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Abstract: In this paper, the influence of the various degradation conditions, on the molecular and
supramolecular structure of polybutylene succinate (PBS) and polybutylene succinate adipate (PBSA)
copolymer during degradation is described. The experiment was carried out by the use of injection
molded samples and normalized conditions of biodegradation in soil, composting and artificial
weathering. Materials were studied by size-exclusion chromatography (SEC) coupled with multiangle
laser light scattering (MALLS) detection and wide-angle X-ray diffraction (WAXD). Additionally,
the physical and mechanical properties of the samples were determined. The performed experiments
clearly show difference impacts of the selected degradation conditions on the macroscopic,
supramolecular and molecular parameters of the studied aliphatic polyesters. The structural changes
in PBS and PBSA explain the observed changes in the physical and mechanical properties of the
obtained injection molded samples.
Keywords: PBS; PBSA; WAXD; SEC-MALLS; degradation; composting; artificial weathering

1. Introduction
In recent years, pro-ecological trends in waste reduction have led to the substitution of durable
polymers with biodegradable polymers. For this, thermoplastic aliphatic polyesters are promising
alternatives [1,2]. In this group of polymers, polybutylene succinate (PBS) is an interesting material
from an application standpoint, as its mechanical properties are similar to those of popular polymers,
such as polypropylene (PP) [3].
Polybutylene succinate (PBS) is a biodegradable aliphatic polyester produced by the polycondensation
of succinic acid (SA) and 1,4-butanediol (BD) [4]. The synthesis and characterization of PBS and
polybutylene adipate (PBA), which is synthesized from 1,4-butanediol (BD) and adipate acid (AA),
are extensively described in the literature using mathematical models [5,6]. Due to the high crystallinity
and good thermal properties of the homopolymers, a copolymer of PBS and PBA has been used in
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selected applications, such as packaging [7]. The physical properties and crystalline structure of the
polybutylene succinate adipate (PBSA) copolymer strongly depend on the composition of the polymer
compounds. Moreover, the PBSA copolymer is characterized by a higher degradability by enzymatic
processes compared with other materials due to its lower crystallinity [8].
For many years, PBS and PBSA have been produced from petrochemical sources by Showa
Highpolymer (Shanghai, China). The polymer, which has the trade name Bionolle, is characterized
by its similar processability to that of conventional resins, such as polyethylene. Bionolle is one
of the most suitable materials for processing into films, which can then be utilized for agricultural
purposes, shopping bags, compost bags, and so on. Showa Highpolymer has succeeded in producing
a compound of Bionolle and starch that not only has similar properties to homogeneous Bionolle but is
also environmentally friendly [9–11].
The lack of renewability and the rising price of fossil resources have limited the use of petrochemical
succinic acid for a wide range of applications. Consequently, the natural next step was to develop
a synthetic method for bio-succinic acid from a renewable source, such as biomass. The yeast- or
bacteria-based production of succinic acid and the possibility of sourcing 1,4-butanediol from ecological
methods make PBS and its copolymers attractive biodegradable polymers that are completely produced
from renewable resources [12–14].
Currently, research on this topic is related to the search for new applications of PBS, for example,
the development of novel materials for ecological agriculture purposes. Developed materials,
such as mulching nonwovens and pots produced from nonwovens, are interesting alternatives
to polypropylene products [15,16]. Another area of work is the use of polybutylene succinate as
an additive to plasticize other biodegradable polymers, such as polylactide (PLA) [17–19]. Research is
therefore concerned with the search for new applications for this aliphatic polyester [20–22].
On the other hand, research has focused on the analysis of the degradation of PBS, PBA and their
copolymers by the examination of new degradation conditions, enzymes and microorganisms [8,23–25].
This topic is still developing and continues to expand the understanding of this polymer and other
aliphatic polyesters. The impacts of the degradation process on weight loss, the decrease in the
molar mass and changes in mechanical properties have been evaluated [26,27]. The kinetics of the
degradation process have also been analyzed [28]. However, there are few results for the assessment of
changes in the supramolecular structure during the PBS degradation process [29]. For other aliphatic
polyesters (e.g., PLA), such changes have been observed and were responsible, inter alia, for a decrease
in the mechanical properties [30]. The influences of properties and structures of aliphatic polyesters
and their copolymers, such as molar mass, thermal properties, degree of crystallinity or the ratio
between ester bonds on their ability to degrade, were also analyzed [31–34].
In this study, the degradation of a commercially available PBS and PBSA copolymer in three
various regimes—biodegradation in compost, biodegradation in soil and artificial weathering—was
performed. The experiment was carried out under laboratory conditions according to the obligatory
standard. For complete analysis, the change in the studied samples during degradation was
analyzed on the macroscopic, supramolecular and molecular scales. The estimation of mass loss
and change in the mechanical properties was carried out according to the obligatory standards,
while supramolecular and molecular parameters were investigated by using wide-angle X-ray
diffraction (WAXD) and size-exclusion chromatography (SEC) coupled with multiangle laser light
scattering (MALLS) detection.
2. Materials and Methods
2.1. Materials
In the experiments, the commercially available polybutylene succinate (PBS) Bionolle 1020 MD
and the polybutylene succinate adipate (PBSA) copolymer Bionolle 3020 MD were purchased from
Showa Denko K.K. (Tokyo, Japan). For the tensile test, the samples were formed into dog-bone shaped
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specimens by the use of an injection molding machine (Allrounder 420C, Arburg, Loßburg, Germany)
according to the ISO-527-2-1A standard. The polymer materials were formed at 180 ◦ C (PBS, 1020 MD)
and 170 ◦ C (PBSA, 3020 MD).
2.2. Degradation Environment
2.2.1. Laboratory Biodegradation
The laboratory biodegradation of the PBS and PBSA samples was conducted under controlled
conditions in accordance with the International Standard, PN-EN ISO 20200:2016, and European
Standards, PN-EN 14806:2010 and PN-EN 14045:2005. The experiment was carried out using common
commercially available garden soil with a pH of 6.0–6.5 and 1.8 × 107 cfu/g microorganisms and
compost from an industrial compost prism (Municipal Services Company of the city of Łódź, Łódź,
Poland) with a pH of 7 and 3.2 × 107 cfu/g microorganisms [15,35]. The studied samples were
biodegraded in the garden soil at a temperature of 30 ± 2 ◦ C, and the medium had a moisture content of
55.6%, while the samples were biodegraded in compost at a temperature of 58 ± 2 ◦ C, and the medium
had a moisture content of 53.1%, which was in line with the adopted standards. The biodegradation
processes were controlled to have defined time intervals (1, 4, 8, 12, 16, 20 and 24 weeks). During the
experiment, moisture was replenished to the initial value with water. After a defined incubation time,
the samples were dried to a constant weight, and the mass loss was estimated. Each sample was tested
3 times. The resulting variation in the results of the biodegradation tests was below 10%.
2.2.2. Laboratory Artificial Weathering
The laboratory artificial weathering of the studied PBS and PBSA samples was carried out in
a QUV chamber, in accordance with the standard, PN-EN ISO 4892-3, based on the Technical Report
TR 010 ed. May 2004 “Exposure procedure for artificial weathering”. The weathering process was
performed in cycles, irradiating the samples with a light intensity of 0.76 W/m2 by UVA-340 nm
radiation under the following conditions:

•
•

8 h of exposure—chamber temperature (ChT) 50 ◦ C, relative humidity (RH) 40%;
4 h of artificial rainfall with demineralized water and no exposure—ChT = 20 ◦ C.

The samples were weathered for defined time intervals—45, 90, 180, 360, 540, 720, 900, 1080, 1260,
1440 and 1800 h—where the 720 h interval corresponded to the natural exposure of a sample over
1 year in a moderate climate (e.g., in Poland).
2.3. Mechanical Properties
The mechanical parameters of the PBS and PBSA samples that did not fall apart during
degradation were measured using an Instron 5511 mechanical testing machine (Instron, Canton,
MA, USA). The tests were carried out according to the PN-EN ISO 527-2:2012 standard.
2.4. SEC-MALLS Method
The molar mass (Mn ) and dispersity (Đ) of the studied PBS and PBSA materials were analyzed by
size-exclusion chromatography (SEC) coupled with multiangle laser light scattering (MALLS) detection.
The SEC−MALLS instrument was composed of an Agilent 1100 isocratic pump, an auto-sampler,
a degasser, a thermostatic box for columns, a MALLS DAWN HELEOS-II photometer (Wyatt
Technology Corporation, Santa Barbara, CA, USA) and an Optilab T-rEX differential refractometer.
The ASTRA 4.90.07 software package (Wyatt Technology Corporation) was used for data collection
and processing. Two PLGel 5 µm MIXD-C columns were used for separation. The samples were
injected as a methylene chloride solution. The volume of the injection loop was 100 µm3 . Methylene
chloride was used as the mobile phase at a flow rate of 0.8 cm3 ·min−1 . The calibration of the
DAWN HELEOS-II photometer was performed using p.a. grade toluene, and normalization was
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3.1. Analysis of the Physical Properties of the Studied Materials after Degradation
The physical changes in the structures of the studied materials were directly observed and
The physical changes in the structures of the studied materials were directly observed and
recorded photographically. In Figure 1, a collection of selected photographs of the degradation
recorded photographically. In Figure 1, a collection of selected photographs of the degradation
processes occurring in various conditions is presented. According to these photographs, the most
processes occurring in various conditions is presented. According to these photographs, the most
degrading medium was compost. During PBSA biodegradation in compost, the tested sample began
degrading medium was compost. During PBSA biodegradation in compost, the tested sample began
to fragment after 4 weeks, and PBS began to fragment after 6 weeks. The other degradation conditions
to fragment after 4 weeks, and PBS began to fragment after 6 weeks. The other degradation
applied in the investigation did not result in fragmentation of the studied materials. Matting of
conditions applied in the investigation did not result in fragmentation of the studied materials.
the samples’ surfaces and additional color changes are the only visible changes resulting from
Matting of the samples’ surfaces and additional color changes are the only visible changes resulting
artificial weathering.
from artificial weathering.

Figure 1. Photographs of the investigated samples before and after degradation.
Figure 1. Photographs of the investigated samples before and after degradation.
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Figure 3. The changes in the mechanical properties of the studied samples during degradation in
Figure 3. The changes in the mechanical properties of the studied samples during degradation in
selected environments: (a) biodegradation in soil and (b) artificial weathering.
selected environments: (a) biodegradation in soil and (b) artificial weathering.

3.2. Changes in the Molar Mass and Dispersity of the Studied Materials during Degradation
3.2. Changes in the Molar Mass and Dispersity of the Studied Materials during Degradation
The molecular parameters (Mn and Mw/Mn = Đ) of the studied polymers were analyzed using
The molecular parameters (M and Mw /Mn = Đ) of the studied polymers were analyzed using
the SEC-MALLS method. In Figure 4,nthe number
average molar mass (Mn) and dispersity (Ð) [39] of
the SEC-MALLS method. In Figure 4, the number average molar mass (Mn ) and dispersity (Ð) [39] of
the studied samples as a function of degradation time under the selected conditions are presented.
the studied samples as a function of degradation time under the selected conditions are presented.
The most visible change in the molecular parameters of the studied polymers was observed for the
The most visible change in the molecular parameters of the studied polymers was observed for the
samples degraded by the artificial weathering process. Exposure of the sample to ultra violet (UV)
samples degraded by the artificial weathering process. Exposure of the sample to ultra violet (UV)
radiation, high relative humidity and heat resulted in a decrease in the number average molar
radiation, high relative humidity and heat resulted in a decrease in the number average molar weight
weight and an increase in the dispersity of both studied polymers (Figure 4c). During this process,
and an increase in the dispersity of both studied polymers (Figure 4c). During this process, the value
the value of Mn decreased from 37.4 kg/mol and 37.8 kg/mol, to 12.1 kg/mol and 11.0 kg/mol, for PBS
of Mn decreased from 37.4 kg/mol and 37.8 kg/mol, to 12.1 kg/mol and 11.0 kg/mol, for PBS and
and PBSA,
respectively. However, the dispersity increased from 1.65–1.69 to 2.8–3.0. The obtained
PBSA, respectively. However, the dispersity increased from 1.65–1.69 to 2.8–3.0. The obtained results
results suggest the strong influence of artificial weathering on the molecular parameters of both
suggest the strong influence of artificial weathering on the molecular parameters of both polymers.
polymers.
The number—average molar mass dependence on the degradation time during artificial
The number—average molar mass dependence on the degradation time during artificial
weathering was almost linear. A similar linear tendency was also observed for the dispersity, but this
weathering was almost linear. A similar linear tendency was also observed for the dispersity, but
molecular parameter increased with degradation time. Artificial weathering resulted in a random
this molecular parameter increased with degradation time. Artificial weathering resulted in a
process for the decomposition of PBS and PBSA macromolecules. Furthermore, the obtained results
random process for the decomposition of PBS and PBSA macromolecules. Furthermore, the obtained
corresponded to the estimated macroscopic factors of degradation, and suggested a lack of significant
results corresponded to the estimated macroscopic factors of degradation, and suggested a lack of
influence of addition of the adipate functional group to PBS on the degradation of PBS during
significant influence of addition of the adipate functional group to PBS on the degradation of PBS
artificial weathering.
during artificial weathering.
Obviously, different results were obtained for the biodegradation of both polymers in compost:
Obviously, different results were obtained for the biodegradation of both polymers in compost:
the polymer molecular weight decreased, accompanied by a reduction in the dispersity. The loss of Mn
the polymer molecular weight decreased, accompanied by a reduction in the dispersity. The loss of
as a result of degradation is a typical phenomenon in this process, but the decreased dispersity suggests
Mn as a result of degradation is a typical phenomenon in this process, but the decreased dispersity
another degradation mechanism than that observed for artificial weathering. For up to 12 weeks,
suggests another degradation mechanism than that observed for artificial weathering. For up to 12
the dispersity was approximately 1.60 for both studied polymers; however, during the next interval of
weeks, the dispersity was approximately 1.60 for both studied polymers; however, during the next
biodegradation, an insignificant decrease was observed, and finally, after 24 weeks, the dispersities of
interval of biodegradation, an insignificant decrease was observed, and finally, after 24 weeks, the
dispersities of PBS and PBSA were 1.43 and 1.20, respectively. This confirms at least two
mechanisms to be operating during the biodegradation in compost: the relatively slow hydrolysis of
higher molar mass polymers and the faster enzymatic etching of oligomers. It is important to
emphasize that enzymes are capable of etching only polymers with a sufficiently low molar mass.
Therefore, this process is not random, as is the degradation during artificial weathering. Hydrolysis
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fraction from the samples relatively quickly. As a consequence, both the molar mass and dispersity
are reduced. Additionally, the decrease in Mn as a function of degradation time was non-linear and
showed an almost exponential decrease. Moreover, the obtained results showed that the PBSA
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3.3. Analysis of the Supramolecular Structure of the Studied Materials after Degradation
The degradation process was also analyzed in soil (Figure 4b). Biodegradation of the studied
The inpresented
SEC-MALLS
results
showed theininfluence
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on the
polymers
soil gave similar
results to
the biodegradation
compost, but
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of polymer
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andstudied
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materials
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temperature of the process. The Mn decreased, but without significant changes in dispersity, which
degradation,
wide-angle
X-ray diffraction
was
employed.
In Figure
5, examples
the in
X-ray
indicates
the random
degradation
of polymer
chains,
with uniform
molecular
weightoflosses
all
diffraction
profiles
of
both
studied
polymers
are
shown.
The
X-ray
diffraction
peaks
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2θ
=
19.7°,
polymer fractions. At the end of the experiment, the Mn values of PBS and PBSA were 31 and 23 kg/mol,
22.1°, 22.8°, 26.2°
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to theresistant
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) and
planes
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respectively.
As is and
clearly
shown,
PBSA was more
to degradation
soil,
and(111)
a visible
decrease
poly(butylene)
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lattice,
were
diffraction
in
the molar mass
was observed
onlycrystal
after 16
weeks.
Theclearly
profilevisible.
of the The
molar
mass losspatterns
of PBS do
as
not
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the
poly(butylene)
adipate
crystalline
structure.
The
strongest
a function of degradation time was similar to that for biodegradation in compost. The main visible
diffraction
at 2θ = 17.6° and 21.7°, corresponding to the (002) and (110) planes of PBA, are not
change
in Mpeaks
n was observed only during the initial period of biodegradation, up to 4 weeks.
detectable. This result indicates that a low content (<25% wt) of poly(butylene) adipate is present in
3.3.
of the Supramolecular
Structure of the Studied Materials after Degradation
the Analysis
studied copolymer
[22].
The presented SEC-MALLS results showed the influence of various conditions on the mechanism
of polymer degradation and on the changes in the molecular structures of the studied polymers.
To estimate the changes in the supramolecular structures of the materials during degradation,
wide-angle X-ray diffraction was employed. In Figure 5, examples of the X-ray diffraction profiles
of both studied polymers are shown. The X-ray diffraction peaks at 2θ = 19.7◦ , 22.1◦ , 22.8◦ , 26.2◦
and 29.1◦ , corresponding to the (111)/(002), (012), (110), (121) and (111) planes of the poly(butylene)
succinate monoclinic crystal lattice, were clearly visible. The diffraction patterns do not give much
information about the poly(butylene) adipate crystalline structure. The strongest diffraction peaks
at 2θ = 17.6◦ and 21.7◦ , corresponding to the (002) and (110) planes of PBA, are not detectable. This
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result indicates that a low content (<25 wt %) of poly(butylene) adipate is present in the studied
copolymer [22].
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4. Conclusions
The performed investigations on the degradation of a commercially available PBS and PBSA
copolymer in various environments affords a better understanding of the changes in the polymers,
not only on a macroscale, but also on molecular and supramolecular scales. The results of the
macroscopic measurements confirmed the better degradability of the PBSA copolymer compared
with the PBS homopolymer. The most favorable degradation ENVIRONMENT was compost, which
contains microorganisms and natural enzymes that support degradation.
The analysis of the molecular parameters and supramolecular structures of both polymers during
degradation showed that more significant changes occurred for PBSA. All of the applied environments
resulted in a decrease in the molar mass and an increase in the crystallinity of both polymers, but larger
changes were recorded for PBSA.
The analysis of the dispersity showed that each of the selected environments involved a different
mechanism for the molecular changes and degradation. In the case of artificial weathering,
the degradation of the polymer chains is random, and the dispersity increases with decreasing molar
mass. The obviously different mechanism of chain decomposition is observed during biodegradation
in compost, where the relatively slow hydrolysis of higher molar mass polymers and faster enzymatic
etching of oligomers was observed by the decrease in molar mass with decreasing dispersity. Different
results were recorded during degradation in soil, where only the molar mass was changed without
changes in the dispersity.
The investigation of the supramolecular changes clearly showed the ordering of polymeric chains
during degradation, as measured by the d-spacing. The most visible ordering was observed for the
samples degraded by artificial weathering. In this case, the changes were more visible in PBS than in
the PBSA copolymer.
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experiment, the leader of the Biogratex Project.
Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References
1.
2.
3.

4.

5.

Tokiwa, Y.; Calabia, B.P.; Ugwu, C.U.; Aiba, S. Biodegradability of Plastics. Int. J. Mol. Sci. 2009, 10, 3722–3742.
[CrossRef] [PubMed]
Mochizuki, M. Properties and Application of Aliphatic Polyester Products. Biopolym. Online 2005, 4. [CrossRef]
Xu, J.; Guo, B.H. Microbial Succinic Acid, Its Polymer Poly(butylene succinate), and Applications. In Plastics
from Bacteria. Microbiology Monographs; Chen, G.Q., Ed.; Springer: Berlin, Germany, 2010; Volume 14,
pp. 347–388, ISBN 978-3-642-03286-8.
Jacquel, N.; Freyermouth, F.; Fenouillot, F.; Rousseau, A.; Pascault, J.P.; Fuertes, P.; Saint-Loup, R. Synthesis
and properties of poly(butylene succinate): Efficiency of different transesterification catalysts. J. Polym. Sci.
A Polym. Chem. 2011, 49, 5301–5312. [CrossRef]
Bikiaris, D.N.; Achilias, D.S. Synthesis of poly(alkylene succinate) biodegradable polyesters, Part II:
Mathematical modelling of the polycondensation reaction. Polymer 2008, 49, 3677–3685. [CrossRef]

Polymers 2018, 10, 251

6.

7.

8.
9.
10.

11.
12.
13.
14.

15.

16.
17.
18.

19.
20.
21.
22.

23.

24.
25.
26.
27.

11 of 12

Zorba, T.; Chrissafis, K.; Paraskevopoulos, K.M.; Bikiaris, D.N. Synthesis, characterization and thermal
degradation mechanism of three poly(alkylene adipate)s: Comparative study. Polym. Degrad. Stab. 2007, 92,
222–230. [CrossRef]
Tserki, V.; Matzinos, P.; Pavlidou, E.; Vachliotis, D.; Panayiotou, C. Biodegradable aliphatic polyesters. Part
I. Properties and biodegradation of poly(butylene succinate-co-butylene adipate). Polym. Degrad. Stab.
2006, 91, 367–376. [CrossRef]
Nikolic, M.S.; Djonlagic, S. Synthesis and characterization of biodegradable poly(butylene succinate-cobutylene adipate)s. Polym. Degrad. Stab. 2001, 74, 263–270. [CrossRef]
Fujimaki, T. Processability and properties of aliphatic polyesters, ‘BIONOLLE’, synthesized by polycondensation
reaction. Polym. Degrad. Stab. 1998, 59, 209–214. [CrossRef]
Ichikawa, Y.; Mizukoshi, T. Bionolle (Polybutylenesuccinate). In Synthetic Biodegradable Polymers; Advances
in Polymer Science; Rieger, B., Künkel, A., Coates, G., Reichardt, R., Dinjus, E., Zevaco, T., Eds.; Springer:
Berlin, Germany, 2011; Volume 245, pp. 285–313, ISBN 978-3-642-27153-3.
Showa Denko Europe. Available online: http://www.showa-denko.com/news/bionolle-the-pioneer-inbiodegradable (accessed on 20 January 2018).
McKinlay, J.B.; Vieille, C.; Zeikus, J.G. Prospects for a bio-based succinate industry. Appl. Microbiol. Biotechnol.
2007, 76, 727–740. [CrossRef] [PubMed]
Bechthold, I.; Bretz, K.; Kabasci, S.; Kopitzky, R.; Springer, A. Succinic Acid: A New Platform Chemical for
Biobased Polymers from Renewable Resources. Chem. Eng. Technol. 2008, 31, 647–654. [CrossRef]
Debuissy, T.; Pollet, E.; Avérous, L. Synthesis of potentially biobased copolyesters based on adipic acid
and butanediols: Kinetic study between 1,4- and 2,3-butanediol and their influence on crystallization and
thermal properties. Polymer 2016, 99, 204–213. [CrossRef]
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