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ABSTRACT: Traditional short-chain terephthalic polyesters such as poly-
(ethylene terephthalate) (PET) are among the most produced plastics in today’s
polymer industry, while their large-scale chemical recycling has been a long-
standing challenge. The long-chain polyesters have shown good recyclability under
mild conditions, whereas the structure−property relationships and chemical
recycling performance of long-chain terephthalic polyesters are still unclear.
Herein, we synthesized a series of medium/long-chain terephthalic polyesters with
different methylene sequence lengths (CH2 number in diol monomer nCHd2

= 6, 8,
10, 12) and investigated their thermal properties, crystallization behavior,
mechanical properties, and chemical recycling performance. All terephthalic
polyesters show good crystallizability; their melting temperature decreases, and melting enthalpy increases gradually as nCHd2

increases
from 2 to 12. All polyesters adopt a triclinic crystal lattice while slightly different crystalline lamellar structures. The medium/long-
chain terephthalic polyesters exhibit improved ductility and good melt processability, enabling them to be used as three-dimensional
(3D) printing materials. In addition, the medium- and long-chain terephthalic polyesters are chemically recyclable and can
depolymerize under mild conditions (e.g., 140 °C in methanol). The monomers obtained by depolymerization can be reused to
synthesize again the according polyesters. This study provides new inspiration for developing sustainable high-performance
polyesters with great industrial potential.

■ INTRODUCTION
Polyester materials play an indispensable role in today′s
plastics economy and are widely applied in various fields (e.g.,
packaging, electronic, automobile, and biomedical fields), due
to their excellent physical performances and ease of
processability.1 One of the largest polyester families in the
present plastic market is terephthalic polyesters, usually
synthesized from the polycondensation of terephthalic acid
and diols. Regarding the feedstock of these monomers,
terephthalic acid is typically derived from petroleum resources
and most aliphatic diols (e.g., 1,3-propanediol, 1,4-butanediol)
can be derived from biomass.2,3 Short-chain terephthalic
polyesters such as poly(ethylene terephthalate) (PET) and
poly(butylene terephthalate) (PBT) are among the most
applied engineering plastics ever developed. Their superior
thermal and mechanical properties, high crystallizability, and
good barrier properties are particularly interesting for
applications in packaging, fiber, textile, etc.4−6 Compared
with PET and PBT, the terephthalic polyesters with longer
methylene sequence, denoted as the medium/long-chain
terephthalic polyesters, possess enhanced flexibility and
toughness, while at the expense of mechanical strength and
modulus.7,8 Meanwhile, the melting point (Tm) of long-chain

terephthalic polyesters is also reduced, making melt processing
and postrecycling much easier.9 Obviously, changing the
methylene sequence length of the aliphatic diol can be an
effective way to regulate the physical properties of terephthalic
polyesters.

Despite the extensive pioneer work on short-chain
terephthalic polyesters, there has been little research rising
for the medium- and long-chain terephthalic polyesters with
the methylene number of aliphatic diol (nCHd2

) ≥ 6. Some
previous reports have elaborated on the crystalline structure,
fundamental properties, and deformation behavior of poly-
(hexamethylene terephthalate) (PHT, nCHd2

= 6).10−12

Compared with the short-chain PET or PBT, PHT exhibits a
lower Tg, Tm, and improved ductility. In addition, PHT can be
chemically recycled in mild conditions, showing great potential
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as sustainable plastics.13,14 However, little attention has been
paid to the polyesters in the same family with a longer
methylene sequence. Thanks to the development of long-chain
diacids and diols from biomass such as plant oil (e.g., castor
oil),15,16 the long-chain polyesters and polycarbonates have
thrived over the past decade.8,17−24 Having a long aliphatic
segment separated by the low density of in-chain functional
groups (e.g., ester, carbonate, ether), the structure of these
polymers can well mimic that of commercial polyethylene
(PE),25,26 with comparable molecular weight, ductility,
crystallization rate, and melt processing ability, whereas the
thermal property, modulus, and strength are still sacrificed.27

For that issue, developing PE-like long-chain terephthalic
polyesters may be a solution since the presence of benzene
rings could serve to maintain relatively high thermal and
mechanical properties. Moreover, with sufficiently long
methylene segments, the disturbance of benzene-ester parts
to the chain conformation of methylene segments would be
less significant and therefore may not compromise the
crystallizability or macroscopic performance.

Besides the physical properties, the recyclability of polyesters
at the end of service life is another important aspect that
decides their competitivity as high-performance green plastics
in a closed-loop circular economy.28 Owing to the large
presence of ester bonds serving as breaking points, the
polyester materials can be chemically recycled into building
block monomers while retaining their physical performance.29

For short-chain terephthalic polyesters such as PET, various
solvolysis processes have been proposed, including hydrolysis
(in neutral, acidic, or alkaline media), alcoholysis, glycolysis,
aminolysis, and enzymatic hydrolysis, while only a few of which
has been established on an industrial scale.1,30−34 The major
problem hindering the successful implementation in industry
lies in the exigent conditions required for depolymerization
(e.g., high temperature range of 200−300 °C, high pressure),35

making the recycling route much less cost-effective. Interest-
ingly, for the medium/long-chain polyesters, their relatively
low Tm could allow them to be chemically recycled in milder
conditions. Usually, the solvolysis can be conducted in the
120−150 °C range at high efficiency, and a complete
deconstruction into monomers can be achieved under these
mild conditions.24,36−40 For instance, Mecking and co-workers
have reported to depolymerize the long-chain polyesters
prepared from 1,18-octadecane diol and 1,18-dimethyl
octadecanedioate at 120 °C in methanol in 24 h with a
recycling rate >96%.24 Based on these former studies on the
long-chain aliphatic polyesters, it can be imagined that
medium/long-chain terephthalic polyesters should also be
easily chemically recovered under mild conditions, considering
the flexibility of aliphatic chain segments, low density of rigid
terephthalic acid units, and the presence of ester bonds as
break points. However, up to now, a fine report on the
structure−property relationships of medium/long-chain ter-
ephthalic polyesters and their detailed recovery process,
depolymerization kinetics, and performance of recovered
products is still lacking, despite its great significance in guiding

the processing and practical applications of terephthalic
polyesters.

To elaborate on the structure−property relationships and
chemical recycling behavior of terephthalic polyesters, we
synthesized a series of medium/long-chain polyesters with
different methylene sequence lengths (nCHd2

= 6, 8, 10, 12). The
short-chain PET and PBT were also studied for comparison. A
comprehensive relationship between chemical structure and
thermal properties, crystalline structure, mechanical properties,
and chemical recycling performance was established. The
medium/long-chain terephthalic polyesters show good crystal-
lizability and melt processability with the Tm decreasing
gradually as nCHd2

increases. Moreover, the synthesized
polyesters are able to depolymerize under mild conditions
(∼140 °C) and the obtained monomers can be reused to
synthesize again the according polyesters with similar proper-
ties to those of virgin ones. This study provides new inspiration
for developing sustainable polyesters with great industrial
potential.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Medium/Long-

Chain Terephthalic Polyesters. The medium/long-chain
terephthalic polyesters with various methylene sequence
lengths were prepared through melt polymerization using
dimethyl terephthalate (DMT) and different diols as
monomers (Scheme 1). The synthesized polyesters include
poly(hexamethylene terephthalate) (PHT, nCHd2

= 6), poly-
(octamethylene terephthalate) (POT, nCHd2

= 8), poly-
(decamethylene terephthalate) (PDT, nCHd2

= 10), and
poly(dodecylmethylene terephthalate) (PDeT, nCHd2

= 12).
The chemical structures of synthesized polyesters were
characterized by 1H NMR. As shown in Figure 1, the peaks
observed at 8.00 ppm (a) are attributed to protons on the
benzene rings. The peaks observed at 4.27 (b), 1.74 (c), and

Scheme 1. Synthesis Route of Terephthalic Polyesters

Figure 1. 1H NMR spectra of PHT, POT, PDT, and PDeT.
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1.46 ppm (d) are attributed to the CH2 protons at different
positions of the aliphatic carbon chain. As nCHd2

increases from
6 to 12, some overlapping peaks attributed to CH2 protons
appear at 1.45−1.20 ppm (e, f, g).

The molecular characteristics of synthesized polyesters were
summarized in Table 1. As seen in Table 1, the absolute

weight-average molecular weights (Mw) of PHT, POT, PDT,
and PDeT range from 47.3 to 56.3 kg/mol, with a
polydispersity index (PDI) of ∼1.5. Since PET and PBT
with short methylene sequence lengths are insoluble in the
common solvents such as chloroform, their Mw and PDI were
not determined by gel permeation chromatography (GPC).
The intrinsic viscosity, [η], of all polyesters are within 0.96−
1.1 dL/g, similar to the values of commercialized PET (0.95
dL/g) and PBT (0.89 dL/g), indicating the relatively high
molecular weight of synthesized polyesters. These character-
ization results confirm the successful synthesis of medium- and
long-chain polyesters with high molecular weights.

Crystallization and Melting Behavior. The crystalliza-
tion and melting behavior of all terephthalic polyesters were
first investigated by differential scanning calorimetry (DSC).
Figure 2a,b shows the DSC curves collected during cooling
from the melt and subsequent heating process. All polyesters
exhibit a single crystallization peak during the cooling process.
The crystallization peak of PET was relatively broad while
other polyester samples had sharper crystallization peaks,
indicating the lower crystallization rate of PET compared with
other polyesters with longer methylene sequences. All
polyesters have a major melting peak during the subsequent
heating process.

The characteristic temperatures and enthalpies related to the
crystallization and melting processes of polyesters are evaluated
from the DSC curves, and their evolutions with an increase of
nCHd2

are depicted in Figure 2c,d. With nCHd2
increasing from 2

to 12, the crystallization temperatures (Tc) of polyesters
decrease monotonically from 186.3 to 86.5 °C, while the
associated crystallization enthalpy (ΔHc) decreases from −49.5
to −56.9 J/g. The melting temperature (Tm) of polyesters also
decreases monotonically from 251.3 to 121.7 °C, while the
melting enthalpy (ΔHm) increases from 41.2 to 51.8 J/g as
nCHd2

increases from 2 to 12. Such decreases in Tc and Tm values
with nCHd2

could originate from a reduced density of rigid
terephthalic acid units with the increase of flexible methylene
segments. The increased chain flexibility leads to a higher
conformational entropy (ΔS), thus effectively lowering the Tm
(Tm ∼ ΔH/ΔS).41 Meanwhile, it would be easier for longer
methylene segments to orderly arrange and crystallize,42

therefore resulting in the observed increase of ΔHc and ΔHm

Table 1. Molecular Characteristics of Terephthalic
Polyesters

sample nCHd2

a Mn
b (kg/mol) Mw

b (kg/mol) PDIb [η]c (dL/g)

PHT 6 37.7 55.1 1.46 0.96
POT 8 30.8 47.3 1.54 1.02
PDT 10 37.0 56.3 1.52 1.10
PDeT 12 32.4 49.8 1.54 1.07

aCH2 number in the diol monomer. bAbsolute weight and number-
averaged molecular weights (Mw, Mn) as well as PDI measured by
GPC coupled with light scattering detector. cIntrinsic viscosity.

Figure 2. DSC results of terephthalic polyesters with various methylene sequence lengths. (a) DSC curves collected during cooling from the melt
state; (b) DSC curves collected during subsequent heating scans; (c, d) changes of (c) Tc, Tm and (d) ΔHc, ΔHm with methylene sequence length.
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values. The increase in chain flexibility with a longer methylene
sequence is also confirmed by the evolution of Tg values with
greater nCHd2

(Figure S1). The Tg values of PET, PBT, PHT,
POT, PDT, and PDeT (nCHd2

increasing from 2 to 12) were
determined to be 71.9, 44.1, 17.4, 10.2, 2.1, and −2.2 °C,
respectively, well indicating a gradually improved chain
mobility in long-chain polyesters.

We note that compared with the short-chain polyesters PET
and PBT, the Tc and Tm of polyesters reduce greatly by ∼70
°C when nCHd2

increases from 4 to 6. However, similar Tc

(86.5−91.8 °C) and Tm (121.7−131.7 °C) are detected for the
long-chain polyesters with nCHd2

≥ 8 (e.g., POT, PDT, and
PDeT). This indicates that the crystalline structure and
molecular chain arrangements between short- and long-chain
terephthalic polyesters might be different. We further discuss
this point in the next section along with the wide angle X-ray
scattering/small angle X-ray scattering (WAXS/SAXS) results.
In addition, the ΔHc and ΔHm values of the long-chain
terephthalic polyesters with nCHd2

≥ 8 are less dependent on
nCHd2

, ranging from −53.5 to −56.9 J/g and from 48.7 to 51.2
J/g, respectively. Therefore, it is inferred that when the
methylene sequence length grows to a certain extent, the
thermal properties of terephthalic polyesters tend to be little
affected by nCHd2

.
Crystalline Structure. The effect of the methylene

sequence length on the crystalline structure of terephthalic
polyesters was investigated by WAXS and SAXS. All samples

for WAXS and SAXS analyses were treated by isothermal melt
crystallization at Tc = 100 °C after melting at 270 or 180 °C for
5 min. Sharp and defined diffraction peaks are observed in the
WAXS curves of all polyester samples (Figure 3a), indicating
that the polyesters are well crystallized with a relatively high
crystallinity. For PET, the characteristic diffraction peaks
detected at q = 11.6, 12.6, 15.3, 16.1, and 18.5 nm−1 from
(01̅1), (010), (1̅11), (110), and (100) planes are assigned to
the crystals with triclinic unit cell (a = 0.46 nm; b = 0.59 nm; c
= 1.08 nm; α = 98°; β = 118°; γ = 112°).43 For PBT, the
characteristic peaks detected at q = 6.2, 11.3, 12.1, 14.4, 16.3,
and 17.7 nm−1 from (001), (01̅1), (010), (1̅11), (100), and
(11̅1) planes are assigned to the α crystal phase with triclinic
unit cell (a = 0.48 nm; b = 0.59 nm; c = 1.16 nm; α = 99°; β =
115°; γ = 111°).44 For PHT, the characteristic peaks are
detected at q = 5.1, 11.5, 12.9, 15.1, and 16.9 nm−1 from (001),
(011), (010), (111), and (100) planes, assigning to the triclinic
β crystal phase formed at Tc = 100 °C with unit cell a = 0.48
nm, b = 0.57 nm, c = 1.57 nm, α = 104°, β = 116°, and γ =
108°.10 The long-chain terephthalic polyesters with nCHd2

≥ 8
also produce the triclinic crystals at Tc = 100 °C, showing a
similar WAXS pattern as PHT except for the slight difference
in peak position.18 The similarity of diffraction patterns among
these long-chain polyesters suggests that they have similar
chain conformations and interchain packing in the crystal unit
cell.

However, compared with the short-chain polyesters PET
and PBT, the peak shape and position of WAXS patterns are
clearly different for the long-chain polyesters, which again

Figure 3. Crystalline structures of terephthalic polyesters after melt crystallization at Tc = 100 °C: (a) WAXS profiles; (b) evolution of d-spacing of
(001) plane d001 with nCHd2

. Inset: a schematic presentation of layer structure formed by phenylene groups; (c) SAXS profiles; (d) evolutions of dac,
dc, and da with nCHd2

.
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suggests the difference in crystal structure between the short-
and long-chain polyesters. For instance, we noticed that the
peak position of the (001) plane varies with the methylene
sequence length nCHd2

. For PET, the close chain packing
between crystalline molecules would force the phenylene
groups to slip past each other, therefore no obvious diffraction
from the (001) plane reflecting the long-range order of layer
structure is observed.45 For the medium- and long-chain
polyesters, diffraction from the (001) plane is well detected,
indicating the formation of layer structure by phenylene groups
(Figure 3b, inset).46 The peak intensity of the (001) plane
steadily intensifies with greater nCHd2

, which is a sign of
perfection of the formed layer structure, due to the improved
chain mobility with longer flexible methylene segments.
Meanwhile, the peak position continuously shifts to the low-
q region, indicating an increase of d-spacing (d = 2π/q) from
1.01 to 1.76 nm when nCHd2

increases from 4 to 12. Such an
increase of d001 should be attributed to the longer repeat unit
length in the crystal unit cell of long-chain polyesters.47

We have also calculated the theoretical repeat unit length l of
these polyesters with all-trans planar chain conformation using
l = 0.125n + 0.822, with 0.125 and 0.822 nm being the length
of one trans CH2−CH2 bond and one terephthalate ester part
along chain axis.46 As a result, l increases from 1.32 to 2.32 nm
when nCHd2

increases from 4 to 12, which are all larger than the
obtained d001 values. The differences between l and d001
suggest that the molecular chains in these terephthalic
polyesters are inclined with respect to the normal of the

phenylene group layer and probably adopt some contract
conformation (e.g., gauche bonds). Combined with DSC
results (Figure 2), we conclude that the effect of methylene
sequence length on the crystal structure and thermal properties
of terephthalic polyesters is most significantly observed in the
short-to-medium length range (nCHd2

= 2−6), while such an
effect is much less obvious when nCHd2

exceeds a critical value
(nCHd2

≥ 8).
Crystalline lamellar structures of terephthalic polyesters were

also characterized by SAXS. As illustrated in Figure 3c, all
samples show a single broad scattering peak, and the peak
position (q*) shifts steadily to the low-q region when nCHd2

increases. Accordingly, the long period (dac) can be calculated
by Bragg’s equation (dac = 2π/q*). The thickness of crystal
lamellae (dc) and that of the amorphous layer (da) were
estimated by a 1D electron density correlation function
(Figures S2 and S3). Figure 3d depicts the evolutions of dac,
dc, and da as a function of nCHd2

. The dac, dc, and da all increase
monotonically as nCHd2

increases. This suggests that the longer
the CH2 sequence is, the thicker the crystal lamellae and
amorphous layer are. We note that dac, dc, and da all increase
significantly when nCHd2

increases from 4 to 6. This further
demonstrates the difference in crystalline structure between
short- and long-chain terephthalic polyesters, especially in the
short-to-medium chain length range (nCHd2

= 2−6).
Mechanical and Thermomechanical Properties. To

further elucidate the relationship between microstructure and

Figure 4.Mechanical and thermomechanical properties of terephthalic polyesters. (a) Stress−strain curves; (b, c) changes of (b) Young’s modulus,
yield stress, and (c) strain at break with nCHd2

. (d−f) Temperature-variable evolutions of (d) the storage modulus, (e) the loss modulus, and (f)
tan δ. All samples were treated by melt crystallization at Tc = 100 °C for 1 h before the measurements.
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macroscopic properties of terephthalic polyesters, uniaxial
tensile tests were performed on the polyester specimens
obtained by melt crystallization at Tc = 100 °C. The stress−
strain curves of all polyesters are shown in Figure 4a. It can be
seen from Figure 4a that all polyesters undergo plastic
deformation after yield, while their plastic deformation
behaviors are different. The short-chain polyester (e.g., PBT)
shows a distinct strain softening and fails quickly after yielding,
whereas the medium/long-chain polyesters all exhibit stable
plastic deformation toward strain hardening at large strain. The
yield stress, Young′s modulus, and strain at break were
evaluated from the stress−strain curves and are depicted in
Figure 4b,c. It can be seen that the medium/long-chain
polyesters (nCHd2

= 6−12) are indeed more flexible than the
short ones. The yield stress and Young′s modulus continue to
decrease with nCHd2

increasing from 4 to 12, with the former
decreasing from 65 to 14 MPa and the latter decreasing from
648 to 120 MPa. On the contrary to the evolutions of yield
stress and Young′s modulus, the strain at break increases from
55 to 605%, showing an enhanced ductility with the increase of
methylene sequence length. Therefore, control over the
methylene sequence length could be an effective way to
regulate the mechanical properties of terephthalic polyesters.

Besides the uniaxial mechanical properties, the dynamic
mechanical properties of polymeric materials are also of great
importance to estimate their macroscopic performances in
practical applications. Therefore, we also investigated the
thermomechanical properties of terephthalic polyesters by
DMA and the temperature-dependent evolutions of storage
modulus, loss modulus, and loss tangent (tan δ) are shown in
Figure 4d−f. In the glassy plateau region, the storage modulus
of polyesters systematically decreases from ∼3300 to ∼1800
MPa with nCHd2

increasing from 4 to 12. Such a decrease of
storage modulus is in line with the evolution tendency of

elastic modulus discussed previously (Figure 4b), which
manifests a reduced stiffness of long-chain terephthalic
polyesters.48 All samples show a sudden drop of storage
modulus upon heating in the 8−70 °C region, known as the α
relaxation. The precise α relaxation temperature, determined
from the peak position of the loss modulus (Figure 4e),
decreases steadily from ∼68 to ∼12 °C when nCHd2

increases
from 4 to 12, which suggests a higher chain mobility in the
long-chain polyesters. Their low α relaxation temperature can
ensure a good flexibility of amorphous chains at room
temperature, thus allowing the large plastic deformation
observed on the tensile test (Figure 4a).49

The evolutions of loss modulus and tan δ can give more
information about the molecular dynamics of terephthalic
polyesters. Figure 4e shows that the peak of loss modulus shifts
continuously to the low-temperature region, and the
magnitude of the peak decreases when nCHd2

increases. The
decrease of peak temperature and magnitude in the loss
modulus curve may reflect a reduction of rigid segmental
fraction inside the polyester.50 Likely, the peak temperature of
tan δ also shows a similar decrease trend with nCHd2

increasing.
Since the tan δ peak is related to the cooperative motion from
repeat units of different chains,51 it can be inferred that the
terephthalic polyester gradually evolves from a rigid material
with restricted molecular motions into a flexible one with
largely enhanced chain mobility with nCHd2

increasing.
Processability Evaluated by Three-Dimensional (3D)

Printing. Previous results have demonstrated that the long-
chain terephthalic polyesters have relatively low Tm, fast
crystallization rate, and good flexibility, making them
particularly suitable for melt processing.52 To explore their
processabilities for additive manufacturing, we took PDT as an
example and evaluated its 3D printing behavior. Figure 5a−d
shows the 3D printing process and the resulting products. The

Figure 5. 3D printing and dyeability of terephthalic polyesters (using PDT as an example). (a−d) Photos illustrating the (a) melt-extruded
filaments, (b) 3D printing process, (c) printed phone cover, and (d) vase. (e) Schematic illustrations of ink printing and washing on LDPE and
PDT surfaces.
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layer-bed temperature of 3D printing was set at 50 °C, at
which temperature PDT can crystallize quickly within seconds.
The elastic modulus of PDT is around 150 MPa, which can
withstand a certain weight without deformation. Therefore,
handicrafts such as mobile phone shells and vases could be
prepared by 3D printing, as demonstrated in Figure 5c,d.

Compared with traditional 3D printing materials such as
low-density polyethylene (LDPE), long-chain terephthalic
polyesters have higher polarity due to the presence of many
ester bonds, enabling direct printing of ink on the material
surface (Figure 5e). The ink printed on the polyester surface
could be retained even when cleaned by a polar solvent such as

ethanol, demonstrating the good dyeability of the long-chain
terephthalic polyesters. On the contrary, the ink cannot be well
printed on the surface of LDPE and it can also be completely
washed by a polar solvent such as ethanol. Therefore, long-
chain terephthalic polyesters show great potential as a new
type of 3D printing polymer material with good dyeability.

Depolymerization and Chemical Recycling. Finally, the
chemical recyclability of terephthalic polyesters was inves-
tigated to evaluate their potential toward sustainable materials.
The depolymerization of polyesters was conducted at 140 °C
in methanol (1.0 g of polymer in 25 mL of methanol),53 as
illustrated in Scheme 2. The chemical recycling routes of PDT

Scheme 2. Depolymerization Reaction Scheme of Medium/Long-Chain Terephthalic Polyesters

Figure 6. Illustration of chemical recycling process: (a) PDT and (b) PDT with the presence of LDPE and PBT. All photos were taken at 25 °C.

Figure 7. 1H NMR spectra of depolymerized products for PDT: (a) recycled DMT and (b) recycled 1,10-DDO.
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in the neat state and in a polymer mixture (containing PE,
PBT, and PDT) are illustrated in Figure 6. As seen in Figure
6a, the long strips of PDT had decomposed into small white
particles after 4 h of the depolymerization reaction. During
cooling down to room temperature (central pictures), the
precipitation of DMT began to take place, and the obtained
mixture solution was then held at 0 °C for 1 h to completely
precipitate in terms of needle-like white solid, with a recovery
rate of 94.5%. The filtrate was then subjected to rotary
evaporation to remove methanol and the remaining bulk-like
white solid was 1,10-DDO, having a recovery rate of 95.2%.
Since the polymer blends were commonly used in practical
applications, the chemical recycling of PDT was also evaluated
with the presence of other polymer strips such as LDPE and
PBT, as illustrated in Figure 6b. In the polymer mixture, PDT
could still be accurately recovered while the LDPE and PBT
strips remained in their original state and did not depolymerize
after depolymerization in methanol at 140 °C for 4 h.

Chemical structures of depolymerized products were further
characterized by 1H NMR. Figure 7 shows the 1H NMR
spectra of recycled products from the depolymerization of
PDT. As depicted in Figure 7a, the 1H NMR spectrum of the
obtained needle-like white solid (Figure 6a) shows resonance
peaks attributed to the protons on the benzene ring and to the
−OCH3 protons at 8.00 (peak a) and 3.88 ppm (peak b),
respectively, proving that the recovered solid is indeed DMT
with high purity. For the bulk-like white solid (Figure 6a), its
1H NMR spectrum (Figure 7b) shows the resonance peak
attributed to −OCH2 protons at 3.57 ppm (peak c) and
multiple peaks attributed to the CH2 protons at 1.70−1.10
ppm. By calculating the peak area ratio of −OCH2 and CH2
proton peaks (AOCHd2

/ACHd2
= 4), it can be confirmed that the

bulk-like white solid is 1,10-DDO with high purity. In the case
of PHT, POT, and PDeT, the 1H NMR spectra of the
accordingly depolymerized products also confirmed that DMT,
1,6-HDO, 1,8-ODO, and 1,12-DeDO were successfully
obtained after depolymerization (Figure S4).

The depolymerization kinetics of terephthalic polyesters was
further investigated. In this experiment, the terephthalic
polyesters were first depolymerized at 140 °C at different
times. Afterward, the mixed solution was filtered, and the
obtained monomers (DMT/diol) were removed from the
filter. The remaining filter residue was considered in the
nondepolymerized polyesters. Theoretically, the depolymeriza-
tion reaction rate can be expressed as54

[ ] = [ ][ ]P
t

k P
d

d
CH OH n

3 (1)

where [P] is the concentration of terephthalic polyester at a
certain reaction time t, [CH3OH] is the concentration of
methanol, k is the reaction rate constant, and n is the reaction
order. Owing to excessive methanol, the depolymerization can
be considered as a pseudo-first-order reaction (n ∼ 1). By
integrating eq 1, it can be obtained:

[ ]
[ ]

=
P
P

k tln 0

(2)

where k′ = k[CH3OH], and [P]0 is the initial concentration of
terephthalic polyester before depolymerization. Owing to the
absence of gas-phase products and the presence of excess
methanol, [P]0/[P] equals to M0/M, therefore eq 2 becomes

=
M
M

k tln 0
(3)

where M0 and M are the mass of terephthalic polyester before
depolymerization reaction and at time t, respectively. There-
fore, the reaction rate constant k′ can be determined from the
slope of the ln(M0/M) vs t curve. The theoretical
depolymerization ratio Rd can then be calculated as

= =R M
M e

1 1
1
k td

0 (4)

Figure 8a depicts the fitting curves of ln(M0/M) versus the
depolymerization time t. A linear relationship between ln(M0/
M) and t is observed for all of the medium/long-chain
terephthalic polyesters, indicating that the applied kinetic
model could well describe the depolymerization process. The
reaction rate constant k′ is also determined from the slopes of
the ln(M0/M) vs t curves. Since PET and PBT do not undergo
depolymerization at a low temperature of 140 °C, their
reaction rate constant k′ is evaluated to be ∼0 under this
condition. The k′ values of PHT, POT, PDT, and PDeT are
determined to be 0.015, 0.019, 0.031, and 0.029 min−1 at 140
°C, respectively. It can be concluded that the depolymerization
reaction rate of terephthalic polyesters at 140 °C continuously
increases as nCHd2

increases from 4 to 10. However, for PDeT
having the longest chain length (nCHd2

= 12), the depolymeriza-
tion reaction rate slightly decreases, which might be due to the
low density of ester bonds in polyester.

Figure 8. Depolymerization kinetics of terephthalic polyesters: (a) evolution of ln(M0/M) with t expressed by measured data points and their
fitting curves. (b) Theoretical change of depolymerized ratio Rd with reaction time calculated from eq 4.
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The theoretical depolymerized ratio (Rd) of terephthalic
polyesters at different times was also calculated according to eq
4 and the evolutions of Rd with reaction time t are shown in
Figure 8b. The theoretical calculation shows that the medium/
long-chain terephthalic polyesters (nCHd2

= 6−12) are able to
achieve 99% of recovery within 146−310 min, which is among
the highest depolymerization efficiency reported for the long-
chain polyesters in methanol (at 120−150 °C).24,55 Such
catalyst-free recycling at low energy input and high recovery
rate is much more effective than that of PET (usually at 180−
250 °C, >3 h with catalyst).56 These results suggest that
medium- and long-chain terephthalic polyesters could be
chemically recycled under mild conditions at a fast reaction
rate, making them a good type of sustainable plastic.

Physical Properties of Chemically Recycled Tereph-
thalic Polyesters. To achieve the closed-loop chemical
recycling of terephthalic polyesters, the recycled monomers
obtained from depolymerization were repolymerized into the
polyesters. Still taking PDT as an example, recovered DMT
and 1,10-DDO (Figure 7) were used to synthesize PDT again
by melt polycondensation. The repolymerized polyester was
denoted as Re-PDT and the initial polyester before
depolymerization was denoted as virgin PDT. The intrinsic
viscosity of Re-PDT is determined to be 1.08 dL/g, which is
very similar to that of virgin PDT (1.07 dL/g, Table 1),
indicating the similar molecular weights between the initial
polyester and the recycled one.

In addition to the molecular characteristics, the thermal and
mechanical properties of recycled PDT were also characterized
and compared with those of virgin PDT. Figure 9a−d shows

the DSC, TGA, WAXS, and stress−strain curves of recycled
and virgin PDTs. As depicted in Figure 9a, both the recycled
and virgin PDTs exhibit a single crystallization and melting
peak in the heating and cooling scans, with similar Tc (∼89.0,
88.8 °C), Tm (126.5, 126.3 °C), ΔHc (−56.2, −55.3 J/g), and
ΔHm (49.2, 49.6 J/g) values. The TGA results depicted in
Figure 9b show that both the recycled and virgin PDT have a
5% degradation temperature of 375 °C, indicating that there is
no significant difference in the thermal stability of the two
samples. The crystal structure of recycled PDT after isothermal
crystallization at 100 °C is also characterized. According to the
WAXS curves shown in Figure 9c, similar characteristic
diffraction peaks at q = 4.0, 11.3, 12.5, 14.7, and 16.7 nm−1

are detected for both PDTs, indicating that the crystalline
structure of recycled polyester is completely consistent with
that of the initial sample before depolymerization. Finally, the
mechanical properties of recycled and virgin PDTs were
measured. As can be seen from Figure 9d, the yield strength,
Young’s modulus, and strain at break of recycled PDT are
around 14.6, 150 MPa, and 530%, respectively (red curve),
which are all comparable to the mechanical properties of virgin
PDT (dashed black curve). These results imply that the
terephthalic polyester recovered through the proposed closed-
loop chemical recycling route still retains good physical
properties compared with virgin materials.

■ CONCLUSIONS
In this study, a series of medium/long-chain terephthalic
polyesters with different methylene sequence lengths (nCHd2

= 6,
8, 10, 12) and high molecular weights were successfully

Figure 9. Comparison of the structures and physical properties of recycled and virgin PDT. (a) DSC curves collected upon cooling from melt state
and subsequent heating at 10 °C/min; (b) TGA curves; (c) WAXS profiles; (d) strain−stress curves. For the uniaxial stretching and WAXS
experiments, all samples were treated by isothermal melt crystallization at Tc = 100 °C for 1 h before measurements.
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synthesized, and their thermal properties, crystalline structure,
mechanical properties, and chemical recycling performance
were investigated. All polyesters show good crystallizability;
their Tm decreases and ΔHm increases gradually as nCHd2

increases from 2 to 12. All polyesters adopt a triclinic crystal
lattice, while their lamellar structures are slightly different. The
dac, da, and dc of terephthalic polyesters increase with a greater
nCHd2

. Compared with short-chain terephthalic polyesters such
as PET and PBT, medium/long-chain terephthalic polyesters
exhibit improved ductility due to enhanced chain mobility.
Owing to the relatively lower Tm, fast crystallization rate, and
superior flexibility, the medium- and long-chain terephthalic
polyesters have good melt processing ability and dyeability, as
manifested by their excellent 3D printing behavior. In addition,
the medium/long-chain terephthalic polyesters are chemically
recyclable and can depolymerize into monomers under mild
conditions (∼140 °C). The monomers obtained by
depolymerization can be reused to synthesize again the
according polyesters. This study provides new ideas for the
closed-loop chemical recycling and practical application of
medium/long-chain terephthalic polyesters, which helps to
promote the development of green recyclable polymers with
advanced performances.
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