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Physical separation is the most widely used technology concerning waste printed circuit board (WPCB)
recycling in practical terms. The dust generated from the process poses a significant environmental and
human health risk. Amounts of heavy metals in dust present in each processing zone of the workshop
showed differences. However, to date, few studies have reported this. The mean metal concentrations in
workshop dust from different processing zones were investigated in this study and it was found that Zn,
Pb, and Sn appeared in higher levels than other metals, followed by Mn > Cr > Ni > V > As > Cd. The
enrichment factors (EFs) ranged from 1.15 to 207.4, and decreased in the order of Cu > Sn > Pb > Zn >
Cd > Cr > Ni > V > As, which was exactly consistent with the geo-accumulation index values. The
comparison of the EF values of workshop dust in and outside showed that the EFs in workshop dust
were mostly smaller. Metals in the dust of the crushing zone (CrZ) showed significant and strong

enrichment. The non-carcinogenic risk for different processing zones was all less than 1, which is
Received 12th May 2023

Accepted 17th June 2023 recognized safety for people’s health. The total carcinogenic risk from Cr, and Ni in all zones and As in

the CrZ exposure was not negligible. The carcinogenic and non-carcinogenic risks in the CrZ were

DOI: 10.1039/d3ra03164k significantly higher than in the other zones. Masks to filter dust, a ventilation system, daily work hours

Open Access Article. Published on 24 July 2023. Downloaded on 2/8/2026 8:43:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

With the development of the electronics industry and acceleration
of product replacement, the amount of waste printed circuit
boards (WPCBs) has increased in recent years."* The WPCBs
contain more than 60 metal substances,” including precious
metals such as Pt, Au, and Pd,*® and account for 40% of total
metal recovery value of waste electronic and electrical equipment
(WEEE).>* Therefore, they have become a significant resource
that can be recycled due to the high economic benefits.'***
However, because of various harmful heavy metals and organic
pollutants contained in WPCBs, when WPCBs are recycled or
discarded in an unfriendly manner, a threat to the environment
and human health can be posed.* Because of this, there has been
widespread concern regarding WPCBs for some time. Physical
separation, hydrometallurgy, pyrolysis, pyrometallurgy, bio-
metallurgy and supercritical fluid oxidation and other methods
have been tried by many researchers to recover and extract valu-
able metal materials from WPCBs,**¢ and reduce their harmful
environmental impacts.*'” However, physical separation is still
the most widely used technology in practical application due to its

“CAS Key Laboratory of Crust-Mantle Materials and Environment, School of Earth and
Space Sciences, University of Science and Technology of China, Hefei, Anhui 230026,
China. E-mail: Igj@ustc.edu.cn; Fax: +86-551-63621485; Tel: +86-551-63603714
*Solid Waste Management Center of Anhui Province, Hefei, Anhui 230061, China

22216 | RSC Adv, 2023, 13, 22216-22225

reduction, and automation improvement was proposed for reducing workers' exposure to heavy metal.

low construction and operation costs, uncomplicated process, and
acceptable economic and environmental options.

Physical separation, based on different physical properties of
the metallic and nonmetallic materials,*® is also usually used as
a pretreatment process for metals enrichment.”** Impurity
metal elements, which have copper as their main component,
have widely been used for copper smelting instead of some raw
materials, while organic components are removed by the high
temperature of the copper smelting furnace.”

Depending on the different separation mediums, physical
separation was divided into dry separation and hydraulic separa-
tion, the latter was officially banned in certain regions of China,
due to the generation of a large amount of wastewater containing
various hazardous contaminants. The physical separation
processes applied for the pretreatment include dismantling and
crushing. According to the previous studies, the metal and
nonmetal have almost completely dissociated when WPCBs are
crushed into particles less than 0.6 mm,*?** therefore, two-step or
three-step crushing processes with a shredder, hammer breaker
and hammer-mill are proposed to achieve the process.”® However,
due to over-crushing, large amounts of fine particles attached to
heavy metals and organic pollutants are released to the recycling
workshop.” Although a lot of measures have been taken to
enhance the efficiency of dust capture, preventing dust from
escaping in the workshop, dust pollution has always been the
most significant problem of dry physical separation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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According to published results, long incubation periods and
hard to degrade heavy metals, adhered to small particles and
entering the environment and body, will cause pollution of the
ecological environment and health risks to workers."*?***?% In
recent years, many studies put emphasis on the pollutants release
in WPCBs recycling process, especially for the various heavy metal
contaminations. WPCBs with electronic components were
collected as materials from WEEE recycling enterprises in
previous studies,”*** and mostly the whole workshop was taken as
a research object. Wang proposed that complex heavy metals and
even persistent organic pollutants exist in electronic compo-
nents.* However, the printed circuit board (PCB) manufacturing
process is the other significant contribution to WPCBs generation,
and China is the world's largest producer of PCB, the output
reached 699 million square meters in 2019.* Due to the compli-
cated production process and materials with various heavy metals
used, the emission of heavy metals in defectives and offcuts
recycling is worthy to concern.

Except for a few WPCBs generated from electrical dismantling,
samples in this study were selected from an enterprise that sup-
ported the PCB manufacturing area; thereby, most materials were
unqualified products and offcut produced by PCB manufacturers
with no electronic components, except for few WPCBs generated
from electrical dismantling. Samples from different working
zones were collected to explore the characteristics, also health
risks of heavy metals in different processing zones, then sugges-
tions for pollution prevention and workers' protection in different
zones were proposed. The experiments were carried out to (1)
understand the heavy metals distribution, concentration,
morphology and composition of dust in the workshop; (2) analyze
the characteristics of heavy metals enrichment in the dust of
different processing zones and compare them to dust taken from
outside the workshop to detect the migration of dust; (3) evaluate
the health risks to workers by heavy metals exposure in the
workshop dust and propose suggestions for workers engaged in
different processing zones.

2. Materials and methods
2.1 Samples

In this study, we selected a WPCBs recycling enterprise main-
taining that has been in stable operating condition for a long
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time in eastern China (Fig. 1). It was located in an industrial
area that was home to more than forty PCB manufacturing
companies. The WPCBs were generated primarily from PCB
manufactured. A physical separation process combining
magnetic separation, pneumatic separation, and electrostatic
separation was taken for metal and non-metal separation of
WPCBs. Each process in the workshop was partitioned into
relatively independent zones by steel plate. Samples were
collected in December 2021, from different zones including the
feeding zone (FdZ), dismantling zone (DmZ), crushing zone
(Crz), WPCBs storage zone (WsZ), and powder storage zone
(PsZ) respectively, in and around the workshop (Table 1). The
FdZ was a widely open area for WPCBs feeding and transporting
to crushing by conveyor belt. The CrZ was a completely enclosed
space with a ventilation system for collection and filter for
particulates. WsZ and PsZ in the workshop were both sealed off
around and unroofed, for WPCBs and separated resin powder
storing respectively. The DmZ was a small, separated room
within a rarely used hot-air heated detinning machine. To
obtain the accumulated dust in a certain period of time, we
collected dust from windowsills, walls and outdoor windowsills
in different zones that without cleaning up for a long time. We
brushed the dust carefully with a brush when -collecting
samples, then put the samples into a sealed, labeled bag.
Meanwhile, we collected samples outside window sill of the
workshop except for samples in the workshop. Because FdZ was
a separated and closed room rarely used, and WsZ was sepa-
rated by a low flap from PsZ, total suspended particulates were
collected in FdZ, PsZ and CrZ of the recycling workshop for
twenty-three hours per day for three consecutive days. The
quartz filter membrane was selected for the atmospheric
particulates sampler and the air flow rate was 100 L min ™. All
samples were taken back to the lab and stored in a refrigerator
below 4 °C.

2.2 Heavy metal concentration measurement

2.2.1 Sample preparation. A total of 0.2 grams of dust was
accurately weighed and placed into a microwave digestion tube,
paying attention to wall sticking. An acid system consisting of
9 mL of nitric acid (65%), 3 mL of hydrochloric acid (38%), 3 mL
of hydrofluoric acid (40%), and 0.5 mL of hydrogen peroxide

Fig. 1 Location and layout of sampling enterprise.
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Table 1 Sampling details

Area Number Time
Process area FdZ 2 2021/12/17-2021/12/18
DmZ 3 2021/12/17-2021/12/18
CrzZ 3 2021/12/17-2021/12/18
Storage area WsZ 10 2021/12/17-2021/12/18
PsZ 6 2021/12/17-2021/12/18

was used to digest the dust samples.”® Then, the mixtures were
heated to 185 °C by 3 heating progresses with a microwave
digestion machine (Milestone ETHOS UP). According to the
Chinese National Environmental Protection Standard HJ803-
2016,* the inductively coupled plasma mass spectrometry (ICP-
MS, PerkinElmer NexION 350D, US) was used to determine the
concentrations of heavy metals in sample solutions after
pretreatment.

2.2.2 Quality control. The experiments in this study were
subjected to quality control. The experimental digestion tube
vessels were cleaned with nitric acid (50%), and then washed 3
times with tap water and 3 times with ultrapure water before
being dried. Analysis for reagent blanks and certified reference
samples were taken for quality controlling in each run. The
limits of detection (LODs) and quantification (LOQs) for ICP-MS
are listed in the Table 2. The determining coefficients of cali-
bration curves for the measurement system reached to higher
than 0.99, indicating high linearity, precision, and accuracy.
The recovery rates of the detecting heavy metals ranged from
82.3% to 112.8%.

2.3 Particle morphology characteristics

Scanning Electron Microscopy (SEM, ZEISS GeminiSEMS500)
was used to analyze the micro-morphological characteristics of
dust. All the samples were sprinkled over double-sided carbon
tape and were mounted on an SEM. The surface morphology
results were printed as black-and-white images.

2.4 Mineral composition analysis

In this study, an X-ray diffractometer (XRD) was used to analyze
the mineral composition of dust in the workshop, and the
measured lattice plane spacing and diffraction intensity are

Table 2 The limit of detection (LODs) and quantification (LOQs) for
ICP-MS

Elements LODs (mg kg™ ) LOQs (mg kg ™)
cd 0.017 0.068
Cu 0.156 0.624
Cr 0.850 3.400
Mn 0.140 0.560
Ni 0.255 1.020
Pb 0.644 2.576
n 0.670 0.268
\% 0.176 0.704
As 0.125 0.500
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compared with the diffraction data of the standard phase, to
explore the phase composition and main sources in samples.**
The scan angle 26 measured by XRD analysis was between 10
and 80°. The test results were analyzed using the International
Diffraction Data Center (ICDD) PDF-2 (2014) database and MDI
Jade 6.0 software.

2.5 Enrichment factors

The enrichment factor (EF) is usually used to present the
enrichment degree of heavy metals in dust, and distinguish and
evaluate the main source.*>*° The values are calculated with the
eqn (1) below:***72%

B
o= (&), (22) 2
Cfef sample B ref background

Where C,, is the concentration of the element and C..¢ is the
concentration of the reference element in the sample, B, is the
background value of the element and B¢ is the background
value of the reference element. In this study, we selected Mn as
the reference element.”® Background values of elements in
Chinese soils were used due to a lack of dust background value
investigation.***!

2.6 Geo-accumulation index

Except for the EFs, the geo-accumulation index (Iy,) is also an
indicator that can express the characteristics of heavy metals
enrichment in the dust,” simultaneously, can indicate the
impact on the environment caused by anthropogenic activity
(Table 3).** The values are calculated by following eqn (2):

Igeo = ng[C'sample/(l-5 X Cbackground)] [2)

where Cgampie is the concentration of the element and
Chackground 18 the background value of the element.

2.7 Health risk assessment

Workers working in workshops are exposed to dust generated
from the recycling process, mainly in three ways of ingestion,
inhalation and dermal contact.*®*>**** Workers in different
processing zones will be subjected to varying degrees of harm
due to their different exposure to dust. In this study, based on
the assumption that the particle size distribution of dust in
workshops is similar to soil particle size distribution, the risk

Table 3 Geo-accumulation classes and their pollution status for dust
quality

ILyeo value Iye, class Qualitative designation

=0 0 No contaminated

0-1 1 Slightly contaminated

1-2 2 Moderately contaminated

2-3 3 Moderately to heavily contaminated
3-4 4 Heavily contaminated

4-5 5 Heavily to extremely contaminated
>5 6 Extremely contaminated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Factors, definitions and values in egn (3)—(5)
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Factor (unit) Definition Values Reference

ADD Average daily exposure dose

C (mgkg™) The concentration of heavy metals This article

IngR (mg day ) Ingestion rate 30 46

InhR (m*® day ") Inhalation rate 20 47

PEF (m® kg ') Particle emission factor 1.36 x 10° 48

SL (mg cm ™2 per day) Skin adherence factor 0.07 48

SA (cm?) Exposed skin area 5700 49

ABS Dermal absorption factor Cd: 0.001; Ni, Pb: 0.1; As: 0.03 50

EF (days per year) Exposure frequency 262.5 51

ED (years) Exposure duration 24 49

BW (kg) Body weight 56.8 51

AT Averaging time Non-cancer: ED x 365 49
Cancer: 70 X 365 51

assessment method was adopted.>*** The average daily expo-
sure dose (ADD) through three pathways was calculated by eqn
(3)-(5) respectively. Table 4 displays the values and parameters
used to calculate the ADDs.

IngR x EF x ED

. — -6
ADDy, = € x s 222 10 3)
InhR x EF x ED
ADDin = € X SEe BW x AT )

SL x SA x ABS x EF x ED

ADDger = € x BW x AT

x 10 (5)

Because dust in the air settlements in workers' respiratory
through breathing, the concentrations of heavy metals in sus-
pended particulates in the air were taken for calculating the
ADDjp.

The hazard quotient (HQ), indicating the non-carcinogenic
impact of an element of heavy metal in workshop dust, was
calculated with eqn (6). The hazard index (HI), the sum of HQs,
represents the risk through the mentioned three ways.* If the
HQ <1, it shows that non-carcinogenic risks are insignificant. If
the HQ = 1, the non-carcinogenic effects are possible. The
carcinogenic risk (CR) is usually used to evaluate carcinogenic
hazards of exposure in someone's lifetime. The total carcino-
genic risk (TR), the sum of the CRs, represents the carcinogenic
impact on workers for the three pathways. If the CR/TR < 1 x
10, shows carcinogenic risks are inappreciable. If the CR/TR
is in the range of 1 x 107® to 1 x 10, adverse carcinogenic
risks are acceptable or tolerable, and CR/TR > 1 x 10~ * indicates
that cancer may appear 1 in 10 000 people for their exposure to
carcinogenic risks in a lifetime.>**>%

The following eqn (6)-(9) showed the calculation
methods:>~°
ADDyy, i
HO = ing/inh/der
Q= B i ©
HI = ZHQ (7)
CR = ADDiygjinhsger X SF (8)

© 2023 The Author(s). Published by the Royal Society of Chemistry

TR = SCR (9)

where, RfD and SF represent respectively the homologous
reference dose and the homologous slope factor.?**>30-57-60

3. Results and discussion
3.1 Heavy metal concentration

The concentrations (mg kg ') of heavy metals (Pb, Cr, As, Cd,
Sn, Zn, V, Mn, and Ni) in the dust of different zones in the
workshop are shown in Table 5. The mean concentration values
in dust decreased in the order of Zn > Pb > Sn >Mn > Cr>Ni>V
> As > Cd. Pb, Sn, and Ni, are representative heavy metals in
WPCB,* released into the workshop attached to small parti-
cles,*® then partly larger particles accumulated in the dust by
their gravity and external disturbance.

The concentrations of heavy metals in storage areas
including WsZ and PsZ were both in this order except for Mn >
Sn in WsZ, which was less exposed to crushing and separation
because of a sealed-off around structure. Hence, explanation for
the concentrations of heavy metals might be the natural parti-
cles on WPCBs. But we found the concentrations of heavy
metals in processing zones including FdZ, DmZ and CrZ, were
all ranked in the order of Pb > Zn > Mn > Sn, except for Sn > Mn
in CrZ. Comparing concentrations of typical harmful heavy
metals including Pb, Cr, As and Cd in dust, showed that Pb was
the largest proportion in different zones in the workshop except
for the CrZ for Cr. In general, the result was consistent with
Wang's* report. However, the heavy metals especially for Pb
were significantly lower than in a closed dismantling workshop
for WPCBs with components,” demonstrating that the envi-
ronmental influences of defective PCB recycling process were
relatively lower.

3.2 Morphology

The morphological analysis of dust using the SEM was shown in
Fig. 2. There were a variety of particle morphologies, such as
rod-like particles, irregular particles, platy particles, the aggre-
gates of rod-like particles, the aggregates of columnar particles
and irregular particles, etc. The rod-like and rod-like aggregates

RSC Adv, 2023, 13, 22216-22225 | 22219
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Table 5 Concentrations of heavy metals in dust of different zones in the workshop
Zone Pb Cr As Cd Sn Zn A% Mn Ni
Fdz Average 300.90 94.71 1.51 0.17 142.39 190.44 19.79 191.70 65.27
SD 64.03 25.24 0.00 0.05 28.15 59.54 4.52 103.08 48.77
DmZ Average 211.12 66.28 ND 0.30 95.09 181.75 19.69 119.67 10.74
SD 60.87 4.40 — 0.05 17.56 31.13 0.24 19.35 2.30
CrZ Average 152.92 44.16 29.14 0.18 556.23 100.87 16.92 61.48 35.85
SD 43.07 5.86 0.62 0.04 85.51 28.01 2.19 15.61 19.08
WsZ Average 192.98 64.98 3.46 0.16 106.27 271.49 20.99 149.86 25.10
SD 77.40 12.16 1.90 0.02 36.08 193.21 0.60 48.40 16.60
Psz Average 190.22 69.16 1.09 0.17 83.12 222.91 22.36 99.05 18.78
SD 103.51 16.91 1.02 0.01 58.53 127.53 0.63 6.29 10.71
Max 373.92 112.56 29.78 0.35 638.49 627.44 22.98 264.59 99.76
Min 90.01 39.67 0.32 0.12 34.04 83.50 16.40 61.48 9.93
Total Average 198.54 66.06 7.56 0.18 158.34 220.05 20.56 125.82 26.42
SD 81.05 17.01 10.84 0.05 160.62 147.39 2.08 52.93 21.43
Background values 26.0 61.0 11.2 0.097 2.60 74.2 82.4 583 26.9

5U8010 15.0kV 11.0

Fig. 2 SEM image of dust in the workshop.
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particles were glass fibers added to PCBs for strength
increase.'*®* Because of the brittleness of WPCBs substrate
materials, resin particles presented sharp-edge characteristics,
which were different from the slightly curly features of copper
with good toughness. The irregular particles adhered to
particulates demonstrated natural particles."*** The wide
particle size distribution in workshop dust was shown, ranging
from hundreds of microns to <1 um. Then, it could be found
that some smaller particles attached to the larger particles.

3.3 Mineral composition

The mineral composite of dust was analyzed using XRD, the
results were shown in Fig. 3. Dust particles in the workshop
were mainly composed of Cu, Cr and other metal elements,
which existed in the metallic state. It could be seen obviously
that there were many amorphous peaks in the XRD pattern due
to the poor crystallinity of organic substances in the dust.®
While, the dust outside of the workshop was mainly composed
of quartz, bismuth oxide and moganite, which mainly derived
from the natural source.® So, it represented that the impact on
surroundings caused by dust generated from WPCBs recycling
had been limited.
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Fig. 3 XRD pattern of dust. (a) Dust in the workshop. (b) Dust outside
of the workshop.
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3.4 Enrichment characteristics of heavy metals

3.4.1 Enrichment factors. According to eqn (1), the EF
values of heavy metals in the dust of workshop were calcu-
lated (Fig. 4). The median EFs of heavy metals were decreased
in the order of Cu > Sn >Pb >Zn > Cd > Cr > Ni > V > As
(Fig. 4a). It was obvious that the EF values of Cu (207.4) and Sn
(173.57) were much higher than 100. That was seen in all
processing zones, demonstrating strong enrichment. The EFs
of Pb (34.22) and Zn (12.62) were both between 10 and 100,
suggesting moderate enrichment. Furthermore, the EFs of Cd
(9.25), Cr (5.53), Ni (3.44), V (1.38) and As (1.15) were all
between 1 and 10, suggesting there was minimal influence of
human activity on enrichment in dust of these heavy metals,
and natural sources were main originators. The EF values of V
(1.38) and As (1.15) were close to 1, indicating that these were
obtained from a natural source.*® The EFs of Pb were the
highest of the values of typical hazardous heavy metals
including Pb, As, Cr, and Cd.

A comparison of EFs of heavy metals in dust in and outside
the workshop was shown in Fig. 4b. Except for V (0.74), the EF
values of heavy metals in the dust on windowsills outside the
workshop were all greater than one, showing that these heavy
metals were enriched to varying degrees in outside workshop
dust. Some of outside workshop dust were from artificial
sources, mainly escaping dust with small particle sizes from
the physical crushing and separation process in the work-
shop. However, compared with those of dust in the workshop,
the EFs of these elements in outside workshop dust were
larger except for Cu (51.84), Cr (5.15) and V (0.74), showing
heavy metals tend to enrich in the dust with small particle
size, which was consistent with previous reports that particles
with smaller size had larger specific surface area and metal-
adsorption capacity.*®*® The EF value of Cu in outside work-
shop window sill dust is much lower than it is in workshop
dust, indicating Cu was much more abundant in the dust with
bigger particles due to its toughness.*®

Comparing the EF values of dust in different processing
zones (Fig. 4c) showed that the EFs of all heavy metals in the CrZ
was the largest. The EFs of these heavy metals in the CrZ were
higher than 10 except for Cr (6.46) and V (1.82), demonstrating
moderate to strong enrichment. The EFs of Cr (6.46) and V
(1.82) in CrZ are minimally enriched. Meanwhile, it showed that
the EF of As (23.34) in CrZ was significantly higher than the
values in other process zones, indicating enrichment in work-
shop dust of As originated mainly from the crushing process.
Moreover, a study of the EFs of dust in various storage sites,
including WsZ and PsZ, revealed that all heavy metals were
more abundant in the PsZ.

3.4.2 Geoaccumulation index. The I ., value of heavy
metals in dust was calculated by eqn (2) (Fig. 5). The median
Iy, values of Cu (4.86) and Sn (4.76) were significantly higher
than other metals in dust, following the order of Pb (2.18) > Zn
(0.56) > Cd (0.23), showed slight to heavy-extreme enrich-
ment. The median I, values of Cu and Sn were between 4
and 5, and the I, classes were 5, demonstrating heavy to
extreme enrichment. The median Iy, values of Cr, As, V and

RSC Adv, 2023, 13, 22216-22225 | 22221
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Fig. 4 EFs of heavy metals in dust in the workshop of different zones and dust outside the workshop. (a) EFs of heavy metals in dust in the
workshop. (b) EFs of heavy metals in and out of the workshop. (c) EFs of heavy metals in different zones of the workshop.

Ni were lower than 0, and their I, class was 0, showing no
enrichment and contamination, which was the same as the

EFs results.

22222 | RSC Adv, 2023, 13, 22216-22225

When the I, values of heavy metal in and outside the
workshop dust were compared (Fig. 5b), it was obvious that the

ILye, values in outside workshop dust were obviously higher than

© 2023 The Author(s). Published by the Royal Society of Chemistry
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those in the workshop dust except for Cu, which was consistent
with the EFs. The Iy, class of Sn in and outside the workshop
dust were both 6, while the I, value outside the workshop was
much higher. The Iy, class of Pb in outside the workshop dust
was 5, while that in the workshop dust was 3. So, it could be
seen that Sn and Pb originated from releasing dust and tended
to enrich in dust with small particle sizes, which represented
a similar result to the EF. The results were in accordance with
previous studies. The Iy, value of Cr, As and Ni in workshop
dust were all lower than 0, but in outside dust, the I, values
were significantly increasing and higher than 0, which repre-
senting enrichment.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Comparing with the I, values of dust in different process-
ing zones (Fig. 5¢), we found that the I,., values of Sn, Cu, and
As in the CrZ were significantly higher than other processing
zones, which was in keeping with the EF results roughly. The
Iy, class in the CrZ of Sn and Cu were 6, indicating extremely
contaminated. Therefore, it could be seen that Sn and Cu in
workshop dust mainly originated from WPCBs crushing and
separating process. It reminded us that cleaned dust in the
workshop, especially in CrZ, should be properly collected and
disposed of to prevent environmental risk. It showed that the
Iy, value of As in the CrZ was close to 1, much higher than that
in other processing zones, demonstrating slightly contami-
nated. The I, values of Cu, Sn and Pb in all processing zones
were all higher than 0, and the I, values of Cr and V in
different processing zones in the workshop were both less than
0, this result was the same as the EF result. However, the Ig,
values of Cd in each processing zone in the workshop were
between 0 and 1, showing slight enrichment, which was not
exactly consistent with the EF result. The reasons for the
different final results might have been because the two calcu-
lation methods had a different emphasis, the environmental
sensitivity of heavy metal was considered in I, and each pro-
cessing zone was similar with slight differences. It could be
found that Cr, Ni and V indicated indistinctive enrichment
characteristics, which was same to the EF result.

3.5 Health risk assessment

In this study, the health risk caused by heavy metals on workers
exposed to workshop dust in different processing zones of
WPCBs physical separation was evaluated by using eqn (3)-(9).
The HIs and TRs calculated for workers in different processing
zones through three pathways mentioned above were presented
in Table 6. The HIs were ranked in the order of Cu> Pb > As > Cr
>Mn > Ni >V > Zn > Sn > Cd for workers in the workshop. It
obviously showed the HQs of Cu were the highest in all zones,
which contributed 67.4%, 75.9% and 80.0% to HI in FdZ, PsZ
and CrZ respectively. When the non-carcinogenic risk of various
processing zones in the workshop was compared, the HIs of CrZ
were higher than other zones in the workshop. For all this, all
HIs were lower than 1, which was internationally recognized as
safety. However, the findings of the study that compared the HIs
of the various processing zones demonstrated that workers in
the CrZ were subjected to higher health risks. Hence, protection
for workers in the workplace needs to be a primary priority.
The TRs for carcinogenic effects were ranked in the order
of Ni > Cr > Pb > As > Cd in the FdZ, Cr > Ni > As > Pb > Cd in
the PsZ, and Ni > As > Cr > Pb > Cd in the CrZ. Although the
orders of risk in the various processing zones were somewhat
varied, they clearly showed the highest CRs of Ni and Cr in all
zones. The CR values for Ni and Cr, which were both higher
than 10 °, expressed that the carcinogenic risk caused by
exposure to Cr and Ni was considerable. This result was
consistent with the conclusion of Zhou." Compared to TRs in
different zones of the workshop, the values in the FdZ and CrZ
were relatively higher than the storage zone, indicating that
there was a health risk associated with long-term exposure to

RSC Adv, 2023, 13, 22216-22225 | 22223
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Table 6 Hls and TRs of metals in workshop dust in different processing zones

Metal Pb Cr As Cd Ni Cu Sn Zn \% Mn Sum

FdZ HI 3.28 x 1072 1.20 X 1072 1.93 x 107> 6.59 x 107> 2.35 x 107> 1.10 x 107" 9.03 x 107° 2.41 x 10~* 8.36 x 107" 3.04 x 10> 1.63 x 10"
TR 3.36 X 1077 6.17 x 10 °2.99 x 1077 3.47 x 10 ° 1.61 x 10 ° 2.29 x 10°°

PsZ HI 2.07 X 1072 8.76 x 10> 1.40 x 10> 6.51 x 10> 7.59 x 10" * 1.09 x 107" 5.29 x 107> 2.82 x 10"? 9.45 x 10™* 1.57 x 10> 1.44 x 10"
TR 2.13 x 1077 4.51 x 10 ©2.19 x 1077 7.37 x 10" ° 6.19 x 10~ ° 1.11 x 10°°

Crz HI 1.67 x 1072 5.59 x 102 3.70 X 1072 6.74 x 107> 1.60 x 10 % 2.53 x 10 * 3.52 x 10 * 1.28 x 10™* 7.15 x 10" * 9.74 x 10™* 3.16 x 10 *
TR 1.73 X 1077 2.88 x 107 ° 5.70 x 107 ° 3.46 x 10™° 1.47 x 10°° 235 x 107°

FdZ and CrZ. To reduce workers' exposure to heavy metals,
a mask with filter dust and a ventilation system should be
combined,”® and daily work hours reduction could be
a concern. Meanwhile, less manual operation and more
mechanized replacement are trends for development, which
are significant for promotion of the efficiency and occupa-
tional health and protection.

4. Conclusions

The study investigated the concentrations of Pb, Cr, As, Cd,
Cu, Sn, Zn, V, Ni, and Mn in workshop dust resulting from the
physical separation of WPCBs. The average metal concentra-
tions in workshop dust were ranked in the order of Zn > Pb >
Sn > Mn > Cr > Ni > V> As > Cd. The EFs of heavy metals were
decreased in the order of Cu>Sn>Pb>Zn>Cd>Cr>Ni>V>
As, while the I, values of heavy metals were ranked in
different order. The EF values of these elements in outside
workshop dust were higher than the values in workshop dust,
which was consistent with the performance of I, values,
indicating that heavy metals released during the crushing and
separation of WPCBs were enriched in the dust with smaller
particle sizes. The EF values in CrZ were significantly higher
than the values in other processing zones. The metals in the
dust of the crushing zone showed significant and strong
enrichment compared with other processing zones. In the
meanwhile, the I, values exhibited a general consistency.
The HIs of different processing zones were in the following:
FdZ > PsZ > CrZ. Generally, all HIs were lower than 1, which
was a widely accepted safe range. In the workshop range, the
TRs were ranked in the order of Ni > Cr > As > Pb > Cd, with
minor variations in various processing zones. The CRs from
Cr, and Ni in all zones as well as in the CrZ exposure were not
negligible. The HIs and TRs in different processing zones
were slightly different, however, exposure to higher health
risks in CrZ was the same. The risk of heavy metals exposure
through ingestion was higher than the other two pathways.
Therefore, protection for workers in the workshop by means
of reducing exposure through ingestion, inhalation and
dermal contact should be addressed seriously, especially for
those who work in the crushing and separation zone.
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