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ABSTRACT: In order to avoid the disadvantages of the Fenton
process in wastewater treatment and reduce the cost of wastewater
treatment, a series of MIL-101(Fe)-X (X = —OH, —NH,, —NO,,
—H) solid Fenton catalysts were successfully prepared. The
performance of these Fenton-like catalysts was studied with the
Fenton experiment as a reference and methylene blue (MB) as an
organic pollutant. The effects of the H,O, concentration, catalyst
dosage, and reaction pH on catalytic performance were system-
atically studied. The research had shown that the optimal
concentration of H,O, for catalytic reactions was 0.10 mmol/L
and the pH was 3. At this point, their catalytic degradation MB
performance was superior to the Fenton reaction and photo-
catalytic reaction. When the H,O, participated in the reaction, the
performance of MIL-101(Fe)-X (X = —OH, —NH,, —NO,, —H) in

H,0,

.OH €O, + H,0

MIL-101(Fe)-X
(X=-OH. -NH,.
-NO,. -H)

,0

he MB

catalyzing the degradation of MB followed the rule of —OH >

—NH, > —NO, > —H. This was due to the synergistic effect of Fenton-like catalysis and photocatalytic degradation in the catalytic

degradation of MB. In addition, the electron paramagnetic resonance

and electrospray ionization mass spectrometry showed that the

hydroxyl radical (-OH) generated during the catalytic process first underwent a redox reaction with the highly electronegative
functional groups in the MB molecule, and finally oxidized it to CO, and H,O. This study successfully prepared commercially

applicable Fenton-like catalysts and explored their optimal reaction
treatment.

1. INTRODUCTION

Currently, environmental pollution and energy shortages
restrict social development. Wastewater treatment and
resource reuse are important components of implementing
the concept of ecological civilization.' With the rapid growth of
industry in our country, the amount of wastewater discharge is
also increasing day by day. Energy conservation and
consumption reduction, deep treatment and reuse, and
standard discharge of wastewater in the wastewater treatment
process have always been the focus and hotspot of people’s
attention. At present, the main treatment methods for
industrial wastewater include adsorption method, sedimenta-
tion method, membrane separation method, electrochemical
method, catalytic oxidation method, and activated sludge
method.”™* The Fenton catalytic oxidation technology has a
long history, with the advantages of low cost, fast reaction, and
strong oxidation ability.” It can efficiently catalyze the
degradation of pollutants in wastewater. However, the
traditional Fenton process produces heavy metal Fe’", leading
to secondary pollution of wastewater. Therefore, by the
development of efficient solid-state Fenton-like catalysts,® the
problem of secondary wastewater pollution caused by Fe*" can
be avoided.
© 2024 The Authors. Published by
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conditions. This provides a technical reference for wastewater

Metal—organic frameworks (MOFs) are a type of material
with micropores and framework structures composed of
organic ligands and metal ions through coordination bonds.”
Compared with traditional porous materials, MOFs have a
higher specific surface area,® larger porosity,” and diverse and
adjustable structures.'” They are widely used in catalysis,''~'°
sensing,'” adsorption,"*™*” and other fields.”' ~*” MIL-101(Fe)
and its derivatives are novel porous materials in MOFs.'»**~°
They are constructed through organic ligands such as Fe(III)
and terephthalic acid and have advantages such as large specific
surface area, high porosity, and good thermal and chemical
stability. They have been studied in the removal of organic
pollutants through adsorption, photocatalytic degradation,"’
and Fenton-like catalysis.”’ The study also found that MIL-
101(Fe) constructed with modified groups —OH and —NH,
exhibited excellent photocatalytic performance.***™** In
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addition, MOFs have a high specific surface area and a
controllable chemical environment, which can provide more
active sites and optimized reaction conditions, thereby
enhancing the catalytic performance of the Fenton catalysts.
Moreover, MOF-based Fenton-like catalysts can overcome the
problems of traditional Fenton catalysts being susceptible to
neutralization and deactivation during the biodegradation
process, providing new ideas and solutions for solving the
limitations of traditional catalysts.

In this article, a series of MIL-101(Fe)-X (X = —OH, —NH,,
—NO,, —H) solid-state Fenton catalysts were successfully
prepared. Their structures were characterized by Fourier
transform infrared spectroscopy (IR), powder X-ray diffraction
(XRD), and N, adsorption/desorption isotherms. The
performance of these Fenton-like catalysts was studied by
the Fenton experiment as a reference and methyl blue (MB) as
an organic pollutant. The effects of the H,0, concentration,
catalyst dosage, and reaction pH on the Fenton-like perform-
ance were systematically studied. The research results indicate
that modified groups can effectively regulate the performance
of MOF solid-state Fenton catalysts. This is due to the
synergistic effect of Fenton-like catalysis and photocatalytic
degradation in the catalytic degradation of MB.

2. EXPERIMENTAL SECTION

2.1. Chemical Reagents and Instruments. All solvents
and chemicals were commercial reagents and used without
further purification. The FeCly-:6H,O, terephthalic acid, 2-
hydroxyterephthalic acid, 2-aminoterephthalic acid, 2-nitro-
terephthalic acid, acetic acid, N,N-dimethylformamide (DMF),
anhydrous methanol, and methylene blue (MB) were
purchased from Saen Chemical Technology (Shanghai) Co.,
Ltd. The IR spectra were measured from KBr pellets on a
Nicolet SDX FT-IR spectrometer. The X-ray phase analysis
was carried out using Rigaku’s D/max 2500 X-ray diffrac-
tometer with Cu Ka radiation (A = 0.15604 nm); the tube
voltage was 40 kV, the tube current was 150 mA, a graphite
monochromator was used, and 26 was 5° to 50°. The surface
area was determined using the BET technique; the apparatus
(AUTO CHEMII 2920) was employed to determine the
surface area by using N, as the probe gas. The X-ray
photoelectron spectroscopy (XPS) was performed on a Kratos
Axis Ultra DLD system with a base pressure of 107 Torr. The
zeta potentials of nanomaterials were measured by a Zetasizer
(ZEN 3600, Malvern, UK). The scanning electron microscopy
(SEM) was performed by using a Hitachi S-4800 instrument
under the following conditions: Mag.: 1 KX, Signal A: VPSE,
and EHT: 20 kV. The UV-—vis absorption spectra were
measured by a UV-2700 instrument from Shimadzu of Japan.
The concentration of MB in solution was measured with a
UV—vis 2550 in 664 nm wavelength.

2.2. Synthesis of MIL-101(Fe)-X. 2.2.1. Synthesis of MIL-
101(Fe). The MIL-101(Fe) was synthesized according to the
method described in the reference.'” Weighed FeCl;-6H,0
(0.6758 g, 2.5 mmol) and terephthalic acid (0.2075 g, 1.25
mmol) were weighed into a beaker containing 90 mL of DMF.
Dissolved the mixed solution in ultrasound. Then, 3.6 mL of
acetic acid was added to the mixed solution. Finally, the mixed
solution was transferred to the inner liner of a 250 mL
hydrothermal synthesis reactor. Heated in a blast drying oven
at 110 °C for 24 h and cooled to room temperature to collect a
light yellow powder. Washed the collected powder three times
with DMF and methanol, and dried it in a vacuum drying oven

at 80 °C for 16 h to obtain MIL-101(Fe) powder. The yield is
about 92% (based on terephthalic acid).

2.2.2. Synthesis of MIL-101(Fe)—NO,. The synthesis
method was similar to that for MIL-101(Fe), except that the
organic ligand was 2-nitroterephthalic acid. The specific
synthesis is as follows: Weighed FeCl;-6H,0 (0.6758 g, 2.5
mmol) and terephthalic acid (0.2639 g, 1.25 mmol) into a
beaker containing 90 mL of DMF. Dissolved the mixed
solution in ultrasound. Then, 3.6 mL of acetic acid was added
to the mixed solution. Finally, the mixed solution was
transferred to the inner liner of a 250 mL hydrothermal
synthesis reactor. Heated in a blast drying oven at 110 °C for
24 h. The yellow MIL-101(Fe)—NO, was obtained after
cooling to room temperature. The collected powder was
washed three times with DMF and methanol and dried in a
vacuum drying oven at 80 °C for 16 h to obtain MIL-
101(Fe)—NO, powder. Yield was about 95% (based on 2-
nitroterephthalic acid).

2.2.3. Synthesis of MIL-101(Fe)—NH,. The synthesis
method was similar to that of MIL-101(Fe), except that the
organic ligand was 2-aminoterephthalic acid. The specific
synthesis is as follows: Weighed FeCl;-6H,0 (0.6758 g, 2.5
mmol) and terephthalic acid (0.2264 g, 1.25 mmol) into a
beaker containing 90 mL of DMEF. Dissolved the mixed
solution in ultrasound. Then, 3.6 mL of acetic acid was added
to the mixed solution. Finally, the mixed solution was
transferred to the inner liner of a 250 mL hydrothermal
synthesis reactor. Heated in a blast drying oven at 110 °C for
24 h. The yellow MIL-101(Fe)—NH, was obtained after
cooling to room temperature. The collected powder was
washed three times with DMF and methanol and dried in a
vacuum drying oven at 80 °C for 16 h to obtain gray MIL-
101(Fe)—NH, powder. Yield was about 92% (based on 2-
aminoterephthalic acid).

2.2.4. Synthesis of MIL-101(Fe)—OH. The MIL101(Fe)—
OH was synthesized by a ligand exchange method. Weighed
0.1000 g of MIL-101(Fe) and 0.1820 g of 2-hydroxytereph-
thalic acid in 90 mL of DMF. The suspension solution was
evenly dispersed by an ultrasonic cleaning machine. The
suspension was sealed in a stainless steel container with a 250
mL poly(tetrafluoroethylene) inner liner and heated in a 110
°C oven for 24 h. Cooled to room temperature when the
reaction was completed. The brick red solid powder was
obtained. The collected powder was washed three times with
DMF and methanol and dried in a vacuum drying oven at 80
°C for 16 h to obtain MIL-101(Fe)—OH powder. The yield
was about 86% (based on Fe).

2.3. Fenton and Fenton-like Experiments. At room
temperature, the performance of MIL-101(Fe)-X (X = —OH,
—NH,, —NO,, —H) Fenton catalysts was studied by the
Fenton experiment as a reference and MB (C, = 10 mg/L,
dosage 50 mL) as an organic pollutant. The effects of H,0,
concentration (0.05—0.20 mmol), catalyst dosage (1—9 mg),
and reaction pH (1—7) on the Fenton-like performance were
systematically studied. The catalytic reaction was carried out
by a 250 mL circular glass reactor with a circulating water
device under 300 W xenon lamp irradiation. (The light
radiation intensity was about 15 W/m?) After reacting for S,
10, 15, 20, and 25 min at room temperature, analyzed the
concentration of MB in the solution by a spectrophotometer.
Evaluated the catalytic performance by observing the changes
in MB concentration before and after the reaction. The
degradation rate was calculated as follows:
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Co B Ct
n=——— X 100%
C, (1)

Among them, 1 was the degradation rate (%), C, was the
initial concentration of MB (mg/L), and C, was the
concentration of MB (mg/L) at the time of .

2.4. Photocatalytic Degradation Experiment. In order
to facilitate the comparison of catalytic performance of the
Fenton-like reactions, independent photocatalytic degradation
experiments of MB were conducted. The experiment of
photocatalytic degradation of MB by MIL-101(Fe)-X (X =
—OH, —NH,, —NO,, —H) was carried out under 300 W
xenon lamp irradiation. The reaction conditions of the
experiment are as follows: the concentration of MB was 10
mg/L, the dosage was 50 mL; the catalyst dosage was 1—9 mg;
the reaction pH was 1-7; and the irradiation intensity of the
lamp was 15 W/m% Eq 1 was also used to calculate the
degradation rate of MB.

2.5. Adsorption Experiment. Due to the large specific
surface area and abundant active sites of MIL-101(Fe)-X (X =
—OH, —NH,, —NO,, —H), as well as their ability to absorb
MB. In order to better illustrate the performance of Fenton-
like and photocatalytic degradation of MB, the adsorption
experiments were independently conducted. The adsorption
experiment is similar to the Fenton-like reaction. It is just that
there was no illumination during the adsorption experiment.
Similarly, the eq 1 was used to calculate the removal rate of
MB.

3. RESULTS AND DISCUSSION

3.1. Structure of MIL-101(Fe)-X. Herein, a series of MIL-
101(Fe)-X (X = —OH, —NH,, —NO,, —H) solid-state Fenton
catalysts were successfully prepared by Fe(III) as metal ions
and terephthalic acid and its derivatives as organic ligands. It
was very interesting that MIL-101(Fe) generated by the
reaction of Fe(III) with colorless terephthalic acid was light
yellow (Figure la); MIL-101(Fe)—NO, generated by the
reaction of Fe(III) with colorless 2-nitroterephthalic acid was
yellow (Figure 1b); MIL-101(Fe)—NH, generated by the
reaction of Fe(III) with light yellow 2-aminoterephthalic acid

Terephthalic acid

2-Nitroterephthalic acid

Y it
(b) MIL- lOl -NO,

2-Aminoterephthalic acid

FeCl,*6H,0

(¢) MIL-101-NH,

2-Hydroxyterephthalic acid

(d) MIL-101-OH

Figure 1. Synthesis and color of MIL-101(Fe)-X: (a) MIL-101; (b)
MIL-101-NO,; (c) MIL-101-NH,; (d) MIL-101-OH.

was gray (Figure 1c); MIL-101(Fe)—OH generated by the
reaction of Fe(III) with colorless 2-hydroxyterephthalic acid
was brick red (Figure 1d). The SEM observation found that
the particle diameter of powdered MIL-101(Fe)-X (X = —OH,
—NH,, —NO,, —H) is about 500 nm (Figure 2). The physical
and chemical properties, including structure, functional groups,
elemental composition, valence states, and morphology, were
studied by IR, XPS, XRD, and N, adsorption/desorption
isotherms.

3.1.1. IR. The IR of materials can effectively determine
which functional groups exist in their structures. The IR of
MIL-101(Fe) (Figure Sla) indicated a stretching vibration
absorption peak of (C=0) at 1658 cm™, and a stretching
vibration absorption peak of v(C—0) at 1397 cm™'. When
different functional groups (—OH, —NH,, and —NO,) were
introduced into MIL-101(Fe), the IR absorption peaks of these
functional groups were also observed. For example, in MIL-
101(Fe)—NO, (Figure S1b), there was a stretching vibration
absorption peak of v(CN) at 1121 cm™, an antisymmetric
stretching vibration absorption peak of —NO, at 1540 cm™',
and a symmetric stretching vibration absorption peak of —NO,
at 1390 cm™". These absorftlon peaks are within the range
reported in the literature;>° In MIL-101(Fe)—NH, (Figure
S1c), there was a v(C—N) stretching vibration absorption peak
at point 1127 cm ™', a ¥(N—H) stretching vibration absorption
peak at point 3462 cm™’, and a ¥(N—H) out of plane bending
absorption peak at point 767 cm™'; In MIL-101 (Fe)—OH
(Figure S1d), there was a stretching vibration absorption peak
of (O—H) at 3436 cm™’, an in-plane bending vibration
absorption peak of v(O—H) at 1376 cm™, an out of plane
bending vibration absorption peak of v(O—H) at 694 cm™’,
and a stretching vibration absorption peak of v(C=0) at 1245
cm™

3.1.2. XRD. X-ray powder diffraction (XRD) can be used to
analyze the purity of materials and determine their structure.
From the XRD pattern of MIL-101(Fe)-X (X = —OH, —NH,,
—NO,, —H) (Figure 3), it can be seen that they have a higher
crystallinity between 5° and 20°. There are obvious sharp
diffraction peaks at 8.39°, 9.04°, 9.85°, and 16.42° (JCPDS No.
24-0072). The crystal planes corresponding to the peaks
described above show that their central ions are Fe(IIl). Their
diffraction peaks have high intensity, indicating the high purity
of the materials. In addition, the XRD diffraction patterns of
the synthesized MIL-101(Fe)-X (X = —OH, —NH,, —NO,,
—H) were consistent with the theoretical simulation of MIL-
101(Fe). This indicated that MIL-101(Fe)-X (X = —OH,
—NH,, —NO,, and —H) had been successfully synthesized.

3.1.3. XPS. The elemental composition and valence state of
MIL-101(Fe)-X (X = —OH, —NH,, —NO,, and —H) were
characterized and analyzed by XPS. The XPS of MIL-101(Fe)
(Figure S2) showed that it was mainly composed of C, O, and
Fe elements (Figure S2a). The characteristic orbital peaks of
C(1s) and O(1s) were found at 284.8 eV (Figure S2b) and
531.6 eV (Figure S2c), respectively. Since there was no satellite
(Figure S2d) peak between Fe(2P,,,) and Fe(2P;),), the
central ion of MIL-101(Fe) was Fe(III). The XPS of MIL-
101(Fe)—NO, (Figure S3) showed that it was mainly
composed of C, N, O, and Fe elements (Figure S3a). The
characteristic orbital peaks of C(1s), N(1s), and O(1s) were
found at 284.8 eV (Figure S3b), 405.5 eV (Figure S3c), and
531.5 eV (Figure S3d), respectively. The MIL101(Fe)—NO,
was the same as MIL101(Fe), its central ion was also Fe(III)
(Figure S3e). The XPS of MIL101(Fe)—NH, (Figure S4) also
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Figure 2. SEM: (a) MIL-101; (b) MIL-101-NO,; (c) MIL-101-NH,; (d) MIL-101-OH.

9.00x10’°

7.50x10°

—— Simulated
—— MIL-101(Fe)
MIL-101(Fe)-NO,

—— MIL-101(Fe)-NH,
—— MIL-101(Fe)-OH
TV Py

6.00x10°

4.50x10’°

3.00x10°

Intensity(a.u.)

1.50x10°

0.00

25 30 35
2 theta(®)

Figure 3. XRD of MIL-101(Fe)-X (X = —OH, —NH,, —NO,, —H).

showed that it was composed of C, N, and O elements, and the
central ion is Fe(III). In addition, the XPS of MIL101(Fe)—
OH (Figure S5) also showed that it was composed of C and O
elements, and the central ion was Fe(III).

3.1.4. N, Adsorption/Desorption Isotherms. The character-
ization of N, adsorption/desorption isotherms for MIL-
101(Fe)-X (X = —OH, —NH,, —NO,, —H) indicated that
they were typical Type I adsorption isotherms (Figure S6 and
Table S1). It can be clearly seen from Figure S6 that the MIL-
101(Fe) has a very large specific surface area, which can reach
up to 3153 m® g~'. When different functional groups were
introduced into the structure of MIL-101(Fe), their specific
surface area underwent a significant change. Among them, the
specific surface areas of MIL-101(Fe)—NO,, MIL-101(Fe)—
NH,, and MIL-101(Fe)—OH were 1880, 2010, and 2275 m>
g, respectively. Due to the introduction of different
functional groups, their surface areas in similar structures are
all smaller than those of MIL-101(Fe). However, their

adsorption type (Type I) and specific surface area are
consistent with those reported in the literature.'**™*

3.1.5. UV-Visible Absorption Spectrum. The UV—visible
absorption spectroscopy can be used to analyze the light
absorption behavior of photocatalysts and calculate their
bandgaps. The UV absorption spectrum of MIL-101(Fe)-X
(X = —OH, —NH,, —NO,, —H) (Figure 4) shows that they

—— MIL-101(Fe)
—— MIL-101(Fe)-NO,

MIL-101(Fe)-NH,
——— MIL-101(Fe)-OH

Absorbance
=
o
1

0.6
0.4
0.2

0.0

T T T T T 1
200 300 400 500 600 700 800

Wavelength (nm)

Figure 4. UV—visible absorption spectrum of MIL-101(Fe)-X (X =
—OH, —-NH,, —-NO,, —H).

have strong light absorption behavior at 200—800 nm.
Especially after the —NH, and —OH functional groups with
extra lone electrons are introduced into MIL-101(Fe), they
show stronger light absorption. This is because when there is
—NH, or —OH on the organic ligand, the extra lone electrons
on their functional groups can form p-7 conjugation with the
aromatic ring in the ligand. Thereby affecting their light
absorption through the effect of LMCT. In addition, it can be

https://doi.org/10.1021/acsomega.4c03616
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Figure 5. Activity control experiment: (a) MIL-101(Fe); (b) MIL-101(Fe)—NO,; (c) MIL-101(Fe)—NH,; (d) MIL-101(Fe)—OH.

found from Figure 4 that in MIL-101(Fe)-X (X = —OH,
—NH,, —NO,, —H), their light absorption behavior follows
the rules of —OH > —NH, > —NO, > —H. When using the
formula E; = 1240/4g, it can be roughly calculated that their
bandgap widths (Eg) are 2.53, 2.19, 2.02, and 1.64 eV,
respectively. Therefore, MIL-101(Fe)-X (X = —OH, —NH,,
—NO,, —H) has strong light absorption behavior at 200—800
nm. The impact of their photocatalytic pollutant degradation
performance needs to be considered when exploring their
Fenton-like catalytic properties.

3.2. Catalytic Performance. 3.2.1. Activity Control
Experiment (Light and Fenton-like). A control experiment
was conducted on the activity of the Fenton-like reaction in the
degradation of MB at room temperature (The catalyst dosage
was 5.0 mg, the concentration of H,0, was 0.10 mmol, and the
solution pH was 3.) They mainly included Fenton-like
reactions, Fenton reactions, adsorption, and photocatalytic
reactions of MIL-101(Fe)-X (X = —OH, —NH,, —NO,, and
—H). The experimental results (Figure 5) indicate that after 25
min of reaction in these systems, the degradation rate of MB
follows the order of Fenton-like reaction > Fenton reaction >
photocatalytic reaction > adsorption reaction > MB + H,0,.
Among them, in the Fenton-like reaction of MIL-101(Fe)
(Figure Sa), the removal rates of MB could reach 99.0% after
25 min. However, the degradation rates of MB by Fenton
catalytic reaction, photocatalytic reaction, and adsorption
reaction were 85.1, 70.4, and 35.1%, respectively. In the
Fenton-like reaction of MIL-101(Fe)—NO, (Figure Sb), the
removal rates of MB by the Fenton-like catalytic reaction,
photocatalytic reaction, and adsorption reaction were 100,
61.1, and 24.5%, respectively; In the Fenton-like reaction of
MIL-101(Fe)—NH, (Figure Sc), the removal rates of MB by
the Fenton-like catalytic reaction, photocatalytic reaction, and
adsorption reaction were 100, 74.5, and 27.2%, respectively. In

32868

the Fenton-like reaction of MIL-101(Fe)—OH (Figure Sd),
some experiments were completed after 20 min. The removal
rates of MB by Fenton-like catalytic reactions, Fenton catalytic
reactions, photocatalytic reactions, and adsorption reactions
were 100, 72.0, 61.3, and 23.9%, respectively.

Based on the comprehensive analysis of the removal rates of
the above reactions, it can be found that due to the large
specific surface area'” and numerous adsorption sites of MIL-
101(Fe)-X (X = —OH, —NH,, —NO,, —H), they can adsorb a
certain amount of MB; The MIL-101(Fe)-X also belongs to
photocatalysts,'” which have good performance in degrading
MB. Therefore, in the MIL-101(Fe)-X Fenton-like catalytic
reaction process, their performance in degrading MB follows
the rule of —OH > —NH, > —NO, > —H. This is attributed to
the synergistic effect of Fenton-like catalysis and photocatalytic
degradation in the degradation of MB. This makes the
performance of Fenton-like catalytic degradation of MB
superior to the Fenton reaction and photocatalytic reaction.

3.2.2. Effect of H,0, Dosage on Catalytic Performance.
The effect of H,0, concentration (0.05—0.20 mmol/L) on the
catalytic degradation performance of MB was investigated at
room temperature (The catalyst dosage was 5.0 mg, and the
pH was 3). The experimental results (Figure S7) showed that
the degradation rate of MB did not increase with the increase
in H,0, concentration after 25 min of catalytic degradation.
Among them, in the catalytic reaction of MIL-101(Fe) (Figure
S7a), the degradation rates of MB were 88.1, 99.0, 93.8, and
85.2%, respectively; in the catalytic reaction of MIL-101(Fe)—
NO, (Figure S7b), the degradation rates of MB were 90.2, 100,
95.2, and 86.9%, respectively; In the catalytic reaction of MIL-
101(Fe)—NH, (Figure S7c), the degradation rates of MB were
93.1, 100, 96.8, and 89.3%, respectively; In the catalytic
reaction of MIL-101(Fe)—OH (Figure S7d), the degradation
rates of MB were 99.1, 100, 100, and 91.9%, respectively. A
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Figure 6. Cycle experiment: (a) MIL-101(Fe); (b) MIL-101(Fe)—NO,; (c) MIL-101(Fe)—NH,; (d) MIL-101(Fe)—OH.

comprehensive analysis of the effect of H,O, concentration
(0.05—0.20 mmol/L) on the catalytic degradation perform-
ance of MB, which reveals that when the H,0, concentration
is between 0.05 and 0.10 mmol/L, the degradation rate of MB
increases with the increase of H,O, concentration. When the
concentration is between 0.10 and 0.20 mmol/L, the
degradation rate of MB decreases with the increase of H,0,
concentration. This may be due to the generation of excess -
OH that does not bind to MB in a short period of time,
resulting in quenching by collision between -OH radicals or the
generation of H,O,. The excess -OH may also combine with
H,0, to produce -H,O with lower oxidation ability, ultimately
leading to a decrease in MB degradation rate.”’ Therefore, the
concentration of H,O, in this Fenton-like reaction system
should not be too high.””

3.2.3. Effect of Catalyst Dosage on Catalytic Perform-
ance. The effect of catalyst dosage (1—9 mg) on the catalytic
degradation performance of MB was explored at room
temperature (the H,0, dosage was 0.10 mmol/L, and the
pH was 3). The experimental results showed that after 25 min
of catalytic degradation reaction, the degradation rate of MB
did not increase rapidly with the increase in catalyst dosage
(Figure S8). Among them, in the catalytic reaction of MIL-
101(Fe) (Figure S8a), the degradation rates of MB were 82.7,
88.8, 99.0, 95.1, and 94.2%, respectively; In the catalytic
reaction of MIL-101(Fe)—NO, (Figure S8b), the degradation
rates of MB were 83.5, 89.7, 100, 96.0, and 95.1%, respectively;
In the catalytic reaction of MIL-101(Fe)—NH, (Figure S8c),
the degradation rates of MB were 88.9, 95.1, 100, 99.0, and
97.1%, respectively; In the catalytic reaction of MIL-101(Fe)—
OH (Figure S8d), the degradation rates of MB were 99.1, 100,
100, 100, and 100%, respectively. A comprehensive analysis of
the effect of catalyst dosage (1—9 mg) on the catalytic
degradation performance of MB reveals that when the catalyst
dosage is 1—5 mg, the degradation rate of MB increases with
the increase of catalyst dosage. When the catalyst dosage is
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between 5 and 9 mg, the degradation rate of MB decreases
with the increase of catalyst dosage, but the reduction is not
significant. This may be due to the increase in -OH
concentration generated in the system when the dosage is
below 5 mg, which leads to an increase in the degradation rate
of MB. Because when the catalyst dosage is S mg, the
concentration of -OH generated reaches saturation. When the
catalyst dosage exceeds 5 mg, the concentration of -OH
generated at a certain H,O, concentration cannot be further
increased. Moreover, due to the masking effect of the material
on light, the dosage exceeding S mg will lead to a decrease in
light intensity, resulting in a decrease in degradation
efficiency.”®

3.2.4. Effect of Initial pH of Solution on Catalytic
Performance. The effect of pH (1-7) on the catalytic
degradation performance of MB was explored under
conditions of room temperature (The H,0, dosage was 0.10
mmol/L, and the catalyst dosage was S mg). The traditional
Fenton reaction requires a lower pH.>” However, after 25 min
of catalytic degradation of MB by MIL-101(Fe)-X (X = —OH,
—NH,, —NO,, —H), the degradation rate of MB did not
increase with the decrease of pH (Figure S9). Among them, in
the catalytic reaction of MIL-101(Fe) (Figure SSa), the
degradation rates of MB were 94.1, 99.0, 85.9, and 79.0%,
respectively. In the catalytic reaction of MIL-101(Fe)—NO,
(Figure S9b), the degradation rates of MB were 97.2, 100,
83.7, and 71.1%, respectively. In the catalytic reaction of MIL-
101(Fe)—NH, (Figure S9c), the degradation rates of MB were
98.1, 100, 92.2, and 84.5%, respectively; In the catalytic
reaction of MIL-101(Fe)—OH (Figure S9d), the degradation
rates of MB were 100, 100, 100, and 87.9%, respectively. A
comprehensive analysis of the effect of pH (1—7) on the
catalytic degradation performance of MB reveals that the
catalytic degradation performance of MB is best at pH = 3. It is
superior to the performance at pH 1, 5, and 7. Usually, the
lower pH is beneficial for prolonging the recombination of
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Figure 7. Mechanism of catalytic degradation of MB by MIL-101(Fe)-X (X = —OH, —NH,, —-NO,, —H).

electrons and holes generated during photocatalytic degrada-
tion, thereby improving catalytic efficiency.”> The zeta
potential (Table S2) of MIL-101(Fe)-X (X = —OH, —NH,,
—NO,, —H) also illustrates this point. However, based on the
same catalyst dosage and pH conditions, MIL-101(Fe)-X (X =
—OH, —NH,, —NO,, —H) has better catalytic degradation
performance of MB in the presence of H,O, than performance
of MIL-101(Fe)**~* in photocatalytic degradation of MB.

3.3. Cycle Experiment. The catalyzed powder catalyst was
collected by a high-speed centrifuge at 11,000 rpm. Then,
0.001 mol/L HNO; was added to the collected powder
catalyst, and ultrasonic treatment was performed for 10 min.
Continued to collect the powdered catalyst by a high-speed
centrifuge at 11,000 rpm. The collected catalyst was then
washed three times with anhydrous methanol and deionized
water, respectively. The washed solid powder was heated in a
blast drying oven at 100 °C for 8 h. The collected solid catalyst
was characterized by XRD. The test results (Figure S10)
showed that the position of the diffraction peak of the
catalyzed catalyst was consistent with the theoretical
simulation of MIL-101(Fe). This shows that the structure
remains unchanged after the catalytic degradation of MB by
MIL-101(Fe)-X (X = —OH, —NH,, —NO,, and —H). In
addition, the XPS (Figure S11) also shows that the valence
state of iron after MIL-101(Fe)-X (X = —OH, —NH,, —NO,,
—H) catalyzed MB is still +3.

The cycle experimental (Figure 6) results of like-Fenton
catalytic degradation of MB by MIL-101(Fe)-X (X = —OH,
—NH,, —NO,, —H) showed that after the first cycle of MIL-
101(Fe), the efficiency could be maintained at 100%, even
after five cycles, its catalytic degradation efliciency of MB could
still be maintained at 98.5% (Figure 6a). Similarly, the
efficiency of MIL-101(Fe)—NO, (Figure 6b), MIL-101(Fe)—
NH, (Figure 6¢), and MIL-101(Fe)—OH (Figure 6d) in the
first cycle of catalysis could all be maintained at 100%.
However, after five cycles of catalysis, the efficiencies of MIL-
101(Fe)—NO,, MIL-101(Fe)—NH,, and MIL-101(Fe)—OH
were 98.9, 98.8, and 98.6%, respectively. Therefore, MIL-
101(Fe)-X (X = —OH, —NH,, —NO,, —H) Fenton-like
catalyst has good structural stability and stability in the
catalytic degradation of MB.

3.4. Catalytic Mechanism. In the presence of H,O,, there
are photocatalytic degradation reactions and Fenton-like
catalytic reactions in the catalytic degradation of MB by
MIL-101(Fe)-X (X = —OH, —NH,, —NO,, and —H). The
research’” had shown that -OH was generated during the
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catalytic degradation of organic pollutants by MIL-101(Fe)-X
(X = —OH, —NH,, —NO,, —H). Therefore, MIL-101(Fe)-X
(X = —OH, —NH,, —NO,, —H) reacted with H,O and H,0,
to generate -OH under light conditions. In addition, the
electron paramagnetic resonance (EPR) also captured the
presence of -OH (Figure S12). Therefore, the -OH played the
role of an oxidant during the catalytic degradation of MB by
MIL-101(Fe)-X (X = —OH, —NH,, —NO,, —H).

The samples were taken and characterized by electrospray
ionization mass spectrometry (ESI-MS) after MIL-101(Fe)-X
(X = —OH, —NH,, —NO,, —H) degraded MB for 15 min.
There were four related molecular peaks (Figure S13) found in
MB solution during the catalytic degradation process with the
charge mass (m/z) ratios of 302.30, 284.12, 270.11, and
242.07, respectively. As we all know, MB is an ionic dye, which
exists in the form of ions after being dissolved in water.
Therefore, the m/z at 284.12 can be assigned to [C ¢H,gN;S]".
The density functional theory (DFT) has proven that —C=
S— and —C=N- in [C;4H;sN;S]* have high electronegative
properties,” and they preferentially undergo redox reactions
with -OH to generate [C,¢H,,N3SO]. Therefore, the m/z at
302.30 can be assigned to [C;4H,,N5S0]. In [C ¢H,,N5S0],
the —C=S double bond has high electronegativity, and it
reacts with -OH to generate [CHgN,SOg]. Therefore, the m/z
at 242.07 is [C4HoN,SOg]. Under the oxidation of -OH, the
aromatic ring in [C4HoN,SOg] is broken to generate
[C¢H,N,0,S]. Therefore, the m/z at 270.11 nm can be
assigned as [C¢H,N,O,S]. Finally, [C;H,N,0,S] reacts with -
OH to ultimately generate small molecules, CO, and H,0
(Figure S14).

Therefore, comprehensive analysis can show that the
catalytic degradation of MB by MIL-101(Fe)-X (X = —OH,
—NH,, —NO,, —H) is the result of the synergistic effect of
photocatalysis and Fenton-like catalysis (Figure 7). The -OH
first reacted with the highly electronegative functional groups
in the MB molecular structure, and then oxidized and
decomposed them all into CO, and H,O.

4. CONCLUSION

In summary, a series of MIL-101(Fe)-X (X = —OH, —NH,,
—NO,, —H) catalysts were synthesized by the hydrothermal
synthesis method. They can effectively catalyze the degradation
of MB in the presence or absence of H,0,. Among them, the
Fenton-like catalytic performance is the best, which was
superior to the Fenton reaction and photocatalytic reaction.
This was because when H,0, participated in catalytic

https://doi.org/10.1021/acsomega.4c03616
ACS Omega 2024, 9, 32864—32872


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03616/suppl_file/ao4c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03616/suppl_file/ao4c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03616/suppl_file/ao4c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03616/suppl_file/ao4c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03616/suppl_file/ao4c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03616/suppl_file/ao4c03616_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03616?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03616?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

reactions, there were Fenton-like reactions and photocatalytic
reactions. They catalyzed the reaction together and produced a
large amount of -OH, so as to rapidly catalyze the degradation
of MB into CO, and H,0. This study helps to avoid the
drawbacks of the Fenton reaction and improve the efficiency of
wastewater purification.
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