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ABSTRACT: Thermoplastic copolyesters occupy an important
segment in the materials market, finding use in a wide range of
engineering plastic applications. This fact owes itself to the
versatility underlying the synthetic preparation. However, the
industry relies nearly exclusively on virgin feedstocks that are
derived from fossil-based resources. With a keen interest in
improving the deleterious environmental impact of this material
class, we combine postconsumer recycled PET (rPET) with a
bioderived dimer fatty acid (DFA) building block for the synthesis
of segmented thermoplastic copolyesters (TPCs) via solvent-free
melt polycondensation. The influence of (i) catalyst type, (ii) hard
block (i.e., PET) precursor, and (iii) soft block (i.e., DFA) content on the microstructure and mechanical properties of TPCs was
assessed. Samples that exhibit equivalent mechanical strength and segment distribution are accessible using either pristine bis-
hydroxy ethylene terephthalate (BHET) or rPET as starting materials. Screening of reaction conditions and composition space
within this context was performed with small-scale (2 g) reactions. Further optimization of reaction conditions in terms of catalyst
concentration and ethylene glycol deconstruction agent content allowed for the upscaled synthesis (100 g) of engineering-grade
TPCs in a custom-built reactor. We believe that our results contribute to a new paradigm in the efforts for more responsible
manufacturing practices for TPCs and provide an additional outlet for the efficient handling of end-of-life, recyclable plastics.

■ INTRODUCTION
Poly(ethylene terephthalate) (PET) is a commodity polymer
with an outstanding array of properties that include very good
mechanical strength, fracture resistance, thermal stability,
extrudability, and very low gas (CO2, O2) permeability. The
most notable applications for PET are beverage bottles,
packaging, and textile fibers, which collectively account for
more than 90% of global production. Eventually, the majority
of postconsumer PET ends up being incinerated or persists in
landfills for many generations.1 After leaching into marine
environments, PET can dwell as a microplastic pollutant.2

While our understanding of the toxic effects of lower-molar-
mass PET degradation byproducts on aquatic life is still very
limited, it is certainly a potential cause for concern.3 Currently,
the mechanical recycling of PET is the main method of
retaining the carbon in the manufacturing loop, albeit at
relatively low rates.4 A major barrier to improved recycling
rates includes contamination of output streams due to
inefficient sorting and the thermomechanical degradation of
polymer chains during the typically high-temperature (>200
°C) melt reprocessing.
The development of new strategies for handling end-of-life

PET has gained traction in recent years, in line with the
ambitious sustainability targets set by international legislative
bodies.5 Chemical recycling technology of converting PET
back to monomers, namely, terephthalic acid (TA) and

ethylene glycol (EG), or to alkyl glycol derivatives, is mature
in the pilot scale and breakthroughs of economic viability for
industrial production are clear on the horizon.6−10 The
interested reader can refer to recent comprehensive reviews
that cover the state-of-the-art in the chemical recycling of
plastics11,12 and in particular PET.13,14

Separately, the chemical repurposing of postconsumer
plastics into materials with higher added value, referred to
generally as upcycling, is also garnering attention. To date,
PET upcycling protocols have mainly afforded niche small
molecules15−18 and micro/nanostructured carbon allo-
tropes.19−23 In upcycling studies where the objective was the
preparation of macromolecular materials, PET has been treated
as a digestible intermediate in multistep sequential processes.
Following this approach, polyhydroxyalkanoates (PHA),24

poly(amide urethanes),24 polyionenes,25 polyurethanes,26 and
polyesteramides27 have been reported through metabolic or
aminolytic pathways. While it is noteworthy that in a nascent

Received: November 11, 2021
Revised: January 3, 2022
Published: January 21, 2022

Articlepubs.acs.org/Macromolecules

© 2022 American Chemical Society
1042

https://doi.org/10.1021/acs.macromol.1c02338
Macromolecules 2022, 55, 1042−1049

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 H

A
SS

E
L

T
 o

n 
Ju

ne
 6

, 2
02

3 
at

 1
3:

13
:0

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.



report, Papke and Karger-Kocsis28 have envisioned the direct
upcycling of PET refuse as a blended constituent in
thermoplastic elastomer formulations, and Gioia et al.29

deconstructed rPET in the presence of isosorbide for the
preparation of a polyester precursor for coating applications,
we could not find studies where PET was directly transformed
into high-molar-mass polymers with useful thermomechanical
properties.
Thermoplastic copolyesters (TPCs) constitute a materials

class with commercial relevance, employed in demanding
engineering applications30 where the combination of thermal
stability, chemical and abrasion resistance, and mechanical
strength are critical. The molecular microstructure is described
by the alternation of immiscible hard and soft segments (i.e.,
blocks) linked with ester bonds. Conventional hard blocks
comprise rigid, semiaromatic repeat units, while the soft blocks
typically contain bulky aliphatic or polyether polyol precursors.
The favorable properties of the TPCs stem from the presence
of segregated nanodomains of the hard, usually semicrystalline
phase, embedded within a continuous amorphous phase
comprising soft, flexible segments. The stoichiometric ratio
between the hard and soft phase, the length of the soft block
precursor, and the chemical composition of the blocks are
synthetic handles that allow us to fine-tune the TPCs’ bulk
properties.
The synthesis and properties of TPCs comprising hard (i.e.,

semicrystalline) alkyl terephthalate units and soft blocks based
on DFA derivatives (e.g., acids or diols) have been explored in
the literature.31−36 Nevertheless, these materials have been
generated exclusively from virgin monomer feeds (i.e.,
dimethyl terephthalate, ethylene glycol, DFA). The most
relevant reports to date are a patent37,38 and a recent
publication39 that disclose the multistep preparation of polyol
oligomers from rPET and DFAs intended as precursors to
polyurethanes. Here, we report on the direct, one-pot
upcycling of postconsumer recycled PET (rPET) into
segmented TPCs using the renewable dimer fatty acid
(DFA) Pripol 1009 as the soft building block. We initially
prove the upcycling of rPET in the small-scale (ss ∼2 g) via a
continuous one-pot deconstruction/polycondensation reaction
and further optimize conditions for the multigram, large-scale
(ls ∼100 g) batch preparation in a custom-built reactor. Our
results show that the one-step deconstruction of rPET in the

presence of a renewable diacid monomer leads to engineering-
grade TPCs, provided excess diol (e.g., ethylene glycol) is
dosed in the reaction mixture. We show that thermomechan-
ical properties are consistent with a segmented copolyester
architecture and are directly comparable with those of
commercially available analogues, albeit with substantially
slower crystallization rates as a consequence of the PET block.

■ RESULTS AND DISCUSSION

DFA is commercially available on large scale from Croda under
the trade name Pripol 1009. It is a bio-based aliphatic building
block ultimately derived from linoleic acid, which has various
natural sources including sunflowers and safflowers. Pripol
1009 contains small amounts of isomers, but the primary
component is an aliphatic cyclic compound. It contains two
carboxylic acid functional groups per molecule and is
consequently amenable to esterification, which was leveraged
to react with either bis-hydroxy ethylene terephthalate
(BHET) or rPET (Scheme 1). We set out to investigate the
utility of DFA as a precursor to making TPCs from recycled
PET. The initial task was to evaluate whether chemical
recycling (e.g., glycolysis) to form a monomeric starting
material such as BHET is a prerequisite for the PET
component (Scheme 1, path A). On the contrary, we surmised
that it may be possible to access segmented TPCs by reacting
DFA directly with high-molar-mass rPET recyclate (Scheme 1,
path B). BHET was sourced commercially but could be
obtained in practice from the glycolysis depolymerization of
high-molar-mass PET. The rPET used here was supplied by
Cumapol and was exclusively sourced from postconsumer
bottle-grade PET flake. As such, it has a relatively high molar
mass (intrinsic viscosity ∼ 0.65 dL/g; Mn ∼ 25 kg/mol).
Combining these ingredients with a suitable catalyst will
presumably lead to transesterification, ultimately liberating
ethylene glycol, which is removed under vacuum. The
equilibrium reaction is driven forward by the removal of EG,
accompanied by an increase in molar mass in a step-growth
polycondensation and generating a multisegmented copolymer
architecture with composition dictated by the feed ratio. The
segments consist of alternating hard blocks (PET) and soft
blocks (DFA), providing a range of mechanical properties
depending on the relative content.

Scheme 1. Complementary Synthetic Pathways A and B to Afford PET-DFA TPCs from the Combination of DFA with Either
(A) BHET or (B) rPET Precursors
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Small-scale (2 g) melt polycondensation was initially used to
generate a series of these sustainable alternatives to conven-
tional TPCs with a range of mechanical properties, in which
several key reaction conditions were systematically evaluated.
The first objective was to ascertain the influence of the hard
block precursor on the final mechanical properties of the
TPCs, whereby two different raw materials were explored. In
one case, BHET was employed as a hard block precursor
(Scheme 1, path A). Notably, reaction path A intrinsically
contains an excess of EG within the BHET itself. A portion of
the excess EG becomes a structural counterpart within the soft-
segment DFA repeating unit as a virtue of the diacid
functionality in the DFA monomer. The remaining excess
EG is driven off as condensate during conversion to polymer
and associated molar mass increase.
In parallel, high-molar-mass rPET pellets/nurdles (bottle-

grade) were used as a direct input (Scheme 1, path B). The
repeating unit structure of the final TPC is a crucial design
parameter for reaction path B. Specifically, when using high-
molar-mass rPET as a feedstock, excess EG must be added,
which serves two purposes. EG becomes a structural
component in the DFA-based repeating unit and also promotes
mixing and extensive transesterification and subsequent
redistribution of the ethylene terephthalate repeating units. It
was initially surmised that the in situ glycolytic deconstruction
of rPET and subsequent polycondensation of the digested
intermediate in the presence of DFA should yield materials
that are essentially equivalent to those obtained by the
traditional two-step transesterification/polycondensation
scheme that is employed for the BHET-based route.
Importantly, in both reaction pathways, the complementary
acid functionality of the DFA soft block readily reacts with the
excess hydroxyl groups associated with the EG fragments and
oligomer end-groups. In this manner, the Pripol DFA is
covalently incorporated into the main chain of the growing
oligomers.
For path A, we initially applied a 2 × 2 full factorial design to

assess the influence of high (60 wt %) and low (49 wt %)
target soft block content on the thermomechanical properties
of the resultant TPCs. This was done in conjunction with
investigating two industrially relevant catalytic systems based
on either tetrabutyl titanate/magnesium acetate (TBT/Mg-
(OAc)2)

40 or dibutyl tin oxide (DBTO).41 Each catalyst was
employed individually for each of the two different target
polymer compositions using BHET as the hard block
precursor. The titanium-based catalyst system was exclusively
selected for path B (rPET precursor) synthesis after analyzing
the chromatographic and thermomechanical results of
products from path A.
Alternatively, in the small-scale deconstruction experiments

(path B, rPET precursor) the target soft block content was
fixed at 52 wt %, and the effect of adding either large (4× mass
equiv with respect to rPET repeating units) or small (1×
equiv) quantities of ethylene glycol (EG) depolymerization
agent was examined. The EG acts to promote deconstruction,
facilitate mixing, and promote the incorporation of the DFA, in
what would otherwise be a highly viscous mixture with
relatively low concentrations of critical hydroxyl groups. The
amount of added glycol is a critical recipe parameter for
upscaling to ensure process design in accordance with green
chemistry principles, minimizing solvents and starting materials
whenever possible.

Soft block content was fine-tuned for the large-scale
experiments (path B; 100 g scale) toward maximizing work
of extension, in which the findings from small-scale reactions
were leveraged. Furthermore, for effective thermoplastic
elastomeric behavior, the soft block matrix (DFA) must be
tethered by physically cross-linked hard block segments, in this
case represented by semicrystalline PET (vide inf ra). The
effects of EG and catalyst concentration were also revisited
upon upscaling to approach optimal process parameters. An
overview of all samples including conditions and catalysts is
provided in the Supporting Information (Table S1). All
materials were characterized with 1H and 13C nuclear magnetic
resonance (NMR) spectroscopy, size exclusion chromatog-
raphy (SEC), differential scanning calorimetry (DSC), and
tensile testing (see detailed descriptions in the Supporting
Information).

Synthesis of TPEEs. The synthesis of TPCs from BHET
and Pripol 1009 in the small scale (Scheme 1, path A, 3 g)
proceeded through a conventional one-pot two-step trans-
esterification/polycondensation mechanism with continuous
removal of the EG that is generated throughout the reaction.
The reactions were performed in the melt in a small round-
bottom flask (10 mL) connected to a dry condenser, which
was heated with a heating wire to drive condensate removal
(Figure S1). A Teflon-coated magnetic stirring bar was used;
gradual build-up of viscosity and the eventual cessation of
magnetic stirring provided qualitative evidence, suggesting the
formation of a high-molar-mass product.
Equivalent reactions were performed with BHET being

replaced by rPET pellets/nurdles (Scheme 1, path B, see the
Supporting Information for detailed descriptions of starting
materials). The deconstruction of rPET pellets under similar
conditions (i.e., small scale) presented several challenges; high-
molar-mass material was ultimately unattainable when starting
from pellets. First, rPET pellets have a relatively low surface-to-
volume ratio compared with the BHET powder. The difference
significantly limits the interface between the polymer pellets
and EG, which, in turn, results in kinetically retarded glycolysis.
Second, the initially transparent rPET pellets became opaque
at elevated temperatures (ca. 200 °C), indicating crystalliza-
tion. Limited permeation of EG in the tightly packed
crystalline domains further hindered the molecular decon-
struction of rPET. To circumvent these issues, rPET pellets
were dissolved in a mixture of CHCl3/trifluoroacetic acid
(TFA) (90:10 v/v) and precipitated in MeOH to yield a
macroporous solid with increased surface area. Note that this
procedure was clearly not intended for scale-up and was merely
used in the small-scale reactions to establish the reactivity
between the reactants. This procedure was unnecessary in the
scaled reactions (vide inf ra). Deconstruction was notably faster
in small-scale experiments for an initial feed of 4× the mass
equiv of EG with respect to rPET; a homogeneous melt
formed in less than 10 min as contrasted with more than 30
min for the 1× EG mass equiv runs. This discrepancy was
attributed to the intricacies of the reaction setup: the reflux of
EG and homogenization of the reactants was facilitated by
intermittently heating (>200 °C) the parts of the flask that
were not in contact with the aluminum heating block (Figure
S1). Inevitably, this manipulation led to significant amounts of
the volatile deconstruction agent (EG) being transferred to the
collection flask for the 1× equiv runs. Smaller quantities of EG
in the reaction mixture ultimately slows the reaction.
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The inherent shortcomings (e.g., precipitation using hazard-
ous solvents) associated with small-scale reactions were largely
circumvented by employing a larger-scale custom-built reactor.
This reactor consists of a Kugelrohr drying tube oriented
vertically as the reaction vessel (1 L internal volume; up to 200
g batch contents possible; Figure S2). The tubular reactor was
jacketed with a Kugelrohr heating mantle, which provided
homogeneous distribution of heat and allowed for the direct
feeding of rPET pellets, while the shape of the reaction vessel
ensured that the pellets were constantly submerged in EG.
Losses of EG are minimized by the efficient reflux achieved

through judicious reactor design. Consequently, the decon-
struction kinetics with 1× equiv of EG proved indistinguish-
able from those with 4× equiv on the large scale. Finally, the in
situ monitoring of melt viscosity (via torque) provides relative
control over the terminal molar mass and enables greatly
improved reproducibility compared with small-scale reactions.

Molecular Analysis of TPEEs. A range of samples was
generated using the different pathways and having various
target compositions, as indicated in the sample names (Table
1). For example, SB66-E1-ls refers to a sample with a rPET
hard block precursor, a target soft block content of 66 wt %

Table 1. Summary of Molecular and Thermal Characterization of TPCs

Tg
(°C)a

Tc
(°C)a

ΔHc
(J/g)a

Tm
(°C)a

ΔHm
(J/g)a

mol %
SBb

wt %
SBb

αc tot.
(%)c

HB αc
(%)c LHSd LSSd Rd

Mn
(g/mol)e Đe

SB49-BHET-D −14 104 13.4 201 19.3 22.4 47.7 13.8 26.4 4.8 1.3 1.0 19 800 3.1
SB49-BHET-T −12 101 15.2 201 20.3 23.1 48.7 14.5 28.2 4.8 1.2 1.0 29 600 2.7
SB60-BHET-D −20 94 11.5 170 10.7 32.6 60.4 7.6 19.3 3.3 1.4 1.0 23 700 3.9
SB60-BHET-T −24 101 12.2 170 11.7 31.6 59.4 8.3 20.5 3.4 1.4 1.0 24 900 2.9
SB52-E1-ss −20 92 9.3 182 15.2 24.9 51.2 10.9 22.2 4.1 1.2 1.1 19 700 2.7
SB52-E4-ss −21 139 12.2 186 10.4 25.2 51.6 7.5 15.4 4.1 1.3 1.0 22 500 3.0
SB66-E1-ls −26 84 3.9 145 7.2 37.7 65.7 5.2 15.0 2.8 1.5 1.0 40 500 3.2
SB66-E4-ls −24 97 2.6 153 4.3 38.1 66.1 3.0 8.9 2.9 1.6 1.0 35 800 3.1

aThermal transitions and enthalpy values obtained from DSC thermograms. bComposition determined from integration of signals from 1H NMR
spectra. cCrystallinity calculated from the composition and melting enthalpy values in reference to melting enthalpy of fully crystalline PET (ΔHm

0 =
120 J/g)46 by αc = ΔHm/ΔHm

0 . dSegment lengths and randomness determined from 13C NMR spectra. eMn and Đ determined from SEC in CHCl3
at 35 °C, relative to polystyrene standards.

Figure 1. Representative 1H NMR spectra of TPCs synthesized from each synthesis path and macromonomer Pripol 1009 for comparison.
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using an excess of 1× equiv of EG, performed on the large-
scale reactor. The composition of TPCs was elucidated with
1H NMR spectroscopy (Figure 1). Measured compositions
were very close to target values in all cases, consistent with the
efficient incorporation of Pripol 1009 DFA. Results from path
A using a BHET hard block precursor suggest a negligible
correlation between the catalyst and the composition
according to 1H NMR spectra (Figure S3). The average
sequence length of a TPC is a key determinant of mechanical
properties. Sequence length is routinely probed with 13C NMR
spectroscopy.42,43 In a fully randomized copolymer, both
blocks attain their minimum average length and the degree of
randomness, R, can be calculated according to established
equations (see the Supporting Information). The EG peaks in
the hard block, soft block, and interface were identified in the
61−64.5 ppm range (Figure S4). Calculated values of R were
very close to unity for all samples. This would suggest that
rPET is nearly fully digested into low-molar-mass fragments,
which are further lysed by ethylene glycol esters of the Pripol
1009 DFA. The resulting oligomeric copolyesters adopt a
statistical segment distribution during the subsequent poly-
condensation stage. In other words, conspicuously long
segments (i.e., blockiness) from an incomplete molecular
deconstruction of rPET were not identified with 13C NMR
spectroscopy. The segment distributions are consistent with
extensive transesterification having occurred in all samples,
promoted by the added ethylene glycol. In line with
expectations, extensive depolymerization takes place, leading
to the redistribution of the ethylene terephthalate units and
leading to a segmented copolymer architecture in the final
product. This is in line with the relatively high molar mass of
the starting rPET material. Essentially, the combined NMR
spectroscopic results reveal that TPCs with equivalent
molecular make-up can be generated, independent of the
nature of the feedstock (i.e., virgin vs waste; monomeric vs
polymeric).
On the contrary, SEC measurements reveal marked

differences between the molar mass of TPC samples prepared
via different methods. The evolution of molar mass is affected
predominantly by two parameters, namely, the efficiency of the
catalytic system and the removal of EG. According to the
Carothers equation, Nn = (1 − p)−1, driving the extent of
reaction toward completion (conversion, p = 1) is critical for
attaining high polymers. Removal of EG is promoted by the
continual renewal of the interface between the polymer melt
and the vacuum environment in the reactor, which is in turn
driven by the high-power mechanical stirrer in the large-scale
reactor. Consequently, materials made on large scale (ls) have
a significantly higher molar mass (Figure 2). The small
difference in the molar mass between SB66-E1 and SB66-E4
(40.5 vs 35.8 kg/mol) is ascribed to intrinsic fluctuations in the
torque meter during the last stages of polycondensation. The
form of the Carothers equation suggests that small differences
in reaction time as p approaches unity have a profound
influence on Nn. In other words, the discrepancy in molar mass
is amplified by small differences in the polymerization extent.
The molar mass distributions (i.e., dispersity, Đ) for all TPCs
are monomodal and consistent with conventional polycon-
densations. There are low-molar-mass fractions below 1000 g/
mol present in all samples, which are presumably ascribed to
relatively stable cyclic trimers44 and dimers45 of PET. It is
important to delineate that the use of the TBT/Mg(OAc)
catalyst in path A yielded polymers with higher molar mass as

compared to DBTO, which is in turn reflected by the tensile
properties (vide inf ra).

Thermal Properties. Unambiguous decreases in both glass
transition temperature (Tg) and melting temperature (Tm)
with increasing soft block content were observed from
thermograms obtained by DSC (Figure 3). The increased
molecular mobility of chains richer in the flexible aliphatic
DFA component gave rise to a significant reduction in Tg from
−12 to −26 °C for TPCs with 49 and 66 wt % soft block,
respectively. The Tm follows a similar trend, decreasing from
201 to 145 °C, since the higher aliphatic content also hinders
the crystallization of the hard block segments and leads to
smaller crystallites. At 66 wt % soft block, the TPCs are nearly
at the upper limit of soft block content, above which samples
are expected to be fully amorphous, and thus lose the
thermoplastic elastomeric character. Melting enthalpies (ΔHm)
were determined from the integration of the melting peaks in
thermograms and further used to calculate the approximate
degree of crystallinity (αc) (Table 1). SB66-E1-ls is already on
the edge of the semicrystalline limit, exhibiting a degree of
crystallinity, αc = 3.0%, and a minimum degree of crystallinity
of the hard block, αHB = 8.9%, among all of the samples.
Nevertheless, the low crystallinity was sufficient to impart high
toughness to the materials (vide inf ra). The thermograms for
the remaining samples are provided in the Supporting
Information (Figure S5) and exhibit the same trend in terms
of Tg and Tm. Crystallization was observed in nearly all of the
samples upon cooling (Figure 3b). Furthermore, cold
crystallization (crystallization upon 2nd heating) was observed
in several samples, suggesting that increased molecular
mobility is required to facilitate equilibrium crystallization. It
is clear that the samples with the most soft block (SB66-E1-ls
and SB66-E4-ls) have the least crystallization. This is in line
with expectations and is consistent with the observations
during processing and mechanical evaluation.

Tensile Testing. Samples were melt pressed (180−200
°C) in atmospheric conditions for the preparation of dog bone

Figure 2. Molecular weight distributions of selected samples from
SEC measurements. The low-molar-mass products were clearly
separated from the main peak in the chromatograms and were not
included in the calculations of Mn and Đ. Vertical grid lines have been
added between 104 and 105 g/mol as a visual guide.
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samples for tensile testing. The samples prepared using small-
scale reactions via both synthetic pathways A and B became
slightly discolored during melt pressing (Figure S6). We
ascribed the discoloration to the presence of residual titanium
and magnesium ions from the catalytic system. The mechanism
of coloration has been resolved by Van Hoof47 and was
associated with the Ti-catalyzed formation of quinone-type
structures under thermo-oxidative conditions. This coloration
problem was avoided in the large-scale synthesis by reducing
the concentration of TBT down to 100 ppm, yielding
transparent and colorless samples (Figure S7a). Notably,
directly after melt pressing, the samples appeared transparent,
consistent with the low degrees of crystallinity. This is in line
with the very low crystallization enthalpies observed from the
DSC cooling thermograms. This observation is consistent with
expectations for TPCs having PET as a hard block, as opposed
to PBT. TPEEs on the market typically contain PBT hard
blocks owing to the well-known accelerated crystallization
kinetics compared with PET. This renders PET-based TPEEs
of limited utility in applications that require injection molding.
Further exacerbating this is the fact that the source of rPET in
this case (i.e., bottles) has small amounts of co-monomer
intended to restrict crystallization. Nevertheless, suitable
processing (e.g., thermal annealing treatment) is effective in
inducing enough crystallization in these PET-based TPEEs to
impart impressive mechanical properties associated with
physically cross-linked, segmented morphologies.
Stress−strain plots and a summary bar chart of maximum

elongation at break and maximum stress at break provide
insight into the molar mass and composition dependence of
the mechanics (Figure 4). The accurate determination of
Young’s modulus, E, is somewhat ambiguous for soft materials
since it cannot be defined at the conventional limit of 0.2%
strain. This is due to the high extensibility of the TPCs; for this
reason, arbitrary values of strain within the limit of small
deformations have been taken for the determination of E.48

The work of extension, Uε, is provided in the product key,
taken as the area underneath the stress−strain curve. Visual
inspection of the stress−strain plots for representative samples
unequivocally indicates that the stiffness and yield points, σy,
increase concomitantly with an increase in hard block content.
SB66-E1-ls was annealed above its Tc and below its Tm at 120
°C for 1 h, giving rise to sample SB66-E1-ls-an. A modest
increase in opacity was observed (Figure S7b), which is

associated with the formation of dispersed crystallites.
Compared to SB66-E1-ls, the annealed SB66-E1-ls-an presents
higher stiffness and stress at the break but lower εb as a result
of the increase in the volume fraction of crystalline domains,
which act as physical cross-links. The mechanical properties
are consistent with Flory’s equation,49 which relates the
ultimate tensile strength of a polymer with its molar mass
(UTS = A − B/Mn; A, B: constants). The difference in

Figure 3. Thermograms for selected samples, showing (a) the second heating cycle and (b) the cooling cycle (10 °C/min) with dashed lines added
to indicate approximate baselines to guide the eye. Thermograms have been shifted vertically for clarity, and approximate positions of thermal
transitions have been indicated with arrows. Thermogram orientation is exo up.

Figure 4. (a) Summary of mechanical properties from tensile tests,
maximum stress at break (red), and maximum strain at break (blue).
(b) Stress−strain curves for selected samples with work of extension
(Uε) provided in the key.
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mechanical properties between SB49-BHET-T and -D can be
correlated with their Mn (29.6 vs 19.8 kg/mol), in line with the
cited relationship. The same rationale holds for SB60-BHET-T
and -D, for which the modest difference in Mn resulted in
materials with very similar tensile properties. Notably, the
mechanical characteristics of SB66-E1-ls (σb = 20.5 ± 1.4 MPa
and εb = 1127 ± 46%) are directly comparable with
commercial thermoplastic elastomers such as Dupont’s Hytrel
RS 40F3 NC010, which contain at least 50 wt % renewably
sourced content. Factors that could negate the performance of
our waste-sourced materials could be the presence of
isophthalic units and/or dye in the rPET pellets, added to
hinder PET crystallization after processing, preserve optical
clarity and enhance product appearance. Our study demon-
strates that rPET waste and a renewable component can be
directly combined in a one-pot process for the preparation of
high-performance materials. This constitutes an advance
compared to protocols where isolation and purification of
monomers after chemical recycling are necessary. We believe
that this study offers a new paradigm for the responsible use of
end-of-life PET and contributes to our efforts for the transition
to the circular plastics economy.

■ CONCLUSIONS
We have demonstrated the synthesis of engineering-grade
TPCs using a combination of renewable and postconsumer
recycled building blocks via a solvent-free synthetic approach.
The scope of the work was twofold: on the one hand, it was
shown that high-molar-mass rPET is essentially an equivalent
hard block precursor for the synthesis of TPCs, as compared to
the monomeric analogue BHET. On the other hand, we have
fine-tuned reaction conditions in a batch custom reactor for
the one-pot preparation of polymers from responsibly sourced
starting materials with mechanical properties directly com-
parable with commercial TPC analogues. This simple scaling
points toward promising applicability in the existing
manufacturing infrastructure, which is an intriguing avenue
to follow for the future. While the crystallization of PET-based
TPEEs appears to be relatively slow, making them unsuitable
for applications that require injection molding, the process
holds tremendous promise as a platform for making various
architectures with alternative feedstocks. We are keen to
explore the scope of this strategy further, with other bio-based
and postconsumer recycled raw materials. We envision the
combination of waste rPET feedstock with an array of diols
and sustainable building blocks and are confident that this
approach will allow access to a range of TPCs with properties
that to date have only been demonstrated via the use of virgin
raw materials.
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