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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 ethers were measured 
in air in Svalbard from 2011 to 2019. 

• Tris(2-chloroethyl) phosphate and tris- 
n-butyl phosphate were dominant. 

• Levels were increasing for most organ-
ophosphate ethers. 

• A research station, the airport, and gla-
ciers may constitute local sources.  
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A B S T R A C T   

Concentrations of seven organophosphate ethers (OPEs) were quantified in passive air samples deployed for 
eight consecutive one-year periods from August 2011 to August 2019 at seven sampling sites in the area of Ny- 
Ålesund, Svalbard, Arctic. Non-chlorinated and chlorinated OPEs were approximately equally abundant and the 
mean atmospheric concentration for the sum of OPEs was around 300 pg/m3. Levels of OPEs were two orders of 
magnitude higher than those of polybrominated diphenyl ethers in the sampling regions, likely a result of 
efficient long-range transport and higher environmental release rates. For the two most abundant compounds, 
tris(2-chloroethyl) phosphate and tris-n-butyl phosphate, increasing temporal trends in atmospheric concen-
trations were observed, with estimated doubling times of 2.9 and 4.2 years, respectively. Slightly elevated OPE 
levels at two sampling sites in the vicinity of a research station and the local airport suggest the possible influence 
of local contamination sources. Re-volatilization from glaciers may also influence levels of OPE in the Arctic 
atmosphere.   
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1. Introduction 

Organophosphate ethers (OPEs) are a group of synthetic chemicals 
used in a variety of consumer and industrial products (Salamova et al., 
2014). Due to their persistent, toxic, and bioaccumulative characteris-
tics, traditional flame retardants, especially polybrominated diphenyl 
ethers (PBDEs), are listed for elimination under the Stockholm 
Convention (UNEP, 2009). With the reduction in the use of PBDEs and 
the continued demand for fire safety, OPEs (mainly chlorinated OPEs) 
have been used in various cases as substitutes of historical flame re-
tardants (Sühring et al., 2016). Subsequently, the global production of 
OPEs has increased from 270 kt in 2005 (Liu et al., 2014) to 680 kt in 
2015, accounting for 18–30% of all flame retardants (Sun et al., 2020). 
Additionally, non-chlorinated OPEs are also employed as plasticizers, as 
well as antifoaming agents and additives in hydraulic fluids (Rauert 
et al., 2018a). Due to these various applications, OPEs have become 
high-consumption volume compounds. 

In most applications, OPEs are only physically mixed with consumer 
products, and thus have the potential to migrate from products to the 
surrounding environment through abrasion, dissolution, and volatili-
zation (Abdollahi et al., 2017; Fu et al., 2021; Liu et al., 2014). Indeed, 
OPEs have been found globally in air, snow, seawater (Li et al., 2017b), 
dust (Yin et al., 2019), soil (Yadav et al., 2018), sediment (Ye et al., 
2021) and even biological tissue (Verreault et al., 2018) and human milk 
(Sundkvist et al., 2010), serum (Li et al., 2017c), and hair (Liu et al., 
2016a). In addition, evidence of adverse effects on aquatic organisms, 
animals, and humans has also been reported (Bolgar et al., 2008; Dishaw 
et al., 2011; Lehner et al., 2010; Meeker and Stapleton, 2010; Wang 
et al., 2015). For example, tri(− 1-chloro-2-propyl) phosphate (TCIPP) 

can accumulate in the kidneys and liver of rats and tris(2-chloroethyl) 
phosphate (TCEP) shows persistent toxicity in aquatic organisms, with 
both compounds considered to be potentially carcinogenic (European 
Chemical Agency (ECHA), 2008; European Chemical Agency (ECHA), 
2009). Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is a neuro-
toxicant and can influence thyroid and reproductive hormone levels in 
men (Dishaw et al., 2011; Meeker and Stapleton, 2010). Furthermore, 
2-ethylhexyl diphenyl phosphate (EHDPP) has shown bioaccumulation 
and toxicity potential in fish and aquatic plants (Bolgar et al., 2008). 
Therefore, given their large consumption volume, ubiquitous distribu-
tion, and potential toxicity, OPEs have gained global attention in regard 
to their environmental behavior. 

The Arctic is one of the most pristine regions globally, experiencing 
limited anthropogenic activities (MacDonald et al., 2000). Therefore, 
studying the occurrence of pollutants in the Arctic atmosphere allows 
researchers to not only assess global background levels of atmospheric 
pollutants but also evaluate their long-range atmospheric transport 
(LRAT) capabilities and changing global emissions. In recent years, 
climate change has brought about an ablation of Arctic sea ice, perma-
nent ice, and glaciers, which can cause re-mobilization of chemicals 
previously present in Arctic meltwater and affect the concentrations of 
many contaminants (AMAP, 2020). Human activities (e.g. fishing, 
shipping, industrial, and tourism operations) in the Arctic regions are 
expected to progressively increase due to reductions in the areal extent 
of sea ice and are likely to result in an increasing emissions of pollutants 
(including OPEs) to local environments (AMAP, 2020; Fu et al., 2021). 

OPEs have been detected in air, snow, seawater, and ocean sediment 
from the Arctic (Li et al., 2017a; Ma et al., 2017; Sühring et al., 2016), 
indicating potential for LRAT. While the atmosphere has been identified 

Fig. 1. Spatial distribution of organophosphate esters in the atmosphere of Ny-Ålesund, Svalbard. The bars show the average concentration during the eight years 
of sampling. 
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as the predominant pathway for OPE transport from source to polar 
regions (Fu et al., 2021), rivers may also play a role (Sühring et al., 
2020). Furthermore, the atmosphere can reflect ongoing emissions and 
respond rapidly to changes in consumption in source regions (Wang 
et al., 2010). Therefore, monitoring the occurrence, distribution, and 
temporal variation of OPEs in the atmosphere of polar regions is 
important. While OPEs have been detected in the atmosphere above the 
Arctic Ocean (Castro-Jimenez et al., 2016; Li et al., 2017b; Möller et al., 
2012a) and in the European (Salamova et al., 2014) and Canadian Arctic 
(Sühring et al., 2016) in recent years, there is only one previous study on 
temporal trends of OPEs in Arctic air. Due to limited land-based sam-
pling, only data from ship-based campaigns served in the derivation of 
temporal trends (Sühring et al., 2016). As such, land-based observa-
tional data on OPE from the Arctic remain limited and information on 
their temporal trends and spatial distributions in the Arctic atmosphere 
is incomplete. 

In the present study, seven selected OPEs were measured in the air 
around Ny-Ålesund in Svalbard, Arctic from August 2011 to August 
2019. Chlorinated OPEs, such as TCEP, TCIPP, and TDCIPP, as well as 
non-chlorinated OPEs, such as tris-n-butyl phosphate (TNBP), triphenyl 
phosphate (TPHP), EHDPP, and tris(2-ethylhexyl) phosphate (TEHP), 
are used in a variety of consumer products and are the most commonly 
measured OPEs in the atmosphere from the polar region and oceans 
(Castro-Jimenez et al., 2016; Li et al., 2017b; Möller et al., 2012; Na 
et al., 2020; Sühring et al., 2016; Wang et al., 2020). Furthermore, these 
compounds have been found to biomagnify in marine and lake food 
webs, with the values of biomagnification or magnification factors 
higher than 1 (Fu et al., 2021). Therefore, we choose these seven OPEs 
and investigated their occurrence, distribution, temporal variation, and 
potential emission sources in the Arctic region. This is one of the few 
reports reporting long-term temporal trends (over eight years) of OPEs 
in atmospheric samples collected continuously from an on-land Arctic 
region. 

2. Methods and materials 

2.1. Sampling 

XAD-2 resin-based passive air samplers (20 cm long, 2 cm in diam-
eter) (Wania et al., 2003) were used to collect consecutive year-long air 
samples from August 2011 to August 2019 at seven sampling sites 
(S1–S7) in the vicinity of Ny-Ålesund on Svalbard in the Norwegian 
Arctic (78◦53′N to 78◦58′N, 11◦36′E to 12◦04′E) over several Chinese 
Arctic scientific research expeditions. Five of the sampling sites are sit-
uated along a coastal strip of land facing Kongsfjorden to the Northeast, 
the remaining two are on London Island located within the fjord. The 
sampling sites constitute a small-scale network, which can serve in the 
identification of the impact of local sources. Sites located in the vicinity 
of potential local contamination sources include S3 at the Chinese Arctic 
Yellow River Station, S6 at the local airport, and S5 at the boat launch on 
London Island. S1 is close to the leading edge of the Austre Lovénbreen 
glacier. Local contaminant sources are expected to be apparent by 
higher concentrations at a site when compared to other sampling sites 
(Choi et al., 2008). Detailed information on the sampling sites is pre-
sented in Fig. 1. 

Prior to sampling, XAD-2 resin (20–60 mesh, Supleco, USA) was 
precleaned by continuous Soxhlet extraction for 24 h using 500 mL of n- 
hexane/dichloromethane (1:1, v/v). After nitrogen drying, ~20 g of 
XAD-2 resin was added to precleaned, dried stainless-steel mesh cylin-
ders, which were then wrapped with clean aluminum foil, sealed with 
sealing strip, and stored in shipping containers before sampling. After 
retrieval, samples were wrapped, sealed, and stored in shipping con-
tainers, then transported to the laboratory and stored at − 20 ◦C until 
experimental analysis. 

Field blanks samplers containing XAD-2 resin were prepared, sealed, 
shipped to the Arctic and returned to the laboratory simultaneously with 

the samplers that had been exposed for one-year periods. Field blank 
samplers were deployed at the sampling sites, retrieved immediately 
and sealed. In our previous work, these samples were analyzed for 
polychlorinated biphenyls and organochlorine pesticides (Hao et al., 
2021). Atmospheric concentrations of OPEs from the 2014/2015 
deployment have been reported previously (Han et al., 2020). 

2.2. Chemicals and materials 

The n-hexane, dichloromethane, and ethyl acetate solvents were 
pesticide grade and nonane was chromatographic grade. Details on 
chemicals and materials are presented in Table S1. 

2.3. Sample analysis 

After spiking 10 ng of TPHP-d15 and TNBP-d27 surrogate standards 
into the air samples, they were subjected to 24 h of Soxhlet extraction 
using 500 mL of n-hexane/dichloromethane (1:1, v/v). Using a rotary 
evaporator, the extracts were concentrated to approximately 2 mL and 
transferred to Florisil SPE cartridges (1 g/6 mL, Supleco, Bellefonte, 
USA) for purification. The cartridges were pre-eluted with 10 mL of 
ethyl acetate and 10 mL of n-hexane and then eluted using 20 mL of 
ethyl acetate. The eluate was concentrated using rotary evaporation and 
dried under nitrogen, followed by solvent-exchange in 20 μL of n-hex-
ane. Approximately 20 ng of PCB-209 was added to the eluate as an 
injection standard. Instrumental analysis of the seven OPEs was per-
formed using gas chromatography coupled with an election ionization 
mass spectrometer (GC-EI-MS, SHIMADZU, 2010 Ultra, Japan). Detailed 
information on instrumental analysis can be found elsewhere (Wang 
et al., 2020). 

2.4. Quality assurance and quality control (QA/QC) 

The surrogate (TPHP-d15, TNBP-d27) and injection standards (PCB- 
209) were spiked into each sample for qualification and quantification 
of OPEs. The average recoveries of TPHP-d15 and TNBP-d27 were (80 
± 29)% and (96 ± 22)%, respectively. Laboratory and field blanks were 
routinely analyzed and the storage and sample analysis of blank samples 
were performed simultaneously with actual samples to evaluate the 
influence of laboratory background, storage, and transport on mea-
surement results. No target compounds were detected in the laboratory 
blanks, but TCEP and TEHP were detected in the field blanks (Table S2), 
with concentrations accounting for 10–18% of atmospheric sample 
levels. Thus, the detected values in this study were corrected by the field 
blanks. The average of the field blanks plus three times the standard 
deviation (SD) was used to calculate the method detection limits 
(MDLs), while three times the signal-to-noise ratio was used for com-
pounds not detected in the blanks. The MDLs of OPEs in all air samples 
were in the range of 1.04–7.57 pg/day (Table S3). 

2.5. Statistical analysis 

We used Eq. (1), introduced in previous studies (Wang et al., 2020; 
Salamova et al., 2016), to characterize the long-term variation in Arctic 
air concentrations.  

ln C = A × t + B                                                                           (1) 

where ln C is the natural logarithm of the air concentration (pg/day) of 
an OPE detected in this study; t is the sampling year; A is a first-order 
rate constant (in year− 1); and B is an intercept that rectifies the units. 
Eq. (2) was used to estimate a halving (t1/2) or doubling time (t2) from A: 

t2ort1/2 =
ln(2)

A
(2)  
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3. Results and discussion 

3.1. Concentrations and composition profile 

The analysis of the XAD-resin yields results in mass per sampler (e.g. 
in pg of analyte). To allow for comparison between levels measured 
during different years even though deployment periods were not always 
exactly 365 days, we normalized these results to a common sampling 
period, by dividing the mass per sampler by each sampler’s deployment 
period in days. In order to obtain volumetric air concentrations (in pg/ 
m3) from the amounts quantified in the sampler, this amount in units of 
pg/day needs to be divided by a sampling rate in units of m3/day. This 
division introduces considerable uncertainty to the measured result 
because of the uncertainty of sampling rates (Wania and Shunthir-
asingham, 2020). To avoid introducing this uncertainty, we performed 
most data analysis using data in units of pg/day. Doing this while 
exploring spatial patterns, we assume that the spatial variability in the 
sampling rates between sampling sites is minor. When exploring tem-
poral trends, we assume that the sampling rates at one site are similar 
during the different sampling years. When discussing the relative 
composition of a group of related compounds, such as the OPEs, we 
make the assumption that the variation in sampling rates between 
different compounds is minor. 

Table 1 presents the mean, minimum, and maximum concentrations 
in units of pg/day, as well as detection frequencies, and percentages of 
individual OPEs in the air samples. Total air concentrations of the seven 
OPEs (

∑
OPEs) varied within approximately an order of magnitude 

among the various samplers (~50 to ~600 pg/day, mean 176 pg/day), 
with chlorinated and non-chlorinated OPEs contributing about half to 
that total. 

3.1.1. Comparison with literature data 
Only when the data generated here were compared with volumetric 

concentrations reported elsewhere, did we use a generic sampling rate 
for the XAD-PAS of 0.52 m3/day. Although this rate is judged suitable 
for the cold temperature conditions prevailing in Svalbard (Baek et al., 
2011; Choi et al., 2008; Wania et al., 2003), the volumetric air con-
centrations should only be considered semi-quantitative. Table S4 pro-
vides a summary of previously reported atmospheric concentrations in 
Arctic regions. Concentrations of TCEP recorded here were 
16–390 pg/m3 (means 110 pg/m3), comparable to levels reported in the 
Canadian Arctic in 2014 (23–560 pg/m3) (Rauert et al., 2018b) and in 
Ny-Ålesund in 2007 (<200–270 pg/m3) (Green et al., 2008). Concen-
trations of TCIPP of 18–240 pg/m3 (mean 55 pg/m3) also compare 
favorably with previously reported gaseous concentrations in the 
northwestern Pacific to the Arctic Ocean (3–158 pg/m3, mean 
31.8 pg/m3, 2018) (Na et al., 2020) and air concentrations in the Eu-
ropean Arctic (10–186 pg/m3, 2012–2013) (Salamova et al., 2014) and 
Ny-Ålesund (<200–330 pg/m3, 2007) (Green et al., 2008) are in the 
same order of magnitude as our results. TNBP air concentrations in the 
range of 6.7–540 pg/m3 (mean 71 pg/m3) are at the lower end of levels 
detected in the Canadian Arctic (747 pg/m3, 2014) (Sühring et al., 
2016) and European Arctic (174 pg/m3, 2012–2013) (Salamova et al., 
2014), but higher than those reported at the Zeppelin station in the vi-
cinity of our sampling sites (<3.0–29 pg/m3, 2017) (Nizzetto et al., 
2017). Overall, the alignment of our volumetric concentration data with 
those reported previously with different sampling techniques in the 
remote atmosphere lends credibility to our results. 

3.1.2. Dominant OPE compounds 
The three chlorinated OPEs accounted for about half (49 ± 18)% of 

the 
∑

OPEs detected in the Ny-Ålesund atmosphere. Among these 
chlorinated OPEs, TCEP was the dominant compound, accounting for 
(29 ± 17)% of the 

∑
OPEs. We caution that these percentages are 

dependent on the assumption that different OPEs are taken up in the 
passive sampler with the same sampling rate. The high concentration Ta

bl
e 

1 
A

ir
 c

on
ce

nt
ra

tio
ns

 o
f O

PE
 c

on
ge

ne
rs

 in
 N

y-
Å

le
su

nd
, A

rc
tic

 o
ve

r 
20

11
–2

01
9 

(r
an

ge
, m

ea
n,

 a
nd

 m
ed

ia
n,

 p
g/

da
y)

.  
 

20
11

/8
–2

01
2/

8 
20

12
/ 

8–
20

13
/8

 
20

13
/ 

8–
20

14
/8

 
20

14
/ 

8–
20

15
/8

a 
20

15
/ 

8–
20

16
/8

 
20

16
/8

–2
01

7/
8 

20
17

/8
–2

01
8/

8 
20

18
/8

–2
01

9/
8 

de
te

ct
io

n 
fr

eq
ue

nc
y 

Pe
rc

en
ta

ge
 

of
 Ʃ

 O
PE

s 

n 
 

7 
5 

5 
5 

4 
 

4 
 

5 
 

5 
   

TN
BP

  
6.

2–
15

 (9
.8

, 9
.3

) 
3.

5–
28

0 
(7

7,
 3

0)
 

6.
2–

11
5 

(3
2,

 1
4)

 
21

–3
6 

(2
8,

 
29

) 
23

–3
4 

(3
0,

 
31

)  
32

–6
9 

(4
7,

 4
2)

  
36

–5
4 

(4
5,

 4
5)

  
24

–8
7 

(4
0,

 3
0)

  
10

0 
20

±
11

%
 

TC
EP

  
8.

5–
12

 (1
0,

 1
1)

 
13

–1
34

 
(6

0,
 3

9)
 

12
–3

4 
(1

9,
 

13
) 

29
–1

60
 

(7
9,

 3
8)

 
15

–2
9 

(2
2,

 
22

)  
50

–7
8 

(5
9,

 5
5)

  
88

–2
00

 (
14

4,
 1

50
)  

20
–1

80
 (

78
, 4

4)
  

10
0 

29
±

17
%

 

TC
IP

P 
 

9.
6–

15
 (1

1,
 1

1)
 

9.
4–

44
 (2

7,
 

32
) 

11
–1

25
 

(4
3,

 1
5)

 
19

–3
9 

(2
9,

 
31

) 
16

–2
2 

(1
9,

 
20

)  
32

–6
7 

(4
4,

 3
9)

  
12

–1
7 

(1
5,

 1
5)

  
25

–1
05

 (
51

, 3
9)

  
10

0 
18

±
9%

 

TD
CI

PP
  

<
1.

0 
<

1.
0–

13
 

(2
.6

, <
1.

0)
 

<
1.

0–
42

 
(1

5,
 <

1.
0)

 
<

1.
0–

45
 

(9
.0

, <
1.

0)
 

<
1.

0 
 

<
1.

0 
 

<
1.

0 
 

<
1.

0–
70

 (2
2,

 1
.2

)  
20

 
3
±

8%
 

TP
H

P 
 

4.
0–

16
 (8

.3
, 6

.7
) 

3.
6–

24
 

(9
.0

, 5
.7

) 
4.

2–
11

3 
(3

1,
 1

4)
 

10
–1

20
 

(3
8,

 1
9)

 
6.

7–
20

 (1
1,

 
8.

4)
  

4.
8–

7.
3 

(5
.9

, 5
.7

)  
1.

7–
2.

8 
(2

.1
, 2

.1
)  

4.
7–

6.
7 

(5
.6

, 5
.4

)  
10

0 
8
±

11
%

 

EH
D

PP
  

<
3.

0–
56

 (1
7,

 1
0)

 
<

3.
0–

14
 

(7
.0

, 1
0)

 
8.

6–
24

 (1
9,

 
23

) 
22

–4
1 

(3
2,

 
32

) 
<

3.
0–

13
 

(3
.3

, <
3.

0)
  

<
3.

0 
 

<
3.

0–
11

 (
5.

4,
 7

.4
)  

<
3.

0 
 

55
 

8
±

10
%

 

TE
H

P 
 

13
–2

7 
(1

9,
 1

8)
 

22
–9

8 
(4

0,
 

27
) 

<
4.

6–
58

 
(2

8,
 2

1)
 

15
–5

5 
(2

7,
 

20
) 

<
4.

6–
13

 
(5

.6
, 4

.9
)  

12
–1

6 
(1

4,
 1

4)
  

15
–2

3 
(1

8,
 1

8)
  

15
–2

4 
(1

9,
 1

8)
  

93
 

15
±

10
%

 

SU
M

  
49

–1
25

 (
76

, 7
1)

 
66

–5
90

 
(2

20
, 1

30
) 

76
–2

86
 

(1
90

, 1
70

) 
13

0–
39

0 
(2

40
, 1

80
) 

73
–1

20
 

(9
1,

 8
7)

  
13

5–
21

0 
(1

70
, 1

60
)  

17
0–

27
0 

(2
30

, 2
40

)  
10

0–
34

0 
(2

20
, 2

00
)  

   

a
Th

e 
da

ta
 fo

r 
sa

m
pl

in
g 

ye
ar

 2
01

4/
8–

20
15

/8
 h

av
e 

be
en

 p
re

vi
ou

sl
y 

re
po

rt
ed

 b
y 

H
an

 e
t a

l. 
(2

02
0)

. 

Y. Li et al.                                                                                                                                                                                                                                        



Journal of Hazardous Materials 434 (2022) 128872

5

and detection frequency of TCEP may be related to its environmental 
persistence, high production volume, and wide use in certain industrial 
processes, as well as its continued usage in North America and Asia 
(Sühring et al., 2016; Wei et al., 2015). TCIPP accounted for (18 ± 9)% 
of ƩOPEs. The ubiquitous distribution of TCIPP is probably due to the 
replacement of TCEP by TCIPP in many industrial applications in 
Europe, motivated by the lower toxicity of TCIPP in comparison to TCEP 
(Van der Veen and de Boer, 2012). Here, the TCEP to TCIPP ratio ranged 
from 0.2 to 16.4 (mean 2.5), higher than that measured along the 
German coast (0.4) (Wolschke et al., 2016), but lower than that above 
the Arctic Ocean (~4) (Li et al., 2017b). This may be related to differing 
rates of chemical degradation between these two compounds. TCEP is 
more persistent in the gas phase than TCIPP, and the half-life of TCEP 
(17.5 h) is twice that of TCIPP (8.6 h) (Wei et al., 2015; Liu et al., 2014). 
Although TCEP has been replaced by TCIPP in various applications in 
Europe, it is consistently detected at higher concentrations than TCIPP 
in the Arctic atmosphere. 

High concentrations were also found for the non-halogenated TNBP. 
In the present study, TNBP was observed in all samples, accounting for 
(20 ± 11)% of 

∑
OPEs. TNBP has been used as a fire retardant in various 

industrial products, including construction material, paints, varnishes, 
and aircraft hydraulic fluid (Green et al., 2008). Several studies have 
suggested that high levels of TNBP are linked to emissions from local 
sources, such as settlements, harbors, and airports, rather than from 
LRAT (Castro-Jimenez et al., 2016; Sühring et al., 2016). Therefore, the 
high level of TNBP in this study possibly suggests the existence of local 
TNBP sources in the sampling area at Ny-Ålesund. 

3.1.3. Comparison with PBDEs 
As OPEs have been used as substitutes for PBDEs in several appli-

cations, we compared the levels of OPEs in this study with previous data 
on PBDEs in the Arctic. Using a flow-through sampler, Yu et al. (2015) 
reported levels of PBDEs in the western sub-Arctic (August 2011 to 
December 2014) in the range of 0.42–18 pg/m3 (median of 1.6 pg/m3). 
Bossi et al. (2016) analyzed high-volume air samples in North Greenland 
(2008–2013) and reported air concentrations of Ʃ13PBDEs in the range 
of 0.2–6.26 pg/m3 (mean 0.71 pg/m3). Jaward et al. (2004) reported 
Ʃ8PBDE levels of 3.9 pg/m3 in the summer of 2002 at Svalbard. de Wit 
et al. (2010) analyzed air samples collected at the Zeppelin station (near 
Ny-Ålesund) in 2006 and 2007 and reported mean Ʃ9PBDE concentra-
tions of 8.2 pg/m3 and 1.2 pg/m3, respectively. In contrast, in our study, 
the atmospheric ƩOPE concentration recorded in this study (340 pg/m3) 
was two orders of magnitude higher than the historically measured 
ƩPBDE concentrations in the Arctic atmosphere, even when PBDEs were 
in active production and use. Similarly, an increasing number of studies 
have found that OPE levels exceed PBDE levels in remote areas (Fu et al., 
2020; Möller et al., 2012; Salamova et al., 2014). This difference may be 
associated with the large production and wide usage of OPEs, and 
possible easier emission from materials than PBDEs. OPEs are not only 
used as flame retardants but also as plasticizers in furniture, textiles, 
plastics, building materials, electronic equipment, and hydraulic fluids 
(Salamova et al., 2014; Wei et al., 2015). Furthermore, OPEs are 
currently more widely consumed and discharged in comparison to leg-
acy PBDEs. Annual production of total PBDEs peaked at around 85 000 t 
in 2003 (Abbasi et al., 2019), while the global consumption of OPEs has 
increased consistently since 2001 and reached 680 000 t in 2015 (Hou 
et al., 2016). Li et al. (2021) also estimated that the emission rates of 
OPEs are 1–6 orders of magnitude higher than those of PBDEs, sug-
gesting that OPEs may escape from materials more easily than PBDEs. 

3.2. Possible local sources 

Comparing the spatial concentration patterns of OPEs, we make the 
assumption that sampling rates were similar at the seven sampling sites 
(Fig. 1), i.e. were exposed to largely similar wind conditions. Site S3, 
located near the Chinese Arctic Research Station, showed higher 

concentrations of the ƩOPEs than the other sampling sites (except S6). In 
the extremely dry and cold environments of the Arctic, research stations 
require construction materials, electrical and heating equipment, and 
instruments, which may contain OPEs (Chen et al., 2015). Nizzetto et al. 
(2017) reported that OPE levels are 2–350 times higher in indoor air 
than outdoor air at Zeppelin station, Ny-Ålesund, and Longyearbyen, 
suggesting that the indoor environment may be a local source of OPEs. 
Here, the higher OPE concentration at S3 indicates that this research 
station may be a source of OPEs to the local atmosphere. 

Site S6, located near the airport, also showed significantly higher 
ƩOPE levels, especially TNBP, than other sites. TNBP is a major 
component in Skydrol 500B-4, which is used as a fire-resistant hydraulic 
fluid in commercial aviation (Healy et al., 1992). Previous studies have 
indicated that atmospheric TNBP is associated with airport activities, 
and thus may be a primary source of atmospheric TNBP in the Arctic 
(Salamova et al., 2014; Sühring et al., 2016). Another recent study 
observed a significant temperature dependence of atmospheric TNBP in 
the Western Antarctic Peninsula, suggesting that the airport may be a 
possible local source of TNBP (Wang et al., 2020). Therefore, we inferred 
that the airport, which is the main local transportation center, may be 
another potential local source of TNBP. 

Site S1, located close to the leading edge of the glacier, showed 
slightly higher ƩOPE concentrations. Glaciers are considered pollutant 
sinks and can temporarily store contaminants (Wang et al., 2019). As 
glaciers always melt at their lower end, OPEs may be remobilized from 
melting glaciers. In the Canadian Arctic, Sun et al. (2020) found that 
OPE concentrations in glacier-fed rivers are (i) higher than that in other 
rivers and (ii) higher than that in years with high melting rates, sug-
gesting that glacier melt may be an important source of OPEs in glaci-
ated watersheds. Therefore, higher OPE concentrations may be expected 
around melting glaciers. OPEs, especially Cl-OPEs, have high solubility 
and strong persistence in the water compartment, with a predicted 
half-life of 121–212.5 days (Zhang et al., 2016), indicating that rivers 
and lakes are also potentially important for OPE storage. With increasing 
temperatures, melting glaciers will release OPEs and the rate of vola-
tilization in glaciated watersheds is expected to increase (Sühring et al., 
2016). Hence, in the current study, the glacier at S1 may act as a po-
tential OPE source. 

3.3. Correlations of OPE congeners 

To investigate whether OPE congeners had similar sources and fate 
pathways, Spearman correlation analyses between compound concen-
trations in all samples were calculated (Table S5). Due to infrequent 
detection, TDCIPP was not included in this analysis. The concentrations 
of the two other Cl-OPEs, TCEP and TCIPP, were significantly correlated, 
with a correlation coefficient (r) of 0.56 (p < 0.001). Significant corre-
lations (p < 0.001) were also obtained between the non-Cl OPEs, i.e., 
EHDPP, TPHP, and TEHP, suggesting similar sources. As noted above, 
Cl-OPEs and non-Cl OPEs are generally used in different applications 
and possibly have different migration pathways to the polar regions 
(Rauert et al., 2018a; Sühring et al., 2020). In the current study, how-
ever, non-Cl OPEs and TCEP/TCIPP were correlated: i.e., TCEP and 
TNBP were highly correlated (r = 0.68, p < 0.001), while TCIPP was 
weakly correlated with TPHP and TNBP (0.36 < r < 0.43, p < 0.05). 
These correlations suggest a potential common source of these OPEs in 
Arctic air. To further explore the sources of OPE congeners, correlation 
analysis of data from each sampling site was performed. Between the 
Cl-OPEs and non-Cl OPEs, strong correlations were found between TNBP 
and TCEP at S5, S6, and S7 (r > 0.8, p < 0.001) and between TNBP and 
TCIPP at S7 (r = 0.94, p < 0.001). These results indicate that Cl-OPE 
concentrations tend to be correlated with non-Cl OPE concentrations, 
which was opposite to the idea that these two groups of OPEs have 
widely different sources and transport pathways to the Arctic. Research 
and assessment of OPE sources in remote regions should be strengthened 
in the future. 
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3.4. Temporal trends 

In the present study, temporal trends in air concentrations of ƩOPEs 
and individual OPE congeners were explored over eight years, assuming 
that the sampling rates of the OPEs in the passive samplers remained 
constant over that time period. The concentrations of ƩOPEs in 2019 
were significantly higher than those in 2011 (p = 0.007, ANOVA) and 
showed an increasing tendency over the sampling period. Similar 
increasing temporal trends in atmospheric OPEs were reported previ-
ously in Western Antarctica during 2014–2018 (Wang et al., 2020) and 
in the Canadian Arctic during 2007–2013 (Sühring et al., 2016). To 
further evaluate the long-term variation of OPEs, we relied on a simple 
regression of the measured time series (Section 2.5). The regression 
curves for ƩOPEs and individual congeners are shown in Fig. 2, and the 
regression parameters for individual OPEs are provided in Table S6. 
Among the OPEs, the annual median concentrations of the dominant 
compounds TCEP and TNBP increased significantly during the sampling 
period (r = 0.70, p = 0.05 and r = 0.74, p = 0.04, respectively). Due to 
its physicochemical properties, TCEP (t2 = 2.9 years) shows resistance to 
photolysis and biodegradation in the environment (Greaves et al., 2016; 
Regnery and Puttmann, 2010), and previous studies have suggested that 
TCEP has greater environmental persistence in both atmosphere and 
water compartments compared to that of non-Cl OPEs (Li et al., 2017a; 
Zhang et al., 2016). Thus, TCEP could travel from source regions to 
Arctic regions via LRAT and/or ocean current transport. Although TCEP 
production has decreased in the last 10 years and many applications 
have been replaced by TCIPP (Salamova et al., 2014), TCEP still domi-
nated in this study, as reported in the Canadian and European Arctic 
(Salamova et al., 2014; Sühring et al., 2016), and presented an 
increasing temporal trend, as found in the atmosphere of the Great Lakes 
(Liu et al., 2016b). This phenomenon may be associated with the his-
torical large-scale application and consumption of TCEP and its high 
environmental persistence, as well as its continued use in North America 
and Asia (Fu et al., 2021). The increasing rate of TNBP concentrations (t2 
= 4.2 years) was lower than that of TCEP, which could be attributed to 
its weaker environmental persistence compared to Cl-OPEs (Li et al., 
2017a; Zhang et al., 2016). The significantly increasing temporal trend 
in TNBP concentrations suggests continuous inputs of TNBP in the 
Ny-Ålesund air. Liu et al. (2021) reported that current worldwide TNBP 
production is approximately 9 kilotons. Moreover, the occurrence of 
TNBP in Ny-Ålesund may be affected by local emission sources, such as 
airports, scientific research stations, and human settlements (Salamova 
et al., 2014; Sühring et al., 2016; Wang et al., 2020). 

4. Conclusions 

The occurrence, distribution, and temporal trends of atmospheric 
OPEs were investigated in Ny-Ålesund and London Island, Svalbard, 
Arctic. The OPE concentrations were comparable to those reported 
previously in the Arctic but were two orders of magnitude higher than 
those of PBDEs in the Arctic air, indicating OPEs are widely and highly 
present in the Arctic atmosphere. TNBP and TCEP were the dominant 
compounds, likely due to their considerable use in various industrial 
products. Local human activities at scientific research stations and air-
ports, as well as re-volatilization from melting glaciers, may constitute 
additional sources of OPEs in the Arctic. The atmospheric concentrations 
of the OPEs showed increasing trends during the sampling period, with 
the two dominant compounds (TNBP and TCEP) increasing significantly. 
These results indicate growing OPE input in this remote area. However, 
due to the limited sampling sites in this study, further large-scale 
research is necessary to investigate and clarify the environmental fate 
and behavior of OPEs in Arctic regions. 
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Environmental implication 

Organophosphate ethers (OPEs) were quantified in annual Arctic air 
samples at Ny-Ålesund, Svalbard, from August 2011 to August 2019, 
which is the first investigation on long-term temporal trends of OPEs in 
atmospheric samples collected continuously from an on-land Arctic re-
gion. This study provides new insight into long-range atmospheric 
transport potential, temporal variation, and possible sources of OPEs in 
the polar environment. 

OPEs have adverse effects on animals and humans. Tri(− 1-chloro-2- 
propyl) phosphate can accumulate in viscera of rats and tris(2- 
chloroethyl) phosphate exhibits persistent toxicity in aquatic organ-
isms. All these compounds are potentially carcinogenic. Tris(1,3- 
dichloro-2-propyl) phosphate is a neurotoxicant for humans. 

Fig. 2. Temporal trends for the natural logarithms of the atmospheric concentrations (pg/day) of organophosphate esters in Ny-Ålesund in Svalbard.  
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