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Abstract

A limited understanding of the pyrolysis mechanisms hinders the efficient thermochemical conversion and recovery of nylon waste. This study investigates
the pyrolysis behavior, volatile evolution, and backbone degradation mechanisms of nylon 6/6 by integrating thermogravimetry-Fourier transform infrared
spectroscopy-gas chromatography/mass spectrometry (TG-FTIR-GC/MS) and density functional theory (DFT) calculations. According to TG analysis, nylon
6/6 undergoes pyrolysis mainly in the range of 390-515 °C, with a mass loss of 95.86 wt%, and exhibits the most intense degradation at approximately
480 °C. Kinetic analysis using the Coats-Redfern integral and Achar differential methods indicates that nylon 6/6 pyrolysis follows the first-order reaction
model with an apparent activation energy of 278 kJ/mol. Online FTIR and offline GC/MS identify the characteristic gaseous products, including CO,, NH3, 1-
amino-5-hexene (13.54%), and cyclopentanone (79.64%). Furthermore, DFT calculations elucidate the electrostatic potential (ESP) distribution, Fukui
function indices, and bond dissociation energies (BDEs) of the nylon 6/6 model molecule. Results demonstrate that the nucleophilic attack of the terminal
amino group and the free radical attack of H- facilitate the cleavage of the amide structure. The generated hexamethylenediamine and adipic acid segments
subsequently undergo deamination and cyclization reactions to form 1-amino-5-hexene and cyclopentanone, respectively. By elucidating the backbone
degradation mechanisms and product formation pathways during nylon 6/6 pyrolysis, the multi-scale study provides a theoretical basis for the recovery of

high-value fuels and chemicals from nylon waste.
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Introduction

Polyamide (also known as nylon), an essential engineering plastic,
is renowned for its superior mechanical strength, thermal stability,
and chemical resistance, leading to widespread applications in
textiles, automotive, and electronics industries, with global produc-
tion continuously risingl'l. Nevertheless, the durability of nylon
contributes to significant post-consumer waste accumulation,
posing serious environmental risks such as microplastic pollution
and the release of harmful substances. Conventional disposal meth-
ods like incineration and landfilling are not only economically ineffi-
cient but also contribute to carbon emissions and potential soil and
water contamination. Mechanical (physical) recycling often results in
downgraded material quality due to polymer chain scission during
reprocessing, limiting the application of recycled productsi23.
Consequently, developing advanced valorization techniques is
crucial for achieving high-value recycling of nylon waste, mitigating
environmental impact, and promoting a circular plastic economy.

Pyrolysis has emerged as a promising technology for recovering
value-added fuels, chemicals, and functional carbon materials from
plastic waste through deep cracking of polymers in an oxygen-
limited environment®5l, For instance, Xiao et al. reported that using
polypropylene (PP) pyrolysis volatiles as a carbon source, catalytic
reforming over ZSM-5 at a medium temperature (400 °C) enabled
the highly selective production of BTX (benzene, toluene, and
xylene)], while chemical vapor deposition on Fe/Al,O; catalyst at a
high temperature (800°C) could produce valuable carbon
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nanotubes and hydrogenl’l. Based on a temperature-gradient pyrol-
ysis strategy, Munyaneza et al.l¥l efficiently recycled a-olefins from
polyethylene (PE). Additionally, Sukkasem et al.”! utilized a low-cost
agricultural-waste-derived SUZ-4 zeolite to transform polystyrene
(PS) into 81.60wt% oil with 70.56% selectivity toward mono-
aromatic hydrocarbons. However, most previous studies have
predominantly focused on polyolefin plastics with simple elemental
composition, paying insufficient attention to heteroatom-
containing plastics. The long-term persistence of nylon in real-world
plastic waste streams introduces significant challenges. During
pyrolysis, the decomposition of amide groups in nylon waste
releases substantial nitrogen-containing compounds, which not
only poison catalysts, reduce process efficiency, and increase energy
consumption but also negatively affect product composition, lead-
ing to compromised stability in downstream applications('l, For
example, the pyrolysis of composite packaging waste (nylon 6 and
PE) generated a large number of nitrogen-containing volatiles,
resulting in a significant increase in the acidity of pyrolytic oill'"l.
Similarly, a study demonstrated that incorporating nylon polymer
into the feedstock resulted in the pyrolytic oil with nitrogen content
significantly exceeding fuel standards.'2 Furthermore, these
nitrogen-containing components preferentially occupied the acidic
sites of catalysts, significantly reducing deoxygenation efficiency!'3l.
Besides, Kumagai et al.l'¥ discovered that HCN formation during
polyimide pyrolysis substantially degraded syngas quality.
These adverse impacts of nitrogen-containing compounds funda-
mentally stem from an inadequate understanding of the pyrolysis
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mechanisms of nylon wastel'l. Therefore, revealing the pyrolysis
characteristics and backbone degradation pathways of nylon is
crucial for suppressing the formation of nitrogen-containing by-
products and achieving its clean and efficient utilization.

The combination of thermogravimetry-Fourier transform infrared
spectroscopy (TG-FTIR) and pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS) has been widely employed to investigate
the pyrolysis mechanisms of nitrogen-containing polymers. This
approach enables real-time monitoring of the mass loss of raw
materials and the release of gaseous volatiles('%l. By integrating TG-
FTIR and Py-GC/MS, Liu et al.B! investigated the co-pyrolysis of
textile waste with red mud, elucidating the release patterns of nitro-
gen-containing volatiles and their impact on the catalyst. Zheng et
all'7! revealed the evolution of C-N functional groups and deter-
mined the kinetic parameters for distinct pyrolysis stages during the
pyrolysis of polyurethane foam. However, TG-FTIR typically employs
slow and controlled heating rates, whereas Py-GC/MS often uses
instantaneous flash pyrolysis. This inconsistency may lead to devia-
tions between the detection results obtained from FTIR and those
from GC/MS. In contrast, the integration of these techniques into a
single TG-FTIR-GC/MS system enables the comprehensive character-
ization of pyrolysis products under a unified heating program. This
coupled system allows for the direct transfer of released volatiles
from the TG to both the FTIR for online analysis of functional groups
and the GC/MS for efficient separation and identification of volatile
components at specific temperatures. Nevertheless, due to the limi-
tations of detection sensitivity and temporal resolution, experimen-
tal methods struggle to capture short-lived and highly reactive free
radicals and nitrogen-containing intermediates, which are particu-
larly crucial for elucidating the pyrolysis mechanisms of nylon('%,
By computing the electronic properties of organic compounds,
density functional theory (DFT) can provide key microscopic ther-
modynamic and kinetic parameters, thereby enabling prediction of
chemical bond cleavage at the atomic level and elucidation of the
formation mechanisms of pyrolytic intermediates and products!'sl.
Numerous studies have successfully employed DFT as a powerful
complement to experimental methods, clarifying the pyrolysis
mechanisms of polymers such as PE, polypropylene (PP), and
polyethylene terephthalate (PET) through calculations of bond
dissociation energies (BDEs), demonstrating the value of DFT in
polymer pyrolysis researchl’®-2"], Nevertheless, unlike these poly-
mers, the amide groups in nylon chains exhibit conjugation effects
and form strong intermolecular hydrogen-bonding networks, which
can significantly alter the energy barriers for backbone scission. This
leads to multiple competing degradation pathways that cannot be
reliably predicted by simple BDE ranking alone. For instance, in a
DFT study on a nylon 6 model molecule, Wang et al.l'¥! discovered
that the C-N bond in the amide group showed a high BDE, making
its direct cleavage unlikely. Thus, relying solely on BDE cannot
explain the formation of caprolactam, a key monomer product.
Given that nylon chains contain reactive terminal amino and
carboxyl groups, their degradation likely involves cooperative reac-
tions initiated by these active sites. Therefore, understanding the
micro-scale reactivity of nylon molecules requires an integrated
assessment based on multiple parameters such as charge distribu-
tion, BDEs, and Fukui functions. In summary, establishing a
multi-scale analytical framework that synergistically combines
macro-scale experimental data from TG-FTIR-GC/MS with microscale
theoretical simulations from DFT is particularly critical for elucidat-
ing the pyrolysis mechanism of nylon. Such an integrated approach
can systematically reveal the competing reaction pathways, clarify
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the formation mechanisms of characteristic nitrogen-containing
products, and ultimately provide fundamental insights for optimiz-
ing the pyrolysis of nylon waste, enabling targeted control over
reaction pathways and enhancing the value of the final products.

Nylon 6/6 was selected for this study due to its high production
volume and extensive application, its representativeness in the
nylon family enabling extrapolation of findings, and the existing
knowledge gap regarding its pyrolysis mechanisms that this
research aims to addressBl. The mass loss characteristics of nylon 6/6
were first examined via TG analysis, with apparent kinetic calcula-
tions. Subsequently, the released gaseous products were monitored
in real-time through FTIR, and the volatile components were
precisely identified employing GC/MS, enabling the correlation of
specific pyrolysis stages with the release profiles of volatiles. Finally,
DFT calculations were performed to determine the key microscopic
descriptors of the nylon 6/6 model molecule, including electrostatic
potential (ESP) distribution, condensed Fukui functions, and BDEs.
This integrated approach, combining macroscopic experimental
data with microscopic theoretical simulations, is anticipated to
provide comprehensive insights into the pyrolysis behavior, prod-
uct evolution, and backbone cracking mechanisms of nylon 6/6,
thereby establishing a fundamental basis for optimizing its pyrolysis
process towards high-value utilization.

Materials and methods

Materials

Nylon 6/6 (CAS 32131-17-2) was purchased from Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). As shown in
Fig. 1a, nylon 6/6 is a polyamide synthesized from hexamethylenedi-
amine and adipic acid, characterized by its symmetrical repeating
unit with amide groups (-NH-CO-) oriented in alternating direc-
tions. This structural regularity enables strong intermolecular hydro-
gen bonding, contributing to high mechanical strength and
thermal stability!??l. In contrast, another common nylon polymer,
nylon 6 (polycaprolactam), is derived from caprolactam monomers,
resulting in unidirectional amide bonds and less symmetrical chain
alignment!23], The characteristic functional groups of nylon 6/6 were
analyzed using an FTIR spectrometer (Nicolet iS50R, Thermo Fisher,
USA), as presented in Fig. 1b. The absorption peaks at 3,294 and
1,537 cm~! are attributed to the stretching vibration and in-plane
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Fig. 1 (a) Chemical structure. (b) Infrared spectrum of nylon 6/6.
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bending vibration of the -NH- group, respectively?4l. The peak at
1,634 cm~' corresponds to the C=0 stretching vibration of the
amide groupl'l. The stretching vibrations of aliphatic -CH,- are
observed at 2,933 and 2,861 cm™".

TG-FTIR-GC/MS analysis

A TG-FTIR-GC/MS analyzer (TGA8000-Spectrum3-Clarus690-
ClarusSQ8T, PerkinElmer, USA) was employed to investigate the
pyrolysis characteristics of nylon 6/6. In the TG unit, the sample was
heated to 800 °C at 20 °C/min under a high-purity nitrogen atmo-
sphere (99.999%). The released volatiles were purged through a
heated transfer line maintained at 280 °C into the FTIR spectrometer
for online infrared analysis. FTIR detection was performed in the
wavenumber range of 4,000-600 cm~" with a resolution better than
0.4 cm~'. When the sample’s weight loss rate reached its maximum,
the transfer channel was opened for 20 s to collect pyrolysis volatiles
for offline GC/MS analysis. An Elite-5MS capillary column was used
for separating the volatiles. The column temperature was initially
held at 40 °C for 3 min, then increased at 10 °C/min to 280 °C and
held for 3 min. The MS ion source utilized 70 eV electron ionization,
with a quadrupole mass analyzer scanning the mass-to-charge ratio
(m/z) range of 45-400. The acquired mass spectra were compared
with the National Institute of Standards and Technology (NIST) 2017
database for volatile component identification, and the relative
content of each compound was calculated using chromatographic
peak area normalization.

Pyrolysis kinetics

Coats-Redfern integral and Achar differential methods were
employed to calculate the pyrolysis kinetic parameters of nylon
6/612>261. The corresponding equations are given as Egs (1) and (2),
respectively.

g@| AR ﬂ
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where, g(a) and fla) denote the integral and differential forms of the
reaction model, respectively; T (K) is the absolute temperature;
A (min~") denotes the pre-exponential factor; R (8.314 J/mol/K)
represents the gas constant; f (°C/min) denotes the heating rate;
E, (kJ/mol) is the apparent activation energy; a represents the thermal
conversion, defined as o = (m; - m)/(m; - my), where m;, m,, and m
denote the initial, instantaneous, and final mass of the sample,
respectively.

For the Coats-Redfern and Achar methods, straight lines were
obtained by plotting In[g(«)/T?] and In[da/dT/f(a)] against 1/T,
respectively. The apparent activation energy (E,) and pre-exponen-
tial factor (InA) values were calculated from the slope and intercept.
The most probable mechanism function was identified based on the
following criteria: (i) 0 < E, <400 kJ/mol; (ii) the E, and InA values
calculated by the Coats-Redfern and Achar methods were in closest
agreement; and (iii) a high linear correlation coefficient (R2 > 0.98)
was achieved29l,

Density functional theory calculations

All quantum chemical calculations were performed using the
Gaussian 16 software packagel?’l. The geometric structure of the
nylon 6/6 model molecule was fully optimized at the B3LYP/6-
311G(d,p) level using density functional theory (DFT) method to
identify the most thermodynamically stable conformer, which is
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essential for ensuring the reliability of subsequent calculations, as it
represents the lowest-energy state and serves as the fundamental
reference for reaction pathway analysis. Frequency calculations
were subsequently conducted at the same level to confirm that the
optimized structure corresponded to a true local minimum on the
potential energy surface (no imaginary frequencies), thereby vali-
dating the absence of transition states or saddle points. The Carte-
sian coordinates of all atoms in the optimized model molecule are
provided in Supplementary Table S1. The ESP was mapped onto the
molecular van der Waals surface using GaussView software, where
blue indicates the electropositive regions and red represents the
electronegative regions.

For a quantitative assessment of the local reactivity, the Fukui
function indices were calculated based on conceptual DFT. Single-
point energies of the optimized model molecule were calculated in
its neutral, cationic, and anionic states at the B3LYP/6-311G(d,p)
level. Atomic charges were then extracted using Multiwfn
program28, and the nucleophilic attack index (f*), electrophilic
attack index (f), and radical attack index (f%) were evaluated accord-
ing to the following expressions!2°!:

ff=qN)-g(N+1) 3)

ff=qN-1)-g(N) 4
N-1)—-g(N+1

f():fl( )Zq( +1) )

where, g(N), g(N + 1), and g(N — 1) represent the atomic charges of the
neutral, anionic, and cationic systems, respectively.

The BDE for a specific A-B bond in the nylon 6/6 model molecule
was calculated to evaluate its thermal stability. The keyword
‘Temperature = 753.15' was included in the frequency calculations
to account for thermal corrections at the target temperature, which
corresponds to the peak decomposition temperature (480 °C) of
nylon 6/6 observed in the thermogravimetric analysis (Fig. 2), ensur-
ing accurate enthalpy adjustments that reflect actual pyrolysis
conditions. The structures of the model molecule and the two radi-
cal fragments (A- and B-) generated by homolytic cleavage were
optimized at the B3LYP/6-311G(d,p) level, followed by frequency
calculations to obtain the thermal corrections to enthalpy (H.,)-
Subsequently, high-precision single-point energy (SPE) calculations
were performed at the M06-2X/def2TZVP level, which provides
significantly more reliable results than conventional functionals
(e.g., B3LYP) with reasonable computational cost. The BDE was then
computed by Eq. (6). This methodology and theoretical level are
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Fig.2 TG and DTG curves of nylon 6/6.
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well-documented in the literature for bond dissociation energy
computations.

BDE =SPE(A)+H,, (A)+SPE(B)+H_,, (B)—
S PE (nylon6/6) — H,,, (nylon6/6) 6)

Results and discussion

Pyrolysis behavior and kinetic analysis of nylon
6/6
Pyrolysis behavior

The pyrolysis behavior of nylon 6/6 at 20 °C/min was investigated
by the thermogravimetric (TG) and derivative thermogravimetric
(DTG) analyses, as depicted in Fig. 2. The primary pyrolysis stage
occurs within the temperature range of 390-515 °C, accounting for a
significant weight loss (Aw) of 95.86 wt%, which leaves a residual
weight of merely 2.75 wt%. The high total weight loss observed here
confirms the low thermal stability of the aliphatic polyamide struc-
ture at elevated temperatures, leading to near-complete volatiliza-
tion. The maximum decomposition rate, as indicated by the distinct
peak on the DTG curve, is —41.85 wt%/min at 480 °C. These results
are in close agreement with the reported thermal degradation
profiles of nylon polymers. For instance, a study by Wang et al.l'¥!
reported the main decomposition stage for nylon 6 typically
between 310 and 479 °C, with a peak mass loss rate occurring
around 450 °C. Fundamentally, this pronounced single-step degra-
dation is intrinsically linked to the cracking of amide linkages
(-NH-CO-) within the polymer backbone. The narrow temperature
range of the primary decomposition stage suggests a high degree
of structural uniformity and a dominant, chain-reaction-like depoly-
merization pathway once initiated®%. In short, the TG/DTG data
provide a clear macroscopic reflection of the key structural evolu-
tion during the pyrolysis of nylon 6/6.

Apparent kinetic analysis

Based on the thermogravimetric data, the apparent pyrolysis
kinetics of nylon 6/6 were investigated using the Coats-Redfern
(integral) and Achar (differential) methods. A series of 19 common
solid-state reaction mechanism functions were applied, encompass-
ing chemical reaction models (F;-Fs), diffusion models (D;-D,),
nucleation and growth models (As,—-A,), geometric contraction
models (R;-R;), and power law models (P,-P,)B'. Their respective
integral and differential forms are listed in Supplementary Table S2.
The calculated E,, InA, and R? values for various mechanism func-
tions are summarized in Table 1.

Among all tested models, the first-order chemical reaction model
(F,) yields the most consistent parameters. Specifically, the E, and
InA values calculated via the Coats-Redfern (288 kJ/mol, 46.4 min~)
and Achar (268 kJ/mol, 43.2 min~') methods are remarkably close.
The linear fitting curves for the F; model are shown in Fig. 3.
Notably, the minor deviations between the experimental data and
the linear fits reflect the inherent challenges in modeling the
complex pyrolysis kinetics. These deviations primarily arise because
the simplified single-reaction assumption of the F; kinetic model
cannot fully capture the multiple reactions and heat/mass transfer
effects occurring during the actual degradation process of nylon
6/6[2%.  Additionally, measurement sensitivities in experimental
parameters such as sample mass and temperature introduce
systematic errors. Nevertheless, the exceptionally high R? values
above 0.99 indicate that the F; model can still adequately describe
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the main degradation stage of nylon 6/6. In contrast, the applica-
tion of other mechanism functions leads to significantly different or
even unrealistic results. For instance, diffusion-controlled models
(D;-D,) yield much higher activation energies and inferior fits, while
power law models (P,—P,) produce negative activation energies
from the Achar method. The poor performance of these alternative
models suggests they fail to capture the fundamental chemical
nature of nylon 6/6 decomposition, which is not governed by diffu-
sion limitations, interfacial reactions, or complex nucleation
processes under the present conditions.

Consequently, the F; model is identified as the most probable
mechanism function for the pyrolysis of nylon 6/6. This conclusion is
strongly supported by the literature, where a first-order model is
also predominantly reported for the thermal degradation of nylon 6,
a closely related polyamidel?3, The consistency across different
nylons underscores a universal degradation pathway primarily
driven by the thermally induced scission of amide structures. The

Table 1. Kinetic analysis results using different mechanism functions.

Model Coats-Redfern Achar
code £ (k/mol) InA(min") R E,(kI/mol) InA(minT) R
F, 288 46.4 0.9905 268 432 0.9931
F, 39 65.4 0.9296 428 71.0 0.8789
Fs 529 89.0 0.8195 587 98.7 0.7832
Fu 672 1140  0.7428 746 1265  0.7252
Fs 810 139.8  0.6932 905 1542  0.6877
D, 485 76.9 0.9480 358 55.2 0.7733
D, 508 80.2 0.9612 410 63.6 0.8744
D, 543 85.0 0.9784 493 76.6 0.9752
D, 519 80.7 0.9672 440 67.4 0.9242
Asp 188 30.0 0.9890 169 26.8 0.9755
A, 138 216 0.9884 110 18.5 0.9401
A; 88 13.2 0.9872 69 10.1 0.8068
A, 63 8.8 0.9859 44 5.8 0.6011
R, 237 37.1 0.9453 110 15.5 0.3624
R, 257 40.1 0.9692 189 28.7 0.8738
R; 266 413 0.9773 216 32,9 0.9519
P, 112 16.9 0.9391 -14 -4.7 0.0133
P, 71 9.9 0.9320 -56 -11.6  0.1840
P, 50 6.3 0.9236 -77 -152  0.3089
0 Achar
y =-32336x + 40.25
R>=0.9931
-5
_10 -
>
_15 -
Coats-Redfern
y =-34693x + 32.96
=20 1 R?=0.9905
=25

1.25 1.30 1.35 1.40 1.45 1.50 1.55
T (x103 K™
Fig. 3 Linear fitting curves using the F; kinetic model for nylon 6/6

pyrolysis.
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sharp peak observed in the DTG curve corresponds macroscopically
to this dominant, first-order depolymerization process. The average
E, and InA, derived from the two methods, are 278 kJ/mol and
448 min~!, respectively. These values are slightly higher than
reported data for nylon 6 pyrolysis (228 kJ/mol and 36.4 min~T),
potentially attributable to the more ordered structure and stronger
inter-chain hydrogen bonding in nylon 6/6[22,

Evolution of pyrolysis volatiles of nylon 6/6
Three-dimensional infrared spectrum analysis of volatiles

Online FTIR analysis was employed to monitor the release of char-
acteristic functional groups and gas products during the thermal
decomposition of nylon 6/6. The three-dimensional (3D) FTIR spec-
trum, depicting the absorbance as a function of temperature and
wavenumber, along with its two-dimensional (2D) projection, is
illustrated in Fig. 4. The volatile compounds attained their highest
absorbance at approximately 480 °C, a temperature in agreement
with the primary degradation peak of nylon 6/6 from the DTG
analysis.

The prominent absorption peaks at 2,936 and 2,868 cm™'
were attributed to the asymmetric and symmetric C-H stretching
vibrations of —-CH,— groups, respectively2. These signals are charac-
teristic of saturated methylene chains, likely originating from the
cleavage of aliphatic segments in the nylon 6/6 backbone. A distinct
peak at 2,360 cm~', characteristic of CO,, demonstrates possible
decarboxylation reactions?*l. The absorption at 1,766 cm',
assigned to C=0 stretching vibrations, occurred at a higher
wavenumber than typical amide carbonyl groups (near 1,640 cm~),
implying the formation of non-amide carbonyl species such as
ketones via secondary reactions!'8l. The peak near 1,698 cm~', asso-
ciated with C=C stretching vibrations of terminal alkenes (-CH=CH,),
further supports the cleavage of alkyl chains and the generation of
unsaturated compounds. Additionally, the absorption at 1,502 cm~!
may arise from N-H bending vibrations, indicative of primary or
secondary amines resulting from amide structure scission. Two
sharp peaks at 964 and 930 cm~', identified as typical signatures of
gaseous NH;[23], highlight the deamination processes during pyroly-
sis. In short, the observed functional groups collectively reflect the
complex degradation pathways of nylon 6/6. The release of methy-
lene-rich fragments and CO, aligns with the breakdown of aliphatic
segments and decarboxylation, while the formation of non-amide
carbonyls and NH; underscores the role of amide bond cleavage
and secondary reactions (such as cyclization and rearrangement).

Wavenumber (cm™)
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These insights demonstrate the key role of 3D FTIR analysis in eluci-
dating the mechanistic details of nylon 6/6 pyrolysis.

Composition of pyrolysis volatiles based on GC/MS analysis
To identify the specific components of nylon 6/6 pyrolysis
volatiles, offline GC/MS analysis was performed at the peak decom-
position temperature of 480 °C. Presented in Fig. 5 is the total ion
chromatogram (TIC). The primary peaks on the chromatogram are
labeled to indicate the corresponding compound names, relative
abundances, and structural formulas, with all match factors greater
than 80%. A dominant peak at a retention time of 4.60 min was
identified as cyclopentanone (CAS 120-92-3), exhibiting a high
selectivity of 79.64%. This compound aligns with the FTIR-detected
absorptions corresponding to saturated -CH,- groups and non-
amide C=0 stretching. Consequently, the formation of cyclopen-
tanone is characteristic of nylon 6/6 pyrolysis, possibly arising from
the cleavage of amide bonds adjacent to adipic acid segments,
followed by intramolecular cyclization of the resulting diacid frag-
ments. Another significant peak at 7.10 min was assigned to 1-
amino-5-hexene (CAS 34825-70-2), which correlates with FTIR
signals attributed to terminal alkenes, methylene chains, and N-H
bending vibrations. This compound likely originates from the partial
decomposition of hexamethylenediamine-derived segments,
involving C-N bond cleavage near the imine group and the forma-
tion of an unsaturated terminall22., Its detection confirms the release
of amine-containing volatiles, consistent with the observed NH;
signatures resulting from deamination reactions. In summary, the
integration of FTIR and GC/MS results offers a comprehensive
understanding of the pyrolysis products of nylon 6/6. The strong
agreement between the two techniques confirms that the thermal
degradation proceeds through a combination of cleavage of amide
groups, decarboxylation, deamination, and secondary rearrange-
ment reactions, ultimately generating a mixture of cyclic ketones,
unsaturated amines, and gaseous species such as CO, and NH;.

Insights into backbone degradation mechanisms
of nylon 6/6 based on DFT calculations

Detailed DFT calculations were performed to elucidate the back-
bone degradation mechanism of nylon 6/6 and correlate it with
experimental data. Given the prohibitive computational cost associ-
ated with simulating the entire polymer chain, a minimum repeat-
ing unit of nylon 6/6, derived from the condensation of one
molecule of hexamethylenediamine and one molecule of adipic
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Fig. 4 (a) 3D FTIR spectrum. (b) Corresponding 2D projection of nylon 6/6 pyrolysis volatiles.
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Fig. 5 GC/MS analysis results of nylon 6/6 pyrolysis volatiles.
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Fig. 6 (a) Electrostatic potential (ESP)-mapped surface of nylon 6/6
model molecule. (b) Fukui functions of key atom sites. (c) Bond
dissociation energies (BDEs) of backbone chemical bonds. (d) Two
possible decomposition pathways of the nylon 6/6 model molecule.

acid, was constructed as the model molecule (Fig. 6a). The model
retains active amino and carboxyl terminal groups, accurately
representing the ends of a real polymer chain. Key atoms in the
backbone are numerically labeled for clear reference in subsequent
analyses.

The ESP distribution mapped onto the van der Waals surface of
the optimized model molecule is presented in Fig. 6a. The color
gradient, from blue (most positive/electron-poor regions) to red
(most negative/electron-rich regions), visually reveals the charge
distribution. Notably, within the amide linkage, the carbonyl oxygen
atom (O10) exhibits a pronounced red hue, indicating a region of
high electron density (partial negative charge). In contrast, the
hydrogen atom bonded to the amide nitrogen (N8) resides in a blue
zone, signifying a partial positive charge. This polarization arises
from the combined effect of the high electronegativity of the
oxygen atom and the p-z conjugation within the amide group,
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which delocalizes the lone pair electrons from the nitrogen atom
towards the carbonyl groupB3%. This charge separation is fundamen-
tal for the formation of strong intermolecular hydrogen bonds in the
solid state, where the carbonyl oxygen of one chain interacts with
the imine hydrogen of an adjacent chain. The resulting dense and
regular hydrogen-bonding network in nylon 6/6, facilitated by its
symmetrical and extended chain structure, contributes significantly
to its high mechanical strength, wear resistance, and thermal
stability33l, The energy required to disrupt this ordered structure
and initiate degradation is consequently high. This provides a micro-
scopic explanation for the higher apparent pyrolysis activation
energy of nylon 6/6 (278 kJ/mol) compared to the literature-
reported value for nylon 6 (228 kJ/mol), which possesses a less
symmetric amide structure and weaker hydrogen bonding(?3,

The detection of CO,, NHs; cyclopentanone, and 1-amino-5-
hexene via FTIR and GC/MS points towards the decomposition of
the amide structure. To investigate the specific bond cleavage
sequences and formation pathways of these characteristic products,
the condensed Fukui functions (f, f*, and ) for key atoms and the
BDEs for critical bonds in the model molecule were calculated, as
summarized in Fig. 6b and ¢, respectively. The corresponding chemi-
cal bonds are labeled with numerical indices, as illustrated in Fig. 6d.
The BDE analysis reveals that the C-N bonds within and adjacent to
the amide group (Bonds 8 and 7) possess the highest dissociation
energies (413.2 and 409.2 kJ/mol, respectively). This exceptional
stability is a direct consequence of the p-z conjugation of the amide
structure and its long-range delocalization effects, a fact corrobo-
rated by the shortened C-N bond length in the optimized geometry
(Fig. 6a). The high BDEs suggest that simple homolytic cleavage of
these bonds is thermodynamically unfavorable at the onset of pyrol-
ysis. Moreover, the BDE of the amide C-N bond obtained from DFT
calculations is markedly higher than the apparent pyrolysis activa-
tion energy of nylon 6/6. In practice, the activation energy denotes a
collective energy barrier that includes phase transitions, hydrogen
bond dissociation, and chemical bond cleavagel?%. The numerical
discrepancy indicates that the thermal degradation of nylon 6/6 is
not predominantly initiated by direct C-N bond scission; rather, it is
more likely to proceed via pathways such as chain-radical reactions
triggered by terminal active groups, which significantly lower the
apparent activation energy. The condensed Fukui functions provide
insights into the susceptibility of atomic sites to different types of
attacks (Fig. 6b). The highest f- value (0.159) of the terminal amino
nitrogen atom (N1) indicates its strongest nucleophilicity. This aligns
with the ESP map, which shows a pronounced electron-rich (red)
region around N1. Conversely, the f* function, marking electrophilic
attack sites, is highest for the carbonyl carbon and oxygen (C15 and
016) of the terminal carboxyl group and second-highest for the C9
and O10 atoms of the amide group. The amide oxygen atom (O10)
also exhibits the highest f0 value, representing susceptibility to radi-
cal attack[?9,

Integrating these computational indicators allows for the
proposal of two possible initial degradation pathways of the nylon
6/6 model molecule, as illustrated in Fig. 6d. In Pathway 1, the
electron-rich terminal amino group (-NH, at NT) acts as an
intramolecular nucleophile, attacking the adjacent amide group
with electrophilic sites (C9 and 0O10). This nucleophilic addition
disrupts the amide resonance, weakens the C-N bond (Bond 8), and
leads to its cleavagel*9l. The generated amino radical is highly reac-
tive, such that it tends to abstract the hydrogen atom attached to
the p-carbon, leading to S-elimination to form a C=C bond with
concomitant release of NH;22l, This deamination process aligns with
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GC/MS detection of 1-amino-5-hexene and FTIR observation of NH;
release. In Pathway 2, decarboxylation of the terminal carboxyl
group, suggested by the CO, release observed by FTIR, could gener-
ate hydrogen radicals. The highest f value (0.100) of the amide
oxygen (010) identifies it as the preferred site for radical attack.
Hydrogen radical addition to the carbonyl oxygen can weaken the
amide linkage, leading to the homolytic scission of the C-N bond
(Bond 8). The resulting adipic acid segment then undergoes
intramolecular cyclization to form cyclopentanone, consistent with
its high selectivity (79.64%) in GC/MS analysis. Both pathways are
theoretically supported by DFT calculations: pathway 1 correlates
with the high nucleophilicity of N1, while Pathway 2 leverages the
radical susceptibility of O10 and the high BDE of Bond 8, which
necessitates alternative activation mechanisms over direct homolysis.

In summary, the DFT calculations provide a crucial micro-
mechanistic framework that corroborates the macro-scale experi-
mental observations. The high stability of the amide C-N bond, as
evidenced by its high BDE, directs the initial pyrolysis reactions
towards alternative pathways involving nucleophilic or radical
attacks at specific sites identified by Fukui function analysis. Path-
way 1 rationalizes the formation of NH; and 1-amino-5-hexene via
intramolecular ammonolysis, while Pathway 2 accounts for the
formation of CO, and cyclopentanone via a radical-mediated mech-
anism followed by cyclization. This synergy between theoretical
simulation and experimental method offers profound insights into
the complex pyrolysis mechanism of nylon 6/6, providing essential
guidance for controlling its pyrolysis towards desired product
distributions.

Conclusions

By coupling TG-FTIR-GC/MS and DFT calculations, this work
explores the pyrolysis kinetics, volatile evolution, and backbone
degradation pathways of nylon 6/6. The thermal degradation of
nylon 6/6 results in a substantial weight loss of 95.86 wt% between
390 and 515 °C, exhibiting a sharp pyrolysis peak at 480 °C. The
pyrolysis process follows the first-order chemical reaction model,
with an activation energy determined to be 278 kJ/mol.

The released characteristic functional groups during pyrolysis
include methylene chains, terminal alkenes, carbonyl groups, CO,,
and NHs. The primary volatile products were identified as cyclopen-
tanone (79.64%) and 1-amino-5-hexene (13.54%). With a high BDE
of 413.2 kJ/mol, the direct homolytic cleavage of the amide C-N
bond in the nylon 6/6 model molecule is thermodynamically unfa-
vorable. Instead, two possible reaction pathways are proposed:
nucleophilic attack by the terminal amino group and radical attack
by H- at the amide carbonyl. Both pathways cleave the amide C-N
bond, yielding hexamethylenediamine and adipic acid segments.
These intermediates then undergo deamination and cyclization
reactions, ultimately producing 1-amino-5-hexene and cyclopen-
tanone, respectively. By integrating experimental analysis with theo-
retical calculations, this work elucidates the pyrolysis mechanism of
nylon 6/6 in depth, thereby offering a scientific basis for its efficient
thermal conversion and recovery.
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