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A novel zirconium-based metal organic
framework with record adsorption of PFOA
in aqueous solution

Xiaoyun Su,a Bo Yuan,a Peng Luo,a Wei Xu,*a Wen-Cai Ye *ab and Ren-
Wang Jiang *ab

Perfluorooctanoic acid (PFOA), an emerging contaminant of growing concern in recent years, is widely

distributed in aquatic environments. Characterized by its robust chemical structure and persistence

against natural degradation, PFOA poses significant threats to human health due to its bioaccumulation

and carcinogenicity. Therefore, there is an urgent need to develop efficient methods for its removal

from aqueous solutions. In this work, we report a novel, highly stable zirconium-based metal–organic

framework (Zr-705) featuring hexagonal cavities with a pore size of 2.5 nm. The cavity is functionalized

with additional phenyl groups that provide additional adsorption sites. Remarkably, Zr-705 exhibits

outstanding PFOA adsorption performance, including a record adsorption capacity (2031 mg g�1), rapid

uptake rate (2.25 mg mg�1 h�1), and excellent selectivity and reusability. Furthermore, we developed a

novel PFOA capture device based on a Zr-705 packed column, which demonstrates outstanding PFOA

removal efficiency and water purification performance.

Introduction

PFOA, a highly persistent pollutant, consists of a hydrophobic
perfluorinated alkyl chain and a hydrophilic carboxylic acid
group.1 All hydrogen atoms on the alkyl chain are replaced by
fluorine atoms. Due to the high strength of the carbon–fluorine
bond (488 kJ mol�1) and the simultaneous hydrophobicity and
hydrophilicity, PFOA is commonly used as a highly effective
surfactant and surface protectant.2 These properties have led to
its widespread use in diverse applications, including the photo-
graphic and semiconductor industries, coatings and paints,
firefighting foams, medical devices, personal care products and
printing.3 PFOA is ubiquitously detected in soil, and under-
ground and surface waterbodies.4–6 In particular, near fluoro-
polymer manufacturing sites, PFOA concentrations can reach
levels as high as 0.97 mg L�1. The widespread use of PFOA,
coupled with its persistence as an environmental contaminant,
has raised significant scientific and public health concerns.4,7,8

PFOA was listed on the U.S. Environmental Protection Agency’s

(EPA) Contaminant Candidate List in 2021 and classified as a
‘‘likely human carcinogen’’.4 Furthermore, it was added to the
List of Key New Pollutants for Priority Control by China’s
Ministry of Ecology and Environment in 2023.9

Notably, drinking water is the primary exposure route for
human intake of PFOA.10 PFOA has been detected in many
human specimens such as breast milk, maternal serum, cord
blood and blood serum.11 PFOA exerts multi-system toxic
effects in humans, impacting key physiological systems including
bone,12 immune,13,14 endocrine,15,16 renal,17,18 reproductive19 and
hepatic functions.20,21 PFOA demonstrates notable accumulation
in renal tissue, and the active renal reabsorption mechanisms
significantly prolong the biological half-life.22 As the primary
target, the liver exhibits persistent histopathological alterations
following PFOA exposure.23 PFOA exposure has also been
associated with adverse health outcomes including thyroid
dysfunction,24 embryotoxicity25 and reduced infant birth
weight.26

Due to the widespread distribution of PFOA and its resis-
tance to natural degradation and metabolism, it poses various
threats to human health, making the need to remove PFOA
from the environment urgent. In previous studies, various
technologies have been developed to address the PFAS crisis,
including bioremediation,27–29 electrocoagulation,30,31 foam
fractionation,32,33 sonolysis,34,35 mechanochemistry,36,37 electro-
chemical degradation,38,39 electron beam40 and plasma treat-
ment.41,42 These methods are energy-intensive, time-consuming,
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and require specific operational conditions, which collectively
hinder their large-scale implementation.43 Considering practical
operational challenges and removal efficiency, adsorption has
become a common method for PFOA remediation. For example,
granular activated carbon (GAC) is widely used to capture PFOA
from waterbodies. However, this approach is limited by long
treatment time and low efficiency.1

Metal–organic frameworks (MOFs), constructed from metal
clusters as connecting nodes and organic ligands as linkers, are
infinite and periodic network structures containing cavities or
channels. MOFs have been used for PFOA treatment, e.g. MIL-
125-NH2

44 and MIL-177-HT45 were used for the photocatalytic
degradation of PFOA. PCN-1003, a nickel-based MOF, also
demonstrated a high adsorption capacity towards PFOA.46

Among the reported MOFs, a zirconium-based metal–organic
framework (Zr-MOF), featuring zirconium-oxo clusters as the
metal nodes, could form highly stable zirconium-oxygen bonds
with the carboxylate or sulfonic anions of PFAS. Besides the
outstanding performance of Zr-MOFs in diverse fields, includ-
ing sensing,47,48 catalysis,49,50 drug delivery,51,52 and enzyme
immobilization53–55 and the crystal sponge properties,56 they
showed significant potential for PFOA adsorption due to their
high stability and tunable cavities. Several Zr-MOFs, such as
NU-1000,57 PCN-999,58 UIO-66,59 PCN-100160 and PCN-1002,60

have been reported for PFOA capture. Therefore, it is feasible to
design new Zr-MOFs with high adsorption capacities to further
improve the PFOA adsorption efficiency and advance their
practical implementation.

In this work, we designed and synthesized a novel zirco-
nium-based metal–organic framework, designated as Zr-705.
This framework was constructed by coordination of an
anthracene-core tetracarboxylic acid ligand with zirconium
clusters in a (4,8)-connected fashion, yielding a csq topological
network. The structure features one-dimensional mesoporous
channels along the c-axis with a pore aperture of 2.5 nm.
Notably, one phenyl ring of the anthracene moiety was oriented
toward the channel interior, providing enhanced surface area
and additional binding sites. Zr-705 exhibited exceptional
PFOA adsorption performance, achieving a maximum capacity
of 2031 mg g�1. The material also demonstrated rapid adsorp-
tion kinetics, facile reusability, and strong anti-interference
capability against co-existing impurities.

Results and discussion
Synthesis and characterization

Zr-705 was synthesized by a solvothermal reaction using 50,50 0 0 0-
(anthracene-9,10-diyl)bis(([1,10:30,100-terphenyl]-4,400-dicarboxylic
acid)) as the ligand (L1), zirconium tetrachloride (ZrCl4) as the
metal source, N,N-diethylformamide (DEF) as the solvent, and
benzoic acid (BA) and trifluoroacetic acid (TFA) as the modula-
tors. The reaction directly yielded colorless rod-shaped single
crystals suitable for structural analysis (Fig. 1). We repeated
the synthesis three times under the same conditions, and
found that the process was reproducible. Single-crystal X-ray

diffraction (SC-XRD) analysis reveals that Zr-705 crystallizes in
the hexagonal P6/mmm space group with lattice parameters
a = 39.9642(12) Å, b = 39.9642(12) Å, c = 20.3746(5) Å, a = b =
901, g = 1201. The framework consists of a classic Zr6O8 cluster
core and tetracarboxylate ligands. Each metal node comprises
six zirconium atoms bridged by eight m3-O groups, forming an
octahedral configuration with D4h symmetry (Fig. 2a). Of the
12 edges in the metal octahedral cluster, 8 edges are connected
to ligand L1 through coordination between carboxylate groups
and the metal centers (Fig. 2b). The remaining zirconium
coordination sites are occupied by eight terminal water mole-
cules, resulting in the final cluster formulation of Zr6(m3-O)8-
(H2O)8(COO)8. Topologically, the L1 ligand serves as a 4-connected
node, while the Zr6 cluster acts as an 8-connected node, forming a
(4,8)-connected csq topology. PLATON calculations61,62 reveal a
total solvent-accessible volume of 22 653.2 Å3, which accounts for

Fig. 1 Synthesis and structural analysis of Zr-705. (a) Ligand structure;
(b) solvothermal reaction in a Teflon-lined steel autoclave; (c) crystal
images (70–160 mm, visible to the naked eye); (d) structure of Zr-705.

Fig. 2 Zr-MOF 705 structure. (a) Zr metal cluster. (b) The asymmetric unit.
(c) The angle of the cavity (H atoms omitted). (d) Cavity size in Zr-705
(viewed along the c-axis, H atoms omitted). (Zr: blue, O: red, C: gray, H:
white).
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80.4% of the total unit cell volume. The crystal structure exhibits a
hexagonal mesoporous channel with a width of 2.5 nm along the
c-axis, accompanied by a smaller triangular channel (Fig. 2d). The
angle of the mesoporous hexagonal cavity is 116.11 (Fig. 2c). The
ligand L1 adopts a non-planar configuration with C2v symmetry.
The two phenyl rings on the anthracene core extend toward the
cavity centers, providing additional anchoring sites. The powder
sample of Zr-705 was synthesized on a large scale under slightly
modified conditions (SI-2). In SEM (Fig. S2) and TEM (Fig. S5)
analyses, the samples retained a rod-like morphology with a
smooth surface, exhibiting good crystallinity at the micro-
scopic scale.

Dynamic light scattering (DLS) analysis indicated a uniform
particle size distribution with an average diameter of approxi-
mately 2 mm (Fig. 3c). The diffraction peaks of the powder
sample matched perfectly with those of the single crystal and
the simulated pattern (Fig. 3a). This agreement demonstrated
that the powder sample possessed the same structure as the
single crystal, and also indicated high phase purity of the as-
synthesized material. The NMR spectra of the degraded Zr-705
revealed a downfield shift of the ligand signal in Zr-705 as
compared to the free one (Fig. S6). Infrared spectroscopy was
used to confirm the structure of Zr-705. As shown in the
spectrum (Fig. S7), the band at 1705 cm�1 is attributed to the
carbonyl (CQO) stretching vibration of the ligand. Compared
to the carbonyl vibration of the free ligand at 1696 cm�1,
the corresponding band in Zr-705 exhibited slight changes in
both intensity and position, confirming the coordination of
the carboxylate groups to the zirconium clusters. The bands

observed at 1599 cm�1 and 1415 cm�1 were assigned to the
asymmetric and symmetric stretching vibrations of the carbox-
ylate groups, respectively,63 further confirming the successful
incorporation of the ligand in the Zr-705 framework. The bands
at 1181 cm�1, 1105 cm�1 and 1020 cm�1 were attributed to Zr–
O bond vibrations. The band at 567 cm�1 was assigned to the
asymmetric stretching vibration of the Zr–O–C linkage.64 The
porosity of Zr-705 was evaluated by nitrogen adsorption–
desorption experiments at 77 K, which exhibited a BET surface
area of 573.20 m2 g�1 (Fig. 3d and Fig. S8), with pore sizes
primarily distributed at 2.05 nm and 0.44 nm (Fig. 3e),65 which
were similar to the crystal structure. XPS analysis of Zr-705
revealed the presence of carbon, oxygen and zirconium
elements on its surface (Fig. S17).

Thermogravimetric analysis (TGA) was employed to evaluate
the thermal stability of Zr-705 (Fig. 3f), which demonstrated a
high decomposition temperature (470 1C). The weight loss
observed between 45 1C and 470 1C is primarily attributed to
the loss of solvent (DEF). A sharp mass loss (38.6%) occurred in
the range of 470–573 1C, corresponding to the thermal decom-
position of the Zr-705 framework. The chemical stability of Zr-
705 was assessed by immersing the sample in various solvents
for one week. Zr-705 is insoluble but stable in common solvents
as shown by the PXRD patterns which demonstrated that Zr-705
maintained a similar crystalline structure in these solvents
(Fig. 3b). Furthermore, the framework remained stable when
exposed to air. The acid and base stabilities of Zr-705 were
monitored by FT-IR spectroscopy (Fig. S9). The spectra remained
consistent across a wide pH range of 1 to 12; however, at higher

Fig. 3 (a) PXRD patterns of simulated, as-synthesized single crystal, as-synthesized powder, and Zr-705@PFOA samples. (b) PXRD patterns
demonstrating the chemical stability of Zr-705 in various solvents. The minor shift may arise from the different solvents or air. (c) Dynamic light
scattering (DLS) of a Zr-705 powder. (d) Nitrogen adsorption–desorption isotherms of Zr-705 and Zr-705@PFOA. (e) The pore size distribution profile of
Zr-705 and Zr-705@PFOA. (f) Thermogravimetric analysis (TGA) curve of Zr-705.
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pH values (13 or 14), distinct changes in the FT-IR spectra revealed
the decomposition of the framework.

PFOA adsorption study

(1) PFOA adsorption performance. Zr-705 possessed a meso-
porous network, open coordination sites, a conjugated hydro-
phobic cavity and high hydrothermal and chemical stability.
We hypothesized that Zr-705 was suitable for PFOA adsorption.
The activated Zr-705 was immersed in a PFOA solution
(2000 ppm) and kept under static conditions at room tempera-
ture. The appearance of characteristic PFOA signals in the
solid-state 19F NMR spectrum confirmed the successful adsorp-
tion of PFOA from the aqueous solution by Zr-705 (Fig. 4a).

We further investigated the adsorption kinetics.58,59,66 The
adsorption process exhibited rapid kinetics, reaching equili-
brium within 8 hours. The kinetic data were well-described by
the pseudo-second-order model, with a correlation coefficient
(R2) of 0.99 and a rate of 2.25 mg mg�1 h�1 (Fig. 4b). Analysis of
the kinetic data revealed that intraparticle diffusion was the
rate-limiting step for mass transfer (Fig. S21). PFOA adsorption
data were collected across a range of initial concentrations
(350–4000 ppm). The experimental data were subsequently
fitted using both the Freundlich (Fig. 4c) and Langmuir
(Fig. 4d) models. The former model (R2 = 0.97) exhibited a
slightly higher correlation coefficient than the latter (R2 = 0.96),
indicating a better fit. This result suggested that the adsorption
process likely occurred on a heterogeneous surface.59 At an
equilibrium concentration of 3995 ppm, Zr-705 achieved a

remarkable adsorption capacity of 2031 mg g�1. To the best
of our knowledge, this value surpassed all previously reported
materials, indicating that Zr-705 was the most effective MOF-
adsorbent known to date (Fig. 4e). This high adsorption value
was consistent with the result from mass balance analysis
(Table S3).

During the measurement of the Zr-705 equilibrium adsorp-
tion isotherm, it was found that 1 mg of Zr-705 could efficiently
remove PFOA from a 350 ppm solution (1 mL). Given that
PFOA concentrations in real environments were typically below
300 ppm,67–69 these results underscored the promising and
broad application prospects of Zr-705 for practical water
treatment. We further tested Zr-705 at a higher concentration
of PFOA. Under static conditions (Fig. 5a), Zr-705 particles were
immersed in a simulated wastewater solution containing
1000 ppm PFOA. After reaching equilibrium, the PFOA concen-
tration in the supernatant was quantified (Fig. 5b). We con-
structed a packed column of Zr-705 particles to simulate
dynamic flow conditions (Fig. 5c). After passing a 1000 ppm
PFOA solution (3 mL) through the Zr-705 column (d = 8.5 mm,
h = 8.0 mm, Zr-705 40 mg), PFOA was efficiently removed,
yielding pure water (Fig. 5d).

To investigate the selectivity of Zr-705 in real environments,
the adsorbent was immersed in a PFOA aqueous solution
containing various interfering ions, including cations K+, Na+,
Ca2+ and Mg2+, and anions Cl�, Cr2O7

2�, NO3
�, SO4

2� and
CH3COO� (Fig. 6a). The results demonstrated that Zr-705
maintained stable PFOA adsorption performance, indicating

Fig. 4 (a) Solid-state 19F NMR spectrum of Zr-705@PFOA. (b) Pseudo-second-order kinetic fitting for PFOA (2000 ppm, solid-to-liquid ratio 1 : 1)
adsorption. Adsorption isotherms of PFOA (350 to 3995 ppm, solid-to-liquid ratio 1 : 1) on Zr-705 were fitted with the (c) Freundlich and (d) Langmuir
models. (e) Comparison of the maximum PFOA adsorption capacity between Zr-705 and other reported materials (note: Adj.= adjusted).
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that the co-existing ions had negligible impact on its adsorp-
tion capability. Furthermore, Zr-705 could be easily regenerated
from Zr-705@PFOA by methanol treatment. After methanol
washing, degradative 19F NMR analysis of the regenerated
material showed no detectable PFOA signals, confirming the
effective removal (Fig. 6b). Then, the regenerated Zr-705 could
be reused for the next cycle (Fig. 6c). It was noteworthy that Zr-
705 was stable in acidic environments, and it was unstable only
in high pH solutions (pH 13 and pH 14, Fig. S9). Normally, the
PFOA solution is acidic (the pH values for 1–4 mg mL�1 PFOA
in water are 6.0, 5.0, 4.0 and 3.0 respectively). Furthermore,
when 1–4 mg Zr-705 were added to the above solutions,

respectively, the pH kept the same values. Zr-705 was a neutral
material and a small amount only changed the volume slightly
and the pH values of the solutions.

The PXRD patterns collected before and after PFOA adsorp-
tion are similar, confirming that the structural integrity of the
Zr-705 framework is maintained throughout the adsorption
process (Fig. 3a).

(2) PFOA adsorption mechanism. In order to probe the
detailed interactions, we tried several times to grow a single
crystal of the complex Zr-705@PFOA; however, we could not get
it. As a result, the crystal structure of Zr-705@PFOA was not
obtained. Then, we examined the BET area, pore sizes after
adsorption, changes in FT-IR and NMR spectra, electrostatic
potentials and molecular simulation to analyse the PFOA
adsorption mechanism.

Comparison of the N2 adsorption curves of Zr-705 and Zr-
705@PFOA revealed that after PFOA loading, the BET specific
surface area decreased from 573.20 m2 g�1 to 114.89 m2 g�1

(Fig. 3d). The disappearance of the mesoporous peak of
Zr-705@PFOA indicates that the mesoporous cavity was
blocked by PFOA molecules (Fig. 3e).

To clarify the surface composition, XPS analysis was con-
ducted. Before adsorption, the Zr-705 sample contained only
carbon, oxygen, and zirconium (Fig. S17). However, after
adsorption, fluorine appeared in the sample, indicating the
binding of a substantial amount of PFOA. The C 1s spectra
before and after adsorption were shown in Fig. S18 and S19,
respectively. Before adsorption, the spectrum contained two
peaks, i.e. C–C (284.80 eV) and O–CQO (288.67 eV) (Fig. S18).
After adsorption, two new peaks appeared, i.e. CF2 (291.73 eV)
and CF3 (294.00 eV) (Fig. S19), further confirming the binding
between Zr-705 and PFOA.70

We compared the FT-IR spectra of pristine Zr-705 and Zr-
705@PFOA (Fig. 7a). FT-IR data showed that the stretching
vibration peaks of PFOA at 1233, 1205, and 1148 cm�1 shifted
to 1240, 1209, and 1145 cm�1, respectively, in the Zr-705@PFOA

Fig. 5 (a) Schematic diagram of the experimental setup for static PFOA
removal by Zr-705 (The bottle dimensions: d = 15.0 mm, h = 30.0 mm, and
Zr-705 : 3 mg). (b) 19F NMR spectra monitoring the removal of PFOA from
solution by Zr-705 under static conditions. (c) Schematic diagram of the
packed-column setup for dynamic PFOA removal by Zr-705. The column
had an inner diameter of 8.5 mm, with a Zr-705 amount of 40 mg and a
packing height of 8.0 mm. (d) 19F NMR spectra monitoring the removal of
PFOA from solution by Zr-705 under dynamic flow conditions.

Fig. 6 (a) PFOA adsorption capacity of Zr-705 in the presence of various interfering ions. The concentration of PFOA was 3 mg mL�1 (pH 5.0), the
concentration of interfering ions was 3 mg mL�1, and the solid-to-liquid ratio was 2 : 1. (b) 19F NMR monitoring of the Zr-705 regeneration process using
methanol. (c) Recyclability of Zr-705 over four consecutive adsorption–desorption cycles. The concentration of PFOA was 4 mg mL�1, and the solid-to-
liquid ratio was 3 : 1.
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composite. In PFOA, 1148 cm�1 is assigned to the symmetric
stretching vibration of –CF2, 1205 cm�1 is the asymmetric
stretching vibration of –CF3, and 1233 cm�1 is the asymmetric
stretching vibration of –CF2.71 These characteristic signals
demonstrate that PFOA was successfully adsorbed and the
changes indicate interactions with the framework. Meanwhile,
a distinct shift was observed in the characteristic peak corres-
ponding to the CQO stretching vibration within the range of
1650–1700 cm�1. This change indicates a strong interaction
between the carboxylate group of PFOA and Zr-705.58

Comparison of the solid-state NMR data showed that the
characteristic peak of the 19F signal at d �82.5 ppm (CF3)
shifted to d �81.8 ppm in Zr-705@PFOA. (Fig. 4a) The four
peaks around �122.0 ppm in free PFOA were merged into a
single broad peak at d �112.4 ppm in Zr-705@PFOA (Fig. S14
and S15).72 This observation confirmed the binding of PFOA to
the framework and also indicated strong interactions between
the hydrophobic chain of PFOA and Zr-705. The 19F signal
suggested that the PFOA molecule might adopt an all-trans
conformation, which was similar to the reported Zr-MOF.56

Electrostatic potentials (ESP) of Zr-705 and PFOA were calcu-
lated by Gaussian73,74 and Multiwfn,75 and the results were
visualized using VMD.76 Within the PFOA anion, the negative
charge was concentrated on the carboxylate group (Fig. 7b).
Strong positive potential (Fig. 7c and d) distributed around the
zirconium cluster. These regions are electron-deficient and are
susceptible to nucleophilic attack. The ESP calculation clearly
indicated strong electrostatic interactions between PFOA and
Zr-705.

Finally, we performed molecular simulation to mimic the
binding of PFOA to Zr-705. Based on PLATON calculation, the
Zr-705 framework has a solvent-accessible volume of 22 653.2 Å3.
Rebek et al. introduced the concept of ‘‘packing coefficients’’
(PCs), and a PC value of 0.55 � 0.1 was suggested as the optimum
for host–guest complexes.77 We used Multiwfn software to
calculate the volume of PFOA and found that the volume was
530 Å3. Thus, the theoretical maximum loading of PFOA is 24.

The simulated adsorption mode of PFOA in Zr-705 is shown in
Fig. S28, and the simulated interactions between PFOA and
Zr-705 are shown in Table S4. From the simulation, we could
infer that the guests 1–6 (big central cavity) bound to Zr-705
through electrostatic interactions with O–Zr distances in the
range of 5.3–6.5 Å, guests 7–12 (small cavity) bound to Zr-705
through C–H� � �F interactions with C� � �F distances in the range
of 2.5–3.9 Å; and guests 13–24 (periphery) bound to Zr-705
through O–H� � �F hydrogen bonds with O� � �F distances in the
range of 2.6–3.4 Å. Based on the simulation, the schematic
illustration of PFOA adsorption by Zr-705 was proposed (Fig. S29).

Conclusions

In this work, we report the synthesis of a novel zirconium-based
metal–organic framework, designated as Zr-705. The ligand in
Zr-705 features an anthracene core, with phenyl rings on both
sides extending into the pore channels. This structural configu-
ration not only increases the internal surface area of the MOF
but also provides conjugated systems, providing anchoring
sites for guest molecules. Zr-705 adopts a csq topology and
possesses one-dimensional mesoporous channels (2.5 nm pore
aperture) along the c-axis. Additionally, the zirconium clusters
offer multiple open coordination sites and exhibit high
chemical and physical stability. Zr-705 exhibited exceptional
PFOA adsorption performance, achieving a record adsorption
capacity of 2031 mg g�1. Concurrently, it demonstrated rapid
adsorption kinetics with a rate constant of 2.25 mg mg�1 h�1,
which is well-described by the pseudo-second-order kinetic
model. In practical application scenarios, Zr-705 achieved
efficient removal of PFOA from aqueous solutions even under
dynamic flow conditions. It also demonstrated high selectivity,
and excellent reusability. Besides the adsorption performance,
the mechanism was examined based on the BET area, pore
sizes after adsorption, changes in FT-IR and solid-state NMR
spectra, electrostatic potentials and molecular simulation.

Fig. 7 (a) FT-IR spectrum of Zr-705@PFOA. (b) Electrostatic potential (ESP) distribution map of a PFOA anion. (c) ESP (a.u.) of a zirconium cluster (top
view). (d) ESP (a.u.) of a zirconium cluster (front view).
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