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Figure 1 (Color online) Impacts of typical polymeric materials on the resources and environment across their lifecycle—from production to post-
disposal treatment (this diagram systematically illustrates the full life cycle of typical polymeric materials: preparing monomers from different raw
materials, polymerization, and processing to products and end-of-life disposal; it highlights various waste treatment pathways, including recycling/
recovery, incineration, landfilling, composting, and leakage into the environment).

By e o B U/ PN R = e A B O
L BERE. . MERR/REMEE, SR E T AT
bt B8 it A 4 A 1) R R T AN W L E AR A, TR SC A B (an
(TSR BE R AR B8 ) HE AL/ 2% i #1062 [ 4k I S ok
IREEy5 e, RIS S e A IR 37 4 4 1 7 [8] 2 3 B
SR, o M BRI TT 45 IR 354, X L iy
o> T IR FEDTE Tt A BE rR AN RERE AR, K BONFEA
PEVG G, 45 1K S8 P2 SR AE BT RS 0 A 55 o R P i Al
AR K S IS E I, R IR A 2
R G, IR TE B AR S AE 78 4 MR AR AR PR 0 T B
i 12 AR R e TR 21 B SR T v o) I AR R
YIrs A s el /A 0gfe, B HAR T OR AT AR
mIFER.

BRME N o TR AR B 77, H Ak
BB OIAs3aml, HAe3{zmi K, {HIF
WA 15%, FERRH 3N B SRR BT Bl S JH
B, T IS g AR B AT SR A
AR FEYD I LA, F120504F, 42 BREBE}IE M1 2
P R 12042061, 177 ELILTE I 90% (1 S RHK 6t
FAA IR, BEE AT SRR H 253, R
TE20504F 4 BRA I Y FE 0 1) 7 LORHX $120%, X SEFR
RN E SRR R TEIR R 5. Lb Ak, FESIRLY
BN iy JA A R N RO BB IR 7848 18 )ik 22 7= AR K

526

R

TS _EIR PR, B T AREE [ SRR
AIRPEE R R O R BRILIR. R SEIlx — B bR, W
P B e R b i I R U PR T 5 AR BR
i, AR FH AT R AR A A 5T S5 SRR AN T AR 1Y
AR, IR BRI L 08, A2 A7 548 o, & Jie
BIEE. JLEi SN 2Rt R, ARGEK
MORRAC A, MUK B D IR 2R, JEH R
FEIRFEWE B, AR I BRI AD ST B [ YA i 7
IR RII, RO e 2 57 A B AL AR A BOR A &,
FFRIRZR T I BB A2, BeAh, NIE AL
TPk B, ARG L RSP R AT i 2
AR BB AL RE, TR — vk, 3875 2
SEINAE PR SIS P AT S AR D R eI, BRI T
e PR RE K R] S AL AR AR R gt 0 AR, AT
P2 AR RIBORR R, RGN BRI 5 3485
IA B XU PR AL

2 JRFER T RO O I

B TR (8]0 L7 20 T 0 9 04F X sk 2% 51 5%
VE, (IR, MR R E AR, B R T
£ [R5 52 43 A A B TSR G [ET i (P2)). e



REFR: b 2026 0 56 E 3 M

EE=]: ) B P
BEREYL i
B (Energy L
= Sy IR/ HVARREINL
;%:; Eaﬁﬂ';@l& (Physcycling/Mechcycling)
F ;
L] f L ENL
MIRENL | 4
# (Matter i (?hemcycllng)
Recovery) { DEE/ VAL BN
{ (Physchemcycl'ingl
ﬁiﬁﬂs@l& , Mechchemcycling)
E MBI
(Biocycling)

FYBRBASERN B E23 S

. 5. B PEERIEIL

SRS R (Downcycling)
REAW®ENE | EHESRecycing) |
MR /AE SR TR ZIERENT
A/ EtibF mBRRE 428
BB FIIT ERE
FEEREINT
FRENE(Upcycling)
b/ E L R !
1SERhE N i ot et

B2 (RO )R 5 R T AR RIS 7 ik AR TR (s RS, e BT [T i3 o e B RIS o sl e P KK st
[ YSg e — 2 A 7 VB AUR RI S A2 IS S AP U S B A2, IF ARt 1 2% R IUr s R =T s & R B AE

IR R 1A 5250

Figure 2 (Color online) Recycling methods for waste polymeric materials (this diagram categorizes existing recycling methods into two major
classes—energy recovery and matter recovery—based on their intended purpose; matter recovery is further subdivided into pathways such as
physcycling/mechcycling, chemcycling, and biocycling, with annotations indicating the typical product forms, applicable material types, and the

recycling hierarchy within the circular economy for each approach).
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Figure 3 (Color online) (a) Comparison of 7 for ring-ester monomer ring-opening polymerization; (b) thermodynamic equilibrium concentration-

temperature curves for ring-ester monomers [9-14].
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Figure 4 (Color online) Schematic diagram of the low-temperature selective chemical recycling of PET [7].
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Figure 6 (Color online) Manufacturing of robust adhesive through synergistic co-upcycling of epoxy-glass fiber components from wind turbine

blades [31].
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Figure 7 (Color online) Preparation and closed-loop chemical recycling of aliphatic polycarbonates via diacetyl substitution-mediated ring-opening

polymerization [12].
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Chemical recycling and upcycling of polymeric materials
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Abstract: Advancing the sustainable development of the polymer industry requires establishing a comprehensive life-
cycle technological framework encompassing raw material sourcing, production, utilization, and end-of-life
management. This paper highlights the importance of developing cost-effective recycling and upcycling technologies
for polymer waste, which can reduce reliance on non-renewable fossil resources and mitigate associated environmental
pollution. Particular emphasis is placed on discussing current methods and strategic approaches for the chemical
recycling and upcycling of waste polymeric materials. For existing polymeric materials, waste management strategies
must shift from merely focusing on “reducing waste pollution” to a paradigm of “recreating value from waste”. Research
should prioritize novel principles and methodologies that enable “closed-loop” and/or “upcycled” recovery (i.e.,
“Recycling” and/or “Upcycling”), fostering the development of green, low-carbon recycling technologies capable of
producing output with competitive market value. This not only reduces fossil energy consumption but also minimizes
environmental pollution from waste. For newly designed and synthesized polymer materials, recyclability must be
considered alongside material performance. There are two primary pathways proposed. The first involves designing and
synthesizing entirely new polymers that offer both targeted performance and inherent chemical recyclability, preferably
repeatable chemical recyclability—“Repeatably Chemically-Recyclable Polymers”. The second focuses on chemically
modifying existing polymers by introducing features such as comonomers or reversible crosslinks to facilitate chemical
recycling/repeatable chemical recyclability, while maintaining or even enhancing their original performance or adding
new functionalities. For single-use polymeric products, complete environmental degradability should also be integrated
into material design. The designed polymer molecules should integrate necessary performance, ease of chemical
recycling/repeatable chemical recyclability, and complete biodegradability in nature (“Repeatably Chemically-
Recyclable Biodegradable Polymers”). This can address all potential scenarios after disposal, ensuring that waste is
either recycled or assimilated by the natural environment—a key direction for single-use polymer products. Through the
complementary and coordinated implementation of these strategies alongside other recycling approaches, the polymer
industry can progress toward a sustainable, green, and low-carbon future.
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