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a b s t r a c t

Per- and polyfluoroalkyl substances (PFASs), especially perfluorooctanoic acid (PFOA), pose a signif-

icant threat to ecosystems and human health due to their extreme persistence and bioaccumula-

tive properties. Although metal-organic frameworks (MOFs) show potential for adsorption, their ef-

ficiency is limited by insufficient active sites and the inability to control the design of adsorp-

tion centers, which is a key bottleneck for practical application. In this study, defect engineer-

ing was employed to synthesize NH2-UiO-66 derivatives with gradient defect densities (NH2-UiO-

66, -LD, -HD), exposing unsaturated Zr sites to enhance PFOA capture. The optimized NH2-UiO-

66-HD exhibited ultrafast kinetics, achieving 95% removal within 30min and a theoretical adsorp-

tion capacity of up to 739.31mg/g, surpassing most MOFs and traditional adsorbents. Mechanis-

tic studies revealed that defect-induced unsaturated Zr sites act as high-affinity anchors, strongly

coordinating with the -COO- group of PFOA, while forming a triple interaction mechanism with

N–H···F hydrogen bonds and electrostatic interactions (-NH3
+), a synergy not previously reported. The

material maintained over 90% efficiency through seven cycles, addressing long-standing regenerability

challenges in PFAS remediation. This research pioneers a programmable defect-control approach to create

hierarchical active sites in MOFs and first demonstrates the synergy of Zr coordination, hydrogen bonding,

and electrostatic attraction for ultra-efficient PFAS removal.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Per- and polyfluoroalkyl substances (PFASs), renowned for their

thermal stability, hydrophobicity, and oleophobicity, have been

widely used since the 1940s in industrial and consumer prod-

ucts [1]. However, their extreme persistence, bioaccumulation po-

tential, and toxicity pose severe environmental and health risks

[2]. Among PFASs, perfluorooctanoic acid (PFOA) is a pervasive

contaminant detected in water systems, a major exposure path-

way for humans, necessitating urgent development of efficient re-

moval technologies [3]. While methods like adsorption, electro-

chemical oxidation, photocatalysis, and bioremediation have been

explored, with adsorption emerging as the most viable due to its

cost-effectiveness, simplicity, and scalability [4–11]. Still, conven-

tional adsorbents (e.g., activated carbon, resins, carbon nanotubes)

suffer from limited efficiency and poor regenerability, underscoring

the need for advanced materials with high capacity and reusability

[12,13].

Metal-organic frameworks (MOFs), crystalline porous materials

built from metal clusters and organic linkers, offer exceptional sur-

face areas, structural tunability, and functional diversity, position-

ing them as superior adsorbents for PFASs [14–17]. Their adsorp-
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tion mechanisms primarily encompass noncovalent interactions

(electrostatic interactions, hydrogen bonds, hydrophobic interac-

tions, and van der Waals forces) with PFASs [4]. The anionic nature

of PFASs (from terminal -COOH/-SO3H groups), and their fluorine-

rich hydrophobic chains, drives complex interactions with MOFs,

which can be amplified through strategic functionalization [18]. Or-

ganic linkers in MOFs often bear -F, -COOH, -OH, or -NH2 groups,

serving as hydrogen-bond donors/acceptors to enhance PFAS affin-

ity [19–22]. For instance, Zhou et al. demonstrated that zirconium-

based MOFs (PCN-1001/1002) with free hydroxyl sites achieved

632mg/g PFOA adsorption via hydrogen bonding and Lewis acid-

base interactions [23].

Unsaturated metal sites in MOFs further improve PFAS capture.

Ma et al. compared PFOS adsorption across MIL-53(Al), MIL-53(Fe),

and MIL-101(Cr), revealing MIL-53(Al)’s superiority due to its high

density of unsaturated Al3+ sites [24]. Similarly, Zhou et al. de-

veloped PCN-999, a Zr-based MOF with dual Zr6 and (Zr6)2 clus-

ters, achieving unprecedented PFOA uptake (1089mg/g) via unsatu-

rated coordination sites that strengthened physical adsorption [25].

However, intentionally engineering MOFs with unsaturated metal

centers remains challenging.

Defect engineering, a strategy to introduce controlled imperfec-

tions, has recently emerged to optimize MOF properties, enabling
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tailored active sites for enhanced performance in environmental

and energy applications [26–28]. This study innovatively integrates

defect engineering with amino (-NH2) functionalization to syn-

ergistically combine coordination sites, N-H···F hydrogen bonding,

and electrostatic interactions within a MOF. It synthesizes NH2-

UiO-66 derivatives (NH2-UiO-66, -LD, and -HD) with tunable de-

fect densities for efficient PFOA removal. The highly defective NH2-

UiO-66-HD achieved 95% PFOA adsorption within 30min, with a

maximum capacity of 739.31mg/g (1.79mmol/g), outperforming

most reported adsorbents. Crucially, defect-induced unsaturated

Zr sites coordinated with PFOA’s -COO− groups, synergizing with

N–H···F hydrogen bonds (from amino groups) and electrostatic in-

teractions (via protonated -NH3
+) to drive rapid, robust adsorption.

The material retained >90% efficiency over seven regeneration cy-

cles, demonstrating exceptional stability. This work establishes de-

fect engineering as a transformative approach to unlock MOFs’ po-

tential by exposing unsaturated metal centers, offering a sustain-

able solution for PFAS-contaminated water remediation.

During NH2-UiO-66 synthesis, modulators and reaction tem-

peratures critically influence crystallization rates and pathways

(Fig. 1a), often inducing defects via incomplete framework as-

sembly (Fig. 1b) [26]. Powder X-Ray diffraction (PXRD) analysis

(Fig. 2a) confirmed that NH2-UiO-66, NH2-UiO-66-LD (low de-

fect), and NH2-UiO-66-HD (high defect) retained the parent struc-

ture. However, NH2-UiO-66-HD exhibited weakened (111)/(200)

and intensified (220)/(600)/(711) peaks, reflecting altered crystal

size/orientation [29]. The field emission scanning electron micro-

scope (FESEM) image in Fig. 2c further confirms this observation.

Fig. 1. (a) Schematic illustration of the fabrication process for pristine NH2-UiO-66

and defective NH2-UiO-66, (b) causes of defects.

NH2-UiO-66 exhibits a relatively perfect octahedral shape with an

average size of about 100nm. NH2-UiO-66-LD also has an average

size of approximately 100nm, but its octahedral particle morphol-

ogy is much worse. NH2-UiO-66-HD presents irregular granular

Fig. 2. (a) PXRD patterns, (b) FTIR spectra, and (c) SEM images of NH2-UiO-66, NH2-UiO-66-LD and NH2-UiO-66-HD. (d) N2 adsorption-desorption isotherms at 77K for

NH2-UiO-66, NH2-UiO-66-LD, and NH2-UiO-66-HD, where solid circles represent adsorption and hollow circles desorption and (e) pore size distributions. TGA curves of (f)

NH2-UiO-66, (g) NH2-UiO-66-LD and (h) NH2-UiO-66-HD.
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Fig. 3. (a) 19F NMR spectra of a PFOA solution with an initial concentration of 500ppm before and after treatment with NH2-UiO-66-HD. (b) Adsorption isotherms of NH2-

UiO-66, NH2-UiO-66-LD and NH2-UiO-66-HD under conditions: Temperature (T)=298K; initial concentration (C0)=50–1000mg/L, pH 4, contact time (t)=4h. (c) Adsorption

capacity as a function of time for NH2-UiO-66, NH2-UiO-66-LD and NH2-UiO-66-HD under conditions: C0 =1000mg/L, pH 4, T=298K. (d) Influence of pH on the adsorption

capacity of NH2-UiO-66-HD under conditions: C0 =1000mg/L, T=298K, t=4h. (e) Impact of various ions on the adsorption capacity of NH2-UiO-66-HD under conditions:

C0 =1000mg/L, T=298K, t=4h, pH 4. (f) Adsorption performance of NH2-UiO-66-HD towards PFOA after different cycles under similar conditions.

crystals with an average size of around 50nm. These findings indi-

cate that synthetic conditions significantly impact the crystallinity

and morphology of NH2-UiO-66 materials, and in turn affect their

physical properties, such as pore structure and thermal stability

[30–33].

FT-IR spectra (Fig. 2b) identified functional groups, N–H

(664/768 cm-1), C–H (1256 cm-1), and C=O (1656 cm-1) bonds. N2

adsorption isotherms (Fig. 2d) revealed pore variations, pristine

NH2-UiO-66 showed microporous Type I behavior, while NH2-UiO-

66-LD and -HD exhibited enhanced adsorption from framework de-

fects. NH2-UiO-66-HD’s Type II isotherm indicated monolayer ad-

sorption, with mesopore volumes rising from 23.48% (pristine) to

65.31% (high-defect) (Table S3 in Supporting information). Pore

size distributions (Fig. 2e) confirmed mesopore expansion (20–

42nm) in NH2-UiO-66-HD versus narrower pores (≤17nm) in less

defective variants.

TGA profiles (Figs. 2f-h) delineated thermal stability. All samples

showed three-stage decomposition (physical desorption <150 °C,
Zr6 node dehydroxylation at 150–300 °C, framework collapse

>300 °C). NH2-UiO-66 and -LD exhibited framework degradation

above 340 °C, whereas NH2-UiO-66-HD degraded earlier (300 °C),
correlating defect density with reduced thermal resilience. Resid-

ual ZrO2 post-800 °C accounted for 120wt% (pristine), 92wt% (LD)

and 65wt% (HD) losses, corresponding to linker-to-cluster ratios of

5.85, 4.48 and 3.17. Ideal NH2-UiO-66 features six BDC-NH2 link-

ers per [Zr6O4(OH)4] node; reduced coordination numbers in de-

fective variants confirmed missing linkers and cluster losses, am-

plifying structural defects. Furthermore, the PXRD diffraction data

of defective NH2-UiO-66 were Rietveld refined according to linker-

to-cluster ratios of 4.48 and 3.17. The PXRD Rietveld refinement fit-

ted well (Figs. S1 and S2, Tables S1 and S2 in Supporting informa-

tion) [34,35]. At the same time, the surface of defective NH2-UiO-

66 was positively charged in acidic pH ranges, and NH2-UiO-66

exhibited stronger positive charge (Fig. S3 in Supporting informa-

tion). The pHzp values of NH2-UiO-66, NH2-UiO-66-LD, and NH2-

UiO-66-HD were 7.4, 6.6, and 6.4, respectively. This indicates that

amino-functionalized MOFs exert a positive effect on adsorbing an-

ionic groups of PFASs in acidic conditions via strong electrostatic

forces.

The defective NH2-UiO-66 MOFs, with abundant amino groups,

a hierarchical pore structure, and unsaturated Zr sites, show great

potential for efficient PFOA adsorption. Static adsorption experi-

ments were conducted by placing MOFs in a PFOA solution (10mL,

1000mg/L, pH 4) and stirring for 4h. Results indicated that adsorp-

tion capacity increased with defect degree: 249.27mg/g for NH2-

UiO-66, 362.41mg/g for NH2-UiO-66-LD, and 579.27mg/g for NH2-

UiO-66-HD (Fig. 3a and Table S4 in Supporting information). NH2-

UiO-66-HD’s higher affinity is likely attributed to its rich open co-

ordination sites and hierarchical pore structure.

Adsorption isotherms (Figs. S4-S6 in Supporting information)

were used to study PFOA adsorption models and capacities. Fig.

3b shows that as the initial concentration of PFOA increases, the

adsorbed amount also increases. Langmuir and Freundlich mod-

els were used to fit isotherm data (Fig. S7 in Supporting infor-

mation), with parameters in Table S4. The Langmuir model shows

higher correlation coefficients (R2 > 0.9915), suggesting monolayer

adsorption. NH2-UiO-66-HD has maximum PFOA adsorption capac-

ity is 739.31mg/g (1.79mmol/g), one of the highest values among

various adsorbents including MOFs and others like MWNT, FCX4-P,

DFB-CDP, activated carbon, and fully silicated beta (β) (Table S6 in

Supporting information) [36–41].

PFOA adsorption kinetics (Figs. S8-S10 in Supporting informa-

tion) show similar behaviors: Rapid adsorption within the first

30min, then slower until equilibrium. NH2-UiO-66 reaches 95%

saturation (236.3mg/g) in 45min, NH2-UiO-66-LD (347.3mg/g)

in 40min and NH2-UiO-66-HD (545.5mg/g) in 30min (Fig. 3c).

Pseudo-first-order and pseudo-second-order models were applied

(Fig. S11 in Supporting information). The pseudo-second-order

model fits the data well (R2 > 0.9918), indicating chemically con-

trolled adsorption (Table S5) [17]. Possible mechanisms include hy-
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Fig. 4. (a) SEM analysis and (b) EDS elemental mapping of NH2-UiO-66-HD after PFOA adsorption. (c) Effects of PFOA adsorption on the FT-IR spectra of NH2-UiO-66, NH2-

UiO-66-LD and NH2-UiO-66-HD. (d) Broad-scan XPS spectra of NH2-UiO-66, NH2-UiO-66-LD and NH2-UiO-66-HD before and after PFOA adsorption. (e) High-resolution F 1s

and (f) Zr 3d XPS spectra of NH2-UiO-66, NH2-UiO-66-LD and NH2-UiO-66-HD influenced by PFOA adsorption.

drogen bonding, electrostatic attraction and coordination interac-

tions. Intraparticle diffusion modeling shows multiple linear rela-

tionships, indicating multi-step adsorption process (Table S5) [42].

The adsorption process can be divided into film diffusion, intra-

particle diffusion, and surface attachment, with rate constants in

the order ki > kii > kiii. High initial rate suggests surface adsorp-

tion, and lines not passing through origin imply other processes

are involved [43].

Other factors significantly influence NH2-UiO-66 adsorption.

NH2-UiO-66-HD, the optimal adsorbent, was selected to study pH

effects, ion competition, and reusability. As the pH increased from

4 to 6 and then to 10, the adsorption capacity of perfluorooc-

tanoic acid (PFOA) decreased sharply from 579.27mg/g to 321mg/g

and then to 251mg/g (Fig. 3d and Fig. S12 in Supporting infor-

mation). Since PFOA (pKa = −0.5) remains deprotonated under ex-

perimental conditions [44], the pH-dependent adsorption arises

from amino group protonation below pH 6, enhancing pore pos-

itive charge density and electrostatic interactions. Ion competi-

tion experiments revealed metal cations (Na+, K+, Ca2+, Mg2+,
Fe3+) enhanced adsorption, with Fe3+ increasing efficiency by 113%

(Fig. 3e and Fig. S13 in Supporting information). Metal cations in-

fluence PFOA adsorption through ion strength, bridging, ion ex-

change capacity, competitive adsorption, and surface charge neu-

tralization [15]. In the defective NH2-UiO-66 system, Zr6 cluster

loss causes BDC-NH2 to dissociate into carboxylate anions (-COO−),
negatively charging the material surface. Metal cations can neutral-

ize these charges, reducing electrostatic repulsion and allowing ad-

sorbates (e.g., PFOA) easier access to the adsorbent surface. They

can also bridge PFOA anions to carboxylate anion sites, enhanc-

ing adsorption. Conversely, anions (Cl-, NO3
-, SO4

2-, CO3
2-, COO-,

CH3COO
-) showed inhibitory effects, particularly formate (86.7% of

control) and acetate (88.5 %), suggesting competitive ligand inter-

actions with unsaturated metal centers during PFOA coordination.

The reusability of an adsorbent is crucial for practical applica-

tions, especially in environmental remediation, as it directly af-

fects the economic viability and sustainability of the treatment

process. Therefore, the recyclability of NH2-UiO-66-HD was inves-

tigated (Fig. S14 in Supporting information). After each adsorption

cycle, NH2-UiO-66-HD was recovered via filtration, followed by

methanol washing and activation to be reused in subsequent PFOA

adsorption cycles. Over seven consecutive cycles, NH2-UiO-66-HD

maintained a significant portion of its initial adsorption capacity

for PFOA (Fig. 3f). Notably, while there was a considerable decrease

in adsorption capacity during the second cycle (97.2%), the follow-

ing five cycles saw capacities largely preserved at over 94.4%. This

phenomenon might be attributed to the strong coordination bonds

between PFOA and the open coordination sites within NH2-UiO-

66-HD, which are not easily disrupted by simple solvent exchange.

The excellent retention of adsorption capacity indicates that NH2-

UiO-66-HD possesses a long cyclic life. Moreover, the structural in-

tegrity and porosity of NH2-UiO-66-HD remained intact after seven

cycles, as evidenced by the consistent PXRD patterns (Fig. S16 in

Supporting information) and N2 adsorption isotherms (Fig. S17 in

Supporting information) before and after cycling. These results fur-

ther confirm the robustness and stability of NH2-UiO-66-HD under

repeated use conditions, highlighting its potential for practical ap-

plication in wastewater treatment.

NH2-UiO-66-HD was assessed for PFASs removal by immers-

ing it in aqueous solutions of PFBA, PFBS, PFHxA, PFHxS, PFNA,

PFDA and PFOS (each at 1000ppm). High adsorption capacities

were observed: PFBA (265.41mg/g, 1.24mol/g), PFBS (255mg/g,

0.85mol/g), PFHxA (411.40mg/g, 1.31mol/g), PFHxS (447.04mg/g,

1.12mol/g), PFOS (625mg/g, 1.25mol/g), PFNA (675.83mg/g,

1.46mol/g), and PFDA (916.49mg/g, 1.87mol/g) (Fig. S15 in Sup-

porting information). Fluorinated carboxylic compounds showed

higher adsorption than sulfonic acids, with the dicarboxylic PFSEA

showing particularly high capacity, likely due to stronger coordi-

nation with unsaturated metal sites. Also, short-chain PFASs had

lower adsorption than long-chain ones, possibly due to differences

in hydrophobicity.

The investigation into the adsorption mechanism of PFOA can

guide the development of future adsorbents. Scanning electron

microscope (SEM) images revealed NH2-UiO-66 MOFs’ particles

remained unchanged post-adsorption, indicating unaltered crys-
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tallinity (Fig. 4a). Transmission electron microscope (TEM) and en-

ergy dispersive spectrometer (EDS) elemental mapping showed

three defective NH2-UiO-66 types effectively adsorbed PFOA uni-

formly within particles (Fig. 4b). FT-IR spectra confirmed pollu-

tant capture by MOFs, with characteristic PFOA peaks shifting post-

adsorption, indicating successful loading and interaction, likely

N–H···F hydrogen bonding (Fig. 4c). Notably, the characteristic

peaks at 1146 and 1202 cm-1, attributed to C–C–C bending vibra-

tions and asymmetric C-F stretching modes of PFOA molecules, ex-

hibit slight shifts post-adsorption, indicating successful loading of

PFOA onto the MOFs framework and interaction with it. These in-

teractions may be N–H···F hydrogen bonding interactions. Notably,

the peak corresponding to the symmetric C=O stretching mode at

1656 cm-1 for NH2-UiO-66-LD and NH2-UIO-66-HD shows signifi-

cant shifts after PFOA adsorption, suggesting coordination interac-

tions between the carboxylate groups of PFOA and unsaturated Zr

sites on defective NH2-UiO-66 (Fig. 4c).

X-ray photoelectron spectroscopy (XPS) analysis further ex-

plored the adsorption mechanism (Fig. 4d). A high-intensity F 1s

peak post-adsorption indicated successful PFOA encapsulation. The

F 1s binding energy of raw PFOA at 689.0 eV decreased after ad-

sorption, implying strong hydrogen bonding between C-F chains

and the MOFs framework (Fig. 4e). Conversely, Zr 3d binding en-

ergies for NH2-UiO-66-LD and NH2-UiO-66-HD shifted to higher

values after adsorption, indicating Zr oxidation (Fig. 4f). Given

that PFOA carries a more negative charge compared to coordi-

nated H2O, when PFOA forms coordination bonds with unsatu-

rated Zr sites, the charge density of Zr decreases, leading to an

increase in the binding energy of Zr 3d, which suggests that coor-

dination interaction controls the adsorption process. Greater shifts

in binding energy were observed for NH2-UiO-66-HD and NH2-

UiO-66-LD compared to NH2-UiO-66 due to additional unsatu-

rated Zr sites allowing more coordinated H2O to be replaced by

PFOA [45,46].

This study demonstrates that defect engineering in NH2-UiO-

66 significantly enhances PFOA adsorption performance. The highly

defective NH2-UiO-66-HD achieved a maximum theoretical capac-

ity of 739.31mg/g (1.79mmol/g), with rapid kinetics (95% removal

within 30min) and robust regenerability (>94% retention after

7 cycles). Mechanistic analyses revealed synergistic contributions

from N–H···F hydrogen bonding between amino groups and PFOA,

electrostatic attraction via protonated -NH3
+ under acidic condi-

tions, and coordination interactions between defect-induced unsat-

urated Zr sites and PFOA’s -COO− groups. By strategically exposing

unsaturated metal centers through defect modulation, this work

establishes a paradigm for optimizing MOF adsorbents, offering a

sustainable and scalable solution for PFAS-contaminated water re-

mediation. The findings underscore the critical role of structural

design in advancing material functionality for environmental ap-

plications.
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