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Abstract: Despite progress in the development of biodegradable polyesters, little attention has been

given to aliphatic/aromatic copolyesters. Therefore, a series of such copolyesters has been synthesized

by polycondensation of succinic acid (SA), dimethyl terephthalate (DMT) and 1,4-butanediol (BD),

and their material characteristics and biodegradability have been examined. The chemical com-

position of the aliphatic/aromatic copolyesters strongly in¯uences the material characteristics and

biodegradability. For the copolyesters with a DMT±BD mole fraction of less than 0.2, an optimum

between physical properties and biodegradability seems attainable.

# 1999 Society of Chemical Industry

Keywords: aliphatic/aromatic copolyester; succinic acid; dimethyl terephthalate; 1,4-butanediol; bio-
degradability

INTRODUCTION
The amount of municipal and industrial waste has

markedly increased throughout the world in the last

few years. Waste disposal is a serious environmental

problem because of limited land®ll capacity and

incineration facilities. Therefore, designing and

developing materials capable of degrading into safe

components in a desirable frame under speci®ed

environmental conditions have become increasingly

important.

A number of biodegradable polyesters have been

developed, and some are commercially available (eg

polyhydroxy butyrate (PHB), polycaprolactone

(PCL), Bionolle). All these polyesters are based

exclusively on aliphatic monomers. Although these

aliphatic polyesters are applicable for various pur-

poses, they exhibit some disadvantages. The material

characteristics are either unsuitable for certain appli-

cations (for instance, the melting point of PCL is

about 60°C) or are insuf®ciently adaptable to speci®c

product requirements. In some cases the price factor

prevents commercialization. In contrast, pure aro-

matic polyesters, such as PET, which are produced on

a large scale, display satisfactory properties, but are

resistant to microbial attack.

Recently Witt et al1 reported that aliphatic/aromatic

copolyesters, in a de®ned window of monomer

composition and with a speci®c monomer distribution

in the polymer chains, combine good material proper-

ties and biodegradability. They found that a random

copolyester containing 10mol% of aromatic dicar-

bonic acid was easily degraded in a sewage sludge

medium. When the fraction of aromatic compound

was set at 50mol%, microbial attack could not be

observed within the time period investigated. In

contrast, a block copolymer having the same molar

composition showed a signi®cant mass loss and

microbial growth. Witt et al1 concluded that bio-

degradability depends substantially on the sequential

structure of the polymer. Tokiwa and Suzuki2,3

indicated that the physical properties of aliphatic

polyesters are improved by adding aromatic polyester

to the polymer chains. They also suggested that the

biodegradation rate of copolyesters made from alipha-

tic and aromatic polyesters can be regulated by

controlling the reaction time of transesteri®cation or

composition. Copolyesters, particularly those from

1,4-butanediol, adipic acid and terephthalic acid, look

promising for commercialization as biodegradable

materials in packing and other applications. However,

there seems to be an ongoing debate concerning

whether aromatic oligomers, obtained via cleavage of

ester bonds by either enzymatically or chemically

catalysed hydrolysis, are completely biodegradable.

Although progress has been made in the study of

biodegradable polyesters, there are apparently few

literature data concerning the material characteristics

and biodegradability of aliphatic/aromatic copoly-

esters. Hence we have decided to undertake systematic

studies on aliphatic/aromatic copolyesters. As a ®rst

step of our research, we present the synthesis, material

characteristics, and biodegradability in different bio-
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logical environments for a new group of biodegradable

copolyesters.

EXPERIMENTAL
Polymer preparation
Aliphatic/aromatic copolyesters were synthesized by

conventional polycondensation techniques. In a typi-

cal polymerization, succinic acid (SA) reacted with

1.5mol 1,4-butanediol (BD) per molSA in the

presence of tetraisopropyl titanate (30ppm in terms

of Ti metal) at 200±205°C in a nitrogen atmosphere.

Dimethyl terephthalate (DMT) also reacted with

1.5mol BD per molDMT. After the esteri®cation

reaction, copolymerization was carried out with two

reaction products (butylene succinate SA±BD and

butylene terephthalate DMT±BD oligomers) at

220°C under reduced pressure of 0.5±0.6 torr for

3±5h. During this stage, the torque increased slowly

until a constant value was reached. The composition

of the copolyesters investigated is given in Table 1.

The composition of the ®nal copolyesters, as deter-

mined by 1H NMR, was in good agreement with that

of the original reaction mixture. The detailed proce-

dure for composition analysis by 1H NMR is described

elsewhere.4

Characterization
The molecular weights of the copolyesters were

estimated from intrinsic viscosity measurement and

gel permeation chromatography (GPC). Viscometric

measurements were carried out with solutions of

0.050g of polymer in 10ml of chloroform, using an

Ubbelohde viscometer thermostatted at 25°C. GPC

measurements were conducted on a Waters 150-CV

equipped with a differential refractometer for detec-

tion. Polystyrene standards with low polydispersity

were used to make a calibration curve. For most of the

polymer characterizations, the 3mm thick injection-

moulded bars were remelted at 135°C and compres-

sion-moulded into thinner (0.5mm thick) sheets,

which were slowly cooled to room temperature in air.

Thermal analysis was performed using a Perkin Elmer

DSC-7 differential scanning calorimeter (DSC) and a

Polymer Laboratories dynamic mechanical thermal

analyser (DMTA) Mk III. The DMTA was operated

in the dual cantilever bending mode at a frequency of

1Hz and a heating rate of 3°C minÿ1 over the

temperature range ÿ100 to 50°C. Wide angle X-ray

diffractions (WAXD) were measured employing a Jeol

JDX-11 P3A X-ray diffractometer with Ni-®ltered

CuKa radiation. X-ray crystallinity was determined

from the area ratio of the crystalline peaks and the

amorphous halo. The morphology of spherulites was

examined using a Nikon polarizing optical microscope

equipped with a Mettler hot stage. Tensile tests were

performed with an Instron Model 4201 universal

testing machine using a gauge length of 30mm and a

crosshead speed of 250mm minÿ1. Data were taken as

averages of at least ®ve measurements.

Biodegradation test
The biodegradation test was done by liquid culture

experiments along the general lines of ASTM D5209-

91. The test method consists of selecting microorgan-

isms to determine aerobic biodegradability, preparing

inoculum, exposing samples to the activated inocu-

lum, measuring the amount of CO2 evolved as a

function of time, and assessing the degree of bio-

degradability. The apparatus was divided into three

parts: a unit which removed CO2 from the air, a

culture unit, and a CO2 collector.

CO2 was produced as a result of metabolism of the

carbon atoms in the polymer molecules by micro-

organisms under aerobic conditions. The CO2 thus

produced was collected by reaction with Ba(OH)2

followed by titration with HCl. The specimens were

cultured at 25�1°C in test bottles containing 100ml

of the test medium and microorganisms.

Activated sludge was used for the biodegradation

test. The activated sludge was harvested from Nanjido

municipal sewage treatment plant in Seoul. Bio-

assimilable organic substances in the activated sludge

were exhausted after 24h of aeration. The resulting

solution was allowed to settle and the supernatant was

collected and stored at 4°C for inoculation. The viable

cell number for inoculum was kept at 1�106±1�107

cellsmlÿ1. All the biodegradation data are reported as

the percentage of carbon converted to CO2 based on

the original carbon content. To be more accurate, four

tests were conducted simultaneously, and all the data

were averaged.

In addition, simple soil degradation tests were

carried out. Soil was obtained from an agricultural

®eld in the Inchon area and used as an incubation

medium. The soil was placed in poly(vinyl chloride)

(PVC) containers. The ®lm samples were laid down

between two layers of soil maintained soft to promote

metabolic activity through proper oxygen uptake. The

containers were left in an incubator at 28°C and a

humidity of about 70%. The degraded samples were

taken every week and the changes in appearance were

observed visually.

RESULTS AND DISCUSSION
Characterization of copolyesters
The dependence of melting temperature on the

Table 1. Composition of copolyesters of (succinic acid–1,4-butanediol)/
(dimethyl terephthalate–1,4-butanediol)

SA±BD/DMT±BDmol ratio

Sample code Feed composition Actual composition a

P10 90/10 90.7/9.3

P20 80/20 81.5/18.5

P30 70/30 71.7/28.3

P40 60/40 60.6/39.4

a Results of composition analysis by 1H NMR.
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amount of DMT±BD in the copolyesters is shown in

Fig 1. The melting temperature is sensitive to the

amount of DMT±BD comonomer units, as expected

in random copolymers. The melting temperature

decreases by about 75°C when the DMT±BD content

rises to 40.0mol%.

The relation between melting behaviour and com-

position is still unresolved.5 One important question

concerns the distribution of the comonomer units in

the crystalline and non-crystalline regions of a semi-

crystalline copolymer consisting of A and B units.

There are two basic models describing this situation.

The ®rst, proposed by Flory,6 assumes that the

comonomeric units B are not included in crystallites

but remain in the amorphous phase. According to the

second model, developed by Eby,7,8 there is full

compatibility between the monomers of both types,

ie comonomer B together with A build up the

crystalline lattice. Wegner9 compared the two models

and concluded that they merely represent two extreme

cases. Nevertheless, it is possible to establish which of

the two models is more applicable for explaining the

structure and properties of a given copolymer.

Because of the uncertain determination of the value

of surface energy, se, we applied the well known Flory

equation in its classical form:

1

T 0m
ÿ 1

Tm

� ÿ R

DHm

ln XA �1�

where Tm is the melting temperature of the homopoly-

ester SA±BD, T 'm is the melting temperature of the

copolyesters, DHm is the heat of fusion per mole of

crystalline mers, and XA is the mole fraction of

SA±BD. From the slope of the plot of 1/T 'm versus

lnXA (Fig 2), DHm can be evaluated. The calculation

yields DHm=12.5kJ molÿ1. This value is quite low in

comparison with that reported in the literature

(DHm=19.0kJ molÿ1).10,11 This deviation from the

Flory theory indicates that a large portion of non-

crystallizable comonomeric units (DMT±BD) may be

trapped in the crystal lattice in the form of crystal

defects, which are not excluded from the crystal lattice.

Also a morphological rather than a thermodynamic

effect should be responsible for the melting behaviour

of the copolyesters. An inclusion of defects during

crystallization may cause development of metastable

crystals, resulting in multiple melting characteristics as

shown in copolyester P40.

Figure 3 shows the crystallization behaviour exam-

ined via dynamic DSC. Samples were heated to 135°C
and kept for 5min to erase the previous thermal

history, and then crystallized at a constant cooling rate

of 10.0°Cminÿ1 in a nitrogen atmosphere. The overall

crystallization rate signi®cantly decreases with increas-

ing DMT±BD content and an exothermic peak is not

observed for the samples with greater than 20.0mol%

of DMT±BD in the range of undercooling examined.

When a copolymer crystallizes, crystallization rates are

Figure 1. DSC melting thermograms of the copolyesters obtained at a scan
rate of 10.0°C minÿ1.

Figure 2. Determination of heat of fusion DHm using a plot of 1/Tm against
lnXA for the copolyesters.

Figure 3. Dynamic DSC thermograms of the copolyesters measured at a
cooling rate of 10.0°C minÿ1.
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in¯uenced by the presence of non-crystallizable

components. The non-crystallizable components such

as DMT±BD units may retard the rate of transport of

crystallizable species, decreasing the rate of crystal-

lization. This effect will be increasingly important as

the concentration of non-crystallizable components

increases. Another effect that should be taken into

account is the fact that the non-crystallizable units

included and/or excluded in the crystal lattice may

induce some perturbation on the surface of lamellar

crystals by increasing the entropy of folding.12 An

increase of surface free energy se due to surface

perturbation causes further depression of the crystal-

lization rate.

Figure 4 shows polarized optical micrographs of the

copolyesters isothermally crystallized at a degree of

supercooling, DT =30°C. When the concentration of

the non-crystallizable components increases in a

copolyester series, the arrangement of the individual

lamellar crystallites into a large scale of organization

(anisotropic ordering of spherulites) decreases and the

typical Maltese-cross is not clearly seen. Indeed, in

copolyester P40, which contains 40mol% DMT±BD,

the supermolecular structure disappears. Although

P40 does not display the morphology of well devel-

oped spherulites, it is nevertheless a semi-crystalline

polymer.

A comparison of the X-ray diffraction patterns of the

compression-moulded copolyester samples is given in

Fig 5. The sharp diffraction peaks are indicative of the

presence of crystallites in the copolyesters. The

samples of high DMT±BD contents show relatively

weak crystalline peaks which are caused by a reduction

in crystallinity and introduction of irregularity. How-

ever, there is no essential difference in the X-ray

diffraction angles even for the sample with 40mol%

DMT±BD content. This implies that the aggregation

of crystallizable segments and formation of crystalline

domains are not signi®cantly affected by the non-

crystallizable units. When considering the previous

Figure 4. Polarized optical
micrographs of the copolyesters
crystallized at a degree of
supercooling, DT =30°C: (a) P10,
(b) P20, (c) P30, (d) P40.

Figure 5. Wide angle X-ray diffraction patterns of compression-moulded
copolyester samples.
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discussion in Fig 2, it also suggests that some

DMT±BD units may be co-crystallized in the SA±BD

crystal lattice by a small distortion of the unit cell. The

degree of crystallinity Xc, obtained from diffracted

intensity data in the range 2y=10±35°, and other

characteristics of the copolyesters are listed in Table 2.

The trend of decreasing Xc with increasing DMT±BD

content is clear.

The storage modulus E ' and the dissipation factor

tan d of the four copolyester samples are plotted versus

temperature in Fig 6. In the temperature range from

ÿ40 to ÿ10°C, E' starts to fall due to the onset of

amorphous softening near the glass transition. The

samples show a broad glass transition, the tempera-

tures of which have little correlation with the DMT±

BD content of the copolyesters. The broad glass

transition suggests that chain segments in the copoly-

esters will experience different molecular motions with

non-equivalent free volumes.13 The comparative plot

shows that the glass transition temperature Tg is

relatively insensitive to the content of DMT±BD in

the copolyesters. However the tan d peak is very

dependent on the DMT±BD content. As the concen-

tration of DMT±BD increases, the magnitude of the

tan d peak signi®cantly increases. This is consistent

with the fact that increasing the concentration of

DMT±BD reduces the overall crystallinity level of the

copolyesters, which increases their ¯exibility.

Mechanical properties
The results of mechanical tests on the copolyester

samples are shown in Fig 7. The tensile strength is

relatively unaffected, while the elongation at break

increases remarkably with increasing DMT±BD con-

tent. In particular, the sample with 40mol% DMT±

BD content shows 550% elongation at break. These

changes in mechanical properties, of course, re¯ect the

Table 2. Molecular weight and thermal properties
of the copolyesters

Sample code [Z] (dl/g) Mn�10ÿ4 (g molÿ1) Mw/Mn Tm (°C) Xc (%)

P10 1.353 5.70 2.1 113.2 35.2

P20 1.049 4.68 2.4 101.8 25.4

P30 1.998 4.43 2.1 89.4 14.2

P40 0.864 3.59 2.2 76.2 7.8

Figure 6. Storage modulus E ' and loss tangent tan d of the copolyesters.

Figure 7. Tensile properties of the copolyesters.

Figure 8. Percentage Carbon converted to CO2 with time.
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character of DMT±BD units in the copolyesters. At

high DMT±BD content where the crystallinity of the

copolyesters is suppressed, the tangent modulus of the

copolyesters is relatively low. However, the DMT±BD

segments contribute largely to increase the elongation

at break, leading to good tensile strength of the

copolyesters.

Microbial degradation
Figure 8 shows the biodegradability of the copolyesters

investigated by the modi®ed Sturm test. The rate of

biodegradation decreases with increasing DMT±BD

content in the copolyesters. The microbial degradation

of crystalline aliphatic polyesters proceeds in a

selective manner, with the amorphous regions being

degraded before the degradation of crystalline

regions.14 This suggests that the degree of crystallinity

is an important factor in determining microbial

degradability. However, the effect of the degree of

crystallinity on the biodegradation rate cannot be

observed in this study because the in¯uence of the

chemical structure on biological resistance overrides

the biodegradability of the copolyesters. In the samples

of high DMT±BD content (eg P30) very limited

degradation is visible during the ®rst 30 days.

Biodegradability tests for 6 weeks in soil are shown

in Fig 9. As described before, the copolyester samples

show limited degradation in the liquid test media. In

Figure 9. Biodegradation in soil: (a) P10, (b) P20, (c) P30, (d) P40.
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contrast, there are signi®cant changes in the appear-

ance of the copolyester ®lms buried in soil. After 4

weeks the copolyester ®lms became brittle and

fragmented very easily, making it dif®cult to measure

their dimensions. The mass loss accompanied by a

considerable mechanical loss indicates that the co-

polyesters are fairly sensitive to microbial degradation

in soil. The relatively large decrease in mechanical

properties at the beginning of soil burial tests suggests

that random chain scission is the primary mechanism

in biodegradation of the copolyesters. Only partial

chain scission of the backbone is enough to reduce

polymer toughness drastically without signi®cant mass

loss.15 It is worth noting that the biodegradation of

copolyesters occurs through colonization of the ®lm

surface by bacteria or fungi, which secrete an extra-

cellular enzyme that degrades the polymers.14 Due to

the bulkiness of enzyme molecules, the biodegradation

is generally a surface erosion phenomenon without

decrease of the molecular weight in the bulk polymer.

Therefore, we can infer that abiotic hydrolysis may

also contribute in part to environmental degradation.

The differences in biodegradation observed by appli-

cation of two different degradation tests show the

necessity of using well-de®ned laboratory tests for a

®nal judgement of biodegradability. Further investiga-

tions will concentrate on the question of whether or

not only the aliphatic chains in the copolyesters are

biodegraded and on the fate of the aromatic units.

CONCLUSIONS
Material characteristics and biodegradability are

correlated with the chemical composition of

aliphatic/aromatic copolyesters, in agreement with

the results of the investigation by Witt et al.1 When

the copolyesters are exposed to aerobic sewage sludge,

CO2 is produced, indicating polymer degradation.

However, in samples having high DMT±BD content

very limited degradation is observed. In soil burial

tests, the mechanical properties of the copolyester

®lms decrease rapidly, and the ®lms with a mole

fraction of DMT±BD of less than 0.2 cannot be

recovered after 4 weeks. Thus the biological properties

of aliphatic/aromatic copolyesters can easily be con-

trolled by changing their chemical composition.
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