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Kalliopi Violaki a,b,*, Javier Castro-Jiménez c, Athanasios Nenes a,d, Richard Sempere b, 
Christos Panagiotopoulos a,b 

a Laboratory of Atmospheric Processes and Their Impacts, School of Architecture, Civil & Environmental Engineering, École Polytechnique Fédérale de Lausanne, 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Organophosphate Esters Flame Re-
tardants (OPEs) were associated with 
fossil fuel combustion and road traffic. 

• Highest OPEs concentrations observed 
in East Mediterranean during the 
summer. 

• OPEs peaked in North West Mediterra-
nean during spring. 

• Saharan desert influenced the concen-
tration of Tris-(2-chloroethyl) phos-
phate (TCEP).  
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A B S T R A C T   

We studied the co-occurrence of OPEs and other constituents in atmospheric particles at the two edges of the 
Mediterranean Sea, under the influence of the transport of polluted air from Europe and dust from the Sahara. 
The highest OPE concentrations were observed during the summer period in the East Mediterranean and in 
spring for the NW Mediterranean. The total average atmospheric concentration of Σ6OPEs in the NW Mediter-
ranean was 2103 ± 2020 pg m− 3 (n = 23) with EHDPP and TCPP to be the predominant OPEs, accounting on 
average for 46% and 37% of the total Ʃ6OPEs concentrations, respectively. The average concentration of Σ6OPEs 
in East Mediterranean was 156.4 ± 170.3 pg m− 3 (n = 67) with TCPP showing the highest concentration (116.1 
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± 92.8 pg m− 3), followed by TCEP (67.5 ± 55.8 pg m− 3). In both areas, OPEs were mostly associated with fossil 
fuel combustion and road traffic, while the air masses from Saharan desert influenced the concentration of 
EHDPP, TCEP in NW Mediterranean and the TCEP concentration levels in the East Mediterranean. The total 
annual deposition of reported OPEs to the Mediterranean basin was estimated to be 584 tonnes, accounting for 
about 8.5% of the total deposited anthropogenic phosphorus.   

1. Introduction 

During the last century, an increasing number of synthetic organic 
compounds containing phosphorus (P) have been introduced into the 
environment. An important class of these compounds are organophos-
phate triesters (OPEs) currently used in industrial and household 
products as plasticizers, flame retardants, and antifoaming agents (Van 
der Veen et al., 2012). OPEs were used as substitutes for brominated 
flame retardants (BFRs), especially polybrominated diphenyl ethers 
(PBDEs) and hexabromocyclododecanes (HBCDs) (Ren et al., 2016). 
OPEs are easily released into the environment due to their application as 
additives into the materials, where they are not chemically bound and 
they can be considered as contaminants of emerging concern, being 
detected in many environmental matrices such as water, sediment, air, 
indoor dust, biota, food, animals and the human body (Wong et al., 
2018; Na et al., 2020; Xie et al., 2022). 

Chlorinated OPEs (CL-OPEs) such as tris(1-chloro-2-propyl) phos-
phate (TCPP), Tris-(2-chloroethyl) phosphate (TCEP) and Tris(1,3- 
dichloro-2-propyl) phosphate (TDCP) exhibit a wide range of neuro-
toxic, immunotoxic, and carcinogenic effects in laboratory animal ex-
periments (Van der Veen et al., 2012). TDCP is harmful when inhaled 
and can easily enter the bloodstream affecting the hormone system in 
infants (Percy et al., 2021). TCEP is toxic to aquatic organisms (Wu et al., 
2017), and has adversely impacts to human health (Chen et al., 2015) 
leading to hemolytic and reproductive effects. Furthermore, the 
non-CL-OPEs have also harmful health and environmental impacts e.g., 
tri-n-butyl phosphate (TnBP) could be neurotoxic (Chen et al., 2020; 
Kung et al., 2022), 2-ethylhexyl diphenyl phosphate (EHDPP) is ex-
pected to partition mostly in the particulate phase in the atmosphere 
(Kung et al., 2022) and is suspected to be carcinogenic as it was found in 
elevated concentrations in the plasma of women diagnosed with tumors 
(Liu et al., 2021). Moreover, an unrecognized risk for urban populations 
worldwide involves the exposure to OPEs photooxidation products (Liu 
et al., 2021). Over hundred transformation products detected from 
common OPEs e.g., TCEP, TCPP, TDCP, TPhP, EHDPP, TEHP can be up 
to tenfold more toxic and persistent than the parent chemicals (Liu et al., 
2021). 

OPEs are released to the atmosphere directly by volatilization from 
industrial and household products (Wei et al., 2015), and are adsorbed 
onto atmospheric particles where they can be transported over long 
distances before deposition. OPEs, as plastic additives, are believed to be 
secondarily released to the atmosphere from micro and nano plastics 
(Bhat et al., 2023). OPEs have been widely detected in the atmosphere 
over the oceans with concentrations ranged from few pg to 4400 pg m− 3 

with TCPP, TnBP and EHDPP being predominant (Moeller et al., 2012; 
Castro-Jiménez et al., 2016; Saini et al., 2020). Higher OPEs atmo-
spheric concentrations have been reported over urban and industrial 
areas (Saini et al., 2020) ranging from few hundreds of pg to 15,100 pg 
m− 3. Indoor air can contain exceedingly high levels of OPEs, up to 330, 
000 pg m− 3 especially in office spaces (Wong et al., 2018). 

Most of OPEs have been measured mainly in marine regions of the 
northern hemisphere, with TCPP be the predominant component and 
TnBP recorded only in samples influenced by continental air masses 
(Castro-Jiménez et al., 2016). Despite that the importance of OPEs in the 
aquatic environment as organic pollutants has been widely recognized 
(Xie et al., 2020) further research is warranted particularly on atmo-
spheric deposition of anthropogenic P originated from OPEs and its 
potential use as a nutrient source in large oligotrophic marine areas, 

such as the Mediterranean Sea. This area is influenced seasonally by the 
Saharan dust storms, burdening the atmosphere with millions of tonnes 
of dust annually (Guerzoni, et al., 1999), together with summertime 
wildfire episodes, wintertime domestic wood burning and polluted air 
masses from northern and central Europe. These airborne particles can 
also transport OPEs, among other organic pollutants, leading to their 
atmospheric deposition to Mediterranean basin. The occurrence of at-
mospheric particle-associated OPEs over the Mediterranean Sea has 
been reported in only two studies; one during cruise measurements 
across Mediterranean (Castro-Jiménez et al., 2014) and the second in 
NW African Mediterranean coastal area (Castro-Jiménez et al., 2018). 
However, regional characterization using identical sampling and anal-
ysis approaches have not been carried out before. This is addressed in 
this study by analyzing, six widely occurring OPEs including TCPP, 
TDCP, TCEP, TnBP, TPhP, EHDPP in total suspended atmospheric par-
ticles (TSP) collected from the North West and East Mediterranean at-
mosphere. The OPEs sources were investigated in the study area by 
using the approach of source-trace indicators analyzed in the same 
samples with OPEs. The spatial and temporal patterns, the atmospheric 
deposition of OPEs and the biogeochemical implications of anthropo-
genic P deposition are then discussed. 

2. Materials and methods 

2.1. Study areas and sampling 

Aerosol samples (n = 67) were collected over one-year period 
starting from October 2016 (Fig. S1) in the northern front of the Uni-
versity of Crete in Greece, (35◦ 18′ N, 25◦45′ E), in the East Mediterra-
nean (East Med.) a semirural site approximately 6 km far from the city of 
Heraklion. Aerosol samples (n = 23) were collected from February to 
July 2018 in North West Mediterranean (NW Med.) on the roof top of the 
MIO lab (Luminy Campus; 43◦14′7.16″N, 5◦26′26.58″E), a semirural site 
in the middle of a pine forest and approximately 15 km from the Mar-
seille city center (Fig. S1). 

Aerosol samples were collected at both sites on a precombusted 
(450 ◦C for 6 h) Pallflex quartz fiber filter (QFF 20 × 25 cm; Pall, 
2500QAT-UP) using a high-volume air sampler (TISCH) with a 48 h 
sampling resolution and at flow rate of 85 m3 h− 1. The filters were 
wrapped in the pre-combusted aluminum foil and stored in double- 
sealed plastic bags in a freezer at − 20 ◦C before processing. 

2.2. Chemical analysis 

For OPEs analysis, QFF sub-samples (~32 cm2) were extracted in 4 
mL of ethyl acetate by sonicating for 60 min. The extracts were centri-
fuged at 5000 g for 10 min and the supernatants were injected , after 5 
times dilution in methanol and addition of D7-Malathion (CAS: 352,438- 
94-9) as internal standard, with final concentration in each sample 1 μg 
L− 1. The analysis was performed by LC-ESI-Q-TOF/MS coupling an 
Agilent 1290 Infinity LC and an Agilent 6530 Accurate-Mass Q-TOF 
systems. 

The chromatographic separation was performed with an Eclipse Plus 
(Agilent) column (50mm × 2.1 mm I.D., 1.8 μm particle size). The 
gradient chromatographic separation was achieved by using as mobile 
phase H2O with 5 mM ammonium acetate (A) and acetonitrile with 5 
mM ammonium acetate (B). The gradient elution was: 1) 10% (A) from 
0 to 2.5 min, 2) 50% (A) from 2.5 to 12 min, 3) 10% (A) from 12 to 17 
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min. A representative chromatograph was presented in Fig. S2. The flow 
rate was set at 100 μL min− 1. The column temperature was set at 25 ◦C 
and a 2 μL volume injection was used. The ionization was performed in 
positive mode using the following operational parameters: capillary 
voltage, 3500 V; drying gas, 8 L min− 1; nebulizer pressure, 35 psig; Gas 
temperature 350 ◦C, sheath gas temperature, 300 ◦C; sheath gas flow, 
11 L min− 1; nozzle voltage, 1000 V; fragmentor voltage, 160 V; skimmer 
voltage, 65 V and octopole RF, 750 V. The full scan MS data were 
recorded at a rate of 1 spectrum s− 1 for m/z 50–1700 at 2 GHz. All the 
MS data were recorded with Agilent Mass Hunter Data Acquisition 
(B.05.00) and processed by Agilent Mass Hunter Qualitative Analysis 
(B.05.00). The samples were analyzed for the following OPEs: 1) tris-(2- 
chloroethyl) phosphate (TCEP; CAS: 115-96-8), 2) tris[2-chloro-1- 
(chloromethyl) ethyl] phosphate (TDCP; CAS: 13,674-87-8), 3) tris- 
(1-chloro-2-propyl) phosphate (TCPPs, mix of isomers; CAS: 13,674-84- 
5), 4) tris-n-butyl phosphate (TnBP; CAS: 126-73-8), 5) triphenyl 
phosphate (TPhP; CAS: 115-86-6), 6) 2-ethylhexyl diphenyl phosphate 
(EHDPP; CAS: 1241-94-7). 

Additional complementary analysis of trace metals and main ions 
were performed in the same samples. The details of the analysis are 
described in the SI. 

2.3. Quality assurance/quality control (QA/QC) 

The limits of OPEs detection (LODs) were calculated as a S/N ratio =
3 on the lowest standards used for calibration and ranged from 0.2 to 1 
ppb. LODs ranged from 0.01 to 0.18 μg L− 1 and those were converted to 
atmospheric concentrations by dividing them with the average sampling 
volume in m3 (0.1–2.3 pg m− 3) (Table S1). To evaluate the method re-
coveries, standard addition experiments were performed in triplicate by 
spiking a mixture of analyzed OPEs on a clean QFF and extracted as 
indicated above. Results confirm the good recoveries of our method; 
with an average OPEs recovery of 90 ± 14% (Table S2). Results were not 
corrected by recoveries. Field blanks (n = 8) were performed by placing 
QFFs in the filter holder from sampler and then dismounted and stored 
(with no air pumped through) as the real samples. Field blanks were 
below LODs except from TCPP, and EDHPP which exhibited average 
values of 32% and 4% of the average measured in samples, respectively. 
Results were blank corrected by subtracting the average field blank 
values. 

3. Results and discussion 

3.1. Detection frequency and spatial distribution of OPEs 

Targeted OPEs were found in all samples collected in the NW Med. 
(100% detection frequency, DF), except for TnBP which was slightly 
lower (96%; Fig. S3). The total average atmospheric concentration of 
Σ6OPEs was 2103 ± 2020 pg m− 3. EHDPP and TCPP were the pre-
dominant OPEs over NW Med., with relative abundance at 46% and 37% 
to the total Ʃ6OPEs, respectively (Table S11). The other target OPEs 
represented a minor relative contribution: TDCP (8%), TCEP (5%), TnBP 
(3%) and TPhP (1%) of the total Ʃ6OPEs concentrations. EHDPP pre-
sents the highest average concentration (1148 ± 1529 pg m− 3, Table 1) 
of all OPEs. A high DF was observed in the East Med. only for TCEP 
(100%) and TPhP (91%). The rest of OPEs exhibited a lower DF, ranging 
from 0% or not detected (TDCP and EHDPP) to 75% (TnBP). The average 
concentration of Σ6OPEs was 156.4 ± 170.3 pg m− 3. Among the 
detected OPEs, the TCPP presented the highest relative abundance 
(50%) but with low DF (46%, Fig. S3), followed by TCEP (29%, 
Table S11) with average concentration at 67.5 ± 55.8 pg m− 3 (Table 1). 

3.2. Seasonal pattern of OPEs over NW and East Mediterranean 

NW Mediterranean. Overall higher concentrations (
∑

6OPEs) were 
found in spring (3412 pg m− 3), followed by summer (1400 pg m− 3) and 

winter (941.4 pg m− 3). Total OPEs concentrations in spring and winter 
were clearly driven by EHDPP values. This compound is used as an 
additive in plastics, especially in food packaging and hydraulic fluids 
(Wei et al., 2015), while it is accumulated partially on fine particles (d <
2.5 μm) (Liu et al., 2014), promoting its long-range transport. TCPP was 
the second most abundant CL-OPE in spring (646.3 ± 485.3 pg m− 3, 
Fig. 1) but peaked during summer (751.6 ± 274.1 pg m− 3, Fig. 1). The 
predominance of TCPP had been previously reported for the marine 
atmosphere of the Mediterranean and Black Sea (Castro-Jiménez et al., 
2014), in aerosol phase samples collected from the tropical and sub-
tropical Atlantic, Pacific, and Indian Ocean (Castro-Jiménez et al., 
2016), but also in urban areas (Saini et al., 2020) or remote marine 
environments e.g., Arctic (Salamova et al., 2014). It had also been re-
ported that TCPP represents approximately 80% of the CL-OPEs in 
Europe (Castro-Jiménez et al., 2014), and is by production volume the 
most widely used OPE. A significant correlation was found (r = 0.71, p 
< 0.05, Table S3) between TCPP and Al during summer suggesting the 
transport via dust particles (Marconi et al., 2014). The correlation of 
TCPP with Zn (r = 0.71, p < 0.05, Table S3) suggested their co-existence 
with emissions from urban industrialized areas and road traffic (Querol 
et al., 2007), while the significant correlation with non-sea salt K+

(nss-K+) (r = 0.83, p < 0.05, Table S3) suggested their mixing with 
biomass burning emissions (Reid et al., 2005), this could be especially 
true when during biomass burning events apart from vegetations 
burning are included also the burning of houses, cars or other urban 
installations containing OPEs compounds. 

The second abundant CL-OPEs was TDCP, with average summer 
concentration of 175.4 ± 55.3 pg m− 3 (Fig. 1), presented significant 
correlation with non-sea salt Ca2+ (nss-Ca2+) (r = 0.74, p < 0.05, 
Table S3), indicating an association with dust particles (Marconi et al., 
2014). But TDCP was mostly correlated with anthropogenic tracers such 
as V (r = 0.76, p < 0.05, Table S3) and Ni (r = 0.81, p < 0.05, Table S3) 
suggesting the co-existence with fossil fuel combustion (e.g., ships in 
harbors) but also was correlated with Cr (r = 0.71, p < 0.05, Table S3), 
Zn (r = 0.65, p < 0.05, Table S3) and As (r = 0.68, p < 0.05, Table S3), 
suggesting their co-existence with emissions from urban industrialized 
areas (Querol et al., 2007, Zhao et al., 2021). 

The non CL-OPEs exhibited higher average summer concentration 
were EHDPP (373.0 ± 156.4 pg m− 3) and TnBP (21.0 ± 12.3 pg m− 3) 
following by TPhP (10.6 ± 3.1 pg m− 3). EHDPP and TPhP presented 
significant correlation with Al (r = 0.60, p < 0.05, and r = 0.79, p < 0.05, 
respectively, Table S3) suggesting dust-associated sources (Marconi 
et al., 2014). In addition, TPhP was correlated with anthropogenic 
emissions tracers such as V (r = 0.63, p < 0.05, Table S3), Ni (r = 0.69, p 
< 0.05, Table S3) and Zn (r = 0.73, p < 0.05, Table S3) suggesting an 
association with the fossil fuel combustion and road traffic with TPhP 
emissions (Querol et al., 2007). 

Table 1 
Atmospheric concentration in pg m− 3 of OPEs measuring in East and NW 
Mediterranean. In brackets are presented the values [median, min, max], zero 
values were not included.  

OPEs East Med. (n = 67) North West Med. (n = 23) 

TCPP (mix 
isomers) 

116.1 ± 92.8 [98.3, 6.2, 
346.0] 

609.9 ± 402.1 [594.6, 85.1, 
1677] 

TCEP 67.5 ± 55.8 [51.8, 4.6, 
235.6] 

89.3 ± 88.4 [81.0, 12.0, 399.4] 

TDCP n.d 149.1 ± 80.8 [144.4, 40.2, 
407.6] 

TnBP 25.8 ± 22.1 [21.1, 0.1, 
87.7] 

55.3 ± 57.2 [27.5, 7.7, 194.9] 

TPhP 20.8 ± 17.5 [17.7, 0.8, 
99.5] 

21.3 ± 21.1 [12.1, 5.2, 94.6] 

EHDPP n.d 11801 ± 1555 [499.5, 174.3, 
6518] 

∑
6OPEs 230.2 2106  
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During winter the most abundant OPEs were the EHDPP (617.2 ±
187.1 pg m− 3) and TCPP (173.8 ± 87.9 pg m− 3). EHDPP (r = 0.78, p <
0.05, Table S4), TCPP (r = 0.82, p < 0.05, Table S4), TDCP (r = 0.80, p <
0.05, Table S4) and TPhP (r = 0.83, p < 0.05, Table S4), TnBP (r = 0.72, 
p < 0.05, Table S4) were correlated with V confirming the contribution 
of fossil fuel combustion. TnBP was also correlated with Na (r = 0.74, p 
< 0.05, Table S4) and Cl (r = 0.74, p < 0.05, Table S4) proposing the 
mixture with sea salt particles. EHDPP presented significant correlation 
with almost all variables measured in spring (Table S5) proposed a 
complex mixture of atmospheric material during this period, however 
the number of samples was low (n = 5). 

The HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajec-
tory) trajectory model was used to simulate the five-day air mass back 
trajectories in 1000 m and 3000 m (Stein et al., 2015). During the 
sampling period three main domains were prevailed; air masses from 
Northwest and central France, polluted and industrialized East and 
central Europe, Saharan dust and marine (Fig. S6). Air masses from the 
Saharan desert and marine sources influenced the concentration of 
EHDPP and TCEP increasing their average concentration by 30% and 16 
%, respectively (Table S6). EHDPP emission increased also when winds 
from North and central France prevailed, however no significance 
change was observed for the other OPEs compounds. 

East Mediterranean. All OPEs peaked in summer (Σ6OPEs = 321.3 

pg m− 3) and presented lower concentration during winter (Σ6OPEs =
39.9 pg m− 3, Fig. 2), likely due to rain wash out. Τemperature may also 
affect emissions of OPEs, being larger from land and water as temper-
ature increases (Castro-Jiménez et al., 2018). This is consistent with 
their higher levels found in summer (average T = 26 ± 3 ◦C) and autumn 
(average T = 21 ± 4 ◦C) in this study (Fig. 2) and a similar study in West 
Mediterranean (Castro-Jiménez et al., 2018). Additionally, the indoor 
dust is a significant source for the most OPEs (Wong et al., 2020) com-
pounds in the outdoor environment. This is especially true during the 
summer period when observed higher exchange rates between indoor 
and outdoor air (Zhao et al., 2020). 

Higher TCPP concentrations were observed during autumn (76.8 ±
55.3 pg m− 3) and summer (168.5 ± 109.8 pg m− 3). TCPP is accumulated 
mainly in fine mode (d < 2.5 μm) and with lifetime ranged from 0.5 to 
20 days, depending on atmospheric conditions (Li et al., 2017a) pro-
moted the long-range transport. Significant correlation of TCPP was 
observed with V (r = 0.57, p < 0.05, Table S7) and Ni (r = 0.52, p < 0.05, 
Table S7) in summer suggesting their association with fossil fuel com-
bustion (Querol et al., 2007), while in autumn a significant correlation 
with Al (r = 0.51, p < 0.05, Table S8) pointing to the transport with dust 
particles. 

Higher TCEP concentrations were observed during autumn (84.3 ±
34.9 pg m− 3) and summer (88.0 ± 75.7 pg m− 3). TCEP was significantly 

Fig. 1. Seasonal variation of OPEs detected in atmospheric particles in the NW Mediterranean during the sampling period (Feb. to Jul. 2018). Error bars represent the 
standard deviation. As winter season was considered the months February, spring the months March, April and May and summer June and July. 
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correlated with V (r = 0.57, p < 0.05, Table S7) and Cu (r = 0.45, p <
0.05, Table S7), suggesting the contribution of fossil fuel combustion 
and road traffic (Querol et al., 2007) in summer, while in autumn 
correlated with Al (r = 0.71, p < 0.05, Table S8) and nss-calcium (r =
0.69, p < 0.05, Table S8) confirming their mixture with dust. Sühring 
et al. (2020) proposed 36 days of persistence in the air for TCEP, sup-
porting the transport from remote sources. TCEP was replaced by TCPP 
in Europe, however TCEP was still detected as the dominant OPE in the 
atmosphere e.g., in the atmosphere of northeast Atlantic and the Arctic 
Ocean (Li et al., 2017b). 

Higher TnBP concentrations recorded during autumn (29.4 ± 19.3 
pg m− 3) and summer (35.9 ± 30.2 pg m− 3) suggest that local sources 
potentially contribute to the OPEs emissions during those seasons, since 
TnBP presents the shortest lifetime (t1/2(h) < 1) (Wei et al., 2015). 
Furthermore, TnBP was correlated significantly with As (r = 0.55, p <
0.05, Table S8) during autumn, pointing to a contribution from the local 
urban industrialized area (Querol et al., 2007). Finally, higher TPhP 
concentrations recorded during autumn (23.4 ± 8.6 pg m− 3) and sum-
mer (29.0 ± 22.7 pg m− 3) together with significant correlation with V (r 
= 0.63, p < 0.05, Table S7) and Cu (r = 0.60, p < 0.05, Table S7), suggest 
the association with fossil fuel combustions and road traffic in summer 
(Querol et al., 2007), and in autumn with Al (r = 0.59, p < 0.05, 
Table S8) and nss-Ca2+ (r = 0.49, p < 0.05, Table S8), as expected for 
their mixture with dust. 

The HYSPLIT trajectory model was used to simulate the five-day air 
mass back trajectories for 1000 m and 3000 m during the sampling 
period. Three main air masses were identified including Sahara desert, 
the polluted Black Sea, and industrialized central Europe (Violaki et al., 
2021). The air mass origin has no significant influence to the concen-
tration of OPEs except the TCEP concentration levels (Table S12), which 
seems to be influenced by the Saharan dust transport (85.2 ± 48.6 pg 
m− 3), increasing their ambient average concentration by up to 30%. 
This is in agreement with the significant correlation with Al and 
nss-Ca2+ observed in spring and autumn when the dust events are more 
frequent. Slightly increased concentrations were recorded during dust 
events for TnBP (29.5 ± 17.6 pg m− 3) and TPhP (22.5 ± 15.8 pg m− 3). 

3.3. Atmospheric deposition of OPEs and environmental implications 

To evaluate the atmospheric dry deposition of OPEs, we estimated 
the deposition velocity (Vd) of each OPE since it depends on the aerosol 
size distribution (Spokes et al., 2001), but also can be dramatically 
influenced by pollution or dust episodes (Koçak et al., 2016). The 
settling velocities for each species can be estimated as follows: Vd = (Cc 

× 2.0) + (Cf × 0.1), where Cc and Cf are the relative contribution of 
coarse and fine modes; 2.0 and 0.1 cm s− 1 are the deposition velocities 
(Koçak et al., 2016) for coarse and fine aerosols, respectively. Τhe size 
distribution of each OPE were calculated based on the size segregated 
aerosol samples (n = 2), which they were collected in the East Medi-
terranean (SI, section 1.1). The impactor separated the particles in five 
different stages: from larger than 7.2 μm to less than 0.49 μm (Fig. S4). 
Assuming as fine fraction the particles with diameter d < 1.5 μm and 
coarse the particles with d > 1.5 μm we calculated the Vd for the each 
OPE (Table S13) and then the deposition fluxes were calculated based on 
the equation: F = − Vd C, where F is the OPEs flux in pg m− 2 s− 1, C is the 
atmospheric concentration of OPEs in pg m− 3 and Vd is the deposition 
velocity in m s− 1. EHDPP presented a bimodal distribution while all the 
rest OPEs were accumulated mostly in fine mode (Fig. S4). The esti-
mated deposition velocity ranged from 0.1 cm s− 1 to 1.1 cm s− 1, (av. 0.3 
± 0.4 cm s− 1) being in the range proposed by the Lao et al. (2022). The 
monthly variation of OPEs daily depositions in both areas was estimated 
based on the above (Fig. 3). The average daily deposition rates of 
Ʃ6OPEs in East Med. was 18.7 ± 13.6 ng m− 2 d− 1, while higher depo-
sition rates were reported during dry season starting from April to 
September (Violaki et al., 2018), maximizing in June (46.9 ng m− 2 d− 1). 
The East Med. is particularly nutrient starved during that period, how-
ever the more toxic CL-OPEs are prevalent. The average daily deposition 
rates of Ʃ6OPEs in NW Med. was 1436 ± 1430 ng m− 2 d− 1, while higher 
deposition rates were reported in April (3586 ng m− 2 d− 1). The domi-
nance of EHDPP is remarkable with average daily deposition during the 
sampling period at 1333 ± 1388 ng m− 2 d− 1, contributing with 92% to 
total OPEs deposition due mainly to its bimodal distribution. 

The hypothesis that OPEs could serve as source of organic P upon 
deposition for marine micro-organisms has been recently investigated 
experimentally (Vila-Costa et al., 2019). These authors reported that the 
biodegradation of OPEs can have a direct impact on our understanding 
of the biogeochemical cycle of P in seawater. According to their work, 
OPEs can be used as a source of P under limiting conditions, since the 
alkaline phosphatase could assimilate the P ester bond in bioavailable P. 
The Mediterranean Sea is considered as a low-nutrient, low-chlorophyll 
marine environment where bacterioplankton experience P limitation 
and phytoplankton experience co-limitation by nitrogen and phos-
phorus in the summer (Krom et al., 2005; Pitta et al., 2005) and hence 
the role of OPEs upon deposition will be investigated. 

In order to estimate the deposition fluxes as P released from OPEs, we 
considered the number of P atoms in each OPE molecule. The average 
dry deposition of P from OPEs in the East Med. was estimated at 2.0 ±
1.4 ng P m− 2 d− 1 (range: 0.5–4.9 ng P m− 2 d− 1), yielding an annual dry 

Fig. 2. Seasonal variation of OPEs detected in atmospheric particles in the East Mediterranean, during the sampling period (Oct. 2016–Sep. 2017). Error bars 
represent the standard deviation. Temperature data were obtained from the weather stations NOANN network described in Lagouvardos et al. (2017). 
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deposition flux of 0.7 ± 0.5 μg P m− 2 y− 1. Higher atmospheric deposi-
tion fluxes of OPEs as P were estimated in the NW Med., with an average 
value of 123.7 ± 122.6 ng P m− 2 d− 1 (range: 51.0–308.0 ng P m− 2 d− 1), 
yielding an annual dry deposition of P at 45.2 ± 44.7 μg P m− 2 y− 1. For 
comparison, these estimates are similar of those performed for the open 
Mediterranean Sea based on cruise sampling of the atmospheric particle 
phase (average of 40 ng P m− 2 d− 1) (Castro-Jiménez et al., 2014). 
However, the fact that a theoretical average deposition velocity of 0.2 
cm s− 1 was used for all samples and the number for OPEs was higher 
(
∑

14OPEs) can make this comparison difficult. 
Extrapolating the calculated P fluxes to the Mediterranean surface 

(Candela, et al., 1989) and acknowledging the uncertainty due to the 
low number of sampling sites, the annual dry deposited P due to 
measured OPEs to the Mediterranean basin was estimated at 50 tonnes 
of P. Considering the annual deposited total P for Mediterranean basin 
(Kanakidou et al., 2020) as 62.3 Gg-P y− 1, and considering as anthro-
pogenic the 11% of this (Violaki et al., 2021) the percentage contribu-
tion of OPEs in anthropogenic P pool could be at 8.5%. We consider this 
as a lower-end estimate because wet deposition is not included in this 
study. In addition, the diffusive deposition of OPEs derived from at-
mospheric gas-phase concentrations, estimated to be 2–3 orders of 
magnitude larger than dry deposition in other oligotrophic marine en-
vironments (Castro-Jiménez et al., 2016), and is not considered. 

4. Conclusions 

The co-occurrence of OPEs with other components of atmospheric 
particles, as source-trace indicators, at two edges of Mediterranean Sea 
indicate that both the NW and East Med. basins are influenced by the 
transport of polluted air masses from north and central Europe, but also 
from Saharan dust episodes reaching high TCEP levels. The highest 
concentrations were recorded during the summer period in the East 
Med. while in the NW Med. was recorded during spring. The latter is 
justified from the presence of EHDPP with higher concentrations during 
Saharan dust transportation, which happens more often in the spring. 
The total concentration of OPEs in NW Med. was 57 times higher than 
the East area, while the total annual deposition of targeted OPEs to the 
Mediterranean basin was estimated to 584 tonnes. The implications of 
the OPE-induced increased of the anthropogenic P pool in the Medi-
terranean Sea are still unknown, but should be one of the research pri-
orities for the next future due do the massive global used of these plastic 
additives with the lack of a sound regulatory framework. In addition, 
more research is needed on the occurrence and the chemical identifi-
cation of OPEs transformation products, which are an unrecognized 
exposure risk for the environment as was underlined recently in the 
literature. 

Fig. 3. Monthly variation of OPEs daily deposition in the a) NW Mediterranean during the sampling period (Feb. to Jul. 2018) and b) East Mediterranean during the 
sampling period (Oct. 2016–Sep. 2017). As winter season was considered the months from December to February, spring the months from March to May and summer 
from June to August. Error bars represent the standard deviation. 
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