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ABSTRACT: The miscibility of poly(vinyl chloride) (PVC)
and a biodegradable aliphatic-aromatic copolyester (AAC)
was investigated by differential scanning calorimetry. The
thermooxidative degradation of the blends was investigated
thermogravimetrically. The blends were prepared by disso-
lution in 1,2-dichloroethane and precipitation with metha-
nol. The investigated blends were completely miscible with
the glass-transition temperatures best predicted by the Fox
equation. Fourier transform infrared analysis showed that
the interactions responsible for miscibility were the hydro-

gen bonds between the blend components. The thermooxi-
dative stability of the PVC/AAC blends was improved com-
pared to that of pure PVC. Furthermore, when AAC was
added, the dehydrochlorination rate of PVC decreased, and
the maximum rate shifted to a higher temperature. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 100: 21582163, 2006
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INTRODUCTION

Although blends of nonbiodegradable polymers (most
synthetic polymers) and biodegradable ones (synthetic
or natural) cannot be considered biodegradable, many
investigations have been performed in this field. The
main reason is the decreasing amount of nonbiodegrad-
able components in polymeric waste because of the bio-
degradability of single components. After biodegradable
component removal, the other components are more
prone to photodegradation and thermooxidative degra-
dation. Among them, attention has been paid to the
investigation of low-density polyethylene/starch
blends,"? blends of biodegradable aliphatic polyesters
with poly(vinyl acetate),® poly(ethylene oxide),* polyepi-
chlorohydrin,” linear low-density polyethylene,® poly-
styrene (PS),” and polycarbonate (PC).® Aliphatic poly-
esters alone, such as poly(e-caprolactone) and poly(3-
hydroxybutyrate), are rather expensive and do not
provide optimal material properties. To overcome these
difficulties, a group of aliphatic-aromatic copolyesters
(AACs) were synthesized and exist on the market under
different trade names (e.g., Ecoflex from BASF, Eastar
grades from Eastman). It has been proven that the co-
polyesters of aliphatic diols and a defined mixture of
aliphatic dicarboxylic acid with 35-55 mol % terephthalic
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acid exhibit acceptable thermal and mechanical proper-
ties and biodegradability.”

From this point of view, we studied blends of poly-
(vinyl chloride) (PVC) and biodegradable AAC. It was
of interest to us to study whether AAC could be
substituted for any common modifier of PVC. Some
blend compositions may be attractive for plastic pack-
aging. Because of the characteristic chemical interac-
tions between PVC and aliphatic polyesters, such as
poly(e-caprolactone),'”'! good compatibility or even
miscibility would be expected. The miscibility of
blends is ascertained by the measurement of their
glass-transition temperatures (T,’s). The use of T, in
the determination of polymer/polymer miscibility is
based on the premise that a single T, indicates that the
domain size is below d,;, where 2 = d, = 15 nm."?

Specific interactions between the blend components
were detected with Fourier transform infrared (FTIR)
spectroscopy. The advantage of FTIR that is not available
to differential scanning calorimetry (DSC) is that it is
possible to identify the interactions responsible for mis-
cibility.">*°

Further, the thermooxidative degradation of the
PVC/AAC blends in the temperature range 50-650°C
was investigated.

EXPERIMENTAL
Sample preparation

The PVC studied was the commercially available On-
grovil 5-5258 (Borsod Chemical, Hungary) with K, e
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Figure 1 DSC heating curves of the PVC/AAC blends.

= 58 £ 1 and a chlorine content of 56%. AAC (East-
man Chemical Co., Kingsport, TN) was a copolymer
of 1,4-butandiole and adipic and therephthalic acid
with a number-average molecular weight of 20,030
g/mol (as determined by the end-group analysis
method).'® The repeating unit of a random copolymer
may be represented as follows:

¢} [0}
~[—/n—<CH2>4—o—ﬂ—o4m—(CH2>4—o—c4©—ﬂ—oAX

The defined PVC/AAC mass ratios were 100/0, 95/5,
90/10, 80/20, 70/30, 60/40, 50/50, and 0/100. The
polymer blends were prepared by the solution blend-
ing method with 1,2-dichloroethane as a cosolvent.
Each polymer was dissolved separately in the solvent
and then mixed in the previously mentioned ratios.
After 1 h of stirring with a magnetic stirrer, coprecipi-
tation with methanol was performed. The precipitate
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was washed several times with methanol, dried for
24 h at room temperature, and then dried in a vacuum
oven at 40°C until a constant mass was reached. For
the DSC and thermogravimetry (TG) measurements,
dry samples were pressed in hydraulic press (500
N/mm?) at room temperature.

DSC measurements

The thermal characteristics, that is, T, and melting
temperature (T,,), of the coprecipitated blends were
determined with a Netzch DS 200 instrument (Selb,
Germany). The samples were heated to 150°C, cooled
to —100°C, and then reheated to 150°C with heating/
cooling rates of 10°C/min.

IR spectroscopy

IR spectroscopic measurements were performed on a
PerkinElmer Spectrum One FTIR spectrophotometer
(Norwalk, CT). The samples were ground with KBr
and pressed into disc form, and 10 scans were col-

lected with a spectral resolution of 4 cm™".

TG measurements

The thermooxidative degradation of the samples was
performed on a TGS-2 thermobalance (PerkinElmer)
in the temperature range 50—-650°C at a heating rate of
10°C/min in synthetic air with 29% O, (Messer,
Gumpoldskirchen, Austria). The following character-
istics of TG curves were measured: the initial temper-
ature of thermooxidative degradation (T, as a

measure of thermooxidative stability, the temperature
at the maximal rate of the first degradation step (T,.,),
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Figure 2 DSC heating curve of PVC (100/0 blend).
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Figure 3 DSC cooling curves of the PVC/AAC blends.

and the mass loss for the corresponding degradation
step (Am).

RESULTS AND DISCUSSION
Miscibility of the PVC/AAC blends

The DSC second heating curves of the 95/5...0/100
PVC/AAC blends and the 100/0 blend (PVC) are
presented in Figures 1 and 2. The cooling curves of the
95/5...0/100 PVC/AAC blends are shown in Figure 3.
The characteristic phase-transition temperatures and
the change in the specific heat at the glass-transition
temperature (AC,) of the starting components (PVC
and AAC) are summarized in Table L. It was evident
that the pure AAC (the 0/100 blend) was a semicrys-
talline polymer with a relatively low T,,. All of the
PVC/AAC blends showed one T, and no T,, (Fig. 1).
AAC alone crystallized on cooling, but there were no
crystallization processes in the PVC/AAC blends (Fig.
3); this suggested that, in the PVC/AAC blends, AAC
was completely amorphous.

If the criterion of a unique T, is accepted as the
indicator of miscibility, it was obvious that the inves-
tigated PVC/AAC blends were completely miscible.

0 10 20 30 40 50 60
AAC content / mass %

Figure 4 Plot of experimental and theoretically predicted
T, values versus AAC content in the PVC/AAC blends.
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TABLE 1
Phase Transition Characteristics of PVC (100/0) and AAC
(0/100)

T, AC, T, T,

o, —1 o—1 o, o,

(°O) Jg °C™) (°O) (°C)
PVC 79 0.308 — —
AAC —35 0.228 95 75

T. = crystallization temperature.

The change in T, values in the PVC/AAC blends
decreased monotonically with increasing AAC con-
tent (Fig. 4). Because of this fact, we considered that
AAC may have acted as the plasticizer for PVC. The
prediction of T, related to the composition of the
PVC/AAC blends was made according to several
equations.'%'?

With the assumption that AC,; does not depend on
temperature, Couchman and Karasz'” derived the fol-
lowing expression:

InT. = W AC,; InTy; + w,AC,, InT, 1
e ™ w,AC,, + w,AC,, 1

where T, is the glass-transition temperature of the
blend and w; is the mass fraction, AC,,; the difference in
the specific heat at the glass-transition temperature,
and T,; is the glass-transition temperature of compo-
nent i, respectively.

With the assumption that AC,; = AC,,, the Fox!°
equation was made:

1/ Ty =w, /Ty + wy/ Ty (2)

However, if the ratio AC,;/AC,; = k is introduced,
Utracki'? proposed

w; InTy; + w, InTy,
wy + kw,

InT, = (3)

The experimental results of T,, with the same concave
pattern followed, were in best agreement with those
predicted by the Fox'® equation. It was obvious that T,
deviations from the rule of mixtures were negative,
which is the main characteristic of miscible blends,
with miscibility achieved due to specific interactions.
The interaction between the hydrogen of the asym-
metric carbon atom in PVC and the oxygen of the ester
group in AAC was the most probable specific interac-
tion, although within some polyester/chlorinated
polymer groups, dipolar interactions between C=0O
and C—CI may have been responsible for miscibility.

FTIR analysis

FTIR spectra of the PVC/AAC blends are presented in
Figure 5. The pure PVC (100/0 blend) spectrum char-
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Figure 5 FTIR spectra of the PVC/AAC blends.

acteristic peaks were as follows: —C—Cl stretching at
692 cm ™!, —CH, bending at 1430 cm ™!, and —C—H
bending at 1254 and 1332 cm ™! (C—H in —CHCI). In
AAC (0/100 blend), the spectrum peak at 730 cm ™'
was due to —CH, rocking vibrations, the peaks at
1100-1300 cm ™ * represented C—O stretching in ali-
phatic and aromatic components of the polyester, and
a strong band due to C=O stretching in both the
aliphatic and aromatic polyester components ap-
peared at 1715-1730 cm ™ *. The peak detected in PVC
at 1332 cm ™' shifted to 1330 cm ™" in the 80/20 blend,
to 1325 cm ™! in the 70/30 blend, and finally to 1322
cm ™! in the 60/40 and 50/50 blends. A the same time,
a strong doublet of C=0 vibrations detected in AAC
became more sharp, and in the 95/5 blend, a single
peak at 1725 cm ' appeared. The peak position
changes are listed in Table II. We believe that these
peak shifts indicated the existence of interactions of
the carbonyl oxygen in AAC with the a-hydrogen in
PVC and resulted in miscibility of the polymer pair.

Thermooxidative degradation of the PVC/AAC
blends

TG curves of the thermooxidative degradation of the
PVC/AAC blends are presented in Figure 6, and the

TABLE 1II
Position Changes of —C=0O Group Peak with
Composition in PVC/AAC Blends

Position of —C=0

PVC/AAC group peak (cm™?)

0/100 1716, 1731

50/50 1719, 1733

60/40 1717,1730

70/30 1717,1729

80/20 1721, 1725

90/10 1725

95/5 1725

corresponding differential thermogravimetric (DTG)
curves are presented in Figure 7. The thermal degra-
dation of the 100/0 blend (PVC) in air started at about
240°C and proceeded through three main degradation
steps. It was known, until now, that the first step (ca.
240-410°C) corresponds to the dehydrochlorination
(DHC) of PVC; in the second step (ca. 410-500°C),
polyene oxidation takes place, and the third step (ca.
500-650°C) is complete oxidation without residue.'®'?
During the first step, some benzene is also formed,'®
and that is why Am in the first step was higher than
the total chlorine content (Table III). The thermooxi-
dative degradation of the 0/100 blend took place in
two steps. The highest Am (ca. 90%) occurred between
320 and 440°C, and the rest of the sample degraded
completely up to 650°C. In the PVC/AAC blends, the
degradation steps occurred consecutively: (1) PVC
DHC, (2) AAC degradation, (3) polyene oxidation,
and (4) total degradation of both components (Fig. 7).
The characteristic temperatures T, and T, are
plotted in Figure 8. It was evident that the addition of
5% AAC had no influence on T ... and T,,.,.. After
that, changes in both characteristics were close to lin-
earity, but AAC had much more influence on T,
than on T ... In the blends containing more than 10%
AAC, the rate of DHC decreased (Fig. 7). It seemed
that the two polymers in the blends exhibited syner-
gism of the investigated properties and might be suc-
cessfully used for some applications.

CONCLUSIONS

According to the DSC measurements, the PVC/AAC
blends were completely miscible. A decrease in T, in
the blends was well predicted by the Fox'® equation.
AAC might have been the polymeric plasticizer for
PVC. The mechanism responsible for the miscibility
was hydrogen bonding between C=0 in AAC and the
a-hydrogen in PVC, as found by FTIR.
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Figure 7 DTG curves of the PVC/AAC blends.
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TABLE III 320
Mass Losses in the Corresponding Degradation Steps in L 315 .
the Thermooxidative Degradation of the PVC/AAC S 310 .
Blends E 305 "
5
PVC/AAC Amy (%) A, (%) Ay (%) é 300 - . a
§295¢4 = . = i
100/0 63 12 25 © 290 | .
95/5 62 13 25 2851
90/10 61 14 25 280 . | , , ,
80/20 61 15 24
0 1 2 4
70/30 57 20 23 020 3 s e
60/40 43 34 23 AAC content/ %
50/50 37 41 22 .
0/100 91 9 _ Figure 8 Plot of (O) T e and (M) T, ., versus AAC con-

tent in the PVC/AAC blends.
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Compared to pure PVC, the miscible blends of

PVC/AAC had improved thermooxidative stability.
At the same time, the DHC rate of PVC reached its
maximum at higher temperatures.
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