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Plastic recycling is a promising yet challenging approach to addressing the 

accumulation of plastic pollution. Here, Xie et al. report a tertiary amine catalyst 

that selectively upcycles polyester into monomers or derivatives from waste plastic 

mixtures, providing an efficient chemical sorting strategy as an alternative to 

traditional mechanical recycling. 
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SUMMARY 

Recycling diverse waste plastics poses challenges due to complex 

sorting and processing, resulting in high costs and inefficiency. To 

tackle this, we present a metal-free catalytic sorting method for tar- 

geted deconstruction of polyester from post-consumer plastic 

waste, encompassing textiles, plastic mixtures, and multilayer pack- 

aging materials. This method employs N-methylpiperidine, a ter- 

tiary amine catalyst in methanol, to depolymerize polyethylene tere- 

phthalate (PET). Operating under these conditions (160oC, 1 h), we 

achieve 100% yields of dimethyl terephthalate and ethylene glycol. 

This technique also effectively breaks down other polyesters, 

including polylactic acid, polycarbonate, and polybutylene tere- 

phthalate, yielding high-yield monomers at relatively low tempera- 

tures. Through comprehensive nuclear magnetic resonance (NMR) 

analysis, we propose that N-methylpiperidine’s role is in enhancing 

methanol nucleophilicity and activating PET’s ester bond. Our in- 

sights advance the chemical recycling of post-consumer plastic 

waste, offering a potentially simple and efficient path to closing 

the polyester production loop. 

 

INTRODUCTION 

Environmental concerns over accumulating plastic waste have heightened due to 

the enduring nature of most plastics, which can last in the environment for cen- 

turies.1,2 Plastic recycling is vital for tackling this problem and facilitating the transi- 

tion toward a circular economy and sustainable development. Various methods, 

such as mechanical recycling,3 chemical recycling,4 and biodegradation,5,6 have 

been explored to achieve plastic recycling. 

 
Mechanical recycling can lead to plastic downcycling or recombination into low- 

value products, primarily due to sorting limitations. Chemical recycling of plastic 

waste has gained attention, including processes like the tandem catalytic process 

by Scott et al. for polyethylene (PE) conversion to alkyl aromatics,7 Hartwig et al.’s 

proposal of PE deconstruction into propylene,8 and Huang et al.’s ultrasmall amor- 

phous zirconia nanoparticles for polyolefin hydrogenolysis.9 Our prior research 

showcased high-yield PE conversion to liquid fuel using the Ru/C catalyst.10 Poly- 

ester chemical recycling approaches include hydrolysis,11 alcoholysis,12,13 glycol- 

ysis,14–16 aminolysis,17,18 and pyrolysis,19,20 breaking down polyesters into mono- 

mers or value-added chemicals. Examples include polylactic acid upcycling 

catalyzed by quaternary ammonium fluoride,21 aminolysis of polyesters with anilines 

catalyzed by lactate anion,22 polylactic acid conversion into methyl methacrylate via 

a  two-step  catalytic  process,23  and  polyethylene  terephthalate  (PET)  and 
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polybutylene terephthalate (PBT) waste conversion using the CuNa/SiO2 catalyst.24 

Notably, Niu et al.’s binuclear zinc catalyst enabled polyester depolymerization.25 

However, current methods often require clean plastic feedstock, and involve harsh 

conditions, costly catalysts, and low product yields. Thus, a robust, efficient chemical 

recycling approach is needed to process mixed plastic waste. 

 
Polyesters, valued for their cost efficiency, versatility, and durability, have pervasive 

use in everyday life.26 Among them, PET finds applications in textile fibers, bottles, 

and packaging.27 While PET has undergone extensive mechanical recycling, this 

method tends to degrade rPET (recycled PET) quality, and rPET remains relatively 

costly compared to producing new plastic from raw materials. In contrast, chemical 

recycling of polyesters can yield purified monomers that facilitate the production of 

virgin-like plastics. For instance, polyester can be converted to monomers via meth- 

anolysis catalyzed by transesterification catalysts such as zinc acetate, operating in 

either acidic or basic environments, although catalyst efficiency is currently 

limited.28 Similarly, other organocatalysts, depending on their protonation state, 

can act as bases or acids due to their diverse chemical structures.29–32 In polyester 

aminolysis, primary and secondary amines, with active hydrogen in their amino 

groups, can undergo nucleophilic substitution with polyester monomers to produce 

diamides.33 Conversely, tertiary amines, characterized by a nitrogen atom linked to 

three alkyl or aryl substituents, serve as stable base catalysts that enhance transes- 

terification while suppressing aminolysis.34 Adjusting the Lewis basicity of tertiary 

amines is possible through functional group modification and steric hindrance. Ter- 

tiary amines, being volatile and easily separable, offer a more promising avenue for 

depolymerizing polyesters into monomers due to their distinct structures and prop- 

erties when compared to traditional metal catalysts.35,36 

 
In this study, we employed a variety of tertiary amine catalysts, which were distin- 

guished by unique structures and basicity, to facilitate PET depolymerization 

through methanolysis. Notably, our results underscore the exceptional efficacy of 

N-methylpiperidine (NMP) as a catalyst, driving PET depolymerization with remark- 

able efficacy. Moreover, our inquiry extended to other polyesters, encompassing 

polylactic acid (PLA), polycarbonate (PC), and PBT, yielding impressive monomer 

or derivative yields. Particularly significant is our successful recycling of post-con- 

sumer PET derived from textiles, mixed plastic waste, and multilayer packaging ma- 

terials, yielding substantial monomer yields (>90%). To deepen our understanding, 

we meticulously unraveled the PET depolymerization reaction mechanism using in 

situ magic-angle spinning (MAS) nuclear magnetic resonance (NMR) characteriza- 

tions coupled with ab initio molecular dynamics (AIMD) calculations. 

 

RESULTS AND DISCUSSION 

Catalytic performance 

PET decomposition reactions were conducted in a methanol solution at 160oC under 

1 bar of nitrogen atmosphere. The catalytic performances of four types of tertiary 

amines were evaluated, including (1) linear amines: triethylamine and tripropyl- 

amine; (2) cyclic amines: NMP and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU); (3) ar- 

omatic amines: N,N-dimethylaniline and 4,N,N-trimethylaniline; and (4) diamines: 

N,N,N0,N0-tetramethyl-1,3-propanediamine, N,N,N0,N0-tetramethylethylenedi- 

amine, and N,N,N0,N0-tetraethylethylenediamine (Figure 1A). The main products 

of PET methanolysis are dimethyl terephthalate (DMT) and ethylene glycol (EG) (Fig- 

ure 1B). Here, tertiary amines also act as co-solvents. The decomposition perfor- 

mances with and without tertiary amine catalysts for methanolysis of PET are listed 
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Figure 1. Catalytic performance for decomposition of PET with tertiary amines 

(A) The chemical structural formulas of various tertiary amines. 

(B) Reaction scheme of PET methanolysis reaction. 

(C) Screening of tertiary amine catalyst for PET methanolysis reaction. Reaction conditions: 0.1 g of PET, 20 mL of 0.20 M tertiary amine in methanol 

solution, 160oC, 1 h, 700 rpm. 

(D) Correlation between the pKa of the tertiary amine catalyst and the yield of DMT for methanolysis of PET. 

(E–G) The effects of (E) temperature, (F) reaction time, and (G) PET loading amount on the DMT and EG yields of PET methanolysis with the NMP catalyst. 

 

in Figure 1C and Table S1. Firstly, it is demonstrated that 13.1% of DMT and 12.0% of 

EG yields were obtained in the absence of any catalyst at 160oC for 1 h (yield calcu- 

lation, please see the supplemental information). Notably, among all the tertiary 

amine catalysts tested, 100% of DMT and EG yields were obtained over the NMP 

catalyst. The DMT and EG yields are comparable to those with zinc(II) acetate cata- 

lyst and microwave heating at the same reaction temperature.36 Various tertiary 

amines show a significant difference in yield of products. In order to elucidate the 

correlation between properties of tertiary amines and performance of PET metha- 

nolysis, the basicity of tertiary amine was quantified by pKa value (Table S2), which 

was calculated by the AIMD method. In terms of DMT yield, the efficiency of a ter- 

tiary amine catalyst in depolymerizing PET was correlated well to its basicity, except 

for the DBU catalyst, as shown in Figure 1D. When DBU was used as catalyst, the 

yield of DMT was only 3.1%, whereas the yield of EG was up to 83.3%. The high yield 

of EG indicated that the activity of PET decomposition was also high, which was also 

in line with the trend between basicity (pKa) and performance. It is attributed to the 

decomposition of DBU as the temperature reaches 140oC. The exposed N atom in 

the DBU derivatives can react with terephthalate through amidation, leading to 

the low yield of DMT, and the possible byproducts are listed in Figure S1. A higher 

yield of DMT was obtained with a weaker basicity of tertiary amine catalyst. Hence, 

the structural thermal stability and basicity of tertiary determined the catalytic per- 

formance of PET depolymerization. 

 
The effect of reaction conditions on the catalytic performance of NMP was also inves- 

tigated (Figures 1E–1G). The yields of DMT and EG were highly dependent upon the 

reaction temperature. A negligible reaction occurred at 120oC. Increasing the tem- 

perature to 160oC, the yields of DMT and EG reached 100%. Besides, the DMT and 

EG yields proportionally increased while increasing the reaction time, and it only 

took 1 h to complete the PET depolymerization. When increasing the PET loading 

amount from 5 to 25 g/L, the yields of DMT and EG still keep at 100%. The NMP cata- 

lyst was subjected to successive reaction cycles at 160oC for 30 min to evaluate its 

stability. It was found that both DMT and EG yields were maintained at ~50% during 

five reaction cycles (Figure S2). The NMP-catalyzed PET methanolysis process ex- 

hibited efficiency and stability, supporting its potential for scalability. 

 
Due to the high efficiency of NMP for the catalytic deconstruction of PET, in the sub- 

sequent experiments, we extended this chemical recycling strategy to deconstruct 

other polyesters, including PLA, PC, and PBT. The catalytic performances of various 

polyesters using an NMP catalyst in the methanol solution are shown in Figure 2. 

Herein, the PLAs 4043D, 6060D, 6202D, and 2500HP were deconstructed into 

methyl lactate with >90% yields at 100oC, which are significantly higher than that 

in the absence of the NMP catalyst (Figures 2A and S3). For the decomposition of 

PC, a nearly 100% yield of bisphenol A was obtained at 120oC, much lower than a 

catalyst-free system (Figures 2B and S4). In terms of PBT (Figure 2C), the structure 

of PBT is similar but more resilient to alkali treatment than PET. It can achieve 

100% of the DMT yield and 95.0% of the 1,4-butanediol yield at 160oC in an 

NMP-methanol system for PBT decomposition. The results indicated that all the 
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Figure 2. Decomposition of different polyesters with NMP catalyst under different temperatures in methanol solution 

(A) Polylactic acid. 

(B) Polycarbonate. 

(C) Polybutylene terephthalate. 

Reaction conditions: 0.1 g of polyester feedstock, 20 mL of 0.20 M NMP in methanol solution, 1 h, 700 rpm. 

 
above polyesters could be efficiently deconstructed into monomers under a lower 

temperature in the presence of the NMP catalyst. 

 
The chemical recycling/upcycling methods presented in the literature often assume 

that a single source of PET is readily accessible.37 However, most post-consumer 

waste PET is mixed with other polymers and has other contamination, such as 

dyes. The cost is still high to sort PET from plastic waste. For example, the separation 

of PLA and PET is challenging due to their similar density and property. The PLA can 

contaminate the PET waste stream, resulting in poor recovery and a high cost of sep- 

aration. The depolymerization temperatures for PET and PLA are different. We 

developed a sequential catalytic process for PLA and PET decomposition to depo- 

lymerize them using the NMP catalyst under different temperatures. The yields to 

methyl lactate, DMT, and EG were about 100%, as shown in Figure 3A. Additionally, 

selectively recycling PET in the waste plastic mixture containing various polymer 

components such as polyolefins and polyamide is challenging. To demonstrate 

the selective deconstruction of PET in plastic mixtures using the NMP catalyst, 

PET mixed with PE, polypropylene (PP), polystyrene (PS), and nylon 6 was used as 

feedstocks to deconstruct the methanol solution at 160oC for 1 h. As shown in Fig- 

ure 3B, the yields of DMT and EG remained above 95%, indicating that other poly- 

mers show a slight effect on the PET depolymerization reaction. In addition, com- 

mercial multilayer packaging materials also contain PET and other plastic films, 

which are only disposed of by landfill and incineration and are difficult to recycle. 

To demonstrate the efficiency of PET deconstruction from packaging materials, 

commercial milk bags (PET/PA/PE, PA is polyamide) and vacuum seal storage 

bags (PET/PE) were added as feedstocks using the NMP catalyst in a methanol solu- 

tion. The quantitative analysis of the PET composition in multilayer samples was 

determined by 1H NMR analysis using the calibration curve method.38 As can be 

seen in Figure 3C, about 90% of DMT and EG yields were obtained in the above sys- 

tem. The solid residues isolated from the reactor were essentially close to pure low 

density PE or PA, as demonstrated by the 1H NMR spectra (Figure S5) and the XRD 

patterns (Figure S6). The findings suggested that it is feasible to recycle PET from 

packaging material. 

 
It cannot be ignored that PET fibers are widely used in the textile industry.39 Howev- 

er, PET is often mixed with other fabric materials and dyes in the textile industry. The 
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Figure 3. Selective deconstruction of PET from plastic mixtures and multilayer plastic packaging 

materials 

(A) Deconstruction of PLA and PET mixture via the sequential process. Reaction condition: 0.5 g of 

PLA and 0.5 g of PET in 20 mL of 0.4 M NMP methanol solution, 700 rpm. Step 1: PLA 6202D: 90oC, 

2 h; PLA 4043D: 80oC, 2 h; PLA 6060D: 60oC, 2 h; or PLA 2500HP: 90oC, 2 h. Step 2: PET: 160oC, 1 h, 

700 rpm. 

(B) Deconstruction of PET in PET/PE, PET/PP, PET/PS, or PET/nylon 6 mixture. Reaction condition: 

0.1 g of PET and 0.1 g of other polymer, 20 mL of 0.2 M NMP methanol solution, 160oC, 1 h, 700 rpm. 

(C) Deconstruction of post-consumer multilayer packaging materials, which contained PET/PA/PE 

or PET/PE. Reaction condition: 0.25 g multilayer film, 20 mL of 0.2 M NMP methanol solution, 160oC, 

1 h, 700 rpm. 

 

 

presence of dyes on textiles especially brings additional challenges to recycling 

post-consumer PET textiles since dyes could be detrimental to the environment. 

In the NMP-catalyzed deconstruction process, high yields of EG (90.8%) and DMT 

(89.5%) were obtained from the degradation of post-consumer PET textile with 

organic pigments sample at 160oC, as shown in Figure S7. A complete conversion 

of the post-consumer PET textile was accomplished within 30 min. Most of the 

organic pigments have -NHR, -NR2, -NHCOR, -COR, and -OR groups (Figure S8),40 

which could compete with NMP in the methanolysis of PET and result in the produc- 

tion of byproducts. Since dispersed dyes are soluble in organic solvents such as 

methanol, methanol extraction pretreatment was carried out to remove dyes from 

textiles. The yield of DMT and EG evidently improved to 97.2% and 96.2% (Figure S9) 

after methanol extraction pretreatment. For comparison, the DMT and EG yields 

only changed slightly after the decolorization pretreatment with acetone or the 

mixture of acetone and methanol. Hence, methanol extraction pretreatment is 

necessary for colored waste PET to remove dyes with amine groups, which could 

improve the decomposition performance of PET. 
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NMR characterizations 

Even though we have addressed concerns regarding structure stability and the ba- 

sicity of tertiary amines, an in-depth investigation of the reaction mechanism is still 

essential to gain a comprehensive understanding of the processes involved and 

optimize the PET depolymerization performance. In situ MAS NMR was performed 

to explore the reaction pathway and molecular interaction under reaction condi- 

tions.41,42 Figure 4A shows in situ 1H MAS NMR spectra of PET decomposition on 

a sample containing PET, NMP, and methanol. Initially, the signal is relatively broad 

at 25oC due to the reduced mobility of the NMP catalyst and methanol, which are 

absorbed on the PET surface. The 1H MAS NMR spectra of solid PET at ambient tem- 

perature are observed to be too broad due to strong homonuclear dipolar interac- 

tions among rigid protons in solid-state PET and the limited sample spinning rate of 

4 kHz. Increasing the temperature to 140oC and maintaining it for 30 h, it is obvious 

that all the signals become sharper due to significantly increased molecular motion 

accompanied by the depolymerization of PET to monomer products. The yellow 

marked signals of 1H NMR resonances assigned to the hydrogen associated with 

PET gradually decrease and ultimately disappear with reaction time, indicating the 

complete decomposition of PET. Meanwhile, the signals labeled with ‘‘red’’ and 

‘‘purple’’ colors, which were attributed to target products, i.e., DMT and EG, respec- 

tively, slowly increased with time. The proton signals corresponding to the hydroxyl 

group of methanol and EG overlapped and gradually shifted downfield (i.e., chem- 

ical shifts increased) with time, highlighted by a red dashed arrow. Such a continuous 

downfield shifting is strong and direct evidence that protons of methanol are 

constantly transferred to form EG to break the ester bond of PET. Moreover, the 

EG signal became larger as the reaction time was extended, which further demon- 

strated this transesterification reaction. 

 
To clearly monitor the reaction process and molecular interaction, in situ 13C MAS 

NMR with well-resolved 13C signals was employed, as shown in Figure 4B. The ampli- 

tude of PET (yellow marked) decreased while the intensities of DMT (red marked) and 

EG (purple marked) increased along with the reaction. It is also found that the yellow 

marked signal (PET) shifted from low to high chemical shifts, i.e., signals at 46.4 and 

56.6 ppm shifting to 63.5 ppm and signals at 23.9 and 25.9 ppm shifting to 20.7 

ppm, suggesting that there are molecular interactions between NMP, PET, meth- 

anol, and the reaction products (i.e., EG and DMT). Owing to an excessive amount 

of NMP, the signals of the initial NMP solution are still present at low intensity after 

the reaction. To clarify the strong interaction, we introduced only 5 mL of NMP to the 

reaction solution. As shown in Figure S10, the original NMP signals simply change 

and migrate downfield due to the complete onset interaction between all the 

NMP molecules and the environments (i.e., PET, reaction products, and methanol), 

in line with signals shifting in Figure S11. 

 
To explore the origin of molecular interaction, in situ 1H MAS NMR spectra on 

various samples with the following combinations were carried out: NMP and meth- 

anol; NMP, EG, and methanol; NMP, EG, methanol, and DMT; NMP and DMT; and 

NMP and PET (Figures 5A and 5B). Computational modeling (density functional the- 

ory [DFT]-NMR) of the 1H chemical shifts was also carried out to explain the observed 

chemical shift trends and establish a physical picture of the interaction mechanisms, 

and the results are summarized in Figure 5C. The signal of the hydroxyl (-OH) proton 

associated with methanol demonstrated a downfield shift (5.09 ppm) in the sample 

of NMP and methanol compared to that of pure methanol (4.83 ppm), implying the 

formation of hydrogen bond between NMP and methanol, as shown in Figure 5A. 

The downfield shift is confirmed by NMR chemical shift computational modeling 
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Figure 4. In situ NMR characterization 

(A) In situ 1H MAS NMR spectra of 60 mg of PET depolymerization with 100 mL methanol and 100 mL of NMP at different temperatures with time on stream 

(from bottom to top). Pulse width: 2.5 ms, acquisition time: 650 ms, recycle delay: 4 s, reaction time: 40 h. 

(B) In situ 13C MAS NMR spectra of 60 mg of PET depolymerization with 100 mL of methanol and 100 mL of NMP at different temperatures with time on 

stream (from bottom to top). Pulse width: 2.5 ms, acquisition time: 205 ms, recycle delay: 10 s, reaction time: 40 h. 

 
on models (2) and (3) in Figure 5C, where a single methanol molecule (Figure 5C2: 

gas phase) and a pair of NMP-methanol (Figure 5C3: the proton of hydroxyl from 

methanol is hydrogen bonded to N of NMP) are used to show the trend of the shift. 

The hydrogen bond elongates the O–H bond distance from 0.97 to 1.01 A˚ , promot- 

ing the nucleophilicity of oxygen in methanol. 

 
As mentioned in Figures 4A and S11, the four signals of NMP all shift drastically 

downfield during the reaction; however, the NMP-methanol and NMP, EG, and 
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Figure 5. Ex situ NMR characterization 

(A) Comparison of in situ 1H MAS NMR spectra of (1) EG, (2) NMP and methanol 1:3 M ratio, (3) methanol, and (4) NMP at 25oC. 

(B) Different combinations in terms of signals ranging from 3.1 to 0.5 ppm. (1 and 2) In situ NMR of reaction; (3) NMP and methanol; (4) NMP, EG, and 

methanol; (5) NMP, EG, methanol, and DMT; (6) NMP and DMT; and (7) NMP and PET. Temperature: 140oC. 

(C) DFT-NMR modeling of (1) NMP, (2) methanol, (3) NMP with methanol, (4) NMP with DMT, and (5) NMP with methanol, EG, and DMT. Geometries were 

optimized by using the GGA applied to Becke-Lee-Yang-Parr (BLYP) functional. TZ2P is used as a basis set. The numbers represent the chemical shifts of 

each signal and bond distance. The symbols with different colors and shapes represent different positions of hydrogen atoms and carbon atoms in 

different chemicals. 

 
methanol mixtures hardly show such significant shifts (Figure 5B). It was observed 

that the signals shift dramatically in the NMP, EG, methanol, and DMT mixture, indi- 

cating a crucial interaction between NMP and DMT. It can be deduced that methyl 

and methylene groups form hydrogen bonds with the carbonyl oxygen of DMT, re- 

sulting in significant chemical shifts. DFT-NMR computational modeling on cluster 

models in Figure 5C4 justifies the above hypothesis, where the chemical shifts of 

methyl and methylene groups, indeed, changed due to two kinds of hydrogen 

bonds, i.e., with one between N of NMP and H of the benzene ring of DMT and 

another one between the carbonyl oxygen of DMT and methyl H of NMP, as shown 

with red dashed line in model 4. This hydrogen bond or interaction with carbonyl ox- 

ygen is consistent with previously proposed evidence.43 Nonetheless, there is no 

chemical shift associated with three methylene groups away from the N atom 

when NMP interacts exclusively with DMT, implying that only the CH3 and CH2 close 

to N strongly interact with DMT, while methylene groups further away from the N 

atom have no interaction with DMT. Thus, the three methylene groups shifting 

downfield during the operando reaction can be correlated with the hydrogen 

bonding network with EG and methanol, demonstrated in calculation model (4) (Fig- 

ure 5C4), which shows downfield shifting with those three methylene hydrogens. It is 

worth noting that when NMP only interacts with PET, there are no such signal shifts, 

which is most likely due to the steric inhibition effect of the rigid structure of PET and 

the low surface area of the PET particles. Regarding methanol’s interaction with 
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other chemicals (Figure S12), the most evident shift is displayed with the proton of 

the methanol -OH group, which shifts from 3.92 to 4.77 in the presence of DMT. 

This dramatic shift clearly shows that methanol can donate electrons to electrophilic 

DMT to affect the DMT structure. 

 
Combining the findings mentioned earlier and considering that DMT is a monomer 

of PET, the NMP/PET/methanol interaction mechanism may be similar to when DMT 

interacts with NMP and methanol, i.e., NMP forms hydrogen bonds with methanol 

and also with PET carbonyl oxygen. After the carbonyl oxygen of PET is activated 

by hydrogen bonding, the oxygen of methanol with enhanced nucleophilicity by 

hydrogen bonding with NMP can readily attack the carbonyl carbon of PET to break 

the ester bond. The methanol hydrogen is then transferred to EG, and the produced 

EG also joins the hydrogen-bonding network. 

 
Ex situ NMR characterization was also conducted to probe the PET depolymerization 

mechanism. The 1H NMR spectra of the fresh and residual PET samples are almost 

identical, indicating that no oligomers or byproducts were formed and deposited 

on the residual PET samples, as shown in Figure S13. The 1H NMR spectra of the 

products after partial depolymerization of PET demonstrated that DMT and EG 

are the dominant liquid-phase products after a reaction of 0.2 h, as shown in Fig- 

ure S14. Likewise, no oligomer signals were observed in the liquid-phase product 

samples. This result is confirmed by comparing the 1H NMR spectra of the pure 

DMT and EG (Figure S15). Hence, it can be considered that PET undergoes chain- 

end scission during the NMP-catalyzed methanolysis rather than random scission 

in supercritical methanol. 

 

Proposed reaction pathway 

Based on the above in situ NMR analysis, a possible reaction pathway for NMP-cata- 

lyzed methanolysis of PET is shown in Figure 6. (1) Firstly, NMP dissolves in a meth- 

anol solution. The free electrons of N in the NMP structure enable it to act as a Lewis 

base. This allows NMP to extract a proton from methanol, forming the methanol/ 

NMP complex that enhances the nucleophilicity of the oxygen in methanol. (2) Addi- 

tionally, two types of hydrogen bonds contribute to the activation of ester bonds. 

One type involves the nitrogen atom of NMP and the hydrogen atom of the benzene 

ring of PET, while the other involves the carbonyl oxygen of PET and the methyl 

hydrogen atom of NMP. (3) The activated oxygen in methanol attacks the activated 

carbonyl group in a PET polymer unit, causing an electron transfer of the ester 

bonds.44 (4) This rearrangement of electrons leads to the formation of hydrogen 

bonding with the backbone oxygen of PET and methoxide transfer, creating a tetra- 

hedral intermediate. (5) The formation of a new alcohol and restoration of the amine 

catalyst results in the formation of DMT and EG monomers and the corresponding 

chain-cut PET. The chain-cut PET is further catalyzed to generate the final products, 

DMT and EG, by the same mechanism. Catalyzed by the transesterification reaction, 

PET repeating units are isolated from the PET polymer via chain-end scission. As a 

result, the final depolymerization products, DMT and EG, are obtained. This mech- 

anism is different from the traditional random scission mechanism in the methanol- 

ysis of PET under supercritical conditions.45 

 

In summary, we have developed a simple and efficient chemical sorting strategy that 

selectively deconstructs post-consumer PET into DMT and EG with ~100% yields us- 

ing the NMP catalyst in a methanol solution. The catalytic performance of distinct ter- 

tiary amine catalysts correlated with their structures and basicity. Furthermore, this 

approach has demonstrated successful depolymerization of other polyesters like 
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Figure 6. Reaction mechanism for decomposition of PET with NMP catalyst in methanol solution 

(1) Formation of methanol/NMP complex, (2) formation of hydrogen bonds, (3) reaction of ester bond, (4) formation of tetrahedral intermediate, and (5) 

desorption of DMT, EG, and chain-cut PET. 

 
PLA, PBT, and PC, yielding their respective monomers. Notably, even in the case of 

PET present in plastic mixtures, multilayer packaging materials, and textiles, substan- 

tial DMT and EG yields were achieved. This method holds promise as a molecular-level 

solution for sorting PET from post-consumer plastic waste. AIMD calculations corrob- 

orate the assumption made based on the NMR results, leading to the suggested 

mechanism that NMP acts as a Lewis base catalyst, extracting a proton from methanol, 

thereby enhancing methanol’s nucleophilicity. Two types of hydrogen bonds, i.e., one 

between NMP’s N atom and PET’s benzene ring’s H atom and the other between 

PET’s carbonyl O atom and NMP’s methyl H atom, contribute to PET’s ester bond acti- 

vation. The nucleophilic attack of methanol’s oxygen atom on PET’s carbonyl carbon 

atom leads to the cleavage of PET’s C–O bond and the formation of DMT’s C–O bond. 

This work presents a catalytic chemical sorting method for depolymerizing waste plas- 

tic polyesters into monomers, offering fresh perspectives on a promising alternative 

for closed-loop recycling of polyester waste. 

 

EXPERIMENTAL PROCEDURES 

Resource availability 
Lead contact 

Further information and requests for resources should be directed to and will be ful- 

filled by the lead contact, Hongfei Lin (hongfei.lin@wsu.edu). 
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Materials availability 

This study did not generate new materials. 

 
Data and code availability 

Data relating to the materials, methods, experiment procedures, and other charac- 

terizations are available in the supplemental information. All other data are available 

from the authors upon reasonable request. 

 

Materials 

The post-consumer PET sample was a Kirkland Signature Premium Drinking Water 

bottle. The PET textile sample was provided by the Department of Apparel, 

Merchandising, Design, and Textiles at Washington State University. The commer- 

cial-grade PLA samples 4043D, 6060D, 6202D, and 2500HP were donated by 

NatureWorks. The PC sample was a Corning square polycarbonate storage bottle 

from Sigma-Aldrich. The PBT sample was purchased from Sigma-Aldrich. Other 

plastics, including PE, PP, PS, and nylon 6, were purchased from Sigma-Aldrich. 

The multilayer packaging materials, including PET/PA/PE film for beer/milk pack- 

ages and PET/PE film for vacuum seal storage, were purchased from Walmart. 

com. Quantitative analysis of PET in multilayer samples was carried out by 1H 

NMR spectroscopy using the calibration curve method.38 Methanol (EMD Millipore, 

R99.8%), NMP (Sigma-Aldrich, 99%), tripropylamine (Sigma-Aldrich, R98%), trie- 

thylamine (Alfa Aesar, 99%), N,N-dimethylaniline (Sigma-Aldrich, 99%), 4,N,N-tri- 

methylaniline (Sigma-Aldrich, 99%), DBU (Sigma-Aldrich, 98%), N,N,N0,N0-tetrame- 

thylethylenediamine (Alfa Aesar, 99%), N,N,N0,N0-tetramethyl-1,3-propanediamine 

(Sigma-Aldrich, 99%), N,N,N0,N0-tetraethylethylenediamine (Sigma-Aldrich, 98%), 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Alfa Aesar, 99%), chloroform-d (Sigma Al- 

drich, 99.8 atom %D, contains 0.03% [v/v] TMS), acetone (Avantor Performance 

Materials, 99.3%), DMT (Sigma-Aldrich, R99%), EG (Sigma-Aldrich, 99.8%), 1,4-bu- 

tanediol (Sigma-Aldrich, 99%), methyl(S)-(-)-lactate (Alfa Aesar, 97%), and bisphe- 

nol A (Sigma-Aldrich, R99%) were used in our study. All chemicals were acquired 

in their pure form and utilized without any prior treatment. 

 
Catalytic performance evaluation for polyesters depolymerization with 

tertiary amines 

The catalytic reactions were performed in the Multiple Reactor System (Parr Series 

500, 45 mL) incorporated with the temperature controller (4871 series). Generally, 

the reactants (PET bottle sample, PET textile sample, PLA pellets, PC bottle sample, 

PBT pellets, plastics mixture, or multilayer packaging films), the solvent (methanol), 

and a selected volume of tertiary organic amine catalyst were placed in the vessels. 

The vessels were sealed and purged three times with N2. The reactor was full of N2 

under ambient pressure at room temperature. The reaction mixture was subjected to 

simultaneous magnetic stirring (700 rpm) and heating to the set temperature 

(30 min) and kept at the set temperature for the set reaction duration. After the re- 

action, the reaction vessels were immediately quenched in cooling water for fast 

cooling. 

 
The PET methanolysis reactions with NMP were repeated five times during the cata- 

lyst stability test. After each run, the liquid in the vessel was collected and transferred 

into a centrifuge tube (50 mL) and subjected to centrifugation in an Eppendorf 

5810 R Centrifuge. Then, the supernatant was filtered with a 0.45 mm polyethersul- 

fone filter to remove the small PET particles. Next, a certain amount of 0.2 M NMP 

methanol solution was added until the apparent recycled solution volume reached 

20 mL. Finally, the fresh PET sample (0.1 g) was added for the recyclability test. 
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The above recycling procedures were repeated five times to estimate the catalytic 

stability of NMP in the methanolysis of PET. 

 
In order to separate the dyes and investigate the effect of dyes on the PET degrada- 

tion performance, colored PET textiles were subjected to individual pretreatment 

with methanol, acetone, and a mixture of methanol and acetone. The pretreatment 

system was kept at 50oC while being stirred overnight. The PET textiles were then 

washed with the corresponding solvent at least three times and dried in air to obtain 

the white PET textiles. The methanolysis procedure of white PET textiles was the 

same as that of the colored PET textiles. 

 

Product analysis method 

Since there is no evidence of gas product formation, the reactor was disassembled 

without venting after a reaction. The vessels were rinsed with the solvent, and the 

solid residues were collected. All the liquid phases were subjected to filtration 

(0.45 mm syringe filter) prior to analysis. The liquid phase was then analyzed by a 

GCMS QP-2020 (Shimadzu) to investigate the unknown components, and both 

GCMS QP-2020 and GC-FID (GC-2010, Shimadzu) were used to quantify the prod- 

ucts. After the determination of the product contents, the yields of the DMT (D) and 

the EG (E) were calculated by the following equations. 

D = 
n1  

3 100 % and (Equation 1) 
n0 

 

E = 
n2  

3 100 %; (Equation 2) 
n0 

where n0 is the moles of the repeat unit of fresh PET reactants before the reaction, n1 

is the moles of DMT after the reaction, and n2 is the moles of EG after the reaction. 

The yields of other monomers or esters from other polyesters were also calculated 

following a similar procedure. 

 

In situ 1H and 13C MAS NMR measurements 

Operando (in situ) 1H and 13C MAS NMR measurements were carried out using a 

Varian-Agilent Inova wide-bore 300 MHz NMR spectrometer employing a commer- 

cial 7.5 mm Vespel pencil type MAS probe, functioning at 1H and 13C Larmor fre- 

quencies of 299.969 and 75.42 MHz, respectively. A sample spinning rate of about 

4 kHz was used to produce a high-resolution 1H and 13C MAS NMR spectrum on a 

heterogeneous system containing a mixture of PET, catalysts, and solvents. A special 

in situ MAS NMR rotor41 capable of perfectly sealing a mixture containing solid, 

liquid, and gaseous phases at elevated temperature and pressure was used. The vol- 

ume of the sample cell space is 300 mL. A single pulse sequence was used for 

acquiring the 1H signal, consisting of a pulse with a pulse width of 2.5 ms (equivalent 

to a pulse angle of 50o), an acquisition time of 650 ms, and a recycle delay of 4 s. For 

the 13C MAS NMR signal, a pulse width of 2.5 ms (equivalent to a pulse angle of 45o), 

an acquisition time of 205 ms, and a recycle delay of 10 s were applied. All spectra 

were externally referenced to tetramethylsilane (TMS) (0 ppm) using adamantane as 

a second reference at 1.82 ppm for 1H and 38.48 ppm for 13C. The sample temper- 

ature was calibrated using EG as previously reported.46 

 

Ex situ 1H NMR measurement 
1H NMR measurement was conducted with a 400 Liquid State NMR (One Probe, 

X-tunable and 1H) over 256 scans, a 1 s relaxation delay, and a 45o pulse angle. 

The fresh and residual samples, liquid product, standard DMT sample, standard 

EG sample, HFIP, and NMP were tested by 1H NMR. 
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For the NMR measurement of fresh PET, one piece of scrap from a transparent PET 

bottle was dissolved in 1 mL of HFIP, and then 1 mL of chloroform-d (99.8 atom %D, 

contains 0.03% [v/v] TMS) was added when PET was completely dissolved. For the 

NMR measurement of residues after a reaction, the residual was separated from 

the liquid products by centrifugation in an Eppendorf 5810 R Centrifuge. The resid- 

ual samples or the liquid products were dried in a fume hood overnight. The dried 

residual samples or liquid products were also dissolved in 1 mL of HFIP in a 2 mL au- 

tosampler glass vial, in which 1 mL of chloroform-d (99.8 atom %D, contains 0.03% 

[v/v] TMS) was also added. After the liquid was completely mixed, the supernatant 

was transferred into an NMR tube. 

 
A fixed amount of NMP was dissolved in 1 mL of chloroform-d (99.8 atom %D, con- 

tains 0.03% [v/v] TMS), and the solution was transferred into an NMR tube. One 

piece of standard DMT sample and one drop of standard EG sample were dis- 

solved in 1 mL of chloroform-d (99.8 atom %D, which contains 0.03% [v/v] TMS) 

separately, and the clear solution was also individually transferred into an 

NMR tube. 

 

Quantum chemistry measurements 

Computational modeling of the NMR chemical shifts was performed by employing the 

Amsterdam Density Functional (ADF-2017) package. Geometries were optimized by 

using the generalized gradient approximation (GGA) applied to the Becke-Lee- 

Yang-Parr functional.47,48 Calculations were performed by using the all-electron 

TZ2P basis set (Triple-z, 2-polarization function) with Slater-type 49 orbitals imple- 

mented in the ADF program. NMR chemical shielding calculations were carried out 

based on the optimized geometrical structures at the same theory level and with 

the same basis set for each atom. The geometry-optimized structures at the same level 

of theory were applied to calculate the chemical shielding for each atom with the same 

basis set. Tetramethylsilane was used as the 1H chemical shift reference by converting 

the calculated shielding to the observed shielding using the following equation: diso = 

s(TMS) – scalc = 31.4 – scalc. Based on previous publications,50,51 cluster calculation 

will provide different absolute chemical shifts compared to the polarized continuum 

model, but they will not affect the trend of chemical shift changes. For simplicity, a 

cluster calculation is conducted to demonstrate the interaction between different mol- 

ecules to simulate the trend of chemical shifting in experiments. Calculated models of 

DMT, methanol, NMP, and EG together in different conformations are provided in Fig- 

ure S16. The one chosen in the main text is the most consistent with experimental 

trends. 

 

AIMD pKa calculations 

All calculations were carried out by using the Vienna Ab initio Simulation Pack- 

age52,53 within the projector augmented-wave approach.54 The GGA Perdew- 

Burke-Ernzerhof exchange-correlation functional55 was employed in combination 

with DFT-D3 Grimme to correct the long-range dispersion interactions.56 The plane 

wave basis set cutoff energy was set to 400 eV. 

 
The pKa calculations of catalysts considered in this study were done through proton- 

ation of the N atom of the catalyst by the H atom that terminates the PET monomer 

according to the following generalized Equation 3: 

1 PET monomer + 1 catalyst + x methanol / 1 PET monomer-- 

+ 1 catalyst -- H+ + x methanol: 
(Equation 3) 
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The reaction described in Equation 3 was split into a reactant and product, where 

each half of the reaction was simulated independently of the other half. For each 

half, a single molecule of either reactant or product together with one molecule of 

a particular catalyst was placed in a simulation cell of 10 3 10 3 10 A˚ 3 
subject to pe- 

riodic boundary conditions. The simulation box was then filled with 3–5 methanol 

molecules, subject to the catalyst, to make up the density of approximately 

0.8 g/cm3. AIMD-based simulations were carried out at G-point with a time step of 

dt = 1 fs. Each system was initially equilibrated for at least 10 ps or until the simulation 

converged and was subsequently followed by 10 ps of production time. The Nose- 

Hoover thermostat was used to keep the simulation temperature at around 433 K, in 

accordance with experiment.57,58 

 
The difference in averaged free energy between protonated and unprotonated was 

calculated, and the pKa was thus computed by using the following Equation 4: 

pKa = 
 DF  

; (Equation 4) 
2:303RT 

where DF is the difference of the averaged free energy between the reactant half and 

the product half of the reaction, R is the gas constant, and T is the temperature at 

which the simulations were performed. 

 

SUPPLEMENTAL INFORMATION 

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp. 
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