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Abstract: A major societal issue of disposal and environmental pollution is raised by the enormous
and fast-growing production of single-use polyethylene terephthalate (PET) bottles, especially in
developing countries. To contribute to the problem solution, an original route to recycle PET in
the form of value-added environmentally friendly thermoplastic composites with banana fibres
(Musa acuminata) has been developed at the laboratory scale. Banana fibres are a so far undervalued
by-product of banana crops with great potential as polymer reinforcement. The melt-processing
constraints of commercial PET, including used bottles, being incompatible with the thermal stability
limits use of natural fibres; PET has been modified with bio-sourced reactants to produce co-polymers
with moderate processing temperatures below 200 ◦C. First, commercial PET were partially gly-
colyzed with 1.3-propanediol to produce co-oligomers of about 20 repeating units, which were next
chain extended with succinic anhydride and post-treated in a very unusual “soft solid state” process
at temperatures in the vicinity of the melting point to generate co-polymers with excellent ductility.
The molar mass build-up reaction is dominated by esterification of the chain ends and benefits from
the addition of succinic anhydride to rebalance the acid-to-hydroxyl end-group ratio. Infra-red
spectroscopy and intrinsic viscosity were extensively used to quantify the concentration of chain ends
and the average molar mass of the co-polymers at all stages of the process. The best co-polymers are
crystallisable, though at slow kinetics, with a Tg of 48 ◦C and a melting point strongly dependent
upon thermal history. The composites show high stiffness (4.8 GPa at 20% fibres), consistent with the
excellent dispersion of the fibres and a very high interfacial cohesion. The strong adhesion can be
tentatively explained by covalent bonding involving unreacted succinic anhydride in excess during
solid stating. A first approach to quantify the sustainable benefits of this PET recycling route, based on
a rational eco-selection method, gives promising results since the composites come close to low-end
wood materials in terms of the stiffness/embodied energy balance. Moreover, this approach can
easily be extended to many other natural fibres. The present study is limited to a proof of concept at
the laboratory scale but is encouraging enough to warrant a follow-up study toward scale-up and
application development.

Keywords: PET; recycling; glycolysis; solid-state polymerisation; composite; sustainability

1. Introduction

Polyethylene terephthalate (PET) is a widely used thermoplastic polyester exhibiting
attractive properties at reasonable cost, including low density, transparency, moderate
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chemical resistance, high tensile strength, melt processability and good gas barrier proper-
ties (e.g., against CO2) when biaxially oriented [1,2]. PET is used in many fields including
construction, medicine, electronics, textile, automotive, aerospace and prominently in pack-
aging [3,4]. Applications in packaging are dominated by single-use beverage containers,
especially for mineral water and carbonated and energy drinks. Production has exploded
during the last decades [4]. In 2021, the global consumption of PET bottles was estimated
at about 19.8 Mt, with an average growth rate of 3.6% between 2012 and 2020 [5]. Accord-
ing to a recent forecast, 22.6 Mt of PET will be produced in 2025, good for a staggering
585 billion bottles [6,7]. The enormous and fast-growing production of single-use PET
bottles obviously raises the major issue of disposal and environmental pollution, especially
in developing countries where the waste recycling sector is underdeveloped or non-existent.
The issue is compounded by the very high resistance of PET to environmental degrada-
tion [8]. PET accounts for a third of the plastic waste volume and ranks second for sea
bed microplastic pollution [9]. These issues have recently attracted a lot of negative public
attention and even outrage. On the other hand, PET is very recyclable and is already one
of the most recycled thermoplastics [8]; however, the sheer size of the problem requires
an even greater focus. It is essential to explore and develop new routes to valorise PET
waste, which should be considered as an abundant and attractive material resource in its
own right. As a matter of fact, this priority is already included in specific international
legislation focusing on improved sustainability [7,10].

Various mechanical and chemical recycling routes have been developed and are
continuously improved upon to valorise plastic waste, including PET. Mechanical recycling
methods are currently the most used in industry and are based on melt reprocessing of
the material after the life cycle of the original product. Unfortunately, the properties of
such recycled materials are reduced by approximately 30% compared with those of virgin
PET [11]. This “downcycling” characteristic of PET mechanical reconversion constrains the
potential applications because the resulting cost–performance balance is inadequate. Di-
and multifunctional chain extenders (e.g., epoxy-acrylate resins, di-isocyanates, etc., [12])
can be used during reactive extrusion of PET waste to compensate for molecular weight
degradation due to reprocessing [13].

Chemical recycling is a “high end” alternative to mechanical recycling of PET as it
delivers clean monomers or oligomers that can be incorporated in the synthesis of new
value-added materials; possibly solving the cost–performance issue of mechanical recy-
cling [7]. As an example, biodegradable aliphatic ester segments inserted between PET
units can produce aromatic/aliphatic co-polyesters with good physical properties but
improved biodegradability [14]. Indeed, the reduced crystallinity and faster degradation
resulting from the presence of aliphatic co-monomers can improve degradation of (mi-
croplastic) waste by hydrolysis [9]. One important challenge of chemical recycling is to
limit the environmental costs.

Beyond the straightforward recovery of the starting PET through a mechanical or
chemical process, it is highly desirable to improve the property balance of the recycled
materials, i.e., “upcycling” them by imparting additional features, in particular improved
stiffness and strength at minimum environmental impact. Composites of a PET matrix with
reinforcing fibres are well known. A wide range of fibres can be used and their detailed
characteristics control the property balance of the end product, with glass and carbon as
classical choices for improved stiffness and strength [15,16]. Natural fibres are an attractive
choice for composites based on recycled polymers from the standpoint of sustainability.
Among natural fibre candidates for incorporation into thermoplastic composites, certain
types have received significant attention, in particular flax, jute and bamboo [17], whereas
others are mostly neglected despite abundant and low-cost availability in extensive geo-
graphical areas. Banana fibres are a good example of the latter. They are extracted from the
pseudo stems of the banana plant (Musa acuminata), which produces fruits only once and is
treated as no-value waste in Equatorial and West African countries such as Cameroon and
the Ivory Coast that have large banana plantations [18]. The wide availability, very low
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cost and attractive properties of the fibres after a simple treatment [19] make them great
candidates for the development of environmentally friendly thermoplastic composites.
The combination of banana fibres with recycled PET in the form of composites in banana-
producing countries has the potential to contribute significantly to the mitigation of the
plastic waste issue and the simultaneous valorisation of this so-far neglected crop waste.

However, the association of natural fibres, including banana fibres, and a PET matrix
by melt processing at typical temperatures is very challenging due to the limited thermal
stability of the fibres above 200 ◦C and the melt-processing temperatures in excess of 280 ◦C
required by PET [20,21]. Consequently, working with banana fibres as reinforcement in
PET composites requires the melt-processing temperature of the matrix to be reduced to
the 200–220 ◦C range. In this work, we have overcome this incompatibility by chemically
modifying the recycled PET to lower its melt-processing temperature by reducing its melt-
ing point, Tm, and glass transition temperature, Tg, within acceptable limits for potential
applications.

The original PET chemical recycling route is based on successive reaction steps in
the melt or slurry and very unusually in the “soft” solid-state. It is carried out in simple
reactors and ovens with no or little solvent added (easily recoverable). Only bio-sourced
polymer co-units are used (1.3-propanediol and succinic anhydride). The first step is a
partial glycolysis to yield PET oligomers of about 20 repeat units. The partial character
of the glycolysis is a distinguishing feature of our process from the usual full glycolysis
reported in the literature. It has the advantage of preserving as much as possible of the
embodied energy of the starting polymer (i.e., the energy spent to produce it from crude oil)
and thus reinforces the eco-friendliness. The second step is a condensation in the melt with
the incorporation of bio-sourced co-units to reduce the melt-processing temperature of the
resulting co-polymer. The third step is a molar mass build-up of the co-polymer to restore
good mechanical properties by a very original “soft solid-state polycondensation” (S3P),
which takes place in a quasi-molten state. In solid-state polymerisation (SSP), the diffusion
of polymer segments and of end-groups is restricted to the sole amorphous phase [22] but
the low crystallinity of the co-polymers minimises this restriction in our case. A schematic
summarizing the steps involved in the polymer chemical recycling as well as the composite
melt processing and testing is presented in Figure 1.

In addition, mechanically separated banana fibres are simply treated with sodium
hydroxide in solution to improve their thermal stability and to optimise the cohesion with
the matrix [23]. The co-polymer and treated fibres are finally melt-mixed in an extruder
and shaped by injection moulding. Micrographs of fibre bundles (untreated and treated) as
well as copolymer and composite test specimens are also shown in Figure 1.

In summary, we have contributed to solving the major environmental issue raised by
PET single-use bottles by developing an original route to recycling PET. This is so far limited
to a laboratory-scale proof of concept in the form of “upcycled” environmentally friendly
thermoplastic composites with banana fibres; an undervalued by-product of banana crops
with a great potential as polymer reinforcement. The approach is based on PET chemical
modification with bio-sourced reactants in an original combination of steps (see Figure 1).
It overcomes the incompatibility between the melt-processing constraints of commercial
PET and the thermal stability limits of the banana (and all other) natural fibres.

The copolymers and the resulting composites were thoroughly characterized and
tested. Moreover, an elementary approach to assess the sustainability of this PET recycling
route, based on a rational eco-selection method, confirms the promise of our approach.

The potential impact of this work goes well beyond the PET–banana fibre composites
studied since the PET modification developed here can be used to prepare composites with
many different natural reinforcing fibres with comparable thermal stability and surface
characteristics. Because this study focuses on a proof of concept, no attempt was made
to further optimise the process kinetics and workup steps. This is left to a future study
and is admittedly key to validate the economic feasibility of the concept and thus the
application potential.
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Figure 1. Schematic of PET recycling and composite processing developed in this work.

Although virgin PET as a starting material was used for convenience instead of
polymer from recycled bottles, this does not reduce in any way the applicability of the
concept to recycled PET. Several studies have indeed demonstrated that the environmental
degradation of PET (e.g., used bottles exposed to the sun and rain even for a long period) by
hydrolysis as well as UV degradation is limited to a thin layer at the exposed surfaces [24].
The high resistance of PET to environmental degradation is an advantage for recycling. As
will become clear in the Section 3, the vital information needed for successful co-modified
PET synthesis is the knowledge of the OH and COOH chain end concentrations after the
glycolysis step.

2. Materials and Methods
2.1. Materials

The polyethylene terephthalate (PET) grade was Lighter C88 from Equipolymer (Amster-
dam, The Netherlands), as used for plastic bottles (density 1.28 g/cm3 and Mn = 28,500 g/mol).
This highly crystalline material (obtained by solid-state polymerisation) was first extruded
to obtain amorphous pellets (material from recycled bottles is also amorphous albeit
highly oriented) and ground for subsequent depolymerisation. Propane-1,3-diol (C3H8O2),
zinc acetate (Zn(CH3COO)2, antimony oxide (Sb2O3) and succinic anhydride (C4H4O3)
were obtained from Alfa Aesar. Chloroform (CHCl3), hexafluoro-isopropanol (C3HF6O)
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and methanol (CH3OH) from Sigma-Aldrich (New York, NY, USA) were used to solu-
bilise and to precipitate the oligomers. All chemicals were used as received, without
further purification.

Banana fibres were extracted from banana pseudo-stems collected from an industrial
banana plantation (Plantations haut Penja, PHP (Njombé, Cameroon)) after the mature
fruits had been harvested.

2.2. Glycolysis Reaction

The glycolysis of PET was carried out in a 250 mL flat-bottom flask equipped with a
reflux condenser and a magnetic stirrer. Propane-1,3-diol was used as a glycolysis reactant.
In all experiments, 17.5 g (7.45 × 10−4 mol) of PET was mixed with 1.7 g (2.2 × 10−2 mol)
of propane-1,3-diol and 0.1% wt of zinc acetate (based on total mass of PET and glycol).
A 10 mL quantity of methanol was added to the slurry to homogenise the dispersion in
the reactor. After evaporation of the methanol at 65 ◦C, the reaction mixture was heated
to the depolymerisation temperature of 175 ◦C for 30 min followed by another heating at
200 ◦C for 120 min. The aim of the glycolysis was to obtain PET oligomers with at least
20 monomer units. After glycolysis, the reaction mixture was dispersed in 2000 mL of
hot distilled water at 90 ◦C and filtered on a sintered glass crucible (porosity 3) under
vacuum to remove the excess of unreacted glycol and the soluble fraction of glycolysed
PET (co)-oligomer. The water-insoluble glycolysed PET (co)-oligomers were dried at 70 ◦C
for 12 h. The reaction scheme is shown in Figure 2.

Figure 2. Reaction scheme of the PET glycolysis.

2.3. Co-Polyester Melt Condensation

Co-polyesters were prepared in the melt from glycolysed PET, succinic anhydride
(SA) and propane-1,3-diol (1,3-PD) under a nitrogen atmosphere. The reaction was per-
formed via a two-step transesterification/polycondensation in a three-necked glass reactor
equipped with a magnetic stirrer, a nitrogen inlet tube and a distillation column to condense
water as well as low molecular mass reactants out of the reaction medium. The additional
diol is unnecessary in theory but essential in practice to guarantee homogeneous reaction
conditions. The initial overall COOH/-OH molar ratio was set at 1.01:1. An electronic probe
was used to monitor the temperature of the reaction. Antimony oxide (Sb2O3) (0.1% wt
based on total mass of glycolysed PET oligomer) was used as a catalyst for the reaction.
SA and additional 1,3-PD in a molar ratio of 1:3 were first loaded into the reactor and
the mixture was heated to 125 ◦C for 2 h to produce a predominantly acid-terminated
oligomeric chain extender. The glycolysed PET was next added and the temperature raised
to 205 ◦C for 20 h. After the reaction, 50 mL of chloroform was added to dissolve the
co-polyester. The mixture was next transferred to a separating funnel and mixed dropwise
with 750 mL of methanol to precipitate the co-polyester. Filter paper (porosity between
8–12 µm) was used to separate the two phases (liquid and solid). The solid phase was
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washed with distilled water and dried at 35 ◦C for 48 h under vacuum. The chemical
reaction scheme for the synthesis of the co-polyester is described in Figure 3.

Figure 3. Reaction scheme of the co-polyester synthesis.

2.4. Molar Mass Build-Up by Soft Solid-State Polycondensation (S3P)

This reaction was performed on 0.5 mm-thick films of melt-polymerised samples
supported on Teflon surfaces and in an evacuated oven (1 mbar) at temperatures ranging
from 160 to 190 ◦C for up to 15 h. The films were cast from a chloroform solution and the
solvent eliminated to constant weight. When heated to the reaction temperature in the
oven, the films become rubbery soft. Here, their crystallinity is very low, but they allow
a “soft solid state polycondensation” (S3P) provided the temperature program is chosen
carefully. In some experiments, additional SA was mixed with the polymer solution to
enhance the molecular weight build-up by esterification of the chain ends during S3P.

2.5. Banana Fibres Treatment

Banana fibres were manually extracted from the pseudo stem of banana plants
(Musa acuminata). Then, the fibre bundles were mechanically separated into discrete techni-
cal fibres and treated with 0.125 N (5%) of sodium hydroxide at 70 ◦C for 1 h to dissolve
hemicellulose and lignin [25,26]. The fibres were next washed with distilled water to
neutral pH to avoid cellulose degradation during composite processing. The treated fibres
were quenched in liquid nitrogen for 1 h before grinding in a variable speed rotor mill
to obtain a fibre length comprised between 0.5 and 5 mm. Finally, the treated fibres were
dried at room temperature under ventilation for 24 h.

2.6. Composites Processing

The chopped fibres were dried at 105 ◦C under vacuum for 12 h to remove moisture
and to prevent polymer degradation by hydrolysis. The co-polyesters were also dried
at 60 ◦C for 24 h for the same reason. Neat solid-stated co-polyester (COPET11) and the
corresponding composites containing 5, 10 and 20% wt were compounded in a DSM conical
twin-screw extruder in batch mode. The set temperature of the heating zone was 180 ◦C
and 190 ◦C for the die. The screw speed was 100 rpm and the residence time in the extruder
was about 2 min. The extruded composites were pelletised. The pellets were dried at
50 ◦C under vacuum for 24 h before injection moulding to produce dog-bone test pieces
(ISO 527-2-5A) in a Thermo-Scientific HAAKE MiniJet Pro. The cylinder temperature was
set at 190 ◦C, the mould temperature at 50 ◦C, the pressure at 600 bars and the post-pressure
at 500 bars, all maintained for 30 s.
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2.7. Characterisation Techniques
2.7.1. Fourier Transform Infra-Red Spectroscopy (FTIR) Analyses

Hydroxyl and acid values of the starting PET, amorphous extruded PET, glycolysed
PET and co-polyesters were determined by FTIR using a chain-end quantification method
developed earlier [27,28]. FTIR analyses were recorded on a Nicolet Nexus 870 FTIR
Infrared spectrometer. Films were produced by compression moulding of PET flakes at
250 ◦C for 30 s and 5 bars, then quenched in water to obtain an amorphous polymer and
thoroughly dried in an oven at 70 ◦C under vacuum overnight to eliminate all traces of
water (this is critical). Film thicknesses were calculated from absorbance at 1953 cm−1

and normalised to 200 µm for the FTIR analysis. Absorbance of the peaks at 3550 cm−1

and 3270 cm−1 were used to determine the concentrations of hydroxyl (COH) and acid
(CCOOH), respectively, using the Lambert–Beer law Equation (1) [27,28]. The corresponding
number-average molar mass (Mn) of PET (co-polymers) was determined by Equation (2),
reflecting the fact that all chains have a combination of acid and hydroxyl chain ends.

Ci =
Ai
∈i l

(1)

Mn =
2

CT
(2)

where CT = COH + CCOOH is the total concentration of acid and hydroxyl chain ends, Ai
the absorbance, εi the molar absorptivity and l the path length.

2.7.2. Intrinsic Viscosity (IV)

The intrinsic viscosity of the starting PET, glycolysed PET and PET co-polymers were
determined with the help of an Ubbelhode viscometer at 30 ◦C in a mixture of hexafluoro-
isopropanol (HFIP) and chloroform (CHCl3) (2:98 v/v) at room temperature [29]. Polymer
concentration (c) was 0.05 mg/L in all cases. Usually, intrinsic viscosity (IV) is evaluated
by extrapolation of the reduced viscosity at concentrations near zero. In this work, the
Solomon equation was used [30]. This equation (Equation (3)) gives a result equivalent to
the extrapolation of the reduced viscosity.

IV =
1
c

[
2
(

t
t0
− ln

(
t
t0

))
− 1

]1/2

(3)

where t0 and t are the flow times of the pure solvent and of the solution respectively. For
each sample, three measurements were made to improve accuracy and the average value
was reported. The corresponding weight average molar mass (Mw) was determined using
the Mark–Houwink equation [31]:

IV = 1.91× 10−4M0.734
w (4)

2.7.3. Differential Scanning Calorimetry (DSC) Analyses

A differential scanning calorimeter DSC1 from Mettler Toledo (Greifensee, Switzer-
land) was used to determine the glass transition temperature (Tg), the melting temperature
(Tm), the melting enthalpy (∆Hmi), the crystallinity (Xi) and the crystallisation temperature
(Tc) of the samples. DSC analyses were carried out under nitrogen with sample masses of
about 10 mg. The investigated temperature range of the first heating was from 30 to 280 ◦C
at a rate of 10 K/min, followed by a cooling at 280 to 30 ◦C at −10 K/min and a second
heating from 30 ◦C to 280 ◦C at 10 K/min. The melting temperature Tm and crystallinity Xi
were determined from the first and second heating scans and the glass transition tempera-
ture only from the second heating [32]. As detailed in the Supplementary Section S1, the
Tm–Tc relationship obtained for the co-polymers on an ultrafast DSC extrapolates to the
same thermodynamic melting point as neat PET, which shows that the crystalline lattice
of the co-polymers is identical to that of PET. Hence, the co-units are excluded from the
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crystalline phase. Crystalline fractions were thus calculated using the same equation as
for PET:

Xi =
∆Hmi

∆H0
m
× 100 (5)

where ∆H0
m (=140 J/g) is the melting enthalpy of neat PET at 100% crystallinity [33].

The same protocol for crystallization and melting of the copolymer as used in the work
of Nutenki et al. was followed, i.e., a two-stage annealing with a nucleation temperature of
75 ◦C and growth temperatures between 75 and 150 ◦C [34].

2.7.4. Thermogravimetric Analysis (TGA)

Sample weight losses were analysed using a TGA/SDTA 851 from Mettler Toledo
(Greifensee, Switzerland) and 8–10 mg samples. The samples were heated at 10 K/min
under a nitrogen atmosphere.

2.7.5. Dynamic Mechanical Analysis (DMA) and Tensile Tests

The dynamic mechanical properties of the composites were analysed in tensile mode
using a DMA/SDTA861 testing machine from Mettler Toledo (Greifensee, Switzerland)
equipped with a 40 N load cell. The samples were obtained by cutting dog-bone mouldings
to average size (9 × 4 × 2.5 mm3), and measurements were performed on at least three
samples for reproducibility. The heating scans were performed at a constant frequency of
1 Hz, a 3 K/min scan rate from 20 to 150 ◦C, a maximum force of 2 N and a maximum
displacement of 1 µm.

Tensile tests were carried out on as-moulded co-polymer samples after SSP and their
composites. The samples were tested at a relative humidity of 50% at room temperature
using a Zwick Roel test machine (Ulm, Germany) at a crosshead speed of 5 mm/min. These
tests were performed on 5 specimens for each batch.

2.7.6. Scanning Electron Microscopy (SEM)

SEM analyses were performed on banana fibres (untreated and treated) and on fracture
surfaces of tensile test specimens using a JEOL 7600F instrument (JEOL, Ltd., Tokyo, Japan)
operated at 1.5 kV. The surfaces of the fibres and composite fracture surfaces were coated
with platinum by sputtering to avoid electrical charging.

3. Results and Discussion

The sequence of polymer and fibre modifications followed by composite preparation
is described in Figure 1 to help the reader picture it.

3.1. PET Glycolysis

Three different molar ratios of 1,3-PD with respect to PET units were used for the
glycolysis (10, 20 and 30). The resulting oligomers were characterised by FTIR for the
quantification of the chain ends and DSC for the thermal properties. The details of the
reaction mixtures and characterisation results are presented in Table 1. The FTIR spectra of
the commercial and glycolysed PET (GPET1, GPET2 and GPET3) are shown in Figure 4 after
normalisation of the film thickness to 200 µm [27,28]. The intensity of certain absorption
bands increased for the glycolysed oligomers compared with the starting PET, which can be
related to the increased concentration of OH and COOH end groups. Hydroxyl chain-ends
increased dramatically whereas carboxylic ones increased only moderately. The hydroxyl
concentration increases due to the statistical chain clipping of the polymer ester groups by
the diol (transesterification). The increase in the acid-end-group concentration is less obvi-
ous to explain. It is certainly not due to beta scission, which is only active at much higher
temperatures [35–37]. The most likely explanation is the significant difference between
the partition coefficients in hot water of the acid and hydroxyl terminated oligomers of
very low molar mass. In particular, terephthalic acid is insoluble in water whereas propane
diol is fully miscible. Hence, the acid end groups concentrate more in the water-insoluble
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fraction via a purely physical effect. This also means that a quantitative assessment of the
glycolysis efficiency measured using FTIR analysis of the sole insoluble fraction is rather
inaccurate (Table 1). The vibration bands at around 2870 and 2950 cm−1 result from the
asymmetric and symmetric stretching of the C–H bonds of methylene groups. Higher
amounts of diol-to-PET ratios logically reduce the final molar mass and the melting point
of the oligomers. Concurrently, the crystallinity of the reaction products increases. GPET3
(Table 1) was selected for the next steps.

Table 1. Glycolysis parameters and corresponding FTIR and DSC analyses.

Co-PET
Oligomer

Molar Ratio
Co-Diol/PET

Approx.
Reacted

Glycol (%)

Analysis of Glycolysed Co-PET DSC Analysis

Acid Value
(µeq/g)

Hydroxyl
Value (µeq/g) Mn (g/mol) Tg (◦C) Peak Tm

(◦C) χ (%)

PET - - 42 43 23,500 76 250 78.0
GPET1 10 40.8 120 225 5800 76 245 33.0
GPET2 20 32.2 114 430 3700 76 231 30.0
GPET3 30 15 125 512 3125 76 207 25.0

Figure 4. FTIR analysis of extruded and glycolysed PET.

The molar concentration of 1,3-PD in GPET3 and its molar fraction with respect to
the repeat units can be calculated from the increase in the –OH end-chain concentration
caused by glycolysis. The molar concentration is half the hydroxyl value increase. It does
not matter if the diol reacted once or twice. Neither is the calculation affected by the
partition of the low molar mass oligomers between the soluble and insoluble fractions
since only the insoluble fraction of the oligomer is of interest and the starting PET is fully
insoluble in water. The result is 0.2345 meq/g from Table 1. This value is small enough
compared with the bulk molar concentration of PET repeating units, i.e., 5.21 meq/g, to
allow uncorrected calculation of the 1,3-PD molar fraction in GPET3, which comes up
to approximately 4.5%. This means that there are about 20 unperturbed PET units on
average between modified ones. The chain extension by succinic anhydride detailed in the
following section potentially alters this picture (discussion in Section 3.2).
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Figure 5 shows the melting peaks (first heating scan) of the starting PET compared
with the glycolyzed oligomers. A higher 1,3-PD concentration leads to a lower melting
point because the concentration of chain ends acting as defects increases and the molar
mass decreases by the same proportion.

Figure 5. DSC first heating scans of extruded PET and glycolysed PET oligomers.

3.2. Melt Reaction of Glycolysed PET (GPET3)

PET co-polyesters were prepared by reacting the glycolysed PET oligomer GPET3
in two steps as described in Section 2.3. The molar mass of the resulting co-polymer
mainly increased by esterification of the carboxyl end chains of the chain extender (pre-
reacted 1,3-PD with succinic anhydride) with hydroxyl chain ends of the glycolysed PET
involving the elimination of water molecules under nitrogen purge. Various stoichiometric
ratios were studied, and the key results are summarised in Table 2. The co-polymers were
characterised by FTIR and DSC to evaluate molar masses as well as melting and glass
transition temperatures. The evolution of the reaction was mainly affected by the fraction
of succinic anhydride (SA). Increasing the concentration of aliphatic ester units reduced
the melting and glass transition temperatures of the resulting co-polyesters [38]. This can
be observed in Table 2 by comparing COPET1 and COPET4 (high and low aliphatic ester
units, respectively). On the other hand, increasing the amount of SA while leaving the other
ratios constant mainly reduced the final molar mass (compare COPET2 and COPET3).

Table 2. Influence of SA and 1,3-PD content on co-polymer molar mass build-up and thermal
properties.

Co-Polyester
Acronym

Glycolysed PET:
Diol: Succinic

Anhydride

FTIR DSC Analysis Second Heating

Hydroxyl Value
(µeq/g)

Acid Value
(µeq/g)

Mn
PET (g/mol) Tg (◦C) Peak

Tm (◦C) χ (%)

COPET1 1:6:7 77 84 12,400 28 161 13.0
COPET2 1:6:8 205 52 7800 25 186 12.0
COPET3 1:6:10 362 64 4700 22 157 16.0
COPET4

precipitated 1:2:3 212 165 5300 48 135 10.0

COPET4 cast film “ “ “ “ 48 135 24.0
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Assuming full conversion during the chain-extender synthesis step and no loss of
reactants, it is possible to estimate the number average degree of polymerisation of the
chain extender from the diol/SA ratio by using the Carothers equation. In the case of
COPET4, the ratio r of functional groups is 2/3 and the resulting degree of polymerisation
is (1 + r)/(1 – r) = 3. Very roughly, since quantitative accuracy is impossible due to the many
assumptions, the molar concentrations of oligomer and chain extender were comparable
for this composition; hence, the unperturbed PET unit sequence length of about 20 was
not dramatically reduced unless the chain extended oligomers trans esterified extensively
during the subsequent melt polycondensation.

As shown in Figure 6a, the sole peak melting temperature of COPET4 (cast film) is
not sufficient to correctly describe its melting behaviour since the melting peak is quite
broad and has a shoulder extending up to about 160 ◦C. This feature is of significance for
the solid-state polymerisation experiments discussed in the next paragraph.

Figure 6. Influence of SSP temperature on thermal properties measured by DSC: (a) first heating and
(b) second heating.

COPET4 was selected as the starting material for the SSP because of its acceptable Tg.
However, its molar mass is insufficient for suitable mechanical properties.
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3.3. S3P and SSP of Melt Polymerised Co-Polyester COPET4

Solid-state polymerisation (SSP) is an effective way to increase the molar mass of semi-
crystalline PET at temperatures between Tg and Tm in a vacuum or under inert gas flow;
thus greatly reducing the high activation energy of side-reactions that limit the molar mass
build-up in melt polycondensation. Moreover, as the activation energy of esterification is
lower than that of transesterification, the former is favoured to the extent that the reaction
temperature is lowered [22]. SSP only takes place in the interlamellar amorphous zones of
the semi-crystalline polymer.

In a first series of experiments, SSP was performed on thin films of COPET4 cast from
a chloroform solution without further modification (details in Section 2.4). The reaction
program involved isothermal steps of 2 h at temperatures ranging from 160 ◦C to 190 ◦C
with increments of 10 ◦C. The justification of this careful progression was to retain a minimal
solid character for the films during the whole process, which was achieved up to 190 ◦C
(COPET8) as shown in Figure 6a.

Table 3 summarises the SSP conditions and corresponding characterisation results, in-
cluding the evolution of the chain-end concentrations, the intrinsic viscosity in CHCl3-HFIP
and the corresponding weight average molar mass. The higher the final reaction tempera-
ture up to 190 ◦C, the higher the molar mass, which is due to the higher segmental mobility
and reactivity at higher temperatures in the amorphous phase of the semi-crystalline films.
The SSP temperature completely dominates the molar mass build-up. Noticeably, the more
reactive –COOH end groups decrease much faster than the –OH ones.

Table 3. Influence of temperature program on S3P/SSP reaction.

Sample T SSP
(◦C)

Intrinsic
Viscosity
(dL/g) *

MW
from IV
(g/mol)

Chain Ends from FTIR DSC Analysis First Heating

[COOH]
(µeq/g)

[OH]
(µeq/g)

Mn
(g/mol) Tg (◦C) Tm1 (◦C) Tm2 (◦C) χm2 (%)

COPET4-
FILM - 0.243 17,600 165 212 5300 48 134

152
(shoul-

der)
24

COPET5 2 h
@ 160 0.252 18,500 158 124 7100 48 - 182.5 17.0

COPET6 +2 h
@ 170 0.265 19,900 29 155 10,300 48 134 193 6.0

COPET7 +2 h
@ 180 0.314 25,000 25 168 10,400 48 134 202 7.0

COPET8 +2 h
@ 190 0.327 26,500 18 112 15,400 48 134 200 2.0

* in CHCl3-HFIP. COPET4 is soluble in pure CHCl3 but the solid-state samples (COPET5 to 8) are only soluble in
the mixture.

The thermal characterisation of the films is presented in Figure 6 (first heating scan (a)
and second heating scan (b)) and the key results are tabulated in Table 3.

After complete elimination of the solvent, the melt-polymerised COPET4 films cast
from chloroform were semi-crystalline with a crystallinity of about 24% (based on the
PET pure crystal melting enthalpy of 140 J/g) [33] and melt over a broad temperature
range from about 100 to 160 ◦C with a peak at 135 ◦C (Figure 6a). This low melting range
is explained by the quickly decreasing polymer segmental mobility when the solvent
evaporates, preventing the growth of thick lamellae. If COPET4 films were heated to
a maximum temperature of 220 ◦C in the DSC, the samples remained crystalline after
cooling and the melting temperature range was restored without change (Figure 7). In the
160 ◦C to 190 ◦C range, the films felt rubbery, were slightly sticky and could be (carefully)
manipulated as a soft solid. Clearly, above the melting range and up to at least 220 ◦C, a
tiny fraction of physical bridges survived, presumably as self-seeded crystalline nuclei,
maintaining some mechanical integrity in the films and permitting a modified version of
solid-state polymerisation (SSP) in a quasi-molten state. This process was coined “soft
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solid-state polycondensation” S3P. This type of polycondensation has not been extensively
described in the literature. It has the advantage that the reactive domain covers essentially
100% of the volume compared with the usual SSP. On the other hand, if a COPET4 film
is heated up to 280 ◦C, it remains amorphous upon cooling and even when reheated (not
shown). After 2 h at 160 ◦C followed by 2 h at 170 ◦C (COPET6, Figure 6a), the films
became truly crystalline with a peak melting temperature of 193 ◦C and a low crystalline
fraction of about 6%. Hence, the next stages were classical SSP rather than S3P. The films
reacted at higher temperatures (COPET7 and COPET8 at 180 and 190 ◦C, respectively) and
showed even higher melting peak temperatures but decreasing, albeit non-zero, crystallinity
(Table 3). The cold crystallisation peaks around 100 ◦C and secondary low melting peaks at
around 135 ◦C observed on all films were due to the cooling of the films when taken out of
the oven, followed by reheating during DSC analysis and are not representative of the SSP
as such.

Figure 7. DSC analysis of COPET4 film heating range 25/220 ◦C.

Tg remained unchanged at 48 ◦C during the set of isothermal reactions. On the other
hand, the crystallisation kinetics were significantly affected as the molar mass increased.
The second heating scan (Figure 6b) shows that the co-polymers reacted at the highest
temperatures and crystallised too slowly to develop significant crystallinity upon cooling
at 10 ◦C/min.

Table 3 shows a large imbalance between a low –COOH concentration and a large –OH
concentration in all the films that have undergone S3P/SSP (COPET6 to 9). This is clearly
detrimental to the molar-mass-build-up kinetics when the main reaction is esterification.
The addition of small amounts of SA to COPET6 (chosen because it shows this end-group
discrepancy), followed by SSP, was tested to check if this route can indeed boost the molar
mass build-up. To this end, COPET6 samples were mixed with small amounts of SA (0.5
and 1 w/w%) in chloroform at room temperature and the solvent evaporated to constant
mass to produce films as described in Section 2.4. The films were reacted at 170 ◦C under
the same SSP conditions as above for 15 h.

The characterisation results are summarised in Table 4 and Figure 6. Table 4 shows
the clear benefits of adding SA at the 1% level. SA presumably first reacts with co-polymer
–OH chain ends, producing acid chain ends without molar mass reduction, and those chain
ends further react with more OH chain ends, favouring additional molar mass build-up by
direct esterification. Moreover, the additional SA probably also increases mobility in the
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amorphous phase. Table 4 also shows that 1% SA does indeed reduce the –OH/–COOH
imbalance of the starting co-polymer.

Table 4. Effect of additional SA on SSP of COPET6.

Sample T SSP
(◦C)

SA
Additional

Amount (% wt)

Reduced
Viscosity

(dL/g)

MW
from IV
(g/mol)

Chain Ends (FTIR) DSC Analysis First Heating

[COOH]
(µeq/g)

[OH]
(µeq/g) Tg (◦C) Tm1

(◦C)
Tm2
(◦C) χm2(%)

PET 0.53 49,700 42 43 78 250 8.0
COPET6 170 - 0.265 19,900 29 155 48 134 193 6.0

COPET6_AS1 0.5 0.265 19,900 - - - 134 197 7.0
COPET6_AS2 1 0.265 19,900 - - - 134 193 5.0

COPET10 170 0.5 0,293 22,800 22 212 48 134 198 3.0
COPET11 170 1 0,350 29,100 40 119 48 134 - -

Figure 6 shows the first and second DSC heating scans of the co-polymers with SA
added after SSP/S3P (COPET10 and COPET11). COPET10 (0.5% SA) shows a melting
peak around 200 ◦C during the first scan and a melting peak around 180 ◦C during the
second. It was therefore semi-crystalline during the reaction at 170 ◦C and underwent a
classical SSP. The melting peak around 135 ◦C can be explained, as above, as resulting from
recrystallisation of the sample when taken out of the oven. On the other hand, COPET11
(1% SA) only shows a low melting peak around 135 ◦C during the first scan (which is
not present at 170 ◦C of course) and no melting peak during the second scan. It behaves,
therefore, like COPET4, i.e., no detectable crystallinity at 170 ◦C but a remaining “ghost
network” of crystalline nuclei and rather undergoes S3P, which still leads to successful
molar mass build-up and good mechanical properties as shown below.

3.4. Banana Fibre Treatment and Morphology

The chemical functions before and after alkaline treatment were investigated by
FTIR spectroscopy. The results detailed in the Supplementary Section S2 confirm that the
treatment removed a significant amount of low stability components such as pectins and
lignin as well as partially removing hemicelluloses. The treatment further decreased the
formation of intramolecular hydrogen bonds due to ionisation of pectin, hence favouring
the dispersion of the fibres in the matrix. The thermal stability of the fibres before and after
treatment was analysed using TGA. The results are detailed in the same Supplementary
Section S2. The treatment of the fibres increased the thermal stability by increasing the
temperature of the main degradation peak by 50 ◦C, from ~300 ◦C to ~350 ◦C, which is
assigned to the removal of pectineus substances and the corresponding increase in the
cellulosic content. The fibres will only be exposed to 170–200 ◦C during the melt processing
of the co-polyesters (composites) developed in this work, whereas temperatures as high as
280 ◦C are unavoidable in the case of neat PET.

SEM analyses were performed on treated and untreated banana fibres to better un-
derstand the influence of the treatment on the morphology. Figure 8a (untreated fibres)
shows the usual structure with a rough texture consisting of cellulose, hemicelluloses,
lignin, pectins and waxes, the latter component giving natural resistance to the banana
pseudo-stem. After alkaline treatment (Figure 8b), a moderate reduction in fibre diameter
is observed and some structural components are removed. In particular, the treated banana
fibres lose the attached fibrils and deposits characteristic of the untreated fibres.
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Figure 8. SEM images showing the influence of treatment on banana fibre morphology: untreated (a)
and treated (b) banana fibres.

3.5. Tensile Properties of Co-Polyesters Compared with PET

The tensile properties of neat PET and two co-polyesters after SSP, i.e., COPET6
without added SA and COPET11 with 1% SA (see Table 4), are presented in Figure 9.
COPET6 shows a very brittle, purely elastic behaviour with high elastic stiffness around
4500 MPa. This high modulus is the result of a high degree of crystallinity. However, the
tensile strength of 25 MPa and the fracture strain of 0.1% are very low. The molar mass is
clearly insufficient to yield adequate ductility. On the contrary, the tensile properties of
COPET11 at RT are similar to those of commercial PET, with an elastic zone, a softening
zone and a plateau with plastic deformation spreading progressively along the entire
specimen. The Young’s moduli of the two materials were similar, at around 2500 MPa.
The maximum elongation at break and yield stress of COPET11 were 45% and 45 MPa,
respectively, close to those of neat PET. These results clearly demonstrate the advantage
of balancing the -OH and –COOH end groups during SSP, hence favouring esterification
rather than only transesterification. Interestingly, the high ductility of COPET11 was
achieved at a lower molar mass than that of neat PET (see Table 4). This is due to the higher
flexibility of the aliphatic co-units.

Figure 9. Tensile test of neat PET, COPET6 (SSP without added SA) and COPET11 (SSP with 1%
added SA).
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3.6. Properties and Morphology of the Composites

Because of its excellent mechanical properties, COPET11 was selected for the process-
ing and characterisation of the composites (see Section 2 for details).

The thermal stability of COPET11 and of composites with 5, 10 and 20% wt treated
fibres are shown in Figure 10a,b. The TGA and DTG curves of treated fibres are shown for
reference. The composites exhibit two degradation zones. A first weight loss due to the
fibres occurs at around 350 ◦C. It ranges from 3 to 15% depending on fibre content from
5 to 20%. Therefore, the weight loss curve of the composites suggests a slight protection
of the fibres by the matrix. The temperature of maximum degradation rate of the neat
matrix and composites occurs around 425 ◦C. When the amount of fibre increases, this
temperature decreases slowly. The final mass loss of the matrix and composites is around
85%, surprisingly little affected by the fibre content.

Figure 10. Thermal degradation of treated banana fibres, COPET11 and composites with different
fibre contents, (a) TGA and (b) DTG.

Dynamic mechanical thermal analyses (DMTA) and tensile tests were performed on
the neat matrix and composite samples of up to 20% banana fibres after the extrusion and
injection moulding processes without further thermal annealing treatment. The effect of the
banana fibre concentration on the dynamic storage modulus of COPET11-BF composites
is compared to neat COPET11 in Figure 11. The only observed transition is Tg around
60 ◦C for all samples (from tan delta maxima, not shown), consistent with the DSC results
reported above considering the difference between the two methods. The independence of
Tg from fibre content suggests the chain mobility reduction by the matrix–fibre interfaces is
insignificant. Moreover, the matrix clearly remains amorphous because the crystallisation
kinetics are too slow, which is consistent with DSC results on the neat matrix. However,
the DMTA further shows that there is no major nucleation effect of the fibres within the
processing window explored.

The storage modulus of neat COPET11 is equal to 2.3 GPa at 25 ◦C, close to neat
PET. Increasing fibre content in COPET11 up to 20% wt raised the storage modulus from
2.3 to 4.6 GPa. Beyond the glass transition, the modulus falls abruptly as the material
changes from glassy to rubbery. Although the observation is not very precise, the storage
modulus tends to increase again above Tg. The possible explanations for this include a
recrystallization of the matrix and a consolidation at the fibre–matrix interface.

The results of tensile tests performed at 25 ◦C are reported in Figure 12 as a function
of fibre content. They show an increase in Young’s modulus and a corresponding decrease
in the elongation at break with increasing fibre content in the COPET11 matrix. The 20%
composite still shows small amounts of plasticity but the 5 and 10% composites show a
brittle fracture.
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Figure 11. Storage moduli of COPET11 and composites.

Figure 12. Tensile properties of neat COPET11 and banana fibre composites at 25 ◦C as a function of
the fibre fraction. (a) Experimental stress-strain curves, (b) experimental and Young’s modulus vs.
fibre content, compared with Voigt and Reuss bounds.

Figure 12b compares the measured Young’s moduli with the theoretical lower and
upper bounds (Reuss and Voigt models) for the elastic modulus of composites as expressed
by the following equations [34]:

Reuss model :
1
Ec

=
∅m

Em
+

∅ f

E f
(6)

Voigt model : Ec = E f∅ f + Em∅m (7)

where Ec, Em and Ef are the moduli of composite, neat matrix (COPET11) and banana fibres,
respectively. ∅m and ∅ f are the volume fractions of the matrix and fibres, respectively.
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The application of Voigt and Reuss bounds assumes no porosity or other significant
internal flaws [39]. This was indeed verified. The fibre weight fractions must be converted
to volume fractions (∅) from the density of fibres and matrix. The density of the co-
polymer matrix was assumed to be close to that of neat PET, which is 1.3 and is the same
as that of banana fibres [20,40]. The Young’s modulus of single banana fibres is around
of 30 GPa [41,42]. Technical banana fibres with diameters of 70–100 µm were used in this
work, whose Young’s modulus is lower, at around 17 GPa [23]. The modulus of COPET11
(Em) was taken at 2.5 GPa from the tensile tests.

The tensile modulus of the composites increased from 2.5 GPa to 4.8 GPa when the
fibre fraction (identical mass and volume fractions assumed) increased from 5 to 20%.
The experimental moduli of the composites were comprised between the two theoretical
bounds but closer to the Voigt upper bound, which means that the banana fibres carry the
maximum load possible as a result of a full transfer of the applied stress [34].

The fracture surfaces from broken dog-bone tensile specimens of neat COPET11 and
composites with different fibre contents (5 to 20% wt) were characterised by SEM with
a focus on the interface between the fibres and the matrix (Figure 13). Neat COPET11
presents a very rough cross section and fibrillar deformation, characteristic of the plastic
deformation of a ductile polymer. In the composite materials, the fibres are well dispersed
and show excellent adhesion with the matrix. Fibres are mostly oriented parallel to the
length of the specimens, i.e., perpendicular to the fracture surface. This is related to the
high shear experienced by the matrix and fibres during the moulding process and likely
explains why the stiffness is closer to the Voigt upper bound than the Reuss lower bound
(see Figure 12). The very clean breaks for the fibres in the matrix and evidence of fibrillation
at the fibres surface (e.g., Figure 13d, black arrow) indicate a high interfacial strength that
suggests covalent bonding by (trans)esterification between the fibres and the matrix.

Figure 13. SEM of fracture surfaces: neat COPET11 (a), COPET11 + 5% BF (b), COPET2 + 10% BF (c),
and COPET11 + 20% BF (d).

3.7. Elementary Sustainability Analysis of the COPET+BF Composites

As a first attempt towards quantifying the benefits of our approach to recycled PET
composites in terms of a property–sustainability balance, the material selection method
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proposed by M. F. Ashby [43] was used to construct a material index for the combination
of stiffness and embodied energy. This performance index reflects the choice of the best
material for a stiff beam with prescribed bending stiffness (constraint) and minimum
embodied energy (objective). The relevant material index M, for an objective to minimise
environmental impact is as follows [44]:

M =
ρHp

E1/2

where ρ is the density, Hp the embodied energy per unit mass and E the Young’s modulus.
Embodied energy represents the fossil fuel energy consumed to make one kilogram of
material (including extraction, manufacture and transport) and it generally lies in the
range of 50 to 250 MJ/kg for polymers. This value is reduced for recycled materials [45].
Embodied energy of a recycled material (10–100 MJ/kg) is lower because the intrinsic
energy of first production is not included in this case, which is a valid assumption if many
recycling steps are envisaged [44]. The embodied energies of banana fibres, recycled PET
and a recycled PET composite with 20% wt BF were 2, 27 and 22 MJ/kg respectively.

The composites developed in this work were added to the relevant materials property
map of Figure 14, giving the Young’s modulus as a function of embodied energy. The
chart suggests that the COPET+BF composites are very favourably positioned close to
wood materials. The modulus of a composite with 20% banana fibres was 4.8 GPa and
the corresponding embodied energy was around 30,000 MJ/m3. These values are indeed
close to low-end wood materials. Moreover, one must of course remember the much larger
versatility of the present material in terms of shaping and moulding compared with wood.

Figure 14. Selection chart for stiffness vs. embodied energy after screening of irrelevant materials.
The superior materials are in the top left corner (high modulus for low embodied energy).

4. Conclusions

The motivation for this work was to explore the feasibility of upcycling used PET
bottles, which represent a major environmental issue, especially in Equatorial and West
Africa, by combining it with an abundant but neglected local natural resource, i.e., the
fibres extracted from the banana plant. These fibres have attractive reinforcing properties,
especially after a simple alkaline treatment (0.125 N NaOH at 70 ◦C for 1 h) that increases
their thermal stability by 50 ◦C (weight loss peak by TGA). The major technical difficulty
was the limited thermal stability of the fibres, preventing straightforward melt processing
of the composites with unmodified PET, which requires melt processing temperatures of
at least 280 ◦C. An integrated approach “from polymer chemical recycling to composite
testing” was developed involving partial PET glycolysis followed by chain extension in the
melt and a “soft” solid state to produce a crystallisable co-polyester with a Tg of 48 ◦C and
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RT tensile properties close to the starting PET but with a processing temperature of 190 ◦C
that is compatible with the thermal stability of the fibres. The main reactants used (1,3-
propane diol and succinic anhydride) can be bio-sourced. The partial, as opposed to full,
glycolysis preserved the main part of the embodied energy of the starting PET material.

The molar mass build-up of the co-polyester in a solid state occurring at unusually low
temperatures (160◦ to 190 ◦C range) was dominated by esterification and was enhanced
by a balanced ratio between acid and hydroxyl end groups. Moreover, some solid-state
reaction steps took place in a quasi-molten state, which may be better qualified as “soft
solid-state polymerisation”.

The composites obtained from the co-polymers showed an attractive balance of prop-
erties in terms of stiffness (4.8 GPa at 20% fibres), acceptable ductility (clear presence of
a yield point) and embodied energy (30,000 MJ/m3) when discussed in the context of an
Ashby-type analysis, bringing them close to low-end wood-based materials in terms of
stiffness/embodied energy balance and confirming the environmental friendliness of the
overall approach.

This work was limited to a laboratory-scale scientific and technical proof of concept
and needs to be extended to assess the cost–properties balance at an industrial scale. Molar-
mass-build-up kinetics and workup procedures need to be optimised. A further limitation
of the co-polyester obtained from recycled PET was its slow crystallisation kinetics, which
could be alleviated by nucleating the matrix.

The potential impact of the present work goes well beyond the PET–banana fibre
composites studied, since the PET modification developed here can be used to prepare
composites with different natural reinforcing fibres with comparable thermal stability and
surface characteristics.
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www.mdpi.com/article/10.3390/polym14224791/s1, Figure S1: Melting enthalpy (a) and temperature
(b) of the crystalline phase as a function of the crystal growth temperature for COPET4; Figure S2:
Influence of banana fibres alkaline treatment on FTIR spectra; Figure S3: Influence of banana fibres
treatment on thermal stability of banana fibers (a) TGA and (b) DTG. References [46–52] are cited in
the “supplementary materials”.

Author Contributions: Conceptualization, M.A.K. and C.B.; methodology, M.A.K. and C.B.; software,
M.A.K.; validation, C.B., T.P. and J.D.; formal analysis, M.A.K. and W.B. data curation, M.A.K.;
writing—original draft preparation, M.A.K.; writing—review and editing, M.A.K., P.V.V., T.P., J.D.,
M.K.N., B.N. and C.B.; visualization, M.A.K., P.V.V. and W.B.; supervision, T.P., J.D., M.K.N., B.N. and
C.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Conseil de l’Action Internationale of UCLouvain, through
the scholarship program “Coopération au Développements”, ef: SPER/LJB/1302.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Santos, P.; Sérgio, H.P. Mechanical properties of polypropylene reinforced with recycled-pet fibres. J. Mater. Process. Technol. 2003,

144, 517–520. [CrossRef]
2. Kim, J.; Jeong, D.; Son, C.; Lee, Y.; Kim, E.; Moon, I. Synthesis and applications of unsaturated polyester resins based on PET

waste. Korean J. Chem. Eng. 2007, 24, 1076–1083. [CrossRef]
3. Farahat, M.S.; Abdel-Azim, A.A.; Abdel-raowf, A.E. Modified unsaturated polyester resins synthesized from poly (ethylene

terephthalate) waste, 1 Synthesis and curing characteristics. Macromol. Mater. Eng. 2000, 283, 1–6. [CrossRef]
4. Webb, H.K.; Arnott, J.; Crawford, R.J.; Ivanova, E.P. Plastic degradation and its environmental implications with special reference

to poly(ethylene terephthalate). Polymers 2013, 5, 1. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14224791/s1
https://www.mdpi.com/article/10.3390/polym14224791/s1
http://doi.org/10.1016/S0924-0136(03)00391-1
http://doi.org/10.1007/s11814-007-0124-5
http://doi.org/10.1002/1439-2054(20001101)283:1&lt;1::AID-MAME1&gt;3.0.CO;2-V
http://doi.org/10.3390/polym5010001


Polymers 2022, 14, 4791 21 of 22

5. Plastics Europe. Plastics the Fact 2021. Plast. Eur. Mark. Res. Gr. Conversio Mark. Strateg. GmbH. 2021, 1–34. Available online:
https://plasticseurope.org (accessed on 10 August 2021).

6. Linli, G.; Xiao, Z.; Pan, H.; Xu, W.; Wang, Y.; Wang, X. Efficiently production of micron-sized polyethylene terephthalate (PET)
powder from waste polyester fibre by physicochemical method. Adv. Powder Technol. 2021, 32, 630–636. [CrossRef]

7. Ghosal, K.; Nayak, C. Recent advances in chemical recycling of polyethylene terephthalate waste into value added products for
sustainable coating solutions-hope vs. hype. Mater. Adv. 2022, 3, 1974–1992. [CrossRef]

8. Sarda, P.; Hanan, J.C.; Lawrence, J.G.; Allahkarami, M. Sustainability performance of polyethylene terephthalate, clarifying
challenges and opportunities. J. Polym. Sci. 2022, 60, 7–31. [CrossRef]

9. Cheang, C.C.; Ma, Y.; Fok, L. Occurrence and composition of microplastics in the seabed sediments of the coral communities in
proximity of a metropolitan area. Int. J. Environ. Res. Public Health 2018, 15, 2270. [CrossRef]

10. Benyathiar, P.; Kumar, P.; Carpenter, G.; Brace, J.; Mishra, D.K. Polyethylene Terephthalate (PET) Bottle-to-Bottle Recycling for the
Beverage Industry: A Review. Polymers 2022, 14, 2366. [CrossRef]

11. Rorrer, N.A.; Nicholson, S.; Carpenter, A.; Biddy, M.J.; Grundl, N.J.; Beckham, G.T. Combining Reclaimed PET with Bio-based
Monomers Enables Plastics Upcycling. Joule 2019, 3, 1006–1027. [CrossRef]

12. Tapia, J.J.B.; Valdez, M.H.; Cortez, J.C.; García, V.M.D.; Barrios, L.H. Improving the Rheological and Mechanical Properties
of Recycled PET Modified by Macromolecular Chain Extenders Synthesized by Controlled Radical Polymerization. J. Polym.
Environ. 2018, 26, 4221–4232. [CrossRef]

13. Candal, M.V.; Safari, M.; Fernández, M.; Otaegi, I.; Múgica, A.; Zubitur, M.; Gonzalo Gerrica-echevarria, G.; Sebastián, V.;
Irusta, S.; Loaeza, D.; et al. Structure and properties of reactively extruded opaque post-consumer recycled PET. Polymers 2021,
13, 3531. [CrossRef]

14. Papageorgiou, G.Z.; Vassiliou, A.A.; Karavelidis, V.D.; Koumbis, A.; Bikiaris, D.N. Novel poly(propylene terephthalate-co-
succinate) random copolymers: Synthesis, solid structure, and enzymatic degradation study. Macromolecules 2008, 41, 1675–1684.
[CrossRef]

15. Um, H.J.; Hwang, Y.T.; Choi, K.H.; Kim, H.S. Effect of crystallinity on the mechanical behavior of carbon fiber reinforced
polyethylene-terephthalate (CF/PET) composites considering temperature conditions. Compos. Sci. Technol. 2021, 207, 108745.
[CrossRef]

16. Monti, M.; Scrivani, M.T.; Kociolek, I.; Larsen, A.G.; Olafsen, K.; Lambertini, V. Enhanced impact strength of recycled PET/glass
fiber composites. Polymers 2021, 13, 1471. [CrossRef]

17. Karimah, A.; Ridho, R.; Munawar, S.; Adi, S.; Ismadi; Damayanti, R.; Subiyanto, B.; Fatriasari, W.; Fudholi, A. A review on natural
fibers for development of eco-friendly bio-composite: Characteristics, and utilizations. J. Mater. Res. Technol. 2021, 13, 2442–2458.
[CrossRef]

18. Dépigny, S.; Wils, E.D.; Tixier, P.; Keng, M.N.; Cillas, C.; Lescot, T.; Jagoret, P. Plantain productivity: Insights from Cameroonian
cropping systems. Agric. Syst. 2018, 168, 1–10. [CrossRef]

19. Komal, U.K.; Lila, M.K.; Singh, I. PLA/banana fiber based sustainable biocomposites: A manufacturing perspective. Compos. Part
B Eng. 2020, 180, 107535. [CrossRef]

20. Neelamana, I.K.; Thomas, S.; Parameswaranpillai, J. Characteristics of Banana Fibers and Banana Fiber Reinforced Phenol
Formaldehyde Composites-Macroscale to Nanoscale. J. Appl. Polym. Sci. 2013, 130, 1239–1246. [CrossRef]

21. Aging, T.; Panowicz, R.; Konarzewski, M.; Durejko, T.; Szala, M.; Łazi, M. Properties of Polyethylene Terephthalate (PET) after
Thermo-Oxidative Aging. Materials 2021, 14, 3833.

22. Wu, D.; Chen, F.; Li, R.; Shi, Y. Reaction kinetics and simulations for solid-state polymerization of poly(ethylene terephthalate).
Macromolecules 1997, 30, 6737–6742. [CrossRef]

23. Sango, T.; Cheumani, Y.M.; Duchatel, L.; Marin, A.; Ndikontar; Lefebvre, J.M. Industrial Crops & Products Step–wise multi–scale
deconstruction of banana pseudo–stem (Musa acuminata) biomass and morpho–mechanical characterization of extracted long fi
bres for sustainable applications. Ind. Crop. Prod. 2018, 122, 657–668. [CrossRef]

24. Chamas, A.; Moon, H.; Zheng, J.; Qiu, Y.; Tabassum, T.; Jang, J.H.; Abu-Omar, M.; Scott, S.L.; Suh, S. Degradation Rates of Plastics
in the Environment. ACS Sustain. Chem. Eng. 2020, 8, 3494–3511. [CrossRef]

25. Aravindh, M.; Sathish, S.; Ranga, R.R.; Karthick, A.; Mohanavel, V.; Patil, P.P.; Muhibbullah, M.; Osman, S.M. A Review on the
Effect of Various Chemical Treatments on the Mechanical Properties of Renewable Fiber-Reinforced Composites. Adv. Mater. Sci.
Eng. 2022, 2022, 2009691. [CrossRef]

26. Gonçalves, B.M.M.; Camillo, M.O.; Oliveira, M.P.; Carreira, L.G.; Moulin, J.C.; Neto, H.F.; Oliveira, B.F.; Pereira, A.C.;
Monteiro, S.N. Surface treatments of coffee husk fiber waste for effective incorporation into polymer biocomposites. Poly-
mers 2021, 13, 3428. [CrossRef]

27. Al-AbdulRazzak, S.; Lofgren, E.A.; Jabarin, S.A. End-group determination in poly(ethylene terephthalate) by infrared spectroscopy.
Polym. Int. 2002, 51, 174–182. [CrossRef]

28. Van Hoof, F. Polyethylene Terephthalate Catalyzed by Titanium (IV) Butoxide. Ph.D. Thesis, Catholic University of Louvain,
Ottignies-Louvain-la-Neuve, Belgium, 2012; pp. 33–35.

29. Fox, B.; Moad, G.; Van Diepen, G.; Mdc, S.; Cook, W.D. Characterization of poly (ethylene terephthalate) and poly (ethylene
terephthalate) blends. Polymer 1997, 38, 3035–3043. [CrossRef]

https://plasticseurope.org
http://doi.org/10.1016/j.apt.2021.01.010
http://doi.org/10.1039/D1MA01112J
http://doi.org/10.1002/pol.20210495
http://doi.org/10.3390/ijerph15102270
http://doi.org/10.3390/polym14122366
http://doi.org/10.1016/j.joule.2019.01.018
http://doi.org/10.1007/s10924-018-1294-4
http://doi.org/10.3390/polym13203531
http://doi.org/10.1021/ma702508m
http://doi.org/10.1016/j.compscitech.2021.108745
http://doi.org/10.3390/polym13091471
http://doi.org/10.1016/j.jmrt.2021.06.014
http://doi.org/10.1016/j.agsy.2018.10.001
http://doi.org/10.1016/j.compositesb.2019.107535
http://doi.org/10.1002/app.39220
http://doi.org/10.1021/ma9612541
http://doi.org/10.1016/j.indcrop.2018.06.050
http://doi.org/10.1021/acssuschemeng.9b06635
http://doi.org/10.1155/2022/2009691
http://doi.org/10.3390/polym13193428
http://doi.org/10.1002/pi.814
http://doi.org/10.1016/S0032-3861(96)00872-5


Polymers 2022, 14, 4791 22 of 22

30. Kasmi, N.; Majdoub, M.; Papageorgiou, G.Z.; Achilias, D.S.; Bikiaris, D.N. Solid-state polymerization of poly(ethylene furanoate)
biobased polyester, I: Effect of catalyst type on molecularweight increase. Polymers 2017, 9, 607. [CrossRef]

31. Weisskopf, K. Characterization of polyethylene terephthalate by gel permeation chromatography (GPC). J. Polym. Sci. Part A
Polym. Chem. 1988, 26, 1919–1935. [CrossRef]

32. Majumdar, A.; Shukla, S.; Singh, A.A.; Arora, S. Resources, Conservation & Recycling Circular fashion: Properties of fabrics made
from mechanically recycled poly-ethylene terephthalate (PET) bottles. Resour. Conserv. Recycl. 2020, 161, 104915. [CrossRef]

33. Thomsen, T.B.; Hunt, C.J.; Meyer, A.S. Influence of substrate crystallinity and glass transition temperature on enzymatic
degradation of polyethylene terephthalate (PET). New Biotechnol. 2022, 69, 28–35. [CrossRef] [PubMed]

34. Nutenki, R.; Van Velthem, P.; Kuete, M.; Lezaak, M.; Destoop, V.; Ballout, W.; Pardoen, T.; Bailly, C. Bio-Sourced Poly l-Lactide-Flax
Composites with Close to Maximum Stiffness at Low Fiber Content through Two-Stage Annealing. Macromol. Mater. Eng. 2021,
306, 2100327. [CrossRef]

35. Al-AbdulRazzak, S.; Jabarin, S.A. Processing characteristics of poly(ethylene terephthalate): Hydrolytic and thermal degradation.
Polym. Int. 2002, 51, 164–173. [CrossRef]

36. Lalhmangaihzuala, S.; Laldinpuii, Z.; Lalmuanpuia, C.; Vanlaldinpuia, K. Glycolysis of poly(Ethylene terephthalate) using
biomass-waste derived recyclable heterogeneous catalyst. Polymers 2021, 13, 37. [CrossRef]

37. Devaux, J.; Godard, P.; Mercier, J.P. Etude cinetique de la degradation du poly(oxytetramethyleneoxyterephtaloyle). Makromol.
Chem. 1978, 179, 2201–2209. [CrossRef]

38. Karanastasis, A.A.; Safin, V.; Pitet, L.M. Bio-Based Upcycling of Poly(ethylene terephthalate) Waste for the Preparation of
High-Performance Thermoplastic Copolyesters. Macromolecules 2022, 55, 1042–1049. [CrossRef]

39. Hablot, E.; Matadi, R.; Ahzi, S.; Avérous, L. Renewable biocomposites of dimer fatty acid-based polyamides with cellulose fibres:
Thermal, physical and mechanical properties. Compos. Sci. Technol. 2010, 70, 504–509. [CrossRef]

40. Dhaka, V.; Singh, S.; Anil, A.G.; Naik, T.S.S.K.; Garg, S.; Samuel, J.; Kumar, M.; Ramamurthy, P.C.; Singh, J. Occurrence, toxicity
and remediation of polyethylene terephthalate plastics. A review. Environ. Chem. Lett. 2022, 20, 1777–1800. [CrossRef]

41. Silva, F.S.; Ribeiro, C.E.G.; Demartini, T.J.C.; Rodríguez, R.J.S. Physical, Chemical, Mechanical, and Microstructural Characteriza-
tion of Banana Pseudostem Fibers from Musa Sapientum. Macromol. Symp. 2020, 394, 2000052. [CrossRef]

42. Gunge, A.; Koppad, P.G.; Nagamadhu, M.; Kivade, S.B.; Murthy, K.V.S. Study on mechanical properties of alkali treated plain
woven banana fabric reinforced biodegradable composites. Compos. Commun. 2019, 13, 47–51. [CrossRef]

43. Kupwade-Patil, K.; Wolf, C.; Chin, S.; Ochsendorf, J.; Hajiah, A.E.; Al-Mumin, A.; Büyüköztûrk, O. Impact of Embodied Energy
on materials/buildings with partial replacement of ordinary Portland Cement (OPC) by natural Pozzolanic Volcanic Ash. J. Clean.
Prod. 2018, 177, 547–554. [CrossRef]

44. Ashby, M.F. Materials Selection in Mechanical Design, 4th ed.; Elsevier Ltd.: Oxford, UK, 2015; Volume 7, pp. 437–458.
45. Papadaki, D.; Nikolaou, D.A.; Assimakopoulos, M.N. Circular Environmental Impact of Recycled Building Materials and

Residential Renewable Energy. Sustainability 2022, 14, 4039. [CrossRef]
46. Mehta, A.; Gaur, U.; Wunderlich, B. Equilibrium Melting Parameters of Poly ( ethy1ene Terephthalate). Polymer 1978, 16, 289–296.

[CrossRef]
47. Cecci, R.R.R.; Passos, A.A.; Aguiar, N.T.C.; Silva, L.A. Banana pseudostem fibers characterization and comparison with reported

data on jute and sisal fibers. SN Appl. Sci. 2020, 2, 1–6. [CrossRef]
48. Saha, P.; Manna, S.; Chowdhury, R.; Sen, R.; Roy, D.; Adhikari, B. Bioresource Technology Enhancement of tensile strength of

lignocellulosic jute fibers by alkali-steam treatment. Bioresour. Technol. 2010, 101, 3182–3187. [CrossRef]
49. Haque, M.; Hasan, M.; Islam, S.; Ali, E. Bioresource Technology Physico-mechanical properties of chemically treated palm and

coir fiber reinforced polypropylene composites. Bioresour. Technol. 2009, 100, 4903–4906. [CrossRef]
50. Bozaci, E.; Sever, K.; Sarikanat, M.; Seki, Y.; Demir, A.; Ozdogan, E.; Tavman, I. Effects of the atmospheric plasma treatments on

surface and mechanical properties of flax fiber and adhesion between fiber-matrix for composite materials. Compos. Part B Eng.
2013, 45, 565–572. [CrossRef]

51. Parre, A.; Karthikeyan, B.; Balaji, A.; Udhayasankar, R. Proceedings Investigation of chemical, thermal and morphological
properties of untreated and NaOH treated banana fiber. Mater. Today Proc. 2020, 22, 347–352. [CrossRef]

52. Gassan, J.; Bledzki, A.K. Thermal Degradation of Flax and Jute Fibers. Appl. Polym. Sci. 2001, 82, 1417–1422. [CrossRef]

http://doi.org/10.3390/polym9110607
http://doi.org/10.1002/pola.1988.080260718
http://doi.org/10.1016/j.resconrec.2020.104915
http://doi.org/10.1016/j.nbt.2022.02.006
http://www.ncbi.nlm.nih.gov/pubmed/35247624
http://doi.org/10.1002/mame.202100327
http://doi.org/10.1002/pi.813
http://doi.org/10.3390/polym13010037
http://doi.org/10.1002/macp.1978.021790909
http://doi.org/10.1021/acs.macromol.1c02338
http://doi.org/10.1016/j.compscitech.2009.12.001
http://doi.org/10.1007/s10311-021-01384-8
http://doi.org/10.1002/masy.202000052
http://doi.org/10.1016/j.coco.2019.02.006
http://doi.org/10.1016/j.jclepro.2017.12.234
http://doi.org/10.3390/su14074039
http://doi.org/10.1002/pol.1978.180160209
http://doi.org/10.1007/s42452-019-1790-8
http://doi.org/10.1016/j.biortech.2009.12.010
http://doi.org/10.1016/j.biortech.2009.04.072
http://doi.org/10.1016/j.compositesb.2012.09.042
http://doi.org/10.1016/j.matpr.2019.06.655
http://doi.org/10.1002/app.1979

	Introduction 
	Materials and Methods 
	Materials 
	Glycolysis Reaction 
	Co-Polyester Melt Condensation 
	Molar Mass Build-Up by Soft Solid-State Polycondensation (S3P) 
	Banana Fibres Treatment 
	Composites Processing 
	Characterisation Techniques 
	Fourier Transform Infra-Red Spectroscopy (FTIR) Analyses 
	Intrinsic Viscosity (IV) 
	Differential Scanning Calorimetry (DSC) Analyses 
	Thermogravimetric Analysis (TGA) 
	Dynamic Mechanical Analysis (DMA) and Tensile Tests 
	Scanning Electron Microscopy (SEM) 


	Results and Discussion 
	PET Glycolysis 
	Melt Reaction of Glycolysed PET (GPET3) 
	S3P and SSP of Melt Polymerised Co-Polyester COPET4 
	Banana Fibre Treatment and Morphology 
	Tensile Properties of Co-Polyesters Compared with PET 
	Properties and Morphology of the Composites 
	Elementary Sustainability Analysis of the COPET+BF Composites 

	Conclusions 
	References

