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Introduction

Dual-functional metal—organic framework for
efficient removal and fluorescent detection
of perfluorooctanoic acid (PFOA) from waterf

Rana Dalapati, 2 Jiangfan Shi, Matthew Hunter and Ling Zang ‘2 *

Perfluorooctanoic acid (PFOA), a synthetic compound belonging to the per- and polyfluoroalkyl
substances (PFAS) family, is notorious for its environmental persistence, bioaccumulation potential, and
adverse health effects, posing a major challenge to environmental safety. Effective removal and
detection of PFOA remains a challenge for conventional capture materials due to its unique molecular
structure. In this study, we present a dual-functional metal-organic framework (MOF), UiO-66-N(CHz)s*,
specifically designed for selective removal and detection of PFOA in water. This MOF is synthesized through
the post-synthetic modification of UiO-66-NH,(Zr) with methyl iodide, introducing partially quaternized
ammonium groups that enable ion-exchange functionality. The cationic ammonium groups significantly
enhance electrostatic interaction with the anionic PFOA, leading to improved affinity and selectivity. As a
result, UiO-66-N(CH=)s* exhibits outstanding adsorption performance, achieving a high adsorption capacity
of 1178 mg g* as estimated using the Langmuir isotherm model, along with over 99% removal efficiency
within 5 minutes from a 50 ppb PFOA solution. Beyond its high sorption capability, the same MOF is also
developed into a highly efficient fluorescence “turn-on” sensor for PFOA detection via a straightforward
indicator displacement assay (IDA). In this approach, the MOF is initially loaded with the anionic dye
sulfornodamine B (SRB), replacing the original iodide counterions. When bound within the MOF, SRB is
nonfluorescent; however, upon exposure to PFOA, it is displaced and regains its strong fluorescence in
solution. This rapid fluorescence “turn-on” response enables effective detection of PFOA with both high
sensitivity and selectivity. The dual-functional MOF system described herein offers a promising strategy for
the integrated detection and removal of PFOA from water, providing a simple yet powerful framework for
designing multifunctional MOF-based adsorbents and sensors for PFAS pollutants.

kinetics,”'° low reusability,""'* or poor selectivity."> To over-

come these limitations, synthetic sorbents with functional

The per- and polyfluoroalkyl substances (PFAS) constitute a
class of synthetic compounds that have attracted widespread
scientific attention due to their environmental persistence,
global distribution, and potential health and ecological
risks.' ™ Perfluorooctanoic acid (PFOA), in particular, is widely
used in industrial and consumer products due to its unique
chemical stability.”” The presence of these compounds in air,
water, soil, and biota has raised serious concerns.®

Among various remediation strategies, adsorption is con-
sidered practical and environmentally sustainable. Commercial
sorbents like activated carbon (AC)” and anion exchange resins
(AERs)® show good PFAS uptake but are limited by slow
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diversity and tailored architectures have been developed to
promote specific PFAS interactions.'*'®> However, the mechan-
isms underlying selectivity remain unclear, and rational design
of PFAS-specific sorbents remains an ongoing challenge.
Metal-organic frameworks (MOFs), a class of porous crystal-
line materials built from metal nodes and organic linkers, have
shown strong potential for PFAS removal.'®"® Their high surface
area, large internal voids, and tunable chemistry allow for efficient
PFAS encapsulation and adsorption via multimodal inter-
actions."”?° These unique attributes make MOFs highly promis-
ing candidates for developing selective and versatile PFAS adsor-
bents suitable for diverse environmental conditions. Moreover,
post-synthetic modification (PSM) offers a powerful strategy for
introducing various functional groups into MOFs to enhance
their PFAS uptake capacity.>">> Recent studies on various non-
MOF sorbent materials have demonstrated that surface modifi-
cation with cationic functional groups enhances PFAS capture
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Scheme 1 Schematic illustration of the synthesis of UiO-66-N(CHz)s"
adsorption of PFOA via ion exchange, and IDA-based fluorescent sensor
for PFOA.

through strong electrostatic interactions.>*"** Consequently, the

design of MOFs incorporating cationic side groups through PSM
presents a straightforward and effective approach for enhancing
PFAS adsorption performance.

Building on this concept, we developed a dual-functional
MOF platform for both PFOA adsorption and detection.
Through post-synthetic modification, cationic ammonium
groups were introduced into MOF UiO-66-NH,, to create UiO-
66-N(CH,);" with enhanced ion exchange capacity (Scheme 1).
This modified MOF exhibited significantly higher PFOA uptake
compared to the unmodified MOF, activated carbon, and other
conventional sorbent materials. An impressive adsorption
capacity of 1178 mg g~ ' was achieved, as estimated by fitting
the experimental data to the Langmuir isotherm model, along
with fast adsorption kinetics, excellent reusability, and strong
salt tolerance.

Beyond PFAS removal, the intrinsically high adsorption
capacity of cationic MOFs can also be harnessed for developing
highly sensitive PFAS sensors. Accurate quantification of PFAS,
particularly PFOA, is critical for assessing environmental con-
tamination, understanding exposure pathways, and evaluating
health risks. However, conventional detection methods, such as
liquid chromatography coupled with mass spectrometry, are
limited by complex sample preparation and lengthy analysis
times, rendering them impractical for real-time, on-site moni-
toring.”®?” These challenges have spurred the development of
alternative strategies, with fluorescence-based sensors emer-
ging as a promising solution due to their high sensitivity, rapid
response, and cost-effectiveness.?*™*

MOF-based sensors offer dual functionality by combining
PFAS capture with detection. Their high porosity, tunable sur-
face chemistry, and inherent fluorescence responsiveness
enable selective binding and real-time monitoring of PFAS via
signal modulation. A particularly innovative strategy for design-
ing MOF-based sensors involves the use of indicator displace-
ment assays (IDA), though it remains underexplored for PFAS
detection.>*7° In this work, we developed an IDA-based fluores-
cence sensing strategy using sulforhodamine B (SRB) as an
anionic indicator, which is released upon PFOA binding, gen-
erating a distinct fluorescence “turn-on” signal (Scheme 1).
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To the best of our knowledge, this represents the first example
of a MOF-based platform that integrates high-capacity PFOA
adsorption with IDA-based fluorescence sensing, offering a
simple, effective, and dual-functional solution for addressing
PFAS contamination.

Experimental
Materials and physical measurements

All the reagents and solvents were commercially available and
used as received unless otherwise specified. Milli-Q water was
used for the preparation of the analyte stock solutions. Fourier
transform infrared (FT-IR) spectra were collected in the region
of 500-4000 cm ' with a Nicolet iS50 FT-IR spectrometer.
Ambient-temperature powder X-ray diffraction (PXRD) patterns
were measured on a Bruker D2 Phaser X-ray diffractometer
operated at 30 kv and 10 mA by using Cu Ko (1 = 1.5406 A)
radiation. The nitrogen sorption isotherms up to 1 bar were
recorded using a Micromeritics 3Flex gas sorption analyzer at
—196 °C. Before the sorption measurement, the compound was
degassed at 80 °C for 24 h under a dynamic vacuum. Steady-
state fluorescence spectral measurements were carried out
using an Agilent Cary Eclipse fluorescence spectrophotometer.
UV-vis spectra were obtained with an Agilent Cary 100 spectro-
photometer. NMR data were recorded on a Varian Mercury
400 MHz spectrometer. Scanning electron microscopy (SEM)
images were obtained on an FEI Nova NanoSEM scanning
electron microscope. Liquid chromatography-mass spectrometry
(LC-MS) analysis was performed using an Agilent 1290 Infinity II
LC system coupled with an Agilent 6470B Triple Quadrupole mass
spectrometer.

Synthesis and post synthetic modification of UiO-66-NH,

UiO-66-NH, (Zr) was synthesized following the procedure
reported by Wang et al.’>” The resulting MOF was subsequently
modified using a previously described method with slight
modificationss.*® Specifically, UiO-66-NH,(Zr) (0.5 g) was dis-
persed in a mixture of methyl iodide (CH;I, 3 mL) and toluene
(15 mL). The suspension was transferred to a Teflon-lined
autoclave and heated at 80 °C overnight to facilitate quaternization.
The resulting dark yellow product, designated as UiO-66-N(CH;);",
was collected by filtration, washed thoroughly with methanol, and
dried at 60 °C. Notably, this approach significantly reduces the
reaction time compared to previously reported methods, which
required up to three days.*

Adsorption kinetics and isotherm measurements

Adsorption experiments of UiO-66-N(CH;);" toward PFOA were
conducted in aqueous solutions at both high and low concen-
tration regimes to investigate the adsorption kinetics and
isotherm behavior. For high-concentration experiments, a
PFOA solution of 1000 mg L™' (1000 ppm) was treated with
Ui0-66-N(CH;);" at a dose of 500 mg L™ ". For low-concentration
studies, the PFOA solution was prepared at 50 ug L™ " (50 ppb)
and treated with 20 mg L' of the MOF. In both cases, the fully

This journal is © The Royal Society of Chemistry 2025
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dried MOF was added to the PFOA solution in 50 mL poly-
propylene centrifuge tubes and stirred at room temperature.
At predetermined time intervals, the supernatant was collected
via centrifugation and filtered using a 0.22 pm syringe filter for
quantitative analysis; the concentration thus determined was
used for calculating the adsorption uptake. Time zero samples
were withdrawn before the addition of the MOF. Control
experiments were performed under identical conditions with-
out the MOF. To evaluate the influence of co-existing ions,
adsorption experiments were repeated in the presence of
1000 ppm of common salts such as NaCl, KCl, CaCl,, MgSOy,,
and Zn(NO3),.

Quantitative analysis of PFOA at high concentrations (in the
ppm range) was performed using '°F NMR. Briefly, 700 uL of
the filtered supernatant was transferred to an NMR tube,
followed by the addition of 50 uL of trifluoroacetic acid (TFA)
in deuterium oxide (D,0) as an internal standard. The "°F NMR
measurements were conducted with a 15-second relaxation
delay to ensure accurate signal integration.*° The concentration
of PFOA before and after adsorption was determined using
eqn (1):*!

[PFOA] = IPFOA/ITFA X NTFA/NPFOA[TFA] (1)

where [PFOA] and [TFA] represent the concentrations of PFOA
and TFA, respectively; Iproa and Ipgs are their corresponding
F NMR peak integrals; and Nppos and Npp, denote the
number of fluorine atoms contributing to each signal.

For trace-level quantification (50 ppb), PFOA concentrations
were determined using LC-MS, for which a calibration curve
was established using PFOA standards ranging from 0 to 80 ppb
(Fig. S10b, ESI¥).

The adsorption kinetic data were fitted using the pseudo-
first-order (PFO) model for low PFOA concentrations (<50 ppb)
and the pseudo-second-order (PSO) model for higher concen-
trations in the ppm range, as described by eqn (2) and (3),
respectively:

g = go(1 — 1) (2)

qe = (ka-gt)/(1 + ka-ge-t) (3)

where ¢, is the amount of PFOA adsorbed at time ¢, g. is the
adsorption capacity at equilibrium, k; is the rate constant of the
PFO model (min~', or h™'), and %, is the rate constant of
the PSO model (g mg™ ' min~*, or g mg™ " h™").

Adsorption isotherm studies were conducted using a fixed
MOF dose of 500 mg L™" and varying initial PFOA concentra-
tions (0, 100, 200, 400, 600, 800, and 1000 ppm). The mixtures
were stirred for 60 minutes to reach the adsorption equili-
brium, and the adsorption capacities at equilibrium (g.) were
fitted to the Langmuir isotherm model:

ge = (QmaxKi-Ce)/(1 + Ky-Ce) (4)

where Qpax represents the maximum adsorption capacity
(mg g "), Ky is the Langmuir constant (L mg™ "), and C. is the
concentration of PFOA.

This journal is © The Royal Society of Chemistry 2025
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PFOA removal efficiency of UiO-66-N(CH;);" was calculated
according to eqn (5):*?

(Ci—Cr)
Tf (5)

Removal efficiency (%) = 100 x
where C; and C; are the initial and final concentrations of PFOA,
respectively.

To assess the reusability of UiO-66-N(CH;);" for adsorption
of PFOA, the MOF was recovered by centrifugation and subse-
quently treated with 50 mL of a washing solution composed of
0.2 M HCI and methanol (30:70 v/v). The mixture was soni-
cated at room temperature for 30 minutes, after which the solid
was separated again by centrifugation. This washing process
was repeated three times to ensure effective recovery of PFOA
through ion exchange with chloride ions. The regenerated
Ui0-66-N(CH3);" was then dried under vacuum at 60 °C for
2 hours before being reused in subsequent adsorption cycles.

Synthesis of UiO-66-N(CH;);' @SRB

The cationic MOF preloaded with sulforhodamine B (SRB),
denoted as UiO-66-N(CHj3); @SRB, was prepared via an ion
exchange method. Briefly, a thoroughly dried sample of UiO-66-
N(CH;);" (50 mg) was immersed in 50 mL of a 50 mM aqueous
solution of sulforhodamine B (SRB) for 15 minutes. The result-
ing solid was then washed thoroughly with water until the
supernatant exhibited no detectable fluorescence, indicating
the complete removal of unbound dye. The final product was
isolated by centrifugation.

Testing of UiO-66-N(CHj;); @SRB as an IDA-based fluorescent
sensor for PFOA

Ui0-66-N(CH;3); ' @SRB (10.0 mg) was dispersed in 10 mL of
acetonitrile and sonicated for 30 minutes to obtain a homo-
geneous suspension. A 200 pL aliquot of this suspension was
transferred to a quartz cuvette and diluted to a final volume of
3 mL with acetonitrile. Stock solutions of various analytes,
including perfluorooctanoic acid (PFOA), perfluorooctane sul-
fonate (PFOS) potassium salt, sodium dodecyl sulfate (SDS),
lauric acid, octanoic acid, acetic acid, dodecane, phenol, and
nitrobenzene, were prepared at a concentration of 0.5 mM in
deionized (DI) water, with a minimal amount of acetonitrile
added to aid the dissolution of less soluble analytes. The
emission spectra of the MOF suspension were recorded in the
presence of varying concentrations (0-5 uM) of each analyte
using a 1 x 1 cm quartz cuvette, with the excitation wavelength
set to 520 nm. After thorough mixing at room temperature for
10 minutes, the fluorescence emission spectra were measured.
The initial emission intensity in the absence of any analyte was
recorded as I,, and I denoted the emission intensity of the
suspension in the presence of a given analyte.

Results and discussion

Synthesis and structural characterization

As previously described, the cationic MOF UiO-66-N(CHj;);" with
iodide as the counterion was synthesized via post-synthetic
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modification of UiO-66-NH,, (Zr) using iodomethane in toluene.
The quaternization process was visually indicated by a color
change from pale yellow to dark yellow. Subsequent anion
exchange with sulforhodamine B (SRB) in water yielded the
IDA-based sensor UiO-66-N(CH;);'@SRB, which appeared as a
pink-colored powder (Fig. S1, ESIt). The resulting material
was thoroughly characterized by PXRD, FT-IR, "H-NMR, SEM,
and N, sorption analysis to confirm its structural and
chemical modifications.

UiO-66-NH,(Zr) was selected as the starting material due to
its well-established chemical stability and the reactivity of its
amine functional groups, which enable diverse post-synthetic
transformations.**™> The PXRD pattern of UiO-66-N(CH;);"
closely matches that of the parent UiO-66-NH,(Zr), with mini-
mal loss of crystallinity, indicating that the MOF retaines its
structural integrity throughout the quaternization process
(Fig. 1a). Furthermore, the PXRD pattern of UiO-66-N(CH;);' @
SRB remained largely unchanged, confirming that the anion
exchange with SRB did not significantly impact the MOF’s
crystalline framework.

FT-IR analysis was performed to gain insight into the catio-
nic modification of the MOF and the subsequent ion exchange
process involving SRB molecules. The FT-IR spectrum of the
unmodified UiO-66-NH,(Zr) displays characteristic peaks,
including a C-O stretching vibration at 1384 cm™ ", an O-Zr-
O vibration at 664 cm ™, and prominent bands at 3316 cm ™"
and 3480 cm ™' corresponding to the -NH, functional groups,
confirming the successful formation of the MOF framework
(Fig. 1b and S2, ESI})."*™*® After quaternization to form UiO-66-
N(CH3);", a new peak appeared at 1418 cm™ ', attributed to
-CH; vibrations. In addition, the C-N stretching vibration,
originally observed at 1258 cm ™' in UiO-66-NH,, shifted to
1280 cm ™' in UiO-66-N(CHj3);", indicating the formation of a
new quaternary ammonium group. Importantly, the O-Zr-O
vibration at 664 cm ™~ remained unchanged, suggesting that the
MOF framework remained intact during the quaternization
process. The FT-IR spectrum of UiO-66-N(CH;);' @SRB exhib-
ited new peaks at 1180, 1130, 1075, and 1029 cm ', which
can be attributed to vibrational modes of the SRB molecules.

View Article Online
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These results confirm the successful incorporation of SRB
within the MOF structure (Fig. S3, ESIT).

The Brunauer-Emmett-Teller (BET) surface area was mea-
sured via nitrogen sorption experiments to assess changes in
porosity of the MOF at different stages: prior to quaternization,
after quaternization, and following anion exchange with SRB
fluorophores. As shown in Fig. 1c, the MOF retained significant
porosity even after the introduction of quaternized amine
functional groups. The surface area decreased from 1007 m> g~ *
for UiO-66-NH,(Zr) to 722 m”> g~ * for UiO-66-N(CH3);*, which is
attributed to reduced internal void space resulting from the
incorporation of bulky quaternary ammonium groups. A slight
further decrease in surface area to 688 m> g~ ' was observed for
Ui0-66-N(CH;); ‘@SRB, compared to the quaternized MOF with
iodide as the counterion. This modest reduction is likely attrib-
uted to the larger size of SRB relative to iodide.

The extent of the quaternization reaction was confirmed
through detailed "H NMR analysis. For this purpose, the MOF
powder was digested using hydrofluoric acid, and the resulting
solution was dissolved in DMSO-dg for NMR measurements.
The "H NMR spectrum of the digested parent UiO-66-NH,(Zr)
MOF displayed characteristic peaks at 7.01, 7.36, and 7.75 ppm,
corresponding to the three aromatic protons of the aminoter-
ephthalate ligand (Fig. S4, ESIt).*® Following modification, a
new peak appeared at 7.19 ppm, consistent with the formation
of the quaternized ammonium ligand. Additional peaks at
7.05 and 7.08 ppm were observed, which are indicative of
residual primary and secondary amine-containing species,
respectively.* By analyzing the integrated peak areas corres-
ponding to the NH,-BDC ligand and the quaternized products,
the conversion efficiency of the quaternization reaction was
estimated to be approximately 52%.

The same digestion protocol was employed to verify the
successful exchange of SRB within the MOF structure. The
'H NMR spectrum of the digested UiO-66-N(CH;);*@SRB sample
exhibited new peaks at 1.19, 3.62, 6.89, 7.02, 7.14, 7.71, and 8.26 ppm,
all of which matched the spectrum of free SRB molecules (Fig. S5,
ESIT). These results confirm the successful formation of UiO-66-
N(CH,); @SRB via ion exchange with the SRB fluorophore.
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Fig. 1 (a) PXRD patterns, (b) FT-IR spectra, and (c) N, adsorption isotherms as measured for UiO-66-NH, and UiO-66-N(CH3)s* (free or loaded
with SRB).
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SEM imaging was used to examine the morphology of both
Ui0-66-NH,(Zr) and UiO-66-N(CH;);". As shown in Fig. S6
(ESIt), both samples exhibited uniform distribution of MOF
particles with sizes below 100 nm. The small particle size
enables stable and homogeneous dispersion in solution, which
is advantageous for sensor testing and facilitates quantitative
analysis with high reproducibility. Clearly, as evidenced by the
SEM images, the morphology of the MOF is well preserved
following post-synthetic modification.

PFOA adsorption capacity and selectivity

UiO-type MOFs are well known for their exceptional mechanical,
chemical, and thermal stability.”®>" The unique combination of
the highly stable UiO-66-type framework, high crystallinity, inher-
ent porosity, and the incorporation of cationic ammonium func-
tional groups, along with recent progress in MOF-based PFOA
adsorbents,” > positions the cationic MOF UiO-66-N(CH;);" as a
highly promising candidate for PFOA adsorption. To evaluate its
adsorption performance, UiO-66-N(CH,);" was tested against an
aqueous PFOA solution with an initial concentration of 1000 ppm
at room temperature. The adsorption experiments were performed
using a UiO-66-N(CH;);" dosage of 500 mg L™ . After 30 minutes of
stirring, the PFOA-loaded MOF (PFOA@UiO-66-N(CH;);") was
separated, and the residual PFOA concentration in the supernatant
was quantified via '°F NMR spectroscopy using trifluoroacetic acid
(TFA) as an internal standard (Fig. 2). The resulting data revealed a
PFOA uptake of 665 mg g~ within 30 minutes. Importantly, the
PFOA uptake from the 1000 ppm solution was found to decrease
with reduced MOF dosage, as shown in Fig. S7 (ESIt), indicating a
dosage-dependent removal efficiency. For comparative analysis,
other benchmark adsorbents, including UiO-66, UiO-66-NH,,
ZIF-8, and activated carbon, were also evaluated under identical
conditions. Among them, UiO-66-N(CHj;);" exhibited the high-
est PFOA uptake (Fig. 3a). Remarkably, despite having a lower

TFA
-74.5 -76.5 -78.5 -80.5
5 (ppm)
l M |
PFOA -117.0 -120.0 -123.0 -126.0
O (ppm) B
PFOA
|
-70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140
5 (ppm)

Fig. 2 Representative °F NMR spectrum of PFOA with TFA as the internal
standard, where the peak at —75.53 ppm (-CFz of TFA) and the peak at
—80.82 ppm (-CF3z of PFOA) were used for quantitative analysis. Additional
multiplets between —117 and —126 ppm correspond to the —CF, groups
along the PFOA chain. Insets show magnified views of the —Fs region
(top left) and the —CF, region (bottom right), highlighting the chemical
shifts used for signal assignment.
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surface area, the quaternized UiO-66-N(CHj);" showed a
3.4-fold enhancement in adsorption capacity compared to its
parent framework, UiO-66-NH,. This substantial improvement
underscores the pivotal role of surface functionalization
in enhancing MOF-based adsorbents for PFOA removal. This
promising adsorption performance prompted us to explore the
kinetics of the adsorption process in greater detail. As depicted
in Fig. 3b, the adsorption follows a pseudo-second-order kinetic
model, as fitted to eqn (3) with an excellent correlation coeffi-
cient (R* = 0.99). The fitting yielded a high rate constant (k,) of
56 + 0.2 x 107® ¢ mg~' h™', indicating a rapid kinetics.
Notably, the rate constant is nearly four times greater than that
of a recently reported zirconium-based MOF (PCN-999)
employed for PFOA adsorption.’* It is important to note that
maintaining molecular dispersion of PFOA is essential for
accurate concentration measurements, and consequently, for
reliable assessment of MOF adsorption performance. At ele-
vated concentrations, PFOA can form micelles in aqueous
solution, potentially leading to aggregation near the adsorbent
surface and affecting measurement accuracy.’?® Given that
the critical micelle concentration (CMC) of PFOA in water
exceeds 10000 ppm,** all PFOA concentrations used in this
study were maintained at least tenfold below the CMC to ensure
stable molecular dispersion of PFOA.

The adsorption isotherm of PFOA on UiO-66-N(CH,);" was
established using experimental data collected over an initial
concentration range of 0 to 1000 ppm. The data were fitted to
the Langmuir isotherm model (Fig. 3c), yielding a high corre-
lation coefficient (R*> = 0.99), indicating excellent model
agreement. The maximum adsorption capacity for PFOA was
calculated to be 1178 mg g ' from the Langmuir model,
demonstrating the outstanding performance of the material.
To the best of our knowledge, this remarkably high uptake
surpasses that of most previously reported adsorbents, includ-
ing other MOF-based materials.>*>°>8

To assess the performance of UiO-66-N(CH;);" in the
presence of salts commonly found in real water samples,
the same PFOA adsorption experiments were conducted in
the presence of various potentially interfering salts (1000 ppm),
including KCl, CaCl,, MgCl,, Na,SO,, and Zn(NOj3),. As shown
in Fig. S8 (ESIt), UiO-66-N(CHs);" maintained a high PFOA
adsorption capacity despite the presence of these salts at high
concentrations. This result highlights the MOF’s exceptional
selectivity for PFOA, even in complex aqueous environments
with high ionic strength.

The exceptional PFOA adsorption capacity of UiO-66-
N(CH;);" prompted further evaluation of its removal efficiency.
As shown in Fig. 4, the MOF demonstrated an outstanding
removal efficiency of over 97% for a PFOA solution with an
initial concentration of 100 ppm. To assess its performance
under more environmentally relevant and scalable conditions,
a lower PFOA concentration of 50 ppb was also tested using a
reduced adsorbent dosage of 20 mg L~ '. Remarkably, LC-MS
analysis confirmed that over 99% of PFOA was removed from
water within just 5 minutes (Fig. S9, ESIT), underscoring the
material’s rapid and highly effective adsorption capability at
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Fig. 3 (a) The PFOA uptake obtained for different adsorbents. (b) Adsorption kinetics of PFOA by UiO-66-N(CHz)s* (500 mg L™ with an initial
concentration of 1000 ppm, fitted with a pseudo-second-order model. (c) Equilibrium PFOA uptake as a function of PFOA concentration (Ce), fitted

using the Langmuir isotherm model.
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Fig. 4 19F NMR spectrum of a 100 ppm PFOA solution before (bottom)
and after (top) adsorption by UiO-66-N(CHsz)s* (500 mg L™3).

trace levels. The time-dependent adsorption behavior at low
PFOA concentrations followed a pseudo-first-order kinetic
model (Fig. S10, ESIt), in contrast to the pseudo-second-order
kinetics observed at higher concentrations. This shift likely
arises from the change in the adsorption equilibrium. At low
PFOA concentrations, the number of available MOF adsorption
sites greatly exceeds the number of PFOA molecules, allowing
the concentration of adsorption sites to be treated as effectively
constant. Under these conditions, the adsorption rate is pri-
marily governed by the PFOA concentration, resulting in
pseudo-first-order kinetics. In contrast, at higher PFOA con-
centrations, the assumption of constant adsorption site
concentration no longer holds, and the adsorption behavior
is better described by the pseudo-second-order model.

To assess its practical applicability, the reusability of UiO-66-
N(CH3);" was also investigated through repeated adsorption-
desorption cycles. After each adsorption step, the recovered
MOF was washed with a 30:70 (v/v) mixture of 0.2 M HCI
and methanol, then dried for reuse. As illustrated in Fig. S11a
(ESIT), the material retained over 93% of its original PFOA
adsorption capacity after five consecutive cycles. The slight
decrease in efficiency was primarily attributed to minor material
losses during washing and centrifugation. Notably, the removal

16758 | J Mater. Chem. C, 2025, 13, 16753-16762

efficiency remained consistently above 97% throughout all cycles,
as confirmed by '°F NMR analysis (Fig. S11b, ESIY).

These results underscore the excellent reusability, chemical
stability, and structural integrity of UiO-66-N(CH;);" for PFOA
removal. The material’s consistent performance across multi-
ple cycles highlights its robustness and strong potential for
real-world water purification and continuous environmental
remediation applications.

Mechanism of PFOA adsorption

To gain deeper insight into the mechanism of PFOA uptake by
UiO-66-N(CH3;);", particularly via anion exchange, a series of
adsorption experiments were performed using varying concen-
trations of PFOA (0-1000 ppm). The structural integrity of
UiO-66-N(CH3);" remained intact even after treatment with
1000 ppm PFOA, as confirmed by PXRD analysis (Fig. S12,
ESIY), indicating the robustness of the MOF framework during
the adsorption process. FT-IR spectra of UiO-66-N(CHj;);" after
PFOA adsorption from a 100 ppm solution revealed the emer-
gence of new peaks at approximately 1240, 1204, and 1149 cm™ ",
corresponding to the asymmetric stretching of —CF,, asymmetric
stretching of -CF;, and symmetric stretching of -CF, groups,
respectively (Fig. $13, ESI1).”>®" These characteristic signals con-
firm the successful incorporation of PFOA within the MOF.
Notably, the intensities of these peaks increased progressively
with higher PFOA concentrations, further supporting the
enhanced uptake capacity at elevated concentrations. Importantly,
the Zr-O vibrational band at 664 cm™* remained unchanged after
PFOA adsorption, indicating that the coordination environment
around the zirconium centers was not affected. Additionally, the
symmetric C-O stretching band (1415-1380 cm™ ') associated with
the ligand coordination at the metal center did not exhibit any
noticeable shift, suggesting that the binding of PFOA primarily
occurs via electrostatic interactions with the cationic ammonium
groups rather than coordination with the Zr nodes. These obser-
vations support an anion exchange mechanism as the primary
mode of PFOA adsorption.

Further elemental mapping and EDS analysis were con-
ducted to investigate the anion exchange between PFOA and

This journal is © The Royal Society of Chemistry 2025
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iodide. Fig. S14 and S15 (ESIT) present the elemental mapping
and EDS spectra of UiO-66-N(CH;);" prior to PFOA uptake,
confirming the presence of iodide as the initial counterion.
Following treatment with 1000 ppm PFOA, the elemental map-
ping and EDS spectra (Fig. S16 and S17, ESIt) revealed a strong
fluoride signal, indicating substantial adsorption of PFOA via
replacement of the original iodide anions. As summarized in
Table S1 and Fig. S18 (ESIY), the iodine content within the MOF
decreased progressively with increasing PFOA concentration,
while the fluorine content simultaneously increased. Conse-
quently, the fluoride-to-iodide (F/I) ratio showed a consistent
upward trend with higher PFOA loading, providing further
evidence for an anion exchange process. Collectively, these
results strongly support the conclusion that PFOA displaces
iodide in UiO-66-N(CH;);" due to its stronger and more com-
petitive binding affinity for the quaternized ammonium
groups. This anion exchange mechanism underpins the mate-
rial’s high selectivity and efficiency for PFOA adsorption.

IDA-based fluorescence turn-on detection of PFOA

Building on the exceptional PFOA uptake demonstrated by UiO-
66-N(CH3);" via ion exchange, we harnessed this property to
develop a novel fluorescence-based sensing platform for PFOA
detection. The cationic framework of UiO-66-N(CH;);" was
strategically employed to construct a fluorescent indicator
displacement assay (IDA) with high selectivity toward PFOA.®
Specifically, the iodide counterions in UiO-66-N(CH3);" were
first replaced with sulforhodamine B (SRB), an anionic fluor-
escent dye widely used in cell biology.®* Efficient dye loading
was facilitated by electrostatic interactions between the posi-
tively charged quaternary ammonium groups of the MOF and
the negatively charged sulfonate groups of SRB.

Following ion exchange with SRB, the resulting composite,
Ui0-66-N(CH;); ' @SRB, exhibited a fluorescence “turn-off”
state, marked by substantial quenching of SRB emission. This
quenching effect prompted us to explore its potential as a
“turn-on” fluorescence sensor for PFOA. Fluorescence emis-
sion spectra of the UiO-66-N(CH;); @SRB suspension in acet-
onitrile were recorded upon the incremental addition of

View Article Online
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minimal volume of aqueous stock solution of PFOA (0.5 mM).
As shown in Fig. 5a, a clear fluorescence ‘“‘turn-on” response
was observed with increasing PFOA concentrations (0-5 pM).
The obtained emission spectra closely resemble those of free
SRB molecules in acetonitrile solution, confirming that SRB
molecules are released into the solution upon adsorption of
PFOA. In contrast, PFOS, one of the top two concerning PFAS
compounds identified by the EPA, did not induce any fluores-
cence recovery (Fig. S19, ESIT). Notably, the system exhibited a
14-fold higher selectivity for PFOA over PFOS, despite their
structural similarities.®® The fluorescence enhancement ratio
(I/1,) at 574 nm reached up to 21, indicating a strong signal-to-
background ratio. The fluorescence increase was also readily
visible under UV illumination. The detection limit (LOD) for
PFOA was determined to be 0.22 pM within the 0-3 pM dynamic
concentration range, based on the standard IUPAC method
(30) (Fig. 5b).

To further assess the sensor’s selectivity, we evaluated its
response to a range of potentially interfering analytes com-
monly present in aquatic environments, including lauric acid,
octanoic acid, acetic acid, trifluoroacetic acid, sodium dodecyl
sulfate (SDS), dodecane, phenol, and nitrobenzene. Interest-
ingly, structurally similar non-fluorinated alkyl carboxylic acids
such as lauric and octanoic acid did not induce a “turn-on”
fluorescence response in the UiO-66-N(CH;); @SRB system
(Fig. 5¢ and Fig. S20, ESIT). Similarly, smaller carboxylic acids
(e.g, acetic and trifluoroacetic acid) and other small organic
molecules (e.g., phenol and nitrobenzene) failed to generate
any detectable fluorescence enhancement under the same
conditions. Collectively, these results demonstrate that UiO-66-
N(CH;);'@SRB is highly selective for PFOA, supporting its
potential as a sensitive and robust platform for detecting this
high-priority PFAS compound identified by the EPA.

In addition to the fluorescence measurements presented in
Fig. 5a, the IDA-based fluorescent sensor was further character-
ized using UV-vis absorption and NMR spectroscopy. Initially,
UV-vis absorption spectra were measured for the centrifuged
supernatant of UiO-66-N(CHj3); @SRB suspensions before and
after PFOA addition. Prior to adding PFOA, the supernatant
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Fig. 5

(a) Emission spectra of UiO-66-N(CH3)s*@SRB in the presence of increasing concentrations of PFOA (0-5 uM). Plot of the emission intensity at

574 nm as a function of PFOA concentration. (c) Fluorescence turn-on response of UiO-66-N(CH3z)s*@SRB toward various analytes tested at the same

concentration, highlighting its selectivity for PFOA.

This journal is © The Royal Society of Chemistry 2025
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without PFOA. Inset shows the release of SRB dye into solution upon
exposure to PFOA.
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exhibited no visible color or characteristic absorption peaks
corresponding to free SRB molecules. However, following PFOA
addition, the supernatant turned distinctly pink and showed a
strong absorption peak at 553 nm, accompanied by a shoulder
near 514 nm (Fig. 6). This absorption spectrum closely matched
that of a standard SRB molecular solution, confirming that
PFOA addition induces the release of SRB molecules into the
solution.

The same supernatant samples obtained from the UiO-66-
N(CH3); @SRB suspensions before and after PFOA addition
were further analyzed using '"H-NMR spectroscopy. Prior to
analysis, the supernatants were dried through solvent evapora-
tion to isolate any residual compounds. The resulting residues
were then dissolved in DMSO-dg for "H-NMR spectral analysis.
As illustrated in Fig. S21 (ESIt), the presence of PFOA yielded
prominent SRB-characteristic peaks at 8.2, 7.7, 7.1, and 6.9 ppm,
whereas no significant signals appeared in the absence of PFOA.
These findings, combined with the UV-vis and fluorescence
spectral data, robustly confirm the IDA-based sensing mecha-
nism. As outlined in Scheme 1, this mechanism involves the
displacement-driven release of SRB molecules upon adsorption
of PFOA, underscoring the sensor’s effective and selective
detection capability for PFOA.

Conclusions

In summary, we report the synthesis and comprehensive eva-
luation of quaternized UiO-66-N(CH;);" as a dual-functional
MOF material for both adsorption and fluorescence-based
detection of PFOA in water, offering a promising strategy for
PFOA remediation. The MOF exhibits a remarkable maximum
adsorption capacity of 1178 mg ¢~ *, along with high selectivity
and sensitivity for PFOA detection through an IDA-based
fluorescence “turn-on” mechanism driven by electrostatic inter-
actions and ion exchange. The material demonstrates excellent

16760 | J. Mater. Chem. C, 2025, 13,16753-16762
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stability and reusability, retaining over 93% of its adsorption
efficiency after five regeneration cycles, even in the presence of
common salts found in aqueous environments. This highlights
its practical potential for real-world water treatment applica-
tions. Moreover, the integration of adsorptive and sensing
functionalities underscores the versatility of this MOF platform
for environmental monitoring.

This work further emphasizes the utility of post-synthetic
modification in MOF design, enabling the development of
advanced PFAS adsorbents and selective fluorescence probes.
The findings presented here can be readily extended to other
MOF systems, paving the way for future enhancements in
adsorption capacity, kinetics, selectivity, and sensitivity. Efforts
such as tailoring functional groups and crystal structures will
contribute to the advancement of scalable, efficient technolo-
gies for water purification and environmental sensing.
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