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SYNOPSIS

The solution crystallization kinetics and crystal dissolution behavior of three grades of
poly (ethylene terephthalate) in N-methyl-2-pyrrolidinone were studied using turbidimetric
and calorimetric methods. The influence of concentration on the equilibrium dissolution
temperature was described using Flory’s melting point-composition relationship. The effect
of the solvent alkyl group was also investigated. N-Methyl-2-pyrrolidinone was found to
be a better solvent than N-ethyl-2-pyrrolidinone or N-cyclohexyl-2-pyrrolidinone for
poly (ethylene terephthalate). From the calorimetric experiments, it was determined that
two crystallization processes (primary and secondary crystallization) were responsible for
the total crystallinity. The primary process dominated the early stages of the crystallization
process and accounted for the majority of the final crystallinity for lower polymer concen-
trations. Based on coherent secondary nucleation theory, the effect of the crystallization
temperature on the primary crystallization rate constant was quantified in terms of a tem-
perature coefficient. This temperature coefficient was found to be relatively insensitive to
PET concentration, PET structural impurities, and solvent alkyl group. © 1993 John Wiley

& Sons, Inc.

INTRODUCTION

The solid-waste dilemma faced by many munici-
palities today as well as the economic value inherent
to polymers has spurred research into the separation
and reuse of postconsumer plastics. Common meth-
ods for separating mixed plastics include air clas-
sification, hydrocycloning, flotation-sedimentation,
depolymerization—purification-repolymerization,
and selective dissolution. Of these, only selective
dissolution is capable of removing bound impurities
from the plastic as well as differentiating plastics
based on the chemical properties of the individual
polymers without breaking down the polymer mol-
ecule. Therefore, selective dissolution processes
should yield high-purity polymers that retain the
economic value added by the initial polymerization
reaction and can replace virgin resins in high-grade
applications. Unfortunately, the higher purity
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achieved with a selective dissolution process comes
at a higher price, resulting from the complexity of
equipment and higher energy requirements as com-
pared to density separation processes.

In an effort to lower the costs while maintaining
the purity, an approach that combined low-cost, low-
purity technologies with a multiple solvent selective
dissolution process was proposed and applied, con-
ceptually, to a 2 L bottle waste stream composed
primarily of high-density polyethylene (HDPE) and
poly (ethylene terephthalate) (PET).!™ Using a low-
cost sink-float stage, the 2 L bottle waste would be
separated into polyolefin and PET fractions, these
fractions would then be sent to solvent-processing
trains. Research efforts were concentrated on the
selection and evaluation of solvents for the PET
processing train. Based on the selection criteria of
cost, solvent recovery, PET-solvent compatibility,
HDPE-solvent incompatibility, and toxicity, the
industrial solvent N-methyl-2-pyrrolidinone
(NMP) was chosen. The dissolution behavior of 2
L bottle PET and HDPE in NMP has been pre-
sented previously.'™
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To better understand the interactions of PET and
NMP, the dissolution behavior and crystallization
kinetics of bottle-grade PET in NMP have been
studied. The results of dilatometric solution crys-
tallization experiments along with turbidimetric
dissolution and crystallization experiments of one
commercial grade of PET in NMP have been dis-
cussed elsewhere.?

The goal of this paper is to expand the under-
standing of the solution crystallization and disso-
lution behavior of PET and to further demonstrate
the usefulness of turbidimetric crystallization and
dissolution data. In this paper, it is shown that the
dissolution behavior of PET crystals in NMP follows
an established melting point—composition relation-
ship. Also, calorimetric data on the solution crys-
tallization of PET in NMP are introduced to confirm
dilatometric observations regarding the occurrence
of primary and secondary crystallization processes
as well as to show the effect of crystallization con-
ditions on the relative amounts of these two pro-
cesses. In addition, the turbidimetric dissolution and
solution crystallization behavior of two additional
grades of PET in NMP are presented and compared
to previously reported results in order to elucidate
the impact of PET structural impurities. Similarly,
the effect of changing the N-alkyl group of the sol-
vent group N-alkyl-2-pyrrolidinone (NRP) on the
solution crystallization and dissolution character-
istics of PET has been investigated. Finally, the ef-
fect of the crystallization temperature on the pri-
mary crystallization process for all the PET/NRP
samples is quantified in terms of a temperature coef-
ficient derived using coherent secondary nucleation
theory.

TableI Properties of the PET Samples

EXPERIMENTAL

Materials

Three grades of PET were used in the experiments:
The majority of the samples were prepared with
Goodyear Cleartuf 7207 resin [PET (7207)], which
is commonly used in 2 L bottles with HDPE base
cups. Other samples were prepared with Goodyear
Cleartuf 8006 resin [ PET (8006) ], which can be used
in 2 L bottles without base cups. PET (8006 ) is sim-
ilar to PET(7207) except that a small amount of
isophthalic acid is added to the terephthalic acid
and ethylene glycol polymerization mixture, yielding
a copolymeric PET that crystallizes more slowly. A
third PET sample (HBPET) was melt and solid-
state polymerized from bis(2-hydroxyethyl)tere-
phthalate (BHET') (Polysciences) without catalysts
or nucleating agents for comparison with the com-
mercial PET samples.? The properties of these sam-
ples are presented in Table 1. The three PET sam-
ples differ, structurally, with respect to the concen-
tration of diethylene glycol (DEG) groups and
isophthalate groups in the backbone of the polymer.

Procedures

Turbidimetry

The turbidimeter apparatus and sample preparation
have been described in detail elsewhere.?® Briefly,
all samples analyzed with the turbidimeter were
prepared from vacuum-dried PET and one of the
following solvents: anhydrous N-methyl-2-pyrroli-
dinone (NMP) from Aldrich, molecular sieve-dried

Type of PET
Property PET(7207) PET(8006) HBPET

Intrinsic viscosity in o-chlorophenol

(dL/g) at 25°C 0.68 0.74 0.55
Number-average molecular weight (M,)* 15,100 17,600 = 11,000
Catalyst content? =~ 300 ppm =~ 300 ppm 0
Mol % diethylene glycol (DEG)P 3.65 1.70 1.90
Mol % isophthalate® 0 ~ 2 0
Melting temp, Ty, (°C)* 260 — 265

® Based on gel permeation chromatographic analysis.

b Determined with NMR at 40°C in deuterated trifluoroacetic acid.



N-ethyl-2-pyrrolidinone (NEP), or molecular sieve-
dried N-cyclohexyl-2-pyrrolidinone (CHP). The
NEP and CHP were donated by GAF Chemicals.
To avoid contamination by water, the solvents were
transferred to the glass cells in a nitrogen-filled glove
bag. The PET, solvent, and a Teflon-coated mag-
netic stirring bar were vacuum flame-sealed into
glass cells (28 mm OD) with a final sample volume
of about 35 mL.

The turbidimeter used to monitor the develop-
ment of crystallinity and the dissolution of the poly-
mer crystals was similar to that commonly used to
determine cloud points and clearing points of non-
crystalline polymer solutions.”!? For these experi-
ments, the flame-sealed sample cells were immersed
in a silicone oil bath (50 ¢s). The temperature of
the bath was controlled using a proportional resis-
tance temperature detector (RTD) controller
(Omega Engineering CN2042) that was capable of
maintaining the temperature to within +0.1°C and
was also able to increase the temperature at a con-
stant rate. The cloudiness of the sample was deter-
mined by passing a He — Ne laser beam (Spectra-
Physics 145-01 4 mW ) through the sample. The in-
tensity of the transmitted laser beam was converted
to a voltage signal using a photodetector (United
Detector Technologies PIN10DP) and current-to-
voltage converter/amplifier.®> The temperature of
the bath was measured using an RTD probe. The
resistance of the RTD probe was converted to a
voltage signal (Omega Engineering TAC81-RTD
converter ) and amplified. Both the photosignal (V')
and temperature voltages were recorded using a Data
Translation DT2801 data acquisition board installed
in an IBM personal computer. Data from the two
signals were stored and analyzed with the aid of
the Asystant+ software package (Macmillan Soft-
ware Co.).

A flame-sealed sample was dissolved by immers-
ing the cell in a second oil bath at an elevated tem-
perature. Once the PET had dissolved, the cell was
placed in the turbidimeter bath at the desired crys-
tallization temperature (T,) and acquisition of the
photosignal data was initiated. As the crystallization
proceeded, the photosignal became gradually atten-
uated until a final base line (V;) was reached. A
good measure of the time scale of the overall crys-
tallization process is the time required for a 20%
net reduction in the photosignal (tﬁ,‘;). This occurs
at the point where (V; — V) = 0.2(V; — V;).In this
relationship, V; is the initial base-line voltage. This
parameter, tgg, will be referred to as the “20% pho-
tosignal reduction time.”
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To determine the dissolution temperature (7})
of the crystalline material formed in turbidimetric
experiments, once the photosignal in the isothermal
crystallization experiment had dropped approxi-
mately 90%, the cells were heated in the turbidimeter
from the crystallization temperature until the so-
lution cleared as a result of crystal dissolution. A
heating rate of 1°C/min was used. During the heat-
ing process, the photosignal and bath temperature
were recorded. The dissolution temperature was de-
fined as the intersection of the final photosignal base
line and the maximum slope line of the photosignal
vs. the temperature dissolution curve. This type of
dissolution measurement has been commonly
used.!1%!* The dissolution temperature is generally
a linear function of the crystallization temperature
(T.). The equilibrium dissolution temperature
(T9%), the theoretical temperature at which perfect,
infinitely thick crystals are in equilibrium with sol-
vated polymer chains,'® was estimated by extrapo-
lating T, vs. T, data to the Ty = T, line. This ex-
trapolation is commonly referred to as a Hoffman-
Weeks plot.'*'® Examples of this T determination
method have been presented previously for PET/
NMP samples.?® Theoretically, at this temperature,
T'Y9, the solution is in crystallization /dissolution
equilibrium and the crystallization of PET will take
an infinite amount of time. It is the distance from
T (AT = TY — T.) that controls the rate of crys-
tallization.

Dilatometry

A custom-made dilatometer with a sample volume
of about 80 mL was used to measure the extent-of-
crystallization over the entire crystallization process
for three PET (7207) /NMP samples. The results of
these experiments as well as details of the design
and operation of the dilatometer have been provided
elsewhere.??

Calorimetry

A Perkin-Elmer DSC-2C differential scanning cal-
orimeter (DSC) equipped with an Intracooler II re-
frigeration unit, which allowed for cooling rates up
to 320°C/min, was used to study the solution crys-
tallization of PET in NMP. DSC samples of 3.0 and
9.0 wt % PET (7207) in anhydrous NMP (Aldrich)
were prepared. All samples were sealed in aluminum
volatile sample pans (Perkin-Elmer #0219-0062).
A section of an aluminum DSC sample pan lid sealed
in a volatile sample pan was used as the reference
material. The PET/NMP samples were prepared
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by vacuum flame-sealing the solvent and polymer
in 10 mL Pyrex ampules. The polymer was dissolved
by heating the ampules in an oven to 170°C for about
1 h. Once dissolved, the samples were cooled to room
temperature to crystallize the polymer. The ampules
were then opened in a nitrogen-filled glove bag, and
about 13 mg of the PET /NMP suspensions were
transferred to the DSC sample pans.

The DSC samples were studied using an endo-
thermic method. In this method, a sample was
heated to 170°C to dissolve the polymer, held for 4
min, and quenched to the crystallization tempera-
ture (T,) at a rate of 160°C /min. After crystallizing
at T, for time, ¢, the sample was heated at a rate of
10°C/min while the energy and temperature signals
from the instrument were recorded (endotherm).
This procedure was repeated at the same T, for in-
creasing crystallization times, until the resulting
endotherm did not change in size or shape. The en-
ergy signal associated with a short crystallization
time (less than 1 min) was used as the reference
base line for the samples. DSC energy range settings
of 0.1 and 0.2 mcal/s were used for 3.0 and 9.0
wt % samples, respectively.

RESULTS AND DISCUSSION

Solution Crystallization-Calorimetric
Observations

Based on previous dilatometric experiments with
PET/NMP samples containing 0.78, 1.7, and 3.3
wt % PET(7207), it appeared that the total crys-
tallinity resulted from two processes: a primary pro-
cess that accounted for the majority of the final
crystallinity and dominated the early stages of the
process, and a slower secondary process.>® Under
the assumption that two processes were occurring,
the total extent-of-crystallization (X;) was modeled
as a weighted sum of the processes:

Xr=wXi+ (1 - 1) X, (1)

where w, is the fraction of the final crystallinity due
to the primary process and X; is the extent-of-crys-
tallization of the ith process.

Furthermore, it was observed from the dilatom-
eter experiments that the primary process was re-
sponsible for almost all of the crystallization in the
early stages as well as the majority of the final crys-
tallinity. This primary crystallization process was
described using a standard Avrami equation:

X1 =1—exp(—kt") (2)

where X, is the extent-of-crystallization for the pri-
mary process; k, the Avrami rate constant; and n,
the Avrami exponent. The rate constant, k, was de-
termined using a novel derivative data analysis
method.?® The Avrami equation is commonly used
to describe polymer crystallization from the melt
1921 or from solution.???® An Avrami exponent of n
= 4 best described the data, indicating that primary
crystallization resulted from homogeneous nucle-
ation and three-dimensional growth.'®?>?*? Since
the three-dimensional spherulitic growth of PET
crystals is well documented?®?® and spherulitic
crystals from a PET /NMP solution were observed
using an electron microscope,® an exponent of 4 was
reasonable.

To verify the presence of multiple crystallization
processes and to determine the effect of crystalli-
zation conditions on the relative amounts of these
processes, the solution crystallization of PET in
NMP was monitored with the calorimetric method
described in the Experimental section. Two concen-
trations were studied with this method: 3.0 and 9.0
wt % PET (7207) in NMP. The change in the dis-
solution endotherm with crystallization time (¢.) for
a 9.0 wt % PET (7207) in NMP sample crystallized
at 95°C is illustrated in Figure 1. Initially, a crystal
structure was formed that dissolved at about 133°C.
Eventually, though, a second crystal structure ap-
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Figure 1 Effect of crystallization time (¢.) on the pri-
mary (1°) and secondary (2°) crystal dissolution peaks
for 9.0 wt % PET (7207) / NMP crystallized at 95°C. Con-
ditions: £, = 10, 15, 20, 30, 45, 75, 230, and 875 min; heating
rate = 10°C /min; range = 0.2 mcal/s. Signal normalized
by sample mass.



peared that dissolved at about 114°C. The lower
dissolution temperature of the secondary structure
indicates that it was less stable than was the primary
structure. It can also be seen in Figure 1 that the
dissolution temperature of the secondary crystals
increased with the crystallization time, whereas that
of the primary crystals was invariant with respect
to time. The increase in the dissolution temperature
with time indicates that the secondary crystals un-
derwent an annealing process that improved the
stability of the crystal while the primary crystals
were unaffected.?

The presence of two dissolution peaks suggests
that two crystallization processes were present, 26303
which confirms the conclusion from dilatometer ex-
periments that primary and secondary crystalliza-
tion processes caused the observed dilatometer
height response.?® In addition, it is apparent that
the primary process dominates the overall crystal-
lization during the initial stages of the crystallization
as was also concluded from the dilatometric data.
The primary peak (higher dissolution temperature)
most likely represents spherulitic crystallization,
while the secondary peak (lower dissolution tem-
perature) may be associated with extraspherulitic
crystallization.?®

The effect of crystallization temperature on the
dissolution endotherms is illustrated in Figure 2 for
9.0 wt % PET(7207) in NMP samples crystallized
until completion at 90, 95, and 100°C. It is apparent

10
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Figure 2 Effect of crystallization temperature on the
dissolution endotherms of 9.0 wt % PET (7207)/NMP
crystallized to completion. Signals normalized by mass of

sample. Samples were estimated to be about 60% crys-
talline.
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Figure 3 Effect of PET concentration on the endo-
thermic dissolution peaks of PET (7207) in NMP crys-
tallized to completion. Crystallization conditions: 725 min
at 75°C for the 3.0 wt % sample and 875 min at 95°C for
the 9.0 wt % sample. Heating rate: 10°C/min. Signals
normalized by mass of PET in the sample.

that the dissolution temperatures of the primary and
secondary crystal structures increased with increas-
ing crystallization temperature. In addition, Figure
2 shows that the crystallization temperature affects
the relative amount of secondary crystallization, as
evidenced by the size of the secondary dissolution
peak relative to that of the primary peak. Increasing
T. results in more secondary crystallization, prob-
ably a result of interactions between the growing
crystals and the relative rates of the primary and
secondary crystallization processes. Greater
amounts of secondary crystallization at higher crys-
tallization temperatures was also observed with di-
latometer samples.®
The impingement and interaction of growing
crystals can alter the character of the crystallization,
promoting secondary crystallization. Reducing the
polymer concentration should decrease these inter-
actions and, therefore, the relative amount of sec-
ondary crystallization. From the dissolution endo-
therms for 3.0 and 9.0 wt % PET(7207) in NMP
samples crystallized until completion at 75 and 95°C
shown in Figure 3, it is evident that the size of the
peak associated with the secondary crystals (relative
to the size of the primary crystal endotherm) is much
smaller for the 3.0 wt % sample. Therefore, in the
PET/NMP samples, the relative amount of sec-

ondary crystallization was highly sensitive to con-
centration.
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Solution Crystallization—Turbidimetric Results

As reported previously,?® the development of crys-
tallinity in dilatometer samples can be monitored
with a turbidimetric method in which the time re-
quired for the onset of measurable cloudiness is used
as a time scale for the primary crystallization pro-
cess. It was observed that the dilatometrically de-
termined Avrami rate constant, k, for the primary
process could be related to the turbidimetrically de-
termined time scale using the following power-law

relationship:
_ {—In(0.9) 1\
S T T

where 5 is the turbidimetric time scale and the
parameter ® is independent of temperature, but
somewhat concentration-dependent.>® As a result
of this relationship, it is possible to use the more
easily obtained turbidimetric data to study the effect
of various crystallization conditions on the kinetics
of the primary crystallization process.

The crystallization rate of a polymer is a function
of several factors.?*® Prominent among these factors
for solution crystallization are temperature, con-
centration, main-chain regularity, and solvent
structure. The effect of crystallization temperature
and PET (7207) concentration on the 20% photo-
signal reduction time (tf)’,};) and, therefore, the so-
lution crystallization rate of PET (7207) in NMP,
has already been reported.? tﬁ_‘; was found to be an
exponential function of both the crystallization
temperature and the polymer concentration.??

Effect of PET Structure

The regularity of the repeat units in a polymer chain
impacts the ability of the polymer to crystallize by
affecting its capacity to fit into a well-defined lattice.
If the main chain is composed of a random mixture
of units or contains a small amount of copolymer,
it is more difficult for the molecule to fit into a re-
peating lattice structure. Chains with a greater de-
gree of regularity will, therefore, crystallize faster
and yield a higher final level of crystallinity.

To determine the effect of PET main-chain reg-
ularity on t&% and, therefore, the crystallization rate
constant, flame-sealed samples of PET (8006) in
NMP (0.89 wt %) and HBPET in NMP (0.88
wt %) were prepared and analyzed and compared
with a 0.87 wt % PET'(7207) in NMP sample. The
values of tg,}; determined for these samples are dis-
played in Figure 4. These results indicate that for
the same PET concentration and crystallization
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Figure 4 Variation of 20% photosignal reduction time
(tﬁ,‘;) with crystallization temperature (7,) for flame-
sealed samples of about 0.9 wt % PET(7207)/NMP,
PET (8006) /NMP, HBPET/NMP, PET(7207)/NEP,
and PET(7207)/CHP.

temperature, HBPET crystallizes most rapidly, fol-
lowed by PET (7207) and PET (8006). This result
is understandable since, from Table I, HBPET has
the most regular structure (least amount of DEG)
while the two Goodyear resins have higher levels of
main-chain counits (DEG for the 7207 resin and
DEG + isophthalate for the 8006 resin).

Effect of Solvent

Poly (ethylene terephthalate) is composed of two
dissimilar moieties: an aliphatic ester group and an
aromatic group. Because of this dissimilarity, PET
exhibits a bimodal solubility parameter.?*>¢ In other
words, PET interacts with a solvent through two
functional groups while many polymers interact
through only one. As a result, the interactions be-
tween PET and a solvent are more complex than
for a simple, single-unit polymer such as polyeth-
ylene. PET-solvent compatibility can be affected
by changing the aromatic or aliphatic nature of the
solvent, an important implication for the selection
of the optimum solvent for a selective dissolution
process. Therefore, the effect of the solvent alkyl
group R (N-R-2-pyrrolidinone) on the dissolution
and crystallization behavior of PET was investi-
gated.

Flame-sealed samples of PET (7207) in NEP (R
= ethyl group) and PET(7207) in CHP (R = cy-
clohexyl group) were prepared with concentrations
of 0.90 and 0.97 wt %, respectively. In Figure 4, the



crystallization results for these two samples are pre-
sented together with those for the 0.87 wt %
PET (7207) in NMP (R = methyl) sample [as well
as the PET (8006) /NMP and HBPET /NMP sam-
ples]. These results indicate that increasing the size
of the alkyl group of N-R-2-pyrrolidinone solvents
increases the solution crystallization rate of PET
(reduces compatibility). This observation is sup-
ported by Knox’s work®® in which it was found
that the aromatic group of PET is capable of stron-
ger interactions than those of the aliphatic ester
group. Therefore, by increasing the aliphatic nature
of the solvent (NMP < NEP < CHP), the PET-
solvent interaction is worsened. Furthermore, a
larger alkyl group introduces some steric hindrance,
reducing the polymer-solvent compatibility.

Dissolution Behavior

To understand the solution crystallization kinetics
of a polymer, the dissolution characteristics of the
polymer /solvent pair must be determined. The im-
portance of the dissolution behavior lies in the driv-
ing force for the crystallization, which is the degree
to which a polymer solution is cooled below the
equilibrium dissolution temperature. As was the case
for the crystallization rate, many factors affect the
dissolution temperature of a polymer including con-
centration, crystallization temperature, main-chain
regularity, and solvent. Some experimental data on
the effect of polymer concentration and crystalli-
zation temperature on the dissolution temperature
of PET(7207) in NMP have been reported
previously 2; however, the effect of PET concentra-
tion on the equilibrium dissolution temperature,
TY, was not thoroughly investigated.

Effect of PET Concentration

The dissolution behavior of seven flame-sealed
PET(7207)/NMP samples was analyzed according
to the procedure described in the Experimental sec-
tion. The TY values determined in this manner are
plotted in Figure 5 as a function of PET (7207) con-
centration. It is well documented that the melting
point and glass transition temperature of a polymer
are depressed by the addition of a diluent.?>*? The
extent of the depression depends on the structure
of the solvent as well as the polymer-solvent com-
patibility. This effect has been extensively studied
both theoretically and experimentally.®”* The
theoretical development is based on the Flory—-Hug-
gins theory for the free energy of mixing of two spe-
cies in a polymer melt.*® Flory extended this theory
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Figure 5 Influence of PET concentration on the equi-
librium dissolution temperature (7'3) for flame-sealed
samples of PET (7207) in NMP.

to describe the melting point-composition relation-
ship for mixtures of semicrystalline polymers and
diluents.*® This work is summarized by the following
classic relationship:

1 1 R V.
(7 71) = (5 ) (¥ ) =01 @

where T is the equilibrium dissolution (melting)
temperature for a polymer/solvent mixture with a
solvent volume fraction v;. T'Y, is the melting tem-
perature of the pure polymer; V; and V,, the molar
volumes of the solvent and polymer repeat unit, re-
spectively; AH,, the heat of fusion of the pure poly-
mer per mole of repeat units; R, the gas constant;
and X;, the Flory—Huggins thermodynamic inter-
action parameter.

Equation (4) was used to fit the PET(7207)/
NMP dissolution data. Literature values were used
for all of the parameters except X;: (V,/V;) = 1.35;
T = 260°C (533 K); AH, = 6430 cal /mol.538474
The polymer-solvent interaction parameter, X,, is
often dependent upon the polymer concentration
and can be represented as a polynomial expansion
in terms of the polymer volume fraction (,)%°:

X1 = 2 ai(vy)’ (5)

i=0

where a; are constants. For this work, only the first
two terms in the expansion were retained; therefore,
eq. (5) reduced to (in terms of the solvent volume
fraction)

X; = (ag + az) — agry (6)
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The best least-squares fit (R? = 0.97) of the
PET (7207)/NMP dissolution data to eq. (4) was
obtained with X; = 1.7 — 2.0v;. This fitted equation
is plotted in Figure 5 along with the experimental
data. The interaction parameter ranged from —0.31
for 0.49 wt % PET to —0.17 for the 9.8 wt % PET
sample. Positive values of X; are more common than
are negative values, but X; < 0 has been observed
for several polymer-solvent systems including PET-
dibutyl phthalate and poly(decamethylene tere-
phthalate) -benzophenone.?>*® It is evident from
Figure 5 that the theoretical relationship [eq. (4)]
represents the data quite well.

Effect of PET Structure

It was shown in a previous section that at a given crys-
tallization temperature, HBPET crystallizes most
rapidly, followed by PET(7207) and PET(8006).
This trend may have resulted from differences in
T'9 that would alter the crystallization driving force,
AT = (TY% — T.). The dissolution and melting be-
havior of polymer crystals is affected by the same
factors that control the crystallization behavior. In
general, as the perfection of the crystal lattice in-
creases, so too does the melting/dissolution tem-
perature. Therefore, for a given polymer, if the reg-
ularity of repeat units is increased, then the melting /
dissolution temperature will also increase. As a re-
sult, materials that contain small amounts of main-
chain impurities will exhibit higher melting/disso-
lution temperatures than those with higher impurity
levels. For example, diethylene glycol (DEG) groups
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Figure 6 Variation of the equilibrium dissolution tem-
perature (7'9) with concentration for all flame-sealed
samples with PET concentrations in the range of 0-4
wt %.

in PET may occupy the positions of some ethylene
glycol (EG) groups. It has been found that the T,
of PET is reduced 3°C for each mol % DEG in the
polymer main chain.®

To further investigate this trend, the dissolution
behavior of two HBPET /NMP flame-sealed sam-
ples and two PET (8006 ) / NMP samples was deter-
mined. The variation of the equilibrium dissolution
temperature with PET concentration is presented
in Figure 6 for all flame-sealed samples in the con-
centration range of 0-4 wt %. It is apparent that
TS for PET (8006) is about the same as that of
PET(7207). On the other hand, T for HBPET is
almost 6°C higher than for PET (7207). This ob-
served trend in T'J values suggests that the driving
force for crystallization is less for PET (7207) and
PET (8006) than for HBPET, which explains why
the 20% photosignal reduction time is much less for
the HBPET /NMP system.

Effect of Solvent

The dissolution behavior of the 0.90 wt %
PET (7207)/NEP and 0.97 wt % PET (7207)/CHP
flame-sealed samples was studied. Based on the ef-
fect of the N-R-2-pyrrolidinone alkyl group (R) on
tg,hz, it was concluded that, of the solvents studied,
NMP (R = methyl) was the best solvent for PET,
followed by NEP (R = ethyl) and CHP (R = cy-
clohexyl). This trend in PET-solvent compatibility
is confirmed by the dissolution results presented in
Figure 6. For samples with about 0.9 wt %
PET(7207), TS = 141°C for NMP, 160°C for NEP,
and 183°C for CHP. These results provide confir-
mation that as the size of the alkyl group on the
solvent is increased compatibility with PET is
greatly reduced.

Temperature Coefficient of the Solution
Crystallization Process

In the preceding sections, the effect of several factors
on the solution crystallization rate of PET have been
discussed. Of these factors, the crystallization tem-
perature has the most dramatic effect. For this rea-
son, an attempt was made to relate the crystalliza-
tion rate to the crystallization temperature (T,) us-
ing crystallization theory and observed relationships.

The temperature dependence of the crystalliza-
tion process, as observed in Figure 7 for a dilatometer
sample, results from the strong effect of temperature
on the primary crystallization rate constant, k. This
dependence can be described by the following
relationship #*%:
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Figure 7 Plot of extent-of-crystallization (X) as a
function of time and crystallization temperature for 0.78
wt % PET (7207) in NMP dilatometer sample.

P[—ED—AF*]) 7)

k= koexp( T,
where kg is a constant with respect to temperature
but not concentration; p, a constant that describes
the growth dimensionality; and &, the Boltzmann
constant. Ep, is the activation energy for transport
that, for polymer solutions, is assumed to be negli-
gible. AF* is the free energy for the formation of a
critical-sized secondary nucleus. For coherent sec-
ondary nucleation, 321:51:52

_ 4booo, T
AhAT

*

(8)

where AT is the crystallization driving force (79

— T.); by, the monomolecular thickness of the nu-

cleus; Ahy, the heat of fusion per unit volume; and

¢ and o,, the lateral and end surface free energies

of the crystal (units of erg/cm?), respectively.
Combining egs. (7) and (8) yields

T}
TAT

~log(k) _ ~log(ko) 9( )

n n

where the temperature coefficient, 0, is a lumped
constant assumed to be independent of temperature:

4byoa,
_ 4byo(p/n) (10)
2.3k, Ahy
According to eq. (9), the logarithm of the rate con-
stant varies linearly with T'%/(T.AT). This is re-
ferred to as the “AT™! rate law.” The values of
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—log(k)/n for the three dilatometer samples®® are
plotted in Figure 8 as a function of T3/ (T.AT ). As

suggested by eq. (9), a linear relationship results.

The average slope of the lines (®) in Figure 8 is 154

+ 13 K. Using eq. 10, the product of the surface free

energies (oa,) for the PET crystals was estimated
to be about 480 erg?/cm® based on the average slope
of the lines, Ah; = 2.0 X 10° erg/cm?®, by = 0.5 nm,
and (p/n) = 1. This value of g0, is the same order
of magnitude as for other homopolymers such as
poly (chlorotrifluoroethylene) (200 erg?/cm?), iso-
tactic polystyrene (270 erg?/cm?), and poly-
(vinylidene fluoride) (370 erg?/cm?) 25152

The turbidimetric crystallization time can be re-

lated to the temperature parameters by combining
eq. (3) with eq. (9) to yield

(11)

phy _ g
log(tps) = B+ @( TCAT)
where 0 is the same as in eq. (9) and B is a lumped
parameter that is independent of temperature but
is sensitive to concentration. According to eq. (11),
aplot of log (¢53) vs. TS/ (T,AT ) will be linear, with
a slope of ©. From Figure 9, it is apparent that eq.
(11) is valid, since a linear relationship is observed
for ¢35 data from the dilatometer samples. In addi-
tion, the slopes of the lines in Figure 9 are within
about 1% of the corresponding lines in Figure 8,
indicating that © is the same for both turbidimeter

3.5 ,
_ »
Slope = © o .
3_ ° ’ _
/ O‘
7/ . .
54 o
~ 2.5 VA N
— 7/ O
& e ¢
- V4 K
o - & - 0.78 wt%
2- o 1T wt% |
e 33 Wt%
1.5 1 i
0.015 0.02 0.025 0.03

(/T XTS/AT) K

Figure 8 Plot of Avrami rate constant, k, as a function
of TY/(T.AT) according to eq. (9) for the three
PET (7207) /NMP dilatometer samples. The slopes of the
lines for the 0.78, 1.7, and 3.3 wt % PET samples are 1686,

155, and 140 K, respectively.
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Figure 9 Plot of the 20% photosignal reduction time
(t2%) as a function of T'%/(T,AT) according to eq. (11)
for the three PET (7207)/NMP dilatometer samples. The
slopes of the lines for the 0.78, 1.7, and 3.3 wt % PET
samples are 166, 159, and 141 K, respectively.

data (¢2%) and dilatometer data (k). Therefore, the
effect of crystallization conditions on the tempera-
ture coefficient (®) can be determined using more
easily obtained turbidimetric data in place of rig-
orous dilatometric data.

Effect of Concentration, PET Structure, and
Solvent on Temperature Coefficient

The effect of PET concentration on O for the dila-
tometer samples and the turbidimeter flame-sealed
PET (7207) samples is illustrated in Figure 10. It
appears that 0 decreases linearly with the logarithm
of the PET concentration, most likely because of
changes in the surface free energies (o or o.) or be-

180 ‘ T i T " T T T
@ Flame-sealed samples
(O Dilatometer samples
NO RN e 0= C + C2 log(coz) curve fit
LN [ ]
160 - .“ O B
o
o) e,
(K)
b LT
140 o O
-9
120 . ! . | . | . 1 .
0 0.02 0.04 0.06 0.08 0.1

Weight Fraction PET ( o, )

Figure 10 Variation of the temperature coefficient (©)
with PET concentration for all PET(7207)/NMP
samples.
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<0 PET(7207)/NEP
10° || - @ - PET(7207)/CHP .0 P .
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100 |- P dir 4
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Figure 11 Plot of the 20% photosignal reduction time
(t%h) as a function of TS/ (T.AT) according to eq. (11)
for flame-sealed samples of about 0.9 wt % PET (7207)/
NMP, PET (8006) /NMP, HBPET /NMP, PET (7207) /
NEP, and PET (7207) /CHP.

cause the model used to develop eq. (9) does not
exactly describe the crystallization process.

In a previous section, it was observed that the
solution crystallization rate of PET was significantly
affected by the counit content (diethylene glycol and
isophthalate) of the polymer backbone as well as by
the solvent type. The tS}; data for PET (8006) /NMP
and HBPET /NMP flame-sealed samples are plot-
ted vs. TS/ (T.AT ) in Figure 11 along with the data
for the 0.87 wt % PET (7207) / NMP sample. Since
the lines have similar slopes, it is clear that the tem-
perature coeflicient is relatively unaffected by
changes in the counit content. On the other hand,
the intercept is affected by the PET structure as
evidenced by the vertical offset of the lines.

Similarly, the temperature coefficient was not
found to be a function of the solvent alkyl group as
evidenced by the similar slopes of the tg_}; vs.
TY%/(T.AT ) data in Figure 11 for flame-sealed sam-
ples of PET(7207) in N-methyl-2-pyrrolidinone
(NMP), N-ethyl-2-pyrrolidinone (NEP), and N-
cyclohexyl-2-pyrrolidinone (CHP). This indicates
that © and, therefore, the surface free energies, are
independent of the crystallization medium. The
same observation (0 independent of solvent) was
made by Devoy et al.? for the solution crystallization
of polyethylene in decalin, p-xylene, and ri-hexa-
decane.

CONCLUSIONS

The experimental techniques of dilatometry, tur-
bidimetry, and calorimetry were applied to study the



solution crystallization of PET. Dilatometry was
used to monitor the extent-of-crystallization di-
rectly. Two crystallization processes were found to
be responsible for the total crystallinity: a primary
process that accounted for the majority of the final
crystallinity and dominated the first 60% of the pro-
cess, and a slower secondary process. The Avrami
rate constant, k, was found to be sensitive to the
crystallization temperature and PET concentration.

Calorimetric experiments carried out on PET/
NMP samples confirmed dilatometric observations
that two crystallization processes were responsible
for the total crystallinity and that the primary pro-
cess dominated the early stages of the crystallization.
It was also observed that the amount of secondary
crystallization relative to the amount of primary
crystallization was reduced by increasing the crys-
tallization temperature or by lowering the PET con-
centration.

Turbidimetric experiments were found to have
several advantages over dilatometric experiments:
They do not require strict temperature control, they
can be monitored with computer-based data acqui-
sition systems, and the final state is reached at sig-
nificantly shorter times, reducing the time required
to analyze a sample. Using turbidimetry, the solution
crystallization rate of PET was found to be sensitive
to polymer concentration, crystallization tempera-
ture, polymer structure, and solvent. The dissolution
temperature was also determined to be a function
of these variables.

Based on secondary nucleation theory, a rela-
tionship between the crystallization temperature
and the Avrami rate constant was developed. The
relationship was extended to apply to turbidimetric
data. The temperature coeflicient in the relationship
(®) was found to be a weak function of PET con-
centration, but virtually independent of both PET
structure and solvent.

From the experimental results presented in this
work, it is apparent that the solution crystallization
behavior of poly (ethylene terephthalate) is a com-
plex function of PET structure, PET concentration,
temperature, and the solvent used. This complexity,
especially with regard to PET structure, has serious
implications for a postconsumer 2 L bottle selective
dissolution process since the feed stream will be
composed of a mixture of commercial grades of PET.
Fortunately, the turbidimetric method developed for
this work could be used to pretest the crystallization
characteristics of the mixed PET feed and determine
the optimum process conditions. In addition, tur-
bidimeters could serve as on-line analysis instru-
ments to detect the onset of crystallization in order
to avoid clogging heat-exchanger tubes and solution
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purification filters. This information would also be
useful if temperature quenching were used to recover
the polymer from solution.

The authors wish to thank the Plastics Institute of Amer-
ica for research fellowships, the National Science Foun-
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