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• The organic composition of particulate 
matter from a waste of electric and 
electronic equipment (WEEE) treatment 
plant was investigated. 

• Analytical pyrolysis was used to char
acterize and quantify microplastics. 

• Gas-liquid chromatography and mass 
spectrometry were used to study low 
molecular weight organic compounds 
associated to MPs polymer additives.  
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A B S T R A C T   

The widespread extensive use of synthetic polymers has led to a substantial environmental crisis caused by 
plastic pollution, with microplastics detected in various environments and posing risks to both human health and 
ecosystems. 

The possibility of plastic fragments to be dispersed in the air as particles and inhaled by humans may cause 
damage to the respiratory and other body systems. Therefore, there is a particular need to study microplastics as 
air pollutants. In this study, we tested a combination of analytical pyrolysis, gas chromatography–mass spec
trometry, and gas and liquid chromatography-mass spectrometry to identify and quantify both microplastics and 
their additives in airborne particulate matter and settled dust within a workplace environment: a WEEE treat
ment plant. Using this combined approach, we were able to accurately quantify ten synthetic polymers and eight 
classes of polymer additives. 

The identified additives include phthalates, adipates, citrates, sebacates, trimellitates, benzoates, organo
phosphates, and newly developed brominated flame retardants.  
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1. Introduction 

The unrestrained production of synthetic polymers on a global scale 
has precipitated a significant environmental crisis, with plastic pollution 
as a direct consequence of critical issues related to plastic disposal. 
Microplastics (MPs) have been detected across diverse environmental 
compartments, and the associated risks to the ecosystems and human 
health have received considerable social, scientific and political atten
tion (Bouwmeester et al., 2015). Most of the recent literature deals with 
the characterization of MPs in water-based matrices by using spectro
scopic or mass spectrometric approaches (Ivleva et al., 2017), given that 
both marine and freshwater environments serve as the primary final 
recipients of improperly managed plastic waste. However, the presence 
of MPs has also been demonstrated in food, soil, biota and in the human 
body (Jenner et al., 2022; Zhao et al., 2023). 

The health and environmental risks posed by MPs have been broadly 
categorized into physical and chemical effects. Physical hazards are 
related to the shape and size of MPs, and mainly refer to the ingestion of 
microplastics by organisms, resulting in tissue damage and obstruction 
of digestive systems. Chemical hazards are related to the composition of 
MPs and the low-molecular-weight compounds that MPs can adsorb 
and/or release, as they degrade in the open environment (Biale et al., 
2021). In fact, plastic particles in the environment often contain low- 
molecular-weight compounds such as monomer and oligomer resi
dues, additives, adsorbed persistent organic pollutants, and degradation 
products that can have toxic effects on organisms and ecosystems (Biale 
et al., 2021; Liu et al., 2019). 

Furthermore, microplastics in the environment undergo a contin
uous mechanical fragmentation due to weathering, photooxidation, 
biological decomposition and mechanical forces, leading to the forma
tion of smaller plastic debris, that are more susceptible to be transported 
and dispersed. 

In recent years, there has been a growing awareness that plastic 
fragments can be dispersed in the air and inhaled by humans, causing 
adverse effects on the respiratory system and other organs (Vattanasit 
et al., 2023). As a result, a new wave of research is focusing on MPs - and 
their associated chemical species - as air pollutants (Zhang et al., 2020). 
Studies on microplastics in the atmosphere have been carried out over 
the past decade (Dris et al., 2016; Gasperi et al., 2018; Goßmann et al., 
2022; Luo et al., 2024; Zhang et al., 2020), with a notable increase in 
attention since 2015, correlating MPs with their possible health hazards 
when inhaled. The sampling methods used can vary depending on the 
study and on the environment under investigation, and include tech
niques such as wet and dry deposition, atmospheric sampling, and dust 
collection (Dris et al., 2017; Dris et al., 2016; Vianello et al., 2019; Zhang 
et al., 2020). 

Dris et al. (2016) monitored MPs in the total atmospheric fallout in 
Paris (Dris et al., 2016): Fibers were collected from building rooftops in 
urban and suburban locations over periods of 6 months and 1 year. 
Approximately one third of the collected fibers were identified as syn
thetic polymers, while the majority was related to fibers of natural 
origin. Subsequently, the occurrence and the concentration of fibrous 
MPs were evaluated in 2017, still in the Paris area, both in an indoor and 
outdoor environment, including also settled dust in offices and apart
ments; 30 % of the investigated particles were identified as synthetic 
polymer fibers. Other studies have correlated the presence of MPs in 
outdoor environments with meteorological factors such as wind speed or 
rainfall (Dris et al., 2017). More recently, Goßmann et al. analyzed 
spider webs collected in different areas of Oldenburg, Germany, to 
monitor levels of MPs and tire wear particles (TWPs) in an urban setting 
(Goßmann et al., 2022). The collected samples were processed and 
analyzed by pyrolysis-gas chromatography–mass spectrometry (Py- 
GC–MS), and the results were correlated with the spatial and temporal 
accumulation of MPs, suggesting that spider webs can be used as natural 
samplers to monitor MPs contamination and accumulation. The results 
highlighted the predominance of polyethylene terephthalate - correlated 

with synthetic clothing and textile fibers - among all identified MPs. 
Finally, recent studies proposed the direct use of analytical pyrolysis 

to study polymeric components in the particulate matter collected on 
quartz filters suitable to be analyzed directly by this approach (Gregoris 
et al., 2023; Mizuguchi et al., 2023; Morioka et al., 2024). Recently, 
airborne microplastic has also been detected in animal tissue such us 
lungs of wild birds (Tokunaga et al., 2023). 

Vibrational spectroscopies are currently the most frequently used 
methods to investigate pollution from MPs, achieving data on particle 
numbers and polymer types (Anger et al., 2018; Sharaf Din et al., 2024; 
Tokunaga et al., 2023). Thermal analytical techniques, in particular Py- 
GC–MS have been demonstrated a robust alternative approach for the 
determination and quantification of MPs based on mass data (Biale et al., 
2021; Castelvetro et al., 2021; La Nasa et al., 2020). Py-GC–MS is a 
rapid, micro-destructive analytical technique that chemically charac
terizes synthetic polymers over a wide range of molecular weights. The 
high molecular weight components are fragmented during the pyrolysis 
step and the observed pool of fragments is identified by GC–MS. Py- 
GC–MS has been widely used in quantitative analysis of MPs in various 
environmental matrices (La Nasa et al., 2020; More et al., 2023; Nakano 
et al., 2022). 

In this study, we tested analytical pyrolysis coupled with gas chro
matography–mass spectrometry (Py-GC–MS) and gas and liquid 
chromatography-mass spectrometry (GC–MS, LC-MS/MS) to charac
terize and quantify both microplastics and their additives present in 
airborne particulate matter and settled dusts in a working environment 
where plastic waste are treated. Field emission gun scanning electron 
microscope (FEG-SEM) was used to evaluate the recovery of micro
plastics from the Teflon filters used to collect the airborne particles. Py- 
GC–MS allowed us to quantify the synthetic polymers and to estimate 
the inorganic content in the airborne particles, while the parallel use of 
gas and liquid chromatography coupled to mass spectrometry on the 
same samples allowed us a broad target quantification of different 
classes of plasticizers and flame retardants deriving from polymer for
mulations. The analysis of these compounds was not possible with 
double-shot Py-GC–MS, because pyrolysis analysis is not suitable to 
identify all the targeted additives, especially the ones characterized by 
high boiling point, and to overcome this issue we employed extraction 
coupled to gas chromatography–mass spectrometry and liquid chro
matography. A single-step simultaneous extraction and purification 
procedure followed by GC–MS and liquid chromatography tandem mass 
spectrometry (HPLC-MS/MS) analyses was used to study phthalates and 
seven other classes of non-phthalate plastic additives. Adipates, citrates, 
sebacates, trimellitates, benzoates, organophosphate esters and new 
brominated flame retardants were investigated. These compounds, 
commonly used as plasticizers and flame retardants (Bergman et al., 
2012; Szewczyńska et al., 2020), can be released during waste disposal 
operations in e-waste recycling plants (Kitahara and Nakata, 2020) and 
therefore can be used as indicators of the presence of airborne 
microplastics. 

This new approach, based on the combination of two analytical 
techniques, provides a general picture of the composition of settled dusts 
and airborne particles collected in a plant where waste of electric and 
electronic equipment (WEEE) are treated in Italy, where workers are 
exposed to shredded plastic materials. 

2. Materials and methods 

2.1. Abbreviation list 

Table 1 reports the list of abbreviations used for polymers and 
polymer additives. 

2.2. Description of the sampling sites 

We collected airborne particulate matter and settled dusts from an e- 
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waste recycling plant in central Italy, where discarded TV sets, PCs, and 
monitors are processed. Upon arrival, the wastes are weighed and stored 
in designated areas before undergoing main treatment processes, 
including disassembly, sorting and separation of recoverable fractions, 
and shredding. In the disassembly area, workers manually crush the e- 
wastes and extract recoverable components such as ferrous and 
nonferrous materials, precious metals, electronic boards, and glass, 
which are then sent to recovery plants. The non-recyclable parts are 
mechanically shredded and disposed of. Both disassembly and shredding 
processes are known to generate a significant number of particles, 
fragments, and dust that can potentially adsorb harmful substances. 
Additionally, disassembly, which is typically a manual process, poses 

greater risks to workers compared to mechanical shredding that occurs 
in enclosed machinery. To evaluate exposure, particle samples were 
collected from the disassembly area for plastic waste. 

2.3. Sampling procedure 

Airborne particulate matter with a diameter less than 10 μm (PM10) 
was collected on 47 mm PTFE filters (2.0 μm, Pall, USA), using five SKC 
Leland Legacy Pumps (SKC Ltd., UK) equipped with Personal Impact 
Samplers (SKC Ltd., UK). Two multistage impactors (DLPI+, Dekati, 
Finland) also collected airborne PM on 25 mm PC filters (0.8 μm, Ster
litech, Italy). The seven samplers running in parallel at a flow rate of 10 
L/min were placed next to the disassembly area of the treatment plant. 
Organic compounds were extracted and analyzed from DLPI filters, 
while Personal Impact Sampler filters were used for pyrolytic analysis. 

A sampling campaign was carried out for 2 h, collecting an air vol
ume of 1.2 m3 per sampler. In order to determine the particle mass, the 
filters were weighed before and after the sampling by using a Sartorius 
MC5 microbalance, housed in a climate-controlled chamber. 

In addition, settled dust samples were collected from the surface of 
worktops by using a brush, previously cleaned with ultrapure water and 
pure ethanol, and stored in amber glass bottles at − 18 ◦C. The dusts were 
subsequently sieved at 63 μm to remove larger particles and divided into 
1 g sub-samples after homogenization with vortex at each weighing. The 
sub-samples were stored at − 18 ◦C. 

2.4. Analysis of polymers by analytical pyrolysis coupled with gas 
chromatography–mass spectrometry (Py-GC–MS) 

Py-GC–MS analysis performed on the settled dust and the material 
recoveries from the filters were carried out after homogenization. The 
analysis of the particles on the filters were performed after recovering 
the solid particles by ultrasonic bath extraction with ethanol for 30 min 
at room temperature. The solution was then dried under nitrogen flow 
and the solid was quantitatively transferred to the pyrolysis cup. Re
sidual ethanol was further removed by nitrogen flow prior analysis. 

The analyses were performed using a multi-shot pyrolyzer EGA/PY- 
3030D (Frontier Lab, Japan) coupled with an 8890 gas chromatograph, 
combined with a 5977B mass selective single quadrupole mass spec
trometer detector (Agilent Technologies, USA). The pyrolysis furnace 
temperature was set at 600 ◦C while the Py-GC interface was set at 
280 ◦C (Py time 0.2 min). The pyrolysis products were separated with an 
HP-5MS capillary column (30 m × 0.25 mm, film thickness 0.25 μm, 
Agilent Technologies, USA), while the GC injector was operated in split 
mode at 280 ◦C and with a 20:1 ratio. The GC oven temperature program 
was set as follows: 40 ◦C for 5 min, 10 ◦C/min to 310 ◦C for 20 min. The 
mass spectrometric acquisition was in the range m/z 35–600. The 
weights of sample introduced in the pyrolysis chamber were measured 
with an XS3DU microanalytical scale (Mettler-Toledo, USA). The cali
bration curves for 10 different polymers (PE, PC, PP, ABS, PMMA, PS, 
PET, PVC, N6, and N66) were obtained using the Microplastics Cali
bration Standard (Frontier Lab, Japan), with SiO2 as solid diluent. 
Single-shot pyrolysis was preferred since the poor matrix effect high
lighted by preliminary analysis on the dust. 

The calibration curves were obtained in the range of masses of 
0.2–256 μg and are reported in Table S1. The procedure for the evalu
ation of the extraction recoveries and blanks are reported in Section 3.2. 

2.5. Analysis of the polymer additives by HPLC-MS/MS and GC–MS 

In order to analyze plastic additives, the filters from the two multi
stage impactors were combined to overcome the detection limits of most 
organic contaminants and polymer additives. Filters and 50 mg of sieved 
dusts were extracted and analyzed for eight classes of organic com
pounds including phthalates, adipates, citrates, organophosphate esters, 
new brominated flame retardant, sebacates, trimellitates, and 

Table 1 
Abbreviation list.  

Polymer Abbreviation 

Acrylonitrile butadiene styrene ABS 
Nylon 6 N6 
Nylon 6,6 N66 
Polycarbonate PC 
Polyethylene PE 
Polyethylene terephthalate PET 
Poly methyl methacrylate PMMA 
Polypropylene PP 
Polystyrene PS 
Polyvinyl chloride PVC  

Additive Abbreviation 

Tributyl-2-acetyl citrate ATBC 
Allyl 2,4,6-tribromophenyl ether ATE 
Acetyl triethyl citrate ATEC 
2-bromoallyl 2,4,6-tribromophenyl ether BATE 
Benzyl benzoate BB 
Benzyl butyl phthalate BBP 
1,2-bis(2,4,6-tribromophenoxy) ethane BTBPE 
Butiryl trihexyl-o-citrate BTHC 
Dibutyl adipate DBA 
Dibutyl phthalate DBP 
Dibutyl sebacate DBS 
Diciclohexyl phthalate DCHP 
Diethyl adipate DEA 
Bis-2-ethylhexyil adipate DEHA 
Bis-2-ethylhexyl phthalate DEHP 
Bis-2-ethylhexyil terephthalate DEHT 
Diethyl phthalate DEP 
Diheptyl phthalate DHepP 
Diisobutyl adipate DiBA 
Diisobutyl phthalate DiBP 
Dimethyl adipate DMA 
Dimethyl phthalate DMP 
Di-n-octyl phthalate DnOP 
Diphenyl phthalate DPhP 
Dipropyl phthalate DPrP 
2,3-dibromopropyl-2,4,6-tribromophenyl ether DPTE 
2-ethylhexyldiphenyl phosphate EHDPhP 
Hexabromobenzene HBB 
Hexachlorocyclopentadienyldibromocyclooctane HCDBCO 
Pentabromobenzyl acrylate PBBA 
Pentabromoethylbenzene PBEB 
Pentabromotoluene PBT 
2-ethyl-1-hexyl-2,3,4,5-tetrabromobenzoate TBB 
1,2,5,6-tetrabromocyclooctane TBCO 
1, 2-dibromo-4-(1, 2-dibromoethyl) cyclohexane TBECH 
Tris (2-butoxy ethyl) phosphate TBEP 
2,4,6-tribromophenol TBP 
Tributyl phosphate TBuP 
2,3,5,6-tetrabromo-p-xylene TBX 
Tris(2-chloroethyl)phosphate TCEP 
Tris(1,3-dichloro-2-propyl) phosphate TDCPP 
Triethyl phosphate TEP 
Tri-isobutyl phosphate TIBP 
Tri-m-tolyl phosphate TMTP 
Tris(2-ethylhexyl) trimellitate TOTM 
Triphenylphosphate TPhP 
Tripropyl phosphate TPrP  
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benzoates. A total of 47 organic compounds were analyzed, and a list 
with the adopted abbreviations can be found in Table 1. 

The analytical procedure, described in detail in previous studies and 
focused on the occurrence of OPEs and NBFRs in the air and dust of three 
e-waste treatment facilities (Pazzi et al., 2023; Pomata et al., 2020; 
Simonetti et al., 2020) was extended to identify the other classes of 
compounds discussed in this paper. 

The extraction efficiency was evaluated by adding standard of all 
analytes to blank filters, before (three samples) and after (three samples) 
the procedure, and the internal standards just before the chromato
graphic injections. Recoveries higher than 87 % were obtained for all 
compounds except TEBC/BHT (64 %) and DPhPh and DEA (~50 %). 
Therefore, the data reported in the manuscript for the latter compounds 
have been corrected for percent recovery. Extraction recovery can be 
considered as method recovery since it also includes evaporation and 
filtration steps. Filters and settled dust were extracted using an accel
erated solvent extractor (Dionex, Sunnyvale, USA) with 2 cycles (6 mL) 
of n-hexane followed by 2 cycles (6 mL) of ethyl acetate. Extract clean- 
up was carried out simultaneously with the extraction process by filling 
ASE cells with Florisil® as sorbent. The resulting extract was split into 
two aliquots, which were concentrated under a nitrogen stream, filtered 
through regenerated cellulose filters using glass syringes, and evapo
rated to dryness under gentle nitrogen stream. One aliquot was recon
stituted in methanol-water (50:50) (100 μL) for analysis by HPLC-MS2, 
while the other aliquot was reconstituted in toluene (100 μL) for analysis 
by GC–MS using both electronic ionization (EI) and negative chemical 
ionization (NCI). Both the solutions were filtered through PVDF mem
branes with 0.22 μm pore size (Millex Massachusetts, USA), before 
injection. 

As reported in previous works, TPrP, TDCPP, TBEP, TBuP, TIBP and 
TEP were analyzed using HPLC-MS/MS, while the analysis of EHDPhP, 
TMTP, TPhP, TCEP and NBFR was carried out by GC–MS using electron 
ionization (EI) and negative chemical ionization (NCI) (Pomata et al., 
2020; Simonetti et al., 2020; Sonego et al., 2022). 

The analysis of phthalates, adipates, citrates, sebacates, trimellitates 
and benzyl benzoate were performed by GC–MS (EI). 

The GC–MS analysis was performed using a 7890-B gas chromato
graph interfaced with a 7693 autosampler and coupled with a 5977B 
single quadrupole mass-selective detector (Agilent Technologies). GC 
separations were achieved in 37 min, on a capillary column DB-17–50 % 
phenyl-methylpolysiloxane (30 m × 0.25 mm, film thickness 0.25 μm; 
J&W Scientific). The temperature program in GC-EI-MS (operating at 
70 eV) was 80 ◦C initial temperature, 30 ◦C/min to 130 ◦C; 12 ◦C/min to 
180 ◦C for 3 min; 7 ◦C/min to 240 ◦C; 12 ◦C/min to 300 ◦C for 10 min. 
The quadrupole was set at 150 ◦C, the ion source temperatures were set 
at 230 ◦C and the transfer line at 300 ◦C. The injector temperature was 
set at 280 ◦C and the samples (1 μL) were injected in splitless mode. The 
helium carrier gas was set at a constant flow rate of 1.0 mL/min. The 
instrument was tuned using the software autotune procedure (Agilent 
MSD Chem Station D.01.00 software, Agilent Technologies) and the 
selective ion monitoring (SIM) used is reported in the Supplementary 
Materials (Table S2). Labelled OPEs were used as internal standards for 
the quantitative analysis. 

In particular, tributyl-d27 phosphate (TBP-d27), triphenyl–d15 phos
phate (TPhP-d15), and tris (2-chloroethyl)-d12 phosphate (TCEP-d12) 
were added at each sample prior to extraction. 

Procedural blanks were performed to evaluate possible contamina
tion. The limits of detection (LOD) were calculated by multiplying three 
times the standard deviation of the laboratory blank values. 

2.5.1. Quality assessment/quality control (QA/QC) 
In order to reduce the sources of contamination, samplers, glassware 

and steelware were washed with ultrapure water and pure ethanol and 
were dried under a fume hood, before use. Contamination of solvents by 
plastic additives (n-hexane, ethyl acetate, methanol and toluene) was 
evaluated and the measured concentrations were lower than the 

detection limit of the method. 
To take into account the possible contamination during the sample 

handling and pretreatment steps, the procedural blanks were spiked 
with deuterated internal standards prior to applying the procedure. 
Procedural blanks were 5 ASE cells filled with Florisil® as sorbent, for 
dust samples and 5 ASE cells filled with Florisil® and 5 PC filters, for PM 
samples. The average concentrations and 3 standard deviations detected 
in both procedural blanks are shown in Table S3 and Table S4. 

Data reported in the manuscript were obtained by subtracting the 
mean level of plastic additives detected in the procedural blanks plus 
three standard deviations to the environmental results. 

Concentration values were expressed as mean value ± uncertainty 
computed at the 95 % level of confidence. 

2.6. Field emission gun scanning electron microscope (FEG-SEM) 

FEG-SEM analyses were performed using a Quanta 450 FEG field 
emission gun – scanning electron microscope (FEI Company, USA) 
equipped with a QUANTAX XFlash Detector 6|10 for microanalyses 
(Bruker, USA) and X-ray compositional mapping and a QUANTAX 
EBSD/EDS analysis system for phase identification and textural mapping 
(Bruker). 

3. Results 

3.1. Airborne particulate matter 

The PM10 mass concentration of 576.4 ± 233.0 μg/m3 was in 
agreement with concentrations measured in similar workplaces, ranging 
from 202 to 651 μg/m3. Occupational Exposure Limits for PM10 have not 
been established in Europe. OEL for specific airborne dust include 
respirable inorganic dust, hardwood dusts, crystalline silica dust, and 
fibers (Fang et al., 2013; Kim et al., 2015; Papaoikonomou et al., 2018; 
Xue et al., 2012). 

3.2. Quantification of the polymers 

Py-GC–MS analyses were performed directly on settled dust collected 
from the WEEE site and on particles collected from the filters. The 
airborne plastic particles were recovered from the filters using ethanol in 
an ultrasonic bath as explained in Section 2.4. Micro- and nanoplastics 
recoveries were evaluated by FEG-SEM visual analysis with magnifica
tion up to 5000×. Morphological evaluation was also performed on a 
blank filter to assess any changes that occurred during ultrasonic 
extraction. The images acquired by FEG-SEM analysis showed a good 
recovery of the materials from the filter without altering the texture of 
the filters. Fig. 1 shows the comparison of microscope images obtained 
at 800× on a filter before and after sample pretreatment (Fig. 1a and b), 
together with the blank (Fig. 1c and d). 

The evaluation of the recoveries was performed on all the 5 filters. By 
visually comparing the areas of the filter before and after ultrasonic 
recovery, we can estimate recoveries up to 95 %, showing an overall 
good performance of the procedure. In addition, to evaluate the possible 
loss of PTFE residues from the filter or the presence of contaminants that 
could interfere with the analysis, Py-GC–MS analyses were performed on 
the blank filter extracts. These analyses showed the absence of any 
molecular marker of PTFE or other synthetic polymers, proving that the 
ultrasonic conditions used to recover the microplastics did not affect the 
filters. Moreover, this set of extracts was also used to evaluate the limit 
of detection (LOD) and limit of quantification (LOQ) of the Py-GC–MS 
approach. These values were calculated based on the slope of the cali
bration curves and the standard deviation following the ICH guidelines: 
the LODs for all polymers were less than 0.009 μg, while the LOQs were 
less than 0.030 μg (Table S5 in the Supporting Information). 

Table 2 summarizes the results obtained by Py-GC–MS for the settled 
dust and the material recovered from the filters, while Fig. 2 shows the 
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pyrolysis profiles obtained for the dust (Fig. 2a) and the material 
recovered from one of the filters (Fig. 2c), together with the relative 
abundances of the different polymers (Fig. 2b and d, respectively). 

The chromatogram obtained from the pyrolysis of the sample of 
settled dust recovered from the WEEE plant (Fig. 2a) featured a complex 
profile of pyrolysis products with styrene, characteristic of the pyrolysis 
of PS, as the most predominant peak. Besides PS, the Py-GC–MS analysis 
allowed us to identify the presence of two different polyolefins (PP and 
PE), ABS, PMMA, PC, two types of nylon (N6 and N66) and PVC as the 
most abundant polymers. In addition, the chromatogram was also 
characterized by a series of peaks associated with the presence of 
different polymer additives, with the plasticizer butyl octyl phthalate as 
the most abundant one. 

Quantitative analysis of the dust showed a concentration for each 
individual polymer in the range of 5.0–199 μg/g, with PS being the most 
abundant polymer (55 %), followed by PVC (20 %), PE, and PMMA. The 
dust samples were analyzed in triplicate and the results showed no 
significant differences between replicates, with CVs less than 10 %. 

The results obtained by Py-GC–MS analysis of the indoor particles 
recovered from the Teflon filters after extraction with an ultrasonic bath 
(Table 2) were similar to those obtained for the dust samples, both in 
terms of the amount of microplastic residues and the polymer distribu
tions, showing a good correlation with the more volatile PM10 and the 
heavier particles. 

For the five filters, the average concentration of each polymer was in 
the range of 3.0–190 μg/g. The individual results for each filter are re
ported in Table S6 in the Supporting Information. The results obtained 
on these samples were consistent with those reported in the literature for 
EEE waste that can be dispersed into the air during dismantling 

processes (Akoueson et al., 2021; Grigorescu et al., 2019). The differ
ences in polymer types between the dust and the filters can be due to the 
high number of items processed in the WEEE plant during the working 

Fig. 1. FEG-SEM images taken at 800× on a filter used in the sampling campaign (a, b) and a blank filter (c, d) before and after the ethanol extraction.  

Table 2 
Quantitative analysis results obtained for the powders and the filters. Legacy 
PAEs, non-legacy PAEs, non-phthalate plasticizers, sum of phthalates, citrates, 
adipates, sebacates, benzoates, trimellitates, OPEs, NBFRs and TPAs detected in 
all samples.   

Analytes Dust (μg/g) PM10 (μg/g) 

Polymers PE 21  15 
PP 5.0  18 
PS 199  190 
ABS 12  25 
PMMA 18  32 
PC 5.0  3 
PET –  119 
N6 –  7.0 
N66 9.0  3.0 
PVC 73  188 

Additives L-PAEs 1156  53,347 
NL-PAEs 55  5545 
NPPs 172  102 
∑

PAEs 1211  58,893 
∑

Adipates 2.94  260 
∑

Citrates 1.6  84 
∑

Sebacates 1.0  – 
∑

Trimellitates 166  12 
∑

Benzoates 0.5  96 
∑

OPEs 231  730 
∑

NBFRs 87  15 
∑

TPAs 1700  60,091  
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hours, that makes the results obtained for the filters a snapshot of the 
materials treated at the moment of the sampling. 

3.3. Quantification of the plastic additive 

The concentrations of all polymer additives detected in the samples 
were summed by class of compounds and by total plastic additives 
(TPAs) in airborne particles and in dust. Table 2 shows the summatory of 
the concentrations of phthalates (PAEs) citrates, adipates, trimellitates, 
sebacates, benzoates, OPEs, and NBFRs and TPAs detected in the sam
ples. Fig. 3 illustrates the percentage distribution of each class of organic 
compounds in the particulate fraction and settled dust samples collected 
at the plant. The concentrations of each compound detected in PM10 
fraction and settled dust are reported in the Supporting Information 
(Table S7). 

Phthalates resulted the most abundant class of compounds in all 
samples. The concentration of this class of additives, 1156 (μg/g) in dust 
samples and 53,347 μg/g in PM10,were up to two orders of magnitude 
higher than those reported by Zhang et al. for areas near e-waste recy
cling sites (Zhang et al., 2019). Citrates, adipates, BB and OPEs were 

more abundant in airborne particulate samples than in settled dust, 
while NBFRs and tris(2-ethylhexyl) trimellitate predominate in settled 
dust due to their low volatility (Rahman and Brazel, 2004). DBS was 
only identified in settled dust samples. Similarly, benzoates, adipates 
and citrates were detected in PM since they are not chemically bound to 
polymeric materials and are characterized by high volatility. For OPEs, 
TPhP was the most abundant compound in both PM and dust samples 
coherently with what reported by Carlsson et al.,(Carlsson et al., 2000). 

Fig. 2. Py-GC–MS chromatogram and relative abundances of polymers obtained for settling dust (a, b) and PM10 fraction from filter 3 (c, d).  

Fig. 3. Relative abundances of additives in dust (a) and PM10 (b) samples 
collected from e-waste recycling plant. 
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For NBFRs, TBCO was the most abundant compound detected in both 
PM and dust samples. In addition, significant concentrations of ATE 
were found in PM samples, while BTBPE was among the most abundant 
compounds in dust samples, consistent with its extremely low volatility 
(Zhan et al., 2019). These flame retardants have replaced the banned 
hexabromocyclododecane, polybrominated diphenyl ethers and tetra
bromobisphenol A in expanded PS and ABS, which are mainly used in 
rubber compounds for electrical insulation and electronic devices (Pazzi 
et al., 2023). 

Table 2 also shows the totals of legacy PAEs (L-PAEs), non-legacy 
PAEs (N-PAEs) and non-phthalate plasticizers (NNPs) detected in all 
samples. DBP, DiBP, DEHP and BBP are four of the six highly regulated 
PAEs in Europe (Wagner and Schlummer, 2020), commonly referred to 
as legacy PAEs, while the remaining PAEs are considered non-legacy. 
Five adipates, three citrates, DBS, BB, and TOTM were included 
among the NPPs (Gugliandolo et al., 2020). 

Specifically, L-PAEs were about up to 20 times higher than NL-PAEs 
in settled dust and PM10, respectively. Among PAEs, DiBP was the most 
abundant compound in all samples. For NL-PAEs, DEP and DEHT were 
detected at significant concentrations in both PM samples and settled 
dust. Although DEHT is an isomer of DEHP used as a substitute for L- 
PAEs, its concentrations were lower than DEHP in both airborne par
ticulate matter and settled dust. Regarding NPPs, high levels of TOTM 
and DEHA were detected in airborne particles and settled dust, while BB 
and DMA were the most abundant compounds in the PM samples 
collected. 

4. Data analysis and discussion 

The aim of this study was to define a new comprehensive analytical 
protocol that would allow the analysis of a wide range of polymers and 
organic polymer additives in airborne particles collected in work envi
ronment, to evaluate human exposure to MPs and associated pollutants. 
Although we analyzed a limited number of samples, the comparison of 

the results obtained with the two analytical methods allowed us to 
identify a partial correlation between the types of polymers and plastic 
additives identified in both dust and PM10. We used a clustering algo
rithm to highlight similarities, differences and correlations in the poly
mer and additive distributions based on the relative abundances of all 
species detected by both analytical methods. Fig. 4 shows the clustering 
results of the distance map in the form of a heatmap. 

The clustering analysis showed that PVC grouped together with the 
phthalate plasticizers and with the highest abundance of polymer ad
ditives (

∑
TPAs). This correlation is in good agreement with what ex

pected on the basis of the formulation of PVC-based plastics, is generally 
characterized by the presence of different types of plasticizers with 
concentrations up to 60 % (by weight) (Babinsky, 2006). 

Interestingly, the analysis revealed the presence of high levels of L- 
PAE, even though non-phthalate plasticizers were introduced to replace 
banned PAEs and are widely used. In fact, L-PAE concentrations resulted 
much higher than NL-PAEs in both PM and dust samples. This is likely 
related to the fact that the EEE plant is still processing outdated end-of- 
life products and materials. The NPPs did not show any significant 
correlation between other chemical species. 

As for the polymer additives, we also observed that the concentration 
of these organic compounds in the dust was much lower than in airborne 
particles. 

These result can be explained by the tendency of phthalates and 
other volatile species to migrate from plastic materials into the air and to 
adsorb on airborne particles due to their lipophilic properties (Christia 
et al., 2019; Zhang et al., 2019). As a general consideration, it is 
important to take into account that the analysis of the particulate 
collected on the filters can be representative of the material treated at 
the specific time of sampling. 

5. Conclusions 

The proposed methodological approach was proven efficient in 

Fig. 4. Clustering results shown as heatmap of the data obtained in the quantification of the polymer and the polymer additives.  
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detecting both microplastics and polymer additives in airborne partic
ulate matter. We used analytical pyrolysis to characterize and quantify 
the presence of ten different polymers, and solvent extraction followed 
by gas and liquid chromatography and mass spectrometry analysis to 
measure eight different classes of polymer additives. The effectiveness of 
the method was tested on airborne particulate samples collected from an 
e-waste dismantling facility where products and equipment of varying 
technological levels are dismantled and processed. The processing in
cludes fragmentation and implies direct exposure of the workers to the 
particulate matter. 

These preliminary results demonstrate the efficiency of the combined 
analytical approach to study several pollutants associated with airborne 
particles and highlight how this methodology could be used in the future 
for more extensive environmental analysis campaigns. 

The presence of polymers and organic plastic additives, in addition to 
the intrinsic hazardousness of airborne particles, represents an addi
tional risk to the health of workers who are directly exposed to these 
compounds (Christia et al., 2019; Giovanoulis, 2017; Pomata et al., 
2021). Therefore, it is necessary to develop analytical approaches that 
allow the analysis of as many potentially hazardous chemical species as 
possible and apply them in extended monitoring campaigns. This work 
represents a step forward in the definition of integrated analytical ap
proaches that, by expanding the number of compounds analyzed, will 
allow obtaining a broader picture of the composition of microplastics in 
the field of air pollution. 
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