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� Insights gained on seasonal atmospheric degradation pathways for cVMS.
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a b s t r a c t

Active sampling methodology for atmospheric monitoring of cyclic volatile methylsiloxanes (cVMS) was
improved to reduce sampling artifacts. A new sorbent, ABN Express (ABN), was evaluated for storage
stability and measurement accuracy. Storage stability of cVMS on ABN showed less than 1% degradation
of the individual 13C-labelled octamethylcyclotetrasiloxane (13C4-D4), decamethylcyclopentasiloxane
(13C5-D5) and dodecamethylcyclohexasiloxane (13C6-D6) after 14 days storage at room temperature and
at �20 �C whereas significant degradation was observed on ENVþ sorbent at room temperature (37e62
%) and �20 �C (9e16 %). 13C4-D4 formed on ENVþ spiked with 13C5-D5, and both 13C4-D4 and 13C5-D5
formed on ENVþ spiked with 13C6-D6. However, this was not observed on the ABN sorbent. Performance
of ABN was compared to ENVþ through an 8-month Arctic sampling campaign at the Zeppelin Obser-
vatory (Ny Ålesund, Svalbard). Good agreement between ABN and ENVþ was observed for D4 in the
spring/summer months. However, D5 and D6 was found to be consistently higher on the ABN sorbent
during this time period with D6 showing the greatest deviation. During the winter months, larger de-
viations were observed between ABN and ENVþ sorbents with a factor of 4 times higher atmospheric
concentrations of both D5 and D6 found on ABN; indicating sorbent related degradation on ENVþ. Our
findings show that the ABN sorbent provides greater stability and accuracy for atmospheric monitoring
of cVMS. Implications of these improvements towards atmospheric fate processes will be discussed.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The presence of cyclic volatile methylsiloxanes (cVMS) and the
potential risk they pose has been an ongoing debate between in-
dustry, regulators and scientists for more than a decade. Content
of octamethylcyclotetrasiloxane (D4) and deca-
methylcyclopentasiloxane (D5) in wash-off personal care products
is restricted below 0.1 % as of February 2020within European Union
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Fig. 1. Chemical structure of ABN Express (A) and ENVþ (B) sorbents.
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(ECHA, 2018) due to their classification as persistent, bio-
accumulative and toxic (i.e., D4) and very persistent and very bio-
accumulative (i.e., D5) under the Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH). These re-
strictions have been recently proposed to be extended to include
dodecamethylcyclohexasiloxane (D6) through REACH where
allowable concentration limits in all consumer and professional
products is to be reduced to 0.1 % wet weight (ECHA, 2019). Due to
their volatile nature and long-range transport potential (LRTP),
atmospheric monitoring of cVMS is essential to provide data for
implementation of emission regulations by authorities as well as to
evaluate effectiveness of future chemical restrictions put in place,
particularly in remote regions.

Passive and active sampling methodologies have both been
utilized for atmospheric monitoring of cVMS (McLachlan et al.,
2010; Genualdi et al., 2011; Kierkegaard and McLachlan, 2013;
Krogseth et al. 2013a, 2013b; Ahrens et al., 2014; Companioni-
Damas et al., 2014; Gallego et al., 2017; Rauert et al., 2018).
Although passive sampling is advantageous considering its ease of
use and flexibility in terms of deployment sites (i.e., no power re-
quirements), it is still a semi-quantitative methodology. Conse-
quently, active sampling is relied upon for quantitative
measurements and as a tool to provide high temporal resolution in
atmospheric concentrations (hours to days) compared to passive
sampling techniques (weeks to months).

However, the most commonly used active sampling methodol-
ogy for cVMS originally developed by Kierkegaard and McLachlan
(2010); using Isolute ENVþ (hydroxylated polystyrene-divinyl
benzene copolymer) as a sorbent suffers from sampling artifacts.
This technique showed degradation/formation of the individual
cVMS occurring on the ENVþ sorbent, requiring correction of
measurements depending on the length of deployment and storage
time (Kierkegaard and McLachlan, 2010, 2013; Krogseth et al.,
2013). The degradation of D5 was observed in an experiment
where ENVþ cartridges were spikedwith 13C5-D5 via the gas phase.
In addition, subsequent formation of 13C4-D4 and 13C-hexame-
thylcyclotrisiloxane (13C3-D3) also occurred within a day after
spiking and increased over a 7-day storage period (Kierkegaard and
McLachlan, 2013). Loss of D4 and D6 on ENVþ with increasing
storage time has also been observed, indicating degradation of both
D4 and D6 (Kierkegaard and McLachlan, 2013; Krogseth et al.,
2013a). However, mechanisms of loss/degradation of D6 on
ENVþ have yet to be investigated. These sampling artifacts have
introduced uncertainties in previously measured concentrations
and hinder our knowledge and understanding of cVMS in the at-
mosphere. Based on this, improvements of the current active air
sampling methodology for cVMS (using ENVþ) is required in order
to improve the accuracy of atmospheric concentrations and fate
assessment of cVMS.

In this study, we evaluated a new sorbent, ABN Express (Biotage,
Sweden; referred from here on as ABN), in terms of its stability and
sampling accuracy for atmospheric monitoring of cVMS by
comparing its performance to the current sampling methodology
utilizing ENVþ. Performance between ABN and ENVþ was also
assessed for Arctic atmospheric monitoring of cVMS through
comparison of atmospheric concentrations collected over an 8-
month period at the Zeppelin observatory, Ny-Ålesund, Svalbard
(79 �N, 12 �E). The results of this field sampling campaign and
implications towards understanding atmospheric fate processes of
cVMS will be discussed.
2. Methods and materials

2.1. Active sampler preparation and extraction

Two different hydroxyl-substituted polystyrene-divinylbenzene
based sorbents were evaluated in this study: Isolute ENVþ (90 mm
particle diameter, Biotage, Sweden) and Isolute ABN (30 and 50 mm
particle diameter, Biotage, Sweden). Although these sorbents are
similar in chemistry, the properties of the OH group differ within
the polystyrene-divinylbenzene structure. The OH groups in
ENVþ are attached directly to the aromatic moiety and, thereby,
weakly acidic (Fig. 1B) whereas in ABN they are neutral, attached to
an alkyl moiety (R-OH, Fig. 1A).

Bulk sorbent material of ENVþ was purchased directly whereas
6 mL prepacked solid phase extraction (SPE) cartridges of ABN
sorbent were purchased and unpacked to obtain the amount of
material needed for sampler preparation. Air samplers were pre-
pared and extracted following procedures described by Krogseth
et al. (2013a) with 120 mg of ENVþ or ABN packed into 25 mL
polyethylene (PE) cartridges. Briefly, the sorbent packed cartridges
were cleaned with 14 mL of dichloromethane followed by equal
volume of n-hexane and dried overnight in a clean cabinet to avoid
contamination. Once dry, cartridges were capped with PE stoppers
to prevent contact with air, wrapped in aluminum foil, and stored
at �20 �C in sealed 1 L low density polyethylene containers until
use. After sampling, cartridges were spiked with 20 mL of
13Celabelled standard mixture (1 ng mL�1) containing 13C8-D4,
13C10-D5, 13C6-D6 (Cambridge Isotope Laboratories, UK) and
extracted with 4 mL of n-hexane. The collected extract was spiked
with 20 mL of Tetrakis(trimethylsilyloxy)silane (M4Q)
(200 ng mL�1) as a syringe standard and stored at �20 �C before
analysis.

2.2. Instrumental analysis

Extracts were analyzed on an Agilent 7890A gas chromatograph
(GC) connected to an Agilent 5975C mass spectrometer (MS) de-
tector and a Gerstel MPS3 autosampler. The GC injector was
equipped with a Merlin microseal septum and a 4.0 mm I.D.
gooseneck splitless liner with deactivated glass wool (Restek, USA).
A 5 mL volume was injected at 200 �C using concurrent solvent
recondensation-large volume injection (spitless overflow)
(Companioni-Damas et al., 2014) onto a 5 m Rxi guard column
(Restek, 0.32 mm I.D.) coupled to a 30 m DB-5 column (Agilent
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Technologies, 0.25 mm I.D., 0.25 mm film thickness). Separationwas
carried out under constant flow conditions (1 mL min�1) using
Helium as a carrier gas (purity 5.0). The GC oven temperature
program started at 40 �C for 1 min, followed by 10 �C min�1 up to
150 �C and 35 �C min�1 to 300 �C with a final hold time of 4 min.
The MS ion source was operated at 230 �C and the quadrupole at
150 �C. Two ions were monitored for each compound (D4: m/z 207
and 281; 13C4-D4: 284 and 285; 13C8-D4: 287 and 288; D5: 267 and
355; 13C5-D5: 359 and 360; 13C10-D5: 364 and 272; D6: 341 and
429; 13C6-D6: 434 and 435). Non-labelled D4 (99% purity, Fluka,
Switzerland), D5 (97% purity, Fluka, Switzerland), and D6 (95%
purity, Gelest Inc., PA, USA) were used in six-point calibration
curves (5 ng mL�1 to 200 ng mL�1, R2 ¼ 0.99) for quantification
using MassLynx v4.2 software (Waters Corporation, USA).

2.3. Sorbent-related stability, sampling repeatability and
breakthrough assessment

Individual cartridges packed with either ABN or ENVþ sorbent
material was spiked with 50 mL of either 13C4-D4 (0.84 ng mL�1),
13C5-D5 (0.63 ng mL�1) or 13C6-D6 (0.60 ng mL�1) to the upper frit
with single isotopically labelled standards. After spiking, one drop
of water was added on top of the upper frit to simulate humidity
conditions, followed by 200 mL of DCM to evenly distribute spiked
standards on the sorbents. Cartridges were then left for 2 h inside a
clean cabinet to dry. One set of ABN and ENVþ cartridges were
immediately extracted after the drying process to determine the
initial amount of isotopically labelled standard present on the
sorbent. The remaining cartridges were sealed with PE stoppers
and stored up to 14 days at �20 �C and room temperature (20-
23 �C) conditions to assess the stability of D4-D6 on ABN and ENVþ.

Repeatability experiments of cartridges packed with ABN were
performed at a sampling station located outside the Norwegian
Institute of Air Research in Kjeller, Norway between May to June,
2018. Average daily temperatures during sampling ranged between
8e22.5 �C in May, and 12.9e22.7 �C in June. Experimental design
was similar to that described by Krogseth et al. (2013a). In brief,
sampling cartridges containing ABN were connected in parallel to
two separate GAST DOA-P509-BN (GAST Manufacturing Inc, Mi,
USA) air pumps using polytetrafluoroethylene (PTFE) tubing. Air
was sampled at a rate of 1.0 and 1.14 m3 hour�1 between replicate
samplers using a diaphragm gas volume meter connected in series
to determine the air volume sampled. To avoid contamination of
the air samplers, air pumps were placed in an enclosed structure
while the PTFE tubing was directed to the exterior of the structure
to connect the sampling cartridges (Fig. A.1). The sampling car-
tridges were placed in a downwards orientation and surrounded by
a plastic rain shield to protect from precipitation. Repeatability was
assessed for both one- and three-day sampling periods with
average air volumes of 26.0 ± 2.1 and 76.8 ± 5.7 m3 (Table A.1),
respectively.

Breakthrough experiments of cartridges packed with ABN were
carried out in the same manner as the repeatability experiments
except with a second cartridge packed with ABN connected in se-
ries (Fig. A.2). Air was sampled at a rate of 0.81 and 0.9 m3 hour�1

between replicate samplers. The sampling cartridge (front car-
tridge) and the breakthrough cartridge (back cartridge) were
extracted separately after 3 days sampling to evaluate if break-
through occurred over the 3-day sampling period.

2.4. Field sampling comparison of active air sampling methodology

Performance of ABN sorbent was evaluated against
ENVþ sorbent during a weekly field sampling campaign from May
2017 to January 2018 (week 18 (2017) e week 1 (2018)) at the
Zeppelin observatory station located in Ny Ålesund, Svalbard.
Active air sampling was carried out in parallel with one ABN and
one ENVþ sorbent with a sampling time of approximately 3 days.
The air volume sampled was 40e60 m3 for ABN and 60e80 m3 for
ENVþ (Table A.2). Difference in volumes collected between the
sorbents is attributed to smaller particle diameter size of ABN uti-
lized in the field campaign (i.e., 30 mm), with less volume being
collected over time due to higher air flow restriction. Air concen-
trations reported using ENVþ as a sampling sorbent in this study, as
well as previous reports for cVMS at Zeppelin station have been
corrected using methodology described by Krogseth et al., 2013a to
account for sorbent mediated degradation with sampling/storage
time.

2.5. Quality assurance/quality control

All glassware was burned at 450 �C for 8 h with all sample
preparation and handling occurring within an ISO class 7 clean
cabinet (Bigneat Ltd. UK) equipped with HEPA and carbon filters for
particle and gas phase filtration, respectively, to avoid contamina-
tion from the indoor air. Only newly opened bottles of solvents
were used in sample processing and extraction and were only
opened within the clean cabinet to avoid contamination. Personnel
involved in sample preparation, field sampling, extraction and
analysis did not use personal care products, which siloxanes are
used in as major ingredients (Horii and Kannan, 2008).

A minimum of three lab blanks were run for each extraction
batch of samples. In repeatability and breakthrough experiments,
lab blanks consisted of clean SPE sorbent cartridges that were not
exposed in the field. Samples were blank corrected based on the
average concentrations determined in laboratory blanks. Blank
results for repeatability and breakthrough experiments are re-
ported in Table A.3. Field blanks for sampling at the Zeppelin Ob-
servatory consisted of clean SPE sorbent cartridges that were
connected to the pump, having air drawn through for 15 s, then
removed and sealed to account for any background contamination
occurring during sample mounting and transport. Method detec-
tion limits (MDL) and quantification limits (MQL) were calculated
on a ng/sample basis using 3- and 10-times lab or field blank signal
variation, respectively (Tables A.3 and A.4). Detection and quanti-
fication limits on a ng/m3 basis were calculated by using the
average volumes collected for 1-day (26.0 m3) and 3-day (76.8 m3)
sampling collections (i.e., repeatability and breakthrough experi-
ments) and average volumes collected on ENVþ (76 m3) and ABN
sorbents (49 m3) for field sampling at Zeppelin station.

3. Results and discussion

3.1. Sorbent storage stability for cVMS

Comparison of sorbent storage stability for 13C4-D4 on ABN and
ENVþ sorbents showed the highest losses to occur on ENVþ after
14 days at room temperature with over 60% loss of the original
amount spiked. Whereas loss of 13C4-D4 was less (16 %) on
ENVþwhen stored at �20 �C (Fig. A.3). On ABN, loss of 13C4-D4 (10
%) was smaller compared to ENVþ at both room temperature
and �20 �C. Similar losses observed for 13C4-D4 on ABN at room
temperature and �20 �C suggests that the losses are due to vola-
tilization while spiking the cartridges and not due to degradation
during storage. Similar observations were observed by Krogseth
et al. (2013a) where after spiking ENVþ sorbent cartridges fol-
lowed by immediate extraction gave lower recoveries of both D3
(60 %) and D4 (90 %), indicating losses from volatilization had
occurred. The addition of water to the sorbent to simulate humidity
could also promote volatilization of 13C4-D4 considering its



Fig. 2. Percentage of 13C5-D5 (A) and 13C6-D6 (B) remaining and percentage of 13C4-D4
and 13C5-D5 formed on ENVþ and ABN Express sorbents after storage for 14 days at
room temperature and �20 �C. aAll percentages are determined on a nanomole basis.
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appreciable Log Kow (6.9) and higher volatility compared to D5 and
D6. However, loss of 13C4-D4 on ABN is independent of storage
temperature whereas 60 % loss was observed on ENVþ at room
temperature; showing ABN to display far greater stability
compared to ENVþ.

As was observed for 13C4-D4, significant loss of both 13C5-D5
(Fig. 2A) and 13C6-D6 (Fig. 2B) occurred on ENVþ at room tem-
perature, whereas the degree of loss was less (�10 %) with storage
at �20 �C. In addition to loss observed for 13C5-D5, formation of
13C4-D4 was also observed to occur on ENVþ at both room tem-
perature and�20 �C (13 % and 8 % on a nanomole basis, respectively
(Fig. 2A)). This is in agreement to earlier findings by Kierkegaard
and McLachlan (2013), where formation of both 13C3-D3 and
13C4-D4 from degradation of 13C5-D5 on ENVþ sorbent was
observed. Worth noticing is the large difference in loss for 13C5-D5
on ENVþ between room temperature and �20 �C storage condi-
tions. However, little difference is observed in formation of 13C4-D4
between these storage conditions. This is likely attributed to
greater reaction activity occurring at room temperature where
degradation loss of 13C4-D4 was much greater (52 %) compared
to�20 �C (6 %) (Fig. A.3). This indicates that the majority of 13C4-D4
formed through degradation/rearrangement of 13C5-D5 is further
degraded at room temperature. In storage experiments for 13C6-D6,
formation of 13C5-D5 and 13C4-D4 were also observed at room
temperature (6.8 and 8.6 %, respectively) and at �20 �C (6.6 % and
4.3 %, respectively (Fig. 2B)). Products of D6 sorbent-related
degradation have not been previously studied. Contrary to the
results observed on ENVþ, no losses were observed for 13C5-D5 and
13C6-D6 on the ABN sorbent after 14 days at room temperature
and �20 �C storage conditions. Formation of 13C4-D4 and 13C5-D5
accounted for less than 2 % of the initial spiked amount for both
13C5-D5 and 13C6-D6 under both storage conditions. Higher
degradation on the ENVþ sorbent is hypothesized to be attributed
to the somewhat acidic phenolic substituent within the divinyl-
benzene structure of the sorbent (Fig. 1B).

cVMS investigated in this study are known to degrade much
faster under acidic conditions (i.e., hydrolysis half-life: 33 h to 4
days at pH 5 and 25 �C) compared to environmentally neutral
conditions (hydrolysis half-life: 2.2e71 days at pH 7 and 25 �C)
(Brooke et al., 2009a, b, c) where ring opening of the cyclic ring
structure occurs. After ring opening of cVMS, formation of other
cVMS oligomers has been shown to occur in soil media via hy-
drolysis and/or rearrangement reactions (Xu, 1998, 1999). This is
supported by our findings here with the formation of 13C4-D4 from
13C5-D5 degradation, and formation of 13C4-D4 and 13C5-D5 from
13C6-D6 degradation, most likely occurring through an acid-
catalyzed hydrolysis and rearrangement reaction on the
ENVþ sorbent. Thus, the reaction rate of cVMS degradation/for-
mation may not only be affected by temperature (Fig. 2) but also by
humidity/water content present on the sorbent.

3.2. Repeatability and breakthrough experiments

Evaluation of repeatability experiments was carried out for ABN
over two different sampling durations; one- and three-day
continuous sampling. For each sampling, two ABN samplers were
connected in parallel to two separate sampling pumps where
concentrations were compared to assess method repeatability. All
concentrations from one- and three-day collections were above
MQL for D4 (0.02e0.4 ng m�3), D5 (0.04e0.5 ng m�3), and D6
(0.02e0.1 ng m�3), respectively. For one day sampling, good
repeatability was observed between parallel samplers with average
relative standard deviation (RSD) ranging from 5.5 to 6.7 % for the
cVMS investigated (Table A.5A supporting information). Similar
results were observed for three-day sampling collections where
average RSD ranged from 2.1 to 6.8 % (Table A.5B). Methodology
developed by Kierkegaard and McLachlan (2010) using 10 mg
ENVþ cartridges reported difference in replicate samplers
normalized to their mean concentration for D5 was less than 22 %
for 88 % of their parallel samplings. With ABN, the normalized
difference between replicate samplers to the mean concentration
for D5 ranged from 1.7 to 13.5 %, showing acceptable sampling
repeatability on ABN.

Breakthrough experiments were carried out over several three-
day sampling periods for the ABN sorbent. Concentrations detected
on the front and back sorbent cartridges connected in series
(Fig. A.2) are reported in Table A.6. Concentrations for all cVMS
were below the MQL on the back-sorbent cartridge. Percentage
breakthrough was less than 0.41 % for D4 and D5 after 3 days of
sampling (Table A.6). For D6, percent breakthrough of 2.4 and 2.5 %
was observed in two of the three experiments (Table A.6).

3.3. Field sampling evaluation of ABN and ENVþ sorbent

Concentrations of cVMS in air at Zeppelin observatory were
measured in parallel on ENVþ and ABN sorbent fromweek 18, 2017
to week 1, 2018 (Fig. 3 and Table A.7). Atmospheric concentrations
of all cVMS on both sorbents were low during the spring and
summer months and increased in the winter months, reflecting
seasonality in OH radical mediated atmospheric degradation
(McLachlan et al., 2010; Krogseth et al., 2013a). Reasonable agree-
ment was observed for D4 on both ABN and ENVþ sorbents from



Fig. 3. Comparison of log normalized atmospheric concentration (ng m�3) of cVMS measured at Zeppelin station fromweek 18 (2017) to week 1 (2018) between parallel samplers of
ABN (blue line) and ENVþ sorbent (orange line). Dashed lines represent the MQL for ABN (blue) and ENVþ (orange). Weeks with no data reported represents concentrations below
method detection limit (MDL). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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week 18 to week 37 with the ABN/ENVþ ratio for D4 ranging be-
tween 0.68 and 2.31. No clear difference was observed between the
two sorbents. However, as concentrations increased during the fall
to winter months (week 41 e week 1), larger deviations were
observed between the two sorbents with higher concentrations
occurring on ABN compared to ENVþ in most cases (ABN/
ENVþ ratio: 0.77e13.5). Higher concentrations for D4 on
ENVþ compared to ABN were only observed during weeks 44, 48
and week 1, whereas higher concentrations were observed on ABN
during week 41 and 52, (Fig. 3, Table A.7). During thewinter season,
OH radical driven atmospheric degradation is limited due to the
polar night conditions and low OH radical concentrations. Thus, we
would expect levels of D4 to be consistently higher on
ENVþ sorbent due to formation from D5, which is present in the
atmosphere at higher concentrations. Degradation of D4 can
continue to occur on the ENVþ sorbent, thus affecting its overall
concentration. However, a decrease in atmospheric concentrations
of D5 was also observed during weeks 41 and 52, while D6 was
below MDL. This suggests a sampling error may have occurred
during these time points on ENVþ, thus explaining the lower re-
ported cVMS concentrations.

In contrast to D4, atmospheric concentrations of D5 on the ABN
sorbent were consistently higher compared to ENVþ throughout
the entire sampling campaign (Fig. 3, Table A.7). ABN/ENVþ ratio
for D5 during the spring/summer months (week 18 to week 37)
ranged from 1.4 to 16 (median ratio: 3.1). After week 41, the ABN/
ENVþ ratio increased further ranging from 3.0 to 56 (median ratio:
4.5). Formation of D5 can occur on ENVþ through sorbent mediated
degradation of D6. However, considering that the degree of for-
mation of D5 from D6 is small (7 %, Fig. 2) and atmospheric
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concentrations of D6 are considerably lower compared to D5
(Fig. 3), sorbent mediated formation of D5 from D6 on ENVþ will
have less of an impact on the overall atmospheric concentrations.
This is supported by our findingswhere D5 is consistently higher on
ABN sorbent.

The concentration ratio of D4/D5 also helps providing insights
into the relative performance between the two sorbents. D4/D5
ratios on the ABN during the spring/summer months (weeks 18 to
week 37) range between 0.46 and 2.67 (average: 1.45 ± 0.66) with
D4 detected at comparable or higher levels to D5 (Fig. 4).

D4/D5 ratios were less than one (0.38e0.80, average:
0.52 ± 0.16) during the fall/winter months (week 41 e week 1
(2018)) where D5 was consistently more abundant (Fig. 4). This
supports documented atmospheric stability of cVMS
(D4 > D5 > D6) (Atkinson, 1991; MacLeod et al., 2013; Safron et al.,
2015; Kim and Xu, 2017; Bernard et al., 2018), as relative abundance
of D4would be greater during spring/summermonths compared to
D5 due to its higher atmospheric stability. During the winter
months, low OH radical concentrations during the polar night will
limit atmospheric degradation, causing D5 to be more abundant
than D4 due to its higher use/emission into the environment.
However, on the ENVþ sorbent, D4/D5 ratio was 2e8 times higher
(except week 52) compared to the ABN sorbent, indicating D4
dominates, independent of season (Fig. 4). This is unlikely consid-
ering the emission profiles between these two chemicals (D5 > D4)
and limited atmospheric degradation (OH radical mediated)
occurring in the fall/winter months. This provides further evidence
that artifacts occurring on the ENVþ sorbent will alter the true D4/
D5 ratio by overestimating the atmospheric concentrations of D4
and underestimating atmospheric concentrations of D5 and that
more reliable data for cVMS can be obtained on the ABN sorbent.
Largest differences in atmospheric concentrations between the two
sorbents were observed for D6 (Fig. 3). D6 was below theMDL in 70
% of all ENVþ samples whereas the detection frequency was much
higher on ABN Express (95 %). The ABN/ENVþ ratio in samples with
concentrations above the MQL on both sorbents (n ¼ 2, Table A.7)
were 3.8 and 9.8, showing clear loss of D6 on the ENV þ sorbent.

3.4. Implications towards remote monitoring and atmospheric fate
processes of cVMS

Concentrations found in the present study for both ABN and
ENVþ sorbent for cVMS at Zeppelin observatory can be compared
Fig. 4. Atmospheric concentration ratio of D4/D5 on ABN (blue) and ENVþ (orange)
measured at Zeppelin station from week 18 (2017) to week 1 (2018). Black solid line
represents atmospheric concentrations of D4 and D5 are equal. Concentrations below
MQL but above MDL are included. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
to earlier findings. Krogseth et al. (2013a) utilized ENVþ as an active
sampling sorbent in 2011, and no statistical difference (p < 0.05,
unpaired t-test with Welch’s correction, GraphPad, Prism version
8.3.1) is observed in atmospheric concentrations for D5 and D6
during the same sampling time periods measured in 2011 and in
this study using the ABN sorbent (Table A.8.). Atmospheric con-
centrations of D4 detected in this study fall within the range re-
ported by Krogseth et al. (2013a), despite high uncertainty
surrounding D4 measurements on ENVþ. Krogseth et al. (2013a)
applied storage correction to their results to account for sorbent
related artifacts occurring on the ENVþ sorbent. However, despite
this correction, concentrations may be underestimated based on
uncertainty surrounding storage correction.

Remote monitoring of cVMS has also been carried out using
passive air sampling techniques. Earlier work by Genualdi et al.
(2011) using sorbent-impregnated polyurethane foam (SIP) disks
reported concentrations of 16, 4.0, and 0.54 ng m�3 for D4, D5 and
D6, respectively at Zeppelin station between April to July 2009.
Similar concentrations were found in 2013 (D4: 32 ng m�3, D5:
6.4 ng m�3, D6: 1.3 ng m�3) and 2015 (D4: 18 ng m�3, D5:
6.6 ng m�3, D6: 1.6 ng m�3) at Zeppelin station for the same
sampling time period with follow up studies using SIP disk sam-
pling methodology (Rauert et al., 2018). In the same study, SIP-disk
measurements during the winter months (JanuaryeApril) from
Zeppelin station in 2013 were higher (D4: 67 ng m�3, D5:
25 ng m�3, D6: 3.8 ng m�3) compared to the spring/summer sea-
son, reflecting seasonal atmospheric degradation (McLachlan et al.,
2010; Krogseth et al., 2013a). Concentrations reported on SIP-disks
are considerably higher compared to concentrations reported here
using active sampling with the ABN sorbent during both spring/
summer (week 18eweek 31) andwinter (week 41 - week 1) (Fig. 3,
Table A.7). Difference in concentrations may reflect temporal
changes in cVMS emission, although Rauert et al. (2018) reported
an increase and/or stable trends of D4, D5 and D6 in the atmo-
sphere from various sites within the Global Atmospheric Passive
Sampling (GAPS) network from 2009 to 2015. Differences may be
attributed to the SIP-disks representing a time-integrated signature
over several months, while active samplers provide higher tem-
poral resolution (i.e., days) in measurements. Concentration ratios
of D4/D5 from SIP-disk passive samplers ranged from 2.7 to 4,
whereas ratios on the ABN sorbent were below this range (Fig. 4),
potentially indicating issues surrounding cVMS stability over the
long deployment times and warrants further investigation.

Long-range transport potential and atmospheric persistence
based on global measurements have been recently evaluated by Xu
et al. (2019). In this study, D5/D6 concentration ratios derived from
empirical measurements decreased from a south (source region) to
north (remote region) trajectory, contrary to modeled predictions
and known atmospheric degradation behavior (i.e., half-lives:
D5 > D6). The authors hypothesized that the observed south to
north decline in empirically derived D5/D6 ratios may be attributed
to additional degradation mechanisms (i.e., aerosol facilitated hy-
drolysis) not accounted for in model simulations (i.e., Globo-POP,
Xu and Wania (2013)). However, the authors also highlight
several limitations in their data analysis, particularly sampling ar-
tifacts as monitoring data performed at remote locations have used
ENVþ as a sampling sorbent. Comparison of D5/D6 concentration
ratios collected on ABN in this study to data collected previously
using ENVþ by Krogseth et al. (2013a) and NILU (Nizzetto et al.,
2014, 2015; Nizzetto and Aas, 2016; Nizzetto et al., 2017) as well
as GloboPOP model simulations (Xu and Wania, 2013) at Zeppelin
station are shown in Fig. 5. During the winter season, an increasing
trend is observed in the D5/D6 ratio from 2011 to 2017. Concen-
trations reported using the ABN sorbent (in 2017) were statistically
higher than all concentrations reported from previous years (Fig. 5,



Fig. 5. Comparison of GloboPOP model estimates and measured D5/D6 atmospheric
concentration ratio on ABN Express and ENV+ at Zeppelin station in spring/summer
(2011, 2013, 2014, 2017) and fall/winter (2011, 2013–2015, 2017). Additional data on
D5/D6 ratios was obtained from Krogseth et al. 2013a and Nizzetto et al. (2014, 2015,
2016, 2017, 2018). GloboPOP model estimates obtained from Xu and Wania (2013).
Average of box-plot distribution represented by “x”, solid black line represents the
median, and box edges represent 25th and 75th percentile of the distribution. Distri-
bution for GloboPOP model estimates represents error from sensitivity analysis. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Table A.9) (p < 0.05, ANOVAwith Tukey multiple comparisons test,
GraphPad, Prism version 8.3.1). Lower D5/D6 ratios observed on
ENVþ compared to ABN can be attributed to degradation of D5 on
the ENVþ sorbent during the fall/winter season. Atmospheric
concentrations of D6 are much lower compared to D5 and will
unlikely have a significant impact on the overall measured con-
centrations of D5 through degradation on the sorbent (i.e., D6 /

D5). Xu et al. (2019) hypothesized that the observed south to north
decline in empirically derived D5/D6 ratios may be attributed to
additional degradation mechanisms (i.e., aerosol facilitated hy-
drolysis) not accounted for in model simulations. However, D5/D6
ratios obtained from empirical measurements with ABN were in
good agreement with estimates predicted by GloboPOPmodel at 80
�N during the fall/winter using emission scenarios outlined by Xu
and Wania (2013) (Fig. 5, Table A.9). Measurements from previous
years were statistically lower compared to GloboPOP model esti-
mates (p < 0.05, ANOVA with Tukey multiple comparisons test,
GraphPad, Prism version 8.3.1) with exception to measurements
made in 2016, although the p value for this year (adjusted p-value:
0.067) was just outside the threshold (a < 0.05) for statistical
significance. During the summer period, no clear trend can be
observed in the temporal analysis of D5/D6 ratios (Fig. 5,
Table A.10). However, all measured ratios were significantly
different (p < 0.05, Brown-Forsythe and Welch ANOVA multiple
comparisons test, GraphPad, Prism version 8.3.1) than GloboPOP
model estimates ranging between 5 and 54 times lower. Consid-
ering aerosol facilitated degradation mechanism proposed by Xu
et al. (2019), our observations may be attributed to seasonal par-
ticle formation within the Arctic. Several studies have documented
the seasonal production of aerosols during the onset of the Arctic
Haze period (MarcheMay) as well as high concentrations of ul-
trafine particles during the Polar summer (JuneeAugust) (Tunved
et al., 2013; Asmi et al., 2016). This may explain the seasonal
discrepancy between empirical measured D5/D6 ratios and Glo-
boPOP model predictions, indicating that aerosol formation may
assist in cVMS degradation, but only during the spring/summer
season.

4. Conclusions

As restrictions on the cVMS use are beginning to be imple-
mented by regulatory agencies, continued atmospheric monitoring
is needed to assess the effectiveness of such initiatives from both an
environmental and policy performance standpoint. However, reli-
able sampling methodology is needed to avoid artifacts that can
hinder understanding of atmospheric behavior for decisions on
chemical management. cVMS stability was far greater on the ABN
sorbent compared to the traditionally used ENVþ sorbent, thus
minimizing impacts of sampling derived artifacts. Concentration
ratios determined for D5/D6 on the ABN sorbent were in good
agreement with GloboPOP model predictions during the winter
season. However, deviation between model estimates and mea-
surements during the summer season is not explained by sorbent
related degradation and may be attributed to additional degrada-
tion mechanisms associated with seasonal aerosol production in
the Arctic (i.e., aerosol facilitated hydrolysis). Additional work is
needed to investigate differences between passive and active
sampling measurements and the impact atmospheric humidity
towards cVMS stability on sampling sorbents. As cVMS are prone to
undergo hydrolysis/rearrangement interactions (Xu, 1998, 1999),
accumulation of water vapor on sampling sorbents over time may
facilitate degradation.
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