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Abstract: A series of thermoplastic polyester elastomer (TPEE) and thermoplastic poly(ester amide)s elastomer (TPEaE) copolymers were obtained by depolymerizing PET (polyethylene terephthalate) by which the waste PET can be efficiently recovered and recycled into value-added products from a practical and economical point of view. The structure of TPEE and TPEaE was identified using nuclear magnetic resonance (NMR) and Fourier transform infrared spectroscopy (FT-IR). Differential scanning calorimetry (DSC) data showed that the melting temperature (Tm) decreased with the amide content increased. The glass transition temperature (Tg) was increased as introducing the amide group, and the formation of amide-ester and amide-amide hydrogen bonds increased the intermolecular chain force. The intrinsic viscosity (η) showed the tendency of increment from TPEE (0.53 dL g−1) to TPEaE-5% (0.72 dL g−1) due to the reinforcement of hydrogen bond and chain entanglement.
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1  Introduction

Poly(ethylene terephthalate) (PET) is widely used in engineering, textile fiber, and beverage bottle because of its low-cost, low energy requirement, excellent mechanical properties, and chemical resistance [1,2]. Thus, the excessive productions of PET result in a large amount of PET waste [3,4]. Recycling PET (r-PET) is one of the critical tasks for reducing environmental pollution and managing wastes. Therefore, there is a growing interest in the development of new materials based on recycled PET by mechanical or chemical recycling from waste [5–8].

PET mechanical recycling is a relatively simple and low investment, which provides an efficient method to resolve plastic pollution. Several studies have been conducted to investigate the effect of the chain extender or plastic resin on r-PET [9–11]. For instance, Mohammadreza et al. studied the r-PET blends with different content of chain extender and poly(butylene terephthalate) (PBT) to modify their thermal and mechanical properties [10]. However, the complexity and contamination of PET waste make mechanical recycling extremely challenging [12]. Moreover, mechanical recycling contains two types of degradation: degradation caused by reprocessing (thermal-mechanical degradation) and degradation during lifetime [13], limiting its feasibility, and led to weak properties and low-grade performance of PET.

On the contrary, chemical recycling provides an alternative recovery approach by depolymerizing the PET into well-defined monomer, oligomer, or other chemical substances as precursors to value-added productions for industrial and commercial applications [5,6,14,15]. Recently, Leng et al. depolymerize the r-PET to obtain PET derived additives, which can be combined with scrap tires to modify asphalt binders [16]. Scremin et al. successfully prepare the urethane adhesives based on PET’s chemical recycling [17]. Several methods to depolymerize PET for chemical recycling, such as alcoholysis, hydrolysis, ammonolysis, aminolysis, and hydrogenation [7]. In all solvolytic reactions, alcoholysis is the most common way to chemical recycling PET scrap without colorants or dyes nowadays [18,19]. The alcoholysis of PET in the presence of ethylene glycol (EG) leads to monomers (bis(2-hydroxyethyl) terephthalate, EG, and other PET glycosylate, etc. [20]. These compounds are utilized as reactants for the precursors in the synthesis of polyester derivative, e.g., thermoplastic polyester elastomer (TPEE). The synthesis of TPEE with terephthalate group is based on the polymerization of hard segment (PET, (poly(trimethylene terephthalate), and PBT) and soft segment (poly(ethylene glycol) and poly(tetramethylene glycol) (PTMG)). The most common commercial TPEE material is Hytrel (Dupont), which is composed of the hard segment of PBT and the soft segment of PTMG (PBT-block-PTMG) [21]. Moreover, the presence of PET as a hard segment (PET-block-PTMG) exhibit similar properties and have the same application as Hytrel. The phase separation and crystallization process of PET segments in the amorphous region of PTMG have been reported [22]. Recently, Paszkiewicz et al. incorporate cyclohexanedimethanol (CHDM) into PET-block-PTMG to investigate thermal and mechanical properties [23]. Thus, the modification with an amide bond to increase intermolecular forces and improve the thermal and mechanical properties of PET-block-PTMG has been investigated.

It is well-known that polyamides with hydrogen bonds possess excellent physical and thermal properties due to the interchain force [24]. Many research groups incorporate the amide group into polyester via chemical synthesis to form poly(ester amide) (PEA) copolymer [25–28]. The PEA, combine with the favorable properties of both polyesters and polyamides, has attracted a class of promising products. For instance, Gao et al. conjugate the amide bond into PET backbone to increase water and gas barrier properties thanks to the mutual attraction of intermolecular hydrogen force [29]. Winnacker et al. mention that PEA increases medical applications due to excellent mechanical properties and biodegradability [30]. All these reports reveal that introducing the amide bond into polyester to form PEA analogs may be an effective way to modify polyester’s thermal and mechanical behavior.

In this study, the introduction of 1,6-hexanediamine (HMDA) into PET-block-PTMG was developed to form thermoplastic poly(ester amide) elastomer (TPEaE) via an environmentally friendly procedure. The hard segment of TPEaE was prepared by alcoholysis of r-PET to obtain the low average polymerization number oligomers. The soft segment (PTMG) was added to gain chain flexibility. Then, the HMDA with an amino group forming hydrogen bonding was regarded as a functional group to increase intermolecular attractions. The structures and compositions were investigated using 1H NMR and FT-IR spectroscopy. The mechanical properties, crystallinity, and thermal properties were identified using the tensile test, XRD, DSC, and DMA.

2  Experimental Section

2.1 Materials and Method

2.1.1 Materials

Recycled poly(ethylene terephthalate) (r-PET, Hong-Sheng Green Wealth Co., Ltd, ChangHua, Taiwan). Ethylene glycol (EG, commercial-grade) was purchased from Emperor Chemical Co., Ltd. (Taipei, Taiwan). Poly(tetramethylene ether)glycol (PTMG, Mn~1000 g mol−1), 1,6-hexanediamine (HMDA, 98% purity), titanium(IV) butoxide (TBT, 97%), and trifluoroacetic acid-d (d-TFA, 99.5%) were purchased from Aldrich (Westport Center. Louis, United States). Phenol (97%) was purchased from the Aencore chemical (Whitehorse Road, Surrey Hills, Australia). 1,1,2,2-Tetrechloroethane (97%) was purchased from Showa Chemical Industry Co., Ltd. (Shimo-Meguro Meguro-Ku, Tokyo, Japan). CHINOX 1010 (98%) was purchased from Double Bonding Partnership (Taipei, Taiwan).

2.1.2 Synthesis of TPEE and TPEaE Copolymer

All the synthesizing process are shown in Scheme 1. The r-PET chip (420 g) and EG (20g, 0.322 mol) were charged into the stainless steel 2 L reactor to obtain PET oligomer (Scheme 1a). The reactor with the chemicals was heated to 275°C in an atmosphere of nitrogen for 2 h for depolymerization reaction. Then, the PTMG (180 g, 0.18 mol) and a different weight ratio of HMDA (0, 1, 3, and 5 wt%) were added into the reactor with 400 ppm of TBT as the catalyst and 1000 ppm of CHINOX 1010 as antioxidants for transesterification and amidation (Scheme 1b). After 1 h reaction time, the pressure was then carefully reduced (P < 30 mbar) for 30 min and then further reduce (P < 1 mbar) for 1.5–2 h to removed by-products for polycondensation. The stirring torque was recorded, and the reaction was finished when it reached approximately 1.2 times the reference value. The composition of the different samples was listed in Tab. 1. It was denoted as TPEE and TPEaE-n% (n = 1, 3, and 5), where TPEE stands for 0 wt% of HMDA in the copolymer, and 1, 3, and 5 stand for the weight ratio of HMDA in the copolymer.
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Scheme 1: (a) depolymerization of PET, (b) synthesis of TPEE, and TPEaE-n% copolymers

Table 1: Molecular characterization of TPEE and TPEaE-n% copolymers
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2.2 Characterization

2.2.1 Nuclear Magnetic Resonance (1H NMR) Spectroscopic Analysis

1H (300 MHz, Billerica, Massachusetts, US) NMR spectrometer was recorded on a Bruker. Each sample (5–10 mg) was dissolved in 1 mL of d-TFA, and the measurement was carried out with 16 scans at room temperature.

2.2.2 Infrared Spectroscopic Analysis

Fourier transform infrared (FT-IR) spectroscopy was recorded with a PerkinElmer spectrum One (Cinnaminson, New Jersey, USA) in attenuated total reflection (ATR) mode. The sample was analyzed at a resolution of 4 cm−1 with 16 scans over the wavenumber range of 650–4000 cm−1.

2.2.3 Differential Scanning Calorimetry

Thermal analysis of polymers was conducted using a PerkinElmer DSC 800 (Waltham, MA, USA). The sample (3–6 mg) was performed from room temperature to 300°C to erase thermal history and cooling scans with a heating rate of –10 °C min−1, than second heating scans with a heating rate of 10°C min−1 in the range 0 to 300°C. All measurements were carried out in a nitrogen atmosphere using aluminum pans.

2.2.4 Dynamic Mechanical Analysis

The viscoelastic properties of polymers were analyzed using a ThechMax DMS 6100 (Tokyo, Japan). The testing was made in compression mode at 200 mN with heating from –100 to 150°C at a heating rate of 10°C min−1 and a fixed frequency of 1 Hz.

2.2.5 Thermogravimetric Analysis

Thermal gravimetric analysis was carried out with 5–10 mg samples using STA 7200 HITACHI (Tokyo, Japan). The testing was performed from 50 to 600°C range at a heating rate of 10°C min−1 in a nitrogen atmosphere that was flowing at a rate of 50 ml min−1.

2.2.6 X-ray Diffraction (XRD)

The powder of the copolymers was prepared, and then the XRD pattern of the sample was recorded over 2θ angles from 10° to 35° using a Malvern Panalytical X’Pert3 powder diffractometer (Malvern, UK) with CuKα radiation at a scanning speed of 0.2° min−1.

2.2.7 Tensile Tests

Tensile tests were conducted using a Cometech (Taichung, Taiwan) QC-505M2F by ASTM638 type IV standard at a strain rate of 100 mm min−1. Dumb-bell shaped specimens with 3 × 6 mm2 cross-section were prepared using a HAAKE MiniJet injection molding machine (Thermo scientific). The sample was loading of powders within the cylinder at 250°C for 2 min. Then the pressure of 280 bar was applied to inject the sample into the mold. The as-obtained sample was drawn out from the mold until cooled to room temperature. The average value of all the data was obtained on five specimens.

2.2.8 Intrinsic Viscosity

Intrinsic viscosity (η) was determined using an Ubbelohde viscometer at 25°C in a phenol/1,1,2,2-tetrachloroethane (60/40, w/w) with a concentration of 0.1 dL g−1. To ensure that samples were dissolved entirely, each sample was maintained 80°C and cooled to room temperature. The following empirical equation was applied:
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where C was the concentration of solution; t0 is the pure solvent’s flow time, and t is the solution’s flow time.

3  Results and Discussion

3.1 Chemical Structure of Copolymers

The chemical structure of PET oligomer and TPEE and TPEaE-n% copolymers were characterized using 1H NMR and FT-IR. The value of the intrinsic viscosity of PET oligomer was 0.12 dL g−1. The result of 1H NMR and FT-IR for PET oligomer was presented in Fig. S1 and Fig. S2. The 1H NMR spectra of TPEE and TPEaE-n% (n = 1, 3, and 5) were shown in Fig. 1, and the chemical shifts were summarized in Tab. 2. Moreover, the composition in the polymer can be calculated from 1H NMR analysis, according to Eqs. (1) and (2). Where Ic, Ik, Ii, Ie, and Ib were the abbreviations of the integral intensities of chemical shift c, k, i, e, and b, respectively, and their molecular weight were 192 g mole−1 (–C8H4O2–OCH2CH2O–), 72 g mole−1 (–OCH2CH2CH2CH2–), 88 g mole−1 (–OCH2CH2CH2CH2O, 236 g mole−1 (–C8H4O2–OCH2CH2OCH2CH2O–), 244 g mole−1 (–C8H4O2–NHCH2CH2CH2CH2CH2CH2NH–), and the results were shown in Tab. 1.
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Figure 1: 1H NMR spectra of TPEE and TPEaE-n% copolymers

Table 2: the chemical shifts of TPEE and TPEaE-n% copolymers determined in 1H NMR
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Fig. 2 showed the FTIR spectra of TPEE and TPEaE-n% copolymers. The characteristic peaks of the benzene ring, such as C=C, were observed at 1578 cm−1. The strong absorption around 1715 cm−1 was attributed to the C=O of the ester group. The bond peaks around 1095 cm−1 and 1017 cm−1 belong to H-C-H and C-O of the ester group. The C-N and N-H absorption of amide group bonds were found at 1579 cm−1.
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Figure 2: (a) FT-IR spectra, and (b) details of FT-IR spectra in the region 1700 to 1500 cm−1 for TPEE and TPEaE-n% copolymers

3.2 Thermal Property of Copolymers

The TPEE and TPEaE-n% copolymers’ thermal behaviors were measured using DSC, and the results were shown in Tab. 3 and Fig. 3. As shown in Fig. 3, the melting temperature and fusion enthalpies of poly(ester amide)s were obtained from the first heating scans to erase thermal history and cooling scans with a heating rate of −10°C min−1, than second heating scans with a heating rate of 10°C min−1 in the range 0 to 300°C. Typically, the Tm values of PEA would be increased when the increment of uniform diamide content, suggesting the replacement of esters by amide residue, would lead to hydrogen bonding formation to increase Tm [32,33]. However, the Tm values decreased as the ratio of HMDA increased because of the diamide segment of uneven length for neat TPEE, destroying the regularity of chain order [34,35]. Besides, Gao et al. indicate the amide-bond units of the PEA structure facilitate its crystallization process during the cooling cycle due to the formation of crystal nuclei from amide units [29]. Thus, the crystallization temperature (Tc) shows the tendency of decline with the introduction of the HMDA in our study. The reason was inferred that even though the amide-bond might expedite the crystallization process, the diamide segment’s varying lengths disturb the crystallization zone (hard segment), leading to a decrease in the Tc value. The DSC peak becomes broader and less accurate with increasing the amide content, suggesting that the ester amide segment’s higher content possessed a wide variety of lamellar sizes and composition [34,35]. The viscoelastic mechanical properties of synthesized copolymers were using DMA. The Tg indicated the temperature at which the chain segments undergo co-ordinated molecular motions [36]. As seen in Fig. 4 and Tab. 3, the values of Tg was found to increase with increasing HMDA content from TPEE (−2.26°C) to TPEaE-5% (21.59°C) because the amide group could form a hydrogen bond, resulting in increasing intermolecular interaction and decreasing mobility of polymer chain [29,37]. Hibbs et al. revealed that adding the bis-ester diamide monomers into PET structure leads to an increase in Tg. The tendency to increment Tg was ascribed to hydrogen bonding or the increasing rigidity of the polymer backbone, which suppresses the polymer chain [38]. Gao et al. also observed incorporating 4 mol % content amide-bond unit to PET; Tg value was located in 8.1°C higher than that of virgin PET [29]. Our study also manifested that the high content amide-bond unit’s chain movement was more complicated than the TPEE.

Table 3: Thermal properties of TPEE and TPEaE-n% copolymers
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Figure 3: (a) DSC cooling trace from 300 to 0°C, and (b) second heating trace from 0 to 300°C for TPEE and TPEaE-n% copolymers
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Figure 4: Tan δ of TPEE and TPEaE-n% copolymers

The thermal decomposition of TPEE and TPEaE-n% copolymers at a weight loss of 5 % (Td-5%), the maximum rate of decomposition (Td-max), and the char yield at 600°C are presented in Fig. 5 and Tab. 4. Td-5% showed the tendency to increase slightly and then decreased as the amide content increasing. Thus, the Td-max showed the opposite trend of decreasing and then increased. Different decompositions could be inferred that the number of methylene groups of the HMDA has little influence on thermal decomposition [39,40]. Thus, the amide bond plays a positive role in thermal properties simultaneously [29].
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Figure 5: (a) TGA, and (b) derivative weight loss curves of TPEE and TPEaE-n% copolymers

Table 4: Thermal degradation properties of TPEE and TPEaE-n% copolymers
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3.3 XRD Analysis

The crystallization structures of synthesized polymers were investigated using WAXD analysis (λ = 0.154 nm), and the WAXD curves were presented in Fig. 6. The main diffraction peaks were observed at the 2θ values of 16.4°, 17.9°, 21.3°, 22.5°, 26.3°, and 32.9°, consistent with the crystalline reflection of PET [41,42]. Moreover, the copolymers’ crystallinity was calculated via WAXD (Tab. 3), and showed a similar melting enthalpy trend through DSC measurement (Tab. 3). Two independent and competing effects of the diamine structure on the crystallization of copolymers were expected: (1) the HMDA formed hydrogen bonding inducing crystallization ability [29,43], (2) the HMDA has the uneven length for neat TPEE structure, restricting the chain order and limiting crystallinity [34,35,43].
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Figure 6: X-ray patterns of TPEE and TPEaE-n% copolymers

3.4 Mechanical Properties of Copolymers

The tensile testing of TPEE and TPEaE-n% copolymers were conducted, and the results were tabulated in Tab. 5 and Fig. 7. The tensile strength and elongation at break were 24.1 to 16.2 MPa, and 563.9 to 314.1%. The tensile strength reminded stable; thus, the elongation at break decreased fiercely as increasing the amide content. Meanwhile, Young’s modulus showed the tendency of increment with the increasing content of the amide-bond unit. With an addition of 5 wt% amide-bond unit in TPEE, Young’s modulus was 1.61 times than that of virgin TPEE (62.6 vs. 38.9 MPa). Such decrement of elongation at break and growth of Young’s modulus has combined the influence of inter-chain force caused by the incorporation of amide-bond units [29].

Table 5: Mechanical properties of TPEE and TPEaE-n% copolymers
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Figure 7: Tensile strength curves of TPEE and TPEaE-n% copolymers

The mechanical and chemical recycling process always included thermal, physical, and hydrolytic degradation, which reduced its molecular weight, intrinsic viscosity and resulted in poor mechanical properties. For mechanical recycling, chain extension was an efficient way to improve recycling properties during extrusion processing [44,45]. The chain extender reacted with the PET end group to rejoin the polymer chain, leading to an increase in polymer molar mass and improved properties. For chemical recycling, crosslinker could link polymer chain by covalent bonding to enhance molar mass and entanglement [46,47]. In our study, as increasing amide content, the intrinsic viscosity (Tab. 1) increased from 0.53 dL g−1 in TPEE to 0.72 dL g−1 in TPEaE-5%. This is probably due to the influence of a reversible physical cross-linked effect by hydrogen bonding. The reversible physical cross-linked reinforced the interaction force and polar entangling between the polymer chain, increasing entanglement and molecular weight [29,48].

4  Conclusions

A series of TPEE and TPEaE-n % copolymers were synthesized via an environmentally friendly procedure. The precursor of TPEE and TPEaE-n % was obtained by alcoholysis of r-PET, which means the waste PET materials were successfully recycled into value-added products. The structure of each sample was investigated using 1H NMR and FT-IR analyses. As increasing amide content, Tm values showed a decreasing tendency due to the diamide segment of uneven length for neat TPEE, destroying the chain regularity. Tg values were tunable from –2.3 to 21.6°C by controlling the existence of HMDA. Young’s modulus of TPEaE-5% has 1.61 times higher than TPEE because the amide group forms amide-ester or amide-amide hydrogen bonding, leading to increasing intermolecular chain interactions. Moreover, it is worth mentioning that the reversible physical cross-linked hydrogen bonding reinforced the polymer chain's interaction force and entanglement to increase the intrinsic viscosity. In conclusion, this study provides a new approach to manage the r-PET from low-value waste to value-add products.
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Appendix
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Figure S1: 1H NMR spectra of PET and PET oligomer
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Figure S2: FT-IR spectra of PET and PET oligomer
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Figure S3: WAXD fitting results of (a) TPEE, (b) TPEaE-1%, (c) TPEaE-3%, and (d) TPEaE-5%
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Figure S4: Degree of crystallinity of TPEE and TPEaE-n% copolymers with different content of HMDA evaluated from the DSC data and WAXD data
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Sample Ty 504 (°C) Taomax (°C) Char yield at 600°C (%)
TPEE 375.0 415.6 10.2
TPEaE-1% 3777 407.8 10.5
TPEaE-3% 376.9 410.6 11.3
TPEaE-5% 375.6 414.8 11.6
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OEBPS/images/tab-3.png
Sample 1°* Cooling scan 2" heating scan Intrinsic viscosity® Crystallinity

T.(°C) AH,(J g") Tm (°C) AHn(Jg") T (°C) Il @L g ™) X %
TPEE 187.2  29.6 227.7 25.3 -2.3 0.53 27.8
TPEaE-1% 175.1 194 222.4 17.7 —6.1 0.69 21.2
TPEaE-3% 160.6 26.2 218.3 21.2 7.5 0.63 234
TPEaE-5% 157.1 259 200.8 19.0 21.6 0.72 n.a.

“T, was obtained by DMA in compression mode at a heating rate of 10 °C min".

intrinsic viscosity was measured using an Ubbelohde viscometer with phenol and 1,1,2,2-tetrachloroethane (60/40, w/w) at 25°C.
®degree of crystallinity of TPEE and TPEaE-n% copolymers were estimated from WAXD results. The method for the calculation of X, values was
given in the Figs. S3 and S4.
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Sample a b c d? f m k

TPEE 8.20 4.88 4.74 3.76 1.79
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“the diethylene glycol repeat unit was formed as a by-product from the etherification side reaction [31].
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Sample Feed PTMG® Calculated PTMG® Feed HMDA® Calculated HMDAY
(Wt %) (Wt %) (Wt %) (Wt %)

TPEE 30 274 0 0

TPEaE-1% 30 28.1 1 1.3

TPEaE-3% 30 26.4 3 2.5

TPEaE-5% 30 28.2 5 4.4

“weight percent of PTMG in PET + PTMG feed.

o

welght percent of HMDA in PET + PTMG feed.

dweight percent of HMDA units in TPEaE copolymers were calculated by Eq. (2).

weight percent of PTMG unit in TPEE and TPEaE copolymers were calculated by Eq. (1).





