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Plastic represents an essential material in our society; however, a
major imbalance between their high production and end-of-life
management is leading to unrecovered energy, economic hardship,
and a high carbon footprint. The adoption of plastic recycling
has been limited, mainly due to the difficulty of recycling mixed
plastics. Here, we report a versatile organocatalyst for selective
glycolysis of diverse consumer plastics and their mixed waste
streams into valuable chemicals. The developed organocatalyst
selectively deconstructs condensation polymers at a specific tem-
perature, and additives or other polymers such as polyolefin or
cellulose can be readily separated from the mixed plastics, provid-
ing a chemical recycling path for many existing mixed plastics
today. The Life Cycle Assessment indicates that the production of
various condensation polymers from the deconstructed monomers
will result in a significant reduction in greenhouse gas emissions
and energy input, opening a new paradigm of plastic circularity
toward a net-zero carbon society.

Introduction

Plastics have transformed everyday life because of their robust
mechanical properties, lightweight, scalability, versatility, and
functional performance.' 10.5 billion metric tons of plastic
have been produced worldwide, and the annual production
rate reached more than 400 million metric tons (Mt) in 2021.>*
Due to inadequate recycling paths, plastic-derived waste causes
a global challenge for end-of-life management.*® Nearly 79% of
produced plastics are estimated to enter landfills or accumulate
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New concepts

The recycling of mixed plastics is a complex issue because of varied
physical properties among different types of plastics. Chemical recycling
by catalytic deconstruction provides a path to convert plastic waste to
pristine chemicals, but no single catalyst or technology has ever trans-
formed a mixture of multiple plastics selectively into valuable chemicals.
In this research, we demonstrate a new method for the selective decon-
struction of mixed plastics by a tailored organocatalyst. The exceptional
efficiency of the organocatalyst enables selective and sequential decon-
struction of the condensation polymers at a specific temperature, while
additives or other plastics such as polyolefin and cellulose are kept intact.
The ability of sequential deconstruction coupled with facile separation of
the mixed inert components at specific temperatures provides a new
recycling path for a variety of currently unrecyclable mixed plastics. This
study highlights that the versatile organocatalyst can convert diverse
consumer plastics and their mixed waste streams into valuable chemi-
cals. The concept offers highly efficient and low-carbon closed-loop
chemical recycling and presents a promising strategy for combating
global plastic waste challenges toward a sustainable and carbon neutral
society.

in the natural environment, and 12% are incinerated." Only
~ 9% of plastic waste has been recycled typically by mechanical
recycling, and most recycled plastics are currently down-cycled
toward less recyclable and lower-value products."® ™ If the high
production and consumption of plastic continue at the current
rate, the annual production of plastics is expected to reach
more than 1100 Mt by 2050."* Commodity plastics used yearly
in the USA alone account for an estimated 3.2 quadrillion BTUs
(quads) of energy and 104 Mt CO, equivalent of greenhouse gas
(GHG) emissions.">'® One of the most effective strategies to
mitigate GHG emissions includes establishing closed-loop cir-
cularity for plastics, such as chemical recycling, to exchange the
fossil carbon feedstock and minimize the energy and carbon
inputs in the entire plastic supply chain."”° Significant scien-
tific advancement is needed to achieve the closed-loop circu-
larity of plastics by replacing fossil-based carbon feedstocks
with bio-based or waste-sourced feedstocks from the chemical
recycling of discarded plastics to a much greater extent.

This journal is © The Royal Society of Chemistry 2023
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Establishing circular plastic recycling on a global scale is
estimated to alleviate energy consumption by an amount
equivalent to 3.5 billion barrels of oil, valued at approximately
$176 billion annually.®

Among various commodity plastics, condensation polymers
such as poly(ethylene terephthalate) (PET), poly(carbonate)
(PC), poly(urethane) (PU), and poly(amide) (PA) comprise
~128 Mt, which is equivalent to 32% of the global plastic
production, with PETs and PUs being the 5th and 6th most-
produced plastics, respectively.'>*! The chemical recycling of
condensation polymers by methods such as glycolysis is an
evolving and versatile route for creating value-added materials
from plastic waste or regenerating essential monomers for use
in plastic circularity. Several innovative solutions such as metal-
based catalysts, ionic liquids, or deep-eutectic solvents have
been recently reported to allow depolymerization of individual
polar plastic (PET, PC, PU, and PA) into monomer products
(Fig. 1A).7*>7>° Despite the advancements, many challenges
remain, including the possible presence of metal in the final
product, limited monomer yields, requirement of a unique
catalyst for deconstructing each type of polymer, laborious
sorting (Fig. 1A), and purification procedures that entail high
environmental and economic costs.>® A few catalysts have been
shown to be effective against both PET and PC,>’*® but a
specific individual catalyst has been needed for the deconstruc-
tion of PU*° and PA,*° respectively. Until now, no catalyst has
been shown to be effective against all four: PC, PET, PU, and PA.

Organocatalysts provide many advantages for deconstructing
condensation polymers. Their greener characteristics of good
selectivity, thermal stability, non-volatility, and low flamm-
ability enable them to substitute traditional heterogeneous
catalysts.>'* Protic ionic salt (PIS) based organocatalysts are
ideal candidates for the deconstruction of condensation poly-
mers compared to a conventional organic base or acid that can
be readily deactivated or degraded at elevated temperature.*®
The catalytic activity of PIS is governed by a dual-activation
mechanism, where the anion activates the nucleophile and
the cation activates the electrophile (C—=O bond).>® One of
the PIS catalysts, triazabicyclododecane:methanesulfonic acid
(TBD:MSA) has been the most efficient catalyst reported for
the deconstruction of PC and PET individually and their
mixture.’” The development of TBD:MSA has shed light on the
design of PIS organocatalysts, but a significant challenge
remains for implementing them in a wide variety of condensa-
tion polymers and their mixtures, as well as various other mixed
plastics.®**¢*” Mixed plastics are difficult to recycle from post-
consumer waste because of the need for sorting and separation
before reprocessing. Lack of pre-sorting typically results in the
unselective and inefficient deconstruction of mixed plastics,
leading to an undesirable complex mixture of products.**>
From a raw material cost perspective, manufacturing new plastic
products from virgin feedstocks is typically more cost-efficient
than sorting and reusing reprocessed material. Increased mixed-
waste streams of multicomponent plastic, such as composites
and packaging, exacerbate the low recycling rate. There are a few
recently developed catalysts that can convert mixed PET to

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Methods of mixed plastics deconstruction, and the use of synthe-
sized TBD:TFA for PET deconstruction. (A) Conventional methods include
sorting individual polymers, followed by mechanical or chemical recycling
with a specific catalyst (top arrow). Our method: Efficient deconstruction
of mixed plastics (PC, PU, PET, and PA) by a tailored organocatalyst to
produce valuable chemicals. (B) Formation of TBD:TFA. *H NMR spectra
show the disappearance of a peak at 613.84 ppm for TFA (right, top) and
shifting from 64.14 ppm (right, bottom) for TBD to §8.12 ppm, indicating
the formation of the TBD:TFA. (right, middle). (C) Deconstruction of PET by
using TBD:TFA to yield a pure BHET crystal through recrystallization in
water. *H NMR spectra before (right, bottom) and after (right, up) purifica-
tion show pure BHET, and the successful removal of the catalyst and
excess EG.

chemicals®® as well as mixed PE, PS, and PET into a single
product through multiple steps.’* However, there is no single
catalyst or technology that has converted multiple types of
individual and mixed condensation polymers selectively into
valuable chemicals. Furthermore, when mixed plastics are
deconstructed to valuable chemicals, their facile separation
process needs to be simultaneously developed. One of the most
effective routes is to use sequential plastic deconstruction,?® that
simultaneously allows facile sequential separation of individual
monomers and polymers from the mixed waste. Thus, it is
imperative to develop a more robust single catalyst that can
sequentially deconstruct wide variety of mixed plastic waste in a
single batch and allow recovering valuable individual chemicals
consecutively while leaving other unreacted plastics intact.
Here, we have developed an efficient PIS organocatalyst for
the deconstruction of condensation polymers, which was formed
from TBD and trifluoracetic acid (TFA) named TBD:TFA. While the
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use of TBD:TFA as a catalyst was reported for N-formylation of
amines,”® its application to polymer deconstruction has never
been explored. TFA is specifically chosen because the TFA anion
(TFA™) provides high conjugate basicity*! with weaker ionic inter-
action which is desirable for enhancing the reactivity of ethylene
glycol (EG) in glycolysis. The design and efficiency of TBD:TFA
stem from the expected coordination ability of protonated TBD
(TBDH") toward the carbonyl (C=0) group, high conjugate basi-
city of TFA™, and their comparatively weaker ionic interaction,
which enhances the reactivity during glycolysis. The designed
organocatalyst can deconstruct multiple condensation polymers
selectively and sequentially into corresponding monomers, while
keeping other polymers, including polyolefins (e.g., polyethylene
(PE) and polypropylene (PP)) or cotton intact that allow facile
separation from the mixture. The developed chemical deconstruc-
tion process can be applied to the majority of existing mixed
plastics today, and it provides a viable step toward the closed-loop
circularity of plastic and carbon neutrality.

Results and discussion

We have designed a PIS-based organocatalyst formed from an
equimolar amount of TBD and TFA, (TBD:TFA) (Fig. 1B and
ESL Section S3.1.1), where the structure was confirmed by
Fourier-transform infrared (FTIR) spectroscopy (Fig. S15, ESIt),
proton nuclear magnetic resonance (‘H NMR) spectroscopy
(Fig. 1B and Fig. S16, ESIf), and carbon nuclear magnetic
resonance ("*C NMR) spectroscopy (Fig. S17, ESIt). The com-
paratively higher thermal stability and melting point of
TBD:TFA (Ts09, = 215 °C, Ty, = 157 °C) indicate the formation
of thermally stable PIS as compared to those of TBD (T5q0, =
175 °C, Ty = 125 °C) and TFA (Tspe, = 50 °C, Ty = —15 °C)
individually (Fig. S18A and B, ESIf). Using TBD:TFA as a
catalyst, we first investigated the heterogeneous glycolysis of
PET (M,, 40000 ¢ mol ) with EG as a reactant and solvent at
180 °C for 2 h to yield bis(2-hydroxyethyl) terephthalate (BHET)
(Fig. 1C), which was purified through a successive precipitation
method followed by recrystallization in water (ESL Section S4.1).
"H NMR spectroscopy was used to track the yields of the respective
monomers by using the catalyst peak at 1.88 ppm as an internal
standard.”® The PET deconstruction efficiency (ESL} Section $4.2)
by the TBD:TFA catalyst was evaluated as a function of EG content
(5 to 20 eq.) (Fig. S2A and S19, ESI), catalyst amount (0.05 to
0.5 eq.) (Fig. S2B and S20, ESIt), and temperature (150 to 180 °C)
(Fig. S2C and S21-S24, ESIt). PET pellets are deconstructed to yield
more than 96% of BHET with a small mixture of oligomer (<4%)
(Table S1, ESIt) at much lower catalyst loading (5 mol%, 0.05 eq.)
and less amount of EG (10 eq.) at 180 °C within 2 h, compared to
the reported optimized condition of PET glycolysis by TBD:MSA,
where ten times catalyst (50 mol%, 0.5 eq.) and twice the amount
of EG (20 eq.) are used to yield ~90% BHET monomer.*!
We compare TBD:TFA and TBD:MSA at the same loading of
catalyst (0.05 eq.) and EG (10 eq.) for the deconstruction of
PET to BHET at 180 °C in 2 h (ESL} Section SS4.3). TBD:TFA
shows much higher efficiency, exhibiting 100% conversion, while

3362 | Mater. Horiz., 2023,10, 3360-3368
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TBD:MSA yields ~60% conversion (Table S2, ESIt). We also
performed the same experiment using TBD:TFA as a catalyst with
various molecular weights of PET (ESL, Section S4.4 and Table S3)
as well as a larger scale of PET (10 g, ESL, Section S4.5), and no
significant differences were observed in the efficiency of PET
deconstruction.

The catalytic activities of TBD:TFA at different ratios, includ-
ing TBD:TFA0f1:0,1:1,1:3,3:1,and 0:1 (ESL Section S4.6
and Table S4), were evaluated to deconstruct PET in the
presence of EG for 2 h at 180 °C. Analysis of the final crude
products by "H NMR spectroscopy reveals that the reactions
with TFA alone or excess TFA (3 eq.) deconstruct PET only 0%
and 20%, respectively. In contrast, the TBD alone and excess
TBD (3 eq.) resulted in 60% and 100% conversion, respectively,
but yielded a mixture of products (31% and 42%, respectively)
besides the BHET monomer (Table S4 and Fig. S25, ESIY).
By using a 1:1 TBD:TFA as a catalyst and EG as reactant and
solvent, glycolysis of PET yielded BHET monomer as a major
product (>96%) (Fig. 1C and Fig. S26, ESIt). The 1:1 TBD : TFA
ratio exhibited the highest efficiency compared with other
ratios and will be named TBD:TFA for the rest of the manu-
script. The absence of catalyst peaks in "H NMR spectra of
produced BHET indicates (Fig. S27, ESI{) nearly complete
removal of the catalyst by facile crystallization of BHET, while
there is still a possibility of containing an undetectable trace
amount of residual catalyst. The formation of BHET as a
major product in the PET deconstruction is also confirmed by
Matrix-Assisted Laser Desorption/Ionization-Time Of Flight
mass spectrometry (MALDI-TOF MS) (ESLt Section S1.2 and
Fig. S28), and Small-Angle Neutron Scattering (SANS) (ESIL, ¥
Section S4.7) and High-Performance Liquid Chromatography
(HPLC) (Fig. S53, ESIt).

To understand the mechanism of TBD:TFA catalysis, all-
electron density functional theory (DFT) calculations using the
hybrid meta functional mo06-2x and the aug-cc-pvdz basis
set*>*® were performed on a model PET chain of eight mono-
mers (ESL} Section S4.8) interacting with TBDH' and TFA™.
These calculations are intended to provide useful insight and
qualitative mechanisms. First, we note that the TBD:TFA inter-
action energy in a continuum solvent model** was calculated
to be 13.6 kcal mol ' (AG = 3.4 kecal mol ), and ab initio
molecular dynamics (MD) shows that the TBD:TFA complex can
be successfully dissociated into TBDH' and TFA™ (Fig. 24; step
1, Fig. 2B, Movie S1, ESIT) at a relatively low temperature. Once
dissociated into the cation and anion, DFT results show the
formation of a stable complex between TBDH" and PET with an
interaction energy of 24.7 kcal mol . At the same time, the
TFA™ prefers forming a complex with EG at an interaction
energy of 30.4 kcal mol " (Fig. 2A; step 2, Fig. 2C). Successive
bond formation (Fig. 24A; step 3, Fig. 2D) and bond-breaking
(Fig. 2E) yield oligomers and finally monomers. When we
compare these DFT results with those of the TBD:MSA complex,
several notable differences are obtained. First, the interaction
energy between TBD and MSA is slightly higher (14.8 kcal mol ).
Second, the MSA anion forms a much stronger interaction with
PET at 42 kcal mol™" than that of TFA™ at only 13 keal mol™ "

This journal is © The Royal Society of Chemistry 2023
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Step 4

Fig. 2 Proposed deconstruction mechanism of PET with EG using TBD:TFA as a catalyst based on the computational analysis. (A) Dual activation
mechanism for the deconstruction of PET, using EG as a nucleophile, and TBD:TFA as a catalyst, yielding BHET as a product. (B) Association and
dissociation between TBDH* and TFA™ (C) Interaction between TBDH* with PET (AE = 24.7 kcal mol ™) and the TFA™ with EG (AE = 30.4 kcal mol™),
(D) Simultaneous chemical bond formation between PET and EG and proton abstraction by the TFA™. (E) Cleavage of the PET to form oligomers and

finally monomers.

Third, the transition state barriers for TBD:TFA (1st transition
(Fig. 2 step 1): 13.6 kcal mol™* and 2nd transition (Fig. 2 step 3):
14.4 kecal mol ') are lower as compared to those reported
for TBD:MSA (1st transition: 18.8 kcal mol " and 2nd transition:
20.5 keal mol™*).>® We note that a PET chain, e.g., not just a small
molecule model, is required to observe this difference, thus
indicating a fundamental role of PET conformations. The overall
kinetics between TBD:TFA and TBD:MSA for PET deconstruction
rely on (i) the interaction between EG and the anion and (ii) the
interaction between TBDH' and PET through hydrogen-bonding
to activate the electrophilicity of the O-C=—0 bond. The stron-
ger interaction of the MSA anion with PET (42 kcal mol ')
appears to hinder the activation of both EG and TBDH" inter-
actions with O-C=0 on PET, thus decreasing the reaction rate.
On the other hand, the smaller interaction between the TFA™
and PET (13 kcal mol ') and strong conjugate basicity accel-
erates the activation of EG and interaction between TBDH' and
O-C=0 on PET, thus increasing the overall catalytic activity of
TBD:TFA.

The catalytic activity of TBD:TFA arises from a dual-activation
mechanism by activating both EG and the polymer chain (Fig. 2).
The TFA™ activates the nucleophile to be inserted, while the
TBDH' activates the polymer chain to be broken by coordinating
with the C=O0 group of the polymer chain. To further understand

This journal is © The Royal Society of Chemistry 2023

the catalytic activity and the mechanism, we synthesized two more
catalysts (ESI,f Section S3.1.2) as controls named TBD:mTFA
(Fig. S29, ESIt) and mTBD:TFA (Fig. S30, ESIT), where mTFA and
mTBD denote methyl-TFA and methyl-TBD, respectively. The
kinetic study of PET glycolysis at 180 °C for 0-2 h using TBD:mTFA
and mTBD:TFA as well as TBD:TFA, TBD, and TBD:MSA is
conducted. (Fig. 3A). After 2 h deconstruction, TBD:mTFA and
mTBD:TFA exhibits less conversion (50% and 32%, respectively),
and lower BHET yields (65% and 48%, respectively) compared to
those of TBD:TFA (100% conversion with >96% BHET yield)
(Table S4 and Fig. S31, ESIf), due to the diminished proton
accepting capability of mTBD and the absence of a labile proton
in mTFA. DFT calculations give AG = 23.8 kcal mol™"' for
mTBD:TFA to form the mTBD cation and TFA anion, which is
significantly higher than 13.6 kcal mol " of TBD:TFA, thus corres-
ponding to the diminished yield (Fig. 3A) and further confirming
the proposed reaction mechanism (Fig. 2). Overall the high
deconstruction efficiency by TBD:TFA compared with TBD:mTFA,
mTBD:TFA, TBD, and TBD:MSA further indicates the importance
of TBDH" and TFA™ presence in the glycolysis mechanism.

The efficient deconstruction mechanism of PET by TBD:TFA
suggests that TBD:TFA can be applied to cleave all types of
functional linkages in condensation polymers (Fig. 3B). The
deconstruction of PC (Bisphenol-A based PC, M,, 45000 g mol ")

Mater. Horiz., 2023, 10, 3360-3368 | 3363
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Fig. 3 Catalytic activity of TBD:TFA. (A) Catalytic activity of TBD:TFA (gold) in PET deconstruction compared to TBD:MSA (purple), TBD (black),
TBD:MTFA (red), and mTBD:TFA (orange) at 180 °C. (B) Deconstruction of PC (black), PU (red), PET (blue), and PA (green) to yield corresponding
monomer BPA, MDA, BHET, and CPL, respectively, (C) Deconstruction of PC, PU, PET, and PA using TBD:TFA for 2 h at specific temperature of 110-210 °C
to yield corresponding monomer (D) Recyclability of the catalyst among PC, PU, PET, and PA deconstruction at 180 °C for 2 h, where 1st to 5th indicates
the number of deconstruction cycles. *Reagent ratio for A-D; Polymer (1 eq.), EG (10 eq.), Cat. (0.05 eq.).

(ESL T Section S4.9), thermoplastic PU (Diphenylmethylene-
ethylene glycol based PU, M,, 24600 g mol ) (ESL Section $4.10),
PET (M,, 40000 g mol ') and PA (Nylon 6, M,, 35000 g mol %)
(ESLt Section S4.11) was conducted with the presence of the
TBD:TFA catalyst and EG. The structural differences of carbo-
nate, urethane, ester, and amide groups in PC, PU, PET, and PA
provide sufficiently different thermodynamics to cause a tailored
rate of deconstruction. PC, PU, PET, and PA were first decon-
structed individually using 10 eq. of EG and 0.05 eq. of TBD:TFA
catalyst for 2 h at a specific temperature between 110-210 °C
(Fig. 3C). The complete deconstruction within 2 h was demon-
strated in PC to bisphenol A (BPA) at 130 °C (Fig. 3C and Fig.
S32-536, Table S5, ESIT), PU to 4,4"-methylenedianiline (MDA) at
160 °C (Fig. 3C and Fig. $37-541, Table $6, ESI{), PET to BHET at
180 °C (Fig. 3C and Fig. S42-S48, ESIt), and PA to caprolactam
(CPL) at 210 °C (Fig. 3C and Fig. S49-S52, Table S7, ESIY).
In addition to the "H NMR spectra, HPLC chromatograms
further confirmed the formation of respective monomers as
major products (Fig. S53, ESIT). The deconstruction ability of
the TBD:TFA catalyst for multiple condensation polymers pro-
vides versatility in their chemical recycling.

Reusing catalysts in polymer deconstruction processes
provides benefits in reduced costs, increased efficiency, less

3364 | Mater. Horiz., 2023, 10, 3360-3368

environmental impact, and greater flexibility in production.
Thus, we investigated recyclability of TBD:TFA catalyst and EG
in PC, PU, PET, and PA deconstruction using two techniques
(Fig. 3D and ESIt Section S4.12). In the first method, we
separated the mixture of EG and the catalyst after each cycle
and used it again for the following deconstruction. In the
second method, we added a new batch of polymer (e.g., PET)
without separating the catalyst. Since the deconstructed mono-
mers, EG, and catalyst are soluble in water, the deconstruction
solution is first transferred into water and any impurities such
as pigments can be readily removed by filtration. Then, the
monomer is separated at a high yield (>90%) by recrystalliza-
tion or extraction at each 1st to 5th cycle, leaving EG and the
catalyst in the water. The mixture of EG and the catalyst
(>95%) is recovered by evaporating water and directly used
for the following catalytic deconstruction cycle (Fig. S54-S57,
ESIT). In addition to reusability, our TBD:TFA catalyst exhibits
high stability under kinetically controlled conditions over five
cycles (Fig. S8C, ESIT), which also manifests high activity of
TBD:TFA catalyst. Comparatively, when the recyclability of a
TBD catalyst is evaluated for PET deconstruction under the
same conditions, the yield of BHET drops from 45% to 10%
from the 1st to the 5th cycle (ESL,T Section S4.12) most likely

This journal is © The Royal Society of Chemistry 2023
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due to the limited thermal stability of the TBD (Fig. S18A, ESI¥).
In addition, since water tends to harm the efficiency of orga-
nocatalysts, we performed the deconstruction of PET in the
presence of water to understand the impact of water on the
TBD:TFA catalyst efficiency (ESI,{ Section S4.12). The results
from 'H NMR (Fig. S58-S61, ESIf) and HPLC (Fig. 62, ESIt)
also indicate that the deconstruction occurs via glycolysis over
hydrolysis even with the presence of 30% water likely due to the
presence of more EG (10 equivalents) than water (3 equivalents)
in the reaction.

The structural stability among carbonate, urethane, ester,
and amide functional groups in PC, PU, PET, and PA, respec-
tively, provides a distinctively different rate of deconstruction
that allows selective and sequential deconstruction of mixed
PC, PU, PET, and PA with the TBD:TFA catalyst. Thus, the
concurrent glycolysis of assorted PC, PU, PET, and PA was
investigated (Fig. 4A-E and ESIT Section S4.13). All polymer
pellets (1.3 mmol of each, equivalent to 0.33 g PC, 0.41 g PU,
0.25 g PET, and 0.15 g PA) were mixed in the same vial with EG
(10 eq.) and TBD:TFA (0.05 eq.), and the successive deconstruc-
tion was monitored at different temperatures. The kinetics on
the degree of deconstruction was quantified by 'H NMR
spectroscopy using each yielded molecule’s characteristic sig-
nals (Fig. 4B’-E’). At 130 °C, only PC was deconstructed,
yielding 97% of BPA after 2 h (Fig. 4B, B’ and Fig. S63, ESI{),
which demonstrates the capability to selectively deconstruct PC
in the co-presence of PU, PET, and PA (Fig. 4B). By increasing
the temperature to 160 °C, PU is deconstructed to MDA, and a
small quantity of PET is also deconstructed to BHET (Fig. 4C, C’
and Fig. S64, ESIT). Further elevation of the temperature to
180 °C deconstructs the rest of the PET to yield BHET (Fig. 4D,
D’ and Fig. S65, ESIT). Finally, at 210 °C, PA is deconstructed
into CPL (Fig. 4E, E’ and Fig. S66, ESI}). Alternately, direct
heating of combined PC, PU, PET, and PA at 210 °C decon-
structs all the polymers, resulting in a mixture of respective
monomers (Fig. 4V), that could be separated through known
separation methods such as fractional distillation or Combi-
Flash®. The ability to deconstruct these mixed condensation
polymers provides a clear path to eliminate costly sorting and
allows for recovering valuable chemicals from mixed plastics waste.

The properties of plastics are often tailored to the respective
application by blending different additives during their manu-
facturing, and the mixed state makes the deconstruction of
discarded plastics an even greater challenge. Thus, during our
investigation, the efficacy of the TBD:TFA catalyst was further
evaluated by deconstructing selected consumer products based
on PC, PU, PET, and PA (ESL Section S5.1 and Table S8). First,
commercially available colorful PET water bottles were cut into
small pieces (0.5 g) and deconstructed by loading EG (10 eq.)
and TBD:TFA (0.05 eq.) at 180 °C for 2 h (Movie S2, ESI{). The
water bottle was fully converted to BHET (Table S8A and
Fig. S67, ESIt). Both a polyester-based carpet (Table S8B and
Fig. S68, ESIT) and cloth (Table S8C, ESIt) were deconstructed
in the same deconstruction condition and exhibited high or
complete conversion, though the precise degree of conversion
is difficult to determine due to the unknown composition of the
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starting material. Similarly, a PC-based consumer product, safety
goggles, were fully converted to yield pure BPA (Table S8D and
Fig. S69, ESIT). Thermoset PU foam (Table SSE, ESIT) and a nylon
rope (Table S8F, ESIT), as consumer products of PU and PA, were
also thoroughly deconstructed to yield the corresponding mono-
mers (Fig. S70 and S71, respectively, ESIT). These results indicate
the broad applicability of TBD:TFA for deconstructing various
consumer products and the negligible influence of polymer
additives or color pigments on the catalyst activity.

The deconstruction of mixed consumer plastics waste via
selective glycolysis was further investigated (ESI,t Section S5.2).
A mixture of safety goggles (PC), PU foam, PET water bottle, and
nylon rope (PA) (0.5 g each) from customary sources was placed
in a reaction vessel, and successive heat was applied by using
EG (10 eq.) and TBD:TFA (0.05 eq.) for 2 h to validate the
catalyst efficiency in mixed consumer plastics waste. Reaction
temperature of 130 °C led to the complete conversion of PC
waste to BPA, while PU, PET, and PA waste remained uncon-
verted. Because of its insolubility in EG, the unreacted PU, PET,
and PA waste can be easily filtered off from the reaction
solution and proceed with deconstruction in a subsequent
reaction. Increasing the temperature to 160 °C resulted in the
complete conversion of PU foam to MDA. At an elevated
temperature of 180 °C, the PET water bottle is fully converted
to BHET. The nylon rope is intact after 160 °C or 180 °C
deconstruction conditions; thus, it can be easily separated.
When the residue is heated to 210 °C, the nylon rope is fully
deconstructed to CPL. Alternatively, we used the TBD:TFA
catalyst to deconstruct mixed plastics waste of the same con-
sumer products in the same reactor at 210 °C for 2 h, yielding a
mixture of BPA, MDA, BHET, and CPL.

Our organocatalyst, TBD:TFA, can deconstruct specific plas-
tics (PC, PU, PET, and PA) and leave other plastics intact
through their reactivity differences in the polymer structure,
solvation, as well as physical and mass transport properties.
To evaluate the efficiency and selectivity of TBD:TFA as a
catalyst for multiple mixed wastes (ESLf Section S5.3), we
performed TBD:TFA-based glycolysis by using (i) a PET bottle
with a PP cap (Fig. 4F), (ii) a PET bottle with PE bags (Fig. S14,
ESIt), (iii) a mixture of PC, PU, PET, and PA based consumer
products with PE bags (Fig. 4G), and (iv) fabrics consisting of
40% polyester and 60% cotton (Fig. 4H). Due to the presence of
labile linkage (O-C=O0, ester, or -N-C—0, amide), condensa-
tion polymers exhibit complete conversion to yield the respec-
tive monomer while keeping unreacted PP (100%), PE (100%),
and cotton (100%). This selective deconstruction method using
TBD:TFA can eliminate the need for upfront separation of
mixed plastics and could also apply to multicomponent plas-
tics, such as multi-layer packaging or textiles.

Evaluating energy and carbon inputs is critical for under-
standing their circular plastic and environmental impacts.'®*°
Commonly, the production of virgin polymers involves a long
list of processes, from raw material extraction to waste manage-
ment, which has a considerable impact on embodied carbon
and energy demand in the final plastic product, ranging from
1.9 to 5.8 kg CO, eq. per Kgolymer and 51 to 176 MJ/kg,
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Fig. 4 Sequential and selective deconstruction of mixed plastics. (A)-(E) Sequential deconstruction of mixed PC, PU, PET, and PA using TBD:TFA
(0.05 eq.) and EG (10 eq.) for 2 h. At 130 °C (I), PC fully converts to BPA while PU, PET, and PA are kept intact (B & B’). At 160 °C (II), PU fully converts to
MDA with a small conversion of PET while PA is kept intact (C & C'). At 180 °C (Ill), PET fully converts to BHET while keeping PA unreacted (D & D’). Finally,
at 210 °C (IV), the remaining unreacted PA fully converts to CPL (E & E’). Alternatively, directly heating at 210 °C (V) can deconstruct PC, PU, PET, and PA
once to yield the mixture of corresponding BPA, MDA, BHET, and CPL. (F) Deconstruction of a PET bottle and a PP cap mixture produces BHET with
keeping PP intact. (G) The combination of PC, PU, PET, and PA consumer products with a piece of PE bag is deconstructed to produce corresponding
monomer BPA, MDA, BHET, and CPL, respectively, while keeping PE intact, (H) Deconstruction of fabric based on polyester (40%) and cotton (60%) to
produce BHET monomer, while unreacted cotton can be readily separated. (I) Carbon footprint and (J) energy footprint of PC, PU, PET, and PA
production by conventional petroleum-based approach against the reconstruction of PC, PU, PET, and PA using the deconstructed monomer by
TBD:TFA-based process.

respectively.'® Recycling polymer waste and reconstructing new
polymeric materials has decreased the impact on embodied
carbon by a factor of 2-6 in some cases.*® Life Cycle Assessment
(LCA) modeling is an integral tool to evaluate the environmental

3366 | Mater. Horiz., 2023, 10, 3360-3368

impact of the developed approach in the deconstruction of each
polymer individually and the production of reconstructed poly-
mers from the recycled monomer. We conducted a cradle-to-gate
LCA to estimate the carbon and energy footprint in the chemical
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recycling of PC, PET, PU, and PA waste, followed by the produc-
tion of PC, PET, PU, and PA (ESIL,T Section S6 and Tables S9, S10).
Since the use of BHET for PET synthesis, BPA for PC synthesis,
MDA for PU synthesis, and CPL for PA synthesis is well estab-
lished in the industry, the recovered pure monomers can be
readily incorporated into the currently used plastic production
process. The analysis considers any options that influence the
environment by consuming resources or releasing emissions,
including resource use, human health, and ecological impacts.
EG and electricity are the main contributors to the environ-
mental impacts of the polymer deconstruction process mainly
affecting ozone depletion, global warming, and acidification.
Due to the efficient deconstruction process of each condensa-
tion polymer with the TBD:TFA catalyst, the resulting decon-
structed monomers produce the corresponding polymers with
low embodied carbon values (0.34-1.41 kg CO, eq.) and cumu-
lative energy demand (4.96-32.0 MJ kg™ '). The comparative
LCA analysis shows that the synthesis of PC, PU, PET, and PA
from the deconstructed monomers results in 82%, 81%, 75%,
and 95% less GHG emissions (Fig. 41 and Table S11, ESIt), as
well as 68%, 72%, 84%, and 94% less energy input (Fig. 4] and
Table S11, ESIt) than that from the traditional petroleum-based
monomers, respectively. Moreover, the comparative LCA model
for mixed plastics waste of PC, PU, PET, and PA shows a
reduction of 51% in fossil energy consumption compared to
the combined energy demand for each polymer individually.
The significant decrease in carbon and energy footprints in the
reconstructed polymers using the deconstructed monomers
from the TBD:TFA-based process is attributed to the combi-
nation of several factors, including the effectiveness of the
catalyst, the ability to recycle the excess of EG, fast kinetics,
and high yields of polymer deconstruction. Furthermore, the
simultaneous recovery of intact plastics such as polyolefins and
cellulose (Fig. 4F, G and H) is expected to further reduce GHG
and energy input for the overall circularity of multiple plastics.

Conclusions

We have demonstrated the selective and sequential deconstruc-
tion of condensation polymers, PC, PET, PU, and PA, and their
various mixed plastics to address the global challenge of plastic
recycling. A wide range of post-consumer plastic waste, such as
bottles, packaging, foam, carpet, etc. is readily deconstructed
into monomers with high efficiency. Our approach using the
TBD:TFA organocatalyst enables efficient and versatile conver-
sion of those plastics’ waste to high-value chemicals that can be
readily used to reproduce high-value plastic or other valuable
materials. The tailored catalyst design allows for 100% conver-
sion of polymers to corresponding monomers within 2 h using
1/10 of the catalyst and half of EG compared to the state-of-the-
art organocatalyst. Furthermore, the reagent and the catalyst
are easily recyclable, demonstrating an equivalent catalytic
activity even after 5 repeated reactions with the same catalyst.
Moreover, the developed organocatalyst accomplished the
deconstruction of various consumer plastics mixtures, enabling
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the selective glycolysis of condensation polymers and a facile
separation path for the other intact polymers. The selective
deconstruction of mixed plastics by TBD:TFA provides a feasible
path for implementing in a practical large pilot scale deconstruc-
tion plant due to its high efficiency, good reproducibility, straight-
forward process, cost-effectiveness, and environmental viability.
The approach offers a highly efficient closed-loop chemical recy-
cling of mixed plastics by facile deconstruction and separation,
leading to a more than 80% reduction in energy and carbon
footprint.
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