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Adsorber Charge Dominates over Hydrophobic or
Fluorophilic Functionalization in Influencing Adsorption of

PFCA onto Polystyrene Resins

Florian Junge, Philipp Wittwer, Thomas Sommerfeld, Lennart Gehrenkemper,
Christian Zoister, Philip Nickl, Matthias Koch, Bjérn Meermann,* and Rainer Haag*

A systematic series of industrial-relevant polystyrene-based anion exchange
resins that are functionalized with hydro- or fluorocarbon chains are
compared regarding their adsorption behavior toward perfluorocarboxylic
acids (PFCA) in respect to their charge, chain length, and type of chain. The
results clearly show the dominance of electrostatic interactions in the
adsorption process as uncharged adsorber materials showed no adsorption at
all. In contrast, the charged adsorber materials showed in general a PFCA
removal of 80% to 30% over the experiment depending on effluent fraction.
Unexpectedly, for perfluorobutanoic acid (PFBA) the highest removal rate is
found with consistently >90%. Despite observing significant benefits in the
adsorption of PFCA for fluoroalkylated adsorbers in comparison to their
non-fluorinated counterparts, this effect of fluoroalkylation is comparatively
small and can not be clearly attributed to fluorophilic interactions between the

for example, in water-resistant coatings,
as foaming agents in fire extinguishers,
or in textiles.? This excessive use of
these highly persistent organic pollutants
without proper recycling techniques led
to a global contamination of water re-
serves, soil, air, and living organisms. A
plethora of adverse health effects are as-
sociated with the intake of PFAS includ-
ing kidney and liver toxicity, decreasing
immune response to vaccinations, and
carcinogenicity.>] The United States
Environmental Protection Agency there-
fore released interim updated lifetime
drinking water health advisories for the
concentration of certain PFAS in munic-

fluoroalkyl chains. These findings help clarifying that the introduction of
fluorocarbon moieties in adsorber materials is not necessary in order to

remove fluorocarbon molecules from the environment.

1. Introduction

In recent years, the environmental and health hazards of per-
and polyfluorinated alkyl substances (PFAS) have gained enor-
mous scientific and public attention. Their plentiful exceptional
properties led to their wide range of industrial and private uses,
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ipal water as little as 4 pg L' (for per-
fluorooctanoic acid; PFOA)B! similar to
other regulatory environmental authori-
ties worldwide.[*¢]

Efficient large-scale removal of persis-
tent and bio-accumulative PFAS to meet
future legal requirements remains a challenging field of analyt-
ical chemistry and material synthesis. Techniques that were in-
vestigated for PFAS removal include adsorption, electrochemi-
cal capture, reverse osmosis, and nanofiltration.l”~! For example,
Baldaguez et al.l'% developed polymers with redox-active met-
allocene sidechains which can bind negatively charged PFAS
when connected to the cathode while releasing them again af-
ter connecting the polymer to the anode. It was discovered that
an increase in electron affinity and a decrease in redox po-
tential leads to higher PFAS capture and release. Also, it was
found that a combination of amine and fluoroalkyl groups on
the redox-active polymer synergistically facilitates the electro-
chemical capture of short-chain PFAS.['!l For the development
of high-capacity and selective adsorber materials for PFAS it
is crucial to gain as much understanding of influential fac-
tors on PFAS adsorption as possible. It is widely assumed that
Van-der-Waals interactions (in form of the hydrophobic effect),
and electrostatic interactions are the main driving forces for
the adsorption of PFAS onto industrial-relevant adsorber ma-
terials especially activated carbon and polymeric resins.!!12-14
However, the hydrophobic effect as well as electrostatic inter-
actions are not PFAS-specific and are also known for bind-
ing other types of inorganic ions or organics.['?) For example,
the presence of 2.3 ppm glucose and 3.2 ppm bovine serum
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albumin decreased the adsorption isotherm of perfluorooctyl sul-
fonic acid (PFOS) on activated carbon by 87%!"®] and the pres-
ence of 2.03 mmol L' chromate ions decreased the PFOS ad-
sorption capacity of Amberlite IRA67 by roughly 40% and signif-
icant chromate adsorption was observed.l'®! To increase the se-
lectivity for PFAS removal, a handful of publications investigated
the suitability of fluoroalkylated materials, ranging from covalent
organic frameworks!'7*8] over metal-organic frameworks,>-%!]
inorganic minerals,[?2%] polymers,[2°%°! molecular-imprinted
polymers, 30321 and gels!*3-38] to polymeric fibers,[*! as adsor-
ber for PFAS. The hypothesis in common states that fluo-
roalkylated adsorbers exhibit either attractive interactions to-
wards fluoroalkylated analytes or repelling interactions to non-
fluoroalkylated analytes resulting in an overall favor of fluo-
roalkylated analytes. In multiple fields including biphasic cataly-
sis, microfluidics, and supramolecular assembly of surfactants
there is evidence of these attractive fluorophilic interactions
which occur exclusively between PFAS molecules.l***!] The re-
sults of the before-mentioned studies that use fluoroalkylated
adsorbers for PFAS adsorption generally confirm this hypoth-
esis and thus further support the concept of beneficial fluo-
rophilic interactions between fluoroalkylated adsorbers and an-
alytes. Du and co-worker,!*] for example, observed a better ad-
sorption of PFOS onto vermiculite that was spiked with 3-
(((perfluorooctyl)sulfonyl)amino)- N, N, N-trimethyl propylammo-
nium iodide (which contributed a fluoroalkyl group as well as
a cationic group to the adsorber) and magnetite nanoparticles.
There are also works that avoid charged adsorbers at all and prove
PFAS adsorption on neutral fluoroalkylated hydrogels.**!

The upfield shift of the CF, signal at ~—80 ppm in the °F-
NMR spectrum by up to 2 ppm is considered as proof for flu-
orophilic interactions between the adsorber and the fluorinated
analyte in many of these works.[2+28293336] However, the quan-
titative impact of fluorophilic interactions during PFAS adsorp-
tion remains unclear, that is, the tested adsorbers were not com-
pared to their non-fluorinated counterparts with functional alkyl
chains of equal length with two exceptions: Choudhary and
Bedrov®®! compared the adsorption of GenX-PFAS onto a set of
four polystyrene- or poly(tetrafluorostyrene)-based cationic gels
with (N,N,N-trimethylammonium)-ethoxy cationic sites which
were cross-linked with polyethylene glycol (PEG) or perfluo-
ropolyethyer (PFPE) in molecular dynamics simulations. While
the fluorinated polystyrene backbone was superior to the non-
fluorinated polystyrene backbone for PFAS adsorption, the pres-
ence of the perfluoroalkyl groups of the PFPE did not led to a
relevantly increased adsorption of PFAS in comparison to the
PEG cross-linked gels, apparently due to the long distance of flu-
oroalkyl groups and cationic charge. Kumarasamy et al.3*l ob-
served adsorption of PFAS onto their hydrogels only when it was
functionalized with both fluoroalkyl groups (specifically PFPE)
and quaternary ammonium ions indicating synergistic effects
between charged and fluorinated sides. Their hydrogels bearing
only tertiary amines or PEG instead of PFPE only marginally ad-
sorbed PFAS. Besides the studies of Song et al.l?*l and Zhang
et al.l'”l we are further not aware of any study examining the
influence of the type of fluoroalkyl group on the adsorption ca-
pacity or selectivity to certain PFAS. Song and co-workers func-
tionalized glass slides with fluoroalkylated silanes (Cl;SiC H,F,,
Cl;SiCgH,F,;, and Cl;SiC, H,F;,) to adsorb volatile PFAS from
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the gas phase. No clear trend of the adsorption of PFAS depend-
ing on the chain length of the functionalization was observed.
Zhang and co-workers equipped a porous aromatic framework
(PAF) with either CF;- or C,F,-groups. The PAF with CF, groups
showed slightly faster kinetics and lower residual PFAS concen-
tration than the PAF with C,F; which in turn showed a higher
maximum adsorption capacity.

Negatively charged PFAS, namely perfluorocarboxylic acids
(PFCA) and perfluorosulfonic acids (PFSA), are among the most
commonly analyzed PFAS in the environment. One of our key
motivations was to study the effect of the length of the perfluo-
roalkyl group of the PFAS on its adsorption in dependence on the
functional group of the adsorber material. To facilitate this aim,
we decided to focus our investigation solely on PFAS with one
common head group. Consequently, we decided to measure and
compare the PFCA removal efficiency of anion exchange resins
that were functionalized with either linear fluorocarbons or hy-
drocarbon chains of varying lengths. We used these data to con-
clude which type of hydrophobic group (chain length and fluo-
rocarbon/hydrocarbon) results in the most promising function-
alized resins for the adsorption of PFCA. Because the observed
difference between the different functionalizations was rather
small, we further compared the adsorption to a set of uncharged
polystyrene resins equipped with the same functional groups. As
no adsorption was observed for the uncharged resins under the
same conditions, these findings corroborated the dominance of
the adsorbers charge over the type of hydrophobic group during
the adsorption process.

2. Results and Discussion

2.1. Choice and Preparation of Adsorbers

Since the focus of our work is the determination of the impact
of the type of hydrophobic group of the adsorber material on
its adsorption of PFCA, comparison of the adsorption behavior
of a systematic series of adsorber materials with several differ-
ent functionalizations is required. Polystyrene (PS) resins were
therefore chosen as ideal starting material for further function-
alization due to a high surface area, large-scale availability, and
industrial relevance.['2*2] PFCA are anionic species so the PS
resins of choice were anion exchange resins. Only two types
of PS-based anion exchange resins are used in large-scale in-
dustrial applications. On the one hand, weak anion exchange
resins possess primary (aminomethyl-) or tertiary amine groups
((N,N-dialkylamino)methyl-PS) and, thus, are sensitive to pH but
usually allow relatively easy desorption and adsorber regenera-
tion during washing cycles. On the other hand, strong anion ex-
change resins possess quaternary ammonium groups ((N,N,N-
trialkylammonium)methyl-PS) which results in a more robust
adsorption but usually more challenging desorption.[*>*4] The
amine groups in weak anion exchange resins are good nucle-
ophiles. We expected that they could be functionalized with elec-
trophilic fluoroalkylation agents leading to fluoroalkylated anion
exchange resins that are similar in structure to commercial resins
for PFAS adsorption (e.g., AmberLite PSR2 Plus,[* Lewatit TP
108 DW,[“®] Purofine PFA6941*7]).

We selected two (N,N-dimethylamino)methyl-PS functional-
ized weak anion exchange resins,**°l Purolite A100Plus and
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Figure 1. Functionalization reactions of the charged A) and of the uncharged B) adsorbers. The shaded circles symbolize the resin beads.

Lewatit MP 62 WS for functionalization with linear fluoroalkyl
iodides of the type I(CH,),(CF,), CF;. The spacer of two methy-
lene groups between the iodide and the perfluorocarbon chain is
the minimum to favor the heterolytic cleavage of the carbon io-
dine bond over its homolytic cleavage. Nevertheless, fluoroalkyl
iodides with two methylene groups as spacers can be deproto-
nated by a wide range of bases (alkoxides, hydroxides, etc.) due to
the strong inductive effect of the perfluoroalkyl group resulting
in elimination instead of substitution. Fluoroalkyl iodides with
longer spacers would circumvent potential eliminations®® but
would lead to overall less fluorinated products with greater dis-
tance between the fluorophilic chain and electrostatic charge and
are considerably harder to obtain. Fluoroalkylation or respective
alkylation of the adsorber was performed in a simple one-step
reaction by heating the resin (without the addition of base to pre-
vent elimination) in a solution of the respective (fluoro)alkyl io-
dide in dimethyl formamide (DMF). The work up was intention-
ally kept as simple as possible by only including filtration and
drying steps in order to reduce the possibility for discrepancy be-
tween the resins. Despite their very similar structure, the Purolite
A100Plus resin degraded during (fluoro)alkylation so we contin-
ued our study with (fluoro)alkylated Lewatit MP 62 WS as the
charged resins.

A series of (fluoro)alkylated uncharged polystyrene resins was
prepared as a control to study the effect of the charge. Here
we kept the sequence of the respective chain identical except
for the charge and only replaced the ammonium with an ether
group. The corresponding (fluoro)alkylated ethers in the adsor-
ber side chain were obtained by a one-step Williamson ether syn-
thesis from a chloromethylated polystyrene resin with compara-
ble concentration of functional groups, divinyl benzene-induced
crosslinks and mesh size.>!] The length of functional side chains
from the heteroatom for both resins, charged (LW-) and un-
charged (MF-), were 4, 6, 8, and 10 carbon atoms which equal
a fluorocarbon chain length of 2, 4, 6, and 8 fluorinated carbon
atoms, respectively (Figure 1).
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2.2. Adsorber Characterization

The elemental composition of all adsorbers was first determined
using elemental analysis (Tables S4 and S5, Supporting Informa-
tion). For the charged adsorbers, we were not able to get repro-
ducible values. In general, each drying step increased the C/H/N
content.

Therefore we chose to analyze the elemental composition of
all charged adsorbers before the adsorption of PFCA via XPS
(Figure S2; Table S3, Supporting Information). In order to de-
termine the conversion rate of amine groups for the charged
fluoroalkylated adsorbers the ratio of fluorine to nitrogen con-
tent as determined by XP survey spectra quantification was di-
vided by the amount of fluorine atoms per side chain. This
value can then be used to estimate the amount of fluoroalkyl
groups per gram of adsorber (Table 1, for details see SI). Addi-
tionally, we calculated the ammonium ion densities of the ad-
sorbers based the sum of the chlorine and the iodine content as
no complete ion exchange to chlorine could be achieved. All ma-
terials show similarly high ratios of halide to nitrogen (>81%),
showing that most nitrogen atoms are present as charged am-
monium groups. The so-calculated amount of ammonium ions
(2.82-3.48 mmol g7') is higher than the amount of fluoroalkyl
groups (0.36-0.48 mmol g~!). We propose that this discrepancy
is caused by the occurrence of Hofmann elimination. After the
successful substitution reaction at the fluoroalkyl group the g-H,
which is strongly acidified by the presence of the fluorine atoms,
can undergo this elimination. This produces an alkene and a
protonated ammonium group with an unchanged counter ion.
The presence of the alkene is supported by the IR spectra which
show a small adsorption band at 3020 cm™!, which is commonly
assigned to alkenes(>?! (see Figure 2A for LW-C6F9 as an exam-
ple, see Supporting Information for all IR spectra) and also not
found in the starting material. Additionally, the F-NMR shows
two peaks around -80 ppm (Figure 2C) which indicates the pres-
ence of two CF;-Groups with different magnetic environments.
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Table 1. Analysis of adsorber resins after functionalization with (fluoro)alkyl groups before the adsorption of PFCA by their F/N ratio, halide content, and

iodide content obtained from quantified XP survey spectra.

Resin (Cl+1)/N [%] R4N* ion 1/N [%] Minimum amount F, /N [%] Fluoro alkyl chains

density (fluoro)alkyl chains after [mmol g7
[mmol g7'] synthesis [mmol g71]

LW-C4 95+ 12 3.4+0.1 62 +4 2.24 +0.04

LW-C6 84+ 11 32+0.1 54+4 2.06 +0.05

LW-C8 10115 33+0.1 677 2.16 £ 0.05

LW-C10 87+ 13 29+0.1 61+5 2.00 +0.05

LW-C4F5 90+ 8 3.48 +£0.09 42+3 1.63 +0.04 12+1 0.48 + 0.03

LW-C6F9 107 + 12 3.2+0.1 48 +5 1.47 + 0.04 14 +1 0.44 + 0.02

LW-C8F13 99 +3 33+0.1 44 +3 1.47 +0.03 109 +0.8 0.36 + 0.01

LW-C10F17 81+7 2.82 +0.09 37+2 1.30+0.03 10.4 +£0.7 0.364 + 0.009

? F, equals the fluorine content in at% divided by x, where x represents the number of fluorine atoms in the side chain; e.g., x =5 for LW-C4F5.

Lastly, the amount of iodide ions indicate that more fluoroalkyl
groups were present in the material directly after the synthesis,
since iodine can only occur as ion after a successful substitution
reaction.

Therefore we assume the fluorine content as found by XPS
does not represent the functionalization degree after synthesis.
As conclusion of the previous statement, the iodine content in
the material gives the minimum degree of amine conversion af-
ter the synthesis. Since the chloride ions could be introduced by
either ion exchange with a iodide or a hydroxide ion (formed by
protonation of free amine group with water), it is not possible to
make reliable assumptions above the minimum degrees as indi-
cated by the iodine content. The minimum degrees of function-
alization after the reaction is 37% — 48% (1.30-1.63 mmol g™')
for the fluoroalkylated adsorbers (Table 1).

For the non-fluorinated charged adsorbers we could not es-
timate the amount of alkyl side chains at the time point of
the XPS measurements due to the lack of a reference element
like fluorine. However, we can again use the iodine content as
the minimum degree of functionalization (54% — 67%, 2.00—
2.24 mmol g™!). The fluorinated and unfluorinated charged ad-
sorber materials show a similar range for the degrees of mini-
mum functionalization, but all unfluorinated adsorber materials
show higher minimum functionalization degrees.

For the uncharged resins we did not find indications for elim-
ination. Therefore we used the elemental analysis as the basis
for the following calculations. As expected from their molecular
formulas, all alkylated uncharged resins showed an increase in
the carbon content upon functionalization while all fluoroalky-
lated uncharged resins showed a drop in the carbon content. The
amount of (fluoro)alkyl chains were calculated using the observed
change in the carbon content. This showed that the uncharged
adsorbers contained less (fluoro)alkyl groups than the charged
ones (Table S2, Supporting Information).

Due to the considerable error of both techniques, elemental
analysis, and XPS, for the determination of the degree of func-
tionalization of the adsorbers, we decided to apply a unified
(fluoro)alkylation procedure instead. This means that we only
determine the overall capability of the respective type of function-
alized resin (chain length, charge, and fluorination) for PFCA
adsorption in a qualitative manner including all of the following,
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ease of incorporation, side chain stability, and PFCA removal
efficiency.

Infrared spectroscopy revealed the characteristic C—F stretch-
ing vibration from 1200 to 1050 cm™' for most fluoroalkylated
adsorbers (Figure 2A,B; Figures S11 and S13, Supporting Infor-
mation) as a further qualitative proof of functionalization.!] The
spectra of MF-C6F9, MF-C8F13, and MF-C10F17, however, only
showed a small signal in that regime (Figure S13, Supporting
Information). This might be attributed to the seemingly over-
all lower degree of functionalization of uncharged adsorbers in
comparison to the charged adsorbers (Table 1). Additionally, in
the spectra of the charged adsorbers the C—N stretching vibra-
tion at 1255 cm™! and the C—H stretching vibrations (for CH,
and CH; groups in a-position to amines) at 2812 and 2761 cm™
vanish upon functionalization as it is expected during the transi-
tion from tertiary amine to quaternary ammonium.*?) Scanning
electron microscopic images of both types of adsorbers, charged
and uncharged, reveal no visual change during functionalization
(Figures S14-S31, Supporting Information) and higher porosi-
ties of the uncharged resins. The macroscopic structure of the
resins, thus, seemed to stay intact. Nevertheless, the charged
resins were highly brittle, and the formation of nanometer-sized
debris was observed after applying any amount of mechanical
force (e.g., during attempted washing procedures).

Solid-state NMR spectra were recorded for LW-C6, LW-C6F9,
and the unfunctionalised Lewatit resin (Figure S3, Supporting In-
formation). The 3C total suppression of sidebands (TOSS) spec-
trum of LW-C6F9 showed a fluorocarbon signal at 107 ppm, while
LW-C6 shows intense hydrocarbon signals between 7 ppm and
33 ppm. At 60 ppm the signal of methylene groups attached to
the ammonium can be detected. The YF-NMR spectrum of LW-
CG6F9 confirmed the presence of fluoroalkyl groups (Figure 2C).

2.3. PFOA Removal Efficiency

To elaborate the effect of the type of hydrophobic group used for
functionalization of the resin on the adsorption of PFCA, the
resing were compared Dby their efficiency of adsorbing PFOA,
one of the most prominent PFAS, in a small column set up
(Figure S1, Supporting Information). A total volume of 200 mL
of an aqueous PFOA solution was passed over a column (400 mg
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adsorber/~1 mL bed volume) and the eluate was collected in frac-
tions of 25 mL. Quantification of the remaining PFOA concen-
tration in the efluent was performed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS).

At the beginning, we needed to find a suitable concentra-
tion that allowed us to detect a change in adsorption on the
charged adsorber LW-C6F9 within the 200 mL of PFOA solu-
tion. We started at 0.05 mg L1, but to our surprise, very high
concentrations of 500 mg L™' PFOA were required for an ob-
servable drop of adsorption for the chosen experimental condi-
tion of 200 mL of eluent. The saturation curve of most charged
adsorbers at these conditions (Figure 3A) were similar, except
LW-C10 adsorbing consistently worst while LW-C6F9 adsorbed
the best. As the degree of functionalization could not be deter-
mined exactly, the results should be considered as qualitative
comparison. In three reference runs through the column set up
(without any adsorber added as negative control) and in sepa-
rate runs with both of the unfunctionalized resins (LW-Ref and
MF-Ref) no decrease in PFOA concentration was detected ex-

A LW-C6
LW-C6F9 1
= LW-Ref

3500 3000 2500 @ 2000 1500 1000  50(

V [em™]

MF-C4 ‘ ‘
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JV J Wy Y |
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Figure 2. A) FTIR spectra of LW-C6, LW-C6F9, and LW-Ref, B) FTIR spectra
of MF-C4, MF-C4F5, and MF-Ref. C) Solid state TOSS "’F-NMR spectra of
LW-C6F9.
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cept in the last fraction of LW-Ref (Figure 3). This surprising, re-
producible late-term decrease of PFOA concentration for LW-Ref
might indicate some sort of surface reaction rather than a clas-
sic adsorption which would be expected already in earlier frac-
tions. Nevertheless, the overall PFOA removal efficiency of LW-
Ref under our tested conditions is small in comparison to the
functionalized charged resins. Despite fluoroalkylated adsorbers
generally showing slightly higher PFOA adsorption then non-
fluoroalkylated ones of the same chain length, we decided to re-
peat the adsorption of PFOA on LW-C6F9 since it showed the
highest difference when compared to the alkylated LW-C6. In
the repetition, LW-C6F9 showed an adsorption behavior simi-
lar to the other charged adsorbers (Figure 4). In contrast to the
charged adsorbers, none of the uncharged adsorbers was adsorb-
ing any detectable amount of PFOA at this high concentration
(Figure 3B). Even if the generally lower amount of (fluoro)alkyl
groups in the uncharged adsorbers (Table 1; Figure S1, Support-
ing Information) are considered, these results show the dom-
inance of electrostatic interactions for PFOA adsorption while
(fluoro)alkylation of the uncharged polystyrene adsorber seems
to be insufficient for PFAS adsorption.

2.4. Adsorption of other PFCA

Fluorophilic interactions are known to be stronger with increas-
ing length of the fluorocarbon chain.!>3! If attractive fluorophilic
interactions between the fluoroalkyl chains are the reason be-
hind the previously observed enhanced adsorption of PFOA
onto fluoroalkylated charged adsorbers then the difference in the
PFCA adsorption between fluoroalkylated and alkylated adsor-
bers would increase with increasing chain length of the PFCA.
The adsorption of a series of PFCA, perfluorobutyric acid (PFBA),
perfluorohexanoic acid (PFHxA) and perfluorononanoic acid
(PFNA) was therefore compared to the adsorption of an equimo-
lar solution of PFOA onto LW-C6 and LW-CG6F9 (Figure 4). We
decided to use equimolar solutions in order to keep a constant
ratio of PFCA molecules to available adsorption sites.

Unexpectedly, shorter PFCA consistently adsorbed better on
both adsorbers than longer PFCA. This observation is con-
trary to most previously published adsorption data of PFAS
where usually longer PFAS bind better to the adsorber than
their shorter derivatives, presumably due to an increased
hydrophobicity.[112445*] The few publications that observed a
similar trend for the adsorption of short-chain PFAS onto anion
exchange resins attributed it to the faster kinetics of the short-
chain PFAS molecules into the pores of the adsorber.>*¢ As
our contact times of 0.3-3 min are short, too, the greater adsorp-
tion of short-chain PFCA onto LW-C6 and LW-C6F9 is likely a
kinetic effect. This would explain why the long-chain PFCA is
more readily adsorbed in the first fractions as the easiest reach-
able adsorption sites on the outer surface are then occupied. In
addition to LC-MS/MS, we confirmed the successful adsorption
of PFBA and PFOA on LW-C6 and LW-C6F9 via XP survey spec-
tra where a sharp increase in fluorine content and decrease in
iodine and chlorine content was detected (Table S8, Supporting
Information).

A least squares-based linear regression (at a significance
level of @ = 0.05) was used to evaluate the significance
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Figure 3. Ratios of the remaining PFOA concentration in the effluent after passing through a column with the respective adsorber and the original PFOA
concentration (cy = 500 mg L~! &~ 1.2 mmol L™"). A charged and B uncharged adsorbers including a reference without adsorber. All experiments were
performed in independent triplicates. Error bars are the standard deviation (n = 3).

and contribution of the studied parameters (length of the adsor-
ber side chain, length of the PFCA, the presence of a fluoroalky-
lated side chain in the adsorber, adsorber charge and eluent frac-
tion) on the PFCA removal efficiency of the functionalized resins
during the first 100 mL of PFCA solution (Figure S4A, Support-
ing Information). Noteworthy, the analyte solution was passed
over the columns solely by gravity which led to empty bed con-
tact times of 0.3 to 3 min which changed frequently even within
a fraction and were hard to control. As its reliable measurement
was not possible and no correlation to the type of adsorber was
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observed, it was not treated as a separate variable and ignored. Re-
liable quantification of the factors that contribute to the PFCA ad-
sorption was impossible in the regression because of the uncer-
tainties in the exact adsorber composition. Anyhow, the regres-
sion confirmed qualitatively the observed dominating impact of
the charge of the adsorber compared to all other variables. Due to
the huge discrepancy of the adsorption performance of charged
and uncharged adsorbers and the overwhelming impact of the
charge, the inclusion of the uncharged adsorbers led to a possible
bias, heteroscedasticity (Figure S5, Supporting Information), and
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Figure 4. Ratios of the remaining concentration of PFBA, PFHxA, PFOA, and PFNA after passing through a column filled with LW-C6 or LW-C6F9 to the
original concentration (c, = 1.2 mmol L™"). All experiments were performed in independent duplicates. The error bars are the standard deviation (n =

2).

significant lack-of-fit of the model without any valuable input to
the model (besides for the evaluation of the impact of the charge).
To address these aspects, a second more accurate but still qualita-
tive regression without the data of the uncharged adsorbers was
performed (Figure S4B, Supporting Information) for the evalua-
tion of all non-charged related variables between each other. Sig-
nificant trends included an increased PFCA adsorption of fluo-
roalkylated adsorbers in comparison to the non-fluoroalkylated
adsorbers which was independent from all other variables. Fur-
ther, reducing the length of the hydrophobic chain (in general)
will lead to an increased removal of PFOA with an optimum at
a chain length of 6. Optimization of either of these two variables
(chain length or fluoroalkylation) leads to a similar change in ex-
pected PFOA removal (Equations S25 and S26, Supporting Infor-
mation).

3. Conclusion

The qualitative comparison of the saturation curves for the ad-
sorption of PFOA onto fluoroalkylated and alkylated, charged,
and uncharged polystyrene-based adsorbers corroborated the
dominance of electrostatic interactions during adsorption of
PFCA. Furthermore the saturation curves for the adsorption of
PFOA, PFBA, PFHxA, and PENA showed that PFBA and PFHxA
were remarkably well adsorbed by LW-C6 and LW-C6F9. Both the
fluoroalkylation and chain length of the adsorber contribute to a
similar degree to the adsorption of PFCA.

The slightly superior adsorption of PFCA on fluoroalkylated
over alkylated adsorbers was independent of the length of the flu-
oroalkyl group and of the length of the PFCA in the eluent. If pref-
erential fluorophilic interactions contribute significantly to the
adsorption, an increased adsorption of long-chained PFCA onto
fluoroalkylated adsorbers in relation to non-fluoroalkylated ad-
sorbers would be expected. Moreover, one would expect a higher
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increase of PFCA removal of the fluoroalkylated adsorbers ver-
sus their non-fluoroalkylated counterparts the longer the (flu-
oro)alkyl chain is. The major impact of charge over fluorophilic
interaction that we found in our adsorption studies indicate that
neither the enhanced adsorption of PFCA onto fluoroalkylated
adsorbers can be clearly attributed to fluorophilic interactions
(as proposed by many authors)!?”-2+28341 nor does it seem to be
dominated by hydrophobic effects (as proposed by Xie et al.).[2¢]
Similar results to ours were found by Erkal et al.?!l who con-
cluded that the generally superior adsorption of PFAS onto flu-
oroalkylated adsorbers are likely not caused by a direct attrac-
tive fluorophilic interaction between the fluoroalkyl chains. Fur-
ther, Huang et al.l’”] also identified electrostatic interactions as
dominant interaction for the adsorption of PFAS onto fluoroalky-
lated charged adsorber materials. Even if fluorophilic interaction
would drive the adsorption of PFAS onto adsorbers, non fluo-
roalkylated adsorbers will also have these after a first layer of
PFAS molecules is bound to the adsorber material. The reason-
ing being that then the surface of the adsorbers now also possess
a fluoroalkylated shell. This thought would be in line with the
concept of the adsorbers of Du et al.[?2?3] and Erkal et al.[?!] who
purposely adsorbed PFAS onto non-fluoroalkylated adsorber ma-
terials to increase their PFAS adsorption performance.

Future research should consider the investigation of other hy-
drophobic groups for adsorber functionalization other than flu-
oroalkyl groups, such as branched alkyl chains or hydrocarbon
chains with carbonyl groups that exhibit electron withdrawing ef-
fects on the site of the charge (similar to fluoroalkyl groups) to fur-
ther evaluate what causes the general higher adsorption of PFAS
onto fluoroalkylated materials. Furthermore, it is important to ex-
tend future studies from PFCA to other regulated PFAS classes
like PFSA, perfluoroalkylated sulfonamides or telomeric alco-
hols. According to our results the influence of the fluorophilic
interaction on the PFCA removal does not compensate for their
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negative environmental impact.>*”) As a practical conclusion
from this study, developers of PFAS adsorbers should focus on
good electrostatic properties of their materials rather than the use
of fluorinated alkyl chains.

4. Experimental Section

Materials:  Sodium hydride (60 w% dispersion in mineral oil),
the chloromethylated polystyrene resin (product number: 63 868),
hexan-1-ol (98%), octan-1-ol (99%), PFOA (96%), PFNA (97%), PFHxA
(97%), 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-iodooctane (96%) and
decan-1-ol (98%) were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Butan-T-ol (99%) was purchased from Griissing (Filsum,
Germany). Lewatit MP 62 WS was a gift from Lanxess (Cologne,
Germany) and was washed with THF under reflux and dried be-
fore use. 3,3,4,4,4-Pentafluorobutan-T1-ol (97%) was purchased from
Fluorochem  (Hadfield, UK). 1H,1H,2H,2H-Nonafluorohexan-1-ol
(97%), 1-iodobutane (98%), 1-iodohexane (97%), and Tl-iodooctane
(97%) were purchased from TCl (Eschborn, Germany). 1H,1H,2H,2H-
Perfluorooctan-1-ol  (97%), 3,3,4,4,4-pentafluoro-1-iodobutane (97%),
1-iododecane (98%), 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-iodooctane
(97%), 1H,1H,2H,2H-perfluoro-1-iododecane (97%) and 1H,1H,2H,2H-
perfluorodecan-1-ol  (97%) were purchased from abcr (Karlsruhe,
Germany). PFBA (99%) was a product from Alfa Aesar (Haverhill, USA).
Sodium chloride (99.5%) was purchased from Fisher (Schwerte, Ger-
many). 3,3,4,4,5,5,6,6,6-Nonafluoro-1-iodohexane (95%) was purchased
from Biosynth (Bratislava, Slovakia).

Fourier Transform Infrared Spectroscopy: Fourier transform infrared
spectra were recorded on an Alpha Il FT/IR spectrometer (Bruker Optik
GmbH) with platinum attenuated total (ATR) unit (monolithic diamond
crystal) and Bruker's OPUS software. 24 scans were recorded with a resolu-
tion of 4 cm™". Spectra were displayed using MestReNova version 14.1.1-
24571 (Mestrelab Research S.L.). Whittaker smoothening was applied to
correct the baselines of the spectra. The resins were grinded to powder
prior to the measurement.

X-Ray Photon Spectroscopy: NAP-XPS experiments were performed
with an EnviroESCA spectrometer (SPECS Surface Nano Analysis GmbH,
Berlin, Germany), equipped with a monochromatic Al Ka X-ray source (Ex-
citation Energy = 1486.71 eV) and a PHOIBOS 150 electron energy. Sam-
ples for XPS analysis were prepared on indium foil. The spectra were mea-
sured in normal emission, and a source-to-sample angle 60° was used.
All spectra were acquired in fixed analyzer transmission (FAT) mode. The
binding energy scale of the instrument was calibrated, following a tech-
nical procedure provided by SPECS Surface Nano Analysis GmbH (cali-
bration was performed according to ISO 15 472). For quantification, the
survey spectra were acquired at ultra-high vacuum conditions with a pass
energy of 100 eV, and the spectra were quantified utilizing the empirical
sensitivity factors that were provided by SPECS Surface Nano Analysis
GmbH (the sensitivity factors were corrected with the transmission func-
tion of the spectrometer). For charge compensation, the highly-resolved
XP spectra were acquired under near-ambient pressure conditions (5 mbar
H,0) with a pass energy of 50 eV, and the respective data were fitted using
UNIFIT 2020 data processing software. For fitting, a Shirley background
and a Gaussian/Lorentzian sum function [peak shape model GL (30)] were
used. If not denoted otherwise, the L-G mixing component was set to 0.30
for all carbon peaks and 0.40 for all heteroatom peaks. All binding energies
were calibrated to the signal observed for the aliphatic C—C bond compo-
nent (E,;,4 = 285 eV) if not stated otherwise.

Solid-State Nuclear Magnetic Resonance: ~ Solid-state nuclear magnetic
resonance spectra were recorded on a JEOL 600 ECZ R at a temperature
of 2.4-23.3 °C. The *C-NMR frequency was 150.91 MHz, while the °F-
NMR frequency was 564.73 MHz. Magic angle spinning was done with a
frequency of 10 kHz (for LW-Ref 9 kHz were used instead). The contact
time was 2 ms. The spectra were recorded under a total suppression of
side bands (TOSS) with a relaxation time of 5 s. Spectra were displayed
using MestReNova version 14.1.1-24571 (Mestrelab Research S.L.). The
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spectra were phase-corrected, and apodized (exponential: 100 Hz) and
the base line was corrected using manually picked points if necessary. The
resins were grinded to powder prior to the measurement.

CHN Elemental Analysis: Elemental analysis was carried out on a
VARIO EL III instrument (Elementar, Hanau, Germany) using sulfanilic
acid as the standard. The resins were grinded to powder prior to the mea-
surement.

Adsorption of PFCA:  The respective PFCA was dissolved in MilliQ wa-
ter (c = 1.2 mmol L™") 1d before the experiment with the assistance of an
ultrasonic bath. All PFCA-containing solutions were handled at any time
during the experiment in polypropylene or polyethylene vessels and con-
tact to glass was excluded. (400 & 2) mg of the respective ion exchange
resins were filled into a column with polyethylene frit at the bottom, a pad
from polypropylene fleece on top (to prevent the lighter adsorbers from
floating) and washed with MilliQ water (10 mL). As the charge of the ad-
sorber was introduced through the functionalization reaction, the resins
were not further preconditioned with acid as recommended by the pro-
ducer. The wetted columns from ion exchange resin had a volume of 1.0
to 1.1 mL. Twenty or forty times 5.00 mL aliquots of the respective PFCA
solution were passed over the column. The eluate was collected in frac-
tions with 25 mL each. The flow rate was between 0.3 and 3 mL min~!
resulting in empty bed contact times of 0.3 to 3 min.

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Anal-
ysis of PFCA Solutions:  Aliquotes of the collected fractions were diluted
with MilliQ by a factor of 2500 in two steps (first to a factor of 25 and then
to a factor of 100) and then mixed in a 1/1 (v/v)-ratio with HPLC grade
methanol (except for LW-Ref and MF-Ref) in a fluorine-free polypropylene
LC vial. Chromatographic separation was achieved using an Agilent ZOR-
BAX RRHD Eclipse Plus C18, 3 mm x 100 mm, 1.8 pum column installed on
an Agilent 1290 Infinity Il UHPLC system consisting of the following mod-
ules: Agilent 1290 Infinity 11 High-Speed Pump (G7120A), Agilent 1290 In-
finity Il Multisampler with Multiwash Option (G7167B) and Agilent 1290
Infinity Il Multicolumn Thermostat (G7116B).

A gradient elution was performed with 5 mm ammonium acetate in wa-
ter (mobile phase A) and methanol (mobile phase B) at 0.4 mL min~" with
atotal run time of 17 min (Table S6, Supporting Information). To minimize
background PFAS contamination, the Agilent PFC-Free HPLC Conversion
Kit (part number 5004 0006) and a PFC delay column (part number 5062
8100) for delaying potential per- or polyfluorochemicals impurities from
the mobile phases was installed on the UHPLC system.

Dynamic MRM (dMRM) analysis was performed using a 6495C LC/TQ
with an Agilent Jet Stream (AJS) ion source operated in negative ioniza-
tion mode. Data acquisition and processing were performed using Agilent
MassHunter Data LC/MS Acquisition software version 10.0 and Quantita-
tive Analysis software version 10.2, respectively. PFAC30PAR (Wellington
Laboratories) was used as an analytical mix standard containing 30 PFAS
compounds in methanol. Further instrument conditions can be found in
Table S7 (Supporting Information). The measured concentrations of the
respective PFCA were divided by the measured concentration of the native
PFCA solution (without contact to the column) to determine the relative
PFCA elution. Two relative PFCA elution values (one of the LW-Ref elution
fraction 125 mL and one of MF-C8F 13, elution fraction 100 mL) were above
140%, far outside the possible elution regime as well as not reproducible
in the replicates, that they were excluded from all data representation and
analysis. Further, one of the effluent solutions of LW-C8, fraction 200 mL,
was excluded because it showed a relative PFOA concentration of 2.4%
while its replicates showed a PFOA concentration of (76.1 + 0.2)%.

Synthesis of Uncharged Adsorber Materials: A schlenk flask with the
chloromethylated polystyrene resin (1.0 eq. of Cl) was repeatedly flame
dried under vacuum. Dry tetrahydrofuran (THF) (10 mL per 1 g resin)
was added. The reaction mixture was cooled with an ice bath and sodium
hydride (1.5 eq.) stabilized in mineral oil was added portion wise. Upon
completion of hydride addition the respective (fluoro)alcohol (1.0 eq.) was
slowly dropped to the dispersion. The mixture was refluxed for 24 h at 70 °C
(when extensive foaming occurred the foam was washed back into the re-
action flask with dry THF) and afterward quenched with water (10 mL) in
an ice bath. If the mixture became too viscous during quenching, toluene
was added for dilution. The resin was filtered off and washed with water
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(250 mL) and THF (250 mL). Subsequently, the resins were stirred in THF
(250 mL) for at least one night, filtered off, and washed with THF. The fluo-
rinated resins were additionally refluxed in THF (250 mL) twice for 9-14 h
respectively until the eluted THF became transparent. The functionalized
resins were obtained as slightly yellow spheres after drying for 1 day at
60-80 °C.

Synthesis of Charged Adsorber Materials:  Previously washed and dried
Lewatit MP 62 WS (DVB-crosslinked (dimethylamino)methyl polystyrene)
(13.0 g, 1.0 eq. of amine groups), dry DMF (40 mL) and the respective
(fluoro)alkyl iodide (1.0 eq.) were added to a flame dried flask. The mixture
was stirred for 24 h at 110 °C. The resins were filtered off and washed with
THF (~80 mL). Subsequently, the fluoroalkylated resins were refluxed in
THF (400 mL) for 17 h while the non-fluorinated resins were stirred in
THF (400 mL) at room temperature for 1 day. The resins were filtered off,
washed with THF, and dispersed in a saturated aqueous sodium chloride
solution (500 mL). The resins were filtered off after four days and washed
with distilled water (300 mL). The functionalized resins were obtained as
yellow spheres after drying for 6 day at 100 °C.

Statistical Data Analysis:  The uncertainties of the functionalization de-
grees of the charged adsorbers were calculated using Gaussian uncertainty
propagation either with the aid of the formulas presented in the Support-
ing Information or with the aid of the National Institute of Standards and
Technology (NIST) Uncertainty Machine.[535°]

The adsorption data of the functionalized resins was statistically an-
alyzed using JMP Pro 16.0.0 (SAS Institute Inc.).[] The relative PFCA
elution in % set as a response variable. Relative PFCA elution of >100%
were expected to be impossible in practice and the respective were set to
99.99% for statistical purposes as the response variable was defined in the
range of [0; 1]. Fluorination and charge of the adsorber were used as cat-
egorical variables (yes/no), the chain length of PFCA and of the adsorber
side chain and the fraction were used as discrete numeric variables. De-
spite not being in the focus of the study, the fraction was included as a vari-
able in the analysis as it increased the amount of data points in compari-
son to the case where each fraction would be analyzed separately. Because
the data is not available for all the adsorption tests and the temporal evolu-
tion of adsorption not the main interest only the first 4 fractions were taken
into the analysis to still be able to analyze all relevant interactions. With the
given set of data it was impossible to modulate the effect of the degree of
adsorber functionalization as this would require multiple adsorbers with
the same functionalization but varying degrees of functionalizations. Lin-
ear regression (least square method with logit transformation of the re-
sponse) gave the most accurate description of the adsorption of PFCA. It
was applied to the complete data set (only the first 4 fractions, ANOVA
F-test: p < 0.0001, lack of fit F-test: p < 0.0001, R? = 0.9361, RZ iy req =
0.9329) and in a second reduced model (ANOVA F-test: p <0.0001, lack
of fit F-test: p = 0.2229, R? = 0.8116, R?, ;o4 = 0.8003) applied to data
that was obtained from charged adsorbers only. All main effects and first-
order interaction effects as well as quadratic and cubic effects (for numeric
variables) were included in the model if below the significance limit of a =
0.05 or component of an significant interaction effect. The quadratic effect
of the fraction was removed from the model of the complete data despite
being significant as it led to an increase in adsorption in the fourth frac-
tion which did not seem to align with the raw data. In the reduced model,
anyhow, it was included and aligned well with the raw data. The studen-
tized residual of three data points of uncharged adsorbers were outside
the 95% confidence interval even after considering Bonferroni correction
and thus excluded as regression outliers.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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