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ABSTRACT: Efficient oxidation from arsenite [As(III)] to
arsenate [As(V)], which is less toxic and more readily to be
adsorbed by adsorbents, is important for the remediation of
arsenic pollution. In this paper, we report a metal organic
framework (MIL-100(Fe)) filter to efficiently remove arsenic from
synthetic groundwater. With commercially available iron mesh as a
substrate, MIL-100(Fe) is implanted through an in situ growth
method. MIL-100(Fe) is able to capture As(III) due to its
microporous structure, superior surface area, and ample active
sites for As adsorption. This approach increases the localized As
concentration around the filter, where Fenton-like reactions are
initiated by the Fe2+/Fe3+ sites within the MIL-100(Fe)
framework to oxidize As(III) to As(V). The mechanism was
confirmed by colorimetric detection of H2O2, fluorescence, and electron paramagnetic resonance detection of ·OH. With the aid
of oxygen bubbling and Joule heating, the removal efficiency of As(III) can be further boosted. The MIL-100(Fe)-based filter
also exhibits satisfactory structural stability and recyclability. Notably, the adsorption capacity of the filter can be regenerated
satisfactorily. Our results demonstrate the potential of this filter for the efficient remediation of As contamination in groundwater.

1. INTRODUCTION

Arsenic (As) contamination in groundwater has been threat-
ening human health in some developing countries, where
people rely on groundwater as their main supplies for drinking
water.1,2 Even in the United States, people in certain states are
suffering from the excessive concentration of arsenic in
groundwater.3 The chronic poisoning by As may cause severe
symptoms including skin lesions, hyperkeratosis, and cancer of
internal organs, etc.4 Efficient As mitigating technologies are
thus urgently desired. In an earlier review by Mohan and
Pittman, different As removal technologies, such as oxidation,
coagulation, filtration, and sorption, were compared.5 Conven-
tional oxidation techniques require careful control of pH.6,7 For
coagulation and its related techniques, the major concern is the
production of toxic sludges.8 The drawbacks of filtration
(membrane) techniques are their high running cost and
production of toxic wastewater.9 In contrast, adsorption is
evolving as an efficient remediation technique for As removal
due to its cost effectiveness and robust operation.5,10 However,
even though negatively charged arsenate [As(V)] can be
efficiently removed by adsorption, neutrally charged arsenite
[As(III)] with higher toxicity may survive from adsorption.11 As
a result, various synergistic oxidation and adsorption methods
have been proposed.12 Among many candidates, those based on
Fenton-like reactions to oxidize As(III) and remove As(V) with
the generated adsorbents (e.g., iron oxides) have been proved

promising.13,14 However, even for seriously contaminated
groundwater, the highest concentration of As is at the level
of μg/L,2 which is so low that it cannot facilitate fast reaction
kinetics. It is thus expected that by increasing the localized
concentration of arsenic around the oxidizing agents, As(III)
can be oxidized in a time-efficient way and the generated As(V)
will be readily adsorbed. Within this context, a system which is
capable of efficiently adsorbing As(III), and thus, increasing its
localized concentration will be promising.
Recently, metal organic frameworks (MOFs) have attracted

intensive attention due to their superior surface areas and
nanoscale pore sizes and have shown significant capacity for gas
adsorption.15,16 MOFs have also found their applications in the
adsorption of aqueous contaminants, such as dyes and metal
ions.17,18 Several recent studies have demonstrated the
promising feature of MOFs and/or their composites for
efficient As removal.19−25 For example, UIO-66, ZIF-8, and
Fe-BTC have been used as powder adsorbents for As
removal.20,22−24 The magnetic composites can help to recycle
materials.19,25 The MnO2-ZIF-8 composite powders have
shown that the oxidation of As(III) into As(V) is helpful for
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a faster removal of arsenic.21 However, these attempts have
raised two critical issues for practical use. (1) Better recycle
approaches. As many environmental functional materials which
are used as dispersion, the above-reported adsorbents are in
powder form. The recycle of these particulate adsorbents
remains a major concern for groundwater safety. Secondary
contamination may occur if these particulate adsorbents are not
removed from the water body. (2) Simultaneous adsorption
and oxidation. Solo adsorption approach cannot completely
solve the As issue as the more toxic As(III) still remains inside
the adsorbents, which require additional treatments. Thus, a
MOFs-based system which can address these issues will be
promising for efficient control of As contamination in
groundwater via simultaneous adsorption and oxidation.
Within this context, we hereby demonstrate an iron mesh-

based MOFs filter for efficient removal of As. The iron mesh
serves as an substrate and provides iron ions for the in situ
growth of an iron-based MOF (MIL-100(Fe), MIL represents
Materials of Institut Lavoisier).16 MIL-100(Fe) is capable of
increasing the localized concentration of As around the filter
due to its mesoporous structure, high surface area, and ample
surface sites.19 As a result, the coordinatively unsaturated iron
sites26 within the MIL-100(Fe) initiate the Fenton-like
reactions to oxidize As(III) to As(V) rapidly with the aid of
external voltage and air, while the generated As(V) is adsorbed
by MIL-100(Fe) (Scheme 1).

2. MATERIALS AND METHODS
2.1. Chemicals and Materials. Sodium arsenite (NaAsO2,

≥90%), sodium arsenate dibasic heptahydrate (Na2HAsO4·
7H2O, ≥ 98%), calcium chloride (CaCl2, ≥96%), magnesium
chloride (MgCl2, ≥98%), sodium metasilicate (Na2SiO3,
≥98%), sodium bicarbonate (NaHCO3, ≥99.7%), sodium
phosphate (NaH2PO4, 96%), and trimesic acid (H3BTC,
98%) were purchased from Sigma-Aldrich. Coumarin
(C9H6O2, 98%) was received from Fisher Scientific. Steel
woven wire cloth (60 × 60 mesh, diameter of single iron wire =
0.19 mm) was obtained from McMaster-Carr (U.S.A).
Ultrapure water (18.2 MΩ·cm, produced by Barnstead
SMART2PURE system, ThermoFisher Scientific) was used
throughout the experiments.

2.2. Synthesis of MIL-100(Fe) on Steel Woven Wire
Cloth. In a typical synthesis, 0.01 g of H3BTC and 9.56 mL of
H2O were mixed by sonication. Then a steel woven wire cloth
(rinsed with methanol three times to remove impurities) and
the above mixed solution were introduced into a microwave
reactor and allowed to be heated at 140 °C for 30 min. After
cooling down to room temperature, the product was collected
and washed with water (80 °C, 3 h) to remove unreacted
chemicals. The product was further dried in an oven (80 °C,
overnight) for characterization and use.

2.3. Batch Experiments. Synthetic Bangladesh ground-
water, which contained 8.2 mM NaHCO3, 2.5 mM CaCl2,1.6
mM MgCl2, 0.025 mM NaH2PO4, and 0.246 mM Na2SiO3, was
used.12 Either NaAsO2 or Na2HAsO4·7H2O was used as As
source (500 μg/L). The pH value of the synthetic groundwater
was 8.57, and the electrical conductivity was 1415 μS/cm. The
effect of dissolved organic matter (DOM) on the filtration
performance was studied by spiking a certain amount of humic
acid (HA, from Sigma-Aldrich, 0.25, 2.5, and 25 mg/L for HA)
into the synthetic Bangladesh groundwater. These concen-
trations of HA are broad enough since the average
concentration of DOM in Bangladesh is 2.5 mg/L.27 In a
typical experiment, 1.5 L of synthetic water in a tank was
circulated through the filter with a submersible pump (HG16,
flow rate = 100 L/h). Air was purged (flow rate = 20 mL/min)
into the tank to increase the concentration of dissolved oxygen.
A direct-current power supply system (OMRON S8VM-
01505C) was used to provide voltage to the steel mesh (as
shown in the Scheme 1). During the experiments, water
samples were collected with syringe filters (0.45 μm Nylon
membrane, VWR) at specific time intervals (every 30 min in
the first 2 h and every 1 h in the subsequent 4 h). To determine
the adsorption capacity of the filter, As(III)- or As(V)-dosed
water (concentration varied from 0.5 to 30 mg/L) was fed
through the filter at room temperature and water samples were
collected at 6 h to measure As concentration. Characterization
and measurements methods are detailed in the Supporting
Information.

3. RESULTS AND DISCUSSION
3.1. Fabrication of MIL-100(Fe)-Based Filter. Commer-

cially available steel woven wire cloth (denoted as iron mesh
below) was used as the iron source for the in situ growth of
MIL-100(Fe). After hydrothermal treatment in the solution of
H3BTC, orange crystals are formed on the iron mesh (Figure
1A and 1B). As shown in the optical microscopy images, the
surface of the pristine iron wires is smooth and shiny (Figure
1C and 1D). After the growth of MIL-100(Fe), a significant
increase in wire diameter is observed (Figure 1E). Closer
observation indicates that the orange crystals with specific
morphologies distribute on the iron mesh (Figure 1F). The
morphological change of the iron mesh before and after MIL-
100(Fe) growth is also apparent from the corresponding
scanning electron microscopy (SEM) images (Figure S1). It
should be noted that the coverage of the crystals on the iron
mesh is uniform and complete. For the filter application, the
iron meshes were cast into circles with a diameter of 25 mm for
the growth of MIL-100(Fe) (Figure 1G). It is also expected
that this fabrication procedure could be readily scaled up with
larger iron meshes and reaction containers.
To verify the composition, morphology, and porous structure

of the orange crystals, X-ray diffraction (XRD), transmission
electron microscopy (TEM), and nitrogen sorption analysis

Scheme 1. (Left) Set-up of the Iron Mesh-Based Filter for
Arsenic Removal; (Right) Proposed Mechanism of the
Efficient Arsenic Removal of This Systema

aThe ball and stick structure in the right figure represents MIL-
100(Fe).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b06212
Environ. Sci. Technol. 2018, 52, 4275−4284

4276

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06212/suppl_file/es7b06212_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06212/suppl_file/es7b06212_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06212/suppl_file/es7b06212_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b06212


were carried out, respectively. The XRD pattern of the crystals
scratched off from the iron mesh indicates the successful
synthesis of MIL-100(Fe) (Figure 1H).26 The corresponding
TEM image also shows that the orange crystal is made up of
octahedral crystals, which is the typical shape of MIL-100(Fe)
(inset of Figure 1H). The nitrogen sorption of the product
displays type I isotherms, suggesting its microporosity.28

Meanwhile, the BET surface area of the synthesized MIL-
100(Fe) was measured to be ∼720 m2/g, which is significantly
more than that of pristine iron mesh (∼0.25 m2/g, Supporting
Information). MIL-100(Fe) also has two major pore sizes of
around 2 nm (inset in Figure 1I), which are large enough for
arsenic ions to diffuse inward. It is noteworthy that MIL-
100(Fe) connects with the iron mesh through covalent
bonds,29 which are strong enough to maintain a satisfactory
stability (as discussed in the following section). The detailed
formation mechanism of this filter is discussed in the
Supporting Information.
3.2. Removal of Arsenic. Experiments were conducted

with mimic Bangladesh groundwater, as detailed in the
Materials and Methods. Different filters were sealed into a
filter holder (Figure S2), where water flows through. All of the
experimental parameters are listed in Table S1. As shown in
Figure 2A, even for pristine iron mesh, the removal of both

As(III) and As(V) was observed. Specifically, nearly 17% of
As(V) and 10% of As(III) were removed after the 6 h filtration
with pristine iron mesh as filters, respectively. Some studies
have reported that iron oxides and iron salts have a satisfactory
adsorption performance toward arsenic.13,30−32 Meanwhile, it
has been recognized that a higher concentration of sodium and
water hardness accelerate the corrosion of iron,33 which
produces both iron salts and iron oxides.34 As a result, the
adsorption of arsenic over the pristine iron mesh may be
attributed to the adsorption capacity of iron salts or iron oxides
produced because of the corrosion of iron. This will be
discussed in detail in the next section.
Notably, a rapid removal of arsenic over MIL-100(Fe)-based

filters was recorded. Under certain conditions, as listed in Table
S1, a satisfactory performance which meets the safety limit for
drinking water (i.e., 10 μg/L, recommended by WHO)5 was
achieved. For example, almost 90% of As(III) and all As(V) was
removed after 6 h with MIL-100(Fe)-based filters (Figure 2A
and Table S1). Regardless of the types of the filters, a higher
removal efficiency of As(V) was always observed than that of
As(III), which is consistent with the studies on the arsenic
removal with adsorption.5,19 This is because As(V) usually
exists as forms with negative charges, which can be efficiently

Figure 1. Schematic illustration of (A) pristine iron mesh- and (B) MIL-100(Fe)-based filter. (C and D) Optical microscopy images of pristine iron
mesh. (E and F) Optical microscopy images of MIL-100(Fe)-based filter. (G) Digital image of the circle iron mesh before (left) and after the growth
of MIL-100(Fe) (right). (H) XRD pattern of the synthesized MIL-100(Fe) crystals; (inset) TEM image; scale bar represents 500 nm. (I) N2
sorption isotherms; (inset) pore size distribution plot. Scale bars in C−F represent 200 μm. Scale bar in G represents 25 mm.
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removed by adsorption, while As(III) may survive from the
adsorption process since it is usually neutrally charged.11

We also found that the removal kinetics of arsenic over
different filters fit well with a pseudo-first-order model, which is
consistent with a recent study35

= + − −C C C C( )et
kt

e 0 e (1)

where Ct is the concentration of total arsenic (unit μg/L) at
time t (unit hour), Ce is the equilibrium concentration of
arsenic (unit μg/L), C0 is the initial concentration of arsenic
(500 μg/L), while k represents the first-order rate constant
(unit h−1). All of the calculated parameters of the model are
summarized in Table S1. The fitted removal kinetics are plotted
as curves in Figure 2A. The pH of the groundwater was
increased by 0.15 after 6 h (conditions air bubbling and 3 V
voltage), probably due to the escape of dissolved CO2.

32

In addition, HA as a representative DOM, which is an
important component in groundwater, was spiked into the
synthetic Bangladesh groundwater to investigate its effects on
the filtration performance. As shown in Figure 2B, although
negative effects of HA on the As removal efficiency were
observed, which are consistent with previous studies,36−38 the
MIL filter fabricated in this study still demonstrated a
satisfactory performance. For example, even with HA of 2.5
mL/g (average concentration in groundwater), the total As
removal efficiency of the filter is still as high as 95.8% (Figure
2B). However, a higher concentration of HA can reduce the
removal efficiency, which may be due to the competitive
sorption between DOM and As species on the MIL filter.36

Competitive oxidation between As(III) and DOM could be
another reason. As shown in Figure 2C and 2D, a blue shift of
the excitation/emission in the humic region within the
fluorescence excitation emission matrices (EEMs) was
observed, indicating that decomposition of condensed moieties

of HA into smaller molecules.39 The decomposition of DOM
by the oxidants produced in the system (Figure S3) suggested
that less As(III) was oxidized into As(V). Another possible As
sorption inhibitor, the complexes of As−Fe−DOM, which were
frequently found in other research,40−42 was less likely
responsible in our study, since no such complexes were
observed in the synthetic groundwater even after 6 h operation
(Figure S4). The absence of the complexes also confirmed the
stability of the MIL-100(Fe) filter (Figure S4). The absence of
complexes of As−DOM (Figure S5) further confirmed that the
negative effects from HA were mainly attributed to its
competitive sorption and oxidation with As on the filter.
We also investigated the effect of the increased concentration

of dissolved oxygen on the removal efficiency of As by bubbling
air into the water tank. As shown in Table S1, no obvious
change was observed for the removal kinetics of As(III) over
pristine iron mesh filter when air is bubbled in the feed tank.
For example, the equilibrium concentrations of As(III) over
pristine iron mesh for with and without air bubbling are 454.35
and 454.7 μg/L, respectively. However, for the MIL-100(Fe)-
based filter, the equilibrium concentrations with and without air
bubbling are 42.6 and 68.5 μg/L, respectively, indicating a more
extensive removal of As(III) for MIL-100(Fe)-based filter when
the concentration of dissolved oxygen is high. Since the
adsorption rate of As(V) is faster than that of As(III), a possible
oxidation from As(III) to As(V) may happen when air is
introduced into this system. This oxidation under air bubbling
condition may be ascribed to the ability of the Fe2+/Fe3+ couple
to activate oxygen to produce oxidants (eqs 2−4)30

+ → ++ ·− +Fe O O Fe2
2 2

3
(2)

+ + → ++ ·− + +Fe O 2H Fe H O2
2

3
2 2 (3)

+ + → ++ · + +Fe HO H Fe H O2
2

3
2 2 (4)

Figure 2. Removal of arsenic under different conditions: (A) solo adsorption of As(III) and As(V). (B) Effect of HA with different concentrations on
the removal efficiency (condition 3 V and air bubbling). (C and D) EEMs of the synthetic Bangladesh groundwater (in Raman units) spiked with
HA (2.5 mg/L) before and after treatment, respectively. (E) As(III) removal with simultaneous air bubbling and voltage applying.
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Notably, when certain voltages were further applied, the
removal efficiency of As(III) changed significantly. For
example, when the applied voltage was increased from 0 to
1.5 V (Figure 2E), the removal efficiency of As(III) increased
from 91.5% to 94.7% (Table S1). When the voltage was further
increased to 3 V (Figure 2E), 100% of As(III) can be removed
within 6 h. However, a higher voltage input (4.5 V, Figure 2E)
decreased the As(III) removal efficiency to 90.9%. The
advantages of using relative low voltages can be ascribed to
the Joule heating effect which further improves the oxidation
rate of As(III) since the temperature increase generally results
in the enhancement of reaction kinetic constants. However, the
generated Joule heating could also decrease the removal
efficiency of As(III) since a higher temperature usually
decreases the adsorption rate according to the Arrhenius
equation.28 As a result, it can be concluded that the balance
between the oxidation rate and the adsorption capacity due to
the Joule heating determines the removal efficiency of As(III).
The Joule heating introduced by the applied voltage was

further verified by the temperature changes when different
voltages were applied. According to the Joule’s first law, the
power of heating (P) generated by an electrical conductor is
proportional to the square of the applied voltages (V)

∝P V R/2 (5)

where R is the electrical resistance of the conductor, which is
assumed to be constant. It should be noted that the heat is

mainly generated by the iron wire wrapped inside the filter
since MIL-100(Fe) is not conductive (electrical resistance >
2000 kΩ). The ambient environment could be further heated
through thermal convection and radiation. Thus, we observed
that the temperature of the surface of MIL-100(Fe)-based filter
increased with the increasing voltages. Without applying
voltages, the temperature of the filter surface is 23.2 °C, the
same as water under ambient condition. When the voltage was
increased, the surface temperature of the filter was also
increased (24.8 °C for 1.5 V, 27.0 °C for 3.0 V, and 29.8 °C
for 4.5 V). The negative effect of Joule heating on adsorption
was further verified by another control experiment. When no
air was bubbled into the system and only voltage was applied, a
continuous decrease of As(III) removal efficiency was observed
with the increase of applied voltage (Figure S6 and Table S1).

3.3. Mechanism Investigation. The species distribution
of arsenic under different pH values was plotted using Visual
MINTEQ (Figure S7). The results suggested that the
predominant species for As(III) is H3AsO3 and that for
As(V) is HAsO4

2− under the experimental pH of 8.57. To
understand how MIL-100(Fe) helps concentrate arsenic, FTIR
analysis was conducted. As shown in the full-scan spectra
(Figure 3A), some changes were observed in the range from
500 to 1000 cm−1 after the filter was used for As removal.
Closer observation indicated three bands at 668, 808, and 829
cm−1 evolved (Figure 3B). The band at 668 cm−1 is indexed to
As−OH asymmetric stretching.24 The two bands at 808 and

Figure 3. (A and B) FTIR spectra of the MIL-100(Fe) before and after treatment. (C) Proposed As(V) and (D) As(III) adsorption mechanisms
over MIL-100(Fe) under pH 8.57.
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829 cm−1 are considered as the “splitting” of the υ(As−O)
vibration, which are assigned to Fe−O−As groups and
nonsurface-complexed As−O bonds, respectively.43 These
two vibrations also correspond to the symmetric and
asymmetric stretching modes of AsO3(OH)

2− complex.43,44

As a result, a possible adsorption mechanism is that HAsO4
2−

binds to the coordinatively unsaturated iron sites within MIL-
100(Fe), forming AsO3(OH)

2− complex and Fe−O−As bonds
(Figure 3C). However, we did not observe the band of As(III)
(∼800 cm−1), consistent with two previous studies.43,44 The
absence of the As(III) band could be attributed to the fact that
the complexes of As(III) are IR inactivated or weakly
activated,44 so that it is overlapped by the bands of As(V)
complexes (Figure 3B). It is also possible that the adsorption of
As(III) does not involve direct coordination through a As(III)−
O−Fe bond.43 In contrast, some other mechanisms, such as
hydrogen bonding, could be involved in the adsorption of
As(III) over MIL-100(Fe).25 Under alkaline conditions, the
surface of MIL-100(Fe) was capped by an −OH group,45 which
formed hydrogen bonding with H3AsO3 (Figure 3D).25

Since H2O2 may be produced due to the reactions between
Fe2+/Fe3+ and oxygen, Fenton-like reactions should happen to
generate ·OH as follows46

+ → + · ++ + −Fe H O Fe OH OH2
2 2

3
(6)

+ → + · ++ + +Fe H O Fe O H H3
2 2

2
2 (7)

It should be noted that ·O2H may be altered to O2
·− at the

experimental pH.44 These radicals are strong and nonselective
oxidant,47 which are capable of oxidizing As(III) to As(V).30,32

To elucidate this mechanism, we verified the production of
H2O2 through a colorimetric detection method.48 In the
presence of H2O2, the colorless TiOSO4 solution would turn to
be yellowish. By measuring the absorption intensity at 405 nm,

the amount of H2O2 can be determined. As shown in Figure
4A, when 3 V of voltage was applied and air was bubbled into
the system, H2O2 was produced at a rate of 0.061 mg/L·h. This
result is reasonable because we also observed that the level of
dissolved oxygen increased over time due to air bubbling
(Figure S8). The produced H2O2 initiated the Fenton-like
reactions in the presence of Fe2+/Fe3+ and form ROS, such as
·OH, which was further confirmed using a fluorescence
technique.49 At specific time intervals, water samples were
collected from the filter holder and then mixed with coumarin.
As shown in Figure 4A, fluorescence peaks can be identified at
455 nm. These peaks are indexed to be the product of the
reaction between coumarin and ·OH.49 Even though it is
difficult to quantify the amount of ·OH with this method, the
evolution of the fluorescence spectra clearly indicate the
continuous accumulation of ·OH near the MIL-100(Fe) filter.
Production of ·OH was further confirmed using EPR
spectroscopy with DMPO as spin trap.50 As shown in Figure
4B, EPR analysis of DMPO-treated aqueous samples aliquoted
from the filter resulted in the characteristic four-line 1:2:2:1
hyperfine splitting pattern (AH = AN = 14.9 G) associated with
the DMPO/·OH spin adduct, confirming the generation of
·OH. In contrast, no pattern was observed for the sample
obtained at 0 h, suggesting the production of ·OH during the
treatment process.
To further verify this mechanism, we conducted XPS

characterization for the MIL-100(Fe) before and after the As
removal. As shown in Figure 4C, the Fe 2p spectrum can be
deconvoluted into two major peaks at 710.4 and 724.1 eV,
corresponding to Fe 2p3/2 and 2p1/2, respectively. Meanwhile,
we also observed two satellite peaks at 716.6 and 727.2 eV,
which are similar to a previous study.51 The peak of Fe 2p3/2
can be further deconvoluted into two peaks at 710.2 and 712.1
eV, suggesting the existence of both Fe2+ and Fe3+.52 These

Figure 4. (A) Production of H2O2 in the filter (3 V with air bubbling, blue plot) and evolution of fluorescence spectra with time (black curves). (B)
EPR spectra of DMPO-treated samples without (0 h) and with treatment (2 h) by the MIL-100(Fe) filter. (C) XPS spectrum of Fe 2p from MIL-
100(Fe) before use. (D) XPS spectrum of As 3d from MIL-100(Fe) after use.
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coordinatively unsaturated iron sites are considered to be
involved in the Fenton-like reaction to oxidize As(III) into
As(V) since we observed the oxidation of As(III). As shown in
the XPS spectrum of As 3d, three peaks, which correspond to
As−O (43.6 eV), As3+ (44.5 eV), and As5+ (45.4 eV),53 were
observed (Figure 4D). Since the initial dose of arsenic was
As(III), the presence of As(V) verified the oxidation from
As(III) to As(V).
On the basis of the above analysis, we proposed a possible

mechanism of the fast removal of As(III) over a MIL-100(Fe)-
based filter: MIL-100(Fe) with a microporous structure and
superior adsorption capacity adsorbs As(III) in a time-efficient
manner and thus increased the concentration of As(III) near its
surface significantly. On the other hand, the coordinatively
unsaturated sites (Fe2+ and Fe3+) within MIL-100(Fe) initiate
the Fenton-like reactions in the presence of oxygen. Meanwhile,
the increased As(III) concentration over MIL-100(Fe)
accelerates its oxidation to As(V), which is more readily to
be adsorbed. This mechanism is illustrated in Scheme 1. By
applying certain voltages, the Fenton-like reactions are further
accelerated due to the increased temperature, which is caused
by the Joule heating effect.
3.4. Recycle Performance. As mentioned above, even

pristine iron mesh shows certain adsorption capacity toward
both As(III) and As(V). We found that after the arsenic
removal tests, the pristine iron mesh was partially covered by
corrosion (inset in Figure 5A). The XRD analysis confirms that,
besides iron, Fe3O4 (PDF no. 74-1909) and Fe2O3 (PDF no.
24-0072) are also produced. Some other iron-bearing minerals
were missing from the XRD pattern probably due to their low
crystallinity. Meanwhile, the formation of CaCO3 (PDF no. 29-
305, all of the other peaks in Figure 5A) further implies that

some complicated reactions may happen between iron mesh,
dissolved oxygen, and the water components in the solution.
Regarding the formation of iron oxides, the reactions between
O2 and Fe should play a major role. It has been recognized that,
even under ambient conditions, Fe can react with pure water to
produce iron oxides.34 Since Fe3O4 has been reported to be of
adsorption capacity toward arsenic,31 we thus observed the
removal of arsenic with pristine iron mesh.
For the MIL-100(Fe)-based filter, we observed no significant

change of its outward after the arsenic removal tests. As shown
in the inset of Figure 5A, the filter after the test also shows a
color of orange, which is identical with the fresh filter (Figure
1G). Notably, only XRD peaks corresponding to MIL-100(Fe)
and Fe can be found, indicating the structural stability of the
MIL-100(Fe)-based filter, even in the presence of complicated
water components (Figure 5A). The XPS spectra of Fe 2p from
the MIL-100(Fe) also show the similar identity (Figure 5B),
implying that oxidation status of Fe may remain constant before
and after use. The full-scan XPS spectra of MIL-100(Fe) before
and after use are also shown in Figure S9. All of the major peaks
of MIL-100(Fe), including C 1s, O 1s, Fe 2p, and O KL1, were
observed for the used samples, further indicating the strong
structural integrity of MIL-100(Fe). Moreover, we also found
the peaks corresponded to Na 1s and Cl 2s for the used MIL-
100(Fe), which should be from the water components of
synthetic groundwater. The SEM images of the MIL-100(Fe)
filter after 5 cycle use (Figure S10) show little difference as
compared to that of as-synthesized filter (Figure S1). This
structural stability also suggests a possibly satisfactory recycle
performance.
We also studied the recyclability of the MIL-100(Fe)-based

filter to evaluate its potential for long-term use. The

Figure 5. (A) XRD patterns of pristine iron mesh- (red) and MIL-100(Fe)-based (black) filters after the arsenic removal tests. (Insets)
Corresponding digital images. (B) XPS spectra of Fe 2p from the MIL-100(Fe)-based filter before and after treatment. (C) Recycle performance of
the As(III) removal over the MIL-100(Fe)-based filter, air bubbling, and 3 V of voltage were applied; no treatment of the filter was conducted
between each cycle. (D) XRD patterns for the MIL-100(Fe) before and after recycle use.
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performance of the MIL-100(Fe)-based filter for As(III)
removal was recorded for five consecutive cycles. A voltage of
3 V and air bubbling were applied in this experiment. As shown
in Figure 5C, no inactivation of the As(III) removal efficiency
was observed at the end of the fifth cycle, suggesting a
satisfactory recycle performance of the filter. We further
measured the adsorption capacity of MIL-100(Fe)-based filter
and found that its capacity for As(III) and As(V) was 35.2 and
19.2 mg/g, respectively. The total volume of synthetic
Bangladesh groundwater that can be treated by the system
was estimated to be 14.4−26.4 L depending on the species of
As (see Supporting Information). Meanwhile, the adsorption of
As(III) and As(V) was found to follow the Freundlich and
Langmuir models, respectively (Figure S11). The demonstrated
adsorption capacity is lower than some MOFs-based adsorbents
(Table S2), probably due to (I) the low adsorption capacity of
bulk iron mesh and (II) the negative effects of water
components (especially Si and P) in the synthetic groundwater
on the adsorption of As.32

Since the dosing amount of As is only 0.5 mg for each test,
which is significantly lower than the adsorption capacity, we
observed a stable performance of the filter. In addition, the
leaked iron species in the treated water was determined to be
18.9 μg for each cycle, which only accounted for 0.5‰ of the
MIL-100(Fe)-based filter (weight = 0.375 g). The little amount
of leaked iron suggested a reasonable stability of the filter and
was consistent with the absence of As−Fe-DOM complexes in
the water (Figure S4). Considering the effects of Joule heating
and complicated water components, the recycle performance of
the MIL-100(Fe)-based filter is impressive. In the arsenic
removal tests where water flows through the filter, the
temperature of the filter surface is 27.0 °C when 3 V is
applied. In the absence of water flow, the temperature of the
filter surface rises to 73.2 °C. Both temperatures cannot destroy
the structure of MIL-100(Fe) since it can maintain its stability
up to 270 °C.16 As a result, Joule heating due to relative low
voltages shows no adverse effects on the recycle performance of
the MIL-100(Fe)-based filter. Regarding the effect of complex
water components, MIL-100(Fe) is one of the most stable
MOFs and able to maintain its structural integrity over a wide
range of pH.45 The pH value of the synthetic Bangladesh
groundwater is 8.57, which is not harsh for MIL-100(Fe).
Meanwhile, MIL-100(Fe) also acts as a protective layer and
thus benefits the stability of iron mesh underneath (Figure 5D)
since we did not observe any disruption of the filter.
It is understandable that even though the performance of the

MIL-100(Fe)-based filter does not degrade after 5 cycles, some
arsenic is adsorbed. If the filter is used for a long enough time,
the possible saturation of adsorption capacity should inactivate
its performance. However, the satisfactory stability of the MIL-
100(Fe)-based filter enables us to regenerating its removal
capacity when its adsorption reaches its saturation. We used the
mixture solution of NaOH (5 wt %) and NaCl (5 wt %) for the
regeneration of the adsorption-saturated filter.35,54 After being
immersed in the regeneration solution at 80 °C for 3 h, the
filter maintained a satisfactory adsorption capacity to As over
four cycles (Table S3), suggesting the potential of the MIL-
100(Fe)-based filter for long-term use.
In summary, we developed a MIL-100(Fe)-based filter for

arsenic removal from groundwater. The filter serves as a dual-
functional system for the oxidation of As(III) and the
adsorption of the generated As(V). Complete removal of
As(III) can be achieved within 6 h with the aid of oxygen and

Joule heating. The satisfactory structural stability and recycle
performances suggest the potential of the filter for the
remediation of arsenic contamination in groundwater. It is
believed that the removal efficiency of arsenic can be further
improved by connecting several filters in tandem. Future
studies should consider the effect of pH for potentially wider
applications. Future efforts to study the oxidation kinetics of
As(III) by dual-functional adsorbents (oxidation and adsorp-
tion) are also urgently necessary. We also expect that by varying
metal meshes, different MOFs can be implanted and produce
their corresponding filters with specific functionality, which
may advance clean water technologies.
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(31) Prucek, R.; Tucěk, J.; Kolarí̌k, J.; Filip, J.; Marusǎḱ, Z.; Sharma,
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S2 

Supplementary Characterization and Measurement Details 

The crystal phase identification was obtained using a PANalytical X’Pert Pro MPD X-

ray diffractometer equipped with a Cu-Kα radiation source (λ = 1.5401 Å). XRD 

patterns were collected at 40 kV and 45 mA. Brunauer-Emmett-Teller (BET) surface 

area was analyzed by an accelerated surface area and porosimetry system (ASAP 2020, 

Micrometirics) at 77 K. Optical images were obtained with an optical microscopy 

(Scope.A1, Zeiss). The morphology and size of the samples were analyzed with a 

Hitachi Su-70 field emission scanning electron microscope (FE-SEM). The 

transmission electron microscopy (TEM) images were obtained by using a JEOL JEM-

1230 microscope with an acceleration voltage of 100 kV. To prepare samples for TEM 

characterization, MIL-100(Fe) on iron mesh was scratched off from the mesh and 

dispersed in EtOH. The suspension was drop-casted on copper grids for TEM imaging. 

The concentrations of As was determined by an inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7700 series, detection limit is 11.9 ppt). To prepare for 

ICP-MS test, the collected water samples were diluted with HNO3 solution to make 2% 

HNO3 solution. Argon with ultrahigh purity (>99.99%) was used as carrier gas with a 

flow rate of 1.05 L/min. H2O2 was measured with an UV-visible spectrometer (Thermo 

Scientific Evolution 220) by determining the absorption intensity at 405 nm.1 For the 

colorimetric detection of H2O2, water samples (1 mL) was mixed the TiOSiO4 solution 

(1 mL) for UV-vis analysis. Fluorescence spectra were recorded with a 

fluorosepctrometer (PTI QuantaMaster 400, Horiba). The concentration of coumarin 

was 10-3 M, and the excitation wavelength was 350 nm. For the fluorescent detection 
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of hydroxyl radicals, water samples (1 mL) was mixed the coumarin solution (0.2 mL). 

IR spectra of solution were collected by injected solution (10 μL) onto the crystal of 

FTIR. X-ray photoelectron spectroscopy (XPS, Thermofisher ESCAlab 250) was used 

to determine the valance state of the produced As on the filter. The DO concentration 

was monitored using a Dissolved oxygen meter (ExStik II). The fluorescence EMMs 

was obtained using fluorescence spectrometer according to a previous study.2 Electron 

paramagnetic resonance (EPR) spectroscopy (X-band Bruker EMX 6/1 spectrometer) 

analysis with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, from Dojindo Molecular 

Technologies, Inc.) was conducted to confirm the production of hydroxyl radicals. For 

EPR analysis, a water sample (after 2h treatment by the MIL-100(Fe) filter) was 

collected and transported on ice to the Lucas lab. The sample aliquot was mixed with 

an aqueous 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). EPR parameters were as 

follows: microwave frequency = 9.86 GHz, microwave power = 0.687 mW, modulation 

amplitude = 1 G, modulation frequency = 100 KHz, receiver gain = 1000, center field 

= 3500 G, sweep width = 100 G, resolution = 1024 points, # of scans = 8, time constant 

= 0.64 ms, conversion time = 10.24 ms, sweep time = 10.486 s. Temperature of the 

filter was measured using a thermometer (HH308, OMEGAETTE). 
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Supplementary Discussion 

The formation mechanism of MIL-100(Fe) on iron mesh 

In a typical synthesis of MOF, metal salts, organic linkers, and solvent are mixed and 

allowed to react at certain conditions (usually elevated temperature and pressure). At 

early stage of reaction, metal ions coordinate with organic linker to produce nuclei, and 

followed by growth process.3 It has been reported that when the source of metal 

alternated to metal oxides, mechanism changes slightly: The first step is the dissolution 

of metal ions due to the etching of metal oxides.4 Our recent study also confirmed this 

mechanism.5 The dissolved metal ions then react with linker and undergo a nucleation 

and growth processes. We hypothesize that the above mechanism also works for metals 

since the aqueous solution of trimesic acid has a pH lower than 7, thus being able to 

etch iron mesh and release iron ions. 

Surface area of pristine iron mesh 

The area of the iron wire is 

𝑆 = 𝜋𝑑ℎ    (S1) 

where d is the diameter and h is the length of iron wire. 

The mass of the iron wire is 

𝑚 = 𝑉𝜌 =
1

4
𝜋𝑑2ℎ𝜌   (S2) 

where V is the volume and ρ is the density of iron wire. Thus, the surface area of the 

iron wire is 

𝐴𝑠 =
𝑆

𝑚
=

4

𝑑𝜌
=

4

200(μm)×7.84g/cm2 ≈ 0.25 m2/g     (S3) 
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Total volume of groundwater can be treated by single filter 

The adsorption capacity of single filter was estimated to be 13.2 mg (= 35.2 mg/g × 

0.375 g) for As(III) and 7.2 mg (= 19.2 mg/g × 0.375 g) for As(V), respectively. The 

arsenic concentration of synthetic groundwater was 0.5 mg/L, if the arsenic is all As(III), 

the total volume of groundwater can be treated is 26.4 L. And if the arsenic is all As(V), 

the total volume of groundwater can be treated is 14.4 L. 
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Supplementary Tables 

Table S1. Experimental and calculated parameters 

Dosed 
As  

Adsorbents 
Air 

bubbling 
Voltage 

(V) 
Ce (μg/L) 

Removal 
efficiency 

(Total 
As, %) 

III Pristine iron  No 0 454.7 9.1 

V Pristine iron  No 0 420.05 16.0 

III MIL-100(Fe) No 0 68.5 86.3 

V MIL-100(Fe) No 0 Not 
detectable 

100 

III Pristine iron Yes  0 454.35 9.2 

III MIL-100(Fe) Yes 0 42.6 91.5 

III MIL-100(Fe) Yes 1.5  2.65 94.7 

III MIL-100(Fe) No 1.5 80.0 83.9 

III MIL-100(Fe) Yes 3 Not 
detectable 

100 

III MIL-100(Fe) No 3 105.5 78.9 

III MIL-100(Fe) Yes 4.5 45.65 90.9 

III MIL-100(Fe) No 4.5 132.3 73.4 
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Table S2. Comparison of adsorption capacity with previous MOFs-based adsorbents  

Adsorbents 

Adsorption capacity 

to As (III) (unit: 

mg/g) 

Adsorption capacity 

to As (V) (unit: 

mg/g) 

Form Reference 

UIO-66 40 90 powder 6 

Fe-BTC Not available 12 powder 7 

ZIF-8 Not available 76.5 powder 8 

MnO2@ZIF-8 140.27 Not available powder 9 

UIO-66 Not available 303.3 powder 10 

CoFe2O4@MIL-

100(Fe) 
143.6 114.8 powder 11 

Fe mesh@MIL-

100(Fe) 
35.2 19.2 filter This study 

 

 

 

 

 

 

 

Table S3. Cyclic performance of the filter with regeneration 

Cycles As (III) capacity (mg/g) As (V) capacity (mg/g) 

1 35.2 19.2 

2 34.8 18.4 

3 34.6 18.6 

4 34.3 18.2 

  



 

 



S9 

Figure S3. EEM of water (spiked with HA) treated by the MIL-100(Fe) filter without 

voltage applying. The matrices were similar with that of the fresh synthetic groundwater, 

suggesting no decomposition of HA under this condition. This result also implies the 

decomposition of HA (Figure 2C and 2D) can be ascribed to the redox reactions in the 

system. 

Figure S4. The FTIR spectra of the solution before and after 6-h filtration. The sharp 

peak at ~1600 cm-1 represent asymmetric and symmetric vibrations for COO- of DOM. 

The As-Fe-DOM complexes should exhibit peaks ranged from 1400 to 2000 cm-1.12 
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The absence of new peaks for the complexes is possibly due to the high stability of 

MIL-100(Fe) filter since the complexes of As-Fe-DOM is easily formed in the absence 

of sufficient Fe.13 Fingerprint region is ranged from 500-1400 cm-1. This region is a 

complex area showing many bands, such as C-C, C-O, and C-N.  

 

Figure S5. FTIR spectra of the MIL-100(Fe) filter after use in the synthetic 

groundwater with and without humic acid. No shift was observed, implying that there 

was no As-DOM forming on the surface of MIL-100(Fe) filter.14 

 

Figure S6. The effect of solo Joule heating on the removal efficiency of As (III).  
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Figure S7. Distribution of arsenic species in water under different pH values: (A) is for 

As(III) and (B) is for As (V).  

 

  

Figure S8. Dissolved oxygen concentrations changed over time. 
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Figure S9. XPS spectra of fresh MIL-100 (Fe) and used one. 
 
 
 
 

 

Figure S10. SEM images of MIL-100(Fe) filter after 5 cycle use. Scale bars in A and 

B represent 250 μm, and 50 μm, respectively. 
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 kF (mg/g) n kL (mg/L) qmax (mg/g) R2 

As(III) 2.88 1.37  35.2 0.97 
As(V)   0.17 19.2 0.98 

 

Figure S11. Adsorption isotherms of As on the MIL-100(Fe) filter at room temperature. 

The Langmuir (Equation S1) and Freundlich (Equation S2) models were used to fit the 

isotherms. 

𝐶𝑒

𝑞𝑒
=

𝐶𝑒

𝑞𝑚𝑎𝑥
+

1

𝑘𝐿𝑞𝑚𝑎𝑥
        (S4) 

𝑞𝑒 = 𝑘𝐹𝐶𝑒

1
𝑛                         (S5) 

where qe (mg/g) is the As adsorbed on the filter at equilibrium, Ce is the equilibrium As 

concentration (mg/L), kL is the constant of the Langmuir model, kF and n are the 

constants of the Freundlich model. 
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