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ABSTRACT: The relationship between the degree of ester-
interchange reactions and the physical properties in the melt
blending of poly(ethylene terephthalate) (PET) and polyca-
prolactone (PCL) was investigated in terms of the blending
time. "H-NMR and *C-NMR spectra confirmed that poly-
(ethylene terephthalate caprolactone) copolyesters were
generated and became dominant at a blending time of more
than 15 min, and this result may be related to the degree of
the thermal decomposition of PCL. The spectra disclosed the
effect of the blending time on the block characteristics of the
ethylene terephthalate (ET) and caprolactone (CL) units of
the copolyesters. The melting temperatures and heats of
fusion assigned to the ET units in the copolyesters decreased
with the blending time. However, the melting peak of the
CL units disappeared when the blending time exceeded 20

min. For the CL block, the number of the average repeating
units (5) proved to be the least critical value for crystalliza-
tion. The crystallinity of the copolyesters was most notably
reduced with a blending time up to 20 min. The total organic
carbon (TOC) content of the copolyesters, a quantitative
measure of biodegradability, increased steeply with the
blending time up to 20 min. However, the TOC content
increased slowly during extended blending. This agrees well
with the recognized fact that the accession and penetration
of lipase into copolyesters initiate in the amorphous region
of the polymer. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 88:
131-138, 2003
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INTRODUCTION

Poly(ethylene terephthalate) (PET) has been widely
used in the fiber, sheet, and film industries. However,
its wastes may cause environmental problems, al-
though PET can be partially recycled.'™ One of the
possible solutions for these problems may be the use
of biodegradable polymers. Recently, biodegradable
copolyesters have attracted much attention because of
their good biodegradability and melt processibility.*®
They are generally prepared by the incorporation of
biodegradable units such as aliphatic esters into the
PET backbone by ester-interchange reactions as fol-
lows. Two preparative methods are polycondensation
based on molecular design and the reactive melt
blending of different polyesters. In polycondensation,
cyclized dimers and an aliphatic diol or aliphatic di-
carboxylic acid are frequently added to the polymer-
ization of PET.°™"® Recently, numerous articles have
been published on melt-blending systems because of the
simpler process and easier control over composition.
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However, understanding the block characteristics of
copolyesters influenced by the degree of ester-inter-
change reactions in melt blending is very important
because they have a decisive effect on the physico-
chemical properties. In addition, biodegradable co-
polyesters require a good combination of biodegrad-
ability and mechanical properties, which depend on
the degree of ester-interchange reactions. It is well
recognized that biodegradability is greatly affected by
crystallinity. Therefore, a higher crystallinity reduces
biodegradability because a hydrolytic attack by an
enzyme initiates in the amorphous region of a poly-
mer.>'*71 There have been numerous reports of the
effects of biodegradable unit contents on the degrada-
tion behavior of copolyesters.'” ' However, there
have been few reports on the relationship between
biodegradability and crystallinity as a function of the
block characteristics of copolyesters at a given blend
composition.

In this study, we attempted to control the block
characteristics of copolyesters by varying the blending
time in the melt blending of PET and polycaprolactone
(PCL). In this case, the procedure must be accom-
plished within a short time because of the poor ther-
mal stability of PCL. This frequently raises the prob-
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lem of the immiscibility between PET and PCL due to
the lack of ester-interchange reactions. In addition, a
longer blending time gives rise to poor mechanical
properties for the resultant copolyesters because of the
decrease in the molecular weight. Therefore, control
over the blending time may be of great technical im-
portance for the miscibility of PET and PCL and for
the mechanical properties of the resultant copolyesters
formed by ester-interchange reactions.

The principal objective of this study was to investi-
gate the relationship between the degree of ester-in-
terchange reactions and the physicochemical proper-
ties in the melt blending of PET and PCL. The kinetics
of the ester-interchange reactions were characterized,
and the thermal properties and morphology of the
resultant compounds were examined as well.

EXPERIMENTAL
Materials

PET [weight-average molecular weight (M,,) = 18,000]
and PCL (M, = 80,000) were supplied by Korye Corp.
(Korea) and Union Carbide Corp. (USA), respectively.
Reagent-grade tetrahydrofuran (THF), d-trifluoroace-
tic acid, and CDCIl; were used as received without
further purification. Rhizopus arrihizus lipase and the
surfactant Plysulf A210G were purchased from
Boehringer Mannhein Corp. (Germany) and Daiichi
Kogyo Seiyaku Corp. (Japan), respectively.” "8 PET/
PCL blends were prepared by melt blending in a
Haake mixer at 285°C for 5, 10, 15, 20, 30, 40, 50, and
60 min. The blending ratio was fixed at PET/PCL
= 62.7/37.3 (w/w), which corresponds to a 1/1 molar
ratio of repeating units.

Characterization of the blend systems

'H-NMR and "C-NMR spectra were obtained with a
Varian Gemini 200 200-MHz spectrometer (United
States) with a 1/1 (v/v) d-trifluoroacetic acid/CDCl,
mixture as the solvent. The differential scanning calo-
rimetry (DSC) curves were obtained with a TA Instru-
ments DSC 2100 (United States) at a scanning rate of
10°C/min under nitrogen purging. The morphology
of the blends was observed with scanning electron
microscopy (SEM; ABT SX-40A, Japan). The SEM sam-
ples were prepared by cryofracture with liquid nitro-
gen, followed by the etching of the fractured surface in
THEF for 1 min for the elimination of the PCL compo-
nent. The molecular weight was measured by gel per-
meation chromatography (GPC; Waters Co.) with
hexafluoroisopropanol (0.2% w/v) as the solvent at
23°C, the calibration curve of which was obtained with
monodisperse polystyrene. For the evaluation of the
biodegradability of the blends, the samples were hy-
drolyzed by R. arrihizus lipase. A mixture containing
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Figure 1 'H-NMR spectrum of a PET/PCL (62.7/37.3
w/w) blend (blending time = 60 min): (a) EG unit and (b)
CL unit. The new peaks (a', a%>, and b') are assigned to
hydrogen on methylene groups adjacent to ester oxygen.

300 mg of a film blend sample, 1 mg of the surfactant
Plysulf A210G, 1 mg of the lipase, and 10 mL of a
phosphate buffer was incubated at 37°C for 10 days.”
The mixture was filtered so that the total organic
carbon (TOC) could be measured, which was con-
verted to the TOC value according to the weight of the
sample for an estimation of the biodegradability. The
TOC content was measured on a TOC analyzer (TOC-
5000A, Shimadzu, Japan).

RESULTS AND DISCUSSION
Characterization of the ester-interchange reactions

Figure 1 shows the '"H-NMR spectrum of a PET/PCL
blend prepared by melt blending at 285°C for 30 min.
Peaks a and b at chemical shifts of 4.98 and 4.32 ppm
are assigned to the ethylene glycol (EG) unit of PET
and the —CO—O—CH,— unit of PCL, respectively.
The new peaks a', a%, and b' appear around 4.98-4.32
ppm. They are assigned to the methylene hydrogen
adjacent to the ester group, the environment of which
is different from those in PET and PCL. Therefore,
peaks a' and a” are assigned to an EG—caprolactone
(CL) unit link, and peak b' is assigned to a terephthalic
acid (TA)—CL unit link, as described in Table 1.2°~*
Consequently, the appearance of these new peaks on
the "H-NMR spectrum suggests that a poly(ethylene
terephthalate caprolactone) P(ET/CL) [P(ET/CL)] co-
polyester is indeed formed through ester-interchange
reactions during melt blending.

The molecular structure of the P(ET/CL) copolyes-
ter can also be characterized by '’C-NMR analysis.
Figure 2 shows the '*C-NMR spectra of PET, PCL, and
a P(ET/CL) copolyester prepared by melt blending at
285°C for 30 min. Peaks 1 and 4 at chemical shifts of
174.8 and 164.5 ppm are assigned to the carbonyl
groups of PET and PCL, respectively. Peaks 6 and 7 at
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TABLE 1
Chemical Structures Possible in P(ET/CL) Copolymers Showing the Chemical
Environment of the Methylene Groups and Ester Carbons, Which Have
Different Chemical Shifts in "H-NMR and Spectra
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Chemical structure
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The numbers in parentheses designate the peaks in Figures 1 and 2.

chemical shifts of 61.9 and 51.8 ppm are assigned to
the carbons adjacent to the ester oxygens of PET and
PCL, respectively. The new peaks 2, 3, 5, and 8 appear
around the peaks of PET and PCL. If the PET/PCL
blend is merely a physical mixture formed in the
absence of ester-interchange reactions, only peaks 1, 4,
6, and 7, assigned to PET and PCL homopolymers,
should be detected. Therefore, the new peaks of the
13C-NMR spectrum suggest the existence of four types
of ester links of the P(ET/CL) copolyester chain. The
P(ET/CL) copolyesters are composed of new ester
links (—TA—CL— and —EG—CL—) formed by es-
ter-interchange reactions as well as ester links
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Figure 2 '*C-NMR spectra of PET, PCL, and a PET/PCL
(62.7/37.3 w/w) blend (blending time = 30 min): (a) ca-
proate carbonyl carbon, (b) terephthalate carbonyl carbon,
and (c) carbon adjacent to ester oxygen.

(—TA—EG— and —CL—CL—) of PET and PCL ho-
mopolymers (Table I).

Figure 3 shows the 'H-NMR spectra of PET/PCL
blends at various blending times. The numbers repre-
sent the ratios (%) of each peak area to the total peak
area. At longer blending times, the areas of peaks
assigned to the EG units and the —CO—O—CH,—
unit of CL units tend to decrease, but the area ratio of
new peaks tends to increase. The area ratio of the peak
assigned to the TA unit remains constant. In the sam-
ples for which the blending time is less than 10 min,
new peaks are not so noticeable, but the peaks become
obvious as the blending time exceeds 15 min. This agrees
with the fact that ester-interchange reactions do not oc-
cur significantly at blending times of less than 15 min.

However, the other influencing factor on the ester-
interchange reactions during melt blending may in-
clude the thermal decomposition of PCL. Therefore, a
PCL homopolymer may be decomposed into PCL di-
ols or derivatives with low molecular weights at a
high blending temperature. This gives rise to an in-
crease in the amount of hydroxyl end groups and
subsequently increases the degree of ester-interchange
reactions because alcoholysis is kinetically faster than
acidolysis and direct transesterification.”*2° The im-
portance of the role of alcoholysis by hydroxyl end
groups via the control of the molecular weight of PET
in the kinetics of the ester-interchange reactions be-
tween PET and poly(ethylene naphthalene-2,6-dicar-
boxylate) is reconfirmed.” >’ As shown in Figure 4,
the rate of thermal decomposition of PCL at 285°C
increases steeply from about 15 min. This result is
agrees with the degree of ester-interchange reactions
determined from "H-NMR spectra. It suggests that the
degree of ester-interchange reactions in the melt
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Figure 3 'H-NMR spectra of PET/PCL (62.7/37.3 w/w) blends with the blending time.

blending of PET and PCL can also be affected by the
occurrence of thermal decomposition of PCL.

Structural characteristics

In general, the block characteristics of copolyesters can
be determined from the dyad or triad sequence distri-
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Figure 4 TGA curve of PCL at 285°C.

bution on the basis of the peak area of the "H-NMR
spectrum.”’°=32 In this case, a new peak, which is the
evidence of ester-interchange reactions, appears only
at the intermediate chemical shift. For P(ET/CL) co-
polyesters, however, it is difficult to obtain informa-
tion about the block characteristics due to three new
peaks, as shown in Figure 1.

In this study, the numbers of the average repeating
units of ethylene terephthalate (ET) and CL blocks, m
and 7, in the copolyester chain is obtained from the
variation of the peak area assigned to the EG unit,
Xge, which is calculated as follows:

ATA - AEG

Xrg = A (1)

where A, and Agg are the areas of peaks assigned to
TA and EG units, respectively. Xp; means the molar
fraction of EG units, the environment of which is
different from that of the PET homopolymer. The
increase in Xgg corresponds to the decrease in the ET
sequence length in the copolyester chain. Therefore, m
can be calculated as follows:

! (2)
m=<—
Xk
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However, the molar fraction of CL units in the
copolyesters, X, is expressed by eq. (3), and it can be
rearranged into eq. (4) in terms of n:

n
XCL_n+m (3)
m X Xcp
n= 1_XCL (4)

Figure 5 shows the dependence of the number of the
average repeating units of ET and CL blocks on the
blending time, as calculated by egs. (2) and (4). The
number of the average repeating units of ET and CL
blocks decreases with an increasing blending time,
and the sequence distribution of the copolymers ap-
pears to be random at prolonged blending times. That
is, the number of the average repeating unit of ET and
CL blocks decreases sharply up to a blending time of
50 min, after which an equilibrium is reached when
the number of the average repeating unit is about 3.
The number of the average repeating unit of samples
blended for 5 and 10 min could not be analyzed be-
cause there is little change in the '"H-NMR spectra.

Figure 6 shows the M, and molecular weight dis-
tribution (MWD) of PET/PCL blends determined
from GPC. At the longer blending time, M,, and MWD
of the blends tend to decrease. In addition, the M,
values of samples blended more than 20 min decrease
steeply in comparison with that of PET. This suggests
that the melt blending of PET and PCL may be accom-
plished within 15-20 min.

Thermal properties

Figure 7 (A,B) shows the melting and crystallization
behavior of PET/PCL blends with the blending time,
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Figure 5 Number of the average repeating unit for ET and
CL blocks versus the blending time (PET/PCL = 62.7/37.3
w/w).
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Figure 6 Variation of M,, and MWD of PET/PCL blends
with the blending time (PET/PCL = 62.7/37.3 w/w).

respectively. The samples blended less than 20 min
exhibit a double melting behavior reflecting the ET
and CL blocks. However, at a blending time of more
than 30 min, the PET/PCL blends exhibit only the
melting behavior of the ET block. With respect to the
melting behavior of the copolymers, it is necessary to
postulate that a 20-30-A sequence length of the crys-
tallizable units is a prerequisite for crystallization.”
For a sample blended less than 20 min, ET and CL
blocks are long enough to allow the crystallization of
their respective blocks. At blending times greater than
30 min, the ET block, for which the number of the
average segment length is greater than 3, can crystal-
lize because the sequence length is more than 30 A,
but the CL block cannot crystallize when the number
of the average repeating unit is smaller than 6. In the
case of crystallization, the samples blended less than
15 min exhibit a double behavior reflecting the coex-
istence of ET and CL blocks. At a blending time
greater than 20 min, the PET/PCL blends exhibit only
the crystallization behavior of the ET block. This indi-
cates that the decrease in the sequence length restricts
the crystallization and reduces the crystal size.

Figure 8 shows thermogravimetric analysis (TGA)
curves of PET/PCL blends at various blending times.
All the samples exhibit a similar decomposition be-
havior. In addition, they have good thermal stability
up to 350°C, which indicates that the copolyesters
prepared by the melt blending of different polyesters
possess similar thermal stabilities, regardless of the
block characteristics.

Solubility tests

Figure 9 shows the variation of the weight ratio of
THF-soluble and THF-insoluble fractions of PET/PCL
blends with the blending time. At blending times of
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Figure 7 Thermal behavior of PET/PCL blends with the
blending time: (A) melting and (B) crystallization (PET/PCL
= 62.7/37.3 w/w).

less than 30 min, the weight ratio of the soluble frac-
tion decreases, but that of the insoluble fraction in-
creases. This occurs because these copolyesters are
formed by the incorporation of a short CL block into a
sufficiently long ET block. It also suggests that ester-
interchange reactions occur in samples blended for 5
and 10 min, although they are not detected by 'H-
NMR. However, for the samples blended more than 30
min, this is not detected by an exhibited reverse ten-
dency. This variation of solubility may result from the
fact that the block distribution and length of copoly-
esters are more random and shorter with increasing
blending time.

Morphology

Figure 10 shows SEM micrographs of the THF-etched
surfaces of PET/PCL blends at various blending
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Figure 8 TGA curves of PET/PCL (62.7/37.3 w/w) blends
with the blending time.

times. The soluble fractions are assumed to be the pure
PCL component unreacted with PET or the copoly-
mers including a long CL block or randomly struc-
tured copolymers composed of a short block. In the
samples for which the blending time is less than 30
min, the dissolved component produces craters. How-
ever, the craters disappear at prolonged blending
times, and finally the morphology of the copolymer
changes into a continuous single phase, suggesting the
variation of solubility as shown. This also indicates
that the copolymer converts from a heterogeneous
block copolymer into a homogeneous random copol-
ymer with increasing blending time because the de-
gree of ester-interchange reactions increases.

Biodegradation behavior

The biodegradability of a polymer is very dependent
on the polymer morphology. For copolyesters pre-
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Figure 9 Variation of the weight ratio of THF-soluble and
THF-insoluble fractions of PET/PCL (62.7/37.3 w/w)
blends with the blending time.
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Figure 10 SEM micrographs of THF-etched fracture surfaces of PET/PCL (62.7/37.3 w/w) blends with the blending time.

pared by ester-interchange reactions, the morphology
is determined by block characteristics. Therefore, the
block characteristics would likely affect biodegrad-
ability.

The effect of the blending time on the TOC content
of PET/PCL blends is shown in Figure 11. The TOC,
based on the weight of the sample, sharply increases
with the blending time up to about 20 min (line A),
and then the rate at which it increases diminishes (line
B). The TOC content is replotted against the sequence
length in Figure 12. The TOC content increases with
decreasing block length. This suggests that the biode-
gradability of P(ET/CL) copolyesters depends on the
overall crystallinity of the copolyesters, which is
largely determined by sequence length. The decrease
in the crystallinity is expected to increase biodegrad-
ability because it makes the chain more accessible and
penetration of the copolyester by the lipase easier. The
TOC content of the samples sharply increases over the
blending time range of 5-20 min; this rate decreases
when the blending time exceeds 30 min. For P(ET/CL)
copolyesters, the crystallinity of the CL block de-
creases with the blending time, but the crystallinity of
the ET block remains almost constant (see Fig. 7).

Therefore, the biodegradability of the block copoly-
ester is dependent on the block characteristics of the
CL unit rather than on those of the ET unit in the
initial stage of the ester-interchange reactions during
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Figure 11 Variation of TOC of PET/PCL (62.7/37.3 w/w)
blends with the blending time.
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and CL blocks in PET/PCL (62.7/37.3 w/w) blends.

melt blending. However, for P(ET/CL) random co-
polyesters obtained at a blending time of more than 30
min, biodegradability is only dependent on the crys-
tallinity of the ET block because the CL block does not
crystallize. Therefore, the crystallinity of the block
characteristics is an important factor for the biode-
gradability of P(ET/CL) copolyesters. These results
agree with the fact that an enzyme attack initiates in
the amorphous region of a polymer. This suggests that
the biodegradation behavior of the P(ET/CL) copoly-
esters may be regulated by control over the blending
time because it can change the block characteristics.

CONCLUSIONS

The block characteristics of P(ET/CL) copolymers can
be regulated by control over the blending time in the
melt blending of PET and PCL. This is important
because the supermolecular structures, such as the
crystallinity, which has a decisive effect on the biode-
gradability of copolyesters, are determined by block
characteristics. At a longer blending time, the P(ET/
CL) copolymers tend to be random. With a decreasing
sequence length for both ET and CL blocks, the melt-
ing and crystallization temperatures of P(ET/CL) co-
polymers decrease. Furthermore, the crystalline struc-
ture changes, and the morphology is converted into a
homogeneous phase. Therefore, the biodegradability
of P(ET/CL) copolyesters increases with a decrease in
the sequence length of ET and CL blocks. This sug-
gests that biodegradable copolyesters with desired
biodegradability behaviors may be prepared by the
melt blending of polymers. This result may be ex-
tended to other polyester—polyester melt-blend sys-
tems as well.
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