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1. This work advances green chemistry by establishing a waste-to-waste co-
upcycling paradigm that chemically couples two hazardous waste streams—
polycarbonate (PC) plastics and organophosphate esters (OPEs)—within a
single integrated process. By exploiting their intrinsic chemical
complementarity, the strategy transforms conventionally incompatible solid and
liquid wastes into mutually enabling resources, demonstrating a systems-level
approach to hazardous waste valorization beyond single-stream recycling.

2. This work demonstrates a synergistic co-upcycling process that simultaneously
converts PC and OPEs wastes into value-added chemicals with high efficiency
and intrinsic selectivity. The system affords bisphenol A alkyl ethers in
consistently high yields (92-99%) while achieving 100% selective mono-

dealkylation of phosphate esters without over-dealkylation. This inherent

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

reaction control suppresses secondary byproducts, simplifies separation, and
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enables concurrent recovery of two industrially relevant products from

(cc)

hazardous waste streams. The approach maximizes resource efficiency while
minimizing secondary pollution.

3. Future research could further enhance the sustainability of this system by
replacing polar aprotic solvents with greener alternatives, reducing reaction
temperature through catalyst optimization, and integrating continuous-flow

processing for improved energy efficiency.
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Abstract

The concurrent accumulation of polycarbonate (PC) plastic and organophosphate esters (OPEs) wastes
poses a persistent environmental challenge, as these chemically distinct hazardous streams are conventionally
managed through separate, energy-intensive treatment pathways that result in resource loss and secondary
pollution. Herein, we report a synergistic co-upcycling strategy that chemically couples these two waste
streams within a single catalytic process, transforming them into value-added chemicals with reduced
environmental and health risks. Using mild carbonate catalysts, complete depolymerization of PC is achieved
concurrently with selective alkylation of the released bisphenol A (BPA), with OPEs serving as in situ

alkylating agents. This one-pot process exhibits broad substrate generality across diverse commercial PC


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc01199c

Page 3 of 22 Green Chemistry

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 12:49:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

wastes and OPEs, affording bisphenol A alkyl ethers in high yields (92-99%). The approach also remains
effective in chemically complex matrices representative of industrial waste streamspoimlmeﬁ%gg&;i&gl
phosphate solvent waste from anthraquinone-based hydrogen peroxide production and tributyl phosphate
extraction waste from metallurgical solvent-extraction operations. A distinguishing feature is the controlled
mono-dealkylation of OPEs, exemplified by the quantitative conversion of trimethyl phosphate into dimethyl
phosphate, a valuable industrial intermediate, without over-dealkylation. This work demonstrates a waste-to-
waste co-upcycling approach that leverages chemical complementarity between two hazardous waste streams
to reduce environmental burdens while recovering chemical value.

Keywords: Waste plastic recycling; organophosphate esters; co-upcycling; bisphenol A derivatives; waste

valorization.
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1. Introduction

View Artjcle Online

The global accumulation of plastic waste presents a persistent environmental challengey rdrivenoby
increasing production, limited recycling capacity, and the long environmental lifetimes of synthetic
polymers.'* Among engineering plastics, polycarbonate (PC) is of particular concern due to its widespread
use in electronics, construction, and optical materials, as well as its reliance on bisphenol A (BPA) as a
structural monomer.>® Most post-consumer PC is currently landfilled or incinerated,”® which not only waste
material value but also risk releasing BPA, a well-established endocrine-disrupting compound with
documented ecological and human health impacts.

Chemical recycling strategies, including hydrolysis®!'? and alcoholysis!'!!? (Tables S1-S2), have been
developed to depolymerize PC and recover BPA. However, these approaches share a fundamental limitation:
the primary product, BPA, retains its intrinsic toxicity and faces increasingly stringent regulatory
restrictions,'® substantially constraining its reuse and market value. As a result, conventional PC recycling
often amounts to molecular-level recovery without meaningful risk mitigation. Transforming BPA into safer,
higher-value derivatives has therefore emerged as a critical objective for sustainable PC waste management, !4
17 yet existing methods typically depend on externally supplied alkylating reagents (e.g., alkyl carbonate,'®
iodomethane,!® dimethyl sulfate??), introducing additional economic and environmental burdens.

In parallel, organophosphate esters (OPEs) have emerged as a pervasive class of environmental
contaminants.?!~23 Widely employed as functional solvents, flame retardants, plasticizers, and hydraulic fluids,
OPEs are produced at large scales and are characterized by environmental persistence and potential toxicity.?*
26 Current remediation strategies, including advanced oxidation, adsorption, membrane separation, and
biodegradation, are primarily designed for dilute aqueous systems and are poorly suited for treating high-
concentration OPEs waste streams generated in industrial settings.?’2° Moreover, such methods often involve
high operational costs and may generate secondary pollution. Importantly, these strategies emphasize pollutant

removal rather than resource recovery, resulting in significant loss of potentially valuable chemical resources.
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Consequently, significant volumes of concentrated OPEs wastes accumulate in industrial settings,
representing both an environmental liability and a lost chemical resource. DO 10.1039/D6GCO1199C

Despite their co-occurrence in industrial and consumer product life cycles, PC plastics and OPEs are
conventionally treated as fundamentally incompatible waste streams, solid polymer waste versus liquid
hazardous organics, which requires separate treatment infrastructures and regulatory pathways. This
compartmentalized approach leads to duplicated energy input, inefficient resource utilization, and persistent
secondary pollution. This separation reflects a conceptual and regulatory convention rather than a chemical
necessity. Upon depolymerization, PC constitutes a reservoir of nucleophilic phenolate species, while OPEs
possess electrophilic alkyl groups capable of substitution reactions. Strategically coupling these
complementary functionalities offers an opportunity to transform two problematic wastes into mutually
enabling resources.

In this study, we report a one-pot catalytic strategy for the synergistic co-upcycling of PC plastics and
OPEs wastes into value-added bisphenol A alkyl ethers and partially dealkylated phosphates (Figure 1). Using
mild carbonate catalysts, PC depolymerization and BPA alkylation are integrated into a single process, with
OPEs serving as in situ alkylating agents. The strategy demonstrates broad applicability across diverse
commercial PC wastes and OPEs substrates and is further validated using chemically complex industrial waste
streams, including trioctyl phosphate (TOP)-based solvent waste from the anthraquinone-based hydrogen
peroxide (H,0,) production process and tributyl phosphate (TBP)-based extraction waste from metallurgical
solvent-extraction operations. This synergistic strategy eliminates the need for external alkylating reagents,
enhances resource utilization by converting two waste streams simultaneously, and upgrades BPA into higher-
value alkyl ether derivatives. By demonstrating that chemically complementary hazardous wastes can be co-

converted rather than treated in isolation, this work establishes a practical example for exploiting chemical

compatibility between waste streams toward more efficient and sustainable recycling.
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(a) Waste PC plastic recycling
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Figure 1. Treatment of waste PC and OPEs contaminants. (a) Conventional waste PC plastic recycling
routes. (b) Existing OPEs contaminants treatment strategies. (c) This work: synergistic co-upcycling of waste
PC and OPEs contaminants into high-value tailored bisphenol A alkyl ethers and partially dealkylated
phosphates.

2. Material and methods
2.1 General procedure for PC-OPEs co-upcycling.

In a typical reaction, PC pellets (1 mmol monomer unit), cesium carbonate (Cs,COj3, 3 mmol), trimethyl
phosphate (3 mmol), and N,N-dimethylformamide (DMF, 2 mL) were added to a 15 mL thick-walled pressure-
resistant vial equipped with a magnetic stir bar. The sealed vial was immersed in an oil bath preheated to
100°C and stirred at 600 rpm for 30 min. Upon completion, the reaction vial was immediately transferred to
an ice-water bath and cooled to room temperature. Mesitylene (1 mmol, 120 mg) was added as an internal

standard, followed by 10 mL ethyl acetate and 6 mL HCI (1 mol/L) for acidification and extraction. The
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organic phase was analyzed by gas chromatography (GC) to determine product yields.

The co-upcycling methodology was successfully applied to various phosphate ester MWméﬁS£ﬁéiﬁéé”ﬁg
triethyl phosphate, tripropyl phosphate, tributyl phosphate, triallyl phosphate, tris(2-butoxyethyl) phosphate,
and tris(2-ethylhexyl) phosphate, following the general procedure with appropriate temperature adjustments
as specified in the main text. Product yields for different bisphenol A alkyl ethers were quantified by 'H NMR
spectroscopy using mesitylene (1 mmol) as an internal standard.

2.2 Preparation of simulated industrial OPEs waste liquids.

Simulated OPEs waste liquids were prepared to represent realistic compositions of industrial solvent
residues while ensuring compositional reproducibility. These formulations were designed to capture the
chemical complexity of representative industrial waste streams without relying on site-specific samples,
thereby enabling controlled and systematic evaluation. The simulated TOP-based waste liquid, representative
of solvent residues generated during the anthraquinone-based H,O, production process, was prepared as a
homogeneous mixture containing TOP (59.2 mmol), 2-ethylanthraquinone (5.92 mmol), p-xylene (3.7 mmol),
cumene (3.7 mmol), and tetrabutylurea (1.48 mmol), with a total mass of 28.44 g. The simulated TBP-
containing extraction waste liquid, representative of solvent-extraction residues from metallurgical processing,
was prepared as a homogeneous mixture containing TBP (905 mmol), n-dodecane (225 mmol), dibutyl
phosphate (78.7 mmol), monobutyl phosphate (22.5 mmol), and zirconium n-propanolate (11.2 mmol), with
a total mass of 286.5 g.

2.3 Characterization

The product yield was analyzed by gas chromatography (GC, Agilent 8860, with Agilent ] & W HP-5
polysiloxane gas chromatography column) and gas chromatography-mass spectrometry (GC-MS, Agilent
7890A/5975C GC/MSD, with Agilent J&W HP-5 Polysiloxane GC Column). Nuclear magnetic resonance

(NMR) spectra were recorded at room temperature using a Bruker Avance-600 instruments ("H NMR at 600

MHz, 3C NMR at 151 MHz and 3'P NMR at 243 MHz).
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Density functional theory (DFT) calculations were performed using Gaussian 16 software.’? Geometry
optimizations were carried out at the B3LYP/6-311+G**(d,p) level3!3* with the SMD soivation paodel 536
All optimized structures were verified by frequency calculations and only one imaginary frequency was found
in the transition states, while the other structures had no imaginary frequency. Besides, the thermal correction
to Gibbs free energy were obtained after frequency calculations. Intrinsic Reaction Coordinate (IRC)37 was
utilized to confirm the reaction pathway.

3. Results and Discussion

3.1 Co-upcycling of PC with diverse OPEs

We initially established reaction conditions using PC and trimethyl phosphate (TMP) as a model system
(Sections S3—S4 in SI). Systematic screening of bases revealed Cs,COj; as the most effective catalyst. Under
optimized conditions (DMF, 100 °C, 30 min), complete depolymerization of PC was achieved, affording
bisphenol A dimethyl ether (BPAME) in 99% yield. Parametric studies confirmed that solvent polarity,
temperature, and reaction time play key roles in facilitating PC depolymerization and subsequent alkylation.

Evaluation of substrate scope revealed broad compatibility with structurally diverse OPEs (Figure 2).
Methyl phosphate esters generally afforded BPAME in yields exceeding 81% under standard conditions.
Trimethyl phosphite (P(OMe);) initially exhibited lower reactivity, consistent with the absence of a P=O bond
and the resulting reduced O—Me polarity;*® however, increasing the temperature to 140 °C improved the yield
to 93%. Higher alkyl phosphate esters, including ethyl, propyl, and butyl phosphates (3b-3d), required
elevated temperatures but were efficiently converted to the corresponding bisphenol A alkyl ethers. This
flexibility is important for practical deployment, as it allows the process to be tailored to specific, variable

waste compositions encountered in industrial applications, moving beyond idealized model systems.
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Figure 2. Phosphate esters substrate scope. (a) Methylphosphate esters and (b) higher alkyl phosphate esters
evaluated as alkylating agents. “Standard conditions: PC (1 mmol PC unit), Cs,CO3 (3 mmol), OPEs (3 mmol),
DMF (2 mL), 100°C, 30 min. at 140°C for 30 min. cat 140°C for 5 h. “at 160°C for 7 h. The corresponding
dealkylated phosphate ester products were detected with yields comparable to those of the BPA alkyl ethers
and are therefore omitted for clarity.

The co-upcycling strategy is directly applicable to PC materials containing authentic, commercially used
phosphorus-based additives (Figure 2b). Triallyl phosphate (TAP, 3e) was selectively transformed to
bisphenol A diallyl ether in 99% yield, a compound of direct industrial relevance as a precursor for epoxy
resins used in coatings and composite materials.’**’ When PC incorporating tris(2-butoxyethyl) phosphate
plasticizer (3f)*! or tris(2-ethylhexyl) phosphate flame retardant (3g)*> was directly processed, the

corresponding bisphenol A alkyl ethers were obtained in 93% and 95% yields, respectively. These results

demonstrate that phosphate-based additives, which are conventionally viewed as contaminants that complicate
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polymer recycling and necessitate costly separation steps, can instead be directly converted in situ into value-
added functional products. This dual valorization of both the polymer matrix and embedded additives
enhances the practical applicability, process simplicity, and economic attractiveness of the co-upcycling
strategy for additive-rich plastic waste.

3.2 Real-world PC waste applicability.

To validate the practical viability of this system, we applied both the PC-TMP (trimethyl phosphate) and
PC-TAP (triallyl phosphate) systems to various discarded PC products representing the breadth of real-world
waste streams. The adaptability of this approach was confirmed with a range of post-consumer PC waste
feedstocks, including light tubes, transparent plates, blue buckets, flame-retardant shells, optical disks, and
insulation sheets (Figure 3a). For the PC-TMP system, these PC wastes, in the form of cropped pieces, were
effectively co-processed with TMP and converted to BPAME with yields of 94-98% under standard
conditions (100 °C, 30 min). For the PC-TAP system, the corresponding BPAAE was obtained with yields of
92-98% at 140 °C. This consistency across diverse waste sources, including those containing colorants, flame
retardants, and plasticizers, demonstrates the method's robustness toward compositional heterogeneity of post-
consumer PC waste. Critically, this performance validation establishes that the system can accommodate the
heterogeneity inherent in actual waste streams, a prerequisite for industrial implementation. By adjusting key
parameters such as catalyst composition, temperature, and reaction time, the process achieves wide substrate
generality, enabling valorization of diverse commercial PC wastes and OPEs streams into valuable bisphenol
A alkyl ethers.

Commercial PC materials often contain various additives, including stabilizers, plasticizers, pigments,
and flame retardants, which could potentially influence the reaction system depending on their chemical
properties. To evaluate their impact, we examined several representative additives commonly used in PC

materials: a mold release agent (pentaerythrityl tetrastearate), a flame retardant (decabromodiphenyl ether),

and a chain-terminating agent (p-tert-butylphenol). These additives had negligible influence on the PC-TMP
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system, with the yield of BPAME remaining at approximately 99% (Table S3). These observations indicate
. .y . . . .. . View Article Online

that the reaction system exhibits substantial tolerance toward typical additives presentoin ‘commercials

materials, likely arising from the chemical inertness of these additives under the reaction conditions, which

precludes interference with depolymerization or alkyl transfer processes. This finding rationalizes the broad

applicability observed above and confirms effective valorization of diverse commercial PC wastes.

{ R
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Figure 3. Real-world PC waste applicability. (a) Conversion of various PC commodity plastics to BPAME
via PC-TMP system and BPAAE via PC-TAP system; (b) gram-scale experiment for PC-TMP system.
Reaction conditions: PC waste (1 mmol PC unit), Cs,CO3 (3 mmol), OPEs (3 mmol), DMF (2 mL), 4100°C
for PC-TMP or 140°C for PC-TAP, 30 min.

Additionally, gram-scale experiments (10 g) were conducted using discarded optical disks to demonstrate

preparative-scale feasibility (Figure 3b). The solution turned brown during the reaction due to dissolution of

a dye coating present on the disk surface. After filtration, water and ethyl acetate were added, and BPAME
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was extracted into the organic phase. The ethyl acetate solution containing BPAME was concentrated by
rotary evaporation to afford crude BPAME, which was subsequently purified by reorysmﬂdi%&glome
methanol to yield 9.2 g of pure BPAME (91% isolated yield). 'H NMR and '*C NMR analysis (Sections S6—
S7 in SI) confirmed complete methylation, with no detectable monomethylated intermediates, affording
BPAME with a purity exceeding 99%. These results validate the quantitative conversion and highly selective
double alkylation at the preparative scale. This gram-scale demonstration bridges the gap between laboratory
proof-of-concept and the potential industrial application of the proposed co-upcycling strategy.

3.3 Practical implementation with realistic industrial waste streams.

To assess the practical applicability of the proposed co-upcycling strategy, two representative industrial
scenarios were investigated: (i) co-upcycling of waste PC with TOP-containing solvent waste generated from
the anthraquinone process used for H,O, production (Figure 4a), and (ii) co-upcycling of waste PC with TBP-
based extraction waste from metallurgical operations (Figure 4b). In the anthraquinone-based H,O, production
process, TOP is widely employed as a solvent owing to its high solubility for anthraquinone, favorable H,O,—
solvent distribution coefficient, as well as high boiling and flash points.** During the solvent cycling process,
waste liquids containing significant amounts of TOP are inevitably generated. These waste liquids primarily
consist of TOP solvent, anthraquinone and its degradation products, and trace metal catalysts. Consequently,
the co-upcycling of PC and TOP waste liquid from the anthraquinone process for H,O, production is directly
relevant to existing industrial processes. Using a mixture of waste PC and simulated TOP waste liquid, the co-
upcycling reaction was performed and the products were recovered through straightforward separation steps,
including extraction, evaporation, and recrystallization. Bisphenol A dioctyl ether was obtained in 91% yield
with high purity, demonstrating the technical feasibility of the approach. In the metallurgical industry, TBP is
commonly used as an extractant for rare earth elements, generating waste streams that contain diluents,

modifiers, and complexed metal ions.** We performed co-processing of waste PC with simulated TBP-

containing extraction liquid from metallurgical operations. Following simple processes such as extraction,
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evaporation, and recrystallization, we obtained 87% yield of bisphenol A dibutyl ether. These results confirm

View Article Online

that the proposed strategy is directly applicable to the co-upcycling of PC and high-concentratioms QREsowaste

streams encountered in metallurgical extraction processes.
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(a) Co-upcycling of waste PC and TOP waste liquid generated in the anthraquinone process
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Figure 4. Practical implementation with realistic industrial waste streams. Process flow diagram for the
co-upcycling of PC with TOP-containing (a) and TBP-containing (b) industrial waste liquids. Reaction
conditions: (a) PC waste (5 g, 19.7 mmol), Cs,COj3 (59.2 mmol), TOP-containing waste liquid (59.2 mmol),
DMF (40 mL), 160°C, 12 h. (b) PC waste (100 g, 394 mmol), Cs,CO; (787 mmol), TBP-containing waste
liquid (905 mmol), DMF (800 mL), 160°C, 8 h.
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3.4 Mechanistic origin of synergistic co-upcycling.

Using the PC-TMP system as a model, we investigated the kinetic behavior and mechanisticsbasisof the
synergistic co-upcycling process. Time-resolved analysis of the reaction (Figure 5a) revealed the sequential
formation of two intermediates, BPA and MMEP, with distinct temporal profiles. BPA concentration reached
a maximum at approximately 2.5 h, followed by the accumulation of MMEP at around 5 h, consistent with a
stepwise transformation pathway: PC — BPA — MMEP — BPAME.

To quantify the origin of the observed synergy, the kinetics of three systems were compared: (i) PC
depolymerization in the absence of TMP, (ii) direct methylation of BPA with TMP, and (iii) the combined
PC-TMP system (Figure 5b). BPA methylation was found to proceed substantially faster than PC
depolymerization, indicating that PC depolymerization constitutes the rate-determining step. It was observed
that PC depolymerization alone plateaued at a BPA yield of approximately 92%, reflecting an equilibrium
limitation. In contrast, introduction of TMP increased the overall BPAME vyield to 99% by continuously
consuming BPA as it formed, thereby driving the depolymerization equilibrium forward. This coupling effect
underpins the synergistic behavior: neither waste stream undergoes complete conversion independently,
whereas their integration enables near-quantitative transformation.

Having established the kinetic basis for synergy, we next examined the catalytic role of carbonate in
enabling this coupled transformation. Control experiments (Table S4) indicate that carbonate plays a dual role
in the reaction system. In the absence of Cs,COj3, no PC depolymerization occurred, confirming that carbonate
is essential for initiating cleavage of ester group. Furthermore, methylation of BPA with TMP did not proceed
without Cs,COj3, whereas efficient alkyl transfer occurred in its presence. These results demonstrate that
carbonate not only catalyzes PC depolymerization but also facilitates formation of BPA-derived phenolate
species, which serve as the active nucleophiles in the subsequent alkyl transfer step. The role of carbonate
activation in facilitating PC depolymerization was further examined using crown ether additives (Figure 5c).

Addition of 15-crown-5 to Na,COj; increased the BPAME yield from 5% to 70%, while 18-crown-6 enhanced
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the performance of K,CO; from 73% to 99%. These results are consistent with size-selective cation
complexation,**¢ which promotes carbonate ionization and enhances its nucleophilicity, ﬁmrﬂhys%é%ﬂ%gﬁg
PC activation.

Collectively, these findings support a two-stage reaction mechanism. In the first step, PC undergoes base-
promoted depolymerization to generate BPA phenolate species. In the second step, these in situ-generated
phenolates react with OPEs via nucleophilic substitution (Sy2) at the electrophilic alkyl groups bound to the
phosphate center, proceeding through P-O—C bond cleavage. This alkyl transfer produces BPA alkyl ethers
while converting OPEs into partially dealkylated phosphate products. This sequential yet interconnected

pathway integrates polymer depolymerization with in situ functionalization, establishing the mechanistic

foundation for the waste-to-waste co-upcycling process.
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Figure 5. Kinetics and mechanism. (a) Temporal evolution of intermediates (BPA, MMEP) and product

(BPAME) during PC-TMP reaction. (b) Comparative kinetics of individual reaction steps: PC

depolymerization in the absence of TMP, BPA methylation in the absence of PC, and overall PC-to-BPAME

conversion. (¢) Effect of carbonate base and crown ether additives on BPAME yield. NMR characterization

of PC-TMP reaction products: (d) 'H NMR, (e) *C NMR, and (f) 3'P NMR spectra. (g) Corresponding reaction

schemes for phenoxide with TMP and DMP. (h) DFT-calculated activation barriers for nucleophilic attack of

phenoxide on TMP vs. DMP. Standard reaction conditions: PC (1 mmol PC unit), Cs,CO; (3 mmol), TMP (3

mmol), DMF (2 mL), 100°C, 30 min.
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A further distinguishing feature of the system is the controlled and selective mono-dealkylation of OPEs.
When TMP is employed, it is selectively converted to dimethyl phosphate (DMP), aovaluablesindustrral
intermediate used in the synthesis of flame retardants, pharmaceuticals, agrochemicals, and ionic liquid
precursors.*”#® In contrast, in the PC-TMP co-upcycling system, TMP simultaneously functions as the
alkylating agent for BPA and undergoes selective mono-demethylation to DMP. NMR spectroscopy
confirmed DMP formation (Figure 5d—f) with characteristic methyl protons signals at 3.57-3.59 ppm ('H),
methyl carbons signals at 53.51-53.56 ppm ('3C), and phosphorus signals at 0.59-0.80 ppm (*'P). Importantly,
no signals corresponding to MMP or further dealkylated species were detected, indicating quantitative mono-
dealkylation selectivity.

Density functional theory (DFT) calculations using phenoxide as a model nucleophile (Figure 5g-h)
provide a mechanistic rationale for the observed selectivity. Thermodynamically, the first demethylation step
is favorable, with a negative Gibbs free energy change (AG < 0), whereas the second demethylation step is
associated with a positive Gibbs free energy change (AG > 0) and is therefore thermodynamically disfavored.
This intrinsic energetic asymmetry dictates that single demethylation is favored, while further demethylation
is suppressed, accounting for the exclusive formation of the monodemethylated product. From a kinetic
perspective, the activation barrier for the first demethylation step (18.2 kcal/mol) is substantially lower than
that for the second demethylation (33.7 kcal/mol), rendering further alkyl removal kinetically inaccessible
under the reaction conditions. The combined thermodynamic and kinetic constraints thus enforce complete
selectivity toward dimethyl phosphate (DMP), preventing over-demethylation. As a result, DMP is obtained
with 100% selectivity, obviating the need for downstream purification and enabling the direct production of
pure DMP alongside BPAME.

4. Conclusions
This work reports a synergistic co-upcycling strategy that chemically couples polycarbonate (PC) plastics

with organophosphate esters (OPEs) wastes, two hazardous streams typically managed through separate and
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energy-intensive routes, in a single catalytic process. Using mild carbonate catalysts, PC can be completely
depolymerized while the released bisphenol A (BPA) is selectively alkylated, with OPE@lsermhgengvggﬁrigéﬁu
alkylating agents. The one-pot system shows broad generality across diverse commercial PC wastes and OPEs,
affording bisphenol A alkyl ethers in consistently high yields (92-99%). Importantly, the strategy remains
effective in chemically complex, high-concentration matrices representative of industrial solvent wastes,
including TOP-based solvent waste from anthraquinone H,O, production and TBP-based extraction waste
from metallurgical operations, underscoring its practical relevance for solvent-rich residues. A distinguishing
feature is the controlled mono-dealkylation of OPEs, exemplified by quantitative conversion of trimethyl
phosphate to dimethyl phosphate without over-dealkylation, enabling concurrent recovery of an industrially
valuable phosphate intermediate. Overall, this study demonstrates a waste-to-waste co-upcycling approach
that leverages chemical complementarity to reduce environmental burdens while recovering chemical value.
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