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A B S T R A C T

Phthalate esters (PAEs) are ubiquitous synthetic chemicals, known pollutants and health hazards. Due to their 
adverse health effects, including those associated with inhalation exposure, PAEs have been relatively well 
studied in outdoor particulate matter with aerodynamic diameter <2.5 μm (PM2.5). However, limited data exist 
on indoor emissions of PAEs, despite the fact that nearly 90 % of human daily activities occur indoors, indicating 
a potential gap in understanding human exposure to those pollutants. This pilot study aimed to perform a 
preliminary assessment on the presence of six priority PAEs and the alternative plasticiser bis-(2-ethylhexyl) 
adipate (DEHA) in indoor PM2.5 from three offices in the UK and Brazil. DEHP (bis-(2-ethylhexyl) phthalate), was 
consistently detected in PM2.5 (with concentrations up to 34 ng/m3) from all studied offices. DEHP concentra-
tions had consistently low airborne variability, especially within the occupied offices, suggesting that human 
activities could facilitate the continuous resuspension of DEHP-bound particles, maintaining a steady-state in-
door concentration. Although mean DEHP levels in all studied offices were below the UK HSE workplace 
exposure limit, they represent a continuous chronic exposure source not accounted for by industrial safety 
standards. Reliance on oral reference values due to unavailability of inhalation reference standards for PAEs may 
underestimate risks due to route-specific metabolic differences. The study provides the first region specific data 
from the UK and Brazil suggesting indoor environments as contributors to PM2.5-bound DEHP exposure, high-
lighting the need for more systematic and long-term monitoring initiatives.

1. Introduction

Air pollution has been associated with millions of premature deaths 
annually (WHO, 2024a). As humans spend approximately 90% of the 
time indoors, the assessment of indoor air quality plays a significant role 
in pollutant exposure. Indoor environments such as homes, schools, and 
offices can be significant sources of airborne pollutants, including par-
ticulate matter (PM) (Chatoutsidou et al., 2015).

Fine particulate matter (PM2.5; aerodynamic diameter ≤2.5 μm) is a 

hazardous component of both indoor and outdoor air. PM2.5 can pene-
trate deep into the lungs and translocate into the blood, inducing multi- 
system toxicity (WHO, 2021). PM2.5 can be a vector for regulated 
persistent organic pollutants (POPs) and new and emerging pollutants 
(NEPs) (Barroso et al., 2019). Recent studies have reported that POPs 
and NEPs, such as phthalate esters, tend to mainly exist smaller airborne 
particles (e.g., PM2.5) (Bahrami et al., 2025; Li and Wang, 2015), 
highlighting the importance of investigating these pollutants in fine 
particles, particularly within indoor environments.

* Corresponding author.
E-mail address: ivan.kourtchev@coventry.ac.uk (I. Kourtchev). 

Contents lists available at ScienceDirect

Atmospheric Pollution Research
journal homepage: www.elsevier.com/locate/apr

https://doi.org/10.1016/j.apr.2026.102987
Received 5 January 2026; Received in revised form 13 March 2026; Accepted 14 March 2026  

Atmospheric Pollution Research xxx (xxxx) xxx 

Available online 15 March 2026 
1309-1042/© 2026 Turkish National Committee for Air Pollution Research and Control. Published by Elsevier B.V. This is an open access article under the CC BY 
license ( http://creativecommons.org/licenses/by/4.0/ ). 

Please cite this article as: Cristian Ryan A. Argamino et al., Atmospheric Pollution Research, https://doi.org/10.1016/j.apr.2026.102987 

https://orcid.org/0000-0002-0990-0000
https://orcid.org/0000-0002-0990-0000
https://orcid.org/0000-0003-4104-7430
https://orcid.org/0000-0003-4104-7430
https://orcid.org/0000-0001-7508-1800
https://orcid.org/0000-0001-7508-1800
https://orcid.org/0000-0001-6875-2792
https://orcid.org/0000-0001-6875-2792
mailto:ivan.kourtchev@coventry.ac.uk
www.sciencedirect.com/science/journal/13091042
https://www.elsevier.com/locate/apr
https://doi.org/10.1016/j.apr.2026.102987
https://doi.org/10.1016/j.apr.2026.102987
http://creativecommons.org/licenses/by/4.0/


Phthalate esters (PAEs) are ubiquitous synthetic semi-volatile 
organic chemicals, classified as either POPs or NEPs. PAEs are widely 
used as plasticisers in construction materials (Abdi et al., 2021), fur-
nishings (e.g. carpets, wallpaper) (Shi et al., 2018), and as stabilisers in 
personal care products (US EPA, 2000). Because PAEs are not covalently 
bound to the polymers, they can gradually migrate out of these materials 
and partition into indoor air (ECHA, 2025; Jamarani et al., 2018; Wang 
and Kannan, 2023).

Notably, six PAE compounds listed as priority pollutants by some 
regulatory agencies, e.g., the U.S. EPA, due to their reported toxicity: 
dimethyl phthalate (DMP), diethyl phthalate (DEP), di-n-butyl phthalate 
(DBP), benzyl butyl phthalate (BBP), bis-(2-ethylhexyl) phthalate 
(DEHP), and di-n-octyl phthalate (DOP) (US EPA, 2014, 2025b).

Emerging studies on prolonged exposure to PAEs (even at trace 
concentrations) have highlighted toxicological concerns due to their 
endocrine-disrupting properties and associations with adverse repro-
ductive, developmental, and metabolic health outcomes (Argamino 
et al., 2025; Becker et al., 2004; Caldwell, 2012; Chang et al., 2021; 
Mariana et al., 2016). This growing evidence of toxicity emphasises the 
need to monitor PAEs in the environment, particularly in indoor set-
tings, where exposure could be significant.

While there have been numerous reports on PAEs bound to outdoor 
PM2.5 across several regions (e.g., Brazil, China, Czech Republic, Hong 
Kong, France, Puerto Rico) (Argamino et al., 2024; El Haddad et al., 
2011; Feng et al., 2005; Kashyap and Agarwal, 2018; Long et al., 2025; 
Růžičková et al., 2016; Toro-Heredia et al., 2021; Zheng et al., 2000), 
data on indoor PM-bound PAEs remain limited. Existing studies on the 
indoor PM2.5 fraction are geographically concentrated in Asia, particu-
larly in China, with one study in Norway (Chen et al., 2018; Huang et al., 
2023; Rakkestad et al., 2007; Wang et al., 2018, 2019; Zhang et al., 
2014) (Table S1). For instance, concentrations of indoor PM2.5-bound 
PAEs in Chinese residences and dormitories in Tianjin, Beijing, and 
Guangzhou, have been reported reaching up to 1 μg/m3. To the best of 
our knowledge, airborne PAE data are unavailable for the UK and 
limited to total suspended particles (TSP) in Brazil (dos Santos et al., 
2024), with no measurements of the inhalable PM2.5 fraction.

The health effect of exposure to airborne pollutants is generally 
assessed using risk assessment approaches. Currently, risk assessments 
on PM2.5-bound PAEs are typically limited to daily intakes or average 
daily doses, often emitting the evaluation of non-cancer and cancer risks 
in other monitoring studies (Hong et al., 2024; Huang et al., 2022; Li 
et al., 2019; Ma et al., 2014; Quintana-Belmares et al., 2018). Moreover, 
studies assessing the risks of PAEs exposure in PM2.5 typically rely on the 
oral reference dose (RfD) due to the absence of published inhalation 
reference concentrations (RfC). For example, Zhang et al. (2019) used 
the oral RfDs for the assessment inhalation risk (e.g., hazard quotient 
(HQ)) of PM2.5-bound PAEs in four metropolitan cities in China. This 
may lead to underestimated risks since pollutants (i.e., PAEs) could be 
metabolised differently via the ingestion route compared to the inha-
lation route (US EPA, 2024a). Considering current evidence, a critical 
knowledge gap exists regarding the role of PM2.5-bound PAEs in indoor 
environments specifically regarding geographical representation 
beyond heavily industrial regions (e.g., China). Limited information on 
these airborne indoor pollutants restricts accurate exposure assessment 
and understanding of the potential health risks. For locations with no 
existing airborne PAE data, pilot studies are essential to establish 
baseline concentrations and to guide decisions on subsequent, larger 
monitoring efforts. While recent research indicates that indoor envi-
ronments may contain a broader suite of PAEs (up to 10 PAEs and 14 
alternative plasticisers) (Chen et al., 2025), this pilot study focuses on 
six PAEs designated as priority pollutants by the U.S. EPA (DMP, DEP, 
DBP, BBP, DEHP, and DOP) and the alternative plasticiser bis-(2-e-
thylhexyl) adipate (DEHA). These compounds were selected due to their 
high regulatory priority and known or suspected health risks, serving as 
a baseline for new measurements in previously unmonitored sampling 
sites. Consequently, this work aims to conduct a pilot study on 

PM2.5-bound PAE pollution in indoor office settings at two locations (i. 
e., the UK and Brazil) with no prior measurement records, to establish 
preliminary data for future full-scale monitoring campaigns.

2. Methodology

2.1. Site description

Indoor PM2.5 samples were collected from three offices labelled as 
Office 1, 2, and 3.

Office 1 (Coventry, UK; 362 m3, unused/unoccupied) is a newly 
painted office and was not in use by personnel during the sampling 
period. Office 1 was equipped with an Air Handling Unit (AHU) that 
supplies and extracts fresh air and featured four fan coil units that 
provide recirculated air with heating and cooling capabilities. Addi-
tionally, the system included automatic windows that were controlled 
based on CO2, external air temperature, and an internal free cooling set 
point. The Office 1 floor was fully carpeted (no details on age of carpet, 
which was not replaced during refurbishment). During sampling, the 
room had old computers (with insulated cables) and old office furniture 
(i.e., office chairs and desks) with plastic-made parts. Since office 
renovation was on-going, waste materials were in the office during the 
sampling period.

Office 2 (Coventry, UK; 36 m3, used/occupied) was refurbished one 
year prior to sampling (e.g., new carpet, plasterboards, paint, office 
furniture) and was in use on weekdays. The office has a peak capacity of 
four occupants, with an observed average occupancy of two. Office 2 
had limited ventilation through a small window near the ceiling of the 
room, which opened automatically depending on the set room temper-
ature (e.g., 20 ◦C) and thus potentially diluting air concentrations of 
PAEs. The floor in Office 2 was fully carpeted, and the walls were 
covered with paint. The room had office furniture (i.e., office chairs, 
desks, cupboards) which had paint or coating, or were made of plastic (e. 
g. polyvinyl chloride (PVC)).

Office 3 (Rio Branco do Sul, Brazil; 33 m3, used, occupied) was last 
refurbished before 2020 (specific year unknown) and was in use during 
the sampling period. The office has a peak capacity of ten occupants, 
with an observed average occupancy of three. There were no windows in 
Office 3 but the glass sliding door that was left open (to the corridor) 
during the sampling period. The office had ceramic tiles on the floor and 
walls were covered with paint. The room had office furniture (i.e., office 
chairs, desks, cupboards) which had paint or coating and parts (e.g., 
cupboard panels, chair backrest) made of plastic (e.g., polyvinyl chlo-
ride (PVC)).

A summary of the characteristics of the indoor sampling sites is 
provided in Table 1.

Table 1 
Characteristics of indoor sampling sites.

Sampling 
Site

Size Occupancy Ventilation Indoor Materials

Office 1 
(Coventry, 
UK)

362 
m3

unused/ 
unoccupied

air handling 
unit; automatic 
windows

floor carpet (old), 
old computers with 
insulated cables, old 
office chairs and 
desks (with plastic 
parts)

Office 2 
(Coventry, 
UK)

36 
m3

used/occupied 
(average 
occupancy: 2)

limited 
ventilation via 
small window

new floor carpet, 
plasterboards, paint; 
office furniture with 
plastic parts

Office 3 (Rio 
Branco do 
Sul, Brazil)

33 
m3

used/occupied 
(average 
occupancy: 4 
occupants)

no windows; 
glass sliding 
door left open 
(leading to 
corridor)

ceramic floor tiles, 
painted walls, office 
furniture with 
plastic parts
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2.2. Sample collection

Office 1 and Office 2 samples were collected on glass fibre filters 
(GFF) (Advantec, ⌀ = 47 mm) using MiniVol portable air sampler 
(Airmetrics, USA) placed ~ 1 m above floor level and operated at a rate 
of 10 L/min. GFFs were pre-baked in a furnace at 450 ◦C for 24 h before 
sample collection to remove potential organic contamination. For Office 
1, four PM2.5 samples were collected on glass fibre filters (GFF) for 24 h 
during weekdays and one sample was collected over the weekend (60 h) 
in November 2023. Office 2 was in use on weekdays from 9:00 a.m. to 
5:00 p.m. Four PM2.5 samples were collected on GFF for 16 h during 
weekdays (overnight), and one sample for 60 h over the weekend 
(Friday evening to Monday morning). After sampling, GFFs were stored 
in pre-washed 10 mL glass vials (Chromacol 10-HSV, P/N 03–341–956) 
with metal screw caps (Chromacol 18-MSC, P/N 03–341–957) and 
polytetrafluoroethylene (PTFE) septa (Chromacol 18-ST101, P/N 
03–341–959) from Thermo Scientific (Waltham, MA).

Office 3 (indoor PM2.5) samples were collected on quartz fibre filters 
(QFF) (PALL Life Sciences, Pallflex®, Tissuquartz, ⌀ = 37 mm) using a 
Harvard impactor placed ~ 1 m above floor level and operated at a rate 
of 10 L/min. QFFs were pre-baked in a furnace at 650 ◦C for 24 h before 
sample collection to remove potential organic contamination. After 
sampling, QFFs were folded in half, wrapped into aluminium foils, and 
stored in a freezer until shipment for analysis.

For all sampling sites, at least two field blanks were prepared by 
placing pre-baked filters into the sampler filter holder and drawing air 
for 2 min. Sampling information are presented in the Supplementary 
Information (Tables S2 and S3).

2.3. Sample extraction

Briefly, PM filter samples were spiked with 60 pg/μL DEHP-d4 and 
then extracted using ultrasonic agitation (2 × 20 min) in a 50:50 volu-
metric ratio of high purity (≥99.5%) dichloromethane (DCM): LC/MS 
grade methanol. The sample extracts were filtered using a pre-washed 
0.45 mm PTFE syringe filter into a new pre-washed vial. Filter sam-
ples underwent a second extraction step by repeating the described steps 
above. Filtered sample extracts from the two extraction steps were 
combined and evaporated to dryness using ultrapure N2. Dried extracts 
were resuspended in 200 μL 50:50 DCM: methanol, vortex-mixed and 
transferred into a 2 mL vial for GC-HRMS analysis.

2.4. Analysis of PAEs

The analysis of six PAEs and DEHA was performed using two gas 
chromatography–high resolution mass spectrometry (GC HRMS) 
methods (described in Sections 2.4.1 and 2.4.2) for the Brazilian and UK 
PM2.5 sample sets, as instrument access was limited and each system 
required specific method adjustments due to hardware differences. Both 
methods were evaluated for performance and comparability, and the 
assessment criteria and results are presented in Section 2.5.2.

2.4.1. Analysis of Brazilian indoor samples (GC-Orbitrap-MS)
Determination of PAEs and DEHA in PM2.5 from Office 3 (indoor) 

was performed using a previously developed and validated GC-Orbitrap- 
MS method (Argamino et al., 2024). A TRACE™ 1310 GC coupled to a Q 
Exactive™ Focus Hybrid Quadrupole-Orbitrap™ (GC QE Orbitrap) MS 
(Thermo Fisher, Bremen, Germany) was equipped with single taper 
ultra-inert liner with wool (4 × 6.5 × 78.5 mm) (Thermo Scientific, Cat 
No. 453A1925-UI) and a TG-5SilMS GC column (5% phenyl, 95% 
dimethylpolysiloxane; 30 m × 0.25 mm × 0.25 mm) (Thermo Scientific, 
P/N 26096-1420). Sample introduction involved a 1 μL injection volume 
into a GC split/splitless (SSL) inlet, operating in splitless mode to 
enhance detection sensitivity. The inlet temperature was set to 300 ◦C. 
Selected ion monitoring (SIM) mode with an optimised quadrupole 
isolation window setting (8.0 Da) was employed to improve detection 

sensitivity (Argamino et al., 2024). The GC oven temperature was 
initially set at 84 ◦C and held for 5 min before increasing to 180 ◦C at 
25 ◦C/min. The temperature was further increased to 280 ◦C, at 
5 ◦C/min, and held for 3 min. Lastly, the oven temperature was 
increased up to 300 ◦C at 10 ◦C/min and held for 3 min. The total 
method duration was set to 36.6 min. Auxiliary temperatures for transfer 
lines 1 and 2 were set to 280 ◦C. The total method duration was set to 
36.6 min. The MS transfer line and the electron impact (EI) ion source 
temperatures were set to 300 ◦C. EI was performed at 70 eV energy, and 
filament delay was set to 2.8 min. MS resolution was set to 60000, and 
the mass range was at m/z 50–550. Selected ion monitoring (SIM) scan 
mode was employed. The automatic gain control (AGC) target was set to 
1 × 106. Maximum injection time (IT) was set to auto, and spectrum 
multiplexing (MSX) count was set to 10. Isolation window (IW) was set 
to 8.0 Da. Data acquisition and processing were performed using the 
Thermo Scientific Xcalibur software (version 4.5).

2.4.2. Analysis of UK indoor samples (GC-QTOF-MS)
PM2.5 samples collected from Office 1 and Office 2 in the UK were 

analysed using a GC-QTOF-MS (Agilent GC-QTOF-MS 7200, Santa Clara, 
California, United States). For the GC-QTOF-MS analysis, certain GC 
parameters (i.e., inlet temperature, injection volume, injection mode) 
and consumables (i.e., type of inlet liner and capillary column) were 
adapted from the GC-Orbitrap-MS method described in Section 2.4.1. 
(Argamino et al., 2024). Specifically, ultra-inert liners were installed 
(details in Section S1), and a 1 μL sample was introduced into a GC 
split/splitless (SSL) inlet, operating in splitless mode, with the inlet 
temperature set to 300 ◦C. Notably, the oven temperature program 
(Section S1) for the GC-QTOF-MS was adjusted for a shorter run time 
(approx. 19.8 min) compared to the GC-Orbitrap-MS (36.6 min) due to 
limited access to the GC-QTOF facility. The GC oven temperature was 
initially set at 80 ◦C and held for 3 min. The temperature was increased 
to 275 ◦C at 25 ◦C/min and held for 3 min. Lastly, the oven temperature 
was further increased to 320 ◦C at 15 ◦C/min, and held for 3 min. For the 
MS, the ion source (EI) temperature was set at 230 ◦C, and the quad-
rupole temperature was set at 150 ◦C. The auxiliary temperature for the 
transfer lines was set to 330 ◦C. Data acquisition and processing were 
performed using the Agilent MassHunter software (version B.07.01).

For the GC-QTOF-MS, this adjustment resulted in compromised 
detection of the DMP, DEP, DBP, BBP, DEHA, and DOP; therefore, the 
emphasis of this work was placed on DEHP that had reliable retention 
and peak shape characteristics as discussed in Section 2.5. Full scan (FS) 
mode was employed for the GC-QTOF-MS, utilising the uniform elec-
tromagnetic force applied to all ions accelerating simultaneously in a 
TOF mass analyser (Agilent Technologies, 2025; Santacruz et al., 2007). 
Quantifying MS ions and detailed data acquisition and processing in-
formation for are presented in Section S1.

2.4.3. Blank correction
Field blanks from each sampling site were extracted and analysed as 

described in Section 2.3. Blank-correction was performed by subtracting 
the detected PAE concentration values in the field blanks from the PM 
samples. Additional quality assurance and quality control (QA/QC) 
measures are described in Section 2.5.

2.5. Quality control and quality assurance

2.5.1. Sample collection and preparation
The use of plastic-made materials was avoided to reduce PAEs 

contamination. Equipment used for sample collection (i.e., metal for-
ceps) were wiped with methanol before use. Prior to sampling, the filters 
were baked (to remove organic contaminations) and then were indi-
vidually wrapped in aluminium foil and stored in a sealed desiccator 
before transportation to the field. After sampling, samples were wrapped 
into a prebaked aluminium foil and stored in a freezer (−20 ◦C) until 
analysis. High purity reagents (>99%) were used in the sample 
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preparation and glassware were washed thrice with 50:50 DCM:MeOH 
prior to use.

2.5.2. Addressing potential biases caused by the use of different samplers, 
substrates, and analytical instrumentation

Potential biases in PAE analysis can be observed when using different 
sampling techniques, sampling substrates, and analytical instrumenta-
tion. To mitigate sampling biases, particularly those related to the gas- 
particle equilibrium of organic pollutants on filter substrates (Turpin 
et al., 2000), similar protocols were applied to both the Harvard 
impactor (quartz fiber filters, QFFs) and MiniVol sampler (glass fiber 
filters, GFFs) used for PM2.5 collection. For instance, both QFFs and GFFs 
were pre-baked at 450 ◦C, and both samplers were equipped with PM2.5 
impactors operating at a consistent flow rate of 10 L/min. To further 
account for potential contamination, field blanks were collected. The 
background PAE concentrations in procedural blanks were then sub-
tracted from sample values (e.g., mean DEHP concentration in blanks 
was 43 pg/μL, which is above the limit of quantitation (LOQ)).

Another potential consideration is the use of different types of 
samplers to collect PAEs in our study. Although, to the best of our 
knowledge, there is no information on sampling artefacts for PAEs 
associated with the specific samplers used in this study, Yanosky and 
Maclntosh (2001) reported that the Harvard Impactor produced results 
for PM2.5 (mass) comparable to a reference sampler (i.e., the PQ200 
Federal Reference Method PM2.5 sampler) with no systematic bias. In 
contrast, the use of the MiniVol sampler led to slight underestimated 
PM2.5 concentrations as sample mass increased. This sampling bias in 
the MiniVol can be addressed by employing field blank corrections (Hill 
et al., 1999). Further comparisons by Baldauf et al. (2001) indicated that 
the MiniVol can produce statistically comparable results for PM2.5 mass 
with a Versatile Air Pollutant Sampler (VAPS). Baldauf et al. (2001)
noted that the comparability of measurements was influenced by envi-
ronmental factors, including ambient concentration, wind speed, tem-
perature, and humidity. Baldauf et al. (2001) also observed passive 
collection of airborne PM at the MiniVol inlet during non-sampling pe-
riods, highlighting the need for field blanks to account for such artefacts. 
Although the studies on sampler comparison focused on PM2.5 mass, 
their findings highlight the imperative of collecting and analysing field 
blanks for both the Harvard Impactor and MiniVol samplers (Hill et al., 
1999).

When considering the quantification of semi-volatile organic com-
pounds such as PAEs, a direct comparison of sampling biases and arte-
facts with studies focused on PM2.5 mass is not straightforward. The 
measurement of semi-volatile organic compounds could be affected by 
both positive and negative artefacts, which can be associated with the 
sorption properties of target analytes on sampling media such as filters 
(Wang et al., 2015). For example, positive artefacts can arise from the 
adsorption of gas-phase compounds onto the filter, while negative ar-
tefacts can occur through the volatilisation of target compounds. For the 
quantification of 19 semi-volatile compounds, Wang et al. (2015) sug-
gested employing back-up filters during sampling to correct for artefacts 
effectively. However, the same study noted that increasing the sampling 
time (>10 h) reduced sampling artefacts, as the gas-phase concentration 
gradient decreased within the QFF. While the absence of backup filters 
or denuders in this pilot study may lead to the adsorption of some 
gas-phase PAEs on the filter surface, the extended sampling durations 
(16–60 h) of more than 10 h would effectively reduce sampling artefacts 
as noted by Wang et al. (2015).

To account for potential analyte losses during extraction, all filter 
blanks and samples were spiked with the same amount of deuterated 
internal standard (60 pg/μL DEHP-d4) prior to ultrasonication. A pre-
vious method validation study demonstrated good extraction effi-
ciencies (±20%) for PAEs from spiked filter substrates using a 50:50 (v/ 
v) dichloromethane:methanol mixture (Argamino et al., 2024).

Analytical instrument performance was assessed for both GC- 
Orbitrap-MS and GC-QTOF-MS using the same system suitability test 

(SST) mixture (100 pg/μL PAE mix and 60 pg/uL DEHP-d4). Analyte 
concentrations in the SST were consistently within ±20% of the target 
(100 pg/μL). GC MS consumables (e.g., columns and type of liners) of 
the same specification and internal standard (DEHP-d4) were used 
across both systems. A shorter analysis time was employed in GC-QTOF- 
MS method compared to the GC-Orbitrap-MS method (described in 
Section S1) due to limited access to external facilities. Analyte identities 
in the GC-QTOF-MS full mass spectrum were confirmed against the 
National Institute for Standards and Technology Electron Impact MS 
(NIST EI-MS) database.

Quality assurance and quality control measures (QA/QC) were 
employed throughout the GC-QTOF-MS analysis. Following extraction, 
samples were reconstituted in glass vials with minimal headspace and 
immediately sealed to minimise evaporation and potential contamina-
tion. Reconstituted samples were analysed in a structured autosampler 
sample sequence, alongside method blanks, QC samples, and calibration 
standards. This sequence incorporated air blanks between sample in-
jections to mitigate carryover and ensure data integrity. Replicate in-
jections of PM samples were performed, with a criterion of %RSD<20 
for acceptable precision.

While DMP, DBP, DEHA, DOP, and DEHP were detected above the 
LOQ in indoor PM2.5 samples from Office 1 and 2 (analysed via GC- 
QTOF-MS), only DEHP consistently passed all QC checks throughout 
the entire sample analysis sequence, including those related to calibra-
tion linearity, blank levels, and precision of replicate injections. All 
target analytes passed QC checks in the GC-Orbitrap-MS analysis (Bra-
zilian samples), however, only DEHP and DEHA were detected above the 
LOQ. DEHP was detected in all Brazilian samples, and DEHA was 
observed in only a single sample (1 ng/m3). Therefore, this discussion 
focuses primarily on DEHP due to its high analytical detection confi-
dence, and verified QC checks during indoor PM2.5 sample analysis. 
Sample O2-5 (a weekend PM2.5 sample from office 2) was excluded from 
the discussion due to poor precision of DEHP concentrations in replicate 
injections (RSD = 38%), indicating a deviation from the established QC 
criteria. LODs and LOQs are presented in the Supplementary Informa-
tion (Table S4).

2.6. Human exposure risk assessment

The average daily dose for inhalation was calculated using Eq. (1): 

ADD=
C × IR × EF × ED

BW × AT (1) 

where C = median concentration (ng/m3), IR = average inhalation rate 
(16 m3/h), EF = exposure frequency (days/year), ED = exposure 
duration (year), BW = average body weight (85 kg for Office 1 and 2 
(UK), and 80 kg for Office 3 (Brazil)), AT = averaging time (day). The 
average inhalation rate was based on the US EPA Exposure Factors 
Handbook (US EPA, 2011). Average body weight used in the calcula-
tions were obtained from data published by the national authorities 
from the UK (NHS, 2022) and Brazil (IBGE, 2014).

In the absence of chronic inhalation reference concentration (RfC) 
values for the inhalation exposure route, this work extrapolated inha-
lation RfCs based on US EPA guidelines (Eq. (2))(Monnot et al., 2023; US 
EPA, 1994): 

extrapolated RfC=RfD ×
BW
IR (2) 

where RfD = oral reference dose (Table 1), BW = average body weight 
(707 kg), and IR = average inhalation rate (16 m3/h). The oral RfD value 
for DEHP (20 μg/kg-bw•day) was obtained from US EPA IRIS (US EPA, 
2025a).

The HQ was calculated to estimate the human inhalation hazard of 
the PAEs detected in this work (Eq. (3))(ATSDR, 2025): 
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HQ=
AAC

RfC or RfD (3) 

AAC, RfC, and RfD values are presented in Table 1.
HQ values were interpreted as follows: HQ < 1 indicates that the 

exposure unlikely to cause adverse non-cancer effects. HQ > 1 suggests 
potential adverse health effects. However, it must be noted an HQ > 1 
does not necessarily mean that adverse health effects are statistically 
likely to occur (US EPA, 2024b).

The Incremental Lifetime Cancer Risk (ILCR) was calculated to 
represent the incremental probability of an individual developing cancer 
over a lifetime due to exposure to DEHP, a probable carcinogen (Eq. (4)): 

ILCR DEHP =AAC × IUR ×
ED
LY (4) 

where IUR is the inhalation unit risk (2.4x10−3 ng/m3), ED is the life-
time exposure duration (about 48 years for both the UK and Brazil (ONS, 
2018; World Bank, 2026), and LY is lifetime in years (80 years for the UK 
(WHO, 2024b); 72 years for Brazil (WHO, 2024c; OEHHA, 2025). The 
cancer risk threshold for DEHP is 1x10−6. ILCR values below 1x10−6 

indicate negligible cancer risk, while exceedance of the value indicates 
significant cancer risk (ATSDR, 2025).

2.7. Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 

10.6.0). To test for significant differences in DEHP concentrations in 
indoor PM2.5 samples (n = 14) collected from Offices 1, 2, and 3, a non- 
normal distribution was assumed given the limited power of normality 
tests for small sample sizes (GraphPad, 2025b; Motulsky, 2014). 
Consequently, the non-parametric Kruskal–Wallis test followed by 
Dunn's post hoc test was applied to assess statistically significant dif-
ferences (p < 0.05). Due to the small sample sizes per group (n ≤ 5), 
exact p-values were calculated rather than relying on the asymptotic 
Chi-square approximation (GraphPad, 2025a; Kruskal and Wallis, 
1952).

3. Results and discussion

3.1. Occurrence of DEHP in indoor PM2.5 collected from offices

DEHP, a regulated carcinogen, was consistently observed above the 
method LOQ in indoor PM2.5 collected from the three office environ-
ments (Fig. 1; Table S5) with mean concentrations of 8.5 ± 9.0 ng/m3 

(Office 1, UK, unoccupied), 10.3 ± 2.9 ng/m3 (Office 2, UK, occupied), 
and 28 ± 4.3 ng/m3 (Office 3, Brazil, occupied).

Despite a relatively small dataset, statistical analysis indicated a 
significant difference in DEHP concentrations among the three office 
groups (p = 0.002, Kruskal-Wallis). Dunn's post-hoc test yielded the 
following results: (1) Office 1 vs. Office 2: p > 0.999; (2) Office 1 vs. 
Office 3: p = 0.011; (3) Office 2 vs Office 3: p = 0.049.

The low concentration of other target PAEs and the detection of 

Fig. 1. DEHP concentrations in indoor PM2.5 from Office 1(O1) (plot A), Office 2(O2) (plot B), and Office 3(O3) (plot C). Standard deviation bars correspond to the 
variation of concentrations within two repeat injections of each sample.
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DEHP (above the LOQ) in indoor PM2.5, could potentially be explained 
by physical and chemical properties such as vapour pressure and mo-
lecular weight. Among the target PAEs, DEHP had the lowest vapour 
pressure at 9.75 x 10−6 mm Hg (at 25 ◦C), and highest molecular mass 
(390.56 g/mol) therefore supporting its observation significantly above 
the LOQ in indoor PM2.5.

The results of this work are supported by previous reports were 
DEHP was the most dominant plasticiser in indoor environments (Ait 
Bamai et al., 2014; Chen et al., 2022; Shinohara et al., 2024). For 
example, Chen et al. (2022) assessed the occurrence of six PAEs in PM2.5 
collected from 26 homes in Hong Kong (similar set of target pollutants as 
in the present work). DEHP was the most abundant PAE congener (85% 
of total PAE concentration) and its indoor emissions were attributed to 
household products, and continuous resuspension of PAE-contaminated 
house dust (Chen et al., 2022). Ait Bamai et al. (2014) assessed PAEs and 
DEHA levels in house dust from 128 homes in Sapporo, Japan. Among 
the target pollutants, DEHP was found at the highest concentration in 
both floor dust and multi-surface dust, reaching up to 44,000 μg/g. Ait 
Bamai et al. (2014) associated DEHP contamination in dust with PVC 
building materials, high relative humidity, and the age of the building 
(pre-2001). A recent study on PAEs in house dust from 100 homes in 
Nagoya, Japan reported that DEHP accounted for 85% of the total 
concentration of phthalates and non-phthalate plasticisers detected 
which were linked to floor carpets (Shinohara et al., 2024).

The higher concentrations and lower variability of DEHP were 
observed in indoor PM2.5 within occupied offices (e.g., Office 2, Office 3) 
(SD < 5) compared to the unoccupied office (Office 1). The higher oc-
cupancy and activity in Offices 2 and 3 could potentially drive the 
constant resuspension of indoor particles and, including PM-bound 
DEHP, as observed in previous studies (Lunderberg et al., 2019; Qian 
et al., 2014; Rodes et al., 1991). Lunderberg et al. (2019) reported that 
human-related activities in a residential site substantially influenced the 
concentrations and dynamic behaviour of DEHP. The low variability in 
DEHP levels in the occupied offices could potentially suggest a 
steady-state concentration typical of SVOCs, which is reached when the 
rate of emission from a source material into an environment (e.g., indoor 
air) is balanced by its rate of removal (e.g., through ventilation, sorption 
by sinks) (Weschler and Nazaroff, 2008).

Conversely, a higher DEHP concentration was observed in the 
weekend sample collected from Office 1 (O1-5: 27 ng/m3) compared to 
the weekday samples (O1-1 to O1-4, mean: 4 ng/m3) (Fig. 1). This could 
be attributed to the build-up of PAEs in Office 1 over the weekend when 
ventilation may be reduced. The observed increase was not likely linked 
to sampling duration, as weekday concentrations consistently exceeded 
the LOQ.

Potential sources of DEHP indoors including building materials, 
furniture, and electronic equipment are present in the sampling loca-
tions. Office furnishings (e.g., floor construction materials) could act as 
long-term emission sources of PAEs as suggested in previous works (Lin 
et al., 2021). For example, Lin et al. (2021) reported DEHP concentra-
tions of up to 4.5 μg/m3 emitted from flooring materials (e.g., PVC tiles, 
plastic click flooring, and carpeted composite floors) in chamber ex-
periments at room temperature (25 ◦C). Additionally, electronic and 
electrical equipment which contain PVC can release DEHP in indoor 
environments (Deng et al., 2021; Yang et al., 2020), and the heat 
generated during use can accelerate the release of DEHP (Clausen et al., 
2012; Jeon et al., 2016).

Differences in the chemical composition of building materials and 
furniture, potentially influenced by differing regulatory frameworks in 
Brazil and the UK (Brazil Ministry of Health, 2019; Brazil Ministry of 
Health, 2021; Brazilian Institute of Geography and Statistics, 2025), 
could also contribute to the varying DEHP emissions in the sampling 
sites. To our knowledge, regulations currently limit DEHP concentration 
to less than 0.1% by weight for articles manufactured or imported into 
the UK (UK National Archives, 2025), while those in Brazil are more 
specific and focused on food contact materials and PVC articles (Brazil 

Ministry of Health, 2019; Brazil Ministry of Health, 2021; Brazilian 
Institute of Geography and Statistics, 2025).

Despite statistically significant differences, the direct comparison of 
indoor DEHP levels in the Brazil and UK offices is challenging due to 
variance in sampling and detection methods. The DEHP concentrations 
measured in this study (mean: 8.5 - 28 ng/m3) were within the broad 
range reported for office environments across several regions (Table S5). 
The levels of DEHP were comparable to findings in various indoor en-
vironments (homes, offices, laboratories, schools, salons) in New York, 
USA (unspecified PM size; mean: 30 ng/m3) (Rudel and Perovich, 2009; 
Tran and Kannan, 2015) and offices in Oslo, Norway (PM2.5; mean: 5 
ng/m3) (Rakkestad et al., 2007), but were considerably lower than the 
concentration reported in certain highly contaminated offices, such as 
those recently furnished in Warsaw, Poland (PM4; up to 1660 ng/m3) 
(Szewczyńska et al., 2021) or in Beijing offices (China) (PM2.5; up to 123 
ng/m3) (Chen et al., 2018). The variability across the reported studies 
highlights the significant influence of building characteristics, 
furnishing materials, occupant activities, ventilation strategies, and 
potentially geographical/regulatory contexts on indoor DEHP pollution 
levels.

3.2. Preliminary exposure risk assessment

The potential health risks associated with inhalation exposure to the 
DEHP measured in indoor PM2.5 (Section 3.1) were assessed following 
U.S. EPA guidelines (details in Section 2.3). It must be noted that the 
primary challenge in this exposure assessment is the scarcity of experi-
mentally derived, inhalation-specific toxicity values for DEHP.

To evaluate daily intake, ADDs (ng/kg-bw•day) were calculated for 
typical office worker exposure scenarios based on median pollutant 
concentrations using Eq. (2). The ADDs varied by compound and loca-
tion, consistent with observed concentration patterns in the sampling 
sites. For instance, DEHP ADD was highest in Office 3 (0.06 ng/kg- 
bw•day), reflecting the higher concentrations measured in the sampling 
site. Studies estimating the ADD from airborne indoor PM2.5 concen-
trations are scarce. For instance, the calculated ADDs for DEHP in this 
work were notably lower than estimates from previous studies in highly 
polluted office environments in Beijing, China (DEHP ADD: 173 ng/kg- 
bw•day) (Chen et al., 2018).

To evaluate non-cancer risks, the HQ for DEHP was calculated using 
Eq. (3). However, due to the absence of an inhalation RfC, the assess-
ment relied on toxicity values derived from oral exposure (oral RfDs) 
and extrapolated using RtR methods (Fadel et al., 2021; US EPA, 1994) 
(i.e., PAEs) (Section S2). This risk assessment approach is commonly 
used for studies on PAEs in PM2.5 (note that reports are scarce of indoor 
PM2.5) (Fadel et al., 2022; Guo et al., 2024; Hong et al., 2024; Munya-
neza et al., 2023; Patnana et al., 2022). While this method provides a 
useful basis for preliminary assessment, further refinement may be 
required as more inhalation-specific data for airborne PAEs become 
available.

The validity of the RtR extrapolation method is anchored on specific 
criteria, where the pollutant should have predominant systemic effects, 
minimal route-dependent first-pass metabolism, and absence of signifi-
cant portal-of-entry effects (US EPA, 2024a). PAEs may not meet these 
conditions due to potential direct respiratory tract effects (i.e., portal of 
entry toxicity) upon inhalation, which oral RfDs may not capture. For 
instance, PAEs can induce respiratory effects (i.e., chronic obstructive 
pulmonary disease (COPD), asthma, airway inflammation) (Bornehag 
et al., 2005; Hsu et al., 2012; Quirós-Alcalá et al., 2023), highlighting the 
potential importance of portal-of-entry toxicity for these pollutants via 
inhalation. The available oral RfDs for DEHP were based on liver toxicity 
(US EPA, 2017) and may not be relevant for predicting lung toxicity or 
reproductive effects resulting from inhalation exposure. There are also 
toxicokinetic differences between oral and inhalation exposure. For 
example, DEHP undergoes extensive hydrolysis following ingestion (i.e., 
first-pass metabolism in the liver), which is bypassed during inhalation 
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(Frederiksen et al., 2007). Consequently, significant uncertainty sur-
rounds the validity of using current methods to estimate non-cancer risk 
from PAE inhalation, as the evidence for meeting the RtR extrapolation 
criteria is scarce.

Despite these limitations, the HQ for DEHP was calculated for illus-
trative purposes (presented in Table 1) and were less than 1. While these 
suggest non-hazardous levels after one year of exposure, consistent with 
some previous reports, extreme caution must be exercised when inter-
preting these findings due to the significant concerns regarding the 
appropriateness of the underlying toxicity values and the RtR extrapo-
lation method. While not applicable in this work, it is worth noting that 
the cumulative hazard can also be assessed by calculating the hazard 
index (i.e., summation of HQs of multiple target pollutants). While this 
study focuses primarily on DEHP, PAEs may occur as mixtures in indoor 
environments, and exposure may therefore involve multiple PAEs 
simultaneously. Combined exposure may lead to additive or synergistic 
endocrine-disrupting effects, potentially increasing the overall health 
risk beyond what is estimated for individual compounds (Argamino 
et al., 2024; Chen et al., 2018; Huang et al., 2023; Mir-
anowicz-Dzierżawska, 2023; Rakkestad et al., 2007; Wang et al., 2019; 
Zhang et al., 2014). For the carcinogenic risk assessment of DEHP via 
PM2.5 inhalation, the estimated ILCR values were calculated based on 
the ADDs using Eq. (4). Since an Inhalation Unit Risk (IUR) for DEHP is 
unavailable (i.e., U.S. EPA), this assessment relied on the IUR for DEHP 
developed by California's OEHHA (2.4 × 10−3 ng/m3) (OEHHA, 2025). 
The estimated ILCR values for Office 1, Office 2, and Office 3 were 5.66 
× 10−11, 1.41 × 10−10, 4.40 × 10−10, respectively. These risk estimates 
were below the 1 × 10−6 threshold often considered acceptable by 
regulatory bodies (ATSDR, 2025) and suggest that lifetime exposure to 
the measured indoor DEHP pose negligible carcinogenic risk. However, 
since the IUR value was extrapolated from oral toxicity benchmarks, 
concerns are also raised on the accuracy of these cancer risk predictions 
for DEHP. Similar to data limitations previously stated for ADDs, cancer 
risk assessments are scarce for DEHP in indoor PM2.5 and the risk esti-
mates in this work were lower those recently reported for average per-
sonal PM2.5 exposures in Hong Kong adults (CR: 2x10−5) (Chen et al., 
2022). Addressing risk assessment uncertainties requires acknowledging 
limitations in future reports and prioritising the development of exper-
imentally derived inhalation RfCs for PAEs to enable accurate, 
pathway-specific non-cancer risk assessments for indoor and outdoor air 
exposures.

Risks estimated in this work potentially underestimate the human 
health and toxicological impacts of exposure to PM2.5 bound-DEHP. 
DEHP is known to be cytotoxic to human lung cells, with mechanisms 
linked to inflammation, activation of cell death pathways, and disrup-
tion of cell cycle regulation (Argamino et al., 2025; Atia and 
Abdel-Gawad, 2019; Ma et al., 2018; Qin et al., 2021). DEHP exposure 
has been positively associated with respiratory illnesses including 
chronic obstructive pulmonary disorder (COPD), asthma, and airway 
inflammation (Bornehag et al., 2005; Hsu et al., 2012; Quirós-Alcalá 
et al., 2023). Moreover, exposure to DEHP, an endocrine disrupting 
compound (EDC), has been linked to obesity, and an increase in diabetes 
risk, even at low doses (Ernst et al., 2020; Yue et al., 2024). Lee et al., 
(2017) reported that in vivo (rat model system) fetal exposure to envi-
ronmentally relevant doses of DEHP led to decreased levels of major 
steroid hormones in adult rats that could lead to the development of 
diseases.

This study focuses on inhalation exposure associated with PM2.5- 
bound PAEs. PM2.5 is a widely used metric for assessing particulate air 
pollution and related health risks and forms the basis of air quality 
guidelines established by the World Health Organization. However, 
total human exposure to airborne PAEs potentially includes gas-phase 
inhalation, dust ingestion, and dermal uptake (Chen et al., 2024). 
Considering other potential routes for airborne PAE exposure, it must be 
noted the measurements presented here represent a conservative, 
lower-bound estimate of the total indoor plasticiser exposure.

4. Conclusions

In this work, we performed a pilot investigation on the presence of 
six priority PAEs in PM2.5, from selected indoor environments (offices) 
in Brazil and the UK. DEHP, a possible carcinogen and a widely 
restricted chemical, was the only target pollutant detected across all the 
sampling sites with high confidence. In contrast, concentrations of other 
target PAEs were either below the detection limit or failed to pass the 
quality control requirements for confident quantification. DEHP has a 
low vapour pressure and high molecular weight compared to other 
target PAEs, which could potentially explain its detection in office in-
door PM2.5. Airborne DEHP levels detected within occupied offices 
supports evidence from the literature that building materials and fur-
nishings could act as persistent indoor sources. The low variability 
observed in DEHP levels across sampling days implies a steady-state 
concentration, a behaviour typical of SVOCs, which warrants further 
studies.

While the observed levels in Brazil (28 ± 4.3 ng/m3) and the UK sites 
(9.3 ± 7.1 ng/m3) fall within the range reported in other international 
studies, these findings highlight a continuous source of exposure for 
occupants. To the best of our knowledge, this study provides the first 
quantitative measurements of DEHP in indoor PM (specifically to sizes 
below 2.5 μm) from office environments in both Brazil and the UK.

Although the reported DEHP concentrations in this work were well 
below the UK occupational exposure limits (5.0 mg/m3), such limits are 
designed for healthy adult workers and do not account for continuous, 
chronic exposure or the vulnerability of sensitive groups. Significant 
uncertainty surrounds non-cancer and cancer risk evaluations for 
airborne DEHP since inhalation-specific toxicity benchmarks (RfCs) are 
largely unavailable, driving the reliance on oral RfDs. More studies are 
needed to generate experimentally-derived inhalation toxicity bench-
marks for PAEs, including DEHP, for more accurate risk assessments.

The findings in this pilot study demonstrate the value of expanding 
monitoring to a wider array of indoor settings, particularly in the UK and 
Brazil. Future studies should focus on how variables such as ventilation 
rates, room dimensions, indoor climate, and specific product standards 
influence the airborne concentrations of PAEs. Harmonised monitoring 
methods are crucial to support evidence-based policies regarding PAE 
usage in consumer products and to refine risk assessments for indoor 
exposure.
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