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Introduction

Adsorptive and photo-Fenton properties of
bimetallic MIL-100(Fe,Sn) and MIL-100(Fe,lIr)
MOFs toward removal of tetracycline

from aqueous solutionsf

@ Vanessa Trouillet,*
*ab

2 Philipp A. Heizmann,
¢ and Severin Vierrath

Naghmeh Sadat Mirbagheri,
Jan Buttner,®" Anna Fischer

Bimetallic derivatives of MIL-100(Fe) are promising metal—-organic frameworks (MOFs) that have caught
increasing research and application attention in the last few years due to their superior potential com-
pared to MIL-100(Fe) for treatment of wastewater. In this work, novel bimetallic MIL-100(Fe,Sn) and
MIL-100(Fe,Ir) were synthesized using a facile synthesis method. The synthesized MOFs showed different
activities toward removal of tetracycline (TC), a broad-spectrum antibiotic, from an aqueous solution
under dark conditions, followed by photo-Fenton degradation. In this context, the best-performing Sn-
doped MIL-100(Fe) MOFs, that is MIL-100(Fe,Sn-7.1), showed marginally increased adsorption and
photo-Fenton activity compared to MIL-100(Fe), resulting in a TC removal efficiency of 76%. In contrast,
the best-performing Ir-doped MIL-100(Fe), that is MIL-100(Fe,Ir-62.3), showed enhanced adsorption
property by 34% compared to MIL-100(Fe), resulting in the best TC removal efficiency of 91% among
the studied MOFs. The detailed analysis and characterization of the synthesized MOFs revealed that
the average pore diameter of MIL-100(Fe,Ir-62.3) was approximately four times larger than that of MIL-
100(Fe) and MIL-100(Fe,Sn-7.1), though they possessed the lowest surface area. This observation
demonstrated that the pore size is an essential parameter to be considered in the process of adsorptive
removal of TC from an aqueous solution, which led to the significantly enhanced overall efficiency of
bimetallic MIL-100(Fe) derived MOFs.

can persist in water after disposal, posing a clear threat to
ecosystems and raising the possibility of antibiotic resistance.?

Nowadays, the amount of antibiotic consumption in agriculture
and the health sector is growing rapidly." Residual antibiotics
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As reported by Robinson et al. in 2016,> antibiotic resistance
has claimed the lives of approximately 700.000 individuals,
and this number is expected to rise to ten million people by
2050. Therefore, numerous efforts have been made over the last
decades to resolve this environmental issue.” In this context,
heterogeneous photocatalysis, particularly in advanced oxida-
tion processes, has been regarded as an efficient, low-cost and
environmentally friendly technology for the treatment of
antibiotic-contaminated water with the help of solar energy
and hydroxyl radicals.”

MIL-100(Fe) is one of the well-known metal-organic frame-
works (MOFs) that not only possess highly porous channels for
heterogeneous photocatalysis but also are chemically active for
advanced oxidation processes. In MIL-100(Fe) MOFs, the Fe;-j15-
oxo clusters harvest solar energy, creating charge separation,
and producing highly reactive hydroxyl radicals in the presence
of H,0, via a photo-Fenton process, which can degrade released
pollutants in water.>” This heterogeneous photo-Fenton process
provides the advantages of low iron ion leaching, low iron sludge

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formation, a broad pH range of operation, and long-term photo-
catalyst stability.>°

Despite recent progress, the performance of bare MIL-
100(Fe) MOFs in the process of water decontamination is still
limited by their available active sites, poor catalytic activity, and
low stability.">"" To address these issues, various strategies
have been employed."”"® Loading of metal nanoparticles on
MIL-100(Fe) is reported to considerably improve the properties
of these MOFs."® Nonetheless, one of the challenges of this
approach is the aggregation properties of the metal nano-
particles on the surface of MIL-100(Fe), which deactivates the
MOFs during continuous photocatalytic cycles. Combining
MIL-100(Fe) MOFs with various chemical compounds and the
post-treatment of this compound have also been investigated as
alternative strategies.'*'>'° Despite the enhanced performance
of MIL-100(Fe) MOFs obtained through these approaches, their
preparation requires at least two synthesis steps, which is costly
and energy-intensive.

A very promising approach to improve the performance of
this compound while overcoming the challenges associated
with the previously described strategies is the incorporation
of second metal ions into MIL-100(Fe) frameworks to form
bimetallic MOFs.'" Bimetallic MIL-100(Fe,Ni), MIL-100(Fe,Mn),
and MIL-100(Fe,Sc) MOFs have been previously synthesized for
catalytic reaction purposes.'”*®*° Despite the potential benefits
of these bimetallic MOFs, their industrial production faces two
key challenges: first, large-scale synthesis of these bimetallic
MOFs would be very costly due to the necessity for high reaction
temperatures and special reaction vessels. Second, the synth-
esis procedures of the mentioned bimetallic MOFs are asso-
ciated with the utilization of hazardous solvents, such as DMF,
HNO;, and HF, causing potential environmental hazards and
additional costs. As a result, there is an undeniable need for a
facile, environmentally friendly, and cost-effective method for
the production of bimetallic derivatives of MIL-100(Fe) MOFs.

Recently, Steenhaut et al.>* reported a scalable, facile, and
green methodology for synthesizing an extensive list of bi-
metallic MIL-100(Fe,M) MOFs (M consisting of a wide range
of p-, d-, and f-elements with M'" to M”" oxidation states) with
suitable physicochemical properties. This approach not only
facilitates the large-scale and low cost production of the bime-
tallic MIL-100(Fe,M) MOFs in water and at room temperature,
but also allows the incorporation of cationic metals with large
ionic radii or oxidation states into MIL-100(Fe) frameworks.

On the basis of this inspiration, herein we substituted the
Fe** cores of MIL-100(Fe) with an element having an initial
oxidation state of 2+ (i.e. Sn) or 3+ (i.e. Ir) to examine the effect
of elemental doping on the performance of MIL-100(Fe).
Accordingly, a series of bimetallic MIL-100(Fe,Sn) and MIL-
100(Fe,Ir) MOFs was synthesized for the first time. The adsorp-
tive and photo-Fenton degradation properties of these bime-
tallic MOFs were then investigated toward the removal of
tetracycline (TC) from aqueous solutions, which is the second
most commonly found antibiotic in water.>® Furthermore, a
number of characterization techniques were utilized to fully
examine the chemical, physical, and electrical characteristics of
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MIL-100(Fe) and bimetallic MIL-100(Fe,M) MOFs (M: Sn or Ir)
in order to elucidate the role of Sn- and Ir-doping on the
performance of MIL-100(Fe).

Experimental

Materials

Iron(u) sulfate heptahydrate (FeSO,-7H,O, >99%), trimesic
acid (H3BTC, 95%), iridium(m) chloride hydrate (IrCl;-xH,O,
99.9%), tetracycline (Cy,H»4N,0s, 98%), DMF (C3H,NO, 99.8%),
nitric acid (HNOj, 65%), and acetic acid (CH3;COOH, 100%)
were purchased from Sigma-Aldrich. Tin(u) chloride dehydrate
(SnCl,-2H,0, 98%), and sodium hydroxide (NaOH, 98%) were
supplied from Alfa Aesar. Sodium sulfate (Na,SO4;, >99%),
hydrogen peroxide (H,O,, 30%), and ethanol (C,HsOH, 98%)
were supplied from Carl Roth GmbH & Co. KG. Nafion D2020
was purchased from FuelCellStore. Indium tin oxide (ITO,
15 Q sq ')-coated glass was supplied from Colorado Concept
Coatings.

Synthesis of the MOFs

MIL-100(Fe) and its bimetallic derivatives were synthesized in
two steps according to the procedure reported by Steenhaut et al.**
with some changes, which are described in the sections below.

Synthesis of Na;BTC-xH,O salt

First, 1.6 g of H;BTC was added to 20 ml of a 0.3 M NaOH
solution and stirred well until complete dissolution of H;BTC.
Next, ethanol was added to the dissolved H;BTC solution
multiple times to eliminate any remaining untreated NaOH,
resulting in the formation of Na;BTC-xH,O. Finally, the
obtained white fluffy powder was dried overnight in an oven
at 80 °C.

Synthesis of MIL-100(Fe) and bimetallic MIL-100(Fe,M) MOFs
(M: Sn or Ir)

Synthesis of MIL-100(Fe) was initiated by dissolving 74 mg
Na;BTC-xH,O in 5 ml deionized water, denoted as solution A.
Solution B was prepared by adding 90 mg of FeSO,-7H,O to
5 ml deionized water. These two solutions were mixed over-
night under vigorous stirring at room temperature. After 18 h
mixing, the resultant precipitate was collected by centrifugation,
washed several times with deionized water and ethanol in a water
bath set up at 70 °C, and then dried at 80 °C overnight.

The bimetallic MIL-100(Fe,Sn) and MIL-100(Fe,Ir) were
synthesized utilizing the same procedure that was applied for
the synthesis of MIL-100(Fe) but with the addition of the
corresponding dopants to solution B. Different amounts of
SnCl,-2H,0 were added to solution B to prepare solutions with
Sn** concentrations of 1.8, 3.5, 7.1, and 14.2 mM, from which
MIL-100(Fe,Sn-1.8), MIL-100(Fe,Sn-3.5), MIL-100(Fe,Sn-7.1),
and MIL-100(Fe,Sn-14.2) MOFs were synthesized, respectively.
Similarly, different amounts of IrCl;-xH,O were added to the
solution B to prepare solutions with Ir** concentrations of 26.7,
50.2, 62.3, and 100.5 mM, from which MIL-100(Fe,Ir-26.7),
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MIL-100(Fe,Ir-50.2), MIL-100(Fe,Ir-62.3), and MIL-100(Fe,Ir-
100.5) MOFs were synthesized, respectively.

Characterization

The morphology of the synthesized MOFs was investigated by
field emission scanning electron microscopy (FESEM) using an
Amber X (Tescan GmbH) system equipped with an Everhart-
Thornley detector, operated at 2 kV with a beam current of
100 pA. The samples were mounted on standard aluminium
SEM stubs (ScienceServices GmbH) with conductive double-
sided adhesive carbon tabs. The particle sizes of the synthe-
sized MOFs were studied by scanning transmission electron
microscopy (STEM) using a Talos F200X STEM (ThermoFisher,
high-brightness X-FEG emitter) device operated at 200 kv
acceleration voltage. For imaging, all samples were prepared
by dispersing the MOFs particles in EtOH for 20 min using
ultrasonication. Next, several droplets of the dispersed particles
were placed onto a copper-based, carbon-coated TEM grid
(3-4 nm, 200 mesh, ScienceServices) and air dried prior to
mounting on a standard TEM holder (Fischione). Both imaging
modes of transmission electron microscopy (TEM) and high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) were used for the acquisition of
micrographs. In TEM Mode, a beam current of ~1 nA was
used; in HAADF-STEM mode, a beam current of ~50 pA and a
convergence angle of ~9 mrad were used. The energy disper-
sive X-ray (EDX) mappings were acquired in STEM-mode with
100 scans and 10 ps dwell time per scan (total acquisition time
per sample ~20 min). The X-ray diffraction (XRD) patterns of
the MOFs were collected using a Bruker D8 DISCOVER diffract-
ometer equipped with Cu Ko radiation (4 = 1.5418 A) at a step
size of 0.05°. Nitrogen adsorption-desorption measurements
were performed on an Autosorb 1-C physisorption station
(Quantachrome) operated at 77 K. All samples were degassed
at 100 °C for 24 h prior to the measurements. Elemental
analysis was conducted on inductively coupled plasma-mass
spectrometry (ICP-MS) at Agilent ICP-MS 7500 ce. The samples
for the ICP-MS measurements were prepared by complete
dissolution of the synthesized MOFs in HNO; and CH;COOH,
followed by dilution in deionized water. X-ray photoelectron
spectroscopy (XPS) was performed using a K-Alpha+ XPS spec-
trometer (ThermoFisher Scientific). For data acquisition and
processing, Thermo Avantage software was used. All MOFs
samples were analyzed using a microfocused, monochromated.
Al Ko X-ray source (400 um spot size). The K-Alpha+ charge
compensation system was employed during analysis, using
electrons of 8 eV energy and low-energy argon ions to prevent
any localized charge build-up. The spectra were fitted with one
or more Voigt profiles (BE uncertainty: +0.2 eV) and Scofield
sensitivity factors were applied for quantification.>* All spectra
were referenced to the C 1s peak (C-C and C-H) at 285.0 eV
binding energy controlled by means of the well-known photo-
electron peaks of metallic Cu, Ag, and Au, respectively. The
Fourier-transform infrared (FT-IR) spectra of the MOFs were
measured using an Excalibur spectrometer, supplied by Bio-
Rad. The ultraviolet-visible (UV-Vis) absorbance spectra of the
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MOFs particles and TC solution were measured using Agilent
Technologies, Cary 60 UV-Vis spectroscopy.

Adsorption and photo-Fenton measurements

The adsorption and photo-Fenton efficiency of MIL-100(Fe) and
bimetallic MOFs were investigated toward the removal of
TC from aqueous solutions. In a typical experiment, 0.05 g L™
MOFs were added to a 50 mg L' TC solution and stirred well
overnight to reach adsorption-desorption equilibrium. After-
ward, 0.05 ml L™! H,0, was added to the mixture, and the
mixture was illuminated for 1 h using a solar simulator
(100 mW cm™> xenon lamp, Newport) with AM 1.5 G and
infrared cut-off filters. The concentrations of TC after dark
and light processes were measured using UV-Vis spectroscopy
at 355 nm, and the TC removal percentage was calculated
according to the following equation:

TC removal (%) = GG x 100 (1)
Co
where C, (mg L") is the initial concentration of TC and C,

(mg L") is the concentration of TC after a given time reaction.

Electrochemical measurements

The Mott-Schottky analysis was performed at 1 KHz and in the
potential range from —1.0 to +0.2 V vs. a calomel electrode
(3.5 M KCl). The measurements were carried out in a 0.2 M
Na,S0, solution using a CH instrument electrochemical work-
station connected to the calomel reference electrode, a plati-
num mesh counter electrode (2.5 x 2.5 cm?), and a working
electrode. For the preparation of the working electrode, an
ITO substrate was first cleaned by sonication in a water/acetone
(v/v = 50/50) mixture for 10 min and then dried at 80 °C. The
surface of the ITO substrate was then covered with Scotch tape
except for the 30 mm?® active area left for the deposition of
the MOFs slurry. The MOFs slurry was prepared by dispersing
3 mg of MOFs in a mixture of 300 ul DMF and 15 pl Nafion
overnight. Then, the prepared ITO substrate was placed on a
hotplate at 80 °C, and 15 pl of the slurry was drop-casted onto
the bare area of the substrate. Once the deposited slurry on the
ITO substrate was dried, the Scotch tape was removed, and
an electrical connection was made to the modified substrate
using copper conductive tape. Finally, the inactive area of the
modified substrate was sealed and isolated with epoxy resin.

Results and discussion

Possible chemical structures of the bimetallic MIL-100(Fe,M)
MOFs (M: Sn or Ir)

Scheme 1 illustrates the possible chemical structures of the
synthesized MOFs. As investigated previously,”® metals with
oxidation states II or III is accommodated into the framework
of MIL-100(Fe) by varying the nature of the oxygenated ligand
on the doping metal site. Therefore, if we assume that only one
doping metal ion is present in the Mj-pz-oxo cluster of the
bimetallic MOFs at the maximum, the tin atom of the MIL-
100(Fe,Sn) does not require any counter ion (Scheme 1, bottom-left),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 MIl-100(Fe) (up-middle), MIL-100(Fe,Sn) (bottom-left), and
MIL-100(Fe,Ir) (bottom-right).

while the iridium atom of the MIL-100(Fe,Ir) is balanced by an
OH"~ group (Scheme 1, bottom-right).>*

Adsorptive and photo-Fenton removal efficiency of the
bimetallic MIL-100(Fe,M) MOFs (M: Sn or Ir)

As described in the experimental section, a series of bimetallic
MIL-100(Fe,Sn) MOFs and MIL-100(Fe,Ir) MOFs with different
concentrations of each dopant was synthesized, and their
performances were examined toward the removal of TC from
an aqueous solution. Fig. 1a and Table S1 (ESI{) show the
TC removal (%) of MIL-100(Fe), MIL-100(Fe,Sn) series, and MIL-
100(Fe,Ir) series in the dark (Fig. 1a, grid columns in grey) and
under photo-Fenton (Fig. 1a, solid columns in orange) condi-
tions. In the absence of light, the synthesized MOFs reached
the adsorption-desorption equilibrium after 18 hours, indicat-
ing their slow adsorption kinetics. The maximum dark adsorp-
tion of about 13% was obtained for MIL-100(Fe) which was
close to that of the bimetallic MIL-100(Fe,Sn) MOFs series. In
contrast, the TC removal efficiencies of the bimetallic MIL-
100(Fe,Ir) series in the dark were significantly higher than that
of MIL-100(Fe) and bimetallic MIL-100(Fe,Sn) MOFs series,
reaching a maximum of about 52% in the case of MIL-
100(Fe,Ir-100.5).

After adsorption under dark conditions, the photo-Fenton
degradation efficiencies of the synthesized MOFs were evalu-
ated. In this step, the photo-Fenton process was initiated by the
addition of H,0, to the reaction medium, followed by illumina-
tion. Upon illumination, highly active hydroxyl radicals are
generated that attack TC molecules.>® It is important to note
that the concentrations of H,O, is an important parameter
that affects the efficiency of the degradation process. Previous
studies have demonstrated,'"**?> the amount of free hydroxyl
radicals and, thus, the catalytic efficiency rises upon the
increase in H,O, concentration within a certain concentration
range. However, at high H,0, concentrations, hydroxyl radicals
are trapped by H,0,, resulting in the formation of perhydroxyl

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) TC removal (%) of MIL-100(Fe), MIL-100(Fe,Sn) series, and MIL-
100(Fe,Ir) series under dark (grid columns in grey) and under photo-Fenton
(solid columns in orange) conditions. (b) Comparison of the TC removal via
adsorption (grid columns in grey), photocatalytic (solid columns in yellow),
and Fenton processes (vertically hatched columns in red) for MIL-100(Fe),
MIL-100(Fe,Sn-7.1), and MIL-100(Fe,Ir-62.3). The experiments were car-
ried out using 50 mg L™ TC and 0.05 g L™ of each MOFs. For the photo-
Fenton and Fenton experiments, 0.05 ml Lt H,O, was added to the
reaction vessel.

radicals with weaker oxidative effect. Consequently, for consis-
tency and comparability, a constant concentration of H,O, was
maintained throughout this study.

The obtained results showed that the photo-Fenton degra-
dation efficiency of the bimetallic MIL-100(Fe,Sn) MOFs
increased from 28% to 58% with the increase in Sn®*" concen-
tration from MIL-100(Fe,Sn-1.8) to MIL-100(Fe,Sn-7.1) (Fig. 1a).
A further increase of the Sn** concentration, however, resulted

Mater. Adv,, 2024, 5, 5724-5737 | 5727
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in a decrease in the TC degradation efficiency to 51% in the
case of MIL-100(Fe,Sn-14.2). The observed differences in the
photo-Fenton efficiency may be ascribed to possible changes
in specific surface area, band gap energy, and lifetime of the
photogenerated carriers upon variations in the Sn>* content of
the bimetallic MIL-100(Fe,Sn) MOFs,"'82¢27

In contrast, the photo-Fenton activities of the bimetallic
MIL-100(Fe,Ir) MOFs series gradually reduced upon increasing
their Ir’* content. This could be due to the steadily increase in
the adsorption property of the bimetallic MIL-100(Fe,Ir) MOFs
as the Ir*" content raised, which resulted in more and more
accumulation of TC at the photocatalyst surface and blockage
of light from reaching the active sites of the photocatalyst,
hence the gradual decrease in the photo-Fenton activity.>**°

Among the bimetallic MOFs, MIL-100(Fe,Sn-7.1) and MIL-
100(Fe,Ir-62.3) showed the highest overall performance in their
respective series, with TC removal efficiencies of 76% and 91%,
respectively. Under the same experimental conditions, the
TC removal efficiency of MIL-100(Fe) was 71%. It can thus
be concluded that the Sn-doping only slightly improves the
performance of MIL-100(Fe) toward the TC degradation, while
Ir-doping substantially increases the removal performance by
enhancing the adsorption property of MIL-100(Fe). In compar-
ison to the previously reported results,'" in this work, 0.05 g L *
MIL-100 (Fe,Ir-62.3) and 0.05 ml L' H,0, were used to achieve
the TC removal efficiency of 91% in a solution containing
50 mg L~" TC, whereas in the work reported by Guo et al,""
similar removal efficiency was obtained in the presence of
0.2 g L™' MIL-100 (Fe) and 20 ml L™" H,0,.

To evaluate the exclusive contribution of light or H,O, on
the performance of the synthesized MOFs, the photocatalytic
activities of the best-performing MOFs from each bimetallic
series, i.e. MIL-100(Fe,Sn-7.1) and MIL-100(Fe,Ir-62.3), were
examined: (a) in the presence of light and absence of H,0,
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(photocatalytic contribution) and (b) in the presence of H,0,
(Fenton contribution) under dark conditions. As can be seen
from Fig. 1b, the contribution of the Fenton degradation
(vertically hatched columns in red) is substantially higher than
the photocatalytic degradation process (solid columns in yel-
low), indicating that the synthesized MOFs are more active in
the Fenton-like process.*® It is worth noting that the light and
Fenton degradation of TC in the absence of MOFs particles
were negligible (less than 1%).

In order to understand the effects of Sn and Ir-doping on
the adsorptive and photo-Fenton properties of MIL-100(Fe),
the best-performing MOFs from each bimetallic series, MIL-
100(Fe,Sn-7.1) and MIL-100(Fe,Ir-62.3), were chosen for further
investigation in this work, and their physicochemical proper-
ties were compared to those of MIL-100(Fe).

Structural properties of the bimetallic MIL-100(Fe,M) MOFs
(M: Sn or Ir)

SEM, TEM, and elemental analysis. The shape, size,
and elemental composition of MIL-100(Fe) and its bimetallic
variants were investigated using electron microscopy. As can be
seen from Fig. 2a and b, the synthesized MIL-100(Fe) and MIL-
100(Fe,Sn-7.1) consist of octahedral particles within the range
of 400-800 nm, which is in good agreement with pre-
vious studies.""*' In comparison to these particles, the MIL-
100(Fe,Ir-62.3) particles were about ten times smaller (Fig. 2c).
These observations were also confirmed by the TEM images of
these MOFs (Fig. 2d-f).

Fig. 3 shows the HAADF-STEM images and the elemental
mapping analysis of the synthesized MOFs. The individual
elemental mapping indicated that Fe, C, and O were all
uniformly present in MIL-100(Fe), MIL-100(Fe,Sn-7.1), and
MIL-100(Fe,Ir-62.3). For the case of MIL-100(Fe,Sn-7.1), some
Sn inhomogeneity was observed on the surface of the particles

Fig. 2 SEM (upper row) and TEM (bottom row) image of the (a) and (d) MIL-100(Fe), (b) and (e) MIL-100 (Fe,Sn-7.1), and (c and f) MIL-100(Fe,Ir-62.3).
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Fig. 3 (I) HAADF-STEM images and (ll) EDX elemental mapping of the (a) MIL-100(Fe), (b) MIL-100(Fe,Sn-7.1), and (c) MIL-100(Fe,Ir-62.3).

(Fig. 3b, indicated by orange arrows). In contrast, the Ir distri-
bution of MIL-100(Fe,Ir-62.3) was homogeneous (Fig. 3c). This
variation in dopant distribution of the bimetallic MOFs parti-
cles was previously studied by Steenhaut et al.>' They reported
that elements with oxidation state of 2+, i.e. Sn** in our case,
are more on the surface than in the core of bimetallic MOFs
crystals. In contrast, elements with an oxidation state of 3+,
i.e. Ir’" in our case, are incorporated preferentially over Fe** in
the bimetallic MIL-100(Fe,M), resulting in a higher bulk than
the surface concentration of Ir.

Using ICP-MS measurement, the exact amounts of doping
metals in the bulk of bimetallic MOFs were assessed, and the
results are presented in Table S2 (ESIt). When a solution
with a Sn mol ratio (molg,/(mols,, + molg.)) of 9.9% was used,
MIL-100(Fe,Sn-7.1) with a Sn mol ratio of 3.6% was obtained.
When an Ir mol ratio (mol,/(mol;; + molg.)) of 49% was used,
the Ir mol ratio of about 1.5 mol% was obtained for the
synthesized MIL-100(Fe,Ir-62.3). This indicates the higher
incorporation of Sn** into MIL-100(Fe) framework than of Ir**
under the applied conditions.

XRD analysis. The XRD patterns of MIL-100(Fe) and bime-
tallic MIL-100(Fe,M) MOFs are shown in Fig. 4. Consistent
with the previously reported results, the characteristic peaks
of MIL-100(Fe) were observed at 20 = 3.4°, 4.0°, 6.2°, 10.7°,
11.3°,12.5°, 14.6°, 20.5°, 24.5°, and 28.3°."*?* The XRD patterns
of MIL-100(Fe,Sn-7.1) and MIL-100(Fe,Ir-62.3) were matched
well with those of MIL-100(Fe), implying that the synthesis of
the bimetallic MOFs were successful and that no iron oxide
impurities were produced during their synthesis process
(full XRD patterns can be found in Fig. S1, ESI{).>! In the case
of MIL-100(Fe) and MIL-100(Fe,Sn-7.1), sharp diffraction peaks
were observed in their XRD patterns, indicating the high degree
of crystallinity of these samples. In contrast, less intense and
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Fig. 4 XRD spectra of the MIL-100(Fe), MIL-100(Fe,Sn-7.1), and MIL-
100(Fe,Ir-62.3).
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broader signals were detected in the XRD pattern of MIL-
100(Fe,Ir-62.3). This can be related to the smaller crystallite
sizes of MIL-100(Fe,Ir-62.3) compared to those of the MIL-
100(Fe) and MIL-100(Fe,Sn-7.1), in line with the smaller particle
sizes observed by SEM and TEM.

FT-IR, UV-Vis, and band gap analysis. FT-IR spectroscopy
was employed to explore probable alterations in the functional
groups of MIL-100(Fe) after being doped with Sn*" or Ir*".
Additionally, the potential chemical interaction between the
TC molecules and the synthesized MOFs during the dark
adsorption process was investigated using these techniques.
As can be seen from Fig. 5a, MIL-100(Fe), MIL-100(Fe,Sn-7.1),
and MIL-100(Fe,Ir-62.3) MOFs exhibited similar peaks compar-
able to those previously reported for MIL-100(Fe) MOFs.*"?
The characteristic peaks of the Fe-O and Fe-O-Fe vibrations
were detected at about 460 and 610 cm ™', respectively, indicat-
ing the formation of iron-oxo clusters between the tricarb-
oxylate linkers and Fe®*" nodes. The stretching vibrations of
the C—=C and C=O0O bonds of the tricarboxylate linkers were

MIL-100(Fe,Ir-62.3)
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Fig.5 FT-IR spectra of MIL-100(Fe), MIL-100(Fe,Sn-7.1),
100(Fe,Ir-62.3) (a) before and (b) after the adoption of TC.
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observed at 1370, 1450, and 1616 cm™*. Also, the band at about
1703 cm ™' corresponding to the presence of unreacted tricar-
boxylate linkers was detected in the spectra of the samples.®*
The characteristic band ranging from 1900 to 2250 cm™ ' are
related to the atmospheric CO, molecules. The broad band that
appeared at about 3300 cm™ " is attributed to the O-H stretch-
ing vibration of water molecules.

After TC adsorption, the N-H vibration bands (indicated
with circles in Fig. 5b) appeared in the FT-IR spectra of
the synthesized MOFs in the region between 2800 cm™ ' and
3000 cm™ ~* Its important to note that the TC may be
entrapped in the MOFs pores or adsorbed on MOFs through
hydrogen bonding between the -NH, groups of TC and the -OH
groups of the MOFs.*

The optical properties of MIL-100(Fe) and bimetallic MOFs
were assessed using UV-Vis spectroscopy. As shown in Fig. 6,
the absorption spectra of the synthesized MOFs revealed two
absorption bands: a band at about 240 nm and a second
absorption band with a maximum at about 320 or 350 nm,
which is extended to the visible region.>**® These bands corre-
spond to the ligand-to-metal charge transfer within the MOFs.

The optical band gaps of MIL-100(Fe) and the bimetallic
MOFs were calculated using Tauc equation as follows:*”

(ahv)® ~ (hv — Eg) (2)

where o, ki (€V s), v (s~ '), are the absorption coefficient, Planck
constant, and the light frequency, respectively. E, is the band
gap of the photocatalyst.

As shown in the inset of Fig. 6a, the band gap of about 2.7 eV
was estimated for MIL-100(Fe), which is in good agreement
with previous reports.'”'" Incorporation of Sn, however,
reduced the band gap of MIL-100(Fe) to 2.3 eV (inset of
Fig. 6b). The band gap of MIL-100(Fe), on the other hand,
increased to about 3.3 eV by Ir doping (inset of Fig. 6c¢), which
would enhance the utilization of UV light during the photo-
catalytic processes.

Nitrogen adsorption-desorption analysis. The nitrogen
adsorption-desorption isotherms and pore size distribution
curves of the synthesized MOFs are shown in Fig. 7. According
to the TUPAC classification, MIL-100(Fe) and MIL-100(Fe,Sn-7.1)
MOFs exhibited an isotherm of type IV with a distinct H4
hysteresis loop (Fig. 7a and b).*® The rapid intake of nitrogen
with two uptakes near P/P° = 0.05 and 0.13 obtained for MIL-
100(Fe) and MIL-100(Fe,Sn-7.1) demonstrates the presence of
microporous windows (about 2 nm) and mesoporous cages
(about 3 nm) (Fig. 7a and b, insets). The adsorption-desorption
curve of MIL-100(Fe,Ir-62.3) (Fig. 7c) showed a mixture of type I
and IV isotherms with two moderate uptakes at low relative
pressures (Fig. S2, ESIY), identical to that of the MIL-100(Fe)
and MIL-100(Fe,Sn-7.1), indicating the presence of micropores in
MIL-100(Fe,Ir-62.3). In addition, a sharp increase in nitrogen
adsorption with a narrow hysteresis loop at relatively high
pressures was observed for MIL-100(Fe,Ir-62.3), which could be
related to mesoporous interparticle porosity (Fig. 7c, inset).

The Brunauer, Emmett, and Teller (BET) method was then
utilized to estimate the specific surface area of the MOFs.
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Fig. 6 UV-Vis spectra and optical band gap energy of (a) MIL-100(Fe),

(b) MIL-100(Fe,Sn-7.1), and (c) MIL-100(Fe,Ir-62.3).
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Table 1 BET surface area, average pore diameter, and total pore volume
of the MOFs

BET surface  Average pore  Total pore volume

MOFs area (m”> g~') diameter (nm) (cc g ')
MIL-100(Fe) 1536 1.88 0.72
MIL-100(Fe,Sn-7.1) 1779 1.98 0.88
MIL-100(Fe,Ir-62.3) 1096 8.24 2.26

Table 1 summarizes the calculated values of the BET surface
area, average pore diameter, and total pore volume of the
synthesized MOFs. The BET surface area of MIL-100(Fe) was
calculated to be 1536 m* g . MIL-100(Fe,Sn-7.1) exhibited
the largest BET surface area (1779 m> g~ '), whereas MIL-
100(Fe,Ir-62.3) showed the lowest BET surface area (1096 m* g )
among the measured MOFs. According to Steenhaut et al,”*
doping MIL-100(Fe) with metal ions having an oxidation state of
2+ (i.e. Sn®" in this work) more likely enhances the surface area of
MIL-100(Fe) than doping with metal ions with an oxidation state
of 3+ (i.e. Ir’" in this work).

The fact that MIL-100(Fe,Ir-62.3) with the lowest surface area
showed the highest adsorption property toward TC molecules
(Fig. 1) indicates that a parameter different than the BET
surface area should be responsible for the enhanced adsorption
property of MIL-100(Fe,Ir-62.3). The large average pore dia-
meter and total pore volume of MIL-100(Fe,Ir-62.3) compared
to the other MOFs (Table 1) are assumed to be the key factors
determining the superior adsorption property of MIL-100(Fe,Ir-
62.3).>° MIL-100(Fe) and MIL-100(Fe,Sn-7.1) with comparable
average pore diameter and total pore volume showed also
comparable adsorption efficiency.

XPS analysis. The chemical composition and oxidation state
of the elements at the surface of the synthesized MOFs were
determined using XPS analysis. The full-range XPS survey
spectra in Fig. 8a confirmed that MIL-100(Fe) and its bimetallic
derivatives are mainly composed of C and O elements. The C 1s
spectra were deconvoluted into two peaks, one at 285.0 eV and a
second one at 289.1 eV, corresponding to the C-H, C—C, and
-COOH moieties of the BTC ligand (Fig. 8b) respectively.** The
broad O 1s spectra consisted of three peaks at 530.5, 532.2, and
534.0 eV detected for all samples (Fig. 8c), which are attributed
to the Fe-O clusters and oxygen groups of the BTC ligands.
Deconvolution of the Fe 2p;/, spectra (Fig. 8d) using the multi-
plet approach described by Biesinger et al*' indicated the
presence of Fe in two oxidation states, namely Fe>" (peaks in
grey) and Fe®" (peaks in black), in these samples. This observa-
tion revealed that around 40% of the total iron detected at the
surface of the synthesized MOFs exist as Fe>*, which may be the
unreacted Fe** species of the precursor or the ferrous hydroxide
formed during the synthesis. In the case of MIL-100(Fe,Sn-7.1),
the Sn 3ds,, peak was detected as expected at about 487.2 eV
(Fig. 8e). However, this peak individually cannot be used to
determine the oxidation state of Sn, and further analysis
utilizing the valence band spectrum or Auger peak is required.
Since less than 1% of the Sn was detected in this sample, the
exact determination of Sn oxidation state was not possible.*>
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In the case of MIL-100(Fe,Ir-62.3), the Ir 4f,, and Ir 4f;),
peaks of the expected doublet were clearly observed at about
63.2 and 66.2 €V, respectively (Fig. 8f). In comparison to the XPS
spectra of the reference IrCl;-xH,O sample, we observed a slight
shift of about 0.5 eV (indicated by an arrow) toward higher
binding energy for MIL-100(Fe,Ir-62.3) sample, suggesting the
presence of Ir** in addition to Ir’" in this sample.*?

Plausible TC removal mechanism

The elimination of TC from aqueous solutions using the
synthesized MOFs is divided into two phases: (I) diffusion of
TC molecules from the bulk of the solution to the surface and
interior of the MOFs particles followed by their adsorption on
their atomically constructed surface; and (II) photo-Fenton
degradation of the adsorbed TC at the surface of the MOFs.
While the former factor is mostly related to the characteristics
of the MOFs pores, the latter factor is influenced by the light
absorption ability of the MOFs, the lifetime of photo-generated
charges, and the quantity of the generated hydroxyl radical
(OH?®) species.

The adsorption process is initiated by the dispersion of
MOFs molecules into the TC solution, which proceeds over-
night until the adsorption-desorption equilibrium is reached.
In this step, the accessibility of MOFs sites and the dimension
of their pores in comparison to the TC molecular size** are
critical. According to the FTIR measurements, the TC adsorp-
tion properties of the best-performing MOFs of this work via
chemical interaction were similar. However, the highest
adsorption performance was obtained for MIL-100(Fe,Ir-62.3),
most likely due to its larger average pore size and pore volume
than that of MIL-100(Fe) and MIL-100(Fe,Sn-7.1).

In the second step, the photo-Fenton degradation of TC is
started by the addition of H,0, to the reaction vessel under
illumination. As a result of light absorption by the tricarbox-
ylate ligands and electron transfer from ligands to Fe** nodes,
electrons and holes are generated within the MOFs (3). The
photogenerated electrons can reduce MIL-100(Fe*") to MIL-
100(Fe®") (4). The electrons with an appropriate life-time may
also be captured by oxygen molecules, producing superoxide
radicals (5). Regeneration of MIL-100(Fe*") by H,0, results in
the formation of highly active hydroxyl radicals via the Fenton-
like reaction (6). Another possible route for the generation of
hydroxyl radicals can be via the interaction of water molecules
with photogenerated holes (7), though it is widely accepted that
the hydroxyl radicals are mainly generated via the Fenton
reaction."®*® Finally, TC is degraded into smaller molecules
by reactive oxidation species (8). Within the array of oxidative
species discussed earlier, hydroxyl radicals were determined as
pivotal agents in the photo-Fenton degradation mechanism of
TC."*® The possible photo-Fenton pathways toward the degra-
dation of TC in the presence of MIL-100(Fe) and the majority of
the products formed during this process have been previously
investigated by Li et al.*® They reported that, the most inter-
mediates produced during this process have lower develop-
mental toxicity and higher bioaccumulation factor than the
initial TC.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To have a better understanding of the photocatalytic activity
of the best-performing MOFs toward the removal of TC, Mott-
Schottky analysis was carried out.*” As illustrated in Fig. 9a, the
flat band potentials of the best-performing MOFs were esti-
mated using the Mott-Schottky curve. The positive slope of the
Mott-Schottky curves indicated that all the MOFs are n-type
semiconductors, for which their flat band potentials are very
close to their conduction bands."* Using the band gap energies
determined from the Tauc plots, the conduction band of
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Fig. 9 (a) Representative Mott—Schottky plots for MIL-100(Fe), MIL-

100(Fe,Sn-7.1), and MIL-100(Fe,Ir-62.3) MOFs. The Mott—Schottky analysis
was performed at 1 KHz and in the potential range from —1.0to +0.2 Vvs. a
calomel electrode (3.5 M KCl) in 0.2 M Na,SO, solution. The inset shows
the plots in the potential range from —0.6 V to 0.0 V. (b) Schematic band
diagram of the synthesized MOFs.
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MIL-100(Fe), MIL-100(Fe,Sn-7.1), and MIL-100(Fe,Ir-62.3) MOFs
was estimated as —0.50, —0.50, and —0.55 eV vs. RHE, respec-
tively (Fig. 9b). As the conduction bands of the MOFs are more
negative than the standard reduction potential of oxygen
(—0.35 £ 0.02 eV vs. NHE at pH 7),"®* transfer of photo-
generated electrons to the adsorbed oxygen molecules and
the formation of superoxide radicals are thermodynamically
permissible on all MOFs samples. Although MIL-100(Fe,Ir-62.3)
has a large band gap energy of around 3.3 eV, the most negative
conduction band potential of this photocatalyst among
the synthesized MOFs seems to be responsible for its high
photocatalytic activity toward elimination of TC compared to
the other MOFs studied in this work (Fig. 1b, solid columns in
yellow).

Reusability of the bimetallic MIL-100(Fe,M) MOFs (M: Sn or Ir)

In addition to the contaminant removal and degradation
efficiency of MOFs, their stability and reusability are also
important. Indeed, producing and destroying massive quanti-
ties of MOFs for large-scale applications poses a variety of
economic and environmental challenges. Therefore, it is impor-
tant to synthesize MOFs-based compounds that are recyclable
and reusable multiple times.

In this work, the reusability of the synthesized MOFs were
studied for three cycles under the same experimental condi-
tions that are described in the experimental section without
applying any regeneration procedure. As shown in Fig. 10,
it can be distinctly observed that the removal efficiency of the
synthesized MOFs gradually decreased after each cycle. It is
expected that when the MOFs are not regenerated after each
photocatalytic cycle, the accumulated TC molecules and degra-
dation products inside the pore or on the surface of the
photocatalysts significantly reduce the removal efficiency in
the next cycle. Among the studied MOFs, the rate of perfor-
mance deterioration was more pronounced for MIL-100(Fe,Ir-
62.3), which might be attributed to the higher saturation
or blockage of its pores with TC molecules after each cycle.

100 MIL-100(Fe,Ir-62.3)
~ 807 MIL-100(Fe,Sn-7.1)
= MIL-100(Fe)
©
2 60-
S
4
o 401
|_
20+
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Fig. 10 Reusability of MIL-100(Fe), MIL-100(Fe,Sn-7.1), and MIL-

100(Fe,Ir-62.3) for three consecutive cycles.
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In comparison to the previously reported MIL-100(Fe)-based
photocatalysts,"*° the reusability efficiencies of the studied
MOFs in this work are notable, as TC removal efficiencies of
approximately 40% were observed even after three cycles and
without employing any regeneration procedure between cycles
(Fig. 10).

Conclusions

In this work, MIL-100(Fe) and a series of bimetallic MIL-
100(Fe,Sn) MOFs and bimetallic MIL-100(Fe,Ir) MOFs were
synthesized via a green synthesis method in DI water and at
room temperature. The dark and photo-Fenton activities of the
synthesized MOFs were assessed toward the removal of TC
from aqueous solutions. The obtained results demonstrated
that the adsorption of TC molecules using these MOFs is
relatively slow, with the adsorption-desorption equilibrium
being reached overnight. This implied that the pore cavities
of the MOFs govern the inflow, outflow, and adsorption pro-
cesses of TC molecules. Further investigation showed that the
best Sn-doped MIL-100(Fe), that is MIL-100(Fe,Sn-7.1), behave
similarly to MIL-100(Fe) and showed only a slight increase in
the adsorption property by about 5% compared to MIL-100(Fe).
On the other hand, the best-performing MIL-100(Fe,Ir), that is
MIL-100(Fe,Ir-62.3), showed a significant increase in the
adsorption property by about 34% under dark conditions
compared to MIL-100(Fe). In the photo-Fenton step, however,
both of these bimetallic MOFs showed performance compar-
able to that of MIL-100(Fe). The detailed analysis of the
synthesized MOFs revealed that the incorporation of dopants
within MIL-100(Fe) frameworks alters the particle size, pore
dimensions, and specific surface area of MIL-100(Fe), which in
turn affects the adsorption property of this compound. It is
shown that, Sn-doping of MIL-100(Fe), that is MIL-100
(Fe,Sn-7.1), increased the surface area from 1536 m> g~ ' to
1779 m*> g~ ', while no significant changes were observed in the
particle size, pore diameter and pore volume of MIL-100(Fe,Sn-
7.1) compared to MIL-100(Fe). In contrast, Ir-doping of MIL-
100(Fe) resulted in the formation of bimetallic MOFs with a
relatively low surface area of 1096 m> g ' for MIL-100(Fe,Ir-
62.3), which showed the largest pore diameter of 8.24 nm and
pore volume of 2.26 cc g ' when compared with the other
MOFs studied in this work. As a consequence, it was clear that
the mesoporous nature of MIL-100(Fe,Ir-62.3) is more effective
than its surface area value in the TC adsorption process,
providing more sites for the adsorption and resulting in the
highest removal efficiency of 91% among the studied MOFs.
Therefore, it can be concluded that modifying and engineering
the pore cavities of MOFs is of prime and fundamental impor-
tance for the efficient treatment of wastewater using MOFs.
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