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The synthesis of copolymers, blends and composites
based on poly(butylene succinate)

Sung Yeon Hwang1, Eui Sang Yoo2 and Seung Soon Im1

Poly(butylene succinate) (PBS) is one of the most available environmentally degradable polymers used in industrial applications.

Biodegradable polyesters including PBS have low thermal stability, poor mechanical properties and slow crystallization rates.

For this reason, many researchers have investigated PBS composites, especially nanocomposites with functional inorganic

materials, to identify other advanced properties. We used two inorganic materials to investigate how nanoparticles could be

dispersed in a PBS matrix and to identify the properties that could be advanced by fabricating well-dispersed PBS nanocomposites.

Clay and zeolite were used for the nano components because they are well known and widely used inorganic materials in

polymer-inorganic nanocomposites. The most challenging problem when fabricating the clay–polymer nanocomposite has

been how to separate the clay layers in the composite to overcome the very strong cohesive energies between the clay layers.

Numerous studies have introduced modifiers into silicate layers to increase the basal space and facilitate easier polymer chain

incorporation. We introduce a urethane group on a clay surface to develop physically enhanced PBS/montmorillonite (MMT)

nanocomposites. A series of PBS-based ionomers are synthesized by two-step polycondensation. This study focuses on the effect

of the ionic group on dynamic mechanical properties, melt rheology, crystallization behavior and enzymatic hydrolysis.
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INTRODUCTION

There has been considerable interest in aliphatic biodegradable poly-
esters over the last decade because of increased concerns about envi-
ronmental conservation.1–9 Among aliphatic biodegradable polyesters,
poly(butylene succinate) (PBS) is considered to be a promising material
in many fields because it has excellent biodegradability, melt processi-
bility and chemical resistance. However, PBS has limited applications
because of its poor thermal stability and mechanical properties.

PBS/inorganic nanocomposites have been proposed to overcome
these drawbacks, and are being developed as the next generation of
biodegradable materials. Numerous studies of clay-based biodegrad-
able polymer nanocomposites have focused on changes in preparation
methods and morphological properties, as well as the enhancement of
mechanical and thermal properties.10,11 Ray et al.10 investigated the
degree of exfoliation of PBS/clay nanocomposites with various clay
types and demonstrated control of the flocculation of dispersed
silicate layers in PBS/clay nanocomposites. The achievement of a fine
dispersion of the nanofiller in a polymer matrix is a key problem
when attempting to produce biodegradable polymer/clay nano-
composites. As noted above, homogeneous clay dispersions in
biodegradable polymer matrix are difficult to achieve because of the
strong tendency of clay particles to agglomerate. In previous studies,
biodegradable polymer nanocomposites with fully dispersed clay were
obtained only when the following factors were considered:

1. The d-spacing between layered silicates: increases in the d-spacing
made it easier to penetrate polymer chains into layered silicates.

2. Affinity between layered silicate and biodegradable polymers:
increases in the hydrophobicity of layered silicate were beneficial
for clay–polymer affinity.

3. Miscibility between modifiers and biodegradable polymers: similar
solubility parameters between organic modifier and matrix poly-
mer were beneficial for modifier–polymer miscibility.

Copolymerization is important for improving the mechanical
properties of PBS. However, several factors affect the physicochemical
properties of PBS, such as melting point depression due to imperfect
lateral packing in the lamellae or isomorphism.12–15 In order to
overcome these shortcomings, the ionomer concept has been
employed in the field of PBS.16–22 An ionomer is defined as an ion-
containing polymer with a small amount (usually up to 10–15 mol%)
of ionic groups along the backbone chains or as pendant groups.
Ionomers have been extensively studied because they exhibit signi-
ficant changes in their physical properties owing to the formation of
ionic aggregates such as enhanced mechanical properties, high melt
viscosity and increased thermal properties.23–25

Many previous studies have explored co-polyester-based ionomers
and nanocomposites with inorganic particles based on the PBS
matrix.26–39 These papers mainly focused on the enhancement
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of physical properties as well as the control of biodegradability,
because applications for PBS have increased over time, including uses
in medicine, pharmacy, agriculture and packaging.

This review summarizes our recent studies of the characteristics of
nanocomposites and ionomer-based PBS produced for use as a
biodegradable polyester.

PBS/INORGANIC FILLER NANOCOMPOSITES

We used two inorganic materials to investigate how nanoparticles
could be dispersed in a PBS matrix and to identify the kinds of
properties that could be advanced by producing well-dispersed PBS
nanocomposites. Clay and zeolite were used as the nano components
because they are well-known and widely used inorganic materials in
polymer–inorganic nanocomposites.

PBS/modified clay nanocomposites
The most challenging problem when fabricating the clay–polymer
nanocomposite has been how to separate the clay layers in the
composite to overcome the strong cohesive energy between the layers.
Many previous studies focused on introducing modifiers into silicate
layers to increase the basal space for easier polymer chain incorpora-
tion. In this study, we started from a different point, by introducing
covalent bonds between silica layers and the modifier using a
diisocyanate coupling agent such as 1,6-diisocyanatohexane (HDI).
Then, we introduced a urethane group on the clay surface to develop
physically enhanced PBS/montmorillonite (MMT) nanocomposites.

Figure 1 shows a schematic diagram of the procedure and the
modified clay surface for making PBS/MMT nanocomposites. PBS/
MMT nanocomposites were prepared by in situ polymerization
consisting of direct esterification and polycondensation.

Clay surface urethane modification is intended to increase basal
spacing, to make it easier for polymer chains to penetrate into clay
layers. X-ray diffraction (XRD) allows the exact evaluation of basal
spacing. Figure 2 presents wide-angle X-ray diffraction (WAXD)
profiles indicating (A) the basal spacing of clays and (B) the
intercalation spacing of prepared nanocomposite samples. The nota-
tions 10A and 30B indicate 10A-MMT and 30B-MMT, respectively.
Here, 10A and 30B are alkyl modifiers containing MMT with modifier
concentrations of 125 and 95 meq/100 g clay, respectively. Urethane-
modified clay is designated as 30BM. PBS/MMT nanocomposites are

denoted as clay-type contents such as 30BM10. In Figure 2A,
modified clay (30BM) shows the widest basal spacing. This increased
basal spacing reduced the physical affinities between silicate layers,
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Figure 1 The formation of covalent bonds between silanol groups in montmorillonite (MMT) or silanol groups and the hydroxyl group of organic modifiers by

1,6-diisocyanatohexane (HDI) for clay surface treatment. A full color version of this figure is available at Polymer Journal online.

Figure 2 Wide-angle X-ray diffraction (WAXD) profiles (A) of various clays:

(a) 10A, (b) 30B and (c) 30BM; WAXD profiles (B) of nanocomposites.
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making it easier for the PBS chains to penetrate into silicate layers and
to form an exfoliation structure. Figure 2B shows that this assumption
is correct. When the same amount of clay is introduced, the modified
clay with urethane groups inside the clay layers more easily accept
PBS molecular chains, resulting in a low diffraction angle of the
d(001) plane of the dispersed silicate layers in the PBS matrix. This
may have occurred because the surface urethane modification in
30BM decreased the physical attraction between silicate–silicate and
allowed the PBS matrix to permeate into the silicate layers; this
favorable effect resulted in easier exfoliation.40

Transmission electron microscopy images provide further evidence
to confirm disordered clay dispersion. As shown in Figures 3a and b
(10A20 and 30B20, respectively), clay sheets were uniformly oriented
with complete layer stacks containing an average of 14 and 12 silicate
sheets per bundle, respectively. In contrast, Figures 3c and d (30BM20)
reveal significantly smaller bundles composed of only 3–4 randomly
oriented silicate sheets. In this figure, y1B7 was introduced to explain
the degree of orientation of the silicate sheets. In the areas indicated
by red circles, an omni-directional angle of dispersed clay layer can be
seen, indicating largely exfoliated clay sheets in the PBS matrix.

Further, we conclusively demonstrated that urethane-modified
MMT nanocomposites yield superior clay exfoliation because the
alkyl chains of a coupling agent are effectively introduced by
covalent bonding between the silica layers and modifiers. In the
PBS/modified MMT nanocomposite, better affinity between the PBS
molecules and the surface of modified MMT allowed for better

incorporation of PBS molecules into silicate layers. These results
contributed to the improved physical properties of PBS/MMT
nanocomposites. Further, 30BM nanocomposites showed consider-
ably improved tensile strengths and Young’s moduli as well as
elongation at breaks compared with 10A and 30B nanocomposites.
When nanoparticles are introduced, both the tensile strength and
elongation at breaks decreased drastically with increasing clay content
because of the increased stiffness and formation of microvoids around
clay particles during tensile testing. We observed this phenomenon
in 10A and 30B nanocomposites; however, 30BM samples with high
clay content were able to maintain all physical properties without
deviation. This result indicates that surface modification of clay
diminishes microvoids,41 resulting in a fine dispersion of clay in the
PBS matrix, and that adding urethane groups to a clay surface
increased the physical affinity between the clay and PBS matrix;
these are the two most significant driving forces for exfoliation
nanostructure. This explanation was verified as shown in Figure 4,
which shows scanning electron microscopy (SEM) images
of the fracture surface of the PBS/MMT nanocomposite after the
tensile test.

Our findings indicate that several types of interactions should be
considered to improve the mechanical properties of MMT nanocom-
posites: silicate–silicate interaction, silicate–polymer interaction and
modifier–polymer interaction. First, modifiers can produce larger
gaps between silicates, which are known to improve the ease of
exfoliation by reducing the silicate–silicate attraction. Second, the

Figure 3 Transmission electron microscopy (TEM) micrographs of nanocomposites composed of (a) 10A20, (b) 30B20, (c) 30BM20 and (d) 30BM20

(at a 10-nm resolution). A full color version of this figure is available at Polymer Journal online.
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increasing density of alkyl modifier tails affects exfoliated nanocom-
posites because excess organic alkyl modifier tails can interfere with
the favorable affinity between the silicate surface and PBS matrix.40,41

30BM had a wider basal spacing than 10A and 30B, and the urethane
group introduced to the clay surface also improved the contact
between the silicate–PBS matrix. The urethane surface modification of
30BM ensures appropriate preconditions, such as silicate–silicate
interactions and silicate–polymer interaction, to allow for exfoliation.

The improved affinity between nanoparticles and the polymer
matrix, as well as the improved dispersion of particles, may affect the
crystallization behavior of a polymer nanocomposite. Crystallization
behavior is one of the most important factors for polymer processing.
Therefore, we investigated the nucleation effect of clay in PBS/
urethane-modified MMT nanocomposites in the context of clay
dispersion and the effectiveness of the urethane group using
isothermal crystallization and by determining the activation energy
for crystallization.

The Avrami equation was used for analyzing the crystallization
kinetics of 30B20 and 30BM20. The 30B20 sample is a PBS/
MMT(30B modifier-containing) nanocomposite without urethane
modification, and 30BM20 was subjected to urethane modification.
The crystallization rate of 30B20 was the greatest among all of the
samples at the same isothermal temperature, indicating that the 30B
clay can act as a nucleating agent to significantly increase the
crystallization rate of PBS, whereas the crystallization rate of the
30BM20 was similar to that of homoPBS.

The isothermal crystallization rate of polymer nanocomposites
increases with the addition of silicate layers.42,43 In the clay composite,
when clay contains an alkyl modifier, metallic groups are precluded by
excess alkyl modifiers and have important roles in nucleation. The
surface urethane modification for 30BM may cause PBS molecules to
contact the metallic group and reduce the activity of the metallic
group for nucleation, although the surface urethane modification led

to partially exfoliated states of 30BM20. As a consequence, the
crystallization rate of 30BM20 is similar to that of PBS. Urethane-
modified clay nanocomposites showed spherulite growth because of
heterogeneous nucleation similar to pure PBS or alkyl modifier-
containing clay nanocomposites (30BM). Avrami exponent values of
all the samples were in the range from 2.3 to 3.2. Crystallization
activation energy was calculated using the Avrami kinetic parameter
under the hypothesis that the crystallization process of bulk PBS
was thermally activated. The clay in the PBS nanocomposite can
increase the probability of nucleation, but also restrain the PBS
molecules from moving for crystallization. This hypothesis was
supported by the finding that the activation energy for the crystal-
lization of a PBS/clay nanocomposite was higher than that of
homoPBS (�165 J mol�1). The activation energy for crystallization
of urethane-modified clay (�171 J mol�1) was lower than that of
unmodified clay (�206 J mol�1), indicating that the introduction
of urethane functional groups alleviates the restraint of PBS
molecule movements against clay layers during crystallization by
increasing the affinity between PBS molecules and clay layers with
urethane groups.

Urethane group moieties in the PBS nanocomposite were supposed
to increase the hydrophilicity of the surface compared with the
unmodified clay composite (Figure 5). When only alkyl modifier was
introduced into the clay (30B sample), the clay was revealed to be
hydrophobic because of the long alkyl chains of the modifier, even
though there were hydroxyl groups on the clay surface. This is
why the 30B20 sample showed such a high contact angle compared
with the homoPBS- or urethane-modified clay PBS composite. As
discussed above, urethane groups may increase the affinity of PBS
molecules to clay layers. In Figure 4, the SEM image shows that the
microvoids, that were observed in the clay composite without
urethane modification disappeared in the urethane-modified clay
composite. Therefore, in this type of composite, clays may be well

Figure 4 SEM micrographs of nanocomposites composed of (a) poly(butylene succinate) (PBS), (b) 10A05, (c) 30B05 and (d) 30BM05.
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covered with PBS molecules, and the surface of the composite may
have the same hydrophilicity as homoPBS itself. However, the wetting
rate increased in the urethane-modified clay composite because of
the urethane group.

PBS/TS-1 zeolite hybrid composites
Clay is one of the most widely used inorganic nanoparticles for
polymer composites. Clay has a layer structure, and most relevant
research describes how to separate or exfoliate each layer to be
dispersed in a polymer matrix. Zeolites are another type of inorganic
nanoparticle that are widely used in many applications, including
polymer composites. Zeolites, defined as highly ordered microporous

materials, are used as heterogeneous catalysts in many reactions, such
as aromatization, cracking, esterification, alkylation and methanol
conversions. They are also used in petroleum refining as drying
agents, ion exchangers, animal food additives, nuclear effluent
treatment and membranes in numerous industrial fields.44–46

Micropore size or structure is so important in zeolite functions that
many researchers have tried to synthesize new ordered microporous
materials.47–49

We used titanium silicate-1 (TS-1) zeolite to produce PBS/zeolite
nanocomposites, as it is one of the zeolite types with strong catalytic
activity. We hypothesized that TS-1 zeolite could act as a catalyst
during the esterification reaction in PBS synthesis. In addition to that,
TS-1 has the advantage of having a high coordination ability of Ti4þ

ions with the hydrophobic silicate framework. In particular, the
adsorption of water molecules in the pores is closely associated with
the surface structure, stability and activity of Ti sites in TS-1.50–52

Figure 6 shows the pore size distribution and N2 adsorption/
desorption isotherms of TS-1 zeolite with SEM images.

The water uptake characteristics of TS-1 may affect the mechanical
properties, hydrolytic degradability and melt processibility of PBS/TS-
1 nanocomposites. We investigated water volatilization during melt
processing of the nanocomposite. In Figure 7, absolute evidence for
water volatilization of the nanocomposite was observed. The intensity
of the water characteristic peak gradually increased with increasing
temperature because of the release of water molecules from TS-1
zeolite pores by thermal energy.

These water molecule adsorption/desorption characteristics of the
TS-1 zeolite in a PBS matrix affected the rheological properties in the
melt state (150 1C), as shown in Figure 7c. HomoPBS showed a
Newtonian plateau at low-shear-rate regions and shear thinning was
observed for higher shear rates. The shear viscosity of PBS/TS-1
nanocomposite was higher than that of homoPBS, and exhibited
shear thinning from the initial stage of the shear rate. We concluded

Figure 5 Variance in contact angle with increasing time. A full color version
of this figure is available at Polymer Journal online.

Figure 6 (a) Pore size distribution curves and N2 adsorption/desorption isotherms of titanium silicate-1 (TS-1) zeolite, (b) SEM image of TS-1 zeolite at

high magnification (�350k) and (c) transmission electron microscopy (TEM) image of TS20.
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that TS-1 zeolite might accelerate the chain orientation of the PBS
under shear. When we considered the effect of zeolite content in the
nanocomposite on shear viscosity, a 2% nanocomposite showed lower
shear viscosity than that of the 0.5% nanocomposite. We explain this
reversible result by the presence of zeolitic water released from TS-1
zeolite cages. The TS-1 zeolite absorbed polar molecules, such as
water molecules, during the synthetic process and desorbed water
molecules in the melt state, resulting in lower dynamic viscosity. The
storage moduli of PBS/TS-1 nanocomposites showed higher values
than those of homoPBS over the total range of shear rates.

Tensile strength and elongation at break of PBS/TS-1 nanocompo-
sites were increased compared with homoPBS. Improvements of
almost 20% for tensile strength and 250% for elongation at break
were observed by adding 1% TS-1 zeolite. This reinforcement filler
effect of TS-1 zeolite may come from interfacial interaction between
the TS-1 zeolite and PBS because of the high surface energy of the
zeolite causing the high dispersibility of TS-1 zeolite particles.53

We hypothesized that TS-1 zeolite incorporation in PBS could
change the surface characteristics and enzymatic hydrolysis of the

nanocomposite. Hydrophilicity of the film surface is an important
factor for enzymatic hydrolysis. The results of the water contact angle
tests indicated that the introduction of TS-1 zeolite can effectively
enhance the hydrophilicity of the PBS/TS-1 nanocomposite. After
confirming that homoPBS and PBS/TS-1 composite have similar
molecular weight by an intrinsic viscosity test, enzymatic hydrolysis
testing was conducted and the results are shown in Figure 8.
Enzymatic hydrolysis shows saturation in weight loss with the amount
and kind of enzyme used. In this work, we observed that TS-1 zeolite
acts as an accelerator of enzymatic hydrolysis under 1 wt% content of
Pseudomonas lipase. As shown in Figure 8, higher zeolite content
increased the hydrolysis rate; however, there was no significant
difference between the 1 and 2% zeolite content. In the 1 and 2%
TS-1 content composite, the quantitative loss of weight of the films
was nearly doubled in comparison with those of homoPBS, which
indicates that the TS-1 zeolite significantly influenced the enzymatic
hydrolysis rate.

Wide-angle X-ray diffraction and SEM images of the surface after
enzymatic hydrolysis in both homoPBS and PBS/TS-1 nanocomposite
showed no differences between homoPBS and the PBS/TS-1 nano-
composite, except for the clear image of TS-1 zeolite particles on the
surface (Figure 9). However, the crystallinity changes in the hydro-
lyzed sample showed differences in the manner of enzymatic attack on
the homoPBS and PBS/TS-1 nanocomposite. There was no change in
crystallinity in homoPBS before and after enzymatic hydrolysis.
However, in the PBS/TS-1 nanocomposite, the degree of crystallinity,
which was similar to that of homoPBS (47%) before hydrolysis,
increased to around 52% after hydrolysis. As the surface morpholo-
gical images in SEM micrographs showed no differences between
homoPBS and the PBS/TS-1 nanocomposite, surface erosion alone
does not explain the significantly decreased amorphous regions in the
PBS/TS-1 nanocomposite. We hypothesize that the TS-1 zeolite can
act as a substrate for enzyme loadings, resulting in increased activity
in enzymatic degradability for the amorphous phase of the film
inside.54 HomoPBS maintained its intrinsic viscosity (molecular
weight) after enzymatic hydrolysis because hydrolysis occurred on
the film surface, causing surface erosion. However, the PBS/TS-1
nanocomposite showed significant decreases in intrinsic viscosity after

Figure 7 Thermogravimetric analysis coupled with infrared spectroscopy

(TG-IR) spectra of volatilized water in (a) homoPBS and (b) 2% titanium

silicate-1 (TS-1) poly(butylene succinate) (PBS) nanocomposite and shear

viscosity changes according to shear rate in (c) homoPBS and

nanocomposites (TS05: 0.5% TS-1; TS10: 1% TS-1; TS20:2% TS-1).

Figure 8 Weight loss versus hydrolysis time for homoPBS and poly(butylene

succinate) (PBS)/titanium silicate-1 (TS-1) nanocomposite samples (TS05:

0.5% TS-1; TS10: 1% TS-1; TS20:2% TS-1) during enzymatic hydrolysis

at pH 7.4 and 37.5 1C.
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hydrolysis, indicating that hydrolysis occurred in the amorphous
region inside the film, reducing molecular weight.

After considering the results of surface morphology, intrinsic
viscosity and crystallinity, we conclude that TS-1 zeolite can be used
as a carrier for enzyme loading because of its high desorption capacity
and that high enzyme activities significantly affected enzymatic
hydrolysis, resulting in a decrease in molecular weight. The typical
enzymatic hydrolysis process for PBS/TS-1 nanocomposite is
schematically illustrated in Figure 9h.

PBS IONOMER

The synthesis of copolyester based on ionomer
In a previous paper, two types of PBS ionomer (PBSi and POBSi)
were polymerized in the presence of dimethyl 5-sulfoisophthalateso-
dium salt and sodium sulfonate polyethylene glycol (SPEG) via
conventional two-step polycondensation.17,22 Figure 10 shows a
representative 1H-nuclear magnetic resonance (NMR) spectrum for
homoPBS and POBS-2.0i with characteristic peak assignment to
confirm the chemical structure of the POBS ionomer. The chemical
structure of PBS can be assigned at 4.1, 2.6 and 1.7 p.p.m., and the
integration ratio is 1:1:1, indicating that the synthesis of PBS was
completed. Compared with PBS, the peaks of POBS2.0i appear at
3.6 p.p.m., arising from methylene hydrogen at the PEG chain. In
addition, methylene hydrogen in SDMF (d, e peak) was clearly

observed at 6.8 p.p.m. (e peak). The d peak did not clearly appear in
this sample because of insufficient content. However, the integration
ratios of the peaks of a, b, g and e, arising from the methylene
hydrogens in SPEG, were consistent with the feed composition. This
result confirms that SPEG with a sodium sulfonated ionic group was
efficiently introduced into the PBS chain.

Hydrolysis of amorphous areas
of film inside

Carrier
for enzyme loadings

Enzyme

Hydrolysis of amorphous areas of the surface

Long period : 10nm

PBS surface

Figure 9 Scanning electron microscopy (SEM) micrographs of surfaces for (a) homoPBS, (b) 1% titanium silicate-1 (TS-1) composite, (c) 2% TS-1

composite, and (d) 2% TS-1 composite (magnification) before the enzymatic hydrolysis test and (e) homoPBS, (f) 1% TS-1 composite, and (g) 2% TS-1

composite after the enzymatic hydrolysis test. Schematic representation of enzymatic hydrolysis process for poly(butylene succinate) (PBS)/TS-1

nanocomposite (h). A full color version of this figure is available at Polymer Journal online.

Table 1 Polymerization data and thermal properties of PBSi and

POBSi

Polymer

code a

[Z]

(g � dl�1) b

Reaction

time (h)

Tg
c

( 1C)

Tm
d

( 1C)

Tc
d

( 1C)

Tm�Tc

( 1C)

DHf
d

(J/g)

PBS 1.26 6.0 �10.7 114.5 80.1 34.4 79.7
PBSi-1 0.94 6.0 �9.2 113.6 71.2 42.4 77.2
PBSi-2 0.93 6.0 �6.8 112.0 64.8 47.7 73.4
PBSi-3 0.92 7.0 �3.0 110.7 55.8 54.9 63.5
POBS-0.5i 1.00 5.0 �10.5 113.5 68.8 44.7 72.3
POBS-1.0i 1.03 6.0 �9.0 112.8 67.2 45.6 70.1
POBS-2.0i 1.06 6.0 �7.1 110.4 62.6 47.8 64.5

Abbreviations: IV, intrinsic viscosity; PBS, poly(butylene succinate); PBSi and POBSi, two types
of PBS ionomer; SPEG, sodium sulfonate polyethylene glycol.
aThe number at the end of the sample denotes the mole fraction of ionic group. For example,
POBS-2.0i represents PBS containing 2.0 mole% of SPEG.
bIV was measured by using concentration of 0.2g dl�1 in chloroform at 30 1C.
cMeasured using dynamic mechanical analysis (DMA), 3 1C min�1.
dMeasured using differential scanning calorimetry (DSC), 10 1C min�1.
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Thermal properties and crystallization behavior of PBS ionomer
Random polyester-based ionomers behave like a polymer with high
apparent molecular weight because of strong ionic interactions. The
characteristics and thermal properties of various PBSi samples are
summarized in Table 1. Increasing ion content led to a decrease in the
crystallization rate of the POBS ionomer as well as a decrease in the
degree of crystallization. In a previous paper,17 we reported that ionic
units might be expelled from the crystalline region, leading to poor
packing for the crystallization of the ionomer. Figure 11 shows the
WAXD pattern for crystallized PBS and POBS-2.0i samples for 1 and
48 h at 80 1C. When comparing the characteristic peaks of POBS-2.0i
with homoPBS, we found that the main peak did not shift at assigned
points, indicating that SPEG segments did not affect the crystal lattice.

For both 1 and 48 h crystallization times, the diffraction peaks of
(020) and (110) for homoPBS were even sharper than those of
POBS-2.0i. The variation in the degree of crystallinity between the
crystallization times of 1 and 48 h for homoPBS was substantially
higher than that of POBS-2.0i. This indicated that the crystal size
for POBS-2.0i became imperfect with bulky lateral packing because
the ionic groups in SPEG segments led to expulsion from the
crystalline region, with the result that POBS-2.0i showed a low degree
of packing perfection irrespective of crystallization time compared
with homoPBS.18,37

In a previous study of PBSi,18 we investigated the spherulitic
morphology of PBSi at the initial step in the crystallization process
using transmission electron microscopy, as shown in Figure 12. The
spherulites of homoPBS displayed a well-defined fibrillar pattern
(Figure 12a). In contrast, the spherulites of PBSi-3 showed an irregular
ringed pattern without a distinct spherulite center (Figure 12b). As
shown in Figure 12c, transmission electron microscopy images of
PBSi-3 exhibited a petal-like structure with branching of the subsidiary
lamellae radiating from the center. Ionic clusters expelled from the
crystalline lamellae were also observed, appearing as aggregation
clusters with sizes between 40 and 50 nm. These are characteristic
morphologies of PBSi, assuming that the clusters impede the regular
lamellae growth of an axialite-type. For semi-crystalline ionomers,
considering the fact that ionic domains segregate into regions outside
the lamellar stacks and restrict chain mobility, we hypothesize that
the chains restricted by ionic aggregates have difficulty folding into
crystalline lamellae.

Physical properties of ionomers
Figures 13a and b show the storage moduli (G0) and tan d of PBSi
ionomer samples plotted against temperature. PBSi-3 showed the
highest storage modulus up to the rubbery plateau region, probably
due to the strong physical cross-linkage by electrostatic attractive
forces between ionic groups. On the other hand, the storage modulus
for PBSi-5 dropped rapidly above the glass transition region with
increasing temperature, which may have been due to the reverse effect
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Figure 10 1H-nuclear magnetic resonance (NMR) spectra of homoPBS and POBS-2.0i in chloroform solution.

Figure 11 Wide-angle X-ray diffraction (WAXD) pattern and degree of

crystallinity of crystallized homoPBS and POBS-2.0i after 1 and 48h at

80 1C.
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of physical cross-linking, resulting from preferential intramolecular
ion-pair associations. Intramolecular ion-pair associations lead to the
collapse of the polymer chain, which may reduce both the radius of
gyration and the viscosity.55 The tan d curves for PBS ionomer
samples showed two Tg’s, as shown in Figure 13b. The main peak was
assigned as the Tg of the matrix, whereas the shoulder at higher
temperature reflected the Tg corresponding to the ion cluster region.

To investigate the rheological behavior of the ionomer, we
performed measurements using a dynamic oscillatory viscometer
(ARES, Rheometric Scientific, Piscataway, NJ, USA) with parallel
plate geometry, 20 mm diameter and 1.0 mm gap distance between
the parallel plates on POBS ionomer samples. The experiment
was performed with a frequency sweep that ranged from 0.1 to
500 rad s�1 at a 10% strain level at 150 1C.

The initial melt viscosities of all POBS ionomers at low frequency
(Figure 14a) were higher than that of homoPBS. This indicates that the
strong physical interactions between ionic groups have decisive effects
on melt viscosity. The melt viscosity of ionomers is determined by the
intrinsic molecular weight of the polymer and the extent of physical
linkages because of ionic aggregates.16,19 POBS-0.5i has the highest
melt viscosity among the examined ionomers, and the degree of
shear thinning showed a uniform slope, similar to that seen in the
homoPBS in all tested ranges (Figure 14a). The viscosities of POBS-1.0i
and 2.0i are lower than that of POBS-0.5i at low shear and drop
rapidly at about 101o rad s�1 with increasing shear force due to ionic
interactions that are mainly dominated by intermolecular ionic
associations below a critical ionic content, whereas intramolecular
associations also increased with increasing ionic content and caused
reductions in both the radius of gyration and the viscosity. POBS-0.5i
may be influenced by intermolecular ion pair associations, leading to
higher viscosity than that of PBS at high frequency. However, in the
case of POBS-1.0i and 2.0i, intramolecular ionic associations can
accelerate PBS molecular chain orientation under high shear rates.
These results suggest that strong physical linkages among ionic

Figure 12 POM morphologies of samples crystallized at wide-angle X-ray diffraction (WAXD) pattern and 80 1C: (a) homoPBS, (b) PBSi-3 and transmission

electron microscopy (TEM) images of PBSi-3 (c).

Figure 13 Poly(butylene succinate) (PBS) ionomer of (a) storage modulus
and (b) tan d ranged from �80 to 100 1C.
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groups affect melt rheological properties and structure because of the

collapse of ionic aggregates with increased shear force. A Cole–Cole
plot of PBS and POBS ionomers is shown in Figure 14b. The slope of
the POBS ionomers became gradually lower with increasing SPEG
content.

Enzymatic hydrolysis of copolyester-based ionomers
The degree of enzymatic hydrolysis was estimated based on the loss of
weight per initial weight during the enzymatic hydrolysis test, as
shown in Figure 15. The films were prepared by compression molding
with a thickness of 0.3 mm. Several factors must be considered to
identify the cause of increased enzymatic hydrolysis. The degree of
enzymatic hydrolysis depends on the degree of crystallinity, chemical
structure and the hydrophilic/hydrophobic balance in the polymer
matrix.2,56 Therefore, we investigated several factors related to
enzymatic hydrolysis. The weight loss of enzymatic hydrolysis was
accelerated with increasing ionic content in comparison with
homoPBS. The enhanced hydrophilicity of POBS ionomer films
made the surface more vulnerable to hydrolysis. The hydrophilicity
of the surfaces of biodegradable polymers is a decisive factor in
biodegradation rates because the water absorbed on the polymer
surface leads to enhanced enzymatic hydrolysis behavior.2 The
variation in the degree of crystallinity between crystallization times
of 1 and 48 h for homoPBS was substantially higher than that of
POBS-2.0i. This indicated that the crystal size for POBS-2.0i became
imperfect with bulky lateral packing because the ionic groups in SPEG
segments lead to expulsion from the crystalline region, with the result
that POBS-2.0i showed a low degree of packing perfection irrespective
of crystallization time compared with homoPBS, as shown in Table 2.
Consequently, rapid enzymatic hydrolysis of POBS is a reasonable
conclusion given that the increased amorphous regions are largely
responsible for higher enzymatic hydrolysis rates.

CONCLUSION

We reviewed PBS-related research on the synthesis of copolyester
based on ionomers, the preparation of composites with various
inorganic fillers focused on the enhanced physical properties and
enzymatic hydrolysis behavior to expand the potential application
fields of this biodegradable polymer. We used two inorganic materials
to investigate how nanoparticles could be dispersed in a PBS matrix
and to identify the properties that could be advanced by making well
dispersed PBS nanocomposites. We introduced a urethane group on
the clay surface to develop physically enhanced PBS/MMT nanocom-
posites. We studied the characteristics of biodegradable copolyester-
based ionomers. PBS ionomers showed improved mechanical physical
properties because of ionic interactions. The enzymatic hydrolysis
behavior of PBS ionomers was drastically accelerated with increasing
ionic content because of reduction in crystallinity and improved
hydrophilicity.

Figure 15 Weight loss versus hydrolysis time for homoPBS and POBS
ionomer during enzymatic hydrolysis at pH 7.4 and 37.5 1C.

Table 2 Changes in crystallinity for homoPBS and POBS-2.0i

Sample Crystallinity

PBS (1 h) 46.3

POBS—2.0i (1h) 39.5

PBS (48 h) 63.2

POBS—2.0i (48 h) 52.7

Abbreviation: PBS, poly(butylene succinate).

Figure 14 Rheological properties of (a) melt viscosity and (b) Cole–Cole

plots for homoPBS and POBS ionomers at 150 1C.
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