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Abstract
The increasing awareness towards PFAS pollution makes it increasingly important to treat.

Many agencies over the globe, including the Swedish Food Agency, are introducing ever so strict
control over PFASs in drinking water. One of Norrvatten’s back-up drinking water plants, the
Hammarby plant, is a groundwater plant that saw elevated concentrations of PFASs (sum of 32 PFASs
~80 ng/L) and total uranium (~109 µg/L).

The aim of this work is to investigate the possible remediation for PFAS and uranium
pollution in the groundwater. The main objective is to examine the possibility of SorbixTM, a
strong-base anion exchange resins provided by ETC2 (ETC2, n.d.), adsorbing PFAS and uranium
from the groundwater. Furthermore, the optimal solution of groundwater and sodium chloride that
prevents microbial growth is to be investigated. This is of interest considering the intermittent
operation of the Hammarby plant, where water would be allowed to stagnant for longer periods thus
being prone to microbial growth. The effect of microorganisms on the resins is of concern.

Biogrowth experiments were conducted using four different brines: 0%, 5%, 15%, and 25%.
Identical masses of AIX resins were soaked in these solutions for 19-29 days in order to investigate
whether the brine is effective at inhibiting biogrowth. The tests were analyzed mainly using plate
count method, and secondly using flow cytometry.
For uranium and PFAS removal, batch experiments using (1) resins that were previously soaked in
brine were performed, (2) resins that were exposed to microorganisms as well as (3) new unused
resins.

Results showed that brines with 15% salinity or higher are capable of completely stopping
microbial growth. The SorbixTM was capable of removing PFAS to below detection levels, as well as
99% removal of total uranium.

To further develop on this study, column experiments with continuous water flow should be
investigated. Continuous flow is a more accurate representation of the real case and will give
knowledge on additional information regarding the breakthrough volume of the individual PFASs, the
required water flow relative to available resin area that ensures acceptable removals, and how the
competitiveness of uranium affects PFAS adsorption.
It is also recommended to investigate the potential for regenerating the AIX resins. The Swedish Food
Agency restricts the chemicals that are allowed to come in contact with any drinking water equipment.
This means that some of the regenerative substances used in other studies are prohibited in Sweden.



Sammanfattning
Den växande uppmärksamheten kring PFAS gör det allt viktigare att avlägsna dessa från

dricksvatten. Flera myndigheter över hela världen, inklusive Livsmedelsverket, inför gränsvärden och
kontroller på PFAS i dricksvatten som blir allt striktare. En av Norrvattens reservvattenverk,
Hammarby, är en grundvattenanläggning som visade förhöjda koncentrationer av PFAS och uran, där
summan av de 32 mest förekommande PFASs är 80 ng/L och den totala uranhalten är 109 µg/L.

Syftet med detta arbete är att undersöka möjligheten till PFAS och uran borttagning från
grundvattnet. Huvudmålet är att undersöka möjligheten för SorbixTM, en starkbasisk anjonbytesharts
som är framtagen av ETC2 Sverige (ETC2, n.d.), att adsorbera PFAS och uran från grundvattnet.
Dessutom ska den optimala lösningen av grundvatten och natriumklorid, som förhindrar mikrobiell
tillväxt, undersökas. Detta är av intresse med tanke på den intermittenta driften av
Hammarby-anläggningen, där vattnet i ledningarna är stillastående under längre perioder och därmed
blir utsatt för mikrobiell tillväxt. Effekten av mikroorganismer på jonbytesharts är, enligt andra
studier, bekymmersam.

Tillväxtexperimenten utfördes genom användning av fyra olika saltlösningar: 0%, 5%, 15%
och 25%. Identiska massor av anjonbytesharts blötlades i dessa lösningar i 19-29 dagar för att
undersöka biologisk tillväxt. Testerna analyserades huvudsakligen med tre-dagars-tillväxt och i
mindre utsträckning med flödescytometri.
För uran- och PFAS-avlägsnande så användes standardiserad skaktester med (1) jonbytesharts som
tidigare blötlagts i saltvatten, (2) jonbytesharts som exponerats för mikroorganismer samt (3) nytt och
oanvänt jonbytesharts.

Resultatet visade att lösningar med 15% salthalt eller högre kan bromsa mikrobiell tillväxt
helt. SorbixTM lyckades ta bort PFAS till under detektionsnivåer, samt avlägsnade över 99% av den
uppmätta uranen i grundvattnet.

För vidare studier så rekommenderas kolonnförsök med kontinuerligt vattenflöde.
Kontinuerligt flöde är en mer exakt representation av det verkliga fallet och kommer att ge ytterligare
information såsom: breakthrough volymen för de enskilda PFASs, optimala vattenflödet i förhållande
till tillgänglig yta av jonbytesharts som säkerställer acceptabel avlägsnande samt hur stark
konkurrensen mellan uran och PFAS blir och vilken av de som adsorberas/desorberas först.
Dessutom rekommenderas undersökningar på regenereringen av jonbytesharts, med tanke till de
begränsade regenereringsämnen som är tillåtna enligt Livsmedelsverket. Många regenerativa ämnen
som används i andra studier är förbjudna att använda i Sverige.
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ABBREVIATIONS & NOMENCLATURE
X:Y FTS X:Y Fluorotelomer sulfonate (X perfluorinated carbon atoms plus Y

bound to hydrogen)
6:2 FTSA 6:2 Perfluoroalkane sulfonates
AFFF Aqueous film forming foam
AIX Anion exchange
CFU Colony-forming Units
DiPAP Polyfluoroalkyl phosphoric acid diester
DOM Dissolved organic matter
DWTP Drinking water treatment plant
E0 Redox potential
EtFBSA N-Ethyl perfluorobutane sulfonamide
EtFBSE N-Ethyl perfluorobutane sulfonamidoethanol
EtFOSA Ethyl perfluorooctane sulfonamide
FC Flow cytometry
FL1-A Detector for SYBRⓇgreen - green fluorescence
FL3-A Detector for propidium iodide - red fluorescence
FOSA Perfluorooctane sulfonamide
FOSAA
FTAL Fluorotelomer aldehydes
FTOH Fluorotelomeralkoholer
GAC Granular activated carbon
HAP Hydroxyapatite
MeFBSA Methyl perfluorobutane sulfonamide
MeFBSE Methyl perfluorobutane sulfonamidoethanol
MeFOSA Methyl perfluorooctane sulfonamide
MF Microfiltration
NF Nanofiltration
NOM Natural organic matter
PAC Powdered activated carbon
PASF Perfluoroalkane sulfonyl fluoride
PCM Plate Count Method
PEF Per- and polyfluoroalkyl ether
PFAA Perfluoroalkyl acid
PFAS Poly- and perfluorinated substances
PFBA Perfluoroobtanic acidPFBS
PFBPA Pentafluorobenzyl phosphonic acid
PFBS Perfluorobutanesulfonic acid
PFC Perfluorinated compound. More modern term is PFAA
PFCA Perfluoroalkyl carboxylic acids
PFDA Perfluorodecanoic acid
PFDoA/PFDoDA Perfluorododecanoic acid
PFDoDS Perfluorodecane sulfonic acid
PFDPA Perfluorodecyl phosphonic acid
PFDS Perfluorodecasulfonic acid
PFHpA Perfluoropentanoic acid
PFHpS Perfluoroheptasulfonic acid
PFHxA Perfluorohexanoic acid



PFHxPA Perfluorohexyl phosphonic acid
PFHxS Perfluorohexane sulfonic acid
PFNA Perfluorononanoic acid
PFNS Perfluorononasulfonic acid
PFOA Perfluorooctanoic acid
PFOPA Perfluorooctyl phosphonic acid
PFOS Perfluorooctane sulfonic acid
PFPA Perfluorophosphonic acid
PFPE Perfluoropolyethers
PFPeA Perfluoropentanoic acid
PFPeS Perfluoropentane sulfonic acid
PFPiA Perfluorophosphinic acid
PFSA Perfluoroalkane sulfonates
PFTE Polytetrafluoroethylene
PFTeA/PFTeDA Perfluorotetradecanoic acid
PFTrA Perfluorotridecanoic acid
PFTrDA Perfluorotridecanoic acid
PFUnDA Perfluoroundecanoic acid
PVDF Polyvinylidene fluoride
PVF Polyvinyl fluoride
SBA Strong-base anion exchange resin
UF Ultrafiltration
U (IV) Uranium (IV) sulfate, U(SO4)2

WWTP Wastewater treatment plant



1. Introduction
Per- and polyfluoroalkyl substances (PFASs) is a set name for over 4700 individual

compounds (Swedish Chemicals Agency, 2021). The vast majority of these PFASs are man-made, and
none of which can biodegrade, with the exception of trifluoroacetic acid and few others that may
occur naturally (Ahrens, 2011; H., Frank et al., 2002; Ross et al., 2018). These substances are special
since they are thermally stable, fire resistant and retardant, oil-, water- and dirt repellent, corrosion
resistant, and electric insulators. Owing to these properties, PFASs are used in firefighting foams,
kitchenware such as non-stick surfaces, performance plastics, in textile industry such as garments,
umbrellas, bags, sails, tents, car seat covers, shoes, and carpets, in paper and food packaging, paints
and printing, electronic equipment such as printers, scanners, cameras and mobile phones, and
building material such as glass coatings and solar cells (Ross et al., 2018; Fujii et al., 2007; Houtz, E.,
2013; Prevedouros et al., 2006, Swedish Chemicals Agency 2015; Emmett et al., 2006).

Human intake of PFASs occurs mainly through consumption of food and drink. There, PFASs
accumulate and pose a potential hazard for the human body (Ross et al., 2018). Recently, the
European Food Safety Authority agreed on a new and lower limit on the intake of four of the most
common PFASs, owing to their potential adverse health effects, including decreased response of the
immune system to vaccination (EFSA, 2020). These four PFASs are perfluorooctanoic acid (PFOA),
perfluorooctane sulfonate (PFOS), perfluorononanoic acid (PFNA), perfluorohexane sulfonic acid
(PFHxS). Other PFASs may degrade to these PFASs, these are called precursor substances(Buck et
al., 2011).
Nonetheless, the vast majority of man-made and naturally occuring substances are dangerous to the
human body (Green et al., 2003).

The occurrence of PFASs in drinking water is therefore a serious matter that is receiving
increasing attention. Owing to that, numerous studies applying different removal technologies are
emerging, in efforts to treat drinking water from PFASs.

1.1 Case description
Norrvatten is Sweden’s fourth largest drinking water provider, distributing water to 14

municipalities and ~700 000 residents in and around Stockholm county. Water supply of 1.6 m3/s is
supplied from the largest plant, Görvälnverket, that draws water from Sweden’s third largest lake
Mälaren (Norrvatten, n.d.). In addition to Görvälnverlet, there are seven groundwater stand-by
back-up plants that can operate on demand. This study focuses on one of these seven, namely the
Hammarby plant located in Upplands-Väsby north of Stockholm. The Hammarby plant pumps water
from an esker that serves as a groundwater reservoir. The esker is supplied with water from infiltration
in the catchment area and through induced infiltration from the lake Fysingen frequent pumping and
large water withdrawals occur from the plant. This groundwater in particular has relatively high
concentrations of ⅀PFASs11 (PFBS, PFHxS, PFOS, 6:2 FTS, PFBA, PFPeA, PFHxA, PFHpA, PFOA,
PFNA, and PFDA), averaging on 77,75 ng/L. Table 1 shows previous tests carried out in 2019 and
2020 by Norrvatten on the groundwater. Highest concentrations are observed in PFOS, followed by
PFPeA, PFHxS, and PFHxA. Only 2%-3% of the total PFASs content in the groundwater consists of
the remaining 21 PFASs that are not included in ⅀PFASs11.

The sources of these PFASs are probably from the use of PFAS-containing fire foams in the
vicinity, as well as use of products that contain PFASs, unintentional wastewater infiltrating loads and
through deposition of air pollution. There are many incidents involving firefighting in the area, and
the broad occurence of PFOS, which is usually used in fire foams, indicate that these foams are a
source for PFASs (Mille et al., 2020). The Hammarby plant is therefore the primary focus of this
study. Hammarby is the reserve water at Norrvatten with the highest concentration of PFASs, which

1



are still below the target threshold limit value given by Livsmedelsverket, but likely above limit
values in the upcoming revision of the regulations (Livsmedelsverket, 2021c).

As observed in table 2 below, there is some radioactivity in the water, consisting mainly of ⍺
and β activity. The radon activity was only sampled once and seems abnormally high, therefore it was
likely caused by a random- or human error. Most of the activity, excluding radon, originates from
uranium isotopes, with uranium 234 in particular. Uranium concentrations have been measured above
80 µg/L in all analyses, averaging at 109 µg/L. These concentrations are relatively high. The Swedish
Food Agency recommends taking action if total uranium content exceeds a soft limit of 30 µg/L
(Livsmedelsverket, 2021a). The groundwater also contained polonium, lead, and radium. These
substances are excluded in this study.
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Table 2. Radioactivity of several substances and total uranium concentrations in the Hammarby
groundwater.

Substance Lead
210

Poloni-
um 210

Radium
226

Radium
228

Uranium
234

Uranium
235

Uranium
238

Radon Total
Uranium

Unit Bq/L Bq/L Bq/L Bq/L Bq/L Bq/L Bq/L Bq/L µg/L

2011-03-29 - - - - - - - - 106.0

2013-03-13 - - - - - - - - 101.0

2014-03-24 - - - - - - - - 98.1

2015-01-21 - - - - - - - - 83.8

2015-02-17 - - - - - - - - 89.2

2015-03-10 - - - - - - - - 95.1

2016-04-05 - - - - - - - - 120.0

2017-03-27 - - - - - - - - 120.0

2017-03-27 0.029 0.085 0.130 <0.150 0.990 0.038 0.860 45.000 140.0

2017-09-26 - - - - - - - - 110.0

2018-03-20 - - - - - - - - 130.0

2018-03-20 0.030 0.019 <0.080 0.187 0.808 0.032 0.701 - -

2019-03-12 - - - - - - - - 110.0

2019-03-12 <0.01
8

<0.004 0.068 0.072 1.540 - 1.320 - -

2020-11-10 - - - - - - - - 120.0

2020-11-10 - <0.003 0.045 <0.020 1.215 - - - -

1.2 Objectives
The aim of this study is to improve our current understanding regarding the concurrent

remediation of PFASs and uranium in the groundwater, and to provide a basis for decision making
regarding PFAS and uranium treatment at Norrvatten.

The goals are:
● to examine different treatment methods that are capable of removing PFASs from drinking

water - from literature.
● to investigate the usage of brine solutions to prevent biogrowth on the AIX resins, and to

verify that contact with brine would not adversely impact the adsorption capacity of the
resins.

● to investigate the removal of PFASs from groundwater using strong-base anion exchange
resins, SorbixTM, which is provided by ETC2.

● to investigate the influence of SorbixTM on uranium contamination in the groundwater.

3



The second goal is of interest considering the intermittent operation of the Hammarby plant. AIX
resins must remain hydrated or their adsorptive capacity is reduced1. So the resins will remain in the
“same” stagnant water for 30 days and therefore become susceptible to biogrowth. Sodium chloride is
an allowed substance to use on AIX resins for regeneration purposes, according to the Swedish Food
Agency’s LIVSFS2017:2 (Livsmedelsverket, 2017).

The lowest salinity required to halt microbial growth and how that affects the performance of
AIX are questions that will be assessed in this study.

2. Theory
2.1 Background

PFASs are chemicals characterized by different lengths of carbon chains, varying from 4 to 18
carbon atoms (Coastalwiki 2020). When one or more of the hydrogen atoms in the carbon chains are
replaced by fluorine, a polyfluorinated compound is obtained. If all of the hydrogen atoms are
replaced by fluorine atoms, then the term becomes perfluorinated compounds (PFC/PFAA) (Buck et
al., 2011). The C-F bound is extraordinarily strong (Smart, 1994), and the more hydrogen replaced by
fluor, the stronger and more stable the compound is, and the less reactive they become (Crone et al.,
2019). Another classification that is used divides PFASs into linear and branched groups, where
isomers of the same substance exhibit either a linear structure, where carbon atoms are bonded to 1 or
2 additional carbon atoms, or branched structure, where carbon atoms are bonded to 3 or more carbon
atoms, depending on the method of production (Buck et al., 2011). This classification is of importance
since it alters the adsorption and distribution properties in PFASs (Franke et al., 2017). Riddell et al.
(2009) showed that PFOS has linear and 10 different branched derivatives may occur in the
environment. Branched isomers are more uncommon, compared to their linear counterparts. A case
study in the U.S. showed that only 0.5% of the PFOA found in water consists of branched isomers
(Emmett et al., 2006), 4%-12.9% in lake Taihu in China (Chen et al., 2018; Ma et al., 2018), 5%-8%
in groundwater and 7%-20% in surface water in Sweden (Gobelius et al., 2018), and all concluding
that linear isomers have higher tendency to sorb to soils, compared to branched isomers. This might
be explained by the reduced hydrophobicity and increased polarity of the branched substances (Gao et
al., 2019). Production of PFASs via electrochemical fluorination produces 70-80% linear and 20-30%
branched PFCs, whereas telomerization often exclusively produces linear isomers (Buck et al., 2011;
Schulz et al., 2020).

PFASs resist biodegradation indefinitely, and can withstand heat, acids, bases, reducing
agents, and oxidants (Rahman et al., 2014; Post et al., 2012). Polyfluorinated compounds, sometimes
called PFC precursors, can eventually undergo biodegradation and transform to the extremely resistant
PFCs (Ross et al., 2018; Buck et al., 2011). PFAS can be divided into non-polymers (fluorinated
carbon chains with one or more functional groups, such as PFSAs, PFCAs and their precursors), and
polymers (polymers that have fluorinated side chains, such as PFTE, PVDF, PEF, and PFA) (Swedish
Chemicals Agency 2015).

1 Jeffrey Lewis, general manager at Montrose Environmental Group AB, video conference on 2021-02-03
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Figure 1. Hierarchical overview of the family of PFASs. Red colouring indicates already regulated substances on a
national/regional level and/or voluntary work. n stands for the number of carbon atoms in the alkyl chain. Based on Wang et
al. (2017) and Organisation for Economic Cooperation and Development (2015).

As illustrated in figure 1, each substance that consists of a CnF2n+1-R moiety is categorized as
a PFAS. Furthermore, PFAAs are divided into different families, depending on the functional group R.
For instance, PFASs that have a COOH functional group are generally identified as PFCAs.
Fluorotelomers and PASFs are PFAA precursors that eventually undergo abiotic and biotic
degradation into PFAA (Buck et al., 2011).
The “longer-chained” substances are more susceptible to restrictions, while shorter than 6 carbon
atoms are often left unregulated, with the exception of PFHxS. According to OECD’s terminology,
PFCAs with ≥ 7 and PFSAs with ≥ 6 perfluorinated carbons are called “longer-chained” (Organisation
for Economic Cooperation and Development, 2018). Polymers are not included in the scope of this
study.

PFOS and PFOA are the two most commonly found, reported and discussed, and regulated
PFASs globally (Wilder et al., 2017; Ross et al., 2018). The vast awareness for these substances
eventually led to a decision to phase-out the production of PFOS and PFOA and related compounds
by their major manufacturer in 2000 (Buck et al., 2011). This action caused a global chain reaction.
the US Environmental Protection Agency agreed with manufacturers to eliminate emissions of PFOA
by 2015 (US Environmental Protection Agency, n.d.), Canadian authorities had a similar agreement
(Government of Canada, 2010), and similar restrictions were introduced in the European Union
(2006/122/EC). Eventually, this led to inclusion of PFOS in the list of persistent organic pollutants, by
the Persistence Organic Pollutants Review Committee (POPRC) in the Stockholm Convention on
Persistent Organic Pollutants (POPRC, 2009) as an annex B substance, i.e. restricted in its use (UN
Environmental Programme 2009; Awad et al., 2011). The public attention that PFOS and PFOA
received resulted in many restrictions and, over the years, levels of these substances are gradually
declining both in human serum and the environment. Consequently, short-chained surrogates, such as
PFHxS, PFBS, PFNA, PFUnDA, and PFBA have seen increased usage and higher concentrations in
the environment (McCleaf et al., 2017; Kim et al., 2020a; Scheringer et al., 2014; Strynar et al., 2015;
Wang et al., 2013; Möller et al., 2010; Ahrens et al., 2009; Ahrens et al., 2011; Kothawala et al., 2017;
Axmon et al; 2014).
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Electrochemical fluorination and telomerization are the main two manufacturing methods for
PFASs. During telomerization, polyfluoroalkyl iodides (PFAI) are reacted with other compounds i.e.
tetrafluoroethylene and ethylene, and depending on the reactants used different products can be
obtained, such as 6:2 FTOH, PFOA, PFNA, and FTSA. Since linear PFAI is used, the resulting PFASs
are exclusively linear. During electrochemical fluorination, on the other hand, organic substances
undergo electrolysis in anhydrous hydrogen. The hydrogen in the compounds is then replaced by F
atoms. The resulting PFASs are typically a mixture of 70%-80% linear and 20%-30% branched (Buck
et al., 2011; Conte et al., 2004).

2.2 Occurrence and transport
Only a small proportion (<1%) of PFCs, which are the volatile ones (Ahrens et al., 2011), are

released into the atmosphere. The rest ends up in water (Paul et al., 2009), and is now found
ubiquitously in marine environments (Kannan et al., 2001) and animals (Emmet et al., 2006). Unlike
other persistants that usually bioaccumulate in fatty tissues, PFASs are water soluble and are stored in
blood serum instead (Emmett et al., 2006; Olsen et al., 2003; Olsen et al., 2004; Olsen et al., 2005;
Kannan et al., 2004; Post et al., 2012). PFOS and PFOA have a half-life of 8,5 and 1-3,5 years,
respectively, which implies that PFASs eventually exit the human body (Fuji et al., 2007). Awad et al.
(2011) showed that PFC levels in fish decreased by 70%, 9 years following the accidental discharge of
AFFF from Toronto International Airport, where PFC levels reached 106 ng/L one day after the
accident. Consequently, PFASs that are present in the human body from different sources will
eventually end up in wastewater treatment plants (WWTP) (Hölzer et al., 2009). Since biological
degradation, among other conventional processes used in WWTP, are unable to remove PFASs from
the contaminated water, WWTP effluents become one main source of PFASs to aquatic environments
such as groundwater and surface water (via leachate) (Thompson et al., 2011; Sinclair & Kannan,
2006; Huset et al., 2008; Ahrens 2011; Crone et al., 2019; Quinones & Snyder, 2009). A study in the
U.S. concluded that wherever WWTP effluents flowed, an average of 80 ng/L ⅀PFC was obtained,
compared to 1-2 ng/L in places with no direct effect from WWTP effluents (Quinones & Snyder,
2009).

Cui et al. (2020) showed that a vast amount of PFAS-containing products are disposed of in
landfills in Florida, releasing PFASs into landfill leachates, whence they are transported to other
aqueous environments. Gobelius et al. (2018) showed, in a study of sampling water across Sweden,
that landfill leachates (n=10) had highest mean sum of PFASs of 490 ng/L, followed by surface water
of 110 ng/L (n=289), which must entail that a similar pattern occurs in Sweden as well. Surface water
showed a median of 3.9 ng/L, implying low PFASs levels for the majority of the surface water, with
several ones having considerably higher levels that elevates the mean value. The composition of PFAS
occurrence throughout Sweden is illustrated in figure 2 below. PFOS, PFOA, PFHxS, PFHxA, and
PFNA are present in almost every sampling region. The majority of the samplings show low
concentrations (≤5 ng/L), with several samplings showing higher concentrations (≤90 ng/L) scattered
mostly in southern and central regions where anthropogenic activity is at a maximum. High levels of
contamination were measured in Minnesota, in the vicinity of a 3M PFAS manufacturing facility
(Minnesota Department of Health, 2008), in Elbe river in Germany, where effluents of 9 WWTPs
flow (Ahrens et al., 2009), and surface waters and wells near a fire training facility that utilizes
aqueous film forming foams (AFFF) in Florida (Cui et al., 2020). The abundant usage of PFASs in
AFFF resulted in higher pollution in the vicinity of training facilities (Ross et al., 2018).
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Figure 2. PFAS occurrence in Swedish surface water (n=263). Reprinted with permission from Gobelius et al. (2018).
Copyright year (2021) American Chemical Society.

Most dominating of the PFASs found in Swedish surface waters are PFCAs (64%), indicating
their high mobility. To emphasize on the high mobility of PFASs, occurence of PFCs was identified
even in most remote locations, such as in arctic mammals and oceangoing species (Lindstrom et al.,
2011; Munoz et al., 2017; Zhao et al., 2017). In a USEPA’s UCMR3 report (US Environmental
Protection Agency, 2017; Crone et al., 2019), results from 37 000 samples originating from 4920
drinking water utilities in the US were analysed. The analysis showed that 72% of the detectable
PFAS originated from groundwater, with higher average concentrations of 210 ng/L ⅀PFAS,
compared to 90 ng/L from surface water. PFASs were even detected in water-based beverages such as
cola and coffee in the Netherlands (Eschauzier et al., 2013). Prevedouros et al. (2006) estimated a
historical total of 3200-6900 ton of PFCAs were released into the environment as direct and indirect
emissions across the globe.

One of the two main mechanisms that cause the high solubility of PFASs in water is
hydrophobic sorption to organic material, which is the affinity of non-polar compounds to phases
other than water (Du et al., 2014). Sorption efficiency increases with increased chain length. The
second main mechanism is adsorption to the surface of charged minerals via electrostatic interactions.
Adsorption rate increases with decreasing pH and carbon chain length, and increasing concentrations
of calcium (Ross et al., 2018; Higgins & Luthy, 2006; McKenzie et al., 2015). PFCs usually exhibit
anionic behaviour at common pH, and in the presence of positively charged adsorbents, electrostatic
interactions can arise. In this case, adsorbents attract negatively charged functional heads in the PFCs.
Adjusting pH in water can change surface charge via protonation/deprotonation of some functional
groups. Once anionic PFCs have been adsorbed into a surface, they might repel other PFCs by
exerting negative charge (Deng et al., 2012; Yu et al., 2009; Zhang et al., 2011; Du et al., 2014).
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PFCAs and PFSAs dissolve better in water compared to FTOH and FOSA as a result of
having charged functional groups (Rahman et al., 2014), and in general having shorter chains
increases solubility in water (Ross et al., 2018). PFASs with cationic or zwitterionic functional groups
can, with electrostatic interactions, attach and cling to soils, resulting in low to moderate mobility in
soils, compared to high mobility in water environments (Ross et al., 2018; Barzen-Hanson et al.,
2017).

Being a lithophilic element, uranium occurs naturally through weathering of bedrock and
leaching of mineral sources in earth’s crust (Riedel & Kübeck, 2018; Rout et al., 2020; Sidorov et al.,
2012). Consequently, uranium concentrations in groundwater are largely influenced by the
surrounding geometry and presence of other minerals, which often transpire near mountainous
regions. Huikuri et al. (2001) demonstrated in their analysis of 4000 samplings that uranium
occurrence was significantly higher in southern regions of Finland, where large uraniferous granite is
abundant, compared to the northern regions. Uranium 238 isotope dominates the naturally-occuring
uranium. Anthropogenic activities that may contaminate aquatic environments include mining
activities, dissolution of phosphate fertilizers, combustion of coal, spill from nuclear industry (Weir
2004) and manufacture of weapons (Choi et al., 2020).

2.3 Toxicology & health hazards
According to the Swedish Food Agency, the concentrations of PFBS, PFHxS, PFOS, 6:2 FTS,

PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, and PFDA combined should not exceed 90 ng/L
(Livsmedelsverket, 2021b). Human exposure to PFAS has many sources and can enter the body
through inhaling fine particles or consumption of contaminated food, with the main intake of PFASs
still remaining via diet (Gobelius et al., 2018). Amongst food products, fish that is exposed to
contaminated water usually contains the highest amounts of PFASs (Lindstrom et al., 2011; Hölzer et
al., 2011; Haug et al., 2010). Studies estimated that consumption of water contaminated with 1, 10,
40, 100, and 400 ng/L of ⅀PFAS would contribute to 2,4%, 20%, 50%, 71%, and 91% of the total
exposure, respectively, assuming a mean of 4 ng/mL of PFASs in blood serum (Post et al., 2012). For
the reference; citizens who were exposed to 3550 ng/L PFOA in drinking water for at least 2 years
had average PFOA concentrations of 371 ng/mL in blood serum (Emmett et al., 2006). Costa et al.
(2009) reported that PFOA was not associated with any health issues 53 workers that were exposed to
the substance over a period of 30 years. However the study still concluded that PFOA probably
interferes in human metabolism.

Long-chain PFASs shows a higher potential for bioaccumulation (Ross et al., 2018; Asher et
al., 2012; Awad et al., 2011; ). Having relatively longer carbon chains, PFOA and PFOS, the two most
hazardous PFASs, can bioaccumulate better than other shorter PFASs (Gobelius et al., 2018).
Children are more exposed to PFOA and other PFASs, because of the presence of these in breast milk
(Bonato et al., 2020). Hölzer et al. (2008) showed in a case study in Arnsberg, Germany, where
citizens had been consuming drinking water with 500-640 ng/L PFOA, that children had 4.5-8.3 times
higher PFOA levels compared to adults in the same area. Neuropsychological development problems
in girls were linked to PFASs (PFHxS, PFOA, PFOS, PFNA, and PFDA) levels in the body, although
this tendency was not consistent in boys (Niu et al., 2009).
In experimental animals, PFOA was found to be the cause of weight loss, hepatic toxicity, alters
hormone levels, defects the immune system and neurobehavioural, cancer of several organs in rats and
liver enlargement in non-human primates (Post et al., 2012). Correlation was identified between
PFOA exposure and liver, pancreas, and testicular cancer as well as weight loss and liver enlargement
in rodents (Lindstrom et al., 2011; Biegel et al., 2001; Cook et al., 1992). Our knowledge on the
toxicity of substances such as PFOA is still lacking, especially when the International Agency for
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Research on Cancer classifies PFOA as “possible carcinogenic to humans”, or when other studies
present contradictory results (International Agency for Research on Cancer 2018; Teaf et al., 2019).

The toxicity of uranium is analogous to heavy metals, can be deposited in the kidneys and
cause permanent damage to the filtration system of the body (Rout et al., 2020).

2.4 Treatment
As mentioned earlier, conventional treatment methods are ineffective in removing PFASs

(Eschauzier et al., 2012), see table 3 below. The combination of sedimentation, coagulation,
flocculation, and aeration used in a full-scale DWTP was still ineffective in removing PFOS and
PFOA. Takagi et al. (2011) conducted a case study in Japan and confirmed that sand filtration,
sedimentation, and ozonation combined had almost no removal of PFOA and PFOS. Of the filtration
methods, NF and RO excelled in rejecting PFASs, while MF and UF showed poor performance. GAC
and AIX have a higher tendency to adsorb longer-chained PFASs compared to shorter ones, which
explains why both show high removal rates for PFOS and PFOA while showing low removal rates for
⅀PFASs. In general, AIX showed higher removal efficiencies compared to GAC, even at high initial
concentrations. The majority of PFASs were conceivably removed within 10 minutes using PAC,
achieving equilibrium at a much higher rate compared to GAC.
Promising results were shown from lab-scale electrofiltration. Although, this high removal rate might
be associated with the high initial concentration of PFASs of 54 000 ng/L, and the effect of
electrofiltration under normal concentrations remains uncharted.

Table 3. A summary of PFAS removal technologies used in other studies.

Technology Scale Location Water Source Initial
concentration
[ng/L]

pH Removal/Reduction

AIX2 Lab-scale USA PFAS solution 200 000 000 2.5 PFOS: >99%

CR3 Full-scale NR PFOA
solution

100 000 000 10.3 PFOA: up to 88.5% in
oxygen-deprived
environments

DAF4

UF4

SED+COAG+
FLOC+AER4

GAC4

AIX4

RO4

Full-scale USA Groundwater
and reclaimed
WW

Varied NR PFOA: 5%, PFOS:
49%
PFOA: 7%, PFOS:
25%
PFOA: 3%, PFOS:
-21%

PFOA: 48%, PFOS:
89%
PFOA: 74%, PFOS:
92%
PFOA: 75%, PFOS:
97%

E-MF5 Lab-scale Taiwan Industrial WW 54 000 8.6 PFOS & PFOA: 70%

5 Tsai et al. 2010

4 Appleman et al. 2014

3 Song et al. 2013

2 Deng et al. 2010
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GAC6 Full-scale Japan River & Lake
water

36 NR PFOA & PFOS:
100% during first 100
days

GAC7 Full-scale Sweden Surface water 98 NR ∑PFAS: 85%

GAC8 Full-scale South
Korea

Varied 151 NR ∑PFAS: 24%,
long-chained PFASs:
>80%

GAC9

AIX9
Lab-scale Sweden Surface water 100 NR ∑PFAS: 62%

∑PFAS: 66%

GAC10

AIX10
Lab-scale Sweden PFAS solution 32 500 NR ∑PFAS: 53.5%

∑PFAS: 89.5%

GAC11

AIX11
Lab-scale Sweden Groundwater 205 NR ∑PFAS: 77%

∑PFAS: 92%

GAC12

PAC12

Lab-scale Norway Groundwater
with nearby
water-resistant
clothing
factory

4 050 6.7 ∑PFAS: 20%-40%
after 10 minutes

∑PFAS: 60%-90%
after 10 minutes

MF+RO13 Full-scale USA WWTP to
drinking water

80 NR PFOS: >98%,
∑PFAS: 70%

NF14 Lab-scale USA WWTP NR 4.0 PFOS: 90%-99%

NF15 Lab-scale USA Deionized
water feed

NR 5.6 FOSA: 93%-100%

NF16 Lab-scale NR Water mixed
with PFASs

9 000 6.7 ∑PFAS: 97.56%

RO17 Lab-scale USA WWTP NR 3.0 PFOS: 99%

RO18 Full-scale Australia Reclaimed
WW

116 NR ∑PFAS: 97.65%

UF+RO19 Full-scale China Landfill
leachate

7 280-292 000 7.3-
8.6

∑PFAS: 90%-100%

19 Yan et al. 2015

18 Thompson et al. 2011

17 Tang et al., 2006

16 Appleman et al. 2013

15 Steinle-Darling et al. 2010

14 Tang et al., 2007

13 Quinones & Snyder 2019

12 Hansen et al. 2010

11 Franke et al. 2019

10 Kothawala et al. 2017

9 McCleaf et al. 2017

8 Kim et al. 2020

7 Belkouteb et al. 2020

6 Takagi et al. 2011
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UF+RO20

OZ+GAC20

Full-scale Spain River water &
groundwater

PFOA: 67,
PFOS: 60

NR PFOA: 100%, PFOS:
99%

PFOA: 45%, PFOS:
64%

NR - not reported. RO - reverse osmosis, NF - nanofiltration, UF - ultrafiltration, OZ - ozonation, GAC - granulated
activated carbon, AIX - anion exchange, WW - wastewater, DAF - dissolved air flotation, SED - sedimentation, COAG -
coagulation, FLOC - flocculation, AER - aeration, PAC - powdered activated carbon, MF - microfiltration, E-MF -
electro-microfiltration, CR - chemical reduction.

2.4.1 Destruction
2.4.1.1 Chemical oxidation

Fluorine is the most electronegative element in the periodic table, with a Redox potential
(E0)~3 V (Mullay, 1987), making it increasingly difficult to oxidize fluorine (Beltrán, 2004; Rahman
et al., 2014). Furthermore, having electron withdrawing groups such as -Cl, -NO2, and -COOH
reduces the reactivity of these substances (von Guten, 2003). Both PFCAs and PFSAs have -COOH
and -SO3H groups, making them resistant to oxidation, even by hydroxyl radicals (⠂OH with E0=2.8
V, compared with O3 with E0=2.07 V). Usually, hydroxyl radicals attract hydrogen atoms and form
water, however hydrogen atoms are replaced by fluorine in this case. Oxidation then transforms PFAA
precursors into PFAAs (Rahman et al., 2014). Takagi el al. (2011), including others, established that
ozonation had no effect in reducing PFAS concentrations, due to the strength of the C-F bond
(Eschauzier et al., 2012).

Advanced oxidation processes (AOP) had negligible effect on a wide variety of PFAAs with
PFOS included. On the contrary, there are concerns of rebound effect if cationic and zwitterionic
precursors transform to PFAAs with help of these oxidation processes (Ross et al., 2018).

2.4.1.2 Chemical reduction
Chemical reduction of PFASs is the lab-scale process in which hydrated electrons, having -2.9

V reduction potential (Buxton et al., 1988), are generated by various devices to target the C-C and C-F
bonds in PFASs. In their study, Huang et al. (2007) used laser flash photolysis on potassium
ferrocyanide to generate hydrated electrons, and showed that this method is capable of cleaving the
C-F bond in PFCAs. The authors suggested that the dominating mechanism here is analogous to
nucleophilic substitution, where cleavage of the C-F bond is obtained by attracting an electron to
perfluorinated carboxylates. In addition, Park et al. (2009), Li et al. (2014), and Qu et al. (2010)
suggested that hydrated electrons cleave the C-C bond connecting the CNFN2+1 and COOH groups,
resulting in near 96% reduction of PFOA and 38%-62% for other PFASs after 12 hours of exposure in
oxygen-reduced solutions. These studies used UV irritated iodides and sulfites instead of laser flash
photolysis. One major drawback with this method is the fact that the electrons are continuously
consumed by dissolved oxygen and nitrate, substantially decreasing its efficiency in the presence of
air (Ross et al., 2018; Song et al., 2013).

2.4.2 Electrochemical reactions
2.4.2.1 Sonolysis

Sound waves at various frequencies (1-1100 kHz) are used to create cavitations
(microbubbles) due to negative pressure caused by oscillating rarefactions and compressions that
develop as sound waves propagate in water. PFASs are broken down by thermal decomposition

20 Flores et al. 2013
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caused by the high temperature zones near or around the bubble, both before and after the bubbles are
released (Ross et al., 2018).
Attractions arise between the gas inside the bubbles and the hydrophobic group of the PFASs, which
typically consist of carbon groups that are saturated with fluorine. While the hydrophobic side of a
PFAS is adsorbed into the cavities, the hydrophilic side (i.e. carboxylate- or sulfate group) remains
soluble in water. This phenomenon is ideal for maximizing agglomeration of PFASs with the limited
surface area of the cavitations (Rayne & Forest, 2009). Longer PFASs tend to have higher
hydrophobicity and therefore adsorb at a higher rate. The efficiency of removal is expected to increase
exponentially with increased chain length. Another factor that plays an important role is the degree of
fluorination. Sonolysis has been shown to be more effective against perfluorinated compounds,
compared to the polyfluorinated ones (Fernandez et al., 2016). Moreover, the operating frequency of
the sound is also critical to the outcome. Rodriguez-Freire et al. (2016) defluorinated AFFFs using
sonolysis, and concluded fluorocarbons removal were 10-fold higher in 1 MHz, compared to 500 kHz
of sound frequency.

Sonolysis has shown promising results, destroying both long-chained and short-chained
PFASs under low to moderate operating costs, depending on the frequency. So far, sonolysis has only
been tested in lab-scale with relatively high concentrations of PFASs (>10 000 ng/L), so how the
device would perform in a full-scale treatment plant, and how it should be designed so that a uniform
distribution of cavities would be obtained is a challenge that remains to be answered. This is a method
that might be more useful in rejecting streams that contain higher concentrations of PFASs (Ross et
al., 2018).

2.4.2.2 Electrochemical oxidation
This method requires high voltage to break down PFASs. The exact mechanisms that

electrochemical oxidation relies on are still under debate (Radjenovic et al., 2020). The theorised
mechanisms are i) indirect oxidation via generation of hydroxyl radicals on the anode, which then
reacts with PFASs and ii) direct oxidation by electron transfer from the carboxyl group in the PFAS to
the anode at 3.37 V potential (Ross et al., 2018; Zhuo et al., 2011). Furthermore, Gomez-Ruiz
suggested that the degradation of fluoropolymers leads to formation of PFCAs, which in turn degrade
and ultimately result in the mineralization of the substances.
Electrochemical oxidation has only been tested at laboratories thus far, but has shown promising
results. After 2 hours of operation, an average decrease of 77% of PFASs was obtained, and with one
additional hour a higher removal (>98%) was observed for the longer-chained 6:2 FTSA and FOSA,
while 66% and 26% for the shorter-chained PFHxS and PFBS, respectively (Franke, 2020).
Gomez-Ruiz et al. (2017) achieved 99.7% removal of PFASs after 10 hours of exposure to
electrochemical treatment, while Radjenovic et al. (2020) observed 91%, 98%, and 45% for PFHxS,
PFOS, and PFBS, respectively, implying higher removal for longer PFASs. Compared to advanced
oxidation processes (AOP), electrochemical oxidation is superior owing to the fact that the potential at
the anode can be adjusted to levels exceeding 3 V, making it effective against PFASs. While being
robust and easy to operate, electrochemical oxidation requires high operational costs (256 kWh/m3

water,
Gomez-Ruiz et al., 2017) and have been shown to produce harmful by-products such as hydrogen
fluoride, chlorine, and bromate (Ross et al., 2018; Franke, 2020; Radjenovic et al., 2020)

2.4.2.3 Electrocoagulation
Electrocoagulation is made up of one or more electrolytic cells with anode and cathode. The

anode material consists of ''sacrificial electrodes'' that, when subjected to current, corrode and release
the metal ions. The ions will then help remove contaminants either via binding and precipitation, or
via electrolytic flotation (Mollah et al., 2001). Using iron plates, Kim et al. (2020b) achieved complete
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removal of PFOA after 6 hours of operation. The study also mentioned formation of PFPeA, PFHxA
and PFHpA from electrocoagulation. Similar results using Aluminum plates were obtained (Yang et
al., 2016). Another study using Zinc plates achieved 96.7% removal of PFAAs after merely 10
minutes, consuming less than 0.18 Wh/Lwater (Lin et al., 2015).
EC has many advantages such as easy to operate, ability to remove even smallest colloidal particles,
and requiring only simple equipment. These advantages are often outweighed by the fact that these
sacrificial electrodes are dissolved into the water in the process and require treatment as well as
replacement in the anode (Mollah et al., 2001). Earlier studies demonstrated successful removal using
Zinc plates, but Zn has high material cost and generates the environmental-toxic Zn2+ ions (Kim et al.,
2020b). Further identifications of the released by-products from different plating materials and
investigations of the possibility of their removal are needed.

2.4.3 Separation
Low pressure membrane systems (micro-filtration or MF) has been shown to be ineffective in

removing PFASs (Appleman et al., 2014; Rahman et al., 2014; Franke, V., 2020). This is due to the
effective diameter of PFASs being ~1 nm (0.91 nm and 0.99 nm for PFOA and PFOS, respectively),
while the pore size of MF membranes is ~100 nm, making size-exclusion almost impossible in this
case (Tsai et al., 2010).

2.4.3.1 Reversed-Osmosis and Nanofiltration
RO showed almost complete removal (>99%) of PFASs, including the smallest one (PFBA)

(Thompson et al., 2011; Appleman et al., 2014; Rahman et al., 2014; Quinones & Snyder, 2009).
Nanofiltration is inferior compared to RO, with average efficiencies varying between 90%-99%
(Rayne & Forest, 2009). Nano membranes rejected compounds that are even smaller than the nominal
cutoff, suggesting that other factors including charge, hydrophobicity, electrostatic reactions, and
dipole moment have influence on the rejection of PFASs (Franke et al., 2019; Rahman et al., 2014).

While RO and NF are extremely effective, they both require high capital costs and are often
employed as a last resort. RO is considered expensive even for desalination purposes. Another major
burden is the PFAS-enriched reject flow from the membranes. Approximately 20%-50% of the water
flow ends up as a reject flow that needs to be treated (Ross et al., 2018; Franke, V., 2020). Franke, V.
(2020) investigated the effect of GAC and AIX on a reject stream following NF, and concluded that
both removed 2.6-fold and 4.1-fold more PFASs per adsorbent volume from the concentrated stream
rejected by NF, compared to removal from raw water. Moreover, half-life of AIX was demonstrated to
be threefold greater than that of GAC, but has a higher rate of declining efficiency (Franke et al.,
2019).

2.4.3.2 Ozofractionative Catalysed Reagent Addition (OCRA)
A technology that relies on chemical oxidation to form concentrated foams on the surface of

the water, which can be separated with 20% maximum solid content (Ross et al., 2018). According to
a case study in Australia issued by EVOCRA, which is the provider of OCRA, the method showed
capability of removing 99,94% of 28 common PFASs, including short ones such as PFBS (EVOCRA,
2016). Moreover, the method’s versatility was shown by removing petroleum hydrocarbons as well as
BOD and TOC.

OCRA has only been tested in laboratories and, as reported by EVOCRA, can be used as a
complementary stage as well as a stand-alone system. The main disadvantage here is the generation of
a side stream that requires external destruction.
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2.4.4 Adsorption
Adsorption methods take advantage of the hydrophobicity of the PFASs to attract them into

the binding site. These processes can be broken down into three subprocesses: i) film diffusion, where
the adsorbate moves to the exterior surface of the adsorbent, ii) intraparticle diffusion, where the
adsorbates diffuse to the interior of the adsorbent, and iii) sorption of the adsorbate into the porous
media, which is often negligible (Chingombe et al., 2006). Some adsorbents depend on other
mechanisms including electrostatic interactions and AIX to further increase their affinity for PFAS
adsorption (Yu et al., 2009).

2.4.4.1 Granulated activated carbon
GAC is unable to completely filter out PFASs, but compensates for that by being fairly

low-priced and simple to install, compared to other treatment methods. GAC can be manufactured
using wood-, bamboo, and coal-based, and also coconut shell carbon. Wood- and bamboo-based are
usually the default choice as they outperform coal-based (Ross et al., 2018). Drinking water treated
with GAC still contained shorter-chained PFASs such as PFBA, PFPeA, PFHxA, PFOA (~50%
removal), PFBS, and PFHxS, while longer-chained PFOS, PFNA, and PFHxS were removed at a
higher degree (Eschauzier et al., 2012). Similar results are confirmed by other studies as well (Oliaei
et al., 2013; Belkouteb et al., 2020; McCleaf et al., 2017; Franke, 2020). GAC is a method that is
already well established and used commercially. A two year experiment at Backlösa DWTP revealed
that GAC had efficiencies ranging from 67% to 100% for longer PFASs, depending on the age of the
filter (Belkouteb et al., 2020). The age of a filter is typically measured as bed volumes of treated
water, which is the ratio between the treated water volume and the volume of the filter. A
breakthrough for PFBA was reached at 10 000 BVtreated (Appleman et al., 2014), PFHxA at 30 000
BVtreated (Belkouteb et al., 2020), three-carbon and four-carbon PFCAs at 30 360 BVtreated and 49 523
BVtreated, respectively (McCleaf et al., 2017), while sustaining >80% removal efficiency for PFOS
even after 30 000 BVtreated (Franke, 2020). This generally shows the trend of faster desorption for
shorter-chained PFASs. It therefore becomes less feasible with higher concentrations of short-chained
PFASs, since more frequent regeneration/replacement is needed in that case. In a full-scale treatment
plant, GAC had to be replaced once every three months in order to avoid breakthrough of PFBA
(Zaggia et al., 2016). If the possibility exists, reducing water flow rate by 50% has the potential of
prolonging the lifetime of GAC filters by 9745 BVtreated, which is equivalent to approximately 50%
extra PFAS adsorption capacity. Lower flows allow more time for diffusion into the porous media of
the adsorbent (Belkouteb et al., 2020).

Aside from chain length, Kim et al. (2020a) established that GAC had higher removal
efficiencies for PFSAs, compared to PFCAs of the same fluorocarbon chain length. Removal rate of
PFHxS was 34.3% higher than PFHxA, and PFOS removal was 32.5% higher than that of PFOA. It
was concluded to be caused by the degree of electrostatic affinity for activated carbon, which is higher
in sulfonate groups compared to carboxylate groups (Kim et al., 2020a). Another factor of importance
is the dissolved organic matter (DOM) level in the water. The presence of DOM might be competitive
for the PFASs (Appleman et al., 2014; Dudley, 2012), and DOM might even have higher sorption
potential (Rahman et al., 2014). Interestingly, other studies showed that the presence of DOM resulted
in a higher removal rate of PFASs (Kothawala et al., 2017). This conclusion was contradicted by
Appleman et al. (2013).

GAC shows lower removal rates for branched PFASs, with an average difference of 11%
(Eschauzier et al., 2012; McCleaf et al., 2017; Belkouteb et al., 2020). This effect becomes more
apparent the older the filter becomes. The rate of removal of L-PFHxS and B-PFHxS was 66% and
37%, respectively, for a filter that has 29 300 BVtreated (Franke, 2020).
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GAC filters can be regenerated via heating to 700℃ (Franke, 2020) - 1100℃ (Ross et al.,
2018) under oxygen-deprived environments and in presence of certain gases. This destroys the PFASs
in the process. Such conditions make regeneration challenging in-situ.

2.4.4.2 Powdered activated carbon
Much like GAC, PAC relies on electrostatic and hydrophobic reactions. The advantage of

PAC is its ability to achieve equilibrium at a remarkable rate. While GAC required 168 hours to reach
equilibrium, only 4 hours were necessary for PAC (Yu et al., 2009). This difference is likely caused by
the increased surface area and therefore shorter diffusion distance of the PAC. Although PAC is a
quick and versatile solution, the better candidate for drinking water applications where PFASs persists
for longer periods remains to be GAC (Rahman et al., 2014).

2.4.4.3 Anion exchange
AIX resins consist of a polymeric base with a charged functional group and a counter ion

(cation), both balancing each other. Adsorption of PFASs occurs mainly via three mechanisms: ion
exchange, electrostatic- and hydrophobic reactions (Rahman et al., 2014). Electrostaticity ensues from
the exchange of the cation that is affixed to the polymeric structure with PFASs. Longer molecules
have higher hydrophobicity and preferrentially transport from hydrated to sorbed state at the sorption
site, and in the process inducing agglomeration. Formation of aggregates enhances the removal
efficiency by maximizing the available area of the sorption site. On the other hand, hydrophilic and
short-chained PFASs (i.e. PFBA and PFBS) favour the hydrated state, counteracting agglomeration
and consequently reach maximum removal when sorption sites are saturated with single molecules.
For these short-chained PFASs, AIX is the main mechanism, while hydrophobic interactions become
more essential for the longer molecules (Zaggia et al., 2016; Deng et al., 2010; Dixit et al., 2020).
AIX occurs when negatively charged counter ions (CL-, OH-, HCO3

-) are exchanged from the resin to
the liquid solution. AIX have surplus charge, positive or negative, that is balanced by the counter
counter-ions. Once the counter-ion is exchanged with PFASs, the same forces that kept the
counter-ion attracted to the resin now act on the PFASs (Levchuk et al., 2018). According to Zaggia et
al. (2016), hydrophobic resins (polystyrene matrix), which generally have longer alkyl chains, show
better performance compared to its less hydrophobic counterparts. However, other studies showed
contradictory results and explained that hydrophilic resins (polyacrylic matrix) allow easier
intraparticle diffusion of PFASs into the pores (Deng et al., 2010; Lampert et al., 2007). The former
study showed differences in sorption rate as large as 76-fold and capacity difference of 10.8-fold
between the different resin types.

Just like GAC, AIX shows higher affinity for longer-chained PFASs (Dudley, 2012). Strong
anion base resins show significantly higher removal rates of short chain PFASs (Rahman et al., 2014).
Non-anionic resins also exist. These rely on hydrophobic and van der Waals interactions (Ross et al.,
2018). Appleman (2012) applied iron-infused resin to a full-scale plant and obtained 46%, 75%, 81%,
92%, and 97% removal of PFHpA, PFOA, PFBS, PFOS, and PFHxS, respectively. However, it failed
to remove shorter-chained PFBA, PFPeA, and PFHxA. Bench-scale study using ammonium resin
managed to partially remove PFBA, PFHxA, and PFPeA, reaching saturation point at 18 000 BVtreated,
30 000 BVtreated, and 47 000 BVtreated, respectively (McCleaf et al., 2017). Moreover, the study
confirmed that removal efficiency of branched PFASs is relatively similar to its linear counterparts,
differing by ~2.2%. The presence of longer-chained PFASs, which have higher hydrophobicity and
affinity for binding site, may dislodge shorter ones, resulting in early breakthroughs (Eschauzier et al.,
2012).
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The resins of AIX have shown different adsorptions based on their properties, see table 4 below. Resin
IRA67 being one of the vigorous resins, with polyacrylic gel matrix and polyamine functional group,
showed capacities varying between 2,8 mmol/g and 5,7 mmol/g. What is interesting about the
information given in table 4 is that the matrix and porosity of a resin seem to have a minor impact on
the overall capacity. The Functional group, on the other hand, has preeminent influence on the
capacity. For instance, the difference in the capacity between resins IRA910 and A520E, which have
the same matrix and porosity but different functional groups, is a substantial 2,9 mmol/g. Resins with
ammonium and polyamine functional groups show relatively high adsorption. Gel matrix with
quaternary ammonium functional group performs poorly in adsorption of PFOS, but one of the
highest in adsorbing PFOA.

Table 4. Uptake capacity of PFOS, PFOA, and PFHxS using different ion exchange resins in batch
tests.

PFAS Resin Matrix Porosity Functional group Uptake
capacity -
isotherm
models

PFOS

IRA6721

IRA91022

IRA40023

IRA6724

IRA9624

IRA40024

IRA41024

IRA90024

IRA95824

IRA40025

A600E26

A520E26

A532E26

Polyacrylic
Polystyrene
Polystyrene
Polyacrylic
Polystyrene
Polystyrene
Polystyrene
Polystyrene
Polyacrylic
Polystyrene
Polystyrene
Polystyrene
Polystyrene

Gel
Macroporous
Gel
Gel
Macroporous
Gel
Gel
Macroporous
Macroporous
Gel
Gel
Macroporous
Gel

Polyamine
Hydroxyl ammonium nitrogen
Quaternary ammonium
Polyamine
Polyamine
Quaternary ammonium
Benzyldimethyl ammonium
Quaternary ammonium
Quaternary ammonium
Quaternary ammonium
Trimethyl quaternary amine
Triethyl quaternary amine
Bifunctional quaternary amine

4,2
3,3
0,5
5,7
3,8
0,5
0,7
4,2
4,9
0,3
0,3
0,4
0,5

PFOA

IRA6727

IRA91028

IRA40029

IRA40030

A600E26

A520E26

A532E26

Polyacrylic
Polystyrene
Polystyrene
Polystyrene
Polystyrene
Polystyrene
Polystyrene

Gel
Macroporous
Gel
Gel
Gel
Macroporous
Gel

Polyamine
Hydroxyl ammonium nitrogen
Quaternary ammonium
Quaternary ammonium
Trimethyl quaternary amine
Triethyl quaternary amine
Bifunctional quaternary amine

2,8
3,5
2,9
0,3
0,3
0,3
0,3

IRA6731 Polyacrylic Gel Polyamine 2,9

31 Mimiati et al. 2018

30 Wang et al. 2016

29 Yu et al. 2009

28 Mimiati et al. 2018

27 Du et al. 2015

26 Zaggia et al. 2016

25 Wang et al. 2016

24 Deng et al. 2010

23 Yu et al. 2009

22 Mimiati et al. 2018

21 Gao et al. 2017
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PFHxS IRA9631

IRA40031

IRA91031

Polystyrene
Polystyrene
Polystyrene

Macroporous
Gel
Macroporous

Polyamine
Quaternary ammonium
Hydroxyl ammonium nitrogen

2,5
1,4
3,5

The presence of DOM had a negative influence over the performance of AIX. The
concentration of DOM appears to be irrelevant, but the fact that whether DOM is present or not is the
only influencing factor, reducing the efficiency of AIX by a maximum of 10%. With that being said,
the removal efficiency was largely unaffected by DOM. A possible explanation for this is the stronger
PFASs affinity for the binding site (Kothawala et al., 2017)

Regeneration can be achieved by washing with inorganic salts and organic alcohols. The
resulting NaCl solution contains brine and PFASs and must therefore be treated separately (Franke,
2020). The main advantage here is in fact the ability to regenerate in-situ, an ability which GAC lacks
(Zaggia et al., 2016). An alternative regeneration method is offsite incineration (Ross et al., 2018).

Overall, AIX has been shown to outperform GAC with regard to economic feasibility
(Lampert et al., 2007), PFAS retention and contact time (Ross et al., 2018), effectivity against
shorter-chained PFASs (Zaggia et al., 2016; Rahman et al., 2014), influence of DOM (Kothawala et
al., 2017), robustness against branched isomers (McCleaf et al., 2017), and durability (Franke, 2020).

2.4.4.4 Zeolite
Zeolites are aluminosilicates that are commonly used in catalysis and separation processes,

owing to their small pore size (Tao et al., 2006). When it comes to the performance against PFASs,
Zeolites are usually outperformed by GAC and other adsorption methods (Ochoa-Herrera &
Sierra-Alvarez, 2008). For the purposes of this study, methods including Zeolite and Alumina that
have already been proven inferior compared to GAC and AIX, are therefore not investigated further.

2.4.5 Uranium
The majority of aforementioned PFAS treatment methods have, in some way or another, been

applied for the retention of uranium and similar heavy elements. Choi et al. (2020) utilized
electrocoagulation for the removal of radioactive uranium, and demonstrated that an aluminum and
stainless-steel anode and cathode managed to remove 96 µg/L after 120 minutes of operation at low
pH (2.7), consuming 632.3 kWh/guranium. Another study used PAC coated with hydroxyapatite (HAP),
and obtained a sorptive capacity of 464 mguranium/kg in merely 120 minutes. The PAC-HAP system
maintained >90% retention of uranyl ions under concentrations varying from 50 µg/L to 200 µg/L.
However, authors concluded that HAP was the major player in the chemisorption of uranyl,
considering that a stand-alone HAP system showed similar retention rates. Moreover, possible
formation of NO-

3 and PO3-
4 have been observed (Rout et al., 2020). Another study combined HAP

with synthetic copper and observed a 55-100% reduction of uranyl, reaching equilibrium in 1-4 days
(Szenknect et al., 2020). Treatments excluding HAP have also been examined. Electrochemical
treatment using Ti anode successfully removed >99% of U(IV) in water. Furthermore, >98% of the
uranium can be recovered from the cathode using HNO3 solution, giving electrochemical treatment a
decisive advantage (Liu et al., 2019).

AIX has likewise shown its versatility by detaining uranium. Strong-base anion exchange
resins (SBA) preferentially removed uranium, against vanadium, molybdenum, arsenic, and nitrate,
but required frequent regeneration (422 BVtreated) and fouled in the presence of NOM (Chen et al.,
2020). Regeneration frequency appears to largely depend on several factors including presence of
NOM. Riegel & Schlitt (2017) observed uranium breakthroughs at 120 000 - 300 000 BVtreated, which
varied depending on the composition of water. The capabilities of SBA were tested in an acidic mine
(2.7 pH) and showed a capacity of 66-198 mguranium/g, but have shown competitive behaviour for
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sulfate and fluoride anions (Ladeira et al., 2007). Presence of PFASs might cause a similar behaviour
in our case. Even under near-neutral to high pH (6.5-8), SBA still sustained removal rates above 90%
(Phillips et al., 2008; Huikuri et al., 2001). Aside from SBA, polystyrene (chelating) resins also
demonstrated high adsorption capacity for uranyl (Foster et al., 2020).

Reverse-osmosis successfully removed uranium and similar heavy substances with >99%
efficiency (Chen et al., 2020).

2.5 Sorption isotherms
The two most commonly used models that study individual PFASs are Freundlich and

Langmuir adsorption isotherms. These models can relate the amount of adsorbate sorbed into the
adsorbent at a given pH and temperature, and predict how much of the pollutants will be adsorbed
using different quantities of adsorbent. Moreover, pseudo-first-order and pseudo-second-order
equations (Ho & McKay, 1998) can be used to describe adsorption kinetics (Zhou et al., 2021). Other
less common models include liquid film diffusion model, double exponential model, Elovich’s
equation etc (Qiu et al., 2009), are not included in this study.

2.5.1 Freundlich
The Freundlich model is empirical, implying that isotherm batch/continuous experiments

have to be carried out following a specific procedure for such models to work. Freundlich relies on
equation (1) below:

, (1)𝑞
𝑒

= 𝐾
𝑓
𝐶

𝑒
1/𝑛

where qe is the amount of adsorbate in the adsorbent, Kf is a constant related to adsorption capacity, Ce

is the equilibrium concentration of the contaminant in the liquid solution, and n is a constant related to
adsorption intensity. From the previous example, qe can be measured using (2) below:

, [ng/g] (2)𝑞
𝑒

=
𝐶

𝑖
−𝐶

𝑒

𝑤 𝑉

Where Ci [ng/L] is the initial concentration of the contaminant, Ce [ng/L] is the equilibrium
concentration, w [g] is the weight of the adsorbent, and V [L] is the volume of the solution.
Equation (1) can be rewritten as:

𝑙𝑜𝑔(𝑞
𝑒
) = 𝑙𝑜𝑔(𝐾

𝑓
) + 1

𝑛 𝑙𝑜𝑔(𝐶
𝑒
)

(3)

Equation (1) can now be represented as a linear equation (3). Plotting log(qe) against log(Ce), and
making linear regression yields a line graph where the slope is and the intercept is log(Kf).

1
𝑛

2.5.2 Langmuir
The Langmuir model is based on a reaction hypothesis. The model assumes that the adsorbate

behaves as an ideal gas where adsorption/desorption are totally reversible processes. The solid surface
of the adsorbent has a limited amount of binding sites (figure 3), where a molecule’s binding can be
treated as a chemical reaction that the adsorbate and adsorbent undergo (Limousin et al., 2007).
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Figure 3. Schematic over the langmuir assumption, where the matrix is the adsorbent and the intersections are free binding
sites that the adsorbate can be bound to. These sites are uniformly distributed over the surface of the adsorbent.

In reality, the binding surface is not uniform but granulated. Furthermore, the adsorbents may
form hemimicelle and micelles when being attracted to the binding site, thus having more than one
molecule attracted in a binding site (Dixit et al., 2021). The Langmuir can be described using (4)
below:

, (4)𝑞
𝑒

=
𝑏𝑞

𝑚𝑎𝑥
𝐶

𝑒

1+𝑏𝐶
𝑒

where b is a constant related to affinity for the binding site (also known as KL in other literature), and
qmax is the maximum uptake capacity of the binding site. This equation can be rewritten as:

, (5)1
𝑞

𝑒
=

1+𝑏𝐶
𝑒

𝑏𝑞
𝑚𝑎𝑥

𝐶
𝑒

which in turn can be written as:

(6)1
𝑞

𝑒
= 1

𝑏𝑞
𝑚𝑎𝑥

1
𝐶

𝑒
+ 1

𝑞
𝑚𝑎𝑥

The langmuir equation is now in the form of a linear equation (6). Plotting against with linear1
𝑞

𝑒

1
𝐶

𝑒

regression should now yield a linear graph where the slope is and the intercept is . Constant1
𝑏𝑞

𝑚𝑎𝑥

1
𝑞

𝑚𝑎𝑥

b can therefore be calculated using equation (7).

(7)𝑏 = 1
𝑠𝑙𝑜𝑝𝑒*𝑞

𝑚𝑎𝑥

Another factor that can be calculated is RL (equation 8), which is the separation factor:

(8)𝑅
𝐿

= 1
1+𝐶

𝑖
𝑏

The separation factor value implies:
● A process is irreversible, which occurs with very large adsorption, when RL= 0.
● A process where adsorption is noticeable, but relatively weak, when 0<RL<1.
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● A process where desorption occurs instead of adsorption, when RL≥1.

2.5.3 Pseudo-first-order
The Langren first rate equation, also known as pseudo-first-order equation, is a

time-dependent empirical reaction isotherm which assumes that chemical reactions take place on the
surface of the adsorbent. Sorption rate is mainly controlled by the rate of chemical reactions
(adsorption and desorption) (Plazinski et al., 2009). Unlike the first-order equation, pseudo-first-order
assumes a constant concentration of one of the two reactants. This can occur if a reactant is a catalyst,
or if there’s a large excess amount of it compared to the other reactant so that the change in its
concentrations is negligible (Tinoco et al., 1995). Equation (9) is a pseudo-first-order adsorption
equation:

, (9)𝑑𝑞(𝑡)
𝑑𝑡 = 𝑘

1
(𝑞

𝑒
− 𝑞(𝑡))

where q(t) is the adsorption capacity at a given time t, k1 is a time-scaling factor. If the value of k1 is
high, it implies that equilibrium can be obtained in a shorter time. If q(0)=0 is a condition that can be
assumed, equation (9) can then be rewritten as:

(10)𝑙𝑛(𝑞
𝑒

− 𝑞(𝑡)) = 𝑙𝑛(𝑞
𝑒
) − 𝑘

1
𝑡

The equation is now in linear form. Plotting against time (t) with linear regression𝑙𝑛(𝑞
𝑒

− 𝑞(𝑡))

would yield a line graph where the slope is k1 and ln(qe) is the intercept.
In order for a pseudo-first-order to work, an experiment has to be carried out where the concentration
of the adsorbates is dependent on time. One way to achieve this is by running the experiment in a
batch experiment without shaking, and measuring the concentration of PFASs over time.

2.5.4 Pseudo-second-order
The second-order reaction here is proportional on the square of the concentration. The model

was initially used for AIX from natural Zeolites for the removal of heavy metals from water by
Blanchard et al. (1984). Equation (11) represents the form of the second order model that is most
commonly applicable for adsorption (Ho et al., 1998; Ho & Yuh-Shan, 1995):

,𝑑𝑞(𝑡)
𝑑𝑡 = 𝑘

2
(𝑞

𝑒
− 𝑞(𝑡))2

(11)

where k2 is a time-scaling constant, which is dependent on the initial concentration, ci, but has not
been proven to rely on temperature and pH (Plazinski et al., 2009). Equation (11) can be rewritten as:

𝑑𝑞(𝑡)

(𝑞
𝑒
−𝑞(𝑡))2 = 𝑘

2
𝑑𝑡

(12)

Assuming the condition q(0)=0, the following integral can then be possible:

, (13)
0

𝑞(𝑡)

∫ 1

(𝑞
𝑒
−𝑞(𝑡))2 𝑑𝑞(𝑡) = 𝑘

2
0

𝑡

∫ 𝑑𝑡

integrating and rewriting equation (13) gives (see appendix A for the detailed integration):
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, (14)𝑡
𝑞(𝑡) = 1

𝑞
𝑒
2𝑘

2

+ 1
𝑞

𝑒
𝑡

which is the linear form for the pseudo-second-order equation. Plotting against time t with linear𝑡
𝑞(𝑡)

regression would yield a line graph where the slope is and the intercept is . Since qe can be1
𝑞

𝑒

1

𝑞
𝑒
2𝑘

2

read from the slope, the intercept equation has now one unknown parameter, which is k2, therefore it
can be solved.

3. Methodology
The methodology of this study consists of two parts: i) microbial growth experiments one and

two, and ii) PFAS and uranium removal. These are described in more detail in sections 3.1 and 3.2,
respectively. The growth experiments analyzed the number of microbes that grow in the water in the
presence of AIX using flow cytometry and plate-count method. For PFAS and uranium removal, the
concentrations of PFASs and uranium in the groundwater - before and after exposure to AIX - were
analyzed at an external laboratory. All experiments used fresh groundwater retrieved from Hammarby
that is no more than 24 hours old. Masses were weighted using a kitchen scale with ± 1 g accuracy.
Measuring cylinders with 1% inaccuracy were used for all volume measurements. This study
exclusively uses SBA resin type LC-4 SorbixTM, with polystyrene matrix and gel porosity, see figure 4
below.
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Figure 4. A close-up of the LC-4 Sorbix TM resins used in this study. The material is beads-like with >0,01 mm in diameter.

3.1 Microbial growth experiments
Microbial tests were carried out using eight sealed bottles, A0% to A25% and B0% to B25% (figure

5), consisting of AIX material, water, and NaCl, and two additional references (R & R2) containing
only water. The content of each bottle is documented in table 5 below. All bottles were kept at room
temperature in a dark environment (figure 6)
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Figure 5. To the left: bottles A25%-A0% and R, to the right: bottles B25%-B0%, all sealed and kept in a dark environment at room
temperatures.
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Figure 6. Black plastic bags are taped on the shelf where bottles A25%-A0% & B25%-B0% are stored.

Bottles A0% and B0% act as a reference without any added NaCl. Water was transported from
the Hammarby plant and used in the tests on the same day. For the growth experiment, only 5 bottles
are actually required. The duplicates (B0%-B25% and R2) were a second growth experiment which
started 10 days after the start of the first experiment that contained bottles A0%-A25% and R. The
second experiment was actively sampled for a duration of 19 days. The resin material that is used in
the second growth experiment is of a second and newer batch. Moreover, the resins were heated in
60℃ (higher temperatures might be detrimental for the resin) water for an hour and remained soaked
in 15% brine solution during the transportation, which was done by ETC2 in efforts to pasteurize the
resins and ensure that the resin itself was not contributing a microbial load that would bias the test
(Figure 7). The resins were then washed after unpacking using four times the volume with water and
two times the volume with MilliQ water prior to the experiment to remove the NaCl. The tap water
was located immediately after a UV stage. Coffee filters were used to drain the resins from the water
(Figure 8).
Sample tests were taken on average twice every week, on Mondays and Fridays. The schedule of all
samples with surrounding temperature and water pH is given in table 6 below. Tests A25%-1 to A0%-1
and R-1 were taken almost immediately after the start of the experiment.

Figure 7. Sterilized resins soaked in 15% brine solution in the delivered condition.
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Figure 8. Filtration of the resins using a coffee filter.
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Table 6. Testing schedule during growth experiments, with sampled pH and temperature. Tests
marked with red were not analyzed due to understaffing (due to COVID-19).
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3.2 PFAS & Uranium adsorption experiments
PFAS and uranium removal were analysed using a standarized European (SS-EN

12457-2/ISO 21268-1 & 2) one stage batch test. The studied resins are presented in table 7 below.
The test portion must weigh 0.09 kg ± 0.005 kg of dry mass, with a liquid/solid ratio of 10 L/kg,
which implies that the added water must weigh 0.9 kg.
In total, 9 tests were conducted. Resin material in bottles 3-7 (see table 7) was washed prior to the
batch testing in order to rinse it from any leftover sodium chloride. These were washed with six times
the volume using tap water and four times the volume using MilliQ water. Prior to filtration, the resins
were soaked in MilliQ water, where the conductivity of the water was measured to ensure complete
removal of sodium chloride. The groundwater had a conductivity of ~300 µsiemens/cm, and for
reference the MilliQ water had around 30-0,5 µsiemens/cm. All washed material had less than 50
µsiemens/cm before filtration. The new material (bottles 8 and 9), having been delivered unsaturated,
was washed and filtered in order to obtain similar wet mass. Refbatch, 1 and Refbatch, 2 are reference tests
containing plain water with no AIX material. These two were therefore not shaken and instead
sampled immediately. Filtration was done using coffee filters without any vacuum or pressure
apparatus (figure 8).
Once all components were assembled, the bottles were sealed and agitated for 24 hours using an
orbital shaker with 72 RPM at room temperature (13℃), see Figure 9. The L/S ratio may not be
changed during the experiment, which disallows sampling throughout the course of the experiment.

Samples 1 and 2 are reference samples taken from raw water. Prior to sampling, the mixture is
allowed to sediment for 15 minutes, and a coffee filter with ~20 µm nominal screen size was used to
filter out undesired solids. The sampled volume was 90g for all samples.
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Figure 9. Batch test - the different AIX resins in a basket taped to the shaking board.

3.3 Sampling method
Growth of microbes was analyzed using flow cytometry (BD Accuri c6+) and three days’

culturable microorganisms at 22℃ (standard plate count method, SS-EN ISO 6222-1). Flow
cytometry (FC) observes the shape, size, and complexity of different cells using laser and light
detectors that detect autofluorescence or stained fluorescence by excitation that emits different
wavelengths. The microbes pass one at a time in front of the detectors, where the emission light is
registered and converted into electric signals, also known as events. In this study, SYBRⓇ green and
propidium iodide were used to stain the microbes. Propidium Iodide binds itself to DNA and its
excitation/emission gets shifted from 493 nm to 535 nm and from 636 nm to 617 nm, respectively
(Thermofisher, n.d.). This change in wavelength produces apparent color shifts that help recognize
intact DNA and separate it from damaged DNA. A cell that is intact will only be stained with
SYBRⓇ green and not propidium iodide, whereas a damaged cell will expose its DNA to propidium
iodide which results in an observable color shift. A damaged cell is stained with both SYBRⓇ green
and propidium iodide, while an intact cell is only stained with SYBRⓇ green, see figure 10 below.
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Figure 10. Figure illustrating the “staining” of SYBRⓇ green and propidium iodide in intact and damaged cells. Based on
Gatza et al. (2013).

SYBRⓇ green intercalates in double-stranded DNA in the entire bacterial population, indiscriminate
of their viable state (Zipper et al., 2004). The SYBRⓇ green is primarily observed in FL1, but its red
emissions are also observed in FL3 detectors.

The latter method measures the amount of colony forming units (CFUs), by incubating them
over a period of three days at 22℃ in a dark environment. The procedure is according to European
standard SS-EN ISO 6222-1. Samples with volume 1 ml, 0,1 ml, and 0,01 ml (10-1000 µm pipette)
were inoculated with approximately 10 ml of yeast peptone agar (GranuCult, Yeast Extract agar,
Merck KGaA, Darmstadt, Germany). The plates are 9 cm in diameter and contain 10 ml of yeast
peptone agar, which acts as a nutrient media that inoculates the microbes. Three days later, each
formed colony is assumed to have originated from a single cell, or sometimes aggregate of cells.
Besides different types of bacteria, several types of fungi and actinomycetes are also CFUs
(Livsmedelsverket, 2020). The samples were filtered and stored at room temperature with no ambient
light until. All samples began incubating on the same day of sampling.
It is estimated that PCM has an uncertainty of ± 20% (Mittatekniikan Keskus, 2002). Both PCM and
FC were analyzed from the same test.

As for uranium and PFASs analysis, 60 ml samples for each were filtered and labelled. For all
samples, temperature and pH were measured immediately after the sampling. The tests were sent to an
external laboratory that analyzed them ~10 days after the date of sampling.
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4.0 Results
4.1 Treatment methods

Figure 11 shows a brief summary of the treatment methods that are mentioned in section 2.
Reverse-osmosis and nanofiltration have shown high removal rates, both for shorter-chained and
longer-chained PFASs, and are implemented in full-scale treatment plants. AIX, GAC, and PAC are
behind the filtration methods in efficiency. Chemical oxidation and Zeolite have shown poor
performances. Electrocoagulation, electrochemical oxidation, and chemical reduction are all showing
promising results, but are yet to be implemented and tested in full-scale systems. Sonolysis and
OCRA have, in some cases, shown high removal rates and are being implemented in several full-scale
systems.

Figure 11. A summary of PFAS treatment technologies. The x axis displays the development of the method, from being
implemented in laboratories to full-scale treatment plants, and the y axis displays the efficiency of PFAS removal. Blocks
with green, blue, and yellow background represent seperation, chemical, and adsorption methods, respectively.

4.2 Microbial growth
Results regarding the first growth experiment, A25% to A0% and R, are presented in 4.1.1., and

the second experiment, B25% to B0% and R2, in 4.1.2.

4.2.1. First growth experiment
Figure 12 shows counted CFUs (colony-forming units) in bottles A25%-A0% and R. Bottles

A25%, A15%, and A5% started with approximately the same amount of CFUs, which is ~ CFU/ml,6 * 105

while the reference test R-1 started with a lower concentration of under CFU/ml. Also observed is105

the growth of CFUs between samples A25%-1 to A5%-1 and A25%-2 to A5%-2, which occurs only three
days apart (see table 6 for dates of sampling). Between the first samples (A25%-1 to A5%-1) and the
second samples (A25%-2 to A5%-2), the highest growth of 712,5% was observed in bottle A15%,
followed by A15% with 598,1%, and A25% at 150%. Reference test R-1 showed almost no microbial
growth. Reference test A0%-2 had the next lowest concentration, following A25%-2. Tests A25%-4 and
A0%-4, which were taken 26 days later, showed drastic decrease in the amount of CFUs/ml,
independent of the salinity.

30



Figure 12. Enumeration of CFUs in A25%-A0% and R according to the plate count method.

Figure 13 shows results from FC (flow cytometry) for A25%-A0% and R. What immediately
stands out is the amount of cells in each test, which is approximately 40 times higher than those
measured using plate count method. One factor contributing to this difference is that the FC reads
every single bacterial cell, while PCM (plate count method) is restricted to bacteria and fungi which
can be culturable. There are many microbes which are not culturable - viable but not culturable cells.
What is analogous with the previous results is that A25%, A15%, and A5% starts with similar

concentrations, but at ~ cells/ml. Both A25% and A15% showed a similar increase of 60,6%,245 * 105

60,7% between tests 1 and 2, while A5% increased with 45,4%. The reference test, A0%-2, ended up
with a relatively lower concentration, which is somewhat consistent with PCM. Bottle R, which was
only groundwater in a bottle, showed more familiar concentrations of microbes in test R-1. Both FC
and PCM show non-negligible microbial growth even at 25% salinity. Worth noting here is the fact
that the FC was unable to read propidium iodide in the water, due to technical issues.
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Figure 13. Detected cells in A25%-A0% and R using flow cytometry.

Tests A25%-1, A15%-1 and A5%-1 differed by ± 8,2% in FC results and ± 17,2% in PCM results.
Because all bottles included the same weight of water and AIX resin, tests A25%-1, A15%-1, and A5%-1
should show a similar result, since these tests were taken almost immediately after the start of the
experiment. Clearly, the NaCl had little influence on the first tests, considering A25% started with a
higher concentration compared to A15%. The average of tests A25%-1, A15%-1, and A5%-1 is

cell/ml from FC and CFU/ml from PCM, suggesting that for each CFU, there245, 2 * 105 5, 9 * 105

are corresponding 41,56 cells in the FC tests.
With R-1 showing low values, it can be concluded that neither the groundwater nor the plastic

bottle had high content of microbes to begin with. The other bottles contained AIX resin and NaCl.
Since A0%-2 had elevated concentrations as well, implying that it is not likely that the NaCl was the
source for the microorganisms. Nonetheless, to investigate the source, the NaCl, AIX resin, and
MilliQ water were investigated separately using FC. Results are shown in figure 14 below.

Figure 14. Flow-cytometric two-dimensional log dot plot with FL1-A and FL3-A for the individual components (salt, AIX,
and MilliQ water) in the analysis, with bacteria gate defined for groundwater. Colors are proportionate to point intensity in
the area, with blue being least populated and red being highest populated.
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The bacteria gate is specified for groundwater, and is a region in the graph that shows wavelengths
corresponding to those of microorganisms. Anything else outside the bacteria gate can be regarded as
debris and/or background noise, as well as damaged cells, and in the gate lies intact cells.

Salt showed some reflections outside the gate, and MilliQ water had almost no reflections
inside the gate. Highest concentrations were observed in the AIX mass. Microbes that are located in
higher spectra (right in FL1 and top in FL3) are known to contain HNA, or high nucleic acid (larger
organisms), and the lower spectra contain LNA, or lower nucleic acid (smaller organisms).
Fluorescence is more intense in HNA than in LNA (Gatza et al., 2013; Ramseier et al., 2011). With
that being said, the dot plot for AIX resins shows that the whole population lies near the left wall of
the gate, spanning over FL3. The dot population near the horizontal gate line have high FL3 values
with relatively high FL1 values, indicating HNA or larger and more complex microorganisms.

Figure 15 shows the visible colonies in A25%-1 after three days of cultivation. The colonies
seem to be diluted and uniformly distributed over the agar plate.

Figure 15. Enumeration of colonies in PCM analysis for test A25%-1. Visible to the naked eye colonies after three days of
cultivation on agar.

4.2.2. Second growth experiment
Results from PCM over the microbial growth in B25%-B0% are presented in figure 16. Both

B25% and B15% showed no microbial growth over the course of 19 days. Bottles B5% and B0% started
with the same low concentrations that B25% and B15% had, but showed a significant increase over the
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course of one test. B5%-3, which was sampled 11 days after the start of the experiment, still had
relatively low concentrations. It can be concluded that B5%-1 and B0%-1 didn’t have a higher
concentration than that of B5%-2 and B0%-2. Comparing B5%-3 to B0%-3, which started off vigorously

and showed more increase in B0%-4, peaking at CFU/ml. The peaks of B5% and B0% are0, 62 * 105

75-fold and 45-fold greater than those of B5%-4 and B0%-4.
Similarly to A25%-A0%, lower concentrations were observed in B5%-6 and B0%-6.

Figure 16. Enumeration of CFUs in B25%-B0% according to plate count method.

Assuming that the number of cells is 41,56-fold greater than the number of CFUs, the corresponding

amount of cells/ml for B5%-4 and B0%-4 would be cells/ml and cells/ml,20, 36 * 105 25, 77 * 105

respectively.

4.3 PFAS removal
All PFAS analyses are shown in table 8 below (see table 7 for acronyms). The only PFASs

that were detected were found in the untreated water samples (Refbatch,1 & Refbatch,2). Out of the 32
substances, only 4 in red exceeded the detection limit of 10 ng/L, except 5 ng/L for PFOS. PFOA and
PFHxA were unexpectedly not measured above 5 ng/L. PFPeA, which is a shorter-chained PFCA,
was measured with the highest concentration of 18 ng/L in both references.

All of the test samples using SorbixTM anion exchang resins retained PFASs to below detection
levels. Consequently, no difference can be identified in the performance of these exchangers as they
were subjected to NaCl and microbes.
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The average ⅀PFAS11 is 50,5 ng/L, compared to 77,75 ng/L that is presented earlier in the
report (table 1). This is due to the high detection limit of 10 ng/L in the results, compared to 0,3 ng/L
in the earlier tests examined by Norrvatten. The difference between PFPeA, PFHxA, PFHxS, and
PFOS concentrations is insignificant (student's T-test, p=0,05).

4.4 Total uranium removal
The average total uranium content measured with 107 µg/L in the ground water prior to

treatment, which exceeds the recommended limit for action by more than threefolds
(Livsmedelsverket, 2021a). The AIX resins successfully retained 99,9% and 99,5% of the uranium in
N1 and N2, respectively (figure 17).
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Figure 17. Total uranium concentrations. Refbatch,1 & Refbatch,2 are reference tests having plain groundwater, and N1 & N2 are
tests that contain groundwater that is treated SorbixTM resins in the batch test experiment.

While both references show relatively similar values, N1 and N2 differ by almost a factor of
10. Results from both Refbatch agree well with the total uranium tests presented earlier in the report
(student’s t-test, p=0,05).

5.0 Discussion
To sum up the different treatment methods in figure 11: RO and NF have best removals, but

are costlier and generate a waste stream that must be treated. Methods that rely on oxidation offer a
fair share of equipment, complexity, and require moderate maintenance. Sonolysis and OCRA seem
very promising and practical for large-scale plants. For a small plant such as Hammarby, adsorption
methods are more suitable, owing to their versatility, low maintenance, few required equipment, and
moderate cost. AIX have shown higher removal efficiencies compared to GAC in many studies,
especially regarding shorter-chain PFASs. Also, AIX is less affected by the presence of DOM and can
be more versatile. Therefore, AIX is in this case a more attractive treatment method compared to the
GAC.

Even though NaCl was proven to be an effective method that restricts the growth of microbes,
the addition of NaCl might turn out to be a complicated process. Since control pumps are conducted
once every month, NaCl must also be added every month. Ultimately, it might be easier and more
cost-effective to schedule extra control pumps in effort to limit microbial growth. In this case, a study
must be carried out that investigates how many control pumps are needed, and how many organisms
will grow between the control pumps. Moreover, long-term consequences, such as increased spill of
the groundwater and even potential depletion, should also be assessed.

5.1 Microbial growth
A small portion of the sodium chloride was unsolved after being shaked for 10 minutes in

both A25% and A15% bottles. Couple of days later the visible unsolved NaCl at the bottom of the bottles
had vanished.

Bottles A25%, B25%, A15%, and B15% have higher liquid density due to the high salinity,
compared to that of the AIX material. This is why the AIX material appears to be “floating” in these
bottles in figure 6.

36



Earliest results for the growth experiment consisted of A25%-1 to A0%-1 and A25%-2 to A0%-2,
which were obtained from FC six days after the start of the experiment. What the results showed was
an extraordinarily high amount of microbes in the tests, regardless of the concentration of NaCl. The
content of microorganisms was so high that the FC was unable to measure the total volume of 50 µL,
since the maximum events were reached. This is another factor that potentially contributed to the
elevated values illustrated in figure 13.
Tests A25%-1 to A0%-1 strongly suggests that the high amount of microbes that was observed in these
tests didn’t grow after the experiment started, but rather was the initial amount of microbes that the
experiment started with. This means that one or several individual components had a high amount of
microorganisms prior to the experiment. To investigate the source, sodium chloride, MilliQ water and
AIX resin that were used in the experiment were analyzed separately using FC. MilliQ water was also
investigated since it was used for cleaning purposes, and it may have come in contact with one or
several components. The large amount of microbes was found in the AIX resins (figure 14). This
result combined with the fact that the reference water (no NaCl and AIX resin) didn’t have
abnormally high amounts of microbes, concluded that the AIX resin was the initial source of the
microbes. It is likely that the resins caught microbes under the usage, caused by human error.

Concluding that the microorganisms were an external factor that was present in the tests
before the start of the experiment, the results of A25%-A0% became irrelevant. Whichever results that
may be observed from the first growth experiment hereafter will not successfully represent the
Hammarby plant since these tests have different initial conditions. This led to the decision to restart
the experiment, with B25%-B0%. After termination of the first growth experiment, bottles A25%-A0%

were still kept in a dark environment, but not sampled. On the last day of the second experiment, there
was an available capacity for two more samples, so A25% and D25% (A25%-4 & A0%-4) were sampled 29
days after the start of the experiment.

Comparing tests A25%-1 to A0%-1 to A25%-2 to A0%-2, which was three days apart, the amount
of microbes increased by ~60%. An increase of this magnitude must entail that there is an available
source of nutrition on which these microbes feed on. Assuming that the FC correctly showed living
organisms in figure 13, and not including dead ones in these numbers, would contradict the theory that
microbes fed on other dead cells. In this case, the population would instead stabilize, since the number
of dead cells would decrease and living organisms would increase, simultaneously. In our case, the
population increased significantly, meaning there must be another source of nutrition, other than dead
microbes.
Another possibility is that the groundwater itself contained sufficient nutrients, such as phosphorus
and nitrogen. What was needed was an initial population that would trigger the growth, which is a
condition that was fulfilled when the groundwater came in contact with the resins.
Resins from the second growth experiment were carefully purified and washed to avoid repeating the
scenario in the first growth experiment. Even after filtration, the resins were clearly still wet, and the
weight that is mentioned in table 5 is the wet weight. So in order to minimize the amount of
unaccounted water that may alter the salinity of the solutions, only 400 g of wet mass was used,
compared to a previous 638 g of dry mass. In contrast, the resins that were used in A25%-A0% were in a
dry state.
B25%-1 - B0%-1 showed more expected concentrations. In bottles B25% and B15%, no microbial growth
was observed. The peculiar species that tolerated brine solutions were not present in the second
experiment. The second growth experiment was carried out for 19 days instead of 30, due to time
limitations.

Bottle A15% acquired the highest growth, followed by A5%, A25% and A0%, according to PCM.
In a perfect scenario where all four bottles had equal initial concentrations of microbes, bottle A0% is
then expected to be most habitable and promotes highest microbial growth. Let us assume that species
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A can tolerate elevated salinities, and species B are all other microorganisms which do not tolerate
elevated salinities. What species A proved is that they can tolerate salinities as high as 25%. A
possible explanation that unites FC and PCM since both showed higher concentrations of microbes in
the saltwater, is that NaCl is toxic to species B, which are normally competitive with species A. In
bottle A5% species B were somewhat but not fully paralyzed from the sodium chloride, giving more
room and potentially more nourishment to species A, since they can feed on dead microorganisms
from species B. bottle A15% shows that 15% is the ideal salinity in which species A can thrive and feed
on the majority of the other species which are dead, while at the same time not being exposed to
elevated salinities that may harm themselves. At 25% salinity, species A can still cope with the toxic
environment, but it is not as habitable as 15%, hence why bottle A25% showed less growth compared to
bottle A15%. However, bottle A25% had growth that is comparable to that of bottle A15% in the FC
results. Consequently, the exact salinity where the environment starts becoming less habitable for
species A cannot be concluded. Although, what can be concluded is that the addition of NaCl created
a more favourable environment for species A, which may be explained by the aforementioned
scenario.
One of the central differences in the results of PCM and FC is the inequality in their magnitudes. The
amount of cells/ml that was read was, on average, 44-fold higher than the reported CFU/ml. A
significant contributor to this difference is the fact that the FC results are indistinctive between dead
and living organisms, since propidium iodide was not registered. Another potential factor is that PCM
only measures CFUs. While the majority of bacteria are CFUs, there may be several minorities that
are non-colony forming which are not “counted” in PCM. These minorities, if exist, would be shown
in FC and not in PCM.

A25%-4 and A0%-4 had lower concentrations compared to the previous tests. There is a
possibility that species A simply couldn’t survive for a long period without nourishment. It can’t be
concluded that this was the cause of elevated salinity, since A0%-4 showed the same result.
Furthermore, the same results were shown B5%-6 and B0%-6. Species A was though not present in B5%

and B0%. In spite of that, there is some connection that resulted in both showing similar trends. All of
A25%-4, A0%-4, B5%-6, and B0%-6 were analyzed simultaneously, which might indicate the cause of a
human error.

5.1.3 The mystery of species A
The bacteria gate in figure 14 shows larger and more sophisticated microbes, because of

elevated FL1 and FL3 values. Since highest concentrations were seen in these larger microbes, it is
highly probable that these are species A. If that presumption is true, then these large microbes, or
species A, must be CFUs as well. PCM showing an increase in CFUs in the samples from bottle A25%

indicates that species A must be CFUs. In this case, species A may only be bacteria or fungi.
Moreover, species A being larger species promotes the theory that they fed on smaller dead bacteria
and fungi.

There are few types of bacteria and fungi that can withstand elevated salinities. Fungi are
generally more sensitive to salinization (Yuan et al., 2007). Cell membranes are semipermeable,
meaning that they allow water influx/outflux but not other solutes. Diffusion of water will occur until
a cell reaches water content equal to that of the solvent, a process called osmosis. This diffusion can
be prevented by applying pressure inside the cell, so-called osmotic pressure (Barrett et al., 2010).
Osmotic pressure is needed during cell expansion. The osmolarity of the cell cytoplasms increases
with help of osmotically active solutes. These solutes can either be uptaken or biosynthesised. In the
case of species A, biosynthesis must have taken place since groundwater is generally relatively clear
of previous microactivity. Elevated salinities could cause a hyperosmotic shock in which
instantaneous efflux of water occurs, resulting in shrinkage of the cytoplasmic volume and causing
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impairment of major cellular functions (Csonka, 1989). Organisms that tolerate salinations have
osmolytes inside the cytoplasmic membrane, which are small and low molecular weight solutes that
are used to maintain cell volume and help adjust water content in the organism when exposed to
salinization. The content of osmolytes provide extra osmotic pressure, equaling that of the exterior
saltwater. Such bacteria are mainly spotted in the oceans (Yancey, 2005). Synthesis of osmolytes is an
intensive amount of energy. Organisms that synthesize osmolytes need extensive amounts of organic
material or other nutrient sources (Yan et al., 2015).

Previously identified species that managed to adjust their internal osmotic pressure are some
species from Pseudomonas genus (Sagot et al., 2010), which are aerobic and ubiquitously found in
soil and aquatic environments, within a temperature range of 2℃-42℃ and 4-8 pH. Pseudomonas are
also often resistant to antibiotics, disinfectants, heavy metals, and organic solvents (Moore et al.,
2006). The length of pseudomonas reaches a maximal of 4 µm, which is relatively small in the
bacteria world and is in disagreement with the FC results from A25%-1. This either implies that species
A are from another genus in A25%-A0%, or that FC’s results were inaccurate, confusing pseudomonas
with a larger microorganism. Although these bacteria have been shown to tolerate salinations, they
originate from the oceans or habitats with relatively low salinities compared to A25% (25%). Ocean’s
saltwater content is usually approximately 3,5%, which bottle A25% exceeds by far. Conversely, there
are halophiles that require salt contents exceeding 15% in order to thrive (Oren, 2008). That being
said, it is highly unlikely that species A are halophiles because they were existing in large numbers
even before adding NaCl. Moreover, bottle A0% also showed high growth rate, which implies that if
species A was dominant in bottle A 0%, then species A doesn’t require NaCl to thrive.
There are few places where extreme salinities have been identified, such as in Great Lake Utah in the
US, where salinity reached 27% in some parts. In these regions, diverse halophiles (mainly bacteria)
were identified (Kjeldsen et al., 2007). What’s different in such environments is that the
microorganisms were given a long time to adapt and make full utilization of the environment. Species
A, on the other hand, managed to immediately adapt and their population saw an increase of 60%
merely three days after the initiation.

5.1.4 Inconsistencies
The error margin for PCM is 20%. Tests analyzed with PCM are often done using 1 ml and

0,1 ml of water. But since the microbial concentration was so high, 0,1 ml and 0,01 ml were used in
later stages instead. For the PCM to work properly, each plate has to have 30-300 colonies (Goldman
& Green, 2008). In the early tests (tests for A25%-A0%), 1 ml of water was used, which resulted in an
overflow of colonies exceeding the recommended maximum of 300 colonies per plate. These colonies
might have contested for space and “pushed out” other colonies from the agar. Moreover, the amount
of nutritional substrate did not support higher numbers of colonies. Consequently, the enumerated
amount of CFUs might have been smaller than the actual case in the early results.
The nutritional yeast added to each plate is 10 ml. Since the added water is a much smaller volume
(0,1 ml or 0,01 ml). An immediate issue with this is that it might have lowered the salinity of the
solution, potentially providing better conditions for microbial growth compared to those in the salty
groundwater. But if that was the case, microbial growth would have been observed even in A25%-2 and
A15%-2, and that not occuring disprove the previous statement.

All bottles were stored at room temperatures, which averaged on 13,2℃ (table 6). This
temperature might differ from this at Hammarby. Any effects caused by this temperature difference
decreases the credibility of the results.

Tests A25%-1 to A0%-1 and A25%-2 to A0%-2 were analyzed using both PCM and FC. Due to
malfunction in the apparatus, no more FC analysis could have been carried out for the second growth
experiment.
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5.2 PFAS removal
PFAS analysis showed high concentrations of PFOS, PFPeA, PFHxA, and PFHxS in the

untreated groundwater. PFOS and PFOA are generally the two most commonly occurring PFASs
worldwide, see section 2.1 above. Earlier tests with lower detection limits show 3,8 ng/L PFOS in the
groundwater. The fact that PFOA was not measured above detection limit (5 ng/L) is unexpected,
given that it is so abundant. Figure 2 shows that PFOS is a significant contributor in every test in the
Stockholm region. PFPeA, on the other hand, was not measured in the majority of the tests in figure 2.
PFPeA is a shorter-chained PFAS, implying that it is rather new in the market (Buck et al., 2011). This
might suggest that there is a new potential source of PFPeA that has been contaminating the
groundwater, or lake Fysingen.

The results show no difference in adsorption capacity between all AIX resins. The use of
standardized batch tests (SS-EN 12457-2) has its drawbacks. A L/S ratio of 10 turned out to be too
little to push the resins to their limits. Combined with the relatively low PFAS concentrations in the
groundwater, any potential differences that NaCl or DOM had on the performance of the resins were
not discernible. A more appropriate L/S ratio would be 100-500 kgliquid/kgsolid. With low resin content,
the adsorbtive capacity would be possible to read, as well as any small reduction in it. If future studies
are to be carried out using batch tests, they are strongly recommended to use aforementioned L/S
ratios.
The impact of NaCl on the AIX resins is not likely to be detrimental, but rather regenerative because
of the dissolving of chloride ions in the water. NaCl is a component that is often used in regeneration
solutions (Zaggia et al., 2016; Deng et al., 2010; Dixit et al., 2021). Although, other studies reported
that exclusive use of NaCl was not regenerative (Carter et al., 2010).
The presence of DOM can decrease the adsorption capacity by up to 10%, see section 2.4.4.3 above.
While this was not confirmed in this study, this percentage is still comparably low. AIX is less
affected by DOM compared to GAC.
The other factor that contributed to this result is the high detection limit in the PFAS tests. It was
agreed to purchase PFAS analysis with lower detection limits (0,3 ng/L), but the higher detection limit
analyses were ordered by mistake.

According to the pre-tests (table 1), the total concentration of PFASs in the groundwater was
~77,5 ng/L. While this is still under the soft limit of 90 ng/L (Livsmedelsverket, 2021b), this soft limit
will be lowered in the near future. The European Food Safety Authority (EFSA) has published a new
directive (2020/2184/EU) regarding PFASs in drinking water in december 2020. According to this
directive, the “sum of PFAS”, which includes the concentration of 20 PFASs, shall not exceed 100
ng/L. EU’s member states were given two years to introduce new regulatory obligations, and the
deadline is in late 2021. The Swedish Food Agency is expected to introduce the new requirements in
september 2021 (Livsmedelsverket, 2021c), with a possibility of requiring even lower concentrations.

There are many methods that are capable of removing/separating/destructing PFASs as
mentioned in the literature study. For a plant that operates as rarely as the Hammarby plant, it is likely
not worth investing in an expensive treatment technology. Additionally, the Hammarby plant is rather
small and only required to operate on high demand, so having a treatment method that requires
maintenance (methods relying on electrochemical reactions and separation) is a challenge. What’s
adequate for the Hammarby plant is a method that has moderate capital cost, has a relatively long
lifetime, and does not require frequent maintenance. Methods that meet these requirements are GAC,
PAC, and AIX, all being adsorptive methods. In many studies, AIX has shown more advantages than
disadvantages over GAC and PAC. The weakness of all these methods lies in their ability to
completely adsorb shorter-chained PFASs. This effect can become more apparent the older the
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material is. Compensating with relatively low cost and low maintenance costs, AIX is still
recommended as a treatment method for PFASs in the Hammarby plant.

Regeneration of ion exchange resin can be economically feasible in some cases and must be
assessed on a case-by-case basis. The regeneration method would also need to be conducted using
only the chemicals approved by Livsmedelsverket for contact with drinking water equipment.

5.3 Uranium
Even without HAP coating, the AIX resins managed to achieve high retention of uranium,

which is in accordance with previous studies. As aforementioned, uranium can be highly competitive
with fluorinated compounds, implying that the AIX might prioritize adsorption of uranium over
PFASs. One thing for certain is that simultaneous adsorption of uranium and PFAS would saturate the
resins at a higher rate, requiring frequent regeneration/replacement. The influence of uranium might
even result in resins that are more sensitive to NOM (as mentioned in the uranium section).
Since the soft threshold of total uranium is 30 µg/L, having a method that solves two problems makes
AIX an even more attractive choice for Norrvatten.

Table 2 shows pre-tests of radioactivity in the water from different uranium isotopes.
According to Babu et al. (2008), the specific radioactivity of U238, U235, and U234 is 12455 Bq/g, 80011

Bq/g, and Bq/g, respectively. The average concentrations of U238, U235, and U234231 * 106

demonstrated in table 2 are 0,960 Bq/L, 0,035 Bq/L, and 1,138 Bq/L, respectively. This implies a
concentration of 77,1 µg/L from U238, 0,4 µg/L from U235, and 4,9 ng/L from U234. These numbers add
to ~78 µg/L, which are roughly in accordance with figure 17. U238 isotope is dominant in the uranium
concentrations, meaning that the AIX resins are capable of adsorbing U238. AIX can adsorb Uranyl
ions via anion exchange (Nascimento et al., 2004), however U238 is not an ion. It may be possible that
hydrophobic interactions took place, adsorbing U238 into the resins. Since the L/S ratio of the batch
tests is so low, even small hydrophobic interactions would suffice in adsorbing the majority of U238.

Also worth mentioning here is the possibility of the AIX resins becoming radioactive once
and if much of the uranium is adsorbed into them. If the total radioactivity from uranium is 2,133
Bq/L and the concentration is ~107 µg/L, it implies approximately ~0,019 Bq/µgtotal uranium. So if 1 kg
of AIX resins adsorb 1 mg of uranium, the resins would then have 19,934 Bq/kg of ɑ and β radiation.

5.4 Sorption isotherms
Isotherms are important to understand the sorbtive capacity of ion exchange resins. None of

the four sorption isotherms could be applied in this study. PFAS results only show two measuring
points for each PFAS, before and after the batch test. Linear regressions over two measuring points

always produces a fitted line with , meaning that models which rely on different mechanisms𝑅2 = 1

produce a perfect line with , which is contradictory.𝑅2 = 1
These models need additional results and ideally different concentrations of PFASs using the

same mass of AIX resin.
Batch experiments can be done in a specific way, in order to obtain justifiable results from the

models. In an ideal batch experiment, solutions of individual PFASs are used to soak different AIX
concentrations. For example, solutions of 100 mg/L PFOS are used with AIX concentrations varying
from 30-300 mg/L. PFAS solutions can be substitudet with a specific amount of regular groundwater,
but since PFAS levels are much lower compared to a pure PFAS solution, smaller amounts of AIX
must therefore be used. The L/S ratio should be around 200-500 kggroundwater/kgresin. Future studies are
recommended to utilize these models.
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5.5 Further studies
Batch experiments are adequate methods that determine the possible capacity of the AIX

resins, but are incapable of replicating the real case. If an AIX stage is to be implemented at the
Hammarby plant, it would most likely consist of a large tank containing a large amount of resins,
where water enters from the bottom and exits from the top of the tank, where some kind of filter is
installed. The retention time of the water is therefore a couple of minutes at maximum. These
conditions are extensively different than those in a batch experiment. These conditions can be
duplicated in column experiments where continuous water flow is used. With appropriate water flow
and mass of AIX, an accurate miniature of “reality” can be obtained. Column experiments will yield
additional parameters such as breakthrough volume, at what stage desorption of individual PFASs
occurs, and what water flow - relative to AIX surface area - is appropriate for adequate removals.
Moreover, it enables closer investigation on the competitive nature of uranium adsorption. Is it
uranium or PFAS that is prioritized for adsorption? Will it be the uranium or a PFAS that will reach a
breakthrough first? Does uranium adsorption induce the formation of aggregates, or is the uranium
hydrophilic and quickly saturates the resins? These are additional questions that can be studied using
column experiments.
The effect of polonium and radium, and their adsorption, should also be studied, since these
substances were present in the groundwater.

6. Conclusions
The aim of this study was to investigate the removal of PFASs and uranium using anion

exchange resins under different circumstances from the groundwater of Hammarby back-up plant. It
was concluded that a NaCl solution of 15% is sufficient to restrict microbial growth in the
groundwater. The effect of microbial growth and NaCl on the performance of the AIX is still
unknown, and can only be assessed with a pilot that uses continuous flow of water through test
columns to assess breakthroughs.
However, the anion exchange resins achieved successful removal of PFAS to under detection limits,
and uranium with over 99% efficiency.
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APPENDIX A
Mathematical equations used for the adsorption isotherms.

Pseudo-second-order equation:
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which can be rewritten into the linear form:
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