradation of the gel. The variance of the high peroxide
samples appeared to be larger.

The reasons for the ampoule experiments are two fold, firstly to determine if the
extruder mixing plays a significant role in the level of gel formed, and secondly to shed
some light on the reason for the reduction in the gel level at higher peroxide levels.
These experiments were perdermed using Lupersol 130 at 200 °C. The gel levels obtained
at0.218 and 0.88 wt% agree quite well with the gel fractions obtained in the minitruder
for those peroxide levels. The gel fractions observed are presented in figure 79. This
indicates that the effect of extruder mixing Is not a significant influence on the gel lave!
for these peroxide concentrations. However, the ampoules also show a decline in the
gel level at higher peroxide levels (1,37 wi%). Again the variability of these results are
quite high relative to the results at lower peroxide concentrations.

The molecular weight of some sol material was measured to determine the
trend. We must note that these values are not reliable estimates of the molecular
weights, since they are branched, however they should be adequate to show the trends,
Figure 80 shows the molecular weight averages vs. peroxide content for samples using
Lupersol 130 and extruded at 200°C, Both the number and the weight average
molecular weights decrease with peroxide level and the polydispersity of the polymer
s also reduced. This is exactly the behavior that the theory predicts for the sol molecular
welght averages.
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Gel fractions
for Luperscl 130 @ 200 C in ampoulas
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Figure 79. Gel fractions measured for ampoule experiments pecformed at 200°C
using Lupersol 130,
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Flgure 80. Approximate average molecular weights for sol polymer as measured
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4.6.3 Comparison between model predictions and experimental
data

Parameter estimation method

If we consider elther pure random scission, or pure random crosslinking, under
Isothermal conditions the model reduces to asingle parameter model (see appendix).

dpldt = 9,k,"(1]"
or |
cbefdt = @ k,[1]

where (I] Is the initiator concentration, k, is the initiator decomposition rate and Isknown,
v, IS the parameter for pure random scission and ¢, Is the parameter for pure random
crosslinking. p and x are the degrees of scission and crosslinking. Once we know either
p or x we can calculate the desired quantities using elther Saito’s or Flory’s equations
and the initial molecular weight distribution.

We must simply estimate either ¢, or ¢, from molecular weight or gel fraction

data. The non linear least squares package UWHAUS (Meeter 1945) that uses the
Marquardt (1963) method was used. The program 2stepEst was created to use the
two step model to fit the parameters. The two step model is still valid for pure random
crosslinking or pure random scission. For pure random scission, the molecular weight
averages can be used and for pure random crosslinking, the gel fraction was used.

Polvethylene modification

The observation that reaction temperature does notinfluence the gel fraction,
except for Lupersol 101 at 230°C, indicates that pure random crosslinking should be
adequate to fit this data. In fact one should be able to fit all the data for a given
peroxide, using the same crosslinking parameter. Moreover, no significant difference
In the thermal properties was found by using different reaction temperatures. This
implies that the degree of modification is independent of temperature and thus
supports the pure random crosslinking hypothesis. In addition, if the peroxide efficiency
Is the same for both peroxides, a single crosslinking parameter value should represent
all of the data.



255

The pure random crosslinking model was fit o a variety of the data (see table
14), Firstly, the parameter was estimated for each peroxide type and each
temperature separately, Moreover, estimates were found neglecting the higher
peroxide concentrations, where the gel levels fell. Considering Lupersol 101, the
parameter estimates fordata collected at 190 and 200°C wera not statistically ditferent,
however the data collected at 230°C was significantly lower, If the highest peroxide
concentrations were neglected the crosslinking parameter values estimated were
slightly higher.

Simitarly, there was no significant difference in the crosslinking parameters
found for Lupersoi 130 at 200 and 230 °C both collected from the minitruder and from

ampoules. Neglecting the higher peroxide levels also gave rise 1o slightly higher
parameter values.

The gel data for Lupersol 101 at 190 and 200°C, neglecting the higher peroxide
concentrations, were combined and the crosslinking parameter was found. Similarly
the gel data for Lupersol 130 at 200 and 230°C, including the ampoule data, and
neglecting the high concentration data, were combined to estimate the crosslinking
parameter, it was found that the estimated values from these sels of dota were not
significantly different. To this point the only significantly different parameler value was
forLupersol 101 at 230°C, supporting the analysis that these data aresomewhatsuspect,
Finally all the data, except Lupersol 101 at 230°C, was used to estimate a single

crosslinking parameter having the value of 0.816 (I/mol). The data and the model are
presented in figure 81,
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Table 14. Parameter estimates for pure random

crosslinking
Peroxide type Temperature Peroxide Crosslinking Approximate 95%
‘c levels used parameter confidence interval
Lupersol 101 190 all 0.69 (0.84, 0.54)
Lupersol 101 200 all 0.78 (0.88, 0.68)
Lupersol 101 230 all 0.49 (0.54, 0.43)
Lupersol 101 200 < 2 wi% 0.83 (0.93, 0.74)
Lupersol 101 230 < 1.0 wi% 0.57 (0.61, 0.53)
Lupersol 101 190 & 200 <2 wl% 0.82 (0.90, 0.73)
Lupersol 130 200 all 0.48 (0.62, 0.35)
(no ampoules)
Lupcrsol 130 230 all 0.46 (0.59, 0.34)
Lupersol 130 200 < | wi% 0.78 (0.95, 0.62)
Lupersol 130 230 <1 wi% 0.85 (1.01, 0.69)
Lupersol 130 200 all ampoule 0.G4 (1.14,0.14)
daia
Lupersol 130 200 ampoule data 1.06 (1.38, 0.75}
< 1 wi%
Lupcrsol 130 200 & 230 < I wt%, Inc. 0.64 (0.80, 0.48)
ampoulcs
Lupersol 101 & 190, 200, & all 0.60 (0.66, 0.54)
130 230
Lupcrsol 101 & all excepl all except 0.82 (0.89, 0.74)
130 Lupersol 101 higher cone.

@ 230
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Measured average gel fractions and model predictions
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Figure 81. Pure random crosslinking model predictions, using a single
crosslinking paramelter and average gel fractlon data.

Thissame set of data was used in on attempt to fit both crosslinking and scission,
using the two step model, and the scission parameter found was not significantly
different from zero. The pure random crosslinking model appears to be adequate to
fit this gel fractlon data. Moreover the initiator efficiency for Lupersol 101 and Lupersol
130 appear to be nearly equal, and independent of temperature,

Using the present model, one can predict the molecular weight averages of
the sol polymer and compare them 1o the approximate molecular weights measured
by GPC. Figure 82 shows that the comparison between the predicted and the
measured values s reasonable. The predicted trends are observed. The measured
average molecular weights must be considered only approximate since GPC is not
strictly valld for branched polymer.
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Approximate molecular weight averages
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Figure 82. Pure random crosslinking model prediction for the sol molecular
welght averages. The molecular welght data were measured by GPC
and are therefore only approxtmate for branched polymer,

4.7 Concluding remarks

+ The use of the classical Charlesby-Pinner equation to find the ratio of scission o
crosslinking, for chemically induced modification is not valid. Some modifications
in the two step approach may give rise to some improvement.

* A numerical solution to Zhu's equation for simultaneous random scission and crosslinking
has been developed. This equation allows the calculation of the gel fraction
and the entire molecular weight distribution for sol, both before and after the
gel point, for any arbitrary initial distribution.

» Although the numerical solution to Zhu's equation agrees quite well with the classical
solutions for pure random scission or crosslinking, it does demonstrate a significant
difference for the simultaneous random scission and crosslinking case. Zhu's
equation should more accurately represent the true behavior, since the
assumptions made in lts derivation are not a restiictive as the two step
assumption. Moditications have been recommended to further improve the
validity of the scission of branched molecules terms.
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* The thermal properties, heats and temperatures of transitions, all decreased with

Increasing peroxide concentration, but do not appear 1o be functions of the
modiflcation temperature,

« A pure random crosslinking model is adequate to desciibe the gel foimation of
polyethylene, and the Inillator efficiencles for Lupersol 101 and 130 are not
significantly different from each other and independent of temperaiure, The
pure random crosslinking hypothesis supported by the observation that the

thermal properties, as measured by DSC, are notl functions of the reaction
temperature,

« It is important to use experimental conditions that allow adequate melting and mixing

before the Initiator s completely consumed when studying chemical
modification of polymers via free radical mechanisms,
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4.9 Appendix for chemical modification section

4.9.1 Calculation of the rates of peroxide induced scission or
crosslinking

Considera balance ontotairadicals, using the stationary state hypothesis gives,
[RY= (1K) (k (1D

where [l] is the initiator concentration k, is the overail termination rate constant, k, is the
initiator decomposition rate constant and f is the initiator efficiency and includes the
number of radicals produced per initiator molecule. The initiator concentration is given
by the differential equation

d[1 Vet = =k, [1]
A balance on backbone and chain end radicals, using the SSH yields

kprl[R]
(R~ kO + kR + Ky

k{R,]
()= A-,[Rl] vk, 00

where [R,] and {R,] back bone and chain end radicals, Q, is the fist moment o! the
polymer molecular welght distribution, and is the number of polymer repeat units per
unit volume. k, is the beta-scission rate constant, and k,, is the transfer to polymer rate
constant. If we can say that k, [R] is < k. * &, then and substituting for [R] we gel

k!le Tk . 12
wix(pg &) ©

Ky kpQ /AR
[R.]= (k,,,Q.) ( k(i + "n] ( F) ]

The rates of scission and crosslinking are
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dp _klR]
ct &

AT RYI AN
(e)pass) (&) v
= 0,4,/

£X_ kir[Rb]2+kir[Rb][Rf]
di " Q 0

Kie k 2
.E[l +k,27.)[R”T

kfr k“ k!le : fkr’
i [ -Q_l) (l +kﬁ'Ql) (k!le "‘kp) (17) [I]
'Q’;kd[l]

where k. Is the termination by combination rate constant and p and x are the degrees
of scission or crosslinking. This evaluation predicts that the rate of crosslinking will be first
order in initictor concentration, and the rate of scission of half order. Higher initiator
concentrations should give rise to increases crosslinking. For pure randomn crosslinking,
the parameter reduces to the group

ke

b=k

This analysis assumes a) kinetic constants equalfor allradical types, b) stationary
state hypothesis for all radical types, c) k, [R] is < k,* Q. d) random scission and random
crosslinking, and ) constant volume and therefore Q, constant.

If we relax the k, [R] is < k,,+Q, assumption then we can wiite

]

Rl =G99

Whe[e - (k,;[l])lr:: q)[ = kr/k]pgl ond

(k,PQ, +kl!) (E]m
2 Tho T
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The rate of pure random scission is given by a three parameter model

bkt
dt Q9,0+ ¢.)

where the parameters are &, ¢, and ¢,. The rate of pure random crosslinking is also given

by a three parameter model

de k(8 Y
& " Q, ¢,ﬂ+¢:)

where the parameters are k.., ¢, and ¢,. Now the rate of crosslinking will be less than tirst

order with respect to Initiator concentration and the rate of scission will be less than half
order, However if 9,68 « ¢, we return to a single parameter for crossiinking and a single
parameter for scission. An order of magnitude analysis can be done to test this,

Basis: 1000 g of polyethylene, density 1000 g/i
0.1 wi% initiator of molecular weight 300 g/mo! and having
k,=8.73x10'" exp (-37182/RT) oréx10?s”' @ 200°C.
k=10" () mol-s)
kip=10° (I/mol-s)

We can caiculate the group ¢, = & /k,Q, where Q,= (1000 g/l)-(rnol/28 g)= 36 mol/l so

107
10*- 36

=274

o0

and
0% = ke 1] = (61077") (0. 1wt T/ 100) (1000 /1) (ol /300g)
=210 (moll -5)

0w 1.4x107

Theretfore ¢, -8 = (278)- (1.4x10) = 4 and

()

= (10")"% = 3000
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Since ¢,0/¢,=43000«1 we are justified in using ¢,0 « ¢, and therefore using a single

parameter for scission and a single parameter for crosslinking.

4.9.2 Isothermal conditions to final states

Given the rates of scission and crosslinking derived above, and the initiator
concentration [/]=[1], exp{-k,t ) ©One can Integrate to find the final degree of scission and
crosslinking. First for scission we can evaluate

P {(%ﬂk,:n[lll,ncxm- A 12) [ dt
1

26,117
p= —"q’;[.,,.l (1 —exp{=k/2))
o

20,[11°
- —;T @{ = 00
I

Since the number average molecular weights, for pure random scission, are given by

M M

Mn  Mn, P

where M is the molecular weight per repeat unit. Substitution in for p vields

MM 20,007

Mn " Mn, ' k7

Therefore a plot of M/Mn vs 2 (1], k, *'*? should give a straight line with slope g,

For pure random crosslinking
e[ o

x= I 20k 1L expl=k, ) |t
¢

x=0,[f1 (1 —exp(-k,))
= o,[/L @t~
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This analysis provides a very interesting result, Except for initiator efficiency, the
fina! degree of crossiinking Is Independent of the Inltiator type. Initiators with vastly
different decomposition rates, but similar efficlencles, would give the same final degree
of crossiinking. Moreover if both the efficlency and termination are weak functions of
temperature, the final degree of crosslinking wlll be independent of temperature.
Scission will still depend on the initiator decomposition iate,

The final ratio of scission to crosslinking wili then be a function of the initiator
concentration and decompaosition rate

D 2¢,

" HPalT o=

and thus p/x will not be constant for experiments using different initial peroxide
concentrations and will tend to zero as {l], increases.

4.9.3 Considerations for bifunctional initiators

Both Lupersol 101 and Lupersol 130 have two pearoxide groups per inifiator
molecule, and thus are bifunctionatinitiaters. This introduces some modifications to the
equations as derived for a manofunctional initiator, These differences will only effect
the modification vs. time profiles for either pure random crosslinking or pure random
sclssion but should not influence the final degree of modification after all of the initiator
is consumed. However for the bifunctional case we will have four radicals produced
per initiator molecule instead of two fa: the monofunctional case. For the simultaneous
random scission and crosslinking case, were the radical concentration influences the
ratio of scisslon to crosslinking, the following analysis will be important,  This derivation
shows a proper way to account for the bifunctional initiators., Consider the following
reactions:

! ﬂ R+R,
R, kd R +R,
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where R, R, and R, are pimary radicals. R, is a radical with an unreacted peroxide group
and R, in a diradical since both peroxide groups have decomposed. These radicals
can react with polymer backbones to give macroradicals (Y,) by transter to polymaer,
X Is a dead initiator product.

R+P Ef; X+Y,
RI+P E-'; HR1+YU
R,+P k_f’; R +Y,

HR, Is an initiator fragment, no longer a radical, but containing an unreacted peroxide
group, which can decompose.

HR, kd R +R

These radical species can undergo termination by combination with the

macroradicals. Termination between primary radicals is neglected as this Is accounted
for by the initiator efficiency.

R +Y, i P
R +Y, f, P
R,+Y, i Y,

P, is a macromolecule with a peroxide group that can decompose

P, R+Y,

-
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Based upon this kinetic scheme, and assuming that the rale constants are equal
for all peroxide and radical species, we can derive balances for all the species. Q, Is
the first moment of the molecular weight distribution for the dead polymer and s
proportional to the concentration of repeat units in the polymer.

dR

7 2kl + kdR, + 2kdHR,

+kdP, - kfpQ.R - kiRY,

de
—— = 2kdl - kdR,
ot

~KfpQ,R, ~ kiR\Y,

dR'_v_
o kdR, = 2k[pQ\R, - 2kiR,Y,

dHR,
7 kpQ R, - kdHR,

Py v R - kdp
de PYoR, - kdP,

Yy )
- " kfpQ, -ktY)(R + R, +2R,) - k1Y,

The balance on initiator is given by

‘:-1—]' w =2kdl

and a balance on the fotal number of peroxide groups (PO) is given by

489 _ _tapo (PO = 6) = 20(1 = )]

and the total number of peroxide groups is also given by

PO =2l +R +P +HR,

The total primary radical concentiation (R,) can be found from
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R,-R+R,+2R:

dR, dR dR, 7afRz

adwta ta

IR
:TL = kdl +2kdHR, + kdP, = k[pPQR, - Ki(R + R, + 4R)Y,

Solution of these equations (using LSODE and Gear's method), using kd=6x10?
s, kt=107(I/mol-s), kfp=10? (I/mol-s) and Q1 =34 (mol/l) shows that the balance on primary
radicals Is adequately given by

dR,
- 2kdPO - (kpQ, + k1)RY,

but not by

dR,
" dkedl - (kfpQ, + k)R,Y,
since PO does not equal 2xl over the entire course of the reaction since HR, rises to @
significant level (see figure 83). The totalmacro radical concentration, given by solution
of the differential equations can also adequately be described (using the stationary
state hypothesis) by

UdPO
e(552)
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0.007
\
oo N\ — initiator
0.005 - \\ ------- fragment HR1
0.004 \\ —- total peroxide

0.003

0.002

Concentrations (molfl)

0.001

100

reaction time (seconds)

Figure 83. Concentrations of initicitor, peroxide contalning initintor frayment (HR,)
and total peroxides with reactlon time.,
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Chapter 5 Concluding remarks

Comprehensive models have been developed for high pressure tubular and
autoclave reactors and matched to data from industrial reactors. The molecular weight,
branching frequency and ge! predictions still need experimental verification. The
presence oscillations in the gel content of the polymer produced In the conlinuous
autoclave reactor may pose interesting problems for controliing process variability,

A mathematical model for Ziegler-Natta copolymerization has been developed
accounting for multiple active site types. The model has been applied, in other studies,
to both slurry type and UNIPOL type reactors, Further expeimentationshould be perommed
using TREF, GPC and NMR to completely characterize the actlve site distribution tor @
specific heterogeneous catalyst.

An algorithm to solve a model for simultaneous random scission and crossiinking
has been developed that willcalculate the gelfraction, the molecular weights bothbefore
and after the gel point, the branching frequencies as weli as the degrees of scission and
crosslinking. This model when compared fo the classical two step solution, and the
Charlesby-Pinner equation demonstrated serious deficiencies in the classical approoches.
Although model modifications are suggested in this thesis, further work should be
undertaken to improve the validity of scission term in this mode! to account for the random
scission of branched chains of arbitrary structure,

Because insufficient data were available in the literature, experiments were
performed using a high density polyethylene ta gather data for the reactive extrusion
model, A pure random crosslinking model was adequate to fit the data for HDPE, and
was supported by thermal analysis. More information on the branch types, possibly from
NMR must be obtained to quantity the degree of scission. Care must be taken to ensure
that the reaction conditions minimize the effects of flow in the extruder. The gel froctions
at higher peroxide levels appear to be lower than expected, however the variability is
also larger. It is not clear what the cause of this reduction in gel level is, and further
experiments should be performed to adequately explain, or discount the phenomenon.
Modification experiments were performed with only one polymer type. Therefore the
mode! should be tested using other types, including HDPE in a difterent molecular weight
range and also LLDPE to test the effects of copolymer containing short branches.
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Research projects seem to be never completely finished, there is always a new
door opened or some unusual observation that could be investigated further. Itis hoped
that the findings of this thesis will inspire continuing research on the technology of polymer

manufacturing processes.



6.1 Gel data.

Sample
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Chapter 6 Appendix

bottle

wi% peroxide temperature gel
type ‘c fraction

screw
speed
{RPM)

M139

MT38

14

16

0.2004 Lup 101 190 0.063
0.055
0.05
0.8838 Lup 101 190 0.484
0.52
0.589

10

10

MT32

MTO1

MT20

24

14

8

0.1 Lup i01 200 0.021
0.019
0.018

0.2 Lup 101 200 0.056
0.079

0.06

0.058

0.04

0.036

0.3511 Lup 10} 200 0.207
0.209

10

10



MT03

Mi02

MT17

MT16

MT114

MTO5

16

16

12

11

21

20

0.5062

0.8838

0.984

0.9964

1.5175

2.058
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Lup 101

Lup 101

Lup 101

Lup 10}

Lup 10}

Lup 101

200

200

200

200

200

200

0.239
0.295
0.275
0.364
0.436
0.335
0.32
0.596
0.714
0.563
0.579
0.693
0.45
0.555
0.631
0.531
0.628
0.633
0.635
0.901
0.851
0.913
0.584
0.66
0.644
0.572
0.63

10

10

10



MT12

20

2.058

278

Lup 101

200

0.789
0.572
0.63
0.789

10

MT33

MTI10

MTi19

Mi23

MT24

MTO6

MT18

MT15

24

14

15

15

16

12

21

0.1

0.2004

0.3511

0.5062

0.5062

0.8838

0.984

1.56175

Lup 101

Lup 101

Lup 101

Lup 1

Lup 101

Lup 101

Lup 101

Lup 101

230

230

230

230

230

230

230

230

0.03
0.045
0.03
0.042
0.041
0.046
0.13
0.12
0.139
0.17
0.192
0.152
0.226
0.222
0.222
0.426
0.447
0.4
0.46
0.425
0.493
0.486

30

30

30

30

10

30

30

30



MT13

20

2.058
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Lup 101

230

0.502
0.536
0.465
0.45
0.51

30

MT35

MTIT

MT21

MT07

MT26

MT30

MT31

25

17

18

19

22

23

23

0.1

0.2183

0.543}

0.8806

1.37

1.37

1.37

Lup 130

tup 130

Lup 130

Lup 130

Lup 130

Lup 130

Lup 130

200

200

200

200

200

200

200

0.037
0.041
0.037
0.107
0.081
0.099
0.315
0.373
0.287
0.687
0.672
0.603
0.383
0.392
0.397
0.416
0.37
0418
0.322
0.302
0.342

10

10

10

10

10

10
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AMO2

AMOI

AMO3

AMO4

17

19

22

23

0.218

0.8806

1,37

1.37

Lup 130

Lup 130

Lup 130

Lup 130

200

200

200

200

0.045
0.061
0.064
0.775
0.837
0.79
0.214
0.134
0.255
0.606
0.699
0.710

MT134

MT25

M109

MT22

25

13

17

18

0.1

0.2113

0.2183

0.5431

Lup 130

Lup 130

Lup 130

Lup 130

230

230

230

230

0.04
0.037
0.037
0.083
0.074
0.096

0.07
0.086

0.03
0.177
0.186
0.224

30

30

30

30



MT108

MT27

MT29

19

22

23
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0.8806 Lup 130

1.37 Lup 130

1.37 Lup 130

230

230

230

0.616
0.586
0.653
0.24
0.176
0.296
0.512
0.485
0.578

30

30

30

MTO4
MT36

HO}

none

none

none

0 none

0] none

0 none

200
230

not extruded

0.013
0.019
0.026
0.024
0.022
0.026
0.035

30

MT?? denotes minitruder experiments and AM?? denotes ampoule experiments.

Experiments were performed in the order Indicated by the sample
number
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6.2 Minitruder experiment summary

Polyethylene minitruder experiment summary.
Numbers indicate the bottle of the peroxide/ polymer mixture used for the experimant,

Peroxicie Temperature
Level type 190 200 230
(wi%)
0.1 101 24 : 24
0.2 101 14 14 14
0.3511 101 8 8
0.5062 101 15 15,15
0.88 101 16 16 16
0.984, 0.9964 101 12,11 12
1.5175 101 : 21 21
2.058 101 20, 20 20
0.1 130 25 25
0.218,0.2113 130 17 13,17
0.5431 130 18 18
0.8806 130 19 19

1.37 130 22,23,23 22,23



