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Research on the migration and transformation
patterns of volatile pyrolysis products of WPCB by

an online pyrolysis-mass spectrometry method

Meng Tian, ©2 Zihe Liu, Dongyin Ren, ©° Xianglan Zhang*® and Cai Tie*?

Understanding the release patterns of brominated and chlorinated flame retardants during the pyrolysis of
different types of wasted printed circuit boards (WPCB) is of crucial significance for the resource utilization
of WPCB. The non-metallic parts of copper-clad laminates with wood pulp paper as the substrate (PL-
NWCCL) and the non-metallic parts of waste printed circuit boards with glass fiber as the substrate (FR4-

NWPCB) were chosen as materials. Proximate analysis, elemental analysis, ion chromatography for

oxygen and nitrogen, thermogravimetric analysis (TG), and Fourier-transform infrared spectroscopy
(FTIR) were employed to analyze their composition, halogen content, pyrolysis characteristics, and
functional groups. An on-line pyrolysis-mass spectrometry (Py-MS) system was designed to conduct
dynamic and real-time monitoring of the pyrolysis volatile products of the two materials throughout the

process, aiming to systematically explore the migration and transformation patterns of volatile product

components during the pyrolysis of WPCBs. Online pyrolysis-mass spectrometry analysis reveals that

during the pyrolysis of the two materials, the migration and transformation patterns of Br and Cl are
different. In PL-WCCL, the cellulose induces a “delaying” effect on the release of Br and Cl. There are
two distinct release phases within the primary weight-loss temperature ranges of 233-330 °C and 470—-

530 °C. In contrast, for FR4-WPCB, the release of Br and Cl remains unaffected by the substrate and is
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essentially complete within the primary weight-loss temperature range of 292-422 °C. By setting

different isothermal holding periods during the pyrolysis process, the sequential release order of
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1 Introduction

Printed circuit boards (PCB) consist' of metals, resins, flame
retardants, substrates, and curing agents.* Among them, the
major types of substrates are glass fiber® and wood pulp paper,°®
and the primary types of flame retardants are brominated flame
retardants” and chlorinated flame retardants.® It is projected
that the annual global generation of waste printed circuit
boards (WPCB) will reach 4.92 million tons by 2030.>*° WPCB
contain a high proportion of metals and are a crucial compo-
nent of “urban mines”.'* Nevertheless, the non-metallic frac-
tions of waste printed circuit boards (NWPCB) are hardly
biodegradable in the natural environment, resulting in
substantial accumulation. Of particular concern is that the
halogenated flame retardants'> contained therein, if not prop-
erly treated, may lead to the release of environmental pollutants
and pose risks to human health."® Consequently, the recycling
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pyrolysis products can be ascertained. This further suggests that Cl- and Br- tend to bind preferentially
with hydrocarbon radicals first and subsequently with H- radicals.

and utilization of WPCB encounter the dual challenges of
“resource recovery and environmental pollution”.*

Pyrolysis, as the most versatile and robust recycling tech-
nology for waste printed circuit boards (WPCB) to date, has the
ability to transform WPCB into high-value-added materials.*®
Consequently, pyrolysis is currently the mainstream strategy for
“upcycling”.’® The pyrolysis enables the effective recovery of
non-metallic substances from the non-metallic fraction of waste
printed circuit boards (NWPCB), which can be further converted
into a variety of fuels, valuable chemicals, and other materials."”
The economic analysis of an electronic waste pyrolysis plant
with an annual processing capacity of 2000 tons reveals that the
expected annual rate of return is 20%, the investment payback
period is 6 years, and the profitability index is 1.25."®

WPCB with glass fiber as substrates is dominant, and
because the chemical properties of its main component SiO, are
stable, regardless of whether microwave pyrolysis* or conven-
tional pyrolysis* is employed, its properties remain unaltered,
facilitating secondary utilization after recovery. Current
research predominantly focuses on selecting diverse energy
sources such as traditional electrical heating,” microwave
pyrolysis,” and infrared pyrolysis,* etc., controlling various
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pyrolysis atmospheres such as a vacuum atmosphere or an inert
atmosphere, adjusting the heating rates and pyrolysis temper-
atures® to modulate the pyrolysis products and the generation
ratios of solid, liquid, and gas-phase products. W. Chen®
characterized the solid, liquid, and gas-phase products gener-
ated from the pyrolysis of the non-metallic fraction of glass-
fiber-based WPCB (also known as FR4-WPCB) under different
experiment conditions. The study revealed that during pyrolysis
at 550 °C, the main liquid-phase products were phenol and
alkylated phenols, while the main gas-phase products were CO,,
CH,, and H,.

The principal research regarding the migration and removal
mechanisms of brominated flame retardants during the pyrol-
ysis of FR4-WPCB is concisely presented below. Z. Yao'* carried
out an in-depth investigation and a comprehensive summary of
the transformation of Br during the pyrolysis of WPCB. The
findings of this study indicated that over 60wt% of the Br in the
non-metallic fraction of WPCBs was transferred to the gaseous
phase, while 36 wt% was retained within the solid and liquid-
phase products. Moreover, an increase in the pyrolysis
temperature led to a higher proportion of Br being transferred
to the gaseous-phase products. Y. Wu?® utilized in situ Py-TOF-
MS in conjunction with Py-GC/MS techniques to explore the
migration and transformation patterns of Br in copper-free
WPCBs. The research demonstrated that Br was predomi-
nantly present in the liquid and gaseous-phase products in the
forms of organic bromides (such as bromophenols and
bromoalkanes) and HBr/Br,. J. Liu*’ employed TG-FTIR-MS
technology to study the behavior of Br in the absence of Fe
during the pyrolysis of WPCBs. It was found that Br mainly
existed in the form of organic bromides, resulting in the
formation of compounds such as C¢H5BrO, CH;Br, and C¢HsBr.
J. Xiong®® conducted TG-FTIR-GC/MS analyses and determined
that brominated derivatives were formed during the pyrolysis of
WPCBs. The detected products included HBr, CH;Br, C,HsBr,
C;3H;Br, C;H,Br, C¢H,Br,0, and CsHsBrO. Evidently, during the
pyrolysis process, certain ether bonds were initially cleaved,
yielding bisphenol A, propanol, and tetrabromobisphenol A.
Subsequently, tetrabromobisphenol A decomposed into
Ce¢HsBrO and HBr, and these two decomposition products
further reacted with small molecules to generate brominated
derivatives. Notably, to date, there has been a paucity of
research on the detection, migration, and removal mechanisms
of chlorinated flame retardants in FR4-WPCBs during its
pyrolysis process.

In recent years, research on the pyrolysis of waste printed
circuit boards with wood-pulp paper as the substrate or paper
laminated waste copper-clad laminates has witnessed an
increase. These researches primarily focus on aspects such as
the distribution of three-phase products during pyrolysis under
vacuum conditions,? kinetic analysis of pyrolysis under non-
isothermal conditions,**** and the removal pattern of Br
during the pyrolysis process.”** G. Grause® employed thermog-
ravimetry (TG), thermogravimetry-mass spectrometry (TG-MS),
and gas chromatography-mass spectrometry (GC-MS) to inves-
tigate and detect the pyrolysis products of tetrabromobisphenol
A (TBBPA) in paper laminated waste copper-clad laminates (PL-
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WCCL). It was found that brominated aromatic compounds
were formed in the temperature range of 270-450 °C. In
contrast, pure TBBPA did not yield such products under the
same experimental conditions. M. Haghi“** conducted co-
pyrolysis experiments on calcium oxide (CaO), calcium
hydroxide (Ca(OH),), and the non-metallic fraction of PL-
WCCLs. Hydrochloric acid (HCI) and hydrogen bromide (HBr)
were detected in the liquid and gas-phase products. Notably,
when the addition ratio (FR2-PCB-to-additive ratio) was 5.4:1,
over 91% of Br was immobilized in the solid-phase products.
Nevertheless, in this study, the removal pattern of Cl was not
further analyzed. Cellulose is the main component of wood-
pulp paper. A study on the co-pyrolysis of cellulose and
chlorine-containing substances indicated that cellulose
decomposes in the temperature range of 315-500 °C,** which
exerts an inhibitory effect on the removal of Cl,** thereby
significantly reducing the dechlorination efficiency.** However,
to date, no research has explored the influence of wood-pulp
paper as the substrate on the migration and transformation of
halogens during the pyrolysis of PL-WCCL.

In light of the above, existing related studies predominantly
utilize combined thermo-analytical and mass spectrometric
techniques, such as TG-MS,*® TG-FTIR,* TG-FTIR-MS,* py-GC/
MS?* and Py-TOF-MS,* to analyze the decomposition behavior
patterns, product compositions, and pyrolysis reaction mecha-
nisms of waste printed circuit boards (WPCB) during the
pyrolysis process. At present, research on FR4-WPCB is mainly
concentrated on brominated flame retardants, and the related
investigations are relatively extensive.** However, the release
mechanisms of halogenated flame retardants in PL-WCCL
during pyrolysis still await further in-depth exploration.
Particularly, when both chlorinated and brominated flame
retardants are present simultaneously, there have been no
published reports on the release mechanisms and their differ-
ences of Cl and Br in WPCB with different substrates during the
pyrolysis process.

Current studies on the migration patterns of pyrolysis
products of chlorinated flame retardants during the pyrolysis of
WPCB remain insufficient. Furthermore, there is still no
definitive conclusion regarding the reaction mechanisms when
both chlorinated and brominated flame retardants are present
simultaneously during the pyrolysis of WPCB with different
substrates (fiberglass FR4 or pulp paper PL). Consequently, in
this study, two types of WPCB were employed as experiment
materials, which are the non-metallic fractions of copper-clad
laminates with wood-pulp paper as the substrate (PL-NWCCL)
and the non-metallic fractions of waste printed circuit boards
with glass fiber as the substrate (FR4-NWPCB). An in-house
designed on-line pyrolysis-mass spectrometry (Py-MS)
coupling apparatus was utilized to perform a comprehensive,
dynamic monitoring of the entire WPCB pyrolysis process. The
types of volatile products generated during the pyrolysis of the
non-metallic components of WPCBs with different substrates
were systematically analyzed and identified. Particular
emphasis was placed on elucidating the formation mechanisms
of volatile derivatives of brominated and chlorinated flame
retardants during pyrolysis. This study establishes a foundation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for optimizing the selection of dehalogenation agents during
the pyrolysis of WPCB and the further improvement of deha-
logenation efficiency. Moreover, this paper also offers a theo-
retical framework and technical support for the sustainable
management of brominated waste materials.

2 Materials and methods
2.1 Raw materials

In this study, the raw materials employed were two types of
waste printed circuit boards (WPCBs) produced by Guangdong
Jiantao Chemical Co., Ltd. One was paper laminated wasted
copper clad laminate (hereinafter referred to as PL-WCCL) with
wood pulp paper as the substrate. After manually stripping the
copper foil, the non-metallic component of PL-WCCL was
abbreviated to PL-NWCCL. The other was an FR4-type waste
printed circuit board (hereinafter referred to as FR4-WPCB) with
glass fiber as the substrate. The non-metallic powder obtained
after crushing and separating the metal substances was abbre-
viated to FR4-NWPCB.

2.2 Characterization of raw materials

The surface morphological characteristics of the two raw
materials were examined with an electron scanning microscope
(TESCAN MIRA LMS). The test conditions were as follows:
acceleration voltage of 15 kV, beam current intensity at low
level, energy - dispersive X-ray spectroscopy (EDS) line and
surface scanning, and back-scattered electron (BSE) probe
mode. The proximate analysis of the raw materials was carried
out in accordance with “Proximate Analysis of Coal” (GB/T 212-
2008). The tests were conducted using a GW-300c box-type
resistance furnace (Coal Quality Instrument Research Center,
China Coal Research Institute, China). An elemental analyzer
(vVario MACRO cube, Germany) was employed for the major
element analysis. Regarding the determination of trace
elements and halogen content, three samples of each raw
material were selected. According to the standard for halogen
determination in thermoplastic elastomers (GB/T 34692-2017
“oxygen bomb combustion-ion chromatography method”), an
oxygen bomb calorimeter (Model SHR-15, Nanjing Sangli Elec-
tronic Equipment Factory) and an ion chromatograph (CIC-
D100 ION, CHROMATOGRAPH) were used to quantitatively
analyze the contents of bromine and chlorine. The injection
time was set at 45 min. The formula for calculating the halogen
content in the raw materials is presented as eqn (1).

The contents of chlorine and bromine in the raw materials
are calculated using eqn (1):

7K0><C0><V0

X
0 M,

1)

Herein, the dilution factor K, = 10, V, represents the
constant-volume value (0.25 L), C, denotes the content of
chloride and bromide ions in the absorption solution (mg L"),
and M, is the mass of the raw material (g).
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Fig.1 Online pyrolysis-mass spectrometry apparatus.

The functional group distribution of the raw materials was
analyzed using a Fourier-transform infrared spectrometer
(Nicolet iS50, Thermo Fisher Scientific, America).

2.3 Thermogravimetry analysis (TG) of PL-NWCCL and FR4-
NWPCB

The variation of the raw material mass with temperature was
analyzed by a thermogravimetric analyzer (5 Jupiter, NETZSCH,
Germany).

2.4 Online pyrolysis-mass spectrometry apparatus and
analysis method

The schematic diagram of the online pyrolysis-mass spectrom-
etry apparatus is presented in Fig. 1. The apparatus is composed
of a helium (He) gas cylinder, a small - scale pyrolysis furnace,
a Sciprecis D-200 model mass spectrometry (MS) instrument,
and a computer, and is employed to conduct online monitoring
of the volatile organic compounds (VOCs) released during the
pyrolysis process. Based on the different thermogravimetric
outcomes of the two raw materials, separate testing protocols
were formulated, as elaborated in Section 3.2.1. To mitigate the
impact of the heat - transfer medium, three isothermal stages
were respectively established in the regions where significant
weight changes occurred during the pyrolysis of the two mate-
rials. For the analysis of PL-NWCCL: a 100 mg sample was used.
The heating rate was set at 5 °C min~', and the final pyrolysis
temperature was 600 °C. Isothermal holding periods were
respectively arranged at 250 °C, 300 °C, and 350 °C for staged
pyrolysis. The full - scan mode was selected, with an m/z range
of 1-180 and a scanning rate of 2.5. Regarding the analysis of
FR4-NWPCB: a 100 mg sample was taken. The heating rate was
10 °C min~ ", and the final pyrolysis temperature was 600 °C.
Isothermal holding periods were respectively set at 300 °C,
350 °C, and 400 °C for staged pyrolysis. The full - scan mode
was selected, with an m/z range of 1-180 and a scanning rate of
2.5. The release amount of volatile pyrolysis products is denoted
by partial pressure (P), with the unit of Torr.

3 Results and discussion
3.1 Raw material analysis

For the PL-NWCCL sample, the material was first cut into pieces
of size 4 x 1 cm” and then crushed, as depicted in Fig. 2a, and

RSC Adv, 2025, 15, 39417-39430 | 39419
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Fig.2 Material sample; (a) PL-NWCCL. (b) SEM of PL-NWCCL. (c) FR4-
NWPCB. (d) SEM of FR4-WPCB.

the SEM image is presented in Fig. 2b. The FR4-NWPCB is
shown in Fig. 2¢, and its SEM image is shown in Fig. 2d.
Evidently, from Fig. 2b and d, the distinction between glass
fiber and resin can be clearly discerned.

3.2 Raw material characterization analysis

3.2.1 Industrial analysis and elemental analysis. The
proximate and elemental analyses of PL-NWCCL and FR4-
NWPCB are presented in Table 1. As can be seen from the
results, the air - dried ash content (Aad) of PL-NWCCL is merely
0.88%, while the air - dried volatile matter content (Vad) is the
highest, accounting for 71.83%. In contrast, for FR4-NWPCB,
the air - dried ash content (Aad) is the most significant,
reaching 64.76%, and the air - dried volatile matter content
(Vad) is 30.83%. This indicates that the glass fiber substrate
constitutes at least 60% of the non-metallic fraction. Based on
the elemental analysis results, the carbon content in PL-NWCCL
is 46.22% and the nitrogen content is 4.95%. In FR4-NWPCB,
the carbon content is 37.7% and the nitrogen content is
1.61%. These findings suggest that a nitrogen - containing
curing agent was incorporated into the resin. Further analysis is
required to identify the specific substance.

3.2.2 Ion chromatography analysis of PL-NWCCL and FR4-
NWPCB. Ion chromatography analysis was performed on PL-
NWCCL and FR4-NWPCB* and the resulting ion chromato-
grams are presented in Fig. 3, which indicates that these two
raw materials contain both brominated and chlorinated flame
retardants. By applying eqn (1), the bromine content in PL-
NWCCL was 21.962 mg g ', and the chlorine content was
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Fig. 4 FTIR of PL-NWCCL and FR4-NWPCB.

21.154 mg g '. For FR4-NWPCB, the bromine content was
43.743 mg ¢, and the chlorine content was 8.477 mg g .
These results confirm that both PL-NWCCL and FR4-NWPCB
contain brominated and chlorinated flame retardants.

3.2.3 FTIR analysis of PL-NWCCL and FR4-NWPCB. The
Fourier-transform infrared (FTIR) spectra of PL-NWCCL and
FR4-NWPCB are depicted in Fig. 4. As is evident from Fig. 4, the
primary functional groups of the two materials are presented in
Table 2. The peaks at 1399 cm™ ' and 1384 cm ™" are character-
istic of the -CH(CHs) , group within the isopropyl moiety.
Consequently, within the major functional groups, there exists
a branched alkyl chain that is linked to the main chain via
a central carbon atom and bears two methyl substitutions. The
peak at 472 em ™" is indicative of the stretching vibration of the
C-Br bond.”” Owing to the existence of the C-Br bond, some
benzene ring skeletons associated with this carbon atom, along
with the out-of-plane bending vibration of C-H, shift in the
direction of lower wave numbers. So, the peak at 1510 cm ™"
corresponds to the vibrational characteristic of the C=C bond
in the benzene ring. The peaks at 813 cm™ ' and 739 cm ™" can be
ascribed to the out-of-plane deformation vibration (y = C-H)
and in-plane deformation vibration (6)** of substituted benzene,
respectively. Meanwhile, Consequently, based on the above-
mentioned peaks of functional groups, it can be firmly estab-
lished that the brominated flame retardant incorporated
established that the brominated flame retardant incorporated

Table 1 Elemental and proximate analysis of PL-NWCCL and FR4-NWPCB

Proximate analysis (Wt%)

Elemental analysis (wt%)

Maq Aaa Vad FCad C/wt% H/wt% N/wt% S/wt%
PL-NWCCL 3.41 0.88 71.83 23.88 46.22 4.02 4.95 0.13
FR4-NWPCB 1.67 64.76 30.83 2.74 37.70 4.34 1.61 0.11
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Table 2 Primary functional groups of PL-NWCCL and FR4-NWPCB

The types of bonds PL-NWCCL/cm ™" FR4-NWPCB/cm ™"

-OH 3427 3427
Csp—H 2923 2970/2927
Ester C=0 1739 1765/1746
C=C 1626 1613
Benzene ring 1510 1503
CH(CHz), 1399/1384 1399/1384
C-O bonds 1245 1245
Si-O-Si — 1115
Aliphatic amines 1044/1016 1044/1016
SO, 1256 1256
S=0 1038 1038
Para-substitution 813 867

Ortho substitution 739 739

on the benzene ring

C-Cl 659 659

C-Br 472 472

in both PL-NWCCL and FR4-NWPCB is tetrabromobisphenol A
(TBBPA).>® The peak at 2923 cm ™' is associated with the
stretching vibration of Csp®>-H,** and the peak at 659 cm ™'
represents the stretching vibration of the C-Cl bond.Thus, it
can be deduced that both PL-NWCCL and FR4-NWPCB contain
chlorinated flame retardants. However, the exact type thereof
remains to be further determined in subsequent investigations.
The peak at 1739 cm™ " is attributed to the stretching vibration
of the carboxyl group (v(C=0)) in the curing agent. The peaks at
1044 cm™ " and 1016 cm ™" correspond to the stretching vibra-
tions of the C-N bond in aliphatic amines.”” Additionally,
considering the stretching vibration of SO, represented by the
peak at 1256 cm™ ' and the stretching vibration of S=0 denoted
by the peak at 1038 cm™',*® it can be comprehensively
confirmed that the added chlorinated flame retardant is 4,4'-
diaminodiphenyl sulfone (abbreviated as DDS).The peak at
3427 cm™ " can be assigned to the stretching vibration of the free
hydroxyl group (v(O-H)) in alcohols or phenols.>® The peak at
1233 cm ™! corresponds to the stretching vibration of the C-O
bond in aliphatic ethers. These functional groups are situated
in the end chains or cross-linking groups of the resin. Notably,
the peak at 1115 cm ™' in FR4-NWPCB corresponds to the
antisymmetric stretching vibration of Si-O-Si.*”** In contrast,
PL-NWCCL does not exhibit a prominent peak at this location.
The presence of the Si-O-Si bond represents the most
substantial distinction between these two materials.

3.3 TG analysis of PL-NWCCL and FR4-NWPCB

An analysis was conducted on the pyrolysis characteristics of
PL-NWCCL and FR4-NWPCB under different heating rates. The
thermogravimetric (TG) curve of PL-NWCCL is presented in
Fig. 5a, and the derivative thermogravimetric (DTG) curve is
shown in Fig. 5c. The TG curve of FR4-NWPCB is depicted in
Fig. 5b, and the DTG curve is illustrated in Fig. 5d.

As can be seen from Fig. 5a and b, the thermogravimetric
(TG) curves of PL-NWCCL and FR4-NWPCB both exhibit
a rightward shift with the increase in the heating rate.** This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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phenomenon can be attributed to the delay in heat conduction
at a higher heating rate, which results in the pyrolysis process
taking a longer time to be completed.** For PL-NWCCL, when
the heating rates are set at 10 °C min~" and 15 °C min ™", the TG
curves of their pyrolysis show an overall upward deviation
compared to the curve at 5 °C min~". This indicates that the
final weight loss rate reaches its maximum value under the
condition of a heating rate of 5 °C min~". For FR4-NWPCB, in
comparison with heating rates of 5 °C min~* and 15 °C min ™,
the pyrolysis interval at 10 °C min~" is the broadest. The
pyrolysis is also the most thorough and requires a relatively
shorter time.** In summary, a heating rate of 5 °C min~ " is
selected for the pyrolysis of PL-NWCCL, while a heating rate of
10 °C min~" chosen for the pyrolysis of FR4-NWPCB.

The pyrolysis characteristic parameters of PL-NWCCL and
FR4-NWPCB are presented in Table 3. As indicated by Table 2,
the primary weight-loss temperature range of PL-NWCCL is
233-550 °C, whereas that of FR4-NWPCB is 300-400 °C. Evident
from Fig. 5¢ and d, there are notable discrepancies in the DTG
curves of the two materials. Under a heating rate of 5 °C min ',
PL-NWCCL underwent its first stage of weight-loss within the
temperature range of 250-350 °C. The pyrolysis reaction
reached its maximum intensity at 311 °C. Subsequently, the
material entered the second weight-loss stage within the
temperature range of 420-530 °C, thereby undergoing further
decomposition. This suggests that the poorly volatile compo-
nents undergo further decomposition. Consequently, the cor-
responding DTG curve exhibits another relatively minor weight-
loss peak at this location. In the case of FR4-NWPCB, complete
weight loss is achieved after 420 °C, and its associated DTG
curve features only a single weight-loss peak.

3.4 Online pyrolysis-MS analysis of PL-NWCCL and FR4-
NWPCB

3.4.1 Mass spectrometry identification. Taking the mass
spectrometry of PL-NWCCL and FR4-NWPCB at 300 °C, the
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Fig. 5 TG and DTG. (a) TG of PL-NWCCL. (b) TG of FR4-NWPCB. (c)
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Table 3 The pyrolysis characteristic parameters of PL-NWCCL and FR4-NWPCB under different heating rates

1

Material Heating rate/°C min~ Starting temperature/°C Peak temperature/°C Final temperature/°C Weight loss/%
PL-NWCCL 5 233 311 331 85.52

10 245 323 344 84.44

15 267 333 355 83.36
FR4-NWPCB 5 280 293 376 26.95

10 292 306 422 26.83

15 301 315 398 25.35

temperature at which the pyrolysis reaction is most intense, as
an example, these spectra were compared with the standard
mass spectrometry data in the NIST database (Table S1). The
RGASoft software (version 4.3.0) was employed to identify and
characterize the volatile products according to the m/z values
and intensities of the molecular ion peaks. The results show
that the pyrolysis volatile products include chlorinated
compounds,®*  brominated compounds,***  phenolic
compounds, hydrocarbon compounds, ether compounds,
ketone compounds,®”***>%> as well as the pyrolysis products of
cellulose®™* and DDS* (Fig. S2-S8).

3.4.1.1 Chlorinated compounds. Regarding the types of
chlorinated flame retardants,®>*” the primary approach to
differentiating between PVC and chlorinated alkanes in mass
spectrometry is by identifying their pyrolysis products. HCl and
CH;Cl are common products of both substances. During the
pyrolysis of PVC, potential chlorinated compounds include
C,H;Cl, C;H5Cl, C4H,Cl, and Cs;H,Cl.>****” For chlorinated
alkanes, the products may include C,HsCl, C3H,Cl, C4;HsCl,
CsH;4,Cl, and C¢H5CL*® Identification was carried out by
analyzing the intensity ratios of fragment ions corresponding to
the m/z values of molecular ion peaks and the isotopic distri-
bution of Cl. The chlorinated compounds generated during the
pyrolysis of PL-NWCCL and FR4-NWPCB at 300 °C are pre-
sented in Fig. 6a and b. As depicted in Fig. 6a and b , the
characteristic Cl~ isotopic peaks (m/z values of 35/37 with an
intensity ratio of 3:1) and the isotopic peak clusters of
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Fig. 6 Mass spectrometry identification of halogen compounds. (a)
Chlorinated compounds of PL-NWCCL. (b) Chlorinated compounds of
FR4-NWPCB; (c) brominated compounds of PL-NWCCL. (d) Bromi-
nated compounds of FR4-NWPCB.
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chlorinated alkanes**®® such as CH;Cl, C;H,Cl, C,;HoCl, and
CsH;4Cl were detected in the pyrolysis products of both raw
materials. During the pyrolysis of FR4-NWPCB, the amount of
HCI generated was so minimal that it was nearly undetectable.
The pyrolysis products of PL-NWCCL were found to contain
HC], C,H;Cl, and C;HsCl, which may be attributed to the
presence of cellulose within it. During the pyrolysis process,
cellulose and chlorinated substances can yield 4-chloro-2-
butanone® (with ion fragments having m/z values of 43, 27, and
71). However, as the intensity of the 71-ion fragment in the
obtained mass spectrum did not align with the peak intensity in
the standard mass spectrum data (see Table S1), it indicates
that 4-chloro-2-butanone was not detected in the pyrolysis
products at 300 °C. This could potentially be due to the fact that
4-chloro-2-butanone is prone to decomposition after its
formation.

Chlorinated alkanes do not possess a fixed structural
formula, and chlorine (Cl) is not uniformly substituted during
the synthesis process.®® Therefore, for the purpose of further
analysis, based on the content and average chlorination degree
of short-chain chlorinated paraffins in industrial and environ-
mental samples, their chemical formula is denoted as
C12H;6Cl;.%

3.4.1.2 Brominated compounds. The identification results of
the bromine-containing compounds produced during the
pyrolysis of PL-NWCCL and FR4-NWPCB at 300 °C are pre-
sented in Fig. 6¢c and d. As is evident from Fig. 6¢ and d, both
mass spectra exhibit isotope peak patterns at m/z 79/81 (the Br-
isotope doublet with an intensity ratio of 1:1) and m/z 94/96
(the [M]" and [M + 2]" molecular ion peaks of CH;Br). When
combined with the ion fragment at m/z 15 (CHs"), it can be
deduced that both PL-NWCCL and FR4-NWPCB generate HBr
and CH;Br during the pyrolysis process. Furthermore, in the
mass spectrum of FR4-NWPCB, a series of additional fragments
were detected, including m/z 108/110 (the [M]"/[M + 2]" peaks of
C,H;Br), 27 (C,H;"), 29 (C,H;5"), and 57.0 (C;H50"). Conse-
quently, the bromine-containing compounds in the pyrolysis
products of FR4-NWPCB also include C,H5Br and C;H;BrO.

3.4.1.3 Phenolic compounds. The release characteristics of
phenolic compounds are closely associated with the type of
resin matrix. The distinction between epoxy resin and phenolic
resin lies in their distinct characteristic phenolic products.
During pyrolysis, phenolic resin yields o/m-cresol (C,HgO),?
whereas epoxy resin predominantly generates p-cresol (desig-
nated as C;HgO-1) and p-isopropylphenol (CoH;,0).* The iden-
tification results of the phenolic compounds produced during

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the pyrolysis of PL-NWCCL and FR4-NWPCB at 300 °C are
presented in Fig. 7a and b. As is apparent from Fig. 7a and b, the
peaks at m/z 94 ((M]", C4HsO") and 65 (CsH5O") are the char-
acteristic peaks of phenol (C¢HeO). The peaks at m/z 108 ((M]',
C,H;0"), 107 ((M-H]"), and 77 (C¢Hs') are the characteristic
peaks of p-cresol (C;HgO-1). Thus, the resins contained in both
PL-NWCCL and FR4-NWPCB are epoxy resins. Simultaneously,
the peaks at m/z 91 (C;H,") and 77 (C¢Hs') are the characteristic
peaks of CoH1,0. This indicates that CoH;,0 is also present in
the pyrolysis phenolic products of these two raw materials.

3.4.1.4 Hydrocarbon  compounds. Since hydrocarbon
compounds®’**°1%2 are the products of the further pyrolysis of
TBBPA and TBBA, the identification results of the hydrocarbon
compounds produced during the pyrolysis of PL-NWCCL and
FR4-NWPCB at 300 °C are presented in Fig. 7c and d. As
depicted in Fig. 7c and d, characteristic peaks at m/z 78 (the
molecular ion peak [M]" of CsHe) and m/z 91/92 (the molecular
ion peaks [M-H]'/[M]" of C,Hg) are present in both mass
spectra. Consequently, the hydrocarbon compounds released
during the pyrolysis process of PL-NWCCL and FR4-NWPCB are
C¢Hg and C,Hg.

3.4.1.5 Ethers and ketones compounds. The identification
results of the ether compounds produced during the pyrolysis
of PL-NWCCL and FR4-NWPCB at 300 °C are presented in
Fig. 8a and b. As can be observed, in both mass spectra,
molecular ion peaks at m/z 45 ((M-CH;]", C,Hs0"), 60 ([M]"),
and 59 ([M-H]', C;H,0") are present. These are the character-
istic peaks of C;HgO. Additionally, molecular ion peaks at m/z
89 ([M-CHOY]', C;H;") and m/z 90 ([M-CO]", C;H") are evident,
which are characteristic of CgHsO. Consequently, the ether
compounds released during the pyrolysis processes of both PL-
NWCCL and FR4-NWPCB are C;HgO and CgHgO. In the mass
spectrum of FR4-NWPCB, molecular ion peaks at m/z 45 ([M]")
and 74 (C,Hs0") were also detected. This indicates that C,;H;,0
is also among the pyrolysis ether products of FR4-NWPCB.

The identification results of the ketone compounds
produced during the pyrolysis of PL-NWCCL and FR4-NWPCB
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Fig. 7 Identification of phenolic compounds and hydrocarbon
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compounds of FR4-NWPCB. (c) Hydrocarbon compounds of NWCCL.
(d) Hydrocarbon compounds of FR4-NWPCB.
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at 300 °C are presented in Fig. 8c and d. Upon examination,
the peaks at m/z 29 ((M-CH;]", CHO"), 43 ([M"' H-H,0] ', C,H;"),
and 44 ((M" H]') are characteristic of C,H,0. Meanwhile, the
peaks at m/z 58 ((M]"), 43 ((M-CH;]", C,H;0"), and 15 (CH;") are
characteristic of C3H¢O. Consequently, the ketone compounds
generated during the pyrolysis of PL-NWCCL and FR4-NWPCB
are C,H,O and C;H¢O.

3.4.1.6  Pyrolysis products of DDS and cellulose. The identifi-
cation results of the substances potentially generated from the
pyrolysis of DDS* added to PL-NWCCL and FR4-NWPCB at
300 °C are presented in Fig. 8e and f. As can be discerned, the
peaks at m/z 39 (C3H;"), 65 ([M-C,H,]", C,H;N"), and 93 ([M]")
are characteristic of C¢H,N. The peaks at m/z 41 (C;H5"), 47 ([M-
C,Hs]", HS"), and 76 ([M]") are characteristic of C;HgS. Conse-
quently, the pyrolysis products of DDS in PL-NWCCL and FR4-
NWPCB are CgH,N and C3HgS.

Particularly, the main substance of the substrate wood pulp
paper in PL-NWCCL is cellulose.”®***” During the pyrolysis
process, cellulose can also undergo decomposition. The iden-
tification results of its pyrolysis products at 300 °C are presented
in Fig. 8e. The molecular ion peaks at m/z 60.0 ([M]"), 43 (M-
OH]', C,H;0"), and 45 ([M-CHj;]") are characteristic of acetic
acid (designated as C,H,0,-1). Meanwhile, the peaks at m/z 31
(M + H-2H,0]", CH;0"), 29 ([M-CH,0]", CHO"), and 32 ([M +
H-H,0]") are characteristic of hydroxy-acetaldehyde (desig-
nated as C,H,0,-2). Consequently, the pyrolysis products of
cellulose in PL-NWCCL are C,H,0,-1 and C,H,0,-2.

3.4.2 Release patterns of halogens during the pyrolysis.
The release patterns of halogens during the pyrolysis of PL
Consequently, the pyrolysis products of cellulose inNWCCL are
presented in Fig. 9a and b. Fig. 9a relates to chlorinated
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Fig. 8 Ethers compounds, ketones compounds and pyrolysis prod-
ucts of DDS and cellulose, PL-NWCCL: (a), (c), (e). FR4-NWPCB: (b), (d),
(f).
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compounds, and Fig. 9b relates to brominated compounds. As
shown in Fig. 9a, the release of CH;Cl commences at 240 °C. Its
release quantity reaches a maximum of 2.39 x 10~ % Torr at 300 ©
C and then gradually declines. Even at 520 °C, CH;Cl continues
to be released, although the release quantity has dropped to
0.39 x 10" % Torr. C3H,Cl begins to be emitted when the pyrol-
ysis temperature reaches 250 °C. C,HsCl and HCI start to be
generated successively after the 10th minute of the holding
stage. C3H;Cl starts to be generated after the 12th minute, with
a relatively small production amount. C;H,Cl and CsH,,Cl start
to be released at 300 °C. Subsequently, the release amounts of
HCI, C,HsCl, C;3HsCl, C3H,Cl, C4HoCl, and CsH;;Cl gradually
increase as the temperature rises. And these compounds reach
their maximum release amounts at 520 °C and then gradually
decrease.

During the holding stage at 250 °C, the chlorinated flame
retardants incorporated in PL-NWCCL started to decompose.
Among these, CH;Cl was the first to be released. By the end of
the holding stage, its emission amount reached 1.47 x 10 %
Torr. Subsequently, C,H5Cl, HCI, and C;H,Cl were successively
emitted, with emission amounts of 1.5 x 10~° Torr, 0.7 x 10™°
Torr, and 0.9 x 10 ° Torr, respectively, at the end of the holding
stage. Finally, C3H;sCl began to be emitted in small quantities,
and its emission amount was 0.10 x 108 Torr by the end of the
holding stage.

During the holding stage at 300 °C, the emission amount of
CH,Cl increased to a maximum value of 2.39 x 108 Torr and
then gradually declined. By the end of the holding stage, it
dropped to 1.68 x 102 Torr. The emission amount of C;H,Cl
continuously increased from 0.14 x 10~ % Torr to 0.42 x 10 %
Torr. C,H5Cl and C;H;Cl exhibited consistent emission trends
but with different amount numbers. The emission amount of
C,H5Cl decreased from 0.11 x 10~ % Torr to 0.6 x 108 Torr,
while that of C;H5Cl decreased from 0.13 x 10~° Torr to 0.4 x
10~° Torr. In addition, C,HyCl and CsH,,Cl started to be
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emitted. By the end of the holding stage, their emission
amounts reached 0.4 x 10~° Torr and 0.6 x 10~ ° Torr, respec-
tively. Throughout this stage, the emission amount of HCI
remained constant at 0.6 x 10 ° Torr.

During the holding stage at 350 °C, the emission amount of
CH;Cl decreased continuously from 0.84 x 10~ Torr to 0.43 x
10™® Torr. In contrast, the emission amount of Cs;H,Cl
increased from 0.47 x 10~° Torr to 1.17 x 10~° Torr. The
emission amounts of C,;H,Cl and CsH,;Cl increased from 0.06
x 10~° Torr and 0.8 x 10~ ° Torr to 0.30 x 10 ® Torr and 0.34 x
10~® Torr, respectively. During this period, the emission
amounts of HCI, C,H;Cl, and C;H;Cl all decreased slightly.

As the pyrolysis temperature increased, at 423 °C, the emis-
sion amounts of CH;Cl, C,HsCl, C3H5Cl, C;H,Cl, C;HoCl, and
CsH,4Cl all started to rise. The emission amount of CH;Cl
increased slightly by 0.39 x 10~® Torr at 514 °C and then began
to decline. The emission amounts of HCl, C;H,Cl, C,;HoCl, and
CsHy,Cl reached their maximum values (0.27 x 10~° Torr, 8.65
x 107® Torr, 3.37 x 10~° Torr, and 3.95 x 10~ ® Torr, respec-
tively) at 530 °C and then decreased as the temperature further
increased. The emission amounts of C,HsCl and C;H;CI
continued to increase slightly with the increasing temperature.
At 600 °C, their emission amounts were 0.35 x 10~ Torr and
0.37 x 10~ ® Torr, respectively. In contrast, the emission amount
of C¢HsCl was extremely low and was scarcely detectable within
the temperature range up to 600 °C.

Therefore, it can be deduced that during the pyrolysis
process of PL-NWCCL, after the carbon-carbon bonds of chlo-
rinated alkanes are broken, Cl- radicals tend to combine with
CH;- to form CH;Cl. Subsequently, they react with C,Hs-,
C;3;H;-, and H- to yield C,HsCl, C;H,Cl, and HCI, respectively.
Thereafter, Cl- radicals combine with C3H5- to form C3;H5Cl. As
the temperature increases, Cl- radicals are also capable of
reacting with C,Ho- and CsH;;- to generate C,HoCl and
CsH;,Cl. Additionally, the cellulose in the wood pulp paper
participates in reactions, which significantly reduces the emis-
sion of HCl and decreases the dechlorination efficiency.**
When the pyrolysis temperature is further elevated to 470-530 °©
C, PL-NWCCL undergoes a secondary mass loss process.
Simultaneously, Cl- groups begin to be generated again and
combine with hydrocarbon groups to form chlorinated
hydrocarbons.

The release profiles of brominated compounds in PL-
NWCCL are presented in Fig. 9b. As depicted in the figure, no
emission of brominated compounds was observed during the
holding stage at 250 °C. CH;Br started to be emitted at 285 °C,
and HBr began to be released at the 19th minute of the 300 °C
holding stage. The maximum partial pressure of the release
amount of HBr during the 300 °C holding stage was 0.9 x 10~°
Torr. For CH;Br, its release amount reached a maximum of 0.15
x 107® Torr at 320 °C. Subsequently, the release amounts of
both continued to be emitted in relatively small quantities as
the temperature increased.

During the pyrolysis of PL-NWCCL, the release pattern of
bromine differs from that of chlorine. The amount of bromine
released during the second weight-loss interval remains rela-
tively constant. In brominated epoxy resins, the brominated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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part exhibit lower thermal stability compared to the non-
brominated part. Consequently, the debromination process
and the cleavage of brominated structures occur prior to the
breakdown of non-brominated structures.*® Thus, when the
pyrolysis temperature reaches 300 °C, the C-Br bond preferen-
tially breaks. The resulting Br- radicals preferentially combine
with CHj;- radicals to form CH;Br, which is then released.
Subsequently, Br- radicals also react with H- radicals to form
HBr molecules, which are likewise released.*®*** In the context of
radical-based pyrolysis reactions, Br- radicals dissociated from
tetrabromobisphenol A tend to associate with short-chain alkyl
radicals generated during the pyrolysis process.'® After 350 °C,
as the temperature rises, a small quantity of brominated
compounds continues to be released. The release amount
remains relatively stable within the temperature range of 470-
530 °C.

Fig. 9c and d depict the release patterns of halogenated
flame retardants in FR4-NWPCB. Specifically, Fig. 9c focuses on
chlorinated compounds, and Fig. 9d on brominated
compounds. As can be observed from Fig. 9c, the release of
CH;Cl commences when the temperature reaches 300 °C. 4
minutes later, C3;H,Cl begins to be emitted. After an additional
8 minutes, HCl, C,H,Cl, and CsH;;Cl are successively released.
All these compounds reach their maximum release amounts
during the holding stage at 300 °C. After reaching 400 °C, small
amounts of C;H,Cl, C,H,Cl and CsH,;Cl are still released.

During the holding stage at 300 °C, the release patterns of
CH;Cl and C3;H,Cl were consistent. Their release rates
increased sharply at the 6th minute. At the 15th minute, they
reached maximum amounts of 0.25 x 10~% Torr and 2.57 x
10~ Torr, respectively, after which the release amounts
decreased rapidly. HCl, C;HoCl, and Cs;H;;Cl reached their
maximum release levels at the 19th minute of the holding stage,
with values of 0.7 x 10~° Torr, 0.5 x 10~° Torr, and 0.9 x 10~°
Torr, respectively. As the pyrolysis temperature increased, the
release amounts of C3H,Cl, HCI, and C,H,Cl increased slightly
during the holding stages at 350 °C and 400 °C. The release
amounts of CH;Cl and CsH;,Cl decreased with rising temper-
ature, and CgHsCl was scarcely detectable. In conclusion,
during the pyrolysis process, Cl- radicals tend to combine with
CH;- and C3;H;- groups. Moreover, most of the Cl-containing
substances were removed at 400 °C.*®

As depicted in Fig. 9d, the release of CH;Br commenced at
the 5th minute of the 300 °C holding stage, while that of HBr
started at the 10th minute. Once the pyrolysis temperature
reached 400 °C, both substances were essentially released
completely. During the 300 °C holding stage, the release rate of
CH;Br increased rapidly to 1.39 x 10~° Torr at the 8th minute.
Subsequently, as the pyrolysis temperature continued to
increase, its release amount gradually decreased. The release
amount of HBr increased to a maximum of 0.3 x 10~° Torr at
300 °C and then decreased gradually. The release amount of
C;3H;BrO during the 300 °C holding stage was relatively low,
measuring 0.1 x 10° Torr, and no release was detected after
400 °C. During the pyrolysis process, the release patterns of
chlorinated compounds in FR4-NWPCB deviated significantly
from those in PL-NWCCL. This discrepancy can be attributed to
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Fig. 10 Phenolic compounds and hydrocarbon compounds of PL-
NWCCL and FR4-NWPCB; PL-NWCCL: (a) phenolic compounds, (b)
hydrocarbon compounds; FR4-NWPCB: (c) phenolic compounds, (d)
hydrocarbon compounds.

the differences in their substrates.®® After 400 °C, the halogen
flame retardants in FR4-WPCB were scarcely released. In
contrast, the release patterns of bromine-containing
compounds during the pyrolysis of the two materials were
consistent. The majority of these compounds were completely
released within the temperature range of 300-350 °C.

3.4.3 Release pattern of other products. Fig. 10a and
b present the release patterns of phenolic compounds and
hydrocarbon compounds, respectively, among the pyrolysis
products of PL-NWCCL. As is evident from Fig. 10a, both CsHsO
and CgH;,0 started to be released simultaneously at the 9th
minute of the 250 °C holding stage, albeit in minimal quanti-
ties. As the temperature increased, the release amounts of
CeHeO and C4H;,0 peaked at 322 °C, reaching 0.22 x 10 % Torr
and 0.5 x 10"’ Torr, respectively. After the conclusion of the
350 °C holding stage, their release amounts gradually declined.
The remaining phenolic pyrolysis products were only sparingly
released at 350 °C and 423 °C.

As depicted in Fig. 10b, the principal hydrocarbon products
in the pyrolysis products of PL-NWCCL are C¢Hg and C;Hjg, and
both are released in minute quantities. C¢Hs and C,Hg
commence their release at the 9th minute of the 250 °C holding
stage. By the conclusion of this holding stage, their release
amounts are 0.4 x 10~ ° Torr and 0.1 x 10 ° Torr, respectively.
As the temperature rises, C;Hg attains its maximum release
amount of 0.4 x 10~° Torr at 300 °C and then starts to decline.
CeH, reaches its peak release amount of 0.35 x 10~® Torr at
530 °C and subsequently decreases as the temperature
continues to increase. Consequently, the release patterns of
phenolic products and the pyrolysis products of bromine-
containing flame retardants generated during the pyrolysis of
PL-NWCCL are largely consistent. Moreover, aromatic hydro-
carbons will undergo further decomposition and release during
the second weight-loss stage of the pyrolysis process.*®
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Fig. 10c and d illustrate the release patterns of phenolic
compounds and hydrocarbon compounds, respectively, in the
pyrolysis products of FR4-NWPCB. As is evident from Fig. 10c,
both CcHqO and CyH;,0 initiate their release at the 7th minute
of the 300 °C holding stage. The release amount of CsHsO peaks
at 1.71 x 10~® Torr at the 17th minute and subsequently
decreases as the pyrolysis temperature rises. For CoH;,0, its
release amount reaches a maximum of 0.11 x 10~® Torr at the
17th minute and then gradually declines. C;HgO starts to be
released at the 20th minute of the 300 °C holding stage. By the
end of this holding stage, its release amount reaches
a maximum of 0.5 x 10~ ° Torr, after which it gradually
decreases. From Fig. 10d, it can be seen that CcHe and C,Hg
begin to be released at the 10th minute of the 300 °C holding
stage. Their release amounts reach maximum values at the 20th
minute, specifically 0.4 x 10~° Torr for C¢He and 0.13 x 10~ ®
Torr for C;Hg. Subsequently, their release amounts decrease
with increasing temperature, and they are completely released
at 350 °C.

There are also distinctions in the release patterns of phenolic
compounds and hydrocarbon compounds generated during the
pyrolysis of PL-NWCCL and FR4-NWPCB. For PL-NWCCL, the
majority of the phenolic compounds are fully released at 350 °C.
Only C¢H¢O continues to be released in minor quantities.
Around 500 °C, the poorly-volatile components in PL-NWCCL
undergo further decomposition, which leads to the further
release of hydrocarbon products. In contrast, for FR4-NWPCB,
both the phenolic compounds and hydrocarbon compounds
are predominantly released completely within the temperature
range of 300-400 °C.

Fig. 11a-c depict the release patterns of ether compounds,
ketone compounds, nitrogen-containing compounds, and
pyrolysis products of cellulose during the pyrolysis of PL-
NWCCL. As is evident from Fig. 11a, CgH¢O initiated its
release at the 10th minute of the 300 °C holding stage, whereas
C3;HgO started to be released at the conclusion of the 300 °C
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holding stage. The lease amount of CgHO peaked at 0.2 x 10°
Torr at 350 °C and subsequently declined gradually. For C3HgO,
its release amount reached a maximum of 0.5 x 10~ ° Torr at
510 °C and then gradually decreased. C,;H;,0O commenced its
release after the end of the 350 °C holding stage and continued
to be released during the process of heating up to 600 °C.

As can be seen from Fig. 11b, the primary ketone products
released from PL-NWCCL are C,H,O and C;HcO. C,H,O
commences its release at the onset of the 250 °C holding stage.
Five minutes later, C;HsO also begins to be released. The
release trends of both substances remain congruent prior to
300 °C. The release amount of C;HgO attains its maximum value
of 0.75 x 10~ % Torr at 508 °C and subsequently starts to decline.
For C,H,0, its release amount reaches a peak of 12.86 x 10™°
Torr at 533 °C and then begins to decrease. Fig. 11c reveals that
C,H,0,, the main pyrolysis product of cellulose, starts to be
released at 250 °C. Its release amount increases until it reaches
a maximum of 2.53 x 10~° Torr at 300 °C and then gradually
diminishes. The pyrolysis product of DDS, C;HgS, begins to be
released in trace amounts at 250 °C. During the 300 °C holding
stage, it continues to be released and reaches a maximum of 0.2
x 10~ ® Torr. Another pyrolysis product of DDS, C¢H-N, starts to
be released during the 300 °C holding stage, with the release
amount remaining at 0.15 x 10~ ° Torr. Subsequently, the
release amounts of both substances gradually decrease as the
temperature increases.

Fig. 11d-f depict the release patterns of ether compounds,
ketone compounds, and nitrogen-containing compounds
generated during the pyrolysis of FR4-WPCB. As is evident from
Fig. 11d, CgH¢O started to be released rapidly at the 9th minute
of the 300 °C holding stage. It reached a maximum release
amount of 0.04 x 10~ % Torr at the 23rd minute and subse-
quently decreased gradually. The release amount of C;HgO at
350 °C was extremely low, merely 0.5 x 10~ '° Torr. From
Fig. 11e, it can be seen that although the release amount of
C,H,0 during the pyrolysis process generally remained in the

[
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Fig. 11 Ether compounds, ketone compounds, nitrogen-containing compounds, and pyrolysis products of cellulose of PL-NWCCL and FR4-
NWPCB; PL-NWCCL: (a) ether compounds, (b) ketone compounds, (c) nitrogen-containing compounds, and pyrolysis products of cellulose;
FR4-NWPCB: (d) ether compounds, (e) ketone compounds, (f) nitrogen-containing compounds.
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range of 0.2-0.6 x 10~ ° Torr as the temperature rose, within
each of the three holding stages, its release amount exhibited
a pattern of a slight increase followed by a decrease. C;HsO
began to be released in small quantities starting from 300 °C,
and its release amount remained at 0.6 x 10~ ° Torr until the
conclusion of the pyrolysis. As presented in Fig. 11f, C3HgS and
Ce¢H-N initiated rapid release simultaneously during the 300 °C
holding stage. Within 10 minutes, they reached maximum
release amounts of 0.14 x 10~ ® Torr and 0.64 x 10~ ® Torr,
respectively. Thereafter, their release amounts gradually
decreased as the pyrolysis temperature increased.

3.5 The formation mechanism of volatile pyrolysis products
of PL-NWCCL and FR4-NWPCB

Through the detection and analysis of pyrolysis volatile prod-
ucts, and in conjunction with the bond energies of raw mate-
rials as presented in Table S2, it can be observed that the
migration and transformation processes of pyrolysis volatile
products of PL-NWCCL and FR4-NWPCB exhibit distinct
patterns owing to the differences in substrates. Moreover, the
pyrolysis pathways are intricate, encompassing depolymeriza-
tion, chain scission, free-radical reactions, and secondary
cracking or recombination.>?* The basic structure of PL-NWCCL
and the reaction mechanism during its pyrolysis process are
depicted in Fig. 12. As detailed in Section 3.3 of this paper, the
chlorinated compounds of PL-NWCCL commence to form at
250 °C. At this temperature, Cl- radicals are preferentially
released. Initially, they combine with CH;- and subsequently
with H-. When the pyrolysis temperature reaches 300°C the Br-
radicals in TBBPA of PL-NWCCL start to dissociate. These
radicals tend to first combine with CH;- and then with H-,*
resulting in the formation of CH3;Br and HBr, respectively.
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Fig. 12 Reaction mechanism of pyrolysis of PL-NWCCL.
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Chlorinated alkanes continue to decompose and react with
C,Hs-, C3H,+, C4Hy-, and CzHy,-, yielding C,H;Cl, C;H;Cl,
C;3H,Cl, C4HoCl, and C5H;,Cl. Subsequently, due to its relatively
low bond energy (263 KJ mol 2°), the PhO-C bond between
polymers breaks first. This is followed by chain-scission reac-
tions of bonds such as Ph-C, C-C, and Ph-O, leading to the
generation of C;H¢O, epoxy resin monomers, etc. Additionally,
through H-transfer processes, a diverse range of phenolic,
ether, and ketone products are produced. Examples include
phenol, p-cresol, p-isopropenylphenol,® along with CgH¢O,
C,H,0, etc. Simultaneously, the curing agent-DDS added to PL-
WCCL also begins to decompose, generating C;HgS and CgH,N.

Particularly, the cellulose of the substrate in PL-NWCCL
begins to decompose at 250 °C, forming C,H,0,. During the
pyrolysis process, cellulose also participates in the radical
reaction of chlorine (Cl). It is likely that C;H,ClO is generated35,
thereby exerting an inhibitory effect on the release of Cl- in the
temperature range of 250-350 °C. As a result, above 500 °C,
C,H;Cl, C;H;5Cl, C;H,Cl, C,H,Cl, and CsH,,Cl are released in
large quantities. Simultaneously, hydrocarbon compounds,
ether compounds, and ketone compounds are further released.

The fundamental structure of FR4-NWPCB and the reaction
mechanism underlying its pyrolysis process are illustrated in
Fig. 13. Distinct from PL-NWCCL, the release of bromine and
chlorine from halogen-based flame retardants remain unaf-
fected. The primary When the pyrolysis temperature reaches
300 °C, Cl- and Br- radicals temperature range for their release
is between 300 °C and 400 °C.* begin to be preferentially
released. These radicals tend to first combine with CH;- and
subsequently with H-. Starting from the 8th minute of the
isothermal stage at 300 °C, due to its relatively low bond energy
(263 kJ mol>°), the PhO-C linkage between polymers fractures
first. Subsequently, other linkages such as Ph-C, C-C, and Ph-O
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also undergo chain-scission reactions. Through hydrogen
transfer processes, a diverse array of phenolic, ether, and ketone
products are formed. Examples include phenol, p-cresol, p-
isopropenylphenol,*® along with CgHsO and C,H,O. Simulta-
neously, Cl- radicals continue to react with alkyl radicals,
leading to the release of HCl, C;HoCl and CsH;,Cl. The added
curing agent-DDS also commences decomposition during this
period, producing C;HgS and C¢H-N.

4 Conclusions

This study selected two representative waste printed circuit
boards (WPCB) of different substrate as raw materials: copper-
clad laminate scraps with wood pulp paper substrate (PL-
WCCL) and waste printed circuit boards with glass fiber
substrate (FR4-WPCB). Firstly, the proximate analysis and
elemental analysis were conducted on them. The results showed
that the C and the fixed carbon content of PL-WCCL accounted
for 46.22% and 23.88% respectively, while the C and the fixed
carbon content of FR4-WPCB was 37.7% and 2.74%. The Br and
Cl contents were quantitatively analyzed by oxygen-nitrogen ion
chromatography. The Br content of PL-WCCL was 21.962 mg g~ '
and the Cl content was 21.154 mg g~ '; the Br content of FR4-
WPCB was 43.743 mg ¢~ and the Cl content was 8.477 mg g .
Subsequently, thermogravimetric (TG) analysis was employed to
explore the pyrolysis characteristics of the two materials. The
results indicated that the main weight-loss temperature of PL-
NWCCL occurred in two stages: 233-330 °C and 470-520 °C. In
contrast, for FR4-NWPCB, the main weight-loss temperature
occurred in only one stage, from 292 °C to 422 °C.

In this research, an in-house designed online pyrolysis-mass
spectrometry coupling apparatus was further employed to
perform a dynamic and real-time monitoring of the entire
process of pyrolysis volatile products of the two raw materials.
The migration and transformation patterns of the pyrolysis
volatile products of PL-NWCCL and FR4-NWPCB were thus
derived. Evidently, notable differences exist between them,
attributable to the distinct nature of the substrates.

(1) During the pyrolysis of PL-NWCCL,
compounds are released over a wide range of temperatures from
250 to 600 °C, mainly including HCI, CH;Cl, C,HsCl, C;H5Cl,
C;H,Cl, C;HoCl and CsH;;Cl. During the pyrolysis process, the CI’
radical tends to combine with CH;- first to form CH;Cl, then with
C,Hs-, C3H,+ and H- to generate C,HsCl, C;H,Cl and HCI, and
then with C;H;s- to produce C;H;Cl. As the pyrolysis temperature
increases, the Cl- radical can also combine with C,Hgy- and
CsHy; - to form C,HoCl and CsH,;Cl. However, due to the inhib-
itory effect of cellulose, C,HsCl, C3HCl, C4HoCl, CsH;,Cl and HCl
are not released in large quantities until 430 °C, and the release
amount reaches the maximum at 530 °C and then gradually
decreases. During the pyrolysis of FR4-NWPCB, the main release
temperature of chlorinated compounds is between 300 and 400 ©
C, and they are basically completely released. The main chlori-
nated products include CH;Cl, C;H,Cl, HCI, C;HoCl and CsH,,Cl.
During the pyrolysis process, the Cl- radical tends to combine
with CH;- and C;H;- groups.

chlorinated
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(2) During the pyrolysis of PL-NWCCL, the principal release
temperature range of bromine-containing compounds is 285-
600 °C. The major detectable products are HBr and CH;Br. In the
course of pyrolysis, the Br- radical preferentially combines with
CH;- to form CH;Br. Subsequently, it combines with the H-
radical to generate HBr. By 350 °C, the release is essentially
complete, suggesting that the inhibitory effect of cellulose on Br is
not prominent. During the pyrolysis of FR4-NWPCB, the main
release temperature range of bromine-containing compounds is
300-400 °C, which is consistent with that of PL-NWCCL. The Br-
adical also shows a tendency to preferentially combine with CHj-.

(3) The phenolic compounds in the pyrolysis products of PL-
NWCCL and the pyrolysis products of DDS are predominantly
released in the temperature range of 300-450 °C. In contrast,
hydrocarbon  compounds, ether compounds, ketone
compounds, and the pyrolysis products of cellulose exhibit
secondary release events within the temperature interval of 430-
600 °C. For FR4-NWPCB, the main release interval of phenolic
compounds, hydrocarbon compounds, ether compounds,
ketone compounds in its pyrolysis products, as well as the
pyrolysis products of DDS, is concentrated between 300-400 °C.

Consequently, this study addresses the deficiencies in
previous research regarding chlorinated flame retardants in
WPCB during pyrolysis. It has been discovered that the cellulose
in PL-WCCL exerts a “delaying” effect on the release of Br and
Cl. Moreover, through the establishment of different isothermal
holding periods during pyrolysis, the sequential release order of
pyrolysis products has been determined. This further elucidates
the pyrolysis reaction mechanism, providing a theoretical
foundation for the dehalogenation research and recycling of
WPCBs. Gaining a clear understanding of the release patterns
and characteristics of pyrolysis products from these two repre-
sentative type of WPCB is an essential prerequisite for imple-
menting dehalogenation technologies that are “tailored to the
materials”, achieving a “circular economy”, and ensuring the
“optimal utilization of resources”.
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