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GRAPHICAL ABSTRACT

e Porous iron-based metal organic frame-
works (NH,-MIL-101(Fe)) were success-
fully fabricated via simple one-pot
hypothermal reaction.

e The as-synthesized NHy-MIL-101(Fe)
has high surface area and outstanding
stability ability.

e Remarkable azo dye degradation per-
formance of NH,-MIL-101(Fe) in waste-
water was obtained.
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The porous iron-based metal organic frameworks (NH,-MIL-101(Fe)), which consists of 2-amino benzene dicar-
boxylic acid (HoBDC-NHy) and ferrous ions were synthesized through one-step hydrothermal method. The surface
area and pore volume of as-synthesized NHy-MIL-101(Fe) were 66.48 m?/g and 0.09 cm®/g, respectively. The
excellent photocatalytic performance endows NHy-MIL-101(Fe) to generate hydroxyl radical (*OH), which then
acting as efficiently active sites for azo dye degradation in wastewater. Meanwhile, the outstanding stability

ability of NH,-MIL-101(Fe) indicates the potential candidate for wastewater treatment.

1. Introduction

Azo dyes, defined as the compounds which own a diazotized amine
link to a phenol or an amine and contain one or more azo linkages (Chung
2016), are broadly employed in the field of pharmaceutical, textile,
leather, and food industries (Yamjala et al., 2016; Clonfero et al., 1990;
Brii schweiler and Merlot, 2017; Gic evi ¢ et al., 2020). Especially in
textile industry around the world, azo dyes occupy about 60-70% market
share for all inorganic dyes manufacture (Foster et al., 2019). It also
means that azo dyes are the main chemical contaminants in waste water
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of textile industry (Mahmoodi et al., 2012). Previous studies have
demonstrated that azo dyes are mutagenic, toxic and potential carcino-
gens (Alves de Lima et al., 2007; de Aragao Umbuzeiro et al., 2005;
Gottlieb et al., 2003). Once azo dyes are systemically absorbed, they will
be metabolized by liver cells to generate hazardous aromatic amines
(Pinheiro et al., 2004). Therefore, it is of great significance and necessity
to degrade the azo dyes in waste water.

In recent years, various chemical, physical and biological strategies
have been employed to purify the wastewater, including electro-
catalysis, electrochemical destruction, sedimentation, membrane
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separation, filtration, and microbial degradation (Pazdzior et al., 2019;
Zhang and Chen, 2020; Ahmed et al., 2021). However, most of these
procedures fail to apply in real industry because of the high cost or poor
removal efficacy. Different from biological and mechanical techniques,
chemical wastewater treatment can enable the treated water to enter the
water body for an optimized efficiency. Meanwhile, chemical treatment
strategies like chemical oxidation technique have emerged as green
method by transfer pollutants into harmless products via chemical cat-
alysts. For example, advanced oxidation processes as an advanced
oxidation approach, has been evolved for simultaneous treating waste-
water via reactive radicals (Cuerda-Correa et al., 2020). Previous study
demonstrated that the intensity of UV photocatalysis was three folds for
total carbon content reduction in terms of energy (Halomoan et al., 2022;
Yulizar et al., 2021). Photocatalysis strategy owns several advantages
including low cost, reusable catalyst, operating under ambient temper-
ature and pressure (Mahmoodi and Saffar-Dastgerdi, 2020). Therefore,
developing a safe, high-efficient, green photocatalyst becomes the most
important solution for practical application.

Herein, in this study, we report a porous iron-based metal organic
frameworks (NH5-MIL-101(Fe)), which consists of 2-amino benzene
dicarboxylic acid (H,BDC-NH,) and ferrous ions for photocatalysis of azo
dyes in wastewater treatment. The surface area, pore volume, and
excellent photocatalytic performance of as-synthesized NH,-MIL-101(Fe)
were systematically examined, respectively. The NHp-MIL-101(Fe) can
effectively generate hydroxyl radical (*OH) under UV irradiation, which
then acting as efficiently active sites for azo dye degradation in waste-
water. The outstanding stability ability of NHo-MIL-101(Fe) indicates the
potential candidate for wastewater treatment.

2. Materials and experimental methods
2.1. Chemicals and materials

2-amino benzene dicarboxylic acid (NHo-H2DBC) and direct tur-
quoise blue (DTB5B) were purchased from Aladdin (Shanghai, China).
Anhydrous ferric chloride (FeClg), N, N-Dimethylformamide (DMF),
hydrogen peroxide, and dimethyl sulfoxide (DMSO) were brought from
Sinopharm (Beijing, China). TMB single-component substrate solution
was obtained from Solarbio life science (Beijing, China). Deionized water
and anhydrous ethanol were purchased from Beijing Chemical Industry
Group Co., Ltd (Beijing, China). All chemicals were used without any
purify.

2.2. Characterizations

Scanning electron microscopy (SEM, SU-8010, Hitachi) and Trans-
mission electron microscopy (TEM, HT-7700, Hitachi) were employed to
explore the morphologies of as-synthesized NHy-MIL-101(Fe). X-ray
diffraction patterns of NHy-MIL-101(Fe) was examined by X-ray
diffractometer (D/max-2550, Rigku). TGA-DSC curve for NHy-MIL-
101(Fe) was obtained by thermogravimetric analysis-differential scan-
ning calorimetry (TGA-DSC) (Q5000IR, TA INSTRUMENTS). Fourier
transform infrared spectroscopy (FTIR) (X70, NETZSCH) was used to
analyze the FTIR spectrum curve of NH,-MIL-101(Fe). X-ray photoelec-
tron spectroscopy (XPS) (ESXALAB250Xi, Thermo Fisher Scientific) was
employed to determine the surface chemistry of NHp-MIL-101(Fe). Ni-
trogen adsorption-desorption isotherms and BJH pore size distribution
was determined by thermal desorption aerosol gas chromatography
(7890B, Agilent).

2.3. Preparation of NHy-MIL-101 (Fe)

NH,-MIL-101(Fe) was synthesized via a hydrothermal reaction
strategy. In detail, 1.242 mmol NHo-H;DBC was added in 7.5 mL DMF to
form the A solution. Then 2.497 mmol FeCl; was dissolved in 7.5 mL
DMF to form the B solution. Both A and B solution were mixed and
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transferred into a 30 mL autoclave. After treatment in a 110 °C oven for
24 h, the NHp-MIL-101(Fe) was obtained by washing with deionized
water twice.

2.4. Photocatalytic performance

TMB single-component substrate solution was used to measure the
photocatalytic performance of NHp-MIL-101(Fe) under 300 W Xenon
lamp (A > 300 nm). In detail, 5 pL. TMB (20 mg/mL in DMSO) solution
and 1 mL 100 pM H30- solution were mixed for further analysis. Then
different concentration of Fe-MOF aqueous solution was added to make
final concentration of 0.125, 0.25, 0.5, 1.0, 2.0 mg/mL. After complete
dissolution, the mixture was exposed under 300 W Xenon lamp (A > 300
nm) to 10 min. The mixture was centrifugated and supernatant was used
for fluorescence detection at about 426 nm (Excitation 312 nm).

2.5. Photocatalytic azo degradation performance

The photocatalytic azo degradation performance of as-prepared NH,-
MIL-101(Fe) was determined by the degradation of direct turquoise blue
(DTB5B). Typically, 20 pg/mL DTB5T and various concentration of NH-
MIL-101(Fe) (0, 15, 31, 62, 125, 250 pg/mL) were mixed in a total 3 mL
mixture. Then the mixture was exposed under a 300 W Xenon lamp (A >
300 nm). At designed time intervals, 100 pL of the reaction system was
withdrawn and centrifugated. The progress of DTB5B degradation was
measured by monitoring the UV-vis absorption at 600 nm of supernatant.

3. Results and discussion
3.1. Characterization of nanomaterials

Figure 1a demonstrates the components of as-synthesized NHy-MIL-
101(Fe), in which NH,-H,DBC coordinates with ferric ion to form the
assemble spherical structure. The morphology of as-synthesized NHy-MIL-
101(Fe) was determined by both SEM and TEM, which are shown in
Figure 1. SEM image (Figure 1b) presents the agglutinate spherical struc-
ture of NHy-MIL-101(Fe) and the size distribution is homogeneous. The
agglutinate state of NHy-MIL-101(Fe) is confirmed by the TEM image
(Figure 1c), which further demonstrates the unconsolidated and porous
structure (Senthil Raja et al., 2019). It can be concluded from the TEM
image that the average diameter of as-synthesized NHy-MIL-101(Fe) is
about 50 nm. In order to measure the structure stability, as-synthesized
NH»-MIL-101(Fe) was kept in room temperature for 2 months and there
are not significant morphologic changes (Figure 2), indicating the
long-term stability. It is well-known that the interaction between ferric ions
and NHo-HyDBC is coordination bonding and the ferric ions are
four-coordinate. Therefore, it is easy to form the porous structure via one
ferric ion coordinating with three NH;-H;DBC molecules. The X-ray
diffraction pattern of NHy-MIL-101(Fe) presents the crystal structure of
as-synthesized sample (Figure 1d). The TGA curve in Figure le exhibits
that as-synthesized NH,-MIL-101(Fe) is unstable under higher 360 °C
environment and a quickly chemical damage happens when temperature is
above 360 °C. Luckily, NHp-MIL-101(Fe) is structural stable under 100 °C
condition, which will benefit the wastewater treatment in ambient
environment.

3.2. FTIR analysis

In order to evaluate the composition of NHy-MIL-101(Fe), FTIR
spectroscopic measurement was adopted for analysis and the results is
shown in Figure 3. Peak at about 3400 cm ™ presents the characteristic
vibration bands of the -NH; group in NH;-H,BDC (Liu et al., 2017).
Meanwhile, vibration bands of about 2900 cm™! is the contribution of
the methylene in the benzene ring of NH,-H2BDC. Peaks at about 1378
cm ! and 1623 cm ! are associated with the C—O vibration (Boontongto
and Burakham, 2019). Furthermore, Fe-O contributes the peak at around
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Figure 1. Basic characterization of NH,-MIL-101(Fe). (a) Schematic illustration of the formation mechanism of NH,-MIL-101(Fe). (b) The SEM image and (c¢) TEM
image of NH,-MIL-101(Fe). (d) The X-ray diffraction pattern of NH>-MIL-101(Fe). (e) The TGA curve of NH,-MIL-101(Fe) from room temperature to 850 °C.
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Figure 2. The TEM image of NH,-MIL-101(Fe) after keeping in ambient tem- Figure 3. The FTIR spectra curve for NH,-MIL-101(Fe).

perature for 2 months.
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Figure 4. (a) XPS full spectra and (b) high-resolution Fe 2p for NH,-MIL-101(Fe).
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Figure 5. (a) Schematical illustration of peroxidase activity of NH,-MIL-101(Fe) and (b) fluorescent absorbance of terephthalic acid after treated with different

concentration of NH,-MIL-101(Fe).

431 cm™ L. All of these results demonstrated that the coordination bond to
Fe?* jons of NHy-H,BDC molecular is carbonyl group (C=0), not amine
group (NHj).

3.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) measurement is employed to
analyze the surface composition and also the chemical states of elements
in NH,-MIL-101(Fe). The survey curve (Figure 4a) from O eV to about
1350 eV clearly shows the binding energy of around 285.4 eV, 400.1 eV,
533.4 eV, and 712.4 eV contribute to the C 1s, N 1s, O 1s, and Fe 2p,
respectively. Further analysis of the Fe 2p high-resolution spectrum aids
to explore the specific chemical state of Fe in NHp-MIL-101(Fe) and the
results are shown in Figure 4b the Fe 2p1/2 and Fe 2p3/2 binding energy
locates around 725.7 eV and 711.9 eV, respectively. Meanwhile, the in-
tensity of integral of peak separation clearly reveals the main valence
state of Fe in NHp-MIL-101(Fe) is divalent, which is agreement with four-
coordination structure of NHy-MIL-101(Fe). (Zhang et al., 2016; Capkova
et al., 2020).

3.4. Photocatalytic performance

Terephthalic acid (THA) is “para-carboxy benzoate” and there is only
one monohydroxylate isomer because of the symmetry structure. The 2-
monohydroxyterephthalic acid (THA-OH), which is the reaction product
of THA with hydroxyl radical, is intensely fluorescent excited by 312 nm
light (Barreto et al., 1994). Thus, THA is a sensitive probe to detect the
generation of hydroxyl radicals of NHy-MIL-101(Fe) under light irradi-
ation (Figure 5a). The fluorescent curve of generated THA-OH
(Figure 5b) demonstrates that after NHy-MIL-101(Fe) and 300 W
Xenon lamp (A > 300 nm) treatment a significant fluorescence

absorbance was detected at around 426 nm, which is the excitation
wavelength of produced THA-OH from THA. This phenomenon indicates
NH,-MIL-101(Fe) could effectively produce hydroxyl radials (-OH) after
irradiation. Besides, with the concentration increase of NHy-MIL-101(Fe)
in reaction system under same time irradiation, the fluorescence intensity
enhances firstly and then gradually decrease, indicating the photo-
catalytic activity is concentration-dependent (Figure 5b). Previous
studies have demonstrated that ligand-to-cluster charge transfer (LCCT)
mechanism contributes to the photocatalytic performance of
amine-functionalized metal (M) containing metal organic frameworks
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Figure 7. (a) Photocatalytic degradation efficiency of DTB5B dyes treated with NH,-MIL-101(Fe) (15, 31, 62, 125 pg/mL) for different time under 300 W Xenon lamp
(b1-b4) The absorption curve of photocatalytic degradation system treated with various concentration of NHp-MIL-101(Fe).

(Zhang et al., 2016; Li et al., 2002). Specifically, the NH, functionality of
NH,-H2DBC molecular in NH2-MIL-101(Fe) effectively absorb the visible
light, and then the NH,-H3;DBC will transfer photoelectrons to Fe-O
clusters. After Fe-O clusters are excited, the charge carriers will be
delivered to surface of catalyst to form the final -OH.

3.5. Adsorption behaviors

The porous structure of prepared NHp-MIL-101(Fe) indicates an
efficient adsorption performance in waste water. Therefore, the porosity
was measured using Ny adsorption at 77 K and the adsorption/desorption
isotherms are shown in Figure 6. The results demonstrate that NHp-MIL-
101(Fe) exhibits a surface area of 66.5 m2/g with pore volume of 0.082
cm®/g. Further testing reveals the pore diameter of NHy-MIL-101(Fe) is
about 2.1 nm. According to the classification of IUPAC, the adsorption-
desorption isotherm of NHy-MIL-101(Fe) is classified as type V (Aloth-
man, 2012).

3.6. Photocatalytic azo degradation performance

In order to evaluate the photocatalytic activity of NHy-MIL-101(Fe),
the commercial direct turquoise blue (DTB5B) dye was chosen as the
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Figure 8. The first order photocatalytic dye degradation at different NH,-MIL-
101(Fe) concentration.
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Figure 9. The photocatalytic efficiency of NH,-MIL-101(Fe) during the five
cycles process.

sample. The concentration of DTB5B aqueous solution was 20 mg/L and
the concentration of photocatalyst varies from 15 to 125 mg/L Figure 7a
presents the total degradation conditions of DTB5B photocatalyzed by
NH,-MIL-101(Fe) under continuous irradiation of visible light (A > 300
nm). Compared with control group without catalyst, low concentration of
15 mg/L NH,-MIL-101(Fe) can effectively degrade 65.7 % DTB5B during
19 h (Figure 7b1). Meanwhile, the kinetic results exhibit that a better
degradation efficiency can be obtained via increasing either photo-
catalyst concentration or photo-irradiation time. 86% of DTB5B was
degraded within 19 h when catalyzed by 125 mg/L NHy-MIL-101(Fe),
which is highly effective than modified TiO5 catalysts (Liu et al., 2017).
Kinetics measurement demonstrates the first order degradation perfor-
mance of NHp-MIL-101(Fe) (Figure 8). Furthermore, the photocatalytic
stability and reusability were explored via five-cycle experiments and the
results exhibit there is only 13.7% loss (Figure 9). The highly photo-
catalyst ability of NH,-MIL-101(Fe) portends its great potential for azo
dye degradation in waste water treatment.

4. Conclusions

In summary, the porous NHy-MIL-101(Fe) were synthesized through a
simple one-step hydrothermal method. The as-synthesized NHy-MIL-
101(Fe) reveals high surface area and pore volume of 66.48 m?/ gand 0.09
cm®/g, respectively. The porous structure and excellent photocatalytic
performance enable NH,-MIL-101(Fe) degrade DTB5B dye in waste water
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efficiently with low concentration. The excellent photocatalytic perfor-
mance is contributed by generated hydroxyl radical (*OH) under photo-
irradiation, which then acting as efficiently active sites for azo dye
degradation in wastewater. Generally, the outstanding stability ability of
NH,-MIL-101(Fe) indicates the potential candidate for wastewater treat-
ment. Admittedly, as a catalyst, it is vital to design and explore the re-
covery and recycling performances of NHp-MIL-101(Fe) in the near future.
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