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Abstract

:

Exclusive chemical conversions of polyesters [poly(ethylene adipate) (PEA), poly(butylene adipate) (PBA), poly(ethylene terephthalate) (PET), poly(butylene terephthalate) (PBT)] to the corresponding monomers (diethyl adipate, diethyl terephthalate, ethylene glycol, 1,4-butane diol) by transesterification with ethanol using Cp’TiCl3 (Cp’ = Cp, Cp*) catalyst have been demonstrated. The present acid-base-free depolymerizations by Cp’TiCl3 exhibited completed conversions (>99%) of PET, PBT to afford diethyl terephthalate and ethylene glycol or 1,4-butane diol exclusively (selectivity >99%) without formation of any other by-products in the NMR spectra (150–170 °C, Ti 1.0, or 2.0 mol%). The resultant reaction mixture after the depolymerization of PBA with ethanol via the CpTiCl3 catalyst (1.0 mol%, 150 °C, 3 h), consisting of diethyl adipate and 1,4-butane diol, was heated at 150 °C in vacuo for 24 h to afford high molecular weight recycled PBA with unimodal molecular weight distribution (Mn = 11,800, Mw/Mn = 1.6), strongly demonstrating a possibility of one-pot (acid-base-free) closed-loop chemical recycling.
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1. Introduction


The chemical conversion of plastic waste to monomers (chemical recycling) or value-added fine chemicals (upcycling) is considered an important subject concerning establishing the circular economy [1,2,3,4]. Recently, there have thus been many reports related to the topic of the chemical recycling of (aliphatic) polyesters [5,6,7,8,9]. Poly(ethylene terephthalate) (PET), one of the major commodity plastics, has been reused by mechanical recycling through the collection, sorting, cleaning, melting, and re-processing of transparent bottles. However, due to the limitation of supplying high-quality recycled resin as well as the strong demand to use more recycled resin in the long term, the importance of chemical recycling, where PET waste is depolymerized to monomers and purified into resin equivalent to the original one initially derived (produced) from petroleum, has been emphasized more recently [1,2,3,4,5,6,7,10,11,12]. There have been many studies concerning the depolymerization of (aliphatic) polyesters [5,6,7,8,9,10,11,12], including PET [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]. Most methods required harsh conditions (high temperature, pressure) and/or excess base, acids, and/or inorganic salts [10,11,12]. For example, PET was treated with ethylene glycol (called glycolysis) in the presence of a catalyst system of Zn(OAc)2—Na2CO3 (at 196 °C) [19] or Zn(OAc)2—1,3-dimethylurea (at 190 °C) [24], or a certain combination of acids and base (5 mol%, 180 °C) [25] to afford bis(hydroxyethyl) terephthalate (BHET). In another approach, PET was treated with n-butanol in the presence of [HO3S-(CH2)3-NEt3]Cl–ZnCl2 at 205 °C [23] or treated with methanol (called methanolysis) under high temperature (e.g., 280–310 °C) and high-pressure conditions (ca. 4 MPa, the addition of K2CO3 reduced the harsh conditions) [9,10,11,12]. Therefore, studies on the development of the “acid-base-free efficient catalytic chemical recycling to monomers (depolymerization of polyesters) under mild conditions” has been considered as one of the key subjects for the purpose [1,2,3,4,5,6,7,8,9,10,11,12]. The achievement should contribute to developing better environmentally benign chemical recycling and the circular economy.



Our laboratory focused on using the efficient transesterification catalysts of aliphatic fatty acid esters (FAEs, Scheme 1) for the depolymerization (transesterification) of polyesters by treating them with alcohol. We recently communicated that Cp’TiCl3 (Cp’ = Cp, Cp*), which enabled the efficient transesterification of FAEs (methyl-10-undecenoate as a model compound) with various alcohols, depolymerized poly(ethylene adipate) (PEA) and poly(butylene adipate) (PBA) via transesterification with alcohols (ethanol, cyclohexane methanol) to afford the corresponding monomers exclusively (Scheme 1, >99% conversion, >99% selectivity) [31]. Moreover, CaO, a known catalyst for the transesterification of plant oils (triglycerides) with ethanol [32], was also an effective catalyst for the depolymerization of PEA and PBA with alcohols [33] and La(acac)3 (acac = acetylacetonato) also depolymerized PET by treating it with methanol at 150 °C [30].



In this paper, we present more results regarding the Cp’TiCl3 catalyzed transesterification (depolymerization) of PEA, PBA with ethanol and the results of that method applied to depolymerization of PET (one of the commodity polyesters, pellet and sheet by cutting the drink bottle) and PBT with ethanol (Scheme 2). The efforts should introduce the utilization of this simple (acid-base-free) catalytic chemical recycling of polyesters through simply mixing polymers and alcohols upon heating to convert monomers with exclusive selectivity [34]. Moreover, a possibility of one-pot re-preparation of polyester (PBA), closed-loop one-pot chemical recycling, has been demonstrated by subsequent condensation polymerization by removing ethanol in vacuo [34].




2. Results and Discussion


2.1. Transesterification (Depolymerization) of Poly(Ethylene Adipate) (PEA) and Poly(Butylene Adipate) (PBA) with Ethanol


Depolymerizations (transesterifications) of PEA (500 mg scale, commercially available sample from Sigma-Aldrich, Mw = 10,000) with ethanol (5.0 mL) were conducted in the presence of CpTiCl3 [Cp’ = Cp, Cp* (C5Me5)], in a sealed reaction tube [35], according to the previous report [31]. As shown in Figure 1a, the 13C NMR spectrum (in CDCl3 at 25 °C) for the mixture after the reaction (obtained by removing ethanol under reduced pressure) at 120 °C for 24 h (CpTiCl3 1.0 mol% based on monomer repeat unit) showed that resonances ascribed to PEA disappeared and the corresponding resonances ascribed to diethyl adipate (DEA) and ethylene glycol (EG) were observed without any other remarkable by-products [31]. Moreover, only DEA and EG were observed on the GC chart [31]. The results conducted at 150 °C are summarized in Table 1. As also communicated previously [31], a similar NMR spectrum (Figure 1b) was observed from the reaction mixture after 3 h (run 2), and the GC yield of DEA was >99%; no other peaks ascribed to the by-products were observed on the GC chart [31]. The conversion of PEA to DEA may not be completed after 3 h (run 1), although no significant differences were observed in the 13C NMR spectra of the reaction mixture between (runs 1 and 2, with complete conversion of PEA). The depolymerization with ethanol was also completed with low catalyst loading (CpTiCl3 0.5 mol%) after 6 h (run 3). The reaction with Cp*TiCl3 showed similar catalyst performances (runs 4, 5), whereas the GC yield after the reaction with low catalyst loading (Cp*TiCl3 0.5 mol%, run 6) seemed rather low compared to that conducted with CpTiCl3 (run 3). The results could thus suggest that CpTiCl3 is more suited as the catalyst rather than Cp*TiCl3.



The reactions with PBA (500 mg scale, commercially available sample from Sigma-Aldrich, Mw = 12,000) instead of PEA were also conducted, and the results at 150 °C are summarized in Table 1. As observed in the reaction of PEA, the 13C NMR spectrum for the mixture after the reaction (obtained by removing ethanol under reduced pressure) at 120 °C for 24 h (CpTiCl3 1.0 mol%) showed that resonances ascribed to PBA clearly disappeared, and the corresponding resonances ascribed to DEA and 1,4-butane diol (BD) were solely observed without any other by-products (Figure 2a); only DEA and BD were observed on the GC chart [31]. Moreover, as shown in Figure 2b, a similar NMR spectrum was observed from the reaction mixture when the reaction was conducted at 150 °C for 3 h (run 7), and GC yield was higher than 99% [31]. It seems that the conversion of PBA to DEA may not be reached completion when the reaction was conducted with low catalyst loading (CpTiCl3 0.5 mol%, run 8), although no significant differences were observed in the 13C NMR spectrum of the reaction mixture (with complete conversion of PBA). As observed in the reactions with PEA, Cp*TiCl3 showed rather low catalyst performances under the same conditions (runs 9–11, Table 1).




2.2. Transesterification (Depolymerization) of Poly(Ethylene Terephthalate) (PET) and Poly(Butylene Terephthalate) (PBT) with Ethanol


PET pellet (commercially available resin, IV = 0.80 ± 0.02 dL/g) and sheets prepared by cutting the used drink bottle (Figure 3) were used for the depolymerization via transesterification with ethanol. The resultant reaction mixture after 170 °C for 24 h (CpTiCl3 2.0 mol%, PET pellet 500 mg, EtOH 5.0 mL, run 15) showed a clear solution, and, as shown in Figure 4, both 1H and 13C NMR spectra (in CDCl3 at 25 °C) showed resonances ascribed to diethyl terephthalate (DET) and EG and no additional resonances ascribed to the by-products were seen. Only DEP and EG were also observed in the GC chart, as expected from the results of PEA and PBA. The result thus suggests that the present catalyst is also effective for acid-base-free depolymerization of PET. The results (with pellet) conducted under various conditions are summarized in Table 2.



Figure 5a shows the 13C NMR spectrum (in CDCl3) for the reaction mixture (obtained by removing ethanol under reduced pressure) in the transesterification of PET at 150 °C for 24 h (CpTiCl3 0.5 mol%, run 12). As observed in Figure 4, the spectrum consisted of resonances ascribed to DET and EG, and other resonances ascribed to the by-products were not seen, although the GC yield (vs. internal standard) was somewhat low (84%). The GC yield, however, seemed slightly increasing when the reaction was conducted with 1.0 mol% of CpTiCl3. The exclusive conversions of PET and yields of DET were achieved when these reactions were conducted at 160 and 170 °C (runs 14 and 15). Moreover, the reaction with PET sheets (Figure 3c) prepared by cutting the used drink bottle was also conducted at 170 °C for 24 h (run 16), affording DET and EG exclusively (93% isolated yield). The reaction mixture showed a clear, viscous liquid (photo in Figure 5b), and the 13C NMR spectrum only showed the resonances ascribed to DET and EG. The result thus clearly indicates no significant differences in the catalyst performances between the PET pellet and the sheets from the used drink bottle (run 15 vs. run 16), strongly suggesting that the present catalyst system can be applied to conventional PET resin.



The results in the presence of Cp*TiCl3 conducted under similar conditions are also summarized in Table 2 (runs 17–21). As observed in the reaction by CpTiCl3, the complete conversions of PET were achieved even at 150 °C (run 17), although the GC yield was somewhat low compared to those conducted at 160 °C (run 19) and 170 °C (run 20) with higher Ti loading (2.0 mol%). The reaction with the PET sheets (prepared from the used bottle) also proceeded at 170 °C to afford both DET and EG exclusively (97% isolated yield, run 21). The resultant reaction mixture showed the pale yellow viscous liquid (photo in Figure 6, probably due to contamination of residual species formed from Cp*TiCl3), and both the 1H and the 13C NMR spectra showed that resonances ascribed to DET and EG were observed without resonances ascribed to the by-products.



The transesterifications (depolymerizations) of the PBT pellet (Figure 3b, commercially available resin, Mn = 32,000) with ethanol were also conducted under similar conditions. As shown in Figure 7a,b, the NMR spectra after the reaction (170 °C, 24 h) showed resonances ascribed to DET and BD exclusively, and the other resonances were not observed. Moreover, the 13C NMR spectrum of the reaction mixture conducted at 150 °C showed similar to those conducted at 170 °C (Figure 7c). In both cases, the GC charts showed the two products (DET and BD) solely. Although the GC yields of DET were ca. 80% (79, 82%, at 150 °C and 170 °C, respectively), this could be refined after isolation of the DET and/or another analysis method. These results also indicate that Cp’TiCl3 enabled the depolymerization of PBT by transesterification with ethanol.




2.3. One-Pot Synthesis of Poly(Butylene Adipate) by Condensation Polymerization from the Depolymerization Reaction Mixture


The resultant reaction mixture after the transesterification of PBA with ethanol should remain titanium alkoxide species derived from CpTiCl3 [31]; the mixture consisting of DEA and BD was heated in vacuo to proceed with the condensation polymerization with the removal of ethanol accompanied at 150 °C (Scheme 3). Certain titanium alkoxides, like Ti(OiPr)4, were used for condensation polymerization of the synthesis of polyesters [9]. After the reaction, the resultant highly viscous liquid (solid) was washed with methanol to collect as the white precipitates. The resultant PBA possessed high molecular weight with unimodal molecular weight distribution (Mn = 11,800, Mw/Mn = 1.6). The result demonstrates a possibility of the one-pot closed-loop chemical recycling (one-pot depolymerization and re-condensation polymerization) in the presence of titanium catalyst and ethanol.





3. Concluding Remarks


We have shown that Cp’TiCl3 (Cp’ = Cp, Cp*) enabled acid-base-free depolymerizations of a series of polyesters (PEA, PBA, PET, PBT) with ethanol by transesterification under rather mild conditions. These acid-base-free catalytic reactions proceeded to afford monomers (DEA, DET, EG, BD) with exclusive selectivity without any other by-products observed in both NMR spectra and GC charts. At this moment, it is not clear the reason for the rather low yields conducted at low temperatures (or terminated at the initial stage); one simple assumption is that these polymers were depolymerized to oligomer mixtures and converted to monomers eventually. The present simple, clean depolymerization methods should provide a new possibility for efficient chemical recycling of polyesters. Moreover, the one-pot closed-loop chemical recycling (one-pot depolymerization and re-condensation polymerization) should also provide another new possibility of chemical recycling and upcycling, a new methodology of depolymerization of plastic waste and subsequent condensation to afford new polyesters in the same catalysis.




4. Materials and Methods


All experiments were conducted under a nitrogen atmosphere using a glove box. Poly(ethylene adipate) (PEA, Mw ~ 10,000, Sigma-Aldrich Japan K.K., Tokyo, Japan), poly(1,4-butylene adipate) (PBA, Mw ~ 12,000, Sigma-Aldrich Japan K.K., Tokyo, Japan), ethanol (>99.5%, Kanto Chemical Co., Inc., Tokyo, Japan), and CpTiCl3 and Cp*TiCl3 (Tokyo Chemical Industry, Co., Ltd., Tokyo, Japan) were used as received. Poly(ethylene terephthalate (PET) resin (as pellet shown in Figure 3a, IV = 0.80 ± 0.02 dL/g) and poly(butylene terephthalate (PBT) resin (as pellet shown in Figure 3b, Mn = 32,000) were received from companies (by donation for research purpose). PET sheets (Figure 3c) were prepared by cutting the PET drink bottle. All NMR spectra (in CDCl3 at 25 °C) were acquired on a Bruker AV500 spectrometer (500.13 MHz for 1H, 125.77 MHz for 13C, Bruker Japan Com., Tokyo, Japan) using SiMe4 as the reference at 0.00 ppm (chemical shifts were reported in parts per million). The GC analysis used a Shimadzu gas chromatograph (GC-2014, Shimadzu Corp., Tokyo, Japan) equipped with a flame ionization detector (FID) through nitrogen as a carrier gas. Conditions are as follows (DB-1MS column, 30 m × 0.250 mm × 0.25 μm): column temp, 80 °C (4 min) followed by increasing up to 320 °C (20 °C/min) [injection 300 °C, flow (column) 1.71 mL/min]. Typical conditions and charts (exemplified in the depolymerization of PEA, PBA) in the depolymerization experiments are shown in the previous reports, supporting information [31,33].



General procedure for the transesterification of poly(ethylene adipate) (PEA), poly(butylene adipate) (PBA). An oven-dried reaction apparatus (15.0 mL scale screw cap) was charged with the prescribed amount of CpTiCl3, 200 mg (or 500 mg) of PEA or PBA, and 2.0 mL (or 5.0 mL) of ethanol under a nitrogen atmosphere. The reaction mixture was stirred at 120 °C or 150 °C using an alumina bath (sealed tube). After completion of the reaction, the mixture was cooled to room temperature and washed with CHCl3 (ca. 3 mL). The solution was then analyzed by GC to estimate the yield (quantitative analysis using a calibration curve vs. internal standard). Samples for 13C NMR spectra were prepared by removing volatiles (CHCl3, ethanol, etc.) in vacuo, and the remained solution was dissolved in CDCl3. Transesterification of poly(ethylene terephthalate) (PET), poly(butylene terephthalate) (PBT) was conducted under similar conditions to those in the transesterification (depolymerization) of PEA, PBA with ethanol, except that PET, PBT were used.
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Scheme 1. Acid-base-free catalytic transesterification of methyl-1-undecenoate and poly(ethylene adipate) (PEA), poly(butylene adipate) (PBA) with alcohol [30]. 
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Scheme 2. Depolymerization of polyesters (PEA, PBA, PET, PBT) by transesterification with ethanol. 
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Figure 1. 13C NMR spectra (in CDCl3 at 25 °C) for transesterification of poly(ethylene adipate) (PEA) with ethanol by CpTiCl3 (1.0 mol%). Conditions: (a) CpTiCl3, 120 °C 24 h, (b) Cp*TiCl3, 150 °C 6 h (run 2). 
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Figure 2. 13C NMR spectra (in CDCl3 at 25 °C) for transesterification of poly(butylene adipate) (PBA) with ethanol by CpTiCl3 (1.0 mol%). Conditions: (a) 120 °C 24 h, (b) 150 °C 3 h (run 7). 
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Figure 3. Samples for commercially available (a) poly(ethylene terephthalate) (PET), (b) poly(butylene phthalate) (PBT) pellets, and (c) PET sheets by cutting the drink PET bottle. 
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Figure 4. 13C (up) and 1H (bottom) NMR spectra (in CDCl3 at 25 °C) for the reaction mixture of transesterification of PET with ethanol by CpTiCl3 (2.0 mol%). Conditions: PET 500 mg, ethanol 5.0 mL, 170 °C, 24 h (run 15). 
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Figure 5. 13C NMR spectra (in CDCl3 at 25 °C) for transesterification of PET with ethanol by CpTiCl3. Conditions: (a) PET pellet 500 mg, ethanol 5.0 mL, CpTiCl3 (0.5 mol%), 150 °C, 24 h (run 12). (b) PET sheets (from the drinking bottle) 500 mg, ethanol 5.0 mL, CpTiCl3 (2.0 mol%), 170 °C, 24 h (run 16). 






Figure 5. 13C NMR spectra (in CDCl3 at 25 °C) for transesterification of PET with ethanol by CpTiCl3. Conditions: (a) PET pellet 500 mg, ethanol 5.0 mL, CpTiCl3 (0.5 mol%), 150 °C, 24 h (run 12). (b) PET sheets (from the drinking bottle) 500 mg, ethanol 5.0 mL, CpTiCl3 (2.0 mol%), 170 °C, 24 h (run 16).
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Figure 6. NMR spectra (in CDCl3 at 25 °C) for transesterification of PET with ethanol by Cp*TiCl3 (2.0 mol%). Conditions: PET sheets (from the bottle) 500 mg, ethanol 5.0 mL, 170 °C, 24 h (run 21). 
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Figure 7. NMR spectra (in CDCl3 at 25 °C) for transesterification of PBT with ethanol by CpTiCl3 (2.0 mol%). Conditions: PBT 500 mg, ethanol 5.0 mL, (a,b) 170 °C, 24 h; (c) 150 °C, 24 h. 
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Scheme 3. Closed-loop chemical recycling (one-pot depolymerization and re-condensation polymerization) of PBA by one-pot depolymerization/re-polycondensation. 
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Table 1. Depolymerization (transesterification) of poly(ethylene adipate) (PEA), poly(butylene adipate) (PBA) with ethanol by Cp’TiCl3 (Cp’ = Cp, Cp*) at 150 °C 1.






Table 1. Depolymerization (transesterification) of poly(ethylene adipate) (PEA), poly(butylene adipate) (PBA) with ethanol by Cp’TiCl3 (Cp’ = Cp, Cp*) at 150 °C 1.





	Run
	Catalyst (mol%)
	Polymer
	Time/h
	Conv. 2/%
	Yield 3/%





	1
	CpTiCl3 (1.0)
	PEA
	3
	>99
	88



	2
	CpTiCl3 (1.0)
	PEA
	6
	>99
	>99



	3
	CpTiCl3 (0.5)
	PEA
	6
	>99
	>99



	4
	Cp*TiCl3 (1.0)
	PEA
	3
	>99
	85



	5
	Cp*TiCl3 (1.0)
	PEA
	6
	>99
	>99



	6
	Cp*TiCl3 (0.5)
	PEA
	6
	>99
	89



	7
	CpTiCl3 (1.0)
	PBA
	3
	>99
	>99



	8
	CpTiCl3 (0.5)
	PBA
	3
	>99
	83



	9
	Cp*TiCl3 (1.0)
	PBA
	6
	>99
	78



	10
	Cp*TiCl3 (1.0)
	PBA
	18
	>99
	83



	11
	Cp*TiCl3 (0.5)
	PBA
	18
	>99
	83







1 Conditions: poly(ethylene adipate) (PEA) or poly(butylene adipate) (PBA) 500 mg, ethanol 5.0 mL, 150 °C. 2 Estimated by 13C NMR spectra. 3 From GC yield (DEA) vs. internal standard.
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Table 2. Depolymerization of PET with ethanol by Cp’TiCl3 (Cp’ = Cp, Cp*) 1.






Table 2. Depolymerization of PET with ethanol by Cp’TiCl3 (Cp’ = Cp, Cp*) 1.





	Run
	Catalyst (mol%)
	Temp./°C
	Conv. 2/%
	Yield 3/%





	12
	CpTiCl3 (0.5)
	150
	>99
	84



	13
	CpTiCl3 (1.0)
	150
	>99
	92



	14
	CpTiCl3 (2.0)
	160
	>99
	>99



	15
	CpTiCl3 (2.0)
	170
	>99
	>99



	16 4
	CpTiCl3 (2.0)
	170
	>99
	93 4



	17
	Cp*TiCl3 (0.5)
	150
	>99
	82



	18
	Cp*TiCl3 (1.0)
	150
	>99
	94



	19
	Cp*TiCl3 (2.0)
	160
	>99
	98



	20
	Cp*TiCl3 (2.0)
	170
	>99
	>99



	21 4
	Cp*TiCl3 (2.0)
	170
	>99
	97 4







1 Conditions: poly(ethylene terephthalate) (PET) pellet 500 mg, ethanol 5.0 mL, 24 h. 2 Estimated by 13C NMR spectra. 3 GC yield vs. internal standard. 4 PET sheets prepared by cutting the bottle (Figure 3c) were used instead of the pellet and the isolated yields.
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