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A B S T R A C T

Carcinogenic GenX chemicals, heptafluoropropylene-oxide-dimer-acid (HFPO-DA), have been recently detected
in surface, ground and recycled water sources worldwide. However, GenX removals under the influence of
variable characteristics of the organic and inorganic compounds present in the natural water sources, have often
been overlooked in scientific literature. This is critically important given that the ionic composition and char-
acteristics of organic matter in natural waters are spatially and seasonally variable. A strongly basic anion
exchange (IX) resin was used to remove GenX and two other perfluorinated ether acids (PFEAS) from natural
surface and recycled water sources. Factors influencing the uptake behavior included the PFEAS concentrations,
resin dosage, and background anion characteristics. The equivalent background compound was employed to
evaluate the competitive uptake between natural organic matter (NOM), inorganic ions and PFEAS in natural
water matrices. Experimental data were compared with different mathematical and physical models and it was
depicted that approximately 4–6% of the initial NOM competed with PFEAS for active exchange sites. Further, IX
was able to achieve complete PFEAS removal (Cfinal < 10 ng/L) with simultaneous removal of> 60% NOM
and>80% inorganic ions. Results of this study indicate that IX exhibits great potential for PFEAS removal from
natural drinking water sources.

1. Introduction

Perfluoroalkyl substances (PFASs) are anthropogenic chemicals
ubiquitously detected in natural environments (Du et al., 2014; Lau
et al., 2007; Buck et al., 2011). Properties such as low surface tension
and chemical resistance have resulted in the broad use of PFASs in
several industries such as painting, clothing, fire-fighting and poly-
tetrafluoroethylene coatings for many decades (Steenland et al., 2009).
Exposure to PFASs has been linked to cancer, liver/kidney damage and
developmental effects in mammals (Kudo and Kawashima, 2003; Seo
et al., 2018; Steenland et al., 2010). In particular, long chained PFASs,
in particular Perfluorooctanoic acid (PFOA) and perfluorooctane sul-
fonate (PFOS) were of critical concern and were phased out by 2015 in
the United States (Ateia et al., 2019).

Shorter-chained PFASs, such as heptafluoropropylene-oxide-dimer-
acid (HFPO-DA) acid, also known as GenX, have been widely used by
industries in recent years as an alternative to fluoropolymer production
(USEPA, 2019; Bao et al., 2018; Ahearn, 2019). However, toxicological
studies have indicated that GenX is more toxic to mammalian liver than
other legacy long-chained PFASs (USEPA, 2019; Conley et al., 2019).

Moreover, the shift of using different PFASs has resulted in increased
detection of shorter-chained PFASs (such as GenX) in the environment,
including drinking water sources worldwide. For instance, GenX has
been detected in the Rhine River (Germany), the Xiaoqing River
(China), the Cape River (United States) and the Rhine-Meuse delta
(Netherlands) (Bao et al., 2018; Brandsma et al., 2019; Strynar et al.,
2015). Additionally, other perfluorinated ether acids (PFEAS) such as
perfluoromethoxy-propanoic acid (PFMOPrA) and perfluoromethoxy-
butanoic acid (PFMOBA) have also been recently detected in surface
waters along with GenX (also a PFEAS) (Hopkins et al., 2018). Note, all
reported PFEAS concentrations were higher than the lifetime health
advisory guideline of 70 ng/L set by the USEPA for perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS) and the Eur-
opean Commission drinking water regulation (0.1 μg/L for individual
PFASs and 0.5 μg/L for all PFASs in total) (Health Canada, 2016; EPA,
2019; European Commission, 2018). Consequently, a drinking water
provisional goal of< 140 ng/L has been issued for GenX in North
Carolina (Hopkins et al., 2018; Sun et al., 2016).

In the context of wastewaters, high PFASs concentrations have been
reported worldwide (Houtz et al., 2016; Rostvall et al., 2018; Pan et al.,
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2016). For instance, multiple PFASs were detected (including PFOA and
PFOS) in six wastewater effluents in New York with reported PFOA
concentration in the range of 300–1050 ng/L (Sinclair and Kannan,
2006). Similarly, > 500 ng/L of total PFASs was detected in municipal
wastewaters sources from Guangzhou city in China (Pan et al., 2016).
Consequently, the challenges associated with PFASs removal from po-
table water reuse systems are significant. More importantly, common
drinking water treatment processes such as coagulation/flocculation/
sedimentation, ozonation, biofiltration, disinfection and oxidation
processes are ineffective at removing GenX (Bao et al., 2018; Wang
et al., 2019). Activated carbon also exhibits lower adsorption of GenX in
comparison to other legacy PFASs such as PFOA (Wang et al., 2019).
Additionally, problems with organic matter (OM) competition, ad-
sorbent regeneration and design of adsorbents with the desired surface
chemistry / properties remain important challenges; thereby, limiting
the commercial application of carbon-based adsorption processes.

Anion exchange (IX) resins offer a cost-effective alternative for the
removal of PFASs from natural waters (Deng et al., 2010; Du et al.,
2015; Schuricht et al., 2017). Under pH relevant to water treatment,
GenX is negatively charged (pKa of 3.8) and can therefore be removed
by IX resins (Hopkins et al., 2018). However, considering that GenX
belongs to a different category of PFASs (ether acids), the uptake via IX
process cannot be linked to the existing scientific studies which have
only been performed on perfluorinated alkylic acids (PFAS). For in-
stance, studies on activated carbon have reported variable removal of
GenX and fluorotelomers in comparison to other long and short-chained
alkylic acids, a disparate uptake trend with changing functional groups
and charge density (Wang et al., 2019; Liu and Lee, 2005). More im-
portantly, scientific studies on the removal of GenX and other PFEAS
via ion exchange are scarce. The only existing study compares the up-
take of GenX achieved by gel-based IX resins with activated carbon in
de-ionized (DI) waters (Wang et al., 2019). Another study with hy-
drogel based sorbents for GenX removal also only reports on the results
in DI waters (Huang et al., 2018). However, natural waters comprise of
a wide range of organic and inorganic anionic species that compete
with GenX and other PFASs and impact the performance of IX (Dixit
et al., 2018a; Croue and Humbert, 2005; Ates and Incetan, 2013).
Consequently, a comprehensive understanding of these multi-compo-
nent interactions between PFEAS (such as GenX or PFMOPrA) and other
charged species in natural waters is essential for practical IX operations.
To date, no scientific study addresses this challenge. Additionally, gel-
based IX resins have smaller pores and are highly prone to pore-
blockage, a phenomenon described for IX systems operating in natural
waters (Deng et al., 2010; Huang et al., 2015). Macroporous resins, on
the other hand, are superior to gel-base resins under harsh environ-
mental conditions and are therefore widely utilized due to their ability
to remove organic contaminants. If successful, macroporous IX resins
could simultaneously remove PFEAS (such as GenX) and other organic
matter from natural waters. However, the efficacy of macroporous
based IX resins for the removal of any perfluorinated ether acid has not
yet been studied.

This research aimed to investigate the efficiency of strongly basic
ion exchange resins (Purolite® A860) for the removal of GenX and two
other common PFEAS (PFMOPrA and PFMOBA) from drinking and
recycled water sources (effluents of secondary treated municipal was-
tewaters (further-treated with MF/UF before IX)). At first, the influence
of organic matter was evaluated by comparing PFEAS (including GenX,
PFMOPrA and PFMOBA) uptake in the presence of a standard natural
organic matter (NOM) isolate. The selected NOM isolate, originating
from Suwannee River, has been utilized as surrogate for natural surface
water studies (Parker et al., 2016; Hu et al., 2016; Bazri and Mohseni,
2016). The competitive uptake between NOM and PFEAS was evaluated
using the Equivalent Background Compound (EBC) method (Dixit et al.,
2018a; Newcombe et al., 2002a). Further, we also evaluated the in-
fluence of common anionic inorganic ions such as sulphate, nitrate,
phosphate and bicarbonate ions on PFEAS uptake via IX. Subsequently,

the kinetics of uptake were studied to analyze the rate controlling steps
of PFEAS removal using anionic IX. Finally, comparative studies were
performed with a natural surface drinking water source and a sec-
ondary effluent to mimic scenarios relevant to drinking water treatment
and potable reuse. Therefore, the results of this study present key
knowledge related to the understanding of the fundamental competitive
interactions between PFEAS, organic matter and inorganic ions during
water treatment applications.

2. Materials and methods

2.1. Chemical reagents

2,2,3,3-Tetrafluoro-3-(trifluoromethoxy) propionic acid (CAS#
13252-13-6, PN# 2121-3-13), also referred to as GenX (or HFPO-DA),
was purchased from Synquest laboratories (FL, USA). 2,2,3,3,4,4-
Hexafluoro-4-(trifluoromethoxy) butanoic acid, referred to as PFMOBA
(CAS# 863090-89-5), and 2,2,3,3-Tetrafluoro-3-(trifluoromethoxy)
propionic acid, referred to as PFMOPrA (CAS# 377-73-1), were also
obtained from Synquest laboratories (FL, USA). Note, the selected
PFEAS (which were also detected in natural waters (Hopkins et al.,
2018)) exhibited a wide range of charge densities and were therefore
adopted to investigate the role of PFEAS charge density on uptake via
IX. Suwannee River Natural Organic Matter (SRNOM) was obtained
from the International Humic Substances Society (St. Paul, MN, USA).
Sodium nitrate, Sodium sulphate, sodium phosphate and sodium bi-
carbonate were obtained from Fisher Scientific (Fair Lawn, NJ). All
solutions were prepared in Milli-Q water (resistivity 18.2 M.Ω.cm).
PFEAS, inorganic ions and NOM properties are given in Table 1.

2.2. Resin selection

Purolite® A860 (Purolite, Bala Cynwyd, PA, USA), a strongly basic
anionic macroporous acrylate-based resin, was used for all the experi-
ments. More importantly, A860 has been extensively studied in the
scientific community for efficient removal of NOM and other negatively
charged compounds from aqueous matrices (not tested for PFASs) (Dixit
et al., 2018a; Bazri and Mohseni, 2016; Winter et al., 2018; Virolainen
et al., 2015). Therefore, if effective, A860 could potentially exhibit
great potentials for simultaneous NOM, PFEAS (such as GenX) and
anionic micropollutant removal from natural and recycled waters. The
resins had a total capacity of 0.8meq/mL (221mg dry weight= 1mL),
a median pore diameter of 7.2 nm and average resin diameter of 750 μm
(see details in SI, S.2) (Dixit et al., 2018a).

2.3. Synthetic water preparation

A stock solution of 500mg/L IHSS SRNOM isolate was prepared and
filtered through 0.45 μmpre-rinsed filters (Millex-HV Syringe Filters,
Catalog number: SLHV033RS, Duluth, GA, USA). The final pH was
adjusted by buffering with NaHCO3 (0.5 mM), NaCl (0.02mM), NaOH
(0.1 N) and, if needed, HCl (0.1 N) as previously described (Bazri and
Mohseni, 2016). 0.03mM stocks were prepared for all PFEAS. For in-
stance, GenX stock solution (0.03mM) was prepared by mixing 10mg
of HFPO-DA in 1 L of Milli-Q water. All stock solutions were stored in
the dark at 4 °C for up to two weeks.

2.4. Natural waters

Surface water was collected from the intake of the water treatment
plant in the village of Middle River (Tl’azt’en Nation, Middle River
Village, BC, Canada). The collected surface waters were pre-filtered
with 0.45 μm membrane filters (Millipore S-Pak Filters, Catalog
number: HAWG047S6, Etobicoke, ON, Canada), and then stored in dark
at 4 °C for a maximum period of four weeks. Treated wastewater from a
membrane bioreactor effluent was collected from the secondary
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wastewater treatment facility at the Vancouver Convention Centre and
then stored in dark at 4 °C (details in SI, S.3). Prior to all experiments,
the wastewater was passed through microfiltration (0.3 μm, GE
Osmonics Flat Sheet, JX, PVDF, MF (Sterlitech Corporation, Kent, WA,
USA)) and ultrafiltration (200 kDa, Synder Flat Sheet, V5, PVDF, UF
(Sterlitech Corporation, Kent, WA, USA)) membranes, operated on a
CF042 pressurized cell at 15mL/min (or 200 LMH) and operating
pressures of 5–25 psig, to mimic scenarios relevant to potable reuse.
Note that the MF-UF pre-treatment was only performed on the waste-
water effluent and not on DI water spiked with SRNOM or Middle River
surface water.

2.5. Isotherms and kinetic studies

For isotherm studies, 10–1000mg of resins (221mg dry weight of
resin= 1mL of wet resin) were mixed for 24 h (equilibrium) with 1 L of
source water having 0.1–100 μg GenX (or PFMOPrA/PFMOBA)/L and
5mg C/L initial concentration of SRNOM, or natural waters (surface/
wastewaters). These selected range of GenX, PFMOPrA and PFMOBA
concentrations were adopted considering the wide range of PFASs
concentrations detected in natural environments (Hopkins et al., 2018).
Further, studies at higher concentrations (say in μg GenX/L) provided a
more comprehensive and clearer understanding of the competitive be-
havior with NOM and inorganic ions. Nonetheless, in our selected
range, we did incorporate and study the uptake at more commonly
encountered PFASs concentrations (which are usually in the range of
50–4500 ng/L) (Xiao, 2017). The NOM concentration of 5mg C/L was
selected as the sampled recycled wastewaters exhibited this

concentration. It is also a representative concentration for many surface
water sources (Dixit et al., 2019a). The initial inorganic ion con-
centration for all the synthetic water tests were between 5–100mg/L
for all the species (sulphate, nitrate, and bicarbonate). After 24 h, the
resins were filtered from the treated water using a 0.45 μmpre-rinsed
syringe filters (Fisher Scientific, SLHV033RS, ON, Canada), prior to
determining the final DOC and PFASs concentrations. For kinetic stu-
dies, 0.45mL of resin (equivalent to a dry resin dosage of 100mg) was
mixed with 1 L of water in circular beakers agitated with a Phipps &
Bird 9900 Jar tester (Richmond, VA, USA) operated at 150 rpm for
contact times varying from 2min up to 24 h. All synthetic water studies
were performed at pH 7.0 ± 0.2, while the studies with natural waters
was performed at natural pH (see effect of pH in SI). Triplicate ex-
periments were performed for every experimental condition, and a
control test involving contaminant solution without resin was included.
Each sample was analyzed in triplicate.

2.6. Equivalent background compound (EBC)

The EBC parameters (KEBC, 1/nEBC and CoEBC) were determined ac-
cording to the procedure described elsewhere (Newcombe et al., 2002b;
Bunmahotama et al., 2017; Najm et al., 1991). The multicomponent
interactions are predicted using the ideal adsorbed solution theory
(IAST) which results in Eqs. (1) and (2):

=
+

× + ×
×
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q

q q
n q n q

n K
( )me

me

me EBCe

m me EBC EBCe

m m

nm

(1)

Table 1
Characteristics of the NOM, inorganic ions and other perfluorinated ether acids.

Compoundsa Charge Density (meq/g) b,d,e Average Apparent Molecular Weight (Da)

Suwannee River Natural Organic Matter (SRNOM) 10.2 (meq/g C) 1030 c

GenX (C6HF11O3) 13.8 (meq/g C) 330
PFMOBA (C5HF9O3) 16.6 (meq/g C) 280
PFMOPA (C4HF7O3) 20.8 (meq/g C) 230
Nitrate 16.13 (meq/ g NO3

−) 62
Bicarbonate 16.39 (meq/ g HCO3

−) 61
Sulphate 20.33 (meq/ g SO4

2−) 96
Phosphate 31.91 (meq/ g PO4

3−) 94

Natural Water Characteristics
Water Matrix DOC (mg C/L) Average Molecular Weight (Da) c Initial pH
Surface Water 4.9 ± 0.1 1020 7.2 ± 0.1
Wastewater effluent 5.0 ± 0.3 1150 7.2 ± 0.3

aData obtained were estimates and were used for comparison only (Bazri and Mohseni, 2016). b Charge density estimations at pH 7.0 (Ritchie and Michael Perdue,
2003), verified via other scientific studies (Dixit et al., 2018a; Bazri and Mohseni, 2016) c Estimated molecular weights of NOM fractions using liquid chromato-
graphy with organic carbon detection (LC-OCD) technique, as previously explained (Bazri and Mohseni, 2016; Bazri et al., 2016). d (Wang et al., 2019; Gannon et al.,
2016). e (Dixit et al., 2019a).
*pKa of GenX: 3.8 (Wang et al., 2019; Gannon et al., 2016).

Table 2
Pseudo-second-order kinetic parameters during the removal of GenX from different waters.

Matrix GenX NOM (5mg C/L) DOC Removal (%)

k2 (meq/ neq/min) qe (neq/ meq) R2 Biot number (Bi) k2 (meq/ μeq/min) qe (μeq/ meq) R2

DI 0.65 ± 0.01 108 ± 5 0.99 0.51 – – – –
SRNOM 0.45 ± 0.03 84 ± 3 0.99 34.32 0.60 ± 0.01 596 ± 22 0.98 72 ± 2
Matrix PFMOPrA PFMOBA
DI 0.74 ± 0.02 140 ± 12 0.99 0.31

(Bi)
0.69 ± 0.01 124 ± 6 0.99 0.42 (Bi)

SRNOM 0.59 ± 0.03 116 ± 5 0.98 26.76 0.52 ± 0.02 98 ± 7 0.97 29.24

Biot Number (Bi) as a function of initial GenX concentration
Concentration (μg/L) 0.1 0.5 0.75 1 5 10 25 50
Bi: DI Water 0.003 0.04 0.09 0.12 0.22 0.51 0.88 1.16
Bi: NOM 3.8 5.6 8.4 12.1 21.2 32.1 54.5 68.9

Data reported with 95th confidence intervals of the respective parameters.
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where KEBC and 1/nEBC are the Freundlich single solute isotherm
parameters for EBC, and Km and 1/nm are single solute isotherm para-
meters for the micropollutants. Measured concentrations were fitted to
Eqs. (1) and (2) by using non-linear optimization schemes (Matsui
et al., 2012). The obtained EBC concentrations of respective compounds
CEBC (in μeq/L) are summarized in Table 3.

The multicomponent interactions were further investigated as
(further details in SI, S.16) (Bunmahotama et al., 2017; Dixit et al.,
2019b):
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where subscript i represents the target component, N is the number of
components (e.g., in a binary system, N=2, i=1 for GenX, and i=2
for EBC), Ki and ni represent the single-solute Freundlich constants, Ci,0

is the initial concentration of component i (μeq/L), CIX is the IX dosage
(meq/L) and qi is the solid phase concentration (μmol/meq).

2.7. Analytical methods

An Agilent 1200 series HPLC system (Agilent Technologies, CA,
USA) was employed to analyze PFEAS. A volume of 4 μL of sample was
injected onto a Waters XTerra MS C18 column (100× 2.1mm, 3.5 μm
particle size; Waters Corporation, Milford, MA), preceded by a C18
guard column (30×2.1mm, 3.5 μm particle size) from the same
manufacturer. Both columns were maintained at 50 °C, and the mobile
phase flow was set at 0.7 mL/min. The mobile phase consisted of (i)
water with 10mM ammonium acetate and (ii) acetonitrile (Gradient of
A:B as 50:50 (0min), 10:90 (0–5min), 50:50 (5–6min). Mass spectro-
metric analysis was performed using an Agilent mass spectrometer
(Agilent Technologies, CA, USA) in negative electro-spray ionization
and multiple reaction monitoring (MRM) modes. Solid phase extraction
was performed by employing Oasis WAX 3 cc, 60mg sorbent cartridges
(Waters Corporation, Milford, MA, USA) (U.S. EPA, 2011). The target
perfluorinated compound, was quantified using an individual 20-point
calibration in the working concentration range (10mg/L to 0.5 μg/L,
resulting in a lower detection limit of 10 ng/L considering 50 times
concentration via solid phase extraction) with native and mass-labelled
(13C) hexafluoropropylene oxide dimer acid reference standard (HFPO-
DA), elution time (t= 2.37min) as injection internal standard,

obtained from Wellington Laboratories (Guelph, ON, Canada). Simi-
larly, the elution time for PFMPrA was 2.03min, while retention time
for PFMBA was 2.16min, respectively (with no interference). For or-
ganic matter analysis, a total organic carbon (TOC) analyzer (GE Sie-
vers M5310 C, Boulder, CO, USA) was employed to measure the TOC,
DOC (dissolved organic carbon) and DIC (dissolved inorganic carbon).
A UV–vis spectrophotometer (Cary 100 U-Vis Spectrophotometer, Agi-
lent Technologies, USA, path length of 1 cm) was used to perform the
UV254 analyses (Dixit et al., 2018b). Chloride and other inorganic ions
were measured using an ion chromatograph (Dionex ICS- 1100, USA),
according to the USEPA 300.0 reference method. Liquid chromato-
graphy with organic carbon detection (LC-OCD) was performed using
an HPLC (Perkin Elmer, Canada) connected to a 900 Turbo Potable
DOC Analyzer (GE Sievers, Canada), using a previously described
method (Winter et al. (2018)).

3. Results and discussion

3.1. Uptake kinetics

The kinetics of PFEAS (GenX, PFMOPrA and PFMOBA) uptake were
studied at different initial contaminant concentrations (0.1–50 μg/L), in
DI and NOM-rich waters adjusted at pH ˜ 7.0, with 100mg/L IX dosage
(0.45 mL/L). Fig. 2(A) illustrates the uptake kinetics of all three PFEAS
in DI water with 10 μg/L initial ion concentration. As depicted, the
uptake follows the order of respective charge densities of all com-
pounds, highest uptake for most charged fraction (PFMOPrA >
PFMOBA > GenX (p < 0.05), see charge densities in Table 1). This
concurs with previous studies on IX where organic compounds with
higher charge densities were preferentially removed over lower charge
density compounds (Dixit et al., 2018a; Bazri and Mohseni, 2016).
Among all tested PFEAS, GenX is the most important from perspectives
for drinking water treatment; hence, we presented further data ex-
amining the IX performance for GenX removal as it holds more value for
the scientific community. Note, we did perform studies under similar
conditions for other two PFEAS compounds as well (illustrated in
Figs. 1 and 2 and Table 2), but focused more on GenX in the discussion
section. Fig. 2(B) shows the impact of initial GenX concentration (in μg/
L) on the kinetics of uptake at fixed resin concentration (100mg/L).
Note that the selected range of concentrations covered a wide range of
resin to contaminant ratio (expressed in meq), and was therefore
adopted for examining competitive interactions in DI and NOM-rich
waters. Studies at lower GenX concentrations (200–1000 ng/L) are
depicted in SI, whereas, the impact of NOM is illustrated in Fig. 2(C).

Table 3
Freundlich isotherm parameters for GenX and other PFEAS in different water matrices. pH 7.0 ± 0.2, T= 23 °C.

Freundlich
Parameters

Water Matrix

GenX in DI water PFEAS in Suwannee River NOM (5mg C/L) GenX in natural surface water (Middle
River)

GenX in natural recycled wastewater
(VCC)

PFMOPrA PFMOBA GenX

Initial DOC
(mg C/L)

– 5.0 ± 0.1 5.0 ± 0.1 5.0 ± 0.1 5.3 ± 0.3 5.0 ± 0.3

Kf

((μeq/meq)/
(μeq/L)1/n)

776 ± 42 148 ± 18 132 ± 14 113 ± 21 102 ± 13 113 ± 21

1/n 0.82 ± 0.05 0.68 ± 0.01 0.65 ± 0.01 0.60 ± 0.02 0.58 ± 0.03 0.56 ± 0.04
R2 0.99 0.97 0.98 0.98 0.98 0.96
C0EBC (μmol/L) – 0.54 ± 0.01 0.63 ± 0.03 0.74 ± 0.03 0.87 ± 0.02 0.96 ± 0.03
MPSD (%)* 2.42 ± 0.15 4.85 ± 0.29 2.97 ± 0.67 3.74 ± 0.33 4.24 ± 0.49 7.24 ± 0.67

Data reported with 95th confidence intervals of their respective parameters. Data for PFMOPrA and PFMOBA presented with SRNOM (5mg C/L) only considering the
space limitation and environmental significance of GenX.

* Marquardt’s percent standard deviation (MPSD) (Kumar et al., 2008) was used to predict the equilibrium adsorption data ( = ∑− =
−MPSD 100 ( )m p i

p qe qecal
qexp

1
1

exp 2 );

where m is the number of experimental measurements and p is the number of parameters in the competitive isotherm. A smaller MPSD value (generally< 10)
corresponds to a better fit and lower error for the respective isotherm.
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The experimental data were fitted with pseudo-first order kinetic
(R2< 0.8, data not shown), a pseudo-second order kinetic (R2> 0.9),
and the intraparticle diffusion models (R2< 0.7, data not shown) as
described elsewhere (see model details in SI) (Dixit et al., 2018b). The
pseudo-second order model exhibited the best fit (details in Table 2). At
10 μg/L initial dosage in DI water, the qe values for GenX decreased
from ˜105 neq/meq in DI water to 84 neq/meq in the presence of 5mg
C/L SRNOM, respectively (p < 0.05). Note, the qe values for GenX
(˜80-100 neq/meq) were approximately 6000-fold lower than the qe
values for NOM (˜560 μeq/meq, p < 0.05). Further, the reported k2
value for GenX in DI water was approximately 0.65 (meq/neq/min).
This decreased to 0.45 (meq/neq/min) in the presence of 5mg C/L
SRNOM (a 1.5-fold decrease). Note, the k2 values for PFMOPrA (0.74

(meq/neq/min)) and PFMOBA (0.69 (meq/neq/min)) were higher than
that for GenX in all tested conditions (p < 0.05, see Table 2), which
can be related to their respective charge densities as explained earlier.
These values decreased by ˜1.3 folds in the presence of 5mg C/L
SRNOM, to approximately 0.59 (meq/neq/min) for PFMOPrA and 0.52
(meq/neq/min) for PFMOBA.

Further studies were performed to evaluate the extent of film and
pore diffusion involved during the uptake process by estimating the
dimensionless mass transfer Biot number (Bi), which is the ratio of
internal mass transfer (i.e., pore diffusion) to external mass transfer
(i.e., film diffusion) resistances, as previously described (Dixit et al.,
2018a; Bazri and Mohseni, 2016).

Fig. 1. Structure of (A) 2,2,3,3-Tetrafluoro-3-(trifluoromethoxy) propionic acid (GenX), (B) 2,2,3,3-Tetrafluoro-3-(trifluoromethoxy) propionic acid (PFMOPrA) and
(C) 2,2,3,3,4,4-Hexafluoro-4-(trifluoromethoxy) butanoic acid (PFMOBA).

Fig. 2. (A) Removal of GenX, PFMOPrA and PFMOBA
in DI Water. Removal of GenX (B) as a function of in-
itial concentration in DI waters (see low concentration
(< 1 μg/L) results zoomed in SI, S.6) and (C) in the
presence of 5mg C/L Suwanee River NOM.
Initial IX dosage: 100mg/L (or 0.45mL/L), T= 23 °C,
pH=7 ± 0.1, dotted lines indicate a fit to the
pseudo-second order kinetic model.
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=Bi
k R
D
f p

pe (4)

where kf (cm/s) is the external mass transfer coefficient (kf = Df/δ), Rp

is the radius of the ion exchange bead (m), Dpe is the pore diffusion
coefficient (cm2/s), Df is the film diffusion coefficient (cm2/s), δ is the
film thickness (considered as 10−3 cm for the mixing conditions in our
1-L reactor (Bazri and Mohseni, 2016)). Df and Dpe were calculated by
performing non-linear optimization schemes, as previously described
(see details in SI, S.4) (Dixit et al., 2019a). The Biot numbers as a
function of initial PFEAS concentration are presented in Table 2 and
Fig. 3. For NOM-free waters, the kinetic is controlled by film diffusion
(Bi< 1) for all concentrations below 50 μg/L for all PFEAS, after which
it is limited by pore diffusion (Fig. 3(A)). In the presence of background
NOM, even at much lower DOC values (say ˜ 2–5mg C/L), we observe
Biot numbers in the range of 8–30 (> 1 under all conditions, Fig. 3(B)).
Hence, the uptake of GenX and other PFEAS is limited by pore diffusion
under most expected operating conditions with natural surface/re-
cycled water which usually have DOC > 3mg C/L. This is in agree-
ment with previously published scientific data on micropollutants and
NOM removal via IX (Dixit et al., 2018a; Bazri and Mohseni, 2016).
Note that this study was performed in a completely mixed batch reactor
(CMBR, film layer: 10−3 cm), a condition under which the system is
considered well mixed. The kinetics in a packed bed reactor could
therefore vary depending upon the operating conditions. However, a
CMBR offers other significant benefits. For instance, A CMBR could
potentially be integrated to design a hybrid membrane process, i.e.
CMBR+UF for potable reuse applications. Consequently we adopted
CMBR in this study considering the targeted applications. Especially,

when considering the growing scientific interests in potable reuse ap-
plications with changing climatic variability. Moreover, a CSTR based
approach has been utilized globally to examine fundamental competi-
tive interactions during IX operations (Hu et al., 2016; Dixit et al.,
2019b; Zaggia et al., 2016). Since this study was focused on majorly
investigating the fundamental competitive interactions between PFEAS
in natural water matrices, a CMBR-based approach was adopted. No-
teworthy, at commercial IX dosage (˜ 20mL/L, or ˜4000mg/L, details
in SI) IX was able to achieve complete GenX (C0≤5mg C/L to<70 ng/
L) removal along with simultaneous NOM removal of> 70% within
10min of contact time, indicating great potential for commercial ap-
plications.

4. Uptake mechanism

It was hypothesized that an effective PFEAS uptake via IX me-
chanism would correspond to an equivalent release of chloride charged
equivalent. Hence, the uptake mechanism for GenX, PFMOPrA and
PFMOBA were evaluated by performing studies at high initial con-
centration (PFEAS at ˜0.5–10mg/L) with a resin dosage of 50mg/L (or
0.25mL/L). This approach was adopted to detect effectively the cor-
responding chloride release by the ion chromatograph (detection
range,> 0.5mg/L). As depicted in Fig. 4, the uptake of all PFEAS fol-
lows a linear equivalent release of chloride ions (in milli-equivalents
(meq)), with obtained slope of 1.02 ± 0.04 (R2>0.98). Thus, it can
be concluded that the uptake of GenX and other perfluorinated ether
acids by strongly basic macroporous IX resin (A860) is essentially
governed by equivalent exchange of ions with a minimal impact of
other physical forces such as hydrophobic interactions. The slightly
higher release of chloride ions could be attributed to the weak resin-
chloride bonds that were not completely washed prior to the experi-
ment. This is in agreement with the results published in the scientific
literature where similar slopes (˜1) have been obtained for different
IHSS NOM isolates and other negatively charged micropollutants using
strongly basic IX resins (Dixit et al., 2018a; Bazri and Mohseni, 2016).
Consequently, this further supports the observed behavior regarding the
uptake of PFEAS (as seen in Section 3.1), which follows the order of the
respective charge densities (i.e. preferential removal of compounds
with compounds with higher charge density).

5. Isotherm studies: impact of organic matter

Isotherm studies were performed under variable resin dosages
(10–1000mg/L or 0.05 to 4.5mL/L) with initial PFEAS concentration
of 10 μg/L and 5mg C/L SRNOM. As illustrated in Table 3, the iso-
therms conform to a Freundlich-type behavior (qe=Kf.Ce

1/n; R2> 0.99,
parameters are provided in Table 3). The 1/n value for GenX was ˜ 0.8

Fig. 3. Biot numbers for PFEAS removal in a mixed suspended IX reactor as a function of initial concentration of (A) DI water at pH ˜7 and (B) SRNOM at T= 23 °C,
pH=7 ± 0.1.
Biot number> 1 (all limited by pore diffusion) for GenX, PFMOPrA and PFMOBA in the presence of NOM (C0>2mg C/L).

Fig. 4. Equivalent exchange of chloride ions for different PFEAS concentra-
tions. pH ˜7 ± 0.1 and T=23 °C.
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in DI water which decreased to ˜0.6 (three-fourth) in the presence of
SRNOM. The most important effect of NOM was observed on Kf of GenX
which decreased from ˜776 ((μeq/meq)/(μeq/L)1/n) in DI water to 113
((μeq/meq)/(μeq/L)1/n) in SRNOM, a 7-fold decrease. It is important to
note that the Kf values for PFMOPrA and PFMOBA in the presence of
SRNOM (5mg C/L) were approximately 148 ((μeq/meq)/(μeq/L)1/n)
and 132 ((μeq/meq)/(μeq/L)1/n), respectively, (i.e., about 1.4-1.2 folds
higher than GenX) and followed the same trend as per their respective
charge densities (highest for PFMOPrA).

The equivalent background compound (EBC) concept was adopted
to evaluate the multi-component interactions between NOM and GenX
(Ebie et al., 2001). The obtained EBC concentrations of respective
PFEAS (GenX, PFMOPrA and PFMOBA), C0EBC in μmol/L, are sum-
marized in Table 3 and Fig. 5 As observed, 0.74 μmol/L of initial 5 mg
C/L SRNOM concentration competed with GenX for equivalent uptake
sites. Assuming 1030 Da as the average molecular weight of SRNOM
(and ˜50% carbon content in all NOM content), this would correspond
to ˜0.2mg C/L or 4% of initial DOC. Similarly, 0.54 μmol/L (3%) and
0.63 μmol/L (2.6%) of initial NOM competed with PFMOPrA and
PFMOBA, respectively (as estimated by the IAST-EBC model). This is in
agreement with literature findings with other micropollutants on IX
which have also reported a similar range (2–10%) of competing NOM
compounds (Dixit et al., 2018a; Bunmahotama et al., 2017; Matsui
et al., 2012).

6. Competitive interactions in natural waters

The EBC model was further adopted to predict the IX efficacy to-
wards treated wastewater (WW) and natural surface water obtained
from Middle River (MR). The treated wastewater was composed of ni-
trate (26mgNO3

−/L or ˜6mgN/L), sulphate (32mg SO4
2-/L or ˜10mg

S/L) and phosphate (10mg PO4
−/L or ˜3mg P/L, details in Table 1),

which were all reduced to< 2mg (N/S/P) /L. Similarly, the total in-
organic ion constituents of MR surface water were reduced to<1mg

SO4
2-/L (or 0.3 mg (S) /L) from ˜ 5mg SO4

2-/L (or 1.7mg S/L, P/N
below detection, see SI, S.5). The initial DOC of both waters were ˜5mg
C/L at a pH of ˜7.2. Note, the differences in DOC and inorganic ions
removal were not statistically significant on changing the PFEAS
(p > 0.05, data not shown) as the tested concentration of PFEAS (μg-
ng/L) were magnitudes lower than inorganic ions and DOC (which were
in mg/L). Fig. 5(A) illustrates the predicted equilibrium uptakes for
GenX, PFMOPrA and PFMOBA in SRNOM (5mg C/L), whereas,
Fig. 5(B) illustrates the uptake of GenX in DI water, SRNOM (5mg C/L),
MR surface water and treated WW with a resin dosage of 100mg/L (or
0.45mL/L). The EBC model for MR and treated WW incorporated the
effect of inorganic ions and the displayed model parameters were cal-
culated considering the multicomponent interactions as previously de-
scribed (details in SI, S.16) (Dixit et al., 2019a). The error bars re-
present the deviation from the actual experimental data predicted using
the Marquardt’s percent standard deviation (MPSD) (Kumar et al.,
2008). The EBC model for all matrices provided excellent predictions
(R2> 0.96) with low errors (MPSD < 10%, indicating a good fit
(R2> 0.9)).

The maximum uptake capacities for GenX (predicted by IAST-EBC)
in DI water were ˜ 130 neq/meq in DI water and 72 neq/meq in the
presence of SRNOM (5mg C/L), a ˜2-fold decrease. In natural waters,
the presence of inorganic ions further reduced the uptake to 53 neq/
meq (˜3-fold decrease) in MR surface water, as predicted using multi-
component IAST-EBC model. MR water only had an additional 5mg/L
sulphate ions. In treated WW, a matrix with high inorganic ions con-
centration (approximately 25mg nitrate/L, 30mg sulphate/L and
10mg phosphate/L, in addition to the effluent organic matter (EfOM)
of 5mg C/L, details in SI), the GenX uptake was further reduced to 35
neq/meq, a four-fold decrease (Fig. 5(B)). Hence, the presence of in-
organic ions has a detrimental effect on GenX removal via IX process.
Being highly charged, these ions could be preferentially removed over
GenX and thereby limit the available exchange sites. This observation
can be supported by other scientific literature studies where inorganic

Fig. 5. Equilibrium uptake (qe) of (A) GenX, PFMOPrA
and PFMOBA in SRNOM (5mg C/L), (B) GenX in DI
and NOM-rich synthetic and natural waters for ex-
perimental isotherm data and (C) calculated competi-
tive compound concentrations using the IAST-
Equivalent Background Compound (EBC) model at pH
˜7.0, DOC˜5mg C/L and T=23 °C. (D) Removal of
dissolved organic carbon (DOC) and UV 254 absorbing
compounds from different tested water matrices.
IX dosage: 100mg/L or 0.45mL/L, DOC removal re-
mained consistent (p > 0.05) when tested with all
three PFEAS. Lines indicate a fit to the IAST-EBC
model.
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ions demonstrated to limit the capability of IX for NOM removal (Croue
and Humbert, 2005; Dixit et al., 2019a; Boyer et al., 2008; Boyer and
Singer, 2006). Additionally, the concentration of competing fractions
increased from 0.74 μmol/L in SRNOM to 0.87 μmol/l in MR water and
0.96 μmol/L in treated WW (p < 0.05). Nonetheless, it is important to
note that the observed uptake values were well predicted using the
IAST-EBC model (MPSD < 10%), a technique seldom used to predict
IX interactions (and mostly used in activated carbon studies). The IAST-
EBC model also agreed well with the experimental data on PFMOPrA
and PFMOBA (see Fig. 5(A) and Table 3 (MPSD < 5%)) and multi-
component interaction with all PFEAS in natural waters were tested in
this study (see Fig. 5(C)). Furthermore, the uptake values for GenX and
other PFEAS are significantly higher than the reported data with other
adsorbents for PFASs removal. For instance, scientific studies have in-
dicated a maximum of ˜50-70 neq/meq uptake (qe converted from μg/
mg to neq/meq) of PFOA and PFOS in DI waters using macroporous IX
resins (Zaggia et al., 2016; Maimaiti et al., 2018). The resin adopted in
this study, A860, provided ˜130 neq/meq for GenX (also ˜175 neq/meq
for PFMOPrA and ˜152 neq/meq for PFMOBA), indicating higher per-
formance compared to other commercial adsorbents and resins
(Schuricht et al., 2017; Zaggia et al., 2016). Moreover, a regeneration
with 10% NaCl with 1 h of contact time (supplier recommended values)
ensured>80% recovery of GenX, NOM and inorganic ions in the brine
concentrate (details in SI, S.14). Recently manufactured PFASs-specific
resins such as A592E and PFA694E (by Purolite (same supplier)) have
not been studied in scientific literature (Purofine PFA694E, 2019;
Purolite A592E, 2019), and it would be of interest to compare their
efficacy with the NOM scavenger resin used in this study (A860).
However, A592E and PFA694E are marketed for PFASs removal only
and are suggested to be operated in a use-and dispose mode. A860 is a
well-studied resin with excellent regenerative and NOM (and disinfec-
tion by-product (DBPs) precursor)) removal capacities (never tested for
PFASs before) (Bazri et al., 2016; Dixit et al., 2018b). Consequently,
A860 was adopted for this study.

Scientific studies have adopted numerous life cycle assessment
(LCA) tools to examine the environmental burden from IX systems
(Choe et al., 2013; Choe et al., 2015; Maul et al., 2014). Several factors
including eutrophication, global warming, acidification, carcinogeni-
city and ecotoxicity have been studied in the past to develop improved
methods for IX operation and brine management (Maul et al., 2014;
Amini et al., 2015). In sum, during an IX operation, resin production (or
usage) is one of the most critical aspects from environmental perspec-
tives and has been associated with the majority of IX’s environmental
impacts (Maul et al., 2014; Amini et al., 2015). Consequently, recovery
and regeneration of IX resins offer significant aid in reducing the en-
vironmental impacts of IX systems when compared to a single use-and-
dispose mode of operation, an effort already achieved via this study.

The resin dosages used in this study were significantly lower than
the ones adopted in commercial treatment plants (as high as 4000mg/L
or 20mL/L) (Kabsch-Korbutowicz et al., 2008). Additionally, the acti-
vated carbon adsorbents presently adopted for PFASs removal are not
effective for DOC removal (maximum 30%), necessitating additional
processes for DOC removal. However, a complete GenX (and other
PFEAS) removal with simultaneous> 60% DOC and inorganic ions
(> 80%) can be achieved with the tested macroporous IX resin (Pur-
olite A860, with effective regeneration), indicating its great potential
for water utilities worldwide (details on commercial dosage studies in
S.15).

Future research should focus on optimized regeneration strategies
(for multiple regeneration cycles) and on comparative studies with
PFASs-specific resins. Additionally, the EBC model does not incorporate
kinetic and hydrodynamic effects. It would be of key interest to develop
a model to overcome these limitations in future studies.

7. Conclusion

The following conclusions were derived from this research:

• Film diffusion is the limiting factor for GenX, PFMOPrA and
PFMOBA concentration C0 ≤ 50 μL/L (resin dosage 100mg/L) in DI
waters.

• In waters with background NOM, GenX uptake in a stirred reactor is
limited by pore diffusion.

• At commercial resin dosages (˜4000mg/L or 20mL/L) IX is capable
to get the influent PFEAS concentration (C0 ≤ 50 μg/L) below
70 ng/L (USEPA Guideline) within 20min of contact time in the
presence of 5mg C/L background NOM at pH=7.0 (T= 23 °C).

• Removal of PFEAS via Purolite A860 IX resin involved equivalent
exchange of chloride ions with minimal influence of hydrophobic
adsorption.

• Removal of PFEAS via IX follows an order of their respective charge
densities, i.e., PFMOPrA > PFMOBA > GenX.

• IAST-EBC model can be used to predict the IX equilibrium uptake of
GenX, PFMOPrA and PFMOBA in natural surface and recycled wa-
ters in presence of multiple competing ions.

• IX is capable of achieving simultaneous removal of NOM (>60%)
and inorganic ions (> 80%) along with PFEAS (Cfinal< 70 ng/L)
under all tested conditions in natural and synthetic water matrices
(IX dosage of 0.45mL/L (100mg/L) or higher).

Statement of novelty

GenX belongs to a different category of perfluorinated compounds
(perfluorinated-ether-acids (PFEAS)). Consequently, the uptake via ion
exchange (IX) process may not be linked to the existing scientific stu-
dies which have primarily focused on perfluorinated alkylic acids
(PFAS), or the studies involving carbon based adsorbents. This research
aimed to address the critical knowledge gaps by investigating the re-
moval of GenX and other PFEAS by IX, with particular emphasis on
examining the fundamental uptake processes. Further, it assessed the
multicomponent interactions between PFEAS and common organic and
inorganic constituents of natural waters via IX resins.

Acknowledgements

Fuhar Dixit is a Natural Sciences and Engineering Research Council
of Canada’s Vanier Scholar. The authors would further like to ac-
knowledge RES’EAU-WaterNET for the funding support. Sincere thanks
Benjamin Herring from the UBC Chemistry department for assisting
with the PFEAS analysis.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jhazmat.2019.121261.

References

Ahearn, A., 2019. A regrettable substitute - The Story of GenX. Pod. Res. Perspect.
https://doi.org/10.1289/EHP5134.

Amini, A., Kim, Y., Zhang, J., Boyer, T., Zhang, Q., 2015. Environmental and economic
sustainability of ion exchange drinking water treatment for organics removal. J.
Clean. Prod. 104, 413–421. https://doi.org/10.1016/j.jclepro.2015.05.056.

Ateia, M., Maroli, A., Tharayil, N., Karanfil, T., 2019. The overlooked short- and ultra-
short-chain poly- and perfluorinated substances: a review. Chemosphere 220,
866–882. https://doi.org/10.1016/j.chemosphere.2018.12.186.

Ates, N., Incetan, F.B., 2013. Competition impact of sulfate on NOM removal by anion-
exchange resins in high-sulfate and low-SUVA waters. Ind. Eng. Chem. Res. 52,
14261–14269. https://doi.org/10.1021/ie401814v.

Bao, Y., Deng, S., Jiang, X., Qu, Y., He, Y., Liu, L., et al., 2018. Degradation of PFOA
Substitute: GenX (HFPO–DA Ammonium Salt): Oxidation with UV/Persulfate or
Reduction with UV/Sulfite? Environ. Sci. Technol. https://doi.org/10.1021/acs.est.
8b02172. acs.est.8b02172.

F. Dixit, et al. Journal of Hazardous Materials 384 (2020) 121261

8

https://doi.org/10.1016/j.jhazmat.2019.121261
https://doi.org/10.1289/EHP5134
https://doi.org/10.1016/j.jclepro.2015.05.056
https://doi.org/10.1016/j.chemosphere.2018.12.186
https://doi.org/10.1021/ie401814v
https://doi.org/10.1021/acs.est.8b02172
https://doi.org/10.1021/acs.est.8b02172


Bazri, M.M., Mohseni, M., 2016. Impact of natural organic matter properties on the ki-
netics of suspended ion exchange process. Water Res. 91, 147–155. https://doi.org/
10.1016/j.watres.2015.12.036.

Bazri, M.M., Martijn, B., Kroesbergen, J., Mohseni, M., 2016. Impact of anionic ion ex-
change resins on NOM fractions: effect on N-DBPs and C-DBPs precursors.
Chemosphere 144, 1988–1995. https://doi.org/10.1016/j.chemosphere.2015.10.
086.

Boyer, T.H., Singer, P.C., 2006. A pilot-scale evaluation of magnetic ion exchange
treatment for removal of natural organic material and inorganic anions. Water Res.
40, 2865–2876. https://doi.org/10.1016/j.watres.2006.05.022.

Boyer, T.H., Singer, P.C., Aiken, G.R., 2008. Removal of dissolved organic matter by anion
exchange: effect of dissolved organic matter properties. Environ. Sci. Technol. 42,
7431–7437. https://doi.org/10.1021/es800714d.

Brandsma, S.H., Koekkoek, J.C., van Velzen, M.J.M., de Boer, J., 2019. The PFOA sub-
stitute GenX detected in the environment near a fluoropolymer manufacturing plant
in the Netherlands. Chemosphere 220, 493–500. https://doi.org/10.1016/j.
chemosphere.2018.12.135.

Buck, R.C., Franklin, J., Berger, U., Conder, J.M., Cousins, I.T., de Voogt, P., et al., 2011.
Perfluoroalkyl and polyfluoroalkyl substances in the environment: terminology,
classification, and origins. Integr. Environ. Assess. Manag. 7, 513–541. https://doi.
org/10.1002/ieam.258.

Bunmahotama, W., Hung, W.N., Lin, T.F., 2017. Prediction of the adsorption capacities
for four typical organic pollutants on activated carbons in natural waters. Water Res.
111, 28–40. https://doi.org/10.1016/j.watres.2016.12.033.

Health Canada, 2016. Perfluorooctanoic Acid (PFOA) in Drinking Water.
Choe, J.K., Mehnert, M.H., Guest, J.S., Strathmann, T.J., Werth, C.J., 2013. Comparative

assessment of the environmental sustainability of existing and emerging perchlorate
treatment technologies for drinking water. Environ. Sci. Technol. 47, 4644–4652.
https://doi.org/10.1021/es3042862.

Choe, J.K., Bergquist, A.M., Jeong, S., Guest, J.S., Werth, C.J., Strathmann, T.J., 2015.
Performance and life cycle environmental benefits of recycling spent ion exchange
brines by catalytic treatment of nitrate. Water Res. 80, 267–280. https://doi.org/10.
1016/j.watres.2015.05.007.

Conley, J.M., Lambright, C.S., Evans, N., Strynar, M.J., McCord, J., McIntyre, B.S., et al.,
2019. Adverse maternal, fetal, and postnatal effects of hexafluoropropylene oxide
dimer acid (GenX) from oral gestational exposure in Sprague-Dawley Rats. Environ.
Health Perspect. 127, 037008. https://doi.org/10.1289/EHP4372.

Croue, J., Humbert, H., 2005. Performance of selected anion exchange resins for the
treatment of a high DOC content surface water. Water Res. 39, 1699–1708. https://
doi.org/10.1016/j.watres.2005.02.008.

Deng, S., Yu, Q., Huang, J., Yu, G., 2010. Removal of perfluorooctane sulfonate from
wastewater by anion exchange resins: effects of resin properties and solution chem-
istry. Water Res. 44, 5188–5195. https://doi.org/10.1016/j.watres.2010.06.038.

Dixit, F., Barbeau, B., Mohseni, M., 2018a. Characteristics of competitive uptake between
Microcystin-LR and natural organic matter (NOM) fractions using strongly basic
anion exchange resins. Water Res. 139, 74–82. https://doi.org/10.1016/j.watres.
2018.03.074.

Dixit, F., Barbeau, B., Mohseni, M., 2019a. Removal of Microcystin-LR from spiked nat-
ural and synthetic waters by anion exchange. Sci. Total Environ. 655, 571–580.
https://doi.org/10.1016/j.scitotenv.2018.11.117.

Dixit, F., Barbeau, B., Mohseni, M., 2019b. Microcystin-LR removal by ion exchange:
investigating multicomponent interactions in natural waters. Environ. Pollut. 253,
790–799. https://doi.org/10.1016/j.envpol.2019.07.062.

Dixit, F., Barbeau, B., Mohseni, M., 2018b. Simultaneous uptake of NOM and Microcystin-
LR by anion exchange resins: effect of inorganic ions and resin regeneration.
Chemosphere 192, 113–121. https://doi.org/10.1016/j.chemosphere.2017.10.135.

Du, Z., Deng, S., Bei, Y., Huang, Q., Wang, B., 2014. Adsorption behavior and mechanism
of perfluorinated compounds on various adsorbents — a review. J. Hazard. Mater.
274, 443–454. https://doi.org/10.1016/j.jhazmat.2014.04.038.

Du, Z., Deng, S., Chen, Y., Wang, B., Huang, J., Wang, Y., et al., 2015. Removal of per-
fluorinated carboxylates from washing wastewater of perfluorooctanesulfonyl
fluoride using activated carbons and resins. J. Hazard. Mater. 286, 136–143. https://
doi.org/10.1016/j.jhazmat.2014.12.037.

Ebie, K., Li, F., Azuma, Y., Yuasa, A., Hagishita, T., 2001. Pore distribution effect of ac-
tivated carbon in adsorbing organic micropollutants from natural water. Water Res.
35, 167–179. https://doi.org/10.1016/S0043-1354(00)00257-8.

EPA, Fact Sheet: PFOA & PFOS Drinking Water Health Advisories.
European Commission, 2018. Proposal for a Directive of the European Parliament and of

the Council on the Quality of Water Intended for Human Consumption. Brussels.
http://ec.europa.eu/environment/water/water-drink/pdf/revised_drinking_water_
directive.pdf.

Gannon, S.A., Fasano, W.J., Mawn, M.P., Nabb, D.L., Buck, R.C., Buxton, L.W., et al.,
2016. Absorption, distribution, metabolism, excretion, and kinetics of 2,3,3,3-tetra-
fluoro-2-(heptafluoropropoxy)propanoic acid ammonium salt following a single dose
in rat, mouse, and cynomolgus monkey. Toxicology 340, 1–9. https://doi.org/10.
1016/j.tox.2015.12.006.

Hopkins, Z.R., Sun, M., DeWitt, J.C., Knappe, D.R.U., 2018. Recently detected drinking
water contaminants: GenX and other per- and polyfluoroalkyl ether acids. J. Am.
Water Works Assoc. 110, 13–28. https://doi.org/10.1002/awwa.1073.

Houtz, E.F., Sutton, R., Park, J.-S., Sedlak, M., 2016. Poly- and perfluoroalkyl substances
in wastewater: significance of unknown precursors, manufacturing shifts, and likely
AFFF impacts. Water Res. 95, 142–149. https://doi.org/10.1016/j.watres.2016.02.
055.

Hu, Y., Foster, J., Boyer, T.H., 2016. Selectivity of bicarbonate-form anion exchange for
drinking water contaminants: influence of resin properties. Sep. Purif. Technol. 163,
128–139. https://doi.org/10.1016/j.seppur.2016.02.030.

Huang, P.J., Hwangbo, M., Chen, Z., Liu, Y., Kameoka, J., Chu, K.H., 2018. Reusable
functionalized hydrogel sorbents for removing long- and short-chain perfluoroalkyl
acids (PFAAs) and GenX from aqueous solution. ACS Omega 3, 17447–17455.
https://doi.org/10.1021/acsomega.8b02279.

Huang, W., He, H., Dong, B., Chu, H., Xu, G., Yan, Z., 2015. Effects of macro-porous anion
exchange and coagulation treatment on organic removal and membrane fouling re-
duction in water treatment. Desalination 355, 204–216. https://doi.org/10.1016/j.
desal.2014.10.045.

Kabsch-Korbutowicz, M., Majewska-Nowak, K., Winnicki, T., 2008. Water treatment
using MIEX® DOC/ultrafiltration process. Desalination 221, 338–344. https://doi.
org/10.1016/j.desal.2007.01.092.

Kudo, N., Kawashima, Y., 2003. Toxicity and toxicokinetics of perfluorooctanoic acid in
humans and animals. J. Toxicol. Sci. 28, 49–57. https://doi.org/10.2131/jts.28.49.

Kumar, K.V., Porkodi, K., Rocha, F., 2008. Comparison of various error functions in
predicting the optimum isotherm by linear and non-linear regression analysis for the
sorption of basic red 9 by activated carbon. J. Hazard. Mater. 150, 158–165. https://
doi.org/10.1016/j.jhazmat.2007.09.020.

Lau, C., Anitole, K., Hodes, C., Lai, D., Pfahles-Hutchens, A., Seed, J., 2007. Perfluoroalkyl
acids: a review of monitoring and toxicological findings. Toxicol. Sci. 99, 366–394.
https://doi.org/10.1093/toxsci/kfm128.

Liu, J., Lee, L.S., 2005. Solubility and sorption by soils of 8:2 fluorotelomer alcohol in
water and cosolvent systems. Environ. Sci. Technol. 39, 7535–7540. https://doi.org/
10.1021/es051125c.

Maimaiti, A., Deng, S., Meng, P., Wang, W., Wang, B., Huang, J., et al., 2018. Competitive
adsorption of perfluoroalkyl substances on anion exchange resins in simulated AFFF-
impacted groundwater. Chem. Eng. J. 348, 494–502. https://doi.org/10.1016/j.cej.
2018.05.006.

Matsui, Y., Yoshida, T., Nakao, S., Knappe, D.R.U., Matsushita, T., 2012. Characteristics of
competitive adsorption between 2-methylisoborneol and natural organic matter on
superfine and conventionally sized powdered activated carbons. Water Res. 46,
4741–4749. https://doi.org/10.1016/j.watres.2012.06.002.

Maul, G.A., Kim, Y., Amini, A., Zhang, Q., Boyer, T.H., 2014. Efficiency and life cycle
environmental impacts of ion-exchange regeneration using sodium, potassium,
chloride, and bicarbonate salts. Chem. Eng. J. 254, 198–209. https://doi.org/10.
1016/j.cej.2014.05.086.

Najm, I.N., Snoeyink, V.L., Richard, Y., 1991. Effect of initial concentration of a SOC in
natural water on its adsorption by activated carbon. J. Am. Water Works Assoc. 83,
57–63. https://doi.org/10.1002/j.1551-8833.1991.tb07200.x.

Newcombe, G., Morrison, J., Hepplewhite, C., Knappe, D.R.U., 2002a. Simultaneous ad-
sorption of MIB and NOM onto activated carbon II. Competitive effects. Carbon N. Y.
40, 2147–2156.

Newcombe, G., Morrison, J., Hepplewhite, C., 2002b. Simultaneous adsorption of MIB
and NOM onto activated carbon. I. Characterisation of the system and NOM ad-
sorption. Carbon 40, 2135–2146. https://doi.org/10.1016/S0008-6223(02)00097-0.

Pan, C.-G., Liu, Y.-S., Ying, G.-G., 2016. Perfluoroalkyl substances (PFASs) in wastewater
treatment plants and drinking water treatment plants: removal efficiency and ex-
posure risk. Water Res. 106, 562–570. https://doi.org/10.1016/j.watres.2016.10.
045.

Parker, K.M., Reichwaldt, E.S., Ghadouani, A., Mitch, W.A., 2016. Halogen radicals
promote the photodegradation of microcystins in estuarine systems. Environ. Sci.
Technol. 50, 8505–8513. https://doi.org/10.1021/acs.est.6b01801.

Purofine PFA694E, (n.d.). https://www.purolite.com/product-pdf/PFA694E.pdf.
Purolite A592E, (n.d.). https://www.purolite.com/product/a592e.
Ritchie, J.D., Michael Perdue, E., 2003. Proton-binding study of standard and reference

fulvic acids, humic acids, and natural organic matter. Geochim. Cosmochim. Acta 67,
85–93. https://doi.org/10.1016/S0016-7037(02)01044-X.

Rostvall, A., Zhang, W., Dürig, W., Renman, G., Wiberg, K., Ahrens, L., et al., 2018.
Removal of pharmaceuticals, perfluoroalkyl substances and other micropollutants
from wastewater using lignite, Xylit, sand, granular activated carbon (GAC) and
GAC+Polonite® in column tests – role of physicochemical properties. Water Res. 137,
97–106. https://doi.org/10.1016/j.watres.2018.03.008.

Schuricht, F., Borovinskaya, E.S., Reschetilowski, W., 2017. Removal of perfluorinated
surfactants from wastewater by adsorption and ion exchange — influence of material
properties, sorption mechanism and modeling. J. Environ. Sci. (China) 54, 160–170.
https://doi.org/10.1016/j.jes.2016.06.011.

Seo, S.-H., Son, M.-H., Choi, S.-D., Lee, D.-H., Chang, Y.-S., 2018. Influence of exposure to
perfluoroalkyl substances (PFASs) on the Korean general population: 10-year trend
and health effects. Environ. Int. 113, 149–161. https://doi.org/10.1016/j.envint.
2018.01.025.

Sinclair, E., Kannan, K., 2006. Mass loading and fate of perfluoroalkyl surfactants in
wastewater treatment plants. Environ. Sci. Technol. 40, 1408–1414. https://doi.org/
10.1021/es051798v.

Steenland, K., Jin, C., MacNeil, J., Lally, C., Ducatman, A., Vieira, V., et al., 2009.
Predictors of PFOA levels in a community surrounding a chemical plant. Environ.
Health Perspect. 117, 1083–1088. https://doi.org/10.1289/ehp.0800294.

Steenland, K., Fletcher, T., Savitz, D.A., 2010. Epidemiologic evidence on the health ef-
fects of perfluorooctanoic acid (PFOA). Environ. Health Perspect. 118, 1100–1108.
https://doi.org/10.1289/ehp.0901827.

Strynar, M., Dagnino, S., McMahen, R., Liang, S., Lindstrom, A., Andersen, E., et al., 2015.
Identification of novel perfluoroalkyl ether carboxylic acids (PFECAs) and sulfonic
acids (PFESAs) in natural waters using accurate mass time-of-Flight mass spectro-
metry (TOFMS). Environ. Sci. Technol. 49, 11622–11630. https://doi.org/10.1021/
acs.est.5b01215.

Sun, M., Arevalo, E., Strynar, M., Lindstrom, A., Richardson, M., Kearns, B., et al., 2016.
Legacy and emerging perfluoroalkyl substances are important drinking water con-
taminants in the Cape Fear River Watershed of North Carolina. Environ. Sci. Technol.

F. Dixit, et al. Journal of Hazardous Materials 384 (2020) 121261

9

https://doi.org/10.1016/j.watres.2015.12.036
https://doi.org/10.1016/j.watres.2015.12.036
https://doi.org/10.1016/j.chemosphere.2015.10.086
https://doi.org/10.1016/j.chemosphere.2015.10.086
https://doi.org/10.1016/j.watres.2006.05.022
https://doi.org/10.1021/es800714d
https://doi.org/10.1016/j.chemosphere.2018.12.135
https://doi.org/10.1016/j.chemosphere.2018.12.135
https://doi.org/10.1002/ieam.258
https://doi.org/10.1002/ieam.258
https://doi.org/10.1016/j.watres.2016.12.033
http://refhub.elsevier.com/S0304-3894(19)31215-4/sbref0065
https://doi.org/10.1021/es3042862
https://doi.org/10.1016/j.watres.2015.05.007
https://doi.org/10.1016/j.watres.2015.05.007
https://doi.org/10.1289/EHP4372
https://doi.org/10.1016/j.watres.2005.02.008
https://doi.org/10.1016/j.watres.2005.02.008
https://doi.org/10.1016/j.watres.2010.06.038
https://doi.org/10.1016/j.watres.2018.03.074
https://doi.org/10.1016/j.watres.2018.03.074
https://doi.org/10.1016/j.scitotenv.2018.11.117
https://doi.org/10.1016/j.envpol.2019.07.062
https://doi.org/10.1016/j.chemosphere.2017.10.135
https://doi.org/10.1016/j.jhazmat.2014.04.038
https://doi.org/10.1016/j.jhazmat.2014.12.037
https://doi.org/10.1016/j.jhazmat.2014.12.037
https://doi.org/10.1016/S0043-1354(00)00257-8
http://refhub.elsevier.com/S0304-3894(19)31215-4/sbref0130
http://ec.europa.eu/environment/water/water-drink/pdf/revised_drinking_water_directive.pdf
http://ec.europa.eu/environment/water/water-drink/pdf/revised_drinking_water_directive.pdf
https://doi.org/10.1016/j.tox.2015.12.006
https://doi.org/10.1016/j.tox.2015.12.006
https://doi.org/10.1002/awwa.1073
https://doi.org/10.1016/j.watres.2016.02.055
https://doi.org/10.1016/j.watres.2016.02.055
https://doi.org/10.1016/j.seppur.2016.02.030
https://doi.org/10.1021/acsomega.8b02279
https://doi.org/10.1016/j.desal.2014.10.045
https://doi.org/10.1016/j.desal.2014.10.045
https://doi.org/10.1016/j.desal.2007.01.092
https://doi.org/10.1016/j.desal.2007.01.092
https://doi.org/10.2131/jts.28.49
https://doi.org/10.1016/j.jhazmat.2007.09.020
https://doi.org/10.1016/j.jhazmat.2007.09.020
https://doi.org/10.1093/toxsci/kfm128
https://doi.org/10.1021/es051125c
https://doi.org/10.1021/es051125c
https://doi.org/10.1016/j.cej.2018.05.006
https://doi.org/10.1016/j.cej.2018.05.006
https://doi.org/10.1016/j.watres.2012.06.002
https://doi.org/10.1016/j.cej.2014.05.086
https://doi.org/10.1016/j.cej.2014.05.086
https://doi.org/10.1002/j.1551-8833.1991.tb07200.x
http://refhub.elsevier.com/S0304-3894(19)31215-4/sbref0215
http://refhub.elsevier.com/S0304-3894(19)31215-4/sbref0215
http://refhub.elsevier.com/S0304-3894(19)31215-4/sbref0215
https://doi.org/10.1016/S0008-6223(02)00097-0
https://doi.org/10.1016/j.watres.2016.10.045
https://doi.org/10.1016/j.watres.2016.10.045
https://doi.org/10.1021/acs.est.6b01801
https://doi.org/10.1016/S0016-7037(02)01044-X
https://doi.org/10.1016/j.watres.2018.03.008
https://doi.org/10.1016/j.jes.2016.06.011
https://doi.org/10.1016/j.envint.2018.01.025
https://doi.org/10.1016/j.envint.2018.01.025
https://doi.org/10.1021/es051798v
https://doi.org/10.1021/es051798v
https://doi.org/10.1289/ehp.0800294
https://doi.org/10.1289/ehp.0901827
https://doi.org/10.1021/acs.est.5b01215
https://doi.org/10.1021/acs.est.5b01215


Lett. 3, 415–419. https://doi.org/10.1021/acs.estlett.6b00398.
U.S. EPA, 2011. Draft Procedure for Analysis of Perfluorinated Carboxulic Acids and

Sulfonic Acids in Sewage Sludge and Biosolids by HPLC-MS-MS. EPA-821-R-11-007.
USEPA, 2019. GenX and PFBS Draft Toxicity Assessments. https://www.epa.gov/pfas/

genx-and-pfbs-draft-toxicity-assessments.
Virolainen, S., Tyster, M., Haapalainen, M., Sainio, T., 2015. Ion exchange recovery of

silver from concentrated base metal-chloride solutions. Hydrometallurgy 152,
100–106. https://doi.org/10.1016/j.hydromet.2014.12.011.

Wang, W., Maimaiti, A., Shi, H., Wu, R., Wang, R., Li, Z., et al., 2019. Adsorption behavior
and mechanism of emerging perfluoro-2-propoxypropanoic acid (GenX) on activated
carbons and resins. Chem. Eng. J. 364, 132–138. https://doi.org/10.1016/j.cej.2019.

01.153.
Winter, J., Wray, H.E., Schulz, M., Vortisch, R., Barbeau, B., Bérubé, P.R., 2018. The

impact of loading approach and biological activity on NOM removal by ion exchange
resins. Water Res. 134, 301–310. https://doi.org/10.1016/j.watres.2018.01.052.

Xiao, F., 2017. Emerging poly- and perfluoroalkyl substances in the aquatic environment:
a review of current literature. Water Res. 124, 482–495. https://doi.org/10.1016/j.
watres.2017.07.024.

Zaggia, A., Conte, L., Falletti, L., Fant, M., Chiorboli, A., 2016. Use of strong anion ex-
change resins for the removal of perfluoroalkylated substances from contaminated
drinking water in batch and continuous pilot plants. Water Res. 91, 137–146. https://
doi.org/10.1016/j.watres.2015.12.039.

F. Dixit, et al. Journal of Hazardous Materials 384 (2020) 121261

10

https://doi.org/10.1021/acs.estlett.6b00398
http://refhub.elsevier.com/S0304-3894(19)31215-4/sbref0290
http://refhub.elsevier.com/S0304-3894(19)31215-4/sbref0290
https://www.epa.gov/pfas/genx-and-pfbs-draft-toxicity-assessments
https://www.epa.gov/pfas/genx-and-pfbs-draft-toxicity-assessments
https://doi.org/10.1016/j.hydromet.2014.12.011
https://doi.org/10.1016/j.cej.2019.01.153
https://doi.org/10.1016/j.cej.2019.01.153
https://doi.org/10.1016/j.watres.2018.01.052
https://doi.org/10.1016/j.watres.2017.07.024
https://doi.org/10.1016/j.watres.2017.07.024
https://doi.org/10.1016/j.watres.2015.12.039
https://doi.org/10.1016/j.watres.2015.12.039

	Efficient removal of GenX (HFPO-DA) and other perfluorinated ether acids from drinking and recycled waters using anion exchange resins
	Introduction
	Materials and methods
	Chemical reagents
	Resin selection
	Synthetic water preparation
	Natural waters
	Isotherms and kinetic studies
	Equivalent background compound (EBC)
	Analytical methods

	Results and discussion
	Uptake kinetics

	Uptake mechanism
	Isotherm studies: impact of organic matter
	Competitive interactions in natural waters
	Conclusion
	Statement of novelty
	Acknowledgements
	Supplementary data
	References




