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molecular species model have been developed to describe the reaction kinetics of SSP in
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packed bed reactor model to investigate the steady-state and dynamic behaviors of a
continuous polymerization reactor process. The model simulations show that any
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Chapter 1

Introduction

Polycarbonates, as important engineering thermoplastics, have been widely
used in a large variety of applications, ranging from optical recording data media,
water bottles, electrical components, safety goggles to automotive interiors and
exteriors due to their special properties such as high transparency, excellent
toughness, thermal and chemical stabilities. The resins of polycarbonates are
available not only in general purpose molding and extrusion grades but also in several
special grades that provide specific properties or processing characteristics. Clear,
transparent grades are popular for optical devices such as safety gaggles, green house
windows. Opaque and highly colored grades are common for electronic parts such as
LCD display diffusers and sporting goods. Currently, polycarbonates are produced by
more than a dozen of companies in the world with global output 2.7 million tons
annually.' The vast majority of polycarbonate products are based on bisphenol A
(BPA), and sold under commercial trade names such as Lexan® (GE, U.S.),
Makrolon® (Bayer, Germany), Caliber® (LG-Dow, Korea-U.S.), Panlite® (Teijin,

Japan) and Tupilon® (Mitsubishi, Japan) (Brunelle and Korn, 2005).

1.1 Overview of Aromatic Polycarbonates
The definition of aromatic polycarbonates refers to polyesters of carbonic acid
derived from dihydroxyl compounds in which the hydroxyl groups are directly

attached to an aromatic ring.’ The discovery of polycarbonates dates back to 1898.



Einhorn’ reported the first aromatic polycarbonate via the reaction of phosgene with
resorcinol and hydroquinone in pyridine. A few years later, in 1902 the same
polycarbonate was synthesized by Bischoff and Hedenstrom® via transesterification of
diols with diphenyl carbonate (DPC). However, the development of aromatic
polycarbonates had not been advanced further for the next 50 years due to many
factors such as commercially unavailable of suitable monomers and the absence of
processing techniques to fabricate useful products. In 1953, reinvestigations of
aromatic polycarbonate chemistry carried out by Schnell at Bayer (a phosgenation
process) and by Fox at GE (a melt transesterification process) led to independent
discoveries of bisphenol A polycarbonate (BAPC) preparation.” Currently, both the
interfacial polymerization process and the melt polymerization process are still used
in a large scale production of BAPC, whereas other techniques are commonly utilized

in a small scale for specialty materials.

1.1.1 Bisphenol A Polycarbonates
The most important hydroxyl component for aromatic polycarbonates today is
4,4'-dihydroxy-diphenyl-2,2-propane or 2,2-bis(4-hydroxyphenyl)propane, which is

also called as bisphenol A (BPA) with the following structure formula.
T
10-O—4—~O-on
CH;
The condensation polymer of BPA with DPC is known as BAPC with the

following general chain structure.



i )
1o OO}
CH; n
BAPC has a high glass transition temperature (7;=145°C) 4 which is
relatively high compared to other thermoplastics such as polystyrene (7,=100°C),
poly(ethylene terephthalate) (7,=61°C), nylon-6,6 (7;=45°C), or polyethylene (7=
125°C).” Crystallized BAPC has a high melting range (7,=220-230°C).> The high
value of T, is important for the application of BAPC in many fields because 7y, as the
point which marks the significant difference of molecular mobility, determines many
properties such as dimensional stability, resistance to creep, modulus. Together with
other excellent properties such as optical clarity, exceptional impact resistance and
ductility, BAPC polymer has gained great commercial interest. Compared with BAPC,
no other polycarbonates have commercially gained such great success. BAPC has
become the foundation of the polycarbonate engineering thermoplastic resin industry
today.
The preparation of BAPC, in general, can be classified as the following

Pprocesses.

1) Phosgenation Process

Aromatic polycarbonates cannot be prepared by the direct phosgenation of
aromatic dihydroxy compounds.’ But it is possible to couple bisphenols with
phosgene in the presence of pyridine, which is one of the earliest solvent techniques
for the synthesis of polycarbonate. The advantage of this process is that the

polycondensation reaction is carried out in a homogenous liquid phase at low reaction



temperatures. But due to difficulties in the separation and purification of BAPC from
pyridine and the hydrochloride, this method is not very commercially attractive.

Anther phosgenation process, interfacial polymerization method, became one
of the most common commercial routes to synthesize polycarbonates after this
process was commercialized by Bayer in 1958 and by G.E. in 1960, respectively.® By
the 1970s, the majority of commercial BPA-PC was produced via the interfacial
technology.” Nowadays most BAPC is still produced by this interfacial
polymerization method, and it plays an important role in the polycarbonate industry.

Generally speaking, a typical interfacial polymerization process involves two
steps: the phosgenation of BPA and the polycondensation to prepare BAPC in a
heterogeneous reaction system.' In the first step, to an agitated two-phase liquid
system: methylene chloride and aqueous alkaline solution of salt, gaseous phosgene
(bp 4°C) is added. The phosgenation step of BPA mainly produces chloroformates of
BPA. In the second step, the polycondensation of chloroformates is carried out to
produce BAPC with a proper catalyst such as tertiary amines or quaternary
ammonium salts. In this process, it is important to provide effective mixing for the
following four phases: solid BPA, gaseous phosgene, methylene chloride, and the
aqueous phase.”

A two-stage reaction scheme can be briefly described as follows.*



Phosgenation:

7 T
NaOH
2C1—C—Cl + HO—©—$4©~OH —
CH;
1 T I
c1—c—o—@/c|;4©—o— C—Cl + 2NaCl + 2 H,0
CH;

(1.1)

Polycondensation:

1 T I T
2mc1—c—o—©>—$©fo— c—cl + H3C—C|—©\OH NaOE,
CHj3 CH;

T i 7 ] "
et 0o Lo O 0o o O -
CH; CH; 2m CH;
4mNaCl + (2m-1) Na,CO5 + 4mH,0 (1.2)

A number of variations of this basic interfacial polymerization process have
been patented, including continuous or semi-continuous processes. The attractive
features of the interfacial polymerization process are: 1) low reaction temperature, 2)
only one organic solvent involved, and 3) high molecular weight, up to 200 000.> On
the other hand, this method carries some drawbacks such as: 1) environmental
problems and safety concerns involved in utilizing a large amount of highly toxic
phosgene as a reagent, 2) corrosive chlorine-containing by-products such as hydrogen
chloride and sodium chloride’, and 3) impurities such as sodium chloride and
methylene chloride could cause the deterioration of the properties because they are

hard to remove.’



2) Melt Polymerization

Like the interfacial process, the melt polymerization process for the
preparation of BAPC dates back over 100 years. However, in the early time, the
effect of catalysts and discoloration caused by side reactions such as thermal
oxidation were not well understood. Therefore, this process was supplanted by the
interfacial polymerization process.” Decades later, when the technology for
processing came out and suitable catalysts became available, the melt polymerization
process received renewed interest due to the feature of environmental friendliness. In
1964, GE was the first to commercialize this phosgene-free process. "

The melt polymerization process is a reversible reaction with phenol produced
as a condensate. To facilitate the forward reaction, either vacuum'' or a sweep gas12
can be used. This process is first carried out at low reaction temperatures between 180
and 250°C at a medium reduced pressure between 20 and 100 mmHg. After the
majority of phenol is removed, the reaction temperature is gradually raised up to 280-
300°C and the pressure is reduced down to 1 mmHg or less.® In the early stage of melt
polymerization, it is not difficult to obtain the degree of polymerization less than 10
because of relatively low viscosity and high phenol removal rate. But at late stages,
the melt viscosity increases dramatically, which greatly increases the operational
difficulties. A relative low diffusivity and long diffusion path of phenol limit the
further increase of molecular weight. In order to effectively remove phenol
condensate and achieve high molecular weight, a special reactor design may be

required. For example, a gravity-driven polymerization reactor developed by Komiya



et al."” at Asahi has no moving parts but provides an effective surface renewal and
mixing as polymer melt flows downward through the guiders inside of the reactor.
The general reaction scheme for the melt transesterification is shown as

follows.>

nHO_@*;:@OH o @—O—E—O@ —

4©7$—©—0—C~]~04@ + (2n-1) @OH

(1.3)
Theoretically, to reach high conversion and obtain high molecular weight, the
preparation of BAPC by means of melt transesterification requires equimolar
quantities of BPA and DPC as shown in eq 1.3. However, in practice, a slight excess
of DPC is often used to compensate its loss during the course of transesterification
process, which has been known since the early 1960s.>"

As compared with the interfacial polymerization process, the melt
polymerization process offers an alternative way to prepare BAPC without any
additional solvent, drying steps and phosgene. Once the process is appropriately
designed and operated, the quality of final resin is directly related with the quality of
the starting monomers, which makes the quality of final product much more
controllable. However, the disadvantages of this process lie in the discoloration
problem caused by high reaction temperatures and the mechanical difficulties due to

the high melt viscosity, which greatly limits phenol removal rate, reaction rate and the

maximum molecular weight obtainable.?



3) Solid-State Polymerization

Solid-state polymerization (SSP) is a widely practiced polymerization
technique to obtain high molecular weight condensation polymers such as
poly(ethylene terephthalate) (PET) and polyamides."” In 1978, an early attempt to
prepare aromatic polycarbonates via SSP was made for those polycarbonates derived
from aromatic dicarboxylic acid or aromatic oxycarboxylic acid having both an
aromatic ester bond and an aromatic carbonate bond because the resulting products at
the end of melt process are crystalline polymers and no further crystallization is
required.'® Thus, it was thought that BAPC would not be feasible for SSP."” The
molten state occurs before reaching a high temperature for polymerization because
BAPC is hard to crystallize under thermal treatment only. In 1987, Fukuoka et al.' at
Asahi (Japan) first patented the SSP of BAPC, and disclosed the technology in other
countries as well. Fukuoka et al.'” reported that BAPC oligomer obtained from melt
polymerization could first crystallize under acetone treatment, and then undergo chain
extension in the solid state to get substantially high molecular weight polymers. Later,
chloroform treatment was employed to crystallize BAPC oligomer.'®" As
supercritical carbon dioxide (CO,) is utilized to crystallize BAPC polymer,*
tremendous effort has been devoted to developing this new process of SSP.*'*

In a SSP process, the reaction is usually carried out at a temperature well
above the polymer’s glass transition temperature, T,, to provide enough mobility for
end functional groups, but below its melting point, T, to prevent sticking of particles.
Fusion of particles should be prevented in that it significantly reduces the reaction

rate and hence the molecular weight increase. Like a melt transesterification process,



the SSP of BAPC is a reversible reaction. To facilitate the forward reaction and
obtain high molecular weight, either vacuum'” or an inert purge gas such as

21-23 -
1s often used.

nitrogen®** or supercritical carbon dioxide

In a typical SSP process, the first step is to prepare low molecular weight
oligomer by a melt transesterification process using an appropriate catalyst such as
lithium hydroxide monohydrate (LiOH-H,O). Then amorphous oligomer of BAPC
obtained from the melt polymerization is partially crystallized by using a proper
method. In practice, a number of methods have been reported to promote the
crystallization of BAPC.? The partially crystallized BAPC particles with an initial
crystallinity ranging from 20% to 30% are subjected to vacuum or an purge gas at
elevated temperatures but below its melting point. After many hours, BAPC with
desired molecular weight is obtained after SSP.

On the one hand, the SSP process of BAPC offers some advantages. First, it
provides a way to reduce diffusion path and effectively remove phenol condensate
compared to the melt process. Second, it dissolves the discoloration problem because
it is carried out at a temperature lower than 71,. And finally, it involves no phosgene
in the process. On the other hand, it usually requires the crystallization step to prepare
partially crystallized prepolymer before the SSP, and it takes long reaction time to get
final high molecular weight.

The purpose of SSP is to further increase molecular weight that cannot be

obtainable from the melt polymerization. The highest molecular weight obtained from

SSP is clamed to be 200 000 described in the patent of Fukawa et al.”. However, a

detailed example has not been given. A relatively high value, M = 117 600, appears



in the recent patent.”> Although attempts have been made to increase molecular
weight, there is no effective method to prepare BAPC whose molecular weight is
beyond the above values. Therefore, to further increase molecular weight via the
method of SSP, it is important to reinvestigate reaction conditions that potentially
lead to high molecular weight (e.g. particle size, end group mole ratio, reaction

temperature, and purge gas rate or vacuum level).

4) Other Polymerization Methods

Ring-opening polymerization (ROP) is an appealing concept to prepare high
molecular weight polycarbonates. In a ROP, the essential step is to prepare the
building block of cyclic monomers. In 1962, Schnell and Botttenbruch®’ reported the
preparation, purification and polymerization of the cyclic tetrameric carbonate of
BPA. In 1991, Brunelle and Shannon® found that it is not necessary to prepare cyclic
oligomers with a specific monomer unit length, and reported the selective preparation
of mixtures of cyclic oligomers in high yields, ranging from 2 to 26 monomer units in
length. It is believed that ROP is a thermodynamically driven process, which is
similar with the melt polymerization process. But it leads to a much higher reaction
rate and molecular weight because of the perfect stoichiometric ratio of functional
groups and free of phenol removal. However, ROP has not been studied extensively
because the preparation of cyclic oligomers is tedious and multiple purification steps
are required. Although this technology currently leads to the highest molecular weight
polycarbonates achievable by any process, it is far beyond the stage of

commercialization.
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The oxidative carbonylation of BPA was considered as one of the promising
methods because it achieves direct synthesis of BAPC from BPA, carbon monoxide
and oxygen without involving phosgene. Over two decades ago, Chalk®” and
Hallgren® at GE disclosed their first attempts. It was demonstrated that with a
palladium catalyst, carbon monoxide and oxygen could be directly introduced into
BPA group by the oxidative carbonylation of BPA with the byproduct of water
accompanied. However, the following drawbacks make this process difficult to be
commercialized: 1) expensive catalyst and very complex co-catalyst, 2) difficult to

obtain high quality products, and 3) low selectivity and yield.'

1.1.2 Aromatic Polycarbonate Copolymers

During the early stage in the development of polycarbonates, many other diols
were extensively investigated for potentially applications. However, no other
polycarbonate homopolymers were as successful as BAPC in the polycarbonate
industry. Polycarbonate copolymers based on BPA, on the other hand, have been
quite successful. Over the past decades, a variety of aromatic polycarbonate
copolymers based on BPA have been prepared and evaluated. The properties of
BAPC can be significantly improved by adding a third monomer or oligomer to meet
a variety of special applications, which renews the interest in BAPC homopolymer.
An excellent review of many types of polycarbonate copolymers has recently
appeared.’’ Some monomer or oligomers used to modify the properties of BAPC are
listed in Table 1.1. They are: 1) a,m-dichloropoly(dimethylsiloxane); 2) 3,3',5,5'-

tetrabromobisphenol A; 3) 3,3',5,5'-tetramethylbisphenol A; 4) 6,6'-dihdyroxy-

11



3,3,3",3'-tetramethyl-1,1'-spiro(bis)indane; 5) dodecanedioic acid; 6) bis(4-
hydoxyphenyl)dimethylsilane 7) 4,4'-dihydroxydiphenyl; 8)1,1'-bis(4-

hydroxyphenyl)-3,3,5-trimethylcyclohexane.
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Table 1.1 Third Component used for polycarbonate copolymers

no. chemical structure properties ref
H H
i: ’ ’ Mechanical
1 o si—07-si—ci 32
|CH3 |CH3 toughness
Br H3
2 @*?‘@2‘ Flame retardancy 33
CH;
Hj
C\ High gas
3 HO—©>$ 34
CH; permeability
H;
HO CH;
4 /(©/ OH Low birefringence 35
HC oy,
5 HOOC(CH,);,COOH High melt flow 36
6 HO— @ 1_@ Better weatherability 37
7 HO @ @ OH Impact resistance 38
HO OH
8 Heat resistance 39
CH;
H;C CH;
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1.2 Modeling of Solid-state Polymerization and Chain Length Distribution

In principal, the nature of SSP is not an independent process of, but rather an
extension to, the melt transesterification process. However, the SSP process becomes
much more complicated because crystallization, concentration gradients, and
crystalline morphology as well as other factors are involved. The general aspects of
SSP have been reviewed by many researchers including Pilati*’, Gantillon et al.*' and
Vouyiouka et al.*2. The modeling study of SSP, as an alternative to the experimental
approach, has been carried out for several decades. It has gained good insights into
reaction mechanisms, kinetics and reaction behaviors of SSP. In the following, the
review on the modeling of solid-state polymerization will be divided into two

categories: 1) particle modeling and 2) reactor modeling.

1.2.1 Solid-State Polymerization in a Single Particle

The SSP in a single polymer particle is a very complex process. In the model
simulation, some researchers™** described it as having the following steps: 1) the
diffusion of functional end groups in the particle, 2) the forward and backward
reactions, 3) the diffusion of condensate inside of polymer particle (internal diffusion),
and 4) the diffusion of condensate from the particle surface to the inert gas phase
(external diffusion), while others*>*’ lumped the first and the second steps as one
single reaction step. Each one of chemical and physical steps is important for the SSP
process and the overall reaction rate is controlled by one or more of these steps
depending on a number of factors such as reaction chemistry, physical shape of

particles, diffusion rate of condensate, and operating conditions, etc. Thus, a SSP

14



48-51

process could be controlled by the reaction rate™ ', or by the diffusion rate of

46,52
condensates ™

, meaning that the rate-controlling step is subjected to change
depending on reaction conditions*>*. As a result, for a SSP process, it is difficult to
come up with a universal model which could cover all the SSP processes in a single
polymer particle.

According to the reaction kinetics and mechanisms assumed, models
developed for a single polymer particle may be classified as the following three
categories: 1) the reaction model, 2) the diffusion model, and 3) the comprehensive
model. The reaction model assumes that chemical reaction is the rate-controlling step,
which holds at low reaction temperature or for a polymer particle with a very small

*4 Under these conditions, the diffusion of byproducts, as compared to the

size.
reaction of SSP, is negligible, and the reaction tends to be irreversible because of fast
phenol removal. The concentrations of end groups may be described as a set of

244849 \Which is different from the diffusion model and the

ordinary equations (ODEs),
comprehensive mode that involve a set of partial differential equations (PDEs). An
empirical model is one of the simplest models that have been used to describe SSP
kinetics. In the empirical model, chemical reaction kinetics is usually expressed as a
power-law model with different orders: 2" order for BAPC24, 2" order for PET49’50’54,
-0.49™ order for nylon-6,6>>. Obviously, there is no universal agreement on the
relevant chemical kinetic expressions, and the empirical determination of the power
order is based on experimental data fitting. Generally, these models only simulate the

change of number average molecular weight, and fail to capture an observed SSP

kinetic characteristic of broadening molecular weight distribution.
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The diffusion model considers the diffusion of byproducts is the rate-
controlling step. Usually, a SSP is carried out under low pressure or at an effective
flow rate of purge gas. Thus the external diffusion of byproducts from particle surface
to the inert gas phase has much higher rate than that inside of a particle. Therefore, a
diffusion model, in general, refers that the reaction rate is controlled by the internal
byproduct diffusion. Other than a reaction model, diffusion models usually can be
used to describe the reaction behaviors in relative big particles. If particle size is
small enough, a diffusion model (PDEs) may be simplified as a reaction model
(ODEs). Most models~*°" developed for SSP processes can be put into this category.
With a diffusion model, the effect of particle size has been extensively studied””*,
and the broadening of molecular weight distribution can be explained”’. Some

23,62
researchers™™

even further developed equilibrium models where it is assumed to
reach reaction equilibrium so fast that chemical reaction can be ignored in a diffusion
model. Since equilibrium models assume reaction equilibrium is built in each layer of
a particle, they provide an upper bound on the polymerization kinetics, and capture
the overall reaction behavior. However, an equilibrium model may not truly reflect
local reaction behavior such as a place near the surface where the diffusion rate of
byproducts could be much faster than the reaction rate due to the short diffusion path.
Comprehensive models consider chemical reactions, together with the
diffusion of byproducts, but also with the diffusion of end groups in the model

3446364 Kumar and Saksena® adopted the idea of segmental diffusion of

simulation.
end groups from the model developed by Chiu et al.** that was used to account for the

Trommsdorff effect (or gel effect) in the free radical polymerization. This approach
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assumes that chemical reaction does not occur until two kinds of functional end
groups diffuse into a certain reaction range. Thus, the effect of end group diffusion
can be incorporated into model equations that may be able to describe both the
diffusion control of end groups at low reaction temperature and the diffusion control
of byproducts at higher reaction temperature. A comprehensive model places an
emphasis on the molecular basis, which is more fundamental and general than other
types of models, and provides a whole picture of the process of SSP. However, it is
impossible to experimentally determine the range of reaction zone that only has a
theoretical basis. Moreover, the kinetic parameters, such as frequency factors,
activation energies, may not be suitable for adopting from the melt polymerization
because of the effect of end group diffusion®. The diffusion of end groups and
reaction usually occur simultaneously. It is difficult to determine diffusivities of end
groups experimentally. Furthermore, it is quite troublesome to fit so many unknown
parameters with experimental data for a comprehensive model.

Crystallization is a major factor that differentiates the SSP from the melt
polymerization process. It certainly has a significant effect on SSP. In a
semicrystalline prepolymer particle, the crystalline portion in prepolymers is
important and serves as a molecular “scaffold” to maintain dimensional and thermal
stability. During the crystallization, the polymer chains fold into the lattice of
lamellae and form spherulites. Li et al.®® directly observed the growth of lamella and
spherulites in a semicrystalline polymer by using AFM. Generally, it is believed that
functional end groups are expelled from crystalline region and oriented in the

56,67,68

amorphous phase where reaction occurs. The crystallinity has double-sided
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effects on the SSP reaction rate. On the one hand, the concentrations of end groups
and catalyst in the amorphous phase are increased due to crystallization, which
accelerates the reaction rate.*’>® On the other hand, the mobility of polymer chains is
greatly limited due to crystalline phase, which also hinders the by-product removal
rate.”” Crystallization during SSP is often considered as a secondary crystallization,
and the crystallization behavior may be described by the Avrami equation and the
crystallization rate is proportional to the fraction of amorphous phase.”® Some
researchers, on the contrary, used a constant crystallinity in model simulation for
simplicity.***” This simple treatment, however, cannot study the effect of crystallinity
change and its effect on SSP. Furthermore, Gross et al.” indicated there is a
crystallinity gradient inside of particle and the shell of particles has the highest
crystallinity during the SSP of BAPC, which is also observed by Lu et al.”".
According to the experimental results from Lu et al.”', a gradient of crystallinity may
be developed along the radial direction in a crystalline polymer particle, and the
gradient of crystallinity after SSP process is even greater than that in prepolymer
samples. However, quantitative equations to describe these crystallinity gradients in a
polymer are still not available. Thus, it is common to assume a uniform distribution

before and after SSP in the model simulation.>**°

Moreover, the complexity is not
only from the effect of crystallinity, but also from the crystalline morphology of
prepolymer because the diffusion rate of byproducts also depends on the surface

morphology of crystalline structure.”” However, there are a few studies available on

the morphological effect on the SSP.
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Although the SSP in a single particle has been studied extensively, there are
several problems remain unsolved. For example, it is well known that the
stoichiometric balance of end group ratio is of great importance. However, few
studies are available on the effect of prepolymer end group ratio because it is hard to
characterize end group concentrations in a prepolymer. Moreover, the molecular
species model has been developed to describe the process of SSP.”’ But the method
proposed to calculate the initial conditions of moments should be improved. It is still
worthwhile to investigate the SSP in a single polymer particle and provide a

throughout picture of SSP behaviors.

1.2.2 Solid-State Polymerization in Continuous Reactors

In industry, several different types of reactors that are used for the SSP
processes include tumbler reactors”"'*, fixed bed reactors’®, moving packed bed
reactors’""’, fluidized bed reactors’® and stirred bed reactors’*. The advantage of
batch mode reactors is that all the polymer particles experience a same residence time
and there is no residence distribution. Polymer particles would have the same
molecular weight if particle size stays the same. However, to produce BAPC on a
massive scale, a continuous reactor is preferable to a batch reactor. For a continuous
fluidized bed reactor, it is impossible to have a uniform residence time for each
particle. A gravity-driven moving packed bed reactor’®, on the other hand, can greatly
reduce the non-uniformity of residence time and it is currently the most common

reactor design for an industrial SSP process.*
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To understand more detailed features of alternative reactor designs, a
fundamental reactor modeling study is very helpful. In the reactor modeling studies of
SSP, however, the number of publication is much less than that for modeling a single
polymer particle probably due to the following reasons: 1) It is costly to construct and
run a continuous SSP reactor even in pilot scale. 2) The reaction behavior of SSP
operated in batch-mode reactors may be described by a SSP process in a single
particle. 3) It is very hard to consider the nonuniformity in particle scale together with
the nonuniformity in reactor scale.

In reactor modeling studies, most work focused on a moving packed

80'86, while little work available for continuous stirred tank reactors in series

reactor
(CSTRs)*". Mallon and Ray™ studied a moving packed bed reactor using a CSTRs-
in-series model and studied the effects of operating conditions such as gas flow rate,
gas phase temperature and condensate concentrations in gas phase, and predicted
dynamic behaviors in response to several operating variables such as particle feed
rate, feed molecular weight, and gas phase temperature. Yao et al. did a series of
reactor modeling work on the SSP of polyester® ™ starting with POLYRED
simulation package®' and then developed a combined 1-D dispersion reactor model
and 1-D particle model®*’. At the end, Yao et al. ** simplified the combined 1-D
reactor model and 1-D particle model by performing a lumped heat and mass transfer
analysis. Algeri et al.*” adopted the frame work developed by Yao et al.** and applied
it to the SSP of PET process with the crystallization effect considered. Based on this

improved reactor model, a predictive control scheme has been developed to control

the quality of product at the reactor outlet. In recent work of Lucas et al.*’, an entire
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SSP process of PET from precrystallizers, crystallizers, SSP reactors to product
dryers has been studied. A CSTRs-in-series model was used to model the SSP
reactor.

In the past studies, the radial nonuniformities such as temperature and
molecular weight in reactor scale, however, were assumed to be absent. For a relative
large scale moving packed bed, it is possible to have radial nonuniformities such as
temperature and molecular weight. Therefore, it is necessary to understand the
nonuniformities in reactor radial direction and how they would affect the reactor

performance.

1.3 Modeling of Chain Sequence Length

The interest of chain sequence length distribution arises when it comes to a
polycarbonate copolymer. To modify or improve the properties of BAPC, a third
monomer or oligomer is often added to copolymerize into a condensation terpolymer.
It is well known that not only the composition of third component, but also chain
length distribution plays an important role in the physical properties**. With the
current experimental techniques, it is not easy to obtain the accurate characterization
of chain sequence length distributions. However, modeling of chain length
distribution provides an alternative to the experimental measurement. It is essential to
develop quantitative formulas to understand the evolution of chain microstructures.

Unlike a free radical polymerization, a statistical method is often involved to
simulate a step-growth polymerization process. Statistical approach begins with the

pioneering work from Flory® and Stockmayer”. Case”' applied Flory’s statistical
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approach to a number of complicated systems, including the system with AR A,
BR;B, and BR3;B monomers where only A reacts with B. The equations of overall
molecular weight distribution and chain length distribution have been given, but the
chain sequence remained unstudied. Later on, the recursive method developed by
Lopez-Serrano’> and the Monte Carlo method developed by Johnson and O’Driscoll”
were capable of calculating sequence length averages. In recent work, Beers”
developed a general model framework to calculate monomer sequence length
distributions for polymer melt blending. However, this method is complicated and not

straightforward. It is still necessary to develop a simple method to obtain sequence

length distributions.

1.4 Research Objectives and Chapter Overview
1.4.1 Research Objectives

This dissertation is devoted to studying fundamental problems in the step-
growth polymerization of aromatic polycarbonates. The purpose is to address
unsolved problems in the step-growth polymerization processes in the solid state and
in the molten state, to provide deeper insights on the reaction mechanism and reaction
kinetics of SSP. This in turn will allow us to develop new processes to prepare high
molecular weight polycarbonates and other specialty polycarbonates, and to help
design and scale up new rectors, optimize operating conditions and improve product

qualities.
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1.4.2 Chapter Overview

In Chapter 2, an end group model is developed to describe the kinetics of the
SSP of BAPC. This model allows us to calculate polymer chain length distributions in
a polymer particle at different radial positions with reaction time, and to reveal strong
intraparticle nonuniformities in large particles. Through the model simulation, it is
found that the end group ratio has a significant effect on the molecular weight
increase, and that the reaction kinetics of SSP is not dependent on the prepolymer
molecular weight per se, but it depends strongly on the end group mole ratio in the
starting prepolymer.

Chapter 3 presents a new method to calculate initial moments in a prepolymer
for the molecular species model. Based on the theory of the most probable chain
length distribution, it is shown that the back calculation method is capable of not only
determining the end group concentrations and conversions, but also calculating initial
moments of molecular species for both stoichiometric balanced and imbalanced
cases. With the molecular species model, the methods to increase reaction rate such
as adjusting end group mole ratio by blending with another prepolymer and remelting
particles have been discussed through model simulation.

In Chapter 4, a new dynamic process model has been developed for the
continuous SSP of BAPC in a moving packed bed reactor. The process model
consists of a macroscopic reactor model and a single particle model to calculate the
reactor temperature profiles and the polymer properties. This process model allows us

to design a moving packed bed reactor, to study the effects of operation parameters
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on the performance, and to study the reactor radial nonuniformities of the SSP in a
moving packed reactor.

In Chapter 5, a statistical model is developed to calculate the chain length
distributions and averages for condensation random terpolymers. This model has been
incorporated into a semibatch melt process to show the evolution of chain sequence
length distributions and the change of average chain sequence lengths. Important
parameters that affect chain microstructures such as end group ratio and reactivity
ratio have been investigated. With the relationship between physical properties and
chain sequence length distributions available, it also allows us to design and optimize
the chain microstructures for the condensation terpolymers.

Chapter 6 presents a new morphology of BAPC in the study of thin-film
crystallization: multi-layer stacked three-dimensional spherulites. It is found that the
film thickness is a major factor that affects the resulting morphology of the BAPC
polymer. SEM and DSC are used to characterize these spherulites.

Chapter 7 draws conclusions and presents recommendations for future work.
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Chapter 2
Modeling of Solid-State Polymerization of Bisphenol A

Polycarbonate in a Single Particle: I. End Group Model

This chapter has been reproduced in part with permission from the paper:*
Ye, Y.; Machado, B.; Choi, K. Y.; Kim, J. H.; Woo, B. G. Modeling of Solid-State Polymerization of
Bisphenol A Polycarbonate. Ind. Eng. Chem. Res. 2005, 44, 2494-2505.

2.1 Introduction

Bisphenol A polycarbonate (BAPC) is an important engineering thermoplastic
that has high heat resistance, impact resistance, and excellent optical clarity.
Polycarbonate is used in many applications including data storage media (CD, DVD),
structural materials for electrical and electronic parts, automobiles, etc. Polycarbonate
is manufactured industrially by either an interfacial phosgenation process or by a melt
transesterification process with the latter being considered as environmentally more
benign than the former. In a melt transesterification process, bisphenol A
polycarbonate is manufactured by first reacting diphenyl carbonate and bisphenol A
(4,4-dihydroxydiphenyl 2,2-propane) at 180-250°C in the presence of a catalyst such
as LiIOH-H,O to form a relatively low molecular weight prepolymer at reduced
pressure using a stirred-tank type reactor. The polymerization is a reversible reaction
with phenol produced as a byproduct or condensate. The condensate must be removed
continuously from the reactor to shift the equilibrium toward chain growth reaction.
In a typical melt polycondensation process, it is difficult to obtain high molecular
weight polycarbonate in a single stirred tank reactor because increasing melt viscosity

makes the removal of phenol from the reaction mass very difficult, limiting the
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increase in conversion and molecular weight. Similar problems occur in other melt
polycondensation processes to manufacture high molecular weight polyesters such as
poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT). In
general, a relatively low molecular weight prepolymer is further polymerized to a
high molecular weight final product in a continuous finishing stage polymerization
reactor such as rotating disk reactors and screw reactors that provide large mass
transfer surface areas for the removal of condensates. Either high vacuum (1-3
mmHg) or inert gas sweeping technique is used to reduce the partial pressures of
condensates.'?

Solid-state polymerization (SSP) is a postmelt polycondensation process that
is widely used in PET, PBT, and nylon polymerization processes to obtain high
molecular weight not obtainable by melt polycondensation. Either low or moderately
high molecular weight polymers produced in the melt polymerization can be used as
the feed material for solid-state polymerization.

Solid-state polymerization of a semicrystalline polymer is carried out at a
temperature above the glass transition temperature (7;) to provide the mobility of
reactive end groups but below the polymer's melting point (7},) to prevent the sticking
of polymers. One of the primary process design objectives is to develop a technique
to obtain high molecular weight final product in the shortest possible reaction time.

In solid-state polymerization, the diffusion of polymer end groups and
condensates may affect the reaction rates. However, solid-state polymerization is
usually carried out at a temperature close to the melting point, and the mobility of

56,57

reactive end groups is not a rate-controlling factor.”™”" Therefore, the diffusion rate of
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condensates from the particle interior to the surrounding gas phase will have the
strongest effect on the rate of solid-state polymerization and polymer molecular
weight. Indeed, many researchers investigated the kinetics of solid-state
polymerization of polyesters, nylons, and polycarbonates using diffusion-reaction
models and confirmed that the diffusion of condensation byproducts is the rate-
controlling process. In the solid-state polymerization of bisphenol A polycarbonate, a
stiff concentration gradient can be established in large polymer particles (e.g., 1.4 mm

in diameter) to cause a slow increase in molecular weight and the broadening of
molecular weight distribution (e.g., M, /M, =2.0—2.4).”” There can also be a mass-

transfer resistance at the solid-gas interface of a polymer particle. For the removal of
phenol in solid-state polymerization of polycarbonate, either vacuum or nitrogen gas
purging is used. The inert purge gas lowers the partial pressure of phenol in the gas
phase and enhances the mass transfer of phenol from the polymer particle to the gas
phase. Shi et al.”” reported that supercritical carbon dioxide can also be used as a
sweeping fluid to remove phenol in solid-state polymerization of polycarbonate at 90-
135°C and at CO, pressure of 138-345 bar.

The performance of solid-state polycondensation of polycarbonate is also
affected by other factors such as temperature, degree of crystallinity, catalyst
concentration, and prepolymer molecular weight. In solid-state polymerization of
polyesters and polycarbonate, it is believed that polymerization occurs in the
amorphous phase where reactive end groups are present and mobile. Polycarbonate
26

prefers the amorphous state to the crystalline state when being cooled from the melt.

Although it is improbable that the polycondensation occurs in the crystalline phase,
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the solid-state polymerization of bisphenol A polycarbonate does not occur if the
polymer is completely amorphous. When amorphous polycarbonate pellets or
particles are heated above the glass transition temperature under vacuum or inert gas
stream, they stick to each other and eventually fuse together before any
polycondensation reaction proceeds. Therefore, polycarbonate prepolymer must be
crystallized prior to solid-state polymerization by annealing at elevated temperatures,
by solvent treatment, or by using nucleating agents. The crystalline portion of the
polymer serves as a molecular "scaffold" to maintain dimensional stability of a
polymer particle. During the crystallization, the polymer chains fold into the lattice of
lamellae and form spherulites. Then, the end groups are expelled and oriented at the
amorphous areas among the lamellae of spherulite.”” The catalyst is also expelled
from the crystalline region into the amorphous phase. Higher catalyst concentration is
favorable in obtaining high molecular weight polymer at high reaction rate but high
concentration of catalyst residue can have adverse effects on the quality of
polycarbonate in some end-use applications.

The mathematical modeling of solid-state polymerization of polyesters,
nylons, and polycarbonates has been studied by many workers in the past. A recent
work by Mallon and Ray*® provides the most comprehensive modeling framework for
the solid-state polycondensation of semicrystalline polymers such as PET and Nylon
66. For example, the PET solid-state polymerization model incorporates a time-
varying crystallization model and various reactions including chain degradation
reactions. In Nylon 66 modeling, they showed that polymer particle pretreatment can

have a great influence on the solid-state polymerization kinetics.
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Although there are many reports on the modeling of solid-state polymerization
of PET and nylons, not much has been reported on the solid-state polymerization of
aromatic polycarbonates. The feasibility of solid-state polymerization to increase the
molecular weight of poly(aryl carbonates) was first reported by Iyer et al.”® They
showed that when poly(aryl carbonate) is partially crystallized, the solid-state
polymerization temperature can be raised gradually from 220 to 250°C without
melting of the polymer particles to obtain high molecular weight polymers. Recently,
experimental and modeling studies of solid-state polymerization of bisphenol A
polycarbonate have been reported in the literature.”**"%%*>97 With the equilibrium
model in which instantaneous local reaction equilibrium is assumed, Goodner and co-
workers® calculated an upper bound on molecular weight and its rate of increase with
reaction time in solid-state polymerization of PET and polycarbonate. Goodner et
al.”” presented an interesting modeling work in which a molecular species model of
Kim and Choi'' and a solid-state polymerization model framework by Mallon and
Ray’® were combined. In their solid-state polymerization experiments, the reaction

temperature was gradually increased from 180 to 240°C during the period of 12 h and
maximum molecular weight (M ) obtained was 15 000 (~6 times the initial
molecular weight). They investigated the effects of various reaction parameters
including polymer particle size, phenol diffusivity, and stoichiometric excess. For a

polymer particle of size 3.6 mm (diameter), they measured the molecular averages in

the particle core, middle, and shell regions and found that the spatial difference in the

molecular weights can be quite large. For example, the molecular weight (M ) in the

center region is ~7000 whereas it is ~17 000 in the outer shell region. Another
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interesting and important result from the work of Goodner and co-workers®’ is that
stoichiometric excess has a large effect on the performance of solid-state
polymerization.

In this chapter, we develop a functional group model to develop a new and
more quantitative understanding of the kinetics of solid-state polymerization of
bisphenol A polycarbonate. Since some important aspects of solid-state
polymerization have been examined by other researchers in the past, we focus our
research on elucidating how the polymer chain length distribution is influenced by
particle size, prepolymer molecular weight, end group mole ratios in prepolymers and
initial transesterification mixture, and polymer crystallinity. In particular, we present
a detailed analysis of the prepolymer molecular weight effect on the solid-state

polymerization.

2.2 Experimental

Bisphenol A polycarbonate prepolymer was prepared by melt
polycondensation (transesterification) of diphenyl carbonate with bisphenol A with
LiOH-H,O catalyst in a stirred semibatch reactor using the polymerization procedure

reported in the literature.'®

The prepolymer was crystallized to fine powders of ~0.1
mm in diameter by precipitating the prepolymer solution in acetone. The solid-state
polymerization of dry prepolymer particles was carried out using a small stirred glass
reactor at constant reaction temperature (200°C). No melting or sticking of polymer

particles occurred during the polymerization. The concentrations of end group in

prepolymer samples were determined by *C NMR analysis,”” and the degree of
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crystallinity was measured using differential scanning calorimeter (DSC, TA
Instrument). The DSC thermograms were obtained with increasing temperature from
50 to 300°C for 25 min under nitrogen atmosphere. The polymer molecular weight
was measured by gel permeation chromatography using methylene chloride as a

solvent.

2.3 Modeling of Solid State Polymerization of Polycarbonate

To develop a solid-state polymerization model for a single polymer particle,
we consider a partially crystalline spherical polycarbonate prepolymer particle at a
temperature above the glass transition temperature (7) but below the melting point
(Tww)- The actual solid-state polymerization temperature is close to the polymer's
melting point. We assume that following polycondensation reaction occurs in the

amorphous phase without any side reactions:

i T
wonOCO + HO—()—cC S ‘_wwoco— —OH
O+ 1O O~ @w Yo
CHj
Ea Eg Z P
where E5 = phenyl carbonate group, Eg = hydroxyl group, Z = polymer repeat unit,
and P = phenol. The above stoichiometric equation shows that phenol (P) must be
removed from the reaction phase to shift the equilibrium toward the forward reaction
(chain growth reaction). The rate expressions for the functional end groups, polymer
linkage (Z), and phenol are represented as

1, = —k[EJ[ER ]+ k[Z][P] (2.1)

Vo, =g, =—1; =T (2.2)

B
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From the reaction stoichiometry, the following equations are obtained:

[Ep]=[Epl +[E,]-[E,] (2.3)

[Z2]1=1[Z], +[E,], - [£,] (2.4)

Here, we make the following assumptions that are similar to those employed
by Mallon and Ray’® for the modeling of solid-state polymerization of PET and
nylons: (i) Reactive end groups and catalyst are present only in the amorphous phase.
They are expelled from the crystalline phase and oriented at the amorphous phase
among the lamellae of a spherulite. (ii) Polymerization occurs only in the amorphous
phase and polymer particle is spherical. (iii) The reaction chemistry in the amorphous
phase follows that of the melt polycondensation because the solid-state
polymerization temperature is much closer to the polymer's melting point than the

glass transition temperature of the polymer.**°

(iv) The initial concentration of
phenol in the prepolymer is zero. (v) The particle volume is constant during the solid-
state polymerization. (vi) The particle density is uniform. (vii) The particle
temperature is unform and constant. (viii) The degree of crystallinity is defined as: x,
= V./V, where V is the total particle volume and V. is the crystalline phase volume.
(ix) End group reactivities are independent of polymer chain length. (x) All the mass-
transfer resistance for phenol resides in the interior of the polymer particle.

Using the above assumptions, we can derive the solid-state polymerization

model for a single spherical particle. The mass balance equation for phenol takes the

following form:
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_1r]
o l-x ) (

K [EA]O _[EA]+[Z]0):I

[[EA]([EA]— [E4Jo +[Es]o

(a5
P\t or or

where D, 1s the diffusivity of phenol in the polymer phase and K is the equilibrium

(2.5)

reaction rate constant. The concentrations of phenol and reactive end groups are

based on the total particle volume. The initial and boundary conditions are

I.C. @t=0,[P]=0 (2.6)

B.C. @r=0 A _, 2.7.1)
or

@r=R,[P]=0 (2.7.2)

r —DPM — k, ([P, ~[P*]) (2.7.3)

[P*] is the phenol concentration in the bulk gas phase. For the phenyl carbonate end

group, the mass balance equation is given as

AE]_ ki [Py o i i
ot _l—xc[ K ([EA]O [EA]+[Z]0) [EA]([EA] [EA]O—i—[EB]O)} (2.8)
LC. @ t=0, [Ea] = [Ealo (2.9)

In deriving eq 2.8, the diffusion of phenyl carbonate end group in the polymer particle
is assumed to be negligible. By solving eqs 2.5 and 2.8, we can calculate the solid-
state polymerization rate, polymer molecular weight, and chain length distributions.
Since solid-state polymerization is assumed to occur only in the amorphous
phase, the effect of crystallinity or crystallization kinetics needs to be incorporated

into the solid-state polymerization model. According to Mallon and Ray®, the

Avrami equation (x, =1—exp(—kt") ) is inadequate to describe the entire stage of
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crystallization in solid-state polymerization of PET because the transition from
primary to secondary crystallization occurs very rapidly whereas typical solid-state
polymerization takes several hours. We employed the following equation to describe

the rate of change in the polymer crystallinity:*®

CZ" =k, (X0 —x.) (2.10)

Eq 2.10 indicates that the crystallization rate is proportional to the crystallizable
amorphous fraction and that the crystallization rate is not directly related to polymer
molecular weight. For bisphenol A polycarbonate, the maximum degree of

crystallinity (Xmax) is 0.62.'%

We determined the crystallization kinetic constant 4
from our experimental data. With the two prepolymers of different molecular weight,
we measured the degree of crystallinity at different reaction times during the solid-
state polymerization and Figure 2.1a shows the measured crystallinity data. Here, the
molecular weight of prepolymer B (scaled molecular weight, 2.4) is 3 times larger
than prepolymer A (scaled molecular weight, 0.82). Note that the increase in the
crystallinity for 15 h of reaction time is quite significant. Figure 2.1b is the plot of the
integrated eq 2.10 for these prepolymers. Notice that experimentally measured
polymer crystallinity data are reasonably well fitted by eq 2.10. Although eq 2.10
does not explicitly show the effect of polymer molecular weight on the crystallization
rate, the crystallization rate constant values obtained from Figure 2.1 are different for
the two samples of different molecular weight: k. = 6.27x10™ min™ for prepolymer A
(low molecular weight sample) and k. = 1.50x10™ min™' for prepolymer B (high

molecular weight sample). These crystallization rate constants suggest that the rate of

crystallization is higher for larger molecular weight polymers. It should be pointed
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Figure 2.1 (a) Measured crystallinity of polycarbonates, (b) Test of polymer

crystallization eq 2.10 with two prepolymers of different molecular weight.
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out that the crystallinity values were measured from the samples taken during the
solid-state polymerization experiments where the degree of crystallinity increased
with an increase in polymer molecular weight.

In the presence of intraparticle diffusion resistance for the removal of phenol,
the end group concentrations and the polymer molecular weight vary along the
particle radius. If the concentrations of end groups and carbonate linkages are known,

the number-average molecular weight can be calculated using the following equation:

M, =ﬂ(1+&] @.11)
2 [E,]+[E;]

If the mole ratio of the two functional end groups is defined as 7, (= [Ea]/[Ez];) at the

beginning of melt prepolymerization, eq 2.11 can also be expressed as

M =—m 2 (2.12)

where wy, is the formula weight of a repeating unit of bisphenol A polycarbonate (wp,
= 254.3) and p is the conversion of Eo. The weight-average molecular weight can be
calculated using the Flory distribution derived for the system with a
nonstoichiometric end group mole ratio. In the numerical solution of the solid-state
polymerization model, the average molecular weights in a particle are calculated by

the following equations:

H T ] (2.13)

= %[i rzﬂw(r)dr] (2.14)

Here, r is the radial position in the particle of radius R.
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In most of the solid-state polymerization modeling work in the literature,
complete polymer chain length distributions were not calculated. If a functional group
model is used, only the molecular weight averages can be calculated. The
polymerization of bisphenol A polycarbonate is classified as A-R-A/B-R'-B type
polycondensation when diphenyl carbonate (A-R-A) and bisphenol A (B-R'-B) are
used as two starting monomers. In this type of polycondensation, a repeating unit is
formed by the coupling of two monomers or functional end groups. To obtain high
polymer molecular weight in this type of polycondensation reaction, it is important to
keep the mole ratio of the reactive end groups constant as closely as possible to the
stoichiometric ratio of 1.0. Polycarbonate prepolymer is typically produced in a
semibatch stirred reactor at 150-230°C and at reduced pressure with a reflux
condenser.'' At 150°C, the vapor pressure of diphenyl carbonate is 6.97 mmHg but it
increases to 114.7 mmHg at 230°C.* Although the bulk amount of vaporized
diphenyl carbonate is refluxed back to the reactor, a small amount of diphenyl
carbonate is often lost from the reactor together with phenol. Then, the actual reactive
end group mole ratio becomes different from the value calculated by the initial
charged amounts of monomers. Hence, to keep the mole ratio of the two reactive end
groups close to the stoichiometric ratio (i.e., 7, = 1.0), a slight excess of diphenyl

- - - 11,98
carbonate is charged to a melt transesterification reactor.

However, knowing the
exact initial mole ratio of the two reactive end groups in the melt transesterification

(prepolymerization) is not an easy task. Therefore, there is always an uncertainty

concerning the initial mole ratio of the functional end groups. As discussed in what
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follows, the performance of the prepolymerization process has a great influence on
the performance of subsequent solid-state polymerization.
If we ignore any side reactions, the bisphenol A polycarbonates produced by

melt polycondensation can be identified as follows by the type of end groups:

An: @o—ﬁ{o@ﬁ—@—o—c}04@>

CHj;

@$@—o—c%o@$@—0H
H£o@$f©—o—ﬁa;o©

CH;

where 7 is the number of repeating units. Let diphenyl carbonate = A-R-A (A =
phenyl carbonate end group), bisphenol A = B-R'-B (B = hydroxyl end group), and x
= total number of reactant molecules combined in the polymer molecule. Then, the
polymerization reactions leading to the above three species can be represented as

101

follows (condensation byproduct not shown):

(1) If x is an even integer (n =x/2, x x =2 2; even-C; C,);

gA—R—AjL%B—R'—B—)A—R—A[B—R'—BA—R—A]EB—R'—B (2.14)

2

(i1) If x is odd, either (n = (x-1)/2, x > 3; odd-4; 4,);

(“1}4 R—A+ (’C ljB R-B->
z 2 (2.15.1)

A-R—-A[B-R'-BA-R—A]_,B-R'-BA-R— 4

2

or (odd-B; B, )
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(£:QA—R—A+(£2JB—RLB—>
2 2

B-R'-BA-R—-AB-R'-BA-R—-A4]_;B-R'-B

2

(2.15.2)

The x-mer of odd-A is the molecule with an odd number of segments and
terminal A functional groups. The x-mer of even-C is the molecule with an even
number of segments capped by A and B groups. Also, if we let n be the number of
repeating units, then, for odd-A and odd-B, n = (x - 1)/2, and for even C, n = x/2.

For the polymers prepared from nonequal amounts of the reactants (i.e.,
diphenyl carbonate and bisphenol A), the mole fraction of odd-A, odd-B, and even-C

can be calculated as

1— 2
B (oda—a) = pr (l—m (mole fraction of 4,) (2.16)

l+—-2p
.

a

L (1=7p)
Pl = pr" 1(1& (mole fraction of By) (2.17)
I+—-2p
r

a

20=p)(1=r,
n,(even—C) = pznilra (1 p)( p)
+1,=2np

(mole fraction of C,) (2.18)

where r, is the molar ratio of the functional end groups at zero conversion in the
beginning of prepolymerization (7, = [Ea]/[Eg]; < 1) and p is the conversion of the
limiting species (E,).

Then, the number chain length distribution can be represented by the mole
fraction of the polymer that has » repeating units:

P = Pn,(add—A) + P,(add—B) +F,

n n n,(even—C)

(2.19)

The weight fraction of polymers with n-repeating units is expressed as

39



w,=w, (odd-4) T Wn,(odd—B) +W,

n n n,(even—C) (220)
where the weight fractions of three different types of molecular species are given by
the following equations:

W nB’l O -
W, (i1 = Ao 2.21.1)

n o0
Z(WAnPn,(odd—A) + WBnPn,(odd—B) + WCan,(eVQWC))
o

=

W Wo b (oda-s) (2.21.2)

n(odd-B) — o
Z(WAnPn,(odd—A) + anPn,(udd—B) + WCnPn,(even—C))
n=l1

we, P,

n,(even—C) = © 2i{evenC) (2213)
(WAnPn,(odd—A) + WBn})n,(udd—B) + WCnPn,(even—C))
n=1
where
w,, =254.3n+228.3
Wy, =254.3n+214.2 (2.22)

W, =254.3n+94.1

Here, the effect of end unit weight decreases with an increase of n (e.g., n up to ~20).

The number and weight chain length distributions can be approximated as
P - (1 3 ral/2p)|:(r;ll/2p)2"_1 N (Fal/zp)zn} (2.23.1)

w,=(1-r"p) [2;1 (np)" +@n+ 1)(;;,‘/2p)2"} (2.23.2)

For the A-R-A/B-R'-B type linear polycondensation as considered in this
work, the polymer chain length distribution is strongly dependent on the

stoichiometric imbalance of the functional end groups. Figure 2.2 illustrates the effect
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of initial end group mole ratio (r,) at a given conversion of phenyl carbonate group.
As the end group mole ratio deviates from the stoichiometric ratio of 1.0, the weight
fractions of high molecular weight polymer chains decrease quite significantly. Thus,
the weight chain length distribution (WCLD) provides additional insights into the
detailed molecular structure of polycarbonate beyond molecular weight averages and
polydispersity.

To simulate a solid-state polymerization model (eqs 2.5-2.10), we need to
know the initial concentrations of functional end groups and catalyst concentration.
The catalyst concentration used in the prepolymerization ([C']= 1.7x10™* mol/L) is
used as the initial catalyst concentration in the solid-state polymerization. If the
polycondensation (melt prepolymerization) is started with a nonstoichiometric ratio
of the reactive end groups, the number-average molecular weight is given by eq 2.12.
As mentioned earlier, the exact value of 7, in the prepolymerization process is rather
difficult to know because the amount of diphenyl carbonate lost from the reactor is
difficult to measure or calculate. In general, the end group mole ratio or the end group
concentrations in a prepolymer can be measured by, for example, *C NMR
spectroscopy.”’ To calculate the number and weight chain length distributions using
eqs 2.23.1 and 2.23.2, the original end group mole ratio (,) needs to be estimated for
a given prepolymer sample. In the modeling work by Goodner et al.”’, who used a
molecular species model, the initial molecular weight moment values in the beginning
of solid-state polymerization were calculated by simulating the model for the

prepolymerization stage. If the initial molecular weight averages of a prepolymer

(M .0 ) and the mole ratio of the end groups in the prepolymer (r,' = [Ea]o/[Eslo < 1)
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are known, we can calculate the initial end group mole ratio (7,) at the beginning of
melt transesterification and the conversion of phenyl carbonate group (functional end

group A) at the end of the transesterification (i.e., in a prepolymer):

A=) (2M, 0/ w,)
fa = ’;'—1—(1"";')(2]\7”,0/%1)

(2.24)

L+r,—(1-r)(2M,,/w,)
2 (2M,,/w,)

p=1 (2.25)

When these equations are applied to the prepolymer samples used in our experimental
and model simulation study (Table 2.1), we find the following:

Prepolymer A:r, =0.984 (r,'=0.585)

Prepolymer B: r, = 0.997 (r,'=0.728)

Notice that the end group mole ratio decreases quite dramatically during the
prepolymerization stage. The difference in r, values in the beginning of
prepolymerization for the two prepolymer samples looks very small, but at the end of
prepolymerization, the difference in the mole ratio of the end groups (7,') is very
large, suggesting that the solid-state polymerization behavior of these prepolymers
will be quite different. Moreover, these mole ratio values are far away from the ideal
value of 1.0. In other words, the solid-state polymerization for each of these two
prepolymer samples will start with a significant departure from the stoichiometrically

balanced reaction conditions.
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Table 2.1 Model parameters

parameter unit ref
ki=k,+k[C"]
k, =(3.108+0.102)x 107 exp(~25290 £1010/RT)  L-mol™min" 98
k, =9.62x10° exp(~13900/ RT) L*mol™? min™
nk =—2H | %g 103
AH =-6.8+1.2 kcal-mol™
AS =—13.6%2.7 cal'mol™-K
diffusivity of phenol: D, =3x10" cm”sec” this work
particle diameter = 0.1 mm
prepolymer A

M, ,=0.82 (scaled)

end group mole ratio in prepolymer, 0.585
crystallinity, 25.3 %
prepolymer B

M, , =24 (scaled)

end group mole ratio in prepolymer, 0.728

crystallinity, 18.3 %
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2.4 Results and Discussion

The partial differential equations in the solid-state polymerization model were
solved using the parabolic PDE solver in MATLAB. The solid-state polymerization
model was first tested on the two experimental solid-state polymerization data and the
results are shown in Figure 2.3. With the kinetic constants and the transport
parameters listed in Table 2.1, the model provides a reasonable fit of the
experimentally measured polymer molecular weight data (note: The actual molecular
weight values of the prepolymers are proprietary and scaled with a constant reference

value. The actual number-average molecular weight of prepolymer B is much larger

than 10 000.) Figure 2.3 shows that the model predicted values of M, are slightly

larger than the experimentally measured for prepolymer A (low molecular weight
prepolymer), but the qualitative trend is quite accurate. The model predictions of M

for prepolymer B (high molecular weight prepolymer) are much better. Also, it is
interesting to observe that while the molecular weight of lower molecular weight
prepolymer practically stops after ~400 min of reaction, the molecular weight of
higher molecular weight prepolymer B continues to rise. The solid-state
polymerization model provides the correct picture of these behaviors. Thus, we
conclude that the solid-state polymerization model is quite acceptable, and we
develop more insights into the solid-state polymerization in a single particle through

model simulations.
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2.4.1 Effect of Polymer Particle Size

One of the most important factors that affect the rate of solid-state
polymerization is polymer particle size. Regardless of the method used to prepare
prepolymer particles, a prepolymer mixture will be a mixture of particles of different
sizes. Therefore, understanding the effect of individual polymer particle size on the
polymerization rate and polymer molecular weight is important for the design of a
solid-state polymerization reactor system where a heterogeneity in polymer particle
size will definitely be present. In general, we can easily expect that small polymer
particles will show very little intraparticle mass-transfer effects, and therefore, high
molecular weight polymer can be obtained in shorter reaction time than with larger
polymer particles. Goodner et al.”” showed in their simulation work that diffusional
limitation becomes quite significant for the polycarbonate particles larger than 1 mm
in diameter. Their model simulations show that intraparticle diffusional limitation
leads to the broadening of molecular weight distribution (e.g., polydispersity as large
as 2.4) because of steep concentration gradients in the particle. However, it is not well
known whether such MWD broadening is an important factor in polycarbonate’s end
use properties.

The effect of polymer particle size on the molecular weight in solid-state
polymerization is shown in Figure 2.4 (simulations). The average particle size of

prepolymer A and prepolymer B used in our experiments is 0.1 mm. Figure 2.4 shows

the M, values of the prepolymers of same initial molecular weight but with different

particle sizes. Here the lines are the model simulations and the symbols are the

experimental data. It is seen that raising the molecular weight by solid-state
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polymerization is very difficult for large prepolymer particles (e.g., d > 1.0 mm). The

effect of prepolymer particle size can be quite significant. For example, to raise the
molecular weight of prepolymer B (scaled M, =2.4) to M, =5 (scaled), it takes

~200 min in a 0.1-mm particle whereas it takes ~500 min in a 0.3-mm particle of the
same initial molecular weight. Also, Figure 2.4 shows that it is practically impossible
to obtain a high molecular weight polymer if the prepolymer particle size is larger
than 1.0 mm for both low molecular weight prepolymer A and high molecular weight

prepolymer B.
In addition to molecular weight averages (M,, M ), a complete polymer

chain length distribution is an important characteristic of a polymer's molecular
structure. Using the polymer chain length distribution functions presented in eqs 2.16-
2.23, we calculated the WCLD for different polymer particle sizes as illustrated in
Figures 2.5 and 2.6 for prepolymer A (low molecular weight sample) and prepolymer
B (high molecular weight sample). The WCLD curves of the prepolymer and the
polymers at different radial positions (center, middle, particle surface) are shown. The
overall average WCDL is also shown. For a small prepolymer particle (d = 0.1 mm),
WCLD is almost uniform in the polymer particle (Figure 2.5a, Figure 2.6a).
However, for a larger prepolymer particle (d = 1.0 mm), WCLD varies significantly
with the radial position (Figure 2.5b, Figure 2.6b). Figures 2.5b and 2.6b indicate that
the WCLD at » = 0-0.5R (particle center-middle point) are almost the same as that of
prepolymer whereas only the WCLD near the particle surface advances to high
molecular weight region. In other words, a quite significant degree of heterogeneity in

WCLD is present in large polymer particles regardless of the initial prepolymer
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molecular weight and the overall increase in polymer molecular weight becomes
quite small. As noted earlier, Goodner et al.”” showed experimentally that the
molecular weight averages vary quite significantly from the particle core to the outer
shell region of a polymer particle. It is also very interesting to observe that the
maximum chain length of some polymer chains can be very large: e.g., for
prepolymer B, some polymers have chain lengths as large as 1000 (MW = 254 000),
which is several times larger than the average chain length of the prepolymers used in
our experimental study. (Note: In our solid-state polymerization experiments, we
observed that there was a small fraction of polycarbonate that did not dissolve in
methylene chloride used as a solvent for gel permeation chromatographic analysis of
the polymer. It is possible that these undissolved polymer molecules might have
extremely large molecular weight as predicted by the model.) Also, Figures 2.5 and
2.6 show that, even after many hours of solid-state polymerization, a large fraction of
polycarbonate molecules have chain lengths smaller than 10. It is worth noting that
the amount of polycarbonate with only one repeating unit (n = 1) is not negligible,
especially in large polymer particles. The presence of short-chain polymers can be
practically important. For example, if a bisphenol A polycarbonate of high molecular
weight average is used as a bottle for high temperature fluid, such low molecular
weight polymers may diffuse out from the polymer matrix to the fluid phase, if the
contact time is very long. Therefore, it will be important to use small polymer
particles to reduce the amount of short-chain polycarbonates. The simulation results

shown in Figures 2.5 and 2.6 clearly illustrate that knowing the complete polymer
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chain length distribution is very important to understand the quality of polymers and
the performance of solid-state polymerization.

The reason polymer molecular weight is affected by the particle size is
because nonuniform radial concentration distribution is present. Figure 2.7 shows the
effect of polymer particle size on the concentration profiles of phenol. Recall that the
prepolymer particle is free of phenol at the beginning of solid-state polymerization. In
a small particle (d = 0.1 mm), phenol concentration quickly rises as solid-state
polymerization begins, but it drops quickly to very low concentration because the
resistance to the diffusion of phenol in the polymer particle is very small, and hence,
it can be easily removed from the particle to the bulk gas phase. In a larger particle (d
= 1.0 mm), phenol concentration also rises quickly in the beginning, but even after
900 min of reaction, the phenol concentration at the particle center is still quite high
because of low diffusion rate. As a result, polymer molecular weight does not
increase as shown in Figure 2.4. Figure 2.8 illustrates the three-dimensional portraits
of the phenol concentration profiles in two different size polymer particles. The
concentration profiles of phenyl carbonate end group A ([Ea]) are shown in Figure
2.9. The overall qualitative effect of polymer particle size is quite similar to that of

phenol.

2.4.2 Effect End Group Mole Ratio
Another important factor that affects the performance of solid-state
polymerization is the mole ratio of the functional end groups in prepolymers. As

mentioned earlier, conducting the melt polymerization of bisphenol A carbonate with
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Figure 2.7 Effect of polymer particle size on phenol concentration profiles
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the mole ratio of phenyl carbonate groups to hydroxyl groups ([Ea]/[Ez];) close to
unity is a very important objective in operating a semibatch prepolymerization
reactor. Since the vapor pressure of diphenyl carbonate is not negligibly small
compared to that of phenol, the reactor is equipped with a reflux condenser that must
be operated in such a way that the loss of diphenyl carbonate is minimized. But in
practice, some loss of diphenyl carbonate is unavoidable. A slight excess of diphenyl
carbonate is often used at the beginning of polymerization to precompensate for the
loss of diphenyl carbonate, but the exact mole ratio is generally difficult to know
because the amount of diphenyl carbonate lost in the reflux condenser is hard to
measure or calculate. Such uncertainties in the initial end group mole ratio may result
in inconsistent product quality (e.g., batch-to-batch variations). In our prepolymer
samples, we found that the concentration of phenyl carbonate groups was lower than
the concentration of hydroxyl groups, indicating that indeed some loss of diphenyl
carbonate might have occurred in the melt transesterification stage to synthesize the
prepolymers. Furthermore, these mole ratios of the end groups in the two prepolymers
are far from 1.0 (e.g., ra' = 0.585 for prepolymer A and r,' = 0.728 for prepolymer B).
To see the effect of end group mole ratio in solid-state polymerization, we
consider the polycarbonate prepolymers whose molecular weight values are same but

the end group mole ratios are different. Figure 2.10 illustrates the model-calculated

effects of end group mole ratio on M, in solid-state polymerization for such

prepolymers. The scaled prepolymer molecular weights are 0.82 in Figure 2.10a and

2.4 in Figure 2.10b. Figure 2.10 clearly shows that it is not the molecular weight itself
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Figure 2.10 Effect of end group mole ratio on solid-state polymerization: (a) initial

molecular weight 0.8 (scaled); (b) initial molecular weight 2.4 (scaled).
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but the end group mole ratio that influences the polymer molecular weight in solid-
state polymerization.

It is also interesting to observe in Figure 2.10 that if the mole ratio in the
prepolymer is far from the stoichiometric ratio, the maximum obtainable molecular
weight is severely limited. For example, for a prepolymer of scaled molecular weight
of 0.82 with r,' = 0.6, the maximum polymer molecular weight (scaled) obtainable

after 900 min is ~3.5. However, for a higher molecular weight prepolymer (scaled

M, , =2.4) with same r,' = 0.6, the polymer molecular weight can be reached to ~9.5

(scaled) after 900 min of reaction. In other words, to obtain high molecular weight
polymer by solid-state polymerization, the prepolymer molecular weight must be high
also. Table 2.2 shows more information about the effect of end group mole ratio on
the molecular weight for the simulation data shown in Figure 2.10. Note that the
original mole ratio (r,) values employed in the beginning of melt transesterification
are quite close to unity and the conversion values of phenyl carbonate groups (p) are
also very high at the end of prepolymerization stage. But the data in Table 2.2 show
that a small difference in the original end group mole ratio at the beginning of melt
transesterification (prepolymerization stage) (7,) results in a huge difference in the
end group mole ratio at the end of prepolymerization (7,').

The simulation results shown in Figure 2.10 indicate that the performance of
solid-state polymerization is not dependent on the prepolymer molecular weight per
se, but it depends strongly on the end group mole ratio in the starting prepolymer.
There are some reports on the effect of prepolymer molecular weight in solid-state

102
1.

polymerization of PET and nylon 6. Gaymans et al. "~ reported that, the higher the
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Table 2.2 Effect of end group mole ratios

M,, ' [EaJo* M, e
Y ta p
(scaled) (mol/L) (scaled)
0.985 0.6 0.977 0.201 3.35
0.989 0.7 0.975 0.220 4.58
Figure 9a 0.82 0.993 0.8 0.973 0.238 7.22
0.997 0.9 0.971 0.254 16.90
1.000 1.0 0.969 0.268 0
0.995 0.6 0.992 0.0706 10.12
0.996 0.7 0.991 0.0775 12.66
Figure 9b 2.4 0.998 0.8 0.9905 0.0836 25.36
0.999 0.9 0.9898 0.0891 50.76
1.000 1.0 0.9893 0.0941 00

* In prepolymer
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starting molecular weight of the nylon prepolymer, the faster the rate of solid-state
polymerization. They proposed that such behavior is due to a concentration
distribution or end group-to-end group distribution in a particle. Similar solid-state
polymerization behavior is observed in our study. The simulation results shown in
Figure 2.10 indicate that, for the polymers of same end group mole ratio, the higher
the prepolymer molecular weight, the faster the molecular weight increases in solid-
state polymerization. But the end group mole ratio at the beginning of solid-state
polymerization is the key factor for such behavior.

To obtain high molecular weight polymers in solid-state polymerization, we
can use either low molecular weight prepolymers or high molecular weight
prepolymers. If high molecular weight prepolymers are used, the solid-state
polymerization time can be reduced. But to prepare such prepolymers, longer
prepolymerization time would be needed in the prepolymerization stage. Therefore, to
optimize the entire polymerization process, it will be necessary to consider both melt

transesterfication (prepolymerization) and solid-state polymerization together.

2.4.3 Effect of Crystallinity

In our model simulations, we assumed that solid-state polymerization occurs
only in the amorphous phase. With an increase of crystallinity during the solid-state
polymerization, the effective volumetric concentrations of end groups and catalyst
increase as the amorphous-phase volume decreases. Thus, the polymerization rate is
expected to increase in part by this volume effect. For the case of stoichiometric end

group mole ratio, Figure 2.11 shows the model-calculated polymer molecular weight
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Figure 2.11 Effect of crystallinity on polymer molecular weight.
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profiles with time-varying crystallinity and constant crystallinity. The effect of time-
varying crystallinity is rather small in the first few hours of reaction but eventually,

higher molecular weight is reached faster as polymer crystallinity increases with time.

2.5 Conclusions

In this work, we developed a diffusion-reaction model for the solid-state
polymerization of partially crystalline polycarbonate in a spherical particle. The
model was validated on the experimental solid-state polymerization data. The major
findings from our model simulations are as follows: (1) The polymer particle size has
a significant impact on the performance of solid-state polymerization. If the particle
size is larger than 1.0 mm in diameter, the intraparticle phenol diffusion resistance is
too large to effectively increase the polymer molecular weight. In some extreme
cases, it becomes practically impossible to increase the polymer molecular weight in
large particles. (2) The weight chain length distributions have been calculated for
stoichiometrically imbalanced polymerization using the Flory's molecular species
model combined with a functional group model. Even in a polymer with very large
molecular weight average, the amounts of short-chain polycarbonates and very long
chain polycarbonates are not small. The model simulations suggest that the polymer
chain length distribution provides additional insights into the molecular structure of
polycarbonate in solid-state polymerization. (3) In large particles, the chain length
distribution inside the particle remains practically unchanged. (4) The end group mole
ratio in the beginning of melt prepolymerization has a dominant effect on the

efficiency of solid-state polymerization. It is not the prepolymer molecular weight
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itself but the end group mole ratio that influences the rate of solid-state
polymerization and final molecular weight. (5) The polymer crystallinity also affects
the solid-state polymerization. As the polymer crystallinity increases during the solid-
state polymerization, the effective concentrations of catalyst and reactive end groups
increase in the amorphous phase and polymer molecular weight increases faster than

the constant crystallinity case.
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2.6 Notation

d = particle diameter, mm

D, = diffusivity of phenol, cm*s

[Ea] = concentration of phenyl carbonate group at time 7, mol-L™!

[EA]; = initial concentration of phenyl carbonate group for prepolymerization, mol-L™
[Ea]o = initial concentration of phenyl carbonate group for SSP, mol-L™!

[Eg] = concentration of hydroxyl group at time 7, mol-L™!

[Eg]; = initial concentration of hydroxyl group for prepolymerization, mol-L™!
[Eg]o = initial concentration of hydroxyl group for SSP, mol-L™!

K = equilibrium constant

ki = forward reaction rate, L-mol™-min”'

k, = backward reaction rate, L-mol™ -min™’

k. = crystallization rate constant, min’!

M, = number-average molecular weight
M .0 = number-average molecular weight of prepolymer
M, = weight-average molecular weight

M, = weight-average molecular weight of prepolymer

n = number of repeating unit

p = conversation of phenyl carbonate group

[P] = concentration of phenol at time ¢, mol-L™

[P]o = initial concentration of phenol for SSP, mol-L™
[P"] = concentration of phenol at the bulk phase, mol-L™

P,, = mole fraction of n-mer
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r = distance from particle center, cm

r, = mole ratio of end group at the beginning of melt prepolymerization, [Ex]/[Eg];
r,' = mole ratio of end group in the prepolymer, [Ex]o/[Ezs]o

R = particle radius, cm

¢ = reaction time, min

¥, = amorphous-phase volume, cm’

V = particle volume, cm’

Wwm = molecular weight of repeating unit

W, = weight fraction of n-mer

x = total number of reactants combined in the polymer molecule
X = crystallinity at time ¢

[Z] = concentration of polymer linage at time 7, mol-L™!

[Z]o = initial concentration of polymer linage for SSP, mol-L™!
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Chapter 3
Modeling of Solid-State Polymerization of Bisphenol A

Polycarbonate in a Single Particle: II. Molecular Species Model

3.1 Introduction

To have a good understanding of reaction mechanism, reaction kinetics and
the effects of parameters such as reaction temperature, particle size, and end group
ratio, extensive modeling studies have been carried out. Two types of models are
available to simulate the transesterification reaction of polycondensation of bisphenol
A polycarbonate (BAPC): 1) end group model'? and 2) molecular species model®®.
The end group model does not differentiate the difference of molecular species, and
only focuses two functional end groups: hydroxyl group and phenyl carbonate group.
With the end group model, the overall conversion and end group concentrations can
be easily calculated. For the molecular species model, however, it is more convenient
to track each one of moments in the reaction system. It is also straightforward to
obtain monomer concentrations, which is necessary for the calculation of vapor-liquid
equilibrium if the evaporation of diphenyl carbonate (DPC) is taken into
consideration.”® Furthermore, it is capable of calculating the weight-average
molecular weight even for polymer chains not following the most probable
distribution as long as the initial conditions of moments are known.

Originally, a molecular species model was developed to describe the mass

balance of monomers in the melt polymerization of bisphenol A (BPA) and DPC. In
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1990, Hersh and Choi'® developed a moment model to describe mass balance of
molecular species in the melt polymerization of BPA and DPC at relatively low
reaction temperature (150-180°C). Kim and Choi'® extended their work into higher
temperature region (180-250°C), and improved the molecular species model by
experimental justification and provided a more detailed experimental analysis in the
reaction kinetics of melt transesterification. To accurately account for the loss of DPC
during the melt polymerization in a semibatch reactor, Woo and Choi”® incorporated
the vapor-liquid equilibrium equations of the binary system of phenol and DPC to

195 Thus, the simulation results

improve the empirical method used by Kim and Choi
became more accurate by keeping tracking the loss of DPC and updating the system
volume. The effect of DPC loss on the kinetics of the semibatch melt process was
investigated through experimental verification.

For a SSP, Goodner et al.”” adopted the molecular species model developed by
Kim and Choi'® and successfully applied to the SSP of BAPC. The reaction
conditions such as polymer particle size, phenol diffusivity have been extensively
investigated. One interesting and important result from their work is that the
stoichiometric excess of an end group has a large effect on the performance of SSP. It
is well known that during the melt polymerization, some loss of DPC is
unavoidable.”®'”® In practice, a slight excess of DPC is often used at the beginning of
melt polymerization to pre-compensate for the loss of DPC. Therefore, the exact end
group mole ratio is different from what is initially charged in the beginning of melt

polymerization. However, in order to use the molecular species model for SSP, initial

conditions such as the values of moments have to be determined. For the end group
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concentrations, although the initial conditions of hydroxyl end group concentrations
may be obtained either from experimental measurement such as titration**®!, FTIR*®
or from a back calculation method®, it is impossible to determine initial moments
experimentally without any calculation. The determination of initial conditions is not
straightforward and a calculation method has to be developed in order to use
molecular species model. Goodner et al.”’ developed different methods to calculate
the initial moments for the cases with and without perfect end group ratio,
respectively. For the case with perfect end group ratio, the conservation equation of
monomer moieties was used, i.e. the total number of monomer units stays same
before and after the melt polymerization. The idea is correct. However, the
conservation should be held through the mass of monomer unit moieties instead of
the concentration due to the significant difference of density before and after melt
polymerization. In other words, the total concentrations of monomer moieties initially
charged for the melt polymerization is different from those concentrations of
monomer moieties in the prepolymer after the melt polymerization. But it is true if
the effect of volume change is taken into account. For the case without perfect end
group ratio, very often a molecular species model may be applied to the stage of melt
polymerization with excess one monomer to obtain final results as initial conditions
for the further modeling of SSP.””'° However, this method does not consider the
significant volume change in melt polymerization either. In this chapter, we have
developed a new method to determine the initial conditions for SSP based on the most

probable distribution with back-calculated initial end group ratio and the conversion
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of monomers. This method is valid for both stoichiometric balanced and imbalanced
cases.

For the modeling of SSP, parametric effects have been widely studied in
previous work™®*"®_ In chapter 2, it was mentioned that the end group mole ratio and
particle size are the major factors controlling the molecular weight further increase
during SSP. In this chapter, we have proposed a way to modify the end group ratio by
adding another prepolymer with the excess of the opposite end group. For example,
prepolymer A is in excess of hydroxyl end group. Prepolymer B with excess of
phenyl carbonate group may be dissolved together with prepolymer A and then
crystallized as a new prepolymer. The effect of adding another monomer has been
studied through model simulation. For relatively large particles, the concentration
gradient of phenol may be significant, which could seriously hamper molecular
weight increase. Remelting was proposed to further increase molecular weight during
the second SSP*'°>!'% T further increase molecular weight for such big particles
after SSP, remelting can help to redistribute end groups and potentially further
increase molecular weight by migrating end groups from particle center to surface.
However, only number-average molecular weight has been investigated in the past.
With the molecular species model, we have studied the change of weight-average
molecular weight after remelting and its effect on the further SSP. Simulation results
show that there is a drop of weight-average molecular weight, which has never been

reported before.
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3.2 Model Development

A SSP is carried out at a temperature much higher than polymer’s glass
transition temperature (7) but below its melting point (77,). At reaction temperatures,
the transesterification reaction occurs between the hydroxyl end group and the phenyl
carbonate end group in the presence of a catalyst. The reaction scheme of molecular

species model can be presented as follows.'**

A, +B,=C, . +P (n,m>0) (3.1.1)
4,+C,=4,,+P (n=0,m=>1) (3.1.2)
B,+C, =B, +P (n20,m=1) (3.1.3)
C,+C,=C,,+P (n,m21) (3.1.4)

where P is phenol and three kinds of polymeric molecular species, 4y, By, C,, are

defined as follows.

@o—ﬁ{w@T@—H%@

5w OO0l O-LO-on

CH; CH;,

OO0

CH;

In the SSP of BAPC, the mass balance equations for molecular species moments take

the following form.
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(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

4(’1A,0 + Ao)(lB,o +Bo) _ﬂ,c 0 ]
kl +2ﬂ“co (;LA’O ' AO ] + kzP ZA’I " +DP (%g(r
I=x, "\ + g + By l=x.| 2| A, + r* or
_/10,02 ] Ae,
2k P
1_1:0 [2(/130 +B0)+/1C,0]+2—c(ﬂ'c,o +2/1A’0)
2k B k. P
l_lxco [2(1A0+Ao)+/1co]+ - c (Ao +224,)
2k, k
- 1—1__2%/1,0 (/13,0 + Bo)"' }“C,OAO] + 1 2 (/10,1 - lc,o - 24,4,0)
—x, .
2k, k
=24, (s +A0)+AC,030]+1_2_P(,1€J ey~ 2iy,)
k _4(1A,0+A0)(X’B,O+BO)_ L P
_ 1-GC . (1&0 + 4, ]—ﬁc : + 1—2xc [~ +2( A+ ) |
i Ao+ By :
2k, 22,4, (/13,0 +Bo) k,P ~ B
L 420, (A + 4) _+ 2(1—960)[/1&2 Tey =212+ 24.)
2k, 22, (/1A,o +A0) k,P L
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(3.11)

(3.12)

(3.13)

where P is the phenol condensate, 4o, By, are DPC and BPA, and each moment is

defined as 4, = znkAn s Ag g

stand for the forward reaction rate and backward reaction rate, respectively.

where S stands for all the molecular species.

I.C.

B.C.

n=1

The initial condition is

@t=0,S =S,

_go. AP1_
@r=0, or
@r=R,[P]=0
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The boundary conditions for phenol condensate are

o0 o0
=>"n*B,, A, =Y n"C, ; ki, ky are variables, and
n=1 n=1

(3.14)

(3.15.1)

(3.15.2)



where eq 3.15.2 indicates that phenol is quickly removed from the particle surface to

the surrounding environment due to effective phenol removal. The number- and

weight-average molecular weight for each thin layer inside of a particle can be

calculated by,”®

i(AnwAn + BnWBn + CnWCn)

_ A+ A5, +4
Mn — n=l — ~ Wm 4l 3,1 Cl (3161)
Z(A +B +C ) /1A,0+ﬂ“3,0+;tc,0
n=1
< 2 2 2
_ ;(AnWAn +BnWBn + CnWCn) /’lA’z +/13,2 +/1C,2
M, =+ T (3.16.2)
Z (AnWAn + BnWBn + Cn WCn ) 4 o !
n=1
where
w,, =2543n+228.29 (3.17.1)
Wy, =254.3n+214.22 (3.17.2)
W, =254.3n+94.11 (3.17.3)
w, =254.3 (3.17.4)
For a particle, the number- and weight-average molecular weight can be
calculated by,
R 2 -
M,=R|3[ ——ar 3.18.1
: {IOMW(F) j (3.18.1)
_ 1 _
M, :F(:;J‘o M, (r)dr) (3.18.2)
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3.3 Initial Conditions

As mentioned before, in order to use the molecular species model, it is
essential to obtain initial conditions: the moments of molecular species. In the
following, the most probable chain length distribution is used to calculate the initial
moments of molecular species for both stoichiometric balanced and imbalanced
cases. It is generally accepted that melt polymerized BAPC can be characterized by
the most probable distribution.”'” Hagenaars, et al.'”’ characterized the molecular
weight distribution after redistribution reaction in the mixed factions of melt
polymerized BAPC and found that it follows the most probable distribution at the end
of redistribution reaction. Thus, the relationships between moments of molecular
species depend upon the properties of prepolymer, i.e. end group ratio in the
beginning of melt polymerization, r,, and conversion, p. According to the definition

of k-th moments of molecular species, we have

iA,k:inkAn:(iAn_'—iBn +Zoolcnjink 0 ooAn 0
n=1 n=1 n=1 n=1 n=1
2ATLEALE 510y

n=1 n=l

= (Ao + o+ Ac0) 21" i

n=1
where P, (od44-4), the mole fraction of species 4, in the mixture of species 4y, By, C,
was defined in chapter 2 (See eq 2.14 for the meaning of odd A, and the definition for

the chain structure of species 4, is given in p78). Similarly,

0

Aax = (Ao + o0+ 2c0) 2By oaan) (3.19.2)

n=1

8

Acs = (Aao* Zso+ Ac0) 20" Py fn-cy (3.19.3)

n=1
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Eqs 3.19.1-3.19.3 indicate that the k-th moments of molecular species can be
calculated from 0-th moments of molecular species together with the number
distributions of chain length. Moreover, according to the most probable distribution,
the mole fractions of molecular species can be expressed as the functions of end

group mole ratio, 7,, and conversion, p.

1 . 2
P i i) = ) (I—P» (mole fraction of 4,) (3.20.1)

l+—-2p
.

a

L (1=rp)
Pl = pr" 1(1& (mole fraction of By) (3.20.2)
I+—-2p
r

a

Pm(even—C) = p2n*1’,;1” 2(1;p)(1 — ’;p)
r,=2rp

(mole fraction of C),) (3.20.3)

Thus, eq 3.16.1 and eq 3.16.2 can be expressed as follows.

M =

n

[Me

(Pn,(odd—A)WAn + Pn,(odd—B)WBn + Pn,(even—C)WCn ) (3.21.1)

S
i

[Ms

P > >
B (Pn,(odd—A)wAn + Pn,(odd—B)WBn + Pn,(even—C)WCn )
M, =" (3.21.2)

(Pn,(odd—A)WAn + Rt,(odd—B)WBn + Pn,(even—C)ch )

I
—_

[Ms

With eqs 3.19.1-3.19.3, the mole ratio of end groups in a prepolymer can be
expressed as follows.

2/1/4 o + }“C o 2; [)n,(odd—A) + ;Pn,(even—C) (3 22)

I/'a = ©
2’]‘8,0 + 2’C,O 22 Ru(odd—B) + Z Rt,(evenfc)

n=l1 n=1
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From eq 3.21.1 and eq 3.22 or eq 3.21.2 and eq 3.22, r, and p can be
calculated. The measurement of molecular weight and end group ratio in a
prepolymer can be done by GPC and *C-NMR,” respectively. However, the
determination of r, and p is not straightforward. According to the back calculation
method given in chapter 2 (eq 2.24 and 2.25), r, and p values can be also determined.
These values can be taken as a set of good initial guess. Then, a trail and error method
has been used to find out more accurate solutions to , and p values for the molecular
species model. The comparison of 7, and p values calculated by different methods is
given in Table 3.1. To calculate the initial values of moments, the following equation
is provided to calculate the total concentration of end groups.

[E, 1o +[Ep)o =2(Asg + g+ Acy)

_ 2><103pp
M

3
_ 2i<10 o,
M, /PD

(3.23)

where [E4]o and [Ep]o are the concentrations of phenyl carbonate end group and

hydroxyl end group, respectively; PD =1+ ral/ p 1

Thus, all the zeroth moments of molecular species can be calculated. The
moments with higher order can be determined through those relationships shown in
eqgs 3.19.1-3.19.3. For initial conditions of monomer BPA, monomer DPC and
condensate phenol, the concentrations may be negligible at the end of melt
polymerization and they may be set up as zero at the beginning of SSP. Therefore, we

are able to back track r, and p, and to calculate the initial conditions of moments of
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molecular species for both the stoichiometric balanced case and stoichiometric

imbalanced cases.

3.4 Results and Discussion
3.4.1 Model Comparison

In order to calculate the initial conditions, the first step is to determine the
values of r, and p. The calculation of r, and p requires the information about the
molecular weight and end group ratio of prepolymer. For example, the values of 7,
and p can be calculated by using eq 3.21.2 and eq 3.22. The calculation of r, and p
can be done either by the equations developed in this work or by those given in
chapter 2 (eq 2.24 and eq 2.25). Table 3.1 shows r, and p values calculated by both

methods for the different end group ratios with the molecular weight of a prepolymer

fixed (M, = 10 000). It is seen that there is only slight difference in , and p values,

meaning that considering the molecular weight of end unit and excluding monomers
does not carry much difference for the molecular species model. Then, initial
conditions of molecular species can be obtained by using eqs 3.19.1-3.19.3, eqgs
3.20.1-3.20.3 and eq 3.23. Table 3.1 also gives the comparison of the end group
concentrations calculated by both methods. Again, the results are in an excellent
agreement.

The partial differential equations in the SSP model are solved using the
parabolic PDE solver in MATLAB. Simulation results from the molecular species
model are first compared with those calculated by the end group model as shown in

Figure 3.1. Assume the reference case for a prepolymer: the weight-average
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Table 3.1 Model comparison (back calculation)

model name r.=0.5 r.=0.75 rJa=1
molecular species model 0.982978 0.992656 1
Va
end group model 0.983398 0.992851 1
molecular species model 0.983258 0.978453 0.974853
Z
end group model 0.983118 0.978399 0.974889
molecular species model 0.146934 0.188891 0.220393
[Ealo
end group model 0.146934 0.188913 0.220398
molecular species model 0.293822 0.251884 0.220393
[Es]o
end group model 0.293869 0.251884 0.220398

Note: the calculation is based on A = 10 000.
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weight is 10 000, and the end group ratio of phenyl carbonate group to hydroxyl
group is 0.75, and particle size is 0.1 mm. With the model parameters given in Table
3.2, the simulation results of number- and weight-average molecular weights from the
molecular species model are in an excellent agreement with those from the end group

model.

3.4.2 Adjusting End Group Ratio
It is known that end group mole ratio in the prepolymer greatly affects the

>7%0 With the molecular species model, the

molecular weight increase in the SSP.
concentrations of three species, 4,, By, C,, can be easily obtained. Figure 3.2 shows

the effect of prepolymer end group ratio on the number fraction of moments of

molecular species, 4,, By, C. We can see that for the perfect end group ratio (i.e. r,' =
1), the following relationship holds: 1,,=4;, = %ﬂc’o . As the end group ratio

decreases from the perfect ratio of 1, the number of molecular species of B, is on the
increase, while the other two is on the decrease. As the end group ratio approaches to
0, the number factions of 4,, C,, are close to 0 and that of B, approaches to 1,
indicating that polymer chains are mainly capped with hydroxyl end groups at this
time and further polycondensation is nearly impossible. Interestingly, as shown in
Figure 3.3, the back-calculated end group ratio in the beginning of melt
polymerization is at least above 0.95. It means that controlling the stoichiometric
balance of end groups is the key issue on the final molecular weight not only in a melt
polymerization but also in a SSP. Only slight difference in the beginning of melt

polymerization could result in a significant difference in the further SSP.
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Table 3.2 Model parameters

parameter unit ref

k =k, +k[C]

k. =(3.108+0.102)x 107 exp(~25290 £1010/RT) L-mol"'min’"

98
k. =9.62x10° exp(~13900/ RT) L*mol*min’
1
nk =20 AS 103
T R

AH =-6.8+1.2 keal-mol™!

AS =—-13.6%2.7 cal'mol™-K
D, =3x10"" em”sec” 60
k. =627x10" min’! 60
d=0.01 cm
M, =10000 g-mol”

r, =0.75 (phenyl carbonate group/hydroxyl group in prepolymer)
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Figure 3.1 Model comparison of number- and weight-average molecular weight

calculated by the molecular species model and the end group model.
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Figure 3.4 shows the concentrations of molecular species of 4, By, C, at the
different reaction times t = 0, 5, and 10 hr in the particle for the reference case (see
Table 3.2). We assume that the concentrations of molecular species are uniform along
particle radial direction in the prepolymer. From Figure 3.4a, it is seen that and the
amount of species B, is in excess compared with 4,,. Figure 3.4b shows the decrease
of three molecular species compared with Figure 3.4a. Figure 3.4c shows that the
species of A, is almost depleted after 12 hr’s reaction, while the amount of molecular
species of B, is still quite significant. Note that there is still some C, species left in the
particle center compared with that in the surface, and further molecular weight
increase is possible. Figure 3.4 indicates that the imbalance of end groups gets more
severe after the SSP and that further molecular weight increase is nearly impossible if
the phenyl carbonate group is completely consumed.

If the end group ratio can be altered before the SSP, it may be very useful for
the highest molecular weight obtainable in the SSP. In practice, due to the loss of
DPC during melt polymerization, end group imbalance general usually presents in a
prepolymer. With ?C-NMR analysis’’, we are able to determine end group ratios in
prepolymers. Hence, a method proposed here is to blend the prepolymer with another
prepolymer that has the other end group in excess. To do so, both prepolymers may
be dissolved together in chloroform and crystallized in particle form using a non-
solvent such as acetone. In prepolymer A, as shown in Table 3.2, it has hydroxyl end
group in excess. As an example, we assume that prepolymer B has the end group ratio
of 1.33 and weight-average molecular weight is 4 000. We also assume that the end

groups uniformly distributed in each particle.
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Figure 3.5 shows chain length distributions of blends. It is seen that the blends
with different compositions give broader chain length distributions. The
polydispersities of blends are higher than prepolymer A and prepolymer B as shown
in Figure 3.6. It also indicates that the 50/50 (w = 0.5) blending gives highest
polydispersity and the broadest chain length distribution. In this case, the end group
model is not capable of calculating the weight-average molecular weight because the
polymer chain distribution of blends does not follow the most probable distribution.
But it can be calculated by the summating moments of species from the molecular
species model. To calculate the initial conditions for blends, the zeroth moments of
molecular species in blends are calculated first, and the first and second moments can
be determined from the zeroth moments. Figure 3.7 shows the increase of weight-
average molecular weight for the different fractions of prepolymer B added. It is seen
that as prepolymer B is added, the molecular weight increases at a higher rate than
that of prepolymer A. However, if the end group imbalance is overcompensated (e.g.
w = (.5), the molecular weight increase rate starts to decrease again. Therefore, there
is an optimum value for the amount of prepolymer B added. Figure 3.8 shows the end
group ratio of blends as a function of the weight fraction of prepolymer B. It is easily
found from Figure 3.8 that the end group ratio of a blend nearly reaches the balanced
ratio at the point where the weight faction of prepolymer B is about 0.3. The weight
faction beyond this point is off the stoichiometric ratio of end groups and will result
in the excess of one end group at certain reaction time, which limits the increase of
molecular weight finally. Figure 3.9 shows the concentrations of molecular species of

An, By at reaction time t = 12 hr after adjusting the end group ratio. The concentration
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of C, is not shown here because it is always in balance of end group ratio. It is seen
that the concentration of species 4, increases after adding prepolymer B, while that of
B, decreases. At w = 0.3, the concentration profile of 4, is about same as that B,,,
meaning that both species have similar concentrations and molecular weight will
increase at a high rate even in further SSP.

Certainly, for the same end group ratio, varying the molecular weight of
prepolymer B will also affect the adjustment of end group ratio in prepolymer blends.
Therefore, to modify the end group ratio, both end group ratio and molecular weight

of prepolymer B should be taken into consideration.

3.4.3 Remelting Particles

It is well known that particle size has a significant effect on the reaction rate
and hence the increase of molecular weight. Remelting followed by recrystallization
is another method to accelerate the rate of molecular weight increase in a further SSP

by redistributing end groups.**'**1

It is generally accepted that in a relative big
particle significant concentration gradients of end groups and phenol present in the
particle, which hampers the molecular weight further increase. Remelting
redistributes end groups, giving a new fresh start of SSP because the depletion of an
end group occurs at the particle surface first, and redistribution helps to deliver the
end groups from inside of a particle to surface.

Redistribution processes were first studied by Flory® for the interchange

reactions of polyester. Although further removal of phenol may not occur during the

process redistribution of end groups, it is not only a physical process, but also a
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chemical reaction process because each chain undergoes rearrangement through
forward and backward condensation reactions during the process of redistribution of
end groups. It was indicated that there is no net change in terms of number of unit
linkages and the number of molecules stays same.” Hagenaars, et al.'”’
experimentally investigated the redistribution processes of mixed BAPC fractions
obtained from continuous polymer fractionation, and indicated that BAPC made by
melt transesterification can further undergo redistribution processes until the Flory
most probable distribution is reached.

To compare with the case without remelting, we assume: 1) the particle size is
same before and after remelting; 2) no phenol is being removed during the remelting
process; 3) after remelting, Flory most probable chain length distribution is reached.
Theoretically, if no condensate is removed during the process of redistribution of end
groups, there is no mass change in the system. Thus, number-average molecular
weight is unaffected, but the molecular weight distribution may be changed because
polydispersity has been changed after remelting. Previous modeling studies only
investigated number-average molecular weight. However, investigation of weight-
average molecular weight may bring additional insights for the remelting process.

To recalculate the initial moments for the secondary SSP, the facts that
number average molecular weight and that end group ratio at the end of first SSP do
not change in the remelting process can be used by following the same procedure as
calculating initial conditions for prepolymers. Figure 3.10 shows the effect of
remelting after different reaction times on molecular weight further increase during

the secondary SSP (d = 0.1 mm). Figure 3.10a indicates that there is no number-
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average molecular weight change in the remelting process, but it changes the further
reaction rate and molecular weight increase during the secondary SSP because phenyl
carbonate end group, the smaller amount in the reaction system, can be redistributed
from particle center to surface. Figure 3.10b shows that the effect of remelting on the
weight-average molecular weight. It is noticed that there is no drop in weight-average
molecular weight because in such a small particle the polydispersity is close to 2,
meaning that the nonuniformity of concentrations is not significant in the particle.
Figure 3.11 shows the remelting effect on bigger particles (d = 0.5 mm). It is seen that
the time to carry out the secondary SSP is important regarding to the final molecular
weight if the total reaction time is fixed. In other words, the best time to carry out
remelting is neither close to the beginning of SSP nor near the end of SSP. There is an
optimum time to remelt particles that can be found through model simulation. Figure
3.11b shows that weight-average molecular weight drops down first after remelting,
but increases a higher rate afterwards, which surpasses the original trend of molecular
weight increase. It means that for bigger particles, concentration gradients of end
groups become more severe and polydispersity is larger than 2. Remelting brings
chain length distribution back to the most probable distribution, and hence reduces
the weight-average molecular weight. But it accelerates the rate of molecular weight
increase and catches up the original trend afterwards.

For remelting, it may be viewed as a chemically blending process for different
layers and redistribute end groups inside of a particle, but the end group imbalance
still exits. But by blending with another prepolymer to remake a new prepolymer, the

ratio of end groups can be altered and help further molecular weight increase in SSP.
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3.5 Conclusions

In this chapter, a back calculation method has been developed to determine
initial moments of molecular species for the molecular species model that describes
the SSP of BAPC process. The simulation results are in good agreement with the end
group model. As compared with the end group model, the molecular species model
covers a wider range in calculation of weight-average molecular weight as long as the
initial conditions are known. With the molecular species model we developed, the
molar concentrations of species can be easily tracked. To accelerate the rate of
molecular weight increase, a blending method has been proposed to adjust initial end
group ratios in prepolymers. Simulation results show that the overall chain length
distribution of blends does not follow the most probable distribution, but the initial
conditions can be calculated by the method we developed, and the weight-average
molecular weight can be simulated. It is seen that there is an optimum fraction for the
second prepolymer B at which the SSP gives the highest reaction rate, and the
fraction of prepolymer B is dependant upon the end group ratio and molecular weight
of both prepolymers. Remelting is another method used to further increase molecular
weight during the SSP. The weight-average molecular weight has been investigated to
give a deeper insight of the utilization of remelting. It is noted that after remelting
there is a drop of weight-average molecular weight although number-average
molecular weight remains same. Simulation results also show that the particle size

and the time chosen to remelt affect the effectiveness of remelting.
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3.6 Notation

A, = diphenyl carbonate

B, = bisphenol A

d = particle diameter, cm

D, = diffusivity of phenol, cm”s™

K = equilibrium constant

k,= forward reaction rate, L-mol™-min

. B
k,= backward reaction rate, L-mol” -min

k, = crystallization rate constant, min™'

M , = number average molecular weight
M .0 = number average molecular weight of prepolymer

M = weight-average molecular weight

M., ,= weight-average molecular weight of prepolymer

n = number of repeating unit
OH = hydroxyl end group
p = conversation of phenyl carbonate group

[ P]= concentration of phenol at time t, mol-L™

[ P], = initial concentration of phenol for SSP, mol-L™"

[P"]=concentration of phenol at the bulk phase, mol-L™
P =mole fraction of n-mer

Ph = phenyl carbonate end group
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r = distance from particle center, cm

r,=mole ratio of end group at the beginning of melt prepolymerization
ra' = mole ratio of end group in the prepolymer

t= reaction time, min

x, = crystallinity at time t

A . (i=A4,B,C;j=0,1,2) = the moment of molecular species

L]
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Chapter 4
Dynamic Modeling of a Moving Packed Bed Reactor for the

Solid-State Polymerization of Bisphenol A Polycarbonate

4.1 Introduction

In industry, a variety of reactor designs have been used to carry out the solid-
state polymerization (SSP). A rotary drum-type reactor or a stirred bed is a simple
reactor design in which all polymer particles have equal residence time.”” The
tendency towards agglomeration can be minimized by continuous agitation in the
reactor. An alternative design is a fixed or static bed reactor'”. However, a drawback
is that they are operated only in the batch mode, which greatly limits the productivity.
To operate in a continuous mode and increase productivity, a fluidized bed reactor
can be used.'™ A fluidized bed reactor offers several advantages over fixed bed
reactors. For example, polymer particles can be uniformly spread into the reactor
space, which results in the effective removal of condensate and shortening the
reaction time. It reduces the sticking tendency of polymer particles because the
fluidized particles are not in contact long enough to stick together. However, in a
fluidized bed, broad residence time distribution brings a problem, which causes
molecular weight at the reactor outlet varying from one particle to another. Recently,
to narrow the residence time distribution a multi-stage fluidized reactor has been
used.”® An alternative method to overcome the problem of broad residence time

distribution is to operate a fluidized bed in a batch mode instead of continuous mode,
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but again the productivity can be greatly reduced. Moreover, the entire process
requires relatively large amount of gas and energy for operation, which is very costly.

In a continuous operation process of SSP, a moving packed bed reactor is one
of the most common designs at present.80 It is typically a vertical vessel or column
filled with polymer particles that move from the top to the bottom of the reactor by
gravity. A heated inert purge gas is supplied to the bottom of the reactor at high flow
rate to remove the condensation byproducts. The purge gas velocity should be high
enough to effectively remove condensation byproduct but it should also be low
enough not to cause any fluidization or entrainment of small prepolymer particles
from the reactor. Among several types of SSP reactors, a moving packed bed reactor
offers many advantages such as narrow residence time distribution for the solid
phase, ease of design and operation, and uniform temperature in the reactor. The
uniform distributions of polymer particles and gas stream in the reactor in both radial
and axial directions are important to obtain uniform quality products. It is also
important to use the polymer particles of certain size range to avoid excessive
pressure drop in the reactor. To obtain uniform gas flow across the reactor cross-
section, a perforated gas distributor or screen is installed at the bottom of the reactor.
Product particles can be withdrawn from the reactor using a discharge device such as
a vane-type valve.”®"*!1

In selecting and designing a moving packed bed reactor, high solid throughput
(or short particle residence time), high molecular weight, uniformity of polymer
properties, and low energy cost are the major considerations. In general, high polymer

throughput can be obtained by employing high reaction temperature but if the SSP
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temperature is too close to the polymer’s melting point, partial melting and particle
sticking may occur. To obtain high molecular weight polymers economically, the
purge gas flow rate and temperature should be optimized. To obtain uniform quality
polymers, it is desirable to have a narrow residence time distribution and to maintain
uniform particle temperature in both the axial and radial directions in the reactor.”®'"°

Hence, understanding the reaction kinetics and reactor performance of SSP
processes will be very beneficial in developing an economically competitive
industrial process. But compared to the particle modeling work, the studies on the
modeling of industrial reactors and continuous processes are very limited. Recently,
several researchers have reported the theoretical analysis of moving packed bed
reactors for the SSP of nylon and PET.B0828385 A moving packed reactor can be
modeled by a tanks in series model® or by an axial dispersion model or a plug-flow
model where the polymer particles in the bed are treated as a pseudo-
continuum.****> Although the solid-state PET and nylon polymerization reactors
have been modeled and analyzed in the literature, little has been reported on the
modeling of a continuous SSP reactor for the manufacture of BAPC. In the previous
SSP reactor modeling of nylon and PET, parametric sensitivity®**, dynamic reactor
behaviors,* and reactor performance under different operating conditions® have been
investigated but the radial nonuniformities such as temperature and molecular weight
in reactor scale were assumed to be absent.

In a large scale moving packed bed reactor, to prevent a heat loss through
reactor walls, reactor can be insulated or equipped with a heating jacket in which a

heating fluid is circulated."'"'"* For a moving packed bed reactor where the polymer
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particles are heated by a high flow rate heated purge gas, however, uneven flow of
polymer particles and purge gas, and uneven radial temperature distribution across the
reactor may occur and cause the variations in polymer molecular weight in the
reactor.* Particularly, in the startup period cold prepolymer particles are heated up to
a desired SSP temperature as they move downward countercurrently to the gas flow.
In this chapter, we have developed a dynamic reactor model for a continuous
SSP of BAPC in a nonisothermal moving packed bed reactor. Since reaction
temperature has a large effect on the rate of SSP and polymer molecular weight, our
model analysis will focus on the analysis of heat transfer and temperature
nonuniformity and their effects on the molecular weight in the SSP reactor. In our
model, we assume that the intraparticle temperature gradient is negligibly small and
that the solid mass is assumed to behave like a pseudo-continuum in calculating the
temperature profiles in the reactor. A separate particle model is also incorporated and
solved at each location in the reactor to calculate the polymer properties in presence
of intraparticle mass transfer limitation. Through model simulations, we shall
investigate and evaluate the performance of the solid-state BAPC polymerization

reactor under nonisothermal reactor environment.

4.2 Model Development

In developing a dynamic model for the SSP of polycarbonate in a moving
packed bed reactor, we separate the macroscopic reactor model from the particle
model. The reactor model consists of energy balances for the solid and gas phases and

the particle model consists of mass balance equations for reactive end groups (phenyl
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carbonate and hydroxyl groups) and phenol. The following main polycondensation
reaction is considered in the particle model:
G S s W G WL TR M W A W
| Tk |
CH; CH;

EA Esg Z P
where Ex = phenyl carbonate group, Eg = hydroxyl group, Z = polymer repeat unit,
and P = phenol. To obtain a high molecular weight polymer, the reaction equilibrium
should be shifted to the right by removing the reaction byproduct (phenol) with an
inert purge gas.

In the SSP of BAPC, the apparent reaction heat generation rate is negligibly
small. In fact, thermal energy should be supplied to the polymer particles in the
reactor to activate reactive end groups for the polymerization. Also, for typical

polymer particle sizes (1-3 mm) used in the moving packed bed reactors'"?

, the
intraparticle temperature gradient is negligibly small and hence the particle
temperature is nearly uniform (See Figure A.1 in Appendix A).*** Moreover, as very
high purge gas flow rate (short gas phase residence time) quickly sweeps the reaction
byproduct (phenol), there is a little accumulation of phenol in the gas phase due to the
slow reaction rate. Then, we can separate the macroscopic reactor energy balance
equations and the microscopic particle mass balance equations to calculate reactor
temperature profiles and polymer properties separately. Another issue brought into
our attention is the flow patterns, which is important for the modeling of SSP in a
moving packed bed reactor. For the countercurrent flows of gas and particles, very

often a plug flow model''"* or an axial dispersion model®” is used. For the particle flow

driven by gravity in a moving bed reactor for SSP, a plug flow model may be a good
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approximation. For the gas phase, to determine the importance of axial dispersion
terms, both Peclet number and the aspect ratio (L/d) should be considered.'”” For the
polymer particle size and the purge gas velocity employed in our study, the particle

Reynolds number is about 20 and the overall Peclet number' > (mPe = (H /d)du/ D,)

is about 2500, indicating that the gas flow can be assumed as plug flow.

The assumptions we make in developing a reactor model are summarized as
follows: (i) The reaction heat generation rate during the polymerization is negligible
and each polymer particle has no intraparticle temperature gradient; (ii) Both particle
flow and gas flow are plug flow; (iii) The amount of phenol in the gas phase is too
small to affect the physical properties of a purge gas; (iv) The reactor is a vertical
cylindrical reactor.

With the above assumptions, we can derive the energy balance equations for
the solid and gas phases as follows:

Solid phase:

of  k, {1 6(~07~1J+1 a[afsﬂ_%(i—fgm)_ m~ oT

}I‘_ —— —
or

= ——= | = -
o pC, | R'FOF H? 07\ 0z pC,.d (1-&)p,SH oz @.1)
Purge gas phase:
aTgns — kg |: 1 i(’; aTgns J_FLi(aTgns J} + 6hg\ (1_ g)(T‘ _T&"” ) + mg ang/zs
2~ A~ ~ 2 A~ ~ ~
ot p,C, | Rror or H"oz| oz p,C,,d,¢ ep,SH 0z 4.2)

where 7,7, Z and 7 are the scaled values of solid phase temperature, gas phase

sotgo
temperature, bed height and reactor radius, respectively

(T =T, /298K ,T,

oas

=T,, /298K ,2=z/H ,and 7 = /R, R is the reactor radius).
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Other symbols are defined in Notations. The initial and boundary conditions are given
in Table 4.1.

It is assumed that polycarbonate prepolymers have been partially crystallized
before they are supplied to the SSP reactor. Although, polycarbonate crystallizes
slowly by thermal annealing, our previous work shows that the degree of crystallinity
increases during the SSP, changing the volume fraction of amorphous reaction phase
in a particle.®” The degree of crystallinity (x.) is calculated by the following
equations:™

ox m ox C( Cmax_XC)

c _ s c

(4.3)

o (1-¢)p,SH oz

where k. is the crystallization rate and x; max 1S the maximum degree of crystallinity
(0.62).'

The pressure drop is calculated using the following equation:''®

1-¢)’ _e p.G
P _ gl 150128 nG | 51=2 PG (4.4)
a~ 83 3

Z g g d
The numerical values of the physical parameters are listed in Table 4.2. For the
reactor operating conditions used in our model simulations, the pressure drop in the
reactor is less than 0.17 atm (See Figure B.1 in Appendix B).

To calculate the phenol and molecular weight in a spherical polymer particle,
the end group model shown in chapter 2 is used. The boundary condition for the
phenol concentration at particle surface is assumed zero, indicating that once phenol
molecules reach a particle surface, they are assumed to be quickly removed by a high
flow rate purge gas. Since the residence time for the purge gas is very short (8.2 sec)

and the reaction rate of SSP is very slow, the concentration of phenol in the bulk gas
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Table 4.1 Initial and boundary conditions for the reactor model

' . T

8_7::_ mscp,sH (T”-n Y)’ a_:g O, X, =X, at z=0
0z k,(1-¢)S* ™ 0z

r T ' H, . .
8_7}—0 ; af——mng’g ( _Tin) at z=

0z 0z k,eS & 8
6—Tf=0, ai:O at 7 =0

or 7

of  h R~ -\ OT, h,R .
ok (1) Gr=— (L-T) 7=
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Table 4.2 Physical parameters

parameter correlation ref
C 117
e Cpg:i a0+a1T+a2T2+a3T3+a4 ! exp( )
M [exp 1]
ky k =k (T)+k; (z.9) Hg*
0
K =N{ n(T) }Nzrfz + N
luPa-s
k! = iNl.r”dd" exp(—;/,d”)
i=4
g n=n"(T)+n"(z,0) 119*
o 0.00266958vMT o (< .
() Q(r )—exp[gb [In(77)] j)
n = y Nz'6" exp(—j/lﬁl')
i=l1
Ps P, =P, (l—x(,)+pcxc 5,119
p.=1315, p = !
© T v(0.1)[1-0.08941n (1+ P/B(T)) |
B(T)=3954exp(-2.609x107T),
V(0,T)=0.8302+2.20x10°T
C,, C,. =(0.5597 +249.17)/254.3 120
k 0.156 121
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h . . 213 122
& h = ]HCp,gmg ('ugcp,gJ
¢ S koo ),
~ |0.91Re™, Re<50 myd,
Ju = ~0.41 » Re=——"—+
0.61Re™"', Re>50 6Sn(1-¢)¢
e h ,=_1‘1kg Pr’? Re"? 123
S
14
h 124
- . hok, . 10(k, /k,)
Tk, RePr
k. 0T<T, 125
= 4
< 17.82x10° exp(—mj T,<T<T,
g
T =213"C

* See the original reference for the values of parameters in the correlations.
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phase is negligibly small in the reactor. The number- and weight- average molecular
weights for a particle are calculated using eqs 2.13 and 2.14.

At each point in the moving packed bed reactor, the polymer particle model is
solved using the end group model and the overall average molecular weight and the

chain length distribution in the reactor cross-section are calculated by the following

equations:
R , -l
— 2 '
M,, =R"|2[ =——dr (4.5)
{ .('). MH (r ) ]
_ 1 (& . _
M, =—|2 j FM (rdr (4.6)
R 0
(R
W, =—|2 j FW (r)dr (4.7)
=7

where 7 is the radial direction in the reactor (+'= 0 at the center) and R is the reactor

radius. M, , and M, are the overall number average and weight average molecular
weights across the reactor cross-section, respectively. W, , is the overall chain length

distribution across the reactor cross-section. The kinetic constants and physical
parameters are listed in Table 4.3.

Figure 4.1 illustrates how the particle model is solved in conjunction with the
reactor model that yields the temperature profiles in the radial and axial directions.
The reactor model equations 4.1 and 4.2 are solved first for a given set of initial and
boundary conditions. The calculated temperature profiles at the grid points of the
mesh network in radial and axial directions in the reactor are stored. Then the

temperature value at a particular time at each grid point in the mesh network is
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Table 4.3 Transport and kinetic parameters used in the particle model

parameter correlation

unit ref

; 32,800(1 1
D, D, =12x10" exp(—R—(———n

k =k, +k[C"]
k, =(3.108£0.102) x 107 exp(-25290+1010/ RT)
k, k| =(2.028+0.226)x 10" exp(-45030 + 2430/ RT)
k, =9.62x10° exp(-=13900/ RT)

k. =8.04x10" exp(—=12090/ RT)

an:ﬂ+A_S
R R

g g
AH =—-6.8%+1.2

AS =-13.6t£2.7
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(a). Reactor temperature grids at different times
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Figure 4.1 Computational mesh network: (a) dynamic reactor mesh points; (b) lines

of downward particle movement.
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applied to a polymer particle model. To illustrate the computational procedure for a
dynamic process simulation, consider a downward movement of the polymer particles
along the axial grid line. Here, one line is chosen at a time. Discrete grids in the axial
(z) direction are set, and a number is assigned to each particle in the mesh network at
t =to. The initial temperature for each particle is recorded. Then, for a given small
time step, a new position of each particle is determined in the z direction accordingly.
The temperature of each particle is determined from the dynamic temperature profiles
calculated using the reactor model in the solid phase at time t = t;. The number of
particles exiting the reactor at the bottom during the time span from t, to t; is counted.
If there are any particles leaving the reactor, then the amount of feed particles is
calculated such that the total number or mass of polymer particles in each line is
constant. Both time t and temperature of these particles entering and leaving the
reactor are recorded. These steps are repeated for a given reactor simulation time.
Along the grid line, the particle model is solved at each grid point to calculate
polymer molecular weight. Then, another particle line is chosen in the reactor and the
foregoing calculation steps are repeated until all the particle lines in the reactor are
counted. The average values of polymer properties are calculated for the reactor

cross-section using the calculation results obtained for each grid point.
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4.3 Results and Discussion

The reactor model and the particle model have been solved separately using
the partial differential equation solvers in FEMLAB® and MATLAB®), respectively.
To determine the standard or reference model simulation conditions, we reviewed the
literature (mostly patents) on the moving packed bed reactors for nylons, polyesters
and polycarbonates. As illustrated in Table 4.4, the reactor size and operating
conditions vary from patent to patent. In our model simulation work, we use the
reactor dimension used by other researchers for the SSP of nylon 6,6 and
PET,76:82:83.85

The average residence time of 10 hr is taken for the solid phase as a standard
value because at a typical solid-state BAPC polymerization temperature (190-220°C),
it takes about 5-15 hr to obtain high molecular weight BAPC.® Then, for a given
reactor dimension and particle residence time, the prepolymer feed rate is calculated.
To determine the purge gas velocity, the minimum fluidization velocity (Ums) 1S
calculated for a given particle size and set as the maximum gas flow rate. The purge
gas flow rate must be kept below upr. The minimum fluidization velocity is calculated

using the following equation for spherical particles:'*’

_ dz(ps —,Dg)g ‘931/'

”mf =
: 1507 l-¢,,

, Re, <20 (4.8)

where d is the particle diameter and ¢, is the bed voidage. For the standard

operating conditions, the inlet superficial gas flow rate is 15.7 cm/sec at 1.17atm and

200°C, and uyris 68.8 cm/sec.
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Table 4.4 Operating conditions and reactor sizes for moving packed bed reactors

SSP of Nylon 6,6 Nylon 6 BAPC PET PET PET

reactor diameter(cm) 40.6 152 - 15 50.8 61.0 61
geometry length (cm) 396 610 - 100 304.8 365.8 350
particle residence t (hr) 3.5 12 18 10 10 16 12

operating flow rate ratio " 2.4 4.0 0.05-0.3 5.8 8.1 1.0 -
conditions inlet gas T (°C) 190 200 - 210 205 220 226
inlet particle T (°C) 25 25 - 210 175 210 180

ref 76 126 9 127 128 75

Note: Flow rate ratio = mass flow rate of gas/mass flow rate of particles
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4.3.1 Simulation of Reactor Startup Operations

The startup operation of a SSP reactor is important because the residence time
of polymer particles in the reactor is very long and it is desired to reach a steady state
reaction conditions as quickly as possible at minimum utility cost.*? There are several
possible methods of reactor startup operations. For example, a reactor is first fully
charged with prepolymer particles and heated up by the preheated purge gas. Until a
desired reaction temperature is established in the entire reactor, the SSP is carried out
in a batch mode, i.e., no polymer particles are removed from the reactor. Another
example of startup operation is to charge the reactor slowly with feed prepolymer
particles while a preheated purge gas is supplied to the bottom of the reactor. Since
the amount of polymer particles is not large during the particle charging period, it
would take less time to bring the particle temperature to its reaction temperature,
thereby reducing the total reaction time. In this operation, however, the purge gas
flow rate should be carefully controlled to prevent the entrainment of small polymer
particles.

In our model simulation, the following startup operation is considered: (i) An
empty vertical reactor equipped with a heating jacket is filled with prepolymer
particles at room temperature; (ii) The prepolymer particles are heated up by the
purge gas supplied to the bottom of the reactor at 200°C and the reactor jacket
temperature is set at 200°C; (iii) Reactor preheating is continued until the temperature
at the reactor top approaches the reaction temperature, 200°C; (iv) As the reactor
temperature reaches 200°C, the reactor operation is switched from a batch fixed bed

reactor mode to a continuous moving packed bed reactor mode by starting the
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discharge of polymer particles from the reactor bottom. The prepolymer feed particles
are also supplied to the top of the reactor to keep the bed weight or height constant
during the continuous reactor operation. Table 4.5 shows the standard reactor
operating conditions, reactor dimension, and feed prepolymer properties used in our
model simulations.

Figure 4.2 shows the temperature profiles of the solid phase during the first 30
hr of reactor operation. Here, the initial particle temperature in the reactor is 25°C. It
is observed that the particle heating is a very slow process with a given flow rate of
purge gas for a large mass of solid particles in the reactor. Although the heating jacket
is used, the radial heat transfer from the reactor walls to the center of reactor is not
quite effective. It is clearly seen that heat is predominantly transferred to polymer
particles from the heated purge gas. Here, the gas flow rate is 1000 g/min and the
residence time for the gas is 8.2 sec. It takes nearly 10 hr for the reactor to reach a
uniform temperature of 200°C along the entire bed height. At t =10 hr, the reactor
operation is switched from a batch mode to a continuous mode by discharging the
product and at the same time feeding prepolymer feed particles to the top of the
reactor. Figure 4.2 also shows that these feed particles quickly absorb the heat from
the purge gas and a slight temperature nonuniformity is observed only in a very
shallow region near the top of the reactor. In other words, once the steady state
temperature profile is established during the startup process, the reactor temperature
is quite uniform in both the radial and axial directions in the reactor. But it needs to
be pointed out that the polymer particles at different locations in the reactor

experience different reaction temperature trajectories during the entire startup
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Table 4.5 Operating conditions and prepolymer properties

parameter value

D reactor diameter, 40 cm
L total reactor length, 400 cm

H bed depth, 320 cm

T, initial temperature of solid phase, 298 K
T,, initial temperature of gas phase, 298 K

; reactor wall temperature, 473 K
T, inlet temperature of solid phase, 298 K
T,. inlet temperature of gas phase, 473 K

d particle diameter, 0.15 cm

m, mass flow rate of particles, 0 g/min (before 600 min)

450 g/min (after 600 min)

n, purge gas flow rate, 1000 g/min

P outlet pressure, 1 atm

£ voidage in the reactor, 0.4

X, crystallinity of prepolymer feed, 25%
r end group ratio in the prepolymer, 1:1

initial number average molecular weight, 4000

C catalyst concentration in prepolymer, 1.7 x10™* mol/L
[ y prepoly

120



Bag 200

bkl
160
(L=
e
{2
= b
01
-
40
Sy 25,0

2hr 4hr hr 10hr 10.1hr 30hr

Figure 4.2 Reactor temperature profiles during the startup process; After t = 10 hr, the

reactor is operated in a continuous mode.
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transient period.

Figure 4.3 shows three dimensional reactor temperature profiles at t = 2 hr and
t = 8 hr during the startup process. Notice that the polymer particles near the bottom
and the reactor walls reach the reaction temperature quite rapidly whereas the
particles in other sections of the reactor remain cold during the transient period.

The polymer molecular weight profiles at the reactor bottom during the start-
up and subsequent continuous operation are shown in Figure 4.4. Recall that no
polymer particles are removed until t = 10 hr. Polymer molecular weight increases
gradually with time during the batch operation (t = 0-10 hr) to a value corresponding
to the final reactor temperature of 200°C. Figure 4.4 also shows that the polymer
particles trickling down along the reactor walls ("= 20 cm) have much higher
molecular weight than the polymers near the center. This is because particles near the
heating jacket are heated up more effectively from the beginning of startup operation
and they experience longer time in high temperature zone to polymerize. Figure 4.4
shows that for one solid residence time (10 hr) after the commencement of continuous
operation, the molecular weight of the polymers from the reactor wall area continues
to rise and then drops sharply as the entire reactor becomes thermally homogeneous
at 200°C. However, when these high molecular weight particles are mixed with other
particles from other radial positions in the reactor cross-section, they only have a
small effect on the overall average molecular weight because the total mass of the

high molecular weight polymers near the reactor walls is relatively small.
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Although each polymer particle in the reactor has no intraparticle temperature
gradient, the diffusion resistance for phenol produced by the polymerization is not
negligible. The polymer chain length distribution at the centerline of reactor outlet is
shown in Figure 4.5. Although it is not shown, the polymer chain length distribution
inside of a particle does not change significantly with reaction time. But the
molecular weight does increase gradually with time. It is mainly because the portion
near the particle surface increases molecular weight. Figures 4.6a and Figure 4.6b
illustrate the degree of crystallinity during the startup transient period. Notice that the

degree of crystallinity near the bottom and the wall of the reactor reach about 38%.

4.3.2 Effect of Flow Rate Ratio

The ratio of gas and solid phase mass flow rates (y = m, / m_ ) 1s a very

important process parameter that affects the economics of a SSP process. The purge
gas has dual functions, i.e., removal of phenol and heating of the solid particles. A
major factor in determining the particle phase flow rate is the desired product
molecular weight at the bottom of the reactor for a given reactor temperature profile.
The purge gas flow rate and temperature are determined to meet these requirements.
For process economics, a low purge gas flow rate is desirable but then insufficient
thermal energy may be delivered to the solid phase in the reactor. There is also a limit
in the maximum feed gas temperature because any partial fusion or melting of the
polymer particles must be avoided. If high gas flow rate is used, the packed bed
reactor can be heated up more effectively. However, there is an upper limit of the gas

velocity to avoid particle fluidization or entrainment. Therefore, it is useful to
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evaluate the effect of gas flow rate through reactor simulations. Table 4.4 illustrates
the examples of operating conditions for the SSP of nylon, PET, and polycarbonate.
Notice that a broad range of flow rate ratio (e.g., 0.05-8.1) is employed in these
processes, although direct comparison of each process may not be possible.

To investigate the effect of flow rate ratio, we keep the particle flow rate (or

particle residence time) constant at 450 g/min or y (7, / m_ )= 2.2 and vary the purge

gas flow rate. Figure 4.7 shows the effect of flow rate ratio on the steady state reactor
temperature along the center line of the reactor. It is seen that for the mass flow rate
ratio smaller than 2.2, a strong temperature nonuniformity develops in the reactor.
When the mass flow rate ratio is 1.5, top 35% of the reactor is below the polymer's
glass transition temperature, meaning that no SSP will occur in that region. Figure 4.8
illustrates the molecular weight profiles in the reactor for y = 1.5. We can observe that
near the center and the top regions of the reactor, the polymer molecular weight does
not increase much because the temperature in that region is far below the polymer's
glass transition temperature. Table 4.6 shows the molecular weight averages and
polydispersity values at the exit of the reactor for three different y values. It is
observed that the polydispersity of the polymer deviates from the theoretical value of
2.0 for the homogeneous linear condensation polymerization because of temperature
nonuniformity and intraparticle distribution of polymer chain length. Figures 4.7 and
4.8 clearly indicate that the flow rate ratio, or purge gas flow rate for a fixed solid
flow rate, is certainly one of the key parameters that affect the performance of SSP.

A dynamic reactor simulation has also been carried out to see how the reactor
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Table 4.6 The effect of flow ratio on the average properties at the reactor exit

prepolymer !
1.0 1.5 2.2
]\ZM 4000 4824 5801 6891
]\ZW,O 7873 10685 13967 17418
PD 1.97 2.21 2.41 2.53
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temperature profiles change when the purge gas flow rate is decreased by 32% from
the standard gas flow rate. Figure 4.9 shows the reactor temperature simulation
results. Initially, the reactor is at steady state temperature of 200°C with a continuous
flow of solid polymer particles. At t =0, a step change is made in the purge gas flow
rate. Here, a rather large step change is made intentionally to more clearly illustrate
the gas flow rate effect. Notice that the reactor temperature reaches a new steady
state profiles more than 15 hr after the step change has been made. Also, the upper
portion of the reactor is well below the desired SSP temperature. Although the
simulation conditions used in Figure 4.9 may not be quite realistic (i.e. 32% decrease
in gas flow rate), Figure 4.9 illustrates that with a continuous flow of cold solid
particles to the reactor, it takes longer time for the reactor to reach a new steady state

than for the initial batch startup process (cf. Figure 4.2).

4.3.3 Effect of Reactor Size

From the model simulation results presented in the previous section, we
expect that the reactor size or dimension can also be an important design parameter
because heat transfer efficiency is dependent on the reactor dimension. From a
practical point of view, sizing the reactor is indeed one of the most important design
issues because it will determine the process efficiency and economics. However, the
effect of reactor size has not been considered in the previous model simulation work.
To illustrate the reactor size effect on the reactor performance, we carry out the model
simulations as follows. We keep the solid bed height (/) and the solid phase

residence time constant (10 hr) while the reactor diameter and the mass flow rate ratio
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(y) are varied. Figure 4.10 shows the steady state temperature profiles along the center
line of the reactor. It is seen that for a large value of gas flow rate (y = 2.2, standard
case), the reactor size effect is negligibly small for steady state operations. However,
for a smaller value of gas flow rate (y = 1.8), large reactor diameter yields less
uniform reactor temperature profiles. Figure 4.11 shows that such temperature
nonuniformity results in a marked effect on the polymer molecular weight. Notice
that wall temperature is kept constant at 200°C in both cases. For a small flow rate
ratio, the heat transfer between reactor walls and polymer particles results in
nonuniformities in radial temperature and molecular weight even at steady states.
Figure 4.12 shows the effect of reactor size on the transient temperature profiles when
a step change is made in the flow rate ratio from y = 2.2 to y = 1.8. It is seen that it
takes less time for the slim reactor (H/D=10) to reach a new steady state temperature
profile. However, a slimmer reactor of small volume may not be economical. One
possible design to take advantage of the slim SSP reactor is to use a bundle of slim
reactors in parallel housed in a large diameter reactor vessel with a heating fluid

running through the reactor bundles.

4.3.4 Effect of Particle Size Distribution

The prepolymer particle size is one of important parameters that affect the
efficiency of SSP. If the polymer particles are too small, a purge gas flow may
fluidize the particles or cause the entrainment from the reactor. Then, a low gas flow
rate needs to be used but the heat transfer efficiency will be poor. On the other hand,

if the polymer particles are too large, the diffusion of phenol inside the particle will
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Figure 4.10 Steady state reactor temperature profiles for different reactor diameters

and purge gas flow rates in the reactor centerline.
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Figure 4.12 Effect of reactor H/D ratio on the reactor temperature transients: (a) H/D

=10; (b) H/D = 6.

137



be very slow and high molecular weight will be difficult to obtain in short reaction
time. As discussed earlier, for typical prepolymer particle sizes (1-3mm) employed in
a moving packed bed reactor for SSP, intraparticle temperature gradient is generally
negligible but the polymerization rate is strongly affected by the reaction temperature.
Hence, both the intraparticle concentration gradient and the axial temperature
gradient in the reactor should be taken into consideration in calculating the polymer
molecular weight of the product particles at the reactor outlet.

In our previous model simulations, we assumed that the reactor is charged
with polymer particles of same size. In practice, the prepolymer particles are expected
to have a certain size distribution when they are produced by a crystallization process

130-133

using, for example, a spray dryer crystallizer. Typical particle size of

130

crystallized polycarbonates from a spray dryer is about 80-3000 pm. ™" In this section,

we investigate the effect of polymer particle size distribution on the molecular weight
in the SSP reactor.
To simulate the particle size effect, the following log-normal distribution

function is used to represent the prepolymer particle size distribution'*’:

1 1 ln(d/g) ’

where d is the particle diameter, d is the mean particle diameter, and o is the
geometric standard deviation. Figure 4.13 shows the particle size distribution curves
used in our simulation study. With the standard operating conditions applied to this
case, we calculated the average polymer molecular weight at the reactor outlet and the

results are shown in Figure 4.14a and Figure 4.14b. It is seen that particle size greatly
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affects the chain length distributions. For a large size particle (d = 0.3 cm), chain
length distribution in the interior particle is almost the same as that of prepolymer
because the reaction occurred only near the particle surface. For a small particle (d =
0.08 cm), there is less diffusion resistance for phenol and higher molecular weight is
obtained than in a large particle. Interestingly, the overall effect of particle size
distributions on the average chain length distribution is very small as shown in Figure
4.15. The particle size distribution used in this particular simulation example has a
relatively small fraction of large particles and hence, their effect on the overall

polymer molecular weight is quite small.

4.4 Conclusions

In this chapter, we have developed a dynamic model of a moving packed bed
reactor for the SSP of bisphenol A polycarbonate. The model consists of macroscopic
energy balance equations for the reactor and an isothermal polymer particle model.
Assuming negligible reaction heat effect and phenol concentration in the high flow
rate purge gas stream, we solved the reactor model and the polymer particle model
separately to calculate the reactor temperature profiles and polymer properties. We
use the reactor model to analyze the effect of various reactor operating conditions on
the reactor performance. Through model simulations, it has been illustrated that radial
temperature nonuniformity may develop in the reactor as the reactor temperature is
raised by the purge gas during the reactor startup operation. The temperature
nonuniformity leads to a nonuniform development of polymer molecular weight. The

dynamic reactor model has also been used to analyze the effects of purge gas flow
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rate, reactor size, and polymer particle size distribution. The simulation results show
that purge gas flow rate is a very important process parameter because when the gas
flow rate is sufficiently high, temperature uniformity can be readily established even

in a large diameter reactor.
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4.5 Notation
C, = heat capacity, J g K

d = particle diameter, cm

d =mean particle diameter, cm

D = reactor diameter, cm

D, =diffusivity of phenol, cm*s™!

[E ,]= concentration of phenyl carbonate group, mol-L™
[E,],= initial concentration of phenyl carbonate group, mol-L"
[E,]= concentration of hydroxyl group, mol-L™

[E,],= initial concentration of hydroxyl group, mol-L™!

G = pu, superficial mass velocity, g-em™ min’

h = heat transfer coefficient, J-cm™>K ' min™

H = bed height, cm

K = equilibrium constant

k = thermal conductivity of polymer, J-cm™ K" min™'

k,= forward reaction rate, L-mol™-min

k, = crystallization rate, min™

L =reactor length, cm

i = mass flow rate, g'min’'

M ,= number-average molecular weight at the radial position r in a particle
M, = number-average molecular weight for a single particle

M , = number-average molecular weight in the reactor cross section
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M = weight-average molecular weight at the radial position r in a particle
M = weight-average molecular weight for a single particle

M, ,=number-average molecular weight in the reactor cross section

n =number of repeating unit

Nu = Nusselt number

p = conversion of phenyl carbonate group

P = pressure in the reactor, atm

[ P]= concentration of phenol, mol-L™"

[P], = initial concentration of phenol, mol-L™"

r = distance from particle center, cm

r = distance from reactor center radius, cm

r,=mole ratio of end group at the beginning of melt prepolymerization

ra' = mole ratio of end group in the prepolymer, [E,],/[E;],
r,= reaction rate, mol-L " min’!

Pr = Prandtl number

R = particle radius, cm

R = reactor radius, cm

Re = Reynolds number

S = cross sectional area of the reactor, cm®

¢ = reaction time, min

T = temperature, K

T, = glass transition temperature, K
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T, = polymer melting point, K
u = velocity, cm'min™

w, = molecular weight of repeating unit, g'mol”

W = weight fraction of n-mer

n

x,= degree of crystallinity

x, .. = the maximum degree of crystallinity

¢,max
z = axial distance from the top of reactor, cm

[Z]= concentration of polymer linkage, mol-L™!

[Z], = initial concentration of polymer linage, mol-L”!

Greek letters

& = void fraction of moving packed bed
@ = sphericity of a particle

1= viscosity, g-cm’l-min'1

p = density, g-em™

o = geometric standard deviation

Subscripts

0 = initial condition
a = amorphous

¢ = crystalline

g = gas
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in=1nlet

mf = minimum fluidization

o = overall properties across reaction cross section
s = solid

w = reactor wall
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Chapter 5
Modeling of Chain Sequence Length for the Melt

Copolycondensation Process in a Semibatch Reactor

5.1 Introduction

In a step-growth polymerization process, a small amount of third monomer or
component is often added into a linear homopolymer to modify the polymer
properties by changing the copolymer composition and chain sequence length
distributions. Bisphenol A polycarbonate (BAPC), one of the most important
engineering plastics, has been widely used for data storage media (CD, DVD),
structural materials for electrical and electronic parts, automobiles, etc. To meet a
verity of applications and further improve or modify its properties, a large number of
BAPC based terpolymers have been successfully prepared by introducing a third
monomer or oligomer via multicomponent copolycondensation. For example,
3,3',5,5'-tetramethylbisphenol A"** and 1,1’-bis(4-hydroxyphenyl)-3,3,5-
trimethylcyclohexane®® have been used to improve the heat resistance; aliphatic diols

1'* and aliphatic dicarboxylic diacids such as

such as 2,2-dimethylpropanedio
dodecanedioic acid®® have been incorporated to get high melt flow and improve
processibility; o,m-dichloropoly(dimethylsiloxane)’* and 4,4'-dihydroxydiphenyl*®
have been utilized to improve the mechanical strength. As a third component is

incorporated into polymer chains, not only chain composition but also chain sequence

length of each monomer comes to play an important role in product properties. Chain
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sequence length distribution, which differs from molecular weight distribution,
provides a deeper insight of chain microstructures. It is generally accepted that chain
sequence length distributions affect the physical properties of a copolymer. A good
example is polyurethane copolymers that obtained from the copolycondensation of
diisocyanate with a short diol (short segment) and a long diol (soft segment)‘88 The
sequence length distributions of short diol and long diols have a strong impact on the
thermal and mechanical properties.'**"*’ Therefore, it is useful to develop quantitative
formulas to calculate polymer chain sequence length averages and distributions that
could provide additional information on the polymer chain microstructures towards
understanding polymer properties.

For a free radical polymerization process, the analysis of copolymer
composition is well known based on the standard reactivity ratio method."** Kinetic
methods such as the digital encoding method'*” and a general kinetic model
framework™ have been developed to further calculate chain microstructures:
sequence length distributions. However, these methods are not directly applicable to a
step-growth copolymerization process. Unlike a free radical polymerization, no
polymer chain is dead or inactive in condensation polymerization as long as both
reactive end groups are present in the reaction mixture.”* For modeling of sequence
length averages and distributions in step-growth polymerizations, statistical methods
are often involved including probabilistic approach’*'**!*!, Monte Carlo method'**
' and linkage moment approach’. Peebles'*"!*! has shown that under certain
conditions, sequence length should follow the most probable distribution and

developed a set of differential equations for the calculation of number-average
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sequence length. The analysis, however, is limited only in the case of equal reactivity,
100% conversion and exact stoichiometric balance between the sums of two end
groups. With a probabilistic approach, an in-out recursive model developed by
Lopez-Serrano’” gives simple expressions to directly obtain number- and weight-
average sequence lengths with no assumptions of equal reactivitiy and stoichiometry
required. The merit of this method is that with statistical argument the equations to
calculate sequence length averages are extremely simple and straightforward.
However, detailed sequence length distributions cannot be obtained. Speckhard and
Miller'**'** improved Peebles’ work and developed a Monte Carlo model to calculate
monomer compositions and sequence length distributions. Generally, for a Monte
Carlo model, in order to obtain accurate simulation results, a large number of random
numbers have to be generated, which is very expensive in computational cost. Based
upon the first order Markov statistical chains, Beers’* developed a general model
framework to calculate monomer sequence length distributions for polymer melt
blending and compared with experimental results in the literature. However, the
calculation was mainly focused on the chain length distributions, sequence length
averages and the simulation of sequence length distributions is not straightforward.
In a melt copolycondensation process, it is well known that transesterification
and ester interchange reactions usually results in random copolymers. At high
reaction temperatures large increase in entropy is believed to be the main driving
force towards random polymer chains.'*® The sequence distributions of many
condensation copolycarbonates via melt polymerization follow random distribution

147,148

statistics as reported in the literature. The model framework we have developed,
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based on a probabilistic argument, presents a new simple approach in calculating both
sequence length distributions and averages for random condensation terpolymers in
melt copolycondensation processes. The copolycondensation occurs in three
monomers: AR;A, BR,B, and BR3B, in which both A and B end groups are reactive
functional groups. The chain sequence length model we developed does not require
the assumptions of equal reactivity and stoichiometric balance. The number- and
weight-average sequence length distributions and sequence length averages can be
calculated if the conversions of monomers and the initial monomer mole ratio of
BR;3B to BR,B are known. The model simulation results gave an excellent agreement
with chain length averages calculated by the recursive method” and Flory’s chain
length distributions can be recovered when the conversion of third monomer is very
small. The simulation of chain sequence length distributions and averages in the
course of reaction is demonstrated through a melt copolycondensation in a semibatch
reactor. To accurately account for the effect of diphenyl carbonate (DPC) loss, vapor-
liquid equilibrium equations for a binary system of phenol and DPC are used in
conjunction with the melt polymerization process. The effects of end group ratio,
monomer ratio and reactivity have been studied. The model we developed not only
can be used to describe the melt polymerization of copolycarbonates, but also can be

applied for other random condensation terpolymers.
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5.2 Model Development
5.2.1 Sequence Length Distribution

For a linear random copolymer derived from the system of AR;A, BR,B, and
BR;3;B monomers where only end group A reacts with end group B, the species of
polymer chains can be defined as six types shown in Table 5.1 according the
difference of end groups. In general, a linear polymer chain in this system can be
expressed as -R;(R,/R3)R (R, /R3)R(R2 /R3)-. For the sequence length, we follow the
definition given by Lopez-Serrano’*: the sequence length of R, or R;is defined as the
number of times of R, or Rj repeated in a run. For example, for a polymer chain -
(R2R1R2RR5R)-, the sequence length of R, is 3 and that of Rj is 2 for a chain -
(R3R R3R)-. It is obvious that in a polymer backbone a R, or R3 unit is always next
to a R; unit if any. Therefore, other than end groups a R; unit may be considered
together with a R, unit or with a R3 unit. If we assign “R,” as a numeric number “0”
and “R;” as “1”, the backbone of a polymer chain can be simplified as a combination
of “0” and “1”. In other words, if we know the type of a chain that defines the end
groups in a chain and end units next to them, a certain combination of “0” and “1”
stands for a unique chain. For instance, if we know a polymer chain is from the 3rd
type shown in Table 5.1 (i.e. AR; and R3;B are present at the chain ends), a binary
number of “0000011” corresponds to the unique chain:
ARR:R1R:RRR1R2R1R2R1R3R 1 R3B, which has 1 count of sequence length of 5 for
“R,” and 1 count of sequence length of 2 for “R3”. If we switch the order of “0” and
“1”, the binary number “0000011” can vary into, for example, “0110011”, which has

1 count of sequence length of 1 for “R,”, and 1 count of sequence length of 2 for “R,”
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Table 5.1 Chain types and number distributions

no. molecular structure number distribution
i n—1-i
ARj----- Ry Ry----- Ry R/A o (1 -, )2 pln—l [ p22 J [ VP32 j
1 / T \ D, tVp; D, tVp,
) 1+v
iunits nunits  n-1-i units 1-2p,+ p, P, VD
2 3
AR 2 i 2 n—l-i (l _ )
| Ry - Ry Ry R,B 20! (1 - pl)pl” [ D ] [ VD3 j Py )
2 / T \ P, tVp; b, tVp, b, tVp,
. I+v
i+1 units nunits  n-1-i units 1-2p,+p, 7}7 vp
2 3
A 5 i 5 n—1-i v (1 _ )
Ry----- Ry Ry Rjy----- R;B r0m! (l_pl)pln( P, j [ VPs j b\~ Py
3 / T \ b, tVp, b, tVp, b, tVp,
. I+v
iunits nunits n-i units 1-2p +p, 7}) vp
2 3
2 i v 5 n—l—i pz(l—p )2
BR-Ry~--Ry---Ry--R;B ity ( pi J ( P J S(1=p)
4 / T \ ptves )\ patves ) (p,+vp,)
. I+v
i+2 units nunits  n-1-i units 1-2p, +p, 7}) Tvp
2 3
5 i P n—l-i (V )2 (1_ )2
BR;"Ry---- Ry----- Ry----- R;B Cin—lplml ( P> j { VD ] bP; pz
5 / T \ P, tVp; Pytvp; (pz +Vp3)
) I+v
1 units nunits  n-i+1 units 1-2p,+p m
2 3

i n—1-i
BR3----Ry—-~R;--Ry—--RsB 2Cn1pn+1[ P M VPfJ p,(1=p,)vps(1-py)
i 1
D, VD, D, VP, (pz +Vvp; )2

o /TN

i+1 units N units n-i units 1-2p+p——
b, tVp,

Note: This work was done by Case.”' p1, p2, and p3 stand for conversions with

respect to each monomer, AR;A, and BR;B and BR;B; v means the initial mole ratio

of the monomer BR3B to the monomer BRyB, and 1 __ (7=)! (n>2 for type 1,
i (n-1-0)!

and n >1 for others; 0 <i<n—1). n means the total number of R; units, etc.
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and 2 counts of sequence length of 2 for “R3”. If we vary the order of “0” and “1” to
get all the possible combinations of the binary number “0000011” (i.e. “0000011”,
“0000101”, 00010017, --+), the total counts for each sequence length can be obtained.
If polymer chains follow the most probable distribution, the possibility for every
single polymer chain should be same. Thus, the counts for a sequence length can be
computed by adding all the contributions from all the possible combinations of binary
numbers. Certainly, counting sequence length for each binary number may be
obtained by using a computer program. But searching counts of sequence length for
polymer chains one by one is very costly in computation. Therefore, generalized
formulas would be more preferred.

The derivation begins with knowing the exact composition for a chain, i.e. the
order of “0”” and “1” inside of a chain is not considered. As mentioned before, a chain
type, the total number of “0” (R,) and “1” (R3) units and the number of “0” (R») units
are all the variables that need to be considered. Let m (m = 1-6) to stand for the chain
type (see Table 5.1), & to stand for the total number of units of “0” and “1”, and i to
stand for the total number of number of units of “0”. To visualize the simulation
process, first chose an array (m, k, i), and then determine the probability of the array
(m, k, i). This part of work has been done by Case’' and is summarized in Table 5.1.
The next step is to consider all the possible variations to get different sequence runs
for the array (m, k, i) by switching the order of “0” and “1”. Note that only units
inside of a chain can be switched order since the end groups and end units are defined
by the chain type m. Then we count the total number of each sequence and obtain a

sequence distribution for the given n and i. Since the probability of the array (m, £, i),
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P(m, k, i), is known from Table 5.1, the contribution of the array (m, k, i) to a chain
sequence length, j can be computed if we know generalized formulas to count chain
sequence length. To count all the contributions from all the possible combinations for
change sequence length, j, we need to vary i, k, m sequentially and sum up all of them.
Note that the total number of R, R,, and R3 units may be an odd number such
as chain types 1, 4, 5, and 6. However, according to the definition of sequence length,
each sequence length has an even number of combination of Ry, R,, and R units.
Therefore, there is an extra unit at the end of chain shown in Table 5.2, which is
dropped off and not counted in a sequence length. The number of counts for the
sequence length, for example, of R,, could vary from 0 to n-1 for the chain types of 1,
3, 5 and from 1 to # for the chain types of 2, 4, 6. From Table 5.1, we can see that a
polymer chain could be ended up with either a R;A, or a R,B or a R;B unit. As
mentioned before, a chain end unit may be an extra unit that is not counted into the
total sequence length, or it has to be counted. Therefore, we need to discuss them
according to the different chain types. If a chain end unit is not counted, the binary
digit next to it could be chosen either “0” or “1”. Namely, this is a free end. If a R;A
unit is an end unit that has to be counted into the total sequence length, this end is
also a free end because either a R; or R, unit can be linked next to it. However, if a R,
or a R; unit is at a chain end, this is a fixed end because the binary digit is dependent
of this end unit. For the fixed end, if a R3B is at the end, the corresponding binary
digit is “1”, which has no contribution to the sequence length of “0”. However, if a
R,B unit is at the end, it is a fixed end, and the distribution pattern of sequence length

of “0” should differ from that of chains with free ends.
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Table 5.2 Possible sequence length of R, units

total number of  range of R, sequence
no. molecular structure
units length

2n-1

[—
\
—>
/
(e
l
S
L

iunits nunits  n-1-i units
i+1 units nunits  n-1-i units

iunits N units n-i units

4 / T \ 2n+1 l~n

i+2 units nunits  n-1-i units

5 /4 \ """" 2n+1 0~n-1

i units nunits  n-i+1 units

6 / \ """" 2n+1 1~n

i+1 units n units n-i units

Note: The unit in the dotted frame is extra, which is not counted in a sequence length.
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To implement this procedure, it is important to find out the distribution
patterns for the number of counts of sequence length regarding different chain types.
Notice that R, and Rj units are interchangeable in this system. In the following, we
only consider the sequence length of R, units (the sequence length of “0””) and the
sequence length of R3 units (the sequence length of “1”) can be found by simply
swapping R, and R; position in formulas.

As mentioned before, an end unit is either a free or fixed end. Taken off extra
end units shown in Table 5.2, all six chain types can be fitted into two categories: 1)
free ends at both chain ends, and 2) one is free and the other is fixed. To derive the
formulas for the distribution pattern of sequence length of R,, we start with a simple
case: both chain ends are free. First, assume the total number of “0”” and “1” is &, and
the number of “0” is 1. Then the possible chain combinations are “011---117,
“101---117, ---, and “11---10”. Obviously, the sequence length of “0” only can be 1 and
the number of counts is k. Next we add one more “0”, but keep the total number of
“0” and “1” still as k. Thus we have two possible sequences of “R,”: “0”” and “00”.
For the counts for the sequence of “00”, if we simply treat the sequence “00” same as
the sequence “0”, the number of counts is related with the sequence length of “0” in
the starting case. The difference is the total units because the total units should be
reduced 1 as we view the sequence “00” as the sequence “0”. Thus, the counts for
“00” can be found by simply replace k with k-1 (see Figure 5.1a). For the counts of

sequence of “0”, we can obtain it by deducting the number of counts for the sequence

“0”(i = 2) from the total number of “0” for all the combinations (2C} ). Therefore, the

number of counts for sequence “0” is 2C; —2(k —1). Figure 5.1b shows the
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i=1 i=2

(a)
SL=1 k 2C; -2(k-1)
N
SL=2 k —1(replace k with k1)
Total number of "0" 1C; 2C;
(b) i=1 i=2 i=3
SL=1 k 2C; —2(k-1) 3C; -3(k-2)-2(k-2)(k-3)
=(k-1)(k-2)
N N
SL=2 k-1 (k—2)(k-3)
N
SL=3 (k-2)
Totalnumber of "0" 1C! 2C; 3C

Figure 5.1 A scheme to derive the number of counts of sequence length for simple
cases: (a)i=1,2;(b)i=1,2,3.
Note: SL = sequence length; the total number of “0” means the total counts of “0” in

all possible combinations.
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distribution pattern of number of counts when i = 3.

Repeating this above steps, we can obtain more general formulas for the
number of counts of sequence length for the array (m, &, i) shown Figure 5.2.

As motioned above, the distribution pattern has to be modified for polymer
chains that have a fixed end of R,B, i.e. the chain types of 2, 4, 6. To find out the
detailed general formulas for the chain types of 2, 4, 6, we also start with the simplest
case i=0. Accordingly, the number of counts for the sequence of “0” is 1. For i=1,
immediately we can find that the number of counts for the sequence of “0” is 1 and

the number of counts for the sequence length of 1 is modified as

k+C,_,—C;,=2(k—2). Similarly, the number of counts for the case of i+1 can be

derived from the case of i. A modified distribution pattern shown in Figure 5.3 also
can be derived step by step.

From the distribution patterns for the number of counts of sequence length
shown in Figure 5.2 and 5.3, we can calculate the number of counts of sequence
length for any polymer chains in this linear copolymerization system. For each
column in Figure 5.2 and 5.3, according to the number of counts we can obtain a
normalized number distribution pattern S(m, £, i, j) by dividing every number of
counts to the total number of counts in each column. Therefore, S(m, £, i, j) stands for
the contribution of the array (m, £, i) to sequence length j. Thus, the number fraction

of sequence length j can be expressed as follows.

SL () =335 P(m.k.i)S (m.ki,j) (5.1)

m=1 k=1 i=0

where P is the number distribution of chain length shown in Table 5.1, and m, k, and i
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k-1,
k.

Figure 5.2 The number of counts of sequence length for the chain types of 1, 3, 5
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Figure 5.3 The number of counts of sequence length for the chain types of 2, 4, 6.
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represent the chain type, the number of “R;”units, and the number of “R,” units inside
of a chain, respectively. The weight-average distribution of sequence length can be

calculated by the following equation.

__J[sL()]
if[wf)]

SL, (/)

(5.2)

Thus, it is straightforward to get the number- and weight-average sequence lengths.

WEAN)
251,7 ()

SL. (/) (5.3)

AR

SLu(j)=" (5.4)

> J[SL (/)]

Jj=1

0

—

From the above model equations, we can see that as long as the conversions of
monomers and the initial monomer mole ratio of BR3B to BR,B are known, the
number and weight average sequence length distributions and sequence length

averages can be calculated.

5.2.2 Melt Copolycondensation in a Semibatch Reactor

To simulate chain sequence length distributions and sequence length averages
in the course of reaction, as an example, we use the melt copolycondensation in a
semibatch reactor with the following monomers: diphenyl carbonate (DPC, AR A),
bisphenol A (BPA, BR;B) and 3,3',5,5'-tetramethylbisphenol A (TMBPA, BR;B).

The melt polymerization of BPA and DPC in a semibatch reactor given by Woo et
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al.”® is adopted in this simulation work. A simplified schematic diagram of semibatch
reactor is shown in Figure 5.4. Same reaction conditions are applied in this study
except that other than BPA and DPC monomers we assume there is a third monomer
component of TMBPA present in the system and the vapor pressure of TMBPA is
also negligible. Generally, a molecular species model”® and an end group model'? can
be used to describe the melt polycondensation of BPA and DPC. To account for the
loss of DPC, the molecular species model was developed by Woo et al.”®, which
keeps tracking the amount of DPC and phenol in the system and accurately describes
the melt polymerization process of BPA and DPC in the semibatch reactor. As a third
monomer is added into the reaction system, which however makes the model
equations very complicated if we keep tracking change of molecular species. In the
following modeling, we are going to develop an end group model to simulate the melt
copolycondensation process in a semibatch reactor and verify that the end group
model we developed is equivalent to the molecular species model. It can also be used
to calculate the volatile species of DPC and phenol in the reaction system.

The melt transesterifaction reactions occur between the diphenyl carbonate
end group and the hydroxyl end group in the presence of LiOH-H,O as a catalyst, and

main polycondensation reactions take the following forms.

NG WG W o W T s @W o

Ea Eg Z P
H; H;C H;
el +Ho@? w# I -0 H@w - ©ron
Ex E]‘g Z' P
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tv

. Reflux
G column
L*
<«
/\_/—\
V
Reactor

Figure 5.4 A schematic diagram of semibatch reactor.
(G: the total moles of the vapor phase after the flash separation; 7" the molar flow
rate of vapor leaving the reflux column; L": the molar flow rate of condensed liquid

refluxing back to the reactor.).
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where E5 = phenyl carbonate group, Eg = hydroxyl group from BPA, Eg’ = hydroxyl
group from TMBPA, Z, Z' = polymer repeat units, and P = phenol.

Assuming that the reactivities of polymer chains are same regardless of
polymer chain length, we can derive an end group model for the semibatch melt

copolycondensation process as follows.

dE o ,

14 th =—kEE,+kP(Ey,—Ey )~k E E, +k,P(Ey, —E,) (5.5)
dE

v dtB =—kE,E,+k,P(Ey,—E,) (5.6)
dE, , . ,

V=k=-kE,E, +k,P(E,,—Ey) (5.7)
dP o ,

Ve =hE By = kP (Eyy = Ey )+ KEEy ~k,P(Ey, - E, ) (5.8)

where k; and k; represent the forward and backward reactions and Ea, Ep, Eg’ and P
are total moles of phenyl carbonate end group, hydroxyl end group from BPA,
hydroxyl end group from TMBPA and phenol, respectively.

The vapor-liquid equilibrium equations used to calculate compositions in
vapor and liquid phases were given by Woo et al.”® Thus, it is necessary to know the
amount of phenol and DPC produced in the semibatch reactor. The equation to
calculate the amount of phenol is already given in the eq 5.8. To calculate the amount
of DPC, we assume that polymer chains in the reactor follow the most probable

distribution. Thus, the number fraction of DPC is given by'"!

(l—rap)z/ra

1+1/r,-2p

The total number of chain ends can be expressed as,
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(EA,O +Ep,+ Else,o ) -2 (EB,O + Ele,o )p

and this should be equal to twice of the total number of molecules (polymer chains

and monomers). Thus, the number of moles of DPC can be expressed as,

_ (l—rap)z/ra E,, +EB,O+EJB,0
1+1/r,-2p 2

4, ~(Eyo+Es)p (5.9)

where Ay is the moles of DPC; p is the conversion of hydroxyl end groups based on

the total amount initially changed (i.e. BPA and TMBPA); r, is the mole ratio of total
hydroxyl end groups to phenyl end group (i.e. (E 50t E;,O ) / E, ).

The calculation procedure is summarized as follows: 1) Provide a small time
step to integrate reaction eqs 5.5-5.8 and find out the number of moles of end groups
and phenol; 2) Find the conversions of monomers; 3) Based on the assumption of
most probable distribution, calculate the moles of monomers after reaction; 4) Follow

the method given by Woo et al.”®

, and use the vapor-liquid equilibrium equations
together with the Flory-Huggins equation to compute the vapor- and liquid-phase
compositions in the reactor, and calculate total moles of volatile species (i.e. phenol
and DPC) entering into the reflux column; 5) Use the vapor-liquid equilibrium
equations together with the Wilson equation to calculate the vapor flow rate leaving
reflux column and liquid flow rate refluxing back to the reactor; 6) Update total
volume and total moles of DPC (i.e. the moles of DPC initially charged — the moles
of DPC loss during the reaction) in the reaction system, and recalculate the mole ratio

of total hydroxyl end group to phenyl end group; 7) Repeat steps from 1 to 6 until the

desired reaction time is reached.
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5.3 Results and Discussion
5.3.1 Model Verification for Sequence Length Distributions

The first step is to verify the simulation results of sequence length averages by
comparing calculation results with previous recursive method developed by Lopez-
Serrano et al.”” The number and weight average sequence lengths for R, units

developed by Lopez-Serrano and coworkers’” are given as follows.

- 1
SL.(j)= 5.10
(/) - (5.10)
- 1+rp!
SLw(j)zﬁ (5.11)
11

where 7 1is the initial mole ratio of BR,B to AR A and it can be calculated by

P
D, TVP;

, and p; is the conversion of BR,B monomer.

In comparison with the results calculated by eqs 5.10 and 5.11, we first
assume that BR,B has a same reactivity as BR3;B and three monomers have same
conversions. Figure 5.5 shows the comparison of number- and weight-average
sequence lengths of R, units. It is seen that our simulation results are in good
agreement with those calculated by eqs 5.10 and 5.11. For the case of unequal
reactivity shown in Figure 5.6, we assume that BR,B has same conversions as AR A,
but the reactivity of BR;,B is different from that of BR3;B. Again, Figure 5.6 indicates
our simulation results of the number- and weight-average sequence lengths are well
matched with those calculated by the recursive method. Obviously, if the reactivity of
BR3B is much smaller than that of BR,B, only small amount of third monomer is

incorporated in the condensation terpolymer chains, which means that the number-
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and weight-average sequence lengths with respect to BR,B become fairly large. In
particular, when the reactivity of BR3B is close to zero (p3=0.01, p1= p>,=0.9),
according to the definition of sequence length, the sequence length of R, units will be
close to the chain length of homopolymer -R;R; RjR; RiR2R1R,R R,-. The ratio
between weight- and number-average sequence lengths should be close to 2, which is
shown in Figure 5.6 when p;=0.01.

To verify the sequence distributions, we set the conversion of BR3B as a very
small value to compare with the most probable distribution.'”' Again, if conversion is
very small, the sequence length distribution of R, units should be same as chain
length distribution of homopolymer of BAPC. If a condensation homopolymer chains
follows the most probable distribution, the number and weight chain length

distributions can be approximated as®,

P :<1_ral/2p)|:(r;11/2p)2”_1 +(r01/zp)2n} (5.12)

2 2n— 2n
W :(l—ral/zp) [211(1;11/2;)) 1+(2n+1)(ral/2p) } (5.13)
where 7, is the mole ratio of end group at the beginning of melt prepolymerization,

and p is the conversion of monomer. Figure 5.7 illustrates that the number and

weight fractions of chain sequence length for B, units calculated in this work are in
good agreement with Flory distributions when the conversion of third monomer takes
a very small value (p3=0.01, ,=1). It means that sequence length distributions can be
simplified as chain length distributions when the third monomer is not incorporated
into polymer chains, and that the model equations we developed give good simulation

results for sequence length distributions.
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5.3.2 Modeling of a Semibatch Melt Copolycondensation Process

The modeling of semibatch process is based on the melt polycondensation
process of BPA and DPC given by Woo et al.”® The reaction conditions are also taken
from this paper as a reference and they are listed in Table 5.3. The initial mole ratio
of BR3B to BR,B is assumed as 0.1 and the reactivity ratio of BR3B to BR,B, 7y, is
treated as an adjustable parameter. Reaction constants and physical properties of DPC
and phenol for the vapor-liquid equilibrium equations are given in Woo’s paper.”®

To verify the end group model developed above, we set the third monomer as
BR;B. Thus, the copolymerization is simplified as homopolymerization of DPC and
BPA. In this way, results generated from the end group model can be verified against
those calculated from the molecular species model that was used for modeling of the
melt polymerization of BPA and DPC in a semibatch reactor. Figure 5.8 shows the
comparison of number of moles of DPC and phenol calculated from the molecular
species model and from the end group model. Figure 5.9 illustrates the comparison
results of weight-average molecular weight in the course of reaction. It is seen that
the simulation results from the end group model are in good agreement with those
calculated from the molecular species model, meaning that the assumption of most
probable distribution of polymer chains in the reactor is valid, and the amount of
monomers in the reactor can be calculated from the number distribution of monomers.

Figure 5.10 shows the conversions of three monomers during the melt
copolycondensation process in the semibatch reactor for the reference case. It is seen
that conversions increase in a fast rate in the beginning and then quickly level off as

they reach up to 95%. Here, the conversion of DPC (p3) is not based on the total
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Table 5.3 Standard reaction conditions used as a reference

reaction condition value
reactor temperature 230 °C
reflux column temperature 82 °C
reaction pressure 5 mmHg
time to reach reaction pressure 2 mins
catalyst concentration 8x10~ mol/L
initial mole ratio of phenyl group to hydroxyl group 1.05
initial mole ratio of BR3;B to BR,B 0.1
reactivity ratio” 1

Note: “*”, Regarding the forward and backward reaction rate constants for the reversible reaction

between E, and Eg, we don’t have values available. Therefore, we estimate the values of k, and

k,'from the reactivity ratios, k;'/k; and k,'/k,, and treat them as adjustable parameters. As the first

approximation, the reaction equilibrium constants may be regarded as same, i.e. k;/k,=k;'/k,". Thus,

only one adjustable parameter is necessary.
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amount that is initially charged, but based on the updated total amount (i.e. deduct
DPC loss during the reaction from the DPC initially charged). Since the reactivity of
hydroxyl group from TMBPA is assumed same as that from BPA, it is obvious that p,
is equal to p3. With the conversion values, based on the model of chain sequence
length developed above we are able to calculate the chain sequence length
distributions and averages in the course of reaction. Figure 5.11 shows number and
weight fractions of sequence length of R, units under the standard reaction conditions.
It is seen that the number fraction of sequence length of R, units decreases
monotonously, meaning that longer polymer chains have lower number fraction.
However, in contrast to the number fraction of sequence length, most weight fraction
curves show a maximum value. As the conversion increases, the weight sequence
length distribution of R, units shifts to a higher value, indicating that the sequence
length of R, units is on the increase. Although both BR;B and BR3;B have same
conversions, more R, units are incorporated into polymer chains than Rj units
because of higher concentration of BR,B present in the system. As conversion is
getting close to a plateau value (t = 30 min), the further incorporation rate of R, units
is very slow and the sequence length distributions stay almost same. The increase of
sequence length of R; units also can be seen from those number- and weight-average
sequence lengths shown in Figure 5.12. The increase trend is similar as conversion

increase shown in Figure 5.10.
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1) Effect of End Group Ratio, r,

It is well known that stoichiometric imbalance of end groups has a significant
effect on the molecular weight increase during the melt polymerization. It was also
pointed out that the end group mole ratio (i.e. the total amount of hydroxyl end group
to the phenyl carbonate end group) is one of most important factors affecting the
reaction kinetics, for example, in both melt polymerization” and further solid-state
polymerization®. During the semibatch process, the loss of small amount of DPC is
unavoidable since the vapor pressure of DPC is not negligible small as compared with
phenolgg. In practice, a slight excess of DPC is often used in the beginning of melt
polymerization to compensate for the loss of DPC. Here, the end group ratio of 1.05
is used in the reference case. Therefore, it is important to understand how the
stoichiometric imbalance of end groups affects the sequence length distributions
during the preparation of condensation copolymers.

Figure 5.13 shows the effect of end group ratio r, on the weight-average
molecular weight at reaction t = 150 min. It is seen that the highest weight-average
molecular weight at t = 150 min is obtained at the initial end group mole ratio about
1.07. The effect of end group ratio on the average sequence lengths is shown in
Figure 5.14, which has similar trend as Figure 5.13. Figure 5.15 shows the effect of
end group ratio on the monomer conversions. It indicates that as the amount of DPC
increases, the conversion of DPC (p)) itself drops, but the conversions of BPA and
TMBPA (p», p3) increase. As motioned before, since the reactivity of TMBPA is
assumed same as that of BPA, both have same conversion values. Interestingly, the

maximum values of molecular weight and sequence length averages appear around
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the cross point where same conversion values meet. Again, note the conversion of
DPC is not based on the total amount that was initially charged, but based on the
updated value that excludes the loss of DPC during the melt polymerization, which is
constantly changing and means that the cross point may not appear at same end group
ratio for different reaction times. From Figure 5.13 and Figure 5.14, we can see that if
third monomer has a same reactivity value as the second monomer, higher molecular
weight is corresponding to larger sequence length. Therefore, average molecular
weight may be used to qualitatively indicate whether average chain length is long or

short, which may allow us to get around the measurement of chain sequence length.

2) Effect of Reactivity Ratio, r,.

The reactivity ratio ., defined by the ratio of rate constants, is an unknown
variable. For the forward reaction and backward reaction, there are two reactivity
ratios. To simplify the problem, we assume that both reactions have same equilibrium
constants. Thus, only one adjustable parameter is necessary, i.e. 7y = kl'/k1= kg'/kz) It
is another important factor affecting polymer chain microstructures in the products.
The difference of end group reactivity will result in different corporation rate of
monomers, which will greatly affect the chain sequence length distributions and
averages. Understanding the effect end group reactivity will help to determine and
design chain microstructures. Figure 5.16 shows the effect of reactivity ratio on the
conversions of monomers. Three reactivity ratios of 0.1, 1 and 10 have been
investigated. Generally, higher reactivity of third monomer may result in higher

conversion and larger amount of incorporation. However, Figure 5.16a and 5.16b

184



150
150

o~ ™~ ©
o o o
9dQ JO UOISIBAU0)

o o
18 1N
< <
\O) O \O)
9n ﬂ gn
£ - 0 E
N—" — N—"
) ()
£ £
19 19O -
© ©
10 1O
™ ™
| O | | | | O
L < — S «© ™~ © L
o o o o o o o

Vdg JO Uoisianuo)

185



Conversion of TMBPA

0 30 60 90 120 150

Time (min)
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show that there are negligible difference between the reactivity of 1 and that of 10 for
the conversions of DPC and BPA, although Figure 5.16¢ shows some difference in
the conversion of TMBPA. The reason is that the number of moles of BPA is much
larger than that of TMBPA in the system (v = 0.1), and the reaction rate not only
depends upon the reactivity, but also depends upon the concentration of monomers.
Low reactivity combined with high concentration may still give significant reaction
rate, while low reactivity combined with low concentration results in slow reaction
rate and low conversion. Figure 5.16¢ shows that the third monomer of TMBPA has
very low conversions if both amount (v = 0.1) and reactivity (.= 0.1) are small.
Figure 5.17 shows the chain sequence length distributions at different reaction times.
Again, we can see that as reaction time increases low reactivity of third monomer
leads to large incorporation of R, units. Figure 5.18 presents the reactivity ratio effect
on the chain sequence length averages. It is seen that if the reactivity of third
monomer is low (e.g. 7= 0.1), the average chain sequence length of R, units
becomes quite large. In particular, if the reactivity of third monomer is extremely low,
the sequence length distribution of R, units becomes chain length distribution of
repeating units (i.e. homopolymer), and the average sequence length of R, units

becomes average chain length of repeating units.

3) Effect of Monomer Ratio, v
Monomer ratio v is one of the key parameters that dominate the properties of
modified polycarbonate polymer. If the reactivity of third monomer is not as high as

the second monomer, excessive amount of third monomer has to be used in order to
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reach desirable composition in the final products. However, the utilization of
excessive amount of third monomer may give rise to large amount of oligomer
derived from the third monomer, which may have a significant effect on the
properties of final products. To investigate the effect of monomer ratio, v (i.e. the
mole ratio of the third monomer to the second monomer), the value of v is varied
from 0.1 to 0.5 while keeping other parameters same as the reference case. Figure
5.19 shows the effect of monomer ratio on the chain sequence length distributions. It
is seen that the decrease of third monomer will significantly increase the
incorporation of the second monomer and shift the distribution to a higher value of
sequence length of R; units. Figure 5.20 shows there is a huge difference in average
chain sequence length of R, units for different monomer ratio. It means that if there is
little difference in monomer reactivity, the initial monomer ratio of BR3B to BR,B
will dominate the chain compositions and sequence length distributions in the
products. Therefore, in order to achieve desirable sequence length distributions, the
first priority should be given to the initial monomer ratio that is going to be used in

the reaction.
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5.4 Conclusions

A new method, based on the probabilistic argument, has been developed to
calculate the chain sequence length averages as well as sequence length distributions
for condensation random copolymers. The procedure of this method is
straightforward, and only a few parameters are involved. As long as we know the
conversions of monomers and initial monomer ratios, chain sequence length
distributions are readily obtained. Thus, this chain sequence length model can easily
be incorporated with a melt polymerization. As an example, a semibatch process has
been used to show the evolution of chain sequence length distributions and the
change of average chain sequence lengths during the semibatch process. With the
chain sequence length model and the end group model, important parameters that
affecting chain microstructures such as end group ratio, reactivity ratio have been
investigated. The chain sequence length model we developed provides a tool to
estimate the chain microstructure for condensation terpolymers. With the relationship
between physical properties and chain sequence length distributions available, it also

allows us to design and optimize the chain microstructures.
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5.5 Notation

A = functional end group A

Ao = diphenol carbonate

B = functional end group B

By = bisphenol A

Ex = moles of phenyl carbonate group at time ¢, mol
Ep = initial moles of phenyl carbonate group, mol

Eg =moles of hydroxyl group from BR;,B at time #, mol
Eg' = moles of hydroxyl group from BR3B at time ¢, mol
Ep = initial moles of hydroxyl group from BR,B, mol
Eg ' = initial moles of hydroxyl group from BR3;B, mol
i = number of R, units in a polymer chain

J = chain sequence length

K = equilibrium constant

ki = forward reaction rate, L-mol™-min”'

k> = backward reaction rate, L-mol™ -min™’

m = chain type

M, = number-average molecular weight

M, = weight-average molecular weight

n = total number of units in a polymer chain
p = conversation of total hydroxyl end group
p1 = conversation of monomer AR;A

p2 = conversation of monomer BR,B
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p3 = conversation of monomer BR;B

P =moles of phenol at time #, mol

r1 = mole ratio of BR,B to AR;A

r, = mole ratio of end group at the beginning of melt prepolymerization, Ex o/Ep o
I'te = reactivity ratio

SL, = number-average chain sequence length

SL,, = weight-average chain sequence length

¢ = reaction time, min

¥ = volume of reaction system, cm’

vy = monomer ratio of BR;B to BR,B

Z = moles of polymer linage at time ¢, mol
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Chapter 6
Crystallization of Bisphenol A Polycarbonate to Three-

Dimensional Spherulites in Thin Films

6.1 Introduction

Chapter 2 and chapter 3 discussed the reaction kinetics of solid-state
polymerization (SSP) of bisphenol A polycarbonate (BAPC) in a polymer particle.
We have known that amorphous prepolymers produced from a melt transesterfication
reaction process must be crystallized before the SSP. Otherwise, the SSP becomes
impossible because amorphous BAPC prepolymer particles stick and fuse together at
a temperature above T, but below T}, which significantly increases the diffusion path
for phenol removal and hence reduces the reaction rate. Therefore, the crystallization
of BAPC polymer is very essential and the crystalline part in a prepolymer particle
serves the “scaffold” to maintain the thermal stability of a particle.

As we know, bisphenol A polycarbonate (BAPC) is a crystallizable polymer.
However, it takes extremely long time, for example, hundreds of hours to achieve
crystallization by thermal annealing at 170-205°C'* because the rigidity of
polycarbonate chains prohibits the rearrangement of the polymer molecules to an

ordered crystalline structure'™

. Therefore, when polycarbonate is melt-processed into
disks, bottles, or films, the polymer essentially stays in the amorphous state.”® To
accelerate the crystallization rate, a number of techniques have been developed

- - - 151 152 - 153
including treatments with plasticizers =, nuclear agents °°, organic solvent liquids

196



or vapors'>, super critical carbon dioxide®, and even with mechanical means such as
the processes of wet-drawn'>> and high-pressure molding'*°. Of all the available
methods for the preparation of crystalline BAPC, the most facile technique is the
method of solvent induced crystallization (SINC) in which polymer is exposed to
either solvent vapor or liquid. The SINC proceeds first by the penetration of solvent
molecules and then the swelling of the polymer matrix induced by the interaction
between polymer chain segments. The molecular interaction reduces the glass
transition temperature (7}) of the polymer, greatly enhancing the chain mobility"”’.
Then, the relaxation and rearrangement of polymer chains promoted by chemical
environment lead to crystallization.

The studies of SINC of BAPC polymer have been carried over decades. It is

150,158,159
"7 However,

well known that crystalline polycarbonate takes a spherulitic form.
the detailed morphological structures may vary from one to another depending a
number of parameters, such as solvent, crystallization temperature, molecular weight
of BAPC. Wilkes and Parlapiano'® reported an interesting morphology of
polycarbonate spherulites that have fibrils on the top surface of the spherulites. Zhao

1.'°" observed a spherulitic structure of polycarbonate with nano- and micro-sized

eta
protrusions. Although there are some reports available on the spherulitic structures of
BAPC, most studies are focused on the process of VINC'?*!5#137162165 ¢ the
morphology of BAPC polymer during the process of SINC is still not well
understood. The studies of the morphological effect on the SSP are even fewer.

In this chapter, we will present the morphology of precipitated BAPC polymer

particles and an interesting morphology of multi-layer stacked three-dimensional
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BAPC spherulites formed by SINC in thin films. The melting temperature and
crystallinity have been characterized by using DSC analysis. It is found that the newly
discovered polycarbonate crystalline spherulites have much higher melting points and
higher crystallinities than those precipitated crystalline particles from the bulk
solution. The multi-layer stacked three-dimensional BAPC spherulites potentially can
be used for many applications. For example, with higher melt temperature and a
shorter diffusion path, the BAPC spherulites should be a good candidate for solid-

state polymerization.

6.2 Experimental Section
6.2.1 Materials

BAPC samples in particle form prepared by the melt transesterification
process were kindly supplied by LG Chemical (Daejon, Korea). A transparent BAPC
film (Grade 8010MC, / = 635 um) was provided by GE. Sample codes of 8k, 14k and
24k indicate the weight-average molecular weights are 8k, 14k and 24k, respectively.
HPLC grade chloroform and acetone were used as received for the preparation of
sample solutions and crystallization. Microscopic slide glasses and 2in x 2in x Imm

lime soda glasses were used as substrates for the preparation of BAPC thin films.

6.2.2 Preparation of Thin Films
BAPC polymers were dissolved in chloroform to give approximately 5-15%
w/v solutions. Transparent amorphous thin BAPC films were prepared by the

solution-casting method and the spinning-coating method. The film thickness can be
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varied by changing the polymer concentrations. The film less than 1 pum in thickness
was prepared by a P-6000 spin coater. The most important parameters affecting the
film thickness are spinning speed and polymer concentration. After solution casting
and spinning coating, polymer coated glasses were placed in the fume hood and
vacuumed for further drying to remove solvent residue and moisture before
crystallization. The films on the glasses were transparent after drying, indicating that
no crystallization occurred. For those films made by solution-casting method, the
thickness was measured by a Mitutoyo micrometer. For the films made by spinning-
coating method, the thickness was measured by a Veeco Dektak 6M surface
profilometer. To measure the thickness, a small spot of a thin film was dissolved by
chloroform using a cotton swap. The height differences between the glass substrate

and the film surface were averaged as the thickness of a thin film.

6.2.3 Crystallization and Characterization

The preparation of crystalline samples was done by immersing the films into
an acetone bath at room temperature for 30 sec followed by air and vacuum drying.
The morphological structures were investigated by an Amory 1820-D and a Hitachi
S-4700 scanning electron microscopy (SEM) operating at 10-20kv and at 3-5kv,
respectively. SEM samples were coated with Au-Pd in a Denton vacuum evaporator.
Molecular weight was measured by GPC (gel permeation chromatography) equipped
with Waters 410 differential refractometer operating at 30°C. HPLC grade chloroform
was used as a solvent carrier. The differential scanning calorimetry (DSC) analysis

was used to measure melting temperature and crystallinity. The measurements were
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carried out by a TA instruments Q100 in a temperature range from 40°C to 300°C

with the heating rate at 10°C/min.

6.3 Results and Discussions
6.3.1 Morphology of Spherulites

Precipitation from its bulk solution using an anti-solvent is a widely practiced
method to prepare crystalline BAPC polymers for a SSP in industry.'** BAPC
crystalline particles also can be obtained by adding a poor solvent such as acetone
into BAPC solution. Figure 6.1 shows the SEM photos of crystalline particles of 8k
BAPC precipitated from its chloroform solution at room temperature. It is seen that
the size of precipitated particle is in an order of hundred micrometers. Figure 6.1a
shows that it is composed of a large number of highly aggregated spherulites.
Because of local nonuniformity of crystallization rate, the size and uniformity of
precipitated particles are poorly controlled in general. Figure 6.1b shows the size of
spherulites is in the similar range as those reported before.'®

To investigate the SINC of BAPC polymer in films, thin films (micrometer in
thickness) and ultra-thin films (sub-micrometer in thickness) are prepared by the
solution-casting method and the spinning-coating method, respectively. It is seen that
as a thin BAPC film is immersed into the acetone bath, the transparent film quickly
turns into opaque and then becomes whitish, indicating that the crystallization starts
almost immediately when the film is in contract with acetone liquid. It is seen that

both the diffusion of acetone liquid in polycarbonate matrix and crystallization are

very fast. Figure 6.2 shows the SEM photos of spherulitic structure developed in the
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(b)
Figure 6.1 SEM photographs of the 8k BAPC particles precipitated from its

chloroform solution by adding acetone (a) top view x1300; (b) top view x3000.
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(c)
Figure 6.2 SEM photographs of the BAPC film of 8k crystallized by acetone at 25°C:

(a) top view x 1 000; (b) top view x 5 000; (c) top view x 20 000 (/ =4.37 um).
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8k BAPC film after 30 sec’s contact with acetone liquid. It indicates that acetone has
a pronounced effect on the texture of BAPC thin films and the crystalline BAPC
polymer shows spherulitic structures. The spherulites of BAPC polymer are in three-
dimensional and formed as multiple layers as shown in Figure 6.2a. It also shows that
some spherulites are separated from other neighbor particles, while most of others are
in the aggregated form. Figure 6.2b is a close-up view of the spherulite particles. It is
seen that they are about 2-5 um in diameter and some spherulites have fully
developed structure, while others have an opening filature where is not filled with
BAPC polymer. Figure 6.2¢ shows more detailed nanoporous structures on the
surface of spherulites. We can see that nanosized needlelike protrusions and porous
holes are formed on the surface, which resembles a follower-like structure. Figure 6.3
shows the SEM photos for the BAPC film of 24k. Similar spherulitic structure with
size about 3 um in diameter is shown in Figure 6.3a. The cross sectional view of the
crystallized polymer film is shown in Figure 6.3b. Note that the crystallization occurs
from the film top to bottom and three-dimensional spherulites are indeed formed as
multiple layers, indicating that acetone not only fully penetrates polymer thin films,
but also crystallizes the whole film within 30 sec. Turska et al.'® reported that
acetone can penetrate BAPC films in 50 um thickness less than 30 sec at 20°C. Thus,
in our experiments the 30 sec’s immersion at room temperature is long enough to
allow acetone molecules to fully penetrate into the BAPC thin films whose thickness
is less than 10 pm. Interestingly, in contrast to what was reported by Wilkes and

15

Parlapiano', no fibril structure is observed on the top of three-dimensional

spherulitic bodies for the films that are less than 10 pm in thickness. It is also noted
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Figure 6.3 SEM photograph of the BAPC film of 24k crystallized by acetone at 25°C:

(a) top view x 15 000; (b) cross sectional view x 4 500 (/ =4.80 pm).
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that the three-dimensional BAPC spherulites formed as multiple layers throughout the
film, to the author’s best knowledge, has never been reported in the literature.

It is obvious that one of the important factors affecting the diffusion and
crystallization rate is the film thickness, which may also have a significant impact on
the structure of spherulites and the morphology of crystalline BAPC. As a
comparison, we used two other films with the thickness varied by the order of
magnitude. The transparent film with 0.84 pm in thickness was prepared by the
spinning-coating method (8k BAPC), and the other one with thickness of 635 um was
kindly supplied by GE (8010MC). The same crystallization procedure was applied for
both films. Figure 6.4 shows the SEM photos of the BAPC film provided by GE. It is
seen that the surface crystallization does not occur everywhere after 30 sec as shown
in Figure 6.4a. Figure 6.4b shows a closer view on the spherulites. They are
connected each other and lack of voids between spherulite particles. The structure of
these spherulitic bodies is of 3-D in nature, but the spherulite surface is not as porous
as those shown in Figures 6.2 and 6.3. However, these spherulites are very similar
with those shown in the paper by Wilkes and Parlapiano'™: 3-D spherulites are
mainly composed of fibril structure. Figure 6.4c shows that there is only a very
shallow crystallized layer in the film, indicating that the main body of film remains
unchanged.

For the ultra-thin film, i.e. sub-micrometers in thickness, the thickness is even
less than the diameter of fully developed 3-D spherulites shown in Figures 6.2 and 6.3.
Figure 6.5 shows the morphology of the ultra-thin film after immersion in the acetone

bath. In contrast to the spherulites shown in Figures 6.1 and 6.2, spherulites are
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Figure 6.4 SEM photographs of the 8010MC BAPC film crystallized by acetone at
25°C: (a) top view x 500; (b) top view x 5 000; (c¢) cross-sectional view x 1 000 (/=

635 pum).
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Figure 6.5 SEM photographs of the 8k BAPC ultra-thin film crystallized by acetone

at 25°C: (a) top view x 1 000; (b) top view x 5 000; (c) top view x 5 000 (/ = 0.84 um).
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incomplete, more isolated, and no vertically stacked spherulites has been observed.
Figure 6.5a shows that the shape and size of spherulites are not uniform. Some show
the intermediate morphologies of spherulitic structure, meaning that they remain at an
intermediate stage of crystallization, while others show the aggregated feature. A
close-up image is shown in Figure 6.5b. It is seen that the size of spherulitic structure
is even larger than the film thickness, which means that the molecular interaction
between acetone and BAPC polymer is strong enough to drag polymer material
towards the nuclei and cause the spherulitic particles continue to grow. However, due
to the large difference between the film thickness and the diameter of fully developed
spherulites, it is impossible for each one of nuclei to attract enough polymer material
from its neighbor to form a full spherulite. Therefore, a great number of spherulitic
particles only remain at a certain intermediate stage shown in Figure 6.5c. From the
intermediate features such as anisotropic rod and sheaf-like structures, it may be not
appropriate to visualize that the formation of spherulitic growth is nucleated in the
center, followed by radiating growth simultaneously in all radial directions. One the
contrary, Figure 6.5 suggests that the formation of BAPC spherulites undergoes in a
stepwise manner similar as what Desai and Wilkes'® proposed for the SINC of
poly(ethylene terephthalate): nucleus — rod — sheaf — spherulite.

It is obvious that film thickness has a significant impact on the morphology of
BAPC polymer. As the film thickness increases, the diffusion rate of acetone
decreases. For a given immersion time, acetone may not be able to fully penetrate into
the whole film. It is well known that as acetone molecules penetrate the polymer

matrix, both melting and glass transition temperatures are depressed. It does so to a
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certain extent, the interaction allows polymer chains to rearrange into the
thermodynamically favored crystalline state, and then the crystallization occurs.
Therefore, as film thickness decreases, the volume fraction of acetone increases,
which significantly reduces 7,. The relaxation rate and mobility of polymer chains are
greatly enhanced. As a result, the film thickness not only affects the crystallization
temperature, but also the crystallization rate. Moreover, the large fraction of acetone
in the film provides more physical interaction between acetone molecules and
polymer chains. This allows polymer chains to relax in a great extent to drag towards
nuclei, form a ball-like 3-D structure and create voids between spherulites. On the
other hand, for a thick film, lower fraction of acetone may not be able to provide
enough mobility for polymer chains to form distinctive spherulites and create voids.
If the crystallization takes place under the acetone vapor environment, the interaction
is further reduced and much longer time is required to reach crystallization. The weak
drag force may not be able to drag local chains to form a 3-D spherulitic structure
because the relaxation is only confined onto a two-dimensional space. Thus, the
resulting morphology of SINC is also dependant upon the film thickness. In order to
obtain the morphology shown in Figures 6.2 and 6.3, the film thickness has to be kept
in a certain range, i.e. the same order of the diameter of spherulites.

In contrast, the spherulties in the precipitated BAPC particles are
agglomerated together during the crystallization or further drying processes. It is seen
that the morphology is poorly controlled for these precipitated particles and they have

much less porous structures on the surface.

212



6.3.2 Differential Scanning Calorimetry (DSC)

The melting temperature and crystallinity are of interest for the spherulites
obtained in the thin-film crystallization of BAPC. It is reported that the melting
temperature (7,,,) for the SINC of polycarbonate has a wide range, for example, 170-
220°C'™, or 220-230°C*. Figure 6.6 shows the comparison of DSC curves of three
BAPC spherulite samples collected from crystallized thin films and those samples
precipitated from the bulk solution. More detailed results of melting temperatures are
listed in Table 6.1. It is seen that the melting temperatures of spherulite samples
obtained from thin-film crystallization have higher values than those precipitated
particles, while the melting temperatures of precipitated particles fall in the range that
was reported®. It suggests that these spherulites have a better ordered crystal structure
compared to those precipitated particles.

The crystallinity, x., is calculated by the following equation'®,

X, = g’g (6.1)

m

where AH is the heat of fusion of fully crystalline BAPC (109.6 J/ g’), and AH 18

the heat of fusion of the sample measured. Table 6.1 shows the crystallinities for
different BAPC samples. It is seen that the crystallinities of spherulites obtained from
thin-film crystallization have higher value than those precipitated particles. However,
the crystallinity values of spherulites are still about 30%, indicating that the major

fraction in a spherulite is still amorphous portion.
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Figure 6.6 DSC curves of BAPC crystalline spherulites and precipitated particles:
a.24k spherulites; b. 8k spherulites; c.14k spherulites; d.14k precipitated particles; e.

8k precipitated particles; f. 24k precipitated particles.
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Table 6.1 Characterization of thermal properties by DSC analysis.

Samples T (°C) Tno (°C) AH, (J/g) x. (%)
8k film 235.27 212.54 35.53 32.4
14k film 238.00 213.98 33.65 30.7
24k film 247.29 224.19 29.50 26.9
8k particle 224.86 206.66 30.21 27.5
14k particle 227.36 209.99 27.30 24.9
24k particle 224.17 208.58 23.50 21.4

Note: T, = onset melting temperature.

215



6.4 Conclusions

An interesting morphology of multi-layer stacked three-dimensional porous
spherulites has been reported in the process of SINC of BAPC thin films. The
morphology is different from what have been presented in the past literature. The film
thickness is one of key parameters that determine the resulting morphology. In order
to obtain the multi-layer stacked three-dimensional BAPC spherulites, film thickness
has to be kept in a certain range, i.e. the same order of the diameter of spherulites.
The crystalline particles precipitated from the bulk solution usually have much less
porous structures on the surface. Higher melting temperatures and crystallinities of
spherulites obtained by thin-film crystallization have been observed, suggesting that a
better ordered crystal structures formed. The porous, multi-layer stacked three-
dimensional BAPC spherulites potentially can be used for many applications. For
example, they would be a good candidate for the SSP to accelerate the reaction rate

and molecular weight increase.
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6.5 Notation
[ = film thickness, um

T, = glass transition temperature, °C
T = melting temperature, °C

T, ,= onset melting temperature, °C
x, = crystallinity

AH, = heat of fusion of the sample

AH = heat of fusion of fully crystalline BAPC
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

This study can be divided into the following four parts: 1) Particle modeling
of solid-state polymerization of bisphenol A polycarbonate; 2) Reactor modeling of
solid-state polymerization of bisphenol A polycarbonate in a moving packed bed; 3)
Modeling of chain sequence length distributions; and 4) Solvent-induced
crystallization of polycarbonate thin films.

In the part of particle modeling, an end group model and a molecular species
model have been developed to study the reaction kinetics of solid-state
polymerization of bisphenol A polycarbonate in a single polymer particle. A new
back calculation method has been developed to determine the initial end group
concentrations for the end group model. The calculation of initial conditions in a
prepolymer for the molecular species model has been improved by using the back
calculation method and the theory of Flory most probable distribution, which allows
us to more accurately determine initial moments. With the solid-state polymerization
models, the time evolution of complete polymer chain length distributions in a
polymer particle at different radial positions under various reaction conditions can be
calculated. Simulation results show that the end group mole ratio in a prepolymer has
a significant effect on the molecular weight increase, and that large polymer particles
exhibit strong intraparticle diffusion resistance to phenol removal and hence the chain

length distribution varies significantly from position to position in the polymer
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particle. It is also found that the reaction kinetics of solid-state polymerization is not
dependent on the prepolymer molecular weight per se, but it depends strongly on the
end group mole ratio in the starting prepolymer. To increase reaction rate and
molecular weight of solid-state polymerization, a method has been proposed to adjust
end group ratio for a prepolymer by blending with another prepolymer. With the
molecular species model, weight-average molecular weight can be obtained in case of
blending prepolymers, which is, however, incapable for the end group model. The
redistribution of end groups in a particle by remelting and recrystallization has been
reinvestigated. Both number- and weight-average molecular weights have been
studied during the remelting and secondary solid-state polyemrization, which
provides a deeper understanding in the mechanism of remelting and its effect on the
further solid-state polymerization.

In the part of reactor modeling, a dynamic continuous process model has been
developed for the solid-state polymerization of bisphenol A polycarbonate in a
moving packed bed reactor. The process model consists of a macroscopic reactor
model and a microscopic polymer particle model to calculate the reactor temperature
profiles and the polymer properties. Here, a new approach is used to treat heat
transfer in reactor scale and mass transfer in particle scale separately. The effects of
various reactor design and operation parameters on the performance of the solid-state
polymerization reactor have been analyzed and evaluated through modeling studies.
Simulation results show that a large scale moving packed bed reactor can have
significant nonuniformities of temperature and molecular weight, e.g. in a dynamic

state such as a startup process. This new approach not only allows us to account for
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the nonuniformities in the reactor scale, but also to consider the nonuniformities in
the particle scale, which helps us to have a better understanding of the performance of
solid-state polymerization in a moving packed reactor.

In the part of copolycondensation modeling, a new method, based on the
probabilistic argument, has been developed to calculate not only the chain sequence
length averages but also the chain sequence length distributions for condensation
terpolymers. The chain sequence length model has been verified by comparing chain
sequence length averages with the recursive method, and by comparing with Flory
most probable distributions. This model has been coupled with a melt
copolycondensation process in a semibath reactor to show the evolution of chain
sequence length distributions and the change of chain sequence length averages. To
simplify the model complexity, a new end group model has been developed to replace
the molecular species model for the description of a melt polymerization process.
With the chain sequence length model and the end group model, important
parameters that affect chain microstructures such as end group ratio, reactivity ratio
and monomer ratio have been investigated in the copolycondensation process. The
chain sequence length model we developed provides a tool to estimate the chain
microstructure. With the relationship between physical properties and chain sequence
length distributions available, it also allows us to design and optimize physical
properties for the condensation terpolymers by manipulating chain microstructures.

In the part of thin-film crystallization, an interesting morphology of crystalline
bisphenol A polycarbonate has been reported: multi-layer stacked three-dimensional

porous spherulites. The morphology is different from what have been presented in the
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past for the solvent-induced crystallization of bisphenol A polycarbonate polymer.
Generally, the crystalline particles precipitated from the bulk solution usually have
much less porous structures on the surface. It was found that the film thickness is one
of the key parameters that dominate the resulting morphology. Higher melting
temperatures and crystallinities of spherulites obtained by thin-film crystallization

have been observed, suggesting that a better ordered crystal structures formed.

7.2 Recommendations

In the particle modeling, simulation results show that the particle size of a
prepolymer has a significant effect on the reaction rate and molecular weight increase.
The diffusion of phenol condensate is a rate-controlling step for such relative big
particles. It is of interest to understand in what conditions the translational diffusion
of end groups would come to play in an important role, and how it would affect the
reaction rate, and molecular weight increase, etc.

In the reactor modeling of solid-state polymerization in a moving packed bed,
plug flows were assumed for both gas and solid phases. For a more complicated
reactor system such as side feed of purge gas or agitation involved, the assumption of
plug flows may not be good enough. A more detailed analysis of momentum transfer
and heat transfer might be required to know the velocity field and the temperature
field. For example, using computational fluid dynamics (CFD) would be a good
method to try.

For the modeling of chain sequence length distributions, it is important to

apply this method to other step-growth polymerization processes such as solid-state
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polymerization. It would be interesting to see how the particle size affects the chain
sequence length distributions at different particle radial positions.

The solvent-induced crystallization of polycarbonate thin films results in
interesting multi-layer stacked three-dimensional spherulites. It would be of interest
to investigate other solvents and other polymers such as poly(ethylene terephthalate)

and nylon.
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Appendix A Analysis of Heat Transfer in a Polymer Particle

In our modeling, it is assumed that there is no temperature gradient inside the
particles. Let us consider the following energy balance equation for a nonisothermal
particle:

p.Cp L=k VT e, (-t ate = 0.7, = T, A1)

where p, is the polymer density, C, , is the heat capacity, k, is the thermal

pss

conductivity, 7, is the reaction rate, and AH, is the reaction heat. The polymerization

rate is given by

" ﬁ{@([m —[E,1+2))-[E)([E]-[E,], +[EBJO)} (A2)

K
The boundary conditions for eq (A.1) are:

or,

—0atr=0 (A.3)
ot
k %T —h(T~T,) at r=R (A4)
/A

where 7, is the temperature of the bulk gas phase.

The heat transfer coefficient from the bulk gas phase to the particle surface is

estimated from the following correlation:

Nu=2+0.6Re"* Pr"? (A.5)
) hd )
where Nu is the Nusselt number defined as Nu = 7 If Nu = 2 is used, the heat

transfer coefficient will have a minimum value and the particle temperature

nonuniformity will be the most significant. Figure A.1 shows the radial temperature
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profiles in a spherical particle of radius 0.15 cm. It is observed that this relatively
large polymer particle reach a temperature uniformity in about 12 sec, which is

extremely short compared to the particle residence time in the reactor (10 hr).
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Figure A.1 Dynamic simulation of radial temperature profiles in a polymer particle of

radius 0.15 cm: Initial temperature = 25°C, the purge gas temperature = 200°C,

(-AH,)=6.8 keal/mol, C, =(0.559T +249.17)/254.3(J-g""K™),

k,=0.156 J-cm™ -K"‘min™".
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Appendix B Pressure Profile in the Reactor

Bed depth (cm) Top 00 Reactor radius (cm)

Figure B.1. Steady state pressure profiles in the reactor (standard operating

conditions).
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