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Abstract PFAS are a class of synthetic
chemicals used for many industrial and
domestic purposes. However, once re-
leased in the environment, they are
persistent, mobile and toxic. One of
the most important transport routes
to drinking water is through riverbank
filtration. Although this is usually an
effective strategy for removing many
organic compounds, its effectiveness
in removing PFAS is still unknown.
The aim of this study is to investigate
the occurrence, as well as the spatial
distribution of PFAS at riverbank fil-
tration sites and compare these to two
pharmaceuticals and various chemical
parameters. A one-year sampling cam-
paign was carried out at four transects
with different characteristics along the
Danube river. Samples were analysed
using Liquid Chromatography Mass
Spectrometry.
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Results show that most of the de-
tected PFAS compounds had concen-
trations lower than 10ng/l. NaADONA
had the highest concentration at all
the sites, indicating the presence of
an emission source upstream of the
monitored sites. For most compounds,
there was no concentration reduction
between the river and groundwater,
implying that no removal processes
take place. This was further confirmed
with statistical tests, which showed no
significant differences between river-
and groundwater concentrations. Two
sites in Budapest showed higher con-
centrations of PFOA, PFOS, and GenX
in the background water compared to
the river, indicating an inland source of
these compounds. The current situa-
tion imposes no problems for drinking
water as the measured concentrations
are lower than the legal limit set by the
EU Drinking Water Directive. However,
any future legal or industrial changes
could create problems since results
suggest that these compounds are not
removed during riverbank filtration.
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Vorkommen und Persistenz von
PFAS bei der Uferfiltration im
Einzugsgebiet der oberen Donau

Zusammenfassung PFAS sind eine
Klasse von synthetischen Chemikalien,
die fiir viele industrielle und héus-
liche Zwecke verwendet werden. In
der Umwelt sind sie persistent, mo-
bil und toxisch. Einer der wichtigsten
Transportwege ins Trinkwasser ist die
Uferfiltration an Fliissen. Obwohl diese
normalerweise eine wirksame Strate-
gie zur Entfernung vieler organischer
Verbindungen ist, ist ihre Wirksamkeit
bei der Entfernung von PFAS noch un-
bekannt. Ziel dieser Studie ist es, das
Vorkommen und die rdumliche Ver-
teilung von PFAS an Standorten mit
Uferfiltration zu untersuchen und mit
zwei Pharmazeutika und verschiedenen
chemischen Parametern zu vergleichen.
Eine einjdhrige Probenahmekampagne
wurde an vier unterschiedlichen Tran-
sekten mit Uferfiltration entlang der
Donau durchgefiihrt. Die Proben wur-
den mittels Fliissigchromatographie-
Massenspektrometrie analysiert.

Die Ergebnisse zeigen, dass die meis-
ten der nachgewiesenen PFAS-Verbin-
dungen Konzentrationen von weniger
als 10ng/l aufwiesen. NaADONA wies
an allen Standorten die hochste Kon-
zentration auf, was auf das Vorhan-
densein einer Emissionsquelle strom-
aufwédrts der {iberwachten Standorte
hinweist. Bei den meisten Verbindun-
gen gab es keine wesentliche Reduktion
der Konzentrationen auf der Fliel3stre-
cke vom Fluss ins Grundwasser. Dies
zeigt die geringe Bedeutung von Entfer-
nungsprozessen im Bereich der Uferfil-
tration fiir PFAS, welche auch durch sta-
tistische Tests bestdtigt werden konn-
te, die keine signifikanten Unterschie-
de zwischen Fluss- und Grundwas-
serkonzentrationen ergaben. An zwei
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Standorten in Budapest wurden im Ver-
gleich zum Fluss und den direkt durch
Uferfiltration beeinflussten Monito-
ringbrunnen hohere Konzentrationen
von PFOA, PFOS und GenX im landsei-
tigen Grundwasser festgestellt, was auf
eine Quelle im Landesinneren hinweist.
Die derzeitige Situation indizierte kei-
nen unmittelbaren Handlungsbedarf
fiir die Trinkwasserversorgung, da die
gemessenen Konzentrationen unter
dem in der EU-Trinkwasserrichtlinie
festgelegten Grenzwert liegen. Kiinftige
gesetzliche Anderungen oder Anderun-
gen bei der industriellen Produktion
und der Anwendung von PFAS kénnten
jedoch zu Problemen fiihren, da die
Ergebnisse darauf hindeuten, dass die-
se Verbindungen bei der Uferfiltration
nicht entfernt werden.

Schliisselworter Sorption/Riickhalt
von PFAS - Uferfiltration -
Arzneimittel - Rdumliche Verteilung -
Vorschriften und Richtlinien

1 Introduction

Groundwater is an essential source
of drinking water globally. Persistent
organic pollutants (POPs) have put ad-
ditional stress on this resource, threaten
its quality and raise the need to protect
recharge zones and extraction wells in
the whole catchment. Meegoda et al.
(2020) have classified the primary point
sources of PFAS into four categories: in-
dustrial facilities, areas utilizing class B
firefighting foam, solid waste manage-
ment facilities, and wastewater treat-
ment facilities. Critical pathways of
PFAS to groundwater are through in-
filtration from the upper unsaturated
zone or via bank filtration, which is the
focus of this study.

Riverbank filtration (RBF) is widely
used as a cost-effective and efficient
pre-treatment process for producing
drinking water (Tufenkji et al. 2002).
Advantages of RBF include the removal
to a certain extent of suspended solids,
biodegradable compounds, bacteria,
viruses and parasites (Hiscock and
Grischek 2002). Removal/attenuation
of these pollutants can be attributed
to one or a combination of several
processes, including straining, sorp-
tion, colloidal filtration, and microbial
degradation (Ray 2011) and can be af-
fected by the travel time and the aquifer
hydrogeological properties (Ray et al.
2003). One of the most important fate
and transport mechanisms for PFAS

is sorption/desorption (Kookana et al.
2022). Studies have shown that soil
characteristics (Lyu et al. 2019; Oliver
et al. 2019; Qian et al. 2017; Wang et al.
2012), solution chemistry (Aly et al.
2019; Lyu et al. 2019; McKenzie et al.
2015) and compound physiochemical
properties (Li et al. 2019; Xiao et al.
2019) can influence the sorption affin-
ity of PFAS to the soil in porous media.
Despite RBF’s effectiveness in removing
microorganisms, some organic com-
pounds are not eliminated during RBF
processes (Heberer 2002). For exam-
ple, Lange et al. (2007) have detected
Perfluorocarboxylic acids (PFCA) and
Perfluorosulfonic acids (PFSA) in the
groundwater at an RBF site. Unfortu-
nately, there is a lack of studies about
the effectiveness of RBF in removing/
decreasing PFAS compounds and the
governing processes controlling the
transport. Hence, there is a need for
more studies that can lead to an im-
proved understanding of the fate and
transport of PFAS in the subsurface en-
vironment as a basis for human health
risk assessment.

Different regulations for PFAS have
developed over the past 20 years, as
summarized by Brennan et al. (2021).
The Stockholm Convention on POPs
was adopted in 2001 and became in-
ternational law in 2004. Production of
PFOS, one of the original types of PFAS,
was prohibited by the convention in
2009. Ten years later, the use of PFOA
in firefighting foam and the exception
of PFOS in selected applications have
been prohibited. In the meantime,
however, several other types of PFAS
have emerged from industrial processes
(e.g. PFHxA, PFNA, PFHxS, GenX). In
2020, the European Food Safety Agency
(EFSA) has recommended a tolerable
dose of 4.4ng/kg per week of PFOS,
PFOA, PFNA, and PFHxA in food. In
the same year, the European Commis-
sion published a strategy to ban the
production of all PFAS except ones
that cannot be replaced. The Euro-
pean drinking water directive (DWD)
set the limit for the sum of a specific
group of 20 PFAS at 100ng/l, or, alter-
natively, set the limit for the sum of
all PFAS at 500ng/1 (DWD, DIRECTIVE
(EU) 2020/2184). Recently, a draft for
a new environmental quality standard
directive (EQSD) and a new ground-
water directive (GWD) have been pro-
posed by the European Commission
where the sum of a specific group of
24 PFAS should be less than 4.4ng/l

PFOA equivalent in ground and surface
waters (COM 2022). Studies on the
toxicity of PFAS and its human health
effects are still ongoing; with increas-
ing knowledge, regulation will change
accordingly.

This study aims to serve as a first in-
sight into the behaviour of PFAS during
RBF by answering the following ques-
tions: (i) Which PFAS compounds are
present in various RBF sites along the
Danube?, (ii) How are these substances
distributed in space?, and, (iii) At which
levels do these substances occur com-
pared to two pharmaceuticals and var-
ious chemical parameters? In addition
to that, this study examines the effect of
sorption on PFAS transport.

2 Material and methods
2.1 Study area

Four transects along the Danube River
were selected for monitoring (Fig. 1).
Site A is in Vienna, Austria, on the
Danube Island, while the rest are on
two islands north and south of Bu-
dapest, Hungary. Site B1 and B2 are
on Szentendre Island, while Site B3 is
on Csepel Island. Sites A, B1, and B2
were selected due to the existence of
monitoring wells in the transect and in
the background water. The groundwa-
ter flow is perpendicular to the Danube
going inland via different transport
routes due to soil heterogeneity.

2.1.1 Site A

Site A is characterised by a steady water
level in the Danube River due to a dam
located 7.5km downstream of the tran-
sect. Furthermore, almost 97% of the
banks are clogged, which means most
of the water infiltrates from the bottom
of the river (Blaschke et al. 2003). The
site consists of three monitoring wells
with varying distances from 1 up to 30 m
away from the riverbank.

2.1.2 Site B1

Site B1 is located on the western side of
Szentendre Island. It consists of a hori-
zontal production well which is part of
large well group used for drinking water
extraction, and three monitoring wells
with distances between 15 and 130m
away from the riverbank. The PW is
located 56 m away from the riverbank.
The water level in the Danube River is
very dynamic. There is no evidence of
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Fig. 1 Map showing the location of the transects where PFAS were monitored, data
downloaded from http://tapiquen-sig.jimdo.com and https://www.hydrosheds.org/

products

clogging in the riverbank (Nagy-Kovécs
et al. 2019).

2.1.3 Site B2

Site B2 is on the eastern side of Szen-
tendre Island. It consists of a horizon-
tal production well and five monitor-
ing wells with distances between 5 and
400m from the riverbank. The PW is
located 215 m away from the riverbank.
Like Site B1, the water level is also dy-
namic and the riverbank is not clogged.
Danube water was not sampled at this
site and results from Site B1 were con-
sidered having the same Danube water
as at Site B2.

2.1.4 Site B3

Site B3 consists of 30 horizontal pro-
duction wells. Three of these wells were
sampled and then a composite sample
was prepared to ensure representa-
tive results for larger part of the site.
There are no monitoring wells in the
area. This site was selected because of
a wastewater treatment plant (WWTP)
upstream, enabling studying the effects
of WWTPs on PFAS concentration in
river and groundwater. The transport
distance between the riverbank and
productions wells is around 90 m.

2.2 Sampling protocol

At Sites B1-B3, samples were taken bi-
monthly for 1 year between May 2022
and May 2023, while at Site A sam-
pling started six months earlier and
samples were collected monthly un-
til March 2022 and then collected bi-
monthly until March 2023. Samples
were collected from the Danube River
and the groundwater. Grab samples
were taken from the river from approx-
imately 30cm below the surface using
an extension pole with bottle holder.
Before groundwater sampling, at least
three times the volume of the moni-
toring well was pumped and discarded
to ensure a fresh sample. To do so,
a submerged pump was used. The con-
necting tubes of the pump were made
of polypropylene to avoid the risk of
sorption to the material. Standard
parameters (EC, T, pH and dissolved
oxygen (DO)) were measured at each
sampling point using a WTW Multi-
parameter portable meter. The sample
bottles were rinsed three times with
sample water before filling. At each site,
the samples were collected within one
day, starting from the furthest mon-
itoring well from the riverbank and
moving towards the Danube River, as
the Danube River was assumed to have
the highest PFAS concentrations. In
between monitoring points, the equip-
ment was flushed with distilled water.
For PFAS assays, 1L bottles made of
polypropylene were used for collect-
ing the samples. For chemical assays,
100ml glass bottles were used: total
organic carbon (TOC), Nitrate (NOsg),
Chloride (Cl) and pharmaceutical anal-
ysis (Carbamazepine and Diclofenac).
The latter was only performed at the
sampling Site A.

On the sampling campaign on 23.03.
2023, extra samples were collected to
carry out a complete chemical investi-
gation of the major cations, anions and
metals for comparing the water types at
Sites A, B1, and B2.

2.3 Analytical methods
2.3.1 PFAS and pharmaceuticals

Targeted analysis was performed for
32 different PFAS and 2 pharmaceu-
ticals (Table 1) by using Liquid Chro-
matography Mass Spectrometry (LC-
MS) according to the method provided
by EPA (2022). The samples were con-
centrated using solid phase extraction
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Table 1 List of allmeasured PFAS parameters at all study sites, in addition to the parameters included in the DWD marked by X,
as well as the parameters included in the newer proposal by EQSD and GWD and their RPF values for the conversion into PFOA

equivalents
Name Acronym CAS number LOQ—TU DWD Draft EQSD + GWD
Wien lab RPF
(ng/1) S
Perfluorobutanoic acid PFBA 375-22-4 0.6 X 0.05
Perfluoropentanoic acid PFPeA 2706-90-3 1 X 0.03
Perfluorohexanoic acid PFHXA 307-24-4 09 X 0.01
Perfluoroheptanoic acid PFHpA 375-85-9 0.5 X 0.505
Perfluorooctanoic acid PFOA 335-67-1 1 X 1
Perfluorononanoic acid PFNA 375-95-1 0.5 X 10
Perfluorodecanoic acid PFDA 335-76-2 0.8 X 7
Perfluoroundecanoic acid PFUNDA 2058-94-8 1.6 X 4
Perfluorododecanoic acid PFDoDA 307-55-1 0.7 X B
Perfluorotridecanoic acid PFTrDA 72629-94-8 0.5 X 1.65
Perfluoro-n-tetradecanoic acid PFTeDA 376-06-7 1.7 - 0.3
Perfluoro-n-hexadecanoic acid PFHXDA 67905-19-5 - - 0.02
Perfluoro-n-octadecanoic acid PFODA 16517-11-6 - - 0.02
Perfluorobutane sulfonic acid PFBS 375-73-5 0.3 X 0.001
Perfluoropentane sulfonic acid PFPeS 2706-91-4 0.6 X 0.3005
Perfluorohexane sulfonic acid PFHXS 355-46-4 0.15 X 0.6
Perfluoroheptane sulfonic acid PFHpS 375-92-8 0.3 X 1.3
Perfluorooctane sulfonic acid PFOS 1763-23-1 0.25 X 2
Perfluorononane sulfonic acid PFNS 68259-12-1 0.15 X -
Perfluorodecane sulfonic acid PFDS 335-77-3 0.15 X 2
Perfluoroundecane sulfonic acid PFUNDS 749786-16-1 - X -
Perfluorododecane sulfonic acid PFDOS/ 79780-39-5 - X -
PFDoDS
Perfluorotridecane sulfonic acid PFTrDS 174675-49-1 - X -
4:2 fluorotelomer sulfonic acid 4:2 FTS 757124-72-4 0.25 - -
6:2 fluorotelomer sulfonic acid 6:2 FTS 27619-97-2 0.2 - -
8:2 fluorotelomer sulfonic acid 8:2 FTS 39108-34-4 0.4 - -
1H,1H,2H,2H-Perfluorooctan-1-ol 6:2 FTOH 647-42-7 - - 0.02
1H,1H,2H,2H-Perfluoro-1-decanol 8:2 FTOH 678-39-7 - - 0.04
Perfluorooctane sulfonamide PFOSA 754-91-6 0.15 - -
N-Methyl perfluorooctane sulfonamidoacetic acid N-MeFOSAA 2355-31-9 0.3 - =
N-Ethyl perfluorooctane sulfonamidoacetic acid N-EtFOSAA 2991-50-6 0.3 - =
Hexafluoropropylene oxide HFPO-DA2 (GenX) 13252-13-6 0.2 - 0.06
dimer acid /perfluoro-2-propoxypropanoic acid
4,8-dioxa-3H-perfluorononanoic acid NaDONA/ 958445-44-8 0.1 - 0.03
ADONA
F-53B (9-Chlorohexadecafluoro-3-oxanonane-1- 9CI-PF30NS 73606-19-6 0.15 - -
sulfonic acid) (F 53 B major)
11-chloroeicosafluoro-3-oxaundecane-1- 11CI-PF30UdS 763051-92-9 0.15 - -
sulfonic acid (F53 B minor)
N-Methyl perfluorooctane sulfonamide N-MeFOSA 31506-32-8 0.3 - -
N-Ethyl perfluorooctane sulfonamide N-EtFOSA 4151-50-2 0.35 - -
N-Methylperfluorooctanesulfonamidoethanol N-MeFOSE 24448-09-7 0.15 - -
N-Ethyl-N-(2-hydroxyethyl)perfluorooctyl N-EtFOSE 1691-99-2 0.15 - -
sulphonamide
Acetic acid, 2,2-difluoro-2-[[2,2,4,5- €604 1190931-27-1 - - 0.06

tetrafluoro-5-(trifluoromethoxy)-1,3-
dioxolan-4-ylJoxy]-, ammonium salt (1:1)
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(SPE). Manual SPE cartridges were used
for PFAS, while for the Pharmaceuticals,
online SPE with an automatic instru-
ment was used (Stoob et al. 2005).

2.3.2 Chemical parameters

The rest of the chemical parameters
were analysed according to the stan-
dard drinking water methods. Nitrate
was analysed using spectrophotome-
ter for the regular sampling analyses
and using ion chromatography for the
complete chemical analysis (ISO 10304-
1). Chloride was analysed with high-
performance liquid chromatography
(HPLC) for the regular sampling analy-
ses and using ion chromatography for
the complete chemical analysis (ISO
10304-1). All anions and cations for
the complete analysis were detected
using ion chromatography (ISO 14911,
ISO 10304-1). Iron, aluminium, and
manganese were analysed with atom
absorption spectroscopy (DIN 38406-
32, DIN 38406-33, and ISO 12020).
TOC was analysed using the TOC anal-
yser Shimadzu TOC-V and TEKMAR
DOHRMAN (EN 1484).

2.4 Quality control

The quality control for PFAS and phar-
maceuticals was conducted in two
steps. First, to determine the recov-
ery rates of the method, an extracted
internal standard (EIS) was added to
the process of SPE. Second, to ensure
a high-quality concentration calcula-
tion, a non-extracted internal standard
(NIS) was added to each tube before
putting it into the LC-MS. The whole
process was conducted in duplicates
from the beginning to the end. The
recovery rates were within the standard
range (80-110%) and the accuracy of
the analysis was +10%. The limit of
Quantification (LOQ) was determined
by taking 10 times the level of noise
in the analysis, which varies per com-
pound.

2.5 Statistical analysis

The statistical analysis was divided into
two parts: (i) the processing of cen-
sored data and (ii) statistical testing of
sampling results. Firstly, the censored
data, meaning data with concentra-
tions lower than the limit of quantifi-
cation (LOQ), were dealt with using
the regression on order statistics (ROS)
according to Helsel (2011). When any

parameter has less than three data
points above LOQ in any sampling lo-
cation, then the LOQ value specific for
that parameter was given in place of
<LOQ and it was disregarded in the
statistical analysis of significant dif-
ferences. Secondly, a Kruskal-Wallis
test (for locations where data from
more than two monitoring points are
compared) and U-test (for locations
where data from two monitoring points
were compared) were performed to
test for significant differences between
the data (p<0.05). Correction for the
familywise error rate, i.e., false positive
rate was performed after the tests to
adjust the p-values following the Ben-
jamini-Hochberg method (Benjamini
and Hochberg 1995). The normality
of the data was tested with a Shapiro-
Wilk test before performing significant
differences tests (Gardener 2017). All
the analyses were carried out using the
R software (R Core Team 2021).

3 Results and discussion

3.1 Analysis of chemical parameters
and pharmaceuticals

The results for nitrate, chloride, EC,
pH, TOC, and the two pharmaceuticals
(Diclofenac and Carbamazepine) are
shown in Fig. 2. pH was stable at all
sites with an average of 7.6 (not shown).
Chloride concentrations were similar
between wells at Site A and to some
extent at Sites B1 and B3 (Fig. 2). At Site
B2, the chloride concentrations were
consistently higher by three orders of
magnitude in MW5 in the background
water, while chloride concentrations in
the three monitoring wells (MWs) in
the transect between the riverbank and
the production well (PW) were similar
to the other sites. There was a clear
influence of background water on MW4
and PW water quality, where concen-
trations of all compounds were higher
than in the river. EC was persistently
higher in the background water than
closer to the river, and was higher in
Budapest than in Vienna, with highest
values measured at Site B2.

NOs-N concentrations were reduced
during subsurface passage at Sites A,
B1, B3, and in the first three MWs at
Site B2, indicating that denitrification
processes were taking place. MW5
in the background water at Site B2
showed higher levels of NO3-N than in
the rest of the wells, indicating agricul-
tural water seepages or flow paths from

other sources of NO3-N towards these
MWs. The Danube had generally higher
TOC concentrations compared to the
groundwater, which can be attributed
to filtering of suspended matter during
BE TOC concentrations showed higher
variability in Danube water at Site B3
than upstream the Budapest WWTP
(Sites A and B1).

Compared to the other chemical
parameters, Diclofenac and Carba-
mazepine behaved differently = Di-
clofenac showed a significant reduction
during infiltration into the riverbank,
which is in agreement with the liter-
ature (de Carvalho Filho et al. 2022).
Carbamazepine was persistent until the
furthest MW where concentrations de-
creased. In the study of van Driezum
et al. (2019) which was conducted in
a study area at the Danube 16 km down-
stream of Site A, Carbamazepine was
also persistent in groundwater up to
a distance of approximately 24m from
the Danube and then decreased.

The complete chemical analysis of
the major drinking water parameters
showed that the water in the Danube
and the groundwater were similar ex-
cept for the background water at Sites
B1 and B2 (MW3 at Site B1, and, MW4
and MW5 at Site B2). At these sites,
higher values of NOs, Mg, SOs and
HCO3 were found compared to the
Danube or other wells (data not shown).
This could be due to the influence of
agricultural water seepage or other
sources within the Szentendre Island
at Budapest. Changes in the Danube
water chemistry were minimal between
Vienna and Budapest. The error in the
electrical balance at all locations was
less than 1%, in agreement with the EC
measurements. The dominant water
type was g2-CaHCOs+, which means
fresh water with a moderate alkalinity
level, dominated by Ca and HCO3 ions
and a surplus of cations.

3.2 PFAS concentrations

The analysis for PFAS targeted 32 differ-
ent compounds of varying chain length
and functional groups. Only 10 com-
pounds had at least three values higher
than LOQ during the monitoring period
in all transects (Figs. 3 and 4). 6:2 FTS
and N-EtFOSA were detected only at
Site A (results not shown). 6:2 FTS
was detected there three times in the
Danube and with concentrations lower
than 2ng/l, while N-EtFOSA was only
detected once in the Danube and in
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Fig. 2 Chemical parameters measured throughout the sampling campaign in the Danube, monitoring wells (MWs), and, production
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the whiskers extend to extreme data points but no more than the +1.5 interquartile range (IQR). Note that the Y-axis is freely scaled

MWI1. All PFAS had concentrations
less than 10ng/l at all sampling sites
with only a few exceptions. PFOA had
higher concentrations exceeding 10 ng/1
at Site B2 in the background water, and
NaADONA was the compound with
the highest mean concentrations and
the largest variability compared to the
other PFAS compounds (Fig. 4). Sam-
ples from the Danube at Sites A, B1, and
B3 did not show significant differences
in concentrations, indicating that PFAS
originated from upstream sources and
there was no large influence from the
WWTP in Budapest on concentrations.

At Site A, there was no clear re-
duction in concentrations during RBF,
which could be an indication of mini-
mal sorption of PFAS to the soil during
transport. For some compounds, such
as PFPeA and PFBA concentrations var-

ied in the MWs along the transects,
which may be attributed to mixing due
to preferential flow.

Similarly, at Site B1, no clear reduc-
tion was found except for PFOA which
was marginally reduced between the
river and the PW. PFAS concentrations
were slightly higher at Site B1 compared
to Site A. The concentrations of three
PFAS (PFOA, PFOS, and GenX) were
higher in the background water (MW3)
than in MW1 and MW2, indicating the
presence of an inland source of PFAS.

At Site B2, some substances, such
as PFBS, PFHpA, and PFHxS, were
comparatively stable during subsur-
face passage similarly as at the other
sites. PFOA, PFOS, and GenX showed
the same patterns as at Site B1, but
with even higher concentrations in
the background water, again indicat-

ing the presence of an inland source
of these PFAS. PFOA had the high-
est concentration in MW5 of all wells
and compounds except for NaADONA,
while PFOS and GenX were highest in
MW4, displaying the presence of dif-
ferent local sources. Apparently, PW
receives considerable water from the
background water resulting in higher
concentrations of these PFAS (PFOA,
PFOS, and GenX) than in the river. In
contrast, the concentrations of PFBA,
PFPeA, and PFHxA slightly reduced
from the Danube towards MW1 and
MW?2, then slightly increased towards
PW, and then reduced again towards
MW4 and 5.

PFBA, PFPeA, and PFHxA showed
such a behaviour to some extent also at
other sites. On top of that, the concen-
trations of these compounds showed

520 The occurrence and persistence of PFAS at riverbank filtration sites in the Upper Danube basin
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Fig. 3 PFASconcentrationsinthe Danube, monitoring wells (MWs), and, Production wells (PWs) at Sites A, B1, and B2. The horizon-
tal line shows the median, boxes are the 25th (Q1) and 75th (Q3) percentiles, and the whiskers extend to extreme data points from Q1

and Q3 butno morethan +1.51QR
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Fig. 4 PFASconcentrationsin Site B3,
shows the median, boxes are the 25th (
butno morethan+1.51QR

the highest variability among all PFAS.
One explanation might be that their
shorter chain lengths and carboxylic
functional groups make them more sol-
uble in water, or, they could be affected
from alternative sources.

At Site B3, the mixed sample of
the three PWs was compared to the
Danube. PFBA, PFPeA, and PFHxA
showed a noticeable reduction in con-
centration during infiltration into the
groundwater, similar as at Site B2, while
PFOA and PFHpA were slightly reduced.
PFBS and GenX showed no reduction
during subsurface (or groundwater)

passage, while PFHxA showed a slight
increase. As at Sites B1 and B2, PFOS
was higher in the PW than in the river.
However, this was not the case for
PFOA nor GenX, implying that PFOS
originates from different sources than
the Danube.

NaADONA was presented separately
because of its high concentrations
and large variation in concentrations
(Fig. 4). At Sites A and B1, concen-
trations were stable during RBF but
concentrations were higher at Site Bl
than Site A. Site B2 showed an in-
crease in concentrations of NaADONA

Danube water comparison, and, NaADONA concentration at all locations. The horizontal line
1) and 75th (Q3) percentiles, and the whiskers extend to extreme data points from Q1 and Q3

towards the PW, and a decrease in the
background water, with very low con-
centrations in particular at MW5. At
Site B3, NaADONA had a lower concen-
tration in the PWs than in the Danube
water. These differences imply that
NaADONA was influenced by site spe-
cific characteristics more so than other
PFAS, and further information about
the hydrogeological characteristics and
groundwater modelling are needed to
better understand the responsible pro-
cesses, i.e., transport pathways and
removal processes.
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The high PFAS concentrations in
background water at Site B1 and B2 is
of interest and needs further investi-
gation in regards to possible sources.
Other studies have shown that agricul-
tural products such as biosolids, fer-
tilizers and compost mixed with waste
materials containing PFAS could lead
to an increase in PFAS concentrations
in the soil and adjacent groundwater
(Johnson 2022; Rohler et al. 2021).

We expected that PFAS concentra-
tions will reduce with distance, how-
ever, our study shows that PFAS con-
centrations exhibit no or only very lim-
ited sorption at the investigated bank
filtration sites. Sorption is site specific
and is mainly influenced by the pres-
ence of organic matter and electrical
charge of aquifer grains (Kookana et al.
2022). Xiao et al. (2015) found a reduc-
tion from 20000ng PFOA/I to <100ng
PFOA/1 over a distance of 1.4km along
flow path in groundwater. This was,
however, attributed to dispersion and
dilution as the soil type was not con-
ducive for PFAS sorption. Moreover,
studies on column experiments showed
that PFAS experience little sorption to
sandy soils with low organic content
(Wang et al. 2021). This is also the
case for our study sites, where sand
is the dominant texture type. Further
investigation of sorption parameters
with heterogeneous soil column ex-
periments is needed to confirm this
hypothesis.

3.3 Statistical tests

The Shapiro-Wilk test for normalities il-
lustrated that the majority of the sam-
ples are not normally distributed, also
shown by the skewed boxplots. There-
fore, the Kruskal-Wallis test was used to
test for significant differences between

multiple samples. For testing signifi-
cant differences between two samples
the U-test was used. The null hypoth-
esis (Ho) is that there is no significant
difference between the samples. Here
the p-value, which is the probability of
the measured against the null hypothe-
sis, is compared to the significance level
of 0.05. Based on the p-value the null
hypothesis can be accepted or rejected
(Gardener 2017).

At Site A, B1, and B3, there was no
significant difference between the PFAS
concentrations in the Danube and the
monitoring wells (Table 2), supporting
the hypothesis of no sorption processes
taking place during bank filtration. At
Site B1, although PFOA, PFOS, and
GenX concentrations differed between
the zone from the Danube towards
the PW, and the zone from the PW
towards the background water, they
were not significantly different overall
with p-values slightly above the sig-
nificance level. At Site B3, there was
no significant difference between the
samples even for PFPeA and PFHXA,
which showed a clear reduction in con-
centrations, and, PFOS which showed
higher concentrations in the PW than
in the Danube from the visual inspec-
tion of Fig. 4. Additional sources in the
Danube in-between the sites can be
excluded, as the PFAS concentrations
in Danube water between the sites were
not significantly different.

At Site B2, there were only two com-
pounds (PFBA and PFBS) which were
not significantly different, and which
are the shortest chain compounds.
PFOA, PFOS, and GenX showed higher
concentrations in the background wa-
ter resulting in significantly differences.
The rest of the PFAS were also signif-
icantly different at this site. Possibly,
these compounds are influenced by

preferential flows and slight sorption
processes which applies in particular
for longer chain compounds, in con-
trast to shorter chain compounds which
are more soluble and can travel through
the soil matrix.

3.4 Regulations and health risk
assessment

According to the DWD, the sum of
20 PFAS (Table 1) should be less than
100ng/l to be considered safe for
drinking water consumption (DWD,
DIRECTIVE (EU) 2020/2184). From
the 10 parameters presented in this
study with sufficient monitoring re-
sults above LOQ, 8 are included in this
sum. NaADONA and GenX are not (yet)
regulated in the DWD. 9 parameters
where analysed but not detected above
the LOQ, which impedes quantitative
assessment for these parameters. In
addition, 3 parameters of the list from
the DWD have not been included into
the monitoring scheme as an analyt-
ical method with sufficient accuracy
was not available. The DWD limit was
not reached according to our study re-
sults. The maximum sum was 24 ng/l,
if assuming analytical results <LOQ to
be Ong/l and neglecting not analysed
parameters. Even when considering
analytical results <LOQ to be equal to
LOQ, the sum of PFAS results in 29ng/1
at maximum. Based on this quality
standard, the groundwater at our study
sites are in line with drinking water
requirements in the current situation.
In a new draft of a proposal by
the European Commission concerning
the Water Framework Directive (WFD),
Groundwater Directive (GWD), and
Environmental Quality Standards Di-
rective (EQSD), a standard for ground-
water and surface waters is included

Table 2 Statistical results to determine significant differences in PFAS concentrations at Sites A, B1, B2 and B3, and the Danube
inViennaand Budapest; solely detected values were usedinthe analysis. Valuesinitalicsindicate significant differences (o < 0.05)

PFAS Corrected p-values
Vienna (Site A) Tahi (Site B1) Surany (Site B2) Rackeve (Site B3) Danube Vienna and Budapest

PFBA 0.984 0.984 0.099 0.222 0.893
PFHXA 0.946 0.984 0.001 0.106 0.893
PFHpA 0.714 0.984 0.015 0.516 0.893
PFOA 0.714 0.076 0.001 0.317 1.000
GenX 0.984 0.076 0.015 0.730 0.897
PFOS 0.984 0.076 0.001 0.408 0.893
PFBS 0.984 0.984 0.296 0.617 0.893
PFHxS 0.714 0.076 0.001 0.106 0.893
NaADONA 0.714 0.984 0.017 0.222 0.893
PFPeA 0.714 0.984 0.001 0.106 0.893
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Fig. 5 Sum of24 PFAS as PFOA-equivalent in the production wells in Budapest for
each sampling event, red line represents the proposed quality standard limit accord-
ing the drafts of GWD and EQSD (COM 2022). The blue bars only include parameters
with monitoring results above LOQ. The orange bars consider monitoring results below

LOQtobe equaltothe LOQ

for a sum of 24 PFAS, and set at 4.4ng/1
PFOA equivalent. All 10 substances
with analytical results above LOQ in
our study are included in this proposal
along with their relative potency fac-
tor (RPF) converting them into PFOA
equivalent (COM 2022). 9 of the pa-
rameters analysed in our study but
without sufficient values above LOQ
are included into this proposal as well.
5 parameters of the 24 included into
this proposal have not been analysed
in this study because of missing analyt-
ical methods with sufficient accuracy.
When applying the RPF in the sum
of the 10 PFAS with analytical results
above LOQ we found an exceedance of
the limit for all sampling locations and
sampling dates. When considering the
monitoring results below LOQ by set-
ting them equal to LOQ, significantly
higher values for PFOA equivalents
are reached for the PWs (Fig. 5). Ex-
ceedances of these standards can be
therefore expected in this case.

4 Conclusion

In this study, the presence of 32 differ-
ent PFAS was investigated along with

their spatial distribution in the Danube

and groundwater in Vienna and Bu-

dapest. The main outcomes are:

e The same 10 compounds were de-
tected in all investigated transects,
indicating no additional sources be-
tween sampling sites, as well as no
clear influence from the WWTP in
Budapest on PFAS concentrations.

e At Site A and Site Bl there was no
clear reduction in PFAS concentra-
tions during RBF in contrast to Site
B2, where there was a compound-
specific reduction in concentrations.
This can be mainly attributed to
longer travel times at Site B2 com-
pared to the other sites allowing for
more mixing with ambient ground-
water and more time for sorption.

e PFOS, PFOA, and GenX showed higher
concentrations in the background
waters at Sites Bl and B2, indicat-
ing a potential presence of an inland
PFAS source.

e Carbamazepine showed a similar
persistence during subsurface trans-
port as PFAS at short travel dis-
tances but was reduced after a 30m
distance. In contrast, Diclofenac
showed a clear reduction of con-

centrations in groundwater during
RBF.

¢ According to the current drinking
water quality standards, PFAS pose
no threats for drinking water extrac-
tions. However, with the new reg-
ulation proposals on the horizon,
exceedances of standards in ground-
water and surface water would have
to be expected.
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