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• Toxic fumes were generated during
waste printed circuit board heating pro-
cess.

• Particulate matter and PBDEs were two
key pollutants during de-soldering pro-
cess.

• The deposition flux for coarse particles
in the head airways was the largest.

• PM in fumes can be effectively removed
by the negative pressure hood.
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Heating processes for the removal of electronic components fromwaste printed circuit boards (WPCBs) is an im-
portant step in the chain of electronic waste recycling, and toxic fumes are generated during the de-soldering
process, causing environmental pollution and posing health risks for the workers. This study is aimed to charac-
terize emission and deposition fluxes of respirable particulate matter (PM), and assess exposure of workers to
particle-bound polybrominated diphenyl ethers (PBDEs). An electrical low-pressure impactor was used to mea-
sure the real-time PM concentrations inside and outside the hood during the WPCBs de-soldering process. The
results show that PM mass concentration inside the hood (204 mg/m3) was significantly higher than outside
the hood (9.4 mg/m3), representing 95.4% PM removal by the hood. According to the International Commission
on Radiological Protection model, the total deposition fluxes of PM in head airways region, tracheobronchial re-
gion, and alveolar region were determined as 1930, 74.0, and 123 μg/h, respectively. The deposition flux for
coarse particles (2.5–10 μm) in the head airways was the largest (1830 μg/h), accounting for 86.1% of total PM
deposited in respiratory system. The∑8PBDEs concentration in PM10 inside theWPCBs de-soldering workshop
was 20,300 pg/m3, and the ∑8PBDEs inhalation exposure for the worker was 1.46 ng/kg/day. This study im-
proves understanding of PM emissionmechanisms and provides fundamental data for health assessments during
WPCBs de-soldering process.

© 2019 Elsevier B.V. All rights reserved.
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Table 1
Particle size ranges and geometric mean of aerodynamic diameter (Di) of 12 channels of
ELPI.

Channel Particle size range Di (μm)

Lower limit (μm) Upper limit (μm)

1 0.03 0.081 0.039
2 0.081 0.108 0.071
3 0.108 0.17 0.12
4 0.17 0.26 0.20
5 0.26 0.4 0.31
6 0.4 0.65 0.48
7 0.65 1.0 0.76
8 1.0 1.6 1.22
9 1.6 2.5 1.94
10 2.5 4.4 3.06
11 4.4 6.8 5.12
12 6.8 9.97 8.08
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1. Introduction

The generation ofwaste electrical and electronic equipment (WEEE)
in all parts of the world continues to increase rapidly. For example, data
show that 633million tonnes ofWEEEwere generated in China, in 2014,
accounting of about 13.2% of global generation of WEEE (Baldé et al.,
2015; Ogunseitan et al., 2009; Chen et al., 2011). Waste printed circuit
boards (WPCBs) form the base component of WEEE, consisting of the
electronic components and the base board. Generally, electronic com-
ponents are attached on the base board through the adhesion of solder.
Therefore, heat treatment is needed to melt this solder for removal of
the electronic components during disassembly in the recycling process.

Previously in Guiyu (Guangdong Province, China) primitive
recycling methods were used without environmental protection.
These included first placing the WPCBs on the coal-heated grills to
melt solder, and then removing the various components with pliers
(Puckett et al., 2002). During the de-soldering process, substantial
quantities of harmful fumes were emitted intermittently, resulting in
severe toxic pollution in the workshop and nearby environment
(Leung et al., 2011; Ren et al., 2014; Bi et al., 2010).

Various toxic compounds were emitted during WPCBs recycling
processes, such as volatile organic compounds (VOCs) (An et al., 2014;
Chen et al., 2016a, 2016b; He et al., 2015; Liu et al., 2017), semi-
volatile organic compounds (Ortuño et al., 2014; Li et al., 2018), and
heavy metals (Bi et al., 2010; Duan et al., 2012; Fang et al., 2013).
Many researchers (Ren et al., 2014; Bi et al., 2010; An et al., 2011) stud-
ied the airborne and floor pollution caused byWPCBs de-soldering pro-
cesses in WEEE recycling areas in China, and found that particulate
matter (PM) and polybrominated diphenyl ethers (PBDEs) are two
key pollutants contained in emitted fumes during WPCBs de-soldering
process. Bi et al. (2010) found that organic matter comprised
46.7–51.6% of the PM collected from WPCBs recycling workshop, and
metal elements (Pb, Zn, Sn, Cu, andMn)were found in PM. However, re-
search on the PM emissionmechanism duringWPCBs de-soldering pro-
cess is not extensive. PBDEs, a group of brominated flame retardants,
were widely used in the base board of WPCBs in old home appliances.
The data show that 25% of Flame Resistant 2-type WPCBs used in old
home appliances were treated with penta-BDE mixtures (UNEP,
Stockholm Convention on Persistent Organic Pollutants (POPs), 2009).
Due to the semi-volatile properties of PBDEs, PBDE congeners contained
in WPCBs are typically emitted to the environmental medium, espe-
cially during heating process, thus posing exposure risk and resulting
adverse effects for workers due to the inhalation of polluted air (Ma
et al., 2009; Zeng et al., 2016).

The fumes emitted from WPCBs de-soldering, including PM and
particle-bound PBDEs, has many negative effects on environmental
quality and human health (Zheng et al., 2017; Chen et al., 2011). The
Chinese government has banned the crude method for WPCBs de-
soldering without pollution control; instead, policies and guidelines
allowWPCBs de-soldering processes equippedwith a negative pressure
platform and gas treatment mechanisms (Li et al., 2015; MEE, China.
Ministry of Ecology and Environment of the People's Republic of
China, 2014). Thus, the majority of the fumes can be withdrawn by
the hood and treated by gas control facilities. However, some fumes
are inevitably leaked out of the hood, polluting the air quality in the
workshop and posing an occupational exposure risk for the workers.

The deposition of PM in the respiratory systems is important for
evaluating the potential risk of inhaled particles. The human respiratory
system has three regions: head airways region (HA), tracheobronchial
region (TB), and alveolar region (AR) (Hinds, 1999). Those three respi-
ratory regions are markedly different in structure, function, and sensi-
tivity to particles, thus influencing the aerodynamic behavior and
deposition location of PMwith particle size and shape on the respiratory
system. Based on the particle distribution of PM and International Com-
mission on Radiological Protection (ICRP) exposure model, the health
effects of size-dependent PM after fume inhalation can be assessed.
This study aimed to investigate hazards associated with WPCBs de-
soldering through PM emission characteristics and health risk assess-
ment related to PMand particle-bound PBDEs, with particular emphasis
on the effectiveness of the extraction hood. We also sought to evaluate
the inhalation exposure risk for e-waste workers and the potential for
environmental pollution from e-waste management practices.

2. Methods

2.1. Sampling information

TheWPCBs sampleswere dismantled fromwaste cathode ray tube TV
sets, before processing in the WPCBs de-soldering workshop of a WEEE
recycling plant in Shanghai, China. The platformwas equipped with neg-
ative pressure ventilation and hood, and a furnace for heating tin ingot
was fixed inside the hood. The WPCBs de-soldering procedures were as
follows as shown in Fig. S1 in the Supplementary Data (SD): (1) Tin
ingot was melted to liquid state in the heating furnace at 300 °C;
(2) WPCBs samples with solder‑tin side were immersed into the liquid
tin. After 20–30 s, the solder‑tin on theWPCBsmelted; (3) theworker re-
moved the electronic components from the base board with pliers.

2.2. PM sampling

An electrical low-pressure impactor (ELPI, Dekati Co. Ltd., Finland)
and a PM10 sampler (100 L/min, Lao Ying 2030, Qingdao Laoshan elec-
tronic instrument factory Co. Ltd., China) were placed in the workshop.
The ELPI was fixed about 1m away from the hood in one side, while the
PM10 samplerwasfixed about 2maway from the hood in the other side.

Real-time detection of PM: The ELPI was used to detect the particle
size distribution of the fumes generated during the WPCBs de-soldering
process. ELPI is a real-time airborne particle size spectrometer, measuring
particle size distribution in the size range of 0.03–10 μmwith12 channels.
The particle size ranges and geometric mean of aerodynamic diameter
(Di) of 12 channels are shown in Table 1. The ELPI operating principle is
based on particle charging, inertial classification in a cascade impactor,
and electrical detection of the aerosol particles. The PMparticleswere col-
lected on the aluminum substratewith grease-coated, and 3 kinds of par-
ticles range in 1.0–1.6, 2.5–4.4, and 6.8–9.97 μm were used for Scanning
Electron Microscopy (SEM) coupled with Energy-Dispersive X-ray
(EDX) analysis. The air samples were withdrawn to the inlet of ELPI ma-
chine by a vacuumpump, and a 1.5-mvacuumhosewas connected to the
inlet of ELPI machine. When turning on the vacuum pump, the air sam-
ples were collected from the inlet of the hose, and then entered into the
inlet of ELPI machine. The inlet of the hose was fixed at 3 different sites:
(1) from 0 to 100 s: gas samples (about 1 m away from the hood) in
the workshop were withdrawn; (2) from 100 to 370 s: gas samples out-
side the hood (close to the nose of the worker) were sampled, and the
data can be used for occupational exposure assessment; (3) from 370 to
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520 s: gas samples inside the hood (on top of the heating furnace) were
withdrawn. The particles were divided to 3 categories according to the
aerodynamic diameter (Di): coarse particles (PM2.5–10, 2.5 b Di b 10 μm,
channel 10–12),fineparticles (PM2.5, Di b 2.5 μm, channel 1–9), andultra-
fine particles (PM0.1, Di b 0.1 μm, channel 1–2).

PM10 sampling: PM10 samples in the workshop were collected on
glass fiber filters (diameter = 90 mm, pore size = 0.1 μm). The sam-
pling duration for each sample was 4 h during the working time near
the worker. Concentrations of PM10 were determined by weighing fil-
ters before and after sampling.

2.3. Deposition of PM in the respiratory system

The deposition characteristics of PM in the respiratory system of the
worker for WPCBs de-soldering were estimated with an ICRP model.
The deposition efficiencies of inhaled PM in three regions (HA, TB, and
AR) in the respiratory system for male worker at the sitting level of ex-
ercise (breathing rate of 0.54 m3/h) were calculated based on the ICRP
model. More details about the ICRP are shown in the SD.

2.4. PBDEs measurement

The particles in PM10 were collected for particle-bound PBDEs tests.
Firstly, the weighed glass fiber filters were cut into chips using stainless
scissors. Then chopped PM10filterswere extracted by soxhlet extraction
using and a dichloroethane/hexane solvent mixture (1:3 v/v) for 12 h.
Sampleswere concentrated to a small volume and transferred into hex-
ane. Further cleanup using a multilayer silica gel column was carried
out, and samples were eluted with dichloromethane/hexane mixture
(1:1 v/v). The sample extracts were analyzed by an Agilent 7890A gas
chromatograph coupled with a 5975C mass spectrometer using nega-
tive chemical ionization (GC-NCI-MS) in the selected ion monitoring
(SIM) mode. More details on the extraction procedure were illustrated
in the SD. The 8 BDE congeners (BDE-28, -47, -100, -99, -154, -153,
-183, and -209) in PM10 samples were tested.

3. Results

3.1. PM emission characteristics

Fig. 1 shows the current values of the 12 channels in the ELPI during
the WPCBs de-soldering process.
Fig. 1. Current values of 12 channels in ELPI during WPCBs de-soldering process. 3 inlet
sampling sites for ELPI: Site 1 - gas samples in the workshop, and it means that the
background PM in the workshop; Site 2 - the inlet sampling position was moved outside
the hood, close to the nose of worker dismantling WPCBs; Site 3 - sampling inlet was
moved inside the hood (on top of the heating furnace).
As mentioned, there are 3 inlet sampling sites as shown in the cur-
rent values of ELPI: (1) Site 1 (0–100 s): gas samples in the workshop
were withdrawn, and the current line were relatively stable, and no ob-
vious peeks occurred. This means that the background PM in the work-
shop was a stable control; (2) Site 2 (100–370 s): the inlet sampling
position was moved outside the hood, close to the nose of worker dis-
mantling WPCBs. During this time period, four current value peaks
(A–D) can be seen, which represented the de-soldering process for
four pieces of WPCBs. The current values of the ELPI were proportional
to the number and mass concentrations of collected particles, and the
current peaks represented the real-time increase of particle population.
The de-soldering process mainly includes two steps: the first step is the
heating process for melting the solder, and the second step is to manu-
ally remove the electronic components through knocking and pulling
with pliers by dismantling workers. During the heating process, the
resin matrix and organic additives (PBDEs etc.) contained in the base
board of WPCBs were also heated by the hot liquid tin, thus generating
the fumes. After 20–30 s of heating time, the solder on the WPCB
melted, and the worker started to manually remove the electrical com-
ponents. Meanwhile, the fumes released from the base board were
withdrawn by the negative pressure hood or diffused outside the
hood due to the removal process. The knocking and pulling process
for each piece of WPCBs lasted about 20 s, which was consistent with
the duration of each peak. The operation of knocking and pulling by
the hands of dismantling worker stirred the air fluent inside the hood,
likely resulting in the leakage of fumes outside the hood. Then the
fume was sampled by the ELPI, resulting in the occurrence of Peak A–
D. (3) Site 3 (370–520 s): sampling inlet was moved inside the hood
(on top of the heating furnace). The current peaks during this time pe-
riod were obviously higher than the peaks sampled at Site 1 and Site 2.

In order to compare PM number concentration andmass concentra-
tion distribution, we chose four parts of time period as shown in Part 1
(50–70 s), Part 2 (100–120 s), Part 3 (121–141 s), and Part 4
(460–520 s). Part 1 represents the background of PM in the workshop,
Part 2 and Part 3 represents the PM levels before and after WPCBs de-
soldering process outside the hood, and Part 4 represents the PM emis-
sion inside the hood. Fig. 2 shows the number and mass concentration
distribution of PM in the Part 1, Part 2, Part 3, and Part 4.

Generally, PM number concentrations decreased with the increase
of particle size, while mass concentrations increase with the increase
of particle size. However, the mass concentration distribution displays
a slightly unimodal distribution, with peaks located at 0.31 μm for Part
1 and Part 2. The PM in Part 2 was affected by the negative pressure in-
side the hood, so PM concentration outside the hood before WPCBs de-
soldering was lower than that in the workshop (Part 1). The mass con-
centration distribution (dM/dlogDp ~ Dp) in Part 3 and Part 4 have no
obvious peak (Fig. 2b), and the shapes are similar. PM0.1 number and
mass concentrations vary from 8.67 × 104 to 7.09 × 106 cm−3, 2.66
× 10−3 to 1.07 mg/m3. PM2.5–10 number and mass concentrations vary
from 10.8 to 3445 cm−3, 0.25 to 679 mg/m3. The values of PM number
and mass concentrations in Part 4 were about 2–3 orders of magnitude
higher than those in Part 1, 2 and 3.

3.2. Deposition characteristics of PM in the respiratory system

To evaluate exposure to PM through inhalation during WPCBs de-
soldering process, we chose Part 3–3 (from 120 to 300 s) as the actual
scenario for assessment when the sampling position was fixed near
the nose of the worker outside the hood. Part 3–3 represents the period
of treating 3 pieces of WPCBs. The peaks (A, B, C) in Fig. 1 represent the
fumes leaked from the hood during the removal process of WPCBs,
while some lower peaks represent the fumes leaked from the hood dur-
ing heating process. So, the mass concentration of PM inhaled by the
worker was taken to be the mean value of mass concentrations in the
Part 3–3. Detailed data on the deposition fractions and fluxes of PM in
the three regions are shown in Table 2.



Fig. 2. Number (a) and mass (b) concentrations of PM. Part 1 represents the background of PM in the workshop, Part 2 and Part 3 represent the PM samples before and after WPCBs de-
soldering process outside the hood, and Part 4 represents the PM emission inside the hood.
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The number andmass cumulative distribution in PM10 are shown in
Fig. 3, and similar distribution patterns were observed in Parts 1, 2, 3,
and 4. The number cumulative values of ultrafine particles (PM0.1) in
Part 1, Part 2, Part 3, and Part 4 (Fig. 3a) were 59.0%, 68.1%, 68.3%, and
71.4%, respectively.

Based on the ICRP equations (in the SD) and themass concentrations
of PM detected from the ELPI machine, the total deposition fluxes of PM
in the HA, TB, and AR were 1930, 74.0, and 123 μg/h, respectively. The
deposition flux for coarse particles in 2.5–10 μm in the HAwas the larg-
est (1830 μg/h), accounting for 86.1% of the total PM deposited in respi-
ratory system. Conversely, the deposition fluxes for the ultrafine
particles (Di b 0.1 μm, channel 1 and 2) in the HA, TB, and AR were
0.16, 0.27, and 1.30 μg/h, respectively. It indicated that ultrafine PM
were dominant in the AR, accounting for 75.1% of the ultrafine particles
in the respiratory system.

3.3. SEM morphology of PM

SEM coupled with EDX was used to characterize the size, morphol-
ogy and chemistry of particles collected from aluminum substrates.

Fig. 4a shows the morphology of particles in 1.0–1.6 μm. The upper-
left and upper-right figures are the EDX spectrum and mapping distri-
bution of Sn for Fig. 4a. Some individual fine particles circled in red
dashed line circles are for ~1 μm particle size. However, some fine and
coarse particles with irregular shapes agglomerated loosely in the cen-
ter position, and the relatively coarse particles in Fig. 4a were mainly
captured inside the hood from tin melting process. During both the sol-
der melting and manual removing process, tiny fractions affiliated with
liquid metals-droplets were withdrawn by the pump of ELPI. From the
Table 2
Mean mass concentrations (μg/m3), inhalation fraction (IF), deposition fractions (DF, %), and d

Channel Di Mean mass concentration IF DF-HA

μm μg/m3 %

1 0.039 1.70 1 4.79
2 0.071 8.23 1 2.64
3 0.12 22.6 1 2.02
4 0.20 72.9 1 2.58
5 0.31 98.8 1 4.68
6 0.48 136 1 9.31
7 0.76 122 1 19.1
8 1.22 138 1 36.8
9 1.94 150 0.998 58.0
10 3.06 256 0.991 76.0
11 5.12 829 0.966 86.6
12 8.08 2900 0.896 85.4
total – 4730 – –
upper-left spectrum of three repeat EDX analysis, the dominated ele-
ment is Al (88.04%), but also includes several other metal elements, in-
cluding Mn (2.07%), Fe (0.59%), Zn (0.36%), Sn (0.81%), and Au (2.18%).
The collection substrate consisted of aluminum, so the weight percent-
age of Al was up to 88.04%. According to the mapping of Sn spatial dis-
tribution in the upper-right figure, the Sn distribution is consistent
with the SEM morphology, and the 0.81% Sn element dispersed over
the whole zone, especially affiliated on the surface of coarse particles.
During the WPCBs de-soldering process, the fixed temperature of fur-
nacewas 300 °C, while themelting point of Sn element is 232 °C. There-
fore, the tin ingot and the solder on the WPCBs can melt to liquid state
and generate Sn vapor. It is likely that the Sn vapor can float to the
fumes in the condition of negative pressure of the hood. As the fumes
were withdrawn into the ELPI, the Sn vapor cooled and adsorbed on
the surface of particles. Fig. 4b shows that fine particles with particle
size of 2.5 μm are mainly in the form of individually spherical particles.
The spherical shape is indicative of a high-temperature process, which
may originate from the melting process (Zhao et al., 2016). In Fig. 4c,
coarse particles with irregular shapes in 6.8–10 μm range can be seen,
and the fractions of WPCBs base board are the likely source.

3.4. Exposure and health assessment of PM and PBDEs

The PM10 concentration (detected by PM10 sampler) in theworkshop
was 397 μg/m3,whichwas about 8 times higher thanWHOguidelines for
PM10 (50 μg/m3, 24-hour mean) (WHO (World Health Organization),
2006), and over 2 times higher than 2nd grade for PM10 (150 μg/m3,
24-hour mean) from Chinese Ambient Air Quality Standards (GB3095-
2012). High-level PM10 inside the workshop, consisting of a complex
eposition fluxes (F, μg/h) of PM outside the hood.

DF-TB DF-AR DF F-HA F-TB F-AR F

μg/h

8.91 37.0 50.7 0.04 0.08 0.34 0.47
4.30 21.5 28.4 0.12 0.19 0.96 1.26
2.02 11.2 15.2 0.25 0.25 1.37 1.87
0.86 6.25 9.69 1.02 0.34 2.46 3.81
0.48 5.93 11.0 2.50 0.26 3.16 5.92
0.66 7.94 17.9 6.85 0.49 5.84 13.1
1.65 10.8 31.5 12.6 1.09 7.13 20.8
3.64 12.7 53.1 27.5 2.72 9.49 39.7
5.57 12.1 75.6 46.9 4.51 9.80 61.2
6.03 9.40 91.4 105 8.35 13.0 126
4.39 5.58 96.5 387 19.6 24.9 432
2.31 2.84 90.5 1340 36.1 44.4 1420
– – – 1930 74.0 123 2120



Fig. 3. Number (a) and mass (b) cumulative distribution in PM. Part 1 represents the background of PM in the workshop, Part 2 and Part 3 represent the PM samples before and after
WPCBs de-soldering process outside the hood, and Part 4 represents the PM emission inside the hood.
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mixture of organic and inorganic substances, can enter the respiratory
system and potentially cause adverse effects on workers' health.

In order to investigate the inhalation exposure of particle-bound
PBDEs in the workshop, the PBDEs concentration in PM10 were mea-
sured. The congener concentrations of BDE-28, -47, -100, -99, -154,
-153, -183, and -209 in PM10 were 677, 9470, 910, 6480, 228, 541,
20.2, and 1990 pg/m3, respectively (Table 3). From Table 3, showing
comparison in various sampling workshops for e-waste recycling, we
discovered that the indoor air concentrations of PBDEs were in order
of WPCBs heating process N WPCBs/plastic shredding process N TV dis-
mantling process N e-waste storage facility. In Ren et al.'s (2014) and
Guo et al.'s (2015b) studies, the concentrations of BDE-47 and -99
were in range of 139,000–236,000 pg/m3, 2–4 orders magnitude higher
than those in other workshops.

4. Discussion

Since China's Guiyu e-waste recycling region shifted away from
primitive processes by the start of 2016, the e-waste recycling activity
Fig. 4. SEM of PM at different collection substrates. (a) 1.0 b Di b 1.6 μm; (b) 2.5 b Di b 4.4 μm
mapping for the Fig. 4a.
in Guiyu has moved from dispersed home-workshops to industrial
parks equipped with chimney systems for reducing the gaseous emis-
sions. Currently, WPCBs de-soldering processes still exist in the indus-
trial park workshops, and pollution caused by WPCBs de-soldering
remains a grave problem in e-waste dismantling zones. The hood was
used to withdraw the fumes emitted from theWPCBs de-soldering pro-
cess, and PM in Part 3 (Fig. 1) was the leakage of PM out of the hood. So,
the PM removal rate of the hood can be calculated by comparing the
Part 3 and Part 4. Comparedwith PM in Part 4, the total PM (from chan-
nel 1 to 12) mass concentrations in Part 3 decreased from 203.6 mg/m3

to 9.4 mg/m3, equating to a total removal rate of 95.4%. The detailed re-
moval rates for different size particles were shown in Fig. 2b. The re-
moval rate of different size particles can reach 93.4–98.5%, and the
hood has the strongest and weakest faculty to remove the particles
with Di of 0.76 and 0.20 μm, respectively. The particles have various dy-
namic behaviors when the worker stirred the air flow and the removal
process can be influenced by many factors, such as inertial impaction,
interception, diffusion collision, and gravity, etc. (Zhao et al., 2016).
The fumes in Part 4 inside the hood had the highest percentage of
; (c) 6.8 b Di b 9.97 μm. The upper-left and upper-right are the spectrum and Sn element



Table 3
PBDEs concentration (pg/m3) in air samples from relevant e-waste recycling environment.

Sampling date Sampling country Sampling site Air sample BDE-47 BDE-99 BDE-153 BDE-209 Reference

Indoor Before 2001 Sweden Dismantling hall near plastic shredder Gas +
particles

1200 2600 3900 36,000 Sjödin et al.,
2001

Indoor Jun. 2004 USA Dismantling hall near WPCBs shredder Gas +
particles

2400 2500 7800 600,000 Cahill et al., 2007

Indoor Sep. 2007 Guiyu, China WPCBs de-soldering by heating stoves Particles 236,000 228,000 19,100 146,000 Ren et al., 2014
Indoor Dec. 2007 – Feb.

2008
Thailand e-waste storage facilities Gas 23 28 7.3 – Muenhor et al.,

2010
Indoor Oct. 2012 Korea TV-dismantling workshop Gas +

particles
26.6 247 133 13,700 Park et al., 2014

Indoor Dec. 2013 Jiangsu province,
China

WPCBs de-soldering by heating machine Particles 234,000 139,000 16,800 479,000 Guo et al., 2015b

Indoor Apr. 2015 Shanghai, China WPCBs de-soldering by furnace with hood Particles 9470 6480 541 1990 This study
Outdoor Sep.2004 Guiyu, China Roof of a 3-story building near open burning

operations
Particles 486 5519 811 – Deng et al., 2007

Outdoor Sep. 2005 Guiyu, China Roof of a bungalow Gas +
particles

4105 2491 315 2164 Chen et al., 2009
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particles in the environment as awhole. It is likely that the ultrafinepar-
ticles in the fumes released from the heating pool grew bigger and big-
ger due to the coagulation process, resulting in the decrease of number
cumulative percentage of ultrafine particles outside the hood. Themass
cumulative values of coarse particles (PM2.5–10/PM10) in Part 1, Part 2,
Part 3, and Part 4 (Fig. 3b) were 75.7%, 82.9%, 88.6%, and 80.4%, respec-
tively. The PM samples in Part 3 outside the hood have the highest
amount and cumulative percentage of coarse particles. It can be ex-
plained that the coarse particles are easily influenced by the turbulent
air, resulting inmore coarse particles leaking from the hood. In addition,
the aggregation process of fine particles to coarse particles may be an-
other reason. However, the higher percentage of coarse particles escap-
ing from the fume hood is offset by the fact that they can be more
efficiently removed by protective masks when compared to fine
particles.

PM particles may deposit in the different regions of the respiratory
system by impaction, sedimentation or diffusion (Hinds, 1999). Large
particles (Di N 5 μm) are more efficiently removed from the airstream
in the HA due to inertial impaction and sedimentation (gravitational
forces) after the inhalation of airstream. For the TB, impaction remains
a significant deposition mechanism for particles larger than 2.5 μm. In
addition, the airway volume increases and the air velocity decreases
after the inhaled airstream enters the TB, providing more time for sedi-
mentation to deposit the particles. However, themain depositionmech-
anism for smaller particles (Di b 0.5 μm) is diffusion as gravitational
forces become negligible. For the AR where the distances between the
particles and airway epithelium are small, diffusion deposition is impor-
tant in the small airways (USEPA, 1994).

Air concentrations of PBDEs in the workshop were related with the
items of e-waste and process activity, and the BDE-47 and -99 were
themain congeners in the penta-PBDEsmixturewidely used as additive
flame retardant in old printed circuit boards (Guo et al., 2015b; UNEP,
Stockholm Convention on Persistent Organic Pollutants (POPs), 2009).
During the heating process large quantities of these PBDE congeners
were emitted to the surrounding microenvironment, resulting in high
levels of PBDE pollution. Ren et al. (2014) studied the PBDE pollution
in a workshop with 24 stoves for WPCBs de-soldering process in
Guiyu, China. The government had not yet banned the primitive
recycling methods without exhaust gas treatment, and the PBDE levels
in air were much higher than those reported in elsewhere, comparable
withWPCBs de-soldering processes using a heatingmachine (Guo et al.,
2015a, 2015b). In our previous study (Guo et al., 2015b), the high PBDE
levels in air from inside a workshop equipped with a heating machine
for removing electronic components of WPCBs was caused by the leak-
age of fumes from the heatingmachine. In addition, the high volumes of
waste treated and poor ventilation in the workshop were also reasons
for the severe PBDE pollution. After installation of negative pressure
and fume hoods, the indoor air concentration of PBDEs in the WPCBs
de-soldering workshop decreased, with BDE-47 at 9470 pg/m3 and
BDE-99 at 6480 pg/m3 (in this study), which were slightly higher than
those in former studies involving outdoor air in Guiyu (Deng et al.,
2007; Chen et al., 2009). For the WPCBs/plastic shredding process or
e-waste dismantling workshop, the concentrations of 4 BDE congeners
in indoor air (gas + particles) were 1200–36,000 pg/m3 in Sweden
(Sjödin et al., 2001), 2400–600,000 pg/m3 in USA (Cahill et al., 2007),
and 26.6–13,700 pg/m3 in Korea (Park et al., 2014), respectively. BDE-
209 and -153 were the main congeners detected in the indoor air,
which originated from the crushed fractions caused by mechanical ac-
tivity. The source of BDE-209 was from the plastic components of e-
waste or WPCBs. The gas PBDEs concentrations in indoor air of a Thai
e-waste storage facility were 23, 28, and 7.3 pg/m3 for BDE-47, −99,
and− 153, respectively (Muenhor et al., 2010). The PBDE emission ve-
locity from e-waste items was slow, and the PBDE pollution in the e-
waste storage facility was slight.

Generally, WPCBs is an important PBDE pollution source, especially
for lower brominated BDE congeners. Heating processes will dramati-
cally accelerate the emission velocity of PBDEs from WPCBs. The hood
can be effectively used for the PBDE pollution control inside the work-
shop, decreasing the exposure dose for the workers. Assuming the
work time of 8 h per day, a breathing rate of 0.54 m3/h (Hinds, 1999),
and the bodyweight of an average adult worker of 60 kg, the inhalation
dose in theworkshops can be calculated. The inhalation dose of BDE-47,
−99,−153, and− 209 for the workers were 0.68, 0.47, 0.039, and 0.14
ng/kg/day, respectively. The ∑8PBDEs inhalation exposure for the
worker is about 1.46 ng/kg/day, higher than that of ∑18PBDEs (0.73
ng/kg/day) for residents in the e-waste recycling zone (Luo et al.,
2014), but 2–4 orders magnitude lower than the draft reference dose
values (100 ng/kg/day for BDE-47 and -99, 200 ng/kg/day for BDE-
153, and 7000 ng/kg/day for BDE-209) (USEPA, IRIS (Integrated Risk In-
formation System), 2008). In addition, based on the PM deposition re-
sults of the ICRP model, the majority of the PM deposition flux (90.7%)
was in the HA, and only 9.3% deposited in the TB and AR. Generally, de-
position in theHA can be considered to protect the deep respiratory sys-
tem from toxic particles. However, there are 3 exposure routes for
health assessment, including inhalation, ingestion, and dermal contact,
and only inhalation of particle-bound PBDEs was considered in this
study. Further studies on inhalation of gaseous PBDEs, dermal absorp-
tion and ingestion of PBDE-containing dust should be done for accurate
risk assessments.

Furthermore, there are many other hazardous substances emitted
during the WPCBs de-soldering process, such as VOCs, PBDD/F, PCDD/
F, and heavy metals (Bi et al., 2010; Duan et al., 2012; Duan et al.,
2011). For example, An et al. (2014) found that aromatic hydrocarbons
and halogenated hydrocarbons were the two dominant groups of VOCs
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emitted from electric heating furnaces during WPCBs dismantling pro-
cesses, with total VOCs of 3.3 × 104 μg/m3. In addition, many studies
found that the incineration ofWPCBs (250–400 °C) could cause the for-
mation of polybrominated/polychlorinated dioxin and furans (Leung
et al., 2011; Duan et al., 2011). Therefore, integrated exposure assess-
ment on various toxic substances emitted from WPCBs de-soldering
process is needed in further investigations.

5. Conclusion

Our results show that majority but not all PM and particle-bound
PBDEs can be removed by the negative pressure hood system, thus de-
creasing the exposure dose of theworkers. The largest deposition flux of
coarse PMwas in the head airways based on ICRP model. However, the
leakage of fumes (including PM and PBDEs) from the hood still poses
health risk for the workers. Therefore, effective personal protective
equipment for the workers is essential, thus decreasing the exposure
risk to the pollutants during WPCBs de-soldering process.
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