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Abstract

Biodegradable polymers (e.g. poly(butylene succinate) - PBS) have been used in several sectors such as the environmental
area, especially in bioremediation, in biological processes for conversion of pollutants into inorganic compounds.
In this study, the foresight methodology for the use of biodegradable polymers, including PBS, reveals a publication rate
of approximately 8.74 articles and 30.63 patents per year, between 2005 and 2019. However, the application of PBS,
specifically, is still restricted to the environmental area, with only 3.0% of the 1484 works from this period. The results
showed a more significant number of papers on the PBS application for synthesis, characterization, and application in
the areas of Chemistry, Physics, and Pharmacy. In the area of bioremediation, only three studies related to PBS were
found, revealing the lack of research and development to increase the contribution in the area of environmental recovery.
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1. Introduction

From Antiquity to the present days, the demand for oil and
its derivatives has been growing largely due to the population
increase, the urbanization of large centers, and the value of
oil in the international market. The high consumption of
these inputs implies their higher exploration and processing,
which may result in damage to the environment due to its well
drilling and extraction activities, refining and transportation
to commercialization, and final disposal. Pollution may occur
in the land, air, or water environments, although land and
sea fuel leaks are best known to the populationt?. As an
alternative to polymers derived from fossil fuels, biopolymers
and biodegradable polymers are widely used, having great
importance in the biomedical and drug areas, since they are
obtained from natural resources, are biodegradable and present
a high affinity with biological systems®*. Its application
in the environmental area is prevalent and has increased
in the recent years. Therefore, the main objective of this
work is to map the evolution of international studies and
resulting publications in the environmental sector over a
period of 15 years®#.. The mapping was done to addressing
bioremediation, which has been a very prominent approach
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in the environmental area. This work was completed with
a case study for PBS, a polymer that might be highlighted
as promising for biostimulation exploration, one of the
potential existing bioremediation techniques.

2. Biodegradable Polymers, Biopolymers, and
Green Polymers: Definitions and Applications

According to the TUPACY), biodegradable polymers are
defined as susceptible to degradation by biological activity
followed by a decrease in their molar mass.

Biodegradable polymers are divided in bio-based or
petrochemical-based polymers based on their origin!®,
Bio-based polymers are called biopolymers or “green
polymers” since they are derived from renewable sources
such as animals, plants, algae, and bacteria''"'*l. Biopolymers
may to be obtained in different forms: (i) available in
the natural environment in the form of polysaccharides
(e.g. cellulose, alginate, chitin)!*!*, exopolysaccharides, and
proteins (e.g. biofilms)!"); (ii) from microbial production
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or fermentation (e.g., PHB, PBS)!'“!"], or (iii) chemically
synthesized from biomass (e.g. PLA)!8.

Biopolymers have several advantages over
petrochemical-based polymers, since they are obtained from
renewable natural sources!'”), have a low-cost extraction,
and present characteristics of biocompatibility®” and
biodegradability®!l. Thus, biopolymers have been traditionally
used in industrial activities related to food?**%, biomedical'®!,
and pharmaceutical production*?7, as well as applications
in the environmental sectort$-3%,

3. Biopolymers in the Environmental Area

Most of the applications and environmental research
present in the literature addresses bio-based biodegradable
polymers. These polymers aim to improve processes such
as emulsion stabilization®"), removal of contaminants from
aqueous solutions®?, composition of coating materials for
protecting active agents from the environment®34, and
controlled release of active substances (e.g. drugs, fertilizers,
and nutrients)353¢,

The use of biopolymers is highlighted since most of the
biopolymers obtained by fermentation are readily hydrolysable
polyesters®”). The hydrolysis of these biopolymers produces
smaller molecules that are absorbed by microorganisms
and are transformed into innocuous products such as water
and carbon dioxide and converted into cellular biomass?®.
Studies have also been carried out about the ecotoxicological
evaluation of the biodegradable polymers in the soil, as in
the case of the polyesters poly(butyl adipate-co-terephtalate)
(PBAT) and poly(lactic acid) (PLA)Z%.

Studies in the literature have reported the use of
biopolymers as essential factors in the processes of
bioremediation, recovery of degraded environments, and
remediation of heavy metals and petroleum derivatives
through natural biopolymers, such as polypeptides and
polysaccharides?®¥4, Studies about the processes of
bioremediation of environmental contaminants!*!! have
evaluated formaldehyde bioremediation through the association
of Aspergillus oryzae and poly(e-caprolactone) (PCL). Other
authorst*? used polyhydroxyalkanoate as a slow release system

Classes of polymers applied in the envir

| area:

for bioremediation of aquifers contaminated with chlorinated
solvents, and™® studied the use of poly(butylene succinate)
(PBS) as a nutrient-releasing system in the biodegradation
of petroleum by Pseudomonas aeruginosa.

Some of the groups of polymers involved in the
environmental area and some of its examples are shown in
Figure 1. Polyesters**-#’], polyolefins“47!, polyamides!**4,
and polysaccharides?®>*52 may be obtained naturally or
through industrial chemical processes and are used in the
removal or reduction of pollutants, among other applications
in the environmental area, considering the advantages and
disadvantages of each one for these applications.

The investigations on biopolymers seek efficient results
about the biodegradability of these compounds, aiming
to expand their application, which in recent years have
apparently targeted bioremediation.

4. Bioremediation

With the purpose of restoring the balance between the
biotic and abiotic factors of the impacted environment,
technologies were developed using living organisms
(e.g. bacteria, fungi, and plants) or enzymes present in them,
with the ability to degrade pollutants, therefore reducing
their release in the affected areal™>4.

These technologies that make up bioremediation are
environmental friendly, might be less expensive in some cases,
and cause less impact to the environment when compared to
technologies that use chemical and/or physical processest®>!.
In addition, bioremediation emerges as an alternative that
may be applied both in situ (affected site) and ex situ, with
bench scale tests for process optimization and subsequent in
situ application. Among the possibilities of bioremediation
application are natural attenuation, phytoremediation, composting,
biostimulation, and bioaugmentation, among others®’!,

Frequently, for a better effectiveness of the bioremediation
process, biopolymers are used as tools, either in direct
removal, as an auxiliary matrix, or even as an organic
source in the minimization of environmental pollutants.
In the case of biostimulation or bioaugmentation by nutrient
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Figure 1. Some classes of polymers applied in environmental area with their examples, advantages, and disadvantages.
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and microorganism addition, respectively, biopolymers are
present as physical barriers that prevent the immediate release
of the pollutant in the area to be remedied, increasing the
efficiency of pollutant biodegradation®,

Table 1 presents some works related to the application of
different biopolymers in bioremediation in the last two years.

Due to the impact of scientific advances on the above
applications, there was an interest in searching for the most
current works on the environmental area, with emphasis on
bioremediation. For this purpose, the Foresight Methodology
was adopted, as described in the next section.

5. Foresight Methodology

The main objective of prospecting technology monitoring
is to inform the academic community and decision makers
about what has been developed in the medium and long

term in a certain field of expertise, based on what has been
researched and carried out in a certain knowledge area.
This helped to identify in which sectors certain products
or techniques have a great potential of use or even of
innovation®”..

In this work, macro and meso level analyses of
biopolymers and, specifically, of PBS, were performed from
data obtained from the Scopus database containing scientific
articles. For the patent documents, the international Lens
patent database was used.

Their easy and free access to the academic community
was the selection criteria for choosing these bases.
The search strategy consisted of establishing a specific
period between 2005 and 2019, in which there was an
increase in the publication of patents worldwide. It should
be noted that the survey did not include the current year,
since there were not enough data for the entire 12-month

Table 1. Recent papers with polymer applications in bioremediation.

Polymer applications in bioremediation

Polymer Application

Results

Reference

Mixture of proteins and peptides Biopolymer-PFP (polystyrene foam

extracted from corn gluten meal pellet) system for the recovery of

and hemp. heavy oil from a highly weathered
soil.

Poly-y-glutamic acid (y-PGA) ~ TCE-contaminated groundwater

bioremediation
Rhamnolipid (Biosurfactant) Bioremediation of leaky marine

environments by use of biosurfactant

Bioremediation of contaminated
soil by toluene

Wood waste and biofilm

Modified lignocellulose sawdust Treatment of oil spills

Cyclodextrins (CD) cyclic Wastewater treatment

oligosaccharides

Bioremediation of oil contaminated
soil

Rhamnolipid (Biosurfactant)

(1— 3)-a-D-glucans Bioremediation by removing heavy

metals using biological material

Immobilized laccase on calcium
and copper alginate beads
Chitin

Enzymatic bioremediation of
bisphenol A

Biotreatment system for mine-
impacted water (river water impacted
by coal acid mine drainage — MIW)

The combination of an immobilized phase (non-toxic biopolymer)
with a sorbing phase (recyclable polystyrene foam — PFP —and
non-toxic) reduced the hydrocarbons of a heavy oil-impacted
soil sample by 94% compared to control test with water (25%),
biopolymer (52%) and PFP (58%)

Approximately 99% of TCE (initial concentration %4 4.3 mg.L™")
was degraded after 85 days

The cell-free broth containing biosurfactants produced by
bacterial strains significantly desorbed crude oil in oil-polluted
marine sediment.

Biofilms of P. putida and B. cereus grown on wood waste
pretreated with LPN-plasma led to 91% and 89% toluene
degradation, respectively, whereas biofilms grown on
untreated wood waste led to toluene degradation of 78% and
58%, respectively.

The total oil was removed from the microcosms after the
biological treatment ranging from 65% to 80% after 5 days.
Besides that, the Gas Chromatography (GC) analysis of
the crude oil remaining in the culture medium showed that
the isoparaffins biodegradation higher than n-paraffins in
microcosms contain biosurfactant.

The bacteria/CD-F biocomposite has shown removal efficiency
of Ni(Il), Cr(VI) and RB5 as 70 + 0.2%, 58 + 1.4% and
82 + 0.8, respectively. The pollutants’ removal capabilities of
the bacteria/CD-F was higher, compared to free bacteria, since
bacteria can use CD as an extra carbon source that promotes
their growth rate.

The degradation of total petroleum hydrocarbon (TPH) on
rhamnolipid biosurfactant application at 1.5 g L™! was found to
be 86.1% and 80.5% in two soil samples containing 6800 ppm
and 8500 ppm TPH, respectively.

For economic reasons, L. edodes was selected because of the
complicated, multi-stage and time-consuming cultivation
processes of the other two species. Choosing the best biosorbent,
the efficiency of glucan isolation was taken into consideration,
showing metal removal percentages for Ni**, Cd**, Zn?*, and
Pb?* equivalent to 13, 25, 14, and 50, respectively.

Ca-AlIL and Cu-AIL exhibited 71% and 65.5% BPA degradation
efficiency on 14 d.

Chitin was used as metal ion sorbent and biostimulant of
sulfate-reducing bacteria (SRB). The results indicated that
using shrimp shells as a chitin source, the removal of sulfate,
iron, aluminum, and manganese ions in MIW were 99.75%,
99.04%, 98.47%, and 100%, respectively in 41 days.

[40]

[60]

[591

61]

[62]
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[64]

[65]

[66]

[56]
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period. The summaries and title of the patent and articles
were investigated using the terms “biopolymers”, “green
polymers”, “biodegradable polymers”, and “bioremediation”,
with variations in the search field, using AND NOT to
minimize duplication. The flowchart presenting the first

steps of the foresight methodology may be seen in Figure 2.

From a broader search on the Scopus database,
considering the 15-year period, 17,147 scientific articles
were found for biopolymers, 12,015 for biodegradable
polymers, and 204 for green polymers. Based on these
results, the five major areas of application are Chemistry,
Materials Science, Engineering (including Chemical
Engineering), Physics & Astronomy, and Biochemistry,
Genetics & Molecular Biology. The environmental area
represented 5.93% of the publications, considering the three
categories of search. When the environmental bioremediation
area is specified for biopolymers, biodegradable polymers,
and green polymers, the number of publications declined
to 199, 283 and 2, with a reduction of 98.84%, 97.65%,
and 99.02%, respectively. However many of the publications
belonged to the environmental area only due to the nature
of the polymer, not because of its application.

A broad search, such as that made for the articles was
carried out on the Lens patent basis, resulting in 90,031 patents
for biopolymers, 99,608 for biodegradable polymers,
and 519 for green polymers, considering the same terms
and search period. Likewise, the search for these terms
related to bioremediation generated a total of 736 patents
for biopolymers, 175 for biodegradable polymers, and 1 for
green polymers, indicating a reduction 0f 99.18%, 99.82%,
and 99.81%, respectively, and evidencing the small number
of papers about polymers in this area, specifically.

However, throughout this survey, the use of poly(butylene
succinate) — PBS — appeared quite often (about 10% of
citations). In this context, the PBS case study was encouraged.

6. A Specific Case: Poly(butylene succinate) — PBS

The poly(butylene succinate) — PBS is considered a
biodegradable polymer partially derived from biological
(petrochemical) processes!®®), as well as by the microbiological
fermentation of renewable raw materials, such as glucose,
xylose, and starch to obtain succinic acid and possibly
a second monomer, 1,4-butanediol, from this acid or
from petroleum derivatives!®’". PBS is obtained by the
transesterification reaction of 1,4-butanediol with succinic
acid, followed by a polycondensation step with an increase
in the size of the polymer chain and water release from the
system as vaport™.

PBS has been used in synthesis studies and production of
food packaging!”"?, biomedical ™™ and pharmaceutical >
products, but has gained prominence in the field of green
chemistry as one of the most promising aliphatic polyesters due
to its thermal properties, good processability, biodegradability,
and easy application in composting”#1l. Some authors!>%!
advocate the application of PBS in the environmental area,
with research targeting the removal of excess nitrogenous
nutrients in effluents, while!*! addressing the physical
removal of petroleum from the environment through the
use of PBS with magnetic particles.

4/10

The main objective of this article is to investigate the
research on the application of biodegradable polymers,
especially PBS, on bioremediation in an international context.

In this case, the same foresight methodology was applied
using the terms “poly(butylene succinate)” and “bioremediation”
with variations in the search field, using AND NOT to
minimize duplication. The second flowchart presenting
the steps of foresight methodology about poly(butylene
succinate) and its application is shown in Figure 3.

When searching for the term “poly(butylene succinate),”
the number of patents and academic articles showed a gradual
increase over time, with 1,484 articles and 3,657 patents
from 2005 to the end 0f 2019, as shown in Figure 4. The rate
increase was calculated from the trend line and presented
approximately 8.74 articles and 30.63 patents per year,
with R? of 0.9187 and 0.8252, respectively. The highest
number of patents is due to the sum of patents applied
and granted. It was also possible to identify an increase of
approximately 96.19% in the number of articles and 98.97%
in the number of patents for this biodegradable polymer in
the established period, indicating a significant increase in
PBS application in different areas of knowledge. In 2018,

Databases
determination

;

Time interval
determination

l

Determining search
terms

| :

"Biodegradable
polymers"

|
L]

Analysis of documents in the environmental area

l

Search for
bioremediation
application

"Biopolymers" "Green polymers"

Figure 2. Steps of the foresight methodology from polymers in
general to the bioremediation application.

Scopus database

poly(butylene poly(butylene
succinate) > succinate) in
applications bioremediation

Lens database

Figure 3. Steps of the foresight methodology to poly(butylene
succinate) and its application on bioremediation.
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there was a decrease in the number of patents granted (320)
compared to the previous two years, which showed values
of 404 patents in 2017 and 467 of this type of production
in 2016. In 2019, this value was already increasing again
with 346 patents and an upward trend for the following years.

= Papers
® Patents
500
.
.
400 ° °
@ °
S 300 > ®
£ .
8
o 200 °
. n
L) . " " mm []
100 " . "
L]
ya s = -

0
2004 2006 2008 2010 2012 2014 2016 2018 2020
Time (years)

Figure 4. Annual distribution of patent publications and academic
articles on poly(butylene succinate) between 2005 and 2019.
The annual distributions of papers are represented by (m) and
patents by (e).

(a)

Published papers (%)

The graph also reveals a stabilization in the publication of
articles in the last 6 years, which might be regarded, in a more
optimistic view, as an opportunity for more investigations
about this polymer.

Regarding the areas of application of the PBS, the ones
with the highest number of patents and articles were: Physics
(51.8%) and Materials Science (32.7%), both with a high
number of papers focusing on the characterization of the
materials. In the graphs shown in Figures 5a and 5b, the
areas of application of the PBS were studied in the period
between 2005 and 2019, which exhibited a high number of
articles and patents (including granted and applied patents),
according to the classification of the databases consulted.

The analysis of these graphs revealed a low percentage
of publications in the environmental area (3.0%), therefore
suggesting a refinement of the search with the descriptors
“poly(butylene succinate)” AND “bioremediation”, for a
better understanding of this scenario. This last research
yielded only 16 documents, and of the only two articles
about the application of PBS in the environmental area,
the one published in 20103 deals with the environmental
biodegradation of synthetic polymers, while the one
from 2018 evaluates the biodegradation of hydrocarbons
with the use of the biodegradable already mentioned polymers.
Patent prospecting revealed that of the 3,657 documents

Subtitles:

MS - Materlals Science

CH ~ Chemistry

CE — Chemical Engingering

EG ~ Engineering

PA — Physics & Astronomy

BGM - Biochemistry, Genetics & Molecular Blology
ES ~ Environmental Science

EN - Energy

IM — Immunology & Microblology

AB — Agricultural & Biological Sclences
OT - Others

PA BGM ES EN
Application areas of poly(butylene succinate)

0
MS CH CE EG

(b)

M AB OT

Subtifes:
CM ~ Chemistry Metallurgy

35

Patents (%)
[~ ]
=

HN — Human Necessities
PH - Physics

i :T LI 0
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Application areas of poly(butylene succinate)

Figure 5. Distribution of (a) academic papers and (b) patents on poly(butylene succinate) by application area for the period

between 2005 and 2019.
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found for PBS use, only 11 were related in some way to
bioremediation, although in the narrower search involving the
CPC (Cooperative Patent Classification) classification, none
of'the patents found were directly related to bioremediation.
The only links found were those related to surface coatings
and composite synthesis.

Based on the findings of the research in the area
of biopolymers, the studies seek efficient results of the
biodegradability of these compounds, aiming to expand
their application, which in recent years apparently targets
bioremediation, as shown in Figure 6.

According to the research carried out in this study, in
both bases analyzed, in the last 15 years there were few
publications on the application of PBS in bioremediation,
especially when the applied technique was biostimulation.
The works with environmental application of PBS will be
shown below.

The effect of dissolved oxygen on heterotrophic
denitrification using poly(butylene succinate) as a carbon
source and biofilm carrier was investigated in a recent
work®in which the researchers evaluated the process under
aeration, low aeration, and anoxic conditions, all in static
batch, for 96 hours. The best nitrate and total nitrogen removal
rates were identified at 65 hours of experiment under aerated
condition, with values 0f 37.44 +£0.24 and 36.24 +0.48 g.m*d"!,
respectively. The authors concluded that the costs of the
denitrification process using PBS as carbon source and
biofilm carrier might be significantly reduced. The use
of this polymer might also prevent effluent pretreatment.

Another study®! evaluated the use of PBS as a
biofilm carrier and carbon source for treatment of the
wastewater from aquaculture recirculation systems (RAS)
wastewater in two reactors with 0%o salinity and 25%o
salinity, respectively. The authors found high denitrification
rates 0.53 + 0.19 kg NO*N. m3.d" (0%o salinity)
and 0.66 + 0.12 kg NO*N. m™. d"' (25%o salinity) and the
nitrite concentration was maintained below 1 mg.L" in
PBS solid-phase packing reactors for real RAS wastewater
treatment. The salinity (25%o) parameter exhibited a more
stable nitrate removal efficiency when changing operating
conditions, causing adverse effects such as nitrate dissimilation

XY

-4

P

Biopolymers

4

to ammonia and the excess of dissolved organic carbon.
The PBS degradation was demonstrated by SEM and FTIR
analyses. The conclusion of the authors was that PBS showed
great potential in the denitrification process, but needed
further study on accurate carbon release for RAS practice.

In another study using PBS for bioremediation of
industrial wastewaters®, the effect of other biodegradable
polymers like poly(hydroxybutyrate valerate) (PHBV), and
poly(caprolactone) (PCL) was also assessed on the swine
wastewater denitrification process. In this study, the authors
used the polymers as biofilm carriers and carbon source
and found that systems containing PCL presented a high
denitrification efficiency (higher than 95%) in 20 days. On the
other hand, PBS presented low nitrate removal at 30 days of
experiment, with the highest removals on days 11 and 23,
with a concentration similar to the initial one (37 mg.L™")
after reaching the maximum value of 54.7 mg.L! on
the 8" and 19" days.

The biostimulation application was only addressed in
a study carried out by a group!®, in which microparticles
were obtained from the fusion of PBS with urea and
subsequent radiation for the application in the biostimulation
test of Pseudomonas aeruginosa in order to remove Total
Petroleum Hydrocarbons (TPH) in bench scale tests. This
study resulted in 35.8% oil removal with microparticles
irradiated with 25kGy after 30 days of testing.

Due to its physical characteristics and biodegradability!®$5788],
PBS is potentially useful in the environmental area, mainly
by reducing or removing pollutants from the environment,
avoiding the compromise of the biotic community of the
area. The choice of biodegradable polymers such as PBS for
bioremediation processes is important since its occasional
addition to the environment in an attempt to reduce damage, also
enables this biodegradable polymer to act as a carbon source
to the local microbiota. Therefore, it does not remaining in the
environment for a long period of time. Another advantage of
using PBS in bioremediation is the possibility of obtaining it
from the transesterification reaction of monomers that might
be acquired by microbiological fermentation of renewable
raw materials such as glucose, xylose, and starch to obtain
succinic acid®*"" therefore reducing the environmental
impact yielded by the petrochemical sector.

Biopolymers/Bioremediation

Biopolymers/Environmental area

2005 2007 2009 2011

2013 2015 2017 2019

Figure 6. Timeline with the advancement of biopolymer research, focusing on environmental and bioremediation in the last 15 years.
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7. Conclusions

The results showed scientific articles and patents,
mainly for biopolymers and biodegradable polymers, in the
period of 15 years. Biopolymers presented 17,147 articles
and 90,031 patents, while biodegradable polymers
presented 12,015 articles and 99,608 patents. The search for
the major applications of these polymers and green polymers
revealed that the five major areas are Chemistry, Materials
Science, Engineering (including Chemical Engineering),
Physics & Astronomy, and Biochemistry, Genetics &
Molecular Biology. The low percentage of works in the
Environmental area (approximately 6%) encouraged a more
specific search for bioremediation, which showed percentages
of reduction higher than 97% in both documentary sources.

The searches also revealed an upward trend on PBS use,
with rates of 8.74 for articles and 30.63 for patents per year,
although there is a stabilization in the number of articles in
the last 6 years, a fact that might be seen as an opportunity
for new publications. More studies were also identified
regarding the application of PBS in the areas of Physics
(51.8%) and Materials Science (32.7%) patent documents
and articles, respectively. The use of this polymer was
highlighted in processes of synthesis, characterization and
application in the areas of chemistry, physics and pharmacy,
mainly in the area of controlled release of medicines, which
shows the potential application of this polymer in situations
of absence of risk in different environments. However, for
the main objective of this study and in the period evaluated,
there was only 1 publication directly related to the use of
PBS for bioremediation®®), indicating a lack of research
in this area and this may be useful for unpublished work
and for a greater contribution to environmental recovery
that not only affects the environmental sector, but also
socioeconomic sectors.

8. Perspectives

Petroleum is still the largest source of raw material
for the production of synthetic polymers, making them
expensive compared to those obtained from natural sources.
Modern society presents many materials that are obtained
from renewable sources and, in the wake of technology,
several studies point out to the use of natural biodegradable
polymers. Among them, poly(butylene succinate) (PBS)
may be obtained from petrochemical products, fermentation
agro-industrial waste, or from other renewable sources!®..
Although it presents both good processing and biodegradable
properties, the widespread application of PBS is limited
because it exhibits a highly linear chain structure that results in
high crystallinity, high hydrophobicity, and low melt strength
and viscosity®". Thus, the expansion of PBS use in several
areas of application of biodegradable polymers depends on
improvements in the processes of obtaining natural renewable
sources in order to reduce the costs of the final product, as
well as improvements in its thermomechanical properties.
This is done by increasing molecular weight through polymer
synthesis in the presence of effective catalysts; branching of
the main chain; synthesis of co-polyesters; and addition of
fillers, among other modifications®!, therefore representing
a sector with great potential for new studies and publications.
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