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Abstract

Sorption by biodegradable polyesters of several aromatic chemicals as model compounds for hydrophobic
organic contaminants (HOCs) was studied. The biodegradable polyesters used were poly(butylene succinate),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate), poly(e-caprolactone), poly(butylene succinate/ terephthalate),
and poly(L-lactic acid). Petrochemical plastics, low-density polyethylene and polyethylene terephtalate, were
used for comparison. The target HOCs were biphenyl, bisphenol-A, dibenzofuran, diethylstilbestrol, nonyl-
phenol, and chlorophenols. The treatment of the HOC solutions with each of the biodegradable polyesters
resulted in the nearly complete removal of the chemicals by sorption from the aqueous phase, except for the
case of poly(L-lactic acid). Low-density polyethylene adsorbed biphenyl and dibenzofuran selectively, and
polyethylene terephtalate did not adsorb any of the HOCs. The adsorptive interaction between the plastics
and the HOCs might be related to both the glass transition temperature of the former and the nature of the
latter as defined by the Fujita's inorganicity/organicity ratio. The toxic effect of 3,5-dichlorophenol on bacte-
rial growth in liquid culture was removed by the addition of a biodegradable polyester. These results provide
a basis for the applicability of the biodegradable plastics as the adsorbents for the removal of HOCs from
aquatic environments.
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compounds are adsorbed by soil organic matter and
biopolymers such as lignin, chitin, chitosan, and cellu-
lose [2-5]. Plastic debris dispersed as persistent pollut-
ants in marine ecosystems [6] have been reported to act

1. Introduction

A wide variety of aromatic chemicals released from
anthropogenic sources into the environment are recog-

nized as harmful and persistent contaminants. Such
hydrophobic organic contaminants (HOCs) are concen-
trated in biosystems through the food chain, thereby
bringing about a potential threat of biotic environments
[1]. Therefore, the problem of how to detoxify and
remove HOCs in the environment is central to research
in environmental science and technology. One of the
most widely used approaches to this subject is the
removal of HOCs using appropriate sorbents such as
activated carbon, siliceous materials, zeolite, and
synthetic resins [2]. In recent years, biopolymers and
petrochemical plastics as the sorbents of HOCs have
gained more attention. It has been shown that aromatic
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as transporters of HOCs [7,8]. Aromatic compounds
in foods and liquid media are adsorbed by polyethylene
[9-11]. The sorption of aromatic compounds on
polyethylene as a membrane material was studied
[12]. HOCs from municipal wastewater treatment
plant effluents could be removed by sorption onto
polypropylene [13]. Although the mechanism of ad-
sorptive interaction between plastics and HOCs has not
yet been fully elucidated, the available information
suggests that sorption technology using these polymers
has great promise as a tool for HOC removal from the
environment.

Biodegradable polyesters, which have attracted
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much attention as alternatives of conventional plastic
packages have physicochemical properties resembling
petrochemical plastics [14,15]. It is therefore of special
interest to investigate whether biodegradable polyes-
ters as well as petrochemical plastics adsorb HOCs. To
date, there has been no fundamental information
about the adsorptive interaction between biodegradable
polyesters and HOCs. In this study, we report that se-
lected biodegradable polyesters are able to adsorb
aromatic chemicals more effectively than selected pet-
rochemical plastics. We discuss the applicability of
biodegradable plastics as potent adsorbents for the re-
moval of HOCs from aquatic environments. To our
knowledge, this report is the first to demonstrate that
biodegradable plastics are able to adsorb HOCs.

2. Materials and Methods

2.1. Chemicals

The aromatic chemicals used as model compounds for
HOCs were biphenyl (BP), bisphenol-A (BPA), diben-
zofuran (DF), diethylstilbestrol (DES), and nonylphenol
(NP). Also, phenol and its chlorinated derivatives, 2-
monochlorophenol (2-CP) and 3,5-dichlorophenol
(3,5-DCP) were used. Among these chemicals, BPA,
DES, and NP are suspected of being endocrine disruptors.
Some congeners of chlorophenols are known to have
inhibitory effects as uncouplers on energy metabolism in
organisms [16,17]. All these chemicals were purchased
from Wako Pure Chemical Industries (Osaka, Japan).
The physicochemical characteristics of the HOCs as de-
fined by the Fujita’s inorganicity (i) and organicity (o)
characters, which are based on the concept of van der
Waals interaction and electronic affinity, respectively [18,
19], were determined using an Excel Macro program
available at a web site (http://www.ecosci.jp/sheet/
orgs_help.html).

2.2. Biodegradable Polyesters

Commercially available biodegradable polyesters were
used as the sorbents. These polymer samples were
poly(e-caprolactone) (PCL) (Daicel Chemical Industries,
Tokyo, Japan), poly(butylene succinate/terephthalate)
(Ecoflex, EF) (BASF Japan Ltd., Tokyo, Japan),
poly(butylene-succinate) (PBS) (Showa Highpolymer
Co., Hyogo, Japan), poly(3-hydroxybutyrate-co-8%-3-
hydroxyvalerate) (PHBV) (Japan Monsanto, Tokyo, Ja-
pan), and poly(L-lactic acid) (PLA) (Mitsui Chemicals,
Inc., Tokyo, Japan). For comparison, low-density poly-
ethylene (LDPE) (Mitsui Chemicals) and polyethylene
terephtalate (PET) were used as representatives of con-
ventional petrochemicals. For testing, fibers of the plas-
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tics were prepared by the melt-spinning method. The
melt spinning machine was a 35 mm single screw ex-
truder (L/D=28) provided with a spinning nozzle having
6 holes with a diameter of 1.0 mm. The melt extrusion
temperature was 200 °C for all samples. The fibers were
extruded into a cooling water bath at 45 °C for PLA and
20 °C for the others; the output was about 6 g min .
The take-up speed for the fiber was 7 m min . The
diameter of the fiber was set at 1 mm in all cases. The
plastic fibers thus prepared were cut into an appropriate
size before use.

2.3. Characterization of Biodegradable Polyesters

Melting temperature was measured with a Rigaku TAS-
100 differential scanning calorimeter heated at 10 °C
min' under a nitrogen gas flow. Wide-angle X-ray dif-
fraction measurement of polymer samples was per-
formed using the Shimadzu XD-D1 system. Cu-Ka ra-
diation (A= 0.1542 nm) was used as the light source. The
degree of crystallization (Xc™™) was calculated accord-
ing to the following equation: Xc™™ (%) = 100X Irygal
/erystat T Tamorphous)> Where Loyl is the area of the crystal-
line peak and Iirysi + Lamorphous 1S the overall area. The
physicochemical characteristics of the biodegradable
polyesters and petrochemical plastics used are shown in
Table 1.

2.4. Spectrophotometric Monitoring of HOC
Removal

Saturated aqueous solutions of HOCs in 10 mM phos-
phate buffer (pH 7.0) were prepared. Before use, the
saturated solutions were diluted to have an ultraviolet
absorbance of 0.2 to 0.4 at 248 nm for BP, 280 nm for
DF, 245 nm for DES, and 276 nm for chlorophenols.
Polymer fibers measuring 10 mm in length (0.5 g each)
were introduced into 10 ml screw-capped glass vials
containing 5 ml of a diluted HOC solution and shaken on
a reciprocal shaker (140 strokes min ") for 24 h at ambi-
ent temperature (25 °C). Then, an aliquot of the solution
was sampled and analyzed spectrophotometrically with a
Shimadzu BioSpec 1600 spectrophotometer.

2.5. HPLC Monitoring of HOC Removal

HOC solutions at a concentration of 0.15-0.35 mM were
prepared and treated for 24 h with polymer fibers as
noted above. An aliquot of the aqueous solution was
sampled at an appropriate interval during the 24-h period
of treatment and directly analyzed by reverse-phase
HPLC or extracted with ethylacetate prior to the HPLC
analysis. The solvent extraction was made twice in total
of 5 ml. HPLC was performed with a Shimadzu model
LCI10A liquid chromatograph equipped with a Zorbax
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ODS column (4.6 [i.d.] X 250 mm) and a Shimadzu
SPD-2A photodiode array detector. BP and DF were
eluted with 90% methanol at a flow rate of 1.0 ml min™*
and monitored at 248 and 280 nm, respectively. BPA,
NP, and chlorophenols were eluted with 70-80%
methanol at a flow rate of 0.5 ml min"' and monitored at
276 nm. DES was eluted with 70 % methanol at a flow
rate of 1.0 ml min"' and monitored at 245 nm. The con-
centration of HOCs was determined by comparing HPLC
peak areas of samples with those of the standards at
known concentrations.

2.6. Recovery of Adsorbed HOCs

After 24 h of treatment as noted above, the polymer
fibers adsorbing HOCs were collected from the aqueous
phase and washed three times with pure water. The
washed loss was less than the detectable limit. Then, the
HOCs on the polymer were extracted twice with ethy-
lacetate in total of 5 ml and analyzed directly by re-
verse-phase HPLC as noted above.

2.7. Temperature Dependency

The effect of temperature on the interaction between
PLA and DF was studied. PLA fibers were cut to give a
length of 5 mm and immersed in 5 ml of DF solution (2
pug ml') in glass tubes. The test tubes were kept at
ambient temperature (25 °C) and in a water bath at 50 °C
and 75 °C. At appropriate intervals of incubation, DF
was extracted from the solution in the test tubes and
analyzed by HPLC as described above.

2.8. Bacterial Growth with 3,5-DCP and PHBV

Escherichia coli strain IAM 12119 (the type strain) and
Bacillus subtilis 1AM 12118 (the type strain), both of
which were obtained from the IAM Culture Collection
Center, the University of Tokyo (Tokyo, Japan) were
used. The test organisms were pre-grown aerobically in
PBY liquid medium [20]. A 50 um aliquot of cultures at
the late exponential phase of growth was introduced into
four screw-capped test tubes (30-ml capacity) containing
6 ml of PBY medium. A small amount of a filter-
sterilized 3,5-DCP solution was added to one of the test
tubes at the beginning to give a concentration of 27 ug
ml ™' and incubated aerobically at 28 °C on a reciprocal
shaker (designated test 1). In tests 2 and 3, the 3,5-DCP
solution was added to the culture after 3 h of incubation.
In test 3, autoclaved PHBV fibers (50 mg ml™") were
further added aseptically to the cultures after 6 h of
incubation. The control culture was made without any
additive. Growth was monitored by measuring the
optical density at 660 nm (ODgg) using an Amar
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Table 1. Biodegradable polyesters and petrochemical
polymers used.

Glass tran-
Crystallinit Melting tem- sition tem-
Polyester ’ (%) ! peraturi (°C) perature
°C
Biodegradable
EF 21.3 115 -30
PBS 44.5 113 -32
PCL 58.8 59 -60
PHBV 52.6 158 4
PLA 20.9 163 60
Non-biodegrad-
able
LDPE 45.8 120 -120
PET nd* 260 70

?nd, not determined.

sham-Pharmacia Novaspec spectrophotometer. Cell-
morphology were checked by phase-contrast microscopy
and epifluorescence microscopy with SYBR Green I
staining [21]. Viability of cells was estimated by the
tetrazolium reduction method using 5-cyano-2,3-ditoryl
tetrazolium chloride (CTC) at single cell resolution [22].
The concentration of 3,5-DCP remaining in the liquid
phase was monitored by HPLC as noted above.

3. Results and Discussion
3.1. Removal Efficiency with Different Polyesters

The aqueous solutions of different aromatic compounds
as model HOCs were shaken in the presence or absence
of a biodegradable polyester added as the sorbent.
Then, the removal of HOCs from the aqueous phase after
24 h of treatment was checked spectrophotometrically.
As examples, UV absorption spectra of BP, BPA, DF,
and DES solutions with or without PCL applied are
shown in Figure 1. These aromatic solutions showed
their characteristic absorption maxima between 200 and
300 nm in the absence of PCL (Figures 1(a)-1(d), traces
I). On the other hand, the addition of PCL to the solu-
tions resulted in the disappearance of absorption peaks in
all cases (Figures 1(a)-1(d), traces II), indicating that the
HOCs were removed from the aqueous phase by sorption
onto PCL. Similar effects on the aromatic solutions
were observed with the addition of EF, PBS, and
PHBYV, whereas the addition of PLA to the solutions
exerted little or no spectral change under the experi-
mental conditions (data not shown).

HPLC experiments were performed to quantitatively
estimate the efficiency of HOC removal by different
biodegradable polyesters as the adsorbents compared
LDPE and PET. All of the biodegradable polyesters used,
except PLA, adsorbed all test HOCs effectively at a re-
moval efficiency of more than 98 % within 24 h of treat-
ment (Table 2). Much lower efficiency of HOC removal
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1
200 250 300 35
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Figure 1. Absorption spectra of aqueous solutions of BP (a),
BPA (b), DF (c), and DES (d) with and without PCL ap-
plied. (I) spectra without PCL applied; (II) spectra after 24
h treatment with PCL.

(< 22 %) was obtained with PLA and PET. The HOC
removal patterns of LDPE were different in some degree
from those with the biodegradable polyesters. Namely,
LDPE adsorbed BP and DF effectively but removed
much less amounts of BPA and DES from the solutions.

The adsorption behavior of phenol, 2-CP, and 3,5-
DCP on the biodegradable polyesters was analyzed in
greater detail to study whether the sorption efficiency is
related to the number of chlorine substituents, i.e., hy-
drophobicity of the chemicals. As example, the time
course of the removal of phenol and the chlorophenols
by PCL is shown in Figure 2. The removal efficiency
became high with increasing numbers of chlorine sub-
stituents on phenol; the adsorbed amounts of phenol,
2-CP, and 3,5-DCP after 24 h of treatment were 20, 50,
and 75 umol g', respectively. These results suggest
that the hydrophobic interaction between the polymers
and HOC:s is an important factor affecting the sorption.

PBS and PHBV had similar effects on the chlorophe-
nols but exhibited lower sorption efficiencies than PCL.
The adsorbed amounts of the chlorophenols after 24 h of
treatment with PBS and PHBV were 70-95 % and 50—
80 % of those with PCL, respectively, whereas PLA did
not adsorb the chlorophenols.

Copyright © 2010 SciRes.

Table 2. Removal of aromatic compounds by sorption onto
different biodegradable and non-biodegradable polyesters.

Polyester % Removal of:*
used BP BPA DF DES NP
Biodegrad-
able
EF >99 >99 >99 >99 >99
PBS >99 98+1 >99 99+1 >99
PCL >99 >99 >99 >99 >99
PHBV >99 98+1 >99 98+1 98+1
PLA 182 2242 11+l 13+£1 nt’
Non-biode-
gradable
LDPE 97+2 9+4 >99 27+1 nt
PET 8+2 8+1 6+1 9+1 nt

* % Removal after 24 h of treatment; the initial concentration of
aromatics ranged from 0.15 to 0.30 umol (23-68 pg) ml™.
® nt, not tested.

12 T T T T

Chemicals remaining (mg L)

0 5 10 15 20 25
Time (h)

Figure 2. Removal of phenol (open circles), 2-CP (solid cir-
cles), and 3,5-DCP (triangles) from the aqueous solutions by
sorption onto PCL.

3.2. HOC Removal Efficiency with Different
Amounts of Adsorbents

Removal efficiency of 2-CP with different amounts of
PCL added as an adsorbent was further studied under the
same conditions as described for Figure 2. As shown in
Figure 3, the ratio of the concentration of 2-CP in the
liquid phase equilibrated after 24 h of treatment (C.) to
its initial concentration (C,) decreased linearly with in-
creasing amounts of PCL as the absorbent. Preliminary
experiments also showed that a much faster decrease in
the C./C, ratio was observed with increasing amounts of
a granular type of PCL or PHBV (unpublished data).
These results suggest that HOC removal efficiency
depends upon the surface area of biodegradable polyes-
ters as the absorbents.

JWARP



218 Y. MATSUZAWA ET AL.

3.2. Recovery of Adsorbed HOCs from Polymers

If the hydrophobic interaction is mainly involved in the
sorption of HOCs onto the surface of polymer, the com-
pounds absorbed should be fully recoverable by extrac-
tion with an organic solvent. To examine this, the BPA
and DF solutions were treated with EF, PBS, PCL, and
PHBYV, and the net amounts of the chemicals extracted
separately from the solution and the polymers were
determined. As shown in Table 3, the total amount of
BPA and DF recovered from each of the 4 polyesters
accounted for only 19 to 56 % of the initial amount in the
respective solutions. These results suggest that the
mechanism of HOC sorption by the polymers is more
than a simple hydrophobic interaction.

3.3. Effects of Temperature on Sorption

In view of the results noted above, the affinity between
the polymers and HOCs may be related to the chemical
nature of the former compounds as well as of the latter.
A possible determinant of this is grass transition tem-
perature. PCL, PBS, EF, and PHBV have a lower grass
transition temperature ranging from —60 °C to 4 °C (see
Table 1). As noted above, these polymers absorbed the
HOC:s effectively at room temperature, and the removal
efficiency of the chlorophenols decreased in the follow-
ing order: PCL (glass transition temperature, 60 °C) >
PBS (=32 °C) > PHBV (4 °C). On the other hand, PLA,
having a much higher glass transition temperature (60
°C), did not adsorb the chemicals effectively at room
temperature. PET, whose grass transition temperature
is 70 °C, showed similar behavior to PLA.

To determine the effect of temperature on the in-
teraction of chemicals with polymers, a DF solution was
treated with PLA at 25 °C, 50 °C, and 75 °C, and the
chemical in the hot solution was extracted with ethylace-
tate. As shown in Figure 4, more than 90 % of DF in the
hot solution at 75 °C was removed by PLA, contrasting
well with the control test with the solution at 25 °C in
which DF was hardly removable. The removal efficiency
at 50 °C, which is lower than the glass transition
temperature of PLA, was also low.

Based on the aforementioned results, it may be logical
to conclude that the glass transition temperature of
polymers is another important determinant of their affin-
ity to HOCs. The mobility of the amorphous phase of
plastics much increases at a higher temperature than
glass transition temperature, and this physical state is
possibly critical for elevating in the HOC-sorption effi-
ciency. In this context, it is of special interest to further
study the relationship between the sorption efficiency
and cristallinity of the plastics. Although LDPE has a
low glass transition temperature (—120 °C), it did not
adsorb some of the tested HOCs (i.e., BPA and DES)
effectively. At this time, we are unable to find a
plausible reason for this with certainty but can assume

Copyright © 2010 SciRes.
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0 20 40 60 80 100
Amount of PCL added (mg ml")
Figure 3. Removal efficiency of 2-CP as a function of the

amount of PCL added as an adsorbent. C,, equilibrated
concentration of 2-CP; C,, initial concentration of 2-CP.

DF remaining (mg L-1)

0 5 10 15 20 25
Time (h)

Figure 4. Removal of DF from the aqueous solution at 25 °C
(open circles), 50 °C (triangles), and 75°C (closed circles) by
sorption onto PLA.

Table 3. Recovery of adsorbed aromatics from biodegrad-
able polyesters by extracting with ethylacetate.

9 .
Polyester % Recovery of:
BPA DF
EF 34+6 2+4
PBS 1844 19+6
PCL 2145 3146
PHBV 55+8 5649

that the interactions between HOCs and the plastics
possibly depend upon the physicochemical nature of the
former as well as of the latter.

3.4. Significance of i/o Characters of Chemicals
in Sorption

For more comprehensive understanding of the adsorptive
behavior of HOCs, we considered the Fujita's i/o charac-
ters, which are the parameters based on the concept of
van der Waals interaction and electronic affinity, respec-
tively. The i/o ratio is useful to predict the physico-
chemical characteristics of chemical compounds in the

JWARP



Y. MATSUZAWA ET AL. 219

liquid phase [18,19]. It can be used as a criterion of
adsorbability as well as of solubility [23]. As shown in
Figure 5, the i values for BP and DF are much lower
than those for BPA and DES. In addition, BP and DF
have a lower i/o ratio than BPA and DES. Thus, one can
assume that chemicals having a low i value and a low i/o
ratio, such as BP and DF, are adsorbed strongly by hy-
drophobic polymers in one fashion, while BPA and
DES, having a high i value, interact with them in another
manner. This characteristic of chemicals is an addi-
tional important factor to consider their sorption behavior
onto the biodegradable polyesters as well as onto petro-
chemical plastics. Abe et al. [23] have used the i/o
value to explain the adsorptive mechanism on activated
carbon in the liquid phase.

3.5. Elimination of Toxic Effects of 3,5-DCP by
Sorption

A wide variety of HOCs such as 3,5-DCP have toxic
effects on growth and viability of organisms. Therefore,
it is important to elucidate whether these effects can be
reduced by sorption using biodegradable polyesters. To
know about this, two phylogenetically different bacteria
were tested for growth in the presence of 3,5-DCP and
PHBV. The tested organisms were Bacillus subtilis and
Escherichia coli, both of which are unable to degrade
PHBYV and the other polyesters used in this study. The
results of the experiment with Bacillus subtilis are shown
in Figure 6. In tests 1 and 2, the addition of 3,5-DCP
into the culture resulted in the complete inhibition of
bacterial growth. In test 3, on the other hand, the addition
of PHBYV into the 3,5-DCP-containing cultures resulted
in the restoration of its growth (Figure 6(a), triangles)
along with the removal of 3,5-DCP from the aqueous
phase (Figure 6(b)). Epifluorescence microscopy show-
ed that there were no differences in cell morphology
and CTC-reducing activity at single cell resolution be-
tween the test 3 culture (Figure 6(a), triangles) and the
control culture (Figure 6(a), solid diamonds) at the sta-
tionary phase of growth. Similar effects of PHBV were
obtained with 3,5-DCP-containing cultures of Es-
cherichia coli (data not shown).

As reported above, our attempt to eliminate the toxic
effect of 3,5-DCP on bacteria by using PHBV as the ad-
sorbent has given positive results. These results suggest
the usefulness of sorption technology using biodegrad-
able polyesters in protecting aquatic organisms from en-
vironmental hazards with HOCs. Our concurrent study
has shown that the biodegradable polyesters are able to
adsorb several other harmful aromatic compounds
such as benzene, toluene, ethylbenzene, and xylene, and,
in this respect, they are superior to activated carbon (un-
published observations). Further study should give more

Copyright © 2010 SciRes.
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Figure 5. Fujita's i/o characters of HOCs used in this study.
Symbols: open circle, phenol (Phe); double circle, 2-
monochlorophenol (2-CP); solid circle, 3,5- dichlorophenol
(3,5-DCP); open triangle, biphenyl (BP); open square,
bis-phenol A (BPA); solid square, diethylstilbestrol (DES);
solid triangle, dibenzofuran (DF); solid diamond, non-
ylphenol (NP). The compounds in the shaded area may
be those adsorbed effectively by the biodegradable polyes-

ters.
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Figure 6. Effects of 3,5-DCP and PHBYV on growth of
Bacillus subtilis strain IAM 12118 (a) and change in the
concentration of 3,5-DCP in the culture supernatant in test
3 (b). Symbols in Figure 4(a): diamonds, growth without
3,5-DCP (control); open circles, growth with 3,5-DCP (test
1); closed circles, growth with 3,5-DCP added after 3 h of
incubation (shown by an arrow with D) (test 2); triangles,
growth with 3,5-DCP and PHBYV added after 3 h (shown by
an arrow with D) and 5 h (shown by an arrow with P) of
incubation, respectively (test 3).

JWARP



220

definitive information about the applicability of the
biodegradable polyesters as novel adsorbents in sorp-
tion technology for the environmental remediation of
HOCs.

4. Conclusions

The present study was designed to evaluate the applica-
bility of the biodegradable polyesters, i.e., EF, PBS, PCL,
PHBYV, and PLA, as the sorbents for the removal of
HOCs from the environment. The results of this study
have demonstrated that all of the biodegradable polyes-
ters tested, except PLA, are able to adsorb the aromatic
compounds as model HOCs in aqueous solutions at room
temperature. In the HOCs removal efficiency, the
biodegradable polyesters are superior to conventional
petrochemical plastics such as LDPE and PET. Al-
though the sorption mechanism for this has not yet been
fully understood, it is likely that both the physicochemi-
cal characteristics of the plastics (e.g., glass transition
temperature) and the nature of the HOCs as defined by
the Fujita’s i/o-characters is involved. The toxic effect of
3,5-DCP on microbial growth in liquid cultures can be
eliminated by sorption onto biodegradable polyesters.
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