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Microplastic is ubiquitous in the environment. Recently it was discovered that microplastic (MP, 1 μm−5 mm) 
contamination is present in the atmosphere where it can be transported over long distances and introduced 
to remote pristine environments. Sources, concentration levels, and transportation pathways of MP are still 
associated with large uncertainties. The abundance of atmospheric MP increases with decreasing particle size, 
suggesting that nanoplastics (NP, < 1 μm) could be of considerable atmospheric relevance. Only few analytical 
methods are available for detection of nanosized plastic particles. Thermoanalytical techniques are independent 
of particle size and are thus a powerful tool for MP and NP analysis. Here we develop a method for analysis of 
polystyrene on the nanogram scale using pyrolysis gas chromatography coupled to mass spectrometry. Pyrolysis 
was performed using a slow temperature ramp, and analytes were cryofocused prior to injection. The mass 
spectrometer was operated in selected ion monitoring (SIM) mode. A lower limit of detection of 1 ± 1 ng and 
a lower limit of quantification of 2 ± 2 ng were obtained (for the trimer peak). The method was validated with 
urban PM2.5 matrices of low (7 μg per sample) and high (53 μg per sample) aerosol mass loadings. The method 
performs well for low PM2.5 loadings, whereas high PM2.5 loadings seem to cause a matrix effect reducing the 
signal of polystyrene. This effect can be minimized by introducing a thermal desorption step prior to pyrolysis. 
The study provides a novel analysis method for qualitative and semi-quantitative analysis of PS on the nanogram 
scale in an aerosol matrix. Application of the method can be used to obtain concentration levels of polystyrene in 
atmospheric MP and NP. This is important in order to improve the understanding of the sources and sinks of MP 
and NP in the environment and thereby identify routes of exposure and uptake of this emerging contaminant.
1. Introduction

Plastic pollution is widely distributed in the environment and is 
present in all environmental compartments. Microplastics (MP) are 
solid plastic particles with diameters ranging from 5 mm down to 1 μm 
and nanoplastics (NP) are plastic particles with diameters in the sub-
micrometer range. MP is directly emitted to the environment from, e.g., 
personal care products (primary MP), or formed in the environment 
from weathering of macroplastics (secondary MP) [1–3]. Microplastic 
particles are present in oceans [4], rainwater [5], freshwater, sediment 
[6], soil [7], polar ice [8], wildlife [9] and in the human body [10,11]. 
The presence of MP in the human body is associated with adverse health 
effects [12], and the presence of MP in the environment could have 
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implications for ecosystem health [13]. In recent years it has become 
apparent that MP pollution is present in the atmosphere [14], where it 
can be transported over long distances [15,16]. Airborne MP has been 
observed in indoor [14,17], urban [14,18,19], continental, remote [20], 
and marine air [21–23] as well as in the free troposphere [16,24]. The 
dominant source of MP in the air is populated urban areas. Indoor MP 
concentrations can exceed outdoor concentrations [17], while urban 
MP concentrations exceed sub-urban [14] and remote MP concentra-
tions [20]. Traffic emits MP from wear of tires and brakes [25], and 
by resuspension of deposited MP [26]. The ocean also acts as a source 
and sink of atmospheric MP [23,27]. Atmospheric MP can have impli-
cations for climate through radiative effects [28], degradation products 
[29], and by affecting precipitation [30] and cloud formation processes 
[31].
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The lower size limit for detection of MP particles is limited by the an-
alytical method. The most frequently used methods for environmental 
MP analysis include microscopy, Fourier transform infrared (FTIR), and 
Raman spectroscopy [32], with a lower size limit of 2 μm [33]. Only 
few analytical methods are available for the detection of NP [34–36]. 
Several studies show that the number concentration of airborne MP 
increases with decreasing particle size [14–16,20], suggesting that NP 
could be of considerable atmospheric and health relevance [37]. NP has 
been observed in snow in the remote high-altitude Alps [38], and in 
ice/firn core samples from the Arctic and Antarctic [8]. Concentrations 
of airborne MP are reported in several different units depending on the 
sampling and analytical methods, including particles per m3 of air, de-
posited particles per m2 per day, mg of MP per kg of dust, and particles 
per L of melted snow [39]. This renders it difficult to compare con-
centrations of airborne MP across studies. For particulate matter (PM) 
suspended in air, it is customary to report concentrations in units of 
mass. Mass concentration of MP and NP can be determined with ther-
moanalytical methods, as these depend on the mass of MP and NP and 
are independent of particle size.

Pyrolysis gas chromatography coupled to mass spectrometry (py-GC-
MS) is a well established analytical method for polymers in the plastic 
industry, and has also proven applicable for detection of MP in environ-
mental samples [40–42]. Py-GC-MS can be used to determine polymer 
types, and is mainly limited by the sample mass. During pyrolysis the 
sample is heated under oxygen-free conditions, where the polymer is 
fragmented into smaller molecules that can enter the gas phase and be 
analyzed with a gas chromatograph. When pyrolysis conditions are held 
constant, the resulting pyrogram (chromatogram obtained from pyrol-
ysis) will function as a fingerprint of a specific polymer. Tsuge et al. 
provides an extensive data book of pyrograms of synthetic polymers at 
a pyrolysis temperature of 600 ◦C [43]. Complex environmental sam-
ples can contain several polymers simultaneously along with organics 
from the sample matrix which can result in formation of secondary 
pyrolysis products, creating additional peaks in the pyrograms com-
pared to the pure polymers [44]. The most commonly used pyrolysis 
method is flash pyrolysis, where the sample is heated instantly (10-20 
s) yielding a mix of hot vapors that can recombine to form secondary 
products. A novel approach to decrease secondary product formation 
has recently been suggested, where a slow ramping of the pyrolysis 
temperature is chosen instead of flash [45]. Thereby, the vapors are 
formed and removed continuously in the pyrolysis unit, reducing the 
mix of hot vapors, and hence minimizing the formation of secondary 
products. Py-GC-MS serves as a promising method for analysis of MP in 
complex atmospheric samples and allows for reporting mass concentra-
tions comparable to PM measurements typically done in air pollution 
studies.

Globally, 25 mega tonnes of polystyrene (PS) were produced in 
2015, a number that is increasing each year [46]. PS is mainly used 
for packaging, building/construction, and consumer products. Of the 
25 mega tonnes, only 17 mega tonnes were recycled. The remaining 
PS is either still in use or accumulating in landfills or the environ-
ment [46]. Microparticles of PS have been detected in the atmosphere 
[15,16,23,24,47], and especially low-density (𝜌 < 0.1 g cm−3) PS has 
the potential for long-range atmospheric transport.

Here we have developed a novel py-GC-MS analysis method for iden-
tification and quantification of PS on the nanogram scale. The method 
was validated with respect to an urban PM2.5 matrix of low (7 μg per 
sample) and high (53 μg per sample) aerosol mass loadings. Two types 
of PS were considered: expanded polystyrene (𝜌 < 0.04 g cm−3), and 
800 nm polystyrene latex spheres (𝜌 = 1.05 g cm−3). The aim of the 
study is to develop a method that will enable the determination of con-
centration levels of this emerging contaminant, which is an important 
part of understanding the extent of the atmospheric MP issue, along 
2

with transport pathways and exposure routes.
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2. Experimental

2.1. Materials

Polystyrene latex (PSL) nanospheres of sizes 81 ± 3 nm, and 
803 ± 14 nm were obtained from Thermo ScientificTM 3000 Series 
NanospheresTM Size Standards with a concentration of 1% solids in 
water (Fremont, CA, USA). The PSL suspension contains sodium azide 
as a preservative and a sulfate-based surfactant. Expanded polystyrene 
(ePS) were obtained from Jackopor® (> 98 wt% PS and < 2 wt% mixed 
pentane isomers, BEWI, Trondheim, Norway). Chloroform (99.80%, 
HiPerSolv, VWR Chemicals, Leuven, Belgium) and MilliQ water (<0.05 
μS cm−1 at 25 ◦C) were used for preparation of standards. Open-ended 
quartz pyrolysis tubes (Gerstel, Mülheim, Germany) were used to mini-
mize the risk of carry-over contamination [48].

2.2. Sample preparation

Standards were prepared by packing an open-ended pyrolysis tube 
with quartz wool and adding 1-3 μL of a PSL or ePS standard solution. 
Tubes were left under a cover of aluminum foil overnight to allow evap-
oration of water or for 30 min to allow chloroform evaporation leaving 
only PSL or ePS in the sample tube. Plastic contamination during the 
experimental procedure was minimized by wearing cotton laboratory 
coats, storing quartz wool in glass vials, and storing cleaning reagents 
(MilliQ, ethanol, and acetone) in glass containers. A syringe of metal 
and glass (Gerstel, 10 μl) was used to measure and transfer standards 
to the pyrolysis tubes. Quartz wool, pyrolysis tubes and metal equip-
ment used during the sample preparation were cleaned by heating to 
1100 ◦C using a butane gas burner (Cook & Baker). Aluminum foil was 
used to cover the table workspace during sample preparation to ensure 
clean conditions. Instrumental and procedural blanks were run to test 
for background contamination. Five standard solutions of 803 nm PSL 
in MilliQ were prepared by serial dilution with concentrations of 1.4, 
3.5, 8.6, 22, and 54 ng μL−1. PSL standards in the 1-160 ng mass range 
were prepared from the standard solutions by adding 1-3 μL of PSL stan-
dard and evaporating the water. PSL solutions were gently mixed and 
sonicated for 10 s prior to use. Five standard solutions of ePS in chloro-
form were prepared by serial dilution with concentrations of 1.1, 5, 10, 
20, and 55 ng μL−1, and used to prepare ePS standards with masses in 
the 1-110 ng range.

2.3. Instrumentation

Analyses were performed with a pyrolysis module (PYRO Gerstel) 
connected to a thermal desorption unit (TDU Gerstel, from now on re-
ferred to as TDU) and cooled injection system (CIS4 Gerstel, from now 
on referred to as CIS). The pyrolysis module, TDU, and CIS were inter-
faced with a gas chromatograph coupled to a mass spectrometer (7890b 
and 5977a Agilent Technologies, respectively). Pyrolysis was performed 
as a slow temperature ramping from 300 ◦C to 800 ◦C at 5 ◦C s−1. 
During pyrolysis the TDU was heated from 40 ◦C to 300 ◦C at 300 ◦C 
min−1 and held for 2 min at 300 ◦C. Pyrolysis fragments were trans-
ferred to the CIS liner in splitless mode by a constant flow of helium 
of 50 mL min−1, and cryofocused by cooling the CIS to temperatures 
ranging between −120 ◦C and −40 ◦C. During transfer, the TDU trans-
fer temperature was set to 320 ◦C, however, the temperature proved to 
be unstable and would decrease to below 180 ◦C over a time scale of 
< 4 min. The instability was consistent and is thus not expected to cause 
variations in the data. Pyrolyzates were introduced at a constant helium 
flow of 1 mL min−1 to the fused silica capillary GC column (HP-5MS Ul-
tra Inert, 30 m × 0.25 mm inner diameter × 0.25 μm film thickness) 
by heating the CIS to 325 ◦C at 12 ◦C s−1 with a total split ratio rang-
ing between 20:1 and 75:1. The GC oven temperature was set at 40 ◦C, 

held for 2 min, and ramped to 320 ◦C at 10 ◦C min−1 and then held for 
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5 min. The MS was operated at 70 eV electron ionization with the elec-
tron source at 250 ◦C, and the quadrupole at 150 ◦C. The MS was run in 
either scan or selected ion monitoring (SIM) mode. In the initial method 
the CIS temperature was set to −120 ◦C, the CIS split ratio to 75:1, and 
the MS scanned in the 10-550 mass-to-charge (m/z) range.

2.4. Method optimization

Relative to the initial method the following parameters were opti-
mized i) the CIS temperature, ii) the CIS split ratio, iii) the scan range 
of the MS, and iv) the dwell time of selected ions in the SIM mode. The 
effect of the CIS temperature was investigated by testing 5 different 
temperatures: -120 ◦C, −100 ◦C, −80 ◦C, −60 ◦C, and −40 ◦C. The ef-
fect was evaluated based on peak area, signal-to-noise ratio (SNR), and 
symmetry factor calculated as the leading and trailing half-widths of 
the peak. Next, the CIS temperature was held constant at the optimized 
value, while the CIS split ratios 75:1, 50:1, 35:1 and 20:1 were tested. 
The optimized split ratio was identified and held constant while the MS 
was operated in SIM mode. The MS scanned in three sections during the 
run: section 1 at retention time (RT) 3-12 min for the styrene monomer 
marker ions with m/z of 51.1, 78.1, 104.1, section 2 at RT 12-22 min 
for the styrene dimer marker ions 91, 104, 130 m/z, and section 3 at RT 
22-35 min for the styrene trimer marker ions 91, 117, 312 m/z. Three 
SIM methods with varying dwell times were tested: 70 ms (SIMA), 100 
ms (SIMB), and 150 ms (SIMC).

2.5. Method validation

Calibration curves were constructed for the final optimized method, 
and the limit of detection (LOD) and limit of quantification (LOQ) were 
calculated from SNR, where the LOD is at SNR = 3, and the LOQ is at 
SNR = 10 [49].

Ambient aerosol particles were collected in Aarhus, Denmark (56° 
10’N, 10° 12’E), using a high-volume aerosol sampler (Digitel DHA-80) 
equipped with a PM2.5 inlet. Particles were collected onto 15 cm pre-
baked (600 ◦C for 4 hours) quartz fiber filters with a flow rate of 500 
L min–1. Two particle filter samples were collected: One that was sam-
pled for 7 days from March 21 11:10 to March 28 2022 11:10, and 
another that was sampled for 3 days from March 28 11:20 to March 
31 12:04 2022. The average PM2.5 concentration in Aarhus (mea-
sured at the street station Banegårdsgade) between March 21-28 was 
26 ±13 μg m−3 (mean ± standard deviation), and 8 ±3 μg m−3 between 
March 28-31 [50], resulting in aerosol mass loadings of 53 ± 21 μg per 
filter punch-out for the first sampling period, and 7 ±3 μg per punch-out 
for the second period. Weather conditions for the two sampling periods 
were similar with respect to relative humidity (72 ± 5%), temperature 
(5 ±2 ◦C), wind speed (3 ±1 m s–1) and precipitation (0 mm) [51]. Fil-
ters were packed in aluminum foil and stored at −18 ◦C until analysis. 
Punch-outs of 3 mm were taken in duplicate from the blank filters and 
in triplicate from the sample filters. Sample filters were spiked with 20 
and 60 ng ePS. A quality control of 60 ng ePS on a clean filter punch-out 
was included.

Additional tests of PS recovery from filters treated with MilliQ water 
and salt traces (Cl, Na, SO4, Mg, K, Ca) were performed to assess if 
general handling of filters in the laboratory could lead to contamination 
influencing the analysis.

2.6. Data analysis

Data analysis was done using Agilent MassHunter Quantitative Anal-
ysis (version 10.1.733.0) and MassHunter Qualitative Analysis (ver-
sion 10.0.1035.0). Further data processing was performed in MAT-
LAB (R2021a) [52]. Mass spectra were matched against the NIST17 
database, as well as a custom-built mass spectral library created using 
3
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Fig. 1. PS pyrograms for the 50-312 m/z range obtained from flash pyrolysis 
at 500 ◦C (black line) and slow ramp pyrolysis 300-800 ◦C at 5 ◦C s−1 (blue 
line) for 370 ng of 80 nm PSL standards. Intensities are normalized to styrene. 
(For interpretation of the colors in the figures, the reader is referred to the web 
version of this article.)

2.7. Uncertainty estimates

Standards used for the method optimization were only analyzed 
once. The uncertainty on these standards was calculated based on the 
standard deviation of five replicates of 84 ng 800 nm PSL standards. 
This standard deviation encompasses the variability of the sample 
preparation procedure together with the variability in analysis condi-
tions. Calibration standards were run in duplicate and filter samples 
were run in triplicate. The reported uncertainties for the LOD and LOQ 
were determined from the standard deviation of 7 replicates of 10.4 ng 
800 nm PSL and ePS standards.

Uncertainties reported for the PS masses from the two validation 
studies were propagated based on the standard deviations of the repli-
cate measurements of the blanks and samples, as well as the standard 
error on the regression parameters from the calibration curves.

3. Results and discussion

Under the current conditions, polystyrene fragments into three ma-
jor products during pyrolysis: the styrene monomer, styrene dimer (3-
butene-1,3-diyldibenzene) and styrene trimer (5-hexene-1,3,5-triyltri-
benzene). The relative abundance of these three pyrolyzates depends on 
the pyrolysis temperature. At 500 ◦C pyrolysis the relative abundance 
is 1:0.25:1 (styrene:dimer:trimer) calculated from the peak intensities. 
At 600 ◦C the relative abundance is 1:0.25:0.5 (styrene:dimer:trimer) 
[43], and at 700 ◦C the relative abundance is 1:0.07 (styrene:dimer, 
trimer not observed) [40]. Thermal decomposition of PS occurs via 
inter- and intramolecular reactions [53,54]. Formation of secondary 
pyrolysis products can be minimized using slow temperature ramping 
during pyrolysis followed by cryotrapping prior to injection [45]. Fig. 1
shows pyrograms of PS from flash pyrolysis (500 ◦C) and slow ramp py-
rolysis (300-800 ◦C at 5 ◦C s−1) are shown. The dimer and trimer are 
less abundant during slow ramp pyrolysis compared to flash pyrolysis, 
with relative abundances of 1:0.05:0.2 (styrene:dimer:trimer). This in-
tensity decrease is likely due to the suppression of the intermolecular 
formation pathway of the styrene dimer and trimer.

3.1. Cooled injection system temperature

Fig. 2 shows the peak area, symmetry factor and SNR as a function of 
the CIS temperature for the styrene monomer, dimer and trimer peaks 
for PSL standards of 80 nm (148 ng) and 800 nm (154 ng). For styrene, 
no clear trend is observed for the peak areas and at all temperatures, 

similar peak areas are obtained (panel A). There is a slight variation 
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Fig. 2. Peak areas (left vertical panels, A-C), symmetry factors (center vertical panels, D-F), and signal-to-noise ratios (right vertical panels, G-I) for the styrene 
monomer (upper horizontal panels), dimer (center horizontal panels) and trimer (lower horizontal panels) obtained at different CIS temperatures. Black denotes 148 
ng 80 nm PSL and white denotes 154 ng 800 nm PSL. Split ratio was 75:1. For CIS temperature of −100 ◦C no sample for 80 nm PSL particles was run. Dark shading 
indicates the acceptable symmetry range, and light shading indicates the limits of tailing and fronting according to Meyers et al. [55].
observed for the two PSL masses of 148 ng and 154 ng, however, this is 
not expected to be due to the 6 ng difference, but instead due to small 
variations in analysis conditions or sample preparation. Peak areas for 
the styrene dimer (panel B) and trimer (panel C) follow no clear trend 
as a function of CIS temperature. This is expected to be due to the low 
intensity and low SNR, rendering the dimer and trimer peaks sensitive 
to small variations in analysis conditions and sample preparation.

The styrene peak (panel D) is symmetric at a CIS temperature of 
−120 ◦C and asymmetric for the other temperatures. Peaks with symme-
try factors between 0.9 and 1.2 are considered symmetric, while tailing 
results in values above 1.5 and fronting in values below 0.7 [55]. At 
−80 ◦C, the two PSL sizes give consistent values of the symmetry factor 
just outside of the acceptable range, while at −40 ◦C the two PSL sizes 
give inconsistent values for the symmetry factor, however, the 800 nm 
154 ng PSL sample is within the symmetric range. At a CIS temperature 
of −100 ◦C the symmetry factor is near the tailing limit, and at −60 ◦C 
it is above.

For the dimer peak, symmetry factors (panel E) obtained at CIS tem-
peratures of −100 ◦C and −80 ◦C are within the acceptable range, while 
symmetry factors obtained at other temperatures lie outside of the ac-
ceptable range. This is likely due to the small peak intensity and low 
SNR, causing small variations in e.g. sample preparation or analysis 
conditions to induce large variations in the chromatographic peak.

The trimer peak (panel F) is symmetric at CIS temperatures of 
−40 ◦C, −80 ◦C and −100 ◦C. At −60 ◦C the trimer peak is somewhat 
symmetric, as the 800 nm standard lies outside of the symmetric range, 
while the 80 nm standard lies within the acceptable range.

SNRs for the styrene peak (panel G) generally lie around 100 and 
4

the styrene peak is thus well suited for both qualification and quan-
tification. The dimer peak is close to the noise limit with SNR values of 
3-6 (panel H). SNRs for the trimer peak are above 5 for all temperatures 
(panel I).

Cooling of the CIS adds several minutes to the analysis time, thus 
a relatively high cryofocusing temperature is preferred. The unstable 
TDU transfer temperature could be due to the large temperature differ-
ence between the CIS and the TDU transfer line (320 ◦C), hence a high 
cryofocusing temperature would minimize this difference and perhaps 
the instability of the TDU transfer temperature. Based on the symme-
try factors, peak areas, and analysis time considerations, an optimal 
CIS temperature of −40 ◦C was chosen in the current study, yet −80 ◦C 
could also be applied.

3.2. Cooled injection system split ratio

The split ratio of the cooled injection system controls the amount 
of analyte transferred from the CIS to the column. Here, four different 
split ratios of 75:1, 50:1, 35:1, and 20:1 were tested for 800 nm PSL 
standards of 162 ng. Fig. 3 shows the peak areas, symmetry factors, and 
SNRs for the styrene monomer, dimer, and trimer as a function of split 
ratio.

The peak area of styrene (panel A) increases, as expected, as a func-
tion of split ratio. Areas for split ratios of 20:1-50:1 are similar within 
the uncertainties. Split ratios 75:1 and 35:1 yield tailing peaks (panel 
D), and split ratios 50:1 and 20:1 yield symmetry factors below 1.5. 
SNRs for styrene (panel G) lie in the range of 35-135, with split ra-
tio 35:1 giving the highest SNR and split 50:1 giving the lowest SNR. 
For the dimer and trimer, peak areas (panels B and C) along with SNR 
(panels H and I) increase exponentially with decreasing split ratio. Split 

ratios 35:1 and 20:1 yield symmetric peaks (panels E and F), while split 
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Fig. 3. Peak areas (left vertical panels, A-C), symmetry factors (center vertical panels, D-F) and signal-to-noise ratios (right vertical panels, G-I) for the styrene 
monomer (upper horizontal panels), dimer (center horizontal panels), and trimer (lower horizontal panels) obtained at different CIS split ratios for 162 ng 800 nm 
PSL standards. In the center panels, dark shading indicates the acceptable symmetry range, and light shading indicates the limits of tailing and fronting according to 
Meyers et al. [55].

Table 1

Signal-to-noise ratios obtained from the scan method given as total ion chro-
matogram (TIC) and extracted ion chromatogram (EIC), along with the three 
SIM methods for the styrene, dimer, and trimer peaks. Obtained from 162 ng 
800 nm PSL standards.

TIC EIC SIMA SIMB SIMC

Styrene 44 ± 10 1081 ± 234 (25 ± 6) ⋅ 103 (26 ± 6) ⋅ 103 (20 ± 4) ⋅ 103
Dimer 1 ± 0.6 8 ± 5 231 ± 140 614 ± 371 711 ± 430
Trimer 3 ± 2 101 ± 79 353 ± 274 641 ± 497 623 ± 483
50:1 results in peaks on the border of tailing. Split 75:1 yields a fronting 
dimer peak (panel E), and tailing trimer peak (panel F). Decreasing the 
split ratio increases the total number of peaks in the chromatogram. 
Split 75:1 results in 23 peaks, split 50:1 in 50 peaks, split 35:1 in 80 
peaks and split 20:1 in 102 peaks. A small number of peaks is pre-
ferred, as only the styrene monomer, dimer and trimer peaks are of 
interest.

Based on this analysis, an optimal split ratio of 50:1 was chosen. 
This split ratio is the best compromise between peak area, symmetry, 
SNR, and the total number of chromatographic peaks. It provides high 
styrene peak areas and SNR, and low peak areas and SNR for the dimer 
and trimer peaks. However, the latter is improved in the SIM method 
development.

3.3. Selected ion monitoring

The SIM method was developed to increase sensitivity and mini-
mize noise. Table 1 lists the SNRs of the styrene monomer, dimer, and 
trimer peaks obtained from the scan method, for both the total ion chro-
5

matogram (TIC) and extracted ion chromatogram (EIC), and the three 
SIM methods. It is evident from Table 1, that a higher sensitivity is ob-
tained from the SIM mode compared to the scan mode. The SNR of 
styrene increases by a factor 25 going from the TIC to EIC, and factor of 
500-700 going from EIC to SIM. For the dimer peak, the SNR increases 
a factor of 8 from the TIC to EIC, and a factor of 30-90 from EIC to SIM. 
The trimer SNR increases with a factor of 35 from TIC to EIC, and a fac-
tor 3-6 from EIC to SIM. Hence, the signal is significantly improved in 
the SIM mode compared to the scan mode.

Three SIM methods with varying dwell times were tested: 70 ms 
(SIMA), 100 ms (SIMB), and 150 ms (SIMC). The dwell time is the 
amount of time the MS spends recording a single ion. It is related to 
the SIM cycle time, and thereby to the number of data points across a 
peak. Generally, 10 or more data points are needed to properly describe 
a gas chromatographic peak [56]. Long dwell times reduce noise, how-
ever, the analytical signal can be averaged out if the dwell time is too 
long. Short dwell times accurately follow the analytical signal, but the 
associated noise is also recorded [57]. Additionally, long dwell times 
will result in a long cycle time, and thereby in few data points per peak, 
while short dwell times yield short cycle times and, hence, many data 

points per peak.
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Fig. 4. Chromatograms obtained from the SIM methods for 162 ng 800 nm PSL standards. SIMA (black, 70 ms), SIMB (green, 100 ms), and SIMC (blue, 150 ms). 
Upper panel displays full chromatograms, and lower panels display styrene (left), dimer (center) and trimer (right) peaks. Solid circles indicate data points obtained 
from each SIM cycle. Note different ranges of axes.
Fig. 4 shows full chromatograms obtained from the SIM methods 
along with inset panels showing the styrene monomer, dimer, and 
trimer peaks. SIMA yields a very well-defined styrene peak with around 
20 data points, while the SIMB and SIMC method yield 15 and 10 data 
points across the peak, respectively. The styrene peak is both quite 
broad and intense, so 20 data points is an adequate amount to define the 
peak. In this case, 10 data points are not adequate as the peak maximum 
is not well-defined. The dimer and trimer peaks are more narrow and 
less intense than the styrene peak and, hence, need fewer data points 
than the styrene peak to be well-defined. The most intense dimer and 
trimer peaks are obtained with SIMB with around 15 data points per 
peak, while the least intense dimer and trimer peaks are obtained by 
the SIMA method, also with around 15 data points per peak. The SIMC 
method yields 10 data points per peak for the dimer and trimer. The 
SIMA method provides very well-defined peaks, however, at the ex-
pense of intensity loss. The SIM methods provide similar SNRs for the 
styrene peak on the order of 104. SIMA yields a SNR for the dimer peak 
of around one third of those obtained from the SIMB and SIMC meth-
ods. For the trimer peak, SIMA yields a SNR about half of those obtained 
from the SIMB and SIMC methods.

Based on the considerations of SNRs, the number of data points 
across a peak, and the signal intensity, the best method for the dimer 
and trimer peaks is SIMB. For the styrene peak the best method is SIMA. 
The intensity of the styrene peak is more than tenfold those of the dimer 
and trimer peaks. Thus, the method that results in the highest intensity 
of the dimer and trimer peak is preferred. The optimal dwell time is 100 
ms, and the final optimized method is SIMB.

3.4. Calibration curve

Calibration data were obtained with the SIMB method for both ePS 
and 800 nm PSL standards, in the mass range of 1-230 ng and 1-85 
ng, respectively. Standards were corrected with respect to instrument 
and procedural blanks. Calibration curves are given in Fig. 5 and re-
gression parameters are listed in Tables 2 and 3. For styrene, a linear 
dependency is observed between PS mass and peak area in the 0-30 ng 
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range. Above 30 ng, the peak area reaches a plateau and a polynomial 
Table 2

Regression parameters obtained from linear least squares analysis for ePS 
and PSL calibration curves. Slope and intercept are given with the associ-
ated standard error (SE). Note that styrene parameters are obtained for the 
0-30 ng mass range.

Slope ± SE Intercept ± SE R2 p-value

ePS Styrene (4.4 ± 0.5) ⋅ 104 (1.8 ± 0.7) ⋅ 105 0.832 8.6 ⋅ 10−9
Dimer 122 ± 5 −254 ± 385 0.938 1.1 ⋅ 10−22
Trimer 481 ± 27 (2.9 ± 1.9) ⋅ 103 0.903 2.8 ⋅ 10−19

PSL Styrene (3.4 ± 0.3) ⋅ 104 (7.0 ± 5.5) ⋅ 104 0.865 2.4 ⋅ 10−8
Dimer 62 ± 6 −192 ± 228 0.812 1.9 ⋅ 10−9
Trimer 120 ± 18 793 ± 657 0.665 1.2 ⋅ 10−6

Table 3

Regression parameters for the styrene data 
obtained from polynomial fits of the type 
𝐴 = 𝑝1 ⋅𝑚2

𝑃𝑆
+ 𝑝2 ⋅𝑚𝑃𝑆 + 𝑝3 where 𝐴 is the 

styrene peak area and 𝑚𝑃𝑆 the polystyrene 
mass. CI denotes 95% confidence intervals.

Coefficients ePS PSL

p1 ± CI −298 ± 82 −287 ± 90
p2 ± CI (4 ± 1) ⋅ 104 (4 ± 1) ⋅ 104
p3 ± CI (2 ± 1) ⋅ 105 (4 ± 10) ⋅ 104
R2 0.892 0.949

trend is observed (of the type 𝐴 = 𝑝1 ⋅𝑚2
𝑃𝑆

+ 𝑝2 ⋅𝑚𝑃𝑆 + 𝑝3 where 𝐴 is 
the styrene peak area and 𝑚𝑃𝑆 the polystyrene mass). The dimer and 
trimer peaks follow a linear trend over the entire mass range. Styrene 
data from the ePS calibration shows more variability than from the PSL 
calibration. For the dimer and trimer, the opposite is observed, where 
the PSL calibration data has a higher variability than the ePS data. Sim-
ilar sensitivities are obtained for styrene from the two calibrations. For 
the dimer and trimer, higher sensitivities are obtained by the ePS cal-
ibration. The correlation coefficients (R2) all exceed 0.7, i.e. the linear 
fits explain 70% of the variability in the data. The highest R2 is obtained 

from the ePS dimer data with a value of 0.94, however, the standard 
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Fig. 5. Calibration curves of ePS (upper panels) and PSL (lower panels) based on the styrene monomer (left), dimer (center) and trimer (right). Shaded areas denote 
95% confidence intervals. A linear fit to the styrene monomer data in the 0-30 ng range is given as a black line. Note different ranges for x- and y-axes.
Table 4

Detection and quantification limits obtained for the 
styrene monomer, dimer and trimer peaks for ePS 
and PSL based on 7 replicates of 10.4 ng standards. 
SD denotes the standard deviation.

LOD ± SD [ng] LOQ ± SD [ng]

ePS Styrene < 1 < 1
Dimer 3 ± 2 10 ± 7
Trimer 1 ± 1 2 ± 2

PSL Styrene < 1 < 1
Dimer 3 ± 1 10 ± 3
Trimer 1 ± 1 4 ± 2

error of the intercept exceeds the value of the intercept. The same is 
seen for the PSL dimer calibration. The styrene PSL polynomial regres-
sion also yields an R2 value of 0.94, however, the confidence intervals 
of the 𝑝3 coefficient exceed the value of the coefficient itself. All lin-
ear regressions show a correlation between PS mass and peak area with 
p-values < 0.05. Overall, the calibration curves are useful for the quan-
tification of PS on the nanogram scale, which is the expected range for 
PS in aerosol samples. The ePS trimer and PSL styrene curves perform 
the best.

Table 4 lists the LOD and LOQ obtained from ePS and PSL for the 
styrene monomer, dimer, and trimer peaks. LOD and LOQ values ob-
tained by the styrene peak are very low with values below 1 ng. The 
dimer peak yields values for LOD and LOQ of 3 ± 2 ng and 10 ± 7 ng, 
respectively, and the trimer peak yields LOD values of 1 ± 1 ng and 
LOQ values of 2 ± 2 ng for ePS, and 4 ± 2 ng for PSL. These values are 
lower than those previously reported by Marten and Scholz-Böttcher 
[58], who obtained LOD and LOQ for the styrene monomer of 3 ng 
and 16 ng, respectively, and LOD and LOQ of 59 ng and 282 ng for 
the trimer, respectively. Dimer values were not reported. For qualita-
tive analysis of PS, the presence of the styrene monomer along with the 
dimer and/or the trimer is necessary in order to verify that the styrene 
signal arises from PS. The LOD of PS is thus limited by the LOD of the 
dimer and/or trimer. By using the trimer peak as a qualifier, the LOD 
of PS is 1 ± 1 ng. The validity of this low LOD is supported by the py-
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rograms/chromatograms obtained from ePS and PSL standards of 1 ng 
where SNR for the styrene peak > 800 and SNR > 5 for the trimer peak. 
Ideally, the styrene peak would be used for quantitative analysis of PS, 
however, if other sources than PS contribute to the styrene peak it is 
better to use the dimer or trimer peak. Styrene pollution in ambient air 
has several sources e.g. styrene containing polymers (apart from PS), 
processing of petrochemicals [59], and biomass burning [60]. If signal 
from the sample matrix overlap with the dimer or trimer peaks, it is 
recommended to use the peak that is most well-resolved for PS quan-
tification.

3.5. Validation of PS analysis in aerosol samples

In the chromatograms obtained from punch-outs of filters with low 
(7 μg; filter A) and high (53 μg; filter B) PM2.5 loadings spiked with ePS, 
several chromatographic peaks were present in the 10-22 min RT range 
(see Supplementary Information Fig. 1). The styrene peak at 9 min and 
the trimer peak at 27 min were well-resolved, while the dimer peak at 
20 min was not properly resolved due to overlapping chromatographic 
peaks. In order to verify the presence of ePS, both the styrene monomer 
along with the dimer and/or trimer need to be detected. Here, the sam-
ple matrix is not well characterized and sources of styrene other than 
PSL could be present. The styrene and the trimer peaks obtained from 
the ePS calibration were used to determine the amount of ePS on the 
filters. Table 5 lists the detected ePS masses on filters A and B for the 
different spikes. No ePS was detected on the non-spiked filters. On filter 
A both 20 ng and 60 ng ePS were detected with the styrene and trimer 
peaks.

The styrene calibration underestimates the ePS mass by a factor of 
2 for the 20 ng spike and performs well for the 60 ng spike for filter A. 
The trimer calibration overestimates the ePS mass by a factor of ∼ 2. 
A similar trend was observed for the filters with a general background 
contamination level from laboratory handling (data not shown). For 
filter B, the 20 ng ePS was not detected, neither for the styrene nor 
trimer peaks despite LODs < 1 ng. The 60 ng ePS was not detected with 
the trimer peak, while 4 ±1 ng ePS was detected with the styrene peak.

This suggests that matrix on filter B influences the analysis, while 
matrices on filter A and the background contamination test filter (data 
not shown) only have a minor influence on the analysis. The large 

variability observed for the trimer from these filters (A and test) is in-
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Table 5

Detected ePS masses on filter A (7 μg PM2.5 per punch-out) and filter B (53 μg PM2.5

per punch-out) obtained from the ePS calibration data for the styrene and trimer peak. 
TD indicates that a thermal desorption step was performed prior to pyrolysis. ND de-
notes not detected, and <LOQ refers to values between the LOD and LOQ.

ePS spike [ng] ePS detected [ng]

Styrene calibration Trimer calibration

Filter A Filter B Filter B TD Filter A Filter B Filter B TD

0 ND ND ND ND ND ND
20 10 ± 3 ND 4 ± 1 34 ± 14 ND <LOQ
60 57 ± 17 4 ± 1 19 ± 6 118 ± 27 ND 36 ± 26
stead expected to arise from the low signal intensity and sensitivity 
of the trimer. For filter B, the species present in the matrix may form 
secondary products with ePS during pyrolysis, hence minimizing the 
formation of styrene and the trimer resulting in low recovery of PS.

A way to minimize the matrix effect is to thermally desorp the ma-
trix prior to pyrolysis. This was tested for filter B spiked with 20 ng and 
60 ng of ePS. First, the sample was heated from 100 ◦C to 300 ◦C at 
5 ◦C s−1 in the pyrolyzer, and analyzed using the same oven program 
and MS settings as in the SIMB method to test if any ePS was lost dur-
ing the thermal desorption step. Then, the same sample was pyrolyzed 
at 300 ◦C to 800 ◦C at 5 ◦C s−1 and analyzed with the SIMB method to 
quantify ePS. This approach improves the detectability of ePS for both 
the styrene and trimer peak. For direct pyrolysis, the 20 ng spike was 
not detected with either of the peaks and for pyrolysis following the 
thermal desorption step, 4 ± 1 ng was detected with the styrene peak 
and < 2 ng was detected with the trimer peak. For the 60 ng spike, the 
styrene calibration yields 4 ± 1 ng for the direct pyrolysis and 19 ± 6
ng for pyrolysis following thermal desorption. Using the trimer peak, 
36 ± 26 ng ePS was detected for the 60 ng spike for pyrolysis after the 
thermal desorption step, whereas no ePS was detected in the direct py-
rolysis run.

Considering that both the styrene monomer and/or trimer need to 
be detected in order to verify the presence of ePS, direct pyrolysis does 
not allow for detection of the 20 ng and 60 ng ePS spike on filter B with 
high amount of aerosol matrix. The thermal desorption step prior to 
pyrolysis allows for detection of ePS both for the 20 ng and 60 ng spike. 
Semi-quantification is possible as the mass of ePS is underestimated 
by a factor of 3-5. This is likely due to matrix effects from components 
that were not desorped at 300 ◦C. Introducing a thermal desorption step 
prior to pyrolysis improves the detectability of ePS in an urban PM2.5
matrix. However, values of LOD and LOQ < 1 ng as obtained from the 
ePS standards cannot be obtained for ePS in high mass loadings of PM2.5
matrix. In the case of low PM2.5 loadings (for a 3-day sampling period 
of PM2.5 with an average concentration of 8 ± 3 μg m−3 at a flow rate 
of 500 L min –1 on a 15 cm diameter filter), the LOD of 1 ± 1 ng as 
governed by the trimer peak, corresponds to a PS concentration in the 
air of 1 ± 1 ng m–3.

The study demonstrates that the SIMB method can be used to de-
tect ePS on the nanogram scale in an ambient aerosol matrix, but large 
uncertainties are associated with the quantification. Increased aerosol 
loadings will suppress the ePS signal, however, matrix effects can be 
reduced by performing a thermal desorption step prior to pyrolysis. Fu-
ture work could also explore the possibility of enzymatic digestion to 
minimize matrix effects.

4. Conclusion

An optimized method for polystyrene analysis with py-GC-MS was 
developed using a slow temperature ramping of the pyrolysis tempera-
ture. The optimization was done with respect to the temperature of the 
cooled injection system, the split ratio of the cooled injection system, 
and the dwell time in the selected ion monitoring mode. The selection 
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of optimal parameters was based on the styrene monomer, dimer, and 
trimer peak area, intensity, symmetry, signal-to-noise ratio, number of 
data points across chromatographic peaks, as well as the number of 
chromatographic peaks, and analysis time. The optimized parameters 
are: CIS temperature = −40 ◦C, CIS split ratio = 50:1, and SIM dwell 
time = 100 ms. Calibration curves were constructed for two types of PS: 
expanded polystyrene and 800 nm polystyrene latex spheres. To detect 
PS, the styrene monomer needs to be present along with the styrene 
dimer and/or trimer. Thus the limit of detection was 1 ±1 ng (acquired 
from the styrene trimer peak). The limit of quantification obtained by 
the styrene monomer peak was < 1 ng.

The method was tested for PS in an urban PM2.5 matrix of low (7 
μg per sample) and high (53 μg per sample) aerosol mass loading. The 
styrene calibration performs well for low aerosol loadings, while the 
trimer calibration overestimates the PS mass by a factor of 2. A high 
aerosol loading suppresses the styrene monomer and trimer signals. In-
troduction of a thermal desorption step prior to pyrolysis increases the 
detectability, however, the PS mass is still underestimated by a factor of 
3-5. The method is able to detect PS on the nanogram scale in an aerosol 
matrix, although large uncertainties remain in the quantification. The 
method can be considered as a starting point for further development to 
include more polymers. In summary, the study presents a novel method 
for detection and semi-quantification of PS on the nanogram scale in 
atmospheric aerosol samples.

CRediT authorship contribution statement

Freja Hasager: Conceptualization, Formal analysis, Investigation, 
Writing – original draft, Writing – review & editing, Methodology, 
Visualization. Þuríður N. Björgvinsdóttir: Formal analysis, Investi-
gation, Writing – original draft, Writing – review & editing. Sofie F. 
Vinther: Formal analysis, Investigation, Visualization, Writing – review 
& editing. Antigoni Christofili: Formal analysis, Visualization, Writing 
– review & editing. Eva R. Kjærgaard: Conceptualization, Investiga-
tion, Writing – review & editing. Sarah S. Petters: Conceptualization, 
Methodology, Writing – review & editing. Merete Bilde: Conceptual-
ization, Funding acquisition, Resources, Supervision, Writing – review 
& editing, Project administration. Marianne Glasius: Conceptualiza-
tion, Funding acquisition, Project administration, Resources, Supervi-
sion, Writing – original draft, Writing – review & editing.

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.



F. Hasager, Þ. Björgvinsdóttir, S.F. Vinther et al.

Acknowledgements

The authors would like to thank Mads Mørk Jensen for technical 
assistance, and the Independent Research Fund Denmark - Green Tran-
sition for funding [grant number 0217-300 00442B].

Appendix A. Supplementary material

Supplementary material related to this article can be found online 
at https://doi .org /10 .1016 /j .chroma .2023 .464622.

References

[1] P.L. Corcoran, M.C. Biesinger, M. Grifi, Plastics and beaches: a degrading relation-
ship, Mar. Pollut. Bull. 58 (1) (2009) 80–84.

[2] S. Lambert, M. Wagner, Characterisation of nanoplastics during the degradation of 
polystyrene, Chemosphere 145 (2016) 265–268.

[3] Y.K. Song, S.H. Hong, M. Jang, G.M. Han, S.W. Jung, W.J. Shim, Combined effects 
of UV exposure duration and mechanical abrasion on microplastic fragmentation by 
polymer type, Environ. Sci. Technol. 51 (8) (2017) 4368–4376.

[4] R.C. Thompson, Y. Olsen, R.P. Mitchell, A. Davis, S.J. Rowland, A.W.G. John, D. 
McGonigle, A.E. Russell, Lost at sea: where is all the plastic?, Science 304 (5672) 
(2004) 838.

[5] J. Brahney, M. Hallerud, E. Heim, M. Hahnenberger, S. Sukumaran, Plastic rain in 
protected areas of the United States, Science 368 (6496) (2020) 1257–1260.

[6] S. Yang, M. Zhou, X. Chen, L. Hu, Y. Xu, W. Fu, C. Li, A comparative review of 
microplastics in lake systems from different countries and regions, Chemosphere 
286 (2022) 131806.

[7] M. Sajjad, Q. Huang, S. Khan, M.A. Khan, Y. Liu, J. Wang, F. Lian, Q. Wang, G. Guo, 
Microplastics in the soil environment: a critical review, Environ. Technol. Innov. 27 
(2022) 102408.
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