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Per- and polyfluoroalkyl substances (PFAS) are a group of
recalcitrant molecules that have been used since the 1940s in a
variety of applications. They are now linked to a host of
negative health outcomes and are extremely resistant to
degradation under environmental conditions. Currently, mem-
brane technologies or adsorbents are used to remediate
contaminated water. These techniques are either inefficient at
capturing smaller PFAS molecules, have high energy demands,

or result in concentrated waste that must be incinerated at high
temperatures. This Review focuses on what role metal-organic
frameworks (MOFs) may play in addressing the PFAS problem.
Specifically, how the unique properties of MOFs such as their
well-defined pore sizes, ultra-high internal surface area, and
tunable surface chemistry may be a sustainable solution for
PFAS contamination.

1. Introduction

There is increasing concern surrounding the health impacts of
per- and polyfluoroalkyl substances (PFAS). These are a
collection of synthetic molecules that contain at least one
perfluoroalkyl moiety (CnF2n+1).

[1] They have been used for
decades in a variety of applications such as non-stick cookware,
water-resistant clothing, and fire-fighting foams.[2] The desirable
chemical properties that make them useful molecules also allow
them to leach from soil into groundwater that can spread far
from the initial contamination site, impacting farmland and
drinking supplies. They have extremely high thermal and
chemical stability due to the strength of carbon-fluorine bonds
(�460.24 kJmol� 1),[3,4] which makes these molecules tremen-
dously difficult to break down.[3] As such, they persist in the
environment, bioaccumulating in plants and animals. PFAS has
been linked to a range of negative health outcomes including
thyroid issues, developmental problems, immunotoxicity, and
an increase in the incidence of tumors.[5]

Due to the widespread historical use of perfluorooctanoic
acid (PFOA, Figure 1a) and perfluorooctanesulfonic acid (PFOS,
Figure 1b), they are the most studied and commonly detected
PFAS species. As such, a large proportion of the literature on
the technology for remediation of PFAS contamination focuses
on these. Many countries have now banned or heavily
regulated their use. They are often referred to as “long-chain”
PFAS due to the number of carbons in their backbone (�6 for
sulfonates or �7 for carboxylic acids). As replacements, shorter-
chain homologues such as perfluorobutanesulfonic acid (PFBS,
Figure 1c) and hexafluoropropylene oxide dimer acid (GenX,
Figure 1d) were introduced. It was thought that these sub-
stitutes were less likely to bioaccumulate, but recent data shows
they may be just as toxic and persistent in the environment as
their predecessors.[6]

The surfactant properties of PFAS make them mobile in
groundwater, spreading them far from the initial contamination
site, and they are highly recalcitrant. This makes removing PFAS
from the environment extremely challenging. While many

physio-chemical approaches have been reported for PFAS
capture and degradation, such as adsorption, hydrogen
peroxide-catalyzed breakdown, electrochemical, photolytic, or
sonochemical oxidation, these options tend to be energy- and
cost-intensive and require specialized equipment, hence limit-
ing their utilization.[7,8] Established methods include granular
activated carbon (GAC), anion exchange resins (AIX), and
membrane technologies (nanofiltration and reverse osmosis).
The most common of these treatments is GAC, which removes
PFAS via adsorption through electrostatic and hydrophobic
interactions (Figure 1g). Anion exchange resins also adsorb
PFAS and do so by reversibly swapping with ions on a solid
resin (Figure 1f). In nanofiltration and reverse osmosis, contami-
nated water is subjected to a high pressure and pushed against
a semi-permeable membrane, which traps PFAS based on size
(Figure 1e).

All these systems can remove PFAS from water, each with
their own advantages and disadvantages. Membrane technolo-
gies have been shown to be extremely effective at removing
long-chain (90–99%) PFAS, but not as effective with the
removal of short-chain PFAS (50–99%).[9] They are the most
expensive to set up and operate as they require significant
energy to generate the high pressures required. GAC and AIX
are more cost effective but may be less efficient at removing
PFAS, especially short-chain compounds. All the technologies
require incineration of either a concentrated waste stream, a
spent resin, or reactivation, which requires temperatures above
1100 °C.[10]

Metal-organic frameworks (MOF) are ordered porous crystal-
line solids with ultra-high internal surface areas.[11] They are
formed via the coordination of linkers around metal nodes
(Figure 1h). By selecting different metal centers for the organic
linkers to coordinate around, internal surface properties and
pore sizes can be tuned.[12] These attributes make them
attractive for a variety of applications including separation,
adsorption, catalysis, and sensing, so they have also been
considered for the remediation of a variety of xenobiotic
compounds including PFAS. Herein, the potential of MOFs as a
sustainable approach in the remediation of PFAS-contaminated
soil and water is discussed. We begin by covering how these
porous materials can compete with currently used commercial
adsorbents. We then move on to how MOFs can be used to
breakdown PFAS through photo- and enzyme catalysis as well
as emerging work on biodegradation by bacteria. Finally, we
discuss the potential of MOFs in overcoming the shortcomings
of traditional PFAS sensing.
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2. Removal by Adsorption

The porosity and ultra-high surface areas of MOFs have led to
them being considered for adsorption of a variety of pollutants,
including PFAS. Cr- and Zr-based MOFs are the most studied
families of MOFs for PFAS adsorption (Table 1). This is likely due
to their high stability in water[14] over broad pH ranges as well
as the possibility of strong electrostatic interactions between
the anionic head of the PFAS molecules and the cationic
inorganic nodes of these MOFs, which may contribute to their
adsorption. A thorough comparison of the adsorption of PFAS
by activated carbon and MOFs has recently been published
elsewhere.[13]

The mesoporous chromium-based Materials Institute Lav-
oisier [MIL-101(Cr)] MOF has been demonstrated to adsorb both
PFOA and PFOS. Liu et al. pre- and post-synthetically modified
this MOF to contain amine functional groups in order to
enhance adsorption of PFOA.[15] They showed that pristine MIL-
101(Cr) has an adsorption capacity of 1.11 mmolg� 1, while pre-
synthetically functionalizing with an amine decreased the
adsorption to 0.7 mmolg� 1 as this modification blocks entrance
of PFOA to the internal pores. Post-synthetically introducing
quaternary-ammonium groups, however, increased the adsorp-
tion up to 1.82 mmolg� 1. MIL-101 has also been demonstrated
to adsorb PFOS in work by Barpaga et al. through scanning
transmission electron microscopy energy-dispersive X-ray spec-
troscopy (STEM-EDS) and infrared (IR) spectroscopy data, but
the adsorption capacity was not reported.[21] The concentrations
used in this study (up to 100 mmolL� 1) were relatively high
compared to upper health advisory limit set by the EPA at
70 ngL� 1 for drinking water.[16] As the critical micelle concen-

tration of PFOS is approximately 8 mmolL� 1, the amounts used
in this study would form aggregates that would impact
adsorption.[17]

Like MIL-101(Cr), UiO-66 is also formed with 1,4-benzenedi-
carboxylate but uses a zirconium center and has been shown to
be promising for PFAS capture. Sini et al. synthesized both UiO-
66 and its fluorinated version, UiO-66-(F4) and compared their
ability to take up PFOA and PFOS from an aqueous solution.
They demonstrated that both MOFs displayed fast adsorption
kinetics (<1 h equilibrium time) and had excellent capacity at
adsorbing PFAS. They also showed the fluorinated MOF had
higher capacity (1.13 mmolg� 1 PFOA and 0.51 mmolg� 1 PFOS)
than non-fluorinated UiO-66 (0.94 mmolg� 1 PFOA and
0.32 mmolg� 1 PFOS). Binding was attributed to hydrophobic
interactions of the PFAS molecules with the MOF rather than
attraction to the metal node, which explained why the
fluorinated MOF was more effective due to increased van der
Waals interactions.[19]

Further work using UiO-66 engineered to contain defects
was performed by Clark et al.[20] They synthesized UiO-66 using
increasing amounts of hydrochloric acid (0–50 vol%) to induce
crystal irregularities, which modified the surface area of the
MOF.[23] They demonstrated that introducing larger pores
drastically increased adsorption compared to the defect-free
material (Figure 2a). They also showed it had around 2 times
more capacity (1.24 mmolg� 1) than activated carbon
(0.64 mmolg� 1) but lower adsorption capacity than the com-
mercial anion exchange resin, IRA-900 (2.55 mmolg� 1) (Fig-
ure 2b). However, UiO-66 displayed superior kinetics and
reached equilibrium within 60 min compared to 72 h for IRA-
900. They also showed the PFOS substitute PFBS was adsorbed
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with similar capacity and kinetics. The reason for the better
adsorption capacity in the resin is likely due to the presence of
cationic trimethylammonium group attached to the hydro-
carbon chains of the resin, leading to higher electrostatic
interaction with PFAS than with UiO-66. Hence, it may be
possible to functionalize the MOF interior with ligands to also
facilitate ionic bonds, which may improve performance.

The ability of another zirconium-based MOF, NU-1000, to
capture a range of PFAS molecules has also been studied.[22]

NU-1000 is formed from a 4,4’,4’’,4’’’-(pyrene-1,3,6,8-
tetrayl)tetrabenzoic acid linker and a zirconyl chloride octahy-
drate precursor.[24] Li et al. demonstrated that the MOF NU-1000
could efficiently capture a range of PFSAs and PFCAs with
different carbon chain lengths (1–9).[22] They showed most of
the molecules tested were rapidly adsorbed where all except
heptafluorobutyric acid (PFBA) reached equilibrium in under
1 min. The MOF showed high affinity for PFSAs where the
capacity was shown to be 1.24 mmolg� 1 while up to
1.55 mmolg� 1 was retained for PFCAs, which was much higher
than commercially available GAC or resin for this species. In

addition to showing that MOF NU-1000 could be regenerated
with a 30 :70% mixture of 0.1m HCl in methanol, it also
displayed 80–100% removal of PFAS from real groundwater
samples collected from contaminated sites (Figure 2c).

These reports demonstrate that MOFs can be effective
adsorbents in the context for PFAS remediation. Not only can
they outperform commercial adsorbents such as GAC and anion
exchange resins, but they also display rapid kinetics with
equilibrium times under 1 min in some cases. However, their
ability to assist in the context of real-world remediation is yet to
be proven. The adsorption capacity will vary for different PFAS
molecules, and some will be more effective with different chain
lengths. In addition, the presence of co-contaminants should
also be considered as well as the impact of ions and pH. Initial
studies using water spiked with PFOA or PFOS as model PFAS
are acceptable but should be followed up with tests of samples
collected from contaminated sites.

Handling spent material is a common problem across all
adsorbents. The ability to regenerate the MOF and recover
PFAS for reuse would make these materials much more

Figure 1. Common PFAS molecules and present removal technologies. Previously used long-chain PFAS molecules (a) perfluorooctanoic acid (PFOA) and (b)
perfluorooctanesulfonic acid (PFOS) are now being replaced with short-chain substitutes including (c) perfluorobutanesulfonic acid (PFBS) and (d)
hexafluoropropylene oxide dimer acid (GenX). (e) Nanofiltration/reverse osmosis: contaminated water is subjected to high pressure against a semipermeable
membrane and is filtered based on size. (f) Anion exchange resin: negatively charged PFAS is attracted to positive charges on synthetic polymeric resins are
exchanged with ions. (g) Granular activated carbon: PFAS is adsorbed through electrostatic and hydrophobic effects. (h) Metal-organic frameworks are formed
from the coordination of organic linkers around metal nodes to form ordered crystalline solids.

Table 1. MOFs for PFAS adsorption.

MOF Adsorption capacity
[mmolg� 1]

BET surface area
[m2g� 1]

Concentration tested
[mmolL� 1]

Type Ref.

MIL-101(Cr) 1.11 2560 0.1–0.6 PFOA [15]
ZIF-7
ZIF-8
ZIF-L

0.052
0.428
0.589

17
1291
12

0.01–0.5 PFOA [18]

UiO-66
UiO-66-(F4)

0.94 (PFOA)
0.32 (PFOS)
1.13 (PFOA)
0.51 (PFOS)

682 0.2–2.4 PFOA/PFOS [19]

UiO-66 0.19–1.24 687–1423 1–1.7 PFOS/PFBS [20]
MIL-101(Cr) not reported not reported 1–100 PFOS [21]
NU-1000 1.22 (PFOA)

1.24 (PFOS)
2255 2.6×10-4 (PFOA)

8.5×104 (PFOS)
various [22]

ChemSusChem
Review
doi.org/10.1002/cssc.202201136

ChemSusChem 2022, 15, e202201136 (4 of 13) © 2022 Commonwealth of Australia. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 05.10.2022

2219 / 261431 [S. 8/17] 1



sustainable. While the studies discussed here often characterize
the materials post-sorption, only two attempted to regenerate
them. The regeneration conditions are relatively mild and quite
efficient. Liu et al.[15] show overnight treatment of the MOF with
1% sodium chloride/methanol (30 :70, v/v) allows for a 90%
retention in adsorption capacity after three cycles. A more in-
depth regeneration study was conducted by Li et al.,[22] where a
number of inorganic salt and solvent combinations were tested.
They identified 0.1m hydrochloric acid in methanol (30 :70, v/v)
as optimal and were able to recover 86–105% of PFBS after
5 cycles. However, regeneration may not always be possible
and PFAS often requires high-temperature incineration to be
destroyed. Hence, technologies that can break down PFAS into
safe constituents are of high demand.

3. Breakdown and Mineralization

An ideal technology for PFAS degradation should result in the
generation of less harmful products such as complete mineral-
ization to fluoride ions. As fluoride is a weak base, it mostly
remains in ionic form in aqueous solutions; however, there is
potential for the formation of the highly toxic and corrosive
species hydrofluoric acid, which has been observed for some

remediation techniques.[27] Incomplete breakdown can also
form short-chain PFAS, for which there are still questions
regarding the safety of these molecules. While some of the
following examples provide detailed mechanisms, which in-
clude the intermediates and products generated, it is not
always provided and is something to remain mindful of when
designing a remediation process.

3.1. Photocatalytic degradation

Harnessing the energy of photons from sunlight to destroy C� F
bonds via photocatalysis is a green and cost-effective alter-
native to incineration. Photocatalysis involves the alteration of
chemical reaction rates through photon absorption in the
presence of a light-sensitive semiconductor (or photocatalyst).
While mechanisms between individual systems may differ, the
general process involves the following steps: (1) formation of
electron-hole pairs following light absorption at an appropriate
wavelength, (2) charge separation where the electron is excited
to a higher state, (3) electron transfer to holes on the catalyst
surface, and finally (4) a redox reaction using the formed
charges (Figure 3a).[28] An analogous process occurs in photo-
catalytic MOFs where electrons are excited from the highest

Figure 2. PFAS adsorption by MOFs. (a) Comparison of the UiO-66 materials with increasing engineered defects and (b) of UiO-66-10 to PAC and IRA900. The
PFOS sorption isotherms at pH 5 were fitted with Langmuir and Freundlich isotherm models with the equilibrium PFOS concentration (Ce) in solution plotted
against the equilibrium sorption amount of each sorbent (qe). Adapted with permission from Ref. [20]. Copyright 2019, American Chemical Society. (c) Removal
capacities of various PFAS from contaminated groundwater samples by the MOF NU-1000. Adapted with permission from Ref. [22]. Copyright 2021, American
Chemical Society.
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occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) (Figure 3b).[28]

One of the main issues in photocatalysis is that charge
carriers are vulnerable to fast recombination (at <100 ns),
which reduces the efficiency.[29] The photocatalyst should be
easily modifiable to achieve an optimum bandgap and longer
excitation lifetimes that can delay the electron–hole recombina-
tion to enhance the photocatalytic performance. As such, MOFs
have recently gained attention for their ability to degrade a
variety of organic pollutants by photocatalysis.[30] Photocatalytic
MOFs are constructed from metal clusters that behave like
inorganic photocatalysts and organic linkers that function as
light-absorbing components (antenna). The porous structure of
MOFs further allows their integration with chromophores or
inorganic materials for improved performance. The high
structural tunability of MOFs promotes the formation of
narrower bandgaps that facilitate electronic excitation by visible
light, thereby placing MOF photocatalysts in a favorable
position for sunlight activation. The recombination of charge
carriers can be inhibited to improve their photocatalytic
performance through flexible structural modifications.[31] Hence,
the combination of excellent adsorption capacities and photo-
catalytic properties offers the potential for accelerated degrada-
tion of organic wastes.[25,32] The collective desire by government
agencies, chemical industries, and academia to eliminate the
persistent and highly toxic PFAS from the environment has

resulted in much research for ideal photocatalytic
materials.[33–37]

Although MOF-based photocatalytic research for PFAS
solutions is still in its infancy. Hou et al. recently fabricated
lignin-based nanofiber (lignin/PVA/bi-MOFs) composite mem-
branes that contain bimetallic Co/Fe MOFs for the photo-
degradation of PFOA in the presence of peroxymonosulfate as
an advanced oxidizer, using sunlight irradiation.[26] The degrada-
tion process for PFOA is a combination of advanced oxidation
processes and photocatalysis. The presence of the Co/Fe MOF
increased the removal of PFOA from the solution through
adsorption, generation of charge carriers and different reactive
intermediates by the photoactivated Co/Fe MOF. About 90%
PFOA was degraded under sunlight irradiation within 3 h while
100% degradation was achieved after 9 W UV irradiation at
185 nm, 5 cm above the solution (Figure 3c). This corresponded
with defluorination and conversion to fluoride ions of approx-
imately 50% (Figure 3d). The disparity between PFOA degrada-
tion and fluoride generation was attributed to adsorption of the
ion to the catalyst surface and the generation of shorter-chain
perfluorocarboxylates, which, as mentioned, may be just as
problematic. This study demonstrates that the excellent
adsorption property of MOFs combined with photocatalysis will
promote their adoption as ideal materials for removal of PFAS
from the environment.

Figure 3. (a) Conventional semiconductor photocatalysis, where electrons move from the valence to conduction band (examples include TiO2 and ZnO),
compared with (b) MOF photocatalysis, where the transition occurs from HOMO to LUMO, with comparison of bandgaps and light source. Adapted from
Ref. [25] with permission from the Royal Society of Chemistry. (c) Photocatalytic degradation of PFOA by electrospun lignin-based bimetallic MOFs nanofibers
composite membranes. Degradation of PFOA in the various composite membranes and (d) generation of fluoride in the peroxymonosulfate/membranes/solar
light system over 180 min with a starting concentration of 20 mgL� 1. Reprinted from Ref. [26], Copyright 2021, with permission from Elsevier.
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3.2. Enzymes and bacterial breakdown of PFAS

Bioremediation aims to remove pollutants from contaminated
soil or water using microbes or their enzymes. It is seen as a
green and economical alternative to other remediation techni-
ques as they have evolved to carry out difficult reactions under
environmentally friendly and low-cost conditions such as lower
temperatures, atmospheric pressure, and using water as a
solvent. As such, they have attracted attention as potential
agents for degrading a wide range of xenobiotic compounds.
At the time of writing, no singular enzyme has been identified
that can directly degrade PFOA or PFOS. However, there is
evidence microbes are able to break C� F bonds in partially
fluorinated compounds[38,39] as well as some enzymes that can
indirectly degrade PFAS through free-radical mediators. Further-
more, a bacterial strain (Acidimicrobium sp. Strain A6) was
recently identified that is also able to degrade PFOA/PFOS.[40]

Bacteria carry an energy cost to maintain the organism, so
using enzymes directly would be advantageous in this regard.
The biotransformation of PFAS using enzymes with mediators is
facilitated by an important class of reactions called enzyme-
catalyzed oxidative humification reactions (ECOHRs), which are
responsible for the decomposition of organic matter to produce
the dark colored humus or compost in soils. These extracellular
ligninolytic enzymes include lignin peroxidase (LnP, EC
1.11.1.14), manganese peroxidase (MnP, EC 1.11.1.13), horse-
radish peroxidase (HRP, EC 1.11.1.7), and phenol peroxidase
(Laccase, E.C. 1.10.3.2). In nature, they use phenolic or anilinic
moieties to produce free-radical intermediates. This allows
them to degrade materials indirectly rather than directly
through binding of the contaminant to the active site.

Early work on PFAS focused on the enzyme horseradish
peroxidase (HRP). This metalloenzyme has a heme group at its
active site that has been used extensively in the degradation of
synthetic dyes containing phenolic groups.[41] Colosi et al.
explored the degradation of PFOA using HRP, hydrogen
peroxide, and a phenolic co-substrate (4-methoxyphenol),
demonstrating approximately 68% depletion of the parent
compound and 98% depletion of its related acute aquatic
toxicity after 6 h.[42] However, there was less than 1% conversion
to fluoride, and the enzyme mostly broke down the PFOA into
smaller perfluorinated compounds. Laccase has also been
considered in the breakdown of a variety of xenobiotic
compounds. This enzyme contains a catalytic copper center,
only requires oxygen as a reactant, and produces water as a
product.[45] Their potential role in breaking down PFAS has been
demonstrated by Huang and co-workers in two separate studies
on PFOA and PFOS. They showed 50% of PFOA could be
broken down over 157 days with 28% conversion to fluoride
(Figure 4a)[43] while 59% of PFOS was over 162 days with 47%
converted to fluoride (Figure 4b),[44] both using 1-hydroxyben-
zotriazole as a mediator and generating multiple small-chain
fluorinated compounds. However, in both studies fresh enzyme
and mediator was added every 6 days over the experimental
time period. Even with additional enzyme, the breakdown does
not appear to be linear. There may be several explanations such
as the generation of unfavorable conditions (e.g., a change in

pH or the production of side products) that inhibit further
degradation.

These enzymes are known to be inactivated by the presence
of different molecules. Peroxidases can be deactivated by
hydrogen peroxide[46] and laccases by mediators[47] as well as
products.[48] Immobilization of enzymes with MOFs has been
shown extensively to protect enzymes under conditions that
deviate from normal operating parameters including temper-
ature and variations in pH.[49–56] Enzymes can be either
immobilized onto the MOF surface or loaded into the MOF by
infiltration within the limits of loading capacity of each of these
techniques.[57–68] A more advanced technique is biomimetic
mineralization,[69] wherein the MOF self-assembles around the
enzyme (de novo encapsulation) and has been proven to
significantly enhance stability (Figure 4c).[70] Negatively charged
enzymes are postulated to increase the local concentration of
the positively charged metal ions followed by an increase in
organic ligands resulting in self-assembly. This leads to the
facilitation of a prenucleation MOF cluster forming around
these biomacromolecules which results in controlled crystal
formation.[70,71] The overall process is uncomplicated and
sustainable, requiring only ambient conditions and water-based
synthesis, which can be easily scaled-up and translated to
industrial production facilities. The intrinsic properties of the
MOF materials including their high chemical, thermal, and
mechanical stability are the main contributing factors to the
resulting performance of the MOF–enzyme composites.[72] While
the MOF scaffolds impart exceptional protection, their high
porosity allows for access of the enzyme to reactants and
products. The ability to structurally confine and stabilize
enzymes using MOFs would allow for their continuous use for
remediation in environmental conditions without the impracti-
cality of supplementation.[73]

Laccase is amongst the multiple enzymes that have so far
been incorporated with this technique in MOFs. Knedel et al.
used the zeolitic imidazolate framework ZIF-8 to demonstrate
improved thermal and chemical stability compared to free
laccase.[74] They showed the free enzyme was completely
inactivated after 5 h at 70 °C while the ZIF-8-shielded enzyme
retained 60% of its activity with the substrate 2,6-dimeth-
oxyphenol as well as improved resistance to the solvent
dimethylformamide. However, encapsulation hampered enzyme
activity. Only 13% of the activity was retained when encapsu-
lated compared to free enzyme.

Using the copper-trimesic acid MOF HKUST-1, Zhang et al.
showed in addition to the increased thermal and chemical
stability, the MOF in fact increased activity (1.5 fold) relative to
the free enzyme.[79] They attributed this to a synergistic effect
between the Cu2+ ions in HKUST-1 and the active site of
laccase. In addition, the encapsulated enzyme had improved
storage and retained around 70% activity after 30 days
compared to laccase in solution. Finally, they demonstrated
approximately 100% degradation of the pollutant bisphenol A
within 4 h compared to around 35% for the free enzyme.

Using microorganisms to breakdown pollutants has also
gained a lot of interest as a sustainable remediation approach;
however, only a few have reported on the biodegradation of
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PFAS. It was shown that a Pseudomonas parafulva strain (YAB1)
obtained near a PFAS producing facility showed 32% break-
down of PFOA over 96 h[80] while a Pseudomonas aeruginosa
strain found in wastewater treatment sludge was able to
remove 67% of PFOS of 48 h.[81] More recently, Huang and Jaffé
reported on the ability of Acidimicrobium sp. strain A6 to
breakdown both PFOA and PFOS by 60% over 100 days
(Figure 4d) while also showing an increase in fluoride ions
(Figure 4e).[40]

The chemical properties of PFAS contaminated soil and
water are highly variable, so any bioremediation approach will
require the microbes to survive under a range of conditions. As
with enzymes, MOFs have been used to encapsulate living cells

for augmentation. Liang et al. demonstrated this on yeast cells
(Saccharomyces cerevisiae) where they formed a ZIF-8 coating.[82]

They demonstrated that this shield was able to enhance cell
viability under extreme conditions where 70% of coated cells
survived versus 1% unencapsulated cells after 7 days. The MOF-
coated cells were also more resilient when subjected to UV
radiation and cytotoxic compounds. In addition, the bacterial
strain Morella thermoacetica was shielded using a zirconium and
1,3,5-benzenetribenzoate MOF.[83] This anerobic bacteria is of
interest for artificial photosynthesis and can suffer from a loss in
viability due to oxygen and hydrogen peroxide at the cell
membrane. By coating the cells in the MOF, the peroxide
decomposed the zirconium oxide units, preventing the accumu-

Figure 4. Enzyme-catalyzed degradation of PFAS, MOF encapsulation of bioentities, and bacterial breakdown. Change in (a) PFOA or (b) PFOS over time
catalyzed by laccase with the mediator 1-hydroxybenzotriazole (HBT) with samples: 0 control, positive control sample with no laccase or HBT added; 1–0,
1 unitmL� 1 laccase added every 6 days but no HBT; 1–2, 1 unitmL� 1 laccase and 2μm HBT added every 6 days; 1–20, 1 unitmL� 1 laccase and 20μm HBT added
every 6 days. (a) Adapted with permission from Ref. [43]. Copyright 2015, American Chemical Society. (b) Adapted from Ref. [44]. Copyright 2018, American
Chemical Society. (c) Biomimetic mineralization, wherein negatively charged bioentities increase the local concentration of the positively charged metal ions
followed by an increase in organic ligands resulting in self-assembly of a MOF. (d) Reduction in PFOA from a starting concentration of 0.24mm and (e)
increase in fluoride when incubated with pure A6 and A6 enrichment bacterial cultures. Adapted with permission from Ref. [40]. Copyright 2015, American
Chemical Society.
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lation of reactive oxygen species and increasing viability 5-fold
relative to uncoated cells.

While still in its infancy, it is clear MOFs have immense
potential in fortifying enzymes, microorganisms and may do so
for PFAS degrading entities as well. The porous MOF shell
enables simultaneous access to the degradation target while
shielding from chemical and physical assaults. In addition, their
facile synthesis via biomimetic mineralization is carried out in
water at room temperature. However, there are some chal-
lenges that must be overcome before MOFs can be imple-
mented for remediation. Many metals and ligands that MOFs
are composed of are toxic, especially to aquatic life (e.g.,
copper). However, there has been research into the synthesis of
MOFs from edible components that may overcome this
hurdle.[84] It is important to stress advances in this field hinge on
the further identification and engineering of bioentities capable
of efficiently breaking down PFAS. As there are currently limited
examples in the literature, work in this area should be a priority
to exploit the protective features of MOFs in the development
of a sustainable bioremediation approach for PFAS.

4. Detection of PFAS using MOF Sensors

Chemical sensors can give real-time information about the
identity and quantity of a specific analyte in a complex mixture.
A good sensor should be sensitive, selective for the chemical of
interest, as well as field-deployable for on-site detection.[85] A
sensor contains materials that can chemically interact or physi-
cally adsorb the analyte to produce measurable physical signals.
The development of chemical sensors for the detection of PFAS
in water is challenging due to the limited chemistry of the
molecules: the high C� F bond dissociation energy and weak
non-polar interaction exhibited by perfluoroalkyl chains. More-
over, PFAS molecules have similar headgroups to most anionic
surfactants, such as the linear alkylsulfonates and linear
alkylcarboxylates, whose presence in water causes interference
with the detection of PFAS due to their similar chemical
interactions.[86]

MOFs are promising for chemical sensing due to their large
surface areas, uniform pore structures for size-sieving of
molecules, a wide range of metal clusters, and functionalizable
organic linkers to provide tunable adsorption sites. MOFs
consist of pores that can concentrate analytes to maximize
interactions with the inorganic clusters, organic linkers, or both

simultaneously.[87] MOFs are potential candidates for the
development of integrated sensing devices due to their flexible
synthesis and modifiable properties. The use of MOFs for the
detection of PFAS is a recent but promising development and
showcases their capabilities at attaining high sensitivity and
selectivity to different PFAS molecules through different sensing
platforms.

A few studies have focused on PFAS sensing with MOFs and
are summarized in Table 2, which includes the mode of
interaction with PFAS in Figure 5a. Similar to studies on
adsorption and breakdown, sensor development has mostly
focused on the isolated detection of the most well-known PFAS
molecules. Given the extensive and growing number of PFAS,
future work in this area should focus on techniques that can
identify total PFAS quantities and within complex mixtures.

4.1. Electrochemical detection of PFAS

Electrochemical sensing with MOFs requires that the electrical
properties change in response to the adsorption of analytes.
Cheng et al.[75] were the first to develop a MOF-based sensor for
PFAS using MIL-101(Cr) to capture PFOS with electrochemical
impedance spectroscopy (EIS) measurements. Their device
consisted of interdigitated microelectrodes that are sandwiched
with MIL-101 on microfluidic channels. The microfluidic electro-
chemical-MIL-101 (Cr) sensor attained a detection limit of
0.5 ngL� 1 PFOS. MIL-101(Cr) is a mesoporous MOF that has
strong affinity and high adsorption capacity for PFOS.[21] Upon
exposure of MIL-101(Cr) to PFOS, a redox process occurs
between the CrIII site of the MIL-101, which is oxidized, and the
C� F surface of the perfluoroalkyl, which is reduced. The high-
resolution X-ray photoelectron spectroscopy (XPS) spectra of
MIL-101 before and after adsorption of PFOS, showing the
regions of F1 s and Cr2p3/2, reveal that the intensity of the
reduced F and oxidized Cr states increased after PFOS
adsorption (Figure 5b). XPS also demonstrated a redox inter-
action between the CrIII centers and the F atoms of PFOS. The
shifting of spectra position of the S2p3/2 to a slightly lower
binding energy indicates an electrostatic interaction between
the CrIII center and sulfonate head group of PFOS. Thus, the
electrochemical impedance response of the sensor was
enhanced by the stronger electrostatic interaction. The advant-
age of the MIL-101(Cr) electrochemical sensor is the linear
dependence of the PFOS concentration on the charge transfer

Table 2. MOF sensors for PFAS.

MOF sensor PFAS detected Sensing platform Limit of
detection
[ngL� 1]

Sensor
preparation
time

Analysis
time

Ref.

Impedance Microfluidic MIL-101(Cr) PFOS electrochemical 0.5 not re-
ported

2 h [75]

PCN-222, PCN-223, PCN-
224(Zr)Luminescent Sensor Array

PFHxA, PFHpA, PFOA, PFNA,
PFDA, and PFOS

fluorescence 3.6–
4.7×104

not re-
ported

10 s [76]

ZIF-8-SPME probe PFOA SPME and MS 11 24 h 3 min [77]
MIL-101(Cr)-DETA-F-SPME probe PFOA, PFOS, and PFOPA SPME and liquid chromatog-

raphy–MS
0.004–
0.12

�4 h 15 min [78]
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resistance of the device that allows the direct quantification of
PFOS in water samples.

4.2. Fluorescent sensing of PFAS using a MOF sensor array

In a recent study performed by Chen et al., the promise of
optical sensing of PFAS by a fluorescent MOF array was
demonstrated.[76] The sensor array consisted of three zirconium-
based porphyrinic coordination networks (PCNs (PCN-222, PCN-
223, and PCN-224) to sense and discriminate different mixtures
of PFAS in both surface and underground water samples. The
MOF sensing array was used to distinguish between six differ-
ent PFAS by producing a unique fluorescent response pattern
for each species, depending on their adsorptive interaction with
the MOFs. The six PFAS include: perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), perfluoroctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA),
and perfluorooctane sulfonate (PFOS). The main sensing
mechanism reported is based on the adsorption of PFAS, which
leads to the static quenching of the PCN fluorescence. Static
quenching occurs due to the formation of stable non-
fluorescent ground state complexes[88] and is different within
the sensor array at the same concentration of PFAS (Figure 5c).

The various levels of quenching given by the sensor array after
contact with PFAS molecules is due to the differences in the Zr-
node connectivity, pore size, and surface areas of the Zr-PCN
MOFs, which dictate their interactions with different PFAS
molecules. The major interactions that are responsible for the
various quenching responses observed include hydrophobic
interactions between the aromatic pore walls and PFAS tail and
electrostatic interactions between the positively charged Zr-
clusters and the anionic heads of PFAS. The combination of
these were leveraged to give significant quenching response to
PFOS over other PFAS molecules due to stronger hydrophobic
interactions with pore wall and electrostatic sulfonate head-
group interaction with the Zr-clusters.

4.3. MOF-based solid phase microextraction detection of
PFAS

The detection of PFAS with MOFs has further been demon-
strated by leveraging their adsorptive properties through solid-
phase microextraction (SPME). SPME is an analytical technique
that uses adsorbent-coated fibers to extract target analytes
from a solution phase. This process is usually combined with
conventional analytical tools such as mass spectrometry (MS)

Figure 5. (a) Schematic showing the different chemical interactions between MOF structures with PFAS molecules resulting in various chemical sensing
responses. (b) High-resolution XPS of pristine PFOS and PFOS-exposed Cr-MIL-101 showing the (left) F1s region, (middle) the Cr3p3/2 region of Cr-MIL-101,
and (right) the S3p region. Adapted with permission from Ref. [75]. Copyright 2020, American Chemical Society. (c) Fluorescence response patterns for
different PFAS species using the luminescent PCN sensor array, adapted with permission from Ref. [76]. Copyright 2021, American Chemical Society. (d)
Diagram of the PFOA sensing process using MOF-SPME probes. The probes were used to preconcentrate PFOA molecules from water samples and then
desorbed in 10 μL methanol for mass spectrometry analysis; (top) cross-section SEM image of ZIF-8-SPME probe showing ZIF-8 particles grown on the surface
of a polydopamine-coated stainless-steel needle, adapted with permission from Ref. [77]. Copyright 2020, American Chemical Society. (e) Enrichment factors
of MIL-101-DETA-F for a mixture of seven compounds (1.0 μgL� 1 for each). Reproduced with permission from Ref. [78]. Copyright 2021, American Chemical
Society.
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and chromatography to desorb and quantify the analyte from
the fiber.[89] Suwannakot et al. fabricated MOF-coated SPME
probes that were combined with MS for the detection of PFOA
based on four different MOFs [ZIF-8, MIL-88-A, UiO-66, and
Tb2(BDC)3] (Figure 5d).

[77] PFOA was adsorbed by the MOF-
coated probe by dipping in water samples, followed by the
desorption of PFOA from the probe in methanol for MS
quantification. More PFOA is adsorbed on the surface of the
probe as the specific surface area of the MOF increases. ZIF-8
and UiO-66 had higher abundance of PFOA than MIL-88-A and
Tb2(BDC)3. Computational studies also revealed that both ZIF-8
and UiO-66 have the highest binding energy for PFOA.
However, the ZIF-8-SPME probe gave more reproducible results
and was therefore preferred over the UiO-66-SPME probe. The
reported detection limit of ZIF-8-SPME probe for PFOA was
11 ngL� 1. The encouraging response of ZIF-8-SPME to PFOA
may also be related to the strong hydrophobic interaction
between the hydrophobic ZIF-8 surface[90] and perfluoroalkyl
tail of PFOA.

One issue that needs consideration is how to minimize the
interference of anionic surfactants in the MOF-based detection
of PFAS. The hydrophobic interactions of the perfluoroalkyl tails
of PFAS molecule with the organic walls of MOFs can be further
exploited to improve their affinity over anionic surfactants with
similar chemical structures. A window of opportunity, therefore,
lies in the flexibility of MOFs for chemical functionalization. Jia
et al.[78] used fluorinated diethylenetriamine (DETA)-functional-
ized MIL-101(Cr) (MIL-101-DETA-F) as a fiber coating for the
SPME process that was combined with ultra-high-performance
liquid chromatography-tandem MS to detect PFAS molecules.
The MIL-101-DETA-F fiber demonstrated detection limits over
the range of 0.004–0.12 ngL� 1 to PFAS molecules. The enrich-
ment factor (Figure 5e) indicates the difference in the abun-
dance of each analyte to the MIL-101-DETA-F probe, and real
water samples further showed that it was selective to PFOA,
PFOS, and PFOPA molecules over non-fluorinated surfactants.
The selectivity is due to the hydrophobic surface attracting only
PFAS molecules through a non-polar F–F interaction of the
functionalized MOF with the perfluoroalkyl tail. Other possible
interactions include redox processes and hydrogen bonding
between the parent framework and PFAS molecules.

MOF-based SPME sensing probes yield parts per trillion
sensitivity, which is a function of the binding energy of PFAS
with the MOF and the adsorption capacity. The large surface
area and tunable surface chemistry of MOFs are needed to
develop highly sensitive and selective probes. However, the
dependence of the method on the bench-top analytical instru-
ments for PFAS quantification is a drawback that limits its
application for an on-site detection.

5. Summary and Outlook

As the evidence that per- and polyfluoroalkyl substances (PFAS)
have negative impacts on health mounts, there is increasing
pressure to remediate contaminated water and soil. Even
though the use of these fluorinated compounds is tightly

regulated now, the recalcitrant nature and historical widespread
use means PFAS contamination is a problem that we will be
facing for some time. Current methods for remediation of PFAS
contaminated material are not sufficient, and better methods
for detection are required. Metal-organic frameworks (MOFs)
with their ultra-high surface area, tunable pore-size, and rich
surface chemistries are proving extremely promising in address-
ing this issue. They are already demonstrating exceptional
adsorption capacities for PFAS and the ability to degrade it
through photocatalysis. In addition, they are highly effective at
encapsulating and protecting bioentities and showing immense
sensing capabilities. These properties make them a cost-
effective and environmentally friendly approach for degrading
PFAS.

However, much work still needs to be done before MOFs
are used in the remediation of PFAS contamination. Firstly, the
synthesis technique must be considered as many protocols
require the use of harsh solvents and elevated temperatures,
and hence, greener synthesis pathway should be investigated.
Secondly, many MOFs are not aqueous-stable, which will need
to be improved on for remediation and sensing applications.
Thirdly, there are currently limited reports of either enzymes or
bacteria that can degrade PFAS. However, many pollutants of
concern that were previously thought to be completely
resistant to biodegradation have later had enzymes identified
that can in fact break them down.[91] Once identified, these
enzymes can be subjected to directed evolution to improve
their efficiency. Hence, synthetic biology together with ad-
vanced materials is likely to play a role in the future. If these
challenges can be overcome, MOFs may prove extremely useful
in multiple ways towards tackling the difficult problem that is
PFAS contamination.
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