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A novel viologen-based covalent organic framework (VZ-COF) featuring hydrogen-bond acceptor sites,
positively charged functional groups, and hydrophobic segments was synthesized to adsorb per- and
polyfluoroalkyl substances (PFAS) using a new aromatic tetraamine linker (QPPTA) and Zincke salt.
Including building blocks that offer multiple types of interactions cumulatively increases the capacity of
COFs to adsorb PFAS. QPPTA provides two different kinds of intermolecular interactions: hydrophobic
interactions through aromatic regions and hydrogen bonding via nitrogen atoms. The Zincke salt
provides electrostatic interactions through positively charged functional groups. This combination of
functionalities in VZ-COF enabled competitive PFAS adsorption efficiency. VZ-COF was tested against
a series of PFAS and was found to adsorb all at >90%, and adsorption of perfluorooctane sulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA) was >99%. The adsorption capacity of VZ-COF was found to
be 1000 mg g™t and was unaffected by salts, pH variations, and complex organic acids, such as humic
and tannic acids. VZ-COF also effectively removed PFOS and PFOA, reducing 1 pg L™t concentrations to

Received 24th September 2024 1 1 . ’
Accepted 3rd February 2025 less than 1.6 ng L™ and 4.1 ng L respectively, even at extremely low concentrations (less than
38 ng LY in tap water. A short column of VZ-COF was used for flow adsorption of tap water to

DOI: 10.1035/d4ta06827k preconcentrate PFAS from tap water to detect and quantify very low concentrations. VZ-COF can be
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1. Introduction

Engineering covalent organic frameworks (COF) from organic
building blocks allows for the precise control of functionality
which then allows for designed interactions with guest species.
This functionality can be tailored to address specific scientific
and technological needs, such as adsorption, catalysis, sensing,
biomedical applications, and single-layer material design.
Cationic COFs, featuring positively charged building blocks
or pendant groups, represent a pivotal subclass of ionic COFs
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regenerated and reused with little change in adsorption efficiency.

with versatile applications.”* Their structures position them as
proficient adsorbents for the removal of toxic species.>® The
synthesis of cationic COFs involves either the direct utilization
of predesigned cationic monomers or the post-synthetic modi-
fication of neutral COFs."?

Per- and polyfluoroalkyl substances (PFAS), a class of engi-
neered chemicals extensively used in industrial applications for
decades, pose a distinctive challenge due to their robust C-F
bonds, imparting chemical and thermal stability that resists
degradation and metabolization.’*** This stability, coupled
with hydrophilic-lipophilic properties, contributes to their
persistence in the environment and accumulation in human
tissues, earning the label forever chemicals."®** Recent research
underscores the environmental and health risks associated with
PFAS accumulation necessitating urgent research into water
purification and PFAS removal.**¢

Solid adsorbents have emerged as a preferred technique for
PFAS removal owing to their simplicity, high efficiency, and
economic feasibility.""” Solid state sorbents such as anion-
exchange resins, metal-organic frameworks (MOFs), and
COFs, among others, have been explored for PFAS
removal.""*® Despite their large specific surface areas, suitable
pore sizes, and functional groups, these materials often
encounter limitations such as slow removal rates, low capacity,

This journal is © The Royal Society of Chemistry 2025
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poor regeneration ability, and low chemical stability. Other
challenges arise from variations in pH and the presence of salts.

To address these challenges effectively, researchers have
designed adsorbents with specialized multi-functional groups
such as positive charges,”® fluorocarbon chains to enhance
hydrophobicity,® and heteroatoms capable of forming
hydrogen bonds™ to increase PFAS adsorption efficiency.
Another critical factor that is likely to enhance PFAS adsorption
efficiency is increasing the water wettability of COF surfaces by
increasing the number of hydrophilic groups within the
framework. Enhancing water wettability significantly improves
water penetration into the pores of porous adsorbents, allowing
PFAS molecules to access internal adsorption sites more effi-
ciently and thereby improving adsorption efficiency. Further-
more, increased wettability reduces surface tension, facilitating
interactions between PFAS molecules, water, and the adsorbent
surface, which enhances the exposure of PFAS molecules to
adsorption sites.”® Additionally, fine-tuning the pore size of the
adsorbent is vital to improve the selectivity of PFAS adsorption
while concurrently mitigating the co-adsorption of organic
interferences, such as humic and tannic acids.?® Furthermore,
ensuring the stability of the adsorbent is essential for main-
taining its structural integrity throughout the regeneration and
reusability processes.

Although the use of COFs for PFAS removal has shown
promising results,'®>"**! their adsorption capacity remains
relatively low. For example, the maximum adsorption capacities
of two hydrophobic COFs, COF-TpDt and olefin-linked 2D COF,
for PFOA are 13.7 and 19.3 mg g™, respectively, highlighting
their low adsorption capacity.’®** The incorporation of
hydrogen-bonding sites into a fluorinated-squaramide-COF,
a hydrophobic COF, obviously enhances its adsorption
capacity to 370 mg g '.** Similarly, hollow V-COF, another
hydrophobic COF, exhibits a low capacity of 53 mg g~ * for PFOA
adsorption.”® However, functionalization of this COF with
amine groups, which act as weak bases and provide both
hydrogen-bond donor and acceptor functionalities, enables the
synthesis of cystamine-grafted hollow COFs with a significantly
improved capacity of 577 mg g~ '.2° Furthermore, the introduc-
tion of positive charges into the COF enhances electrostatic
interactions with PFOA, increasing the adsorption capacity of
methylated TAPB-BP-allyl COF to 769 mg g~ '.*? Despite this, the
presence of positive charges alone is insufficient for the highly
efficient removal of PFAS from real drinking water samples.
Therefore, to improve the performance of COFs for the removal
of diverse PFAS, the frameworks must be functionalized with
a variety of groups to strengthen electrostatic and hydrophobic
interactions while facilitating hydrogen bonding.

Incorporating positive charges into the COF skeleton
increases electrostatic interactions with PFAS and improves the
capacity.”” The presence of positive charges alone, however, is
insufficient for highly efficient PFAS removal from real drinking
water samples. Therefore, in addition to positive charges, the
COFs must be modified with diverse functional groups to
enhance hydrophobic interactions and facilitate hydrogen
bonding.
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Taking into account these considerations, we prepared
a novel viologen-based COF, VZ-COF, using a new aromatic
tetraamine linker, (4,4',4”,4"-(quinoxalino[2’,3:9,10]phenan-
thro[4,5-abc]phenazine-6,7,15,16-etrayl)tetraaniline, =~ QPPTA)
and 1,1'-bis(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride
(zincke salt) via the Zincke reaction (Scheme 1). The viologen
building blocks in the VZ-COF structure give the COF a region of
positive charge of +28.1 mV, as revealed by zeta potential
measurements. Furthermore, the incorporation of nitrogen
atoms in the quinoxaline rings of QPPTA introduces potential
hydrogen bonding sites within the VZ-COF framework, while
the pyrene and phenyl subunits of the QPPTA linker contribute
to the formation of hydrophobic regions within the VZ-COF
structure. This combination of functionalities enhances PFAS
adsorption and makes VZ-COF a highly efficient adsorbent for
PFAS. VZ-COF remains unaffected by changes in pH, as well as
interference from salts, humic acid, and tannic acid. Addi-
tionally, it can be easily regenerated and reused.

2. Results and discussion
2.1 Synthesis and characterization

QPPTA was synthesized through a two-step reaction process.
The first step involved the synthesis of 6,7,15,16-tetra-
bromoquinoxalino[2’,3":9,10]phenanthro[4,5-abc]phenazine
(TBQPP) from pyrene-4,5,9,10-tetraone and 4,5-
dibromobenzene-1,2-diamine. The second step was a Suzuki
reaction between TBQPP and 4-aminophenylboronic acid
pinacol ester. QPPTA was characterized using Fourier-transform
infrared (FT-IR) spectroscopy, proton-1 and carbon-13 nuclear
magnetic resonance spectroscopy, direct analysis in real-time of
flight mass spectrometry (DART-TOF-MS), and ultraviolet/
visible (UV/Vis) spectroscopy (Fig. S1-S8t). The synthesis of
VZ-COF was investigated via the Zincke reaction involving the
amine groups of the QPPTA monomer and Zincke salt under
one-pot solvothermal conditions. The optimal reaction condi-
tions, balancing crystallinity and product yield, required the use
of a solvent mixture of dimethyl acetamide/water (4: 1) at 120 °C
for 72 hours.

Powder X-ray diffraction (PXRD) of VZ-COF showed peaks at
4.23°, 5.84°, 7.91°, 8.62° and 24.86°, which were identified as
the (110), (130), (220), (022), and (006) facets, respectively (Fig. 1,
black curve). An eclipsed AA-stacking model produced a PXRD
pattern (Fig. 1, blue curve) consistent with the observed exper-
imental pattern. PXRD patterns derived from Pawley refine-
ments (Fig. 1, red curves) confirmed the peak assignments, as
indicated by their minimal differences (Fig. 1, yellow curve). The
unit cell parameters were determined to be a = 25.0 A, b = 56.7
A, and ¢ = 22.0 A, with & = 8 = y = 90°, in the space group P1.
The refinement showed satisfactory agreement with the exper-
imental data, with R, = 8.6% and Ry, = 11.0%. The COF has a d-
spacing of 3.87 A, calculated using the Bragg equation from the
last peak in the pattern. Hence, it comprises triclinic pores and
1D channels that are spatially distinct and not intertwined,
without any interchannel penetration or entanglement.*

The chemical structure of VZ-COF was investigated via FT-IR
analysis to identify functional groups (Fig. 2a). A noticeable
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Scheme 1 Synthesis of VZ-COF using the Zincke reaction.

disappearance of the band at 1535 cm ™" corresponding to the
asymmetric stretching vibration of NO, of the Zincke salt, along
with a diminished intensity of the band at 1340 cm™" for the
symmetric stretching vibration of NO,, confirmed the success-
ful condensation between QPPTA and the Zincke salt.*® Further
supporting evidence for the Zincke reaction was revealed in the
weakened intensity of bands at 3420 cm ™' which corresponds to
the asymmetric stretching vibration of NH, and 3340 cm ™'
which is the symmetric stretching vibration of NH, in the end
groups of VZ-COF compared to that of the QPPTA monomer.**
Additionally, a broad band centered at 1608 cm ™' was attrib-
uted to the stretching vibration of C=N pyridinium and qui-
noxaline rings within the VZ-COF structure.>®

Solid-state »*C cross-polarization magic-angle spinning (**C
CP/MAS) NMR spectroscopy was also used to determine the
chemical structure of the COF (Fig. 2b). The predominant
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signals in the spectra were identified within the 118-148 ppm
range, indicating the overlap of different sp* hybridized carbon
atoms within the aromatic and heteroaromatic rings of the Vz-
COF. The presence of multiple signals within this matches the
building blocks used in the synthesis of the COF.**

X-ray photoelectron spectroscopy (XPS) was used to under-
stand the surface composition of VZ-COF, confirming the
presence of C, N, O, and Cl in the COF structure (Fig. 3). The
high-resolution XPS was deconvoluted for each element. The
deconvolution of C 1s spectrum shows a large peak for carbon
atoms with a binding energy of 284.5 eV, confirming the C-C
and C=C configurations of the aromatic rings. Another large
peak at 285.9 eV corresponded to the C-N and C=N carbons
(Fig. 3b). The deconvoluted spectra of N 1s showed various N-
containing functional groups, including N=C, -NH,, 'N=C,
and -NO, (Fig. 3c). The binding energies for N=C and "N=C

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Crystallinity and unit cell parameters of VZ-COF.

were found to be 398.8 and 402.0 eV, respectively.** Peaks at
400.2 and 405.7 eV were attributed to amine and nitro end
groups, respectively, which are proposed to be located at the
edges or existing as defects in the lattice structures of the VZ-
COF.* Likewise, a peak at 532.1 eV, signifying the presence of
oxygen, was assigned to the NO, end groups or may be present
due to trapped moisture or solvents on the surface (Fig. 3d).*
Peaks at 196.6, 198.2, and 268.1 eV were identified as CI 2p;/,, Cl
2p1s2, and Cl 2s, respectively, confirming the presence of chlo-
ride anions (Fig. 3e and f).* In addition to FT-IR and "*C CP/
MAS NMR, the XPS analysis also corroborated the existence of
viologen linkers in the VZ-COF.

The surface charge of the VZ-COF particles was measured,
revealing a zeta potential of +28.1 mV attributed to the presence
of viologen units in its backbone (Fig. S91).

The porosity of VZ-COF was investigated through N, sorption
measurements at 77 K, and the surface area was determined
using the Brunauer-Emmett-Teller (BET) technique, based on
adsorption-desorption isotherms. The BET surface area for VZ-
COF was determined to be 147.4 m* g~ ' (Fig. 4a), accompanied
by the pore-size distribution concentrated around 3.1 nm (Fig.
S107). Ionic COFs, in comparison to most neutral COFs, often
have lower surface area due to the influence of counter ions, for
example, chloride ions, which may obstruct some of the mate-
rial's pores.?

To further study its long-term chemical stability, VZ-COF was
exposed to aqueous solutions of HCI (pH 2) and NaOH (pH 12)
for 24 hours at room temperature (~25 °C). PXRD patterns
affirmed the preservation of crystallinity (Fig. S11t), while FT-IR
spectra indicated no changes in functional groups, indicating
structural integrity (Fig. S12%). Furthermore, SEM imaging
revealed no observable changes in surface morphology or
particle shape after treatment (Fig. S137).

The thermal stability of VZ-COF was investigated by ther-
mogravimetric analysis (TGA) conducted under a nitrogen
atmosphere and compared with the TGA of the monomer
(QPPTA) to further confirm the synthesis of VZ-COF (Fig. 4b).

This journal is © The Royal Society of Chemistry 2025
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Because the viologen linker is charged, water and polar solvents
can be trapped within the resulting COF's porous structures.
Consequently, elevated temperatures are required to release
these trapped impurities.>***® In the case of VZ-COF, the
observed 4.7% mass loss around 150 °C is attributed to the
evaporation of trapped moisture or solvent. Notably, 90% of the
as-synthesized material remained stable up to 415 °C. The
results indicate that VZ-COF demonstrated remarkable thermal
stability, retaining around 55% of its initial weight to 800 °C. In
contrast, the monomer exhibited nearly complete decomposi-
tion at 800 °C. The thermal stability observed in VZ-COF can be
attributed to the incorporation of fully aromatic and hetero-
aromatic rigid building blocks into the structural framework
alongside the interlayer interactions that stabilize the VZ-COF
structure.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-vis
DRS) was used to examine the optical characteristics of VZ-
COF (Fig. 4c). A broad semiconductor-like absorption peak
was observed in the visible region with a maximum absorption
around 585 nm and an absorption edge adjacent to 682 nm.
This confirms the extended m-delocalization within the VZ-COF
structure, consistent with its dark brown color. Applying the
Kubelka-Munk equation, the optical band gap (E,) was calcu-
lated to be 2.04 eV (Fig. 4d), indicating the semiconducting
nature of VZ-COF.” The optical activity can be attributed to the
presence of viologen groups, aromatic, and fused aromatic
rings, which enhance the w-conjugation of donor-acceptor
pairs in the material's skeleton.

The morphology of the VZ-COF was analyzed using scanning
electron microscopy (SEM). The SEM images depicted irregular
spongy particle shapes, characterized by a granular and notably
rough surface (Fig. 5a and b). Despite the lack of distinct shapes
in the SEM images, high-resolution transmission electron
microscopy (HRTEM) images showed a continuous crystalline
arrangement extending nearly perpendicular to the observable
patterns from one edge to another. This distinctive structure is
noticeable across various areas of a particle when placed side by
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Fig. 2 (a) FT-IR spectra of VZ-COF, Zincke salt, and QPPTA. (b) ¥*C CP/MAS ssNMR of VZ-COF.

side (Fig. 5¢). The presence of a triclinic array of spots in the fast
Fourier transform (FFT) pattern signifies the appearance of
crystalline characteristics within the VZ-COF particles (Fig. 5d).
All FFT spots were identified and indexed along the [110] zone
axis of the COF pores.*®

2.2 Adsorption of PFOA

VZ-COF was used to adsorb PFAS from contaminated water. The
initial focus involved testing its ability to remove per-
fluorooctanoic acid (PFOA) from an aqueous solution prepared
using Milli-Q water. First, 10 mg of vacuum-dried VZ-COF was
diluted with 10 mL of Milli-Q water to produce a 1000 mg L "
suspension of the adsorbent. The resulting suspension was
sonicated for 2 min at room temperature. Then, the mixture was
stirred for 2 hours at room temperature to make

8184 | U Mater. Chem. A, 2025, 13, 8180-8192

a homogeneous dispersion of the small particles (average size
was 730 nm, Fig. S147). To prepare VZ-COF and PFOA solution,
3 mL of the COF suspension (1000 mg L"), 2 mL of an aqueous
PFOA solution (10 mg L"), and 15 mL of Milli-Q water were
mixed.

The initial concentration of PFOA was 1.0 mg L™ ', while the
corresponding concentration of the suspended VZ-COF in water
was 150 mg L~ ". After 2 h at room temperature (~25 °C), the
PFOA remaining in the solution was quantified using LC-MS.
The removal efficiency for PFOA was found to be nearly quan-
titative (~99.6%) (the instrumental detection limit for PFOA was
0.1 pg LY. Further investigations were done to analyze the
time-dependent and kinetic aspects of PFOA removal within 2 h
(Fig. S15 and S16t). The kinetics of the PFOA removal were fitted
with the linear pseudo-second-order kinetic model. The result-
ing rate constant for PFOA removal with COF was determined to

This journal is © The Royal Society of Chemistry 2025
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be 807 g mg ™' h™", showing near quantitative removal within 10
minutes.

The adsorption capacity of VZ-COF for PFOA removal from
water was investigated. The adsorption isotherm was designed
using 150 mg L' of the COF and a range of PFOA solution
concentrations (0.2-800 mg L") (Fig. S171). The adsorption
isotherm exhibited an excellent fit with the linear Langmuir
model and the experimental data with a correlation coefficient
of approximately 0.99 (Fig. S18%). According to the Langmuir
model, the estimated maximum adsorption capacity (Q,,) for
VZ-COF was determined to be 1000 mg g~ *. This value is higher
than the adsorption capacities reported for most other COFs
used for removing PFOA from water (Table S1}). The affinity
coefficient (K;) was calculated to be 1.5 x 10* L mol*, indi-
cating a high affinity between both COFs and PFOA. Due to
a higher correlation coefficient, the linear Langmuir model
exhibited a superior fit when compared to the Freundlich
isotherm (Fig. S197).

As a supplementary experiment, energy-dispersive X-ray
spectroscopy (EDS) and FT-IR were used to confirm the presence
of PFOA following adsorption onto VZ-COF. A uniform

This journal is © The Royal Society of Chemistry 2025
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(a) High-resolution XPS analysis of VZ-COF. Deconvoluted profiles of (b) C 1s, (c) N 1s, (d) O 1s, (e) Cl 2p, and (f) Cl 2s.

distribution of fluorine was observed in the EDS mapping of the
surface of the VZ-COF after PFAS adsorption (Fig. S20t). FT-IR
analysis of the adsorbed PFOA on VZ-COF showed a prom-
inent band at 1690 cm™', corresponding to the stretching
vibration of the carbonyl functional group of PFOA (Fig. S217).
Additionally, two bands appearing around 1196 and 1137 cm ™"
were attributed to the stretching vibrations of CF; and CF,
groups of PFOA, respectively.*’

The mechanisms and parameters influencing the adsorption
performance of VZ-COF toward PFAS were investigated. While
electrostatic and hydrophobic interactions between PFAS and
adsorbents are the two main mechanisms that control PFAS
adsorption, the surface area, charge, porosity, shape, and
particle size of the sorbents also play critical roles in the affinity
and ability of the solid adsorbents towards PFAS molecules.'***
The zeta potential of +28.1 mV attributed to the presence of
viologen units, confirms electrostatic interactions as a mecha-
nism for PFAS removal by VZ-COF.

Porosity plays an important factor influencing PFAS
adsorption, especially at different PFAS concentration levels. At
higher concentrations of PFAS, self-aggregated structures of
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micelles and hemi-micelles can form on the positively charged
VZ-COF surface.” This process may lead to the obstruction of
specific adsorption sites within the microporous structures
lowering the adsorption efficiency and capacity of the adsor-
bent.” The incorporation of mesoporous structures within solid
adsorbents may address this issue and improve the capacity. In
VZ-COF, the pore width distribution is ~3.1 nm, which is
sufficiently large to allow the entry of PFOA molecules with
dimensions of 1.1 x 0.36 x 0.36 nm.?® This pore size is well-
suited to accommodate the molecular geometry of PFOA,*
facilitating its access to the interior adsorption sites of VZ-COF.
Surface area is another critical factor in PFAS removal from
contaminated water. Compared to other cationic COFs used for
PFAS removal,>"** our direct synthetic protocol provides higher
surface area, particularly relative to cationic COFs made via
post-synthetic modification.*® VZ-COF exhibited mesoporous
structures and a suitable surface area to enhance removal effi-
ciency. Through sonication, the particle size was reduced to
730 nm and therefore VZ-COF was better dispersed in water.
Breaking up the agglomerates and reducing particle size
enhance the colloidal dispersion of the COF and makes its
active sites more accessible. The particle size still allowed for
filtration and facilitated the removal of the PFAS during the
regeneration and reusability studies of VZ-COF because the
PFAS adsorption sites were more accessible.

VZ-COF was designed with fused aromatic rings, which are
hydrolytically more stable, addressing the challenge of some
adsorbents that have hydrolysable fluorocarbon linkers that

8186 | J Mater. Chem. A, 2025, 13, 8180-8192

may release linkers to the environment.****® Additionally, these
aromatic linkers increase the size of the hydrophobic domains
between the polar viologen subunits which increases the
hydrophobicity of VZ-COF enhancing the removal of PFAS. The
measured contact angle of VZ-COF is approximately 68° (Fig.
S227), classifying it as a weakly hydrophobic material.>

Using Density Functional Theory (DFT) calculations at the
B3LYP+D3BJ/def2-TZVP level, as implemented in the ORCA
package,®* the high performance of the VZ-COF toward the
adsorption of PFAS molecules was found to be due to its
framework structure, which facilitates both hydrogen bonding
and hydrophobic interactions between PFAS molecules and the
COF's inner surface. The strong binding energy of 72.72 kJ
mol " per molecule arises from the interaction between the acid
head group and unfunctionalized nitrogen atoms in the qui-
noxaline rings of the VZ-COF (indicated in green), as well as the
hydrophobic interactions between the fluorinated backbone
and the aromatic groups (indicated in purple) (Fig. 6). The
structural details of the optimized geometry of a single PFAS
molecule positioned at the edge of the inner surface of the VZz-
COF are provided in Table S2.7 Theoretically, the pore dimen-
sions allow four PFAS molecules to occupy these energetically
favorable adsorption sites (Fig. 6) resulting in high adsorption
capacity.

Electrostatic interactions work with the hydrophobicity of
VZ-COF to adsorb PFAS from water. To study the effect of the
electrostatic interactions, the adsorption of PFOA using VZ-COF
at different pH levels was investigated. Adjustments to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5

solution pH were made using 0.1 M solutions of HCl and NaOH.
The initial concentrations of VZ-COF and PFOA were 150 mg L ™"
and 0.20 mg L', respectively (Fig. 7a). After 1 h at room
temperature, the best PFOA removal efficiency was observed at
pH 7 which is attributed to the high electrostatic interactions
and is consistent with the zeta potential of VZ-COF at pH 7
(+28.1 mV). At pH levels of 2, 3, 5, and 9, there was minimal
change in the adsorption efficiency of VZ-COF for PFOA from
Milli-Q water. However, a clear decrease in adsorption efficiency
was observed at pH 11 and 12 where the surface charge was
negative which caused electrostatic repulsion between the
surface of the COF and the PFOA.

The zeta potential of VZ-COF was measured at various pH
levels (Fig. S231). Upon increasing the pH from 7 to 9, the cor-
responding zeta potential decreased from +28.1 to +14.0 mV.
Despite this decrease, the positive surface charge remained
considerable, and no distinct change was observed in the PFOA
removal efficiency. However, increasing the pH to 11 dropped
the surface charge to —22.4 mV at which point the PFOA
removal efficiency also decreased to 28%. At pH 11, the elec-
trostatic interactions between the anionic PFOA and the orig-
inal positively-charged surface of the VZ-COF were lost as the
surface charge became more negative and the VZ-COF and
PFOA repelled each other. The concentration of excess

This journal is © The Royal Society of Chemistry 2025

(a and b) SEM images of VZ-COF. (c and d) HRTEM images of VZ-COF and the top inset in (d) shows the FFT of the highlighted region.

hydroxide ions at pH 11 is 0.001 M, ~2000 times higher than
that of PFOA. Consequently, the competition between
hydroxide and PFOA on the surface of VZ-COF adversely affects
the number of sites available for PFOA adsorption lowering the
removal efficiency. At pH 12, the zeta potential of VZ-COF
measured —43.6 mV, resulting in a reduction of PFOA
removal efficiency to 15%. The concentration of OH™ ions at pH
12 is 0.01 M, which is ~20 000 times higher than that of PFOA.
This indicates a lack of electrostatic interactions between PFOA
and VZ-COF at this pH. Based on these results, electrostatic
interactions are a major driving force for PFOA adsorption at pH
7, and when the electrostatic interactions are absent at high pH
levels, the hydrophobic interactions of PFOA and VZ-COF
become the predominant mechanism of adsorption.
Decreasing the pH, below pH 7, did not have a major effect
on the removal of PFOA. The surface charges of VZ-COF at pH
levels of 5, 3, and 2 were measured to be +28.7, +33.1, and
+22.6 mV respectively (Fig. S231). Decreasing the pH allows the
unfunctionalized nitrogen atoms of quinoxaline rings within
the VZ-COF structure to act as weak bases and gradually become
protonated, increasing the positive surface charge. This
enhancement can facilitate interactions with PFOA, particularly
at neutral and acidic pH levels, thereby improving removal
efficiency compared to alkaline pH.***' The zeta potential
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Fig. 6 Ball-and-stick representation of the optimized geometry of a single PFOA molecule at the edge of the inner surface of VZ-COF (carbon:
black; nitrogen: blue; chlorine: orange; fluorine: ochre; oxygen: red; hydrogen: white). The full pore structure is superimposed to indicate the
four energetically equivalent adsorption sites.
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solute batch experiments after 45 min (initial concentration of each PFAS was 30 pg L™ [VZ-COF] = 150 mg L™%). (e) Competitive adsorption of
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and the standard error bars are not presented in those cases.
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analysis confirmed that maximum protonation occurred at pH
3, resulting in the highest positive surface charge. Adjusting to
pH 2, the zeta potential decreased to +22.6 mV. After proton-
ation of the most unfunctionalized nitrogen atoms, the pH
decrease led to an increase in the ionic strength of the aqueous
solution, thereby causing a reduction in the static charge on the
surface.” As pH decreases with the addition of HCl solution, the
anionic forms of PFOA may undergo partial protonation,
thereby reducing electrostatic interactions between PFOA and
VZ-COF. Additionally, the increased concentration of chloride
ions in the solution may compete with PFOA, decreasing the
interactions of PFOA with the COF. For instance, at pH 2, the
concentration of Cl™ ions is 0.01 M, which is ~20000 times
higher than that of PFOA. However, at this pH level, the PFOA
removal percentage remains at 98.1%, indicating a slight
change in the COF's removal efficiency. The increase in positive
surface charge, combined with hydrophobic interactions and
the presence of unfunctionalized nitrogen atoms, prevents
a decline in the VZ-COF adsorption of PFOA from water at lower
pH levels.

VZ-COF was assessed for its ability to remove PFOA under
real-world conditions by evaluating the potential interference of
inorganic ions, humic and tannic acids (Fig. 7b). Common
inorganic anions found in groundwater, including chloride,
nitrate, sulfate, and chromate, were used in this study. Specif-
ically, NaCl, NaNO;, Na,SO,, and K,CrO, were used as the
sources of these inorganic anions. To show the selectivity of VZ-
COF in the presence of organic interferences, humic acid and
tannic acid were used. In each experiment, 150 mg L™ of VZ-
COF, 0.20 mg L™" of PFOA, and 2.0 mg L™" of the inorganic
ions, humic acid or tannic acid were added to Milli-Q water. A
control experiment was carried out, in which similar amounts
of PFOA and VZ-COF were added to Milli-Q water without
adding any humic acid, tannic acid or inorganic ions. The
results showed a small decrease in removal efficiency from
>99% to 97% when the SO,>~ concentration was increased to 10
times that of PFOA. This could be attributed to the strong
competitive adsorption of divalent anions with PFOA.*® Simi-
larly, the presence of CrO4>~ resulted in a slight reduction in
PFOA removal efficiency from >99% to 98%. Other pollutants
showed no significant impact on PFOA removal efficiency.

Expanding the scope, we added PFOA, VZ-COF, and
a mixture of these anions, humic acid, and tannic acid into
Milli-Q water. Each anion and complex organic acid was
maintained at a concentration of 1.0 mg L', while the
concentrations of PFOA and VZ-COF were 0.20 mg L™" and
150 mg L' respectively. Despite the total concentration of
inorganic anions, humic acid, and tannic acid reaching
6.0 mg L', which was 30 times higher than that of PFOA, only
a slight, <4%, decrease in removal efficiency was observed.

Finally, we used tap water from Ithaca, NY in place of Milli-Q
water to assess PFOA removal. Tap water analysis was reported
in the annual drinking water quality report of Ithaca, NY,
(specifically Tables 1-4 in the report for 2024).”” PFOA and VZ-
COF were present at concentrations of 0.20 mg L' and
150 mg L™, respectively. A decrease in removal efficiency of less

This journal is © The Royal Society of Chemistry 2025
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than 5% affirms the ability of the VZ-COF to remove PFOA from
tap water (Fig. 7b).

2.3 Adsorption of other PFAS compounds

VZ-COF was also tested against other PFAS compounds that are
known to be present in contaminated water effluent. In addition
to PFOA, perfluorobutanoic acid (PFBA), perfluorohexanoic acid
(PFHA), perfluoro-2-methyl-3-oxahexanoic acid (GenX), per-
fluorooctane sulfonic acid (PFOS), and perfluorodecanoic acid
(PFDA) were chosen as representative PFAS to evaluate (Fig. 7c).
The removal of each PFAS was first performed separately in
Milli-Q water with each PFAS initially present at a concentration
of 30 pg L™" and a VZ-COF concentration of 150 mg L™ ". After
a 45 minute exposure period at room temperature (~25 °C), the
PFAS remaining in the solution was quantified using LC-MS/
MS. PFOA, PFOS, and PFDA, PFAS with longer carbon chains,
exhibited remarkable removal efficiency by the COF, surpassing
99%. This confirms that the hydrophobic sites in VZ-COF
enhance its affinity for longer-chain PFAS. Among these, PFOS
had the highest adsorption result, and it was not detected in the
solution after exposure to the COF (detection limit of PFOS was
1.6 ng LY. This may be attributed to the higher acidity of
PFOS®® which increases its interaction with the unfunctional-
ized nitrogen atoms of the quinoxaline subunits in the VZ-COF.
Although the removal efficiencies for GenX and PFHA were
slightly lower, the observed range of 95% to 97% confirms the
effectiveness of VZ-COF toward PFAS with shorter carbon
chains. Finally, PFBA, a leachable short-chain anionic PFAS,
exhibited approximately 90% adsorption, which is in agreement
with other studies using COFs where removal efficiencies range
from 23% to 90%.'>***

To further investigate the efficiency of VZ-COF in removing
PFAS contaminants, we studied the competitive adsorption of
PFBA, PFHA, GenX, PFOA, PFOS, and PFDA (Fig. 7d). Each PFAS
was present at a concentration of 30 pg L™ " in Milli-Q water, for
a total PFAS concentration of 180 pg L™, while the concentra-
tion of VZ-COF was maintained at 150 mg L™ '. The PFAS
mixture was exposed to VZ-COF for 45 minutes. The high
adsorption of VZ-COF resulted in negligible decreases in
removal percentages for each PFAS compound in the mixture
solution.

Consequently, VZ-COF maintains a consistently high overall
removal efficiency. The results validated that long-chain PFAS,
particularly PFOS, exhibited a higher preference for adsorption
onto the adsorbent compared to the shorter-chain variants,
thereby confirming the presence of hydrophobic interactions
between longer-chain PFAS and VZ-COF.

A PFAS competitive adsorption study was also carried out in
tap water. PFBA, PFHA, GenX, PFOA, PFOS, and PFDA were
added to tap water from Ithaca, NY, such that the concentration
of each PFAS was 1.0 pug L™, for a total PFAS concentration of
6.0 ug L', and the VZ-COF concentration was 150 mg L™ *. A
PFAS concentration of 6.0 pg L™ represents the average PFAS
concentration in the wastewater effluent of sewage plants
worldwide (approximately 5.7 pug L™").*® The mixture was then
exposed to the COF for 45 minutes (Fig. 7e). VZ-COF removed
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PFOS and PFDA such that these compounds were not detected
in the solution after exposure to the COF (detection limits of
PFOS and PFDA were 1.6 ng L " and 2.2 ng L™ " respectively). For
PFOA the removal efficiency was measured at around >99%,
resulting in a notable reduction in PFOA concentration from 1.0
ng L' to 6.3 ng L. In the case of PFHA, GenX, and PFBA, the
removal efficiencies were observed at ~94%, ~87%, and ~61%
respectively.

When the concentration of VZ-COF was increased from
150 mg L' to 450 mg L' the concentrations of PFOA, in
addition to PFOS and PFDA, were also not detected in the
solution (the detection limit of PFOA was 4.1 ng L™ '). Addi-
tionally, the removal efficiencies for PFHA, GenX, and PFBA
increased to ~98%, ~97%, and ~88%, respectively (detection
limits of PFHA, GenX, and PFBAwere 1.4 ngL %, 2.4ng L ", and
8.4 ng L™"). The surface zeta potential of VZ-COF decreased
from +28.1 mV in Milli-Q water to +2.6 mV in tap water; this is
attributed to the competition of the solutes in tap water, which
decreases the electrostatic interactions between PFAS and the
COF. VZ-COF removed PFOS and PFOA reducing their levels to
below the U.S. Environmental Protection Agency's advisory limit
of 4 ng L™'.%® This observation also supports the role of the
hydrophobic and unfunctionalized nitrogen atoms as syner-
gistic binding sites in VZ-COF, enhancing PFAS removal from
tap water.

2.4 Reusability of the VZ-COF

We also investigated the reusability of VZ-COF through
consecutive adsorption/desorption experiments. Following
previously established procedures for regenerating cationic
COFs and polymers,>>** desorption experiments were done by
washing the COF with a mixture of methanol and 1 w/v%
aqueous NaCl. The quantities of adsorbed and desorbed PFOA
were measured in each cycle, and the results indicated sus-
tained high efficiency (>99%) of VZ-COF for PFOA adsorption
even after four cycles (Fig. 7f).
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The crystallinity of VZ-COF was evaluated after four use
cycles as a measure of assessing the structural stability of VZ-
COF. The PXRD patterns were unchanged, confirming the
retention of the COF's crystallinity (Fig. S2471). Additionally, FT-
IR spectra showed no alterations in functional groups, thereby
suggesting the sustained integrity of the structure (Fig. S25%).
SEM imaging also showed no observable changes in the surface
morphology or particle shape during the reusability process
(Fig. S267).

Finally, to demonstrate the role of an adsorbent in removing
PFAS at extremely low concentrations, a 50 mg sample of VZ-
COF was packed into a short column fitted with a sintered
glass filter (4-8 p size). Then ~6.6 L of locally sourced tap water
from Ithaca, NY, was passed through the column (Fig. S277),
after which VZ-COF was separated from the filter. The desorp-
tion step involved pouring the VZ-COF into 100 mL of a solution
composed of HPLC-grade methanol (90 mL) and 1 w/v%
aqueous NaCl in Milli-Q water (10 mL). The suspension was
then sonicated for 1 minute at 25 °C. Subsequently, the
suspension was filtered through a sintered glass filter (4-8 pm
pore size) and washed with methanol (3 x 20 mL). The filtrate
was then evaporated under vacuum, and the residual solid was
dissolved in 15 mL of Milli-Q water, followed by analysis via LC-
MS/MS.

Prior to treatment only perfluoropropionic acid (PFPrA) was
detected at a concentration of 210 ng L ™" in the tap water, which
decreased to 150 ng L' after passing through VZ-COF.
Following PFAS desorption from the COF and concentration
of the filtrate to 15 mL, LC-MS/MS analysis of the sample
revealed that 15 PFAS were present (Table 1). Although the real
concentration of PFAS in Ithaca's tap water falls below detection
limits, using our VZ-COF sorbent and preconcentration
method, we were able to detect and quantify the PFAS in tap
water. These findings underscore the ability of VZ-COF to
remove a diverse array of PFAS, even below their detection limits
from tap water.

Table 1 The concentrations of various PFAS in tap water adsorbed on VZ-COF

Eluent ¢ Detection limit Calculated a

Entry PFAS Abbreviation oncentration® (ng L™%) (ngL™ mount” (ng L™
1 Hexafluoropropylene oxide dimer acid GenX 4.9 £ 0.18 2.4 0.01
2 N-Ethyl NEtFOSAA 3.9 £0.14 3.5 0.01
perfluorooctanesulfonamidoacetic acid
3 Perfluorobutanesulfonic acid PFBS 31 +2.8 3.6 0.07
4 Perfluorobutanoic acid PFBA 24 + 2.0 8.4 0.05
5 Perfluorodecanesulfonic acid PFDS 3.8 + 0.42 2.6 0.01
6 Perfluorodecanoic acid PFDA 9.5 + 0.49 2.2 0.02
7 Perfluoroheptanesulfonic acid PFHpS 60 + 4 1.6 0.14
8 Perfluoroheptanoic acid PFHpA 68 £ 5.8 3.2 0.15
9 Perfluorohexanesulfonic acid PFHxS 100 + 8 1.6 0.23
10 Perfluorohexanoic acid PFHxA 59 + 4.0 1.4 0.13
11 Perfluorononanesulfonic acid PFNS 5.6 + 0.42 1.9 0.01
12 Perfluorononanoic acid PFNA 22 +£2.3 2.2 0.05
13 Perfluorooctanesulfonic acid PFOS 1700 =+ 42 1.6 3.86
14 Perfluorooctanoic acid PFOA 680 + 18 4.1 1.55
15 Perfluoropentanesulfonic acid PFPeS 4.3 £ 0.28 2.9 0.01

“ Concentrations of PFASs after elution from VZ-COF (the eluent volume was 15 mL). ” Calculated amount of PFASs in tap water.
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3. Conclusion

VZ-COF, a novel viologen-based COF, was synthesized using
QPPTA as a new multi-functional monomer via the Zincke
reaction. VZ-COF showed high stability, a highly positive
surface charge, appropriate surface area, porosity, and pore
size. The combined effects of electrostatic interactions, along
with the presence of hydrogen bonding sites and hydrophobic
interactions, synergistically enhanced the efficacy of VZ-COF for
PFAS removal, even at low concentrations. In practical appli-
cations, VZ-COF demonstrated exceptional efficacy in reducing
the concentration of PFOA and PFOS from 1.0 ug L ™" to less
than 4.0 ng L', thereby surpassing the advisory level set by the
U.S. Environmental Protection Agency (EPA). Its successful
application in real tap water and simulated wastewater samples,
rapid kinetic adsorption, high capacity, and ease of reusability
confirm its practical application for removing PFAS from
polluted water sources. Ongoing investigations in our lab aim to
synthesize new adsorbents with multi-functional groups to
further enhance PFAS removal efficiency.
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