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Abstract 

Here we address a key mechanistic question that limits thermochemical upcycling of waste 

polyurethane wire: copper is not an inert background but actively redirects pyrolysis products. We 

propose a copper-assisted dynamic pyrolysis model in which copper reshapes the conversion-

dependent energy-barrier profile through electronic-structure regulation, leading to a predictable 

shift in dominant reaction routes. Thermogravimetric analysis reveals a robust three-stage 

decomposition and a pronounced evolution of apparent barriers with conversion, consistent with a 

late-stage regime governed by radical reorganisation, condensation and char formation. 

Temperature-resolved product fingerprints provide direct chemical evidence for pathway 

selectivity. Reversible copper coordination and frontier-orbital interactions lower key transition 

barriers and stabilise intermediates, promoting radical recombination and aromatisation. These 

results establish a cross-scale link between macroscopic pyrolysis behaviour, barrier evolution and 

product selectivity, and offer a general framework for endogenous metal regulation, supporting 

cleaner processing and improved copper recovery. 

 

Keywords: Waste polyurethane wire; Copper-assisted pyrolysis; Electronic-structure regulation; 

Density functional theory 
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Introduction 

Copper is a critical material underpinning modern industrial systems, owing to its outstanding 

electrical conductivity, thermal conductivity, and ductility. These properties make it indispensable 

in emerging sectors such as renewable energy, electronic information technology, and high-end 

equipment manufacturing1, 2. The accelerating global energy transition has pronounced increased 

copper demand, as photovoltaic systems, electric vehicles, and charging infrastructure require 

substantially more copper than traditional applications3, 4. 20% to 40% by 2040. However, the 

global supply of copper ore remains limited, leading to an increasingly pronounced supply-demand 

imbalance. According to the International Energy Agency, the share of copper demand attributable 

to clean energy technologies is expected to rise from the current level in the coming decades5, 6. 

Waste enameled copper wires are typical examples of organic-copper containing composite waste 

materials. With the rapid advancement of science and technology, global demand for enameled 

wires has been increasing steadily, accompanied by a continuous rise in electronic waste 

generation7-9. The recycling and reuse of copper-containing waste enameled wires represent a vital 

strategy to address the growing imbalance between copper supply and demand10, 11. Enameled 

wires come in various types, featuring complex organic coatings and widespread applications 

across nearly all sectors of human activity. This paper focuses on polyurethane enameled wire, one 

of the most commonly used types. Due to its excellent performance, it is widely applied in 

industrial motors, precision electronics, instrumentation, and household appliances12-14.  

The recycling of waste enameled wires has traditionally focused on the recovery of metallic 

copper, while the treatment of the insulating coating remains technically challenging15, 16. 

Thermochemical deconstruction represents one of the most effective and primary strategies for the 

clean, homogeneous, and high-value utilization of waste polyurethane enameled wires. Among 

these approaches, oxygen-free pyrolysis offers pronounced advantages, including volume 

reduction, detoxification, and high resource recovery efficiency17-24. It enables the comprehensive 

recycling of all waste components, including precious metals and organic matter, making it a 

promising pathway toward carbon neutrality. With the continuous advancement of pyrolysis 
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research, traditional solid-phase pyrolysis systems have become insufficient to meet the demands 

of efficient conversion of complex organic solid wastes. In recent years, researchers have begun 

to explore liquid metal catalysis systems with superior thermal conductivity and controllable 

reactivity, as well as co-pyrolysis approaches involving multi-component organic materials, 

providing additional perspectives for understanding the dynamic role of metals in pyrolysis 

processes. For instance, Bharanidharan et al. first reported the catalytic pyrolysis of cellulose using 

a liquid gallium-tin alloy25. They found that the electron-donating characteristics of the liquid 

metal surface effectively weakened the C-O bond energy in cellulose, facilitating bond cleavage, 

while the high thermal conductivity of the liquid metal ensured reaction uniformity. More 

importantly, the free electron cloud at the liquid metal interface coupled with the π orbitals of 

organic molecules, promoting radical migration and aromatic recombination, thereby achieving 

higher gas yields and enhanced selectivity toward benzene derivatives. Subsequently, 

Twizerimana et al. further revealed the dynamic mediating role of liquid metals in ethane 

dehydrogenation reactions26. They demonstrated that liquid metals not only supply reaction heat 

but also dynamically regulate the reaction pathway through reversible interfacial charge transfer, 

controlling the energy barriers of reactants and intermediates via electron transport. This finding 

suggests that liquid metals can be regarded as reaction fields with adaptive electronic structures 

rather than inert media.  

Beyond liquid metal systems, Masnadi and his research team have made systematic 

contributions in the fields of co-pyrolysis and co-gasification of biomass and fossil fuels 27, 28. 

Through kinetic coupling models and experimental validation, they discovered pronounced 

synergistic and inhibitory effects between metallic and non-metallic components within the system. 

Metallic elements were found to modulate pyrolysis rates by altering electronic density and the 

structural order of carbon matrices. These studies reveal that different metallic species in organic 

pyrolysis systems are not merely passive “catalysts,” but active participants with complex 

electronic regulation functions. These frontier studies indicate that whether in liquid metal systems 

or metal-organic composite systems, the mechanistic role of metals in pyrolysis has gradually 
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shifted from macroscopic catalysis to microscopic electronic regulation. Metallic atoms or ions 

selectively control pyrolysis pathways and product distributions by tuning molecular orbital energy 

levels, influencing radical stability, and reshaping the potential energy surface.  

Despite these advances, the microscopic electronic regulation role of solid Cu in polymer 

pyrolysis remains unclear, especially those combining experimental analysis with quantum 

chemical calculations to elucidate the dynamic regulation of bond energies, radical migration, and 

product reconstruction by Cu. This study proposes a Cu-assisted dynamic pyrolysis model, we aim 

to elucidate the electronic structural regulation of Cu and reaction mechanisms using combined 

experimental and quantum-chemical approaches. This work provides a additional theoretical 

foundation for the high-value thermochemical conversion of metal-organic composite wastes. 

Results 

Thermogravimetric and pyrolysis kinetics/thermodynamics analysis  

Fig. 1 defines a robust, rate-sensitive stage structure for pyrolysis in the Cu-containing system. 

Across heating rates of 5~25 °C min-1, the TG/DTG profiles remain highly reproducible and can 

be consistently partitioned into Stages I-III. Increasing the heating rate shifts both stage boundaries 

to higher temperature from 222.4 °C at 5 °C min-1 to 244.9 °C at 25 °C min-1 (StageI→StageII), 

from 484.7 °C to 512.5 °C (StageII→StageIII), indicating a predictable migration of the apparent 

rate- controlling regime with thermal history. Mass loss is dominated by Stage II (32.6 ~ 42.3 %), 

whereas Stage I contributes only 0.5~0.9 %. The DTG maximum likewise shifts to higher 

temperature and is accompanied by a secondary feature in the 400.7~438.9 °C range, pointing to 

overlapping contributions from backbone scission and subsequent reorganisation rather than a 

single-step process. Together, the reproducible staging and systematic peak migration provide a 

firm basis for discussing a conversion-resolved barrier landscape in following analysis(Figs. 1a-

d). 

Building on this stage-resolved framework, Fig. 1e converts the macroscopic TG/DTG 

behaviour into conversion-dependent kinetic and thermodynamic constraints, which speaks 
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directly to the central message that Cu is not merely an inert residual component, but an intrinsic 

regulator that reshapes the barrier distribution and reaction pathway as conversion proceeds. The 

isoconversional analysis reveals a strong increase in the apparent activation energy with α. Using 

KAS as an example, Ea rises from 137.4 kJ mol-1 at α = 0.1 to 206.4 kJ mol-1 at α = 0.5, reaching 

455.4 kJ mol-1 at α = 0.8. Consistently, the six-method accumulated activation energy increases 

from α = 0.1 to α = 0.8, indicating a transition from rapid mid-stage bond scission to late-stage, 

high-barrier radical reorganisation/condensation29, 30. The thermodynamic reconstruction follows 

the same trend, ΔH increases from 132.9 to 449.3 kJ mol-1, whereas ΔG increases more modestly, 

in line with a marked rise and sign change of ΔS at higher conversion-suggesting that although the 

late-stage process is increasingly enthalpy-demanding, entropic contributions partially offset the 

free-energy barrier, consistent with a reorganisation/char-forming regime. 

Fig. 1e uses T(α) to separate compositional residue effects from genuine pathway shifts. At 

the same conversion, the Cu-free sample requires systematically higher temperatures to reach the 

same conversion. For example, α= 0.5: 386.9 °C (Cu-free) vs 365.8 °C (Cu-containing) and α=0.8: 

479.0 °C vs 456.3 °C, higher by 21.10 °C and 22.70 °C, respectively. This difference persists even 

though the absolute final residues differ substantially (Cu-containing about 60% vs Cu-free about 

10%), confirming that the Cu effect cannot be reduced to more non-volatile material. Instead, on 

the more stringent and composition-independent basis of conversion, Cu-containing material 

reaches the same extent of decomposition at lower temperature, consistent with a modified barrier 

landscape. Taken together, Fig. 1 establishes a coherent causal chain-three-stage TG/DTG 

behaviour → conversion- dependent evolution of E(α), ΔH and ΔG→T(α) evidence for Cu-

mediated pathway migration-that provides the quantitative foundation for the product distribution 

and mechanistic analyses that follow. Here, T(α) is used to separate compositional residue effects 

from genuine pathway shifts, providing a composition-independent basis for comparison. When 

conducting industrial or semi-industrial pyrolysis experiments of the enameled wire, the effects of 

stacking configuration and heat transfer within the pyrolysis furnace on both the pyrolysis process 

and its outcomes should be carefully considered. 
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Morphological and Elemental Analysis Before and After Pyrolysis 

Supplementary Fig. 1 presents the morphology of the raw material and pyrolysis products of 

polyurethane enameled wire. The raw material has a diameter of approximately 1 mm and is golden 

yellow in color. The polyurethane enameled wire was cut into 4.5 cm to 6.5 cm lengths for the 

pyrolysis experiment. The pyrolysis solid products consist of metal copper and pyrolysis carbon. 

Upon removal from the tubular furnace, the pyrolysis carbon is predominantly attached to the 

surface of the metal copper, with only a small amount of pyrolysis carbon powder scattered in the 

crucible. The pyrolyzed enameled wire was removed with tweezers, and a slight shaking 

effectively separated the metal copper from the pyrolysis carbon. The pyrolysis carbon has a very 

fine particle size, rich porous structure, excellent adsorption properties, and high stability. The 

microscopic morphology before pyrolysis as well as the elemental analysis using energy dispersive 

x-ray spectroscopy are shown in Fig. 2. Before pyrolysis, the surface of the raw material is 

relatively smooth, with linear indentations or protrusions. When the magnification is increased to 

5000×, irregular aggregated protrusions can be observed on the material surface. This is mainly 

due to the uneven coating of polyurethane enamel on the surface of the metal copper, and the 

protrusions or indentations on the wire's surface are formed during the manufacturing and molding 

process. Before pyrolysis, the Cu content is 0%, mainly because the polyurethane encapsulates the 

metal element Cu. The SEM microstructural analysis reveals the surface morphology of the 

pyrolysis carbon. The microstructure of the pyrolysis product after pyrolysis is distinctly different 

from that before pyrolysis(Figs. 2a-e).  

The elements detected are C, O, Cu, and N after pyrolysis(97.32%, 0.04%, 1.53%, and 4.12%). 

After pyrolysis, the content of C increases by 56.21%, the content of O decreases by 47.05%, and 

the content of N decreases by 7.68%. This is primarily because the pyrolysis process occurs in a 

N2 environment(Figs. 2f-j). After the decomposition of polyurethane, the content of pyrolysis 

carbon increases, and part of the O and N elements are expelled as pyrolysis gases. Analysis of the 

solid-phase pyrolysis products shows that the Cu content does not substantially increase, indicating 

that most of the pyrolysis carbon remains covering the surface of the metal Cu. After the pyrolysis 
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process, the encapsulation behavior of the pyrolysis carbon prevents the metal copper from being 

easily oxidized, enhancing its recovery and recycling value. 

Pyrolysis Experiment and Product Analysis 

Fig. 3 provides temperature-resolved marker heatmaps for Cu-containing, Cu-free, and their 

intensity difference. The Supplementary Fig. 2 shows the flowchart of the pyrolysis experiment. 

Fig. 3a directly compares Cu-containing and Cu-free pyrolysates and shows that the difference is 

class- and temperature-dependent rather than a uniform scaling of volatile output. For example, 

benzene is consistently enriched in the Cu-containing case and reaches 50.4% at 500℃, compared 

with 44.2% for Cu-free at the same temperature, while oxygenated families are comparatively 

reduced (phenols at 500 ℃ of 7.9% for Cu-containing and 9.9% for Cu-free). This results support 

the idea that Cu reshapes pathway competition in the main decomposition region, rather than acting 

as an inert residue background. Figs. 3b-d and Supplementary Table 1 map how the Cu-containing 

system distributes products across temperature, linking “pathway selection” to chemically 

interpretable descriptors. The functional composition shows a structured evolution: benzene rises 

to a maximum at 500 ℃ (50.4%), whereas CO2 decreases from 21.3% at 300 ℃ to 13.9% at 500 ℃, 

indicating that the dominant carbon flux progressively shifts from early gas formation toward 

aromatic-rich condensables as temperature increases. Importantly, this temperature-resolved 

profile mirrors the staged behaviour, where the system transitions from rapid scission to a regime 

where reorganisation and aromatisation become increasingly influential. 

The structural statistics reinforce this progression within the Cu-containing products. The 

light fraction C1~C5 increases from 30.4% (300 ℃) to 42.6% (600 ℃), while the heavier 

C15~C20 class drops from 24.8% to 8.6%, consistent with a temperature-driven redistribution 

between fragmentation and secondary transformation. In parallel, the ring-number distribution 

shifts toward more aromatic architectures, with the two-ring class increasing from 13.4% (300 ℃) 

to 27.6% (600 ℃). Individual markers peak in distinct temperature windows (with benzene centred 

around 500 ℃), which is consistent with Cu steering the balance between fragmentation, oxygen 

removal, and aromatic reorganisation along the heating programme. The two-dimensional FTIR 
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spectra in Supplementary Fig. 3 reveal pronounced structural transformations of the polyurethane 

enamel before and after pyrolysis. The pre-pyrolysis sample exhibits characteristic absorptions of 

urethane functional groups at 3440 cm-1 (N-H/O-H stretching), 2930 cm-1 (C-H stretching), 1730 

cm-1 (C=O stretching), 1520 cm-1 (amide Ⅱ band), and 1220-1100 cm-1 (C-O and C-N stretching). 

After pyrolysis, the intensity of these polar absorptions markedly decreases and shifts to lower 

wavenumbers, indicating preferential cleavage of C-O and C-N bonds. Meanwhile, the aromatic 

C=C vibration near 1600 cm-1 becomes stronger, and two additional bands appear at 805 cm-1 and 

555 cm-1, corresponding to aromatic ring deformation and weak Cu-O/N coordination vibrations, 

respectively. These spectral changes are consistent with the DFT-derived electronic structure 

analysis, suggesting that Cu 3d orbitals form transient coordination with the lone-pair electrons of 

O and N atoms, thereby modulating local electron density and bond energetics to promote selective 

cleavage of polar linkages and facilitate aromatic reconstruction during pyrolysis. 

Study of the Pyrolysis Mechanism 

The bond dissociation energies of different chemical bonds in the polyurethane molecule are 

shown in Fig. 4. The optimized polyurethane molecular schematic is shown in Supplementary Fig. 

4. The bond energy of the C-O bond in the hydroxyl group linked to the benzene ring in the 

polyurethane molecule is substantially higher than that of the C-O single bond on the other side 

(450.2>267.9 kJ mol-1). Meanwhile, the C-N bond energies on both sides of the benzene ring in 

the polyurethane molecule are relatively high, possibly due to conjugation between the nitrogen 

atom and the carbon atom in the benzene ring(Fig. 4a). However, the bond energy of the C-N bond 

is notably influenced by the extension groups, with the left C-N bond (linked to the ester group 

and the benzene ring) having a higher bond energy, while the right C-N bond has a lower bond 

energy and is more prone to cleavage. The bond energy of the C-O single bond in the ester group 

is relatively low and easier to break. It can be inferred that during the pyrolysis process, when the 

energy reaches a certain threshold, the ester C-O bond and the C-N bond on the right side of the 

benzene ring in the polyurethane molecule break first, generating primary free radicals such as 

hydroquinone, S1, M1, formic acid, and others(Fig. 4b).  
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In the second stage of pyrolysis, the chemical bonds in the intermediate pyrolysis products, 

S1 and M1, randomly break, producing pyrolysis products such as aniline, formaldehyde, benzene, 

and water. In the third stage of pyrolysis, small molecular free radicals generated in the earlier 

stages, as well as free radicals from the pyrolysis intermediates, undergo dehydration condensation 

and re-polymerization to produce a variety of aromatic hydrocarbon compounds, such as 

terephthalic acid, hydroquinone, biphenyl, methylphenylethylamine, and others. The third stage 

involves various chemical reactions, including disproportionation, dehydrogenation, dehydration, 

hydrogenation, and others. Fig. 4c indicate that phenolic aromatic hydrocarbons, under catalytic 

conditions, can first remove the hydroxyl group and then undergo a dealkylation reaction to form 

benzene. In the absence of a catalyst, phenolic aromatic hydrocarbons can undergo alkylation to 

form phenol and then dehydroxylate to form benzene. Two toluene molecules can undergo a 

disproportionation reaction to generate benzene and para-xylene. Aniline, under certain 

temperatures and without a catalyst, can also generate benzene. Low molecular weight benzene-

ring-containing aromatic hydrocarbons can directly undergo cracking reactions to produce 

benzene. Toluene and phenol can undergo hydrogenation reactions to generate benzene and small 

molecular compounds. 

The generation patterns and pathways of intermediate product S1 is shown in Fig. 5 and 

Supplementary Table 2, with energy barrier calculations performed under the condition of 298.15 

K. When the pyrolysis pathways are Path1~Path7, the energy barriers of the pyrolysis products are 

shown in Fig. 5a. In the pyrolysis intermediate product S1, the C-N bond in the non-benzene ring 

breaks, generating two free radicals, IS2 and IS3, with a bond dissociation energy of 260.9 kJ mol-

1. Subsequently, IS2 and IS3 react with hydrogen radicals to generate pyrolysis products S2 and 

S3. S3 undergoes deamination to form IS5 and IS8, with a bond dissociation energy of 330.9 kJ 

mol-1. Based on the generation of benzene radicals, the energy barriers for the formation of four 

characteristic pyrolysis products were calculated: toluene (-133.3 kJ mol-1), aniline (-97.7 kJ mol-

1), biphenyl (-148.5 kJ mol-1), benzene (-182.7 kJ mol-1), and ammonia (-155.9 kJ mol-1). There 

has two additional pyrolysis pathways. The C-N bond on the left side of the benzene ring breaks 
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first, generating two free radicals, IS4 and IS5, with a bond dissociation energy of 401.2 kJ mol-

1(Fig. 5b, Path8~Path14). The C-N chemical bond on the right side of the benzene ring breaks, 

generating two free radicals, IS6 and IS7, with a bond dissociation energy of 369.6 kJ mol-1. S6 

has two decomposition pathways: one involves IS2 and IS5 free radicals, while the other involves 

IS4 and IS8 free radicals(Fig. 5c, Path15~Path21). 

When the pyrolysis pathway is Path22~Path29, the pyrolysis process of M1 is shown in 

Supplementary Table 3, and the experimental results are depicted in Fig. 5d. The C-O bond on the 

left side of the benzene ring in the polyurethane molecule first breaks, generating two free radicals, 

IM2 and IM9, with a bond dissociation energy of 354.1 kJ mol-1. The activation energies for the 

formation of various pyrolysis products under this reaction pathway were calculated, including 

benzoic acid (15.8 kJ mol-1), phenol (-51.7 kJ mol-1), biphenyl (-81.0 kJ mol-1), and benzene (-

115.1 kJ mol-1). When the C-O bond in the non-benzene ring of M1 initially breaks, leading to a 

de-aldol reaction that generates free radicals IM3 and IM4, with a bond dissociation energy of 

218.4 kJ mol-1. M3, which is phenol, undergoes a dehydroxylation reaction to form both benzene 

and phenol(Fig. 5e, Path30~Path36). M1 undergoes a dehydroxylation reaction to form IM5 and 

IM6, with a bond dissociation energy of 403.3 kJ mol-1. The activation energies for the formation 

of major pyrolysis products such as aniline (55.4 kJ mol-1), o-methyl aniline (21.6 kJ mol-1), and 

p-phenol (kJ mol-1) were also calculated(Fig. 5f, Path37~Path45). Based on the above research, it 

can be concluded that in the pyrolysis process of intermediate products S1 and M1, Step 1 involves 

the cleavage of the C-N bond in the non-benzene ring, which is the most easily broken chemical 

bond. The corresponding chemical reaction is the de-aldol process, where the activation energy 

barrier for the formation of free radicals is the lowest. In this case, the aldehyde group released is 

not conjugated with the benzene ring, and therefore, the chemical bond cleavage occurs more 

readily. The pyrolysis process of polyurethane molecules generates organic products such as 

benzene, benzoic acid, aniline, and formic acid, which is consistent with the pyrolysis product 

distribution results obtained from Py-GC/MS analysis. Furthermore, due to the presence of 

chemical reactions such as bond cleavage, deamination, de-aldol, dehydroxylation, and free radical 
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condensation reactions during the pyrolysis process, organic compounds such as biphenyl, p-

benzoic acid, and o-methylphenol are generated, which aligns with the experimental results. 

Fig. 6 provides a comprehensive comparative analysis of electronic interactions in the EPU 

system before and after Cu incorporation. Each subpanel corresponds to a different aspect-

interaction region (IRI), electrostatic potential (ESP), and orbital energy evolution-but all together 

delineate how Cu alters the electron distribution and bonding characteristics underlying the 

catalytic mechanism. The interaction region indicator (IRI) can reveal the distribution of non-

bonding interactions in the molecule(Supplementary Fig. 5). If the IRI iso-surface appears reddish, 

it indicates that there is steric hindrance between the chemical bonds. If the IRI iso-surface is green, 

it suggests that the dominant interaction in this region is van der Waals forces or possibly weak 

hydrogen bonding. The computational analysis reveals that, in the absence of copper atoms, 

various types of chemical bonds exist at different positions within the polyurethane molecule. 

Covalent bonds are observed throughout the molecular backbone, alongside hydrogen bonds and 

steric hindrance effects within the benzene rings(ρ>0), typically located between atoms such as C-

C, C-N, and C-H. The presence of hydrogen bonds reinforces intermolecular cohesion and 

stabilizes the overall molecular conformation(Figs. 6a-d). However, The incorporation of copper 

substantially alters both the intra- and intermolecular interaction networks, thereby affecting the 

stability and chemical properties of polyurethane(Fig. 6e). Copper atoms modify the overall 

electronic distribution, concentrating the covalent bonding regions and reinforcing the rigidity of 

the molecular skeleton. Moreover, copper forms coordination bonds with oxygen and nitrogen 

atoms within the molecule, indicative of its coordination chemistry. Regions surrounding the 

copper atom exhibit increased and uneven electron density, which can substantially impact 

molecular reactivity. The IRI vs. sign (λ₂)ρ scatter plot for the polyurethane system is presented. 

Two distinct clusters are observed, the left cluster corresponds to weaker van der Waals and 

hydrogen bonding interactions, while the right cluster represents stronger covalent bonds. Upon 

copper incorporation, the distribution becomes broader, indicating a redistribution of electrons and 

enhancement of covalent bonding, hydrogen bonding, and steric effects. Additionally, the peak of 
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the overall density distribution shifts slightly toward the attractive interaction region, suggesting 

that copper enhances weak attractive interactions both within and between molecules(Fig. 6f). 

The relationship between ESP and molecular surface area with and without copper are 

summarized. Areas of negative ESP dominate and are primarily located around oxygen atoms, 

particularly near carbonyl groups and other highly electronegative sites(Supplementary Tables 4, 

5). In the absence of copper, the electrostatic potential distribution is largely determined by polar 

functional groups such as carbonyl and amino groups, and displays a relatively uniform 

distribution characteristic of typical organic molecules. In contrast, compared to the copper-free 

system, both the positive and negative extremes of ESP are increased. While negative ESP remains 

concentrated around oxygen atoms, the introduction of positively charged copper ions leads to 

partial attenuation or redistribution of these regions. Meanwhile, regions of positive ESP become 

substantially more pronounced, particularly around the Cu center, consistent with an enhanced 

local electrostatic field associated with Cu (Supplementary Figs. 6, 7). Such a shift facilitates 

stronger interactions with negatively charged species, potentially enhancing the molecule's thermal 

decomposition activity. The introduction of copper strengthens electrostatic interactions within and 

around the molecule, leading to greater charge separation and polarization effects. 

In the copper-containing system, both HOMO and LUMO energy levels are substantially 

increased, reaching -0.13447 a.u. and -0.04352 a.u., respectively, with a substantially smaller 

energy gap(Fig. 6g). The increase in HOMO indicates that the introduction of copper alters the 

electronic distribution of the system, weakening the electron-donating ability. The increase in 

LUMO reflects that the high positive charge of copper reduces the electron-capturing ability, 

resulting in an upward shift of the lowest unoccupied molecular orbital. The smaller energy gap 

suggests that copper's introduction reduces the energy required for electron transitions between 

molecules, substantially promoting the thermal decomposition process of polyurethane. In the 

copper-free system, the HOMO and LUMO distributions are more diffuse, indicating a broader 

range of overall charge transfer across the molecule. LUMO and HOMO are distributed in Cu and 

its surrounding O/N regions, indicating that Cu 3d orbitals are involved in frontier orbital coupling. 
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The introduction of copper notably changes the frontier orbital distribution and energy level 

structure of the polyurethane molecule. Furthermore, the more localized distributions of HOMO 

and LUMO enhance the system's ability for localized charge transfer. The introduction of copper 

substantially facilitates the thermal decomposition of the polyurethane-coated wire. 

The electrostatic potential ranges for M1 are -31.0 kcal mol-1 to 54.0 kcal mol-1. Compared 

with M1, the electrostatic potential distribution of S1 is more extensive, with a marked increase in 

the blue region, indicating a lower overall electron density and stronger electron-accepting ability. 

Fig. 7 shows that the electrostatic potential distribution of M1 is uniform, with nearly equal 

distribution of positive and negative charges. However, for S1, the negative charge region 

substantially increases, indicating that S1 is more electrophilic. The HOMO and LUMO energy 

levels of M1 and S1 are -0.22905 a.u. and -0.02551 a.u., and -0.19790 a.u. and -0.01157 a.u., 

respectively. The lower HOMO-LUMO energy gap for S1 indicates that it is more reactive and 

more prone to electronic transitions than M1(Figs. 7a, b). The introduction of copper substantially 

alters the electrostatic potential distribution of M1, with a noticeable increase in the positive region. 

It’s obviously that the HOMO-LUMO energy gap is substantially reduced. After the introduction 

of copper, the overall electrostatic potential range of S1 increases, but its nucleophilicity is slightly 

lower than that of M1. The copper atom participates in the formation of molecular orbitals, and 

the effect of copper on S1 is slightly weaker than on M1(Supplementary Tables 6-9).  

After copper is introduced, the positive electrostatic potential region of M1 increases, 

showing that Cu enhances the nucleophilicity. For S1+Cu, the positive region is smaller than that 

in M1+Cu, but still substantially larger than in the copper-free M1 and S1 systems. The 

introduction of copper reduces the HOMO- LUMO energy gap of the main thermal decomposition 

intermediates S1 and M1, increasing the chemical reactivity(Figs. 7c, d). The electrostatic potential 

distribution shows an increase in the positive region, indicating that metallic Cu has a strong 

regulatory effect on the electronic properties of the system. Compared to M1, S1’s electrostatic 

potential tends toward negative values, indicating higher chemical reactivity. The reactivity 

regulation of the typical thermal decomposition intermediate S1 by metallic Cu is slightly weaker 
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than that of M1(Figs. 7e-h). The results above proposes a Cu-assisted dynamic pyrolysis model, 

in which copper acts as an electronic regulatory center rather than a passive thermal medium. The 

model identifies three synergistic mechanisms. First, Cu 3d orbitals transiently coordinate with 

O/N atoms, concentrating electron density and narrowing the HOMO-LUMO gap. Second, this 

coordination stabilizes radicals and suppresses side reactions. Third, reversible Cu0/Cu+ cycling 

promotes electron migration and aromatic reconstruction.These findings provide a quantum-level 

understanding of Cu as a dynamic electronic regulator in thermochemical decomposition.  

Discussion 

This work clarifies that metallic Cu in polyurethane enamel pyrolysis is not an inert heat-

transfer/residual background, but an active participant that reshapes the conversion-dependent 

barrier landscape and thereby redirects reaction pathways. By integrating 

thermogravimetric/isoconversional kinetics with temperature-resolved product fingerprints, we 

show that Cu effects are expressed as pathway selectivity rather than a simple scaling of 

volatilisation. The observed staged decomposition and the evolution of apparent barriers with 

conversion support a late-stage regime dominated by radical reorganisation, condensation and 

char-forming transformations, providing a quantitative basis to interpret how Cu changes the 

conditions required to reach the same extent of conversion. 

Density functional theory offers a mechanistic origin for this behaviour. Cu forms reversible 

Cu-O/N coordination with oxygen and nitrogen sites in polyurethane, which narrows the HOMO-

LUMO gap and strengthens electron transfer and radical recombination propensity. As a result, the 

competition between key bond-cleavage and rebuilding channels is shifted, favouring selective 

scission of C-O and C-N linkages and facilitating downstream aromatisation. This electronic 

regulation mechanism rationalises why the Cu-containing system exhibits structured, temperature-

dependent product redistribution rather than indiscriminate cracking. 

Based on these combined results, we propose a dynamic Cu-assisted decomposition 

framework in which Cu operates through a coupled sequence of (i) electronic-structure regulation 
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via reversible coordination, (ii) transient stabilisation of reactive intermediates that suppresses 

unselective condensation, and (iii) redox-enabled cycling that promotes reorganisation toward 

aromatic structures at advanced conversion. While the heating programmes studied here are milder 

than those in industrial reactors, the mechanistic picture and the conversion-resolved descriptors 

established in this work provide a transferable foundation for testing high-rate and reactor-scale 

conditions. More broadly, our findings advance a general paradigm for thermochemical 

valorisation of metal-organic composite wastes, where endogenous metals can act as electronic 

regulators that couple molecular-scale chemistry to macroscopic process behaviour. 

Methods 

Sample preparation and pyrolysis experiments 

The polyurethane enameled wire used in this study was sourced from a materials company 

based in Zhejiang Province, China. The wire has a diameter of approximately 1.2 mm and consists 

of a copper core coated with a layer of polyurethane enamel. For experimental purposes, the 

enameled wire was cut into 1.5 cm segments for thermogravimetric analysis and 5 cm segments 

for pyrolysis experiments. During the experiments, a nitrogen flow rate of approximately 70 

mL/min was maintained to ensure an oxygen-free atmosphere. 

Thermogravimetric Analysis and Pyrolysis Kinetics 

Thermogravimetric analysis (TGA) was conducted on a HITACHI 6300 thermal analyser to 

probe the oxygen-free thermal decomposition of polyurethane enameled copper wire under high-

purity nitrogen31-33. The nitrogen flow was maintained at 70 mL/min throughout the experiment. 

Samples were cut into short segments and weighed to 5.5 ± 0.1 mg for each run. the temperature 

was ramped from ambient to 950 ℃ at heating rates of 5, 10, 15 and 25 ℃ min-1. Each condition 

was measured in triplicate to ensure reproducibility, and the averaged curves were used for 

subsequent analysis. The mass-conversion degree (α) was calculated from the TG curves. To 

ensure robust isoconversional fitting, kinetic calculations were performed over 0.1~0.8. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Conversion-dependent kinetic parameters were derived using model-free isoconversional analyses. 

Six methods kinetic methods, Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-sunose(KAS), 

Friedman, Starink, Tang, and Vyazovkin, were applied. In all regressions and calculations, 

temperature was expressed in Kelvin. The resulting were used to quantify barrier evolution across 

the staged decomposition process and to support subsequent thermodynamic analysis34-38. 

SEM-EDS 

The microstructural morphology of the raw material and solid-phase products was analyzed 

using scanning electron microscopy (SEM, Zeiss Gemini300). SEM images before and after 

pyrolysis were captured at magnifications corresponding to scale bars of 2 μm and 10 μm, 

respectively, with resolutions of 10000 and 50000. Elemental mapping of the solid-phase materials 

before and after pyrolysis was conducted using energy-dispersive X-ray spectroscopy (EDS, 

Oxford Ultim Extreme). The atomic percentages of four key elements (C, O, N, Cu) were 

quantitatively analyzed to evaluate compositional changes during pyrolysis. Elemental 

quantification in SEM-EDS surface scans was controlled within an error range of ±1.5%. The main 

data all remain within a reasonable range. 

Py-GC/MS  

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) analysis was performed 

using a GCMS-QP2010 Ultra system, equipped with an EGA/PY-3030D pyrolyzer. The thermal 

degradation products of polyurethane enameled wire with and without copper were analyzed at 

pyrolysis temperatures of 300 °C, 400 °C, 450 °C, 500 °C, 550 °C, and 600 °C. Each experiment 

was repeated twice for reproducibility. Py-GC/MS quantification was performed using the 

relative peak area method, based on past experience it can be known that due to incomplete 

resolution of some high-boiling-point compounds, the measured concentrations of benzene and 

its derivatives may carry a systematic error of approximately ±3%. The main data all remain 

within a reasonable range. The pyrolysis was carried out under a high-purity N2 atmosphere to 

ensure an oxygen-free environment. Under such conditions, oxidation of Cu is 
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thermodynamically prohibited, and the Cu valence evolution primarily involves reduction and 

electronic redistribution. 

FT-IR 

The pre-pyrolysis samples were gently flattened to ensure full contact between the coating 

surface and the ATR crystal, while the post-pyrolysis solid residues were finely ground to 

improve surface contact during ATR measurement. Fourier-transform infrared (FTIR) spectra 

were recorded using a Bruker Vertex 70 spectrometer equipped with an attenuated total 

reflectance (ATR) accessory fitted with a ZnSe crystal. The wavenumber range was 4000-400 

cm-1. The post-pyrolysis solid residues were finely ground prior to measurement. 

Quantum chemistry calculations  

The bond dissociation energies of various chemical bonds in the polyurethane molecule were 

calculated using the Gaussian 09, with molecular models constructed in Gaussian View 6.039-41. 

Molecular geometry optimizations for pyrolysis-related organic compounds, intermediates, and 

products were performed based on the same functional and basis set, namely M06-2X/6-311G. 

The BDEs of the involved chemical bonds were calculated using enthalpy free energy, while the 

energy barriers of pyrolysis reactions were determined using Gibbs free energy. All molecular 

optimizations were conducted under standard conditions (298.15 K and 1 atm), with enthalpy and 

Gibbs free energies corrected using Shermo 2.3.4 (scaling factor: 0.970). An estimated single-

point energy uncertainty of ±0.05 eV. In addition, the frontier molecular orbitals and electrostatic 

potential distributions of the polyurethane molecule and typical pyrolysis products were analyzed 

under both Cu-present and Cu-absent conditions using computational visualization tools 

including Gaussian 09, VMD version 1.94, and Multiwfn 3.842.   

Data availability  

All supplementary data supporting the findings of this study are available in zenodo at doi: 

https://zenodo.org/records/18414263(ref. 43). 
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Fig. 1│Thermogravimetric behaviour and conversion-dependent kinetics of Cu-containing 

and Cu-free samples. a-d TG/DTG curves recorded under N2 at 5, 10, 15 and 25 °C min⁻¹, 

showing a consistent three-stage decomposition (stage boundaries marked from DTG features). e 

Conversion-resolved analyses based on multi-rate TG data, including six isoconversional methods 

(Vyazovkin, Tang, Starink, Friedman, KAS and FWO), TG/DTG comparison of Cu-containing 

and Cu-free samples, T(α)-α, and ΔH/ΔG/ΔS-α. TG is plotted on a whole-sample basis 

(polymer+Cu); therefore, comparisons rely on α and T(α) rather than absolute residue levels. 

Fig. 2│SEM and EDS images before and after pyrolysis. Before pyrolysis: a SEM images. b 

Layered image. c Spectrum. d Elemental composition and content. e Elemental spectrum of 

C/O/Cu/N. After pyrolysis: f SEM images of EPU. g Layered image. h Spectrum. i Elemental 

composition and content. j Elemental spectrum of C/O/Cu/N. 

Fig. 3│Relative content variation of pyrolysis products under different temperatures 

(300°C/400°C/450°C/500°C/550°C/600°C). a Temperature-resolved marker heatmaps for Cu-

containing, Cu-free, and their intensity difference. b Temperature-dependent functional-group 

distribution of pyrolysis products. c Carbon-number and aromatic ring-number distributions of 

pyrolysis products at different temperatures. d Temperature-dependent yields of representative 

marker compounds (selected chlorinated/aromatic/oxygenated/CO₂ markers).  

Fig. 4│Pyrolysis mechanism of polyurethane organic coatings based on density functional 

theory and quantum chemistry calculations. a EPU model compounds and bond dissociation 

energy (kJ mol-1) based on M062X/6-311(d,p). b Detailed three-stage pyrolysis process of EPU 

and potential pyrolysis pathways. c Formation process of benzene. 

Fig. 5│ Reaction pathway energy barriers for typical pyrolysis products. a, b, c Energy 

barriers for different reaction pathways of typical pyrolysis product S1. d, e, f M1. 

Fig. 6│ Comparative analysis of electronic structure and interactions. Without copper: a 

Interaction region inside polyurethane molecular. b IRI vs sign(λ2)ρ scatter plot. c LUMO and 

HOMO energy levels. d Van der Waals(VdW) surface ESP map. With copper: e Interaction region 

between EPU and Cu. f IRI vs sign(λ2)ρ scatter plot. g LUMO and HOMO energy levels ɑ orbitals 

and β orbitals. 

Fig. 7│ESP maps and frontier molecular orbital diagrams of typical pyrolysis intermediates. 

The VdW surface ESP map and LUMO and HOMO energy levels of a M1, b S1, c M1 with copper, 

d S1 with copper. Histogram distributions of ESP areas of e M1, f S1, g M1 with copper, h S1 with 

copper.  
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Editorial summary:  

Copper significantly redirects the pyrolysis of waste polyurethane-enamelled copper wire through electronic-

structure regulation, reversible copper oxygen/nitrogen coordination, and frontier-orbital coupling, according 

to a copper-assisted dynamic pyrolysis model. 
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