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• MCCPs dominated the atmospheric CPs 
in all the land use types of Ghana.

• E-waste was a significant source 
contributing to atmospheric CP pollu-
tion in Ghana.

• The non-cancer risks associated with CP 
exposure were within acceptable ranges 
in Ghana.

• Atmospheric MCCPs indicated a high 
potential cancer risk for the Ghanaian 
population.
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A B S T R A C T

Chlorinated paraffins (CPs) are a global concern due to their high production, ubiquity in the environment and 
potential toxicity. In Ghana, there is a significant research gap on the concentration and sources of CPs in the air, 
as well as insufficient regular monitoring programs to track CP levels over time. This study utilized polyurethane 
foam-based passive air samplers (PUF-PAS) to examine the concentrations, sources and potential human health 
risks of CPs in the atmosphere surrounding e-waste sites, urban areas, commercial areas and control/background 
areas in Ghana. The medium-chain CPs (MCCPs) dominated with an average concentration of 26.0 ± 40.1 ng/m3 

and ranged from 1.78 to 240 ng/m3. Short-chain CPs (SCCPs) ranged from 0.05 to 15.2 ng/m3 and had an 
average concentration of 3.48 ± 3.99 ng/m3. The very short-chain CPs (C9-CPs), had an average concentration of 
0.544 ± 0.524 ng/m3 and ranged from 0.091 to 2.14 ng/m3. MCCPs exceeded SCCPs by a factor of 7.5 and C9- 
CPs by a factor of 48. C14Cl8 was the dominant congener in MCCPs and C10Cl7 was also the dominant congener in 
SCCPs. E-waste was the main contributor to SCCPs and MCCPs (>30 %) in Ghana. The assessed non-cancer risks 
associated with CP exposure were within acceptable ranges. For cancer risk, MCCPs indicated high potential 
health risk but C9-CPs and SCCPs showed low risk. To the best of our knowledge, this is the first study on CPs in 
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Ghana’s atmosphere, and e-waste was identified as the country’s main source of CPs. This study will help reg-
ulatory bodies create policies and procedures to control the use and disposal of chlorinated paraffins.

1. Introduction

Chlorinated paraffins (CPs), also called polychlorinated n-alkanes, 
are mixtures of n-alkane homologues with different degrees of chlori-
nation (Huang et al., 2023b; Huang et al., 2023a; IARC, 1990). Based on 
their number of carbon atoms, CPs are divided into short-chain (SCCPs, 
C10–13), medium-chain (MCCPs, C14–17), and long-chain (LCCPs, C>17) 
chlorinated paraffins. Very short-chain CPs (e.g., hexane- to nonane- 
CPs, C6− C9 CPs) have also been detected in the environment (Wang 
et al., 2020; Xia et al., 2019; Xia et al., 2021; Xia et al., 2021b; Yuan 
et al., 2021; Zhou et al., 2019), although no consistent definition exists 
for them. Since CPs are persistent, bioaccumulate, toxic and able to 
undergo long-range transport, they are categorized as persistent organic 
pollutants (POPs) (UNEP, 2015, 2021; USEPA, 2009, 2015). CPs are 
anthropogenic compounds and have been widely used as metalworking 
fluids, plasticizers, flame retardants, paints, sealants, adhesives, rubber, 
textiles and leather production, and other plastic products (Chen et al., 
2022; Guida et al., 2020; van Mourik et al., 2016). CPs are emitted 
during production, storage, transportation, recycling, and disposal 
(Guida et al., 2020; van Mourik et al., 2016) and detected in soil, air, 
indoor dust, and water (Li et al., 2018; Wang et al., 2019a; Wong et al., 
2017; Yuan et al., 2022).

Large quantities of CP-containing products such as plastics from 
computers, polyvinyl chloride (PVC) coatings used as insulation of 
copper wires, and other plastics as flame retardants are discarded as e- 
waste (van Mourik et al., 2016). Agbogbloshie, located in central Accra, 
Ghana’s capital, is described as Africa’s largest electronic waste dump-
site and has drawn international attention. In urban areas, there is no 
proper management of waste disposal, and therefore waste containing 
CPs like furniture, toys, artificial leather, sports equipment, stickers, 
polyethylene terephthalate (PET), polyethylene (PE), and poly-
propylene (PP) is burned, which contaminates the atmosphere (Guida 
et al., 2020). Also in urban areas, CPs are released into households since 
they are found in most consumer goods and products during their use 

(Brandsma et al., 2019; Gallistl et al., 2017; Gallistl et al., 2018; Wang 
et al., 2019; Xu et al., 2019; Yuan et al., 2017). Typically, little infor-
mation is available regarding pollutant emissions or concentrations at 
these sites, including the ambient and breathing zone concentrations 
necessary to understand exposure risks to workers and the community.

There have been reports about CPs in soils in Ghana (Asante et al., 
2019; Mockel et al., 2020), but no studies have reported on the simul-
taneous profiling of C9-CPs, SCCPs and MCCPs in the air from Ghana. 
Therefore, the aims of the study are: 1) to ascertain the levels of CPs and 
homologue patterns in Ghana, 2) to investigate the extent to which CPs 
are linked to current usage and disposal practices, and 3) to evaluate 
human health risk from exposure to CPs in the atmosphere. This study 
will contribute to nationwide data, inform risk management strategies, 
and support international cooperation and agreements on the use and 
regulation of CPs.

2. Materials and methods

2.1. Sample collection

Air samples were collected from Accra and Kumasi of Ghana (Fig. 1), 
the two largest cities in Ghana, which are known for their comparable 
business and economic development. The sampling sites were catego-
rized into four types: e-waste, commercial, urban, and control/back-
ground areas. The e-waste sites included Agbogbloshie 1 through 
Agbogbloshie 5, K-Landfill, K-Airport, K-Abattoir (burning area), and K- 
Abattoir (gas area). These locations were chosen because five of them 
are e-waste sites, while the others engage in waste treatment activities 
such as open burning, dismantling, or compacting plastic products 
containing CPs. The commercial areas, Palladium and K-Asawase, 
contain stores that sell lubricants, adhesives, and hardware equipment. 
The urban areas—Spintex, CSIR, Korle-Bu, Adabraka, K-Atonsu, K- 
Zoomlion, and K-KNUST—are within the city but lack e-waste activities 
and the commercial sale of lubricants, adhesives, sealants, and paints 

Fig. 1. Map of Ghana showing the sampling locations in the southern and middle belts.
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containing CPs. The control/background sites, Adenta and K-Abrepo, 
are new settlements located far from any activities that could cause air 
pollution.

Polyurethane foam-passive air samplers (PUF-PAS) were mounted in 
locations where they would be secured, safe, and not stolen so as not to 
disrupt the monitoring process. Air samples were collected continuously 
for three months during each sampling cycle. A total of 60 samples were 
collected for three sampling cycles in 2020, covering both the wet and 
dry seasons. All sampling sites were in an open space without any ob-
structions; samples were placed at an approximate height of 3 m. Details 
about sampling information are given in Table S1. For seasonal varia-
tion, samples from April to November constituted the rainy/wet season 
and from December to March, the dry season.

2.2. Chemicals and reagents

Commercial standards of mixtures (chlorine contents: 51.5 %, 55.5 
%, and 63 %) and MCCPs mixtures (chlorine contents: 42 %, 52 %, and 
57 %) were purchased from Ehrenstorfer GmbH (Augsburg, Germany). 
Recovery surrogate 13C10-trans-chlordane was purchased from Cam-
bridge Isotope Laboratories (Andover, USA). Internal standard 13C- 
Mirex was purchased from Ehrenstorfer GmbH (Augsburg, Germany). 
All reagents for pretreatment, including dichloromethane (DCM), n- 
hexane (HEX), and acetone (ACE) were high-performance liquid chro-
matography grade and purchased from Oceanpak (Sweden) or Fisher 
Scientific (Hanover Park, USA). Silica gel (63–100 μm), alumina (150 
mesh), and anhydrous sodium sulfate were purchased from Merck 
(Whitehouse Station, USA) and preheated overnight at 450 ◦C to remove 
organic matter. Neutral silica gel and alumina were deactivated with 3 
% (w/w) ultrapure water, while acid silica was deactivated with 50 % 
(w/w) sulfuric acid.

2.3. Sample preparation

In brief, 13C10-trans-chlordane was added to each PUF disk before 
Soxhlet extraction with DCM for 24 h. The extracts were concentrated 
via rotary evaporation and solvent-exchanged into hexane with a 
reduced volume of 0.5–1 mL. The extracts were cleaned by a multilayer 
acidified silica gel column constituted by neutral alumina (3 cm), acid 
silica gel (3 cm), and anhydrous sodium sulfate (1 cm) from bottom to 
top. The eluent solvent was then concentrated into 50 μL by a gentle 
nitrogen blow. Before instrumental analysis, 10 ng of 13C-Mirex was 
added to each sample as an internal standard.

2.4. Instrumental analysis

Instrumental analysis was adopted from a previous study utilizing a 
comprehensive two-dimensional gas chromatography- tandem mass 
spectrometry (GC × GC–MS/MS). The GC × GC–MS/MS analyses were 
performed using an Agilent 8890 GC instrument (Agilent Technologies, 
Santa Clara, CA, USA) equipped with an SSM1810 solid state modulator 
(J&X Tech., Shanghai, CN), and linked to an Agilent 7000D mass 
spectrometer detector. A negative chemical ion source in selected ion 
monitoring mode was operated for the measurement of 24 SCCP 
congener groups and 24 MCCP congener groups listed in Table S2. The 
ion source and transfer line temperatures were set as 200 and 280 ◦C, 
respectively. A DB-5 ms column (30 m × 0.25 mm × 0.25 μm; Agilent 
Technologies) and a DB-17 ms column (1 m × 0.25 mm × 0.25 μm) were 
respectively selected as the first- and second-dimension column for GC 
separation. Helium was used as carrier gas with a constant flow rate of 
1.2 mL/min. A 2 μL sample aliquot was injected in splitless mode with an 
injection port temperature of 280 ◦C. The GC oven temperature was set 
at 100 ◦C (held for 1 min), then increased at 30 ◦C/min to 160 ◦C (held 
for 5 min), then at 1.5 ◦C/min to 282 ◦C, and held for 2 min. The 
modulation period was 12 s. Canvas Panel v2.0 was used for data pro-
cessing (J&X Tech., Shanghai, CN). The chromatogram of standards 

used in this study is presented in Fig. S4.

2.5. Quality control and quality assurance

All glassware was cleaned with ultrapure water and baked at 450o C 
for 6 h prior to use. PUF disks were precleaned by extraction with 
methanol, ACE, and DCM for a duration of 24 h each before use. 
Chambers were rinsed with methanol and sealed with clean foil. 
Seventeen field blanks were collected to investigate the potential 
contamination during operation, transport, and storage. For monitoring 
the potential contamination during pretreatment, procedural blanks (n 
= 7) were performed in each batch of 11 samples. The method detection 
limits (MDLs) for C9-CP, SCCPs, and MCCPs were 0.012, 0.110 and 
0.146 ng/m3, respectively. The recoveries for all the samples averaged 
at 127.4 %.

2.6. Cancer and non-cancer risk assessment of CPs

To assess the cancer risk assessment of CPs in adults, the following 
equations were used which are from the (USEPA, 2005, 2015). 

Exposure Concentration (EC) =
CA × ET × ED

AT
(1) 

Cancer Risk = EC× IUR (2) 

where EC = exposure concentration (ng/m3)
CA = concentration of pollutants in air (ng/m3)
ET = exposure time, refers to the per capita outdoor exposure time of 

adults in Ghana, 8 h, 480 min/day
EF = exposure frequency, 365 day/year
ED = exposure time, refers to the per capita life expectancy in Ghana, 

63 years
AT = averaging time, that is life expectancy, 552,000 h
IUR = inhalation unit risk for CPs, 2.5 E-05 (μg/m3)− 1

The per capita life expectancy and per capita outdoor exposure were 
obtained from (Gamey, 2003; Mohammed et al., 2023; WHO, 2018).

The non-cancer risk assessment was assessed using the estimated 
daily intake (EDI, ng/kg/day), hazard quotient (HQ, unitless), and 
margin of exposure (MOE, unitless). The calculation of EDI, HQ, and 
MOE were performed individually for each sampling site according to 
Eq. (3), Eq. (4), and Eq. (5), respectively. 

EDI =
C × IR × T

BW
(3) 

HQ =
EDI
TDI

(4) 

MOE =
NOAEL

EDI
(5) 

C is the concentration of CPs in air (ng/m3). The inhalation rate (IR, 
m3 /day) and body weight (BW, kg) were obtained from the USEPA 
guidelines (USEPA, 2005, 2015). The average exposure time per day (T, 
hour/day) was presumed to be 12 h. The total daily intakes (TDIs) of 
SCCPs and MCCPs, for non-neoplastic effects were all 100 μg/kg/day 
(UNEP, 1996). The non-observed adverse-effect level (NOAEL) of SCCPs 
and MCCPs were 10 and 23 mg/kg/day, respectively (UNEP, 1996; 
USEPA, 2005, 2015).

3. Results and discussion

3.1. Profiles of CPs in air

Table 1 provides descriptive statistics for CPs in the atmosphere of 
Ghana. With a mean concentration of 26.0 ± 40.1 ng/m3, the concen-
tration of MCCPs ranged from 1.78 to 240 ng/m3. The concentration of 
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SCCPs varied between 0.05 and 15.2 ng/m3, with a mean of 3.48 ± 3.99 
ng/m3. The concentrations of C9-CP ranged from 0.091 to 2.14 ng/m3, 
with a mean of 0.544 ± 0.524 ng/m3. E-waste was an important 
contributor to CPs, responsible for 34.2 % and 32.2 % of the emissions 
related to SCCPs and MCCPs, respectively (Text S1 of supporting 
material).

Air concentrations of CPs in other studies are compiled in Table S3 
for comparison. The concentrations of CPs in the air in the studied re-
gion were comparable to or even higher than CP concentrations in 
countries with a high degree of industrialization. For example, the 
concentration of SCCPs (0.05–15.2 ng/m3) in this study was comparable 
to that of SCCP from residential areas in Canada (<MDL – 17.6 ng/m3) 
(Niu et al., 2021). It was, however, lower than concentrations reported 
in studies from China (3.55–359 ng/m3) (Li et al., 2021). The range of 
air concentrations of MCCPs (1.78–240 ng/m3) in this study were far 
higher than MCCPs (<0.4–35 ng/m3) in Dar es Salaam, Tanzania (Nipen 
et al., 2022) but lower than studies from China (1.95–59.8 ng/m3) (Li 
et al., 2021). C9-CPs from this study (0.091–2.14 ng/m3) were lower 
than studies from Australia (<MDL – 30 ng/m3) (van Mourik et al., 
2020), China (14.0–127 ng/m3) (Xia et al., 2019) and Norway (0.37–11 
ng/m3) (Yuan et al., 2021).

The congener group abundance profiles in the air for SCCPs and 
MCCPs are represented in Fig. S1 and Fig. S2, respectively. For the 
SCCPs, the dominant alkane-chain length group was C10 (ranging from 
16.2 % to 55.1 %, mean 34.9 %), followed by C11 (ranging from 13 % to 
30.1 %, mean 22.9 %). The next was C12 (ranging from 10.4 % to 45.3 %, 
mean 21.6 %), and finally the least was C13 (ranging from 10.1 % to 
37.8 %, mean 20.3 %). This pattern was similar to those found in par-
ticulate matter (Brits et al., 2020; Huang et al., 2017; Liu et al., 2020), 
but different from those reported in sewage sludge, particulate matter, 
and commercial mixtures (Brandsma et al., 2017; Huang et al., 2023a; Li 
et al., 2018). Shorter carbon chain CPs with lesser degrees of chlorina-
tion tend to partition to the gas phase, while those congeners with larger 
KOA and lower VP values tend to partition to particle (South et al., 2022). 
For MCCPs, the dominant alkane-chain length group was C14 (ranging 
from 23.7 % to 58.2 %, mean 42.9 %), C15 (ranging from 15.9 % to 31.5 
%, mean 22.3 %), C17 (ranging from 10.7 % to 36.0 %, mean 20.9 %) and 
lastly C16 (ranging from 8.47 % to 20.9 %, mean 13.7 %). This was like 
air particle samples from other studies (Huang et al., 2017; Huang et al., 
2023a; Li et al., 2021; Li et al., 2018; Liu et al., 2020; Zhuo et al., 2019). 
A study conducted in China found that C10 was the dominant alkane- 
chain length in SCCPs and C14 was the dominant alkane-chain length 
for MCCPs, which was similar to that of this study (He et al., 2023).

With regard to the chlorine pattern for SCCPs, the order was Cl7 >

Cl8 > Cl6 > Cl10 > Cl9 > Cl5. The dominant congener was Cl7 (ranging 
from 9.62 % to 52.3 %, mean 32.4 %), followed by Cl8 (8.33 % - 48.7 %, 
mean 20.1 %), Cl6 (6.32 % - 40.1 %, mean 17.2 %), Cl10 (3.52 % - 35.1 
%, mean 11.2 %), Cl9 (4.95 % - 17.2 %, mean 9.72 %) and Cl5 (1.25 % - 
20.5 %, mean 9.30 %). For the MCCPs, the order was Cl8 > Cl9 > Cl7 >

Cl10 > Cl6 > Cl5. The most dominant chlorine was Cl8 (ranging from 
14.4 % - 39.9 %, mean 25.1 %), followed by Cl9 (14.1 % - 28.0 %, mean 
20.7 %), Cl7 (12.7 % - 25.4 %, mean 19.6 %), Cl10 (4.01 % - 27.2 %, 
mean 14.8 %), Cl6 (6.16 % - 25.5 %, mean 12.8 %) and Cl5 (2.73 % - 
14.8 %, mean 6.98 %). The observation of a Cl6–9 dominant chlorine 
pattern in this study was consistent with the composition profiles of 
commercial mixtures CP-42 and CP-52 (Li et al., 2018).

3.2. Seasonal variation of CPs in the air

In the dry season in Accra, the mean concentrations of 
∑

C9-CPs, 
∑

SCCPs, and 
∑

MCCPs were 1.03 ± 0.686, 8.01 ± 4.72, and 36.6 ±
49.9 ng/m3, respectively, while in the wet season they were 1.28 ±
0.854, 7.85 ± 7.06, and 68.4 ± 64.9 ng/m3. During the dry season in 
Kumasi, the mean concentrations of 

∑
C9-CPs, 

∑
SCCPs, and 

∑
MCCPs 

were 0.294 ± 0.115, 1.75 ± 0.673, and 21.9 ± 24.2 ng/m3, respec-
tively; during the wet season, they were 0.514 ± 0.263, 2.08 ± 1.39, 
and 23.1 ± 19.7 ng/m3, as shown in Fig. 2. In this study, the 

∑
SCCP 

concentration during the dry season ranged from 1.09 to 15.2 ng/m3, 
with an average of 5.19 ± 4.71 ng/m3. During the wet season, con-
centrations ranged from 0.55 to 23.9 ng/m3, with a mean of 5.25 ± 5.98 
ng/m3. These levels were significantly lower than those reported in 
Jinan, China, where concentrations ranged from 21.1 to 69.9 ng/m3 

with an average of 37.7 ng/m3 in spring, 9.80 to 45.3 ng/m3 with a 
mean of 29.7 ng/m3 in summer, 10.1 to 46.4 ng/m3 with a mean of 32.8 
ng/m3 in autumn, and 27.0 to 105 ng/m3 with an average of 54.8 ng/m3 

in winter (Li et al., 2019). This seasonal pattern – winter > autumn >
spring > summer – was observed in studies conducted in Dalian, China 
(Zhu et al., 2017).

During the wet season, the commercial site had the highest con-
centration of both C9-CPs and SCCPs (Table S4). The e-waste site had the 
highest concentration of MCCPs during the wet season (240 ng/m3). The 
study found that the concentrations of SCCPs and MCCPs during the wet 
season followed a similar seasonal trend to previous research (Nipen 
et al., 2022; Niu et al., 2021), where SCCPs were highest in the colder 
and drier months. In contrast, concentrations were higher in the warm 
summer months in other investigations (Gillett et al., 2016; Huang et al., 
2023a; Niu et al., 2020; Wang et al., 2012; Wang et al., 2013). A study 
also reported the mean concentration of ΣSCCPs from Beijing was 5.2 
ng/m3 in winter, whereas in summer the value was 11 ng/m3 (Wang 
et al., 2012). Another study reported that the mean concentration of 
∑

MCCPs was 20.8 ng/m3 in summer and 6.26 ng/m3 in winter, which 
indicated that temperature affected the concentration of CPs. Temper-
ature can be a factor driving seasonal variations. Higher temperatures in 
summer could enhance the volatilization of CPs from products and other 
environmental compartments to air leading to higher concentrations 
(Wang et al., 2012; Wania and Mackay, 1996). However, this was not 
the case in our study given the relatively low annual temperature fluc-
tuations. Temperature and rainfall data were obtained from the Ghana 
Meteorological Agency (GMA, 2021). Precipitation showed no statisti-
cally significant relationship with CPs in the atmosphere of Ghana 
(Table S5). A further plot of CP concentration against rainfall also 
showed an inverse relationship. There was no correlation between CP 
concentrations and rainfall, as seen in Fig. S3.

3.3. Spatial variation of CPs in the air

Fig. 3 illustrates that the overall 
∑

MCCPs outnumbered the total 
∑

SCCPs and 
∑

C9-CPs across all site types. The e-waste sites had the 
highest concentrations of 

∑
C9-CPs and 

∑
MCCPs, while the commercial 

site had the highest 
∑

SCCPs (Table S4). C9-CPs at the e-waste site 
ranged from 0.14 to 2.08 ng/m3, with an average of 0.99 ± 0.71 ng/m3. 
SCCPs were between 1.09 and 15.9 ng/m3, with a mean of 6.65 ± 4.99 
ng/m3, while MCCPs ranged from 2.34 to 240 ng/m3, with an average of 
59.1 ± 62.9 ng/m3. At the commercial site, C9-CPs varied from 0.25 to 
3.34 ng/m3, with an average of 1.36 ± 1.39 ng/m3. SCCPs ranged from 
0.55 to 23.9 ng/m3, with a mean of 10.4 ± 11.3 ng/m3, and MCCPs 
ranged from 8.58 to 60.4 ng/m3, with an average of 26.6 ± 23.5 ng/m3.

In the urban area, C9-CPs ranged from 0.18 to 1.14 ng/m3, with an 
average of 0.47 ± 0.25 ng/m3. SCCPs varied from 0.72 to 5.75 ng/m3, 
with a mean of 2.73 ± 1.63 ng/m3, while MCCPs ranged from 6.50 to 
85.5 ng/m3, with an average of 20.1 ± 20.6 ng/m3. At the control site, 
C9-CPs ranged from 0.48 to 0.98 ng/m3, with an average of 0.67 ± 0.23 
ng/m3. SCCPs ranged from 1.86 to 2.86 ng/m3, with a mean of 2.37 ±

Table 1 
Concentrations of CPs in PUF disks in the atmosphere of Ghana.

Concentration (ng/m3)

CPs Median Mean Standard deviation Range
∑

C9-CPs 0.350 0.544 0.524 0.091–2.14
∑

SCCPs 1.93 3.48 3.99 0.05–15.2
∑

MCCPs 12.0 26.0 40.1 1.78–240
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0.41 ng/m3, while MCCPs varied from 7.75 to 37.8 ng/m3, with an 
average of 24.4 ± 12.8 ng/m3. Notably, C9-CP and SCCP concentrations 
at the commercial sites were higher than those at the e-waste site. This 
might be because oil paints, adhesives, sealants, and metalworking 
fluids are sold at the commercial site, where CPs are released into the 
environment. At the commercial site, the C9-CPs and SCCPs were higher 
than those of the e-waste site.

A higher MCCPs/SCCPs ratio reflects an increase in the usage of 
MCCP products in the region (Zhuo et al., 2019). The ratio of MCCPs/ 
SCCPs ranged from 2.17 to 17.4 with a mean of 8.86. The highest 
MCCPs/SCCPs ratio was at the e-waste site and the lowest at the com-
mercial site. The ratios in this study were higher than those in Tanzania 
(Nipen et al., 2022), where the MCCPs/SCCPs ratio at the e-waste site 
was 0.6. In contrast, this study found a ratio of 18.1 at the e-waste site. 
At their dumpsite, the ratio was 0.55 while in our study it was 17.4 at our 
landfill site. The mean MCCPs/SCCPs ratio in our study (8.86) was far 
>1, indicating the usage of more MCCP products in this region. For 
example, China has recently been trying to reduce the content of short- 

chain components in industrial products (Chen et al., 2011). This is 
supported by the significant increase in the ratio of MCCPs/SCCPs in 
sediment, such as from Pearl River Estuary (Chen et al., 2011) and 
Laizhou Bay (Pan et al., 2018).

3.4. Risk assessment of CPs

Since CPs in the atmosphere have the potential to cause cancer in 
people, the US EPA technique was used to assess the risk of cancer 
(USEPA, 2015). The lifetime carcinogenic risk (ILCRs) less than or equal 
to 10− 6 are considered to be basically negligible lifetime cancer risk; 
ILCRs between 10− 6 and 10− 4 indicate low risk; ILCRs >10− 4 indicate 
high potential health risks (Ailijiang et al., 2022). The US EPA has 
guidelines that state that a cancer risk of 10− 6, or one in a million 
probability of developing another human cancer over the course of a 70- 
year lifetime, is tolerable or insignificant, and that a risk beyond 10− 4 is 
deemed concerning and calls for taking action to lower the health haz-
ards (Kang et al., 2019). The data presented in Table S6 indicates that 

Fig. 2. Seasonal variation of mean CP levels in (A) Accra and (B) Kumasi of Ghana.

Fig. 3. Measured total 
∑

CP concentrations for 3 sampling cycles in Ghana.
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the cancer risk for C9-CPs, SCCPs, and MCCPs was 4.55 × 10− 8 to 1.07 
× 10− 6, 2.50 × 10− 8 to 7.60 × 10− 6, and 8.90 × 10− 7 to 1.20 × 10− 4 

respectively. The cancer risk for C9-CPs and SCCPs were found to be low 
risk, and MCCPs exceeded the acceptable risk range indicating high 
potential carcinogenic risk. We assessed the adult EDIs, HQs, and MOEs 
for non-cancer risk. Based on inhalation scenarios equivalent to 20 mg/ 
day for adults, EDIs were computed with median concentrations for each 
homologous group (Harrad et al., 2016). Daily intakes were normalized 
to a body weight (bw) of 70 kg. EDIs for total CPs for adults were 56.7 
ng/kg bw/day. The EDIs for 

∑
MCCPs were about six times that of the 

∑
SCCPs and thirty-four times higher than that of 

∑
C9-CPs. The MOEs 

of SCCPs and MCCPs (Table S7) were all >1000 indicating that people in 
Accra and Kumasi may have no carcinogenic effect in terms of CPs. The 
hazard quotients (HQs) calculated were all <1 (Table S7), indicating no 
human health risk in association with CP inhalation.

In addition to inhalation, there are other exposure pathways that 
significantly contribute to the overall body burden of CPs. Consequently, 
it is essential to investigate these alternative exposure routes in the study 
area to gain a comprehensive understanding of the exposure risks. 
Human exposure to chlorinated paraffins is a complex and multifaceted 
issue with potential health implications. Continued research, regulatory 
efforts, and public awareness initiatives are essential for minimizing 
exposure risks and safeguarding human health.

3.5. Uncertainties and limitations

A common challenge with PUF-PAS is that it captures both particle 
and gas phases simultaneously (Herkert et al., 2018; Zhao et al., 2020), 
but this does not affect our findings in this study. Our samples were 
collected covering three sampling cycles: one dry season and two wet 
seasons. This imbalance could potentially make seasonal comparison 
skewed. In future studies, we aim to include an equal number of cycles 
for each season to enable more reliable comparisons.

4. Conclusions

Our study presented the levels, potential sources and human health 
risks of CPs in the atmosphere of Ghana. MCCPs were the predominant 
CP group, exhibiting values that were 7.5 times greater than those of 
SCCPs and 48 times greater than those of C9-CPs. MCCPs were dominant 
in both the dry and wet seasons. Temperature did not influence the 
concentration of CPs due to the relatively minor annual temperature 
variations in tropical regions. E-waste site was a significant source of CP 
emissions, responsible for 34.2 % and 32.2 % of the emissions related to 
SCCPs and MCCPs, respectively. Adults are not in danger of any health 
problems from CPs in Ghana’s atmosphere, according to health risk 
assessment for non-cancer diseases. There is a low carcinogenic health 
risk for C9-CPs and SCCPs, but there was high potential carcinogenic risk 
for MCCPs. The prevalence of MCCPs may suggest that global SCCP 
usage has been somewhat reduced by international limits and UN POPs 
regulations.

Better waste management should be implemented at the regional 
level to address this issue. Since the problem is common to other 
developing countries, it should also be addressed in international reg-
ulatory activities relating to the trade of products, used products, and 
waste containing these substances. Because of the burning of e-waste, e- 
waste contributed the most to the overall CP pollution. The Ghana Ports 
and Harbor Authority (GPHA) and the Environmental Protection Agency 
(EPA) will use the findings of this study to develop policies and pro-
cedures to control the usage and disposal of e-waste across the nation. By 
ensuring adherence to health and environmental regulations, these 
measures will safeguard the general public as well as the environment. 
Additionally, this research will facillitate global collaboration and 
agreements regarding the use and regulation of chlorinated paraffins. 
The exchange of knowledge enables nations to work together in 
addressing global environmental and health challenges associated with 

these chemicals.

CRediT authorship contribution statement

William Ekow Arko: Writing – original draft, Investigation. Shiz-
hen Zhao: Writing – review & editing, Supervision, Project adminis-
tration, Funding acquisition, Conceptualization. Jianchu Ma: 
Methodology, Investigation. Lele Tian: Investigation. Kwadwo Ansong 
Asante: Writing – review & editing, Supervision. Daniel Kwaku 
Amoah: Investigation. Shihua Qi: Supervision, Resources. Gan Zhang: 
Supervision, Resources, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work is supported by the Alliance of International Science Or-
ganizations (ANSO-CR-KP-2021-05), the National Natural Science 
Foundation of China (42107120 and 42030715), the Guangdong Basic 
and Applied Basic Research Foundation (2023B1515020067 and 
2023B0303000007), the Youth Innovation Promotion Association of 
CAS (2022359), the Tuguangchi Award for Excellent Young Scholar GIG 
(TGC202204), and the State Key Laboratory of Organic Geochemistry, 
GIGCAS (SKLOG2024-02).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.176252.

References

Ailijiang, N., Zhong, N., Zhou, X., Mamat, A., Chang, J., Cao, S., Hua, Z., Li, N., 2022. 
Levels, sources, and risk assessment of PAHs residues in soil and plants in urban 
parks of Northwest China. Sci. Rep. 12 (1), 21448. https://doi.org/10.1038/s41598- 
022-25879-8.

Asante, K.A., Amoyaw-Osei, Y., Agusa, T., 2019. E-waste recycling in Africa: risks and 
opportunities. Curr. Opin. Green Sustain. Chem. 18, 109–117.

Brandsma, S.H., van Mourik, L., O’Brien, J.W., Eaglesham, G., Leonards, P.E.G., de 
Boer, J., Gallen, C., Mueller, J., Gaus, C., Bogdal, C., 2017. Medium-chain 
chlorinated Paraffins (CPs) dominate in Australian sewage sludge. Environ. Sci. 
Technol. 51, 3364–3372. https://doi.org/10.1021/acs.est.6b05318.

Brandsma, S.H., Brits, M., Groenewoud, Q.R., van Velzen, M.J.M., Leonards, P.E.G., de 
Boer, J., 2019. Chlorinated paraffins in car tires recycled to rubber granulates and 
playground tiles. Environ. Sci. Technol. 53 (13), 7595–7603. https://doi.org/ 
10.1021/acs.est.9b01835.

Brits, M., de Boer, J., Rohwer, E.R., De Vos, J., Weiss, J.M., Brandsma, S.H., 2020. Short-, 
medium-, and long-chain chlorinated paraffins in South African indoor dust and cat 
hair. Chemosphere 238, 11. https://doi.org/10.1016/j.chemosphere.2019.124643.

Chen, M.Y., Luo, X.J., Zhang, X.L., He, M.J., Chen, S.J., Mai, B.X., 2011. Chlorinated 
paraffins in sediments from the Pearl River delta, South China: spatial and temporal 
distributions and implication for processes. Environ. Sci. Technol. 45, 9936–9943.

Chen, C., Chen, A., Zhan, F., Wania, F., Zhang, S., Li, L., 2022. Global historical 
production, use, in-use stocks, and emissions of short-, medium-, and long-chain 
chlorinated paraffins. Environ. Sci. Technol. 56, 7895–7904. https://doi.org/ 
10.1021/acs.est.2c00264.

Gallistl, C., Lok, B., Schlienz, A., Vetter, W., 2017. Polyhalogenated compounds 
(chlorinated paraffins, novel and classic flame retardants, POPs) in dishcloths after 
their regular use in households. Sci. Total Environ. 595, 303–314. https://doi.org/ 
10.1016/j.scitotenv.2017.03.217.

Gallistl, C., Sprengel, J., Vetter, W., 2018. High levels of medium-chain chlorinated 
paraffins and polybrominated diphenyl ethers on the inside of several household 
baking oven doors. Sci. Total Environ. 615, 1019–1027. https://doi.org/10.1016/j. 
scitotenv.2017.09.112.

Gamey, G.a., 2003. A Handbook on the Labour Act 2003 (Act 651).. Gamey and Gamey 
Group.

W.E. Arko et al.                                                                                                                                                                                                                                 Science of the Total Environment 954 (2024) 176252 

6 



Gillett, R.W., Galbally, I.E., Keywood, M.D., Powell, J.C., Stevenson, G., Yates, A., & 
Borgen, A. R., 2016. Atmospheric short-chain-chlorinated paraffins in Melbourne, 
Australia – first extensive southern hemisphere observations. Environ. Chem. 14 (2), 
106–114. https://doi.org/10.1071/EN16152.

GMA, 2021. Regional weather. www.meteo.gov.gh/gmet/regional-weather/.
Guida, Y., Capella, R., Weber, R., 2020. Chlorinated paraffins in the technosphere: A 

review of available information and data gaps demonstrating the need to support the 
Stockholm convention implementation. Emerging Contaminants 6, 143–154. 
https://doi.org/10.1016/j.emcon.2020.03.003.

Harrad, S., Brommer, S., Mueller, J.F., 2016. Concentrations of organophosphate flame 
retardants in dust from cars, homes, and offices: an international comparison. 
Emerging Contaminants 2 (2), 66–72. https://doi.org/10.1016/j. 
emcon.2016.05.002.

He, C., Thai, P.K., Bertrand, L., Jayarathne, A., van Mourik, L., Phuc, D.H., Banks, A., 
Mueller, J.F., Wang, X.F., 2023. Calibration and application of PUF disk passive air 
samplers to assess chlorinated paraffins in ambient air in Australia, China, and 
Vietnam. Environ. Sci. Technol. 57 (50), 21061–21070. https://doi.org/10.1021/ 
acs.est.3c06703.

Herkert, N.J., Spak, S.N., Smith, A., Schuster, J.K., Harner, T., Martinez, A., 
Hornbuckle, K.C., 2018. Calibration and evaluation of PUF-PAS sampling rates 
across the Global Atmospheric Passive Sampling (GAPS) network. Environ. Sci.: 
Processes Impacts 20, 210–219.

Huang, H.T., Gao, L.R., Xia, D., Qiao, L., Wang, R.H., Su, G.J., Liu, G.R., Zheng, M.H., 
2017. Characterization of short- and medium-chain chlorinated paraffins in outdoor/ 
indoor PM10/PM2.5/PM1.0 in Beijing, China. Environ. Pollut. 255, 674–680.

Huang, J., Zhao, L., Shi, Y., Zeng, X., Sun, W., Zhao, X., Liu, R., Wu, Q., Dong, G., 
Chen, D., Liu, X., 2023a. Characterization of short-, medium- and long-chain 
chlorinated paraffins in ambient PM2.5 from the Pearl River Delta, China. Environ. 
Int. 175 (107932). https://doi.org/10.1016/j.envint.2023.107932.

Huang, J., Bai, Y., Zeeshan, M., Liu, R., Dong, G., 2023b. Effects of exposure to 
chlorinated paraffins on human health: A scoping review. Sci. Total Environ. 886, 
163953. https://doi.org/10.1016/j.scitotenv.2023.163953.

IARC, 1990. Some flame retardants and textile chemicals, and exposures in the textile 
manufacturing industry. https://publications.iarc.fr/Book-And-Report-Series/Iarc- 
Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Some-Fla 
me-Retardants-And-Textile-Chemicals-And-Exposures-In-The-Textile-Manufactur 
ing-Industry-1990.

Kang, Y., Cao, S., Yan, F., Qin, N., Wang, B., Zhang, Y., Shao, K., El-Maleh, C.A., Duan, X., 
2019. Health risks and source identification of dietary exposure to indicator 
polychlorinated biphenyls (PCBs) in Lanzhou, China. Environ. Geochem. Health 42 
(2), 681–692.

Li, T., Gao, S., Ben, Y., Zhang, H., Kang, Q., Wan, Y., 2018. Screening of chlorinated 
paraffins and unsaturated analogues in commercial mixtures: confirmation of their 
occurrences in the atmosphere. Environ. Sci. Technol. 52, 1862–1870.

Li, H., Li, J., Li, H., Yu, H., Yang, L., Chen, X., Cai, Z., 2019. Seasonal variations and 
inhalation risk assessment of short-chain chlorinated paraffins in PM2.5 of Jinan, 
China. Environmental Pollution 245, 325–330. https://doi.org/10.1016/j. 
envpol.2018.10.133.

Li, Q., Guo, M., Song, H., Cui, J., Zhan, M., Zou, Y., Li, J., Zhang, G., 2021. Size 
distribution and inhalation exposure of airborne particle-bound polybrominated 
diphenyl ethers, new brominated flame retardants, organophosphate esters, and 
chlorinated paraffins at urban open consumption place. Sci. Total Environ. 794, 10. 
https://doi.org/10.1016/j.scitotenv.2021.148695.

Liu, D., Li, Q., Cheng, Z., Li, K., Li, J., Zhang, G., 2020. Spatiotemporal variations of 
chlorinated paraffins in PM2.5 from Chinese cities: implications of the shifting and 
upgrading of it’s industries. Environ. Pollut. 259, 9. https://doi.org/10.1016/j. 
envpol.2019.113853.

Mockel, C., Breivik, K., Nøst, T.H., Sankoh, A., Jones, K.C., Sweetman, A., 2020. Soil 
pollution at a major west African E-waste recycling site: contamination pathways 
and implications for potential mitigation strategies. Environ. Int. 137, 105563.

Mohammed, K., Abubakari, A.R., Amoak, D., Antabe, R., Luginaah, I., 2023. Geographic 
disparities in the time to under-five mortality in Ghana. PloS One 18 (9), e0291328. 
https://doi.org/10.1371/journal.pone.0291328.

van Mourik, L.M., Gaus, C., Leonards, P.E.G., de Boer, J., 2016. Chlorinated paraffins in 
the environment: A review on their production, fate, levels, and trends between 
2010 and 2015. Chemosphere 155, 415–428. https://doi.org/10.1016/j. 
chemosphere.2016.04.037.

van Mourik, L.M., Wang, X., Paxman, C., Leonards, P.E.G., Wania, F., de Boer, J., 
Mueller, J.F., 2020. Spatial variation of short- and medium-chain chlorinated 
paraffins in ambient air across Australia. Environ. Pollut. 261, 114141. https://doi. 
org/10.1016/j.envpol.2020.

Nipen, M., Vogt, R.D., Bohlin-Nizzetto, P., Borga, K., Nwakalapa, E.B., Borgen, A.R., 
Jorgensen, S.J., Ntapanta, S.M., Nmochi, A.J., Schlabach, M., Breivik, K., 2022. 
Spatial trends of chlorinated paraffins and dechloranes in air and soil in a tropical 
urban, suburban, and rural environment. Environ. Pollut. 292, 118298. https://doi. 
org/10.1016/j. envpol.2021.118298.

Niu, S., Chen, R.Y., Dong, L., Hai, R., Huang, Y., 2020. Spatial distribution and profile of 
atmospheric short-chain chlorinated paraffins in the Yangtze River Delta. Environ. 
Pollut. 113958. https://doi.org/10.1016/j.envpol.2020.113958.

Niu, S., Harner, T., Chen, R., Parnis, J.M., Saini, A., Hageman, K., 2021. Guidance on the 
application of polyurethane foam disk passive air samplers for measuring nonane 
and short-chain chlorinated paraffins in the air: results from a screening study in 
urban air. Environ. Sci. Technol 55, 11693–11702. https://doi.org/10.1021/acs. 
est.1c02428.

Pan, X.H., Tang, J.H., Tian, C.G., Li, J., Zhang, G., 2018. Short- and medium-chain 
chlorinated paraffins in sediments from the Laizhou Bay area, North China: 

implications for transportation from rivers to marine environment. Environ. Pollut. 
243, 1460–1468.

South, L., Saini, A., Harner, T., Niu, S., Parnis, J.M., Mastin, J., 2022. Medium- and long- 
chain chlorinated paraffins in the air: A review of levels, physicochemical properties, 
and analytical considerations. Sci. Total Environ. 843, 157094 doi:https://www. 
ncbi. nlm.nih.gov/pubmed/35779735. 

UNEP, 1996. Chlorinated Paraffins (Environmental Health Criteria). https://inchem.org/ 
documents/ehc/ehc/ehc181.htm (accessed 1 March 2023). 

UNEP, 2015. Report of the Persistent Organic Pollutants Review Committee on the work 
of its eleventh meeting. https://www.env.go.jp/council/05hoken/y051-176b/ref07. 
pdf.

UNEP, 2021. Proposal to list chlorinated paraffins with carbon chain lengths in the range 
C14–17 and chlorination levels at or exceeding 45 per cent chlorine by weight in 
Annexes A, B and/or C to the Stockholm Convention on Persistent Organic 
Pollutants. Retrieved 23rd March 2023 from. http://www.pops.int/TheConventio 
n/POPsReviewCommittee/Meetings/POPRC17/MeetingDocuments/tabi 
d/8918/Default.aspx.

USEPA, 2005. Guidelines for Carcinogen Risk Assessment. 70 FR 17765–17817.
USEPA, 2009. Short-chain chlorinated paraffins (SCCPs) and other chlorinated paraffins 

action plan. https://www.epa.gov/sites/default/files/2015-09/documents/sccps_ 
ap_2009_1230_final.pdf.

USEPA, 2015. TSCA New Chemicals Review Program Standard Review Risk Assessment 
on Medium-Chain Chlorinated Paraffins (pmnp-12-0282 pmnp-12-0283) and Long- 
chain Paraffins (pmnp-12-0284). https://nepis.epa.gov/ (accessed 1 March 2023). 

Wang, T., Han, S., Yuan, B., Zeng, L., Li, Y., Wang, Y., Jiang, G., 2012. Summer–Winter 
Concentrations and Gas-Particle Partitioning of Short Chain Chlorinated Paraffins in 
the Atmosphere of an Urban Setting. Environ. Pollut. 171, 38–45. https://doi.org/ 
10.1016/j.envpol.2012.07.025.

Wang, Y., Li, J., Cheng, Z., Li, Q., Pan, X., Zhang, R., Liu, D., Luo, C., Liu, X., 
Katsoyiannis, A., Zhang, G., 2013. Short- and medium-chain chlorinated paraffins in 
air and soil of subtropical terrestrial environment in the Pearl River Delta, South 
China: distribution, composition, atmospheric deposition fluxes, and environmental 
fate. Environ. Sci. Technol. 47 (6), 2679–2687. https://doi.org/10.1021/es304425r.

Wang, C., Gao, W., Liang, Y., Jiang, Y., Wang, Y., Zhang, Q., Jiang, G., 2019. Migration of 
chlorinated paraffins from plastic food packaging into food simulants: 
concentrations and differences in congener profiles. Chemosphere 225, 557–564. 
https://doi.org/10.1016/j.chemosphere.2019.03.039.

Wang, X.T., Jia, H.H., Hu, B.P., Cheng, H.X., Zhou, Y., Fu, R., 2019a. Occurrence, 
sources, partitioning and ecological risk of short- and medium-chain chlorinated 
paraffins in river water and sediments in Shanghai. Sci. Total Environ. 653, 
474–484.

Wang, K., Gao, L., Zhu, S., Cui, L., Qiao, L., Xu, C., Huang, D., Zheng, M., 2020. Spatial 
distributions and homolog profiles of chlorinated nonane paraffins, and short and 
medium chain chlorinated paraffins in soils from Yunnan, China. Chemosphere 247 
(125855).

Wania, F., Mackay, D., 1996. Peer reviewed: tracking the distribution of persistent 
organic pollutants. Environ. Sci. Technol. 30 (9), 390A–396A. https://doi.org/ 
10.1021/es962399q.

WHO, 2018. World Health Statistics 2018: Monitoring Health for the SDGs, Sustainable 
Development Goals. WHO, Lyon, France. 

Wong, F., Suzuki, G., Michinaka, C., Yuan, B., Takigami, H., de Wit, C.A., 2017. Dioxin- 
like activities, halogenated flame retardants, organophosphate esters and 
chlorinated paraffins in dust from Australia, the United Kingdom, Canada, Sweden 
and China. Chemosphere 168, 1248–1256. https://doi.org/10.1016/j. 
chemosphere.2016.10.074.

Xia, D., Gao, L., Zheng, M., Sun, Y., Qiao, L., Huang, H., Zhang, H., Fu, J., Wu, Y., Li, J., 
Zhang, L., 2019. Identification and evaluation of chlorinated nonane paraffins in the 
environment: A persistent organic pollutant candidate for the Stockholm 
convention? J. Hazard. Mater. 371, 449–455.

Xia, D., Vaye, O., Lu, R., Sun, Y., 2021. Resolving mass fractions and congener group 
patterns of C8− C17 chlorinated Paraffins in commercial products: associations with 
source characterization. Sci. Total Environ. 769 (144701).

Xia, D., Vaye, O., Yang, Y., Zhang, H., Sun, Y., 2021b. Spatial distributions, source 
apportionment and ecological risks of C9− C17 chlorinated paraffins in mangrove 
sediments from Dongzhai Harbor, Hainan Island. Environ. Pollut. 270 (116076).

Xu, C., Gao, L., Zheng, M., Qiao, L., Cui, L., Wang, K., Huang, D., 2019. Short- and 
medium-chain chlorinated paraffins in commercial rubber track products and raw 
materials. J. Hazard. Mater. 380, 120854. https://doi.org/10.1016/j. 
jhazmat.2019.120854.

Yuan, B., Strid, A., Darnerud, P.O., de Wit, C.A., Nyström, J., Bergman, Å., 2017. 
Chlorinated paraffins leaking from hand blenders can lead to significant human 
exposures. Environ. Int. 109, 73–80. https://doi.org/10.1016/j.envint.2017.09.014.

Yuan, B., Tay, J.H., Padilla-Sánchez, J.A., Papadopoulou, E., Haug, L.S., de Wit, C.A., 
2021. Human exposure to chlorinated paraffins via inhalation and dust ingestion in a 
Norwegian cohort. Environ. Sci. Technol. 55, 1145–1154.

Yuan, B., Rudel, H., de Wit, C.A., Koschorreck, J., 2022. Identifying emerging 
environmental concerns from long-chain chlorinated paraffins towards German 
ecosystems. J. Hazard. Mater. 424 (127607). https://doi.org/10.1016/j. 
jhazmat.2021.127607.

Zhao, S., Jones, K.C., Li, J., Sweetman, A.J., Liu, X., Xu, Y., Wang, Y., Lin, T., Mao, S., 
Li, K., Tang, J., Zhang, G., 2020. Evidence for major contributions of unintentionally 
produced PCBs in the air of China: implications for the National Source Inventory. 
Environ. Sci. Technol. 54 (4), 2163–2171. https://doi.org/10.1021/acs.est.9b06051.

W.E. Arko et al.                                                                                                                                                                                                                                 Science of the Total Environment 954 (2024) 176252 

7 



Zhou, Y., de Wit, C.A., Yin, G., Du, X., Yuan, B., 2019. Shorter than short-chain: very 
short-chain chlorinated Paraffins (vSCCPs) found in wildlife from the Yangtze River 
Delta. Environ. Int. 130 (104955).

Zhu, X.H., Bai, H., Gao, Y., Chen, J.P., Yuan, H.P., Wang, L.X., Wang, W., Dong, X.W., 
Li, X.X., 2017. Concentrations and inhalation risk assessment of short-chain 

polychlorinated paraffins in the urban air of Dalian, China. Environ. Sci. Pollut. Res. 
24, 21203–21212. https://doi.org/10.1007/s11356-017-9775-x.

Zhuo, M., Ma, S., Li, G., Yu, Y., An, T., 2019. Chlorinated Paraffins in the indoor and 
outdoor atmospheric particles from the Pearl River Delta: characteristics, sources, 
and human exposure risks. Sci. Total Environ. 650, 1041–1049. https://doi.org/ 
10.1016/j.scitotenv.2018.09.107.

W.E. Arko et al.                                                                                                                                                                                                                                 Science of the Total Environment 954 (2024) 176252 

8 


