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Abstract: Surfactants are chemicals commonly used in a wide range of domestic and industrial products. In the present study,
ultimate biodegradation of 18 surfactants representing different classes (including several polymeric alcohol ethoxylates [AEs])
was determined in seawater at 20 °C by a Closed Bottle test method. After 28 days of incubation, 12 surfactants reached 60%
biodegradation and were considered to be readily biodegradable in seawater. The results for the six additional surfactants
indicated that the 60% pass level may be reached by extended incubation time, or that reduced biodegradation could be
associated with toxicity of the chemicals. All these six surfactants were biodegraded >20% after 28 days, indicative of primary
biodegradation in seawater. Polymeric ethoxylates with high numbers of ethylene oxide (EO) groups (40-50 EO groups) were
more slowly biodegraded than polyethoxylates with 4 to 23 EO groups. Biodegradation experiments of the AE C12 EO9 (3 to
18 EO groups) in a carousel system at 20 °C with natural seawater and a surfactant concentration of 500 pug/L showed rapid
primary biodegradation by targeted analyses of the AE, with >99% primary biodegradation after 2 days of incubation. The
surfactant depletion coincided with temporary formation of polyethylene glycols, suggesting that central fission is an im-
portant degradation step in seawater. A primary biodegradation experiment in the carousel system with C12 EO9 was
conducted in the presence of suspended particulate materials (SPMs; marine phytoplankton and clay particles), showing that
the presence of SPMs did not hamper the primary biodegradation of the surfactant. Separation of fractions in 20-um steel
filters indicated some particle association of the surfactant. Environ Toxicol Chem 2023;42:1472-1484. © 2023 SETAC
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INTRODUCTION Council, 2022]), a persistence assessment is required as part of
the persistent, bioaccumulative, toxic/very persistent and very
bioaccumulative (PBTA/PvB) and persistent, mobile, toxic/very
persistent and very mobile (PMT/vPvM) assessment. Substances
classified as PBT/VPvB or PMTAVPVM are regarded as of high
environmental concern under REACH. (Arp & Hale, 2019; Euro-
pean Chemicals Agency [ECHA], 2017a; Neumann et al., 2015).
For EU REACH, the criteria for persistent or very persistent
chemicals in marine environments are defined by half-lives of
>60 days in seawater or >180 days in marine sediments
(ECHA, 2017a). While EU REACH registration is mandatory for
chemicals produced or imported at annual amounts higher
than 1 ton, polymeric substances are still exempt from regis-
tration; however, the European Commission has proposed to
This article includes online-only Supporting Information. include certain polymers within their scope of registration
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industry, use and discharges of chemicals to the marine envi-

(wileyonlinelibrary.com).
DOI: 10.1002/etc.5632 ronment are regulated according to rules set out by the OSPAR

There is an increasing concern related to the oceans as a sink
for pollutants (Willis et al., 2022). Industrial and domestic
chemicals may enter marine waters, either by direct discharges
or indirectly via sewage runoffs. Persistent chemicals may lead to
continuously increasing contamination and the potential risk
of long-term adverse effects on biota (Cousins et al., 2019).
Persistence is therefore regarded as a keystone for current and
future chemical risk assessments (Matthies et al., 2016; Whale
et al., 2021). For instance, under the European Union chemicals
legislation Registration, Evaluation, Authorization and Restriction
of Chemicals (EU REACH, Regulation No. 1907/2006, [European
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Commission (hamed after the Oslo and Paris Conventions). The
OSPAR commission also aims at identifying PBT chemicals
(OSPAR, 2006), although the specific cut-off criteria are slightly
different from those used for EU REACH (OSPAR, 2019). In the
OSPAR regulation, assessment of biodegradability or persis-
tence is also important as one of several key criteria for iden-
tifying chemicals used in offshore oil and gas exploration, and
production activities as candidates for priority action and sub-
stitution (OSPAR, 2013).

Screening tests for ready biodegradability in freshwater and
seawater are described by the Organisation for Economic Co-
operation and Development (OECD), with freshwater tests ac-
cording to the OECD test guidelines 301 and 310
(OECD,1992a, 2014) and biodegradability in seawater ac-
cording to OECD test guideline 306 (OECD, 1992b). These
tests play a central role in understanding the ultimate bio-
degradation potential of chemicals. In freshwater tests the pass
levels for ready biodegradability classification are 70% removal
of dissolved organic carbon (DOC) or 60% removal indicated
by theoretical oxygen demand (ThOD) or theoretical carbon
dioxide (ThCO,) within 28 days of incubation. Substances
reaching these levels in the seawater test are deemed as “likely
to fulfil the criteria for ready biodegradability” (ECHA, 2017b).
If the pass levels are reached within 60 days of incubation,
substances are still considered as nonpersistent under EU
REACH (ECHA, 2017a). Biodegradation below the pass levels
after 60 days suggests only partial degradation and potential
persistency of a substance; however, this may be further as-
sessed by higher-tier biodegradation simulation tests in the
most relevant environmental compartment/media (ECHA,
2017a). Results from the seawater test are further deemed as
indicative of primary biodegradation if ThROD or DOC removal
is >20% (OECD, 2006).

Surfactants are used in large quantities in domestic and in-
dustrial products serving a wide array of use applications in
different market sectors. This group of chemicals contain a
hydrophilic head and a hydrophobic tail, and they are used for
lowering surface or interfacial tensions between immiscible
liquids, between gases and liquids, or between liquids and
solids. Surfactants are separated into four classes, depending
on the properties of the hydrophilic head: anionic, cationic,
nonionic, and amphoteric surfactants (Ketola, 2016). The global
use of surfactants in industrial and domestic sectors has grown
from 1.7 million tons in 1984 to 15.9 million tons in 2014, and
with expected use of 34 million tons in 2022 (Aboulhassan
et al., 2006; Palmer & Hatley, 2018). The major quantities of
these products, which often have a “down the drain” route of
disposal, are handled and removed in wastewater treatment
plant processes with typical efficiencies of 90%-99%, partly
depending on class of surfactants (Gonzélez et al., 2007,
Mungray & Kumar, 2008). Despite efficient wastewater treat-
ments, small fractions of surfactants may reach freshwater and
eventually end up in the marine environment. Surfactants used
in the offshore oil and gas industry, for instance as corrosion
inhibitors, biocides, demulsifiers, and as chemicals in enhanced
oil recovery (cEOR) or oil spill dispersants, also contribute to
the input of these chemicals to marine water.

Many surfactants have been tested for ready biodegrad-
ability according to standard OECD screening test guidelines
(e.g., HERA, 2009; Madsen et al., 2001). A review of marine
biodegradation of 65 surfactants showed mineralization half-
lives of <1-50 days (Jackson et al., 2016). Most of the tests
(n=37) were performed on linear alkylbenzene sulfonates, and
there is still a lack of systematic biodegradation data across
various types of surfactants in the marine environment. Only a
few studies have been performed to investigate seawater bi-
odegradability of polymeric surfactants, such as the nonionic
ethoxylated and/or propoxylated aliphatic alcohols (and their
anionic sulfated derivatives like alkyl ether sulfates; Jackson
et al.,, 2016; Pérez-Carrera et al., 2010; Traverso-Soto
et al., 2013; Vashon & Schwab, 1982).

Different from nonpolymeric surfactants with short defined
hydrophilic head groups, the polymeric surfactants also con-
tain hydrophilic entities of repetitive units (e.g., ethylene
oxide), resulting in homologues of variable chain lengths
(Matsuoka, 2015). The biodegradation pathways of alcohol
ethoxylates (AEs) under aerobic conditions in freshwater have
been reported to proceed by three mechanisms: (a) step-wise
exo-cleavage of ether linkages and sequential removal of
ethylene glycol (Cy,) units from linear AEs, (b) cleavage of the
alkyl-ether bond (central fission) with separation of the hy-
drophobic alkyl and hydrophilic polyethylene glycol (PEG)
moieties, and (c) w/B-oxidation with generation of a terminal
alcohol and a carboxylic acid in the alkyl-chain (w-oxidation),
followed by B-oxidation and formation of acetyl CoA (Scott &
Jones, 2000; White et al., 1996; Wu et al., 2019). The central
fission mechanism is important for the subsequent bio-
degradation process because both PEG and aliphatic alcohol
biodegradation are reported to occur rapidly (Bernhard
et al., 2008; Brakstad, Farooq, et al., 2018), but has so far not
been reported in seawater.

Different sorption processes, including adsorption, absorp-
tion, and other solute-aggregate interactions to marine par-
ticles, may be important for the fate of chemicals. Surfactants
are known to adsorb fast to surfaces of silica and clay materials
(Atkin et al., 2000; Sanchez-Martin et al., 2008). Surfactant-
particle associations may involve complex processes and differ
between surfactant groups (Sanchez-Martin et al., 2008).
Sorption mechanisms may include both hydrophobic proper-
ties and polar interactions with the particle surfaces, and sa-
turated surfaces may result in bilayers of adsorbed and
dissolved surfactants (Droge et al., 2009). Compared with
freshwater, seawater ions alter repulsive and attraction forces
between particles and molecules by neutralizing surface
charges (Gan & Liu, 2008), which may aid the attachment of
certain surfactants to marine particles. In a study of AE sorption
to marine sediments, adsorption and bilayer formation to
mineral surfaces dominated the sorption behavior of most AE
homologues (Droge et al., 2009). Particle sorption processes
may result in seabed sedimentation and burial processes, and
subsequent reduction of depletion processes like bio-
degradation. Assessing and investigating the biodegradation
behavior of chemical sorption to suspended particulate mate-
rials (SPMs) in the marine water column is therefore important
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to understand the ultimate fate and potential for seabed sed-
imentation.

The present study aimed to assess the ultimate bio-
degradability in seawater across four different classes of sur-
factants using the OECD 306 methodology. Several of the
tested surfactants represented polymeric AEs, for which there
is limited information on biodegradation in seawater. Our study
further aimed to verify if aerobic biodegradation mechanisms in
seawater are similar to reported mechanisms in freshwater for a
polymeric AE, and if surfactant biodegradation behavior in
seawater was affected by the presence of suspended marine
particles.

METHODOLOGY
Surfactants

A total of 18 chemicals were included in the present studly,
including amphoteric (n=1), anionic (n=15), nonionic (n=9),
and cationic (n=3) surfactants (Table 1). Of these, 11 surfac-
tants were polymeric AEs with >2.5 moles of EO groups
(Table 1). The surfactants were supplied by Innospec, BASF,
Sasol Germany, Shell Chemical, or were purchased from
Sigma-Aldrich (Table 1). Some of the substances contained
impurities, including cocoamidopropyl betaine (1.5% free
fatty acids, 0.7% sodium glycolate, 20 ppm sodium mono-
chloroacetate), C8 EO5 C (5%-10% water, 1.5% ethoxylated
octan-1-ol), C12 EO11 C (10-15% ethoxylated C10-C16 alco-
hols), and C10 EO8 (<6 ppm EO monomer). The surfactants
were stored as recommended by the suppliers, either at room
temperature or at 4-5°C.

Seawater

Natural seawater used as inoculum was provided as subsur-
face seawater from 80 m depth from a local Norwegian fjord
(Trondheimsfjord), outside the harbor of Trondheim (63.445°N,
10.379°E). The subsurface seawater was supplied to the labo-
ratories of SINTEF Ocean through a pipeline system passing a
sand filter for removal of coarse particles. The pipeline inlet well
is below the thermocline, securing a stable temperature in-
dependent of season. The subsurface seawater held an average
salinity of 34 PSU, was 100% saturated with oxygen (~10 mg/
dissolved oxygen) and had a temperature of 6-8°C. In addition,
an experiment with a surfactant and marine particles was per-
formed with natural surface seawater. The surface seawater was
collected from the harbor area in Trondheim, in an area
not considered to be affected by effluents from the local river
(Nidelva; 63.444°N, 10.416°E). Mineral nutrient analyses
of subsurface seawater and surface seawater are shown in
Supporting Information, Table S1.

Ultimate biodegradation screening tests

Ultimate biodegradation screening tests were performed in
subsurface seawater using the Closed Bottle test method in
accordance with OECD guideline 306 (OECD, 1992b). All

surfactants described in Table 1 were tested. Subsurface sea-
water used for the screening tests were collected in 10-L pol-
ypropylene screw-capped carboys and stored in the dark at
20°C for 5-7 days. Measured concentrations of dissolved
oxygen were never reduced by more than 15% during aging
(results not shown), and additional aeration was therefore not
included during the acclimation period. At the end of the ac-
climation, the subsurface seawater was aerated for 20-30 min
by blowing sterile filtered (0.22 um) air through the seawater.
Aerated subsurface seawater was supplemented with 1 ml/L
seawater of each of four different mineral nutrient solutions, as
described in OECD guideline 306 (OECD, 1992b). After aera-
tion and nutrient amendment, the average concentrations of
dissolved oxygen in the subsurface seawater for the different
tests were measured to be 7.2+0.1mg/L in the seawater
blanks. Concentrations of colony-forming units (CFUs) were
determined in the subsurface seawater before and after accli-
mation by inoculating 10 ul subsurface seawater on the surfaces
of Difco Marine Agar 2216 (BD Biosciences) dishes (triplicate).
The agar dishes were incubated at 20 + 2 °C for 6-7 days be-
fore surface colonies were counted.

Test substances (prepared in stock solutions of 1000 mg/L of
active ingredient [a.i.] in deionized water) were applied in final
concentrations of 2mg a.i./L in aged, aerated, and nutrient-
amended subsurface seawater (OECD, 1992b). The test sol-
utions were then distributed into 275-ml capped flasks without
remaining headspace or air bubbles for biological oxygen de-
mand (BOD) determination. The flasks were incubated static at
20+ 2°C for up to 64 or 75 days. Flasks were sacrificed (trip-
licate) for analyses at days 7, 14, 21, 28, and 64/75 days of the
incubation period, while one replicate was used for day O
analyses. Sodium benzoate (CAS no. 532-32-1) was used as
positive control reference substance (2mg/L in aged, aerated,
and nutrient-amended subsurface seawater). Blank solutions of
aged, aerated, and nutrient-amended subsurface seawater
without test or reference substances were included for analyses
of dissolved oxygen. Some flasks with test solutions were
poisoned with a biocide (50 mg/L HgCl,) and incubated to
determine the abiotic degradation of test substances. In-
hibition tests (toxicity control) were performed in which the
reference substance (sodium benzoate) was mixed with test
substance (2mg/L sodium benzoate +2mg/L of each test
substance) in aged, aerated, and nutrient-amended subsurface
seawater and incubated as described above.

Dissolved oxygen analyses were performed with a dis-
solved oxygen probe (YSI BOD probe; YSI) connected to a
dissolved oxygen meter (YSI). BOD and ThOD were de-
termined, as described in the OECD guideline 306 (OECD,
1992b). For all surfacants, ThODy3 was determined. Because
oxygen consumption by nitrification may be assumed for ni-
trogen (N)-containing compounds (Hurwitz et al., 1947),
ThODno3 was also determined for the N-containing betaines
and quaternary ammonium compounds (QAC). Structural
formulas and molecular weights of ethoxylated surfactants
were calculated using the mean average mol EO values,
provided by the suppliers (Table 1 and Supporting In-
formation, Table S2).
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The ThODyns of selected AEs were also calculated from the
fractional distribution of homologues, obtained by chemical
analyses, according to the following formula:

ThODpix = 1/Z(Tth’_) (1

where f; is the fractional distribution homologue iin the mixture
and ThODi is the ThODyn3 of homologue .

Abiotic degradation of the test substances was identified as
the percentage of OD reduction in poisoned seawater from
day 0 to days 64/75. Toxicity was assessed as the percentage of
reduction in BOD by the mixture of the reference and test
substances compared with the sum of the BOD of the separate
solutions of the two substances.

Primary biodegradation experiments

Primary biodegradation of the nonionic polymeric AE
C12 EO9 (surfactant #8, Table 1) was experimentally de-
termined by target-specific chemical analyses. This chemical
represented “an average” of the polymeric ethoxylated sur-
factants with respect to the numbers of aliphatic carbons and
EO groups. The experiment was performed in a continuously
rotating carousel test system, as previously described for oil
biodegradation experiments (Brakstad et al., 2015). The
system consisted of 2-L flasks (Schott) mounted on wheels
which were provided with a gear motor (SEW Eurodrive) for
rotation around the carousel axis (see Supporting Information,
Figure S1). Each carousel contained two wheels with a total of
16 flasks. The flasks were baked (450 °C, 3 h), thoroughly rinsed
with Milli-Q water and autoclaved (121 °C, 20 min) before use.
The flasks were rinsed with a mixture of methanol and iso-
propanol (50% of each) to prevent surfactants from attaching to
the glass walls, as previously reported (Brakstad, Sterseth,
et al., 2018; Place et al., 2016). The solvent was evaporated
before surfactant solutions were applied.

C12 EO9 was applied in subsurface seawater to the flasks at
a final nominal concentration of 500 pg/L in triplicate. No nu-
trient amendment or aging of the subsurface seawater was
performed. Sterilized controls were prepared by adding
100 mg/L HgCl; (triplicate), while blank solutions (duplicate)
contained subsurface seawater only. The flasks were mounted
on carousels with a headspace of 300 ml to secure turbulence
in the systems and were incubated at 20 °C with slow rotation
(0.75 rpm) for 14 days. Samples (50 ml) were collected from all
flasks after O, 2, 4, 7, and 14 days for LC-MS/MS analyses. In
addition, a primary biodegradation experiment was performed
with the high-molecular AE C16-18 EO50 (surfactant #13,
Table 1) at the same conditions as for C12 EO9.

An experiment with the surfactant C12 EO9 was also per-
formed with surface seawater in the presence of algae and/or
mineral particles. The marine diatom Skeletonema pseudocos-
tatum NIVA-BAC (NIVA Culture Collection), with reported cell
length of 2-61um and diameter of 2-21pm (http:/
nordicmicroalgae.org), was used in the experiment. The algal

culture was grown at 20°C for 10 days in a seawater-based
medium (International Organisation for Standardisation, 2016).
Algal growth was monitored by cell counting in a Birker hae-
mocytometer, using light microscopy at 400x magnification. The
haemocytometer results were used to inoculate the phyto-
plankton strain at a final concentration of 1 x 10* diatom cells/ml
in the experiment. Kaolin (Al,Si,O5(OH)s; Sigma-Aldrich) was
used as mineral particles with a reported median size of 18.9
(£15.3)pm, and a density of 2.65 g/cm3, according to in-
formation from the supplier. The mineral particles were used in a
final concentration of 5mg/L. The surfactant was applied at a
final concentration of 500 ug/L to surface seawater in 2-L flasks
(washed and treated with solvents as described above) with (i)
phytoplankton, (i) mineral particle, (i) mixtures of phyto-
plankton and mineral particle, or (iv) only surface seawater. The
different treatments were also tested with surface seawater
sterilized with HgCl, (50 mg/L final concentration). Blanks in-
cluded the different treatments without surfactant. All flasks
were mounted on carousels with a headspace (300 ml) and in-
cubated at 20 °C for 64 days. Samples of 100 ml were collected
for analyses after 0, 7, 14, 28, and 64 days. Each sample was
filtered through a steel filter with mesh size of 20 um (Teich-
hansel Teichshop/Siebgewebeshop) to separate water (filtrates)
and particles with sizes >20 pm. Both water and filter samples
were stored at —20 °C until extraction and analyses.

Extraction and chemical analyses

Liquid-liquid extraction of seawater samples was performed
by the solvent acetate. The steel filters were freeze-dried,
weighed, and placed in 5-ml extraction solutions of methanol/
ethyl acetate/water (78/20/2). The solutions with the filter were
then sonicated in an ultrasound bath at 40kHz frequency at
room temperature (Bransonic Ultrasonic Cleaner, model
1210E-MT) for 5 min, placed in a new extraction solution (5 ml),
and sonicated again. The filters were then removed from the
solution, freeze-dried, and weighed. The tubes with desorbed
material were sonicated (15 min) in the ultrasound bath and
pelleted by drying with N, at room temperature. The sample
was then resuspended in 500 ul of acetonitrile (50%), and the
material from the same sample was pooled and analyzed.

Targeted LC-MS/MS analyses of C12 EO9 and C16-18
EOS50, and their PEGylated biodegradation products, were
performed with an Agilent 1290 HPLC coupled to a 4670 triple
quadrupole mass spectrometer equipped with an electrospray
ion source. High performance liquid chromatography separa-
tion for all analyses was achieved with a fused core Ascentis
Express AQ-C18 column (2.1x 150mm, 2.7 um particle size;
Supelco) kept at 30 °C using 10-ul injection volume and a flow
rate of 300 ul/min. The mobile phase consisted of 10mM am-
monium formate containing 0.1% formic acid (A) and 90%
acetonitrile 10% water in 10mM ammonium formate con-
taining 0.1% formic acid (B). To avoid contaminants from en-
tering the MS ion source, the first 5 minutes of each run were
diverted to waste. The mass spectrometry analyses were per-
formed using positive ionization in multiple reaction monitoring
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mode. The electrospray source parameters were as follows for
all compounds: curtain gas temperature 250°C, curtain gas
glow 4 L/min, nebulizer pressure 60 psi, sheath gas temper-
ature 200 °C, sheath gas flow é L/min, capillary voltage 2000V,
and nozzle voltage 500V. For C12 EO9, the [M+NH,]* pre-
cursor ions used were 336.3, 380.3, 424.4, 468.4,512.5, 556.5,
600.6, 644.6, 688.6, 732.6, 776.7, 820.7, 864.7, 908.8, 952.8,
and 996.8m/z for EO3 to EO18, respectively. The same
product ions were used for all precursor ions: 89.1 (CE 25) and
133.1 (CE 20). For C16-18 EO50, [M+NH4]** precursor ions
were used with the same product ions as for C12 EQO9.
For PEG degradation products, [M+H*T" and [M+NH,*T* to
[IM+NH, ">+ precursor ions were used. The same product ions
were used for all precursor ions: 177.1 (CE 25) and 133.1 (CE
20). External calibration curves of C12 EO9 and PEG 400
(0.5-1000 pg/L) were established for quantifications of surfac-
tant and PEG metabolites, respectively.

A recovery test was performed by direct spiking of C12 EO9
samples (100 ng/ml), filtering the samples, and treating as de-
scribed above. The recovery was 103.7% of the expected
concentration of C12 EO9.

Statistical analyses

Statistical analyses were performed as paired or unpaired
t-tests using the “Analysis” module of GraphPad Prism version
9.2.0 (GraphPad Software). Variances were determined from
standard deviations (SD?), calculated as the average of squared
deviations from the mean.

RESULTS AND DISCUSSION
Structural variations of AEs

The ethoxylate surfactants tested in the present study are
complex mixtures composed of homologues with structural
variations (different EO numbers). Composition profiles and
homologue distributions were demonstrated with two nonionic
AEs by LC-MS/MS analyses (Supporting Information,
Figure S2). A chromatogram of the AE surfactant C12 EO9
(surfactant #8; Table 1) with a reported mean average ethox-
ylate distribution profile of 9 mol EO showed detectable ho-
mologues with three to 18 EO groups and eight to nine
EO groups with the highest normalized signal intensities
(Supporting Information, Figure S2A). The AE surfactant
C16-18 EO50 (surfactant #13; Table 1), with a reported mean
average ethoxylate distribution of 50mol EO, showed
presence of homologues with 47-65 EO groups, and C16 to
C18 alkyl chains (Supporting Information, Figure S2B).
This variation in structures and molecular weights could have
implications when interpreting calculations of ThODs. Calcu-
lations of ThODs showed small variations between the homo-
logues. Based on their fractional distributions (Equation 1)
determined by LC-MS/MS analyses (Supporting Information,
Figure S2), the average ThOD (+SD) of C12-EO9 was calcu-
lated to be 2.27+£0.14mg O,/mg test substance (variance
0.022+1.0% of the average) and 1.94+0.4mg O,/mg

test substance (variance 0.0004 +0.02% of the average) for
C16-18-EO50. These ThOD values therefore represented
the fractionally abundant homologues of these surfactants. The
calculated variances showed low dispersions of homologue
ThODs. The ThOD values for C12 EO9 and C16-18 EO50 cal-
culated from information given by the suppliers were 2.23 mg
O,/mg test substance and 1.95 mg O2/mg test substance, re-
spectively (Supporting Information, Table S2). These data de-
viated from the values determined from fractional distributions
by only 1.7% (C12 EO9) and 0.5% (C16-18 EO50). The struc-
tural variations of the ethoxylated homologues could therefore
be neglected for ThOD calculations, and ThODs used to cal-
culate the biodegradation percentages were determined from
the information of average EO groups given by the suppliers of
the chemicals (Supporting Information, Table S2).

Ultimate biodegradation of the surfactants

The ultimate biodegradation testing of the various surfac-
tants using OECD guideline 306 consisted of four separate
tests, performed from January 2020 to January 2021 (see
Supporting Information, Table S2). One of the four subsurface
seawater samples used for testing was incubated for 6 days for
determination of bacterial concentrations, resulting in 167 +58
CFU/ml. Bacterial concentrations in the three other subsurface
seawater samples were incubated for 7 days, resulting in con-
centrations ranging from 433+ 115 to 2100+ 265 CFU/ml.
Thus, the concentration of viable heterotrophic bacteria in the
collected subsurface seawater was relatively low and could also
have been affected by incubation time. In comparison, data
from a recent interlaboratory ring-test of the OECD 306 test
showed CFU concentrations in the raw seawaters used
by the participating laboratories ranging between 480 and
82 000 CFU/ml (Ott, Martin, Acharya, et al., 2020). Seawater
acclimation at 20°C (7 days) resulted in CFU concentrations
ranging from 2400 + 10 to 9333 + 569 CFU/ml. Comparison of
CFU concentrations in the original and acclimated subsurface
seawater samples showed 1.4-fold (April 2020) to 56-fold (June
2020) increases during the acclimation period. In the OECD
306 ring-test counts, CFU changes in seawater during the ac-
climation periods ranged between 0.2- (CFU reductions) to
142-fold increases for the different participating laboratories
(Ott, Martin, Acharya, et al., 2020). In a recent study, changes
of the bacterial concentrations in seawater during temperature
acclimation for the OECD 306 test were related both to sea-
water depths and season (Wennberg et al., 2022).

The OECD 306 test has been criticized because of the low
concentrations of competent bacteria compared with the
freshwater ready biodegradability tests, which use activated
sludge or sewage effluents as inoculum (OECD, 1992a, 1992b,
2014; Ott, Martin, Snape, et al., 2020; Wennberg et al., 2022).
Higher inoculum concentrations achieved by tangential flow fil-
tration resulted in reduced lag-periods and shorter half-lives
of three reference substances (aniline, 4-fluorophenol, and
4-dichlorophenol) when compared with the standard OECD 306
test (Ott, Martin, Snape, et al., 2020). The inoculum effect on
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biodegradation of two surfactants (C12 EO9 and BAC; see
Table 1) was compared in our study by filtering subsurface
seawater through aquarium filters, obtaining 13 + 7 times higher
inoculum after acclimation (Supporting Information, Figure S3).
When BOD results with “low” and “high” inocula (Supporting
Information, Figure S3) were pairwise compared for C12 EO9
after 28 and 64 days of incubation by paired t-test, the BOD
results were comparable (p=0.2349). No significant inoculum
effect was therefore determined for these two surfactants.

The dissolved oxygen depletions in the aged and nutrient-
amended subsurface seawater (blanks without test substance)
after 28 days of incubation ranged between 3.9% and 11.1%,
and between 10.5% and 16.2% after 64 and 75 days of in-
cubation, respectively. The subsurface seawater blank respira-
tion and the biodegradation of the reference substance were
within the validity criteria of the OECD 306 test (<30% seawater
blank respiration after 28 days, 60.9%-77.3% biodegradation
of reference substance sodium benzoate [as average of three
replicates in each test; OECD, 1992b]). Abiotic dissolved
oxygen depletions were <1.0% in all the sterilized controls
poisoned with HgCl, (Table 2).

The results from the ultimate biodegradation testing of
the 18 surfactants after 28 days and at the termination of the tests
are shown in Table 2. Biodegradation by time is shown in Sup-
porting Information, Figure S4. Twelve of the tested surfactants
showed biodegradation above 60% after 28 days, including the
betaine (both by ThODpns and ThODnos determinations),
the alkyl sulfate, three of four tested alkyl ether sulfates, five of
the seven tested AEs, one of two tested alkyl polyglucosides, and

one of three tested QACs (both by ThODypz and ThODyos
determinations). We therefore considered these 12 surfactants to
be readily biodegradable in seawater (ECHA, 2017b). Six sur-
factants showed <60% biodegradation after 28 days (Table 2),
including one alkylether carboxylate, two high molecular weight
AEs, one alkyl polyglucoside, and two QACs.

Three ethoxylated surfactants did not reach 60% bio-
degradation after 28 days, the high-molecular AEs C12 EO40
and C16-18 EO50, and the alkylether carboxylate C12 EO11 C
(Table 2 and Supporting Information, Figure S4), although >60%
biodegradation was reached for C12 EO40 after 64 days of in-
cubation. Biodegradation of >60% demonstrate ultimate bio-
degradation in seawater and may also be reached for C16-18
EO50 and C12 EO11 C with incubation times extending the
64 days test period, because biodegradation of these surfactants
reached 56.8 +1.9% (C16-18 EO50) and 57.7 + 0.2% (C12 EO11
C) at the end of the test (Table 2 and Supporting Information,
Figure S4), which is close to the 60% threshold level. None of
these surfactants were associated with reference substance in-
hibition (Table 2). Mineralization of both C16-18 EO50 and C12
EO11 C is also concluded based on the expected bio-
degradation pathways, which do not form persistent degradation
products. The proposed pathways for AEs in freshwater de-
scribed in the introduction are also applicable for the C12 EO11
C. Mineralization of C12 EO11 C, however, also involves the
removal of the carboxylate end group, which is removed in a step
that removes one glycol unit together with the carboxylate end
group. Glyoxylic acid and glycol are subsequently liberated by
cleavage of the ether bond (Van Ginkel, 1996).

TABLE 2: Percentage ultimate biodegradation (ThODywn3 or ThODyo3) of the surfactants after 28 days of incubation, and at the termination of the

tests (64 or 75 days)

ThODnps (%)

ThODnos (%)

Abiotic Inhibition
# Name 28 days  64/75 days 28 days  64/75 days Biodegradability test® (%) test® (%)
1 Cocoamidopropyl betaine 723+08 107.0+2.9 62.6+0.7 926+25 RB <1.0 <1.0
2 Sodium dodecyl sulfate 68.1+4.0 73.3+25 RB <1.0 <1.0
3 C12-14 EO4 S 65.1+0.2 69.1+1.8 RB <1.0 7.4
4 C8 EO5 C 65.1+07 68.4+138 RB <1.0 <1.0
5 C12EO5 C 64.1+27 68.0+14 RB <1.0 <1.0
6 C12EO11C 55.4¢ 57.7+0.2 <1.0 <1.0
7 C12 EO5S 69.1+3.2 87.7+43 RB <1.0 <1.0
8 C12 EO9 69.7¢ 65.4¢ RB <1.0 <1.0
9 C12 EO23 63.6+0.8 67.8+0.8 RB <1.0 <1.0
10 C12 EO40 23.2¢ 65.9+2.2 <1.0 <1.0
11 C10 ECS8 65.9+0.2 640+1.3 RB <1.0 <1.0
12 C13 EO18 61.2+15 70.5+4.0 RB <1.0 <1.0
13 C16-18 EO50 26.1+29 56.8+1.9 <1.0 <1.0
14 n-Dodecy! B-d-glucopyranoside 546+14 522+1.6 <1.0 11.0
15 n-Dodecyl B-b-maltoside 73.6+2.1 64.2+3.4 RB <1.0 <1.0
16  Dodecyltrimethylammonium chloride  73.1+0.1 645+17 67.8+01 599+1.6 RB <1.0 <1.0
17 Hexadecyltrimethylammonium 45.6+28 484+03 43.0+26 457+78 <1.0 14.0
chloride
18 BAC 27.7¢ 34.0° 26.4° 32.3¢ <1.0 31.6

“Data for abiotic tests show degradation in seawater sterilized by HgCl,.

Plnhibition of the reference substrate (sodium benzoate) caused by the test substance.

“Two replicates included.

The results are shown as mean + SD. ThODyo3 was determined only for the N-containing substances. Surfactants showing >60% biodegradation within 28 days in the
subsurface seawater are described as “likely to be readily biodegradable in seawater” (RB). Results of abiotic tests and inhibition tests are also shown. For full names of
surfactants with abbreviations, see Table 1. The results are shown as mean + SD of three replicates, except when noted.
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The temporal relations between mean average numbers
of EO groups and biodegradation of polyethoxylated surfac-
tants, including both alkylether carboxylates and AEs, are
shown in Figure 1. Comparison of biodegradation between
surfactant groups with four to 23 EO groups and the high-
molecular groups with 40 and to 50 EO groups showed larger
differences in biodegradation after 7-28 days than after
64 days (Supporting Information, Figure S5). The differences
in biodegradation therefore decreased at the end of the tests,
confirming that degradation was only delayed for the high-
molecular weight polyethoxylated AEs, although 60% bio-
degradation was still not reached after 64 days for C16-18
EO50. The average molecular weights (MWs) of the poly-
ethoxylated compounds with delayed biodegradation in our
study (C12 EO40 and C16-18 EO50) were 1948 and 2445 Da
(Supporting Information, Table S2). Reduced biodegradation
rates for substrates with increasing MWs between 2000 and
>4500Da were reported by Bernard et al. (2008), when
studying polyethoxylated compounds with different MWs
(250-58 000 Da) in artificial seawater as DOC removal. Bio-
degradation rates were therefore reduced in relation to in-
creased numbers of AEs in their study (Bernhard et al., 2008).
In large AEs, the molecules may be inaccessible for the central
fission mechanism reported to result in fast biodegradation
(Bernhard et al., 2008), and these molecules may more likely
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be biodegraded by the slower and stepwise terminal degra-
dation processes (White et al., 1996).

The polyglucoside n-dodecyl-p-d-glucopyranoside did not
reach 60% ultimate biodegradation after 64 days (Table 2 and
Supporting Information, Figure S4), although biodegradation
after 28 days (54.6 + 1.4%) nearly reached this pass level for
readily biodegradability. The closely related compound
dodecyl-B-d-maltoside was considered readily biodegradable
in seawater in these studies (Table 2), and polyglucosides are in
general reported to be readily biodegradable in freshwater
screening tests (Jurado et al., 2011, 2012; Madsen et al., 2001).
The toxicity test also indicated some inhibition of the
reference substance (sodium benzoate) caused by dodecyl-B-
d-glucopyranoside (Table 2), and ultimate biodegradation may
therefore be achieved at lower test concentrations than used in
our study (2 mg/L). Based on data from this and other studies of
ultimate biodegradation, polyglucosides may therefore be
expected to be biodegradable and not persistent in seawater
(Willing et al., 2004).

While the C12-alkylated QAC dodecyltrimethylammonium
chloride could be considered as readily biodegradable, the
C16-alkylated hexadecyltrimethylammonium chloride and the
benzylated BAC showed <60% biodegradation at the end of the
tests, and without increased degradation between day 28 and
test termination (Table 2 and Supporting Information, Figure S4).
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FIGURE 1: Biodegradation of polymeric surfactants related to numbers of ethylene oxide (EO) groups as provided by the suppliers of the
chemicals. The results (average + SD) are shown after incubation for 7, 14, 28, and 64 days. BOD = biological oxygen demand.
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Toxicity tests further showed reference substance inhibition as-
sociated with hexadecyltrimethylammonium chloride and BAC,
but not with dodecyltrimethylammonium chloride (Table 2).
Biodegradation of QACs have shown variable results (Madsen
et al., 2001), and these substances are often used as biocides.
Thus, toxicity might hamper the biodegradation by reducing the
bacterial activities in the test vessels. Studies with the QAC ce-
tylpyridinium chloride showed inhibition of the OECD 310
headspace biodegradation test at 1 mg/L (Timmer et al., 2019).
The reduced biodegradation of the two QACs in the OECD 306
test may therefore be associated with inhibition of bacterial ac-
tivities. Silica particles have been used in freshwater screening
tests to reduce toxic substance concentrations of cationic sur-
factants in the water phase, thereby improving degradation
properties and obtaining ready biodegradability results for these
substances (Timmer et al., 2019; Van Ginkel et al., 2008). In
addition to toxicity, alkyl chain lengths have also been reported
to affect biodegradation. In a study with effluents from a
sewage plant as microbial inoculum, complete DOC removal
was measured with a C14 benzyl dimethyl ammonium chloride
within 10 days of incubation, while DOC removal with a C16
benzyl dimethyl ammonium chloride compound was negli-
gible after 21 days of incubation in the same inoculum (Garcia
et al., 2001). Nevertheless, the two QACs C16-alkylated hex-
adecyltrimethylammonium chloride and benzylated BAC
showed biodegradation of >20% in seawater, which indicate
primary biodegradation (OECD, 2006). Substances with in-
conclusive biodegradability results from screening tests may
be further tested in simulation tests at low test substance
concentrations before classified as persistent or not (ECHA,
2017a, 2017b).

Primary biodegradation of an ethoxylated
surfactant and PEG formation

Central fission has been reported to be an important bio-
degradation mechanism of polymeric ethoxylated surfactants
in freshwater (Sparham et al., 2008), and this mechanism will
result in PEG degradation products which are rapidly bio-
degraded (Bernhard et al., 2008; White et al., 1996). We
therefore analyzed if the same degradation process occurred
also in natural seawater in relation to primary biodegradation
of the polymeric AE C12 EOQ9. A low nominal concentration
(500 pg/L) of the surfactant C12 EQ9, containing 3 to 18 EO
groups (Supporting Information, Figure S2), was applied to
fresh subsurface seawater without any nutrient amendment
and incubated in the carousel system at 20 °C. When samples
of the surfactant were analyzed by LC-MS/MS, rapid surfactant
depletion was measured in natural subsurface seawater
(Figure 2A), in contrast to sterilized subsurface seawater
(Figure 2B), substantiating that depletion was caused by pri-
mary biodegradation. The depletion was fast, and >99% bio-
degradation was achieved after 2 days of incubation. The
surfactant depletion in natural subsurface seawater coincided
with temporary formation of PEGs with 5 to 18 EO groups
(Figure 2A). PEG concentrations reached a peak of
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FIGURE 2: Concentrations of YC12 EO9 (C12 EO3-C12 EO18) and
YPEG (EO3 EO18) in natural (A) and sterilized (B) subsurface seawater.
The results are shown as mean + SD of three replicates. EO = ethylene
oxide; PEG = polyethylene glycol.

0.253+£0.012uM after 2 days of incubation, 12-fold higher
than the PEG concentration in the surfactant at the start of the
test (day 0). However, PEG concentrations were rapidly re-
duced and reached background levels after 7 days of in-
cubation. PEG concentrations in the sterilized subsurface
seawater did not rise above a background level (Figure 2B).
These data further suggested that central fission is an im-
portant degradation step of this AE also in seawater, as pre-
viously shown in freshwater environments (Budnik et al., 2016;
Marcomini et al., 2000; Sparham et al.,, 2008; Steber &
Wierich, 1985). Closer examination of the C12 EO9 surfactant
and its PEG components with different EO groups during the
biodegradation period revealed complete or near-to com-
plete depletion across the EO3 to EO18 compounds after 2
days of incubation (99.6%-100.4% degradation; Figure 3A).
Analyzed PEGs with different EO groups showed rapid accu-
mulation from day O to day 2 of the incubation for all homo-
logues analyzed (EO5 to EO18), increasing by factors of
16.3+0.5 (EO18) to 53.2+ 1.0 (EQY), with an average of
34.0+0.8 (Figure 3B). After 7 days of incubation, concen-
trations of all PEG components were reduced to the same low
levels as at the start of the test (<0.002 uM) or below analytical
detection limits. The formation and degradation patterns
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FIGURE 3: Percentage primary biodegradation in natural subsurface seawater of EO3 to EO18 compounds of C12 EQ9 after 2 and 4 days of
incubation (A), and ratios between concentrations of polyethylene glycols with different ethylene oxide (EQ) numbers after incubations for 2-14 days
(Cn) compared with their concentrations and at the start (CO) of the experiment (B). The results are shown as mean + SD of three replicates.

were therefore similar for all measured PEG homologues.
Further degradation of PEGs is expected to occur by splitting
of C, units off the chain, which has been shown to result in
temporary formation of short-chain PEG homologues (Bern-
hard et al., 2008). However, no temporary accumulations of
short-chain PEG homologues were measured in our study.

In contrast to the C12 EQ9 surfactant, no PEG formation of
the high-molecular AE C16-18 EO50 was measured when in-
cubated at the same conditions as C12 EQ9 (Supporting In-
formation, Figure S6). This substance may therefore not be
degraded through the central fission mechanisms, but rather
through other mechanisms described to occur under fresh-
water conditions, for instance by stepwise terminal degradation
processes (White et al., 1996).

Primary biodegradation in the presence
of marine particles

Because surfactants may easily adsorb to surfaces like
clay and silica (Atkin et al., 2000; Sanchez-Martin et al., 2008),
adsorption processes could theoretically hamper degradation
in seawater. Thus, we investigated whether primary bio-
degradation was affected by particles in the seawater. The AE
C12 EO9 was incubated in natural seawater in the presence of
SPM in the form of the diatom S. pseudocostatum, clay ma-
terial (kaolin), or a mixture of the two. The concentrations of
phytoplankton (10*cells/ml) represented typical North Sea
algal blooms (Gieskes & Kraay, 1986), while the kaolin con-
centrations (5 mg/L) described a compromise between typical

coastal and oceanic SPM concentrations (Fettweis et al., 2007;
Sheldon et al., 1972). After incubation (20°C) of SPMs and
surfactant (500 pg/L), samples were separated (20 um steel fil-
ters) because SPMs may typically result in particle aggregation
(Alldredge & Silver, 1988; de La Rocha & Passow, 2007). Par-
ticle aggregates were observed visually in all samples with
SPM, both with and without surfactant (not shown). The total
depletion of the surfactant measured in filtrates and filter-
trapped fractions after 7 days of incubation at 20 °C was near-
complete in all treatments with natural seawater (>95.5%),
while no depletion (<1%) was measured in sterilized fractions
(Supporting Information, Figure S7). When concentrations in
C12 EO9 in fractions of filtrates and filter-trapped materials of
each sample were measured after 7 days of incubation and
determined as the percentages of the total surfactant con-
centration in the sample at the start of the experiment,
0.4 +0.1% of the initial concentrations was left in the surface
seawater samples (sum of fractions in filtrates and filter-trapped
materials) without added SPMs, while 0.2 + 0.1% surfactant was
left in surface seawater with added SPMs (Figure 4). The pri-
mary biodegradation of the surfactant therefore occurred rap-
idly in the presence of the SPMs and was not negatively
affected by the presence of the particles.

Particle association was also indicated from the measure-
ments because fractions of the surfactants were measured in
the filter-trapped materials (Figure 4). Comparison of weight-
based concentrations of residual surfactant concentration
showed preferential presence of C12 EO9 in the filter-trapped
materials, when compared with the filtrates (Supporting In-
formation, Table S3). Visible aggregates were also observed in
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FIGURE 4: Primary biodegradation in natural subsurface seawater of
EO3 to EO18 compounds of C12 EQ9 (A) and ratios between con-
centrations at days 2-4 (Cn) to concentrations at the start of the ex-
periment (dO) of polyethylene glycols with different ethylene oxide (EO)
numbers (B). The results are shown as mean + SD of three replicates.
SW = seawater; Phyt = phytoplankton; Kao =kaolin.

seawater without phytoplankton or mineral particles in the ex-
periment, probably due to natural background levels of SPMs.
The concentrations of SPMs used in our studies may be low
compared with concentrations in typical coastal and estuarine
environments. SPM concentrations in coastal North Sea regions
have been reported in the range of 25-100 mg/L (Fettweis
et al., 2007), compared with 0.02-1 mg/L in oceanic seawater
(Sheldon et al., 1972). Although these variable SPM concen-
trations will affect the relative surfactant interactions with SPM,
our data indicate that surfactant biodegradation may not be
hampered by marine particles. Studies of AE sorption to clay
particles have also shown higher adsorption coefficients in re-
lation to increased ethoxylate and alkyl chain lengths (Droge
et al., 2009). Particle-sorbed surfactants may also stimulate
bacterial attachment to the particles, and in a study with
anionic surfactants and river sediments, attachment of in-
digenous bacteria to the sediments was stimulated by bio-
degradable surfactants, while recalcitrant surfactants and
nonsurface-active carbon sources were ineffective in pro-
moting attachment (Marchesi et al., 1997). The nature of the
marine particles may also be important for biodegradation, and
investigations of hydrocarbons integrated in oil-related marine
snow aggregates have, for instance, shown that the aggregates
may become hot spots for hydrocarbon biodegradation
(Henry et al., 2020; Wirth et al., 2018). The complexities
of sediment-surfactant interactions are further illustrated by
the reduction of the toxicity of QACs and increase of
biodegradation by different clay materials, although bio-
availabilities may be limited depending on surfactant and clay
material (Timmer et al., 2020).

CONCLUSIONS

In the present study, ultimate biodegradation was
determined for 18 surfactants of the subclasses betaines, al-
kylsulfates, alkylether sulfates, alkylether carboxylates, AEs,
alkyl polyglycosides, and QACs. Most of the surfactants
(n=12) were shown to be readily biodegradable in seawater
(>60% biodegraded in 28 days), including eight of the 11

polyethoxylates. All 18 surfactants were biodegraded >20%,
which is indicative of primary biodegradation in seawater
(OECD, 2006). In addition, four of the six surfactants, in-
cluding three polyethoxylates, with <60% biodegradation in
28 days, showed increased biodegradation close to (>50%
biodegradation) or above the 60% threshold level by ex-
tended incubation times (65 to 75 days), which is considered
as evidence for nonpersistence in the marine environment,
according to EU REACH criteria (ECHA, 2017a). The degra-
dation of the polymeric ethoxylated surfactants was partly
related to the numbers of EO groups. The longer EO chains
of 40 and 50 EOs resulted in slower degradation than those
with 23 or fewer EO groups, probably due to different
biodegradation mechanism. Rapid primary degradation by
central fission with formation of PEGs homologues was de-
termined with the AE C12 EQ9, but not with C16-18 EO50,
and other mechanisms resulting in slower degradation
may therefore occur in the high-molecular polyethoxylates.
The PEG homologues formed from polyethoxylated bio-
degradation were rapidly biodegraded, demonstrating the
importance of the central fission mechanism for rapid bio-
degradation of polyethoxylates also in seawater. For the
QACs, reduced biodegradation was related to the toxicity of
these compounds, as determined by the reference substance
inhibition test, and improved biodegradation may therefore
be achieved by reduced substrate concentrations or by other
test modifications to reduce toxicity.

It has been suggested that for assessing the bio-
degradation potential of substances in seawater, the re-
spective screening test (OECD 306) may be improved by
increasing the inoculum concentration and extending the
incubation period (Ott et al., 2019). Our study with different
surfactant types indicated that increased inoculum concen-
trations did not substantially impact the outcome of the
screening tests; however, a prolonged incubation time turned
out to be valuable to assess the biodegradation potential of
polymeric surfactants in seawater.

In conclusion, the biodegradation tests performed in-
dicate that most tested surfactants possess a high bio-
degradation potential in seawater and will be quickly
degraded if directly discharged from ships or offshore in-
stallations, or if entering the marine compartment via sewage
runoffs. However, chemicals may be introduced to the marine
environments in wastewater with high solid concentrations
and/or will come in contact with SPMs, particularly in coastal
and estuarine areas. Although our studies indicated some
surfactant association with particle aggregates, the presence
of SPMs in the form of suspended phytoplankton and clay
particles did not show to affect primary biodegradation of the
AE C12 EO9 in seawater when compared with the seawater
without SPMs. The conditions used in the present study were
chosen to be representative for typical pelagic marine con-
ditions but did not reflect solid-rich wastewater or marine
compartments with high particle concentrations, such as
coastal areas or estuaries. Thus, further investigations are
needed to unveil the environmental fate of surfactants under
these specific conditions.
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