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Environmental context. Perfluorinated alkyl acids are found in the remotest parts of the world, but it is still not
known how they get there. By using a laboratory sea spray simulator, it is shown that these compounds are
efficiently transferred from water to air. This indicates that perfluorinated alkyl acids could be transported long
distances as a result of breaking waves ejecting them into the atmosphere.

Abstract. One hypothesis for the origin of perfluorinated alkyl acids, their salts and conjugate bases (here collectively
termed PFAAs) in the atmosphere is transfer from the surface ocean by sea spray, the mechanistic explanation being that
the surface active properties of PFAAs result in their enrichment on the surface of bursting bubbles. The water-to-air

transfer of C6–C14 perfluorocarboxylates (PFCAs) and C6, C8 and C10 perfluorosulfonates (PFSAs) was studied in a
laboratory scale sea spray simulator containing tap water spiked with PFCAs and PFSAs. The sequestration of the PFAAs
out of bulk water and to the air–water surface was shown to increase exponentially with the length of the perfluorinated
alkyl chain. Volatilisation of the PFAAs from an aqueous solution in the absence of spray resulted in less than 1% transfer

to the atmosphere during the experiment. In the presence of spray the transfer rate fromwater to air increased by up to 1360
times. The enhancement was dependent on the PFAA chain length, with the C6 carboxylate showing an enhancement of a
factor of 37, the C7 carboxylate an enhancement of 320, whereas for all remaining PFAAs the enhancement exceeded 450

with the exception of the C14 carboxylate (106).

Introduction

Perfluorinated alkyl acids and their salts (PFAAs) have been
produced in large quantities worldwide and used in a wide range
of commercial applications.[1] The long-chain perfluorinated

carboxylic acids (PFCAs) (and their conjugate bases) and per-
fluorinated sulfonates (PFSAs) have especially been the focus of
research. Longer-chain PFCAs and perfluorooctane sulfonate

have been detected in Arctic biota (see e.g. review by Houde
et al.[2]), which has instigated a debate over how they were
transported to remote areas. One hypothesis suggests that

PFAAs were released from manufacturing sources to air or
water and then transported directly over long distances by air or
water currents (the ‘direct hypothesis’).[3–6] An alternative
hypothesis is that volatile precursor compounds such as fluor-

otelomer alcohols and the perfluoroalkyl sulfonamido alcohols
were transported by the atmosphere, subsequently reacted to
form PFAAs and ultimately deposited in the Arctic (the ‘indirect

hypothesis’).[7–9] The relative importance of the ‘direct’ and
‘indirect’ hypotheses for PFCA and PFSA long-range transport
remains contested. In this study we investigate another poten-

tially important long-range atmospheric transport mechanism
for PFAAs, namely transport in associationwithmarine aerosols
generated from sea spray.

Ejection of particles into the atmosphere from bubbles

bursting on the ocean surface is a well known aerosol source
(see e.g. review by O’Dowd and de Leeuw[10]). Wind-drag on
the ocean surface causes waves to break, entraining air into the

water. The air forms bubbles which rise to the surface, collecting

en-route available dissolved organic molecules and biological

material. The traditional conceptual model for the wind driven
source of aerosol particles includes mainly two types of dro-
plets; film droplets from the bursting bubble film, and the larger,

although less numerous, jet droplets arising from the vertically
rising jet of water formed from the collapsing bubble cavity. The
resulting sea spray aerosol has been shown to be composed of

inorganic and organic matter, and the organic matter has been
shown to comprise organic compounds of both biogenic and
anthropogenic origin.[11–15] The high organic matter content of

sea spray aerosols arises because the bubble film from which
they are formed is effective at scavenging surface active organic
compounds.[14,16,17] Surface active organic compounds are
therefore expected to be especially susceptible to transfer to

the atmosphere by sea spray aerosol.
PFCAs and PFSAs, which are strong surfactants, are known

to be enriched at the air–water interface[18] and have been shown

to be enriched in the sea surface microlayer.[19] Furthermore,
laboratory experiments with artificial bubble generators have
shown efficient water–air transfer of linear alkylbenzene sulfo-

nates (LAS)[20] and perfluorooctanoic acid (PFOA).[21] It has
been hypothesised[3,21,22] that PFAAs in the oceans[23] can be
ejected on sea spray aerosols and transported long distances in
the atmosphere, but experimental evidence to support this

hypothesis is limited to one previous study,[21] which used an
artificial bubble generator to study transfer of PFOA.

A first indication of the potential of PFAAs to be long range

transported as part of the sea spray aerosol can be obtained from
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current knowledge of the major sea spray components and their
transport. Sea spray (sea salt aerosols) ismixed vertically in high

concentrations within the atmospheric boundary layer[24] and in
lower concentrations within the free troposphere. Horizontally
the transport occurs on the regional scale,[25] although accumu-

lation mode particles that reach the free troposphere could be
transported further. Sea spray contributes to aerosol deposition
hundreds of kilometres inland.[26] Sea salt is found in Arctic and

Antarctic ice cores far from the sea and is used as an ocean tracer
when interpreting past climate.[27] If an anthropogenic sub-
stance is enriched and transported in sea spray, there is no
reason why it should not be transported to the same extent as sea

salt.
In this work we provide further experimental evidence to test

the hypothesis that sea spray transport is an important mecha-

nism for the long-range transport of PFAAs. A sea spray aerosol
generation apparatus was employed to study how effectively a
range of PFCA (C6�C12, C14) and PFSA (C6, C8 and C10)

homologues are transferred from water to air. An important
feature of this work is that the experimental apparatus simulates
the aerosol formation process and has been optimised to gener-

ate a realistic bubble spectrum similar to that in breaking waves
and whitecaps[28] and an aerosol size spectrum characteristic of
natural sea spray.[12,29,30] A filtration systemwas included in the
apparatus for the collection of aerosol associated PFAAs gener-

ated as a result of bubble bursting. The measured concentrations
in the aerosols and in the bulk water enable an estimation of the
water-to-air transfer rates of the PFSAs and PFCAs. In this paper

we test the suitability of the apparatus for studying the behaviour
of PFAAs, assess whether bubbles do result in an increased
water-to-air transfer of PFAAs and explore the influence of the

PFAAs’ chain length on the transfer effectiveness.

Experimental section

Description of the sea spray aerosol simulator

A sea spray simulator was developed to investigate the transfer

of PFAAs. A schematic drawing is shown in Fig. 1. The aerosol
generation apparatus consisted of a stainless steel tank (height,
80 cm; radius, 27.25 cm)which was partly filled with water, first

described in Hultin et al.[29] There were three ports (internal
diameter, 3.3 cm) on the side of the tank at a height of 8.5 cm and
three ports in the lid (internal diameter, 2.1, 2.1 and 3.3 cm).

Two of the ports on the side of the tank allow the simulator to be

operated as an open system with continuous water flow-through
(Fig. 1a), but for these experiments the simulator was operated

as a closed system (Fig. 1b). For the aerosol generation, water
was pumped (Eheim, Germany, water flow rate: 3400L h�1)
from one port through a silicon tube to the middle port in the lid

(internal diameter, 3.3 cm), creating a water jet which impinged
on the water surface below, forming the aerosols. The other two
ports in the lid were used for the inflow and outflow of air. The

inflowing air was cleaned by passing it though two polyurethane
foam plugs (PUF, diameter, 20mm; length, 40mm) and a pre-
combusted borosilicate filter (GF/F; diameter, 293mm; nominal
pore size, 0.7mm;Whatman International Ltd, England). A 142-

mm filter holder (Millipore Corporation, USA) was mounted on
the outflowing air port. PFAAs associated with aerosols in the
outflowing air were collected on a precombusted borosilicate

filter (GF/F; 142mm; nominal pore size, 0.7mm; Whatman In-
ternational Ltd, England). After this filter the air flowed through
two polyurethane foam plugs (PUF; diameter, 20mm; length,

40mm). The PUF cartridges were connected by a Armovin
HNA tube to a high volume air pump followed by a Gallus 2000
G4 gas meter (Flonidan, Denmark) to regulate the flow rate to

between 140 and 150Lmin�1.
Prior to use, all filters (GF/F; 142 and 293mm) were

combusted at 450 8C for 6 h, whereas the PUFs were washed
with water at 90 8C (1 h), dried at 50 8C (24 h), Soxhlet extracted

in toluene (24 h, Scharlau, Spain) and in acetone (24 h, Merck,
Germany) and finally dried under vacuum in a desiccator. The
prepared PUFs and precombusted filters were placed in double

layered, precombusted aluminium foil envelopes, which were in
turn placed in plastic bags and stored in a freezer (�18 8C) until
sampling. The collected samples were placed in the same

precombusted aluminium foil envelopes and stored in sealed
double plastic bags in a freezer (�18 8C) until analysis.

Characterisation of aerosols generated by the sea spray
simulator

The sea spray simulator used in this paper had been optimised in

previous work so that it generates realistic bubble spectra
comparable to those in ocean white caps and aerosol size spectra
(0.01–10 mm) characteristic of natural sea spray.[12,28] In the

Accessory publication a figure is included showing the median
aerosol volume (which will be proportional to mass) size dis-
tribution generated from seawater continuously flowing through

the aerosol generation apparatus (set up as in Fig. 1a). Based on
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Fig. 1. Schematic drawing of the sea spray aerosol generation apparatus. (a) Open system with a continuous

water flow-through. (b) Closed system with a fixed amount of water.

M. Reth et al.

382

RESEARCH FRONT



this experience the size distribution has amaximum in number at

80–300 nm with a rapidly decreasing number count towards
super-micrometre sized particles. This is highly comparable to
several recent laboratory bubble-bursting experiments using

both natural[12,15,28–31] and artificially made surfactant rich
seawater.[30,32] It should be noted that tap water, rather than
seawater, was used in the experiments to measure the water–air
transfer of PFAAs presented in this paper. An advantage of using

tap water was that it minimised matrix effects during analysis,
contributing to higher analytical precision and accuracy. A
disadvantage is that fresh water is known to produce fewer and

larger bubbles which generate a different aerosol spectrum than
seawater.[33,34]

First experiment: spray simulation

The sea spray simulator was filled with 88 L of tap water. The
water cycle was activated for 5min. A water sample was taken
from the lower part of the tank using a 1-L polypropylene (PP)

bottle to determine the PFAA concentration in the water before
the experiment. A volume of 178 mL of a PFAA mixture (con-
taining 5 ng mL�1 of each PFAA; 890 ng in total) was spiked on

top of the water. The apparatus was closed and the water was
cycled again for 5min to allow thorough mixing. The water
cycle was switched off again and a second water sample was

taken from the side port to assess the bulk water concentration in
the tank. The air above the water surface was sampled for
16 h using an air flow of 147Lmin�1. The filter was then

replaced and a third water sample was taken. Afterwards, the
bubble generation was started by activating the water cycle. The
air above the water and the generated aerosols were sampled
for 16 h (air flow of 144Lmin�1). The water cycle was then

shut off and a last water sample was taken to determine the
amount of PFAAs that remained in the water after 16 h of bubble
generation. The volume of water in the tank was determined

after 16 h without and with bubble formation by measuring the
water level.

Second experiment: PFAA distribution in water

The aerosol generator was filled with 88 L of tap water. A
volume of 178 mL of a PFAA mixture (containing 5 ng mL�1 of

each PFAA) was spiked on top of the water. The apparatus was
closed and the water was cycled for 5min to allow thorough
mixing, after which the pumpwas switched off again. After 24 h
the water surface was sampled by carefully laying a round glass

plate of 10-cm diameter on the surface.Water that adhered to the
glass plate was sampled drop by drop into two 50-mL PP tubes.
Afterwards a bulk water sample was taken from a side port using

a 1-L PP bottle. The two water samples were analysed as
described below.

Analytical methods

Details of the analytical methods, including the definitions of
the abbreviations for the PFCA and PFSA homologues, are
provided in the Accessory publication. Briefly, the filters and

the PUF disks were extracted in methanol and analysed using
high-performance liquid chromatography combined with elec-
trospray tandem mass spectrometry (HPLC/ESI-MS/MS) in the

negative ion mode, whereas the water samples were directly
analysed by HPLC/ESI-MS/MS after large volume injection
and on-line pre-concentration on a trapping column using col-

umn switching.[35] The labelled PFAAs that were available at

the time of the study (13C4–PFOA,
13C2–PFDA and 18O2–

PFOS) were used as internal standards.

Results and discussion

Recovery of the initial addition of PFAAs to water

In the first stage of the experiment, the recoveries of the PFAAs
that were spiked into the sea spray simulator were assessed (see

Table 1). The initial concentrations before spiking were con-
siderable. Among the PFCAs, the highest concentration was
9 ng L�1 for PFHxA, and the concentrations decreased with

increasing chain length. For the PFSAs, concentrations of 1.2
and 2.3 ng L�1 were measured for PFHxS and PFOS respec-
tively. This suggests that there was considerable PFAA con-
tamination of the tap water or the apparatus.

Following the spiking of the PFAA solution into the sea spray
simulator, the water was circulated by the water jet for 5min
without air through-flow. The recovery of the PFCAs in the

water, expressed as the quotient of the final water concentration
and the expected concentration (i.e. initialþ spiked), was 101%
for PFHxA, but decreased with increasing chain length to

,15% for PFDoA and PFTeDA. A similar behaviour was
observed for the PFSAs. One explanation for the poor recovery
could be extensive losses of the PFAAs to surfaces in the

apparatus. However, the high recovery of the long chain PFAAs
in the aerosol fraction during the subsequent spray simulation in
the same experiment (see below), indicated that these losses, if
present, were only temporary. Instead, the explanation for the

poor recovery was enrichment of the long-chained PFAAs at the
air–water interface, as described in the following.

Distribution of PFAAs in the apparatus

At this point it is instructive to examine the results of the second
experiment, which was conducted to elucidate the reasons for
the poor recovery described above. To further explore the dis-

tribution of the PFAAs in the apparatus, tap water was added to
the sea spray simulator, spikedwith PFAAs and allowed to stand
for 24 h before water samples were taken from the bulk water
and from the surface. In this case, the PFHxA and PFHpA

concentrations in the bulk water did not exceed the expected
concentration of 10 ng L�1 (see Table 2), which suggests that the

Table 1. Recovery of the initial addition of perfluorinated alkyl acids

(PFAAs) to the water (first experiment)

Theoretical water concentration after spiking¼ initial concentrationþ
concentration of PFAAs expected from the spiking into the water

(10 ng L�1). See the Accessory publication for the definitions of the

abbreviations

Compound Water concentration (ngL�1) Recovery (%)

Before

spiking

Theoretical after

spiking

Measured after

spiking

PFHxA 9.0 19.0 19.1 101

PFHpA 7.6 17.6 15.8 90

PFOA 2.1 12.1 10.2 85

PFNA 1.4 11.4 10.3 91

PFDA 0.7 10.7 6.3 59

PFUnA ,0.50 10.0 2.2 22

PFDoA ,0.70 10.0 ,0.70 ,7

PFTeDA ,1.5 10.0 ,1.5 ,15

PFHxS 1.2 11.2 9.4 83

PFOS 2.3 12.3 7.1 57

PFDS ,0.08 10.0 0.1 1
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contamination of tapwater observed in the first experiment was

less significant. Stockholm’s drinking water comes from dif-
ferent surface water sources, and thus variability in its con-
tamination is conceivable. However, the concentrations of the

longer chain PFAAs were again ,20% of the expected con-
centrations, which indicates that the poor recovery of these
compounds was repeatable.

The PFAAconcentrationsmeasured in the surface layer were
in all cases greater than the concentrations measured in the bulk
water (Table 2). For PFHxA, PFHpA, PFOA and PFHxS, the
enrichment factor (EF, quotient of the surface layer and bulk

water concentrations) was ,2, but for the remaining PFAAs it
increased with increasing chain length, exceeding 200 for
PFDS. Themeasured EFs for PFOA and PFOS agree reasonably

well with thosemeasured in open seawater by Ju et al.[19] using a
similar ‘glass plate dipping’ method. EFs from the Ju et al.
study[19] were 1.2–8 for PFOA and 2–109 for PFOS.

The concentration of a chemical in a surface water sample
can be approximated as the sumof the concentration of chemical
that is freely dissolved in the sample and the concentration of the
chemical contributed by partitioning to the surface that was

sampled:

Csurface ¼ Cbulk þ Ksurface=bulkCbulkAsurface=V ð1Þ

where Csurface is the concentration in the surface water sample
(molm�3), Cbulk is the concentration in the bulk water
(molm�3), Ksurface/bulk is the surface/bulk water partition coef-

ficient (m3m�2), Asurface is the surface area of the water that was
sampled (m2) and V is the volume of the water sample (m3).
From Eqn 1 it is clear that the concentration in the surface water

sample depends on the surface area-to-volume ratio of the
sample. Since this is unknown,Ksurface/bulk cannot be determined
from the data. However, since Asurface/V is the same for all

analytes, the relative values of Ksurface/bulk can be assessed by
calculating:

Ksurface=bulkAsurface=V ¼ ðCsurface � Cbulk Þ=Cbulk ¼ EF � 1

ð2Þ

In Fig. 2 log Ksurface/bulkAsurface/V is plotted versus the length of
the perfluorinated alkyl chain. A log-linear relationship is seen,

with Ksurface/bulkAsurface/V increasing approximately a half

log unit with the addition of one carbon to the perfluorinated
alkyl chain. The deviation of the PFHxA from the log-linear
relationship can be explained by the high error in estimating

Ksurface/bulkAsurface/V (i.e. Csurface and Cbulk were similar).
The critical micelle concentration (CMC), the maximum

concentration at which surfactants remain freely dissolved in

water (i.e. without forming micelles), is used as a physical-
chemical indicator of the hydrophobicity of surfactants and
thus their tendency to partition out of the bulk phase to
accumulate at the air–water interface, sorb to solids or biocon-

centrate.[36] The negative log CMC (obtained from the litera-
ture) is also plotted in Fig. 2. It shows a log-linear relationship
with the length of perfluorinated alkyl chain that is very similar

to Ksurface/bulkAsurface/V. Hence the observed distribution behav-
iour is consistent with the physical-chemical properties of the
PFAAs. Together these experiments suggest that the majority

of the longer chain PFAAs partition out of the bulk water phase
to the air–water interface. This explains the low recovery of the
long-chain PFAAs in Table 1 and could be expected to increase
their susceptibility to transfer out of the water by sea spray.

Water-to-air transfer in the absence of spray

The insight gained into the distribution of the PFAAs in the
apparatus and the explanation for the apparent poor recovery of
the spiked analytes are important prerequisites for interpreting

the results of the remainder of the first experiment. In the next
stage of this experiment, the water-to-air transfer of PFAAs
without aerosol formation was explored. The sea spray simu-
lator, filled with the spiked tap water, was operated with air flow

but without aerosol generation. The PFCAs and PFSAs in the
outflowing air were collected for 16 h on a glass fibre filter and a
PUF plug arranged in series. The PFAA quantities on the PUF

plugwere below the limit of detection (,150 pg). Table 3 shows
themass balance for this experiment, using the initial quantity in
the tap water plus the spiked quantity (see Table 1) as the esti-

mate of the initial chemical mass in the system. For all of the
PFAAs, less than 1% of the mass initially present in the system
was transferred to the air. This indicates that PFAAs volatilise
slowly fromwater. This observation is in accordancewith strong

dissociation in water for the PFCAs under the experimental
conditions. Tap water with only a few nanograms per litre of

Table 2. Perfluorinated alkyl acid (PFAA) concentrations in bulkwater and in the surface layerwater 24 h after spiking 10 ngL21 into the sea spray

simulator (second experiment, no water circulation or air sampling)

See the Accessory publication for the definitions of the abbreviations

Compound Bulk water

concentration

(ngL�1)

Surface layer

concentration

(ngL�1)

Enrichment factor

(Csurface/Cbulk water)

Sample specific surface/bulk

water distribution coefficient

(Ksurface/bulkAsurface/V)

(unitless)

PFHxA 6.7 12.6 1.9 0.9

PFHpA 8.7 14.0 1.6 0.6

PFOA 13.0 21.6 1.7 0.7

PFNA 10.6 64.0 6.0 5.0

PFDA 10.4 445 43 42

PFUnA 5.7 863 152 151

PFDoA ,1.8 211 .118 –

PFTeDA ,1.7 103 .61 –

PFHxS 9.0 11 1.3 0.3

PFOS 9.4 141 15 14

PFDS ,0.4 87 .204 –
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spiked PFCAs is above neutral pH, which, given even the
highest reported pKa of PFCAs of 3.8,[37] means that PFCAs
would be .99% dissociated. Volatilisation of PFOA has been

shown to decrease with increasing pH.[38]

Despite the negligible removal of PFAAs from the system
with the air, the concentrations of all PFAAs in the bulk water

decreased during this stage of the experiment. The decrease
ranged from 4 to 27%; there was no relationship with chain
length. This suggests that there was further sequestration out of

the bulk water phase during this part of the experiment. It is
possible that an equilibrium distribution of the PFAAs between
the bulk water and the air–water interface (and other potential
sorption sites in the system) had not been established during the

five minutes of mixing and the brief interval before the initial
water sample was taken for this experiment.

Water-to-air transfer in the presence of spray

In the final stage of the first experiment the water-to-air transfer
of PFAAs with aerosol formation was measured. The sea spray

simulator was operated as in the previous test, but this time with
aerosol generation. Table 4 shows the mass balance, using the
initial quantity in the water plus the spiked quantity less the

quantity on the filter from the previous stage (see Table 3) as the
estimate of the initial chemical mass in the system.

The fraction of the initial quantity in the system that was
transferred to the filter ranged from 0.9 to 67%. The PFAA

Table 3. Mass balance for water-to-air transfer of perfluorinated alkyl acids (PFAAs) in the absence of spray (first experiment)

The PFAA concentrations in bulk water at the end of the experiment and the percentage decrease in these concentrations compared with the beginning of the

experiment are also shown. See the Accessory publication for the definitions of the abbreviations

Compounds Initial mass in the

system (ng)

Mass on the

filter after

16 h (ng)

Fraction transferred

to the filter (%)

Bulk water

concentration after

16 h (ng L�1)

Decrease in bulk

water concentration

over 16 h (%)

PFHxA 1683 0.41 0.02 14.2 26

PFHpA 1559 0.25 0.02 11.5 27

PFOA 1069 0.27 0.03 9.3 9

PFNA 1011 0.30 0.03 7.7 25

PFDA 946 0.71 0.08 5.7 9

PFUnA 887 0.76 0.09 1.8 17

PFDoA 887 1.23 0.14 ,0.70 –

PFTeDA 887 5.55 0.63 ,1.5 –

PFHxS 996 0.13 0.01 8.5 9

PFOS 1094 0.71 0.06 6.8 4

PFDS 887 0.47 0.05 0.1 26
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quantities on the PUFs were close to the limit of detection and at
least 100 times less than the quantities on the filter. The mass
transferred to the filter was 37 to 1360 times greater when spray

was being generated compared with when it was not. This shows
that spray is potentially an important mechanism for the water-
to-air transfer of PFAAs.

A clear dependency on chain length was observed, with the

fraction transferred increasing with chain length. This is consis-
tent with the observation of increasing enrichment at the air–
water interface with increasing chain length (see above). This

supports the underlying hypothesis of this work, namely that
strong surface active chemicals will be particularly amenable to
transport from water with sea spray.

The loss of water during the spray experiment was 2.1 L,
compared with 0.7 L during the volatilisation experiment with-
out spray. This indicates that up to 1.4 L of water left the test
system in liquid aerosol form during the spray experiment. This

amounts to 1.6% of the water in the test system. The fact that the
fraction of PFHxA transferred out of the system was less than
this amount (0.9%) suggests that there was little or no enhanced

transfer of this chemical because of its surface active properties.
However, for all other compounds the fraction of chemical
transferred greatly exceeded the fraction of liquid water trans-

ferred, indicating that their transfer was enhanced and that they
were enriched in the aerosol phase.

In contrast to the observations on enrichment at the air–water

interface, which showed an exponential increase in the enrich-
ment factor with chain length, the fraction transferred to the
filter increased only slightly for PFCAs longer than PFNA and
between PFOS and PFDS. It could be hypothesised that this is a

consequence of the reservoir of these PFAAs available for
transfer having been exhausted. However, this hypothesis is
not supported by the observed concentrations inwater. For those

compounds for which the water concentrations could be reliably
measured, the percentage decrease in the water concentration
during this stage of the experiment corresponded quite well with

the percentage transfer to the filter (see Table 4). At least one-
third of the initial amount of each PFAA was still present in the
water at the end of the experiment. Further study is needed to

elucidate why the transfer of the longer chain PFAAs is similar
despite the large differences in their enrichment at the air–water
interface. One possible explanation is that the transfer of these

surfactants to the aerosol phase is not determined by the
enrichment at the air–water interface but by the enrichment at
the internal air–water interface inside the rising bubbles. The

water in the tank is agitated by the artificial water jet that creates
the bubbles. Perhaps the longer chain PFAAs are less efficiently
transported down into the bulkwater, and hence a comparatively
smaller fraction is collected on the internal air–water interfaces

of the rising bubbles.
McMurdo and coworkers[21] report that PFOA rapidly parti-

tioned out of sea spray aerosols into the gas phase (t1/2¼ 7.2 s)

following ejection of the aerosol. In this experiment the resi-
dence time of the air in the apparatus was ,30 s, which should
have provided ample time for the PFOA to partition to the gas

phase. However, all of the PFOA that was lost from the bulk
water was recovered on the filter (see Table 4), which could
suggest that the PFOA was largely associated with the aerosols.
An alternative explanation is that the gaseous PFOA was

captured on the filter. Arp and Goss[39] have observed that
PFOA can irreversibly sorb to glass fibre filters. During the
spray experiment, 258 ng of PFOAwas lost from the bulk water,

whereas 318 ng of PFOA was recovered on the filter. This mass
balance indicates that irreversible sorption to the filter was not a
significant problem in our experiment. An elucidation of the

gas–particle partitioning was beyond the scope of this study.
Finally, the percentage transfer of the longer chain PFAAs

from the system to the filter ranged between 48 and 67%. This

indicates that the very low concentrations of the longer chain
PFAAs in the bulk water following spiking of the PFAAs were
not a result of losses or irreversible binding in the experimental
system. We suggest that the surface active properties of these

chemicals are so strong that they will largely partition out of
bulk water phases to interfaces in the environment. This implies
that different concepts will be needed to understand their

environmental fate and bioaccumulation than those applied to
other persistent organic contaminants.

This work shows that spray can effectively transfer PFAAs

from water to air, and that the transfer efficiency increases with
increasing chain length of the molecule. It is conceivable that
this process could contribute to the environmental fate and

transport of PFAAs, particularly the longer chain chemicals.
However, a semiquantitative assessment would be premature.
Further research must be conducted to explore the effects of

Table 4. Mass balance for water-to-air transfer of perfluorinated alkyl acids (PFAAs) in the presence of spray (first experiment)

The ratio of themass of PFAAs on the filter in this experiment comparedwith the volatilisation experiment, the PFAA concentrations in bulkwater at the end of

this experiment, and the percentage decrease in these concentrations compared with the beginning of the experiment are also shown. See the Accessory

publication for the definitions of the abbreviations

Compounds Initial mass in the

system (ng)

Mass on the filter

after 16 h (ng)

Fraction transferred

to the filter (%)

Ratio of mass on

filter with and

without spray

Bulk water

concentration after

16 h (ngL�1)

Decrease in bulk

water concentration

over 16 h (%)

PFHxA 1682 15 0.9 37 13.6 4

PFHpA 1559 79 5.1 320 11.5 0

PFOA 1069 318 30 1180 6.6 29

PFNA 1011 409 40 1360 3.4 56

PFDA 945 451 48 640 1.8 68

PFUnA 886 459 52 600 1.0 47

PFDoA 885 577 65 470 ,2.0 –

PFTeDA 881 587 67 106 ,1.5 –

PFHxS 995 156 16 1200 7.1 16

PFOS 1093 545 50 770 2.4 65

PFDS 886 528 60 1120 ,0.4 –
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other sea water constituents (e.g. salt, other surfactants) on the

transfer efficiency. In addition, efforts should be made to
measure this phenomenon in the natural environment to confirm
the relevance of the sea spray simulator experiments. If the

PFAA emissions can be related to, e.g. sea salt sea spray
emissions, this would offer a reliable way to introduce PFAA
emissions in global scale atmospheric transport models.

Accessory publication

Includes details of analytical methods, a figure showing
median aerosol volume size distribution generated using the
sea spray simulator and a table containing literature values for

CMCs (see http://www.publish.csiro.au/?act¼view_file&
file_id¼EN11007_AC.pdf).
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