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A B S T R A C T

Waste printed circuit boards mounted with electronic components (WPCB-ECs) are generated from electronic
waste dismantling and recycling process. Air-borne pollutants, including particulate matter (PM) and volatile
organic compounds (VOCs), can be released during thermal treatment of WPCB-CEs. In this study, organic
substances from WPCB-ECs were pyrolyzed by both thermo-gravimetric analysis (TGA) and in a quartz tube
furnace. We discovered that board resin and solder coating were degraded in a one-stage process, whereas
capacitor scarfskin and wire jacket had two degradation stages. Debromination of brominated flame retardants
occurred, and HBr and phenol were the main products during TGA processing of board resin.
Dehydrochlorination occurred, and HCl, benzene and toluene were detected during the pyrolysis of capacitor
scarfskin. Benzene formation was found only in the first degradation stage (272–372 °C), while toluene was
formed both in the two degradation stages. PM with bimodal mass size distributions at diameters of 0.45–0.5 and
4–5 μm were emitted during heating WPCB-ECs. The PM number concentrations were highest in the size ranges

https://doi.org/10.1016/j.jhazmat.2019.121038
Received 14 April 2019; Received in revised form 15 August 2019; Accepted 17 August 2019

⁎ Corresponding author at: School of Environmental Science and Engineering, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai, 200240, People’s
Republic of China.

E-mail address: zmxu@sjtu.edu.cn (Z. Xu).

Journal of Hazardous Materials 382 (2020) 121038

Available online 18 August 2019
0304-3894/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2019.121038
https://doi.org/10.1016/j.jhazmat.2019.121038
mailto:zmxu@sjtu.edu.cn
https://doi.org/10.1016/j.jhazmat.2019.121038
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2019.121038&domain=pdf


of 0.3–0.35 μm and 1.6–2 μm. The research produced new data on pollutant emissions during thermal treatment
of WPCB-ECs, and information on strategies to prevent toxic exposures that compromise the health of recyclers.

1. Introduction

Electronic waste (e-waste) is reputed to be the fastest growing ca-
tegory of hazardous solid waste in the world (Ogunseitan et al., 2009;
Fu et al., 2018; Awasthi et al., 2019). Global generation of e-waste in
2016 was estimated to be 44.7 million metric tonnes, whereby China
generated 7.2 million tonnes, ranking highest in the world (Baldé et al.,
2017). In 2017, more than 71.81 million obsolete household electrical
appliances, such as TV sets, refrigerators, washing machines, air con-
ditioners and computers, were collected and dismantled in enterprises
certified for e-waste recycling in China (Information System for
Disposal of Waste Electrical and Electronic Equipment of the Ministry of
Environmental Protection, 2019). Many kinds of secondary resources,
including screen glass, metals, plastics and waste printed circuit boards
(WPCB) mounted with electronic components (ECs) are processed for
resource reutilization (Li et al., 2015; Turner and Filella, 2017).

Waste printed circuit boards mounted with electronic components
(WPCB-ECs) are produced during reclamation of valuable materials
from e-waste. The structure and composition of WPCB-ECs are complex,
containing a variety of metal resources and toxic substances (Hadi
et al., 2015). Previously, in order to recycle the valuable resources from
WPCB-ECs, a series of primitive dismantling methods were used to re-
move the ECs (capacitor, resistor, chip, etc.) from base boards by
heating over grills on a stove (Ren et al., 2014), or by using heating
apparatus such as electronic soldering iron, electric blower, electronic
heating furnace or rotary incinerator (An et al., 2014).

Studies of disassembly technologies for the removal of ECs from the
base board have focused on using mechanical methods to replace
manual disassembly (Zeng et al., 2013; Yang et al., 2009; Lee et al.,
2012). (Park et al. (2015)) invented a disassembly apparatus for WPCB-
ECs, in which the WPCBs was first heated with an infra-red heater in the
disassembly module, then ECs were swept off from the base board by
rotating steel brush rods. (Chen et al. (2013)) proposed a technology of
using hot air to melt electronic components from the base boards. The
best automatic heated-air disassembly efficiency was accomplished
when the preheating temperature and heating source temperature were
120 °C and 260 °C, respectively, and the incubation period was 2min.
We have previously designed an automated pilot-scale equipment for
disassembling ECs from WPCB (Wang et al., 2016). When the dis-
assembling temperature, rotating speed, and incubation time were
265 °C, 10 rpm, and 8min, respectively, the ECs and solders were easy
to remove from the base boards.

Solder melting by thermal treatment with infra-red heater, hot air,
or heating furnace is an important step during the removal of ECs.
During the heating process, the organic materials, including board
resin, plastics, brominated flame retardants (BFRs) contained in WPCB-
ECs are degraded, and pollutants such as particulate matter (PM), vo-
latile organic compounds (VOCs) (An et al., 2014; Chen et al., 2016; He
et al., 2015), semi-volatile organic compounds (SVOCs) are emitted to
the environment, thus causing contamination in the workshop and
environmental pollution of surrounding areas (Ortuño et al., 2014a).
Emission characteristics of pollutants such as polybrominated diphenyl
ethers (PBDEs) (Die et al., 2019; Guo et al., 2015a, b), polybrominated
dibenzo-p-dioxins/dibenzofurans (PBDD/Fs) (Xiao et al., 2016), poly-
chlorinated dibenzo-p-dioxins/furans (PCDD/Fs), polycyclic aromatic
hydrocarbons (PAHs), released from thermal treatment of WPCB have
been investigated extensively (Li et al., 2018; Cai et al., 2018a, b; Duan
et al., 2011; Soler et al., 2017; Ortuño et al., 2014b). However, previous
studies on pollutant emission during thermal treatment have focused on
the base boards of WPCB, and rarely on the pollutant emission released

from ECs. In addition, the heating process of organic materials con-
tained in WPCB-ECs generate harmful PM (Guo et al., 2019). Inhalation
of PM from thermal processes can effectively deliver SVOCs, toxic
metals, and brominated hydrocarbons into lung tissue, thereby dee-
pening human exposure to these hazardous chemicals (Cormier et al.,
2006). To our knowledge, there is little published information about the
physical characterization of PM such as particle size distribution re-
leased from thermal treatment of WPCB-ECs.

In order to understand the emission mechanisms and clarify the
pollution sources of gaseous pollutants during the disassembly of ECs
from the WPCB-ECs, this study focused on the following objectives: (1)
characterization of thermal degradation mechanism of organic mate-
rials contained in WPCB-ECs, including board resin, capacitor scarfskin,
wire jacket, and solder coating; (2) emission characterization of PM and
VOCs released from the heating process of WPCB.

2. Materials and methods

2.1. Materials

The BFRs-containing paper laminated WPCB-ECs reclaimed from
obsolete cathode ray tube television sets were used as raw materials for
this research (Fig. 1). Four kinds of organic materials were obtained
from the WPCBs, including board resin, capacitor scarfskin, wire jacket,
and solder coating. The board resin and solder coating were scratched
from the surface of base board using a serrated file. The samples of
capacitor scarfskin and wire jacket were cut into small pieces
(2mm×2mm) for the thermal test.

2.2. Thermo-gravimetric analysis (TGA)

Thermo-gravimetric analysis was performed under a helium flow of
30mL/min with a TGA/DSC 1 (Mettler Toledo, Swiss) in a temperature
range between 25 °C and 650 °C at a heating rate of 10 °C/min. The TGA
was coupled with a Mass Spectrometer (GSD 320 T3, Pfeiffer Vacuum,
German) by a 5m×150 μm/220 μm VDS tubing capillary (SGE
Analytical Science, Australia). The capillary was heated to 200 °C in
order to avoid the condensation of degradation products. The in-
vestigated compounds had clear molecular peaks, which enabled
tracking over the investigated temperature range. Masses were scanned
between m/z=2 and m/z=300.

Fourier transform infrared spectroscopy (FTIR) was performed with

Fig. 1. WPCB-ECs dismantled from cathode ray tube television.
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a Nicolet 6700 (Thermo Scientific) spectrometer to provide knowledge
of functional groups. The dry sample was milled with IR grade KBr to
form the KBr disk for analysis. The background spectrum of pure KBr
was subtracted from that of the sample spectrum.

2.3. Quartz tube furnace heating experiments

Two kinds of samples, WPCB with capacitors (WPCB-Cs) and base
board without ECs, were used for heating experiments in the quartz
tube furnace. After the temperature of the furnace stabilized at 260 °C,
the quartz boats containing the samples were moved into the heating
zone, where they were thermally treated at isothermal conditions under
an argon flow of 300mL/min.

2.3.1. Online detection of particulate matter
The air-borne concentration and dimensions of PM after cooling

were measured online by means of a laser aerosol spectrometer (Grimm
Model 11-A, Germany) for 10min. The instrument’s operation is based
on the principle of light scattering by a single particle inside a mea-
surement cell. The scattered light pulse is reflected on a mirror angled
to focus the light towards a detector. Then, the particles were counted,
and their physical dimensions were measured by 90° scattering light
detection. Grimm Model aerosol spectrometers were used for environ-
mental measurements of PM in many studies (Cheng, 2008; Azarmia
et al., 2014). A correlation (R2) between the Grimm Aerosol Spectro-
meter mass concentrations and gravimetric measurements for PM2.5

and PM10 were 0.94 and 0.93, respectively (Cheng, 2008). The laser
aerosol spectrometer (Grimm Model 11-A, Germany) was used to
measure PM characteristics every 6 s with 3 measurement modes: (1)
environmental mode: PM10, PM2.5, and PM1; (2) particulate mass size
distribution; (3) particulate number size distribution. For particulate
mass and number size distributions, the measured sizes ranged from
0.25 to 10 μm in 24 size channels. The sampling flow rate was 1.2 L/
minute. In addition, background particle concentration inside the lab
was measured for a time period of 10min before the heating experi-
ments.

2.3.2. Detection of volatile organic compounds
Before sampling to identify VOCs, Tenax-TA sorbent tubes (Camsco,

USA) were conditioned at 320 °C for 30min under permanent helium
flow (60mL/min). The Tenax-TA tubes were used for VOCs adsorption
at the outlet of quartz tubes.

The adsorption tubes were thermally desorbed by a TD-100 multi-
tube autosampler equipped with an automated re-collection system.
The tubes were desorbed in splitless mode at 300 °C for 10min with a
helium flow rate of 30mL/min and the compounds were cryogenically
trapped at -10 °C into an internal focusing trap packed with 70mg of

graphitized carbon (Markes International, UK). Finally, the analytes
were transferred to the chromatographic column by heating the cold
trap at 280 °C for 5min. A flow path temperature of 210 °C was used
during sample analysis. The thermal desorption unit was directly con-
nected to Gas Chromatography column through a fused silica transfer
line supplied by Markes International (UK). The analyzes were per-
formed by a GC (Trace GC Ultra, Thermo Scientific) coupled to a MS
(TSQ Quantum XLS, Thermo Scientific) with an electron ionization
source operating at 70 eV. Chromatographic separation was carried out
by a DB-5ms capillary column (30m×0.25mm, 0.25 μm film thick-
ness). The oven temperature program was as follows: 40 °C held for
3min, and then ramped 5 °C/minute up to 180 °C held for 5min, again
ramped 10 °C/minute to 280 °C and held for 10min. The constant flow
rate of helium as a carrier gas was 1.5mL/minute. A reference library
(NIST/MS software version 2.0) was used to confirm the identification
of the compounds by comparing the obtained element spectra with the
library’s spectra.

2.4. Quality assurance and quality control

All the test samples (four kinds of organic materials and WPCB-Cs)
were selected from the same piece of WPCB, and the surface dust was
cleaned by alcohol-soaked cotton before use. The Grimm aerosol
spectrometer was calibrated before use. A gravimetric filter was in-
stalled in the aerosol spectrometer and a site-specific correction factor
(C-factor= 1.0) ensured accurate response to mass concentration.
Perfluorotributylamine was used to adjust the mass spectrometer cali-
bration scale before measurement.

3. Results and discussion

3.1. TGA

Fig. 2 shows TGA and DTG thermograms of board resin, capacitor
scarfskin, wire jacket, and solder coating. Values for temperature of
decomposition onset (Td), temperature with maximum rate of decom-
position (Tmax), and temperature of decomposition finish (Tf), and
weight loss are presented in Table 1. The board resin and solder coating
have one-stage degradation reactions, whereas the capacitor scarfskin
and wire jacket have two-stage degradation reactions. The results
shown in Table 1 demonstrate that the samples have different Td values
of 272 °C, 272 °C, 252 °C, and 288 °C for board resin, capacitor scarf-
skin, wire jacket, and solder coating, respectively.

The board resin showed a continuous process of weight loss, which
is likely due to the complicated degradation process of resin matrix and
additives, such as the dehydration and decarboxylation of resin matrix,
and debromination of BFRs. Fig. 3a show the FTIR of board resin before

Fig. 2. TGA (a) and DTG (b) of organic substances (board resin, solder coating, capacitor scarfskin and wire jacket) from WPCB-ECs at heating rate of 10 °C/min.

J. Guo, et al. Journal of Hazardous Materials 382 (2020) 121038

3



and after TGA test. The peaks at 2922 cm−1 and 2855 cm−1 were as-
signed to the stretching vibration of C–H, and the peaks at 1740 cm−1

and 1162 cm−1 were assigned to the stretching vibration of C]O and
asymmetrical stretching vibration of CeOeC, respectively (Hadi et al.,
2013; Verma et al., 2016). The peaks at 688 cm−1 and 579 cm−1 in
finger print region were assigned to stretching vibration of C-Br (Zhao
et al., 2006; Guo et al., 2010). The organic materials in board resin were
completely degraded, a conclusion that is based on the comparison of
FTIR results of board resin before and after TGA test.

The solder coating consisted mainly of acrylic ester, and the Td of
solder coating was the highest (288 °C). During the thermal degradation
process, only 32.9% of weight loss was obtained, and the high char
yield slowed down the degradation rate of the solder coating (Tao et al.,
2018). Fig. 3b shows the FTIR of solder coating before and after TGA
test. The peaks at 1735 cm−1 and 1407 cm−1 were respectively as-
signed to characteristic absorption peak of C]O and deformation vi-
bration of −CH2-. The peaks at 1184 cm−1 and 1084 cm−1 were as-
signed to the stretching vibration of CeOeC (Hadi et al., 2013; Verma
et al., 2016). After thermal degradation, the carbonyl group of C]O
disappeared, while many other functional groups still existed, which
showed heat-resistance characteristics.

Both the capacitor scarfskin and wire jacket consisted of PVC ma-
terials, and the thermal degradation stages of the capacitor scarfskin
and wire jacket were consistent with the results reported in the litera-
ture for degraded PVC (Yu et al., 2016). However, the composition and
percentage of additives were different, thus leading to different weight
losses during two degradation stages. For capacitor scarfskin, the
weight loss was approximate 58.5% between 250 and 350 °C in the first
stage. The second degradation stage began at ˜420 °C with a weight loss
of ˜18.9%. After the second degradation step, the weight percentage of
capacitor scarfskin was reduced to 22.6%.

3.2. TGA-MS analysis

Extract Ion Chromatogram (EIC) is generated by separating the ions
of full mass spectra over temperature, in which data is collected only for
specific m/z values as a function of temperature. Fig. 4 shows the EIC
results of experiments designed to investigate the degradation me-
chanism of board resin and capacitor scarfskin, including the ion cur-
rents of selected masses during the degradation. The example of phenol
is presented in Fig. 4a, whereby the m/z (or molecular weight) of
phenol is 94, and the EIC of m/z 94 shows one peak between
275–380 °C. It means that the production of phenol is increasing with
the increasing temperature until the peak of its production on the
temperature of 324 °C whereas at higher temperature (> 324 °C), its
concentrations decreases.

For the board resin, the substances of H2O, CO2, HBr, phenol, and
methylphenols were observed between 272 and 382 °C, which were
consistent with Td and Tf temperatures of board resin during degrada-
tion (Jie et al., 2008; Li et al., 2010; Guo et al., 2014). During the de-
gradation stage, the main source of water and CO2 were the decom-
position of resin matrix or cellulose from paper laminated WPCBs
(Grause et al., 2008). BFRs are the most important additives used in
board resin. The degradation of BFRs started with the formation of Br-
radicals and the abstraction of hydrogen by radical transfer reactions,
with HBr being the main product of the degradation of fire-retardant
compounds (Ma et al., 2016). The formation of HBr started at about
270 °C and reached a peak at 310 °C. It can be assumed that the higher
supply of hydrogen in the phenol or epoxy resin matrix favored the
production of HBr (Hao et al., 2014). Other researchers also reported
that the organic Br in the non-metallic fraction of WPCB can be con-
verted to HBr via the pyrolysis process, with HBr and phenol being the
main products (Shen et al., 2018; Kumagai et al., 2017; Terakado et al.,
2011). Phenol and methylphenols were also simultaneously released
during the debromination of BFRs. Other studies also found that aro-
matic compounds such as phenol and styrene were generated from the
pyrolysis of WPCB (Evangelopoulos et al., 2015; Conesa et al., 2017; Ma
and Kamo, 2018). Brominated compounds were detected from thermal
decomposition of BFRs-containing products by TGA-GC/MS (Terakado
et al., 2011) or pyrolysis GC/MS (Evangelopoulos et al., 2015). We also
identified brominated compounds, such as bromomethane and bromo-
phenol. The molecular weights of bromomethane (CH3Br), bromo-
phenol (C6H5BrO), 2, 4-dibromo phenol (Br2C6H3OH) are 95, 173, and
252 g/mol, respectively. However, we did not find obvious peaks for
bromomethane, bromophenol, and 2, 4-dibromo phenol. In this study,
the absence of brominated compounds is likely due to the TGA-MS. The
degradation products from TGA were processed through the Mass

Table 1
Values of temperatures (oC) and weight loss during TGA.

sample Td Tmax Tf weight loss
(%)

residue(%)

board resin 272 309 382 77.7% 22.3%
solder coating 288 351 450 32.9% 67.1%
capacitor

scarfskin
272/430 285/451 372/479 58.5%/18.9% 22.6%

wire jacket 252/421 293/443 425/500 46.7%/9.3% 44.0%

Fig. 3. FTIR spectra of board resin (a) and capacitor scarfskin (b).
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Spectrometer with VDS tubing capillary, and no Gas Chromatography
was used. Brominated compounds were not detected by the MS due to
the limitation of TGA-MS.

The thermal degradation of capacitor scarfskin was characterized by
two distinct stages. There was a peak temperature of ˜ 330 °C for HCl,
C2H3Cl, SO2, and benzene, which was consistent with temperature
range in the first degradation stage of capacitor scarfskin in Fig. 4b. In
the first stage, the main reaction was the dehydrochlorination of the
PVC forming de−HCl PVC and volatile compounds (Jordan et al.,
2001). The volatiles consisted mainly of HCl (m/z=37), SO2 (m/
z=64), benzene (m/z=78), toluene (m/z=92), and small amounts
of vinyl chloride (m/z=63). Other investigators have reported that
HCl and benzene were the main gaseous products from PVC pyrolysis
(Matsuzawa et al., 2004). However, HCl continued to be released after
the first degradation stage although at decreasing levels, and HCl for-
mation was completed at the end of the second degradation. In addi-
tion, the first and second degradation stages were also characterized by
the formation of benzene and toluene, respectively. There was only 1
high peak showing the formation of benzene (m/z=78) during the first
degradation stage (285–360 °C), and the narrow peak accurately de-
fined the beginning and end of benzene formation process in the first
degradation process. In contrast to benzene, there were two peaks
showing the formation of toluene (m/z=92), a first peak and a second
higher peak were observed at 330 °C and 433 °C, and the second for-
mation process of toluene was exactly consistent with second de-
gradation process of capacitor scarfskin. Sulfur-containing additives are
used as solidifier during vulcanization process of PVC plastics, which
explains the occurrence of SO2 (m/z=64) during the thermal

degradation process (Morgan and Wilkie, 2014).

3.3. Heating Experiments in the quartz tube furnace

Four kinds of organic materials (board resin, solder coating, capa-
citor scarfskin, and wire jacket) were used for TGA-MS experiment,
while only WPCB-Cs with board resin and capacitor scarfskin were used
for furnace heating experiments. The reasons were as follows: (1) Both
capacitor scarfskin and wire jacket consisted of PVC materials with si-
milar thermal degradation processes, and the weight loss percent of
capacitor scarfskin was higher than that of wire jacket (Fig. 2 and
Table 1). So capacitor scarfskin in WPCB-Cs was chosen for the furnace
heating experiments. (2) The solder coating possessed the best thermal
stability, with highest Td and lowest weight loss (Fig. 2 and Table 1).
The Td for solder coating was 288 °C, which was higher than 260 °C in
furnace heating experiments. In addition, only a thin layer of solder
coating was coated on the base board. Therefore, the degradation of
solder coating was not considered when doing furnace experiments.

3.3.1. Levels of PM10, PM2.5, and PM1

The average levels of PM10, PM2.5, and PM1 emitted from WPCB-Cs,
base board, and the background are reported in Table 2. Average
concentrations of PM10 and PM2.5 emitted from PCBs and base board
were 56 to 292 times higher than the background ambient level. High
concentrations of PM were released from the heating process of WPCB-
Cs and base board compared to the background concentrations. The
highest average mass concentrations of PM10, PM2.5, and PM1 were
observed from the heating process of WPCB-Cs. This may be caused by
thermal degradation of resin matrix of base board and the PVC mate-
rials of capacitor scarfskin.

The ratios of PM2.5/PM10 from WPCB-Cs and base board were 0.224
and 0.204, respectively, indicating that the heating process of WPCB
can generate high proportions of coarse particles. The proportions of
PM1:PM2.5:PM10 emitted from WPCB-Cs and base board were similar,
with the values of 1:14.9:66.5 and 1:13.8:67.6, which were different
from the proportion of PM background (1:1.09:1.35).

3.3.2. Number and mass concentrations of emitted PM
Fig. 5 shows the distribution of particulate mass concentrations and

Fig. 4. Ion currents of selected masses during the degradation. (a) WPCB board resin: H2O (m/z=18), CO2 (m/z=44), HBr (m/z=82), phenol (m/z=94),
methylphenols (m/z=108); (b) capacitor scarfskin: HCl (m/z=37), C2H3Cl (m/z=63), SO2 (m/z=64), benzene (m/z=78), toluene (m/z=92).

Table 2
Levels of PM10, PM2.5, and PM1 emitted from WPCB-Cs and base board (μg/m3).

WPCB-Cs (n=106) base board (n=76) background (n= 132)

PM10 49711.3 ± 70,021.6 38046.4 ± 63,551.5 170.0 ± 11.4
RSD (%) 140.9 167.0 6.7
PM2.5 11148.3 ± 14,270.0 7766.9 ± 11,203.2 138.7 ± 5.5
RSD (%) 128.0 144.2 4.0
PM1 747.0 ± 590.6 562.8 ± 518.4 126.3 ± 4.5
RSD (%) 79.1 92.1 3.5

J. Guo, et al. Journal of Hazardous Materials 382 (2020) 121038
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size distributions for background, base board, and WPCB-Cs. Overall, an
obviously increase in the number and mass concentrations of emitted
fumes from WPCB-Cs and base board compared to the background. For
PM emitted from WPCB-Cs and base board, bimodal mass size dis-
tributions were found at diameters of 0.45-0.5 μm and 4–5 μm, re-
spectively. Particulates with diameters larger than 0.7 μm pre-
dominated. The total mass concentrations of emitted fumes from
WPCB-Cs and base board were 50.1 and 38.4mg/m3, respectively. The
highest mass concentrations were found to correspond to particles with
4–5 μm size distribution, with mass concentrations of 12.6 and
10.1mg/m3, respectively.

Meanwhile, the concentration and size distribution indicated that
the counts of particle in the size ranges of 0.3-0.35 μm and 1.6–2 μm
had a sharp increase in number concentration. The total number con-
centrations of emitted fumes from WPCB-Cs and base board were 6046

and 4762 particles per cm3, respectively. The results presented in
Fig. 5b show that particles smaller than 0.6 μm predominated. The
highest concentration of PM correspond to the particle with 0.3-
0.35 μm size range, with concentrations of 756 and 638 particles per
cm3. Although fine particles between 0.3 μm and 0.35 μm dominated,
their contributions to PM1 were small, representing 5.0–5.5 weight
percentage of PM1 emitted from WPCB-Cs and base board.

The distribution of particulate mass and concentrations depended
on the materials and heating parameters. The composition and particle
size of the materials are expected to influence the PM emission during
thermal treating or open burning processes. Heating parameters, such
as gas atmosphere, heating methods (thermal treatment, open burning,
or pyrolysis), temperature, the turbulence of gas, always have effects on
the particle formation and particulate distribution. The PM formation
and particle distribution are complicated consequences of the heating
process. In Li et al.’s study (Li et al., 2018), small pieces of waste printed
circuit board (830–1700 μm) were heated (300 °C for 150min) or open
burned (800–1350 °C for 3min) under desiccant air atmosphere for
modeling experiments in a chamber. The distributions of PM in Li
et al.’s study (Li et al., 2018) were detected by a Micro-Orifice Uniform
Deposit Impactor (MOUDI). In our study, the WPCB-Cs were heated at
260 °C under argon atmosphere in a quartz tube. The heating methods
are different. In addition, the distribution of PM was based on an online
laser aerosol spectrometer (Grimm Model). Therefore, the difference
between the two studies was reasonable and expected.

The source of PM was multi-component vapor-gaseous mixture,
formed by evaporation of water, CO2, VOCs, and SVOCs when the or-
ganic compounds in WPCB-Cs were heated at a high temperatures. Four
mechanisms are responsible for the formation of PM: condensation,
coagulation, adsorption SVOCs onto existing solid particles, and dis-
solution of soluble gases in particles or droplets (USEPA, 2004). When
vapor is cooled by the water-cooling process, new particles may be
formed by nucleation from gas phase materials, and the low-equili-
brium vapor pressure gas molecules condense on a particle. Fine par-
ticles can also be produced by coagulation (two particles combining to
form one) or by condensation (low-equilibrium vapor pressure gas
molecules condensing on a particle). As the particle size increases, the
rate of growth decreases and particles accumulated in the accumulation
mode size range (0.1–2 μm). The accumulation-mode particles with a
hydroscopic component, grow into droplets as the relative humidity
increases. Meanwhile, large variety of organic compounds condense to
liquid oil, in which the SVOCs dissolve. The accumulation mode and the
coarse mode (2–10 μm) overlap in the region between 1 μm and 3 μm.
In this region, there was an obvious peak in the concentration of PM
(Fig. 5b).

3.3.3. VOCs emission from board resin
The board resin dominated the weight of organic materials con-

tained in the WPCB-ECs, and the VOCs emission from base board was
detected using sorbent adsorption and thermal desorption & GC–MS.

Fig. 5. The particulate mass (a) and number (b) size distributions during
thermal treatment of WPCB.

Fig. 6. Total ion chromatogram (TIC) of VOCs released from isothermal pyrolysis of board resin.
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The total ion chromatogram (TIC) of VOCs released from board resin at
isothermal pyrolysis condition (260 °C) are shown in Fig. 6. Dehydra-
tion and the production of aromatic compounds and furans were ob-
served at different retention time (RT). Aromatic substances such as
ethylbenzene (RT=6.00), styrene (RT=7.01), and phenol
(RT=13.96) were found in the TIC. Other toxic furans such as furan-2-
carboxaldehyde (RT=9.56) and 2-pentylfuran (RT=9.93) were also
detected. The additional mass spectra are shown in Fig. S1.

The degradation mechanisms and pathways of organic substances
contained in WPCB-ECs are complex. The board resin accounted for the
most weight of organic materials, and a wide range of aromatics,
nonaromatic ring-retaining and ring-opening products were generated
due to the chain scission processes of resin matrix and molecular re-
arrangement of radicals (·Br, ·Cl, ·CH3, etc.) or precursors. A possible
degradation mechanism of board resin and capacitor scarfskin is shown
in Fig. 7. HBr and HCl are constantly released in high concentrations
from board resin, BFRs, and PVC materials. Aromatic compounds such
as phenol and benzene are the main organic products from WPCB-ECs
degradation. In addition, furans and dioxin precursors can also be
generated (Barontini and Cozzani, 2006). Kumagai et al., (Kumagai
et al., 2017) investigated the debromination of brominated phenols in
the presence of CaO through charge transfer, and phenol was produced
from thermal degradation (mainly below 300 °C) of phenol resin paper-
laminated WPCB. Evangelopoulos et al., (Evangelopoulos et al., 2015)
also found that aromatic compounds such as styrene, methylstyrene,
phenol, and benzene were produced due to board resin’s decomposi-
tion.

4. Conclusions

This research investigated the thermal degradation process of or-
ganic substances contained in WPCB-ECs in a quartz tube furnace and
thermos-gravimetric analysis. Four kinds of organic substances, in-
cluding board resin, capacitor scarfskin, wire jacket, and solder coating
from WPCB-CEs, were used for TGA. The results of TGA-MS, FTIR,
online detection of PM, and sorbent adsorption of VOCs showed that
HBr and phenol were the main degradation products from board resin,
while HCl, benzene, and toluene were main products from heating of
capacitor scarfskin. The emission features of PM, particulate mass/
number size distributions from WPCB-Cs and base board were com-
pared and analyzed. The results showed that thermal treatment of

organic substances contained in board resin and plastics could lead to
PM and VOCs pollution. Therefore, it is important to monitor the en-
vironment in which WPCB-ECs are dismantled and to provide e-waste
workers with personal protective equipment to reduce toxic exposures.
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