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% Check for updates The contamination of water by per- and polyfluorinated substances (PFAS) is a

pressing global issue due to their harmful effects on health and the environ-
ment. This study explores a cationic covalent organic framework (COF), TG-PD
COF, for the efficient detection and removal of perfluorooctanoic acid (PFOA)
from water. Synthesized via a simple sonochemical method, TG-PD COF shows
remarkable selectivity and sensitivity to PFOA, with a detection limit as low as
1.8 ug-L~L. It achieves significant PFOA adsorption exceeding 2600 mg-g!
within seconds over several cycles in batch mode and complete removal at
environmentally relevant concentrations in column adsorption. Results reveal
unique adsorption behavior characterized by two phases, leveraging PFOA
aggregation through hydrophobic interactions. Computer simulations eluci-
date the mechanisms underlying TG-PD COF’s sensing, adsorption, and charge
transfer dynamics. Our findings position this COF design strategy as a pro-
mising solution for combating PFAS contamination in water bodies worldwide.

The emergence of the persistent, bio-accumulative, and toxic organic
pollutants, perfluorinated and polyfluorinated alkyl substances (PFAS)
and their derivatives, has led to widespread contamination of surface
and groundwater worldwide, with detrimental consequences for
human health and the environment'>. Among these pollutants, per-
fluorooctanoic acid (PFOA) stands out, having been detected in the
majority of human serum samples from exposed populations world-
wide, with water being the primary exposure pathway*. Efficient
detection and removal of PFOA from water resources is vital for
minimizing human exposure. Material design plays a crucial role in
developing systems that can simultaneously detect and adsorb PFOA.

Conventional sensing methods such as Liquid Chromatography-
Mass Spectrometry (LC-MS) and High Precision Liquid Chromato-
graphy (HPLC), while accurate and reliable, are complex, expensive,

and time-consuming®. Rapid and cost-effective PFOA sensing tech-
nologies are urgently needed to overcome these challenges®’. Con-
sequently, there’s been a significant increase in research and
development focused on new materials for selective sensing of
hazardous substances®°. In the quest for efficient detection of water
contaminants, fluorescence-based sensors have gained significant
attention for their inherent advantages over their non-emitting
counterparts®, These advantages include rapid response times",
high sensitivity at low contaminant concentrations'*”, and visual
detection capabilities’. Designing an efficient fluorescent sensing
material entails maximizing sensor-analyte interactions by optimizing
the chemistry, density, and distribution of active groups within the
material to mitigate diffusion limitations and improve analyte
interactions”?°. These characteristics are essential for effective
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sensing and are equally important for developing an efficient adsor-
bent, highlighting the potential of simultaneously integrating sensing
and adsorption properties in materials designed to mitigate water
contamination issues.

Research on PFAS adsorption using common materials such as
activated carbon and ion exchange resins has provided valuable
insight into the main interaction mechanisms between PFAS and
adsorbents. This knowledge is key for the development of materials
that optimize these interactions while overcoming the challenges
faced by conventional adsorbents” . These adsorbents rely primarily
on hydrophobic interactions with the fluorinated alkyl chains of PFAS,
which are particularly effective in activated carbon. Additionally, they
rely on electrostatic interactions and ion exchange processes to target
the polar functional groups of PFAS, especially in ion exchange
resins®. Despite widespread use, these adsorbents have significant
limitations, including slow adsorption kinetics, low PFAS uptake
capacity, and harsh recycling conditions”?*¥. For this reason, the
molecular design of adsorbents has been crucial in developing PFAS-
specific materials that exploit both hydrophobic and electrostatic
interactions”%, Recent studies have focused on the development of
hydrophobic aminated materials®® and charged fluorinated
materials®?*, designed to maximize interactions with PFAS molecules.
These studies have demonstrated promising results, significantly
improving the adsorption capacity and efficiency compared to con-
ventional materials. Such advancements highlight the potential of
tailored adsorbents in effectively addressing PFAS contamination.

While designing adsorbents that harness both hydrophobic and
electrostatic interactions is crucial, it is equally important that these
adsorption sites are abundant and accessible to optimize the adsorp-
tion kinetics and capacity of emerging contaminants. Therefore, por-
ous and open structures that are stable in aqueous environments are
preferred for this purpose?*>**>*, This need is particularly evident
when developing adsorbents for long-chain PFAS like PFOA and per-
fluorooctane sulfonate (PFOS), which tend to form aggregates on the
adsorbent surface via hydrophobic interactions of their fluorinated
tails® . While these aggregates can block the adsorption sites within
the pores, and hinder diffusion and accessibility’*”, they can alter-
natively boost PFAS adsorption capacity through cooperative
adsorption®~®. Consequently, the challenge lies in engineering mate-
rials with tailored physicochemical properties, striking a balance
between hydrophobic and electrostatic traits within an open, porous,
and stable framework leveraging PFOA aggregation with an unim-
peded access to adsorption sites inside the porous network.

Covalent organic frameworks (COFs) are a class of porous crys-
talline materials composed of light elements (for example, C, H, O, N,
etc.) formed by covalent bonding of organic building blocks into
extended porous and ordered 2D and 3D structures*®*. The structure
of COFs can be tailored by the rational choice of their organic building
blocks, which has contributed to their use in many applications such as
gas storage***’, water treatment***¢, sensing*’*, drug delivery**-, and
catalysis®>*>, The inherent hydrophobic nature of COFs’ main backbone
makes them suitable for the adsorption of PFAS via hydrophobic
interactions. In addition, the introduction of cationic moieties into
their building units allows for better sensing and adsorption through
electrostatic host-guest interactions between the charged COF chan-
nels and the anionic head groups of PFOA and other anionic PFAS*~*,
In a recent study™, cationic COFs were synthesized and used as
adsorbents for the PFOA derivatives GenX (Qmax = 680 mg-g™) and
HFPO-TA (Qumax = 1076 mg-g™) that reached adsorption equilibrium in
10-20 h. However, this is not suitable for real-life applications such as
point-of-use gravity filtration systems that require fast kinetics®.
Additionally, although there are few reports on the use of COFs in
fluorescence sensing?>*’~>>?, the synthesis and application of cationic
COFs for the simultaneous fluorescence sensing and adsorption of
PFOAs is rarely investigated.

In this study, we present a cationic COF, TG-PD COF, featuring
guanidinium cores that introduce well-distributed positively charged
adsorptive sites within its structure. These cationic sites are capable of
creating electrostatic interactions with electron-rich species™”’
thereby enabling simultaneous fluorescence sensing and adsorption of
PFOA from water. The uniformly distributed, abundant, and accessible
cationic guanidinium moieties help to increase the TG-PD COF’s
interactions with the anionic heads of PFOA and enhance selectivity.
The applied design principle yielded a COF capable of detecting and
removing PFOA molecules from water in seconds, even at envir-
onmentally relevant concentrations, with high uptake capacity lever-
aging cooperative adsorption through PFOA aggregation. In addition,
we investigated the mechanisms underlying both detection, and rapid
removal through computer simulations. Our results suggest that tai-
lored cationic COFs represent a significant advancement in the
detection and removal of persistent anionic pollutants from water.

Results

The synthesis of TG-PD COF (Fig. 1a) involved a simple sonochemical
method, in which triamino guanidinium chloride TGH+Cl (42.3 mg,
0.30 mmol) and 2,9-diformyl 1, 10-phenanthroline PD (106.2 mg,
0.45 mmol) were combined in a mixture of 1,4-dioxane and water (1:1,
v.v). The resulting mixture underwent ultrasonication for one hour at
room temperature using a high power (40 %, 550 W) ultrasonic probe
in continuous mode with a 3 mm microtip. The orange-colored pro-
duct was subsequently purified by ethanol washing, and dried at 120 °C
for 12 hours.

Confirmation of the successful formation of the imine bond
(-C=N) in TG-PD COF was achieved by Fourier transform infrared (FT-
IR) spectroscopy and solid-state *C cross-polarization magic-angle
spinning (CP/MAS), and the results are shown in Figs. S1 and S2. The
emergence of a new stretching vibration at 1625 cm™, indicative of
imine (-C=N) bonds, along with the disappearance of the band at
1701 cm™, corresponding to —CHO groups in PD, provided evidence
for the formation of TG-PD COF. Moreover, the *C CP/MAS NMR
spectrum of TG-PD COF showed a signal at -147 ppm, providing
additional confirmation of the formation of the ~C=N bond (Fig. S2).
Another signal observed at 152 ppm in the NMR spectrum was
attributed to the C atom of the guanidinium moiety. The TG-PD COF
demonstrated thermal stability up to approximately 200 °C (Fig. S3).
The weight loss observed before 100 °C is mainly attributed to the
desorption of water from the COF surface. Subsequent weight loss
beyond 200 °C is attributed to the thermal decomposition of the
COF network. The morphology of TG-PD was investigated using
scanning electron microscopy (SEM) and high-resolution transmis-
sion-electron microscopy (HRTEM). SEM images revealed a hollow
tube-like morphology with open-ended sides as shown in Fig. 1b and
Fig. S4. HRTEM analysis further confirmed the hollow nature of TG-
PD COF, as evidenced by the presence of an inner interior region
covered by two outer rigid shells with a largely rough surface, as
shown in Fig. 1c and Fig. S4.

PXRD analysis was conducted to verify the formation of the 2D
organic network and confirm its periodic nature (Fig. 1d). For this
purpose, a crystal structure model was simulated and geometrically
optimized, based on the formation of extended layers through the
covalent bonding between TG and DP building blocks (Fig. 1e, Fig. S5).
The structure model consists of TG units acting as three connected
nodes linked by DP moieties, forming honeycomb (hcb) type layers,
with chlorine anions located in the pores. A model in the monoclinic
P2, space group was optimized, with cell parameters a=39.36 A,
b=23.67A, c=4.19A, B=131.97°, where the covalent layers extend
along the ab plane, and are stacked in an inclined fashion along the ¢
direction. The calculated PXRD pattern is in excellent agreement with
the experimental one. Thus, the experimental PXRD pattern show
several diffraction lines, including a distinct peak centered at 20 = 4.6°,
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Fig. 1| Synthesis, chemical structure, and morphology of the TG-PD COF. a Sonochemical synthesis of TG-PDCOF, b, ¢ SEM and HRTEM images of TG-PD COF,
d Experimental (black) and simulated PXRD (red) patterns of TGH*-PD COF, e Geometrically optimized crystal structure of TG-PDCOF.

which was assigned to the (110) diffraction plane of the COF network,
followed by broader signals, spanning the 26 range of 7 - 11°, that are
mainly attributed to the (020), (220), and (310) planes. Additionally, a
relatively sharp intense peak was observed at 20 =27°, which corre-
sponds to the (11-1) reflexion. As expected for a two-dimensional,
layered COF, where the interlayer interactions are not covalent, the
peaks are broad, which is indicative of the limitations in the size
crystalline domains. Nevertheless, this is comparable to most reported
guanidinium-based 2D COFs***%°"¢*, Regarding the correspondence
between the calculated and experimental pattern, the calculated
position of the most intense reflections according to our model are in
good agreement with the experimental pattern. The list of the most

intense diffraction lines (1>5%), and their corresponding d spacing
values, hkl indexes, and 26 position is shown in the following table
(Table S1).

The BET surface area analysis of the TG-PD COF was conducted
(Fig. S6), and the calculated surface area was around 13 m2-g™. This is
likely due to the presence of a large number of counter anions within
the COF network, which may block the COF pores. Similar observa-
tions have also been noted in other reported guanidinium-based
COFs*"**, Furthermore, the lower BET value can be attributed to
several factors, such as disorderly distributed anions, and an imper-
fectly defined stacking sequence as a consequence of the use of phe-
nanthroline units (Fig. S6).
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Photophysical properties and PFOA detection

Despite its hydrophobicity, with a water contact angle of 112° (Fig. S7),
the TG-PD COF forms a relatively stable dispersion in water after just a
few minutes of sonication, owing to its ionic nature, and its photo-
physical properties in water were investigated. In aqueous medium,
TG-PD COF possesses an emission band with a maximum centered
around 575 nm upon excitation at 365 nm. This emission is caused by
intramolecular charge transfer (ICT) from the phenanthroline to the
guanidinium moiety. After adding different concentrations of PFOA to
the TG-PD COF dispersion, the fluorescence intensity showed a linear
increase with increasing PFOA concentration (Fig. 2a). By fitting the
linear data and using the 30/slope method, a limit of detection (LOD)
for PFOA of 1.8 ug-L™" was obtained, showing competitive PFOA sensi-
tivity (Fig. 2b). While it is not the most sensitive of the materials listed
in Table S2°°72, it offers a detection capability in the environmentally
relevant concentrations range, making it a viable option for the
detection of PFOA in the environment.

Interestingly, the TG-PD COF exhibits remarkable selectivity for
the PFOA molecule. Control experiments were conducted to assess
the sensing ability of TG-PD COF with other isostructural fluorinated
and non-fluorinated strong acids (trifluoroacetic acid (TFA), pro-
pionic acid, and perfluorohexanoic acid). TG-PD COF showed a very
weak response to these acids, probably due to their lower hydro-
phobic character (Fig. 2¢, Fig. S8)°%. We also tested NaCl and Na,SO4
for selectivity studies, considering that these salts might be present
in contaminated water (Fig. 2¢)*>“. However, they did not show any
noticeable response with TG-PD COF in water. It is important to note
that the PFOA molecules, with their long fluorinated tails, are highly
hydrophobic in nature. The hydrophobic-hydrophilic interaction is
the key factor in the selective sensing of PFOA by TG-PD COF. With its
long alkyl fluorocarbon tail, PFOA exhibits a strong hydrophobic
binding interaction with the TG-PD COF. In contrast, octanoic acid,
which lacks fluorination, has lower hydrophobicity, which reduces its
binding interaction with TG-PD COF®. To further understand the
sensitivity of TG-PD, we conducted an additional experiment in
which equal quantities of interfering analytes were added along with
PFOA. As shown in Fig. S9, TG-PD exhibited a turn-on signal even in
the presence of other analytes, indicating that the presence of
interfering substances does not significantly affect its performance in
PFOA sensing.

In water, when TG-PD COF and PFOA are in close proximity, large
aggregates form as a result of the strong electrostatic interactions
between the sensor and analyte molecules. In the aggregated state, the
nonradiative intramolecular motions are restricted, which in turn leads
to an enhancement in fluorescence. This phenomenon, known as
aggregation-induced emission (AIE), is responsible for the observed
“turn-on” fluorescence when TG-PD COF interacts with PFOA™">"*, To
confirm this hypothesis, zeta potential ({) measurements were per-
formed to follow the change in surface charge of the TG-PD COF as the
PFOA concentration increased (Fig. S16a). The zeta potential was cal-
culated from DLS measurements. Initially, the COF suspension showed
a positive zeta potential (+24 mV). Upon additions of PFOA, the sur-
face charge significantly decreased to -19.95 mV. This notable change
in the zeta potential values is strong evidence of the electrostatic
interaction between the sensor and the analyte. It is known that in
aggregates, the restriction of intramolecular rotation prevents non-
radiative decay, causing fluorescence enhancement”””.

To assess the practical applicability of our COF material, we also
conducted solid-state fluorescence sensing experiments. In the solid
state, we also observed an efficient fluorescence “turn-on” response to
PFOA (Fig. S10). Solid-state PFOA sensing was conducted by depositing
TG-PD COF powder onto a 2 cm portable filter paper. The paper-based
sensor serves as a suitable substrate that allows for the uniform dis-
persion of the COF powder and the formation of a stable, uniform film.
The emission intensity of TG-PD COF varied linearly with the

concentration of PFOA, and a LOD of 12 pg L™ was calculated in the
solid state (Fig. S10b).

To further elucidate the sensing mechanism and determine the
interaction sites, a thorough ®C CP/MAS NMR spectral analysis was
performed (Fig. 2d) on TG-PD COF before and after exposure to PFOA.
After binding of PFOA with the COF, the carbonyl carbon of PFOA is
upfield shifted by ~ 3.4 ppm. The reason for this significant change in
chemical shift could be attributed to the presence of strong hydrogen
bonding or deprotonation of the carboxyl group as the electronic
environment of the carbonyl carbon is changed. The loss of the proton
and the formation of the carboxylate anion can decrease the electron-
withdrawing effect, leading to increased shielding of the carbonyl
carbon and, consequently, an upfield shift in the NMR signal. This was
further supported by the observed ~ 3.5-fold fluorescence enhance-
ment of the TG-PD COF upon interaction with PFOA, which clearly
confirms the presence of strong interactions between the two species.
This was also confirmed by two-dimensional 'H-*C HETCOR (Hetero-
nuclear correlation) solid-state NMR experiments on pure PFOA and
PFOA bound to TG-PD COF. Figure 2e shows the overlay of the two-
dimensional 'H-*C HETCOR solid-state NMR spectra of pure PFOA (red
contours) and PFOA bound to TG-PD COF (black contours). The
spectrum of pure PFOA is mainly characterized by the presence of an
intramolecular '"H-"C correlation peak (indicated by a red dotted cir-
cle) between the carboxyl carbon atom ( -~ 165.4 ppm) and the carboxyl
proton (-9.6 ppm). On the other hand, the spectrum from PFOA
bound to TG-PD COF is characterized by the presence of
intramolecular 'H-2C correlation peaks appearing mainly from the
aromatic protons from the TG-PD COF (-6.3 ppm) and the carbon
atoms from the TG-PD COF (from 115 to 155 ppm) and intermolecular
H-3C correlation peaks between the aromatic protons from the TG-PD
COF (-~ 6.3 ppm) and the carbon atoms from the bound PFOA (111 and
163 ppm). The presence of intermolecular 'H-C correlation peaks
between the aromatic protons from the TG-PD COF (- 6.3 ppm) and
the carbon atoms from the bound PFOA (111 and 163 ppm) indicate the
presence of very strong interactions between PFOA and TG-PD COF
and their close proximities in space. It is also worth noting that the
spectrum from PFOA-bound TG-PD COF is characterized by the sys-
tematic absence of intramolecular 'H-*C correlation peak between the
carboxyl carbon and the carboxyl proton (3C-165.4/ 'H~9.6 ppm)
indicating the possible deprotonation of the carboxyl protons.
Furthermore, 'H-*C HETCOR spectra also reveal significant upfield
changes in the chemical shifts (~3.4 ppm) for the carbonyl carbon
(highlighted by green arrow) of the PFOA between the free and bound
state, indicating that the carbonyl group of PFOA is the major point of
interaction between the PFOA and the TG-PD COF. To monitor the
changes in ®N chemical shifts upon PFOA binding, DNP-enhanced “N
solid-state NMR experiments were performed on TG-PD COF before
and after binding to PFOA (Fig. S11). The spectrum from pure TG-PD
COF is characterized by the presence of peaks appearing mainly from
the imine (~322.4 ppm) and from NH nitrogen atoms ( ~142.7 ppm).
The spectrum from PFOA-bound TG-PD COF also reveals peaks
appearing mainly from the imine (- 315.5 ppm) and from NH nitrogen
atoms (-~144 ppm). However, N spectrum from PFOA-bound TG-PD
COF reveals an upfield chemical shift of around 6.9 ppm for the imine
nitrogen atoms and downfield chemical shift changes of about 1.3 ppm
for the NH nitrogen atoms. The upfield shift of the imine nitrogen
atoms can be attributed to the increase in electron density at these
sites. When PFOA binds to the COF, the guanidine group can act as a
hydrogen bond acceptor, interacting with the deprotonated carbox-
ylate group of PFOA. This interaction can increase the electron density
on the imine nitrogen atoms, leading to greater shielding and an
upfield shift for imine nitrogen in the NMR spectrum. Conversely, the
downfield shift of the NH nitrogen atoms indicates a decrease in
electron density at these sites. The hydrogen bonding interaction
between the guanidine group and the PFOA carboxylate can withdraw
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electron density from the NH nitrogen atoms, deshielding them and
causing a downfield shift in the NMR signal.

Furthermore, F MAS solid-state NMR experiments were per-
formed to better understand the interaction between PFOA and TG-PD
COF. Figure S12 shows the *F solid-state NMR spectra of pure PFOA
(bottom, blue line) and TG-PD COF treated with PFOA (top, red line).

180 170 160 150 140 130 120 110 100

— & "C (ppm)

The F spectrum obtained from the free PFOA is well resolved and
reveals mainly chemical shifts from the terminal -CF; groups (~-83
ppm) and from the backbone -CF, groups (between -120 to -130
ppm). Compared to the F spectrum of free PFOA, the spectrum of TG-
PD COF treated with PFOA is relatively broad and shows chemical shifts
from the terminal -CF; groups (--82 ppm) and from the backbone
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Fig. 2 | Photophysical properties of the TG-PD COF and its PFOA sensing effi-
ciency. a Normalized photoluminescence (PL) spectra (Aex = 365 nm) of TG-PD COF
dispersion in water with the stepwise addition of PFOA, b Linear plot of normalized
PL intensity (Amax =365 nm) as a function of PFOA concentration, ¢ Bar graph
illustrating the comparative fluorescence intensity of TG-PD COF in the presence of
different analytes, where I, is the initial intensity of TG-PD COF, and I is the final
intensity in response to each analyte, d Solid state *C CP/MAS NMR spectra of PFOA
(black line), TG-PDCOF (green line) and TG-PD COF and PFOA (red line). Asterisks

denote spinning side bands. e Overlay of the two-dimensional ‘H-*C HETCOR
solid-state NMR spectra of pure PFOA (red contour, red dotted circle) and PFOA
bound to TG-PD COF (black contour, gray oval). Inset shows the simplified chemical
structures of TG-PD COF and PFOA. Intramolecular '"H-"C correlation from pure
PFOA is shown by green arrow and inter-molecular correlation between PFOA and
TG-PD COF is shown by a red arrow. Upfield chemical shift change for the carbonyl
carbon from PFOA upon binding to TG-PD COF is shown by a green arrow.

-CF, groups (between -110 to -130 ppm). The appearance of the well-
resolved F peaks from the pure PFOA could be attributed to the
presence of dynamics to sufficiently average out the anisotropic NMR
interactions. On the other hand, the appearance of the broad *F peaks
from the TG-PD COF treated with PFOA could be ascribed to the lack of
dynamics and aggregation of PFOA due to the preferential binding of
the PFOA with the TG-PD COF.

Finally, to gain a deeper understanding of the sensing mechanism
and the selectivity of TG-PD COF, we conducted computational ana-
lysis (Fig. S13) on the COF with PFOA in the gas phase (further details in
SI). For band gap calculations, we selected octanoic acid due to its
close structural similarity to PFOA. The band gap of TG-PD COF with
octanoic acid is observed to be 1.92 eV, which is larger than both the
pristine TG-PD COF and the TG-PD COF with PFOA. This larger band
gap suggests a weaker interaction between TG-PD COF and OA com-
pared to the interaction with PFOA.

PFOA Adsorption experiments

Adsorption studies were conducted to assess the efficiency of the
cationic TG-PD COF in removing PFOA from water. Unless otherwise
stated, all adsorption experiments were carried out at 24 °C using an
adsorbent suspension (Fig. 3a). The concentrations of PFOA in these
experiments were determined by HPLC-MS, and further details are
outlined in the methods section.

Kinetic studies were conducted at different PFOA and TG-PD COF
concentrations to assess their influence on adsorption efficiency
(Fig. 3b). Notably, at higher PFOA and adsorbent concentrations
([COF] = 400 mg-L?, [PFOA] = 0.2 mg:L™), PFOA was rapidly adsorbed
by the TG-PD COF, with 96% of PFOA adsorbed within the seconds
required for sampling and COF filtration from the solution. This
remarkable performance of the TG-PD COF reflects rapid and efficient
PFOA removal capabilities, outperforming previous studies with
similar conditions (Table S3).

To evaluate the efficiency of the TG-PD COF in removing PFOA at
environmentally relevant concentrations, a kinetic study was con-
ducted at a lower concentration ((COF] =100 mg:L™, [PFOA] =1pug-L ™).
Notably, even at such concentrations, nearly 50% of the PFOA was
adsorbed within a minute, with an adsorption equilibrium corre-
sponding to 83% PFOA removal achieved within one hour. The rapid
adsorption kinetics achieved by the TG-PD COF highlights its potential
for practical applications, where it is essential to swiftly adsorb PFAS
contaminants during the brief contact period with the adsorption
bed in adsorption columns.

The kinetic study data were fitted with pseudo-first-order and
pseudo-second-order kinetic models (Fig. S14). As expected, the
experimental data exhibited a better fit with the pseudo-second-order
model, suggesting that chemisorption is the rate-limiting step in
adsorption. The apparent rate constant was calculated to be
11470 g'mgmin™ for the high concentration kinetics study, and
2535g-mgmin™ for the low-concentration study. Notably, the
adsorption kinetics results reported herein at this low concentration
exceed the exemplary reports on PFOA adsorption in the literature
(Table S3). Nevertheless, direct comparisons with the existing litera-
ture are difficult, particularly with regard to the apparent rate constant,
due to the prevalent use of highly concentrated PFOA solutions®**"7¢ %,

To determine the maximum adsorption capacity of TG-PD COF,
adsorption isotherm experiments were conducted across a wide range
of initial PFOA concentrations from 0.2 mg-L™ to 1000 mg:L™, with the
concentration of TG-PD COF remaining constant at 100 mg-L™ in all
experiments (Fig. 3c). The resulting adsorption isotherm showed two
distinct regions separated by an equilibrium PFOA concentration of
approximately 500 mg:L™. Starting from the onset of the isotherm
data up to around 500 mg-L?, where the equilibrium adsorption
capacity slightly exceeded 1000 mg-g™, the adsorption capacity
showed an asymptotic increase with increasing PFOA concentration.
Interestingly, the trend of PFOA adsorption showed a significant
increase at PFOA concentrations higher than 500 mg-L" instead of
reaching a saturation point and plateau. This observation is consistent
with the two-stage adsorption isotherms reported for the adsorption
processes of ionic surfactants on oppositely charged adsorbents®>*,
The initial phase involves “head-on” adsorption at lower PFOA con-
centrations, which is primarily driven by the electrostatic interactions
between the anionic head of PFOA and the cationic guanidium moi-
eties in the COF structure®*®’, Due to the high surface charge, the PFOA
anions must be oriented with their charged heads towards the oppo-
sitely charged COF surface, while their tails extend into the water
mass® %,

While the PFOA concentration in the bulk solution remains below
the critical micellization concentration (CMC), a significant local con-
centration near the COF surface promotes the formation of PFOA
molecular aggregates, attributed to hydrophobic interactions among
the PFOA tails?**. This localized aggregation phenomenon triggers a
cooperative adsorption process, leading to a PFOA uptake exceeding
2600 mg-g™, which is an exceptional capacity for PFOA uptake using
COF-based adsorbents.

In order to assess the performance of the COF in removing PFOA
from water under more realistic conditions, adsorption columns
containing 3 mg of COF were prepared. Water containing two different
concentrations of PFOA flowed through the columns at a rate of
around 100 pL-min™ (Fig. 3d, Fig. S15). Remarkably, complete removal
of PFOA was achieved throughout the filtration of 20 mL of water with
PFOA concentrations of 1ug:L™ and 200 pg-L™ (Fig. 3e). The PFOA
concentration in the filtrate was below the HPLC-MS detection limit,
which was determined to be around 50 ppt. This further demonstrates
the TG-PD COF’s effectiveness in the rapid and complete removal of
PFOA in conditions similar to conventional gravity filters.

In an attempt to investigate the two-phase adsorption iso-
therm, other studies in the literature using various adsorbents have
presented the effects of PFAS aggregation on increased adsorption
over time and highlighted their influence on the adsorption
isotherm*>*5% However, the remarkable increase in the uptake
capacity demonstrated in the isotherm in this study is not only more
pronounced, but also results in a significantly higher adsorption
capacity compared to these reports. The interplay of hydrophobic and
electrostatic forces between the TG-PD COF and the PFOA molecules
leads to a synergistic effect that uses the two most potent mechanisms
known for the efficient extraction of PFOA from aqueous media.
Moreover, the unique open architecture of the TG-PD COF prevents
blockage of the internal adsorption sites by PFOA aggregates, a com-
mon limitation with other adsorbents®**. Additionally, the periodic
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distribution of adsorption sites within the COF and its large pore size
provide unobstructed access to these sites within the porous struc-
ture, optimizing the PFOA adsorption process.

To further understand the observed two-phase adsorption phe-
nomenon shown in the isotherm (Fig. 3c), zeta-potential measure-
ments were performed to follow the change in surface charge of the
TG-PD COF as the initial PFOA concentration increased (Fig. S16a).
Initially, the COF suspension exhibited a positive zeta potential
(+24 mV), which is due to the presence of positively charged guani-
dinium moieties. After the introduction of a low PFOA concentration
(1pg-L™), a significant decrease in the surface charge to about -0.8 mV
was observed, indicating preferential adsorption on the outer surface
of the TG-PD COF, leading to neutralization of the surface. As the PFOA
concentrations continued to increase, the surface charge of the COF
suspension remains almost neutralized, suggesting adsorption within
the porous structure of the TG-PD COF following the saturation of the
outer surface up to a PFOA concentration of around 200 mg-L™
Notably, when the PFOA concentration was further increased up to
1000 mg-L™, the surface charge decreased significantly to -19.95 mV.
This phenomenon could be due to the aggregation of PFOA molecules
on the COF surface via tail-to-tail hydrophobic interactions, induced by
the increased concentration of PFOA molecules in the vicinity of the
COF surface. This observation aligns well with the sudden increase in
adsorption capacity observed in the isotherm, further suggesting that
the formation of PFOA aggregates causes this abrupt increase in
adsorption capacity.

Additionally, the pH of the solution (Fig. S16b) shows a pro-
gressive decrease with increasing initial PFOA concentration indicating
the ionization of the PFOA molecules and the release of H;O". Even at
the highest PFOA concentration, the pH continued to decrease, indi-
cating progressive ionization of the PFOA molecules, facilitating their
adsorption onto the COF structure in their anionic state.

Scanning transmission electron microscopy (STEM), specifically
utilizing high-angle annular dark field (HAADF) imaging, was used to
study COF suspension at varying initial PFOA concentrations (0, 600,
and 1000 mg-L™). This technique provided detailed Z-contrast images,
allowing accurate identification of the locations of the fluorine atoms
within the COF structure (Fig. 4a—c). At a higher magnification, ele-
mental mapping showed the dispersion of fluorine atoms throughout
the COF material. At 600 mg:-L™, the fluorine atoms were evenly dis-
tributed across the COF, whereas at 1000 mg-L™, while still uniformly
distributed, fluorine also formed aggregates on the COF surface. The
analysis showed a qualitative increase in fluorine content from 12.4% to
16.1% within the COF matrix as the PFOA concentration increased from
600 mg-L™ to 1000 mg-L™, as documented in Table S4 and Fig. S17.
This is further supported by the stable chlorine concentrations
observed by STEM, indicating that the adsorption of PFOA anions leads
to an increased negative charge within the suspension. Aggregation,
driven by hydrophobic interactions, marks a distinct phase in PFOA
adsorption, as illustrated schematically in Fig. 4d.

The effect of temperature on PFOA adsorption by the TG-PD COF
was investigated at a PFOA concentration of 200 mg-L! and a COF
concentration of 100 mg-L™ (Fig. 4e). Increasing the adsorption tem-
perature from 24 °C to 50 °C led to a significant decrease in COF
adsorption capacity by almost 40 %. A further increase in the tem-
perature to 80 °C led to a slight increase in adsorption, but still about
33 % lower than that at 24 °C. This decrease in adsorption capacity with
increasing temperature indicates a predominant influence of enthalpic
forces in the adsorption process. However, the subsequent increase in
adsorption at higher temperatures implies that entropic contributions
become more dominating, which is consistent with observations
reported for surfactants®°.

The adsorption isotherm data were fitted using both the Langmuir
and Freundlich models, as shown in Fig. S18. Attempting to fit the
entire data set to either the Langmuir or Freundlich model did not

yield satisfactory linear fits, indicating that the adsorption process
cannot be fully characterized as monolayer or multilayer adsorption
over the entire range of PFOA concentrations. Upon dividing the
adsorption isotherm dataset at a threshold of 600mg-L", where
aggregation is expected to occur, it was observed that the data points
below 600 mg-L™ fit the Langmuir model well. This suggests that
monolayer adsorption predominates at lower PFOA concentration
ranges. Conversely, data points above 600 mg:L™ show a better fit with
the Freundlich model, indicating a multilayer adsorption process
within this PFOA concentration range®. Although the maximum
adsorption capacity, Qmax, Of the TG-PD COF is higher than
2600 mg-L™, its calculation was not pursued due to safety concerns,
which prevented experiments at higher PFOA concentrations. Further
details on the safety considerations regarding experimental work
involving PFOA can be found in the supporting information file and in
literature®.

Regeneration experiments were carried out to evaluate the reu-
sability of the TG-PD COF over several adsorption cycles. The COF was
soaked in methanol overnight before being reused for PFOA adsorp-
tion (Fig. 4e). Notably, the COF effectively desorbed the PFOA in
methanol and maintained its adsorption efficiency throughout five
regeneration cycles, without any reduction in adsorption perfor-
mance. Finally, we assessed the stability of the regenerated TG-PD
COF. The unchanged PXRD pattern and SEM images after regeneration
clearly confirm the stability of the TG-PD COF adsorbent (Fig. S19).

Computer simulations

To gain deeper insights on the mechanism and the thermodynamic
factors governing the adsorption of PFOA, Molecular Dynamics (MD)
simulations were conducted. A 12-layer COF structure was constructed
and solvated with water and ions to mimic experimental conditions, as
depicted in Fig. 5a. Details regarding the parameters of the MD simu-
lation setup can be found in the methods section. The convergence of
the adsorption process was monitored by calculating the PFOA uptake,
which stabilized after approximately 200 ns, as depicted in Fig. S20a. A
time evolution of the adsorption process at various times is shown
in (Fig. 5b).

First, the accuracy of the molecular simulations was assessed by
comparing the number of PFOA molecules adsorbed by the TG-PD
COF with the experimental data. The simulations show that out of 290
PFOA molecules initially present in the simulation box, 280 were
adsorbed by the COF upon reaching equilibrium. This translated to a
removal capacity of 96% at a bulk PFOA concentration of 900 mg:L™, in
a COF concentration of 374 mg-L™. This computational estimate clo-
sely matches the experimental findings at a corresponding PFOA
concentration, where the equilibrium uptake was nearly 2300 mg-g™*
(Fig. 3b), compared to 2310 mg-g™ obtained from the simulation.

Subsequently, simulations were employed to elucidate the
mechanism of PFOA adsorption. Snapshots captured at various time
points provide qualitative insights into the dynamics of the adsorption
process (Fig. 5b). Changes occurring throughout the adsorption pro-
cess were tracked by examining the density profiles of PFOA, water
molecules, and the total charge along the long axis of the simulation
box, as depicted in Fig. 5c-e. To guide the eye, the COF-solvent
interface was highlighted with dashed lines in the density profiles.

Findings from the temporal evolution of the average density
profiles reveal a significant shift in the distribution of components
upon adsorption of PFOA by the TG-PD COF. The first notable change
is observed when PFOA forms a layer on the surface of the COF
between t=1-10ns, resulting in a peak in the PFOA density profile
(compare Fig. 5b with Fig. 5c). This accumulation of PFOA at the
interface leads to a drastic shift in water density (Fig. 5d). As the COF
adsorbs PFOA molecules, a significant displacement of water mole-
cules occurs from the COF to the bulk (Fig. 5d, Figure S20b). Upon
reaching equilibrium, water in the bulk reaches a density of almost
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Fig. 5 | PFOA adsorption process from computer simulations. a All-atom MD density profiles along the long axis of the simulation box (z-axis) depicted in b for
simulation setup of TG-PD COF with PFOA molecules. b Snapshot taken from PFOA, water, and total charge, computed from simulation data averaged over a
simulation at different time points to show the process. c-e Time evolution of the  time interval of dt=0.1ns.
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0.98 g-cm, while the density of water inside the COF decreases to
~0.34 g-cm’®, indicating a substantial dehydration at the COF-PFOA
interface. The binding of PFOA to the COF leads to the displacement of
approximately 22 water molecules per adsorbed PFOA molecule. This
displacement stems from PFOA molecules occupying positions pre-
viously held by water within the COF and stripping of water molecules
from the solvation shell of PFOA (Fig. S20b). To interpret the zeta-
potential measurements shown in Fig. S16a, we computed the average
charge density along the longitudinal axis (z). Our findings reveal a
positive surface charge for the COF at low PFOA loadings, which
transitions to neutral and then to a negative surface charge distribu-
tion at high PFOA loadings (Fig. Se), consistent with the observations in
Fig. Sl6a.

To unravel the molecular mechanism underlying the exceptional
PFOA uptake capacity, the specific interactions between PFOA, water,
and the COF were examined using the radial distribution function
(RDF). This analysis was conducted over the final 500 ns of the simu-
lation, where equilibrium was achieved (Fig. 6a-g and Figs. S21-23).
RDF peaks at shorter interatomic distances reveals specific binding
sites between certain atom pairs, whereas the absence of peaks sug-
gests a lack of interaction between pairs. Based on this, we observe a
weak interaction between water and PFOA, with no specific binding
observed between them (Fig. S21). In contrast, interactions between
water and the COF were involved in weak hydrogen bonds between the
aliphatic hydrogens of the COF and the oxygen atoms of water mole-
cules (Fig. S22). The interactions between PFOA and the COF on the
other hand were characterized by strong electrostatic forces at the
binding sites, specifically between the positively charged nitrogen and
aliphatic hydrogens of the COF and the negatively charged oxygen
groups of PFOA, as well as the fluoride atoms (Fig. S23).To better
understand the nature of the PFOA-COF interactions, we investigated
the changes in the number of hydrogen bonds, AN, and the changes
in the non-bonded energy terms AE,;,,, and AE,;,. using the first and
last three nanoseconds of the simulation, representing the states of
PFOA in its unbound and bound states respectively (Fig. 5b, and
Figs. S24-26). We partitioned each term into the different species,
namely water, PFOA, and COF. The results are summarized in Fig. 6h, i.

We observed that the process of PFOA adsorption causes a rise in
the total number of hydrogen bonds, primarily governed by water-
water hydrogen bonds. As PFOA molecules bind, the displaced water
moving to bulk starts forming more hydrogen bonds with other water
molecules. While the number of hydrogen bonds between water
molecules increases, the count of COF-water and water-COF hydrogen
bonds decreases (Fig. 6h and Figs. S24-26). Nonetheless, the acquired
hydrogen bonds during water displacement outweigh the losses,
providing an enthalpic and entropic contribution to the PFOA
adsorption process. A second contributor to the PFOA-COF stability
was found to be the change in the non-bonded interactions between
PFOA and COF (Fig. 6i). The charge distribution of the PFOA and the
cationic nature of the COF resulted in a dramatic reduction of the
electrostatic energy upon PFOA adsorption into the pores in addition
PFOA-COF form favorable interactions via dispersion forces. Overall
our simulations propose that the enthalpic gain resulting from the
interactions between PFOA and COF, supported by the increase in the
number of hydrogen bonds of displaced water, serve as the driving
force for PFOA adsorption by the COF.

Discussion

In conclusion, this study presents a novel approach to mitigate PFOA
contamination by designing and synthesizing a multifunctional catio-
nic covalent organic framework (COF), TG-PD COF, which seamlessly
integrates PFOA sensing and removal capabilities. TG-PD COF exhibits
high sensitivity for PFOA sensing, achieving a detection limit as low
as 18ugL™? through its fluorescence-based “Turn-On” sensing

mechanism triggered by PFOA binding. Detailed investigations eluci-
date the charge transfer mechanism responsible for this performance.
The adsorption performance is equally efficient, with rapid adsorption
kinetics demonstrated even at environmentally relevant concentra-
tions. The observed two-phase adsorption isotherm, attributed to the
aggregation of PFOA molecules, culminates in a remarkable equili-
brium uptake of over 2600 mg-g™ at the highest PFOA concentration
tested. Adsorption column tests have also revealed complete PFOA
removal at environmentally relevant concentrations. The COF’s phy-
sicochemical properties, designed to harness both hydrophobic and
electrostatic interactions, increase its efficiency in removing PFOA. In
addition, the large pores and open structure prevent blockage of
internal adsorption sites by PFOA aggregates and enable rapid
adsorption kinetics. Molecular Dynamics simulations validate our
experimental results and shed light on the intricate interactions
between PFOA, water, and TG-PD COF at the atomic level. This study
not only presents an innovative material but also provides profound
insights into its interactions at the atomic-level, serving as a valuable
guide for further research in this field.

Methods

Materials

All chemicals and starting materials were procured from Sigma-Aldrich
and utilized without additional purification. The synthesis of 2,9-
diformyl 1,10-phenanthroline (PD) and triamino guanidium hydro-
chloride salt (TGH-Cl) followed previously documented procedures in
the literature®>®, Silica gel 60 F (Merck 9385, 0.040-0.063 mm) was
employed for column chromatography. Amine analytes, including
ammonium hydroxide (28.0-30.0%), methyl amine (2M in THF),
hydrazine hydrate (80%), pyridine (99%), 1-naphthylamine (99%),
cadaverine (95%), diethylamine (99.5%), and triethylamine (99.5%)
were obtained from Sigma Aldrich and utilized without further
purification.

Characterization

Solution state nuclear magnetic resonance (NMR) spectroscopy was
conducted at 25 °C using a Bruker Avance lll spectrometer operating at
frequencies of 500 MHz for 1H and 125.0 MHz for ®C nuclei. All che-
mical shifts are expressed in ppm relative to the signals corresponding
to the residual non-deuterated solvents (CDCI3 = 7.26 ppm)’*®.
Simultaneous decoupling of proton nuclei was employed for all *C
NMR spectra. Coupling constant values (/) are given in hertz (Hz). The
proton spectrum multiplicity was denoted as follows: s (singlet), d
(doublet), dd (doublet of doublets), t (triplet), q (quartet), qt (quintet),
sx (sextet), m (multiplet), and a broad signal is indicated by br (broad).
Magic Angle Spinning (MAS) solid-state NMR experiments were car-
ried out on a Bruker Avance-HD 600 MHz spectrometer operating at a
static field of 14.1 T using a 4.0 mm MAS probe in the double channel
mode. Samples were packed into 4.0 mm zirconia rotors and were
spun at a MAS frequency of 14 kHz. Cross-Polarization Magic Angle
Spinning (CP/MAS) NMR experiments were performed using a stan-
dard linearly ramped cross-polarization pulse sequence. *C chemical
shifts were externally referenced to the adamantane CH, signal at
38.48 ppm on the TMS scale. NMR data were processed using TopSpin
software.

Fourier transform infrared (FTIR) analyses were conducted using
the Agilent 670-IR spectrometer. Thermogravimetric analysis (TGA)
was carried out on the TA SDT Q600 instrument. Scanning electron
microscopy (SEM) imaging was performed with the FEI Quanta 450FEG
apparatus. Transmission electron microscopy (TEM) analysis of the
COF material was conducted using a FEI-Titan 300 microscope, with
samples prepared on carbon-coated copper grids and allowed to dry
overnight after spotting a drop of dispersed TG-PD network. Surface
area measurements were performed on a Micromeritics 3Flex gas
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sorption analyzer. Samples (20-50 mg) underwent degassing at 85 °C
for 24 h followed by backfilling with N,. Adsorption isotherms were
generated incrementally by exposure to ultrahigh-purity nitrogen up
to 1atm using ultrahigh-purity nitrogen in a liquid nitrogen bath, and
surface area was determined employing BET adsorption models pro-
vided in the instrument software (Micromeritics ASAP 2020 V4.00).
Powder X-ray diffraction (PXRD) analyses were carried out utilizing the
PANalytical X’Pert PRO MP X-ray diffractometer equipped with a
focusing elliptical mirror and a fast-high resolution detector (PIXCEL)
using radiation with a wavelength of 0.15418 nm. UV-Visible spectro-
scopy (UV-Vis) was conducted on the Cary 5000 UV-Vis-NIR spec-
trophotometer. Emission spectra in water at room temperature were
recorded using a Perkin Elmer LS55 Fluorescence Spectrometer.
Dynamic light scattering measurements were executed with a Malvern
Zeta sizer NanoSeries to determine the size and zeta-potential of the
nanoparticles.

Quantum mechanical calculations

To compute point charges and the HUMO-LUMO levels, we utilized
NWChem. We optimized the geometry of the structures using the
Hartree Fock method and a 6-31 G* basis set. Charges were computed
by fitting the electrostatic potential using the ESP module. To compute
energy levels, we employed the B97-D functional by assigning a 6-
311 G* basis set for all atoms.

PFOA adsorption experiments
Batch adsorption experiments of PFOA were performed using 20 mL
glass scintillation vials at 24 °C. The experiments were conducted on a
stirring hot plate at 500 revolutions per minute (rpm) stirring rate.
Prior to PFOA adsorption experiments, the vacuum-dried COF
adsorbent was rehydrated by adding a precalculated mass of COFs to
a scintillation vial with a precalculated volume of DI water to yield the
required adsorbent concentration as a suspension. The COF sus-
pensions were then sonicated for 30 min to disperse small aggre-
gates. Then, the experiments were conducted by adding suitable
volumes of the PFOA solution, DI water, and the COF adsorbent
suspension to a 20 mL glass scintillation vial to generate the required
concentrations of the PFOA solution and the COF suspension. Sam-
ples were collected in 1 mL volumes and filtered with a 0.2 um syringe
filter. Control experiments were conducted using samples that did
not contain the COF adsorbent to account for PFOA losses due to
other factors. These samples were collected for the control experi-
ments in the same manner. All adsorption experiments were per-
formed in triplicate.

Kinetic adsorption studies

Batch kinetic experiments were performed at both high and low con-
centrations of the PFOA and COF adsorbent. For experiments con-
ducted at high concentration, the adsorbent dose was 400 mgL™,
while the PFOA concentration was 0.2mgL™. Prior to the measure-
ments, the COF adsorbent was rehydrated by combining 8 mg of
adsorbent with 16 mL of DI water in a 20 mL glass scintillation vial
yielding a 500 mg:L™" suspension. The suspension was sonicated for
30 minutes to disperse any small aggregates. Then, 4 mL of a1 mg-L™
PFOA solution was added to each suspension. 1 mL samples were col-
lected in HPLC vials and filtered using a 0.2 um syringe filter. Samples
were collected at predetermined times (0, 0.1, 0.5, 1, 5,10, 30 min and
22 h), where the time 0 sample was taken prior to the addition of the
COF suspension and the 0.1 min sample was taken immediately fol-
lowing the addition of the COF suspension. Control experiments were
performed in the exact same manner but without the addition of the
COF suspension. The volume of DI water added to the control
experiment was higher to compensate for the water not added from
the COF suspension and to achieve the required final PFOA
concentration.

The removal efficiency of PFOA at different experimental times
was calculated by Eq. 1:

Co=Co y 100 @
CO

PFOA Removal% =
Where C, (mg-L™") and C, (mg:L™) are the initial and residual con-
centration of PFOA in the stock solution and filtrate, respectively. The
adsorption capacity was determined by Eq. 2:
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Where Q, (mg-g™) is the PFOA uptake capacity by the COF adsorbent at
any time t (min); C, (mg:L™) is the PFOA average concentration in the
control experiments; C, (mg:L™) is the concentration of PFOA in the
sample at time t (min); and C, (mg-L™) is the concentration of adsor-
bent. The data from the adsorption kinetics were fitted against the
pseudo-first-order and pseudo-second-order adsorption models in a
linearized form represented by Eq. 3 and Eq. 4 respectively:

Pseudo-first order model : In(Q, — Q,) =In(Q,) — K;t 3)

1ot .
Q. (C))

Pseudo-second order model : 5
: K,Q;

Ql =~

Where ¢ is time, Q, (mg-g™) is the PFOA uptake capacity by the COF
adsorbent at equilibrium, K; (min™) is the moduli of the pseudo-first
order model and K, (g'mg™min™) is the rate constant of adsorption.

Isotherm adsorption studies

Adsorption isotherm experiments were performed in 20 mL glass vials
at 24 C on a stirring hot plate (500 RPM) with magnetic stir bars. The
COF adsorbent dose was fixed at 100 mg-L™ for all the experiments and
the initial concentration of the PFOA was varied with increments at 0.2,
1, 10, 20, 30, 50, 100, 200, 400, 600, 800, and 1000 mg-L". The
experiments were stirred for 22 h to reach the equilibrium, then 1mL
samples were collected and filtered using 0.2 pm syringe filters to
remove any remaining COF. Control experiments to account for PFOA
losses were performed under the same conditions except for the
addition of adsorbents, and samples were collected at 22h. All
adsorption isotherm experiments were performed in triplicate. Lang-
muir adsorption and Freundlich isotherm fits were generated by Non-
linear Least Square Regression in Eq. 5 and Equation S:

C 1 C
Langmuir model : —¢ = + € 5
g Qe QmKL Qm ( )
Freundlich model : In(Q,) =In(K¢) + %ln(ce) (6)

Where C, (mg:L™) is the equilibrium concentration of the PFOA in the
solution following adsorption, Q,, (mg-g™) is the theoretical maximum
adsorption capacity of the COF adsorbent, K; (L-mg™) is a Langmuir-
adsorption-affinity constant; K is a Freundlich empirical constant
which corresponds to the relative adsorption capacity of the
adsorbents; and 1 is a Freundlich-adsorption-intensity constant. n is
an indicator of the intensity of the adsorption.

Column adsorption studies

The COF column adsorption experiments were conducted using glass
droppers as columns, allowing for controlled, small-scale experiments
for safety, given the high concentrations of PFOA involved (Figure S15).
A cotton layer was first inserted at the bottom of the column to
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support the COF and prevent it from exiting with the water. A
1000 mg-L" TG-PD COF suspension was used to form the COF bed.
Specifically, 3 mL of the suspension was pipetted into the column to
create a COF bed with exactly 3 mg of COF, and the suspension was
allowed to settle. While the water exited through the cotton layer, the
TG-PD COF particles settled on top of it. DI water was flushed through
the column until clear water was collected from the filtrate end. Sub-
sequently, 1 mL of the PFOA solution was pipetted into the dropper
and discarded before sample collection. Then, 20 mL of each PFOA
solution was continuously pipetted from the influent side, and the
filtrate was collected in 1 mL volumes, placed in HPLC vials, and ana-
lyzed using HPLC-MS. This setup minimized contact and leak risks with
the PFOA solution during the column tests.

Elemental mapping

High resolution transmission electron microscopy (HRTEM) images
were collected using a Talos F200X STEM equipped with a CETA 16 M
camera and a lattice-fringe resolution of 0.14 nm at an accelerating
voltage of 200 kV. The samples were prepared on holey carbon film
mounted on a copper grid. A drop of diluted particle solution was
spotted on the grid and dried overnight at room temperature (298 K).
The obtained images of periodic structures were analyzed using TIA
software. Chemical mapping was carried out in STEM-EDAX mode
while the energy-dispersive X-ray analysis (EDAX) was performed using
a super-X EDS detector. The system has superior sensitivity with
resolution of <136 eV/Mn-Ka for 10 kcps at zero-degree sample tilt. The
detector provides quick data even for low intensity EDS signals. The
data is the sum of 4 detectors and the collection time for the elemental
maps in fast mapping mode can be reduced to minutes from hours.
The data was analyzed using Velox analytical software. The samples for
the HRTEM study were prepared on holey carbon film mounted on a
copper grid.

Regeneration studies

Adsorption experiments. The regeneration studies began with batch
adsorption experiments conducted as outlined in the isotherm
adsorption experiments, using a PFOA concentration of 0.2 mg-L™ and
a COF concentration of 100 mg-L™.

Desorption experiments. To desorb PFOA from the COF adsorbent,
the COF powder was separated from the PFOA solution by cen-
trifugation and subsequently soaked in methanol overnight. The PFOA
concentration in methanol was analyzed by LC-MS to assess the des-
orption efficiency. The COF powder was then reused for another PFOA
adsorption cycle following the previously described procedure.

Molecular modeling setup for the COF simulations

The COF unit cell was obtained from PXRD extended along each axis,
forming a supercell of 2x2x12. The framework was then placed in a
periodic box measuring 82.9x50.2x163.4 A3, with 63.4 A extra space
along the z-axis to create the bulk phase. 290 PFOA molecules were
randomly added to the simulation box. Later, the box was solvated
with water molecules, and Na* ions were introduced to neutralize the
system. The TIP3P model®® was employed to represent the water
molecules, while the Dreiding force field”” was utilized for repre-
senting PFOA and COF. PFOA charges were derived from QM calcu-
lations implemented in NWchem®®, while the Gasteiger method was
adopted for the COF. For ion parameters, we used Ref *°. This force
field combination provides an experimentally consistent depiction
of the adsorption process, as demonstrated in our previous
Studiesl()()'lm.

Quantum mechanical calculations
To compute point charges and the HUMO-LUMO levels, we utilized
NWChem. We optimized the geometry of the structures using the

Hartree Fock method and a 6-31 G* basis set. Charges were computed
by fitting the electrostatic potential using the ESP module.

Molecular dynamics simulations

The simulations were performed using GROMACS'®. The simulation
system was first optimized using the steepest descent for 500 steps'®.
Then the equations of motion were solved using the leapfrog
integrator'® with a timestep of 1fs in an NVT ensemble. The velocity
rescaling was used to keep the temperature at 298 K. Long-range
interactions were treated with a cut-off of 1 nm for both electrostatic
and van der Waals interactions. The Particle Mesh Ewald Summation
method'® was used to compute electrostatic interactions. Data
recorded every 5 ps was used for the analysis. A detailed description of
the simulation details can be found in our previous works'*>'",

Data availability

The authors declare that the main data supporting the findings of this
study are available within the article and its Supplementary Informa-
tion files. The CIF File for TG-PD COF is available through Figshare
(https://figshare.com/articles/dataset/TGPD_COF _cif/27222555?file=
49774302). Extra data are available from the corresponding author
upon request.
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