
1. Introduction
Driven by international legislation, end-of-life con-
sideration and treatment of plastic wastes have be-
come major issues for the plastics industry and the
academic community. Indeed, the production of plas-
tics is continuously increasing for more than 50 years
to reach 368 million tons in 2020 [1]. But, despite
many efforts around the world, a large proportion of

plastic waste is not recycled, causing significant eco-
nomic and environmental damage. One possible ap-
proach to solving these issues is to replace current
petroleum-based thermoplastic polymers with re-
newable bio-based polymers that are more sustain-
able. Their ability to compost and/or biodegradabil-
ity under certain conditions makes them very attrac-
tive, in particular for succinic acid (co)polyesters.
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commodity polymers (160–180°C) and long-chain branched architectures (LCB) are synthesized by different strategies. Their
rheological properties are investigated, in particular their melt strength properties. A two-step synthesis route is first proposed
based on linear LCBs produced by polycondensation followed by reactive extrusion with an epoxy-based multifunctional
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LCB structures, and thermal properties are determined by triple detection size exclusion chromatography and differential
scanning calorimetry. For PBSTs synthesized in two steps, gelation takes place simultaneously with the branching reactions.
However, a concentration of Joncryl® close to 2 wt% is required to improve the melt strength properties, with strain hardening
effects under elongation conditions. Interestingly, PBSTs synthesized by in-situ addition of glycerol show remarkable melt
strength and a high melt stabilization process. Dynamic rheology investigations allow attributing these effects to statistical/ho-
mogeneous gel-free LCB architectures obtained during reactive extrusion without any additional post-processing. The effec-
tiveness of approaches to easily improve the melt strength of highly biobased aliphatic-aromatic copolyesters (theoretical
biobased content up to 85%) and to eliminate extrusion defects/instabilities in PBSTs is thus demonstrated, allowing the pos-
sibility of expanding the industrial application domains of these polymers in packaging and sustainable applications.
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However, their processability by conventional tech-
nologies of the plastics/textile industry remains rather
limited. Indeed, their macromolecular architectures
need to be modified by introducing chain extension
and/or branching to adapt their rheological proper-
ties in the molten state, thus limiting the loss of mo-
lecular weight caused by thermal/hydrolytic degra-
dation and widening their processing window by ex-
trusion/injection technologies.
Among succinic acid-based aliphatic (co)polyesters
such as poly(butylene succinate) (PBS, Bionolle®,
Showa Denko) and poly(butylene succinate-co-adi-
pate) (PBSA, BioPBS™, Mitsubishi), aliphatic-aro-
matic versions such as poly(butylene succinate-co-
terephthalate) (PBST) represent one of the most
promising sustainable polymers due to their renew-
able/biodegradable nature (high biobased content up
to 85%) together with high melting temperatures
(150–180°C) close to those of commodity polyolefins
(high-density polyethylene, polypropylene) and poly -
amides (e.g. polyamide 12), high rate of crystalliza-
tion, excellent shape memory [2] and superior me-
chanical properties [3, 4].
PBST copolyesters have subsequently received sig-
nificant attention in the last few years and have been
extensively investigated in relation to various research
topics including PBST synthesis [5], crystallinity [4],
biodegradability [6], gas barrier [7], and mechanical
properties [8]. Currently, the main industrial appli-
cation of PBST is the manufacturing of fibers and
yarns used in the textile industry [9].
However, the production of PBST-based items by
classical industrial processes such as film blowing,
thermoforming, extrusion blow molding, or extru-
sion foaming processes is hindered by its inadequate
rheological behavior. Actually, the rheological and
melt strength properties of polymers with linear
macromolecular structures are known to induce dra-
matic processing instabilities, in particular under elon-
gational flows during the above-mentioned process-
es [10]. On the contrary, polymers with long chain
branched (LCB) architectures usually display high
viscosities, elasticities, and melt strengths that im-
prove the stability/quality of extruded items and favor
recyclability, as the melt rheological properties can
be maintained close to those of the original virgin ma-
terial. Candal et al. [11] found that the formation of
long-chain branches by reactive extrusion is an effi-
cient way to recycle opaque polyethylene tereph-
thalate (PET) into a new material with enhanced

mechanical and rheological performances that are
comparable to those of typical virgin PET.
Actually, compared to classical reptation–tube the-
ories of linear polymers, additional relaxation process-
es are observed for LCB architectures [12] and these
architectures particularly require more time to fully
relax due to topological constraints at the anchoring
points [13–15]. Therefore, under a fast elongational
flow, additional stresses are induced that generate
strain hardening phenomena of high interest for ex-
trusion processing [15–17]. LCB architectures with
high melt strengths could be directly produced dur-
ing the polymerization process, as depicted in the
case of low-density polyethylene produced by free-
radical polymerization [18, 19]. The use of specific
agents coupled with reactive extrusion processes
also represents a widespread method to induce chain
extension, crosslink, and to graft reactions leading
to LCB architectures [20–23]. It could be noticed
that blending and nucleation (with filler or nucle-
ation agent) could also represent alternative approach-
es to improve the melt strength of thermoplastic
polymers [24–28].
In the case of biobased polyesters obtained by poly-
condensation or ring-opening polymerization and
displaying quasi-linear architectures, numerous re-
active agents are effective in producing LCB archi-
tectures with high melt strength for the development
of advanced grades [29–33]. The most common way
to synthesize LCB co-polyesters is to introduce mul-
tifunctional (f ≥ 3) monomers or oligomers as long
chain branching agents, such as multifunctional acids,
alcohols, peroxides, isocyanates, and epoxides, in
high-temperature polycondensation reaction. Al-Itry
et al. [34] have used multifunctional epoxy-based
agents as chain extenders to adapt the rheological be-
havior of poly(lactic acid) (PLA) in shear and elon-
gational conditions for the extrusion-blowing process.
Li et al. [35] have utilized acrylic-based additives to
produce LCB-PLA by UV-induced reaction for ex-
trusion foaming processes. Wei and McDonald [31]
used peroxide-based agents as crosslinking agents to
improve the melt processability of poly(3-hydroxy-
butyrate). Interestingly, some authors recently con-
sidered the case of PBST. Sun et al. [36] used epoxy-
based agents for the preparation of LCB-PBST. The
existence of LCB architectures greatly improved the
rheological properties of PBST in shear conditions,
but an obvious decrease in ductility is observed. Re-
cently, Lu et al. [37] utilized pentaerythritol as a
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branching agent for PBST during esterification –
polycondensation at 230–250°C in the presence of
a specific catalyst. According to the authors, higher
branching efficiencies were attested compared to
epoxy-based agents. A slight modification of PBST
crystallization parameters is attested for LCB-PBST
compared to linear PBST. However, the rheological
behavior in elongational conditions of such LCB-
PBST has not been documented elsewhere, and, in
this context, the efficiency of various reactive agents
cannot be clearly concluded.
In the present work, the rheological properties of
highly-biobased LCB-PBST in elongational condi-
tions are mainly targeted to fulfill the requirements
of industrial elongational processes, in particular, ex-
trusion processing into films. Two different approach-
es are proposed to synthesize LCB-PBST with melt-
ing/processing temperatures close to 160–180 °C
(close to those of commodity thermoplastic poly-
mers such as poly(propylene) and Nylon 11).
A classical two-step approach is first proposed based
on linear LCBs produced by polycondensation then
processes by reactive extrusion with an epoxy-based
multifunctional agent Joncryl® at concentrations up
to 2 wt%. A one-step approach is also investigated,
using glycerol introduced at 0.5 wt% directly during
the PBST synthesis by polycondensation. Macro-
molecular structures and thermal properties of LCB-
PBST are evaluated by size-exclusion chromatogra-
phy (SEC) and differential scanning calorimetry
(DSC). Their transient elongational viscosities as a
function of the stretching time are then investigated
using a rheometer equipped with Sentmanat exten-
sional apparatus. Their linear viscoelastic properties
in shear conditions are finally analyzed to depict cor-
relations with macromolecular structures and syn-
thesis strategies.

2. Experimental section
2.1. Materials
Succinic acid (SA, purity 99%, Kosher), 1,4-butane-
diol (BDO, purity 99%, Kosher), titanium tetra-iso-
propoxide (TTiPO, purity 98%, Aldrich, USA), and
terephthalic acid (TPA, purity 98%, BP Chemicals,
UK) were all used as received. Glycerol was pur-
chased from Fisher Scientific, USA. Epoxy-based
styrene-acrylic oligomers were kindly supplied by
BASF, Germany (Joncryl ADR®-4300F, Tg 56 °C,
the epoxy equivalent weight 445 g/mol, molar mass
Mw 5500 g/mol, and functionality number (f) is 5)

[38]. The general structure of these oligomers de-
signed for chain extension/branching reactions of
polyesters, polyamides, and polycarbonates is de-
picted in Figure 1. The food and drug administration
(FDA) compliance was delivered by the European
Union for its use in food packaging [39].

2.2. One-step synthesis of LCB-PBST by
polycondensation

An Autoclave® reactor (Autoclave France, France)
specially designed for polycondensation reactions was
used. It was equipped with a condenser, a mechanical
stirrer, and a vacuum line. The temperature inside the
reactor, the pressure, and the torque was monitored
during the synthesis. The reactor was fed with TPA
and SA powders (molar ratio of TPA to SA equal to
60:40) and a desired amount of BDO was added under
stirring. Thereafter, 0.01 mmol of TTiPO used as cat-
alyst was introduced under protective nitrogen flux.
The reactor was gradually heated to 210°C and ester-
ification reactions proceeded at a stirring speed of
80 rpm for 2 hours to produce PBST oligomers. Af-
terward, glycerol was introduced at a concentration of
0.5 wt% (relative to PBST), and polycondensation re-
actions were carried out at reduced pressure. For this
purpose, the reactor temperature was gradually in-
creased to 250°C, and the polycondensation reaction
was terminated once the stirring torque reached a con-
stant/maximal value. As-prepared PBSTs were dis-
solved in chloroform and then precipitated in
methanol for purification followed by drying in a vac-
uum oven. The use of glycerol bearing three hydroxyl
groups (–OH) is expected to react with PBST car-
boxyl end groups (–COOH) during polycondensation
to form a branching point according to Figure 2.
It should be noted here that long chain branching or
crosslinked molecular structures could be obtained
according to the glycerol content in the medium [40].
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Figure 1. The general structure of epoxy-based styrene-
acrylic Joncryl® oligomers (R1-R2-R3-R4 are H,
CH3, a higher alkyl group, or combinations of
them) (R5 is an alkyl group) (x, y are each between
1 and 20) (z is between 1 and 12) [38].



In this study, to avoid a possible formation of gels
or crosslinked structures, glycerol content was lim-
ited to 0.5 wt%. Beyond this concentration, gelifica-
tion or crosslinking shall occur.

2.3. Two-step synthesis of LCB-PBST by
polycondensation – reactive extrusion

The classical two-step synthesis of LCB-PBST in-
volves (i) the production of quasi-linear PBST by
polycondensation and (ii) reactive extrusion using
Joncryl®. The first part is similar to the above pro-
cedure, except for the absence of glycerol during
polycondensation reactions to yield quasi-linear
PBST. The second part is performed using a twin-
screw µ-extruder (MiniLabII, Thermoscientific, Ger-
many). PBST solids were dried overnight under vac-
uum at 60 °C and were dry-blended with Joncryl®

flakes at concentrations up to 2 wt% just before ex-
trusion. The extrusion temperature is set to 180 °C
with a screw speed of 100 rpm for a mixing time of
5 min. The expected mechanisms yielding LCB-
PBST by reactive extrusion with Joncryl® are depict-
ed in Figure 3. Finally, all materials were molded
into rectangular bars, discs, or cylinders for rheology
testing using a Dolouets thermocompression mold-
ing machine at 180°C for 10 min under 80–110 bar.
The following Table 1 gathers all PBST materials
used in this study with their nomenclature.

2.4. Characterizations
2.4.1. Molecular weight analysis by size-

exclusion chromatography (SEC)
Size exclusion chromatography (SEC) was per-
formed on as-prepared materials to determine their
molecular weights (Mn, Mw), polydispersity index,
and macromolecular architectures. The SEC system
is composed of a chromatographic pump (LC-20AD,
Shimadzu, Japan), a chromatographic injector
(Perkin Elmer Series 200, Germany), one precolumn
(PLgel 20 μm Guard 50×7.5 mm, Agilent, Germany)
and three columns (PLgel 5 μm Mixed-C,
300×7.5 mm, polystyrene/divinylbenzene stationary
phase, Agilent, Germany). The SEC was coupled
with a multiangle light scattering detector (WTRE-
OS-01, 3 angles, Wyatt, Germany), a refractometer
(RID 10A, Shimadzu, Japan), a UV detector (SPD-
20A, Shimadzu, Japan), and a viscosimeter
(WVISC-04, Wyatt, Germany). As-prepared PBSTs
were dissolved in chloroform at a concentration of
1 mg/ml for 48 h. Solutions were filtrated over poly-
tetrafluoroethylene filters (0.25 μm) to prevent the
passage of the gels contained in some LCB-PBSTs
into the columns and eluted in the SEC system with
chloroform at a flow rate of 1 ml/min. The differen-
tial index of refraction dn/dc was measured by a re-
fractometer (Wyatt Optilab T-rex, λ = 658 nm), and
a value of 0.08 ml/g was used for data processing.
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Figure 2. Schematic proposed mechanism for the production of LCB-PBST using glycerol during PBST polycondensation.



2.4.2. Gel determination
It is well-documented in the literature that high con-
tents of a high multifunctional chain extender agent
can lead to gelification or even crosslinking. The lat-
ter can impact the end-product mechanical perform-
ances, like the elongation at break [41]. The linear
and LCB-PBST samples were analyzed by the sol-
vent extraction technique [41]. Each sample was dis-
solved in chloroform without stirring and filtered
after 4 days using a 0.2 μm filter. Then, the percent-
age of gel was determined by weighing residues of
insoluble compounds after extraction of the solvent
at the end of the drying step in an oven at 50°C for
48 hours.

2.4.3. Thermal properties by DSC
The thermal properties of the as-prepared materials
were determined using a DSC (Mettler Toledo,
Switzerland) calibrated with the indium reference
(melting point of 156.6°C). Experiments were car-
ried out under a nitrogen atmosphere with heat – cool

– heat cycles at 10°C/min between –60 to 200 °C.
Crystallization temperatures (Tc) were determined
during the cooling scan using the exothermic phe-
nomena and melting temperatures (Tm) were deter-
mined during the second heating scan using the en-
dothermic phenomena. On the other hand, the glass
transition temperature Tg was calculated from the
middle point of the step change in heat flow.

2.4.4. Dynamic rheological measurements 
Rheological tests in shear conditions were carried out
under a nitrogen atmosphere using a stress-controlled
dynamic rheometer (Haake MarsIII, Thermo Scien-
tific, Germany). The samples were systematically
dried under a vacuum at 60°C for 24 h before meas-
urement. A parallel-plate geometry (diameter 35 mm)
was chosen. Frequency sweeps between 100–0.1 rad/s
were performed at 180°C using a constant strain of
10%. Strain sweeps at a constant angular frequency
of 100 rad/s were performed to ensure working into
the linear viscoelastic domain for each material.
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Figure 3. Schematic proposed mechanism for the production of LCB-PBST using epoxy-based styrene-acrylic Joncryl®

oligomers.

Table 1. Nomenclature and description of as-prepared PBST.
Nomenclature Description

L-PBST Linear PBST synthesized by polycondensation
LCB1-PBST-G LCB-PBST synthesized by polycondensation using glycerol
LCB2-PBST-J1 LCB-PBST synthesized from L-PBST and reactive extrusion with 1 wt% Joncryl®

LCB2-PBST-J2 LCB-PBST synthesized from L-PBST and reactive extrusion with 2 wt% Joncryl®



2.4.5. Elongational rheology measurements 
Transient extensional viscosities of as-prepared PBST
as a function of the stretching time at various strain
rates were evaluated using the previous dynamic
rheometer equipped with an SER (Sentmanat Exten-
sional Rheometer, Thermo Scientific, Germany) tool.
The working principle is based on two drums at-
tached to the rheometer motor, drums rotating in the
opposite direction at the same speed. A pure uniaxial
stretching is consequently applied to the test sample.
The theoretical details behind the measurement of
the transient extensional viscosity are reported in de-
tail by Yousfi et al. [28]. Tests were here carried out
at 180 °C and, and after rheometer calibration and
temperature calibration, the sample was fixed be-
tween the two drums. A temperature stabilization pe-
riod of 120 s was set followed by a pre-stretching
step at 300 Pa for 10 s to compensate for sample
creep at high temperature. Then, the sample was
stretched at a given strain rate (between 0.1–1 s–1).
Using the motor torque developed during stretching,
the transient extensional viscosity was evaluated. It
could be noticed that the SER experimental procedure
was optimized on reference low-density polyethyl-
ene samples using a video analysis system, in par-
ticular, to validate the homogeneity of the applied
strain and the true strain rate value.

3. Results and discussions
3.1. Molecular characterization and thermal

analysis of as-prepared LCB-PBST
Macromolecular parameters and architectures of as-
prepared PBSTs were analyzed by SEC equipped
with multiple detection techniques. Therefore, the
presence of LCB could be also qualitatively ap-
proached to some extent using viscosimetric data. The
elution profiles of as-prepared PBST can be found in
Figure 4a and 4b with molecular weight distribution
profiles and viscosimetric profiles (Figure 4c and 4d).
Macromolecular parameters are tabulated in Table 2.
The elution profile of L-PBST exhibits a unimodal
elution peak, and data processing yields Mn – Mw
values close to 20000–27000 g/mol for L-PBST. The
polydispersity index (Đ) of 1.35 is in good accor-
dance with a polycondensation synthesis route [42,
43]. Similar molecular weights (Mw of 28000 g/mol)
and a rather narrow molar mass distribution (Đ of
1.35) were obtained by Ren et al. [42] in the case of
linear PBSTs produced through traditional polycon-
densation reaction. Nevertheless, the viscosimetric

profile displays a power-law dependence with a
power-law index (Mark-Houwink-Sakurada param-
eter αMHS) close to 0.7–0.73, in agreement with lit-
erature data on linear poly(butylene succinate) using
the same solvent [44–46]. Garin et al. [44] found
[η] = 39.9·10–5·Mn

–0.71 at 30 °C in chloroform with
molecular weights measured by SEC with a triple de-
tection system. These elements confirm the linear ar-
chitecture of L-PBST as expected with a classical
polycondensation synthesis route [47]. Concerning
LCB1-PBST-G synthesized by one-step polyconden-
sation using glycerol, the unimodal elution peak is
clearly broader and shifted to low elution times.
Compared to L-PBST, higher molecular weights and
broader molecular weight distributions are obtained
with a 1.5-fold increase for Mw and a polydispersity
index up to 1.98. The viscosimetric profile also dis-
plays a power-law dependence but the power-law
index is reduced down to 0.59, indicating the effec-
tive presence of LCB in significant amounts [41]. It
is useful to mention that gel-free branched PBSTs
were obtained when glycerol was used as an LCB
agent. Indeed, no insoluble residues were found after
solvent removal, and thus no gel was detected.
It can be concluded that a homogenous macromole-
cular architecture with a statistical distribution of
LCB (according to Figure 2) was obtained for LCB1-
PBST-G due to the use of glycerol as an LCB branch-
ing agent during polycondensation [47]. LCB2-PBST-
J1 and LCB2-PBST-J2 synthesized from L-PBST
coupled to reactive extrusion with Joncryl® were
marked by a complex population of molecular weights
and the appearance of a minor population displaying
ultra-high molecular weights. From viscosimetric
profiles, a significant deviation from the power-law
dependence was attested for molecular weights higher
than approx. 60000 g/mol, and a dramatic reduction
of the power-law index was observed for molecular
weights higher than approx. 100 000 g/mol. In this
respect, it could be suspected that (i) the principal
population corresponds to initial and unreacted
L-PBST with linear architectures, and (ii) the minor
population corresponds to the formation of LCB-
PBST with a high LCB density [48]. A preferential
reactivity between Joncryl® and low-molecular com-
ponents of L-PBST fits with these observations.
Based on molecular weight distribution profiles, the
amount of LCB-PBST lies close to 10–20% by
weight, depending on Joncryl® concentration. The
molecular weights of LCB-PBST seem to lie in the
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range 60000–200000 g/mol in accordance with the
reaction scheme displayed in Figure 3 between
L-PBST and Joncryl® with an epoxy functionality
of 5. Moreover, we note the occurrence of partial
gelification of PBST for high Joncryl® concentra-
tions due to side reactions. The gel content was
35±1.2 wt% for LCB2-PBST-J2 and 15±0.9 wt% for
LCB2-PBST-J1, as proven by solvent extraction. It
has been reported in several literatures reports that
the addition of Joncryl beyond 0.6 wt% could change
the structure of LCB-polymers toward the sol–gel
transition point [48]. Thus, a high Joncryl content
can lead to excessive branching and even crosslink-
ing, which was responsible for the formation of gel

[47]. The two-step approach by reactive extrusion
with Joncryl® clearly yields heterogenous macromol-
ecular architectures comprising initial linear L-PBST
and LCB-PBST with a high LCB density. In conclu-
sion, LCB-PBST was efficiently produced by the two
proposed synthesis approaches, but different macro-
molecular architectures were clearly achieved for
LCB1-PBST-G and LCB2-PBST-J1/2.
As mentioned earlier, glycerol has three reactive hy-
droxyl groups (two primary hydroxyl groups and one
secondary hydroxyl group). Thus, glycerol could be
considered as a tri-functional additive in polyconden-
sation reactions leading to branching points on the
PBST backbone (in accordance with higher molecular
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Table 2. Macromolecular parameters of as-produced PBST (number average molecular weight Mn, weight average molecular
weight Mw, polydispersity index Đ = Mw/Mn, and Mark-Houwink-Sakurada parameter αMHS, n.d. not determined).

Sample Mn
[g/mol]

Mw
[g/mol]

Đ
[–]

αMHS
[–]

Gel content
[wt%]

L-PBST 20000 27000 1.35 0.70–0.73 0
LCB1-PBST-G 22000 43000 1.98 0.59 0
LCB2-PBST-J1 23000 32000 1.38 n.d. 15.0±0.9
LCB2-PBST-J2 41000 1450000 3.50 n.d. 35.0±1.2

Figure 4. Molecular weight analysis by SEC of as-produced PBST (green L-PBST, blue LCB1-PBST-G, black LCB2-PBST-J1,
and red LCB2-PBST-J2). (a, b) Elution profiles (i.e., relative refractive index and relative differential pressure as
a function of elution time), (c) molecular weight distribution profiles (i.e., cumulative weight fraction as a function
of molecular weight), and (d) viscosimetric profiles (i.e., intrinsic viscosity as a function of molecular weight).



weights and architectures detected by SEC). Glycerol
seems to have a comparable efficiency with tris(hy-
droxymethyl)ethane for polyester branching. It can be
noticed that Nifant’ev et al. [48] found similar results
when using glycerol as a long chain branching agent
(LCB) of poly(butylene adipate terephthalate)
(PBAT). However, the Mw of PBAT copolymers ob-
tained in the presence of tri methyl 1,3,5-benzenetri-
carboxylate (tri-ester-based LCB) was lower in com-
parison with the Mw of the PBAT synthesized with the
use of glycerol. According to the authors, this was due
to the lower reactivity of aromatic esters in polycon-
densation compared to aliphatic –CH2OH functional
groups present in glycerol.
Typical DSC thermograms are displayed in Figure 5
for L-PBST and LCB1-PBST-G that clearly attest
for semi-crystalline thermoplastic materials. Ther-
mal parameters are tabulated in Table 3. Concerning
L-PBST, a glass transition temperature of –16.5 °C
was recorded with a crystallization temperature of
130.9°C. Two distinct shoulder melting peaks locat-
ed at 156.2 and 165.5°C were observed which could
be ascribed to the recrystallization and remelting
mechanism [43, 49]. Indeed, Jie et al. [50] provided
direct evidence to support this mechanism through the
study by modulated differential scanning calorime-
try. In this study, the obtained DSC values were in ac-
cordance with bibliographic data concerning various
linear PBSTs [51–53]. It can be interestingly noticed
that the thermal properties of L-PBST can be tuned
and get closer to those of commodity polyolefins ac-
cording to the molar ratio (Xmol) of TPA to SA during
synthesis (i.e. the content of butylene terephtalate
(BT) comonomer in the composition). When Xmol is
equal to 35:65, L-PBST displays thermal parameters
(glass transition temperature Tg, melting temperature
Tm, crystallization temperature Tc) close to those of

low-density poly(ethylene). And vice versa, when
Xmol is around 66:34, L-PBST possesses thermal
characteristics close to those of isotactic poly(propy-
lene) as seen in Table 3 [53, 54].
The crystallinity of L-PBST still remains challeng-
ing to address because the melting enthalpy of fully-
crystalline PBST is largely unknown, but crystalliza-
tion/melting enthalpy seems to be close to various
semi-crystalline aliphatic(-aromatic) polyesters such
as poly(butylene succinate) and poly(butylenes
terephthalate) [55–57].
From DSC data, it was found that the crystallization
temperature (Tc) increased first and then decreased
with the increase in Joncryl content. The crystalliza-
tion was first favored probably because of enhanced
mobility of chains, but excessive branching (2 wt%
of joncryl) led to less regularity of macromolecular
chains and consequently retarded crystallization.
Similar trends were observed by Lu et al. [37] in the
case of PBST modified by pentaerythritol (PER) used
as a branching agent. In the case of LCB1-PBST-G,
the decrease in the crystallization temperature (Tc)
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Figure 5. DSC traces (first cooling scan and second heating
scan at 10 °C/min) were obtained for L-PBST and
LCB1-PBST-G.

Table 3. Thermal properties of as-produced PBST (glass transition temperature Tg, melting temperature Tm, crystallization
temperature Tc and their associated enthalpies).

aEvaluated at the second heating scan
bEvaluated at the first cooling scan
cData from Purohit et al. [60].

Sample Tg
a

[°C]

Tm
a

[°C] ∆Hm
a

[J/g]
Tc

b

[°C]
∆Hc

a

[J/g]
Tm,1

a Tm,2
a

L-PBST –16.5 156.2 165.5 27.8 130.9 27.4
LCB1-PBST-G –16.1 152.7 160.1 26.5 122.4 25.9
LCB2-PBST-J1 –16.0 158.8 167.4 25.0 133.9 24.2
LCB2-PBST-J2 –14.0 157.9 166.1 24.2 127.5 23.7
iPPc –10.0 – 165.6 117.0 122.7 111.00



could be explained by the increase in intermolec-
ular entanglement induced by branching with glyc-
erol. Such increased molecular entanglement reduces
segmental mobility leading to the lower Tc. On the
other hand, similar glass transition temperatures
close to –16 °C are reported for L-PBST, LCB1-
PBST-G, and LCB2-PBST-J1, except for a slight in-
crease to –14 °C for LCB2-PBST-J2 that could be
linked to segmental mobility hindrance for elevated
LCB density [58]. The main phenomenon lies in a
significant reduction of the melting/crystallization
temperatures for LCB1-PBST-G compared to L-
PBST. Reduced melting/crystallization temperatures
suggest significant modification of the crystal nucle-
ation/growth mechanisms and the production of de-
fective crystals due to LCB [58, 59].
It can be interestingly noticed that this phenomenon
confirms the statistical/homogenous architecture for
LCB1-PBST-G. In conclusion, semi-crystalline LCB-
PBSTs with glass transition temperatures below
room temperature were obtained. Thermal properties
were close to those of commodity polyolefins, in par-
ticular, isotactic poly(propylene) for these highly-
biobased LCB-PBSTs, and processing temperatures
could be set to 160–180 °C [3]. Moderate modifica-
tions of thermal properties were attested for LCB-
PBSTs, but correlations to LCB architectures were
detected, i.e., statistical/homogenous architectures
for LCB1-PBST-G and production of highly-branched
architectures for LCB2-PBST-J2.

3.2. Melt-state rheological stability of as-
prepared LCB-PBST

The macromolecular structure of polyesters could be
evolved at high temperatures, in particular at relevant
processing temperatures in the melt state. A reduction
of their melt viscosity at elevated residence times is
often observed due to macromolecular degradation.
Several degradation reactions could be encountered
for polyesters, such as (i) hydrolytic/mechanical
degradation with random chain scission along poly-
ester chains (ii) and degradation by hydrogen transfer
with a localized chain scission close to end-chains,
and production of small molecules [61–65]. The use
of Joncryl® is known to improve the viscosity of
polyesters (according to Figure 3) and compensate
for viscosity drops due to chain degradation/chain
branching recombination reactions [34]. The complex
viscosity and the magnitude of degradation reactions
were subsequently evaluated by dynamic rheology

for as-prepared LCB-PBST. Time sweep tests at
180°C and 10 rad/s in the linear regime were carried
out, and the results are presented in Figure 6.
The initial complex viscosity of L-PBST was close
to 210 Pa·s, and a slight degradation of L-PBST was
observed with a continuous viscosity drop up to
190 Pa·s in approx. 1 h. A higher complex viscosity
was evidenced for LCB1-PBST-G with an initial
complex viscosity of 660 Pa·s, and LCB1-PBST-G
also slightly degraded with a viscosity drop to
620 Pa·s in 1 h. The degradation of L-PBST and
LCB-PBST-G in the melt state was consequently
found quite slow. This slight degradation behavior is
probably linked to (i) the low residual water content
after appropriate drying and (ii) the low processing
temperature of these polyesters. Concerning LCB2-
PBST-J1 and LCB2-PBST-J2, their initial complex
viscosities were evaluated to 360 and 780 Pa·s as
classical effects encountered with the use of Joncryl®.
It can be noticed that the complex viscosity of
LCB2-PBST-J1 was highly stable over time which
corresponds to a perfect balance between chain degra-
dation/recombination reactions. For LCB2-PBST-J2,
a high increase in viscosity was observed as a func-
tion of time, and a stable value was achieved after a
residence time of 1 h at 180°C. Based on these rhe-
ological results, quasi-stable rheological parameters
in shear conditions were concluded for L-PBST,
LCB1-PBST-G, and LCB2-PBST-J1. Higher viscosi-
ties were also detected for LCB1-PBST-G and LCB2-
PBST-J1 in accordance with previous macromolec-
ular analyses (higher Mw, higher polydispersity index,
and presence of LCB in significant amounts). LCB2-
PBST-J2 displayed an unstable rheological behavior
due to intensive chain recombination reactions.
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Figure 6. Evolution of the complex viscosity versus time at
180°C for as-prepared PBST.



3.3. Shear rheological properties of
as-prepared LCB-PBST

L-PBST displayed a constant complex viscosity (η*)
over the entire frequency range with a Newtonian
viscosity (or zero-shear viscosity at low frequency)
close to 200 Pa·s. in accordance with relatively low
molecular weights for L-PBST (Figure 7). A signif-
icant increase in Newtonian viscosity was observed
for LCB1-PBST-G, and the evolution of the storage
modulus (G') (at low frequencies displayed a classi-
cal trend with a slope of approx. 2. The rheological
behaviors of the two-step chain-extended LCB2-
PBST-J1/2 were quite different from PBST produced
by the one-step route with glycerol (LCB1-PBST-G).
LCB2-PBST-J1 only displayed a moderate increase
in Newtonian viscosity, but the evolution of the stor-
age modulus G' at low frequencies displayed a lower
slope. Noting that LCB2-PBST-J1 contains 15% of
gels but still had a Newtonian viscosity plateau at
low frequencies, which suggests that these gels may
have crosslink points of low densities and are par-
tially miscible with the linear and branched chains
[66]. For LCB2-PBST-J2, the complex viscosity
strongly increased at low frequencies. The storage
modulus G' also reached a plateau at a low frequency
for LCB2-PBST-J2, which is related to a long-time-
relaxation mechanism due to the formation of long-
chain branches (LCB) during reactive extrusion with
Joncryl [27, 67] and to the presence of the high
amount of gels (35 wt%) in the structure.
It is useful to mention that a pronounced shear thin-
ning behavior was found at high frequencies for the
LCB-PBST samples compared to L-PBST [68]. The
pseudoplasticity indices were 0.86, 0.66, and 0.60
for LCB2-PBST-J1, LCB1-PBST-G, and LCB2-
PBST-J2, respectively. According to the literature
[41], this non-Newtonian behavior is the result of
long-chain branching (i.e., the increased molecular
entanglement of the branched structure) and a broad-
ening of the molecular weight distribution (demon-
strated by SEC measurements). Such behavior has
been correlated with better melt processability by
film blowing and extrusion foaming by gas injection
(the increased elasticity would hinder the cell coa-
lescence and cell wall rupture) [48, 67, 68].
The relaxation spectra H(λ) at 180 °C of as-pro-
duced PBST were calculated from G' data using the
standard nonlinear regularization method proposed
by Honerkamp and Weese [69]. Results are shown
in Figure 7c. The relaxation peak of L-PBST cannot

be identified in the frequency range studied. The re-
laxation time of L-PBST was consequently very fast
and probably lower than 0.01 s. However, two relax-
ation peaks were clearly attested for LCB-PBST-G,
with a first peak close to 0.15 s and a second close
to 1 s. This phenomenon can be interpreted by the
presence of two modes of relaxation, with a first re-
laxation mode corresponding to the relaxation of
LCB and a second relaxation mode corresponding to
the PBST backbone with restricted mobility [23, 67].
These phenomena clearly attested to the presence of
LCB in low amounts along the PBST backbone.
LCB2-PBST-J1 displayed a unique relaxation peak
close to 0.9 s, and the relaxation peak of LCB2-
PBST-J2 cannot be identified in the frequency range
studied. The presence of complex LCB architectures
without relaxation modes for the PBST backbone
was thus suspected for LCB2-PBST-J1/2 [28, 70].
Figure 8 shows the results of the reduced Van–Gurp–
Palmen diagram (rVGP) at 180 °C of as-produced
PBST. An rVGP diagram is made up with loss angle δ
against the reduced modulus Gred (complex modulus
G* divided by the plateau modulus G0

N, evaluated at
high frequencies when phase angle δ tends to 0). Ac-
cording to Trinkle et al. [71], the shape of the rVGP
diagram is unaffected by the molecular weight, but
the polydispersity index/LCB architectures have spe-
cific signatures [28, 70]. The rVGP diagram is con-
sequently a clear way to assess chain topologies. It
is clear that L-PBST displayed a viscous behavior at
low Gred. The phase angle sharply decreased for Gred
values above approx. 0.1 as a typical signature of lin-
ear thermoplastic polymers with a narrow polydis-
persity index [71]. The rheological responses of L-
PBST (frequency sweeps, relaxation spectra, and
rVGP diagram) were consistent with previous con-
clusions by SEC (moderate molecular weight, nar-
row polydispersity index, and linear architectures).
For LCB1-PBST-G, the phase angle started to de-
crease for Gred values above 0.01 and the phase angle
drop was slightly broader than that of L-PBST. This
rVPG behavior can be mainly ascribed to the high
polydispersity of LCB1-PBST-G. A slight inflection
point was noticed for phase angle close to 50° and
Gred close to 1. No clear similitude with model chain
topology was attested but this critical point of low
intensity could correspond to comb-like architec-
tures with LCB and PBST backbones displaying
similar molecular weights [71]. The LCB density
along the PBST backbone is probably quite low. The
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rheological responses of LCB1-PBST-G conse-
quently fitted with previous conclusions by SEC
(high/broad molecular weight, presence of LCB in
low amount, statistical/homogeneous distribution of
LCB along the PBST backbone, similar molecular
weights for LCB/backbone). It could be also noticed
that the rVGP diagram was quite similar to that of
strain-hardening metallocene polyethylene [72], in-
dicating that the rheological response in elongation-
al conditions of LCB1-PBST-G could be of good in-
terest.
Concerning LCB2-PBST-J1 and LCB2-PBST-J2, the
rVGP diagrams were quite different from those of
LCB1-PBST-G. LCB1-PBST-J1 displayed a mixed
behavior between L-PBST and LCB1-PBST-G. The
presence of LCB was suspected in a low amount,
along with unreacted L-PBST. No inflection was no-
ticed for LCB1-PBST-J1. LCB2-PBST-J2 displayed
phase angles lower than 40–50° for any Gred. The
phase angle also decreased in the low Gred region
with maximum observed for Gred values close to 0.2.
This behavior was in agreement with an elastic

behavior at low frequencies and, according to Trinkle
et al. [71], this rVGP diagram probably fitted with
star-like LCB architectures with high entanglement
density. The rheological responses of LCB2-PBST-
J1 and LCB2-PBST-J2 could consequently agree
with previous conclusions by SEC (residual L-PBST
fraction, the appearance of LCB-PBST structures
with a high LCB density, partial gelification/cross-
linking).

M. Yousfi et al. – Express Polymer Letters Vol.17, No.3 (2023) 300–316

310

Figure 7. Complex viscosity (a) and storage modulus (b) at 180°C of as-prepared PBST. Weighted relaxation time spectrum
at 180°C of as-prepared PBST (c).

Figure 8. Reduced Van–Gurp–Palmen diagram at 180 °C of
as-prepared PBST.



3.4. Elongational rheological behavior of as-
prepared LCB-PBST

LCB architectures are known to improve the rheo-
logical behavior of polymer melts in elongational
flow conditions marked by higher melt strengths (or
transient elongational viscosity) and the appearance
of a strain hardening phenomenon. Processing de-
fects and instabilities are drastically reduced for poly-
mers displaying LCB architectures, in particular dur-
ing extrusion processing (extrusion casting/calendar-
ing, extrusion blowing, co-extrusion, extrusion blow
molding, etc.) [11]. In this context, the rheological
behavior of as-prepared LCB-PBST in elongational
conditions was investigated to identify their process-
ability potential by extrusion.
LCB-PBST were uniaxially-stretched in the molten
state at 180 °C at different strain rates (between 0.1
and 1 s–1) in order to assess their transient elonga-
tional viscosity (ηE) as a function of stretching time
(Figure 9). The transient elongational viscosity of
L-PBST could not be evaluated due to a poor melt
strength inducing an intensive creep before stretch-
ing in the melt state. Such behavior is typically ob-
served with thermoplastic polymers displaying mod-
erate molecular weights and linear architectures

[11, 26]. These materials do not exhibit any strain
hardening phenomena in elongational flow conditions
[11, 26], and as-prepared L-PBST is consequently of
poor interest for further processing by extrusion.
Concerning LCB2-PBST-J1, a significant melt
strength was obtained with a transient elongational
viscosity close to 2000–3000 Pa·s at 0.1 s–1. How-
ever, no strain hardening phenomenon was detected
at any strain rate. The amount of LCB was, therefore,
not sufficient to induce strong modifications of the
rheological behavior in elongational flow conditions.
However, LCB2-PBST-J2 displayed a high melt
strength close to 10000 Pa·s at a low stretching time
for any strain rate with an intense strain hardening.
Such behavior indicates that LCB2-PBST-J2 ex-
hibits relaxation times higher than approx. 1 s [73],
in accordance with previous rheological behavior in
shear conditions. As a consequence, the two-step
synthesis route requires Joncryl® concentrations
close to 2 wt% to produce LCB-PBST with a suit-
able rheological behavior for further extrusion pro-
cessing due to adequate LCB architectures (amount/
topology). LCB1-PBST-G interestingly displayed a
high melt strength close to 8000–10 000 Pa·s at a
low stretching time. A strain hardening phenomenon
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Figure 9. Transient elongational viscosity at 180°C as a function of stretching time and strain rate for LCB2-PBST-J1 (a),
LCB1-PBST-G (b), and LCB2-PBST-J2 (c).



was also observed with a slightly lower intensity
than that of LCB2-PBST-J2. These observations
were in accordance with the rheological behavior in
shear conditions of LCB1-PBST-G, in particular, the
detection of relaxation times higher than 1 s. Never-
theless, the pronounced elongational features of
LCB1-PBST-G compared to L-PBST could eventu-
ally significantly improve stretching ability, stability
in thickness, and resistance to melting breakup for
processing applications (e.g., extrusion film blow-
ing) where the strain hardening plays an important
role [74, 75].

4. Conclusions
Highly-biobased poly(butylene succinate-co-tereph-
thalate) (PBST) (potential biobased content close to
85%) with processing temperatures close to those of
commodity polymers (160–180 °C) and long-chain
branched (LCB) architectures were successfully syn-
thesized by various strategies. The two-step synthe-
sis route starting from linear PBST produced by poly-
condensation followed by reactive extrusion required
a concentration of Joncryl® close to 2 wt% to im-
prove melt strength properties of PBST and induce
strain hardening phenomenon effects in elongational
conditions.
In this context, it could be concluded that LCB-
PBST with an appropriate rheological behavior for
further extrusion processing could be directly ob-
tained without any additional post-treatments by re-
active extrusion by the one-step synthesis route
using glycerol in low concentration (up to 0.5 wt%)
during PBST polycondensation. The use of Joncryl®
with intense rheological instabilities (e.g., the melt
reaction that often continues over time with the un-
predictable process and end-product characteristics)
in addition to gel formation (problematic recycling
capabilities) could be particularly avoided with this
approach. The peculiar LCB architecture (high/broad
molecular weight, statistical/homogeneous distribu-
tion of LCB along the PBST backbone without the
formation of gels) probably represents a key element
to reaching such rheological behavior due to a sig-
nificant modification of relaxation dynamics of the
PBST backbone.
This work provided an effective approach based on
the one-step synthesis method to improve the melt
strength of highly-biobased aliphatic-aromatic copoly-
esters and eliminate extrusion defects/instabilities of
PBST using glycerol as a promising long-chain

branching agent.  This may expand the industrial im-
plementation of these polymers with modern contin-
uous technology production into high-value packag-
ing applications.
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