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ABSTRACT: The preconcentration and isolation of per- and  Polymeric TFME Balanced Extraction
polyfluoroalkyl substances (PFAS) remain challenging due to their |onic Liquid Coverage

varying chain lengths and diverse headgroup chemical function- THEED T

alities. These substances are persistent and occur in the
environment at low parts-per-trillion concentration levels,
necessitating the use of efficient and selective sorbents that can
enhance their preconcentration from the targeted sample prior to
instrumental analysis. This study, for the first time, evaluates the
use of a polymeric ionic liquid (PIL) consisting of 1-(9-carboxy-
nonyl)-3-vinylimidazolium bromide [C,COOHVim*] [Br~] ionic
liquid (IL) monomer and 1,12-di(3-vinylimidazolium)dodecane '
bromide ([C,,(Vim"),]2[Br~]) IL cross-linker for the simulta- PFOA

neous separation and preconcentration of 15 anionic PFAS. The

PIL was immobilized on a thin film microextraction device to improve preconcentration, extraction, and desorption kinetics. The
addition of competing anions to the desorption solution was critical to ensure the quantitative desorption of the anionic PFAS by an
ion exchange mechanism. Partition coefficient calculations revealed a balanced extraction coverage for short- and long-chain PFAS in
ultrapure water, while in solutions at high ionic strength, short-chain PFAS tend to display less affinity for the sorbent compared to
long-chain PFAS. Kinetic studies showed that less hydrophobic PFAS (perfluorobutanoic acid (PFBA)—perfluorohexanoic acid
(PFHxA)) reached equilibrium faster and the extraction followed a pseudo-second order model with r* values up to 0.9874. The
applicability of the PIL-thin film microextraction (TFME) device for quantitative analysis was demonstrated by a calibration curve in
a concentration range from 1 ng L™' to 2500 ng L™, which showed good accuracy (70—130%), precision (<20%), and limits of
quantification from 1 ng L' to 50 ng L™".

B INTRODUCTION industry within the past six decades has led to their
uncontrolled discharge in the environment, where they have
been found to be extremely persistent and mobile, resulting in
documented bioaccumulation in biota and consequent
biomagnification at different trophic levels.'"'* Therefore,
PFAS isolation and preconcentration for remediation and
analytical purposes are of utmost importance, especially for
mixtures that include PFAS with varied alkyl chain lengths and
functionalities of the headgroup moieties. Dong et al.'’
investigated the modification of clay with imidazolium-based
ILs for the sorption of perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonate (PFOS). The results showed that the
IL-modified clay with a longer alkyl chain had the highest

Ionic liquids (ILs) are effective sorbents for the extraction of
various environmental contaminants, including pesticides,"”
phthalate esters,”* and polyaromatic hydrocarbons (PAHs).>~”
ILs are organic molten salts with melting points below 100 °C
and usually consist of a bulky organic nitrogen cation such as
imidazolium, pyridinium, pyrrolidinium, phosphonium, or
ammonium and an organic (trifluoromethylsulfonate
[CF;S0;,7], bis[(trifluoromethyl)sulfonyl]imide [NTf,”], tri-
fluoroethanoate [CF;CO,"]) or inorganic (Cl~, PF,~, BE,")
halogen-based anion.® The choice of cation and anion
components plays a crucial role in ILs physicochemical
properties, which allows their easy tunability for efficient
isolation, preconcentration, and separation of molecules with
diverse chemistries. ILs have shown potential for isolating per- Received: December 2, 2024
and polyfluoroalkyl substances (PFAS), a class of anthro- Revised:  March 18, 2025
pogenic chemicals highly monitored in environmental and Acce}’ted’ Mar.ch 24, 2025
biological samples and pharmaceutical formulations due to Published: April 7, 2025
their ubiquitous presence and potential effects on human

health.”'” The extensive use of PFAS in the manufacturing
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removal efficiency for both PFOA and PFOS. Chen et al.'*
immobilized a polymeric ionic liquid (PIL) on an anodized Ti
wire to create a solid phase microextraction (SPME) fiber for
the removal of six anionic PFAS compounds from aqueous
solution. A comparison with other commonly used SPME
extraction phases showed that the new PIL coating exhibited
higher extraction efficiency, selectivity, and stability. More
recently, Eitzmann et al.'>'® immobilized IL on thin film
microextraction (TFME) devices for the preconcentration and
isolation of DNA. The results demonstrated the significance of
ions in an aqueous solution for the desorption of DNA from
these ionic sorbents to exchange the negatively charged
phosphodiester backbone from the polycationic moiety.
While a concentrated salt solution was crucial for successful
DNA desorption, high ionic strength solutions hindered
downstream applications. Therefore, different salts and their
concentrations were tested to maximize the enrichment factor
and ensure effective DNA desorption with minimal amounts of
salt. Given these applications, in this study, a PIL thin film
device, consisting of the IL monomer 1-(9-carboxy-nonyl)-3-
vinylimidazolium bromide [C;COOHVim*] [Br~] and the IL
cross-linker 1,12-di(3-vinylimidazolium)dodecane bromide
([C1a(Vim*),]2[Br7]), previously investigated by Eitzmann
et al.'® for DNA applications, was used for the simultaneous
preconcentration of 15 negatively ionic PFAS from aqueous
solutions. The desorption conditions were tuned to be
compatible with liquid chromatography—mass spectrometry
(LC-MS). The addition of ammonium salts to the desorption
solution was crucial to enable quantitative desorption and
compatibility with LC-MS. The use of the PIL in a thin film
geometry for microextraction (i.e., TFME) was instrumental in
enhancing the extraction efficiency and improving the analysis
throughput. These are crucial factors, given the low
concentrations of PFAS in environmental samples. The
combination of PILs and TFME overcomes challenges related
to extracting PFAS mixtures with conventional sorbent
materials, by providing a balanced extraction coverage for
PFAS with varied chemistries.'”"®

B MATERIALS AND METHODS

A detailed description of the standards and other reagents used
in this work can be found in the Supporting Information
(Section S1-Materials). Preparation of the TFME devices was
performed according to a protocol proposed by Eitzmann et
al.">'® (Supporting Information, Section S2-Preparation of the
TFME devices). Liquid chromatography and mass spectrom-
etry conditions are discussed in Supporting Information,
Section S3.

TFME Procedure. Newly prepared TFME devices were
thoroughly cleaned in ultrapure water to remove excess
photoinitiator before use. Subsequently, the thin films were
conditioned in a saturated NaCl solution until extraction.
Regeneration of the PIL was performed after every extraction-
desorption step by placing the thin films in saturated NaCl.
Prior to extraction, the devices were rinsed with ultrapure
water; the rinsing procedure was found to be critical in
avoiding any NaCl to be retained on the device, resulting in
contamination of the sample. Extraction was performed in a 2
mL glass vial with a sample volume of 1.75 mL for 30 min. A
700 pL plastic vial was used for desorption with 700 uL of
desorption solution of 2% (w:v) ammonium formate in 80:20
MeOH:H,0 (v:v). Both extraction and desorption were
performed with agitation at 1000 rpm. Special considerations
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on cleaning procedures to be performed on the devices for first
use after synthesis are reported in Supporting Information,
Section 4-Preparing the TEME devices for first use. Interaction
of the PFAS compounds with the PIL sorbent was further
investigated using kinetic models as described in Supporting
Information, Section 5-Kinetic models.

Method Validation. A calibration curve was performed to
determine the suitability of this PIL-TFME device for the
quantification of parts per trillion (ppt) concentrations of
PFAS. Method validation was performed by spiking ultrapure
water at different concentrations, namely 50, 100, 150, 250,
500, 1000, 5000, and 10000 ng L™! with internal standard
concentration at 750 ng L™'. Interday and intraday studies
were performed at concentration levels of 75, 300, 750, and
3000 ng L' and were assessed over 1 week. To determine the
limits of quantification (LOQs) and detection (LODs), lower
concentration levels were prepared at 1, 2.5, §, 10, 20, 50, 100,
250, 500, 1000, and 2500 ng L™" and internal standards spiked
at 150 ng L™ (note: concentration values indicate individual
levels of PFAS analytes and internal standards). The LOQs
were determined based on the lowest calibration curve
concentration level that met accuracy between 70% and
130% with precision <20%.'”*° Samples at each concentration
level were prepared in triplicate and extracted independently;
each desorption solution obtained was injected into the
instrument three times, yielding a total of nine replicate
measurements for each concentration level.

B RESULTS AND DISCUSSION

Desorption Conditions. Optimal desorption is crucial for
SPME method development as inadequate protocols can bias
analyte quantification. Residual analytes on the sorbent may
compromise the accuracy of the results and the device
reusability. Selecting the appropriate desorption conditions is
also key to robust chromatography and avoiding mobile phase
mismatches that result in distorted chromatographic peaks.
Our previous studies”"*” highlighted the role of ammonium
salts in minimizing the percent carryover of PFAS on ion-
exchange extraction phases. Since the PIL contains cationic
moieties and anions, it was necessary to understand how the
removal of PFAS is influenced by the presence of competing
salts and how PFAS can be quantitatively and efficiently
desorbed. In this study, we investigated the desorption
mechanism of PFAS from the PIL extraction phase with 2%
(v:v or w:v) ammonium hydroxide, ammonium chloride, and
ammonjum formate in the desorption solution. Adding the
ammonium salts reduced the percentage of PFAS retained on
the sorbent, with ammonium formate promoting the most
efficient desorption (Figure S1). Figure 1 shows that the PFAS
desorption from the PIL was inefficient without ammonium
salts in the desorption solution. This is due to strong
interactions between negatively charged PFAS and the ionic
sorbent, requiring counterions to enable effective desorption.
While NaCl was previously used for efficient DNA desorption
from PILs,'® this study opted for ammonium salts due to their
superior compatibility with LC-MS. The TEME devices with
4X thickness had a higher percent carryover than those with
1X due to the thicker extraction phase. More considerations
about the device thickness and rationale for selecting the 1X
TFME for further studies are presented in Supporting
Information Section 6-PIL coating thickness. PFBS and
PFOS, the two sulfonate PFAS studied, showed higher
carryover than carboxylate PFAS (<2%) when ammonium
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Figure 1. Desorption of PFAS with and without ammonium formate
in an 80:20 MeOH:H,O (v:v) desorption solution. Extraction and
desorption times were 90 min at 1000 rpm. The individual
concentration of PFAS in the 1.75 mL ultrapure water sample was
10 pug L', resulting in 17.5 ng of each PFAS spiked in the sample.

formate and ammonium chloride were used in the desorption
solution, respectively, 7.1% and 7.8% (Figure S2). This higher
carryover likely results from sulfonate groups forming stronger
ion pairs with the imidazolium cation than carboxylate groups,
leading to less efficient desorption.””’ Another interesting
observation was that the desorption efficiency of PFBS and
PFOS was lower when ammonium hydroxide (3.5 and 2.9 ng)
was added to the desorption solution compared to ammonium
formate (15.5 and 14.9 ng) and ammonium chloride (13.8 and
13.9 ng). This trend may be explained by the hydroxide ion
having a lower tendency to pair with the imidazolium cation,
resulting in the lowest desorption efficiency.”

From the desorption time profile shown in Figure S3, 10
min was chosen as the optimized desorption time to ensure
quantitative desorption and reproducibility.

Effect of Dissolved lons on PFAS Extraction
Efficiency. Understanding how different physiochemical
conditions affect PFAS isolation and separation is critical for
predicting molecular mechanisms that govern sorption
processes in real samples for both analytical extractions and
remediation purposes. The extraction efficiency of PFAS can
be affected by coexisting ions in solution, as they can compete
with PFAS for interaction with the ion exchange moieties in
the PIL extraction phase. Understanding the link between the
sorption efficiency of PFAS at varying ionic strength of the
sample elucidates their partitioning behavior in various
complex systems such as air—water, soil—water, and non-
aqueous liquid—water interfaces, which is relevant to PFAS fate
and transport.”® This study used simulated seawater to test the
effect of codissolved ions in an aqueous solution of PFAS on
extraction efficiency. The seawater was then diluted to different
concentrations to simulate the ionic strength of different
aquatic systems.”””” Details of the dilutions and concentration
values can be found in the Supporting Information (Table S1).
The results showed that the amount of PFAS extracted
decreased as ionic strength increased (Figure 2). In particular,
for short-chain PFAS, Perfluorobutanoic acid (PFBA)—
perfluorohexanoic acid (PFHxA) (except PFBS), there was a
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Figure 2. Effect of the ionic strength of PFAS extraction evaluation
using simulated seawater containing different salt compositions.
Extraction and desorption were performed at 90 min at 1000 rpm.

significant decrease in extraction efficiency when the ionic
strength was increased to 0.03 M. The higher ionic strength
increased the available ions in solution, potentially promoting
competitive sorption with PFAS resulting in decreased
extraction efliciency, especially for short-chain PFAS. Co-
dissolved ions in solution can, in fact, shield ionic interactions
with the sorbent, hindering the short-chain PFAS from
undergoing electrostatic attraction with the PIL polymer.®
Other studies have observed similar behavior with various
sorbents (particularly cationic sorbents), where potential
competition between PFAS and other ions in the solution
occurs at a hi§h ionic strength resulting in decreased extraction
efficiency.”* " In contrast, longer-chain PFAS (PFNA—
PFTeDA) showed a less pronounced decrease in the extraction
efficiency, likely due to stronger hydrophobic interactions with
the sorbent. This result emphasizes the dominance of
hydrophobic interaction for the sorption of bulkier PFAS.*”
Interestingly, ionic strength had a notable impact on the
extraction of PFBA and PFBS, both of which possess a C4
chain but differ in their headgroups—carboxylate and
sulfonate, respectively. Similar to long-chain PFASs, PFBS
was less affected by increasing ionic strength. This behavior
may be explained by the antipolyelectrolyte effect, a
phenomenon observed in polymers containing both anionic
and cationic groups, which leads to enhanced polymer
hydration at higher salt concentrations. Previous studies have
demonstrated that this effect depends on the specific type of
anion water affinity as well as its concentration.’’ Tt is
understood that ammonium cations and sulfonate anions offer
a better match to water affinities than carboxylate, hence
contributing to a significant decrease in extraction efficiency in
the presence of high ionic strength for PFBA compared to
PFBS."

In addition to ionic strength affecting extraction efficiency,
the pH of the solution is also critical for the effective
adsorption of PFAS as it can influence the surface charge of the
sorbents, which can be protonated only at certain pH
values.*”** pH studies can be performed with either buffers
or strong acid and base solutions. In this study, both
approaches were used to assess whether comparable results
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Figure 3. pH evaluation using (A) ultrapure water adjusted to pH 4, 7, and 10 with HCI or NaOH and (B) pH buffer solutions at pH 4, 7, and 10.
Extraction and desorption steps were performed for 90 min with an agitation of 1000 rpm. The final concentration of individual PFAS in ultrapure

water was 10 ug L.

could be achieved with the PIL. Although the employed PIL is
a strong anion exchange sorbent (SAX), as it remains positively
charged under all pH ranges, commercial buffer solutions with
different pH values (e.g, 4, 7 and 10) were used to better
understand the effect of coexisting electrolytes in solution
(Figure 3). PFBA to PFNA displayed lower sorption at a buffer
solution pH of 4, with sorption gradually increasing as the pH
increased to 10. The salts present in the pH 4 buffer (sodium
dihydrogen citrate; disodium hydrogen citrate; sodium
chloride) contributed to the low recovery of these compounds
with the PIL. The buffer at pH 7 contained potassium sodium
phosphate, and the buffer at pH 10 was composed of disodium
tetraborate/sodium hydroxide. The bulkier and more hydro-
phobic PFAS (PFOS—PFTeDA) exhibited a constant
extraction efficiency over the investigated pH range and
showed a weaker pH dependence when extracted in the
presence of other ions. Since the exact concentrations of the
salts in the buffers are proprietary, it is difficult to draw
conclusions. However, from these results, it can be deduced
that the ionic strength of the buffer solution affects the
extraction efficiency of the shorter-chain PFAS more than their
longer-chain counterparts, as observed in Figure 2. The
evaluation of pH on extraction efficiency was also performed
by adjusting the pH of ultrapure water to values of 4, 7, and 10
with sodium hydroxide (NaOH) and hydrochloric acid (HCI)
to minimize the presence of diverse background electrolytes.
These experiments revealed that PFAS showed similar
extraction efficiencies at the pH values tested. According to
simulations performed using the ChemAxon platform, the
imidazolium moiety of the studied PIL sorbent is positively
charged across all pH ranges, while the carboxylic acid moiety
of the substituent group is negatively charged above pH 6
(Figure S4). It is noteworthy that, despite the presence of a
negatively charged functional group, the extraction efliciency of
PFAS was not affected. Both electrostatic and hydrophobic
interactions were found to be effective in PFAS extraction,
providing an advantage over WAX sorbents. In the case of
WAX sorbents, the extraction efficiency is pH dependent,
particularly for short-chain PFAS, where electrostatic inter-
actions are the primary mechanism of interaction.”"**
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Extraction Time and Kinetics. The extraction time and
kinetics of PFAS sorption in the PIL sorbent were studied.
Equilibrium was reached within 20—30 min for most PFAS
(PFBA—PFNA) but took 60 min for more hydrophobic
compounds (MeFOSAA to PFTeDA) (Figure S5). The longer
equilibration time for long chain PFAS suggests steric
hindrance affects their diffusion through the aqueous boundary
layer and in the sorbent compared to the shorter chain and less
hydrophobic PFAS."® Therefore, 30 min was selected as the
optimal extraction time, although longer times can be
considered to achieve higher recoveries for longe-chain PFAS.

Kinetic modeling was applied to further understand the
kinetic mechanism of the PFAS compounds. Pseudo-second
order was observed to be the best fit for all analytes as shown
in Figure S6 and Table S2. MeFOSAA and PFUdA provided
the lowest r* values, 0.8855 and 0.8586, respectively, compared
to other analytes. This model indicates the presence of
chemical adsorption, which is the interaction between the
analytes and the sorbent, with the sorption rate being
dependent on the available sites of the PIL sorbent."> In
addition to the r* value, the g, values calculated were close to
the experimental g, value except for the later eluting analytes
(for example, PFTeDA (g, cal (0.0198) and g, exp (0.0119)).
The K, values indicate that PFTrDA (1.63) and PFTeDA
(0.76) reach saturation faster and therefore take longer to
attain equilibrium compared to the short-chain PFAS. In
addition to PSO, the intraparticle diffusion model (Table S3)
also showed a good fit for the last S eluting analytes
(MeFOSAA to PFTeDA) describing a multistage absorption
process for these hydrophobic PFAS.>* Pseudo-first order was
evaluated, and poor 7* and g, values were determined for all
analytes, indicative that this model is not able to describe the
kinetic behavior of PFAS on the PIL sorbent (Table S4).

Partition Coefficient (Ki) and Thermodynamic Pa-
rameters. The partition coefficient of PFAS between the PIL
phase and aqueous media and simulated seawater was
investigated. The partition coefficient, Ky, was calculated
according to eq 1:
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v,
Kp= ———

S Vf<ﬂ_> (1)

g

where V is the volume of the sample, #; is the amount of the
analyte extracted onto the sorbent at equilibrium, n, is the
initial amount of the analyte in the sample, and Vis volume of
the PIL on the thin film sheet. In this work, ny, was 17.5 ng for
all individual PFASs included in this study and n; values were
obtained from extractions performed at equilibrium conditions
by converting peak areas in mass extracted; V; was 0.0028 mL.

Figure 4 shows the log Kj, values for 15 PFAS in ultrapure
water and seawater, plotted against their log P values. In
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Figure 4. Plot of log K, in ultrapure water and simulated seawater and
log P for the 15 PFAS invetigated in this study. Extraction and
desorption studies were performed at 90 min at an agitation speed of
1000 rpm.

ultrapure water, the extraction efliciencies for short- and long-
chain PFAS are similar, indicating balanced extraction by the
PIL TFEME device. In seawater, competing ions reduce the
efficiency of partitioning, particularly for short-chain PFAS
(except PFBS), suggesting that electrostatic interactions
govern their partitioning, which is affected by competing
ions. Enrichment factors for all analytes ranged from 1.95
(MeFOSAA) to 2.57 (PENA).

In this study, the van’t Hoff equation (Supporting
Information, Section 7) was used to further investigate the
interaction mechanism governing the behavior of PFAS
compounds on the PIL by extracting PFAS from ultrapure
water at different temperatures (from 25 to 60 °C) for 150 min
to ensure that equilibrium was reached for all analytes. Since
the van’t Hoff equation describes changes in the equilibrium
constant of a chemical reaction with changes in temperature,
the partition coefficients (K;) of PFAS were calculated at
different temperatures. The plots of In K versus temperature
(Figure S7) showed a negative slope for all analytes, indicating
that the thermodynamic process is endothermic, governed by
ion-exchange interactions between the anionic PFAS and the
PIL sorbent. This finding is consistent with previous
ﬁndings,‘%’36 which evaluated the ion-exchange mechanism
between the free silanol groups on a pentafluorophenyl (PFP)
stationary phase and positively charged analytes.
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B METHOD VALIDATION

The PIL TEME devices were also assessed for suitability to
quantitative analysis. The broad linear dynamic range achieved
shows the great potential of the PIL to quantify low-, mid-, and
high-concentration levels of PFAS. A lack-of-fit test was
performed to assess the robustness of the linear regression.
The significant F value (<0.0001) was lower than 0.05 for all
analytes, indicating that the model fits the data well (Table
S5). The accuracy of the method (Table S6) was studied at 75,
300, 750, and 3000 ng L™" and over 7 days (Table S7). Good
accuracy values, between 70% and 130%, were achieved at
these levels, with precision <20%. Figure S8 presents the
calibration curves for the 15 analytes used to determine the
LOQ values, which ranged from 1 to 10 ng L ™" for all analytes
except for PFPeA, which was 50 ng L ~'. LOD:s for all analytes
were 1 ng L™', except for PFPeA.

The reusability of the PIL TFME is important, as it also
demonstrates their robustness for routine analysis. Each tested
PIL TFME device was used for approximately 20 extractions,
with extraction efficiency variations ranging from 2% to 9%
RSD across all analytes over the 20 uses (Figure S9).

Bl CONCLUSIONS

This study demonstrates the effectiveness of a PIL constituted
by a IL monomer [CoCOOHVim*] [Br~] and cross-linker
[C1»(Vim*),]2[Br~] for isolating and preconcentrating PFAS
mixtures. Desorption studies showed that ammonium salts,
particularly ammonium formate, are crucial for efficient
removal of PFAS from the sorbent. pH and ionic strength
studies revealed that shorter-chain PFAS were more affected by
competing ions, while longer-chain PFAS showed a stable
extraction performance. Calculated partition coefficients high-
lighted that the PIL sorbent efficiently extracted all 15 PFAS
from ultrapure water and highlighted the impact of ionic
strength, especially for short-chain PFAS. Kinetic studies
indicated most PFAS reached equilibrium within 20—30 min,
with the pseudo-second order model best describing the
sorption process. Our resuts also indicate that the mechanism
between the PIL sorbent and PFAS is an endothermic process,
which is governed by ion-exchange interactions. Method
validation confirmed the applicability of the PIL for
quantitative analysis with LOQs from 1 to 50 ng L™!, although
matrix-matched calibration for the quantification of PFAS in
samples with high salinity is recommended. These results
demonstrate the potential of PILs for a preconcentrated PFAS
mixture and pave the way to further sorbent design strategies
to improve the selectivity of the separation.
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