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Exposure of e-waste dismantlers from a formal recycling facility in Spain to 
inhalable organophosphate and halogenated flame retardants 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• HFRs and OPEs detected in airborne 
PM2.5 from an e-waste dismantling 
facility. 

• BDE-209 and TPHP were the predomi-
nant HFR and OPE compounds, 
respectively. 

• Human exposure to HFRs and OPEs via 
PM2.5 inhalation during workday was 
estimated. 

• Workers exposure to HFRs via inhala-
tion was higher than for general 
population. 

• Inhalation non-CR and CR risks were 50 
and 25 times lower than threshold risk 
values.  
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A B S T R A C T   

Concentration levels of 16 organophosphate esters (OPEs) and 18 halogenated flame retardants (HFRs) were 
measured in airborne fine particulate matter (PM2.5) from an e-waste dismantling facility in Catalonia (Spain) to 
assess their occurrence, profiles and potential health risks. Three different areas from the facility were studied, 
including an area for cathodic ray-tube (CRT) TV dismantling, a grinding area, and the outdoor background. 
OPEs and HFRs were detected in all samples, with concentrations between 10.4 and 110 ng/m3 for OPEs and 
from 0.72 to 2213 ng/m3 for HFRs. The compounds with highest concentrations in both working areas were 
triphenyl phosphate (TPHP) and tris(2-chloroisopropyl) phosphate (TCIPP) for OPEs and decabromodiphenyl 
ether (BDE-209) for HFRs. Higher concentration levels were found in the CRT area compared to the grinding one, 
probably due to the lower ventilation and different types of e-waste being processed. OPEs were also detected in 
the solid e-waste from the facility, highlighting the need to evaluate pollutant levels in e-waste before proceeding 
to its re-use. Estimated daily intakes via inhalation during workday were calculated, as well as carcinogenic and 
non-carcinogenic health risks, these being 25 and 50 times lower than threshold risk values in the worst cases, 
respectively. However, this calculated risk only considers the workday exposure via inhalation, while other 
routes of exposure (e.g., ingestion, dermal) could bring these values closer to threshold values.   
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1. Introduction 

Electronic waste (e-waste) is currently the fastest growing waste on 
the planet. In 2019 54 million tonnes were generated in the world, with 
only 17% of them being recycled, whereas by 2030 this figure is ex-
pected to grow to 75 million tonnes (Forti et al., 2020). E-waste can be 
made of plastic, ceramics, glass or metal, which are valuable and reus-
able materials if they are properly recycled. This has resulted in the 
proliferation of an e-waste recycling industry that has grown annually at 
an average rate of 4.86% and calculated to have been worth $14.5 
billion in 2021 (Sahajwalla and Gaikwad, 2018). In higher income 
countries recycling is performed in facilities where processes are 
controlled and regulated, while in low- and middle-income countries 
manipulation and recycling of e-waste is frequently unregulated, 
without safety concerns related to the recycling process (Heacock et al., 
2016). 

Whereas e-waste recycling is necessary and presents numerous ad-
vantages for the environment, it can be a hazardous activity as toxic 
substances such as heavy metals or persistent organic pollutant (POP), 
flame retardants (FRs) or plasticizers, can be released to the air during 
the process (Yu et al., 2017; Man et al., 2013; Okeme and Arrandale, 
2019). 

Flame retardants in the form of polybrominated diphenyl ethers 
(PBDEs) are commonly found in old electronics devices as halogenated 
FRs (HFRs) the use of which has been banned by the Stockholm 
Convention on Persistent Organic Pollutants due to their persistence, 
bioaccumulation, and toxicity. This ban of PBDEs has resulted in sub-
stitution by alternative FRs, including organophosphate ester (OPEs) 
such as tris(2-chloroethyl) phosphate (TCEP), triphenyl phosphate 
(TPHP) and tris(2-ethylhexyl) phosphate (TEHP), and other halogenated 
FRs (HFRs) as chlorinated FRs as dechloranes, or novel brominated FRs 
(NBFRs), such as bis(2-ethylhexyl) tetrabromophtalate (BEHTBP), dec-
abromodiphenyl ethane (DBDPE), 2-ethyl-hexyl tetrabromobenzoate 
(EHTBB), hexabromobenzene (HBB), and pentabromoethylbenzene 
(PBEB) (Gravel et al., 2019; Abbasi et al., 2016; Someya et al., 2016; 
Matsukami et al., 2015). 

Dechlorane plus (DP) is the most commonly used chlorinated FR and 
is used in polymeric products as computer and television connectors, 
cable and wire coatings, and plastic roofing materials (Zheng et al., 
2010). Regarding DP toxicity, its persistence and bioaccumulation po-
tential have been noted for some time (Sverko et al., 2011). More 
recently Li et al. (2020) studied the effect of DP on common carp em-
bryos, with their results demonstrating a decrease of hatching rate, in-
crease of mortality rate, a higher probability of deformation and DNA 
damage. Similarly, Barón et al., 2016 studied the exposure of mussels to 
DP, finding evidence of genotoxic capacity, inducing DNA damage even 
at the lowest selected concentrations. The uses of NBFRs are similar to 
PBDEs, including as a FR additive in for example textiles, plastics, and 
electrical cable coating, and they have been detected in different envi-
ronmental matrices such as air, dust, sediments and biota (Xiong et al., 
2019). Regarding the toxicity of NBFRs, DBDPE can be hazardous in 
terms of cardiovascular diseases (Jing et al., 2019) and EHTBB and 
BEHTBP can induce endocrine disruption and 2,3,7,8-tetrachlorodiben-
zo-p-dioxin-like effects (Li et al., 2017). Organophosphate esters, apart 
from being applied as FRs, are also used as plasticizers, and they are 
consequently used across a range of different industries such as plastic, 
textile, furniture, construction and electronics (Wei et al., 2015). There 
have been reported toxic effects from some OPEs, for example tris 
(2-chloroisopropyl) phosphate (TCIPP), Tri-n-butyl phosphate (TNBP) 
and TPHP can all cause endocrine and reproductive disruption, affect 
nervous system development and are suspected carcinogens (He et al., 
2020). Adverse human health impacts have been reported for TCEP, 
such as hemolytic and reproductive effects, longer estrous cycle length, 
reduced fertility, and reduced sperm density and motility (Van der Veen 
and de Boer, 2012). 

Workers from e-waste recycling facilities can suffer higher exposures 

to FRs compared to the general population. This exposure typically 
arises via three main routes: dermal contact, inhalation and/or non- 
dietary ingestion (Grant et al., 2013). Furthermore, in addition to pre-
senting a potential health risk for the workers, people who live around 
e-waste dismantling facilities can also be affected (Wang et al., 2011). 
For example, Lu et al. (2017) found a correlation in e-waste dismantling 
sites between human exposure to TCEP, TCIPP, TNBP and TPHP and 
high oxidative stress. Yuan et al. (2008) suggested that PBDEs exposure 
can interfere with the thyroid hormone system to workers and cause 
genotoxicity. 

The objective of the current study is to assess the exposure and risk 
by inhalation of workers in a formal e-waste recycling facility located in 
Spain to 34 FRs from four chemical groups. There are few studies in 
formal e-waste recycling facilities, which are potential hot spots of FRs 
in air. Eleven out of the 34 analyzed compounds present non- 
carcinogenic and/or carcinogenic risk for humans. The risk via inhala-
tion will be evaluated in different working areas from the facility. Three 
types of e-waste treated in the facility will be analyzed to compare the 
compounds detected in air with the ones from e-waste, as FRs could be 
emitted during grinding processes as well as be reintroduced with the 
circular economy. Exposure to heavy metals and air pollutants (PM2.5, 
black carbon, ultrafine particles), as well as their toxicity, was also 
assessed in the same facility and is reported elsewhere (López et al., 
under review). 

2. Materials and methods 

2.1. Sampling location 

Aerosol sampling was conducted in the largest e-waste dismantling 
plant in Catalonia (Spain), one of about 50 similar facilities all over 
Spain. The e-waste at this facility is received from different waste 
collection points with low recovery potential in Catalonia and the 
Balearic Islands. It has an output between 1100 and 1300 tonnes per 
month, which represents around 5% of the total volume of reused and 
recycled e-waste in Spain (Statista, 2021). Around 90% of the e-waste is 
recovered, with the remaining 10% being sent to the dump. The facility 
recovers both small and large appliances, computer and telecommuni-
cations equipment, consumer electronics, electric and electronic tools, 
toys, medical devices, monitoring and control tools and vending ma-
chines, separating stainless steel, aluminium, iron, plastics, wires, 
printed circuit boards and transformers. 

The facility is divided into two floors. The ground floor is dedicated 
to the manual sorting area, the workshop and the grinding area 
(Fig. 1A), and a loading and unloading area outdoors (Fig. 1B). The 
indoors of this floor is directly connected with the outdoors via wide 
openings, ensuring good ventilation. Across this floor all types of e-waste 
are recycled, except for cathode-ray tube (CRT) TVs which are recycled 
in an exclusively dedicated area on a higher floor (Fig. 1C). This CRT 
dedicated area is covered with plastic curtains that greatly reduce its 
ventilation, and it is connected with stairs to the lower floor and by a 
door to an office area. 

2.2. Sample collection 

The sampling calendar was divided into two phases. During the first 
phase, the CRT area was sampled for 3 days in October 2020. In the 
second phase, the grinding area was sampled for 3 days in November 
2020. This makes a total of 6 sampling days, 3 in each area. A sample 
called “background” was also collected each day for control, but it is 
important to note that this location was next to the loading and 
unloading area outdoors (Fig. 1D). Three filters were collected on each 
sampling day: one for HFR analyses, one for OPEs and the third as 
background. Sampling time was equal to the shift, being 8 h in the CRT 
dismantling area and 6 h in the grinding area. A scheme of the locations 
sampled in the facility can be seen in Fig. S1. 
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A total of 18 samples (12 indoor and 6 background samples) of 
particulate material below 2.5 μm in size (PM2.5) were collected on 
quartz microfiber filters (37 mm diameter, PALL) using personal envi-
ronmental monitors (PEM, SKC) sampling at a flow rate of 0.54 m3/h. 
Filters were stored in plastic cases at − 20 ◦C before chemical analysis, 
and possible contamination was corrected by blanks. In addition, three 
types of the solid e-waste treated in the facility (namely printed circuit 
boards (PCBs), cables and plastic) were collected after grinding treat-
ment and stored inside a small glass bottle. These additional ground 
waste samples weighed between 66.3 and 115 g. 

2.3. Standards and reagents 

Information relative to native and labelled standards used in this 
study are provided in the Supplementary Information. Acetone, 
dichloromethane and hexane solvents for organic trace analysis were 
purchased from J.T. Baker (Center Valley, PA, USA). Methanol and 
water solvent for trace analysis as well as ammonium acetate and formic 
acid were obtained from Merck (Darmstadt, Germany). Al–N cartridges 
were obtained by Biotage (Uppsala, Sweden). Hydromatrix was pur-
chased from Agilent Technologies (Santa Clara, CA, USA). 

2.4. Halogenated flame retardant (HFR) analysis 

Filters extraction was performed with a pressurised liquid extraction 
(PLE) system. Filters were spiked with 20 μL of PBDEs internal standards 
at 0.5 ng/μL. After equilibration, samples were loaded into a 22 mL 
extraction cell previously loaded with 8 g of hydromatrix. Dead volume 
was filled with hydromatrix. The extraction solvent used was hexane: 
dichloromethane (1:1), at 100 ◦C and 1500 psi. Two static extractions of 

10 min at constant pressure and temperature were developed after an 
oven heat-up time of 5 min under these conditions, resulting into an 
extract about 35 mL. Extracts were concentrated to incipient dryness 
and redissolved with 2 mL of hexane. A clean-up was performed with 
solid phase extraction (SPE) using alumina cartridges (5g). Resulting 
extracts were concentrated to dryness and reconstituted with toluene for 
a final volume of 40 μL prior to instrument analysis. The detailed 
instrumental parameters used for HFRs is provided in the Supplemen-
tary Information. 

2.5. Organophosphate ester (OPE) analysis 

During the analysis process, the use of plastic material was avoided 
to reduce any potential contamination, apart from the plastic container 
used to store the filters. Blank signals were minimized heating non- 
volumetric glass material to 340 ◦C and rinsing with ethanol and hex-
ane:acetone (1:1) just before use. One blank was included in each batch 
of samples, and concentration levels of the corresponding samples were 
corrected. 

Filters were spiked with 20 μL of internal standard solution (d15- 
TDCIPP, d27-TNBP, d12-TCEP, d15-TPHP, d15-TEP, d21-TPP and d15- 
TEHP) at 1 ng/μL. After equilibration, samples were extracted by 
placing filters into 40 mL glass-centrifuge tube and 10 mL of hexane: 
acetone (1:1) were added. An ultrasound extraction was performed 
during 15 min. Extraction was performed twice, and extracts were 
combined and filtered using glass wool. Finally, the extracts were 
evaporated to dryness and reconstituted for a final volume of 500 μL of 
methanol before instrumental analysis. 

E-waste samples were ground using liquid N2 to homogenize and 
facilitate the analyses. One gram of e-waste was spiked with 50 ng of 

Fig. 1. Sampling areas from the e-waste dismantling facility: manual selection and grinding area (A), loading and unloading area (B), CRT dismantling area (C) and 
background sample collection area (D). 
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internal standard solution at 1 ng/μL and 0.5 g of copper were added. 
After equilibration, samples were loaded into a 22 mL extraction cell 
previously loaded with 8 g of hydromatrix. Dead volume was filled with 
hydromatrix. The extraction solvent used was hexane:acetone (1:1), at 
50 ◦C and 1500 psi. Two static extractions of 10 min at constant pressure 
and temperature were developed after an oven heat-up time of 5 min 
under these conditions, resulting into an extract about 35 mL. Extracts 
were evaporated to dryness to reconstitute them with 500 μL of meth-
anol before the instrumental analysis. The detailed analytical parame-
ters used for OPEs are provided in the Supplementary Information. 

2.6. Quality parameters 

Quality parameters were calculated using QC samples. Two batches 
of four QC and 1 blank were analyzed following the same procedure 
from samples, one batch for OPE analysis and the other for HFR analysis. 
QC samples were spiked with 5 ng of HFR natives or 10 ng of OPE na-
tives and extraction was performed following the same procedure than 
for regular samples. Previously to final reconstitution, 5 ng of PBDEs IS 
mixture or 10 ng of OPEs IS mixture were spiked in QC samples and 
blank. Limits of detection (LODs), limits of quantification (LOQs), re-
coveries and reproducibility were calculated from QC samples, and they 
are summarized in Supplementary Information (Table S5). This 
analytical methodology provides recoveries between 50 and 130% for 
OPEs and between 61 and 113% for HFRs, and with reproducibility 
always below 15%. For OPEs, LODs and LOQs ranged between 1.56-87.9 
and 5.19–293 pg/m3 respectively, while for HFRs, 0.53–48.1 and 
1.78–160 pg/m3 respectively. 

In the blanks no HFRs were detected, although TCEP, TCIPP, 
TDCIPP, TPHP and DCP were present (levels are shown in 

Supplementary Information Table S6), with each compound having 
levels below 17% of the sample concentration. Signals were subtracted 
to samples to correct concentrations. 

2.7. Human exposure via inhalation estimates 

In order to assess human exposure to HFRs and OPEs via inhalation, 
estimated daily intakes (EDIinhalation) were calculated. This parameter is 
expressed as ng/kg body weight (bw)/day, and is calculated with the 
following equation: EDI = (Air concentration × Amount of air inhaled 
per day × Exposure time)/Body weight. As all employees were adults, a 
body weight of 70 kg and a volume of air inhaled of 19.92 m3/day were 
assumed (Maceira et al., 2019). The exposure time corresponded to the 
shift, that was 6 h for grinding area and 8 h for CRT area. For the 
calculation it was assumed the total absorption in the airways of the 
inhaled chemicals. In the current study, only exposure via inhalation of 
PM2.5 during the workday was evaluated. Although this can only be a 
part of the total inhalation exposure, as gaseous FRs and coarser par-
ticulate matter are not considered, it remains of interest, especially as 
workers from the sampled areas were not using high quality face mas as 
personal protective equipment (PPE) and fine particles are known to 
pose the greatest health risk. Due to the COVID-19 pandemic situation 
workers that had no isolated workplace used cloth or surgical face 
masks. Note however that for specific activities considered to pose a 
recognised risk to the workers, the facility provides the suitably 
appropriate higher quality PPE. 

Table 1 
OPE and HFR levels (expressed in ng/m3) in PM2.5 samples from e-waste dismantling facility.  

Compound Background Working Area 

CRT Area Grinding Area 

1st day 2nd day 3rd day 1st day 2nd day 3rd day 1st day 2nd day 3rd day 

TCEP 0.25 0.28 0.21 2.51 1.39 2.30 1.25 0.85 0.41 
TPPO 0.03 0.02 0.05 0.13 0.16 0.13 0.28 0.09 0.26 
TCIPP 14.8 19.8 8.62 23.1 17.1 40.5 17.8 8.53 4.92 
TDCIPP nd nd nd 1.81 nd 2.53 2.89 0.43 nd 
TPHP 0.26 nd 0.71 11.4 20.0 44.3 28.0 40.9 8.32 
TNBP 0.19 0.14 0.12 0.84 0.26 1.01 0.67 0.34 0.19 
DCP nd nd nd 5.25 nd 3.62 3.98 0.82 nd 
2IPPDPP nd nd nd 0.34 nd 3.57 0.23 nd nd 
4IPPDPP nd nd nd 0.08 nd 0.43 0.03 nd nd 
RDP 0.58 0.11 0.60 4.81 6.67 8.21 20.5 6.10 1.78 
TCP nd nd nd 0.39 nd 0.47 1.57 0.56 0.79 
TEHP 5.09 1.45 0.11 6.07 7.15 2.46 0.36 0.19 0.10 
ΣOPEs 21.2 21.8 10.4 56.6 52.7 110 77.6 58.8 16.8 
BDE-28 0.12 0.01 0.00 0.21 0.01 0.47 0.01 0.01 0.01 
BDE-47 3.32 0.26 0.01 4.13 0.20 4.04 0.38 0.20 0.08 
BDE-100 0.50 0.05 nd 0.66 0.05 0.39 0.04 0.12 0.01 
BDE-99 nd 0.54 0.02 7.49 0.31 4.57 0.45 0.79 0.09 
BDE-154 0.04 0.06 0.002 0.49 0.02 1.97 0.02 0.15 0.01 
BDE-153 0.11 0.10 0.005 1.17 0.08 9.58 0.10 0.20 0.02 
BDE-183 0.14 0.08 0.007 0.54 0.27 41.0 0.24 0.15 0.04 
BDE-209 32.1 4.01 nd 62.4 8.55 1532 36.4 18.3 3.08 
ΣPBDEs 36.4 5.13 0.05 77 9.49 1595 37.7 19.9 3.34 
BEHTBP nd nd 0.37 1.58 nd 0.20 0.01 nd nd 
EHTBB 0.07 0.002 0.002 0.06 0.02 0.11 0.02 0.01 0.001 
HBB 0.41 0.22 0.03 1.38 1.38 22.3 0.38 0.41 0.06 
PBEB nd nd nd 0.003 nd nd nd nd nd 
DBDPE 11.0 2.62 0.27 68.4 6.73 456 3.81 8.32 1.19 
ΣNBFRs 11.5 2.85 0.67 71 8.13 479 4.22 8.74 1.25 
Dec 602 1.12 nd nd nd nd 5.6 nd nd nd 
Dec 603 0.45 nd nd nd nd nd nd nd nd 
syn-DP nd nd nd nd nd 33,4 nd nd nd 
anti-DP 0,04 nd nd nd 0,12 101 nd nd nd 
ΣDec 1,61 nd nd nd 0,12 140 nd nd nd 
ΣHFRs 49.5 7.97 0.72 149 17.7 2213 41.9 28.6 4.59  
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3. Results and discussion 

3.1. OPE and HFR levels 

OPE and HFR concentrations determined on PM2.5 filters are sum-
marized in Table 1. These results include samples from CRT and grinding 
areas as well as background. OPEs, PBDEs and NBFRs were detected in 
all samples, but chlorinated FRs were not detected in any sample from 
the grinding area, and only in some from the CRT area and from the 
background samples. 

Twelve out of sixteen tested OPEs were detected, with B4IPPPP, 
IDPP, IPPP and THP not being detected in any filter. 

∑
OPE levels 

ranged from 10.4 to 110 ng/m3, with the CRT area recording the highest 
concentrations at a mean value of 73.0 ng/m3, this comparing with a 
17.8 ng/m3 mean value for background and 51.0 ng/m3 for the grinding 
area. The OPEs with highest contributions in both working areas were 
TPHP and TCIPP, with mean contributions of 42% and 29%, respec-
tively, followed by RDP (13%) and DCP (5%). In contrast, in the back-
ground area the main OPE was TCIPP, with a contribution of 81% of the 
total concentration (Fig. 2A). 

Seventeen out of the eighteen tested HFRs were detected, with only 
Dechlorane 604 (Dec 604) not being found in any filter. 

∑
HFRs con-

centration ranged from 0.72 to 2213 ng/m3, with the CRT area again 
being the one with highest levels for the three HFR families, registering a 
mean value of 793 ng/m3 whereas the grinding area presented a mean 
value of 25 ng/m3 and background was 19.4 ng/m3. In almost all cases 
the BDE-209 contribution to 

∑
PBDEs was high, between 78 and 97%, 

except for one sample from the background area (3rd day) in which 
BDE-209 was not detected (Fig. 2B). In all three sites PBDE concentra-
tions were higher than those of NBFRs and dechloranes, except for the 
sample at the background area (3rd day) where NBFR concentration was 
the highest of the three HFR families. DBDPE followed the same pattern 
as BDE-209, with NBFR having the highest contribution in almost all 

samples. Its contribution to 
∑

NBFRs was from 83 to 96% except for the 
sample at the background area (3rd day) where its contribution is only 
40% (Fig. 2C). Dechloranes were only detected in three samples, two 
from the CRT area (2nd and 3rd days) and one from the background (1st 
day) with relatively low concentrations compared to the rest of HFRs. Its 
global contribution to 

∑
HFRs in these three samples was low, between 

0.7 and 6% (Fig. 2D). The differences were found in contribution profiles 
from the background area are likely due to the high daily variability of e- 
waste in this area, as they receive all kind of materials each day, 
including the e-waste that gets discarded to dump. 

In addition to the differences between areas, a high daily variability 
for OPEs and HFRs was detected. This variability between days was 
higher for HFRs, with RSD% values ranging from 80% to 160%. In the 
case of OPEs, the values were lower, between 36% and 61%. The reason 
of this high daily variability in the same area is probably due to changes 
in the amount and type of e-waste treated each day. 

Total concentration levels of OPEs and HFRs in the three sampled 
areas are compared in Fig. 3. Mean background levels of OPEs and HFRs 
were similar (17.8 and 19.4 ng/m3, respectively) whereas in the CRT 
area HFR levels were over 10 times those of OPE (793 and 73.0 ng/m3), 
while in the grinding area OPE levels were two times higher than HFR 
(51.0 and 25.0 ng/m3). The higher levels of contamination in the CRT 
area were due to the high PBDE concentrations, since OPE mean levels 
did not differ so much between the CRT and grinding area: 73.0 and 
51.0 ng/m3, respectively. In contrast, PBDE mean levels in the CRT area 
(560 ng/m3) were much higher than those in the grinding area (20.3 ng/ 
m3). The higher values from CRT area were probably due to the lower 
ventilation in this area compared with the grinding area and the dif-
ference in the e-waste that is dismantled in each area. PM2.5 levels from 
the CRT area were higher than those from the ground floor and back-
ground (means of 147, 78 and 40 μg/m3, respectively) (López et al. 
under review), demonstrating the poorer ventilation. Concentration 
ratios of 

∑
HFRCRT/

∑
HFRgrinding were much higher than 

∑
OPECRT/ 

Fig. 2. Percentage contribution of (A) OPEs, (B) PBDEs, (C) NBFRs and (D) Dechloranes, in the different studied areas.  
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∑
OPEgrinding (31.7 and 1.42, respectively), this huge difference is 

probably due to PBDEs usage in old TVs produced previously to its ban. 
This interpretation conforms with the work of Yu et al. (2017) who 
detected PBDEs (especially BDE-209) with high concentration in PCBs 
and plastics from CRT TVs, presenting concentrations of 

∑
PBDEs up to 

7.85 mg/kg in PBCs and 11.3 mg/kg in plastics. Thus, we the processing 
of old TVs as likely responsible for relatively high levels of PBDEs pre-
sent in airborne PM2.5 at local hotspots within the recycling facility. 

3.2. Comparison with previously published works 

Other studies have conducted analysis of HFRs and OPEs in both 
formal and informal e-waste facilities and in informal e-waste disman-
tling regions, although comparison with such data must be carried out 
with caution as airborne samples were collected using differing sam-
pling techniques and analysing methodologies (Table 2). 

OPE levels from the current study are lower than those reported from 
similar formal Canadian facilities (Nguyen et al., 2019; Gravel et al., 
2019). Other regions such as China, where informal e-waste dismantling 
is more common, presented a wide range of concentrations, being be-
tween 1 and 141 times lower than our study (Wang et al., 2018). This 
difference is probably because sampling was performed in an outdoor 
area surrounded by e-waste recycling parks, meaning that 

concentrations will be lower than those from indoor. In China, recycling 
activities are not usually performed inside a facility, but at different 
locations within an open area. 

Regarding HFRs, levels detected in the CRT area in our study were 
higher compared with those reported from a Canadian facility (Nguyen 
et al., 2019), but similar to those obtained from other small and medium 
facilities from Canada (Gravel et al., 2019). Even if levels in the grinding 
area from our study were lower than the ones reported from Canadian 
facilities, they were higher than reported from one e-waste dismantling 
region from China, where maximum concentration levels were 4 times 
lower than mean concentration from the grinding area of the current 
study, and much lower than levels reported from CRT areas and Cana-
dian facilities (Li et al., 2008). Also in China, Liu et al. (2019) studied 6 
areas of an e-waste dismantling park and reported a wide range of 
concentration levels, from the same concentration that we reported in 
the grinding area (25.0 ng/m3) to more than 5 times our highest re-
ported concentration (2213 ng/m3). 

Differences between facilities and informal areas are probably due to 
ventilation, as informal e-waste dismantling is usually carried out in the 
street while formal dismantling is done within indoor facilities where 
pollutant concentrations can build up if air exchange is poor. Thus, in 
our study differences could be seen between the CRT and grinding areas, 
with the latter presenting slightly lower levels of OPEs and much lower 

Fig. 3. Comparison between OPE and HFR levels at each sampling area.  

Table 2 
OPE and HFR levels (expressed in ng/m3) in previous published works in e-waste facilities.  

Location Area Sampling OPEs HFRs Ref. 

n Range Mean n Range Mean 

Catalonia, 
Spain 

CRT Quartz fiber filter 16 52.7–110 73 18 17.7–2213 793 This study 
Grinding 16 16.8–77.6 51 18 4.59–41.9 25.0 

Canada Central Quartz fiber filter 5 71.0–132 102 8 21.6–185 114.6 Nguyen et al. 
(2019) Workbench 5 122–1363 359 8 74.2–561 201 

Canada Small facility XAD-2 sorbent with polyurethane foam 
(PUF) plug 

3 750–1400 980 8 214–1391 425 Gravel et al. 
(2019) Medium Facility 3 770–1100 900 8 784–1221 911 

Large facility 3 980–1300 1100 8 5544–8653 6791 
China E-waste region Quartz fiber filter – – – 9 0.15–6.17 1.95 Li et al. (2008) 
China E-waste region Quartz fiber filter 9 0.775–13.8 4.35 – – – Wang et al. (2018) 
China E-waste dismantling park Glass fiber filter – – – 20 26.6–11800 – Liu et al. (2019) 
Catalonia, 

Spain 
Indoor (house, office and 
school) 

PUF and glass fiber filter 20 12.5–419 94.6 18 0.14–2.19 0.806 Esplugas et al. 
(2022) 

Catalonia, 
Spain 

Outdoor Quartz fiber filter – – – 6 0.01–0.03 0.02 Reche et al. (2019) 

Across the 
globe 

Outdoor PFU-PAS 18 0.46–15.1 2.83 – – – Saini et al. (2020)  
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levels of PBDEs. This difference apart from being due to the different 
products recycled, is also directly linked with the different ventilation in 
both areas. The CRT area was almost closed by plastic curtains that 
barely let air pass through them, while in the grinding area there were 
wide openings to outdoors facilitating the ventilation. 

Finally, we compared our results with those reported in indoor and 
outdoor environments. Recently, Esplugas et al. (2022) analyzed 
different FRs in indoor air from homes, offices and schools in Tarragona 
(Spain). Mean concentration values were 94.6 and 0.806 ng/m3 for 
OPEs and HFRs, respectively. Comparing these with our results inside 
the e-waste facility, we concluded that similar values were observed for 
OPEs (up to 110 ng/m3), while HFR levels were considerably higher in 
our case (up to 2213 ng/m3). Regarding outdoor levels, Saini et al. 
(2020) studied OPEs levels in megacities, where levels were between 
0.46 and 15.1 ng/m3, slightly lower than those from the grinding area 
which presented the lowest levels from the current study. Reche et al. 
(2019) analyzed HFRs levels in the city of Barcelona (Spain) where and 
levels were much lower than those from the present study, ranging be-
tween 0.01 and 0.03 ng/m3. This suggests that OPEs levels in the e-waste 
dismantling facility are slightly higher but similar to those from general 
environment. Concentration of HFRs, specifically PBDEs, reported in our 
study are higher than the levels from other indoor or outdoor studies, 
implying that workers have greater exposure compared to the general 
population. 

3.3. Levels in residues 

OPE levels were analyzed in three different types of e-waste obtained 
from the facility: printed circuit boards (PCBs), cables and plastic. It is 
important to note that the e-wastes were only sampled on one of the 
facility’s working days. Therefore, we cannot guarantee the represen-
tativeness of these samples, especially taking into account the great 
variety of e-wastes that arrive at the facility every day. Results are 
summarized in Table 3. Fourteen out of the sixteen tested OPEs were 
detected in plastic e-waste, whereas twelve and eleven were detected in 
PCBs and cables, respectively. Different OPE profiles and levels have 
been observed in each kind of e-waste. PCBs sample presented the 
highest 

∑
OPE concentration (912 μg/g e-waste), and the main OPEs 

found were 4IPPDPP (54%) and 2IPPDPP (26%), although the contri-
bution of TPHP was also high (17%). 

∑
OPE level in plastics was similar 

to that obtained for PCBs, being 614 μg/g e-waste, but the OPE profile 
was much different, with DCP (44%) and RDP (42%) being the most 
common compounds in plastic waste. The cables sample recorded has 
the lowest 

∑
OPE level, 11.9 μg/g e-waste, that is 51 and 76 times lower 

than in plastics and PCBs, respectively. In this cables sample, TCIPP was 
the highest contributing compound (63%), followed by TCEP (18%), 

TDCIPP (6%) and RDP (6%). 
The e-waste samples were obtained after grinding, meaning that FRs 

in e-waste could be released during this process. Theoretically, com-
pounds found in e-waste could be also present in particulate matter 
sampled next to the grinding area. Comparing our OPE results in e-waste 
with PM2.5 measured from the grinding area, we found some evidence 
for this. For instance, the TPHP contribution to OPE contamination in 
PM2.5 was 52%; this OPE also being present in e-waste at percentage 
contributions of 17, 4 and 6% in PCBs, cables and plastic, respectively. 
TCIPP, which is the second most abundant OPE recorded from PM2.5 
(22%), was the most contributing OPE in cables (63%); and RDP, which 
is the third compound with higher contribution in PM2.5 (16%), was one 
of the predominant compounds in the plastic sample (42%), as well as 
being detected in the cables sample (6%). 

However, not all the compounds with high concentrations in e-waste 
presented high levels in the PM2.5. This is the case for 2IPPDPP and 
4IPPDPP which despite contributing 26 and 54% to the OPE concen-
tration in PCBs sample, were very low (<0.5%) in PM2.5. The same sit-
uation was observed for TCEP: their contribution in the cables sample 
was 18%, falling to 2% in PM2.5. Finally, despite the fact that DCP is the 
most abundant OPE in the plastic sample (44%), its contribution in 
PM2.5 was also very low (3%). These differences may be due to emission 
of some OPE compounds as coarser particles, in a larger size fraction 
than PM2.5. It would be necessary to carry out a more exhaustive study in 
order to determine the reason for these differences between the contri-
butions of the different OPEs in e-waste and in PM2.5 samples by col-
lecting a greater number of samples and on different days, given the 
likely variations in e-waste materials dealt with by the recycling facility. 

The high OPE levels in e-waste samples highlight the risk of recycling 
these materials, since their re-circulation leads to the re-introduction of 
toxic compounds into the environment. It is clearly advisable to evaluate 
levels of contaminants in these types of materials before deciding on 
their reuse. In addition to the OPEs and HFRs analyzed in this work, this 
is also a problem for heavy metals and air pollutants (ultrafine particles, 
black carbon, etc.), as discussed by López et al. (under review). 

3.4. Human exposure assessment to HFRs and OPEs via inhalation 

Human exposure to FRs via airborne PM2.5 inhalation during work 
shifts from e-waste recycling facilities employees was assessed. It must 
be indicated that other sources of exposure, as dust ingestion and dermal 
contact, are not considered in this study. This inhalation exposure 
assessment focuses on PM2.5, as a well-established stronger risk factor 
than coarser particles (Samoli et al., 2008; Beelen et al., 2008; Krewski 
et al., 2009). Nonetheless, it must be noted that certain underestimation 
of the results due to the lack of data on coarser particles and on the gas 
phase can not be discarded. 

EDIinhalation values were calculated, and obtained results are sum-
marized in Table S7. Mean values from the 3 sampling days were 
calculated and applied for the calculation. As shown, EDIinhalation values 
from workers in the CRT area are higher than those from the grinding 
area. This is mainly due to the difference between mean concentrations 
of OPE and HFR in both areas, with concentrations in the CRT area 
around two times and more than ten times higher than those of the 
grinding area, respectively. Also note that the exposure time was 
different, as the shift lasts for 8 h in the CRT area and 6 h for the grinding 
one. This difference is presumably influenced by the lower ventilation in 
the CRT area when compared to the grinding area. 

OPE EDIinhalation values of 3.82 and 6.96 ng/kg bw/day were ob-
tained for the grinding and CRT area, respectively. These values were 
similar to those reported by He et al. (2018), who evaluated the OPE 
EDIinhalation for the Australian population, assuming that we spend the 
88% of time in indoor environments, that is 21.12 h. They reported an 
OPE EDIinhalation of 7.9 ng/kg bw/day. However, if we refer our values 
and those reported in the Australian study to the same exposure time, i.e. 
8 h, our values range between 5.09 and 6.96 ng/kg bw/day, in contrast 

Table 3 
Concentrations (expressed in ng/g) of OPEs measured in e-waste samples.   

PCBs Cables Plastic 

TCEP 15.9 2141 523 
TPPO 2890 nd 8089 
TCIPP 8.04 7490 3730 
TDCIPP nd 666 1742 
TPHP 151938 475 33847 
TNBP 5791 73.7 295.09 
DCP 25350 94.6 268747 
2IPPDPP 233291 107 3935 
4IPPDPP 488905 76.6 16504 
RDP 308 751 259385 
TCP 1241 29.8 16359 
B4IPPPP nd nd nd 
IDPP nd 27.4 101 
IPPP nd nd nd 
THP 22.2 nd 1.42 
TEHP 2375 nd 1149 
ΣOPEs 912135 11932 614408  
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with 2.99 ng/kg bw/day for the Australian study, with OPE EDIinhalation 
values from e-waste facility being (as would be expected) higher than 
those calculated for indoor inhalation of the Australian population. 
Regarding PBDE EDIinhalation values, and referring to 8 h of exposure, we 
found 1.92 and 53.2 ng/kg bw/day for the grinding and CRT area, 
respectively. These values were from 480 to 13300 times higher than the 
HFR exposure reported for the Australian population (0.004 ng/kg 
bw/day). Kakimoto et al. (2014) reported the inhalation exposure to 
PBDEs in Osaka, Japan, with an estimated value of 0.0034 ng/kg 
bw/day, these being similar to data calculated for the Australian pop-
ulation, and much lower than that reported in the current study. Sha 
et al. (2018) reported levels of EDIinhalation in homes and offices for 
brominated FRs (BFRs), including PBDEs, and OPEs, ranging between 
6.7 and 50 pg/kg bw/day for BFRs and from 44 to 220 pg/kg bw/day for 
OPEs. In both cases, reported levels were lower compared with the 
current study. Thus, we observe that OPE and HFR exposure of e-waste 
dismantlers in our study was higher than that of the general population, 
especially in the case of PBDEs. The differences are not so great for OPEs, 
although levels are slightly superior than those reported from Australia 
and clearly higher than the ones reported by Sha et al. (2018) in homes 
and offices. Therefore, e-waste dismantling workers should be consid-
ered as a risk group, and it is important to minimize their exposure to 
these toxic compounds, especially HFRs, through the use of PPE as face 
masks to reduce particle inhalation. 

USEPA, 2019 updated the oral reference dose (RfD) and oral cancer 
slope factors (SFO) of some OPEs and HFRs (Table S7). 
Non-carcinogenic (non-CR) as well as carcinogenic (CR) risks of OPE 
and HFR exposure via airborne particle inhalation during the workday 
were estimated. This was based on RfDs instead of inhalation reference 
concentrations (RfCs), which would be the correct approximation, since 
RfCs have not been developed from USEPA for OPEs and HFRs as there is 
not enough information from studies in humans or animals. Table 4 
shows the obtained non-CR and CR risks assuming that all of the inhaled 
compounds are completely absorbed into the blood, this being a con-
servative approach. 

In order to calculate non-CR risk, EDIinhalation values were divided by 
the corresponding RfD. If the obtained value was higher than one, a 
potential non-CR risk to humans might occur. The obtained results 
showed that daily exposure by inhalation to OPEs and HFRs does not 
suppose a non-CR risk by itself, as no individual non-CR risk was higher 
than one, including using the sum of all non-CR risk for each area. 
Highest values were obtained from the CRT area, with 

∑
OPEs having a 

risk of 3.07 × 10− 4 and 
∑

HFRs 1.91 × 10− 2. The highest risk values 
were found at the CRT area, basically due to the presence of HFRs, in 
particular, of PBDEs. 

To calculate CR risk, EDIinhalation values were multiplied by its cor-
responding SFO. It was considered an acceptable level of risk one cancer 
incidence case per million people (USEPA, 2019). That means that CR 
risk values higher than 1 × 10− 6 exceed safety threshold, which sup-
poses potential adverse effects. The obtained results were much lower 
than 1 × 10− 6, indicating that there is no CR risk for dismantling 
workers. Once again, the highest CR risk was obtained for the CRT area, 
with a significant contribution from BDE-209. 

Focusing on the most contaminated area (CRT area), the non-CR risk 
was 50 times lower than 1, and the CR risk was 25 times lower than 1 ×
10− 6. Even if there is apparently non-CR and CR risks from the exposure 
during workday, the exposition to OPEs and HFRs might occur in other 
indoor environments, and by other routes, such as dietary intake and 
dust ingestion. The sum of all these sources could bring the values closer 
to the safety threshold. Applying in the recycling facility immediate 
short term measures, such as the use of PPE, combined with medium- 
long term plans to limit the levels of these contaminants in the orig-
inal electronic products, would reduce the contribution of OPE and HFR 
exposure for workers in this environment. 

4. Conclusions 

Concentration levels of 16 OPEs and 18 HFRs were measured in 
PM2.5 from an e-waste dismantling facility. OPEs and HFRs were 
detected in all analyzed samples, with OPE levels between 16.8 and 110 
ng/m3 and HFR levels between 0.72 and 2213 ng/m3. The highest 
contributing compounds to total OPE levels were TPHP and TCIPP, 
whereas BDE-209 and DBDPE were the most contributing compounds to 
total HFR concentrations. Differences were observed between the two 
studied areas, with the CRT area being the one with the highest con-
centrations, basically due to the highest levels of HFRs, associated with 
the lower ventilation (air exchange rates) and the e-waste being pro-
cessed. The grinding area presented lower levels, although still higher 
than those in the outdoor background area. The high levels of PBDEs, 
especially of BDE-209, detected in the CRT area might be a concern 
because, even if its usage has been banned since 2008 in the EU (ECD, 
2009), activities as e-waste recycling result in its re-release into the 
environment. Thus, the reduction in environmental levels of BDE-209 
could be slowed down by this new source. To minimize toxicological 
effects, e-waste dismantling should be performed in places where the 
impact to environment and human health is as low as possible, espe-
cially where these activities are carried out in areas without control, as is 
the case in some developing countries. 

The most abundant OPEs detected in PM2.5 were also detected in the 
e-waste treated in this facility (ground from cables, printed circuit 
boards and plastic) at high concentration levels. These findings also 
highlight the risk of environmental contamination due to the recycling 
of these materials. It would be advisable that FR levels in e-waste were 
evaluated before proceeding to its re-use. 

Regarding human health, exposure to FRs by inhalation of PM2.5 
during the workday in the facility was estimated, with EDIinhalation 
values up to 6.96 and 53.2 ng/kg bw/day for OPEs and HFRs, respec-
tively. Based on these values non-CR and CR risks were assessed, 
resulting in levels always below the risk threshold. However, it is 
important to note that the possibility of reaching the relevant thresholds 
if other exposure routes, such as dietary intake and dust ingestion, are 
taken into consideration. As the contribution of OPE and HFR exposure 
during the work in the recycling facility is high, we recommended taking 
precautionary measures such as the use of PPE to reduce exposure to 
pollutants in this type of occupational setting. 
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Eljarrat, E., Barceló, D., 2016. Evaluation of the genotoxic and physiological effects 
of decabromodiphenyl ether (BDE-209) and dechlorane plus (DP) flame retardants in 
marine mussels (Mytilus galloprovincialis). Environ. Sci. Technol. 50, 2700–2708. 
https://doi.org/10.1021/acs.est.5b05814. 

Beelen, R., Hoek, G., van den Brandt, P.A., Goldbohm, R.A., Fischer, P., Schouten, L.J., 
Jerrett, M., Hughes, E., Armstrong, B., Brunekreef, B., 2008. Long-term effects of 
traffic-related air pollution on mortality in a Dutch cohort (NLCS-AIR study). 
Environ. Health Perspect. 116, 196–202. https://doi.org/10.1289/ehp.10767. 

ECD, 2009. Commission decision 2005/717/EC - Exemption of DecaBDE from teh 
prohibition on use, C116 (May 9, 2008). Off. J. Eur. Union. 

Esplugas, R., Rovira, J., Mari, M., Fernández-Arribas, J., Eljarrat, E., Domingo, J.L., 
Schuhmacher, M., 2022. Emerging and legacy flame retardants in indoor air and dust 
samples of Tarragona Province (Catalonia, Spain). Sci. Total Environ. 806 https:// 
doi.org/10.1016/j.scitotenv.2021.150494. 
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