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A B S T R A C T

Few studies were focused on pollution in hospitals and on dusts (DD) affecting their interiors. Moreover, no 
investigations were performed in Italian hospitals on DD-associated organic compounds. From 2019 to 2023, we 
conducted four measurement campaigns aimed at elucidating chemical composition of indoor DD from three 
Italian hospitals during the CoViD-19 outbreak course. In 2021, measurements were undertaken at another 
hospital hosting a vaccine hub. Parallel measurements were performed at a university and a private dwelling, 
and in 2022-2023 included outdoor DDs. Ultrasonic extraction, column chromatography and GC-MSD were 
applied to characterize DD. This paper focuses on polar organic compounds (POCs). Primary attention was paid 
to phthalate esters, psychotropic substances, bisphenol-A, alkyl phenols, organic phosphates, UV filters, and 
fragrances. Their concentration levels, molecular fingerprints, time trends and indoor/outdoor relationships 
were elucidated. All compounds exhibited wide changes of DD loads during outbreak. Phthalates ranged <0.1 to 
>13 mg/g of dust, declining with time, organic phosphates ranged <0.03-0.3 mg/g, declining up to 2022 and 
raising again in 2023. At hospitals, nicotine and cocaine ranged <2.0-45 μg/g and ~5-65 μg/g, respectively, 
raising from 2019 to 2023. Emerging organic contaminants (including fatty acid esters and plasticizers) were 
evaluated, while new chemicals, e.g. indigo, seemed linked to CoViD-19 outbreak course. Internal sources and 
the rate of people frequentation presumably caused the peculiarity of DD composition at hospitals vs. dwelling 
and university, and to higher loads observed indoors. DD-related non-dietary daily intake by hospital workers 
ranged ~1-100 μg for phthalates and ~0.1-10 μg for organic phosphates.

1. Introduction

Starting from the second half of the last century, the air quality of 
indoor locations gained importance, as long as the presence of toxicants 
there was ascertained. More recently, the concern of researchers was 
focused on sites where industrial or handicraft activities aren’t carried 
out. Many studies aimed at understanding the impact of tobacco 
smoking, cooking and domestic heating on chemistry of indoor envi
ronments, as well as on human exposure and incremental risk associated 
with carcinogenic and non-carcinogenic chemicals. Presumably, envi
ronmental normative about pollution of interiors will be improved [EPA 
2022, Settimo 2017, Glorennec et al., 2021, WHO, 2021a, OSHA 2022, 
Singh et al., 2025].

Indoor environments appear as very distinct from open atmosphere. 
In particular, interiors suffer specific emission sources, including living 

organisms. Indoors, chemicals are less prone to decompose because of 
the limited presence of oxidants (i.e., ozone, free radicals and nitrogen 
oxides), unless combustion (used for cooking and domestic heating) or 
UV light emission occur.

Deposition dust (DD) in particular plays an important role indoors. 
Due to air motions and to presence of living beings, DD not only raises in 
amount but also settle and back suspend repeatedly, so that coarse 
particles persist longer in air and reach easier the respiratory tract of 
humans. According to current estimates, people spend ~85-90% of 
lifetime indoors, and can take up to one hundred mg of DD per day. 
Hence, humans enter in contact with chemicals components of DD, and 
their exposure rate and threat raise too [EPA, 2022, Scibor et al., 2019; 
Melymuk et al., 2020; EPA 2022; Virji et al., 2022]. Indoor DD con
tributes substantially to intake of toxicants by humans through ingestion 
and contact, and the total exposure to substances does not depend only 
on inhalation of breathable particles. [Thatcher and Layton, 1995, 
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Morawska and Salthammer 2003, Settimo 2017, Luo et al., 2020, 
Melymuk et al., 2020, Yang et al., 2022, 2022, Yüce et al., 2024, Saygin 
et al., 2025, Tian et al., 2025].

As for chemistry of interiors, usually researches focus on the nature 
and behaviours of contaminants (gaseous and particulate), as well as on 
the role of light, oxidants and outdoor pollution. [Daher et al., 2011, 
Romagnoli et al., 2016, Baurès et al., 2018, Mohammadyan et al., 2019, 
Cheng et al., 2021, Palmisani et al., 2021]. Further investigations deal 
with exposure to microorganisms and pets, to physics, climatology, 
engineering and hygiene of interiors, and to consequent people’s well
being. [Baurès et al., 2018; Scibor et al., 2019; Wu et al., 2021]. Finally, 
incremental health risks associated with indoor pollution is the focus of 
toxicologists and epidemiologists [Wu et al., 2021; Vo et al., 2022; Galva 
et al., 2023; Xiao et al., 2023].

Dwellings (private homes) and schools are the most studied indoor 
environments [Blanchard et al., 2014; Morgan et al., 2014; Takeuchi 
et al., 2014; Romagnoli et al., 2016]. Vehicles, shopping centers, 
churches, universities and offices are investigated also [Morgan et al., 
2014; Rabhi et al., 2018; Yadav et al., 2018; Sanchez-Pinero et al., 
2020]. Hospitals enjoy less attention, though important and particularly 
sensitive segments of population (elderly, babies, immunosuppressed 
patients) frequent them and enter in contact with pathogens, harmful 
chemicals and emerging organic contaminants, e.g. radiopharmaceuti
cals, antibiotics, anesthetics, psychotropic substances and disinfectants.

In particular, at our knowledge no investigations have been under
taken in Italian hospitals with regard to occurrence of organic toxicants 
associated to airborne particulate and deposition dust.

Although toxicants affecting the interiors and open air are analogous, 
the concentration levels of substances comprised in each of gaseous 
phase, PM and DD are different, and many of them form bio-matter 
bound to large particles (e.g., skin, hair, sweat and cough droplets) 
[Dubocq et al., 2021; Morrison et al., 2021]. Other chemicals linked 
with the man’s presence are fragrances, cosmetics and cleaners [Tran 
et al., 2016, 2021; Lucattini et al., 2018; Api et al., 2020], as well as UV 
filters [Ao et al., 2017]. Finally, though smoking is forbidden in public 
estates, people often smoke just out of buildings and transport the ex
hausts through skin and clothes, so that tobacco by-products are 
detected indoors [Boudehane et al., 2016; Rabhi et al., 2018].

From 2019 to 2023, the Institute of Atmospheric Pollution Research 
of Italian National Research Council (CNR-IIA) conducted a collabora
tive research project with the Department of Chemistry at Sapienza 
University in Rome. The project aimed at understanding the nature of 
organic substances affecting interiors of Italian hospitals, which were a 
subject never investigated previously. This study had two objectives: 
first, to assess the DD toxicity through determining their contents of 
polycyclic aromatic hydrocarbons and phthalate esters; and second, to 
investigate the occurrence of emerging contaminants, including new 
plasticizers (phthalate surrogates, organic phosphates), psychotropic 
substances, alkyl phenols, UV light filters, essences and fragrances, and 
fatty acid esters. Through this work, we tried to understand the features 
of pollution in Italian hospitals along the course of CoViD-19 outbreak 
and put in the evidence its possible peculiarities. The results concerning 
non-polar aliphatic hydrocarbons and PAHs have been reported else
where [Cecinato et al., 2023], while this paper deals with POCs.

2. Experimental

2.1. Time schedule and localization of the sites under study

In-field experiments were carried out at three hospitals (HOS-1 to 
HOS-3) in 2019, 2021 and 2022, i.e., respectively before the CoViD-19 
outbreak, at a steady state phase, and during a temporary drop of in
fections. The three measurement campaigns corresponded to three 
distinct year seasons, i.e., middle autumn (November), spring (May) and 
late winter (February). Further measurements were performed at two 
hospitals in the late winter 2023, after the official end of outbreak. 
Various interiors were examined, including churches, ward corridors, 
medical service reservation front offices, teaching rooms and entrance 
halls. Another hospital (HOS-4) was investigated in February 2020, 
when CoViD-19 outbreak was not ascertained but presumably wide
spread in Italy; in this case, chemical characterization was undertaken 
on DD, and on PM recovered from the absolute filters housed in the 
cleaning/venting systems. Finally, DD composition was investigated in 
2021 at a hospital (HOS-5), used as vaccination hub during COViD-19. 
The examined hospital interiors exhibited distinct people frequenta
tion, in/out airflow exchange and air conditioning/filtering rates.

Symbols

DD deposition dust
PM suspended particulate matter
PAHs polycyclic aromatic hydrocarbons
POCs polar organic compounds
PEs phthalates
TPEs terephthalates
OPEs phosphate esters
PSs psychotropic substances
CBs cannabinoids
EFs essences and fragrances
UVFs UV light filters
FAEs fatty acid esters
CoEs cosmetic esters
APHs alkylphenols
chloro/bromo-alkanes Cl/Br-Alks
DMePE dimethyl phthalate
DEtPE diethyl phthalate
DnPrPE di-n-propyl phthalate
DiBuPE di-isobutyl phthalate
DcHxPE di-cyclohexyl phthalate
BuBzPE butylbenzyl phthalate
DEHPE bis(2-ethylhexyl) phthalate

DnOcPE di-n-octyl phthalate
DPhPE diphenyl phthalate
DEHA is(2-ethylhexyl) adipate
DEHTPE bis (2-ethylhexyl) terephthalate
NIC nicotine
COT cotinine
CAF caffeine
COC cocaine
CBD cannabidiol
THC Δ9-tetrahydrocannabinol
CBL cannabinol
tris(2-chloroethyl) phosphate TCEPO
tris(1-chloro,2-propyl) phosphate TCPPO
tributyl phosphate TBPO
tris(butoxyethyl) phosphate TBOEPO
triphenyl phosphate TPhPO
tris(2-ethylhexyl) phosphate TEHPO
bisphenol-A BPA
tetramethyldecyne diol SURF
indigo IND
cholesterol CHO
methyl, dihydrojasmonate MDHJ
LOD limit of detection
LOQ limit of quantification
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Comparative measurements were conducted at a university (UNI-1) 
and a private dwelling (PRH-1). Moreover, in 2022 and 2023 DDs were 
characterized outdoors, through analyzing samples collected 1-2 m far 
from building entrances at places not directly exposed to indoor air
flows. All sites and locations are described in Supplementary Table ST1 
A-B; further information is accessible through consulting the above- 
mentioned paper [Cecinato et al., 2023].

2.2. Collection procedures of DD and PM

DD was collected at the university and dwelling according to pro
tocol procedure based on 15-day exposure, which applies to depositions 
in the frame of national PAH monitoring in the environment [EU 2015]. 
Surfaces (flat, >0.25 m2 large, sited at 1.5-2.0 m above the ground and 
>1m far from large obstacles, windows and doors) were covered with 
aluminum holders (30 × 40 cm) provided with 6 cm high walls. After 
sampling, DD holders were wrapped in aluminum foils, sealed in plastic 
bags and stored at < − 16 ◦C until analyzed. In the case of hospitals, 
frequent cleaning of locations (more than once per day) required 
applying a distinct procedure. The exposed surfaces (0.50-1.0 m2 each) 
were wiped on the day preceding the collection and left gathering DD 
over ~24 h. Afterwards, DD was recovered by wiping twice the surfaces 
with ultra-clean glass or quartz filter strips (30 × 80 mm) previously 
baked 12 h at 350 ◦C. After removal of large particles by means of 
tweezers, samples were wrapped in aluminum foils, sealed in PTFE bags, 
and stored in freezer until analyzed.

PM from HOS-4 was collected at the infection diseases and neonatal 
surgery wards. Aliquots of DD and PM were mechanically removed with 
the maximum caution from the substrates and weighted by means of a 
micro-balance (±0.1 mg). Samples were stored at < -16 ◦C, and analysis 
was performed within one month after collection to prevent the com
pound decomposition.

2.3. Chemical compounds targeted for this study

Among POCs, our primary focus were phthalates and organic phos
phates (OPEs). Phthalate esters comprised the most important ortho- 
homologues (PEs), namely dimethyl (DMePE), diethyl (DEtPE), di- 
isobutyl (DiBuPE), di-n-butyl (DnBuPE), bis(2-ethylhexyl) (DEHPE) di- 
n-octyl (DnOcPE), butylbenzyl (BuBzPE) and dinonyl (DiNoPE) sub
stitutes. Indeed, we explored numerous phthalates in this study; how
ever, the above-mentioned compounds are predominant in plastics, 
consumer products (e.g., detergents) and cosmetics, as well as in 
building and furnishing materials. Moreover, we characterized bis(2- 
hexyl) terephthalate (DEHTPE) and a handful of adipates, including 
the homologue bis(2-ethylhexyl) (DEHA), all of them known as PE 
surrogates.

Organic phosphates (OPEs) were of our concern as they are additives 
of plastics, and flame retardants. OPEs are ubiquitous contaminants of 
waters, sediments, depositions, foods and organisms (Kim and Kannan, 
2018; Wang et al., 2024); they are known to induce cancer, immune 
deficiency, lung and cognitive dysfunctions (Larsson et al., 2018; Aimuzi 
et al., 2024; Jiang et al., 2025). Over ten OPEs were sought in DDs; in 
particular, we focused on tris(2-chloroethyl) phosphate (TCEPO), tris 
(1-chloro,2-propyl) phosphate (TCPPO), tributyl phosphate (TBPO), 
tris(butoxyethyl) phosphate (TBOEPO), triphenyl phosphate (TPhPO), 
tris(2-ethylhexyl) phosphate (TEHPO), and 2-ethylhexyl,diphenyl 
phosphate (known as octicizer).

Fatty acids esters (FAEs, i.e. alkyl derivatives of n-alkanoic, alkenoic 
and alkenedioic acids) were investigated as they are common compo
nents of environmental particles. FAEs are typically associated with 
biological sources [ Lardizabal et al., 2000, Demski et al., 2022]; anal
ogously to parent acids, FAEs show an important even-C prevalence in 
the chain, and own anti-oxidant and insecticide properties [Ahmadi 
et al., 2022]. FAEs occur in the environment as released by vegetation 
and manufacturing plants, and components of vehicle lubricants and 

biofuels [Martinez-Garcia et al., 2024]. Indoors, important FAE sources 
are foods, household products, cosmetics, fragrances and new plasti
cizers. The most abundant FAEs are methyl, ethyl and isopropyl ho
mologues of medium/long chain monocarboxylic acids (overall 
myristic, palmitic, stearic, lignoceric and oleic); nevertheless, many 
other congeners exist, i.e. polyacid derivatives (e.g. adipates and cit
rates), and compounds comprised of medium C-chain acids fused with 
medium C-chain alkyl moieties, e.g. octyl palmitate and stearate.

Bisphenol-A (BPA) and other anti-oxidants and preservatives were 
determined in deposition dusts because they are additive of many 
customer products, though suspected to act as endocrine disruptors 
[Guo et al., 2023; de Aquino Figueirôa et al., 2025]. Among them, alkyl 
phenols (APHs) are natural preservatives of plants against viruses, par
asites and fungi, and have tested to contrast CoVID-19 outbreak 
[Prakash et al., 2022, Dương et al., 2023, Wang F. et al., 2023, Babaei 
et al., 2024, Guo et al., 2024, Liu et al., 2024]. Extensively employed in 
food plastic packages, APHs are ubiquitous and, in particular, affect DD 
[Wang et al., 2016; Brenkus et al., 2024]. Among APHs, we focused on 
the most commonly used, namely mono, di- and tributyl, octyl and nonyl 
homologues.

Attention has paid also to psychotropic substances (PSs), hypothe
sizing that their occurrence in hospitals could be influenced by addicts 
resorting to clinical facilities. Moreover, scientific literature concerning 
environmental PSs remained poor, and new information about their 
occurrence indoors looked of concern. During 2019, 2021 and 2023, the 
measurements were restricted to nicotine (NIC), cotinine (COT), caffeine 
(CAF) and cocaine (COC). In 2022, we evaluated also cannabidiol (CBD), 
Δ9-tetrahydrocannabinol (THC) and cannabinol (CBL), which could 
enlighten the aftermaths of legalization of “THC free” cannabis on 
relative abundances of cannabinoids in the environment.

Essences and fragrances (EFs) are natural substances, which act as 
insect repellants or conversely attractors, released by plants, respec
tively, for preservative and reproductive purposes. EFs are common 
components of household and personal care products, although many of 
them are allergenic, irritate skin and gorge, and excite cough. Many EFs 
have a terpene-derived structure, and/or hold hydroxyl, acetyl and 
carbonyl groups in the molecule [Barbauda and Lafforgue 2021; Sharma 
et al., 2024]. About twenty EF chemicals were investigated, selected 
according to their use in many man’s care products.

UV light filters (UVFs) are chemicals able to prolong the life of many 
materials and products, preserving them from photo-degradation. Many 
important UVFs are organic, in particular salicylic acid, benzotriazole 
and benzophenone derivatives, and parabens (Deng et al., 2025). UVFs 
are semi-volatile and easily affect PM, DD and air [Těšínská et al., 2024]. 
Moreover, due to bioaccumulation and environmental persistence po
tential, UVFs pollute aquatic bodies, wastewaters and biota [Jin et al., 
2022; Gautam and Anbumani, 2024]. Seven parabens (from methyl to 
butyl and benzyl homologues) and four important UVFs were investi
gated in this study.

Finally, DD was analyzed for the presence of pharmaceuticals, based 
on detection of these substances reported by other Authors 
[Ballesteros-Gomez et al., 2024; de Dios Perez et al., 2025, and refer
ences herein].

2.4. Chemical characterization of particulates

DD samples were first spiked with a mixture of internal reference 
compounds for analysis, and then extracted in ultra-sonic bath with a 
mixture of dichloromethane, acetone and methanol (50:40:10) 
[Balducci et al., 2012, 2016; Romagnoli et al., 2016; Boudehane et al., 
2016]. The extracts were reduced close to dryness under nitrogen, back 
dissolved into n-hexane and transferred to a neutral alumina column 
(partly deactivated with 2.5% of water). While the first two fractions, 
eluted with isooctane (100%) and n-hexane/dichloromethane (20:80), 
encompassed non-polar (alkanes) and polycyclic aromatic (PAHs) hy
drocarbons, the third and the fourth eluant mixtures 
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(dichloromethane/acetone 50:50 and dichloromethane/acetone/ 
methanol 30:55:15) comprised polar and very polar organic substances, 
respectively. Instrumental analyses were performed by means of capil
lary gas chromatography coupled with mass-spectrometric detection 
(GC-MSD). GC runs were operated in gradients of temperature (70 ◦C to 
290 ◦C) and flow (from 1.0 mL/min up to 1.5 mL/min). MS detection 
was operated in electron impact mode (70 eV, ion current = 100 mA, 
source temperature = 250 ◦C); signals were recorded in selected ion 
monitoring (SIM) mode for PSs, and in scan mode (50-530 a.m.u.) for 
PEs and other chemicals.

PEs, DEHA and DEHTPE were comprised in the third eluate from 
alumina column. MS analysis was operated using two deuterated con
geners (DEtPE-D4) and DEHPE-D4) or alternatively three homologues 
usually absent from the commercial mixtures, namely di-n-propyl 
(DnPrPE), dicyclohexyl (DcHxPE) and diphenyl (DPhPE) phthalates. 
All native compounds except DPhPE displayed the most abundant MS 
signal in the correspondence of M/Z = 149, whose intensity was used for 
quantification purposes (MS base peak of DPhPE, M/Z = 225). Deuter
ated homologues were characterized by the M/Z = 153 ion trace. 
Dimethyl phthalate (base peak at m/z = 163) was all the time below the 
quantification limit of the procedure (0.15 ng/g). Secondary fragment 
ions, typical of the aliphatic moiety length, were suitable for identifying 
the compounds in combination with the retention times (see Supple
mentary Table ST2). Signals corresponding to M/Z = 129, 147 and 241 
were used to quantify and confirm DEHA; meanwhile, DEHTPE was 
characterized by means of M/Z traces equal to 261, 149 and 70.

As for the limits of detection (LOD) and quantification (LOQ) 
assigned to each compound, the actual concentration values depended 
on amount of matter and/or air volume enriched in each DD and PM 
sample. Considering a mean amount of 10 mg, and a final volume of 100 
μL for extracts, LODs (equal to 3 times the signal to noise ratios) ranged 
from 0.02 ng/g of dust (DEtPE) to 0.18 ng/g (BuBzPE), and 0.05-0.08 
ng/g (adipates). LOQs (signal-to-noise ratios = 10) were three times 
higher (Supplementary Table ST2). The occurrence of targeted chem
icals in blanks was investigated through processing pre-cleaned quartz 
fiber strips and absolute filter pieces as well as solvent mixture volumes 
equal to those adopted in the sample extraction. Low interferences were 
observed in the correspondence of DEtPE, DnBuPE and DEHPE; the 
respective blank signals were subtracted from the primary values ob
tained; no other phthalates were found, except in one only DD sample, 
which resulted affected by traces of DcyHxPE.

Five M/Z signals were selected to identify OPEs, combined with the 
relative retention times (Supplementary Table ST2); quantitative 
assessment of compounds was achieved by means of the base peak M/Z 
traces, applying the internal standard method. The LODs of OPEs ranged 
0.02-0.08 ng/g for alkyl congeners but raised up to ~0.3 ng/g for 
chlorinated and brominated compounds.

BPA and its homologue bisphenol-B were investigated in the sample 
extracts using five main ion traces, corresponding to M/Z = 213 (base 
peak), 214, 228 (or 242), 119 and 91. Their internal reference for 
quantitative purposes was DPhPE. The LOD of BPA was equal to ~0.1 
ng/g of dust (Supplementary Table ST3).

APHs were identified in the GC-MSD chromatograms (scan mode) by 
means of five M/Z typical ion fragment signals, while DPrPE and DPhPE 
were used as internal reference for quantitative determination 
(Supplementary Table ST3). The LODs of individual APHs ranged from 
0.02 to 0.1 ng/g, while that of a commercial nonylphenol and decyl
phenol mixture was cumulatively equal to 0.46 ng/g.

As for PSs, DD samples were fortified with aliquots of reference 
compounds, i.e., nicotine-D4, caffeine-13C3, cocaine-D3 and Δ9-tetrahy
drocannabinol-D3, just before solvent extraction. M/Z signals corre
sponding to base or main peaks were used for quantitative purposes, 
while M/Z equal to molecular weight and two further secondary signals 
combined with the relative retention times vs. references allowed con
firming the identification of targeted compounds. Parameters relative to 
compound identification and quantification plots are reported in 

Supplementary Table ST3. The LODs of PSs were equal to 0.26 ng/g for 
NIC, 0.09 ng/g for COT, 0.07 ng/g for CAF, 0.10-0.15 ng/g for COC, CBL 
and CBD, 0.30 ng/g for THC and 1.35 ng/g for heroin (Supplementary 
Table ST3). No interferences affected the blank samples except for 
cotinine.

To determine FAEs we employed a set of M/Z ratios (in particular, 
M/Z = 74, 88 and 102 respectively for methyl, ethyl and alkyl esters), 
combined with the retention indexes. LODs were estimated all the time 
better than ~0.2 ng/g of dust.

The search for EFs was undertaken through the analysis of the main 
four or five M/Z ion traces, combined with retention index tables pro
vided by scientific literature; qualitative and quantitative characteriza
tion was confirmed by means of authentic standard solutions, adopting 
DPrPE as internal reference. LODs of individual EFs ranged 0.04-0.24 
ng/g. The same approach was adopted to determine UVFs in the sam
ples; DPrPE or DPhPE were used as internal references, according to the 
retention time of compounds (Supplementary Table ST3).

2.5. Untargeted emerging organic contaminants

To improve chemical characterization of DD, we proceeded in three 
steps. First, we analyzed the polar and very-polar fractions of sample 
extracts through GC-MSD operating in scan mode, and approached the 
preliminary identification of components through combining the mass 
spectrum signatures with those provided by the MS libraries available; 
eight to twelve M/Z traces of each compound were examined for this 
purpose. Whereas feasible, tentative identification was confirmed a 
posteriori by comparison with the spectrums of authentic standards. 
Moreover, when analyzing DDs from 2022 campaign the use of a new GC 
capillary column, displaying different retention indexes of compounds, 
confirmed the tentative identification of substances (see Section &2 in 
the Supplementary Material file). Afterwards, we discriminated the 
tentative chemicals according to frequency of detection, and focused our 
concern on the compounds found in at least 33% of samples. (This focus 
aimed at subsequently analyzing the changes of compound loads ac
cording to time and site). Then, we approached the semi-quantitative 
evaluation of compounds; for this purpose, we referred each of them 
to DPrPE, DPhPE or CAF-13C3, depending on the fraction of polarity and 
retention time. We calculated the intensities of diagnostic M/Z traces 
selected for the untargeted substances and for the reference compounds, 
and the percentages of M/Z traces in the respective mass spectrums. 
Then, we estimated the concentration levels of untargeted substances in 
DDs through the area ratios of M/Z signals, normalized by the respective 
percentages, multiplied times the amount of references added to the 
extract. Finally, the loads estimated as equal to ≈0.001, ≈0.01, ≈0.1, 
and ≈1 mg/g and >1 mg/g), were reported as (− ), (+), (++), (+++) 
and (++++), respectively. This approach provided only a rough over
view of untargeted compound behaviours associated to DDs. In our 
opinion, it is preliminarily acceptable, when extensively investigating 
the chemistry of indoor environments. In this study, the site-to-site and 
year-to-year differences among loads of DD-bound chemicals were 
regarded as meaningful when reaching or exceeding one order of 
magnitude.

3. Results and discussion

3.1. Phthalates, DEHA and terephthalates; organic phosphates; esters of 
fatty and poly-carboxylic acids

The mean contents of PEs, DEHA and DEHTPE recorded at all sites 
are shown in Fig. 1A–C (the respective median, minimum and maximum 
concentrations are reported in Supplementary Table ST4). DEHA and 
DEHTPE were predominant within the respective groups, and the only 
usually identified.

Total PEs at hospitals ranged widely in amount, however clearly 
tended to drop from 2019 (≈12 mg/g as gross average) to 2023 (≈2.3 
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mg/g). DEHA (~0.29 mg/g in 2019, ~0.16 mg/g in 2023) and DEHTPE 
(1.0 mg/g in 2019; 0.26 mg/g in 2023) followed analogous trends. PE 
and DEHTPE loads at university were lower than at hospitals (PEs = 1.3 
mg/g, DEHTPE = 0.09 mg/g) in 2019, but more in 2023 (PEs = 2.6 mg/ 
g, DEHTPE = 2.2 mg/g). At dwelling, the compounds were usually more 
than at hospitals in 2021 (e.g., PEs ~17.8 mg/g), but less in 2023 (e.g., 
PEs = 0.65 mg/g and DEHTPE <0.01 mg/g).

Worth of note, i.e., percent composition of PE group changed with 
the time and site (see Supplementary Figure SF1). This could only in part 
depend on the year season; indeed, mid-spring weather (2021 experi
ment) presumably promoted volatilization of light compounds 
compared to autumn (2022) and late winter (2022 and 2023), however, 
temperature in the hospitals was roughly constant all along the year 
thanks to air conditioning systems. The DEHA/DEHPE ratio was roughly 
similar at all sites along the four years, and DEHTPE/DEHPE ratio 
exhibited an analogous trend in 2019-2021 and 2023; instead, in 2022 
the DEHTPE percentages were higher, suggesting the occurrence of a 
special source of this chemical.

Among OPEs bound to DD, TCEPO and TCPPO accounted for small 
percentages, while TBPO occurred seldom and at low extents. Total OPE 
concentrations in DDs are pictured in Fig. 1D (median, minimum and 

maximum values are reported in Supplementary Table ST6). TBOEPO 
was predominant at hospitals, except at HOS-1 in 2022 (<30%). The 
change in percent distribution of OPEs with time was similar at hospitals 
and university, but it did not at dwelling; there, TBOEPO was almost 
absent and octicizer was predominant in 2021, while TPhPO prevailed 
in 2022, indicating a distinct source. DD loads of OPEs at hospitals 
decreased from 2019 (0.17 mg/g as mean total) to 2022 (0.05 mg/g) and 
raised again in 2023 (0.12 mg/g). At university, OPEs were more than at 
hospitals in 2019 (0.22 mg/g) and less in 2023 (0.06 mg/g), displaying a 
slow decrease from 2019 to 2021 to 2022-2023. By contrast, OPEs raised 
at dwelling from 2021 (0.03 mg/g in total) to 2023 (0.11 mg/g).

In DD from hospitals, FAEs (overall methyl, ethyl and isopropyl 
homologues) ranged, in total, from 0.22 mg/g (in 2022) to 0.76 mg/g (in 
2023) (Fig. 1E and Supplementary Table ST5). The principal FAEs 
observed in our study were the derivatives of medium/long chain mono- 
alkanoic acids (i.e., palmitic, stearic, lignoceric and unsaturated oleic), 
where methyl esters accounted for ≈60-80% of the total; some mid C- 
chain esters (octyl to tetradecyl palmitate and stearate) occurred spot
tily. Due to their frequent occurrence, four ester groups were charac
terized, i.e. citrates, acetylcitrates, myristates and sebacates. Each group 
was characterized by a predominant congener, i.e., respectively, the 

Fig. 1. Average content (± standard deviation) of total phthalates (A), bis(2-ethylhexyl) adipate (B), bis(2-ethylhexyl) terephthalate (C), total organic phosphate 
esters (D), total fatty acid esters (E) and cosmetic esters (F) in deposition dusts collected at hospitals (HOS-1, HOS-2 and HOS-3), a private home (PRH-1) and 
university (UNI-1) during the four in-field measurement campaigns. Data reported in mg units per g of sample.
Symbols: PEs = total phthalates, DEHA = bis(2-ethylhexyl) adipate, DEHTPE = bis(2-ethylhexyl) terephthalate, OPEs = total organic phosphate esters, FAEs = fatty 
acid esters, (E), CoEs = cosmetic esters.
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tributyl, tributyl, isopropyl, and 2-ethylhexyl homologue. Moreover, 
various benzoates and glycol benzoates affected DDs. We gathered all of 
these chemicals as “cosmetic esters” (CoEs) (see Fig. 1F). Total CoE loads 
in DD ranged, on the average, 0.20-0.56 mg/g at hospitals, 0.47-0.74 
mg/g at dwelling, and 0.08-0.76 mg/g at university; hence, they were 
maximum at dwelling and minimum at hospitals, except in 2019. FAEs 
ranged 0.22-0.76 mg/g at hospitals (with maximum in 2021), 0.14-0.80 
mg/g at dwelling (maximum in 2022) and 0.13-0.21 mg/g at university 
(almost constant after 2019). Among FAEs, methyl esters accounted 
outdoors for up to 99% of the total; by contrast, indoors the other esters 
were important, presumably due to release from personal care and 
cleaning products. CoE loads in general decreased slowly from 2019 to 

2023 at hospitals and dwelling but they did not at university; by 
contrast, FAEs tended to decrease with time at hospitals, and grow at 
dwelling.

3.2. Emerging organic contaminants: essences and fragrances, UV filters, 
bisphenol-A, alkylphenols and psychotropic substances

Fig. 2A reports the concentrations of BPA in DDs from hospitals, 
university and dwelling (see also Supplementary Table ST6). Mean 
values ranged from <0.7 to ~17 μg/g, with the maximum found at 
hospitals in 2019 and the minimum at university in 2023. None of sites 
showed a clear temporal trend, with wide changes in concentration over 

Fig. 2. Average content (± standard deviation) of bisphenol-A (A), alkylphenols (B), essences and fragrances (C), UV light filters (D), nicotine (E), cotinine (F), 
caffeine G) and cocaine H) in deposition dusts collected at hospitals (HOS-1, HOS-2 and HOS-3), a private home (PRH-1) and university (UNI-1) during the four in- 
field measurement campaigns. Data reported in μg units per g of sample.
Symbols: BPA = bisphenol-A, APHs = alkylphenols, EFS = essences and fragrances, UVFs = UV light filters, NIC = nicotine, COT = cotinine, CAF = caffeine, COC 
= cocaine.
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2019-2023. BPA loads at hospitals (~6.4-17 μg/g of DD) were of the 
same order of magnitude as at university (~8.5-13.8 μg/g) and dwelling 
(~8.4-10.7 μg/g, except in 2023 (11.5 μg/g vs. ~0.7 and 5.4 μg/g, 
respectively).

All samples reported the presence of APHs, in particular, 4-tertzbutyl 
phenol and 2,6-diterzbutyl phenol, at concentration levels ranging ≈20- 
40 μg/g at hospitals, ≈30-130 μg/g at PRH-1 and ≈8-215 μg/g at uni
versity (Fig. 2B and Supplementary Table ST6). Other phenol derivatives 
identified seldom were nonylphenol mixtures, 4-tertzbutylchlorophe
nol, 4-tertzbutylnitrophenol, and parabens (in particular, methyl and 
propyl homologues).

The principal EFs comprised in DD were methyl, dihydrojasmonate 
(MDHJ), polycyclic musk, lilial, methyl and ethyl anthranilate, α-ionone 
and Musk T. β-Ionone, camphor, verbenone, vertenex, isobornyl acetate 
and phenoxyethanol occurred seldom but could reach important con
centrations, up to ≈10 μg/g. As total, EFs accounted for ~4-19 μg/g of 
DD at hospitals (the minimum recorded in 2023), 1.2-10 μg/g at uni
versity (minimum in 2019), and ~4-43 μg/g at dwelling (minimum in 
2023) (Fig. 2 C and Supplementary Table ST7). At hospitals and 
dwelling but not at university some EFs (e.g., MDHJ and Musk T) 
decreased with time, while other chemicals (including polycyclic musk) 
behaved contrariwise. Outdoors, the principal EFs detected were poly
cyclic musk and MDHJ.

Three main UVFs were found in DD samples (Fig. 2D and Supple
mentary Table ST7); they were octocrylene (namely, 2-ethylhexyl,2- 
cyano-3,3-diphenylacrylate), Parsol MCX (2-ethylhexyl,4-methoxy cin
namate) and Parsol 1789 (butyl, methoxydibenzoyl methane). Octoc
rylene was all the time the most abundant UVF (~50- 95% of the total, 
with percentages raising from 2019 to 2022); Parsol MCX was the sec
ond abundant in 2019, and Parsol 1789 in 2021/2022. This seems to 
suggest the change of preservative contents in household products. Our 
finding matched only in part with those reported elsewhere [Gao et al., 
2013; Ao et al., 2017], according to which internal locations are affected 
by octocrylene as well as by 2-hydroxy-4-methoxybenzophenone, 
4-methylbenzylidene camphor, homosalate, all suspected endocrine 
interferents. Over 2019-2022 period, total UVFs ranged ~60-132 μg/g 
at hospitals, ~91-123 μg/g at university, and much more (248-308 
μg/g) at dwelling; the 2021 campaign showed relatively low EF levels in 
DD at hospitals, and high at dwelling and university. In 2023, UVFs 
dropped at the dwelling and university (20-25 μg/g) but they did not at 
hospitals (114 μg/g).

Fig. 2 E-H report the concentrations of nicotine, cotinine, caffeine 
and cocaine in DDs (for median, minimum and maximum values see 

Supplementary Table ST8). The occurrence of heroin was investigated 
too; however, this compound never reached the LOD calculated for 
procedure applied; analogous results were found previously [Romagnoli 
et al., 2016]. Both NIC and COC loads grew from 2019 to 2021 to 
2022-2023, independently of the type of site; at hospitals, NIC was on 
the average as low as 5.3 ± 3.0 μg/g in 2019, and reached 28 ± 24 μg/g 
in 2023; cocaine was ~12.5 μg/g in 2019-2021, and >40 μg/g in 
2022-2023. An analogous pattern was observed at university, e.g. 
cocaine was equal to ~1.0 μg/g in 2019-2021, 40 μg/g in 2022 and 28 
μg/g in 2023. Low PS loads detected in 2021 could in part depend on the 
limited people mobility and access to public estates, established by 
Italian Health Authorities to oppose to outbreak. Considering the whole 
period of study, DD from hospitals were richer of CAF and COC, while 
NIC and COT were more at university. PSs bound to DD from dwelling 
were, in general, less than elsewhere.

Table 1 reports the DD concentrations of THC, CBD and CBL recorded 
in 2022. Worth to remark, all substances were detected at all sites, which 
was consistent with previous investigations conducted in Italy 
[Romagnoli et al., 2016], and confirmed that CBs are quite persistent 
indoors.

Presumably, even where people did not abuse illicit substances (that 
was the case of hospitals and the dwelling), PSs could reach indoor lo
cations through airflows and people, and accumulate there. As for CBD, 
the raise in percentage compared to previous investigations [Balducci 
et al., 2012, 2016; Romagnoli et al., 2016] could depend on the recent 
increase of light cannabis abuse. CB loads in DD were of the same order 
of magnitude at all sites; analogously to cocaine, the minimums were 
recorded at HOS-3 (e.g., CBL = 2.7 ± 1.7 μg/g vs. ~10.5 μg/g at HOS-1 
and HOS-2). Moreover, since CBL is a by-product of THC decomposition 
[Carbone et al., 2010; Kim et al., 2025], the concentration ratio seems to 
suggest that CB mixture was fresh at HOS-3, aged at university, and 
middle at HOS-1, HOS-2 and dwelling.

Comparing the results of four measurement campaigns, chemical 
composition of DDs changed along CoViD-19 outbreak, presumably 
depending on the rate of accesses to hospitals and on normative and 
procedures implemented to prevent contagion. This was particularly 
evident at hospital used as a hub of CoViD-19 patients (i.e., HOS-3); in 
fact, many plasticizers (e.g., DEHTPE and OPEs), FAEs, CoEs, BPA and 
UVFs were more there in 2021 than in 2019 and 2022, unlike other 
hospitals. Moreover, in 2021 the dust loads of all psychotropic sub
stances were minimum at this hospital compared to the other ones, and 
maximum at HOS-2. On the other hand, during 2021 DD from HOS-2 
held higher loads of plasticizers, FAEs, CoEs, BPA and UVFs. Since 

Table 1 
Mean (±standard deviation σ), minimum and maximum concentrations of cannabinoids at hospitals (HOS-1, HOS-2 and HOS-3), university (UNI-1) and home (PRH-1) 
in 2022. Concentration values reported as micrograms per gram of dust.

site HOS-1 HOS-2

mean ± σ min. max. out Rin/out mean ± σ min. max. out Rin/out

CBD 9.5 ± 14.3 1.4 31 6.1 2.7 ± 2.3 4.1 ± 2.0 2.2 6.5 1.0 4.3 ± 2.1
THC 48 ± 49 14 120 9.1 7.4 ± 5.8 45 ± 12 28 60 21 2.1 ± 0.8
CBL 10.5 ± 15.3 1.1 33 6.9 2.5 ± 2.3 10.6 ± 10.7 5.3 33 1.0 19 ± 14

site HOS-3 PRH-1

mean ± σ min. max. out Rin/out mean ± σ min. max. out Rin/out

CBD 3.6 ± 2.1 0.69 5.2 1.0 3.0 ± 2.3 4.5 ± 3.9 0.23 9.0 1.0 4.6 ± 4.4
THC 46 ± 45 2.1 106 3.6 15 ± 14 22 ± 12 11 33 4.2 5.2 ± 2.6
CBL 2.5 ± 1.7 0.70 4.7 0.50 5.4 ± 3.4 3.6 ± 0.9 2.7 4.6 3.1 1.2 ± 0.2

site UNI-1 ​ ​ ​ ​ ​

mean ± σ min. max. out Rin/out ​ ​ ​ ​ ​

CBD 3.1 ± 2.1 0.83 4.9 0.70 4.1 ± 2.9 ​ ​ ​ ​ ​
THC 7.6 ± 6.0 2.2 14.0 3.4 2.4 ± 1.7 ​ ​ ​ ​ ​
CBL 6.9 ± 9.0 0.42 17.1 1.6 5.5 ± 5.1 ​ ​ ​ ​ ​

Symbols: out = outdoors; Rin/out = indoor/outdoor concentration ratio; CBD = cannabidiol; THC = Δ9-tetrahydrocannabinol; CBL = cannabinol.

A. Cecinato et al.                                                                                                                                                                                                                               Atmospheric Pollution Research 17 (2026) 102991 

7 



sizes and amounts of clinical services provided by hospitals were anal
ogous, perhaps the HOS-2 interiors were cleaned more frequently while 
air venting was lower. According to this hypothesis, untargeted con
taminants too (indigo, isocyanates, cholesterol) were lower there than 
elsewhere (see &3.6). Nevertheless, this behaviour was not observed in 
2019 and 2022.

3.3. Indoor/outdoor comparison of polar organic contaminants in dusts 
from hospitals

Table 2 provides the indoor/outdoor concentration ratios (Rin/out) of 
targeted contaminants (mean, minimum and maximum rates) in depo
sition dust at the sites investigated in 2022 and 2023.

At hospitals and university, PEs, DEHA and DEHTPE were more in
doors at all sites in both years, with Rin/out ranging, on the average, from 
~1.1 (DEHA, HOS-1, 2022) up to 81 (DEHA, HOS-3, 2023); the only 
exception was DEHTPE at HOS-1 in 2023 (Rin/out ~0.5). At PRH-1, the 
respective Rsin/out exceeded 1.0 in 2022, and were ≤1.0 in 2023. CoEs, 
OPEs, EFs and UVFs were up to ~70 times more in indoor DD (only OPEs 
at HOS-1 in 2022 and EFs at HOS-3 in 2023 were less). All of these 
chemicals are common components of household and personal care 
products, and indoor concentrations are typically high (Wang et al., 
2015; Vo et al., 2022). The behaviour of FAEs resulted different, pre
sumably because they are released from both natural and anthropogenic 

sources (in particular, at PRH-1 and UNI-1 they could come from food 
cooking); the patterns of APHs and BPA resulted more uncertain, with 
Rin/out values chaging with site and time.

Each of PSs exhibited a peculiar Rin/out pattern. NIC was all the time 
more indoors at HOS-2, HOS-3 and UNI-1, and less at HOS-1 and PRH-1 
(Table 2); that could depend on air cleaning rate of interiors and on 
amount of smokers frequenting the sites. COC associated to DD was 
more indoors, and Rin/out rates were higher at hospitals (Rin/out = 3.5-11, 
vs. 1.2-4.7 elsewhere). CAF displayed an analogous pattern (Rin/out =

1.5-6 at hospitals, ~6-7 at dwelling and ~6-28 at university). Cumula
tively, DD-bound PSs from HOS-1 exhibited Rin/out values lower than 
those from HOS-2 and HOS-3 in 2022, but they did not in 2023.

3.4. Organic contaminants in depositions and suspended particulate at 
HOS-4: a comparison

Four locations in total were investigated at HOS-4 with regard to DD 
composition, and two to PM (see Supplementary Table ST1.B). The 
hospital entrance hall experienced the direct and continuous air ex
change with outdoors, and chemical composition of DD could be influ
enced consequently, resulting different from indoors (Table 3). This 
hypothesis was confirmed by various indexes related to non-polar and 
PAH hydrocarbons associated to DD; e.g., total alkanes (~17 mg/g vs. 6 
mg/g), CPI16 index (~35 vs. 2.2), estimated tobacco smoke per thousand 

Table 2 
Mean, minimum and maximum indoor/outdoor concentration ratios of targeted contaminants in dusts from hospitals (HOS-1, HOS-2, HOS-3), university (UNI-1) and 
home (PRH-1), in 2022 (A) and 2023 (B).

A: 2022 PEs min. max. DEHA min. max. DEHTPE min. max. OPEs min. max.

HOS-1 1.8 1.4 2.5 1.1 0.8 1.6 1.6 1.3 2.2 0.8 0.4 1.1
HOS-2 6.4 4.3 8.0 2.5 2.5 2.6 2.8 1.3 4.3 1.3 0.9 1.6
HOS-3 12.4 7.7 22.3 56 43 94 12.3 1.2 1.9 6.5 1.9 18.5
PRH-1 4.9 1.3 8.1 2.7 0.8 4.3 4.3 0.4 10.1 6.1 0.9 21
UNI-1 14 17 51 21 0.5 46 26 9.3 39 1.5 0.3 3.3

A: 2022 BPA min. max. EFs min. max. FAEs min. max. UVFs min. max.

HOS-1 0.6 0.2 1.7 4.2 2.5 6.3 1.5 0.8 2.5 3.4 2.1 5.6
HOS-2 11.5 0.2 28 4.3 1.8 6.7 0.5 0.4 0.6 6.2 2.5 8.4
HOS-3 6.3 2.8 25 12 8 19 0.7 0.3 1.3 43 19 77
PRH-1 1.4 0.9 1.9 22 1.3 64 3.0 1.1 6.1 6.2 0.6 11.4
UNI-1 28 0.6 60 6.6 1.9 10.1 1.9 1.2 3.6 31 16 60

A: 2022 CoEs min. max. APHs min. max. NIC min. max. COC min. max.

HOS-1 1.9 0.6 2.5 21 1.8 57 0.3 0.2 0.6 3.5 2.3 5.4
HOS-2 5.8 2.6 9.1 3.6 1.8 7.5 1.2 0.6 2.2 3.5 2.1 5.8
HOS-3 3.4 1.3 5.0 0.3 0.1 0.8 2.9 0.8 6.4 6.5 2.5 9.7
PRH-1 1.0 0.1 1.8 8.7 0.8 25 0.6 0.1 0.9 1.2 0.4 2.8
UNI-1 16 1.6 39 2.1 0.6 4.3 9.1 2.3 14 4.1 0.3 11

B: 2023 PEs min. max. DEHA min. max. DEHTPE min. max. OPEs min. max.

HOS-1 3.2 1.0 5.0 1.6 1.3 2.2 0.5 0.5 0.5 4.1 2.9 6.0
HOS-2 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
HOS-3 11.2 8.6 12.8 81 12 171 26 11 41 67 52 95
PRH-1 1.1 1.0 1.3 0.1 0.1 0.1 0.6 0.3 1.0 19 16 22
UNI-1 18 15 23 117 27 163 3.6 2.4 5.2 1.5 0.3 3.3

B: 2023 BPA min. max. EFs min. max. FAEs min. max. UVFs min. max.

HOS-1 8.9 2.3 16.4 7.1 1.7 12.7 0.9 0.5 1.3 9.5 2.4 25
HOS-2 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
HOS-3 6.6 2.3 11.0 0.2 0.1 0.3 1.0 0.5 1.5 2.7 1.2 5.8
PRH-1 15 14 16 12.7 6.3 19 0.9 0.2 1.5 10.2 5.0 15.3
UNI-1 0.9 0.1 1.9 2.3 1.9 2.8 5.9 1.7 5.9 19 3.9 34

B: 2023 CoEs min. max. APHs min. max. NIC min. max. COC min. max.

HOS-1 4.4 3.0 5.8 0.6 0.1 1.0 0.7 0.2 1.8 10 1.6 16
HOS-2 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
HOS-3 27 19 42 1.8 0.8 2.4 1.6 0.6 2.9 11 10 13
PRH-1 60 38 82 1.1 0.3 1.8 0.9 0.7 0.9 1.7 1.2 2.3
UNI-1 25 2.9 65 0.9 0.4 1.8 1.3 0.4 2.6 4.7 0.7 9.0

Symbols: Rin/out = indoor/outdoor concentration ratio of targeted chemicals in 2022 (A) and 2023 (B). PEs = phthalates, DEHA = bis(2-ethylhexyl) adipate, DEHTPE 
= bis(2-ethylhexyl) terephthalate, OPEs = organic phosphates, BPA = bisphenol-A; EFs = fragrances; FAEs = fatty acid esters; UVFs = UV filters; CoEs = cosmetic 
esters; APHs = alkyl phenols; NIC = nicotine, COC = cocaine.
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(16‰ vs. 7‰) and total PAHs (1.40 vs. 0.50 μg/g) were maximum at the 
entrance [Cecinato et al., 2023].

Total PEs were more in indoor DDs (7.7 mg/g) than in PM (3.9 ± 0.2 
mg/g) and at entrance (~3.9 mg/g). The PE percent composition was 
different also; DEHPE was predominant in DDs (~50% at the entrance 
and 68% in the other locations) but it was not in PM (~33%), where 
DiNoPE reached 38% of the total. Meanwhile, DEHA was more in DD 
from entrance (0.23 mg/g vs. 0.04-0.14 mg/g), while DEHTPE was less 
(0.04 mg/g vs. 0.15-0.22 mg/g).

OPEs were as high as 70 ± 81 μg/g in indoor DD, 38 μg/g in infection 
disease (ID) ward and 648 μg/g in neonatal surgery (NS); by contrast, 
they were <LOD at entrance (Table 3). EFs were more in DD (>30 μg/g) 
than in PM (<10 μg/g); OPEs (on the average, 38-650 mg/g), BPA 
(~0.1-6 μg/g), CoEs (130-335 μg/g) and UVFs (6-216 μg/g) were much 
more indoors, which was consistent with internal sources. On the other 
hand, APH loads were analogous indoors and outdoors (8-10 μg/g), and 
higher in PM from NS (26 μg/g).

Among PSs, NIC (as average value) accounted for 3.4 μg/g of DD at 
the entrance and 4.7 μg/g at other locations; more than 550 μg/g of NIC 
accumulated in PM from IS ward, and only 6.2 μg/g in that from NS. The 
behaviour of COT was analogous, this substance resulting <0.1 μg/g at 
the entrance, 20 ± 7 μg/g in indoor DD, 6.0 μg/g in PM at NS and 154 
μg/g at IS ward. CAF reached ~50 ± 60 μg/g in indoor DD and 96 μg/g 
in PM from ID, while it was as low as 1.8 μg/g in DD at the entrance, and 
2.2 μg/g in PM at NS. Similarly, COC was as high as 8.5 ± 4.7 μg/g in 
indoor DD, 43 ± 13 μg/g in PM and only 0.44 μg/g at the entrance. 
Cumulatively, both licit and illicit PSs associated to DD were much more 
indoors than at entrance; this finding was in agreement with that of 
previous investigations carried out in Italy and Algeria [Boudehane 
et al., 2016; Rabhi et al., 2018]. Briefly, DD from entrance presented the 
minimum loads of many chemicals investigated, while PM from NS ward 
and indoor DD were characterized by loads of the same orders of 
magnitude; important exceptions were UVFs, >200 μg/g vs. 6 μg/g, 
respectively, OPEs, ~70 vs. 647 μg/g, and BPA, ~6 vs. <0.1 μg/g. On 
the other hand, PM from ID exhibited a peculiar chemical composition. 
That could depend on the age of patient treated there, as well as to 
special care reserved to air, furniture and cloth cleanliness of surgery.

3.5. DD-bound organic contaminants at HOS-5 in 2021

HOS-5 was considered apart, because this site was investigated only 
in 2021, but it could not with regard to yearly pattern. On the other 
hand, it was a meaningful site, because it was used as vaccine hub since 
the core of CoVID-19 outbreak. Its peculiarity was examined through DD 
composition there (Table 4).

In general, PEs, DEHTPE and APHs resulted less than at other 

hospitals by a factor of 1/3 to 1/2, while DEHA, BPA and EFs were 
analogous in amount and OPEs and UVFs were more. Interestingly, all 
DD-bound PSs too were less at HOS-5, e.g. NIC and COC reached 13.8 
and 12.4 μg/g, respectively, as gross average at HOS-1, HOS-2 and HOS- 
3, and were as low as 2.9 and 7.4 mg/g at HOS-5; CAF too was less at 
HOS-3 (~34 μg/g vs. 50 μg/g). This finding could depend on the distinct 
frequentation, which was strictly controlled at HOS-5 through the 
booking of vaccinations. DD composition at HOS-5 resulted different 
also from that observed at dwelling and university; in particular, all 
groups were less at HOS-5, with the important exceptions of NIC (2.3 μg/ 
g vs. 2.9 μg/g at PRH-1 and 23.4 μg/g at UNI-1) and of COC (1.7 μg/g vs. 
7.4 μg/g and 1.1 μg/g, respectively).

3.6. Untargeted emerging organic contaminants

Even-carbon numbered chlorinated (Cl-C2n) and brominated (Br- 
C2n) alkanes (respectively, from 1-chlorododecane to 1-chloro-octade
cane and from 1-bromododecane to 1-bromohexadecane) were tenta
tively identified in most DDs collected in 2019, 2021 and 2023 (Table 5). 
Cl-C12 and Cl-C14 were all the time the most abundant homologues, 
accounting together for >90%. In 2021, Br-C2n compounds occurred 
only at HOS-2 (Table 5).

Table 3 
Loads of targeted contaminants in deposition dust and particulate matter from air conditioning filters at hospital HOS-4.

substrate DD at indoor DD PM

compound(s) entrance mean ± σ min. max. Rin/out ID NS

PEs, mg/g 3.9 6.7 ± 3. 3 3.0 9.3 1.9 ± 1.2 3.7 4.1
DEHA, mg/g 0.23 0.14 ± 0.04 0.10 0.19 0.6 ± 0.2 0.04 0.12
DEHTPE, mg/g 0.04 0.27 ± 0.03 0.20 0.37 7.1 ± 2.1 0.02 0.29
BPA, μg/g <LOD 6.1 ± 7.4 0.1 14.2 >30 6.0 <0.1
OPEs, μg/g <LOD 70 ± 81 9.3 131 >30 38 647
APHs 8.0 10.2 ± 0.6 9.6 10.8 1.2 ± 0.1 5.2 26
CoEs 5.0 335 ± 302 80 619 >60 131 323
EFs, μg/g 32 34 ± 14 29 49 1.0 ± 0.4 7.0 8.6
UVFs, μg/g 1.4 216 ± 319 29 585 >150 10.4 6.2
NIC, μg/g 3.4 4.7 ± 3.5 0.7 7.0 1.1 ± 0.9 553 6.2
CAF, μg/g 1.8 50 ± 60 5.7 118 62 ± 56 96 2.2
COC, μg/g 0.44 8.5 ± 4.7 4.2 13.5 20 ± 10 52 34

Symbols: DD = deposition dust; PM = particulate matter from conditioning/venting system; IS = infection disease ward, NS = neonatal surgery; min. = minimum, max 
= maximum, Rin/out = concentration ratio of indoor locations vs. entrance; PEs = phthalates, DEHA = bis(2-ethylhexyl) adipate, DEHTPE = bis(2-ethylhexyl) tere
phthalate, BPA = bisphenol-A, APHs = alkyl phenols, CoEs = cosmetic esters, EFs = essences and fragrances, UVs = UV light filters, NIC = nicotine, CAF = caffeine, 
COC = cocaine.

Table 4 
Mean loads of organic contaminants in deposition dust from HOS-5.

compound HOS-5 other hospitals

mean ± σ min. max.

PEs 1.88 ± 1.37 0.90 3.45 5.2
DEHA 0.12 ± 0.07 0.07 0.20 0.10
DEHTPE 0.25 ± 0.37 <LOD 0.69 0.50
OPEs 128 ± 181 15 336 80
BPA 5.2 ± 3.3 2.9 8.9 6.4
NIC 2.9 ± 3.4 0.81 6.8 13.8
CAF 34 ± 33 8.5 71 50
COC 7.4 ± 7.6 2.7 16.2 12.5
EFs 10.2 ± 9.9 4.2 22 12
UVFs 103 ± 110 28 229 60
APHs 13.7 ± 10.4 3.3 23 26
FAEs 0.23 0.02 0.34 0.80
CoEs 0.03 0.02 0.32 0.26

Symbols: σ = standard deviation; min. = minimum; max. = maximum; other 
hospitals = gross mean of hospitals HOS-1 to HOS-3; PEs = phthalates; DEHA =
bis(2-ethylhexyl) adipate; DEHTPE = bis(2-ethylhexyl) terephthalate; OPEs =
phosphate esters; BPA = bisphenol-A; NIC = nicotine; CAF = caffeine; COC =
cocaine; EFs = essences and fragrances; UVFs = uV filters; APHs = alkyl phenols; 
FAEs = fatty acid esters; CoEs = cosmetic esters.
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Whereas found, chlorinated and brominated alkanes were in roughly 
proportional amounts, suggesting that they had the source in common. 
Both groups tended to drop to zero from 2019 to 2022, and grew again in 
2023. Nevertheless, a drastic change in the percentage of brominated 
compounds was observed from 2019 to 2021 (<5% of total halides) to 
2023 (~15-60%). Halo-alkanes were 1-2 orders of magnitude more in 
hospital DD than at dwelling and university, suggesting that their 
occurrence depended on typology of site. Their source remains un
known, though these chemicals are additives of sealants, plastics and 
paints, and are employed as solvents in medicine; chlorinated paraffins 
> C12 are classified by European Chemicals Agency as complex reaction 
products and biological materials (UVCB) [Buchanan 2012]. Analo
gously, isocyanates (e.g., toluene-bis, acetyl-phenylene diisocyanate and 
methylene-diphenyl isocyanates), commonly used as intermediates in 
the synthesis of polyurethane foams and painting components, were 
tentatively identified in most 2019-2021 and 2023 samples, but they 
were not in 2022. Total estimated contents in DD ranged from ≈1 μg/g 
(at university, 2023) to ≈70 μg/g (at dwelling, 2022), while at hospitals 
they were ≈5-10 μg/g.

Indigo (IND) has never detected in the environment before this 
study; thus, its finding in DD and PM was new (Table 5). IND load 
presumably reached important levels indoors (up to ≈100 μg/g) and 
ranged widely with site, raising from 2019 to 2022 and decreasing in 
2023; outdoors, IND presumably occurred only at HOS-3, at low level 
(≈0.1 μg/g), in 2022. In our opinion, the finding of IND was a conse
quence of CoViD-19. At this regard, IND resulted a minor component of 
facial masks, different in color, manufacturing company and filtering 
capacity, whose usage was mandatory during outbreak. Moreover, 
frequent disinfection of indoor locations heightened the usage of disin
fectants and detergents, often blue-colored.

Cholesterol (CHO) was reported as PM component [Weschler et al., 
2011]; its occurrence in the environment has been associated to living 
organisms (overall animals and humans, because vegetables release 
preferably other phytosterols like sitosterol, stigmasterol and amyrins) 
[Cecinato et al., 2022]. CHO loads in DD from hospitals (Table 5) ranged 
between ≈1 μg/g (HOS-2, 2021) and ≈100 μg/g (HOS-2, 2019). 

Accounting in general for few tens of μg/g, DD-bound CHO at hospitals 
was as high as at university and one order of magnitude less than at 
dwelling. This finding was in agreement with CHO levels found in 
kitchens, commonly associated to meat cooking. Outdoors, CHO was at 
least one order of magnitude lower (≤10 μg/g), which confirmed the 
importance of internal sources.

Surfinol-104 (namely, tetramethyldecyne diol; SURF) is a surfactant 
used in adhesives and paints. At our knowledge, its occurrence in in
teriors was not reported earlier; nevertheless, it was suspected to affect 
most of our DD samples; SURF bound to DD from hospitals usually was 
≈1 μg/g, remaining roughly constant over 2019-2022, and dropping in 
2023.

Benzene sulfonamide presumably affected all DDs examined, at 
concentration levels ranging ≈1 to ≈100 μg/g. Nevertheless, the results 
seemed unreliable due to problems of sample contamination occurred 
along the handling and analysis process; therefore, they were not 
examined further.

Finally, substances classified as pharmaceuticals were found occa
sionally in only DD from hospitals; they were theobromine (present in 
samples from HOS-2 and HOS-3), anabasine (HOS-2), and paracetamol 
(HOS-2). Moreover, chemicals usually associated to soil and tire dust (e. 
g., benzo-imidazole) were detected in DD from HOS-4 entrance, as well 
as outdoors at hospitals.

The loads of untargeted organics were investigated also at HOS-4 
(see Supplementary Table ST7). Indoors DD resulted distinct in 
composition from that from entrance, in particular with regard to 
chloro/bromo-alkanes and CHO. PM from ID and NS held analogous 
loads of alkyl halides, while isocyanates affected only indoor DD. IND 
was not found, confirming the hypothesis of its link with CoViD-19 
outbreak.

3.7. Estimated human exposure to polar organic toxicants, associated to 
hospital DD

Two distinct patterns of exposure to polar organic toxicants should 
apply to hospitals, referring to workers and patients. While hospital 
workers pass, on the average, 8 h per day but spend the whole work life 
there (up to 40 years), patients (passing 24 h per day in the hospitals) 
stay there for a short time, on the average 3 days. In our study, the first 
case only was discussed, because long-term toxicity was predominant for 
all targeted chemicals. The non-dietary daily intake of substances 
associated to DD is expressed by: 

DIing =Cdust * IngR *EF (1) 

DIinh =Cdust * InhR * EF/PEF (2) 

DIder =Cdust * SA * AF * ABS * EF (3) 

DID =EDIing + EDIinh + EDIder (4) 

[please refer to Hua et al., 2022; Zhang et al., 2022, for formulas and 
values of variables],where:

DID: total daily intake associated to DD;
DIing: daily intake depending on ingestion;
DIinh: daily intake depending on inhalation;
DIder: daily intake depending on contact (dermal absorption);
Cdust: concentration of the compound in DD;
IngR: ingestion rate of DD (30 mg/d);
InhR: inhalation rate of DD (=15 m3/d for adults);
EF: exposure time fraction of the day (33% for workers, 100% for 

patients);
SA: dermal exposure area (=3300 cm2);
AF: dermal adherence factor (=0.2 mg/cm2);
ABS: dermal adsorption factor (for phthalates: DEPE: 0.74%; DBuPE, 

DiBuPE: 0.45%; DEHPE: 2.3%);
PEF: particle emission factor (=1.36*106 m3/g).

Table 5 
Estimated mean loads of chlorinated and brominated alkanes (Cl/Br-Alks), 
isocyanates, indigo and cholesterol in deposition dust from hospitals (HOS-1 to 
HOS-3), university (UNI-1) and home (PRH-1) in 2019-2023.

year 2019 2021 2022 2023

Cl/Br-Alks in in in out in out

HOS-1 ++ ++ n.e. n.e. ++ (− )
HOS-2 +++ +++ n.e. n.e. ​ (− )
HOS-3 +++ + n.e. n.e. +++ (+)
UNI-1 + + n.e. n.e. ++ (+)
PRH-1 ​ ++ n.e. n.e. ++ ++

isocyanates in in in out in out

HOS-1 + ++ (− ) (− ) (+) (+)
HOS-2 + + (− ) (− ) ​ ​
HOS-3 ++ + (− ) (− ) + +

UNI-1 + ++ (− ) (− ) + (+)
PRH-1 ​ ++ (− ) (− ) + (+)

indigo in in in out in out

HOS-1 + +++ +++ (− ) ++ (− )
HOS-2 + ++ ++ + ​ ​
HOS-3 ++ ++ ++ (+) ++ (− )
UNI-1 + ++ ++ (− ) ++ (− )
PRH-1 ​ +++ +++ (− ) ++ (− )

cholesterol in in in out in out

HOS-1 +++ ++ ++ + ++ +

HOS-2 +++ + ++ (+) ​ ​
HOS-3 +++ ++ ++ (+) +++ +

UNI-1 ++ ++ ++ (− ) ++ +

PRH-1 ​ ++++ +++ (+) +++ +
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Hence:
DID = Cdust * 0.03 *0.33 g/d + Cdust * 15 * 0.33/1.36*106 g/d + Cdust 

* 0.33 * 2*10 * ABS g/d (5) 

DID = Cdust *10− 2 g/d + Cdust *3.7*10− 6 g/d + Cdust * 0.2 *ABS g/d ~ 
Cdust * (0.01 + 0.2*ABS) g/d                                                          (6)

According to formula (6), non-dietary DID relative to PEs and OPEs 
for workers at hospital investigated ranged from ≈1 to ≈100 μg/d and 
from ≈0.1 μg/d to ≈10 μg/d, respectively. Moreover, DID of both CoEs 
and UVFs ranged ≈0.1-10 μg/d, while that of fragrances was, on the 
average, ≈0.1 μg/d. These values were in agreement with those calcu
lated for exposure to PEs through DD intake (≈300 μg/d) by university 
students [Hua et al., 2022] and through use of cosmetics (40 μg/d) 
[Kang et al., 2025]. Our investigation conducted at HOS-4 confirmed 
that non-dietary DID (≈100 μg/day) can exceed by far that associated to 
inhalation of PM (≈0.1 μg/day). Our results were in agreement also with 
the bioavailability of PEs (0.01 to 24 mg/day) and OPEs (<0.003-0.11 
μg/day) due to PM2.5 inhalation, calculated by Sanchez-Pinero et al. 
[2022].

3.8. Comparison with literature data

Studies dealing with environmental pollution in hospitals usually 
focus on gaseous phase and fine aerosol, and the loads of substances are 
reported as concentrations per cubic meter regardless of the mass frac
tions, which makes comparison difficult. Polar organics were deter
mined in DD from hospitals in the frame of investigations undertaken in 
Algeria by two independent research teams [Boudehane et al., 2016; 
Rabhi et al., 2018]. Rabhi and coworkers examined two hospitals from 
two towns, i.e. Rouiba (nine locations) and Kouba (eleven locations), 
lying respectively in Eastern and Western Algiers. PEs reached ~1.6 
mg/g of DD at Rouiba and ~2.8 mg/g at Kouba. In both cases DBuPE, 
DEHPE and DiBuPE were, in the order, the main homologues, and the 
first one accounted for over 55% of the total. NIC (median values) 
ranged 2-3 μg/g, CAF reached 92 μg/g at Rouiba and 42 μg/g at Kouba; 
COC was all the time below the detection limit; CBs (predominantly 
CBL) were absent in Kouba and reached 0.4 μg/g in Rouiba. Among EFs, 
MDHJ was equal to 1.9 μg/g in Rouiba and 13 μg/g in Kouba. Inter
estingly, at the Algiers University (USTHB, 7 locations), all polar organic 
investigated were less than at hospitals; e.g., PEs reached ~0.7 mg/g, 
DnBuPE and DEHPE being the principal ones; CAF was as high as ≈3 
μg/g, CBL~0.2 μg/g, and MDHJ ~1.8 μg/g.

According to Boudehane et al. [2016], total PEs in a hospital of 
Ouargla city ranged from 0.6 to 15 μg/m2. Based on the same approach 
adopted to estimate the loads of alkanes and PAHs in terms of mass 
fractions [Cecinato et al., 2023], PEs accounted for ≈0.15-4 mg/g; 
meanwhile, CAF ranged ~7-51 ng/m2 (2-13 μg/g) and CBs from <LOD 
to ~5 ng/m2 (<0.01-1.3 μg/g). Thus, PEs and PSs affected DD and PM 
from Algerian hospitals at concentrations analogous to Italy, with the 
only exception of COC. Moreover, targeted chemicals were more at 
hospitals than at schools and dwellings, while university were less 
contaminated.

PEs were investigated in Chinese commercial offices, secondary 
schools, shopping malls, hospitals, electronics factories and a 
manufacturing plant; there, geometric mean concentrations reached 
were 821, 839, 1202, 719, 633, and 954 μg/g, respectively [Kang et al., 
2012]. Besides, both gas phase and PM were studied in five Chinese 
hospitals; there, gaseous PEs were as high as ≈1-10 μg/m3, and partic
ulate PEs ranged ≈4-9 μg/m3 [Wang et al., 2015, Wang J et al., 2023]. 
Finally, PE loads from Italian hospitals were in agreement with those 
affecting building interiors in Hanoi [Nguyen et al., 2023], when 
considering that PM usually accounts for tens to few hundreds of μg/m3 

in air.
Fromme et al. (2016) characterized non-phthalate plasticizers in DD 

from 63 daycare centers in Germany. As median concentrations, these 

Authors calculated ~40 μg/g of DEHTPE and ~49 μg/g of DEHA; 
moreover, among DD components they identified tributyl acetylcitrate 
(~24 μg/g), further adipates and 1,2-cyclohexanedicarboxylicacid,1, 
2-diisononyl ester.

The occurrence of OPEs in hospitals has been investigated through 
by-products affecting urines (diet metabolites) rather than native com
pounds associated to DD [Hua et al., 2022]; nevertheless, OPEs have 
been assessed in other indoor environments. According to Zhou and 
coworkers [Zhou et al., 2017], total OPEs (median concentrations) 
ranged ~3-23 μg/g in houses, offices and industrial estates in China, 
while Li and coworkers, analyzing samples from 12 countries, calculated 
~2.2 μg/g as gross average [Li et al., 2019].

Yang and coworkers carried out an extensive study on composition of 
indoor DD [Yang et al., 2022]. They identified over 500 chemicals and 
focused the concern on 57 compounds belonging to seven classes, i.e. 
flame retardants (OPEs), pesticides, pharmaceuticals, and personal care, 
consumable, corrosion inhibiting and other (miscellaneous) products. 
UVFs (~0.2-150 μg/g) were predominated by octocrylene (≈70%) fol
lowed by Parsol 1789 (≈15%). Noticeably, they reported the presence of 
theophylline (median ~0.08 μg/g), acetaminophen (~0.05 μg/g) and 
theobromine in DDs, confirming the association of pharmaceuticals with 
dusts even in non-hospital interiors [Cecinato et al., 2017]. CHO was 
determined in homes and in a daycare center in Denmark [Weschler 
et al., 2011]; there, the respective geometrical mean reached 625 μg/g 
and 220 μg/g. These values exceeded by over one order of magnitude 
those observed by us in the 2021-2023 campaigns, but not in 2019; 
moreover, DD seemed to contain less CHO at hospitals than at dwellings.

4. Conclusions

Phthalates, plasticizers, organic phosphates, alkyl phenols, essences 
and fragrances, UV light filters, fatty acid and cosmetic esters were 
assessed in dusts from Italian hospitals; the respective loads were anal
ogous to those reported abroad and often exceeded those detected 
elsewhere in universities, schools and dwellings. For instance, phtha
lates ranged, at hospitals, 0.7-13.5 mg/g of dust; nicotine, 2.7-39 μg/g; 
organic phosphates, <0.01-0.27 μg/g, and alkyl phenols, 2.9-41 μg/g. 
Moreover, new contaminants (e.g., indigo, halogenated n-alkanes) were 
tentatively identified for the first time in dusts. The CoViD-19 course 
influenced the rates of chemicals bound to deposition dust, because of 
normative and actions implemented to minimize contagions, e.g. re
strictions for people to move and access to hospitals, enhanced fre
quency of cleanings and use of disinfectants. Phthalates, DEHA, DEHTPE 
and cosmetic esters were “high” in 2021 also at dwelling and university, 
where people were confined. Where parallel measurements were per
formed, molecular signature of DD resulted distinct from that of PM, and 
that of PM changed with the ward examined. In particular, indoor dust 
was similar to PM from a ward (neonatal surgery) with regard to loads of 
phthalates, DEHA, cosmetic esters and nicotine, and different from a 
second ward (infection diseases), where many chemicals (e.g., DEHTPE, 
cosmetic esters, and phosphate esters) were less. Dust was all the time 
richer of UV filters and fragrances than PM, and poorer of cocaine; 
nicotine was particularly high at infection disease ward. The loads of 
untargeted compounds seemed, in general, maximum in 2021, i.e. 
during outbreak; the only important exception were halo-alkanes and 
isocyanates, which peaked at HOS-3 in 2019. The DD loads of many 
targeted and untargeted substances (e.g., plasticizers, flame retardants 
and house cleaners) were up to ~80 times higher indoors during the 
2022 campaign; instead, in 2023 the indoor/outdoor ratios of fatty acid 
esters and alkyl phenols were close to 1.0. This suggest that the rele
vance of internal emissions was different, although the year season was 
similar. Non-dietary daily intake of toxicants associated to indoor dust 
(e.g., PEs and OPEs) exceeded that resulting from PM inhalation; in 
general, that seems important when assessing the global exposure of 
humans in hospitals, which host people particularly sensitive to high 
concentrations reached by toxicants.
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