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ARTICLE INFO ABSTRACT
Keywords: Anion exchange resins (AERs) are promising adsorbents for removing perfluoroalkyl acids (PFAAs). However,
Per- and polyfluoroalkyl substances (PFASs) little is known about competitive effects of specific co-solutes at typical drinking water concentrations. There-

Ultra-short chain
Perfluorinated carboxylic acids (PFCAs)
Perfluorinated sulfonic acids (PFSAs)

fore, this study investigated the adsorption of eight PFAAs (1-7 perfluorinated carbons) on three commercial
AERs (A111, M600, PSR2Plus) with different functional groups, and examined competitive effects of chloride
Weak-base and sulphate at varying concentrations. Using regression modelling and the stoichiometric breakthrough model,
Tertiary amine PFAA breakthroughs in fixed-bed filters were simulated, dependent on the concentration of inorganic anions.
Quaternary amine Generally, the adsorption of PFAAs increased with increasing number and length of alkyl moieties in the func-
tional resin group in the order of dimethylamines (A111) < dimethylethanolamines (M600) < tributylamines
(PSR2Plus). Adsorption on PSR2Plus was much less inhibited by the presence of inorganic anions compared to
the other resins. Depending on the water matrix and AER used, the relative residual concentration of per-
fluorocarboxylates as a function of the number of alkyl carbons in the molecule decreased logarithmically, with
adjusted r2 > 0.93 and slopes between —0.25 and —0.65 log units per additional carbon. When sulphate and
chloride were present simultaneously, sulphate had a stronger inhibitory effect on the adsorption of PFAAs on all
resins. Furthermore, a double logarithmic correlation was found between the adsorption of PFAAs and the
concentrations of inorganic anions. The results and procedures presented here can be used by water utilities,
scientific consultants, and researchers to facilitate the informed selection of AERs for PFAA adsorption and their
practical application in fixed-bed filters.

and stricter threshold values. Recently, the recast European Drinking
1. Introduction Water Directive introduced a threshold of 100 ng/L for the sum of 20
perfluoroalkyl acids (PFAAs) in drinking water under the name “Sum of

Per- and polyfluoroalkyl substances (PFASs) are widely used in in- PFAS” [11]. This limit includes perfluorocarboxylic acids (PFCAs) with

dustrial and commercial products [1]. However, due to their high 3-12 perfluorinated alkyl carbons (CF) and perfluorosulfonic acids
biochemical stability [2] they accumulate in various environmental (PFSAs) with 4-13 CF and therefore, it also covers short-chain PFAAs
compartments, including drinking water resources [3-5]. Concerns with 3-7 CF [1,12]. The removal of short-chain (CF < 7) and
regarding PFASs are not only related to their persistence [6,7], but also ultra-short-chain (CF < 4) PFAAs from contaminated water can be
their mobility in the environment [5,8,9], and their toxicity [10]. The extremely challenging and/or expensive using established treatment
increasing awareness of these factors has been driving new regulations methods such as granular activated carbon (GAC) filtration and reverse
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abstracts service number; CF, Perfluorinated alkyl carbons; ci, confidence interval; Cl-, Chloride; Eq, Equilibrium; F, Fixed filter bed; GAC, Granular activated carbon;
HPLC-MS/MS, High performance liquid chromatography tandem mass spectrometry; inorg.anion, Inorganic anion(s); IS, Internal Standard; m, Mass; NOM, Natural
organic matter; PFAAs, Perfluorinated alkyl acids; PFASs, Per- and polyfluorinated alkyl substances; PFBA, Perfluorobutanoic acid; PFBS, Perfluorobutane sulfonic
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List of symbols used in equations

Latin letters

a Dimensionless coefficient

b Dimensionless coefficient, slope of linear regression
CF Perfluorinated carbons

c mmol/L, Liquid phase molar concentration

K Adsorption coefficient of a linear isotherm / (L/g)
m Mass/ g

q Solid phase concentration or loading / (ng/g)

t Time / days

v Volume / L

Greek letters

y Liquid phase mass concentration / (ng/L)

p Density / (g/L)

€ Porosity

osmosis [5,13,14]. Therefore, there is a need for new sustainable and
cost-efficient treatment processes.

Previous research on adsorption-based methods has focused on GAC
filtration [14-16], biochar [17,18], cyclodextrin-based adsorbents,
amorphous aluminium hydroxide, (organo)clays [17,19-21], styrenic
B-cyclodextrin polymers [22], and polymeric anion exchange resins
(AERs) [23,24]. AERs are particularly promising due to their established
use in treating other common water contaminants such as sulphate,
chromate, nitrate, chloride, and perchlorate [14], as well as due to their
demonstrated effectiveness to treat PFASs for groundwater remediation
[24,25]. AERs have a polymer structure, typically styrenic or acrylic, to
which positively charged functional groups are attached. These func-
tional groups are balanced by mobile counterions, which can participate
in ion exchange (IEX) processes [26-28]. The reported pK, values of
PFAAs are all < 2, indicating a negative charge and the ability to take
part in anion exchange on AERs at typical environmental pH values [29,
30]. PFAA removal by AERs was found to be accompanied by a stoi-
chiometric release (based on charge) of mobile counterions in the
exchanger phase, demonstrating that the primary removal mechanism
can indeed be attributed to electrostatic interactions [31-33]. However,
AERs exhibit greater adsorption affinity and selectivity towards PFAAs
with longer alkyl chains [33-35] and with longer alkyl moieties of resin
functional groups [34,36], indicating a significant contribution of van
der Waals forces and hydrophobic interactions [16,34,37,38]. Similarly,
studies have shown that polystyrenic resins adsorb PFAAs better than
polyacrylic resins [35,39-42].

To select appropriate AERs for the removal of PFAAs in specific water
matrices, a comprehensive understanding of the competitive in-
teractions with other constituents in the matrix is essential. A few studies
have investigated the inhibitory effects of natural organic matter (NOM)
[35,43-45] and inorganic ions [38,45,46] on the adsorption of PFAAs on
AERs. However, drawing comparisons between these studies is chal-
lenging due to variations in the type of resin and individual PFASs used.
For instance, Deng et al. (2010) observed minimal impacts on the
adsorption of perfluorooctane sulfonic acid (PFOS) on a strongly basic
polyacrylic resin with an increase in sulphate concentration from 0 to
1 mmol/L, while a decrease of up to 27 % in PFOS adsorption was
observed for a weakly basic polyacrylic resin under similar conditions.
[47]. Maimaiti et al. (2018) reported only a 10 % reduction in the
adsorption of perfluorohexane sulfonic acid (PFHxS) on a polystyrenic
strongly basic type II resin at high concentrations of 50 mmol/L of
various inorganic ions [33]. Yang et al. (2018) found significant de-
creases in perfluorooctanoic acid (PFOA) removal by a strongly basic
polyacrylic resin upon the addition of 1 meq/L of chloride, hydrogen
carbonate, carbonate or sulphate ions [46]. There is currently a research
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gap related to the impact of inorganic ions on the adsorption of
short-chain PFAAs [23]. In this context, only Tan et al. (2023) have
conducted an extensive investigation where four different AERs and ten
PFASs were tested, though relatively high PFAS concentrations
(200 pg/L) were used and the inorganic ion concentrations were
comparatively low (5 mg/L) compared to typical drinking water con-
ditions [11,45]. Consequently, there is a lack of information about the
competitive effects of various inorganic anions on the adsorption of
short-chain PFAAs at concentrations typical of drinking water, for one or
both types of chemicals.

To address this research gap, the present study investigated the
adsorption behaviour of eight PFAAs (CF1-7) onto three commercially
available AERs (A111, M600, PSR2Plus) with various functional groups
and also considered the competitive effects of chloride and sulphate at
typical drinking water concentrations. The experimental conditions
were selected to facilitate a comprehensive analysis of the adsorption of
CF2-4 PFCAs onto the weakly basic resin A111, while concurrently
comparing their adsorption behaviour with other PFAAs and AERs
exhibiting different characteristics.

Furthermore, the relationship between the adsorption of PFAAs to a
particular AER and the concentration of specific inorganic anions in the
bulk solution was mathematically described, progressing beyond pre-
vious studies [33,45-47]. It is hypothesized that insights obtained from
batch experiments to describe such a relationship can be leveraged to
forecast the suitability of a specific AER for the removal of PFAAs in
fixed-bed filters. Therefore, the present study derived a mathematical
equation to describe the relative residual PFAA concentration, y/yy,
after treatment with a specific AER as a function of the chloride and
sulphate concentrations. The equation was subsequently used to ascer-
tain maximum throughputs in fixed-bed filters to the stoichiometric
breakthrough for a range of PFAAs when a specific AER was used.
Indeed, the accuracy of adsorption equilibrium results to predict the
performance in fixed bed filters is a simplistic approach and thus has its
limitations. However, providing a value for the breakthrough relates the
results to practical applications and thus improves their meaning for
decision makers. Hence, the overall objective of the work was to provide
a tool to facilitate the (pre-)selection of suitable AERs for the removal of
PFASs from drinking water, particularly in the early stages of material
evaluation, prior to more in-depth but also more elaborate column
studies.

2. Materials and methods
2.1. Perfluoroalkyl acids (PFAAs)

Table 1 lists the analytical grade PFAA standards and the isotopically
labelled internal standards (ISs) used in the experiments. A standard
solution containing 0.1 g/L per compound was prepared in ultrapure
water (> 18,2 MQ at 25°C, filtered with an Arium® Pro, Sartorius AG,
Gottingen, Germany) and used for the experiments and analytical
procedures.

2.2. Anion exchange resins (AERs)

All three selected resins (Table 2) had a polystyrene-based backbone
structure but differed in their alkyl amine moieties of their functional
groups. These resins have previously demonstrated promising results for
the adsorption of PFAAs and/or regeneration [48]. Purolite A111
(Purolite, United States) is a weakly basic AER with tertiary amine
functional groups only. Lewatit MonoPlus M600 (LANXESS, Germany) is
a type II strongly basic AER with dimethylethanolamine functional
groups. AmberLite PSR2Plus (DuPont de Nemours, United States) is a
strongly basic AER specifically designed for the removal of PFASs. For
clarity, the AERs will be referred to without their trade names for the
remainder of this article.

Before the resins were used in the batch experiments, they were first
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Table 1
PFAAs and isotopically labelled internal standards used in this study.
Abbreviation Substance Standard (purity) CAS Internal standard
TFAA trifluoroacetic acid sodium trifluoroacetate, (> 99.0 %)" 2923-18-4 sodium trifluoroacetate-13C,°
PFPrA perfluoropropanoic acid pentafluoropropionic acid (97 %)" 422-64-0 perfluoropropanoic acid-13G3"
PFBA perfluorobutanoic acid perfluorobutanoic acid, (99 %)" 375-22-4 perfluoro-n-[1,2,3,4-13C4]butanoic acid®
PFPeA perfluoropentanoic acid n-perfluoropentanoic acid (98 %)” 2706-90-3 perfluoro-n-[1,2,3,4,5-13C5] pentanoic acid"
PFHxA Perfluorohaxanoic acid perfluorohexanoic acid (98 %)" 307-24-4 perfluoro-n-[1,2-13C2]hexanoic acid®
PFOA perfluorooctanoic acid perfluorooctanoic acid (95 %)® 335-67-1 perfluoro-n-[1,2,3,4-13C4]octanoic acid®
TFMS trifluoromethanesulfonic acid lithium trifluoromethane-sulfonate (99.995 %)" 33454-82-9 sodium perfluoro—1-[2,3,4-13C3]butanesulfonate”
PFBS perfluorobutanesulfonic acid potassium nonafluoro—1-butanesulfonate (98 %) 29420-49-3 sodium perfluoro—1-[2,3,4-13C3]butanesulfonate”

# Sigma-Aldrich (Steinheim, Germany)

b ABCR GmbH (Karlsruhe, Germany)

¢ Wellington Laboratories (Guelph, Ontario, Canada)

d Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, United States)

Table 2
Characteristics of tested anion exchange resins.

Name Polymer Pore Functional Group Basicity Tonic Form Density (as shipped) / (kg/L) Total Exchange Capacity / (eq/L)
Matrix Structure

Al11 Styrenic Macroporous Dimethylamine Weak Free base 0.66 1.7

M600 Styrenic Gel Dimethylethanolamine Strong Chloride 0.68 1.3

PSR2 Plus Styrenic Gel Tri-n-butyl amine Strong Chloride 0.69 >0.7

Information from manufacturers’ data sheets, see supplementary information in Appendix 1.

washed and conditioned (see details in Section A.1 of Appendix A),
soaked in demineralized water (< 1 uS/cm) and centrifuged at 1300 g
for 20 min at 20°C to bring them to a uniformly defined state. The AERs
were tested in the same ionic form in which they were supplied, i. e. the
free base form for the weakly basic AER and the chloride form for the
two strongly basic AERs. A111 was tested in its free base form as recent
studies have shown that weakly basic AERs can perform well in PFAS
adsorption at neutral and acidic pH without first being converted to
another form with a specific counterion [42,48], which would be ad-
vantages for potential applications in which the resin is frequently re-
generated with a caustic solution.

2.3. Batch experiments

The present study aimed to explore the effect of sulphate (S03") and
chloride (CI") on the adsorption of PFAAs on different AERs. Test solu-
tions were prepared to encompass a range of concentrations (0.5 mM to
3.8 mM) of sodium chloride (> 99.5 %, Merck, Germany) and sodium
sulphate (> 99 %, p.a., Carl Roth, Germany), as detailed in Table 3. As
such, the concentration covered a range typical of drinking water (<
250 mg/L [11]) and the lower range of membrane concentrates (highest
concentrations) which meant that typical and also worst-case drinking
water conditions could be tested. The pH of each solution was adjusted

to 7.0 £ 0.1 using 0.1 M NaOH obtained from Merck, Germany. For each
anion, triplicate sets of four different concentrations were prepared in
deionized water. Furthermore, identical concentrations of sulphate and
chloride were incorporated into a third set of tests to examine the
combined effect of both anions. A set with pure deionized water was also
prepared as a reference for adsorption without competition from inor-
ganic anions. Prior to the experiments, the deionized water used was
analysed for PFAAs, chloride and sulphate. The results of the deionized
water analysis did not show any contamination since all parameters
were below the respective limits of quantification (LOQs) (Table A.1).
Additionally, for three of the treatment series, batches without resin
were included as a control that showed that adsorption in the bottles
without resin was negligible.

Since the primary interaction force between PFAAs and inorganic
anions is the electrostatic repulsion of their negative charges, where
monovalent chloride has one negative charge and bivalent sulphate has
two, comparing their effects solely based on the molar concentration is
difficult from a mechanistic perspective. For this reason, the individual
concentrations in each of the three series (chloride, sulphate, both) were
selected so that a comparison of the effects based on charge equivalents
and electric conductivity % was also possible (bold italic groups in
Table 3). The electric conductivity at 25°C was determined using a
TetraCon 325 conductivity measuring cell from WTW, Weilheim,

Table 3
Chloride and sulphate concentrations, charge equivalents and electric conductivity in batch experimental groups.
Anions [NaCl] / (mmol/L) [NazSO4] / (mmol/L) [CI"] / (mg/L) [SO%7] / (mg/L) Total Negative Charge / (meq/L) %/
(uS/cm)
Chloride 0.5 - 18 - 0.5 63
1.3 - 46 - 1.3 163
1.9 - 68 - 1.9 243
3.8 - 136 - 3.8 454
Sulphate - 0.5 - 48 1.0 130
- 1.3 - 124 2.6 335
- 1.9 - 178 3.7 453
- 3.8 - 369 7.7 1000
Both 0.5 0.5 17 47 1.5 190
simultaneously 1.3 1.3 46 124 3.9 452
1.9 1.9 68 185 5.7 743
3.8 3.8 136 369 11.5 1480
deionized water < 0.03 < 0.01 <1 <1 < 0.05 <1

% = electric conductivity at 25°C, bold values show batches with comparable negative charge equivalents and x.
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Germany.

Batch adsorption experiments were conducted in pyrolyzed 250 mL
glass bottles. Each bottle was filled with 200 mL of the respective test
solution and spiked with PFAAs. It was important to obtain comparable
equilibrium concentrations of the PFAAs for all AERs for the simulation
of similar adsorption conditions in fixed-bed filters and the calculation
of isotherm parameters. For this reason, higher initial PFAA mass con-
centrations, y,, were spiked into the bottles containing PSR2Plus (35 pg/
L) than into the bottles containing A111 or M600 (4 pg/L), because a
higher adsorption capacity was anticipated for PSR2Plus, given that it
was a PFAS-specific resin. The dosed concentrations of PFAAs were
determined based on preliminary experiments and conditions that were
deemed best suited for investigating the adsorption of CF2-4 PFCAs onto
A111.

Following PFAA spiking, the bottles were shaken horizontally on a
laboratory shaker (GFL Orbital Shaker 3019, GFL, Germany) for 5 min
and mixed before aliquoting 10 mL-samples to determine the initial
PFAA concentrations. After the addition of 0.1 g of centrifuged AER
(preparation details outlined in Section 2.2), the bottles were shaken at
180 rpm for at least 60 h at ambient laboratory temperature to ensure
adsorption equilibrium (see results of preliminary equilibrium experi-
ment in Fig. A.1, Section A.3). The mixing speed mirrors that of previous
studies [49] and was selected so that the particles of all three AERs were
uniformly and well suspended in every bottle to minimize external mass
transfer resistances. Following this, samples were taken for PFAA anal-
ysis. Without further pre-treatment, the samples were stored at 4 °C in
polypropylene (PP) vials until analysis. All batches were prepared in
triplicate.

2.4. Analysis

PFAAs were analysed using high performance liquid chromatog-
raphy tandem mass spectrometry (HPLC-MS/MS) using direct injection
from PP vials with minimal preparation. Sampling vials contained a total
volume of 1 mL sample, diluted with ultrapure water if necessary, and
10 pL IS standard solution (0.1 mg/L in methanol). Substance specific
ISs were implemented for the correction of matrix effects for all PFAAs
except for trifluoromethane sulfonic acid (TFMS), which was interpreted
with the IS for PFBS (Table 1). An Agilent 1290 Infinity HPLC system
(Waldbronn, Germany) and an AB Sciex 6500+ triple quadrupole mass
spectrometer (Framingham, MA, United States) with electrospray ioni-
zation in negative ionization mode and multiple reaction monitoring
were used. A Dionex IonPacTM AS17-C RFICTM 2 x 250 mm, with a
Dionex IonPacTM AG17-C RFICTM 2 x 50 mm guard column, Thermo
Fisher Scientific (Darmstadt, Germany), was used for chromatographic
separation. Injection volume, flow and temperature were 100 pL,
0.28 mL/min and 30°C + 2°C, respectively. The solvents used were
20 % methanol in ultrapure water plus 100 mM NH4HCO3 and 100 %
methanol. Methanol was purchased from Promochem (Wesel, Germany)
and NH4HCO3 from Sigma-Aldrich (Steinheim, Germany). The solvent
gradient per run, retention times, ion masses and MS/MS parameters are
given in Section A.4 of Appendix A. LOQs were determined according to
DIN 32645:2008-11 [50] and were 10 ng/L in the undiluted samples for
all PFAAs. Calibration was done with 15 points between 5 ng/L and
5000 ng/L.

The chloride and sulphate concentration was determined according
to DIN EN ISO 10304-1:2009-07 [51] using an ICS1100 ion chro-
matograph with an IonPac AS 22 column and AG 22 guard column
(Thermo Fisher Scientific, Darmstadt). The LOQs were 1.0 mg/1 for
chloride and sulphate.

3. Theory and calculation
3.1. Determination of adsorption performance

Adsorption performance was expressed as the residual concentra-
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tion, y, relative to the initial concentration, y, as y/y,. Lower y/y, values
indicate better adsorption performance. Inhibitory effects of different
anions were determined by comparing y/y, in deionized water with
those in other batches. However, the inhibition caused by chloride or
sulphate individually was likely less than when both were present
together, as these anions also compete for adsorption sites on the AERs.
To test this, the theoretical combined inhibition was calculated by
summing the separate inhibitions from chloride and sulphate (Eq. (1))
and comparing it to the inhibition in the series with both anions, the
actual combined inhibition. When the theoretical combined effect sug-
gested 100 % inhibition (no adsorption), y/y, was assumed to be 1.

(Y/YO)chloride + (7/7/0)sulphate -2
* (]// Yo )demineralized water (l )

(7/ 70)theoret.combined effect =

To further characterize the relationship between y/y, and the inor-
ganic anion concentration Cinorganion, this ratio was expressed as a func-
tion of Cinorganion iN Eq. (2), Where Cinorganion is in mmol/L, log(a) is the
intercept and b is the slope of a linear regression.

lOg(y/}/O) = 108((1) +bx* log(cinorg‘anion) (2)

Regression analysis was performed using R [52]. If the adjusted co-
efficient of determination, r%;, was below 0.8 or the slope’s p-value was
not significant (p > 0.05), the double-logarithmic model was discarded,
as marked in the figures and tables.

For PFCAs, the relationship between y/y, and CF in the PFCA
molecule were expressed by Eq. (3).

log(y/v,) = intercept + slope * CF 3)

Additionally, the equilibrium concentration in the bulk solution, 7,,,
and the loading of the AER, q.,, were obtained from the batch experi-
ments by measuring y,, directly and calculating g, using Eq. (4).

(VL/mAER> * (70 - yeq) (4)

Here, V; is the liquid volume, magz is the AER mass, and y, is the
initial PFAA mass concentration. The units applied for these quantities
are given in the List of symbols used in equations.

Geq =

3.2. Prediction of PFAA breakthroughs

Breakthrough refers to the point at which the effluent concentration
of a substance in a fixed-bed filter reaches a threshold, signaling that the
filter is no longer effectively removing it. The stoichiometric break-
through, based on Sontheimer et al., 1985 [53], was applied here to
estimate breakthroughs using equilibrium data from the batch experi-
ments only. This model assumes immediate adsorption equilibrium,
pure plug flow conditions, as well as favorable adsorption conditions,
and can be calculated using Eq. (5) (see Section A.7 for a more detailed
derivation).

Vstoic = & * Pp % VF (5)
qe

To compare breakthroughs at identical influent concentrations,
mean values from the triplicate batch experiments were used to fit a
linear isotherm for each PFAA, as shown in Eq. (6). This assumption was
justified with the low concentrations of PFAAs compared to other matrix
compounds, allowing them to be considered as trace species [27] (more
information in Section A.7).

Geq = Kyeq 6)

Solving for the adsorption coefficient, K, and inserting it into Eq. (5)
gives:

Vstoic =Kx* pF*VF (7)

To normalize V,;, and make it independent of Vr, it is divided by V,
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yielding bed volumes (BV) until breakthrough, V3, as shown in Eq. (8):
Vg =K x*pg (8)

In the same way as described for y/y, and Cinorganion, the relationship
between Vp and Cinorganion Was described using a double-logarithmic
model.

3.3. Data evaluation

Grubbs tests for outliers were conducted on the y,, triplicates (p-
values of < 0.1 due to the low test power with triplicates). Means and
standard deviations were calculated for o, 7., and geq; where possible. If
an outlier was removed or one value was below the LOQ, calculations
were based on the remaining duplicates. Single values were used in
further calculations if no duplicates were available, as values below the
LOQ were not quantified. The relative standard deviation (RSD) was
used to assess reproducibility, with values < 0.2 or < 20 % deemed
acceptable.

For further analysis, paired Wilcoxon rank sum tests with Bonferroni
correction were applied for each AER to compare the effects of different
anions (chloride, sulphate, both). AER performance was also compared
for each anion group. For batches with similar conductivity (s ~ 450 pS/
cm), t-tests with Bonferroni correction were performed, following
Shapiro-Wilk tests for normality and Bartlett’s tests for variance
homogeneity.

Journal of Environmental Chemical Engineering 12 (2024) 114871

4. Results and discussion
4.1. Data evaluation

The raw data from the PFAA measurements can be found in Ap-
pendix B in the document called Supplementary_Information_2.xlsx in
the data sheet called “rawdata”. Cases in which Grubbs tests on y,, lead
to the removal of outliers are presented in Table A.4. In two cases (A111,
PFOA, 1.9 mM CI” and A111, PFBS, 0.5 mM CI"), only one measurement
value was available. For the three control batches without resins, results
showed that adsorption was negligible with y/y, between 95 % and
108 % (Table A.5). Based on the 95th percentiles for the RSDs of vy, 7,,
and g, (0.08, 0.15, and 0.14, respectively), more than 95 % of the data
met the inclusion criteria (equal or less than 20 %). Consequently, to
maintain a comprehensive overview of all results, except for the Grubbs
outliers, no data was excluded from the analysis. A brief discussion of
some comparably high RSDs is included in Appendix A (Section A.5).
The results of further data processing and statistical analysis are
included in the respective sections in Appendix A.

4.2. Adsorption inhibition contingent on inorganic ion concentrations

4.2.1. Separate effects of sulphate and chloride

Compared to the adsorption in deionized water, the adsorption of
PFAAs onto the AERs was inhibited by chloride and sulphate ions
(Fig. 1). Sulphate exerted a significantly greater inhibitory effect than
chloride for the CF1-5 PFCAs and all AERs as well as for TFMS using

PFCAs PFSAs
CF1 CF2 CF3 CF4 CF5 CF7 CF1 CF4
TFAA PFPrA PFBA PFPeA PFHXA PFOA TFMS PFBS
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A111 and M600 (p < 0.05, Table A.6). This was also true when the in-
hibition was compared between the batches with and without sulphate
containing different anion concentrations but an equal amount of
negative charge equivalents (red framed yellow in Fig. 1, p < 0.05, sheet
“el.cond.450_stats” in Supplementary_Information_2.xlsx), with very
few exceptions. These results are indicating a preference for bivalent
anions such as sulphate over monovalent ones such as chloride by all
tested AERs. In contrast to the inorganic chloride, where electrostatic
interaction is the only force of interaction with AER active sites, the
adsorption of organic PFAAs is supported by other forces including hy-
drophobic interaction and van der Waals forces [16,34,37,38], facili-
tating the adsorption of PFAAs compared to to sulphate. However, the
greater selectivity towards divalent anions thus also causes the adsorp-
tion of monovalent PFAA anions to be stronger inhibited by divalent
sulphate than monovalent chloride. One explanation uses Le Chatelier’s
principle according to which an increase in the number of exchange sites
covered by monovalent counterions favors the exchange to divalent
counterions due to the reduction of the total molar concentration in the
exchanger phase [27]. The preference for bivalent anions decreases with
the distance between neighboring active sites on the AER (lower total
exchange capacity) [26-28], which can explain why differences be-
tween sulphate and chloride were lower for PSR2Plus which has a lower
total exchange capacity than the other two resins (> 0.7 eq/L). Stronger
inhibition of the adsorption of organic molecules on AERs resulting from
divalent anions was also observed by Rahmani and Mohseni (2017) [45]
and Tan et al. (2023) [54] who reported stronger inhibitory effects of
sulphate compared to nitrate on the adsorption of different carboxylic
acids and stronger inhibitory effects of sulphate and carbonate
compared to hydrogen carbonate on the adsorption of PFASs to acrylic
AERs, respectively. In contrast to the present study, neither of these
previous studies tested [54] or observed [45] a decrease in adsorption
capacity by inorganic anions for polystyrene-based AERs, which were
used in the present study. This may be because the present study used
higher inorganic anion concentrations (> 0.1 mmol/L) and lower PFAA
concentrations.

4.2.2. Combined effects of sulphate and chloride

In previous studies on adsorption inhibition of PFASs onto AERs by
inorganic anions, either only the impact of various single species was
investigated [33,38,45-47], or combined effects were expressed as an
equivalent background concentration (EBC) representing a matrix spe-
cific summarizing parameter which also includes NOM [31]. According
to the authors’ best knowledge, investigating combined effects of
various single species in varying concentrations has not been conducted
to date. In the batches with A111 and M600, the results show that,
although charge equivalents were higher in the "both simultaneously”
group than in the sulphate group, the adsorption inhibition was very
similar. The assumption was statistically confirmed for A111, where no
significant differences were found between the sulphate batches and the
batches containing both anions for all PFAAs (Table A.6). At the same
time, the adsorption inhibition of PFAAs in the mixture of both anions
was well below the values predicted by the theoretical combined effect
(dashed line). This shows that, in the presence of sulphate, the presence
of additional chloride becomes more arbitrary for the PFAA adsorption
and that adsorption inhibition was predominantly determined by the
competitive effect of sulphate. This can be explained by the fact that
chloride and sulphate also compete with each other for adsorption sites
on the AERs, and the tested AERs preferred sulphate over chloride.

Contrary to A111 and M600, the combined effect of chloride and
sulphate was greater than the effect of sulphate alone for PSR2Plus. In
this case, the actual combined effect in the experimental series with both
anions was comparable to the theoretical combined effect, which was
also corroborated by significant differences between the experimental
series with sulphate and both anions for the CF1-5 PFCAs. The relative
effect of sulphate compared to chloride is therefore lower for PSR2Plus
than for the other resins. This can be explained by the bulkier functional
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groups of PSR2Plus compared to the other resins, resulting in greater
distances between the neighboring functional groups and thus an
increased selectivity for monovalent anions as mentioned in the previ-
ous section, which is indicated by its lower total exchange capacity of >
0.7 eq/L [26-28]. By comparison, A111 and M600 had higher total
exchange capacities of 1.7 eq/L and 1.3 eq/L and exhibit a higher
preference for divalent anions due to less bulky functional groups. As
PFAAs are also monovalent anions, the increased monoselectivity of
PSR2Plus may also support an increased adsorption of the studied PFAAs
and a lesser inhibition by inorganic anions.

4.2.3. Effect of the resin functional group

The resins A111 and M600 performed similarly and there were no
significant differences for the adsorption of PFPeA, PFHxA, PFOA and
PFBS, and for all compounds in the experimental series with both
chloride and sulphate (p > 0.05, Table A.7). In the batches with only
chloride or sulphate, M600 performed slightly better than A111 (p <
0.05) for the shorter chain PFAAs (CF1-3), particularly for the low
inorganic anion concentration of 0.5 mmol/L. Despite almost 10-fold
higher initial PFAA concentrations, equilibrium concentrations found
in the batches with PSR2Plus were in the same range as for the other
AERs (sheet “rawdata”, column “y_eq”, Supplementary_Information_2.
xlsx), implying a better adsorption performance and a lower suscepti-
bility to the presence of inorganic anions. Previously, Zaggia et al.
(2016) [34] found an increase in the selectivity towards PFASs with
increasing alkyl chain lengths in the functional group and suggested a
dependency on the hydrophobicity of the functional group. In the pre-
sent study, there was an increase in the adsorption performance from
A111 (dimethylamines) to M600 (dimethylethanolamines) to PSR2Plus
(benzyltributylamines). As the number or length of alkyl moieties also
increases in that order, this could also indicate the importance of hy-
drophobic interactions. This may still be true although the hydropho-
bicity of the functional group itself did not necessarily increase, since
octanol-water distribution coefficients, log Dy, simulated with Per-
cepta [55] for the respective functional group monomers at pH 7.0, were
0.94 for the (4-ethylphenyl)-N,N-dimethylmethanaminium (SMILES: C
[NH+](C)Cclcce(cel)CC) of A111, —2.46 for the N-[(4-ethylphenyl)
methyl]-2-hydroxy-N,N-dimethylethan-1-aminium (SMILES: C[N+](C)
(Cclece(cc1)CC)CCO) of M600, and 0.52 for the (4-ethylphenyl)-N,N,
N-tributylmethanaminium (SMILES: CCCC[N+](CCCC)(Cclccc(ccl)CC)
CCCC) of PSR2Plus. However, there are alternative explanations that
involve differences in molecular charge density [56,57] or total atomic
charge [58]. Park et al. (2020) [58] demonstrated that a negative charge
interaction between PFAAs and functional resin groups can explain
differences in the adsorption affinity of different PFAAs better than
hydrophobic interactions by correlating the total negative atomic charge
of PFAA molecules with the apparent equilibrium constants. The effect
of differences in the total atomic charge of resin functional groups could
thus be useful for a more detailed consideration for further work in this
area but was outside the scope of the current study.

4.2.4. Underlying correlation

A common approach for the estimation of the suitability of an
adsorbent to treat a specific contaminant in a specific water matrix is to
rely on documented case studies and scientific research that have been
proven effective for similar water matrices and contaminants. However,
the estimation becomes more difficult when there is no data available
for comparable water matrices and accurate descriptions on how the
treatment effectiveness correlates with the concentration of specific co-
solutes. Regarding the effects of inorganic anions on the adsorption of
PFAAs to AERs, previous studies have rarely included a range of
different concentrations of respective anions [33,45-47], which would
have allowed the derivation of a mathematical relationship to predict
the adsorption effectiveness at varying anion concentrations.

In contrast, the present study investigated the adsorption of PFAAs at
four different concentrations of sulphate and chloride. Hence, Eq. (3)
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can be applied to test the double-logarithmic model to describe the
relationship between y/y, and the concentration of sulphate and chlo-
ride, respectively. Fig. 2 shows this correlation to be appropriate for the
majority of the combinations of PFAAs and AERs. Table A.8 provides the
statistical parameters for these correlations. The mathematical de-
scriptions allow changes in the adsorption effectiveness to be quantified,
enhancing the understanding of these relationships by progressing
beyond mere qualitative statements. Furthermore, these findings can be
linked to Vp values in fixed-bed filters according to Egs. (5)—(10) and
thus be used to make reasonable predictions of stoichiometric break-
throughs. Therefore, it was also shown that the logarithm of Vj is line-
arly correlated with the logarithm of Cinorg.anion (Section A.7). Fig. A.6
depicts the calculated linear isotherms (values for K are shown in the
Supplementary_Information 2 on the sheet called “means”), while
Fig. A.7 displays the double-logarithmic relationship between Vg and
the inorganic ion concentrations. The statistical parameters for the
single experimental batch groups and PFAA-AER-combinations are
shown in Table A.9 and Table A.10. Examples of Vp predictions and a
discussion about the implications for drinking water treatment using the
tested AERs at specific chloride and sulphate concentrations is provided
in Sections 4.4 and 4.5.

4.3. Dependence of adsorption inhibition on PFAA characteristics

Regardless of the AER used, adsorption was higher for PFSAs than for
PFCAs with the same number of CF, i.e. TFMS vs. TFAA and PFBS vs.
PFPeA, consistent with prior studies [16,25,34,35,59]. Adsorption also
increased with longer chain PFAAs, while shorter chain PFAAs experi-
enced stronger inhibition from sulphate and chloride. It should be noted
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that previous studies also observed adsorption inhibition of shorter
chain PFAAs by longer chain PFAAs [33]. Although initial PFAA con-
centrations were kept constant across all experimental groups in the
present study, adsorption decreased with increasing chloride and sul-
phate concentrations (0-3.8 mmol/L). This suggests that inorganic an-
ions, rather than inter-PFAA competition, primarily drove the
adsorption inhibition. However, given the complex dynamics of
adsorption processes, competitive interactions between different PFAAs
cannot be entirely ruled out. The differences in the batches without
inorganic anions, containing only demineralized water, may reflect the
competitive effects by the longer chain PFAAs.

In all experimental series, y/y, decreased logarithmically with CF,
aligning with findings from soil and sediment adsorption studies [60,
61], as well as PFAA uptake in organisms [9,62] (Fig. 3). The regression
slopes for PFCAs ranged from -0.25 to —0.54 log units per additional CF,
with stronger effects seen at higher inorganic anion concentrations (see
Table A.11 for regression parameters). This again indicates that shorter
chain PFAAs were more influenced by Cinorg.anion changes than longer
chain PFAAs, presumably due to factors such as their lower hydropho-
bicity, differences in charge density [56,57], and lower total negative
atomic charge [58].

To provide context, Chow et al. (2022) reported similar trends for
treated BVs as a function of PFCA chain length using PSR2Plus [63]. The
chloride and sulphate concentrations in that study were between the
concentrations used in the 0.5 mM and 1.3 mM treatment series con-
taining both ions from the present study. Assuming a comparison of the
¥/vo-CF-correlation with the BV-CF-correlation to be justifiable, the
average slope found by Chow et al. (bg,g = 0.391 log) was also between
the slopes from the 0.5 mM (bge = —0.40 log) and 1.3 mM (bgyg =
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Fig. 2. Regression of the relative residual PFAA concentration, Y/, vs. chloride/sulphate concentration using three different AERs.
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Fig. 3. Relative residual PFCA concentration, y/y,, vs. perfluorinated carbons at various sulphate/chloride concentrations using different AERs.

-0.35 log) groups with PSR2Plus [63]. The strong chain length corre-
lation in y/y, implies that the behavior of untested PFAAs in a homol-
ogous series can be inferred based on chain length in a given water
matrix and include compounds that were not analyzed.

4.4. A tool to estimate breakthroughs

Understanding how much water can be treated with an adsorbent
before breakthroughs of target compounds occur is crucial for evalu-
ating its operational and economic feasibility. The effectiveness of an
adsorbent in one water matrix doesn’t guarantee the same in another. To
facilitate the selection of suitable adsorbents, this study aimed to pro-
vide a simple method of quantifying adsorption inhibition by relating it
to specific concentrations of competing co-solutes, thus providing
practitioners with a tool to estimate whether a given adsorbent remains
viable in the presence of certain co-solute concentrations. This section
discusses the precision and limitations regarding the prediction of Vg
values from the chosen batch experimental approach.

It was assumed that predictions based on the concentration of the
strongest inhibiting factor enhances the prediction accuracy. The
dominant inhibitory effect of sulphate on the adsorption of PFAAs on
Al111 and M600, even in the presence of chloride, provided a good
example of this. Therefore, Fig. 4 shows examples of Vp values for
PFPrA, PFBA, and PFPeA as a function of the sulphate concentration
using A111, with calculated values derived from Eq. (8) and simulated
values from the double logarithmic regression. Table 4 compares pre-
dicted Vg values at different sulphate concentrations for the three AERs,
using PFBA as an example. More examples of calculated Vp values,
including the other PFAAs and batch experimental series can be found in
Section A.9.

Since no column experiments were conducted within the present
study, calculated Vp were compared to 50 % breakthroughs reported in
previous studies. Although a direct comparison was seldom possible due
to differences in AERs, experimental designs and conditions, the com-
parison of Vg values and column breakthroughs for AERs with similar
characteristics and similar sulphate concentrations showed a tendency
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Fig. 4. Treated bed volumes prior to stoichiometric breakthrough, Vg, of short-
chain PFCAs as a function of the sulphate concentration using A111. Equation
for calculated values: Vg = K« pg; equation for simulated values: Vg =
ax cli)norgvanion'

for calculated Vp to overestimate actual breakthroughs. For example,
Kassar et al. (2023) reported a 50 % breakthrough for PFBA in a column
study after approximately 790 BV [42], using a weakly basic poly-
styrenic macroporous resin for the treatment of groundwater containing
48 mg/L sulphate, being considerably less than the calculated Vg from
the present study with A111 at 50 mg/L sulphate (2700 BV). Similarly,
calculated Vg for M600 (e. g. 4900 BV at 50 mg/L sulphate) also tend to
overestimate the reported 50 % breakthroughs from column studies
(700-5000 BV) [16,34,64] using AERs with comparable resin groups
(type Il and type I quaternary amines) and comparable or lower sulphate
concentrations (0-44 mg/L). The same was observed when break-
throughs in previous column experiments using tri-n-butylamine AERs
were compared to Vg values calculated for PSR2Plus in the experimental
series with sulphate or both anions from the present study [25,65].
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Table 4
Stoichiometric PFBA breakthroughs at different sulphate concentrations simu-
lated for a fixed-bed filter with different AERs.

AER Csoﬁ*/ mM ysof/ (mg/L) Vi 95 % ci tg / days
(mean) and 95 %
ci
Al11 0.52 50 2719 [2417; 11.3;
3059] [10.0;
12.7]
A111 1.25 120 1648 [1489; 6.9; [6.2;
1825] 7.6]
A111 3.85 370 866 [798; 939] 3.6; [3.3;
3.9]
M600 0.52 50 4914 [2195; 20; [9; 46]
10999]
M600 1.25 120 2258 [1124; 9.4; [4.7;
4533] 18.9]
M600 3.85 370 830 [476; 3.5; [2; 6]
1450]
PSR2Plus  0.52 50 64544 [28236; 269; [118;
147540] 615]
PSR2Plus 1.25 120 38623 [18889; 161; [79;
78975] 329]
PSR2Plus  3.85 370 19954 [11263; 83; [47;
35350] 147]

Vg = Stoichiometric breakthrough in bed volumes

ci = Confidence interval

tg — Time until the stoichiometric breakthrough assuming a flow rate of 10 BV/h
and 24-h-operation

These differences may occur because considering only sulphate as
the likely dominant inhibitor may be an oversimplification and
adsorption competition may also occur from unaccounted-for matrix
compounds such as NOM [35,43-45] (with up to 2.2 mg/L [65]) and
other common inorganic anions, e. g., hydrogen carbonate and nitrate
(with up to 19 mg/L [34]). In addition, the results are only valid within
the tested pH range at equilibrium (6.9 + 0.4) for A111, because the
capacity of weakly basic resins varies significantly with pH [38,41,46,
47,66]. Furthermore, previous studies have found that adsorption
isotherm or equilibrium results alone cannot always precisely predict
column performance under dynamic flow conditions due to mass
transfer resistances, non-ideal equilibrium conditions, and axial
dispersion in the column [27,53]. This is particularly true with GAC,
because during the determination of equilibrium parameters, the GAC is
typically ground, which creates additional adsorption sites and, in some
cases, yields markedly different results than those obtained in columns
utilizing the original granular activated carbon. For instance, Burkhardt
et al. (2022) demonstrated that the Freundlich constants and kinetic rate
constants of two types of GAC, F400 and AC1230CX, were nearly
identical [67]. However, studies involving column experiments showed
that F400 outperformed AC1230CX, despite the similarity in their
isotherm data (e. g. [68]). Nevertheless, the analysis of ion exchangers
does not entail grinding. Consequently, breakthrough predictions with
equilibrium parameters are often more accurate for AERs [69,70]. Still,
overestimations of the PFAS uptake by AERs in batch adsorption ex-
periments in comparison with the adsorption in column studies have
previously been shown [64].

For these reasons, the accuracy of the breakthroughs approximated
by the presented method is limited. However, in accordance with the
goal of the study, designing a method for initial estimates of Vy to
compare different adsorbents, the results offer a quick pre-selection tool
for adsorbents based on specific co-solute concentrations before con-
ducting more elaborate fixed-bed filter experiments. Due to the likely
overestimation of Vg values, the results can be interpreted as the best-
case scenarios for water matrices containing the respective Cinorg.anion-
Although column studies can provide more accurate and comprehensive
information on dynamic adsorption, this approach can save time and
resources for practitioners, such as drinking water suppliers, in the early
stages of material evaluation. It offers an easy-to-apply evaluation
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method to estimate the adsorption of PFAAs, or other pollutants, to
adsorbents with various characteristics at a given concentration of a co-
solute. The tool also allows for a basic assessment of cost effectiveness so
that an AER can be excluded from consideration early on, if it is shown
to be economically unfeasible. Moreover, the concrete results from this
study can be directly applied (serve as first estimates) when AERs with
the same or similar polymer composition, functional groups, and ex-
change capacities are used for PFAA adsorption in drinking water con-
taining sulphate and chloride in the tested concentration range
(0.5-3.8 mmol/L), and low amounts of other co-solutes such as NOM.

Nevertheless, in terms of a holistic material evaluation, it is sug-
gested to use the data obtained by the presented method as a basis for
further investigations with pre-selected adsorbents. For example, the
knowledge gained could be used in combination with dynamic column
studies or other models such as the Langmuir or Freundlich isotherm to
improve the accuracy of results. Linking the shaking tests with rapid
small scale column results could provide a useful approach to optimize
cost and time while improving accuracy.

4.5. Usability of the tested AERs for drinking water treatment

Economic viability depends on the point at which the filter material
needs to be replaced, which is influenced by the composition of the
water matrix and the treatment objective. For instance, if the treatment
objective is to meet the EU drinking water directive’s sum of PFAS
threshold of 0.1 pg/L [11], the presence or absence of short-chain PFCAs
in relevant concentrations can significantly impact the suitability of an
AER due to their shorter tg compared to longer chain PFCAs and PFSAs
(Table A.12-16). For instance, estimated Vg values for PFOA and PFBS
were between 69000 BV and 134000 BV, even at 120 mg/L sulphate,
making the tested AERs suitable candidates for further investigation.
However, if the exchange of the filter material were defined by the
breakthrough of PFBA instead, the Vp values in Table 4 are very low in
comparison, with mean Vg for PSR2Plus being between 20000 BV and
65000 BV. For A111 and M600, the Vg values for PFBA at presumed
sulphate concentrations between 50 mg/L and 370 mg/L were below
5000 BV. Consequently, the AERs would require replacement at high
frequency with fresh material, if they were to be used as single-use ad-
sorbents that are not reused following a regeneration process.

An effective and cost-efficient regeneration procedure could greatly
enhance the total runtime of an AER and increase its economic viability
[36,71,72]. In this regard, the weakly basic resin A111 could have an
advantage over the two strongly basic resins, as regeneration of AERs
loaded with PFASs is typically easier for weakly basic resins [23,42].
Because the results show that A111 can effectively remove PFAAs in its
free base form, presumably no change of the form would be required
after regeneration with a caustic solution. Effects of a potential exten-
sion of the operation time through regeneration and a proper compari-
son with runtimes from single-use operation cannot be determined with
the presented method. However, the use of weakly basic AERs for PFAS
treatment requires further research as only a few studies have investi-
gated the continuous use of weakly basic AERs in consecutive adsorption
and regeneration cycles [71,73].

5. Conclusion

This study contributes to an enhanced understanding of PFAS
adsorption onto AERs by elucidating correlations of adsorption with
influential factors such as the functional resin groups, PFAA chain length
and functional group, and the competitive effects of sulphate and
chloride. Moreover, the study demonstrates how insights derived from
batch experiments can inform first estimations of fixed-bed filter oper-
ation through the use of a simple model. The correlations determined
here and the stoichiometric breakthrough can serve as a tool and
foundational framework for an informed selection of AERs when plan-
ning further research on fixed-bed filters, potentially streamlining
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experimental efforts by leveraging the information presented herein.
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