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Click dechlorination of halogen-containing
hazardous plastics towards recyclable
vitrimers

Xiaoyan Qiu1, Jize Liu1, Xinkai Li1, Yuyan Wang2 & Xinxing Zhang 1

Amid the ongoing Global Plastics Treaty, high-quality circulation of halogen-
containing plastics in an environmentally sound manner is a globally pressing
issue. Current chemical dechlorination methods are limited by their inability
to recycle PVC at the long-chain carbon level and the persistence of eco-toxic
organochlorine byproducts. Herein, we propose a click dechlorination strat-
egy for transforming waste PVC into valuable vitrimers via a one-step cascade
thiol-ene click reaction and dynamic polymerization. Thermal activation of
C-Cl bonds initiates β-elimination dechlorination, while disulfide bonds syn-
chronously undergo homolytic cleavage, generating sulfur-centered radicals
that drive precise sulfur-chlorine substitution and the formation of disulfide
dynamic networks. This strategy achieves nearly complete chlorine extraction
(93.88%) and produces vitrimers with tailorable mechanical and reprocessing
properties, spanning from soft elastomers with 784% elongation to rigid
plastics with a yield strength of 34MPa. The significant advantage of this
strategy is backbone protective precise dechlorination, enabling ecosystem
toxicity reduced by 99.51% compared with widely adopted pyrolysis methods.
This work introduces a sustainable pathway for upcycling PVC into valuable
materials, marking significant progress in chlorinated plastic recycling.

Plastic pollution is one of the urgent environmental problems that is
currently attracting global attention1–3. Global Plastics Treaty advo-
cates eliminating plastic pollution by promoting higher recycling rates
and reducing the emissions of hazardous substances throughout
plastics’ life cycle4,5. Among these commodity waste plastics, halogen-
containing plastics represented by polyvinyl chloride (PVC) are
recognized as the most hazardous polymers, which have a high pro-
duction rate up to 58.9 million metric tons in 2023 but the lowest
recycling rate in most countries (less than 0.05 percent in the US,
Fig. 1a)6. Traditional hydrothermal, hydrogenolysis, pyrolysis, and
catalytic cracking methods can’t satisfy demands of harmless disposal
of waste PVC, due to the uncontrollable Cl radical formation at ele-
vated temperatures causing significant dose release of harmful
chlorine-containing organics such as dioxins or corrosive HCl
(Fig. 1b)7,8. To address the globally intractable challenge, developing

transformative PVC dechlorination recycling strategies toward sus-
tainability is urgently needed.

Selective removal and stabilization of Cl from the C-C main chain
is critical for the harmless treatment of PVC, having attracted
increasing research concerns. Recently, some new dechlorination
strategies have been explored9–11. For example, Anne et al. reported the
electro-reduction method based on paired-electrolysis reactions to
remove Cl, which was directly reutilized as chloride sources to syn-
thesize small-molecule chloroarenes12. Ma et al. proposed a co-
upcycling method of PVC and polyesters that, in situ, uses Cl ions to
attack the Calkyl-O bonds on the main chain of polyesters, generating
1,2-dichloroethane monomers13. Despite a big breakthrough, the
footprint of chloride elements is substantially prolonged due to
organochlorine yields that potentially cause environmental risks.
Besides, nearly all closed-loop chemical recycling methods of
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depolymerization back to small-molecule are not yet economical
because of the maximal number of chemical bonds broken and also
constrained by the use of catalysts, complex purification, and long re-
polymerization routines14–17. Thus, time- and material-efficient meth-
ods are immensely sought to convert PVC into bulk materials, pre-
ferably without additional separation.

A major challenge in achieving high-quality recycling of PVC is
developing a synchronous polymerization method that prevents
undesirable polyolefin random cracking and aromatization. The rapid
development of click and dynamic chemistries, particularly thiol-ene
click reaction, presents a valuable opportunity, showing the advan-
tages of efficiency andmild reaction conditions and being widely used
in polymer synthesis, functionalization, and bioengineering18–22. The
allyl carbon radicals generated during the pre-dechlorination stage are
active reaction sites, enabling the polyene-type macromolecule back-
bone to be further extended by radical reactions. Integrating thiol-ene
click chemistry with dynamic covalent polymer networks enables the
creation of vitrimers, materials that combine the recyclability of
thermoplastics with the stability of thermosets through reversible
cross-linking, facilitating reshaping, repair, and recycling while
retaining mechanical properties. However, applying this chemical
scheme to PVC for efficient dechlorination and a one-pot transfor-
mation remains largely underexplored.

Here, a thiol-ene click reaction coupled with dynamic poly-
merization was reported, achieving precise sulfur-chlorine sub-
stitution for one-step transforming waste PVC into recyclable
vitrimers. Click bonding of controllable dechlorination sites and
thiol groups cascade with the dynamic ring-opening polymerization
(ROP) of the disulfide ring on lipoic acid, which upgrows linear
chains into networks (Fig. 1c). This reaction shows a mainchain
protection advantage due to the introduction of weak disulfide
bonds, that inhibit the PVC chain from degrading to small molecules
to achieve macromolecular-state recycling. More importantly, the
vitrimers were endowedwith added value, showing re-processability
and highly tunable mechanical properties. Besides, by efficiently

separating and stabilizing organochlorines, this work dramatically
reduces eco/human toxicity compared to the pyrolysismethod. This
readily adaptable recycling strategy potentially addresses the
pressing challenges of waste halogen-containing plastics regenera-
tion, we foresee it will fulfill the intertwined environmental-
chemical-material needs in waste plastics circulation.

Results
Sulfur-chlorine substitution mechanistic investigations
The sulfur-chlorine substitution reactions were performed using PVC
powder (Mn= 75968 g/mol) as the substrate, biologically sourced lipoic
acid (LA) as a sulfur source, and synthesized FeS nanoparticles as an
efficient trap for Cl ions as it also has a reducibility for C-Cl bonds.
These reactions were carried out under one-pot hydrothermal condi-
tions at 150 °C for varying durations. The bond dissociation enthalpy
(BDE) of C-Cl (78.57 kcal/mol) and S-S bonds (60.52 kcal/mol) is below
that ofC-C (85.92 kcal/mol, Fig. 2a), confirmedusingdensity functional
theory (DFT), indicating the breakages of disulfide bonds of LA and
C-Cl bonds of PVC are preferential to backbone degradation. The 5,5-
dimethyl-1-pyrroline N-oxide (DMPO)-trapped electron spin-
paramagnetic resonance (EPR) experiments characterized the free
radicals in the reactive systemwere generated23. A superposition signal
of individual free radicals (g = 2.013, 2.0043) in the EPR spectrum was
captured as temperature increased to 140 °C (Fig. 2b), corresponding
to sulfur radicals, and allyl radicals arising from Cl removing,
respectively24. EPR results verified the reaction following a free radical
mechanism. The observed acidification of the reaction medium sug-
gests that H is also released from the PVC to form HCl, indicating an
elimination dechlorination mechanism. While the FeS reactant could
neutralize the solution’s acidity, as indicated by the pHmeasurements
(Supplementary Fig. 1). ¹H NMR spectroscopy (Fig. 2c) reveals a sig-
nificant reduction in the characteristicpeaks corresponding to theα/β-
hydrogens of PVC, observed in the 2.0–2.7 ppm and 4.0–5.0 ppm
regions. Concurrently, new resonances emerge at 2.85 ppm, which are
attributable to the formationof thiolatedPVC.The characteristic peaks

Waste PVC

58.9 million 
metric tons

Storage, 37.40%

Landfills, 
28.70%

Open burning, 
0.20%

Recycling, 
18.30%

Incineration, 
15.40%

a c

b
200-250 

400 

500-600 

Hydrothermal/
solvothermal 
treatments

Pyrolysis

Carbonization

Waste PVC

Solid alkali
Hydrocarbon

Syngas/HCl/Cl2

Cl2 HCl

Low value

Fuel

Hum/eco risk

Dioxins

Thermal，
catalytic

Dechlorination

Cl-free polyolefin

pLAWaste PVC Lipoic acid

Recyclable vitrimer

+FeS
-FeCl3+DMC

Resolved issues：
Contamination with traces of Cl

HCl emissions

-FeCl2

Cl element flow
Active polyolefin

Chain growth
Value-added

material

ROP

Fig. 1 | Overview of the recycling of PVC wastes. a Waste PVC recycling and
treatment methods, estimated based on the reuse and recycling of PVC plastics,
and global polymer demand in 2016–20506. b Current schemes of traditional
thermochemical recycling. c Cascade reaction routine for transforming PVC into

vitrimer, including three reactions: thermal dechlorination of PVC, ROP of lipoic
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of alkenyl and aromatic groups were not observed, indicating elim-
ination of dechlorination proceeded simultaneously with the sulfhy-
dryl addition reaction, and aromatic hybridization of the PVC
backbone did not happen. In addition, Fourier Transform Infrared
Spectroscopy (FTIR) analysis corroborates these findings, confirming
the successful incorporation of sulfur sites (Supplementary Fig. 2). A
substantial increase in average molecular weight was observed via gel
permeation chromatography (GPC) analysis, with the molecular
weight rising from the initial unreacted PVC (Mn = 76 k gmol–1) to
160 k gmol−1. This increase is likely due to the side-chain extension on
PVC through continuous ROP of LA after sulfur chlorine substitution
(Fig. 2d, e). Thepolydispersity index (PDI) initially increased, indicating
that poly lipoic acid (pLA) oligomers are produced from LA con-
currently with dechlorination, and then decreased as polymerization
and crosslinking advanced.

The potential mechanisms underlying the observed reaction are
discussed in more detail below. Firstly, C-Cl bonds are thermally acti-
vated, and the chloride anion (Cl–) is probably cleaved from the PVC,
resulting in the formation of conjugated olefins and the release of HCl
via a β-elimination mechanism. Simultaneously, disulfide bonds
undergo cleavage, producing terminal sulfur radicals. The liberated
HCl is subsequently neutralizedbyFe ions through anelectron transfer
process. (Fig. 2f i–iii)25. Revolving around the alternation between
terminal sulfur radicals propagation and the chain transfer across the
ene group, relatively weak C =C π bonds are replaced with stronger
C-S σ bonds, and disulfide bond networks are formed through click
and ROP reactions (Fig. 2f-iv)26. Energy distribution calculations of the
transition state with M06-2X/6-311++ G (d, p) bases were performed to
validate the thermodynamic properties of the cascade reaction27.
Supplementary Fig. 3 shows the free energetics of the transition state
along the reactions on the same relative scale with starting C-Cl bonds

breaking taken as 0.0 kcal/mol. The Gibbs free energy of the overall
reaction is − 43.96 kcal/mol, indicating an exothermic reaction that is
shown to be experimentally successful.

Efficient dechlorination and dynamic crosslinks
The solid product of the reaction is defined as DeP-x vitrimer, wherein
x represents the residence time. Component-related designations,
such as DeP-LA1FeS0.05, indicate the LA and FeS ratio to PVC. Notably,
the principal product of our proposed strategy is the vitrimer which
can be obtained by washing and drying with a final yield of > 90%
(Supplementary Fig. 4). As shown in Fig. 3a and Supplementary Fig. 5,
the broad signal peak of DeP-12 h vitrimer at 610 cm−1 that belongs to
the C-Cl group disappears, and the deconvoluted area ratio of the C-Cl
characteristic peak decreases to 6.75%, indicating a nearly complete
chlorine extraction from the PVC as residence time increase to 12 h.
The deconvoluted area ratio of the C-S bond characteristic peak rela-
tive to the S-S bond decreased from0.706 to 0.505 during the thermal
recycling process, indicating an increase in the formation of S-S bonds.
Due to the removal of the unstable Cl atom, the biggest weight loss
(64.31wt%) at 310 °C corresponding to the release ofHCl and benzene,
and its derivatives disappears, as shown in thermal thermogravimetry
(TG) and differential thermogravimetry (DTG) curves (Fig. 3b and
Supplementary Fig. 6).

The dechlorination efficiency (De), defined as the rate of Cl atom
removal, serves as a critical indicator of the successful execution of the
reaction. Ion chromatography and Gas Chromatography-Mass Spec-
trometer (GC-MS) were performed to detect the composition of liquid
by-products. Only 0.61% organic Cl (approximately 289mg per kg of
PVC) is generated in the formof nontoxic chloralkane with 10 C atoms,
as shown in the GC-MS of liquid residues (Supplementary Fig. 7). Via
energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
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spectroscopy (XPS) characteristics, the residual chlorine contents and
atomic bonding states in DeP vitrimer were determined. With the
addition of 5wt% FeS and lipoic acid at an S/Cl molar ratio of 1, the
carbon-to-chlorine (C/Cl) ratio reaches 32.4 after a 12 h reaction
(Fig. 3c), compared to 1.34 in pristine PVC and 12.66 in DeP vitrimer
without FeS. This indicates that FeS nanoparticles effectively accel-
erate PVC dechlorination due to their high reductive activation28. The
dechlorination efficiency of DeP-LA1FeS0.05 is 93.88%. In contrast,
using non-sulfidated zerovalent iron (ZVI) particles results in a mark-
edly lower dechlorination efficiency of 56.12% (Supplementary Fig. 8).
Thefirst-orderfittingplot of dechlorination efficiency versus residence
time illustrates the dechlorination kinetics. Notably, the first-order
dechlorination kinetic constant is enhancedbya factor of 2.4when FeS
is employed (Fig. 3d).

As shown in Fig. 3e and Supplementary Tables 1 and 2, the C 1 sXPS
spectra of PVCdisplay two dominant components: C-C/C-H at 284.99 eV
and C-Cl at 286.32 eV, with peak area proportions of 66.7% and 30.3%,
respectively. After dechlorination, the C-C/C-H proportion increases to
75.2%, while the C-Cl decreases to 9%29. A new peak appears at a binding
energy of 286.5 eV,with apeak areaproportion of 4.5%, attributed toC-S
functional groups (Fig. 3e-i). In addition, 12.62% of the residual Cl is
present in an inorganic state (Fig. 3e-ii). The presence of distinct C-S
(163.12 eV) and S-S (164.29 eV) bonding peaks in the S 2p XPS spectrum
confirms the successful incorporation of sulfur into the carbon frame-
work. A broad peak fitted at 160.38 ±0.2 eV corresponds to sulfide (S²⁻)
or polysulfide (Sn²⁻) species (Fig. 3e-iii)

30,31. We further employed TGA-
FTIR-GC/MS to evaluate the degradation behavior of the vitrimers, as

shown in Fig. 3f, Supplementary Figs. 9, 10. A characteristic stretch
vibration peak of -CH₂- was observed at 1298 cm−1 within the tempera-
ture range of 180–320 °C. Linear short-chain alkanes, primarily termi-
nated by thiol and ketone groups, were identified in the complex gas
mixture. Notably, no Cl-containing organic compounds were detected,
suggesting that degradation is largely due to the thermal cleavage of
weak S-S bonds, confirming the successful formation of dynamic S-S
bond topology networks. These findings indicate that the proposed
strategy effectively removes organic Cl, while simultaneously generating
a vitrimer cross-linked via disulfide bonds.

Furthermore, we used disposable PVC gloves, commonly found in
the medical, food, and electronics industries, to evaluate whether our
approach can be applied to PVC waste. The gloves contain 32% liquid
additives by mass, identified as di-2-ethylhexyl phthalate (DEHP) via 1H
NMRspectroscopic analysis (Supplementary Fig. 11). After theplasticizer
removal (Fig. 3g), the resulting solid material (PVC solid) had an Mn of
127850gmol−1 and was partially soluble in DMC, as shown in GPC ana-
lysis in Supplementary Fig. 12. A 91.14% dechlorination efficiency was
achieved with the PVC solid (group 2), similar to the 93.88% observed
with pristine PVC powder (Mn = 75968gmol−1). When using the PVC
glove directly (group 1), the dechlorination rate decreased to 70.25%
(Fig. 3hand Supplementary Fig. 13). These findings suggest that com-
mercial PVC waste can be directly dechlorinated and recycled using our
method. A pre-treatment involving plasticizer removal via a straight-
forward dissolution-precipitation method before implementing the
sulfur-chlorine substitution strategy significantly improves the efficiency
of dechlorination.
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Upgrading the waste PVC to value-added vitrimer
We noticed that PVC-based vitrimer exhibits unusual mechanical tun-
ability, spanning from soft to stiff. As summarized in Fig. 4a, Supple-
mentary Figs. 14, 15, and Table 3, the modulus varies from 1.19 to
266.3MPa, while the elongation decreases from 784% to 40%, corre-
sponding to variations in the content of LA and FeS nanoparticles. The
mechanical performance is comparable to commercial thermosetting/
thermoplastic polyolefin materials, some thermosetting resins, and
rubbers (Supplementary Table 4). Under consecutive loading-
unloading mechanical cycles, the soft vitrimer exhibits energy dis-
sipation due to the dynamic network reconstruction. The topological
transition temperature (Tv) of the DeP-LA1FeS0.05 vitrimer is deter-
mined to be 92.36 °C, enabling repeated recycling without a decrease
in mechanical properties through hot press procedures at 140 °C
(Fig. 4b and Supplementary Figs. 16, 17)14,32.

The encouraging mechanical performance steers a deeper inves-
tigation into the relationship between hierarchical structural char-
acteristics and properties. In the aggregation-state structure scale,
atomic forcemicroscopy (AFM) anddark-fieldTEM images showed the
spherical particles with dimeters 80–200nm (Supplementary Fig. 18).
After dechlorination, 22.42wt% of the initially added Fe element was
retained in the vitrimer (Supplementary Fig. 19). In the valence bond
scale, the presence of both bidentate coordinates and tridentate
coordinates between Fe2+/Fe3+ and -COO- was revealed by XPS analysis

(Supplementary Fig. 20a and Table 2). Molecular dynamics (MD)
simulations were carried out to understand the molecular origins of
the mechanical advantages33,34, where interfacial cohesive energy
between Fe and carboxylates (-COO-) of pLA was discussed. The
equilibrated vitrimer models loaded FeS unit cells were shown in
Fig. 4c, the binding energy is improved from 41.88 to 223.85 kcal/mol,
indicating that higher mechanical force is needed for network rupture
(Supplementary Figs. 20b, 21). The hardening effect of Fe ions leads to
the elasticity of the network being compromised, which is consistent
with the experimental studies. Considering the difference in S-S
crosslinking densities, their contribution has been further discussed
(Supplementary Fig. 22). Deriving from the hierarchical structures
composed of the nanostructure, topology network, and metal coor-
dination bonds, the vitrimers are endowed with exceptional tunability
of strength, elasticity, and hardness.

Arising from interlaced multiple dynamic interactions, the net-
work is adaptive to temperatures via disulfide bond exchange and
supramolecular dissociation-reconstruction35–38. As shown in dynamic
rheological tests (Fig. 4d), the sol-gel transition doesn’t occur as the G’
values are higher than the G” values over (40–200 °C)39. To get further
insight into microstructural evolution within the adaptive networks,
we adopted the Maxwell model of viscoelasticity and transient net-
work theory to normalize the frequency-sweep rheological curves by
introducing the plateaumodulusG0(T) and the frequency dependence
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g (ω, T) factor (Supplementary Figs. 23, 24)40,41. The vitrimer presents
non-Maxwellian behavior, which may be attributed to extra intricate
polymer-nanoparticle interactions40,42,43. The loss factor tanδ (defined
as G”/G’) decrease pertains to an enthalpy-dominated thermodynamic
behavior, as a direct consequence of bridging polymer chains
detachment on the adjacent FeS nanoparticles and dynamic bond
disassociation. The subsequent increase belongs to mild entropy-
driven thermodynamics, where the interfacial interactions become
strong as temperature increases. It is evidenced by the tiny increase of
G’/G0(T) values at 10 rad/s, and the leftward shifts of the frequency-
dependent rheology curve (Fig. 4e)44. As to the analysis above, the
intrinsic relation of readily tuned networks and the mechanical prop-
erties while maintaining valuable dynamic properties has been
revealed. The above results give confidence that the click chemistry
strategy can further introduce convenient structure regulation for PVC
chemical recycling.

To evaluate the potential application of the vitrimers, we applied
the high-pressure capillary rheometer to re-extrude rigid vitrimer into
high-value fibers at 140 °C under 300Pa. The tensile strength of
recyclable vitrimer fiber is 54.25MPa (Fig. 4f, g). The soft vitrimers
could serve as energy-dissipation elastomers with a tan δ value higher
than 0.1 (equivalent damping ratio 10%) across a frequency range of
0.1–10Hz, meeting ISO 22762 standards for seismic isolation bearings
(Fig. 4h)45. Furthermore, they exhibit a high tan δ value (above 0.3)
over a wide temperature range from − 50 °C to over 58 °C, covering
both subzero and ambient temperature conditions (Supplementary
Fig. 25). Both of them show excellent aging resistance due to the
removal of unstable Cl atoms. Overall, the vitrimers upcycling from
waste PVC show value-added applications varying from high-
performance fibers to low-temperature high-damping materials,
demonstrating versatility in applications such as in the medical,
buildings, and transportation fields.

Chlorine footprint and environmental risks evaluation
The environmental risks of PVC dechlorination recycling are analyzed,
focusing on the emission of contamination of halogenated com-
pounds. Statistics reveal that for every 1 kgof PVC recycled, 0.394 kgof
organic chlorine is converted into inorganic chlorine, with 0.391 kg
released into the liquid residue asmonovalent and hypervalent ions. In
addition, alkane chlorine emissions are measured at approximately
289mg per kg of PVC, as shown in Fig. 5a. Compared with other
reported treatment methods for waste PVC, such as pyrolysis and
chemical recycling, our approach results in the lowest emissions of
chlorinated aromatics and corrosive HCl, while also operating under a
relatively moderate reaction temperature, as summarized in Fig. 5b
and Supplementary Table 5.

As depicted in Fig. 5c, pyrolysis tars predominantly consist of
aromatic compounds, including chlorobenzene, polychlorinated
benzenes, and dioxin byproducts. In contrast, only small amounts of
liquid alkaneparaffin areproducedduringour one-stepdechlorination
reaction because of minimal chain scission and decomposition. Alco-
hols, aldehydes, and acids compounds containing 4-22 carbon atoms
were identified through GC-MS analysis, as presented in Supplemen-
tary Fig. 26. We carried out the USEtox, recommended as the best
evaluation tool for the life cycle environmental performance of
products6,46,47, to assess the human toxicological and ecotoxicological
impacts of the chemical emissions deriving from the recycling of PVC.
This process involves calculating a weighted sum of the releases of
various compounds by utilizing characterization factors:

IS=
X
i

X
x

CFx, i*mx, j ð1Þ

In this equation, IS represents the impact score, CFx,i denotes the
characterization factor of substance x emitted to compartment i, and

mx,i indicates the mass of substance x released into compartment i (kg).
Human toxicity is defined as the cumulative cases of cancer or non-
cancer health effects per kilogram of contaminants released into dif-
ferent environments, including household indoor air, occupational
indoor air, urban air, continental rural air, continental (coastal) seawater,
continental agricultural soil and/or continental natural soil. The metric
used for this assessment is expressed in terms of Disability-Adjusted Life
Years (DALY) at the endpoint level per kilogram emission (DALY/
kgemmited

−1). The unit of the characterization factor for ecosystem toxi-
city is potentially affected fraction of species (PAF) at themidpoint level
integrated over the freshwater volume (m3) and 1 day (d) per kg emis-
sion, PAF.m3.d.kgemmited

−1 (details in Supplementary methods). Chlori-
nated aromatic compounds, derived from pyrolysis recycling and
recognized as major contributors to toxic pollution, were included as
counterparts in our analysis. Characterization factors for these com-
pounds, summarized as comparative toxic units for human toxicity
(CTUh, Supplementary Figs. 27–30and Tables 6, 7), were sourced from
the USEtox database46. As shown in Fig. 5d, under equivalent emission
conditions, the total IS value of the primary alkane byproducts in this
work is 3.11*10−5 across all emission scenes, which is significantly lower
than 7.78*10−3 for the principal pyrolysis byproducts- representing only
0.43% of their toxic potential. Additionally, in the freshwater ecosystem,
the most impacted scenario, our strategy reduces the IS by 99.6%
(Fig. 5e). In the seawater scenario, the least affected, ecosystem toxicity
dramatically decreases from 681 to 0.077 PAF·m3 · d. Overall, the total
ecosystem toxicity risks are also reduced to 0.49% of counterparts. In
brief, owing to near-zero emission of organochlorine contaminant, the
proposed strategy enabled by a coupling of thiol-ene click and dynamic
polymerization efficiently mitigates negative impacts in terms of eco-
toxicity, human exposure, and health concerns, offering a sustainable
alternative for waste PVC treatment.

Discussion
To sum up, this work pioneers a concept of backbone protective
dechlorination towards PVC upcycling, leveraging cascade thiol-ene
click and reversible ROP reaction to achieve precise sulfur-chlorine
substitution and in situ dynamic crosslinks. Notably, dechlorinated PVC
is upcycled into robust, recyclable cross-linked vitrimer. Efficient Cl
removal and inorganicizationmitigate the ecotoxicity, human exposure,
and health risks associated with waste PVC recycling. The strategy is
foreseen to address the challenges in harmless and high-valuable cir-
culation regeneration of various currently halogen-containing hazar-
dous plastics. Most importantly, this work motivates a rethinking of
dynamic bond effects in one-step chemical recycling, wherein they are
intentionally designed to facilitate a future recycling process at the
macromolecular level.

Methods
Regents and materials
Raw PVC powder (sieved through a 100 mesh, Mn = 75968 g/mol) with
a chlorine content of 42.06wt% was purchased from Hongxing Poly-
mer Co., Ltd. Dimethyl carbonate (DMC, AR, 98%), lipoic acid (LA,
99%), and 5,5-dimethyl-pyrroline N-oxide (DMPO, 97 + %) were pur-
chased from Sigma-Aldrich (USA). The Sodium dithionite (Na2S2O4,
80 +%), Ferric chloride (FeCl3·6H2O, 98 +%), zero-valent iron (ZVI,
99.5%), tetrahydrofuran (THF, 99.9%), THF-d8 and sodium borohy-
dride (NaBH4, 98 +%)were supplied by ShanghaiMaikelin Biochemical
Technology Co., Ltd. Disposable PVC gloves (Ammex) were purchased
fromJiangsu Jiesheng Co., Ltd. All reagents and ingredients were used
without further purification. Deionized water (resistivity: 18.3MΩ cm)
was used for all the experiments.

FeS nanoparticles preparation
FeS nanoparticles were prepared according to the following proce-
dure. Briefly, sodium dithionite (2.0 g) was dissolved in 1 L of 0.8M
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NaBH4. The resulting solutionwas then added dropwise to 0.5M FeCl3
in a 3:1 volume ratio. The solution was decanted, and the precipitates
were rinsed with degassed water several times. The ultrapure water
was degassed with high-purity N2 for 30min. The particles were dried
in a vacuum oven for 1 d and stored in an anaerobic chamber before
use and characterization.

One-step dechlorination upcycling reaction of waste PVC
The hydrothermal dechlorination experiments were carried out in a
50mL autoclave. A mixture of 5 g of PVC, 6.125 g of LA, 0.35 g of FeS,
and 20mL of DMC was loaded into airtight stainless-steel tubular
reactors with internal Teflon containers. The FeS-to-PVC mass ratio
varied from 1% to 15% to study the dechlorination rate, while the S/Cl
atom ratio ranged from 10% to 100%. The temperature was increased
in two stages, initially at 80 °C for 30min, followed by a rise to 150 °C
with residence times of 4, 6, 8, 10, and 12 h to assess chlorine
removal efficiency. After the reaction, the system was cooled, and
depressurized, and the products were separated into solid and

liquid phases via filtration. The solid phase was washed, dried at
65 ± 5 °C until noweight loss, and labeled as DeP-LAxFeSy, with x and
y indicating the LA and FeS proportions, respectively. The reactor’s
inner Teflon surface was rinsed with DMC and water, and all washing
solutions were collected for chlorine distribution analysis. Experi-
ments were performed in triplicate to ensure consistency, and the
average values were reported.

A discarded glove (2 g) was cut into small pieces (~ 0.5 cm) and
dissolved in 50mL of THF at room temperature (~ 30min). The
polymer was precipitated in 200mL of cold methanol with stirring,
collected by filtration, and the filtrate was concentrated under
reduced pressure to yield PVCsolid. This dissolution-precipitation
process was repeated twice more. The combined filtrates were
concentrated and dried under vacuumovernight, yielding 0.642 g of
a colorless plasticizer (32% relative to glove mass). We then applied
the same hydrothermal procedure to recycle the disposable PVC
gloves and the PVCsolid, which had already undergone plasticizer
removal.
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Dechlorination reaction process characterization
Electron paramagnetic resonance (EPR) spectroscopy measure-
ments were conducted by using an EMXplus spectrometer (BRUKER,
Germany) equipped with the temperature control systems and High
Sensitivity Probe-Head (Bruker) in a small quartz flat cell (Wilmad-
LabGlass, WG 808-Q). 0.5 mL DMPO of DMC solution was used as a
spin-trapping reagent. The samples (ca 200mg) were flame-sealed
in quartz tubes under reduced air pressure (ca 500 torr). The mea-
surement was carried out by placing the unreacted compounds in
the cavity of the EPR spectrometer and heating the samples to
140 °C from 25 °C48,49. The ROP and thiol-ene click reactions hap-
pened while concomitant continuous records of the EPR spectra.
The experimental conditions were as follows: Microwave Fre-
quency = 9.8 GHz, Microwave Power = 0.5024mW, Modulation
Amplitude = 1.0 G, and Sweep Time = 30 s23. FTIR analysis of the solid
products under different residence times was performed on a
Nicolet iS50 Fourier transform spectrometer (USA) in ATR mode.
The HCl loss could be monitored by the TG209F1 (NETZSCH, Ger-
many) from 25 to 800 °C at a heating rate of 20 °C min−1 in the N2

atmosphere to investigate the time influence on the dechlorination
process. Qualitative and quantitative analysis of liquid phase pro-
ducts was performed by gas chromatography (GC-MS, GCMS-
QP2010 Plus, Japan) equipped with a hydrogen flame-ionization
detector (FID), electron ionization mass detector (EI-MS), and HP-5
nonpolar column. The GC yield was determined based on internal
stand curves and integrated peak areas. Determination of the
molecular weight and polydispersity of the vitrimer was performed
using Gel Permeation Chromatography (GPC, Waters 1515, US),
equipped with a refractive index detector (RI), and Dual-Angle Light
Scattering detector. THF was used as an eluent. For the measure-
ment after the reaction, the organic components were dissolved in
THF (2mg/mL)1.H, and 13C NMR spectra were recorded on a Bruker
Avance III HD 400MHz instrument. The reaction mixture (10mg)
was diluted with THF-d8 (0.6mL) and directly used for 1H NMR
experiment.

Quantitative analysis of Cl element distribution
Both the chlorine content of DeP-LAxFeSy and filtrate were measured.
The residual chlorine content in solid upcycled products can be
measured using SEM energy-dispersive X-ray spectroscopy mapping
(JEOL JSM-5900LV, Japan). The relative chlorine contents in filtrate can
then be accurately determined using the ion chromatography techni-
que (CIC-D160, China). According to the data, the degree of dechlor-
ination of PVC is defined as Eq. (2):

De %ð Þ= 1� CCl
soild product*msoild product

CCl
raw PVC*mraw PVC

 !
� 100% ð2Þ

where De is dechlorination efficiency, CCl
soild product and CCl

raw PVC denote
the concentrations of the organic chlorine in the solid product and raw
PVC, respectively, andmsoild product andmraw PVC denote the masses of
the solid product and raw PVC, respectively.

According to the law of mass action, the chemical reaction
rate is related to the concentration of the reactants and can be
written as Eq. (3):

dX
dτ

= � kXn ð3Þ

where X was the mass fraction calculated by dividing the mass of
chlorine in the solid product by the mass of chlorine in PVC, 100-De,
%; τ was the residence time, h; k was the chemical reaction
rate constant, h−1. First-order reaction assumption to calculate
the dechlorination kinetic parameters of PVC and achieved
satisfactory calculation accuracy. For n = 1, the Eq. (3) can be

integrated into Eq. (4):

ln 1� Deð Þ= � kτ ð4Þ

Rheological and reprocessing characterization of vitrimers
The obtained columnar solid products DeP-LAxFeSy were subjected to
compression molding at 140 °C and 15MPa for the optimum time
(10min) to produce the sheet vitrimer. The vitrimer was cut into small
pieces and then compression molded under the same procedure. The
sampleswere left to standunder ambient conditions for 24hours before
measurements. Thermodynamic properties were evaluated using a TA
Instrument (DMA Q800, USA) in tension mode. Rectangular samples
(gauge length: 20mm, width: 2mm, thickness: 0.5mm) were used in all
tests unless specified otherwise. The samples were heated from − 50 °C
to 160 °Cat a rate of 5 °C/min,with the frequency set at 1Hz and strain at
0.1%. A frequency sweep mode was applied in the range of 0.1–10Hz,
while the temperature was maintained at − 20 °C. The dynamic rheolo-
gical tests were performed on ThermoFisher, HAAKEMARS60, (USA) to
assess the viscoelastic properties of vitrimers. To prepare the samples
for rheology, the samples were placed into a mold and hot pressed at
140 °C for 10min to ensure uniformity, and then cut to a standard round
shape with a diameter of 8mm. Tests were conducted using 8mm
stainless steel parallel plateswith a forcedconvectionoven accessory for
controlling temperature above ambient. Cool nitrogen gas from liquid
nitrogenwas blown through the convection oven to access sub-ambient
temperatures. For the frequency sweep test, the experiments were
conducted with an angular frequency range from 6*10−2 to 3*102 rad/s at
a variety of temperatures ranging from 120 to 180 °C. For the tempera-
ture sweep, the experiments were conducted from 45 to 200 °C with a
frequency of 10 rad/s. Sincemost of themeasurementwas conducted in
the rubbery plateau regime, the strain amplitude during the measure-
mentwas chosen to be 1%. TheMaxwellmodel of viscoelasticity predicts
a single relaxation time, τm, that can be determined from the crossover
frequency as Eqs. 5–8, where ωm is the frequency defined at the cross-
over of the storage modulus G′ and loss modulus G00. This equation is
dimensionless with G00* =G0 Tð Þ=2 since the maximum occurs at a fre-
quency of 1=τm. The Maxwell relationship can be written to eliminate
frequency dependence as Eqs. (5–8) 40:

G0 =
G0 Tð Þ ωτm

� �2
1 + ωτm
� �2 ð5Þ

G00 =
G0 Tð Þ ωτm

� �
1 + ωτm
� �2 ð6Þ

τm =
1
ωm

ð7Þ

G00� =
G0 Tð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0� � 2� G0*

� �r ð8Þ

Vitrimer properties evaluation
Mechanical and thermal characteristics of vitirmer are of primary sig-
nificance when considering the targeted reprocessing, and correlations
between the structure and properties of the vitrimer should be estab-
lished. The thermal decompositionbehavior of the vitrimerswas studied
using TGA-FTIR-GC/MS (PerkinElmer, USA). Degradation products gen-
erated at the maximum degradation rate (temperature range between
280–310 °C) were synchronously detected by the GC-MS system. X-ray
photoelectron spectroscopy was performed on XPS-Supra (Kratos, UK)
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to determine the elemental compositions, atomic bonding states, and
relatively quantitative changes of Cl elements before and after
dechlorination. Mechanical properties were tested on Instron 5560
(USA) with a 1 kN load cell at a constant strain rate of 50mmmin−1 under
ambient conditions. All specimens were cut to standard shapes (a gauge
length of 20mm, a width of 2mm, and a thickness of 0.5mm) with a
dumbbell knife before tests. The rigid vitrimer was re-extruded into
high-performance fibers using a high-pressure capillary rheometer
(RG120, Germany) under controlled conditions: 140 °C temperature,
300Pa pressure, and a die with a 10:1 diameter ratio.

Cross-linking density was determined by an equilibrium swelling
experiment based on the Flory-Rehner equation24. The equilibrium
swelling experiment was conducted by immersing vulcanizations in
toluene at room temperature for 72 h. After swelling, the solvent was
wiped off quickly from the sample surface using filter paper, and the
sampleswere immediatelyweighed and thendried in a vacuumoven at
65 ± 5 °C until constant weight. The crosslinking density (Ve) is calcu-
lated according to the Eq. (9):

Ve =
ln 1� Vr

� �
+Vr + χV

2
r

VS V
1
3
r � Vr

2

� � ð9Þ

where χ is the Flory-Huggins polymer-solvent interaction parameter
(near 0.34 for vitrimer and toluene), and Vs is the molar volume of the
solvent (106.5 cm3/mol for toluene). Vr is the volume fraction of vitrimer
in the swollen gel, which is calculated by the following Eq. (10):

Vr =
m2 �m0φ
� �

ρr

m2 �m0φ
� �

ρr +
m1�m2

ρs

ð10Þ

where m0 is the sample mass before swelling, m1, and m2 are the
weights of the swollen and de-swollen vitrimer, respectively, φ is the
weight fraction of the insoluble components (5% FeS nanoparticles), ρr
and ρs are the densities of the vitrimer and solvent (0.872 g/cm3),
respectively. Further details on the experimental setup and character-
ization can be found in Supplementary methods.

Molecular dynamic simulation
The molecular dynamic simulation was performed under a uni-
versal force field in Material Studio 201850. Molecular models of
the vitrimer were first built and geometrically optimized based on
the Forcite module. Besides, the cell of FeS was built from the
experimental crystallographic data. Then, an amorphous cell
loaded with one vitrimer structural unit and FeS periodic struc-
ture was constructed, then geometrical optimization procedures
were carried out again to obtain the overall system with initial
energy minimization. During the geometrical optimization pro-
cess, the FeS crystal was constrained at the bottom of the cell.
The isothermal-isochoric molecular dynamic simulation of FeS
composite models was conducted at 600 K. The binding energy
was calculated and compared to the final conformation models
using the following Eq. (11):

Ebinding = EFeS + Evitrimer � Etotal ð11Þ

in which EFeS, Evitrimer represents the corresponding energy of the FeS
and vitrimer in the equilibrium conformation; Etotal and Ebinding is the
total energy and binding energy of thismodel. Further information on
our simulations can be found in Supplementary methods.

Data availability
All data generated in this study are provided in the Supplementary
Information/Source Data file or are available from the corresponding
author upon request. Source data are provided in this paper.
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