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a b s t r a c t

To efficiently remove perfluorooctanoic acid (PFOA), we developed a composite of magnetic Fe3O4

nanocrystals and MIL-101 (an iron-based metal organic framework). Because of its high surface area,

porous structure, and complexation between PFOA as confirmed by experimental results and density

functional theory simulation, the magnetic composite showed a Langmuir adsorption capacity of 415mg/g

in the presence of various groundwater components, and thus adsorbed PFOA at environment-relevant

concentration within 20min. The catalyst loaded with PFOA can then be magnetically separated from the

synthetic groundwater. This adsorption step concentrated PFOA near MIL-101 and resulted in a fast de-

composition rate in the decomposition step, where MIL-101 served as an efficient Fenton agent due to its

abundant Fe3+/Fe2+ sites. Meanwhile, the alternative magnetic field was introduced to change the pro-

duction pathway of reactive oxygen species and superoxide radical anions were produced, which was

critical for PFOA degradation. In addition, the inductive heating effect heat the magnetic particles to

445K through an in-situ approach, which thus further accelerated Fenton reactions rate. In addition, and

achieved a complete degradation of PFOA within 30min. This newly developed Fenton catalyst demon-

strates advantages over conventionally heterogeneous and homogeneous catalysts, and thus is promising

for practical applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The satisfactory resistance of poly- and perfluoroalkyl sub-

stances (PFAS) to heat and oxidation make them useful for var-

ious applications in industries and consumer products [1]. How-

ever, their wide detection in the environment has raised great con-

cerns on public health and ecological safety [2–4]. As one of the

most studied PFAS, perfluorooctanoic acid (PFOA) has been proven

to cause highly adverse health effects [5]. However, PFOA cannot

be efficiently removed by conventional water treatment processes

[6]. Even though adsorption processes have demonstrated promis-

ing performance towards PFAS removal [7–9], they require careful

disposal of the sorbents and eluents [10]. Several other techniques

have thus been proposed, including photolysis [11–13], sonochemi-

cal process [6,14], electrochemical process [15,16], and photocataly-

sis [10,17,18], to decompose PFOA. However, applications of above-

mentioned techniques are often limited by their slow kinetics as

the concentrations of PFOA in the environment are in low levels

(ppb or even lower) and chemical reaction rates are highly de-
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pendent on the concentrations of reactants according to Arrhenius

equations [2]. It is, therefore, reasonable to expect fast reaction ki-

netics by developing a system which is able to bring PFOA to the

redox active sites.

In this communication, we report a step-wise treatment process

for the rapid removal of PFOA from groundwater: The first step is

adsorption, and the second step is decomposition. A magnetic MIL-

101 (MIL-101 is a class of metal organic framework (MOF)) sorbent

adsorbs PFOA at μg/L level within 20min from synthetic ground-

water even in the presence of multiple groundwater components

(e.g., ions, anions, and natural organic matter) because of its high

surface area and the complexation between Fe3+ within MIL-101

and carboxylate functional group of PFOA. Once PFOA is adsorbed,

the sorbent is collected by magnet and transferred to bench re-

actor for the subsequent decomposition. Because Fe2+/Fe3+ within

MIL-101 can catalyze Fenton reactions and produce various reactive

oxygen species [19,20], the adsorbed PFOA is decomposed with the

addition of H2O2. An inductive-heating effect is introduced to ac-

celerate the decomposition of PFOA. A fast decomposition rate of

PFOA is achieved as its concentration near MIL-101 is high.

https://doi.org/10.1016/j.cclet.2024.109753
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Fig. 1. (A, B) Transmission electron microscopy (TEM) images of the magnetic MIL-

101 sorbents, and their corresponding (C) N2 adsorption isotherms and (D) X-ray

photoelectron spectroscopy (XPS) spectrum of Fe 2p.

Fe3O4 nanocrystals were embedded within MIL-101 to make

the sorbent magnetic. The as-synthesized Fe3O4 nanocrystals are

of spherical morphology and with diameters of ∼20nm (Fig. S1A

in Supporting information). After the Fe3O4 nanocrystals are mixed

with the precursor of MIL-101 and heated in the microwave re-

actor, the composites of Fe3O4 nanocrystals and MIL-101 crystals

with octahedral morphology are obtained (Figs. 1A and B). As

shown in Fig. 1B, Fe3O4 nanocrystals are located either on the sur-

face or inside of the octahedral particles. Several studies have re-

ported the application of magnetic materials/MOFs composites for

the removal of contaminants from water [21–25], which often use

core/shell structure where MOFs serve as shell. Presumably due to

the crystal imperfections of MOFs in those studies, few of them

have demonstrated rapid uptake of contaminants. In this study, we

achieved producing the magnetic Fe3O4/MIL-101 with completely

octahedral morphology (size ranged from 150nm to 500nm) [26].

Fe3O4 nanocrystals displayed a typical type-II isotherm, suggest-

ing that they are non-porous, whereas the magnetic Fe3O4/MIL-

101 composites display a typical type-I isotherm, indicating that

they are microporous [27]. Because of the completely octahedral

morphology of MIL-101, the Brunauer-Emmett-Teller (BET) surface

area increases significantly from 52.6m2/g for the pristine Fe3O4

nanocrystals to 960.3m2/g for the composite (Fig. 1C). The X-ray

diffraction (XRD) patterns of the materials also confirmed that the

pristine spherical nanocrystals are Fe3O4 and the octahedral crys-

tals are MIL-101 (Fig. S1B in Supporting information). The existence

of coordinatively unsaturated sites of MIL-101 were verified by X-

ray photoelectron spectroscopy (XPS, full spectrum is shown in

Fig. S2 in Supporting information). As shown in Fig. 1D, the spec-

trum of Fe 2p was deconvoluted into two major peaks for 2p3/2

(710.4 eV) and 2p1/2 (724.1 eV), respectively [28]. Notably, peaks for

Fe2+ (710.2 eV) and Fe3+ (712.2 eV) can be deconvoluted from the

peak for Fe 2p3/2, verifying the existence of coordinatively unsatu-

rated (Fe2+/Fe3+) sites [19].

To demonstrate the feasibility of the proposed step-wise treat-

ment process, we spiked PFOA into a synthetic groundwater to

make PFAS contaminated groundwater with a PFOA concentra-

tion of 2 ppb (4.83nmol/L) [29]. PFOA adsorption over Fe3O4

nanocrystals and activated carbon were also conducted for com-

Fig. 2. (A) Adsorption kinetics of three adsorbents used in this study. (B) Fe 2p XPS

spectra of fresh magnetic MIL-101 and the one after PFOA adsorption. (C) Proposed

adsorption mechanism through the complexation between Fe and -COO− .

parison (Fig. 2A). The Fe3O4 nanocrystals demonstrated little ad-

sorption towards PFOA within 20min, possibly because of its low

surface area (BET surface area is 52.6m2/g). It was noted that ac-

tivated carbon and magnetic Fe3O4/MIL-101 showed significantly

different adsorption performance despite their similar BET surface

areas (∼800m2/g for activated carbon and ∼960m2/g for mag-

netic MIL-101). Specifically, magnetic Fe3O4/MIL-101 completely

removed PFOA in 20min, whereas activated carbon removed only

∼30% of PFOA during the same period. Adsorption isotherms of

magnetic Fe3O4/MIL-101 were studied to plot its adsorption capac-

ity (Fig. S3 in Supporting information). It was found that the cal-

culated Langmuir adsorption capacity of magnetic Fe3O4/MIL-101

was among the highest ones as compared to some recently devel-

oped adsorbents for PFOA adsorption, even though it was obtained

by using synthetic groundwater (possible competitive adsorption

from other water components) while distilled water was used in

most of other studies (Table S1 in Supporting information).

It has been recognized that the PFOA adsorption over activated

carbon is mainly ascribed to physical adsorption, e.g., electrostatic

forces and hydrophobic interactions [29,30]. Apparently, large sur-

face area of activated carbon also contributed to the adsorption ca-

pacity. However, the case for magnetic Fe3O4/MIL-101 could be dif-

ferent as Fe3+ has been proposed to be able to form complex with

carboxylate group [13,31,32]. We noted that the Fe 2p3/2 peak of

MIL-101 shifted from 709.9 eV to higher binding energy (711.6 eV)

after PFOA adsorption as compared to the pristine one (Fig. 2B).

This shift is consistent with a previous study that the formation

of Fe3+/carboxylate complex increases the binding energy of Fe 2p

[33]. We presume that the complexation of carboxylate group with

Fe3+ from Fe3O4 nanocrystals is less likely compared to that from

MIL-101 because (1) Fe3+ within Fe3O4 formed covalent bond with

oxygen, which is less accessible to carboxylate group and (2) Fe3O4

nanocrystals have a much lower surface area compared to MIL-101.

The complexation between Fe3+ and carboxylate group was further

strengthened by the relatively high bonding energy between them

according to density functional theory (DFT) simulation: the bond-

ing energy between the Fe3+ of MIL-101 and carboxylate group

of PFOA is 120.5 kcal/mol and the bonding distance is 0.306nm

(Fig. 2C, simulation details see Supporting information) [34]. As a

result, the PFOA adsorption over magnetic Fe3O4/MIL-101 can be

ascribed to the complexation between PFOA and the Fe3+ within

MIL-101. Meanwhile, because the porous structure and high surface

area of MIL-101, a variety of Fe3+ are exposed to PFOA, benefitting

the complexation and thus adsorption.
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Fig. 3. (A) Magnetic separation of PFOA adsorbed MIL-101 from synthetic ground-

water, the separation time was around 15min. (B) Temperature gradient near a

Fe3O4 nanoparticle (Unit of temperature: K, inductive heating source: 300W and

60Hz). (C) Time-dependent FTIR spectra of the asymmetric stretching band for -CF2
(left, located at ∼1207 cm−1) and for -COO− (right, located at ∼1712 cm−1) of the

MIL-101 during the inductive heating Fenton reactions and (D) fluoride liberation

during the process.

Followed by the adsorption step, magnetic Fe3O4/MIL-101 along

with the adsorbed PFOA were separated from the treated ground-

water using magnet (Fig. 3A) and transferred into distilled water

to decompose PFOA. H2O2 was added to the distilled water so-

lution of magnetic Fe3O4/MIL-101/PFOA to initiate the Fenton re-

actions. As mentioned above, MIL-101 with coordinatively unsat-

urated (Fe2+/Fe3+) sites was selected in this study because of its

potential role as modified Fenton’s reagent (Eqs. 1–5) [20]:

Fe2++ H2O2 → Fe3++ OH− + •OH (1)

Fe3++ H2O2 → Fe2++ HO2
•+ H+ (2)

•OH + H2O2 → HO2
• + HO2 (3)

HO2
• → O2

• −+ H+ (4)

Fe2++ HO2
• → Fe3++ O2 + HO2

− (5)

To boost the reaction rate, we introduced the inductive heat-

ing for the first time into the Fenton reactions by applying the al-

ternative magnetic field on the reaction medium (details see Ex-

perimental section in Supporting information). The principle of in-

ductive heating is based on the heating properties of magnetic

nanoparticles upon exposure to a constantly changing magnetic

field [35]. Recently, this concept has been becoming an alternative

option to introduce thermal energy to a reaction system and been

used in the chemical synthesis [36–38]. Since the thermal energy

is directly produced by the magnetic nanoparticles, it is possible to

heat the catalysts to a temperature higher than the boiling point of

the reaction medium (e.g., water for the Fenton reactions). In this

way, we can expect a fast reaction rate which is otherwise diffi-

cult to achieve by using conventional heating method. We simu-

lated the temperature gradient near a Fe3O4 nanoparticle (diam-

eter=20nm) and found that the temperature of the particle was

445.15K (Fig. 3B) under the experimental conditions (simulation

details see Supporting information). According to Arrhenius equa-

tion, the increase of temperature can result into an exponential in-

crease of reaction rate. Since Fe3O4 nanocrystals are located either

inside or on the surface of MIL-101, it can accelerate the relevant

reactions significantly which happen nearby. It should be noted

that MIL-101 is one of the most thermally stable MOFs, which can

maintain its stability up to 543K [39].

To monitor the decomposition of PFOA on the surface of mag-

netic Fe3O4/MIL-101, we used FTIR (Fourier transform infrared

spectrometer) to measure the intensities of characteristic peaks of

the functional groups in PFOA. As shown in the full FTIR spec-

trum of pure PFOA chemical, it has two characteristic peaks at

around 1200 and 1700 cm−1, corresponding to -CF2 and -COO−,
respectively (Fig. S4A in Supporting information) [40]. These two

peaks were also observed for the magnetic MIL-101 after PFOA

adsorption (Fig. S4B in Supporting information). The zoomed-in

spectra of -CF2 and -COO− (Fig. 3C) clearly showed that their

FTIR peak intensities decreased over time when the magnetic MIL-

101 along with the adsorbed PFOA were subject to the inductive

heating-assisted Fenton process. Initially, the PFOA adsorbed MIL-

101 showed an intense peak for -CF2 at 1207 cm−1. After 30-min

inductive heating-assisted Fenton process, this characteristic peak

totally disappeared. Similar phenomenon was also observed for the

-COO− (1712 cm−1). The FTIR results suggest that the adsorbed

PFOA by magnetic MIL-101 is possibly removed after 30-min in-

ductive heating-assisted Fenton process. This conclusion was fur-

ther strengthened by the fluoride liberation results (Fig. 3D). We

found that the concentration of fluoride in the solution increased

over time and ∼85% of fluorine recovered as fluoride in the so-

lution (calculation details see Supporting information), confirming

that the decrease of FTIR peaks was mainly because of the degra-

dation of PFOA, not desorption. Meanwhile, we only observed a

negligible increase of PFOA concentration during the process, fur-

ther confirming the PFOA degradation during the Fenton process

(Fig. S5 in Supporting information). This low amount of PFOA in

the solution also indicated that most of PFOA was decomposed

on the surface of magnetic Fe3O4/MIL-101, even though the des-

orption of PFOA may happen due to the increased temperature

of magnetic Fe3O4/MIL-101 particles during the inductive heating

process. On the contrary, without assistance of inductive heating,

the Fenton reactions with MIL-101 as agent showed slow fluoride

liberation kinetics (Fig. 3D), highlighting the advantage of inductive

heating effect. According to the chemisorption measurements, the

active site (Fe2+/Fe3+) density of Fe3O4 nanocrystals is 1.3 nmol/g

while that for magnetic Fe3O4/MIL-101 is much higher (2.1 μmol/g),

probably because of the high surface area and porous structure of

MOF. We thus presume that the magnetic Fe3O4/MIL-101 has more

active sites than conventional heterogeneous Fenton catalysts do

though few studies have reported the active sites number of cata-

lysts for Fenton reactions. Another control experiment which was

conducted in the absence of H2O2 (but with MIL-101 and inductive

heating) only showed a negligible production of fluoride, suggest-

ing that pyrolysis and thermally generated reactive oxygen species

(ROS) play a minor role in PFOA degradation in our case.

Conclusions from previous studies provide an immediate in-

sight as hydroxyl radicals (•OH) produced by Fenton reactions is

not active toward PFOA, and thus the other ROS including super-

oxide radical anion (O2
•−) and hydroperoxide anion (HO2

−) may

contribute most significantly to the rapid decomposition of PFOA

[20]. Indeed, the scavenging experiments showed that when iso-

propanol alcohol (IPA) was added as the scavenging agent of •OH,

the fluoride liberation was not affected (Fig. 4A) as compared to

the case in the absence of any scavengers, although the electron

paramagnetic resonance (EPR) results confirmed the presence of
•OH (Fig. 4B) [41–43]. However, when p-benzoquinone (p-BQ) was

added as the scavenger of O2
•−, the fluoride liberation was sig-

nificantly inhibited, suggesting the dominating role of O2
•− in the

PFOA degradation. The presence of O2
•− was further verified by

EPR (Fig. 4C) [41]. We also noted that in the absence of the alterna-
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Fig. 4. (A) Fluoride liberation in the presence of different scavengers. EPR spectra

of (B) •OH and (C) O2
•− in the system.

tive magnetic field, EPR tests only confirmed the production of •OH

not O2
•−, indicating that the alternative magnetic field changed the

production pathways of ROS. A thoroughly mechanistic study on

how these different reactive oxygen species evolved will be the fo-

cus of future study.

As clearly shown in the full FTIR spectra (Fig. S4B in Sup-

porting information), the peak intensity of magnetic Fe3O4/MIL-

101 decreased over time during the inductive heating-assisted Fen-

ton process, indicating a possible destruction of the MIL-101 crys-

tallinity. This is reasonable as the reaction process is highly inten-

sive and MIL-101 is made of organic compounds, which can also

possibly be decomposed by the active species produced by the

Fenton process. This decomposition of MIL-101 was verified by to-

tal organic carbon measurement, which increased from 0.09mg/L

to 3.69mg/L after the one cycle. TEM image of the used magnetic

Fe3O4/MIL-101 showed rougher surface as compared to the pris-

tine one, also implying that its structural integrity has been under-

mined (Fig. S6 in Supporting information). However, the PFOA ad-

sorption kinetic rates over magnetic Fe3O4/MIL-101 did not show

any significant decrease over the next four consecutive runs, prob-

ably because the amount of PFOA in the synthetic groundwa-

ter was negligible compared to the adsorption capacity of MIL-

101 (Fig. S7A in Supporting information). The inductive heating-

assisted Fenton process was also conducted between each adsorp-

tion cycle, but the fluoride liberation kinetic rates decreased over

runs (Fig. S7B in Supporting information). Therein, the destruc-

tion of MIL-101 may decrease the available amount of Fe3+/Fe2+

sites serving as Fenton agents. It is reasonable that when stronger

magnetic field is applied in pilot-scale and even full-scale appli-

cations, the destruction of MIL-101 will be faster. Despite the un-

satisfactory stability during the inductive heating Fenton process,

magnetic Fe3O4/MIL-101 along with the proposed adsorption and

subsequent decomposition strategy is still promising for practi-

cal applications as the magnetic MIL-101 can be considered as

a consumable “Fenton agent”. Meanwhile, by modifying magnetic

Fe3O4/MIL-101 with specific functional groups, it could achieve the

fast adsorption of other PFACs [44–46], and thus enable their pos-

sibly subsequent decomposition. Even though the test with field

groundwater is necessary to fully demonstrate the promising fea-

tures of this technology in the future, we can still envision a sce-

nario that contaminants in the environment can be moved and

thus treated under industrial conditions. This process may help ad-

dress the concerns on byproducts formation in the environment

during the advanced oxidation/reduction processes.
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