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ABSTRACT 

Harmful per- and polyfluoroalkyl substances (PFAS) are ubiquitously detected in aquatic environments but 

their remediation remains challenging. Metal-organic frameworks (MOFs) have been recently identified as 

advanced material class for efficient removal of PFAS, but little is known about the fundamentals of the 

PFAS@MOF adsorption process. To address this knowledge gap, we evaluated the performance of three 

different MOFs for the removal of eight PFAS classes from aqueous film-forming foam-impacted 

groundwater samples obtained from eleven U.S. Air Force installations. Due to their different pore 

size/shape and identity of metal node, MOFs NU-1000, UiO-66, and ZIF-8 were selected to investigate the 

role of MOF structures, PFAS properties and water matrix on the PFAS@MOF adsorption process. We 

observed that PFAS@MOF adsorption is (i) dominated by electrostatic and acid-base interactions for 

anionic and non-ionic PFAS, respectively, (ii) preferred for long- over short-chain PFAS, (iii) strongly 

dependent on the nature of PFAS head group functionality, and (iv) compromised in the presence of ionic 

and neutral co-contaminants by competing for ion-exchange sites and PFAS binding. With this study we 

elucidate the PFAS@MOF adsorption mechanism from complex water sources to guide the design of more 

efficient MOFs for treatment of PFAS contaminated water bodies. 

 

Keywords: adsorption mechanism; groundwater matrix; metal-organic frameworks; per- and 

polyfluoroalkyl substances. 

 

SYNOPSIS 

This work investigates metal-organic frameworks for the adsorption of PFAS from complex water sources 

to guide the design of more efficient adsorbents for contaminated water remediation.  
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INTRODUCTION 

Per- and polyfluoroalkyl substances (PFAS) have a wide variety of industrial and commercial applications 

including their use in semiconductor manufacturing, aqueous film-forming foam (AFFF) for firefighting 

activities, and surface coating for non-stick cookware, among other applications.1–3 Due to their highly 

persistent nature, PFAS are ubiquitously detected in groundwater, surface and tap water; they also 

accumulate at significant levels in wildlife and humans.4 An increasing concern about the effects of PFAS 

on environmental and human health motivated researchers from federal agencies, industrial and academic 

groups around the globe to investigate the extent of PFAS contamination. The development and purge water 

from the installation and sampling of monitoring wells at these AFFF-impacted sites generates significant 

amounts of liquid investigation-derived waste (IDW) which contains a complex mixture of diverse classes 

of PFAS.5 Thus, there is an urgent need for the effective and efficient remediation of PFAS-contaminated 

groundwater at AFFF-impacted sites. 

Significant attention has been focused on treatment technologies for PFAS removal from 

groundwater with adsorption-based processes being among the most effective approaches.6,7 To date, 

granular activated carbons (GAC) and ion exchange (IX) resins are the most commonly used adsorbents 

for PFAS removal from groundwater.8,9 Despite its high selectivity towards long-chain PFAS, GAC shows 

low adsorption capacity, slow mass transport, and poor performance for short-chain PFAS.6,10 IX resins are 

an alternative sorbent for PFAS removal. However, the time to reach adsorption equilibrium is usually long 

(50 - 168 h) and they are not effective at removing non-ionic PFAS such as perfluoroalkane sulfonamide 

(FOSA).11,12 The development of novel adsorbents featuring high selectivities for different PFAS classes 

along with high adsorption capacities and fast adsorption kinetics is therefore of great importance. 

Metal-organic frameworks (MOFs) are porous, crystalline materials composed of inorganic nodes 

and organic linkers that assemble into multidimensional lattices through coordination bonds.13–15 The 

unique characteristics of MOFs such as ultra-high surface areas and pore volumes combined with their 

structural tunability render them as promising candidates for the adsorption and/or separation of small 
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molecules.16–22 Rapid adsorption kinetics are commonly found within such applications making MOFs 

particularly promising candidate materials for water remediation. For example, MOFs have been proven to 

be effective in removing a wide range of pollutants from water including heavy metals, dyes, and 

pharmaceuticals.13,23,24 However, the application of MOFs for PFAS removal is underexplored.25 The few 

existing PFAS@MOF studies focus on the adsorption of perfluorooctanoic acid (PFOA) and 

perfluorooctanesulfonic acid (PFOS), two well-known long-chain perfluoroalkyl acids (PFAA), but the 

performance of MOFs on short-chain PFAS is unclear.26–34 Furthermore, there are nearly 5000 different 

types of PFAS and the role of their charge state, chain length and head group functionality on the adsorption 

behavior using MOFs is largely unknown. Finally, the few existing PFAS@MOF studies are performed 

using laboratory-prepared simulants, thus, the complexity of the water matrix found in samples from AFFF-

impacted sites is not reflected, which is known to significantly affect the performance of adsorbents. 

Herein, we report the role of water matrix, chain length, functional group and charge state of PFAS 

on the adsorption behavior of three different MOFs. MOFs NU-1000,35 UiO-66,36 and ZIF-837 were selected 

based on their variety of structural features (i.e., metal node composition, nature of organic linkers, pore 

sizes and pore topologies). We investigated these MOFs for their removal efficiency of eight classes of 

PFAS from AFFF-contaminated groundwater samples. Their selectivity towards anionic and non-ionic 

PFAS was compared with the adsorption characteristics of commercial GAC while the role of PFAS chain 

length, functional group, and water matrix on PFAS adsorption was investigated for selected MOFs. To the 

best of our knowledge, this is the first study that uses MOFs to explore the removal of a wide range of 

PFAS from contaminated groundwater samples. 

 

MATERIALS AND METHODS 

Chemicals. Mixed, individual, and labeled internal standards were purchased from Wellington 

Laboratories (Guelph, ON) and 3M (St. Paul, MN) as listed in Table S1. Methanol, water, and acetonitrile 
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(LC-MS grade) were purchased from Thermo Fisher Scientific (Waltham, MA). Ammonium acetate (LC-

MS grade) was purchased from Sigma Aldrich (St. Louis, MO).  

Absorbents. MOFs NU-1000, UiO-66, and ZIF-8 were synthesized according to published methods;38–42 

and commercial GAC (FILTRASORB 300) was obtained from Calgon Carbon (Moon Township, PA). 

Groundwater samples. Eleven PFAS contaminated groundwater samples were collected in 2019 at 

different locations from monitoring wells in fire training areas, burn pits, and various other water sources 

as a part of completed field investigations at U.S. Air Force installations.5 The samples were collected in 

18.9 L high density polyethylene (HDPE) containers, secured in coolers, and shipped to Clarkson 

University packed on ice. Samples were stored at 4 °C upon receipt and labeled as IDW 1 through IDW 11 

to maintain the confidentiality of sample locations. Their detailed characteristics are listed in Table S2. 

Batch experiments. Adsorption studies were performed by exposing 10 mg of adsorbent to 50 mL of IDW 

in a 50 mL polypropylene tube which was mixed on a tumbler at 150 rpm at room temperature. To evaluate 

the effect of the MOF structures on PFAS adsorption, IDW 6 was treated for 30 min by NU-1000 and 

sampled at 1, 2 and 30 min. IDW 6 was treated for 48 h by UiO-66 and ZIF-8 and sampled at 1 min, 10 

min, 30 min, 24 h and 48 h. IDW 6 was treated for 28 h by GAC and sampled at 1, 2, 24 and 48 h. To 

evaluate the role of water matrix on PFAS adsorption, IDWs 1 to 11 were treated by NU-1000 for 30 min. 

A control experiment was performed without adsorbents to evaluate the loss from adsorption on tubes and 

filters for IDW 6 for 48 h. All samples were filtered with a 0.25 µm nylon membrane and diluted using 

methanol before analysis. Before treatment, soil particles in the IDW samples were allowed to settle in their 

original containers. The supernatant was then transferred to a 1-L HDPE container, sonicated and vortexed 

before batch adsorption experiments. No other pretreatment was performed. All experiments were 

performed in duplicate and average values were reported. 

Analytical procedure. The concentrations of 26 PFAS were measured in the negative ionization mode 

using a UPLC-MS-MS (Thermo Scientific, Vanquish-TSQ ALTIS) equipped with a Phenomenex Luna 
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Omega column (2.1 mm × 100 mm, 1.6 μm). Samples were diluted with methanol in 1:1 v/v ratio (9:1 for 

IDW 11 due to the high PFAS concentrations), then sonicated and centrifuged prior to injection (5 μL). A 

detailed description of the analytical method is provided in Text S1 and Tables S3-S4. For QA/QC, all 

filtered samples were spiked with 2 ng of labeled internal standards. An eight-point calibration in the range 

of 9 to 20000 ng/L was used for quantification using an internal standard calibration. Quantification was 

performed only when the standards yielded a regression fit of r2 > 0.99 and deviation < 30%, and surrogate 

recovery was between 70 and 120%. Detection limits were in the range of 3 - 17 ng/L. Two PFAS (PBSaAm 

and PFHxSaAm) were analyzed in the positive mode using the same LC parameters and quantified by 

external calibration. Total organic carbon (TOC) concentration was measured using a TOC analyzer 

(Shimadzu, TOC-VCPH). Solution electrical conductivity and pH were measured using probes (YSI, 

MultiLab IDS 4010-2). Turbidity was measured using a turbidity meter (Hach, 2100N). Total alkalinity and 

hardness were measured following standard methods (APHA, 2017). 

Statistical analysis. Statistical analyses were performed with Python software (version 3.8) with statistical 

difference set at p < 0.05. A Spearman correlation was used to compare the role of water matrix on PFAS 

removal.  

 

RESULTS AND DISCUSSION 

PFAS concentration in IDW water samples. A total of 28 PFAS compounds were detected in water 

samples IDW 1-11 with ∑PFAS concentrations ranging from 2.1 µg/L for IDW 8 to 350 µg/L for IDW 11. 

The mean ∑PFAS concentration is 190 ± 250 µg/L. Figure 1 with Tables S2 and S5 show the detailed 

composition and characteristics of all water samples. The detected PFAS belong to eight PFAS classes 

including (i) perfluorinated carboxylic acid (PFCA), (ii) perfluorosulfonic acid (PFSA), (iii) fluorotelomer 

sulfonic acid (FTS), (iv) fluorotelomer carboxylic acid (FTCA), (v) perfluoroalkane sulfonamide acetic 

acid (FASAA), (vi) perfluoroalkane sulfonamide (FASA), (vii) N-methyl perfluoroalkane sulfonamide 
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(MeFASA) and (viii) N-[3-(dimethylamino)propyl]-perfluoroalkane sulfonamide (Am-Pr-FASA). Their 

mean concentrations are 38 ± 53, 78 ± 120, 26 ± 54, 0.26 ± 0.45, 0.09 ± 0.16, 51 ± 53, 0.01 ± 0.02 and 0.08 

± 0.14 µg/L, respectively. Of the 28 PFAS analyzed, PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFBS, PFPeS, 

PFHxS, PFOS, FBSA and FHxSA were found in all samples. Individual PFAS concentration ranged from 

3×10-3 to 260 µg/L and the mean concentration was the highest for FHxSA (44 ± 48 µg/L) and the lowest 

for MeFOSA (1×10-3 ± 4×10-3 µg/L). The pH value in all water samples ranged from 6.7 to 8.0. 21 of the 

PFAS exist in their deprotonated anionic forms (mean concentration of 140 ± 220 µg/L) while seven PFAS 

are non-ionic (mean concentration of 51 ± 54 µg/L). Please note that two zwitterionic PFAS (PBSaAm and 

PFHxSaAm) 43 were classified as non-ionic PFAS due to their overall neutral charge.  

 

 

Figure 1. Structures of PFAS detected. Blue and orange fonts represent anionic and non-ionic PFAS, 

respectively, at the near neutral pH of all water samples. n represents individual C-F chain lengths. For 

reference, the detailed composition and concentration of individual PFAS is listed in Tables S2 and S5, 

respectively. 
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The role of MOF structure. In our previous study we found that only MOFs with a combination of suitable 

(i) porosity and (ii) node composition (i.e., pore sizes exceeding the kinetic diameter of PFAS, and cationic 

metal nodes featuring terminally coordinating anionic ligands) exhibit significant adsorption capacities of 

anionic PFAA via an anion exchange mechanism.25 However, the adsorption behavior of non-ionic PFAS 

on MOFs is unknown since for these interactions there is a lack of electrostatic attraction between 

adsorbents and adsorbates. To compare the role of MOF structure on anionic and non-ionic PFAS 

adsorption, MOFs NU-1000,35 UiO-66,36 and ZIF-837 with respective node compositions of Zr6(μ3-O)4(μ3-

OH)4(H2O)4(OH)4(-CO2)8, Zr6(μ3-O)4(μ3-OH)4(-CO2)12, and Zn(-N)4 were used for the treatment of sample 

IDW 6. This sample was selected due to its high diversity and concentration of non-ionic PFAS as listed in 

Tables S5. A commercially available GAC was used for comparison in addition to a control that contained 

no adsorbent. Figure 2 and Table S6 display the structural features of respective MOFs and GAC used. 

The detailed results of this adsorption study are represented in Figures 3 and S1-S4. Each MOF 

was found to exhibit different adsorption selectivities towards the 21 PFAS tested in IDW 6. Per Figure 

3A, NU-1000 shows high selectivity towards anionic PFAS (∑anionic PFAS removal capacity of 58%) and 

around quantitative selectivity towards non-ionic PFAS (∑non-ionic PFAS removal of 99%). UiO-66 

exhibits similar removal characteristics for non-ionic PFAS (95% removal) but poor selectivity towards 

anionic PFAS (2% removal) while ZIF-8 features low affinity for both anionic and non-ionic PFAS 

(removal < 10%). GAC shows moderate selectivity for anionic and non-ionic PFAS with respective removal 

capacities of 37% and 44%. Noteworthy, the different selectivity towards anionic and non-ionic PFAS by 

different MOFs is independent of single PFAS concentrations and perfluorinated chain length/molecular 

size. All three MOF samples were characterized by powder X-ray diffraction (PXRD) to show that their 

structural integrity has not been compromised after adsorption testing. From respective PXRD patterns 

shown in Figure S5 it is evident that NU-1000 and UiO-66 reveal an unchanged structural integrity while 

ZIF-8 shows some minor sings of degradation.44  
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The adsorption of anionic PFAS on NU-1000 was found in our earlier study to be dominated by 

ionic interactions.25 We showed that the underlying adsorption mechanism can be described as an anion 

exchange reaction between the deprotonated carboxylic/sulfonic acid groups of PFAS and the terminally 

coordinated hydroxo ligands of NU-1000’s Zr6-node (for reference: Zr6(μ3-O)4(μ3-OH)4(H2O)4(OH)4(-

CO2)8). Consequently, we postulate that a similar anion exchange mechanism leads to the high adsorption 

capacity of anionic PFCA, PFSA, FTCA, FTS, FASAA and Am-Pr-FASA (zwitterionic) in sample IDW 6. 

Hydrophobic interactions between the C-F chain of anionic PFAS molecules and the hydrophobic pockets 

formed by the pyrene-based ligands in NU-1000 also play a role in PFAS adsorption. Furthermore, 

according to Pearson’s acid-base concept (i.e., HSAB theory), functional groups in anionic PFAS molecules 

such as sulfonates and carboxylates are considered hard bases and should interact strongly with hard acids 

such as the Zr6-nodes. The high affinity for non-ionic FASA, Me-FASA, Am-Pr-FASA on NU-1000 can 

be explained by three potential mechanisms: (i) Pearson’s HSAB theory which predicts that the amine 

groups of non-ionic PFAS (i.e., the hard base) should interact strongly with the Zr6-nodes (i.e., the hard 

acid); (ii) Hydrophobic interaction between the C-F chain of non-ionic PFAS molecules and the 

hydrophobic pockets of NU-1000; and (iii) an alternative mechanism can be assumed from the amine 

groups of PFAS deprotonating the µ3-bridging hydroxo groups of the Zr6-nodes which can lead to strong 

electrostatic µ3-O2-—NH3
+ interactions. This chemistry has been described before by Sekizkardes et. al45 

for the reaction of alkylamines with polymers of intrinsic microporosity. Similar adsorption mechanisms 

can be assumed for the removal of PFAS using UiO-66. Its Zr6-node does not possess any anion exchange 

capabilities (for reference: Zr6(μ3-O)4(μ3-OH)4(-CO2)12, 12-connected node), therefore, resulting in only 

poor removal performance of anionic PFAS, while the overall general hardness and µ3-briging hydroxo 

groups of the node promote high-capacity adsorption of non-ionic PFAS.  

The amine groups of non-ionic PFAS can interact with at least the surface of fully saturated Zn-

sites in ZIF-8. However, poor removal performance of both, anionic and non-ionic PFAS is observed for 
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ZIF-8 because its Zn-node also possess no anion exchange capability (for reference: Zn(-N)4) and is also 

considered as a weak acid by Pearson. 

The adsorption kinetics for the different adsorbents can be discussed from the PFAS removal 

efficiencies analyzed as a function of their adsorption time. As displayed in Figures S1-S4 we found that 

the adsorption kinetics are different for each type of MOF which is likely related to their different pore 

apertures and pore sizes. Per Figure S1, they are the fastest for NU-1000 where the equilibrium of PFAS 

adsorption was reached within the first minute regardless of the charge state of PFAS as previously observed 

for anionic PFAS.24 This performance significantly outperforms commercial GAC (equilibrium time > 48 

h, Figure S2), ion exchange resins and other reported adsorbents.25,46 However, it should be noted for 

reference that all sorbents studied exhibit different particle sizes as listed in Table S6. It is not considered 

in the discussion below, but these differences might also influence the sorbets’ adsorption kinetics. The 

large diffusion-facilitating pores in NU-1000 feature one-dimensional hexagonal mesopores (33 Å) and 

one-dimensional triangular micropores (13 Å). Both pores are connected by 8 × 10 Å windows extending 

throughout the structure to facilitate rapid flow of substrates throughout the entire heterogeneous framework. 

For reference, the kinetic diameter of PFOS is in the range of 2.9 - 3.8 Å. In UiO-66, equilibrium of non-

ionic PFAS adsorption is reached within the first 10 min (Figure S3) which is slower as compared to NU-

1000. This observation is consistent with UiO-66's smaller pores featuring 7 Å apertures for its tetrahedral 

and octahedral cages of 8 and 11 Å in diameter, respectively. Similar findings were reported by Howarth 

et al. for the removal of selenite from water using NU-1000 and UiO-66.47 ZIF-8 exhibits the slowest 

adsorption kinetics (> 30 min) of all MOFs tested (Figure S4) which can be attributed to the relatively 

small 3.4 Å pore aperture of its 13.4 Å-sized sodalite cages.48  

In conclusion and as summarized in Figure 3B, higher adsorption capacities and kinetics for 

individual non-ionic PFAS are found for NU-1000 compared to UiO-66 and ZIF-8 due to their generally 

smaller pores and associated apertures. NU-1000 also features high affinities towards anionic PFAS due to 

its anion exchange capability which is non-existing for UiO-66 and ZIF-8. These combined features led us 
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to select NU-1000 as a probe to study the role of PFAS properties and water matrix on its adsorption 

behavior. 



 

Figure 2. Crystal structures of MOFs NU-1000, UiO-66 and ZIF-8. (A-C) and (D-F) represent their packing diagrams and metal node compositions, 

respectively. Color scheme: carbon, gray; nitrogen, blue; oxygen, red; zirconium, turquoise; zinc, green. Hydrogen atoms are omitted for clarity and 

larger yellow and blue spheres represent the MOF’s void spaces.  

 

 



 

Figure 3. (A) Total anionic and non-ionic PFAS and (B) individual PFAS removal from IDW 6 using different adsorbents. The exposure time for 

NU-1000 was 30 min and that for UiO-66, ZIF-8, GAC and control (no adsorbent) was 48 h. Anionic PFAS include PFCAs, PFSAs, FTSs, FTCAs 

and FASAAs; non-ionic PFAS include FASAs, MeFASAs and Am-Pr-FASAs. Total anionic/non-ionic PFAS removal was calculated based on the 

difference of total anionic/non-ionic PFAS concentration before and after treatment. IDW 6 (pH of 6.9) was selected due to its higher number and 

concentration of non-ionic PFAS as shown in Tables S5. Some columns are not visible in (B) due to the small or zero values. For reference, the 

removal of individual PFAS from IDW 6 using different MOFs as a function of time can be found in Figures S1-S4. 



The role of C-F chain length. Adsorption of 28 PFAS compounds from 11 IDW samples using NU-1000 

was evaluated. All tested PFAS belong to a total of eight PFAS classes featuring each different C-F chain 

lengths (3-9 for PFCA; 4-10 for PFSA; 4, 6, and 8 for FTS; 5 and 6 for FTCA; 4 and 6 for FASAA; 4, 6 

and 8 for FASA; 4 and 8 for MeFASA; 4 and 6 for Am-Pr-FASA). Systematic analysis of the adsorption 

results as displayed in Figure 4 and listed in Table S7 showing higher removal capacities for PFAS with 

longer C-F chain length from a total of six different PFAS classes, namely PFCA, PFSA, FTS, FASA, 

FASAA and Am-Pr-FASA. For example, in all 11 IDWs the mean removal of C5 (C-F chain length) 

PFHxA and C7 PFOA was 24 ± 35% and 80 ± 27%, respectively. However, it should be noted that per 

Table S8, the chain-length dependency for PFAS removal is independent of initial concentrations. For 

example, PFOA removal in IDWs 1 and 5 is constantly higher than PFHxA removal in those samples 

despite the higher concentration of PFHxA in IDW 2 and lower concentration in IDW 5. Another example 

of this chain length dependence is that C4 PBSaAm and C6 PHxSaAm of the Am-Pr-FASA class showed 

a mean removal of 43 ± 18% and 100 ± 0%, respectively. Such chain length dependency for PFAS removal 

from water was widely reported before for a multitude of adsorbents including GAC, IX resins, cyclodextrin 

polymers and nanotubes.6,7 PFAS with longer perfluorocarbon chain exhibit higher hydrophobicity, thus, 

having lower water solubility and enhanced hydrophobic interactions between PFAS molecules and 

adsorbents (e.g., NU-1000 exhibits hydrophobic pockets due to its pyrene-based ligands). One exception 

of the chain length dependency is observed for FTCA where the removal of C5 FPePA and C6 FHEA was 

similar due to the longer C-H chain (one extra CH2 unit) in C5 FPePA which leads to the similar 

hydrophobicity of C5 FPePA and C6 FHEA. Furthermore, C4 MeFBSA and C8 MeFOSA were only 

detected in IDWs 1 and 2, respectively, thus the removal of PFAS in the MeFASA class with different chain 

lengths cannot be compared. 



 

Figure 4. (A) Box chart and (B) heat map of individual PFAS removal from 11 IDW samples using NU-1000. Some boxes are not visible in (A) 

due to their small ranges of removal capacities. Color bar in (B) represents the removal in percentage and grey color indicates no PFAS detected. 

Anionic PFAS include PFCAs, PFSAs, FTSs, FTCAs and FASAAs; non-ionic PFAS include FASAs, MeFASAs and Am-Pr-FASAs. Experimental 

conditions: 50 mL IDWs, 10 mg NU-1000, and 30 min contact time. The removal of individual PFAS in IDWs is listed in Table S7 for reference.



The role of functional group and charge state of PFAS. Eight PFAS classes were investigated to study 

the role of their functional group and charge state on their adsorption behavior. From Figure 4 it is obvious 

that NU-1000 shows a consistently greater removal of PFSA than that of PFCA with the same 

perfluorocarbon chain length which is also widely observed for common adsorbents such as GAC, IX resin, 

zeolites, etc.49 This observation is grounded in Person's HSAB principle which describes sulfonates as a 

harder base as compared to carboxylates.50,51 NU-1000's Zr6-node is considered a hard acid, and therefore, 

results in greater electrostatic interactions with sulfonates vs. carboxylates.52 In addition, PFSA are 

generally more hydrophobic as compared to PFCA leading to more significant interactions with NU-1000's 

hydrophobic pockets. 

While the PFAS community focuses primarily on the comparison of the adsorption properties of 

PFSA vs. PFCA, only little is known about the other > 5000 types of PFAS with a variety of functional 

groups which can alter their physiochemical properties (e.g., electronic and steric properties).53 As 

displayed in Figure 4B, we found higher removal capacities for FTCA as compared to PFCA, and higher 

removal for FTS compared to PFSA (e.g., 78% and 93% in IDW 11 for C6 PFHxS and C6 6:2 FTS, 

respectively). This finding suggests that polyfluorinated compounds are removed to a larger extent than 

perfluorinated compounds with the same perfluorocarbon chain length which can be attributed to the higher 

hydrophobicity of polyfluorinated compounds with their extra CH2 units.54 

In addition, most PFAS studies generally probe the performance of adsorbents for anionic PFAS 

(e.g., PFOS and PFOA) removal but there are only limited reports on the adsorption of non-ionic 

PFAS.7,55,56 We observed non-ionic FASA exhibiting higher removal compared to PFSA with the same 

perfluorocarbon chain length (e.g., C4, C6 and C8; 68% and 91% in IDW 6 for C6 PFHxS and C6 FHxSA, 

respectively). This preferential adsorption might be induced by FASA's amine group which is considered 

by Person a hard base resulting in strong interactions with NU-1000's Zr6-node (a hard acid). 13,46,57Thus, 

the higher removal for FASA compared to PFSA in this study indicates that the mechanism for non-ionic 

PFAS adsorption (with a sulfonamide functional group) is based on acid-base interactions while 
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hydrophobic interactions also play a role. Furthermore, Figure 4B shows that the PFAS removal capacities 

for FASA exceed that for FASAA (e.g., in IDWs 1, 10 and 11). This observation can be explained based 

on the different PFAS-NU-1000 interactions modes which are of a strong acid-base (i.e., Zr6-amin) nature 

for FASA and of a relatively weak electrostatic (i.e., Zr6-amide) nature for FASAA. In addition, amines are 

more basic as compared to amides and thus having the potential to deprotonate the µ3-bridging hydroxo 

groups of the Zr6-nodes resulting in strong O2-—NH3
+ electrostatic interactions. This acid-base reactivity is 

not possible for amides given their very low basicity. The opposite trend (FASAA > FASA) is reported for 

cyclodextrin polymers and activated carbons where FASAA’s overall greater hydrophobicity and anionic 

carboxylate groups enhance the affinity for the adsorbents.4 NU-1000's removal capacities for MeFASA 

and Am-Pr-FASA are higher compared to FASA with the same perfluorocarbon chain length due to their 

larger molecular sizes making them more hydrophobic. For example, C4 PBSaAm is consistently removed 

to a higher extent as compared to C4 FBSA in IDWs 6 and 11 where both PFAS are detected. 

The role of water matrix. The conductivity (22-26000 µS/cm), TOC (0.11-268 mg/L), alkalinity (10-550 

mg/L) and hardness (30-1130 mg/L) varied significantly for all tested IDWs. Their detailed characteristics 

are listed in Tables S2 for reference. Given this complex composition of IDWs, these samples provided an 

ideal platform to investigate the role of water matrix on the MOF's PFAS removal performance. It is 

important to note that a statistical analysis revealed that the removal of PFAS was not significantly 

correlated with their initial concentrations (p > 0.05, Table S8).  It is evident from Figure 4B that the 

removal of PFAS from IDWs varied significantly for anionic PFAS depending on the water matrix. The 

average removal capacities for anionic PFAS are the greatest for IDWs 5 and 7 with a mean removal of 93 

± 15% and 89 ± 21%. The lowest anionic PFAS removals are observed in IDWs 2 and 8-10 with a mean 

removal of 29 ± 34, 31 ± 42, 49 ± 45 and 53 ± 38 %, respectively.  

The performance of adsorbents for PFAS removal from groundwater has been reported to be 

strongly associated with water chemistry (cations, anions, organic matters, etc.) via mechanisms including 

but not limited to (i) interrupting the interaction between adsorbents and adsorbates (e.g., competing for 
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adsorption sites on adsorbents); (ii) affecting the surface charge of adsorbates; and (iii) changing the 

hydrophobicity character.34,49,55,58–60 The results of a statistical Spearman correlation analysis, listed in 

Table S9, reveal that the removal of anionic PFAS was significantly correlated (p-value < 0.05) with the 

total conductivity, alkalinity and hardness. TOC was negatively correlated (r-value < 0) with anionic PFAS 

removal; however, its role was not statistically significant (p > 0.05). For example, the conductivities are 

the lowest for IDWs 5 and 7 (25 and 22 µS/cm) and among the highest for IDWs 2 and 8-10 (>500 µS/cm) 

which is associated with higher PFAS removal in IDWs 5 and 7 and the lower removal in IDWs 2 and 8-

10. As per Figure 4B, the removal efficiencies of individual anionic PFAS from IDW 5 are consistently 

higher (or equal when the removal reaches 100%) compared to that from IDW 10 (e.g., 97% and 94% in 

IDW 5, and 38% and 50% in IDW 10 for PFHpA and PFPeS, respectively). We showed in our previous 

study that the dominating mechanism for anionic PFAS (e.g., PFSA and PFCA) adsorption onto NU-1000 

is based on an anion exchange mechanism featuring ionic interactions between the deprotonated acidic 

groups of PFAS and the formerly hydroxo-coordinated cationic Zr6-nodes of NU-1000.25 Thus, since 

groundwater with higher conductivity contains higher concentrations of inorganic ions (e.g., Cl-, NO3
-, 

CO3
2-, etc.), these ions compete for the ion-exchange sites at the Zr6-nodes leading to the lower anionic 

PFAS removal. Similarly, IDW 2, which exhibits the highest alkalinity (representative anions are HCO3
-, 

CO3
2-, OH-) shows the lowest PFAS removal. These findings are consistent with those of other ion-

exchange-based sorbents (e.g., boehmite, chitosan and resins) where the adsorption capacity of anionic 

PFAS has been revealed to be compromised by anionic co-contaminates.7,26,34 Concurrently, the role of 

anions are reported to be insignificant on adsorbents which rely solely on hydrophobic interaction and/or 

hydrogen bonding.49 

The concentration of cations also exhibits a strong negative correlation with PFAS adsorption for 

a variety of adsorbents (e.g., activated carbons, carbon nanotubes, alumina, and cyclodextrin 

polymers).49,55,58 In this work, low PFAS removal in IDW 10 can be partially attributed to it having the 

highest total hardness among all IDWs (with most representative cations being Ca2+ and Mg2+). Generally, 
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it is found that divalent cations (e.g., Ca2+ and Mg2+) can bind with the anionic head groups of PFAS to 

form weak neutral complexes. These intermediates have the potential to weaken the electrostatic adsorbate-

adsorbent interactions, thus, resulting in an overall decrease of PFAS adsorption.55,59 However, for other 

adsorbents that respond to hydrophobic interactions as the dominant adsorption mechanism, the role of 

cations on PFAS adsorption is found to be insignificant.49 Moreover, Jun et al. reported that divalent cations 

can act as bridges between neighboring anionic PFOA molecules thereby promoting the adsorption capacity 

of an Al-based MOF.34 This finding, however, differs from what was observed in this work. 

Organic (co-)contaminants are ubiquitous in groundwater and are considered another factor 

impacting PFAS adsorption.49 For example, IDW 8 exhibits the highest TOC concentration (268 mg/L 

compared to 2.1 µg/L of total PFAS) resulting in a low mean PFAS removal capacity of 29 ± 34%. Multiple 

mechanisms can be responsible for this inhibition effect:6 (i) ionic organic co-contaminants (e.g., humic 

acid) can compete with anionic PFAS for the ion exchange sites on MOFs;56 (ii) hydrophobic organic co-

contaminants can bind with MOFs via hydrophobic interaction and hydrogen bonding; (iii) strong basic 

functional groups on organic co-contaminants can facilitate acid-base interactions with the hard acid Zr6-

node; and (iv) macromolecular organic co-contaminants can compete for the adsorption of PFAS with the 

MOF via electrostatic and/or hydrophobic interaction.7 

The adsorption of non-ionic PFAS was found to be negatively correlated with conductivity, total 

alkalinity, and total hardness (r < 0) and positively correlated with TOC (r > 0). However, these effects are 

not statistically significant (p > 0.05). Figure 4B shows that the removals for non-ionic PFAS are the 

highest for IDW 7 with a mean removal of 100 ± 0% and the lowest for IDW 9 with a mean removal of 62 

± 42%. For example, FHxSA, a non-ionic FASA detected in every groundwater sample, was 100% removed 

from IDW 8 which exhibited the highest TOC concentration and 100% removed from IDW 10 which 

exhibited the highest conductivity and total hardness. The water matrix lacking any influence on non-ionic 

PFAS removal further proved that non-ionic PFAS adsorption is dominated by acid-base interactions 

between PFAS's amine groups and NU-1000's Zr6-nodes. In general, there is a very limited number of 
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investigations reported on the role of water matrix on non-ionic PFAS removal, especially in complex 

contaminated groundwater. For example, Ching et al. observed the adsorption of neutral PFAS using 

cyclodextrin polymers which was significantly inhibited in groundwater compared to nanopure water, 

which is different with the observations in this study for MOFs.43  

Environmental implications. This study offers the first systematic investigation on the performance of 

emerging MOFs for the removal of different PFAS classes from a wide range of contaminated groundwater. 

The data revealed that the Zr-based MOF NU-1000 outperformed other MOFs with high affinity for both 

anionic and non-ionic PFAS. Our evidence shows that (i) electrostatic interactions between anionic PFAS 

and the cationic Zr6 metal node of NU-1000 is the dominant mechanism for anionic PFAS adsorption and 

(ii) acid-base interactions between the amine groups of non-ionic PFAS and NU-1000's Zr6-nodes are the 

key mechanism for non-ionic PFAS removal. Fundamental trends were observed showing preferred 

adsorption of long- over short-chain PFAS compounds, PFSA over PFCA, FASA over PFSA, FASA over 

FASAA, MeFASA over FASA, Am-Pr-FASA over FASA and polyfluorinated compounds over 

perfluorinated compounds with the same C-F chain length. The presence of inorganic cations, anions and 

organic co-contaminants demonstrated significant inhibitive effects on anionic PFAS adsorption on NU-

1000 due to the competition for adsorption sites and/or weakening of the electrostatic status of PFAS among 

other mechanisms. The effect of water matrix was less pronounced for non-ionic PFAS. The present study 

supports the continued investigation of MOFs as promising platforms for the remediation of PFAS 

contaminated water; and significantly improves our understanding of PFAS adsorption performances and 

mechanisms of MOFs in a complex water matrix, paving the way for the design of more efficient MOFs 

for the adsorption of various PFAS classes. 
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SUPPORTING INFORMATION 

Analytical method details; PXRD patterns of MOFs; IDW water sample characterizations; characterization 

details of adsorbents; removal efficiencies of PFAS from IDWs using different adsorbents; statistical 

analyses. 
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