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Pyrolysis technology has emerged as a promising method for converting waste polyurethane (WPU)
from waste refrigerators into high-value chemicals. In this study, the copper (Cu)-assisted pyrolysis
strategy was employed to enhance the thermal degradation efficiency and product quality of WPU.
Kinetic analysis revealed that the activation energy (E.) of the Cu-assisted pyrolysis was 136.64 kJ-mol
and Cu-assisted pyrolysis was controlled by the combined processes of diffusion, nucleation and phase
boundary reactions. Comprehensive product analysis, including gas chromatography—mass spectrom-
etry and thermogravimetric Fourier transform infrared spectroscopy—mass spectrometry suggested that
Cu promoted the cleavage of urethane bonds and accelerated the decarboxylation of isocyanates,
increasing the yields of aniline and ethanol at lower temperatures. Meanwhile, Cu effectively sup-
pressed the formation of halogenated and heterocyclic compounds by promoting the cleavage of C—X
(X = (I, F) bonds through electron transfer interactions. Thus, the E; is decreased and the halogenated
compounds is reduced. This work provides the theoretical basis for converting waste to high-valued
products through co-pyrolysis techniques.

© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

Polyurethane (PU) is a versatile polymer widely used in
various industries such as automotive, construction, furniture,
and electronics due to its excellent mechanical properties, flexi-
bility, and thermal stability [1,2]. PU is a polymer synthesized
through the condensation of polyols and isocyanates and pos-
sesses a recoverable energy value that makes it a potential
alternative fuel source in thermal recovery processes [3]. The
global PU market was valued at 87.48 billion dollars in 2025 and
is projected to reach a valuation of 113.84 billion dollars by 2030
[4]. However, the extensive utilization of PU has resulted in the
accumulation of substantial waste polyurethane (WPU), leading
to environmental concerns owing to its non-biodegradable
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nature [5]. At present, WPU is primarily disposed of through
landfilling and incineration [6]. Landfills occupy significant land
resources, and incineration not only is energy-intensive but also
generates secondary pollutants, further burdening the environ-
ment [7]. Therefore, developing effective recycling and disposal
methods for WPU is crucial.

Pyrolysis, as a potential method for converting WPU into
valuable chemicals and fuels, has received widespread attention
[8]. During the pyrolysis process, WPU decomposes into small
molecules, forming pyrolytic oil and gas in the condensation zone
[9]. Pyrolytic oil and gas can be recovered and utilized as high-
value fuels and chemicals. Previous studies have indicated that
the pyrolysis process of WPU can be described as the cleavage of
urethane bonds into isocyanates and polyols [10]. The polyols
then further decompose into small molecules, ethers, alkanes,
and alkenes, while the isocyanates decompose to form aniline
and its derivatives [11]. However, the pyrolysis process also
generates heterocyclic compounds and halogenated compounds,
which not only reduce the yield of high-value products (such as

1004-9541/© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights are reserved, including those for text and data

mining, Al training, and similar technologies.



H. Jia et al. / Chinese Journal of Chemical Engineering 89 (2026) 324—333 325

ethanol, aniline, and their derivatives) but also exhibit toxic ef-
fects on microorganisms and ecosystems [12,13]. Therefore, cat-
alytic pyrolysis is necessary.

Co-pyrolysis, as an effective method to lower decomposition
temperature, to improve product selectivity, and to enhance
overall process efficiency, has been investigated [14,15]. Gao et al.
[16] reported that the coexistence of Cu in waste printed circuit
boards could change the pyrolysis mechanism function and
reduce the apparent activation energy. Cu facilitates the debro-
mination process by preferentially adsorbing and transferring
electrons to cleave C—Br bonds, thereby improving the handling
efficiency of pyrolysis products. In addition, Liu et al. [17]
discovered that the in-situ catalytic pyrolysis of oily sludge using
coal gangue char significantly enhanced the yield and quality of
pyrolysis oil and gas, mainly by promoting the cracking of heavy
components and facilitating secondary reactions. In a separate
study, Liu et al. [18] found that microwave co-pyrolysis of textile
sludge and furfural residue significantly inhibited the release of
nitrogen- and sulfur-containing volatiles, enriched C and H in
biochar, and promoted the formation of alkanes, aldehydes, and
ketones in the pyrolysis products. These studies demonstrate the
great potential of co-pyrolysis strategies in optimizing pyrolysis
behavior and product quality. However, little attention has been
paid to the synergistic interactions between WPU and Cu during
co-pyrolysis, especially regarding the specific mechanisms and
effects of Cu on the pyrolysis pathways of WPU. Therefore,
further investigation is required to shed light on the underlying
mechanism.

This study aims to investigate the effect of Cu-assisted pyrolysis
behavior of WPU, with a particular emphasis on decomposition
kinetics, product distribution, and reaction mechanisms. By
employing various analytical techniques, we will investigate the
process of thermal kinetics, the effects of Cu on the chain cleavage
of WPU, the formation of intermediates, and the generation of final
pyrolysis products. This research will offer important insights into

Cu-assisted pyrolysis of WPU and assist in the development of
effective recycling methods for WPU.

2. Experimental
2.1. Materials

The WPU utilized in this study originated from waste re-
frigerators supplied by factories in Qingdao, Shandong Province.
As shown in Fig. 1, WPU powder with most of the metal and plastic
impurities removed was obtained through dismantling, crushing,
mechanical, and electrostatic separation. Finally, polyurethane
particles with a particle size of 0.38—0.83 mm were selected for
the experiment via sieving. The main chemical mass compositions
of WPU were carbon (65.02%), oxygen (17.41%), nitrogen (7.01%),
hydrogen (6.20%), chlorine (3.56%) and fluorine (0.80%). Cu
(Macklin, AR, 99% purity, particle size ~5 um) was used as received
without any further surface modification or pretreatment (Fig. S1,
in Supplementary Material). Other chemicals used in the study
were analytical grade and were not further purified.

2.2. Experimental procedure

Initially, WPU and Cu were mixed in a 1:0.1 mass ratio as the
experimental samples (Fig. 1). Then, the samples were put into
alumina crucibles and positioned within a fixed-bed reactor. Next, the
fixed-bed reactor was purged with high-purity argon at 50 ml-min~!
for 8—12 min to ensure complete removal of air. After that, the py-
rolysis reaction was conducted by heating the fixed-bed reactor at
10 K-min~! to 873 K under argon atmosphere, maintaining for
15 min. Finally, the pyrolysis solid was retained within the alumina
crucible, while the pyrolysis oil was collected by condenser, and the
pyrolysis gas was collected by air collection bag. The yields of pyrolysis
solid (Xso1iq)» 01l (Xoj1), and gas (Xgas) were calculated using Eqgs. (1)—
(3) as follows:
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Fig. 1. Flow chart of equipment for Cu-assisted pyrolysis of WPU.



326 H. Jia et al. / Chinese Journal of Chemical Engineering 89 (2026) 324—333

Mol o
Xsolid = L"i x 100% 1)
sample
m .
X — ol 100% 2
oil msample ( )
Xgas = ]OO%_Xsolid_ oil (3)

where Mgympie, Mgolids Mot aNd Mgas represent the masses of
WPU + Cu, pyrolysis solid, pyrolysis oil, and pyrolysis gas,
respectively.

2.3. Pyrolysis kinetics

To elucidate the pyrolysis kinetics, the Friedman method was
employed to calculate the E;, which was expressed as Eq. (4) [19]:

In (%) =InA+1In f(a)—%, (4)

where, t is the reaction time of the pyrolysis (min); de/dt is the
sample conversion rate as a function of time; A is the pre-
exponential factor (min~1); f (a) is the kinetic mechanism func-
tion; T is the thermodynamic temperature (K); R is the universal
gas constant (R = 8.314 J-mol~'-K~1). In this case, a represents the
conversion rate, which can be calculated using Eq. (5):

CW-W,
T W—W;

(5)

where, W; and W; represent the initial and final masses of the
sample during the catalytic pyrolysis reaction. W; represents the
mass at time t. E, can be determined by fitting a linear relationship
of In(da /dt) versus 1/T.

Additionally, the Kissinger—Akahira—Sunose (KAS) and Starink
(STA) methods can be used to verify E,, with their expressions
shown in Egs. (6) and (7) [20]:

BY _ g AR _Ex1
ln<ﬁ) 7lnEKg(0‘) RT ©)

Table 1
Mechanism functions of kinetic for pyrolysis [22—25].

8 Es 1
In (ﬁ = Constant—1.0008 BT 7

where, § is the heating rate (K-min~!); Ex and Es are the
average E, values calculated by the KAS and STA methods,
respectively.

In order to further elucidate the pyrolysis mechanism, the
Sestak—Berggren model was applied to calculate the A and f(«).
Which was expressed as follows [21]:

fla) = (1—a)"a™[~In(1—a)]? (8)

The model (Eq. (8)) can be seen as a unified form of fi to fg
mechanism functions (Table 1), which mathematic expression is
shown as Eq. (9):

h 1/2 0 -1 0
f 1 0 0 -1
f3 1I/n 1 0 1-n 1
fa 1 00 1 In(1—a)
= 9)
fs 1/n 0 1-n O In o
fe 1/n 0 1 0 In(—In(1—a))
f7 1 n 0 0
fs 1 nm p

Furthermore, Eq. (8) can be logarithmically expressed as:

In (@) + E—; =InA+niIn(l—a) + mIna+ p In[—In(1—a)]

de
(10)

where, E, is the average activation energy calculated by the
Friedman method (kJ-mol~'). At a certain heating rate, the inde-
pendent parameters (n, m, p, and In A) are obtained by multiple
linear regression of In(1—«), In «, and In[—In(1—a)].
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iz Anti-Jander counter diffusion model 3 2 L
S0 +a3 [(1 + a>3—1]
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2.4. Characterization

Thermogravimetry (TG, TGA/DSC 3+, Mettler Toledo,
Switzerland) was employed to study the pyrolysis process. Gas
chromatography-mass spectrometry (GC-MS, QP2010, Shimadzu,
Japan) was used to qualitatively identify the types of pyrolysis oils
and gases. Scanning electron microscopy (SEM, SIGMA 300, Zeiss,
Germany) was used to characterize the microstructure and
morphology of the pyrolysis solids. X-ray diffraction (XRD, D/MAX-
2500/PC, Rigaku, Japan) was used to study the crystalline structure
and composition of the pyrolysis solids. To further reveal the re-
action mechanism, thermogravimetric Fourier transform infrared
spectroscopy—mass spectrometry (TG-FTIR-MS, Pyris1 & Nico-
let6700, Thermo Fisher, American) and in situ Fourier transform
infrared spectroscopy (in-situ FTIR, Nicolet iS50, Thermo Fisher)
were employed to measure the real-time changes in chemical
structures and functional groups during the pyrolysis process
(Supplementary Material Text 2).

3. Results and Discussion
3.1. TG and DTG analysis

TG and DTG techniques were employed to analyze the Cu-free
and Cu-assisted pyrolysis process of WPU. As shown in Fig. 2(a),
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(b), two significant mass loss stages were observed as the tem-
perature increased from 453 to 833 K. During the 473—673 K stage,
the majority of mass loss (approximately 60%) occurred. Further
analysis of the DTG curve revealed that the maximum mass loss
rate occurred in the temperature range of 593—633 K. This phe-
nomenon may be mainly attributed to the cleavage of chemical
bonds and the volatilization of low-molecular-weight compounds
[26]. During the 673—833 K stage, the mass loss was approxi-
mately 13%. This result may be mainly attributed to the polyol
backbone of the WPU and intermediates from the initial step py-
rolyze and volatilize [27]. After exceeding 833 K, the TG curve
leveled off, indicating the completion of the pyrolysis process.
After the addition of Cu, as shown in Fig. 2(c), (d), only one sig-
nificant mass loss stage was observed for Cu-assisted WPU as the
temperature increased from 453 to 833 K. The TG curve also
shifted toward a lower temperature range, reducing the initial
decomposition temperature (T;) of WPU from 473 to 453 K. These
observed phenomena suggest that Cu may promote the initiation
of pyrolysis and facilitate the cleavage of urethane bonds. Addi-
tionally, Cu can promote the pyrolysis process due to its excellent
thermal conductivity, which enhances heat transfer [28].

To further reveal the effect of heating rates on the pyrolysis
process of Cu-assisted WPU, the experimental data of Cu-free and
Cu-assisted WPU pyrolysis for the initial temperature (T;), final
temperature (T;), and the temperature at maximum reaction
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Fig. 2. The TG and DTG analysis of Cu-free (a, b) and Cu-assisted (c, d) WPU pyrolysis at heating rates from 5 to 30 K-min .
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speed (Tp) were given in Table S1. The results indicated that the Tj,
Tp and T; of the Cu-assisted WPU pyrolysis process were lower
than those for WPU without Cu. With the increase in heating rate,
the peak temperature of the degradation rate shifted toward
higher temperatures. This phenomenon was caused by a mismatch
between the actual heat transfer rate from the furnace to the
sample and the programmed heating rate, which leaded to a
decrease in the actual reaction rate [29]. Therefore, with the in-
crease in heating rate, the pyrolysis curves shift toward high
temperatures.

3.2. Kinetics analysis

To elucidate the mechanism of Cu-assisted pyrolysis, the ki-
netic parameters were calculated. As shown in Fig. 3(a), E, was
calculated by the method of Friedman. Ex and Es were determined
by the method of KAS and STA (Fig. S2). The high degree of linear
fitting (R? > 0.99) at different heating rates confirmed the validity
of the fitting results. Fig. 3(b) illustrated the E,, Ex and Eg values at
different «. It can be observed that the E, values showed a fluc-
tuating trend as the « increased from 0.05 to 0.60. The initial value
of E; was 126.09 k]~mol*1. The value of E, increased to
136.81 kJ-mol~! with « ranging from 0.05 to 0.3, which might have
been caused by the cleavage of urethane bonds in WPU. The value
of E, dropped to 109.71 k]-mol~! as « reached 0.6. This may be due
to the decomposition of polyols and isocyanates, which were
broken down into small molecules products [11]. It can be
observed that the E, value increased sharply from 125.09 to
249.23 kJ-mol~! when the a was higher than 0.65, which was
related to the carbonization and dehydrogenation of the remaining
pyrolysis residue. The average E, for the entire pyrolysis process of
WPU was 136.64 kJ-mol~'. Moreover, the average values of Ex and
Es were 137.36 and 135.09 kJ-mol~'. The consistency among E,, Ex

H. Jia et al. / Chinese Journal of Chemical Engineering 89 (2026) 324—333

To further elucidate the pyrolysis mechanism function, the

Sestak—Berggren model was applied to calculate A and f(«). The
model was not affected by the assumed model formula, avoiding
errors introduced by the hypothetical mechanism function [30]. As
aresult, the calculation results were more realistic. Table 2 showed

the fitting results of the Sestik—Berggren model. The high corre-
lation coefficients (R*> > 0.9) demonstrated the reliability of the
Sestak—Berggren model calculations. The fundamental kinetic
equation for the Cu-assisted pyrolysis of WPU was shown in the
following formula:

da

g =899 109 x [(]_a)—048a9.19(_ln(1_a)—95)}

exp (_ 136636 )
8314 xT

To verify the accuracy of f(«), the commonly used models fo—f1,

in Table 1 were employed. The fitting results (Fig. S4) showed that
the mechanism functions fo—f1, did not satisfy the requirements of
R? > 0.95 and ‘(Ea—Ea(fg_fu)) /Ea| < 0.15. Therefore, these mecha-
nism functions cannot accurately describe the pyrolysis behavior.
To illustrate the effects of mechanism functions during Cu-
assisted pyrolysis process of WPU, the normalized contributions
of the Sestik—Berggren model were analyzed (Fig. 4). In the
Sestak—Berggren model, mIna, nln(1—a), and pIn(=In(1—a))
represented the diffusion, phase boundary and nucleation reaction
mechanisms, respectively. A positive contribution value indicated
that the mechanism facilitated the pyrolysis reaction, whereas a

negative value suggested that the mechanism inhibited the py-
rolysis reaction. In the initial stage of pyrolysis (¢ < 0.13), the

(11)

Table 2
Fitting results of Sestak—Berggren model for Cu-assisted WPU.

and Es indicated that the method for accurately calculating E; was B/K-min ! n m p InA R?
suitable and the obtained E, value was reliable. When Cu was 5 11076 11.3933 115238 23.2049 0.9663
added for pyrolysis of WPU, the calculated average E, decreased 10 ~1.0910 10.6541 -10.8279 23.0882 0.9859
compared to that of the Cu-free WPU determined in this work 15 —0.8445 9.5064 -9.7087 22.9571 0.9822
(Fig. S3), as well as to the values reported in previous studies on 20 —0.4234 7.3473 —7.8105 222899  0.9602
WPU pyrolysis [13]. This proved that the addition of Cu effectively 5(5) :8‘2332 g'ilgg :3‘;233 533;; g'gggf
reduced the E, and promoted the occurrence and progress of the Average _08136 01893 _04890 229054  0.9791
pyrolysis reaction.
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Fig. 3. (a) Linear fitting results of In(da /dt) versus 1/T using the Friedman method at different reaction fractions for Cu-assisted WPU pyrolysis; (b) E, calculated by the Friedman,

KSA, and STA methods based on the experimental data of Cu-assisted WPU.
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Fig. 4. (a) Normalized contributions and (b) contributions at different reaction fractions («) of Cu-assisted WPU.

normalized contribution values of m In « and p In(—In(1—«)) were
relatively large, whereas that of nIn(1—a) was extremely small
and approximately zero. This showed that this stage was mainly
controlled by diffusion and nucleation reactions, while the phase
boundary reaction did not play a significant role. The positive value
of p In(—In(1—a)) suggested that the nucleation reaction promoted
the pyrolysis, while the negative value of m In « suggested that the
diffusion reaction was the dominant rate-control step. The accu-
mulation of the old phase facilitated the continuous generation of
new phase [31], thereby promoting the initiation and progression
of the nucleation reaction. However, since gas channels had not yet
formed during the initial stage of pyrolysis, and the addition of Cu
may hinder their formation, the escape of pyrolysis oil and gas was
obstructed, exacerbating the suppression of the diffusion reaction.
In the intermediate stage of pyrolysis (0.13 < « < 0.63), the diffu-
sion reaction remained the dominant reaction in this stage. The
absolute values of p In(—In(1—«)) and m In « decreased, indicating
that both the promoting effect of nucleation reactions and the
inhibiting effect of diffusion reactions were gradually weakened.
This was caused by the consumption of materials and the gener-
ation of gas channels [31]. Additionally, the value of nIn(1—«)
increased, indicating that the phase boundary reaction played a
role. This might be attributed to the increased aggregation of WPU
particles [32]. In the final stage of pyrolysis (« > 0.63), the value of
p In(—In(1—«)) changed to negative and the value of m In « grad-
ually approached zero because of the depletion of reaction sub-
strate. Meanwhile, the value of m In « gradually approached zero,
indicating that the inhibitory effect of diffusion-controlled re-
actions on the Cu-assisted pyrolysis of WPU had almost
completely disappeared.

3.3. Pyrolysis products analysis

To analyze the influence of Cu addition on the pyrolysis prod-
ucts, a yield analysis of the three-phase pyrolysis products at
different heating rates was conducted. As shown in Fig. 5, the
addition of Cu increased the average pyrolysis solid yield across
different heating rates, rising from 23.9% in the Cu-free WPU to
30.56% in the Cu-assisted WPU. Meanwhile, the average yields of
pyrolysis oil and gas were slightly reduced in the Cu-assisted WPU,
suggesting that the addition of Cu influenced the distribution of
pyrolysis products. For both Cu-free and Cu-assisted WPU,

| I Cu-free residue [ Cu-assisted residue
Il Cu-free oil Il Cu-assisted oil
L Il Cu-free gas Il Cu-assisted gas

3
S O O

()

Relative amount /%
—_— N W B W N
(@) (e}

oS O

5 10 15 20 25 30

Heating rate/K-min™!

Fig. 5. The proportion of pyrolysis products of Cu-free and Cu-assisted WPU at

different heating rates (5-30 K-min~"), with a final temperature of 873 K under an
argon flow rate of 50 ml-min~".

pyrolysis oil was the predominant product, with an average yield
across different heating rates of approximately 44.62% and 46.9%,
respectively. Furthermore, the change in heating rate had no sig-
nificant effect on the relative proportions of the three-phase py-
rolysis products during pyrolysis.

GC-MS analysis was performed to explore the effect of Cu on
the composition of pyrolysis oil and gas (Tables S2—S3). It can be
seen that the pyrolysis gas and pyrolysis oil contained 12 and 21
components, respectively. Aniline and its derivatives, alkanes, al-
kenes, and polyols were the main species in the pyrolysis products.
Compared with previous reports, the content of aniline and its
derivatives increased, while that of heterocyclic compounds
decreased in the pyrolysis oil. Cu promoted the decarboxylation of
intermediate isocyanates, making the decomposition pathway
more inclined toward aniline formation [33]. Cu can promote the
cleavage of C—Cl and C—F bonds, reducing fluorochlorinated
compounds in the pyrolysis gas [34]. These results showed that the
addition of Cu inhibited the formation of harmful substances in the
pyrolysis oil and gas, thereby simplifying their composition.
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To further analyze the effect of Cu on WPU, the morphology and
composition of the pyrolysis residues were studied using SEM and
XRD. As shown in Fig. S5(a) and (b), the pyrolysis residues of WPU
appeared as black solid with smooth and flat surfaces, exhibiting a
stacked lamellar structure without obvious pore distribution on
the surface. The main elemental mass composition of the solid
residues from pyrolysis consists of carbon (78.49%), oxygen
(10.6%), nitrogen (8.57%), and hydrogen (2.34%). As shown in
Fig. S5(c), the XRD results of the pyrolysis residue revealed two
diffraction peaks at 26° and 44°, corresponding to the (0 0 2) and
(1 0 0) crystal planes of graphite (JCPDS 99-0057), respectively.
This suggested that the pyrolysis residue possessed a graphitized
structure with low crystallinity.

3.4. Mechanism

TG-FTIR analysis was performed for real-time analysis of py-
rolysis oil and gas. As shown in Fig. 6, the characteristic bands
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appeared at 2800—3100, 2250—2400, 1400—1700, 1000—1300, and
710—730 cm™ . When the temperature exceeded 523 K, the char-
acteristic bands of -N=C=0 group observed at 2200—2400 cm ™!
indicated the onset of WPU decomposition. The peaks observed
around 720 and 1006 cm™~! corresponded to the stretching vibra-
tions of C—Cl and C—F, respectively [13,35]. This suggests that
CFC—11 may have undergone partial thermal degradation. After
the temperature rose above 573 K, the C—H bands of unsaturated
carbons exhibited stretching vibrations at wavenumbers of
3000—3100 cm ™. Stretching vibration bands of —CH3 and —CH,—
appeared at 2980 cm ! and 2930 cm ™!, confirming the production
of alkanes. The absorption bands at 1600—1700 cm~' were
attributed to the stretching vibration of C=0 in carboxylic acids
and the C=C in alkenes. The bands observed at 1200—1300 cm
were attributed to the presence of C—O in polyols. The bands at
1000—1200 cm~! were derived from the asymmetric stretching
vibrations of C—O—C in ethers [10]. At temperatures above 623 K,
the absorption bands of the benzene ring were detected at
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1400—1600 cm~!. Meanwhile, the absorption peaks located at
1310—1330 cm ™! could be attributed to the stretching vibration of
C—N in amine compounds. This result confirmed the formation of
aniline and its derivatives. The peaks at 2300—2400 cm~! sug-
gested the formation of CO,. Compared with previous literature
reports [13], it can be observed that the temperatures at which the
characteristic bands of Cu-assisted WPU appear are generally
lower than those without Cu. This phenomenon may be caused by
the in-situ catalysis of Cu. The Cu particles directly transfer the
electrons from conduction band to WPU, which can weaken the
strength of C—0 bond in the carbamate and promote the pyrolysis.
In-situ FTIR was further employed to investigate the structural
evolution of pyrolysis solid during the pyrolysis process. As shown
in Fig. S6, when the temperature was below 463 K, no significant
thermal decomposition of WPU was observed, which was consis-
tent with the TG-FTIR results. When the temperature exceeds
463 K, the absorption peak at 1540 cm™! corresponding to the
—NH—-COO-— groups began to decrease, suggesting the cleavage of
urethane bonds in WPU and the onset of pyrolysis. Meanwhile, a
characteristic peak at 2273 cm~! appeared, suggesting the for-
mation of —NCO groups. As the temperature continues increased,
most of the absorption peaks gradually decreased in intensity,
implying that WPU decomposed drastically, which was consistent
with the TG results.

TG-MS was employed to further elucidate the catalytic mech-
anism of Cu. Fig. 7 illustrated the release intensity of propylene,
propane, ethanol, and aniline and its derivatives as a function of
temperature. The peak intensity was positively correlated with the
content of pyrolysis products. Peaks of aniline, o-toluidine, and
2,3-dimethylaniline were detected at temperatures below 723 K.
In contrast, previous reports showed that these peaks were only
observed in Cu-free WPU when the temperature exceeded 723 K
[13,36]. Meanwhile, small molecule products (propylene, propane,
and ethanol) were generated earlier because the active sites pro-
vided by Cu interacted with C—O single bonds in the carbamate
and ethylene glycol, reducing their decomposition activation en-
ergy and facilitating the decomposition reaction at lower

temperatures. This was consistent with the previously calculated
kinetic results. Furthermore, the addition of Cu increased the
generation of aniline, o-toluidine, and 2,3-dimethylaniline at
723—873 K. This could be attributed to the Ullmann C—N coupling
caused by Cu, which facilitated C—N coupling, leading to an
increased content of aniline and its derivatives [37]. As shown in
Fig. S7, signals at m/z 76, 134 and 208 were attributed to the evo-
lution of propylene glycol, 2-(2-hydroxypropoxy)-1-propanol, and
tetraethyleneglycol monomethyl ether, respectively. Furthermore,
signals at m/z 198, 250 and 258 were attributed to the evolution of
4,4'-diaminodiphenylmethane, 4’-diphenylmethane diisocyanate,
and (methylenebis-(4,1-phenylene)) dicarbamic acid, respectively.
This indicated that Cu not only accelerated the decomposition of
WPU but also effectively increased the relative content of aniline
and its derivatives.

Based on the results of kinetic and pyrolysis product analysis,
the mechanism of Cu in the pyrolysis of WPU was proposed. As
shown in Fig. S8, during the initial stage of pyrolysis (<523 K), co-
pyrolysis of Cu with WPU reduced the activation energy of the
reaction and promoted the cleavage of urethane bonds. The active
sites on the surface of Cu atoms adsorbed and weakened the C—O
bonds in urethane groups. Heating led to bond cleavage, producing
isocyanates and polyols. During the intermediate stage of pyrolysis
(523—773 K), due to sufficient energy supply, the random cleavage
of chemical bonds and the recombination of radicals could form
various pyrolysis products. At this stage, Cu exerted a significant
influence on the pyrolysis process and product composition. Cu
interacted with the m-electrons in aromatic structures, leading to
their cleavage into small molecular products, reducing the likeli-
hood of further rearrangement into polycyclic or heterocyclic
compounds [38]. Additionally, Cu promoted the cleavage of C—X
(X = Cl, F) bonds through orbital-level interactions. Its partially
filled 3d orbitals stabilized the lone pairs of halogen atoms via
back-donation, while the 4s orbital donated electron density into
the antibonding orbital of the C—X bond [39,40]. These combined
effects weakened the C—X bond, facilitating its dissociation. The
resulting halide ions were immobilized as stable Cu—X complexes
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in the pyrolysis residue, thereby suppressing the release of halo-
genated compounds into the pyrolysis gases [41,42]. During the
final stage of pyrolysis (>773 K), the decomposition of WPU was
nearly completed. At this stage, the reaction process was
controlled by dehydrogenation and carbonization, which were
slightly affected by Cu particles.

4. Conclusions

In this study, the pyrolysis behavior of Cu-assisted WPU
was investigated in depth through mechanistic function anal-
ysis and in situ coupling online monitoring. The Cu-assisted
mechanism function of WPU was determined by Sestik—
Berggren model and described as: da/dt = 8.99 x 109 x
[(1—04)*0-8049»19 (—1n(1—a)*9-5 ) ]exp(—136636/8.314 x T).  This
indicated that the pyrolysis reaction mechanism function was
not governed by a simple single mechanism, but rather by a
combined mechanism of diffusion, nucleation, and phase
boundary reactions. The average E, of the reaction was
calculated to be 136.64 kjJ-mol~!. Moreover, Cu has catalytic
effects on thermal decomposition, causing a decrease in the
initial, peak, and final temperature of pyrolysis. Cu not only
enhanced the ethanol content in the final products but also
suppressed the presence of fluorine—chlorine compounds in
the pyrolysis gases. Cu could form chemical bonds with
halogen atoms and facilitate electron transfer, thereby pro-
moting the cleavage of C—X (X = F, Cl) bonds and enhancing
the dehalogenation process. Additionally, Cu addition effec-
tively increased the proportion of aniline and its derivatives,
significantly decreasing the formation of harmful heterocyclic
compounds. Therefore, the presence of Cu could facilitate the
pyrolysis of WPU and improve the manageability of the
resulting products for subsequent disposal.
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