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ABSTRACT 

Fully biobased random copolymers of poly(butylene succinate) (PBS) containing different amount of Pri-
pol 1009 moieties were synthesized by melt poycondensation. Molecular characterization confirmed the 
chemical structure and the random distribution of counits (NMR) and indicated that high molecular weight 
samples were obtained (GPC). All the polymers under study were semicrystalline, developing the typical 
α-PBS crystalline phase, the melting temperature and the crystallinity degree regularly decreasing with 
the increase of Pripol content. Pripol moieties determined also an improvement of polymer chain flexi-
bility, as proved by the glass transition temperature decreasing, and of thermal stability. Polymer mechan-
ical response was nicely tuned by changing copolymer composition, the copolymer with the highest Pripol 
content showing the typical behavior of thermoplastic elastomers despite its random nature. Lastly, bio-
degradation rate in compost also increased with the content of Pripol due to the parallel decrease of sample 
crystallinity degree. Surprisingly, microorganisms present in the compost preferentially attack BS comon-
omeric units despite their semicrystalline nature.  

INTRODUCTION 

Succinic acid (SA) is a C4 dicarboxylic acid obtainable both from fossil (hydrogenation of maleic anhy-
dride) and renewable resources (from glucose, sucrose and biobased glycerol).1–4 According to U.S. De-
partment of Energy, it can be considered one of the twelve most promising chemical biobased building 
blocks, with an estimated market value of 57 million €, of which 34% consumed in Europe, the largest 
market. Biobased succinic acid has also the advantage of capturing CO2, 1 tons of SA being able to bond 
4.5 – 5 tons of CO2.

5 

SA is a very versatile building block for a broad range of applications, from high-value niche applications, 
such as personal care products and food additives, to large volume applications, such as bio-polyesters, 
polyurethanes, resins and coatings. More precisely, it can be mentioned production of poly(butylene suc-
cinate), poly(butylene succinate-terephthalate) copolyester (9%) and polyester polyols (6.2%), use in food 
industry as acidulant, flavor enhancer and sweetener (12.6%), in the pharmaceutical industry (15.1%), 
and in the production of resins, coatings and pigments (19.3%).6,7 For all the reasons mentioned above, 
the forecasted growth of the bio-based SA market is expected to register a CAGR of over 35% by 2023. 

Poly(butylene succinate) (PBS) is a biodegradable and compostable (according to DIN EN 13432) poly-
ester, obtainable from succinic acid (SA) and 1,4-butanediol (BD). In the past, it was exclusively prepared 
from fossil raw materials, but today can be synthesized 100% biobased, starting from bio-SA e bio-BD.8,9 
The use of SA and BD from renewable resources reduces PBS carbon footprint, the greenhouse gas emis-
sions (GHG) decreasing by ca. 50% to 80% compared to the fossil counterpart.10 

PBS is a semicrystalline polyester with a melting temperature over 100°C, workable at temperatures up 
to ca. 200°C and with properties similar to LDPE.11 PBS has a wide processing/temperature window and 
is suitable for extrusion, injection molding, thermoforming, fiber spinning and film blowing. By these 
conventional processing techniques, PBS is used in different fields, such as electronics,12–14food packag-
ing,15–17, agricultural mulch films,18–20, hygiene products,21 etc. 
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In the last ten years, PBS has been the subject of in-depth studies by the academy, as evidenced by the 
copious publication of scientific articles.22–28 In particular, PBS has proved to be a promising material 
both for biomedical applications,29–35 such as controlled drug release systems36–38 and supports for tissue 
engineering29,30,36,39–46 and environmental ones 47–56 thanks to its good thermo-mechanical properties, bi-
ocompatibility29,30,36,39,41–44,46,57 and biodegradability, this last proved both in compost,52,58,59 presence of 
enzymes60–67 and under physiological conditions.42–46,68,69 

Nevertheless, it cannot be employed for those applications requiring very soft materials or very fast de-
grading polymers. 

As it is well known, the unsatisfactory properties of a polymer can be improved through different strate-
gies, able to preserve at the same time the already good ones: we are referring to physical and reactive 
blending,24,70–73 copolymerization74–77 and preparation of composites and nanocomposites.78–82 The au-
thors of this article have been active for a long time in the chemical modification of PBS by copolymeri-
zation. In particular, the chemical structure of PBS has been modified by inserting co-units containing 
heteroatoms (in particular oxygen and sulfur)43–46,52,65–68,83–85, branches51 and highly flexible co-units into 
the chain.53 To tailor the final properties, we have acted both on the type and on the quantity of the comon-
omer as well as on the architecture of the resulting copolymer (statistical rather than block arrangement 
of comonomeric units). 

Croda has been selling for some time a series of products obtained from renewable sources, among these 
Pripol 1009, currently used in adhesives, engineered plastics and elastomers to improve the final product 
flexibility, thermo-oxidative stability and hydrolysis and chemical resistance. Pripol 1009 is a fatty diacid 
containing an aliphatic 6 carbon atoms ring connected to the -COOH groups through PE-like segments 
and presenting quite long side branches too. Besides as additive, Pripol 1009 can be also used as comon-
omer in the synthesis of copolyesters in which, both the main and lateral aliphatic chains of Pripol struc-
ture, can enhance the final polymer chain flexibility. Moreover, the use of Pripol 1009 as co-unit allows 
to reduce the -COOR- density along the macromolecular backbone thus limiting the ester linkage hydrol-
ysis and thermal degradation. Finally, the introduction of a such bulky moiety can deeply affect and reduce 
the crystallization capability of the reference homopolymer further expanding the final material applica-
tions. 

With the aim of enhancing and mainly tuning PBS final properties, broadening its applicability both in 
soft tissue engineering as well as for sustainable flexible packaging, random copolymers have been pre-
pared by insertion along its macromolecular chains of different amounts of Pripol 1009. Final material 
properties have been correlated with composition and structure-property relationship have been extrapo-
lated. 

METHODS AND MATERIALS  

MATERIALS Succinic acid (SA), butanediol (BD), and Ti(OBu)4 (TBT) were purchased by Aldrich. 
Pripol 1009 is a commercial fully biobased diacid kindly provided by Croda Italiana S.p.A. (structure in 
the following). 

 
Pripol 1009 chemical structure. 
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SYNTHESIS PBS random copolymers were synthesized through the well-known bulk two-step polycon-
densation process, starting from a mixture with different SA/Pripol1009 ratio, BD, this last used with a 
30 mol% excess, and TBT (200 ppm). The reagents, together with the catalyst, were charged in a thermo-
stated and continuously stirred glass reactor. The first step was carried out in inert atmosphere at 180 °C. 
During this phase, which lasts 90 min, the esterification reactions take place with the release of water 
molecules. In the second stage, the temperature is increased till 220 °C and the pressure is progressively 
reduced to 0.1 mbar, to favor the polycondensation reactions and consequently the molecular weight 
growth. The polymerization process was stopped when a constant torque value was measured, indicating 
a stable molecular weight has been reached. 

MOLECULAR CHARACTERIZATION The chemical structure, composition and randomness degree 
have been determined by 1H-NMR and 13C-NMR spectroscopy. The samples were dissolved (5 and 40 
mg ml-1 for 1H- and 13C-NMR, respectively) in chloroform-d solvent with tetramethylsilane (0.03 vol.%) 
as internal standard. The measurements were carried out at 25 °C, employing Varian INOVA 400 MHz 
instrument. 

Molecular weight was determined by gel-permeation chromatography (GPC) at 30°C using a 1100 
Hewlett Packard system equipped with PL gel 5µ MiniMIX-C column. Refractive index was employed 
as detector. Chloroform was used as eluent (0.3 mL min-1 flow) of polymer solution (2 mg ml-1). The 
calibration curve was obtained with monodisperse polystyrene standards in the range of 2000-100000 g 
mol-1. 

FILM PREPARATION Before further characterization, all the samples were compression molded 
(Carver C12 press). The as-synthesized polymers were put into two Teflon plates and heated till a tem-
perature T = Tm + 40 °C under a pressure of 2 ton/m2 kept for 3 min and allowed to cool to room temper-
ature. Films of about 70 µm thickness have been prepared following this protocol. 

THERMAL ANALYSIS The characteristic temperatures were determined by Differential Scanning Cal-
orimetry (DSC) measurements using a Perkin Elmer DSC6 Instrument equipped with intracooler set at -
70 °C. The samples were subjected to the following treatment in nitrogen atmosphere: 

Heating step from –70 °C to Tm + 40 °C at 20°C min-1 (first scan).  

Isothermal step of 3 min. 

Cooling step to -70 °C at 100 °C min-1 

Heating step from –70 °C to Tm + 40 °C at 20°C min-1 (second scan).  

Glass transition temperature (Tg) was taken at half-height of the glass to rubber transition step with the 
corresponding ∆Cp calculated from the step height, while melting temperature (Tm) was taken at the peak 
maximum of the melting endotherm with the corresponding ∆Hm calculated from the area under the peak. 

The thermal stability has been evaluated by a Perkin Elmer TGA4000 analyzer. The measurements were 
carried out under N2 flow (40 ml min-1) by heating from 40 to 800 °C at 10 °C/min. The temperature of 
maximum degradation rate, Tmax, has been calculated from the TGA curve derivative as the peak maxi-
mum. 

WIDE ANGLE X-RAY SCATTERING Wide angle X-ray scattering analysis (WAXS) was carried out 
at RT with a PANalytical X’Pert PRO diffractometer equipped with an XCelerator detector. Cu anode 
was used as X-ray source (λ1 = 0.15406 nm, λ2 = 0.15443 nm). The degree of crystallinity (χc) was 
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evaluated as the ratio of the crystalline peak areas to the total area under the scattering curve by using the 
WinFit program.47 

STRESS-STRAIN MEASURMENTS Tensile testing was performed using an Instron 5966 tensile test-
ing machine equipped with rubber grip and a 500 N load cell controlled by computer. Rectangular films 
(5x20 mm2) were employed and 10 mm/min crosshead speed was adopted. Load-displacement values 
were converted to stress-strain curves. Tensile elastic modulus was determined from the initial linear slope 
of the curve for seven replicate specimens and the result provided as the average value ± standard devia-
tion. 

COMPOSTING TEST Composting studies have been carried out at 58 °C in compost kindly supplied 
by HerAmbiente S.p.A. Films of about 30 x 30 mm2 were placed in a 100 mL bottle together with the 
compost (20 g) and 10 mL of deionized water. After different times of incubation, the specimens were 
withdrawn from the compost, washed and dried under vacuum to constant weight.48 

The percentage weight loss was calculated as: 

 

where mf and mi are the final and the initial sample weight, respectively.  

SURFACE CHARACTERIZATION The surface modifications after composting tests have been ana-
lyzed by using a desktop Phenom scan electron microscope (SEM). Prior to analysis, the incubated sam-
ples were metal sputtered and glued on aluminum holders. 

WATER CONTACT ANGLES MEASURMENTS Static contact angle measurements were performed 
on the films by using a KSV CAM101 instrument (Helsinki, Finland) at room temperature by acquiring 
the profile images of deionized water drops deposited with a syringe. Several measurements were per-
formed for each film, and water contact angles (WCA) were calculated as the average value ± standard 
deviation. 

 

RESULTS AND DISCUSSION 

MOLECULAR CHARACTERIZATION 

The chemical structure of the synthetized copolymers, with general formula of P(BSmBPripoln), is re-
ported in Figure 1. As one can see, the copolymeric backbone is characterized by the presence of BS 
blocks and BPripol ones. From the chemical point of view, the two segments differ for the acid sub-unit: 
the succinic moiety being linear and short; the Pripol one being longer and containing an aliphatic six 
carbons ring together with aliphatic side chains on this latter. 

 
Figure 1. Chemical structure of P(BSmBPripoln) random copolymers (Pripol 1009 cyclohexane side 

branches length is 7/9 carbon atoms each). 
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Chemical structure and composition have been determined by 1H-NMR spectroscopy. As an example, 
Figure 2a shows the 1H-NMR spectrum of P(BS60BPripol40), with the relative peak assignment confirm-
ing the chemical structure, and allowing the calculation of the actual composition from the normalized 
area of the peaks c and f ascribable to the succinic and Pripol moieties, respectively. The molar amount 
of BS co-units is reported in Table 1. 

Molecular characterization has been completed by performing 13C-NMR (Figure 2b), from which has 
been possible to calculate the degree of randomness (b), the length (L) and average molar mass (W) of 
block 86,87. In particular, the region in between 64.4 and 63.4 ppm (Figure 2b, insert), where the butanediol 
carbon atoms of the –OCH2- group are located, has been used. As one can see, four different signals for 
the carbons in α-position to the carboxylic oxygen atoms can be detected: the k peak corresponding to S-
B-S triads; the o peak due to Pripol-B-Pripol triads; the k1 and o1 peaks related to the S-B-Pripol triads. 
The degree of randomness b has been calculated from the relative intensity of these signals. As well 
known, b is 1 for random copolymers, equal to 2 for alternate copolymers, is null for a mixture of two 
homopolymers and 0<b<1 for block copolymers. The degree of randomness (b) was calculated according 
to the equation: 

𝑏𝑏 = 𝑃𝑃𝑆𝑆−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑆𝑆 

where PS-Pripol and PPripol-S are the probability of finding a S subunit next to a Pripol one and the probability 
of finding a Pripol moiety followed by a S one, respectively, and can be expressed as follows: 

𝑃𝑃𝑆𝑆−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
𝐼𝐼𝑘𝑘1

𝐼𝐼𝑘𝑘1 + 𝐼𝐼𝑘𝑘
;        𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑆𝑆 =

𝐼𝐼𝑜𝑜1
𝐼𝐼𝑜𝑜1 + 𝐼𝐼𝑜𝑜

 

where Ik, Ik1, Io1, Io represent the integrated intensities of the resonance peaks of the S-B-S, S-B-Pripol, 
Pripol-B-S, Pripol-B-Pripol triads, respectively. 

Additionally, the length (L) and average molar mass (W) of the BS and BPripol blocks  in the copolymer 
chain are defined as: 

𝐿𝐿𝐵𝐵𝐵𝐵 =
1

𝑃𝑃𝑆𝑆−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
;        𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =

1
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑆𝑆

 

𝑊𝑊𝐵𝐵𝐵𝐵 =
1

𝑃𝑃𝑆𝑆−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
∗ 𝑀𝑀𝐵𝐵𝐵𝐵;       𝑊𝑊𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =

1
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑆𝑆

∗ 𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 

where MBS and MBPripol are the molar mass of BS and BPripol repeating units, respectively. The degree of 
randomness is very close to 1 for all the copolymers (Table 1) suggesting the random distribution of co-
units. The length and average molar mass of the BS and BPripol blocks (LBS, LBPripol and WBS, WBPripol), 
reported in Table 1, are directly proportional to the molar amount of the succinic and the Pripol subunits 
contained in the polymer backbone. In Table 1 are also reported the number molecular weight (Mn) and 
the dispersity (D) determined by GPC analysis. The high Mn values together with D parameter close to 2 
suggest a good control during the polymerization process, also confirmed by the random nature of the 
copolymers under study. 
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Table 1. Molecular characterization data of PBS and P(BSmBPripoln) copolymers 

 
 

 

 

 

 

 

 

 

Figure 2a. 1H-NMR spectrum of P(BS59BPripol41) with the relative peak assignment. 

 

 

 

 

 

 

 

Sample 
BS 

mol% 
feed 

BS 
mol% 

1H-NMR 
LBS 

LBPri-

pol 

WBS 

g/mol 
WBPripol 

g/mol 
b 

Mn 

g/mol 
D 

PBS 100 100 - - 55000 - - 55000 2.0 

P(BS88BPripol12) 90 88 8.3 1.2 1428 704 1.02 46000 2.1 

P(BS73BPripol27) 80 73 4.3 1.4 740 896 0.96 46000 2.1 

P(BS59BPripol41) 70 59 2.5 1.6 430 1024 1.03 39000 2.2 

S-B-S 
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Figure 2b. 13C-NMR (bottom) spectrum of P(BS59BPripol41) with the relative peak assignment. Insert: 
magnification of the 64.6-63.4 ppm region and schematic representation of S-B-Pripol, Pripol-B-Pripol 
and S-B-S triads. 

 

THERMAL, STRUCTURAL AND SURFACE CHARACTERIZATION 

Table 2 reports the thermal (DSC and TGA), structural (WAXS) and surface (WCA) characterization 
data of the polymer films under investigation. 

As concern the thermogravimetric results, Figure 3 shows the TGA curves, i.e., the gravimetric weight 
loss the samples undergo during heating in inert atmosphere.  

 
Figure 3. TGA traces of PBS and P(BSmBPripoln) samples obtained by heating at 10°C/min under inert 

atmosphere. 
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As one can see from the TGA curves (Figure 3) and Tmax values (Table 2) the thermal stability, already 
high for PBS homopolymer, raises in the copolymers as the amount of Pripol 1009 is increased. This 
effect has been correlated to the decrease of -COOR- per unit length of polymer chain as succinic subunit 
is replaced by Pripol one. This last, in fact, is mainly composed of methylene groups that are more chem-
ically and thermally stable. The improvement of the thermal resistance is very advantageous in view of 
the final application and is in line with one of the characteristics claimed for Pripol 1009. The polymers 
have been also subjected to DSC analysis. The first scan curves of the as obtained films and the second 
scan after melt quenching are reported in Figure 4 and the corresponding thermal data are summarized in 
Table 2. As one can see from Figure 4 left, all the polymers are semicrystalline, i.e. present at low tem-
perature the endothermic phenomenon associated to the glass to rubber transition and at high temperature 
the crystal melting peak. As concern the crystal characteristics of each polymer, the calorimetric results 
show the introduction of Pripol moieties in the PBS macromolecule backbone causes a reduction of both 
Tm and ∆Hm indicating the formation of a less abundant and at the same time less perfect crystalline phase, 
as a consequence of the progressive reduction of the crystallization capability of PBS segments which 
become increasingly shorter as the co-unit content increases, as indicated by the reduction of the average 
molar mass of the BS blocks, WBS, reported in Table 1. 

 

 
Figure 4. DSC first (left) and second (right) scans of PBS and P(BSmBPripoln) samples. Heating rate: 

20 °C/min under nitrogen flow. 

The glass transition temperatures, directly related to the amorphous phase mobility, have been evaluated 
from the second heating scan (Figure 4 right). All the samples are in the rubbery state at room tempera-
ture being characterized by very low Tg values. The replacement of the short succinic subunit with the 
very long Pripol ones deeply enhances chain mobility determining an important reduction of Tg from -35 
°C for PBS to -51 °C in the case of P(BS59BPripol41). Simultaneously, there is a decrease in the ability to 
crystallize. In fact, after melt quenching, PBS homopolymer and P(BS80BPripol20) copolymer are still 
able to crystallize during the cooling step presenting just the melting peak in the second scan trace. 
P(BS70BPripol30) chains are partially locked in the amorphous state by rapid cooling of the melt and crys-
tallize during the second scan above Tg and melt at higher temperature, nevertheless, being ∆Hc < ∆Hm, 
the macromolecules had not been quenched. P(BS59BPripol41) copolymer shows a similar thermal behav-
ior even if both Tm and ∆Hm are lower. Moreover, for the highest Pripol-containing copolymer, ∆Hc = 
∆Hm, indicating the complete rubbery state of the material after melt quenching.   
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Table 2. Thermal, structural and surface characterization data of PBS and P(BSmBPripoln) copolymers 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The compression molded films have also been studied by wide angle X-ray scattering. WAXS patterns 
are reported in Figure 5 while the crystallinity degree, χc, is summarized in Table 2. In confirmation of 
the calorimetric results, all the samples present a diffractogram that, in addition to the amorphous halo 
coming from the amorphous portion, shows a series of reflections typical of the α-PBS lattice (main 
reflections at 19.5 and 22.5 2θ). As co-unit content rises, one can observe a progressive increase of the 
area under the bell shaped background line, directly related to the amorphous phase fraction, accompanied 
by the reduction of the reflection intensities, due to the ordered phase. This trend determines the decrement 
of crystallinity degree (Table 2) as already evidenced by DSC experiments. The peak position does not 
change by copolymerization suggesting the complete exclusion of Pripol segments from the α-PBS lat-
tice. Such result is not surprising considering the strong difference in the chemical structure of BS and 
BPripol co-units. 

 
Figure 5. WAXS spectra of: PBS and P(PBSmBPripoln) copolymers films (left); P(PBS59BPripol41) film 

incubated in compost for 110 days (right). 
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Tc 

°C 
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J/g 

Tm 

°C 

∆Hm 

J/g 

Tmax 

°C 

χc 

% 
° 

PBS 114 50 -35 0.192 / / 114 51 399 46 89±2 

P(BS88BPripol12) 102 44 -42 0.231 / / 104 44 414 40 100±2 

P(BS73BPripol27) 82 30 -47 0.360 7 20 82 29 424 28 96±2 

P(BS59BPripol41) 42 20 -51 0.413 22 12 65 13 426 22 95±2 
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The hydrophobic character of the polymer films has been evaluated by water contact angle (WCA) meas-
urements, whose values are reported in Table 2. As one can see, the lowering of -COOR- group number 
per unit length, consequent to the substitution of succinic subunit with Pripol 1009 moieties, produces an 
increase of the WCA values meaning an enhancement of the surface hydrophobicity. Surprisingly, the 
effect is more pronounced in the lowest Pripol 1009 containing copolymer, P(BS88BPripol12), that pre-
sents a WCA around 10° higher than that of PBS homopolymer. This result could be related to the crys-
talline phase portion, higher in P(BS88BPripol12) than in the other copolymers, producing a decrease in 
the wettability of the sample surface.88 Moreover, the development of crystals, exclusively composed of 
BS sequences, causes an enrichment of the amorphous phase in the more hydrophobic BPripol blocks that 
determine the WCA value rising.  

MECHANICAL PROPERTIES The mechanical behavior was evaluated by tensile tests whose results 
are reported in Figure 6 and Table 3. As shown in Figure 6, the presence of Pripol sub-unit along the PBS 
chain led to a pronounced decreasing of the elastic modulus (E) as well as tensile strength (σb), directly 
dependent on the amount of Pripol 1009. Moreover, elongation at break (εb) increases till a value of 500% 
for P(BS59PBPripol41). This effect can be explained on the basis of the reduction of ordered portion evi-
denced by calorimetric and diffractometric analyses. It is very interesting to note that both 
P(BS73PBPripol27) and P(BS59PBPripol41) copolymers showed absence of yielding, pointing out a typical 
thermoplastic elastomer nature. In this view, cyclic tests were also performed on the highest Pripol con-
taining copolymer, P(BS59PBPripol41), by applying different elongation, 50, 100 and 150% and recording 
the recovery of the specimen after stopping the stretching. 

 

 
Figure 6. Stress-strain curves of PBS and P(BSmBPripoln) copolymers (left); cyclic mechanical meas-

urement of P(BS59BPripol41) (right). 

 

Table 3. Mechanical characterization data of PBS and P(BSmBPripoln) copolymers. 
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PBS 185±42 / / 11±2 7±2 
P(BS88BPripol12) 130±40 15±2 22±5 14±1 338±22 

P(BS73PBPripol27) 48±4 / / 7.8±0.5 392±16 
P(BS59PBPripol41) 14±2 / / 4.6±0.3 460±22 
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Table 4. Cyclic mechanical test results for P(BS59BPripol41) copolymer: recovery (r %) and corre-
sponding applied elongation (ε %) 

 
 

 

* second measurement on the same specimen after 16 h from the previous test. 
 

Twenty cyclic measurements were carried out for each test. The elastomeric character has been also 
checked on the same specimen after 16 hours from the previous experiment. The obtained data are col-
lected in Table 4 while, as an example, in Figure 6 is reported the mechanical hysteresis loop for 100% 
elongation. As one can see, P(BS59PBPripol41) film shows very good recovery capability, till 86% for 
elongation of 50%, that keeps constant in a second measurement on the same specimen after 16 hours 
from the previous test. The evidenced behavior is characteristic of block copolymers composed of amor-
phous rubbery segments, soft blocks responsible for high elongation capability, alternating crystallizable 
sequences, hard blocks responsible for the elastic return. The copolymers object of this study are charac-
terized by a random distribution of the co-units along the polymer chain as previously discussed, never-
theless, the high molecular mass of Pripol moiety means that the same subunit itself can be considered a 
block. The length and average molar mass of the BS and BPripol blocks (Table 1), are high enough to 
allow hard blocks (BS) develop crystalline phase (evidenced by DSC and WAXS analyses and responsible 
for the elastic return), alternating long soft blocks (BPripol) accountable for the outstanding elongation 
capability. In conclusion, the presence of the biobased Pripol subunit confers to a random copolymer the 
typical behaviour of a block copolymer. 

COMPOSTABILITY Biodegradability of PBS and P(BSmBPripoln) copolymers was tested by compost 
degradation experiments. The gravimetric weight loss, the copolymer composition and the calorimetric 
melting temperature and enthalpy values (Tm and ∆Hm) were evaluated at different incubation times. The 
results reported in Figure 7 have shown a marked weight loss as the incubation time increases, directly 
proportional to Pripol moieties percentage, also evidenced by the SEM images of the composted film 
surface (Figure 7 inserts). A simultaneous variation of composition has also been detected by NMR anal-
ysis: as degradation proceeds, the copolymer films are progressively enriched in Pripol content, by 30, 10 
and 2% for P(BS88BPripol12), P(BS73BPripol27) and P(BS59BPripol41), respectively, indicating the bacte-
ria present in compost preferentially attack the BS sequences. 

 

Figure 7. Gravimetric weight loss % vs. time (left) and the SEM images [50x50 µm] after 110 days of 
compost incubation (right) for PBS and its copolymers. 

P(BS88BPripol12)
PBS

P(BS73BPripol27)
P(BS59BPripol41)

P(BS59BPripol41) 
ε (%) 50 50* 100 150 
r (%) 86±2 86±2* 82±3 60±5 
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Figure 8. DSC first scan of P(BSmBPripoln) copolymers. From the bottom to the top: neat film; an-
nealed film (58 °C); composted film (110 days). Heating rate: 20 °C/min under nitrogen flow. 

This result may surprise at first sight since BS segments are less mobile (higher Tg) and, moreover, are 
partially locked in crystal lattices that are commonly less prone to be degraded with respect to the amor-
phous portion. The reason for the slower composting process for BPripol segments can be found in the 
lower density of -COOR- functional groups in the copolymers with respect to PBS homopolymer. This 
result is particularly interesting taking into account that in most of PBS-based copolymers the co-unit is 
the fastest degrading moiety. The preferential degradation of BS segments is also corroborated by the 
reduction of crystalline phase, exclusively composed of BS sequences, evidenced by DSC analysis. In 
Figure 8 are reported the calorimetric traces of the copolymer films incubated in compost for 110 days 
together with the neat films and the films annealed at the composting temperature (58 °C) but in absence 
of compost. The annealed samples have been considered to evaluate the effect of the composting temper-
ature separately from the bacteria degradation. As one can see, the thermal annealing itself produces a 
reorganization of the crystalline phase that melts at higher temperature with respect to the as prepared 
compression molded films. As concern the degraded copolymer films, it is interesting to note a further 
increase of Tm together with a reduction of the endotherm underlying area (∆Hm), directly related to a 
reduction of the low melting BS crystals. The reduction of crystalline phase has also been detected by 
WAXS analysis. As an example, in Figure 5 right are collected the diffractograms of P(PBS59BPripol41) 
film incubated for 110 days, the and the annealed material. 

 

CONCLUSIONS 100% biobased random copolymers of PBS containing Pripol 1009 moieties were suc-
cessfully synthesized through a green solvent-free simple process, which can be easily scale-up at indus-
trial level. 

The introduction of Pripol moieties significantly improved PBS thermal stability and flexibility, as proved 
by TGA analysis and mechanical response, respectively. A significant reduction of elastic modulus and a 
parallel increase of elongation at break with Pripol content was indeed observed, the copolymer with the 
highest Pripol amount showing the mechanical behavior typical of a thermoplastic elastomer character-
ized by a good elastic recovery despite its random nature. 

PBS biodegradation in compost was significantly increased thanks to Pripol subunits and, interestingly, 
BS sequences appeared to be those preferentially attacked by the microorganisms though their semicrys-
talline nature. 

In conclusion, copolymer composition revealed to be a very efficient tool to tune final material properties, 
permitting in case of high Pripol content to obtain a highly stable, thermoplastic elastomer and fast de-
grading material, potentially exploitable for soft tissue engineering as well for sustainable flexible pack-
aging, fields where PBS homopolymer cannot be exploitable because of its too high stiffness. 
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